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Abstract

Chromium is one of the most common metal contaminants or one of most important nutrients
depending on its valences and concentrations, whose mobility is controlled by soil minerals
especially iron (oxyhydr)oxide. However, how mineralogical transformation of iron
(oxyhydr)oxide in the presence of organic carbon (OC) controls the fixation and migration of

chromium in many environments is largely unknown.

This thesis is to investigate influences of OC with different carboxyl-richness on the mobility
and fate of chromium during the transformation of iron (oxyhydr)oxide under different redox
conditions. I track changes in reactivity of iron (oxyhydr)oxide, the distribution of OC and/or
chromium during the transformation of iron (oxyhydr)oxide in oxic or anoxic environments
via employing wet chemical methods and techniques like LECO SC-144DR Dual Range
Sulphur and Carbon Analyzer, Fourier-transform infrared spectroscopy and inductively

coupled plasma mass spectrometry.

In Fh-OC coprecipitates, the binding strength of OC increases with the carboxyl-richness of
the sequestered OC moieties. During the aging experiment under oxic conditions, my results
indicate that OC with higher binding strength coprecipitated with Fh becomes proportionally
more stable with the solid phase and thus less mobile during mineralogical transformation and
aging in natural environments. Additionally, the strongly-bound carboxyl-rich OC significantly
suppresses Cr(VI) adsorption and slows down and decreases the capture of Cr(VI) inside neo-
formed minerals during the aging process, while the weakly-bound carboxyl-poor OC has no
discernable influence on Cr(VI) adsorption but accelerates and increases the capture of Cr(VI)

inside neo-formed minerals.

During Fe(II)-induced transformation of Fh organominerals under anoxic conditions, the
presence of OC decreases the capture of Cr (mainly Cr(III)) inside neo-formed minerals, where
the suppression on the Cr capture is enhanced with increasing carboxyl-richness of the
sequestered OC. The presence of Cr(Ill) also aids the stabilisation of OC with the solid phase
and increases the amount of non-desorbable C, where the elevation of OC stabilised and OC
captured by Cr(III) is enhanced with increasing carboxyl-richness of the OC moieties. Overall,

the mobility and fate of Cr(VI) in different environments is strongly controlled by the carboxyl-
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richness of the sequestered OC moieties in Fh organominerals. These findings are important
for deepening our understanding about the role of Fe minerals-OC composites in global trace

metal cycling.
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Chapter 1  Introduction

1.1 Background information

Chromium is the 7th most abundant element in both the Earth’s crust and mantle (Katz and
Salem, 1994). Depending on its two most common valences Cr(VI) or Cr(IIl), it can be one of
the most common metal contaminants in soil, groundwater and surface water bodies (Dhal et
al., 2013b) or be one of the essential nutrients to fauna, respectively (Jeejeebhoy et al., 1977,
Scawarz and Mertz, 1959). Hexavalent chromium Cr(V]) is highly toxic and also more soluble
and bioavailable than trivalent chromium Cr(IIl), and thus presents a mobile biohazard in
aquatic and soil ecosystems (Chandra and Kulshreshtha, 2004; Costa, 1997; Shanker et al.,
2005). The potential environmental harm posed by Cr(VI) means that it is important to
understand how this species interacts with soil constituents in order to predict Cr mobility and

fate, and to develop soil remediation methods.

Compared to other soil minerals, iron (oxyhydr)oxides, especially ferrihydrite (Fh), have
widespread occurrence, high specific surface area and various binding sites for adsorption of
solution species (Hiemstra, 2013; Larsen and Postma, 2001; Michel et al., 2007b). As such
they act as efficient adsorbents of organic compounds (Cornell and Schwertmann, 2003) and
heavy metal (aluminium, transmission metals, lanthanide and actinide elements) contaminants
including Cr(VI) in soils (Gu et al., 2017; Mikutta et al., 2014). Authigenic Fh is metastable
under oxic conditions, however, and undergoes thermodynamically spontaneous geochemical
and mineralogical transformation to other more stable secondary iron (oxyhydr)oxides, like
goethite (Gt) and hematite (Hm) (Das et al., 2011b). Because the transformation involves many
types of geochemical reactions and physical processes like dissolution, precipitation,
aggregation, adsorption and desorption (Sakakibara et al., 2019) and the secondary iron
minerals also have physical and chemical properties that are different from Fh (Cornell and
Schwertmann, 2003), the mineralogical transformation can influence the mobility of adsorbed
organics and heavy metals (Francisco et al., 2018; Hu et al., 2020; Hu et al., 2018; Sakakibara
et al., 2019). In addition Fh formed in natural environments is typically associated with

dissolved or particulate organic carbon (OC) to form organominerals. Recent studies show that



up to 40% of total OC in various soils is bound to reactive iron phases, likely during
coprecipitation (Wagai and Mayer, 2007; Zhao et al., 2016). The presence of OC can
significantly influence Fh transformation in terms of transformation rate, pathway and the
chemical and physical properties of secondary iron minerals (Amstaetter et al., 2012;
Fredrickson et al., 1998; Hansel et al., 2003; Hu et al., 2020; Lovley et al., 1996). The presence
of OC also influence the properties of iron (oxyhydr)oxide: OC can influence adsorption site
availability via blocking surface or provide additional adsorption sites (Chen et al., 2014;
Shimizu et al., 2013); OC can increase crystallographic defects (Eusterhues et al., 2014) or
surface pores (Mikutta et al., 2014) of iron (oxyhydr)oxide by inhibiting crystal growth during
forming process. On the other hand, iron (oxyhydr)oxides make great contributions to the
stabilization of OC, which can adsorb / coprecipitate with OC and thus stabilise OC against
microbial degradation under both oxic and anoxic conditions (Hemingway et al., 2019; Kaiser
and Guggenberger, 2007; Li et al., 2020; Mikutta et al., 2006; Newcomb et al., 2017; Torn et
al., 1997; Zhao et al., 2016). The re-distribution of OC associated with Fh is thus induced when
the transformation of Fh occurs in natural environment. As such, the transformation of Fh and
Fh organominerals plays an important role in controlling the stabilization of OC and the

adsorption and capture of Cr in soils.

Resent studies show that OC may be sequestered in the structure defects or surface pores of
newly formed minerals during transformation (Hu et al., 2020; Lu et al., 2019b), or partially
released from iron (oxyhydr)oxides because the amount of OC associated with initial solid
minerals exceed the adsorption capacity of secondary iron minerals and/or the dissolution of
iron (oxyhydr)oxide occurs during transformation (Adhikari et al., 2017; Jelavi¢ et al., 2020).
Whether OC is retained or released during transformation depends on several factors, including
C/Fe ratio (Adhikari et al., 2017; Chen et al., 2015), whether OC is adsorbed or coprecipitated
(Han et al., 2019), the structure and electron-shuttling properties of the OC (Amstaetter et al.,
2012), the crystalline structures of secondary mineral products (Hu et al., 2020; Lu et al.,
2019b), and the presence of heavy metals like Pb(II) (Lu et al., 2019b). Despite these studies
however, the effects of different types and binding strengths of OC and the presence of Cr on

the mineralogical transformation and the mobility and fate of OC are still unknown.

There are a limited number of studies focusing on the mobility of Cr(VI) during the
mineralogical transformation of iron (oxyhy)oxides under oxic conditions. The transformation

of Fh generally increases the proportion of non-desorbable Cr(VI) because some Cr(VI) are



incorporated into structure defects or surface pores of secondary iron minerals (Yu et al., 2020;
Yu et al., 2021; Zhu et al., 2019), which decreases the mobility of Cr(VI). Whilst the
transformation of Fh also increases aqueous Cr(VI) because of the lower specific surface area
of secondary iron minerals (Zhu et al., 2019), which increase the migration of Cr(VI). However,
the influence of OC on the distribution of Cr during the mineralogical transformation of iron
(oxyhydr)oxide organomienrals has not been studied in any substantial detail. Studies are also
rare to reveal the microscopic mechanistic interactions between iron (oxyhydr)oxide
organominerals and Cr(VI), in which the focus is not on the chemical reduction of Cr(VI).
Therefore, the influence of OC on Cr(VI) adsorption behaviour to iron (oxyhydr)oxide
organominerals, and the mobility and fate of Cr(VI) during the transformation of these

organominerals is still largely unknown.

Similarly rare are studies that focus on the behaviour of Cr(VI) during the mineralogical
transformation under anoxic condition, where the mobile Cr(VI) is readily reduced to relatively
less soluble and therefore lower-mobility Cr(III) (Buerge and Hug, 1997). As a trivalent cation
Cr’" has strong affinity to iron (oxyhydr)oxides and OC (Gustafsson et al., 2014; Yang et al.,
2020; Zhang et al., 2017; Zhang et al., 2018), whilst Cr’" readily incorporates into iron
(oxyhydr)oxide by isomorphous substitution (Charlet and Manceau, 1992; Choppala and
Burton, 2018; Dai et al., 2016; Hua et al., 2018; Manceau et al., 2000; Maslar et al., 2001; Tang
et al.,, 2010; Trolard et al., 1995). To the authors’ knowledge, however, only one study
investigates the influence of OC on the distribution of Cr during the mineralogical
transformation of iron (oxyhydr)oxide organominerals in reducing environments, where it is
observed that the transformation of Fh-humic acid composites increases non-desorbable Cr
after aging, probably via a redox reaction which reduces more soluble Cr(VI) to less soluble
Cr(IIT) forms (Yu et al., 2020). There is little information that reveals detailed information
about how OC influences the transformation of iron (oxygydr)oxide as well as the mobility and

fate of Cr (mainly Cr(IIT)) in reducing environment.
1.2 Research aims and objectives
The overarching aim of the current study is to deepen our understanding of the role of Fh

organominerals in the stabilization of OC and in the migration and fixation of chromium in

soils and sediments. As such, the specific research objectives of this thesis address three aspects:



(1) Investigate how OC binding strength controls the aging process of Fh and subsequent
retention or release of the associated OC during aging under oxic conditions;

(2) investigate how OC binding strength influences Cr(VI) adsorption to Fh
organominerals and the capture of Cr(VI) inside minerals during aging of Fh under oxic
conditions;

(3) investigate how OC carboxyl-richness influences the mineralogical transformation of
iron (oxyhydr)oxide under anoxic conditions and the subsequent re-distribution of Cr
as transformation proceeds, and investigate how Cr(III) influences the stabilization of

OC during the transformation process.

1.3 Thesis outline

This thesis consists of seven chapters. This introductory chapter (Chapter 1) is followed by a
detailed literature review relevant to this project (Chapter 2). Chapter 3 contains a detailed
description of experimental and analytical methods used throughout this work, followed by
three individual results chapters. Chapter 4 investigates influences of OC binding strength on
the aging of iron (oxyhydr)oxide, and the mobility and fate of the OC during the aging process
under oxic conditions. Chapter 5 provides new insight into influences of OC binding strength
on Cr(VI) adsorption to Fh organominerals and the capture of Cr(VI) in minerals as the aging
proceeds under oxic conditions. Chapter 6 investigate influences of OC carboxyl-richness on
Fe(Il)-induced transformation and the subsequent re-distribution of Cr as transformation
proceeds, and provides new information about the influences of Cr(IIl) on the stabilization of
OC during the transformation process. The final chapter (Chapter 7) is to summarize the
broader significance of results from chapters 4-6 and discuss possible future work resulting

from this PhD thesis.



Chapter 2  Literature review

The following chapter gives a detailed literature review relevant to this work. This chapter is
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2.1 Natural and Anthropogenic Sources of Cr to the Soil Environment

2.1.1 Chemistry of Cr

Chromium is the 21th most abundant element in Earth’s crust (Shahid et al., 2017) and also
one of most common metal contaminants (Dhal et al., 2013b). Among nine valence states of
chromium (-2 to +6), Cr(VI) and Cr(III) are two common and stable oxidation states in natural

waters, which correspond to different chemical properties and behaviours.

Cr(VI) is the most oxidized, mobile, reactive and toxic form of chromium in the natural
environment. Depending on different pH and concentration conditions, Cr(VI) exists as several
aqueous species, namely, HCrOy, CrOs*, Cr,0,* and H,CrO., where HCrO4 normally
predominates at pH 1-6 and CrO,> dominates at pH > 7 (Figure 2.1) (Barrera-Diaz et al., 2012;
Dhal et al., 2013a). Many redox couples composed of the aqueous species of Cr(VI) and Cr(I1I)
(e.g. CrO4*/Cr’") are relatively strong and highly reactive. The oxidised species is generally
thermodynamically stable, relative to the Ojuq/H2O redox couple, under oxic conditions.
Hexavalent (Cr(VI)) species can easily diffuse across biological membranes (Alexander and
Aaseth, 1995; Dreyfuss, 1964; Wiegand et al., 1985), causing oxidative damage to biological
molecules with DNA alteration and other toxic effects during the reduction reaction in cells.
Cr(VI) contamination can reduce microbial growth and activities like inhibiting respiration and
photosynthesis (Fasulo et al., 1983), altering soil microbial communities (Turpeinen et al.,
2004; Zhou et al., 2002). The presence of Cr(VI) also significantly influence the growth of
plants like deleting protein contents and nitrate reductase activity, micronuclei formation and
chromosome aberrations, leading to chlorosis and necrosis (Cervantes et al., 2001). Biological
exposure to Cr(VI) can also cause severe effects on fauna like causing diarrhea, ulcers, eye and
skin irritation, kidney dysfunction, lung carcinoma, mutagenesis and birth defects and decrease
in reproductive health (Jobby et al., 2018). The potential environmental harm posed by
hexavalent chromium means that it is important to understand how Cr(VI) interacts with soil

constituents in order to predict Cr mobility and fate, and develop soil remediation methods.

Cr(IIl) predominates under reducing conditions and mainly exists as oxyhydroxide mineral
phases such as (Cr(OH)3()) that are sparingly soluble. The dissolved Cr(Ill) exists as Cr’,
Cr(OH)*" and Cr(OH);" and Cr(OH)4 in aqueous solution (Figure 2.1) (Rai et al., 1986; Rai
and Zachara, 1986). Whereas, these aqueous Cr(III) species show a strong adsorption onto soil

components such as Fe (oxyhydr)oxide, clay minerals and silica phases as well as organic



particulate surfaces that act as ligands resulting in the formation of complexes, all of which,
together with the relatively insoluble Cr(III) precipitates, limits Cr(III) mobility (Palmer and
Wittbrodt, 1991; Richard and Bourg, 1991a). Cr(III) at lower concentration is less toxic and is
an essential mineral nutrient to fauna during bio-processes, like carbohydrate, lipid and protein
metabolism and amino- and nucleic acid synthesis (Jeejeebhoy et al., 1977; Scawarz and Mertz,
1959). Therefore, interaction mechanisms of Cr(III) with soil components is key to
understanding and predicting the stabilization, migration and bio-availability of Cr(IIl) in soils

and sediments.
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Figure 2.1 Eh-pH diagram for the system Cr-O,-H,O, assuming that the concentration of Cr=
107° M at solid/liquid boundaries (modified from Dhal et al., 2013).

2.1.2 Sources and concentrations of Cr in the soil environment

In the natural environment, chromium occurs in rocks, soils, water, and volcanic dust and gases
(Shanker et al., 2005). Chromium exists in primary rocks like chromite (FeCr,Os) in serpentine
or ultramafic rocks (Avudainayagam et al., 2003; Babula et al., 2009), or occurs in original and
secondary minerals by co-precipitating with manganese (Mn), Aluminum (Al), and/or iron (Fe)
oxides and hydroxides (Stumm and Morgan, 1996). The concentration of Cr in the parent rocks

vary greatly from 5-120 ppm in sedimentary and igneous rocks to 1600-3400 ppm in ultramafic



rocks (Kabata-Pendias, 2000). Natural levels of Cr in the Earth’s crust vary in the range of 0.1-
0.3 ppm, while Cr concentrations in major soils, fresh water and seawater are 15-100 ppm, 0.1-

117 ppm and 0.2-50 ppm, respectively (Shahid et al., 2017).

Actually, another significant source of chromium, especially Cr(VI), is derived from human
activities, such as chromite ore processing residue, leather tanning, metallurgy, alloying,
electroplating, ceramic glazes, metal alloy corrosion by water, wood preservation, pressure
treated lumber, refractory bricks, textile dyes and mordants, production of paints and pigments,
and pulp and paper production (Butera et al., 2015; Chen et al., 2016; Kimbrough et al., 1999;
Quantin et al., 2008; Sneddon, 2012). If waste from these industries (e.g. sludge, fly ash and
slag) is disposed of on land and in water bodies, and without proper treatment, it becomes a
major source of Cr(VI) in the environment. For example, soil and sediments from the former
industrial complex of Porto-Romano, Albania contain Cr(total) and Cr(VI) concentrations up
to 1130-24409 ppm and 12200 ppm, respectively (Shtiza et al., 2008), which are
extraordinarily higher than the maximum allowable levels of total Cr (64-200 ppm) in

agricultural soils (Ding et al., 2014) and Cr(VI) (50 ppb) in drinking water (Lilli et al., 2015).

2.2 Cycling of Cr in Soils

2.2.1 Interactions between Cr and soil components

2.2.1.1 Soil components

Inorganic components including primary and secondary minerals are an important component
of soils with dominant proportions on a weight basis. Soil minerals generally include clay
phases (kaolin, montmorillonite, illite and calcite), silicate minerals as well as Al, Fe and Mn
(oxyhydr)oxides, which are involved in various soil functions (Sparks, 2003). Among various
soil minerals, iron (oxyhydr)oxide has a relatively larger adsorption capacity and greater
binding intensity to adsorb inorganic and organic species (Cornell and Schwertmann, 2003),
often contributing a dominant role in controlling the cycling of trace elements nutrients or

heavy metal contaminants.

The importance of organic components in soils also has attracted huge attention around the
world. Organic components consist of organic residues, living soil biomass, humic substances

(humin, humic acid and fulvic acid) and non-humic substances (e.g. amino acids,



carbohydrates). Although soil organic matter (SOM) has usually lower than 5% of soil dry
mass, it has extremely high reactivity and pronouncely influence on soil chemical reactions.
For instance, SOM can improves soil structure, aeration, aggregation, water-holding capacity
and adsorption capacity as well as influence the redox environment. Together with iron
(oxyhydr)oxides, organic components act as crucial controllers of various nutrients and

contaminants (Dai et al., 2004; Zeng et al., 2011; Zhou et al., 2018a).

2.2.1.2 Interactions between Cr and soil components

The two main forms of chromium (Cr(III) and Cr(VI)) can react with soil components via
various processes like sorption/desorption, precipitation/dissolution behaviours and redox
reactions (Ertani et al., 2017). (1) adsorption/desorption: both Cr(IIT) and Cr(VI) are strongly
adsorbed by Al, Fe and Mn (oxyhydr)oxides and clay minerals in soils, decreasing the mobility
of Cr(IlI/VI). Additionally, Cr(IIl) has high affinity for organic substances (Adriano, 1984)
(Gustafsson et al., 2014; Xia et al., 2020), forming low-solubility stable complexation with
macro-molecular structures (like humic acids and fulvic acids) or forming high-solubility
complexation with dissolved organic ligands (such as citric acid). (2) oxidation/reduction:
Cr(VI) species are strong oxidizing agents and can be easily reduced to Cr(III) in the presence
of electron donors like S*, Fe* and organic matter, while Cr(III) species can also be oxidized
to Cr(VI) in the presence of oxygen and manganese oxides. (3) precipitation/dissolution: Cr(III)
has lower solubility and easily co-precipitates with AI(IIl), Mn(Il) and Fe(IlI) hydroxide
(Stumm and Morgan, 1996), while Cr(VI) species tends to have higher solubility (Adriano,
1986).

Table 2.1 Complexes of Cr(VI) and Cr(III) with iron (oxyhydr)oxide and carboxylic OC

Structure references
Cr(VI) adsorption onto iron fsnodentate ye (Johnston and Chrysochoou,
(oxyhydr)oxide EFG—O—C{—O 2014)
0
bidentate
=Fe—O O
N\, 7
Cr
AN

=Fe—O O
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Cr(VI)  chelation  with O\\ o (Jiang et al., 2018)

oxalate | Cr—0

Cr(II) adsorption onto iron SdgeishEting 5 (Charlet and Manceau, 1992)

(oxyhydr)oxide =Fe_  Cr

double corner sharing

_ (@)
=Fe—0_|_o0O

Cr(Ill)  adsorption  onto 9 o] o (Gustafsson et al., 2014;

carboxylic OC Bt /C|r\ Yang et al., 2020)

Cr(III) precipitation Cr'+30H = Cr(OH);3(s)

2.2.2 Cyecling of Cr in the soil environment

The cycle of Cr(VI) in the soil environment is shown in Figure 2.2. The Cr(VI) released into
the environment can be fixed through adsorption by minerals, humic substances, plants and
bacteria. A part of the released Cr(VI) can also be converted to Cr(III) through redox reactions
by plants, microorganisms in upper soils as well as humus, anaerobic bacteria, Fe(Il) and S*
in deeper soil, where Cr(IIl) that is reduced from Cr(VI) can easily form polymers or co-
precipitates with organic/inorganic ligands to be fixed with solid phase. Whereas, some of the
fixed Cr(IlI) can subsequently re-mobilize by chelating with dissolved organic matter like
citrate, and subsequently can be oxidized into Cr(VI) spontaneously by reaction with

manganese oxides (MnOy)) in soils and sediments.
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2.3 Sorption of Cr to Iron (oxyhydr)oxide
2.3.1 Ferrihydrite

2.3.1.1 Occurrence

As mentioned above, iron (hydr)oxides, especially ferrihydrite, are prevalent soil
minerals (Cornell and Schwertmann, 2003). During iron cycling, mobile Fe(II) species
are oxidized to Fe(IIl) species at redox interfaces, e.g. between oxic and anoxic zones.
Subsequently, Fe(Ill) species undergo hydrolysis and even at low aqueous
concentrations, under certain pH conditions (pH > ~3) readily form ferrihydrite
minerals. Ferrihydrite is amorphous and metastable with respect to more
thermodynamically stable minerals, and is the precursor of goethite, hematite and other

crystalline iron oxide minerals (Cornell and Schwertmann, 2003).

2.3.1.2 Structure

Ferrihydrite has poor structural ordering and exhibits broad peaks characterized by
XRD. Based on different XRD patterns, Fh forms are commonly designated as 2-line
ferrihydrite (two broad peaks) and 6-line ferrihydrite (six broad peaks), which are
derived from the different size of their coherent scattering domains (Kukkadapu et al.,
2003). The sequence of transformation is that 2-line ferrihydrite may transform to 6-

line ferrihydrite and then convert to more crystallize minerals like hematite (Cudennec

and Lecerf, 2006).

The structure of the 6-line ferrihydrite has been determined and described as a
superposition of a defect-free phase and defect phases (Jansen et al., 2002). The
structure of 2-line ferrihydrite however, is still a intense debate (Whitaker et al., 2021).

Two distinct structural models are used to describe the structure of 2-line Fh. The first
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(“Dritz model”) is composed of 100% octahedral Fe(IlI) and contains three phases, a
defective Fh phase, a defect free Fh phase, and small proportions of ultra-dispersed
hematite phase (Drits et al., 1993). The second (“Michel model”) is composed of one
central tetrahedral Fe(IIl) unit and twelve peripheral octahedral Fe(IIl) units, and is a
single phase model (Michel et al., 2010; Michel et al., 2007a). The “Michel model” is
supported by the observation of tetrahedral Fe(IIl) in synthetic 2-line Fh through X-ray
adsorption spectroscopy (Maillot et al., 2011; Mikutta, 2011; Peak and Regier, 2012;

Whitaker et al., 2021) and scattering studies (Harrington et al., 2011).

2.3.1.3 Properties

The specific surface area (SSA, m®/g) is an important mineral property, which
determines the adsorption capacity (mole /gram) of minerals. As mentioned above,
ferrihydrite is poorly crystalized with shorter physical scale of coherent scattering
domains, which leads to greater specific surface area and higher density of adsorption
sites for adsorbates. Generally, SSA of ferrihydrite ranges from 200-400 m*/g, much
higher than that for hematite (10-90 m?*/g), goethite (15-88 m*/g) and lepidocrocite (15-
260 m*/g) (Cornell and Schwertmann, 2003).

2.3.2 Ferrihydrite Organo-minerals

2.3.2.1 Occurrence

Pure ferrihydrite is never found in natural soils, but is always associated with organic
soil components, especially in the form of humic substances and/or microbial cells
(Fortin and Langley, 2005). Because of its high SSA and abundant binding sites,
ferrihydrite has the capacity to readily form complexes with organic matter in various
environments (Chorover and Amistadi, 2001; Schwertmann and Cornell, 2008; Torn et
al., 1997). The association of OC with minerals typically occurs through a variety of

sequestration processes that remove OC from solution to the solid mineral particles
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(Sposito, 2008). Sequestration processes can include the surface sorption, or adsorption,
of OC to preformed mineral particles and also the coprecipitation of OC with
neoformed mineral phases, where OC is removed from solution as a consequence of
mineral precipitation (Eusterhues et al., 2011). About 21.5% of the organic carbon in
sediments is bound to Fe via coprecipitation and direct chelation (Lalonde et al., 2012),
whilst up to 40% of total SOM in various soils is reportedly bound with reactive iron
minerals, most likely during coprecipitation (Wagai and Mayer, 2007; Zhao et al.,
2016). Therefore, the Fh organominerals are prevalent in various environment and are

crucial in controlling the mobility of various nutrients and pollutants that chemically

bind with OC and Fh.

2.3.2.2 Structure

The presence of organic matter even in small amounts can significantly influence the
growth of Fh. Ferrihydrite formed under the influence of OC tends to have smaller
particle size and/or lower crystallinity, larger lattice spacings and more distorted
Fe(O,0H)s octahedra (Cismasu et al., 2011; Eusterhues et al., 2008; Mikutta, 2011).
Recent X-ray adsorption spectroscopy results document that synthetic 2-line Fh
consists of minor amounts of tetrahedral Fe(Ill), while biogenic Fh is dominated by
octahedral Fe(III) because of the small domain size and incorporation of OC (Whitaker

et al., 2021).

The formation of ferrihydrite in the presence of organic matter involves processes such
as adsorption, coprecipitation, flocculation/coagulation, and inhibition of crystal
growth (Schwertmann, 1966). The presence of organic matter inhibits crystal growth
of ferrihydrite, leading to smaller coprecipitated-ferrihydrite crystal size and greater
structural disorder like increased lattice spacing and more distorted Fe(O,0OH)g

octahedra (Cismasu et al., 2011; Eusterhues et al., 2008; Mikutta, 2011). As small
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amounts of organic matter can significantly change particle size and the structural order
of Fh, it will have different crystallinity and reactivity when formed in natural
environments, in comparison with synthetic Fh formed in the absence of organic matter

(Eusterhues et al., 2008).

2.3.2.3 Properties

Ferrihydrite formed in the presence of OC tends to have smaller particle size and more
porous structure corresponding to larger surface specific area, whilst OC can block the
surface sites and surface pores leading to lower specific surface area and total pore
volume measured/estimated with the BET method (Mikutta et al., 2014). On the other
hand, the OC end member that contributes to formation of Fh organominerals can
provide additional adsorption sites for adsorbates like Cr(III) (Xia et al., 2020; Yang et
al., 2020). The smaller size and poorer crystallinity of Fh organominerals also leads to
higher reactivity as an adsorbent surface, compared to pure Fh (Eusterhues et al., 2014).
Actually, OC can influence the aggregation and increase the colloidal stability of newly
formed Fh polymeric flocs. Adsorption of negatively charged OC onto positively
charged iron minerals creates negatively charged OC-coated particles that repel one
another and hinder aggregation (Illés and Tombdacz, 2006). Organic carbon, especially
large molecular humic substances, can also bridge between different mineral particles
to hinder aggregation and increase the colloidal stability of the aqueous suspension
(Cornell and Schwertmann, 1979b). Meanwhile, OC can also increase the chemical
stability of Fh against the transformation to other more crystalline iron minerals (Chen
et al., 2015; Schwertmann, 1966). Therefore Fh organominerals are generally more

environmentally stable than pure Fh (Whitaker et al., 2021).
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2.3.3 Cr(VI) sorption by iron (oxyhydr)oxides

2.3.3.1 Cr(VI) adsorption onto pure Fh

Macroscopic Cr(VI) sorption behaviour to the iron (oxyhydr)oxides, ferrihydrite and
goethite, has been well documented (Ding et al., 2018; Grossl et al., 1997; Hajji et al.,
2019; Johnston and Chrysochoou, 2012, 2016; van Beinum et al., 2006; Villalobos et
al., 2001; Weerasooriya and Tobschall, 2000; Xie et al., 2015; Zhao et al., 2011), with
the adsorption exhibiting a typical anion adsorption edge. Namely the adsorption
decreases with increasing pH because the mineral surface charge gets negative when
more —FeOH groups are deprotonated with increasing pH (Grossl et al., 1997; Veselska
et al., 2016; Weerasooriya and Tobschall, 2000; Xie et al., 2015). In particular, Cr(VI)
adsorption edges onto ferrihydrite show no significant difference with changes in Cr(VI)
concentration and sorbate/sorbent ration (Cr(VI) concentions of 10, 10>, 10 M) or

ionic strength (0.001, 0.01, 0.1 M KNOs) (Veselska et al., 2016).

At the microscopic leve, Cr(VI) tends to form inner-sphere bidentate complexes at high
surface coverages and monodentate complexes at lower coverages on both goethite and
ferrihydrite, confirmed by spectroscopic information (Fendorf et al., 1997; Johnston
and Chrysochoou, 2012, 2014) and surface complexation modeling (Veselska et al.,
2016; Xie et al., 2015). Futhermore, Grossl et al. (1997) proposed a two-step
mechanism to explain how chromate is adsorbed on geothite and forms an inner-sphere
bidentate surface complex. In the first step, an inner-sphere monodentate surface
complex is formed, and the subsequent step involves a second ligand exchange reaction,
resulting in the formation of a bidentate surface complex (Grossl et al., 1997). With
respect to formation of the bidentate Cr(VI) complex, formation of the pre-cursor
monodentate Cr(VI) complex is particularly susceptible to ionic strength (Johnston and

Chrysochoou, 2012, 2014; Xie et al., 2015).
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2.3.3.2 Competitive adsorption between Cr(VI) species and other ions

Cr(VI) adsorption onto iron (oxyhydr)oxide is slightly influenced by cations like Ca**
and Mg”" but can be influenced by anions like sulphate and phosphate (Richard et al.,
1991). The competing adsorption between anions and Cr(VI) depends on their
concentrations, relative affinities to mineral surface and surface site concentration (Rai,
1986). Because of the different relative affinities to a mineral surface, different
concentrations of different anions are required to suppress Cr(VI) adsorption on iron
(oxyhydr)oxide. For example, higher concentrations of sulphate with lower affinity are
required to inhibit Cr(VI) adsorption, compared to phosphate with higher affinity that
can significantly repress the adsorption of Cr(VI) (Xie et al., 2015). Generally, the
higher-affinity competitive anions can easily influence the sorption of Cr(VI) on iron

(oxyhydr)oxide.

However, few studies have been done to study competitive adsorption between organic
matter and Cr(VI). The adsorption of OC to iron (hydr)oxide can be influenced by many
factors like the number and type of OC functional groups, structures and molar weight,
which add the complexity of studying the Cr(VI) sorption onto Fh organominerals.
Early work reveals competitive adsorption between oxalate and Cr(VI), and emphasises
the importance of the relative adsorption affinity of Cr(VI) and OC to iron
(oxyhydr)oxides (Measuere and Fish, 1992). Therefore, the relative affinity to iron
(oxyhydr)oxide between Cr(VI) and OC is also an important factor influencing Cr(VI)

adsorption.

2.3.3.3 Cr(VI) sorption by Fh organominerals

The concepts of additive adsorption and non-additive adsorption are both reported to
describe the binding of metal species to organominerals. For additive adsorption, the

sum of the metal species adsorption on the end-member mineral and on the OC fractions
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equals that of the organomineral composites (Zachara et al., 1994); for non-additive
adsorption the sum of the metals species adsorption on the end-member mineral and
OC fractions does not equal that of organomineral (Vermeer et al., 1999). The additive
adsorption capacity can be derived from the additional binding sites associated with OC
and/or new high-affinity sites formed during OC reacting with minerals (Alcacio et al.,
2001; Ali and Dzombak, 1996). The additive adsorption of trace metals onto Fh
organominerals has been reported in previous studies, like Cu adsorption onto Fh-
bacteria composites with Fh dominating (Moon and Peacock, 2013), Cu adsorption
onto Fh-HA composites (Farifia et al., 2018) and Cd adsorption onto Fh-HA composites
(Du et al., 2018).

Non-additive adsorption behaviour is attributed to a surface charge effect, where the
negative charge of OC is influenced by the positive charge of the mineral surface and
then net influences the metal species adsorption. Non-additive adsorption is observed
in studies like Cu adsorption onto Fh-bacteria composites with OC dominating (Moon
and Peacock, 2013), Cu adsorption onto Gt-HA composites (Farina et al., 2018), Cd
adsorption onto Fh-bacteria composites (Song et al., 2009) and Pb adsorption onto Fh-
bacteria composites (Kulczycki et al., 2005). Therefore, the complexity of
physiochemical interactions between Fh and organic matter, and lack of conditional
parameter values for reactions between naturally-occurring Fh and OC, make it difficult
to predict metal species sorption onto Fh-OC composites in natural and contaminated

environments (Moon and Peacock, 2013).

The interactions between Cr(VI) and Fh organominerals are more complex as both
adsorption and reduction are involved (Chen et al., 2019). Aqueous Cr(VI) species can
be reduced by various functional groups in OC like phenol, quinone-hydroquinone pairs
and a-hydroxy carboxylic acids (Brose and James, 2013; Scott et al., 1998). Actually,
Cr(VI) species can also chelate with OC to form a 5-membered chelate ring, which

involves specific functional groups and structure. Organic matter with two carboxyl
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groups (oxalic), with one carboxyl and one a-hydroxy group (such as tartaric, citric and
malic acids), with a carboxyl and an amino group on the same carbon atom (such as 2-
picolinic, EDTA and nitrilotriacetic acids), can form stable 5-membered chelate rings
with Cr(VI) (Jiang et al., 2019). This coordination between OC and Cr(VI) is often
coupled with redox reactions. The complexation makes the structure of Cr(VI) more
distorted and improves the reactivity of Cr(VI) toward the reduction reaction (Jiang et

al., 2019).

For these Fh organominerals made with OC without reducibility, OC can significantly
affect the properties of Fh to influence Cr(VI) sorption. For example, the formation
with OC can decrease Fh particle size, increase SSA and TPV (total volume of pores)
and block surface binding sites and surface pores. Organic carbon can also compete for
the adsorption sites with Cr(VI), possibly suppressing Cr(VI) adsorption. Mikutta et al.
(2014) report As(V) adsorption onto Fh organominerals, where adsorption of As(V)
was facilitated by desorption of weakly bonded organic matter and disaggregation that
resulted in greater surface binding capacity for As(V) species. Furthermore, small
mesopores (2-10 nm) promoted the fast As uptake particularly to Fh-OC coprecipitates
and could also impair As desorption because As easier accesses the intraparticle
sorption sites via diffusion in mesopores (Mikutta et al., 2014). This indicates the OC
in Fh organominerals may also have similar influences on Cr(VI) adsorption via the

same mechanisms, but no study focuses on this question.

2.3.3.4 Adsorption models of Cr(VI) by iron (oxyhydr)oxides

Surface complexation models (SCMs) are regarded as valuable tools that include
important thermodynamic reaction details compared with traditional distribution
factors (Kd) to describe adsorption processes and estimate the partitioning of ions at
the solid-solution interface (Goldberg et al., 2007). Many models have been

successfully utilized to simulate Cr(VI) adsorption onto single soil components. These
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models include those such as the diffuse layer model (DLM) and the triple layer model
(TLM) utilized in the competitive adsorption experiments of oxalate and Cr(VI) on
goethite (Mesuere and Fish, 1992b), the DLM and TLM utilized in Cr(VI) adsorption
onto various soil mineral components (like illite, kaolinite, birnessite and ferrihydrite)
(Veselska et al., 2016), and the charge distribution multisite surface complexation
model (CD-MUSIC) utilized in the competitive adsorption experiment of phosphate
and Cr(VI) (Xie et al., 2015).

Their development and application to describe adsorption reactions in soils is still
challenging due to the heterogeneity of composition and complexity of interactions in
soil systems. Few studies have been done in more complex systems like iron oxides
(ferrihydrite and goethite) (Bompoti et al., 2019), soil component mixtures (Veselska
et al., 2019) or even natural soils (Gu et al., 2017; Pérez et al., 2014; Veselska et al.,
2019). All of these studies highlight iron (oxyhydr)oxides as contributing the most
important reactive surfaces for Cr(VI) retention in soils (Gu et al., 2017; Pérez et al.,

2014; Veselska et al., 2019).

For Cr(VI) adsorption onto Fh organominerals, OC can be adsorbed onto end-member
Fh by ligand exchange to form inner-sphere complex. In this case, OC can be a
competitor for adsorption of Cr(VI) species. How to simulate OC and Cr(VI) sorption
onto iron (oxyhydr)oxide at the same time is key to describing Cr(VI) sorption.
Previous researchers reported several successful applications of the DLM and TLM to
simulate the adsorption of simple organic acids on Fh or Gt (Evanko and Dzombak,
1999; Mesuere and Fish, 1992a, b), which means DLM and TLM can offer practical
ways to estimate Cr(VI) adsorption onto Fh organominerals formed with simple organic

acids.
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2.3.4 Cr(IID) sorption onto iron (oxyhydr)oxides

2.3.4.1 Solubility and precipitation of Cr(III)

Cr(III) usually forms sparingly soluble oxides and (oxy)hydroxides (Tang et al., 2010),
and Cr(IIl) hydroxide has a minimum solubility between pH 7 and 10 (Rai et al., 1987).
Based on different solubility of Cr(OH)s(s) as a function of pH, different aqueous
species, namely Cr(OH)*", Cr(OH);” and Cr(OH),” dominated over < pH 7, pH 7~10
and > pH 10, respectively. The freshly precipitated Cr(OH)3@am) was amorphous as
observed by XRD. Pure Cr(OH)sam) exhibits a higher stability to remain non-
crystalline with respect to pure Fe(OH)3(am) (Amonette and Rai, 1990). It also shows a
strong affinity for carbonate ions (Amonette and Rai, 1990), indicating that Cr(OH)3am)
may be a strong adsorbent for other ligands with similar binding mechanisms, including

those of low molecular weight organic carbon compounds.

2.3.4.2 Cr(lll) sorption by iron (oxyhydr)oxides

Cr(III) species can be retained by iron (oxyhydr)oxides by adsorption and co-
precipitation (Charlet and Manceau, 1992). The adsorption of Cr(III) species onto iron
(oxyhydr)oxide occurs via inner-sphere surface complexation. The mineral surface can
catalyze the hydrolysis and polymerization of Cr(III) ions and facilitate the precipitation
of a surface hydrous Cr(Ill) (hydr)oxide even under undersaturated conditions with
respect to the bulk solution composition. The surface precipitate and the pure
Cr(OH)3@m) are observed to have the same local structure (y-CrOOH) (Charlet and

Manceau, 1992).

Cr(IIT) can also co-precipitate with Fe(III) in any ratio, behaving thermodynamically as
a “solid solution” (Sass and Rai, 1987), because they have very similar ionic radii and

comparable hydrolysis properties (Manceau et al., 2000). The Cr(IIl) and Fe(Ill) co-
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precipitates show a different characters with respect to physical mixtures of Fe(OH);3()
and Cr(OH)3(), observed by infrared spectroscopy (Amonette and Rai, 1990). For co-
precipitates of Cr(III) and Fe(Ill) with various Cr/Fe ratios, the structure changes
progressively from that of y- CrOOH in pure Cr(OH)js() (single corner bridging with
metal shells ~4.0 A) to a- MeOOH in pure Fe(OH)s(s) (with metal shells at ~3.0 and 3.4
A), based on X-ray absorption fine-structure (EXAFS) and X-ray absorption near-edge
structure (XANES) spectroscopic data (Charlet and Manceau, 1992; Tang et al., 2010).
A recent study shows that the Cr(III) sorption mechanism progressively changes from
structural substitution to a surface enrichment by adsorption or surface precipitation
with molecular ratio of Cr/Fe increasing during precipitation of (Fe, Cr)(OH)3(m) (Dai
et al., 2016). For high Cr/Fe ratios at 2.5, a “core-shell” structure of (Fe, Cr)(OH)3(am)
particles is hypothesized, where (Fe, Cr)(OH); in shells are more rich in Cr than that in
cores (Dai et al., 2016).

The Cr(Ill) can be substituted in various iron minerals like ferrihydrite, goethite,
hematite and magnetite, but Cr(IIl) is not found in lepidocrocite (Cornell and
Schwertmann, 2003). The chemical selective dissolution results show that Cr as a
substitute for Fe in goethite, hematite and magnetite has the same proportions (Trolard
et al., 1995). Therefore, most iron (oxyhydr)oxides except lepidocrocite can be a good

host for Cr(IlI) and play an important role in immobilization of Cr(III) in soils.

2.3.4.3 Cr(lll) sorption by Fh organominerals

The latest studies show that the sorption of Cr(III) species by Fh organominerals via
adsorption and co-precipitation is significantly reduced at high C loadings in the system
(Yang et al., 2020). The presence of OC can inhibit the precipitation of both Cr(II) and
Fe(IIT) (Wang et al., 2018; Yang et al., 2020), and simultaneously, OC can block the
binding sites for Cr(IIl) adsorption (Xia et al., 2020), which inhibits the immobilization

of Cr(IIl), e.g. on soil particles. Besides, Cr(III) prefers to form inner-sphere complexes
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with end-member Fh in organominerals, whilst Cr(III) can also form complexes with

carboxyl groups in OC at higher C loading (Xia et al., 2020).

2.4 Mineralogical transformation of Fh

2.4.1 Mineralogical transformation of Fh in oxic environment

2.4.1.1 Mechanisms for mineralogical transformation during aging

The first phase to precipitate in Fe(Ill) hydrolysis is ferrihydrite, which is metastable
and can transform to other iron minerals with higher stability and crystallinity: goethite
a-FeO(OH) or hematite a-Fe,Os. The solubility product of ferrihydrite (Fe(OH)s) =
Fe’' + 30H, KS=10’39) is higher than those of goethite (FeOOH, + H,O < Fe’' +
30H, K=10"") and hematite (0.5Fe;0s3 + 1.5H,0 5 Fe’* + 30H, K=10") at
circumneutral pH (Hansel et al., 2004), which favours the dissolution and
recrystallization of iron oxyhydroxide. What’s more, hematite can be the final product
of the mineralogy transformation of 2-line ferrihydrite, with goethite as an intermediary
phase (Das et al., 2011b). Additionally, the transformation of Fh can also occur through
the internal atomic arrangement / oriented aggregation process of the solid ferrihydrite
(solid-state topotactic transformation) to form hematite at neutral environment because

of the extreme low solubility (Cudennec and Lecerf, 2006).

2.4.1.2 Influences on transformation of Fh

The pH condition is a determinant factor influencing transformation products as well
as the transformation mechanism (Cudennec and Lecerf, 2006). Ferrihydrite has
different solubility as a function of pH conditions. Due to aqueous speciation of
hydrolysis reaction products, low or high pH conditions (pH 2-5 and pH 10-14) can
increase the thermodynamic solubility of ferrihydrite, which facilitates the dissolution

and re-crystallization processes and favours the formation of goethite. In neutral
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environment however, ferrihydrite has low solubility and it is transformed via the

internal atomic arrangement to form hematite.

The temperature is another factor with paramount importance for the transformation of
ferrihydrite (Schwertmann et al., 1999). Higher temperature can not only favour the
formation of hematite, but also increase the reaction rate of transformation of 2-line
ferrihydrite at all pH conditions (Cornell and Schwertmann, 2003; Das et al., 2011b).
For example, at pH 10 and temperature 1-2 “C, 100% conversion of 2-line ferrihydrite
to hematite was estimated to take 90 years, while this process is completed in 3 hours

at 100 C (Das et al., 2011b).

The presence of organic matter and other anions (like CI', SO4”, SiO4*” and PO4”) can
also influence the rates, pathways and mineralogy of the transformation of ferrihydrite
(Cornell and Schwertmann, 1979a; Jones et al., 2009; Liu et al., 2018; Liu et al., 2008;
Schwertmann, 1966; Taylor et al., 1987). The presence of OC can influence the factors
that control dissolution-recrystallisation and/or solid-state transformation and thus can
effect transformation rate. For example, OC can block surface sites and subsequently
prevent the dissolution of iron (oxyhydr)oxide to form goethite or the nucleation of
hematite (Kaiser and Guggenberger, 2003); OC can complex with aqueous Fe(III)
species to inhibit nucleation (Cornell and Schwertmann, 1979b); and OC can influence
Fh aggregation and associate with the surface of neoformed mineral nuclei and crystals
to inhibit crystal growth (Amstaetter et al., 2012; Eusterhues et al., 2008). Other anions
also have an inhibition effect on transformation of ferrihydrite, and they can also
influence the product of the transformation. For example, an Cl" aqueous medium leads
to predominantly lepidocrocite and a few star-like goethite precipitates, while an SO4*

medium leads to rod-like goethite product (Liu et al., 2008).
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2.4.2 Fe(Il)-induced transformation of Fh

2.4.2.1 Mineralogical transformation of Fh in anoxic environments

The transformation of Fh occurs via a dissolution and re-precipitation process and an
oriented aggregation process, both of which are also important in anoxic environments.
The presence of Fe(Il) facilitates reductive dissolution of iron (oxyhydr)oxide, which
catalyzes the mineralogical transformation of iron (oxyhydr)oxide. There are two
mechanisms of reductive dissolution. 1) Reducing ligands like those of metal-reducing
bacteria, reduced humic substances and sulfide can act as electron donors to reduce
surface Fe(Ill) to Fe(Il), which is has more labile bonds to lattice oxyanion and is
therefore more rapidly released into solution. 2) Aqueous Fe(Il) species are attached to
the mineral surface and electrons are transferred to structural Fe(III), where the attached
Fe(Il) is oxidized to Fe(Ill) and precipitated as neoformed Fe (oxyhydr)oxide while
structural Fe(III) is reduced to Fe(Il) and released into solution (Boland et al., 2014;
Han et al., 2020b; Handler et al., 2009; Mikutta et al., 2009; Suter et al., 1991).
Therefore, the presence of aqueous Fe(Il) species can induce mineralogical
transformation of iron (oxyhydr)oxide via increasing rates of dissolution and re-
crystallization processes. Additionally, oriented aggregation is reported to be an
important transformation pathway from ferrihydrite to magnetite (Bazylinski et al.,
2007) and from lepidocrocite to goethite (Yan et al., 2015a), where the internal atomic

arrangement in the solid phase occurs to form other more crystalline iron minerals.

2.4.2.2 Influences on transformation of Fh

Different pH conditions can influence the transformation rates of Fh by controlling the
adsorption of aqueous Fe(II). The Fe*", as typical cation, has a sigmoid adsorption edge
increasing with pH (Boland et al., 2014). In acidic environments, the amount of Fe(II)
adsorbed is lower than that at neutral environment, resulting in the lower atom exchange

between structure Fe(IIl) and aqueous Fe(II) (ThomasArrigo et al., 2017). This is why
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transformation of Fh induced by Fe(II) species is slower in acidic environments than in

neutral or alkaline environments.

The presence of OC can also influence the Fe(Il)-induced mineralogical transformation
of Fh through various mechanisms. OC can block mineral surface sites or micropore
entrances that prevents access to interior surfaces or complex with aqueous Fe(II) to
hinder Fe(Il) adsorption and then inhibit the reductive transformation of Fh (Chen et
al., 2014; ThomasArrigo et al., 2017). Some OC can also act as an electron shuttle to
facilitate electron transfer between reductants and structural Fe(Ill), which can trigger
the transformation of Fh (Roden et al., 2010; Shimizu et al., 2013). OC can also hinder
the mineralogical transformation from lepidocrocite (Lp) to goethite (Gt) by
influencing oriented aggregation in the solid phase (ThomasArrigo et al., 2018; Yan et
al., 2015a). OC associated with crystals or nuclei can also poison crystal growth by
influencing the cross-linking of Fe (O, OH)s octahedrons and thus inhibit the
transformation (Eusterhues et al., 2008). Additionally, OC coated with mineral particles
can also sterically hinder the alignment or aggregation of nano-crystals to form larger
crystals through bridging different particles or electrostatic repulsion (Amstaetter et al.,
2012; Eusterhues et al., 2008; Shimizu et al., 2013). In these processes, many factors
are involved like adsorbed/coprecipitated OC with iron (oxyhydr)oxide, types of OC
and iron (oxyhydr)oxide, C:Fe molar ratios and electron shuttle properties of OC
(Cismasu et al., 2016; Eusterhues et al., 2014; Jones et al., 2009; Megjia et al., 2018;
Poggenburg et al., 2018; Wordofa et al., 2019; Zhou et al., 2018b).

2.5 Redistribution of OC during mineralogical transformation of Fh

organominerals

The stabilization of OC can be influenced during the mineralogical transformation of

iron (oxyhydr)oxide because of different properties of secondary iron minerals (Cornell
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and Schwertmann, 2003). Generally, the amount of OC associated with solid minerals
decreased with aging time (Hu et al., 2020; Jelavi¢ et al., 2020) because the specific
surface area and adsorption site density decrease. In this process, OC can influence
properties of secondary iron minerals and reversely influence their stabilization, either
by increasing or decreasing the stability. For instance, OC is assumed to inhibit the
transformation rates of Fh to decrease the release of OC from minerals. OC can also
influence the transformation products, for example favouring more lepidocrocite to be
formed in the presence of OC, which has more structure defects to host more OC within
solid minerals (Hu et al., 2020). The additives in systems, such as other metal ions, can
also influence the stabilization of OC during the aging process. It is reported that the
presence of Pb(Il) species can significantly decrease the release of OC from solid
minerals (Lu et al., 2019b). The influence of Cr(VI / III) on OC stabilization has not

been reported to date.

2.6  Mobility and fate of Cr(VI) during mineralogical transformation of iron
(oxyhydr)oxide under oxic and anoxic conditions

2.6.1 Redistribution of Cr(VI) during aging process under oxic conditions

Cr(VI) is also re-distributed during the mineralogical transformation of iron
(oxyhydr)oxide. Cr(VI) exists as aqueous species, adsorbed species on mineral surfaces
and incorporated species inside minerals. These forms are operationally defined as
aqueous Cr(VI), desorbable Cr(VI) and non-desorbable Cr(VI), respectively. Generally,
for the Cr(VI)-pure Fh system, aqueous Cr(VI) concentrations increase with aging time
because of the decreasing SSA of secondary iron minerals, whilst the non-desorbable
Cr(VI) increases at the expense of desorbable Cr(VI) (Zhu et al., 2019). Additives in
systems also influence the distribution of Cr(VI) between non-desorbable and
desorbable pools. The presence of silicate in Fh-Si-Cr coprecipitates significantly
decreases non-desorbable Cr(VI) during aging at pH 5.0 (Zhu et al., 2019) while the

addition of citrate and an anionic surfactant (sodium dodecylbenzene sulfonate) also
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decreases non-desorable Cr(VI) during aging but increases aqueous Cr(VI) during
aging at pH 7.0 (Sun et al., 2021; Yu et al., 2021). The influence of OC on distribution
of Cr during the mineralogical transformation of iron (oxyhydr)oxide organominerals
has rarely been studied. There are almost no studies that reveal the microsopic
mechanistic interactions between iron (oxyhydr)oxide organominerals and Cr(VI), in
which the focus is not on the redox reduction of Cr(VI). The influence of OC on Cr(VI)
adsorption behaviour to iron (oxyhydr)oxide organominerals, and the mobility and fate
of Cr(VI) during the transformation of these organominerals however, remains largely

unknown.

2.6.2 Fate of Cr(VI) during mineralogical transformation of iron (oxyhydr)oxide

under anoxic condition

Under anoxic conditions, mobile Cr(VI) is readily reduced to less-mobile Cr(III), but
the distribution of Cr(IIl) associated with iron (oxyhydr)oxide organominerals is still
unknown during the mineralogical transformation. To the authors’ knowledge however,
only one study investigates the influence of OC on the distribution of Cr(VI/III) during
the transformation under anoxic condition, where it is observed that the transformation
of Fh-humic acid composites increases non-desorbable Cr after aging, probably via a
redox reaction which reduces more soluble Cr(VI) to less soluble Cr(IIl) (Yu et al.,
2020). Despite this, the influence of OC on re-distribution of desorbable and non-
desorbable Cr pools during the mineralogical transformation of iron (oxyhydr)oxide

organominerals is significantly unclear.
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Chapter 3  Methods

In the following chapter the experimental and analytical methods used throughout this

project are described. All measurement are conducted in duplicated at least, where

quality control is conducted by analysing standards and blanks every ten samples. For

analysing data, the average values with standard deviation are used. To keep individual

chapters self-explanatory, the methods described in chapters 4, 5 and 6 may overlap

with methods presented here. The methods described in this chapter are as follows:

3.1 Laboratory based Methods ..........coccveeiiieiiieiieiieeiieieceee e 30
3.1.1  Synthesis of pure Fh and Fh organominerals..........ccc.ccoceevienininninninniineenenn, 30
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3.1 Laboratory based methods

3.1.1  Synthesis of pure Fh and Fh organominerals

Pure ferrihydrite (Fh) was prepared following the method of Schwertmann and Cornell
(2000) for the precipitation of 2-line ferrihydrite via hydrolysis of Fe(IlI) salt solution.
Briefly, Fh was prepared by rapid hydrolysis of 0.1 M Fe(NO3);-9H,0 (aq) with 1 M
KOH to maintain a final pH of 7. Fh was washed several times over a week with 18.2
MQ-cm MilliQ water until the conductivity of supernatant is same with DI water, after
which Fh was stored as a slurry at 4 °C, following standard protocols to maintain
mineralogical integrity (Schwertmann and Cornell, 2000). Plastic labware and AR

grade reagents were used throughout the preparations.

Seventeen Fh-OC organomineral coprecipitates with different wt% C were prepared
with three simple carboxylic acids, denoted as acidn/m, where acid refers to the first
three letters of the acid [IUPAC name and n/m denotes the number of carboxyl groups
(n) and the number of total carbon atoms (m). The acids used were pentanoic acid
(Penl1/5), hexanedioic acid (Hex2/6) and butane 1, 2, 4 tricarboxylic acid (But3/7),
which have one, two and three carboxyl functional groups, respectively. Briefly, 0.1 M
Fe(NOs)3;-9H,0 (aq) solutions were mixed with different amounts of dissolved organic
acids and then the pH values of the solutions were adjusted to ~7 with 1 M KOH,
whereupon the acids coprecipitated with the Fh, forming Fh organomineral
coprecipitates with different wt% C. Fh organomineral coprecipitates were washed
several times over a week in equivalent volumes of 18.2 MQ-cm MilliQ water, after
which coprecipitates were stored as a slurry at 4 °C, and part of the coprecipitates were
freeze-dried for further analysis. The C contents of the solids were determined on solid
freeze-dried subsamples using a LECO SC-144DR Dual Range Sulphur and Carbon
Analyzer. Seventeen coprecipitates were obtained: Fh-pentanoic acid with 1.2wt%C

and C:Fe molar ratio 0.098, 1.9wt%C and C:Fe molar ratio 0.157, and 8.7wt%C and
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C:Fe molar ratio 0.816 (Fh Penl/5 1.2/1.9/8.7wt%C); Fh-hexanedioic acid with
2.9wt%C and C:Fe molar ratio 0.246, 3.3wt%C and C:Fe molar ratio 0.283, 4.1wt%C
and C:Fe molar ratio 0.358, 4.5wt%C and C:Fe molar ratio 0.396, 6.4 wt%C and C:Fe
molar ratio 0.588, 7.0wt%C and C:Fe molar ratio 0.652, 8.4wt%C and C:Fe molar ratio
0.810 (Fh_Hex2/6 2.9/3.3/4.1/4.5/6.4/7.0/8.4wt%C); and Fh- butane 1, 2, 4
tricarboxylic acid with 5.1 wt%C and C:Fe molar ratio 0.461, 6.0 wt%C and C:Fe molar
ratio 0.555, 6.6 wt%C and C:Fe molar ratio 0.620, 7.3wt%C and C:Fe molar ratio 0.699,
7.8 wt%C and C:Fe molar ratio 0.757, 10.1wt%C and C:Fe molar ratio 1.047, and 10.2
wt%C and C:Fe molar ratio 1.060 (Fh_But3/7 5.1/6.0/6.6/7.3/7.8/10.2wt%C). Plastic

labware and AR grade reagents were used throughout all the preparations.

Table 3.1 Information of Fh organominerals synthesized

Name Number of carboxyl C:Fe molar ratio Wt%C
groups in organic acids

Fh Penl/5 1.2wt%C 1 0.098 1.2

Fh Penl/5 1.9wt%C 1 0.157 1.9
Fh_Penl/5_8.7wt%C 1 0.816 8.7
Fh Hex2/6 2.9wt%C 2 0.246 2.9
Fh Hex2/6 3.3wt%C 2 0.283 3.3
Fh Hex2/6_4.1wt%C 2 0.358 4.1
Fh Hex2/6_4.5wt%C 2 0.396 4.5
Fh Hex2/6_6.4wt%C 2 0.588 6.4
Fh Hex2/6_7.0wt%C 2 0.652 7.0
Fh Hex2/6_8.4wt%C 2 0.810 8.4
Fh_But3/7_5.1wt%C 3 0.461 5.1
Fh_But3/7_6.0wt%C 3 0.555 6.0
Fh_But3/7_6.6wt%C 3 0.620 6.6
Fh_But3/7_7.3wt%C 3 0.699 7.3
Fh_But3/7_7.8wt%C 3 0.757 7.8
Fh_But3/7_10.1wt%C 3 1.047 10.1
Fh_But3/7_10.2wt%C 3 1.060 10.2
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3.1.2 OC adsorption onto pure Fh

The OC adsorption experiment onto pure Fh were conducted under oxic condition. The
adsorption experiments involved three simple carboxylic acids, namely pentanoic acid
(Penl1/5), hexanedioic acid (Hex2/6) and butane 1, 2, 4 tricarboxylic acid (But3/7),
which have one, two and three carboxyl functional groups, respectively. Adsorption pH
edges of the acids on pure Fh were prepared from pH 3.5 to 10.0. Pure Fh mineral slurry
was added into MilliQ water and either Pen1/5, Hex2/6 and But3/7 stock solutions were
added to give a total volume of 45 mL, a solid solution ration of 2 g dry sorbent L' and
OC concentrations of 0.4 mM in 0.01 NaNOj; background electrolyte. After addition of
stock solution, pH of the resulting suspensions was adjusted by dropwise addition of
either dilute HNOs or NaOH. After shaking continuously for 48h, the suspensions were
filtered with 0.22 um cellulose nitrate filters using a vacuum filtration apparatus and
the solids were collected and rinsed with 5 mL DI water to remove aqueous OC. The
solids were then freeze-dried. The total C contents of the solids were determined using
a LECO SC-144DR Dual Range Sulphur and Carbon Analyzer. The amount of OC
sorbed was calculated by subtracting the amount of C for pure Fh (the control). The C
present in pure Fh was derived from some aqueous CO3* / HCO5™ adsorbed onto or
coprecipitated with Fh during synthesis process. The calculated OC sorbed (wt%C) and
the dry sorbent concentration (2g/L) were then used to calculate the molar concentration

of OC adsorbed. All adsorption experiments were conducted in duplicate.
3.1.3 Cr(VI) adsorption onto pure Fh and Fh organominerals
The Cr adsorption experiments onto Fh and Fh organomineral coprecipitates were

conducted under oxic condition following the method of Moon and Peacock (2012,

2013). Adsorption pH edges of Cr on Fh or Fh organomineral coprecipitates were



33

prepared from pH 3.5 to pH 10.0. A Cr(VI) stock solution of 100 ppm Cr was prepared
with K,CrO4. Fh or Fh organomineral slurry was added into MilliQ water and Cr(VI)
stock solution was added to give a total volume of 30 mL, a solid solution ratio of 1 g
dry sorbent L™ and total Cr(VI) concentrations of 1.92 x10, 1.92 x107, 1.92 x10™* M
(0.01 wt%, 0.1 wt% and 1.0 wt% Cr at 100% adsorption, respectively) for Fh and 1.92
x10™ M (0.1wt% Cr at 100% adsorption) for Fh organomineral coprecipitates, in 0.1M
NaNOj; background electrolyte. After addition of stock solution, the pH of the resulting
suspensions was adjusted by dropwise addition of either dilute HNOs or NaOH to give
a known final solution volume. After shaking continuously for 48 h to ensure adsorption
equilibrium (Saito et al., 2005; Zhu et al., 2010), the suspensions were centrifuged at
2750 rpm for 15 min to obtain a clear supernatant for determination of Cr concentration.
Supernatants were filtered using 0.02 um polycarbonate membrane filters and acidified
with 2% HNO; for aqueous Cr analysis by inductively coupled plasma mass
spectrometry (ICP-MS). All the adsorption experiments were performed in duplicate.
Experimental solution speciation of Cr(VI) was calculated as a function of pH using
PHREEQC (Parkhurst and Appelo, 1999) and the MINTEQ.V4 database (Charlton and
Parkhurst, 2002).

3.1.4 Mineralogical transformation of pure Fh and Fh organominerals

Pure Fh and Fh coprecipitate slurries were added into 0.01 M NaNO; background
electrolyte to produce 2g/L suspensions, and then adjusted to target pH values with
dilute HNO3 or NaOH. The pH values were buffered at 5 and 6.5 by adding 30 mmol
L' organic buffer 2-(N-Morpholino)ethane-sulphonic acid (MES) and 3-(N-
Morpholino)propanesulphonic acid (MOPS), respectively. These buffer solutions have
been shown to have negligible impact on the transformation of Fh (Bradbury and
Baeyens, 1999; Ford et al., 1999). The resultant solutions were then transferred to an
electric oven kept at a temperature of 75°C for 19 days to promote transformation to

stable phases. A 19-days reaction time was used after test experiments to determine the
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time necessary to achieve complete mineralogical transformation in most of reaction
systems. During the reactions, the vessels were gently shaken to keep the suspensions
homogenized. In order to allow a time-resolved investigation of Fh recrystallisation rate
and OC redistribution, aliquots of the solid precipitates and solutions were collected
and analyzed at pre-designed time intervals during the transformation process. At each
sampling period, the suspensions were cooled to room temperature to stop the

transformation and the pH was measured.

3.1.5 Fe(ll)-induced mineralogical transformation of pure Fh and Fh

organominerals

An aliquot of the non-freeze-dried pure Fh and Fh-organomineral slurries were added
to 0.01 M NaNO; background electrolyte to give a total volume of 50 mL with a solid
solution ration of 2 g L™ in the presence or absence of 20 ppm Cr(VI). The suspensions
were then adjusted to environmentally relevant pH values of 5.75 and 7 using dilute
NaOH or HNO; and buffered using 30 mmol L' organic buffer 2-(N-
Morpholino)ethane-sulphonic acid (MES) and 3-(N-Morpholino)propanesulphonic
acid (MOPS), respectively. These buffer solutions have been shown to have negligible
impact on the transformation of Fh (Bradbury and Baeyens, 1999; Chen et al., 2020;
Ford et al., 1999; Wang et al., 2020a). After shaking continuously for 24h to reach
equilibrium, the resultant solutions were transferred to an anoxic chamber (95% N, and
5% H; circulated over heated palladium catalyst to remove traces of Ox(g)). All the
solutions were purged with high purity N, for at least 0.5h before transferred into the
glove box and then exposed to the atmosphere of glove box for 24h to remove the trace
dissolved oxygen. A stock Fe(Il) solution (FeCl,) was then added into the suspension
to induce the mineralogical transformation of iron minerals. For experiments with
Cr(VI) added, 105 ppm Fe(II) were added to react with Cr(VI) and with the final Fe(II)
concentration around 40.5 ppm (0.726 mM). To observe influences of Cr on the

transformation, Fe(Il) added in experiments without Cr(VI) were also controlled at
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around 40.5 ppm. During the reactions, the experiments were agitated three times per
day. In order to allow a time-resolved investigation of mineralogical transformation, Cr
re-distribution and OC re-distribution, aliquots of the suspensions were collected at

time intervals of: 0.5h,1d,2d,4d,6d, 8d, 12d and 18 d and the pH recorded.

3.1.6  Synthesis of goethite, lepidocrocite and magnetite

Goethite and lepidocrocite were synthesized according to the methods reported by
Jones et al. (2009) and Cornell and Schwertmann (2003), respectively. Briefly, Gt was
prepared by adding 180 mL of 5 M NaOH to 100 mL of 1 M Fe(NO3)3°9H,0, followed
by diluting the solution to 2 L with Milli-Q water. The resulting suspension was shaken
vigorously in a screw capped polypropylene bottle and then heated at 70 “C for 60 h.
Lepidocrocite was prepared by oxidizing 600 mL of 0.2 M FeCl, solution under a flow
of compressed air at a flow rate of 100 mL/min. CO, in the compressed air was removed
before use by bubbling the air flow through 2 M NaOH solution. During the oxidation
of the FeCl, solution, the solution pH was maintained at ~6.5 by dropwise addition of
1 M NaOH until completing precipitation. The resulting particles were washed at least

three times using Milli-Q water and then stored at 4 “C in fridge.

Magnetite particles were synthesized using a modified coprecipitation method (Sheng
et al., 2020a). Briefly, a mixture (100 mL) of 0.1 M FeCl,-4H,0 and 0.2 M FeCl;-6H,0
with [Fe*"]/[Fe’"] ratio of 1:2 was prepared in an anaerobic glovebox (95% N, and 5%
H; over a Pd catalyst). Then, 0.1 M NaOH was dropwise added to the solution under
vigorous stirring at ~60 °C, until complete coprecipitation at pH = 9-11. After
incubation at ~60 °C for another 30 min, the particles were washed three times with

degassed Milli-Q water in the glovebox and stored inside the glovebox in the dark.
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3.2 Analytical and spectroscopic tools

3.2.1 Inductively coupled plasma-mass spectrometry (ICP-MS)

Inductively coupled plasma-mass spectrometry is a popular analytical technique used
to perform trace/ultra-trace metal analysis. The aqueous samples are aspirated by a
nebuliser and a spray chamber/desolvator and then reach the plasma as aerosol. Most
elements can be almost completely atomized and ionized at the high temperature in the
plasma source. The ions generated are accelerated and extracted through a series of
cones and lenses to the mass spectrometer, where the elements of interest are detected

based on their mass/charge ratio.

All ICP-MS measurements in this study were conducted by Stephen Reid in the
laboratory of the Cohen Group in the School of Earth and Environment at the University
of Leeds, using a Thermo iCAP Qc ICP-MS. All samples were diluted with 1% HNO;
and were measured in duplicate. All standards and calibration blanks were matrix

matched.

3.2.2 Atomoc absorption spectrophotometer (AAS)

Flame AAS atomises a sample via an air-acetylene flame. Absorption of the light is
observed at a discreet wavelength corresponding to the element. In my experiment,
AAS Thermo Scientific Ice 3000 series using SOLAAR software was applied to
measure Fe concentration. The calibration line was built using standards diluted with

the Fe standard (1000 ppm). All samples were measured in duplicated.

3.2.3 LECO SC-144DR dual range sulfur and carbon analyzer

The LECO analyzer is designed to determine the carbon and sulphur content of

materials. The sample is placed in a tube furnace kept at a constant 1350 °C with a flow
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of pure oxygen atmosphere. At this high temperature the sample combusts releasing
CO; and SO,. After flowing through two anhydrone tubes to remove water and a
separate halogen trap, the gases go through the IR detection cell to measure the
concentration of CO; and SO,. The instrument converts the measurement into
percentage (or ppm) values taking into account the sample mass and calibiration using

standards with known C and S concentrations.

In the current study, the LECO measurement was performed on finely crushed
powdered samples with average mass of 0.030 g. The calibration line was built using
the Standard ( 0.924 + 0.025 %C and 0.017 & 0.004 %S), which are made with soil
samples with known C and S concentrations. The measurement was duplicated for all

samples.

3.2.4 Attenuated total reflectance Fourier transform infra-red spectroscopy

(FTIR)

Fourier transform infra-red spectrometery measures the intensity of absorption or
transmission of infrared radiation through a sample as a function of wavelength/number.
Absorbance/transmittance of the sample depends on its composition as different
chemical bonds adsorb the infrared radiation with specific energies, resulting in spectra
which are used as individual fingerprints for qualitative and quantitative analysis of

specific chemical structures or compounds.

In the current study, an Agilent 4500a FTIR with attenuated total reflectance ATR was
applied to observe changes in iron mineralogy and the respective proportion of each
during the Fe(Il)-induced transformation. FTIR spectroscopy was performed on the
mineral film formed by air-drying suspensions on the mounting plate. All
measurements were conducted with replication at least in duplicate. FTIR spectra were

obtained by accumulating 64 scans over an energy range of 650 to 4000 cm™ with a
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spectral resolution of 4 cm™. The quantities of goethite (Gt) and lepidocrocite (Lp) in
each reaction product were determined from comparison of signature peak heights
(lepidocrocite 1020 cm™ and goethite 890 cm™) to those of synthetic reference materials
from a calibration mixture prepared using 0%, 25%, 75% and 100% of a range of Fe(III)
oxide mineral mixtures. All spectra were analyzed using the SpectraGryph — an optical

spectroscopy software and Origin software program.

3.2.5 Brunauer-Emmett-Teller surface area analysis (BET)

The BET method measures the specific surface area of a sample and estimates the
internal pore volume and pore size distribution. The volume of gas adsorbed to the
surface of the mineral particles is measured at the boiling point of nitrogen (-
196 C).The amount of adsorbed gas is correlated to the total surface area of the mineral
particles including surface pores. The calculation is based on the BET theory (Brunauer

etal., 1938).

In the current study, the specific surface area (SSA) of the Fh was determined by
analyzing N, adsorption data using the multi-point BET (Brunauer, Emmett and
Teller) isotherm. Measurements were obtained using a Micromeritics Gemini VII
Surface Area Analyser, with samples dried and degassed at room temperature for 24 h
using N3 (g) (<1 ppm CO; (g)) prior to analysis. The total pore volume was calculated
from the volume of adsorbed N at partial pressure P/Po~ 0.95. The average pore radius
was calculated as r,=2V1;,/SS4, where Viq is the volume of liquid N> contained in the

pores. All SSA analyses were performed in duplicate at least.

3.2.6 Ultraviolet—visible (UV-Vis) spectroscopy

Ultraviolet-visable spectroscopy uses light to determine the absorbance or transmission

at specific energy wavelengths when interacting with a chemical species in either solid



39

or aqueous state. In my experiment, UV-vis was applied to measuring aqueous Fe(II)
concentrations at 562 nm wavelength by the Ferrozine assay (Stookey, 1970) and
measuing Cr(VI) at 540 nm wavelength by 1,5-diphenylcarbazide method (Chakraborty
and Mishra, 1992). Disposable polystyrene cuvettes with fixed path length for light

transmission were used in this experiment. All samples were measured in duplicate.

3.2.7 X-ray diffraction (XRD)

X-ray diffraction can provide many information such as phase identification, structural
properties and quantify different minerals, and thus is routinely used for the structural
characterization of polycrystalline samples. When a focused beam of X-rays of known
wavelength are generated and passed through a crystalline sample, X-rays are diffracted
at a specific angles, which is mathematically related to structural arrangement by the

Bragg equation:

nA=2dsinf
where n is an integer representing the order of reflection; 4 is the wavelength of the x-
ray beam; d is the distance between adjacent planes of atoms and 8 is the angle of

the incident x-rays.

Because the d-spacings are unique to a specific sample, d calculated from the Bragg
equation are thus used to identify minerals through being compared to a set of standard

reference patterns.

The XRD instrumentation used in this work was a Bruker D8 Diffractometer with Cu-
Ko radiation (A = 0.154 nm). Diffractograms were recorded from 2—90° 26 with 0.02°
20 step size and 930 ms acquisition time. Silicon dioxide was used as an analytical

standard.
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3.2.8 Scanning transmission X-ray microscopy near-edge X-ray absorption fine
structure spectroscopy (STXM NEXAFS)

X-ray absorption spectroscopy (XAS) can provide unique structural and compositional
information on a sample, such as oxidation state, structural order, and details of the
surface complexes. The STXM NEXAFS was used to investigate the binding strength
of OC in Fh-OC coprecipitates in Chapter 4, where all measurements were conducted
by Lisa Curti. The C 1s STXM NEXAFS for the Fh coprecipitates was recorded on
Beamline 108, Diamond Light Source Ltd, Oxfordshire, UK, following the method of
Curti et al. (2021).

3.3 OC and Cr(VI) surface complexation modelling

The adsorption data for the carboxylic acids and/or Cr(VI) on Fh was used to fit
parameter values (reaction stoichiometry and formation constants) for a
thermodynamic surface complexation model using the program EQLFOR (Sherman et
al., 2008). The Basic Stern model (BSM) (Westall and Hohl, 1980) was used to account
for the effect of surface electrostatic properties in the Fh and Fh organomineral systems
(Moon and Peacock, 2013; Otero-Farina, 2017; Zhao et al., 2022) with a 3-site 1 pK
formalism for protonation of the Fh surface, involving two types of singly-coordinated

3 and corner-sharing =FeOH, ) and the

surface oxygens (edge-sharing =FeOH.
triply-coordinated oxygens (=Fe;0™~) (Hiemstra and Van Riemsdijk, 2009; Hiemstra
et al., 1989; Hiemstra et al., 1996). The model input parameters for the binding
constants for protonation of the surface functional groups, binding constants for
electrolyte ions associating with these groups, site densities of the groups and
capacitance of the Stern layer were fixed at those used in previous work on Fh and Fh
organominerals (Moon and Peacock, 2013; Otero-Farina, 2017). The SSA of the Fh

were fixed to the values determined in this study with BET measurements. The surface

site concentrations (mole/g) of end-member Fh in Fh organomineral coprecipitates
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were calculated using the surface site concentration of the pure Fh weighted to the

mineral:OC mass ratio of each coprecipitate.
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Chapter 4  The role and fate of organic carbon

during aging of ferrihydrite

ABSTRACT

The persistence of organic carbon (OC) in natural environments is widely attributed to
mineral protection, especially by iron (Fe) (oxyhydr)oxides. The effect of OC binding
strength on the aging of Fe (oxyhydr)oxides and the mobility and fate of OC during
aging however, is unknown. Here I investigate how OC binding strength controls the
aging of ferrihydrite (Fh) and subsequent retention or release of the associated OC. I
focus on carboxyl-rich OC coprecipitated with Fh and track the physiochemical
properties and OC distribution between solid and solution phases as a function of
carboxyl-richness over time. In agreement with previous work I find that during
carboxyl-rich OC coprecipitation with Fh, OC is adsorbed to the Fh particle surfaces
and that increasing carboxyl-richness results in increasing OC binding strength. I show
that OC substantially retards the aging of Fe (oxyhydr)oxide from Fh to more crystalline
Fe minerals and that this retardation increases with increasing OC binding strength. I
also show that the total amount of OC decreases during aging but that the proportion of
the remaining OC that is non-desorbable with 0.1 M NaOH increases with increasing
OC binding strength. My results therefore indicate that OC with higher binding strength
coprecipitated with Fh becomes proportionally more stable with the solid phase and
thus less mobile during aging in natural environments. I suggest that my work might
offer a deeper mechanistic insight into the processes responsible for OC persistence

with minerals and thus the long-term preservation of OC in natural environments.

4.1 Introduction
Soils are the largest terrestrial reservoir and third largest global reservoir for organic
carbon (OC) and are thus a significant component of the global carbon cycle (Jobbagy

and Jackson, 2000; Ruddiman, 2001). Soil organic carbon (SOC) also improves soil
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structure and function, and thus contributes to a wealth of soil ecosystem services
(Sparks, 2003). The composition of SOC is a subject of significant research but the OC
stored in soils typically comprises a variety of plant- and microbially-derived organic
components, and thus includes soil biomass and organic exudates and residues, and
humic substances (humin, humic acid and fulvic acid) and non-humic substances (e.g.
amino acids, carbohydrates), which although often at low abundance are highly reactive
and can pronouncedly influence soil chemistry (Sparks, 2003). Together with organic
nitrogen (N), phosphorus (P) and other organic building blocks, SOC forms part of soil
organic matter (SOM), which is often conceived as a continuum of progressively
decomposing organic compounds that are initially derived from biomolecules
(Lehmann and Kleber, 2015). Given the lability of most biomolecules, SOM should
readily turn over (Lehmann and Kleber, 2015), however some SOM persists for months
to millennia, which is difficult to explain from a thermodynamic perspective (Schmidt

etal., 2011).

There are several hypotheses that try to explain how plant- and microbially-derived OC
is stored in soils and sediments, that range from storage being due to an inherent
recalcitrance of specific types of OC, which leads to their selective preservation (like
lignin and cellulose) (Burdige, 2007; Hatcher et al., 1983; Hedges et al., 1985;
Kellerman et al., 2015), to the protection of a range of different OC moieties from
microbial degradation through their association with mineral particles (Burdige, 2007,
Rothman and Forney, 2007; Six et al., 2002; Torn et al., 1997; Vogel et al., 2014). Long
residence times of SOC are frequently attributed to the association of organic species
with minerals, especially iron (Fe) (oxyhydr)oxides, which can stabilise SOC against
microbial degradation under both oxic and anoxic conditions (Hemingway et al., 2019;
Kaiser and Guggenberger, 2007; Li et al., 2020; Mikutta et al., 2006; Newcomb et al.,
2017; Torn et al., 1997; Zhao et al., 2016). The association of OC with minerals
typically occurs through a variety of sequestration processes that remove OC from

solution to the solid mineral particles (Sposito, 2008). Sequestration processes can
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include the surface sorption, or adsorption, of OC to preformed mineral particles and
also the coprecipitation of OC with neoformed mineral phases, where OC is removed
from solution as a consequence of mineral precipitation (Eusterhues et al., 2011).
During coprecipitation OC can become adsorbed at mineral particle surfaces and
incorporated into particle interiors, for example by being occluded into mineral pore
spaces (Eusterhues et al., 2011). An important proportion (up to 40%) of total SOM in
various soils is reportedly bound with reactive Fe minerals, most likely during
coprecipitation (Wagai and Mayer, 2007; Zhao et al., 2016). Recent research highlights
however, that the relationship between OC and Fe minerals, and thus the protection of
OC from microbial degradation, is complex and influenced by soil redox and microbial
activity. Reducing conditions can lead to the reductive dissolution of Fe minerals and
drive carbon solubilisation, depolymerisation and loss as CO, (Chen et al., 2020).
Microbial activity can also play a finely balanced role in OC remineralisation, which
influences the functional role of Fe in OC cycling (Li et al., 2020). If microbial activity
is high, the role of Fe can change from that of a sorbent to an electron acceptor, thus
increasing the accessibility of OC to microorganisms (Li et al., 2020). Overall it is clear
that the interactions between SOC and Fe minerals in all soil conditions can influence
the long-term storage of OC in soils and regulate the global biogeochemical cycling of

carbon (Adhikari et al., 2017).

Of the naturally occurring Fe minerals the (oxyhydr)oxide ferrihydrite (Fh) is common
in soils and has high surface area with high surface reactivity (Hiemstra, 2013; Larsen
and Postma, 2001; Michel et al., 2007b). It therefore possesses extremely high capacity
to sequester OC compared to more crystalline Fe minerals (Adhikari et al., 2017; Chen
et al., 2014; Kaiser and Guggenberger, 2007). Authigenic Fh is metastable under oxic
conditions however, and ages to more crystalline Fe minerals, like goethite (Gt) and
hematite (Hm), over time (Das et al., 2011b). Because aging involves dissolution,
precipitation, aggregation, sorption and desorption (Sakakibara et al., 2019) and the

more crystalline Fe minerals also have different physical and chemical properties
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compared to Fh (Cornell and Schwertmann, 2003), the aging of Fe (oxyhydr)oxide can
either enhance the mobility and migration, and hence the degradation, of OC in soils
(Adhikari et al., 2017; Canfield, 1993; Chen et al., 2020; Han et al., 2019), or strengthen
OC sequestration and fixation and thus lengthen the residence time of OC in these

environments (Hu et al., 2020; Lu et al., 2019b).

Due to the potential importance of Fe (oxyhydr)oxide aging on the mobility and fate of
associated OC, there are several studies that investigate the aging of Fh in the presence
of associated OC, and the behaviour of the associated OC as aging progresses.
Regarding aging, the presence of OC can significantly influence the aging rate of Fh.
Previous works shows that OC can suppress the recrystallisation of Fh to more
crystalline Fe minerals in both oxic (Hu et al., 2018) and anoxic environments (Chen et
al., 2015; Eusterhues et al., 2014; Henneberry et al., 2012), but also facilitate the
recrystallisation of Fh by electron shuttling under anoxic conditions (Amstaetter et al.,
2012; Bhattacharyya et al., 2019; Jiang and Kappler, 2008; Lovley et al., 1996;
Poggenburg et al., 2016). The presence of OC can also influence the physiochemical
properties of the aging products formed, resulting in Fe minerals with more defects and
greater porosity than those formed from pure Fh (Hu et al., 2020; Lu et al., 2019b),
which may provide an effective mechanism to sequester OC. Regarding the mobility
and fate of the OC, work shows that during aging of Fh to more crystalline Fe minerals,
OC may be sequestered (Hu et al., 2020; Lu et al., 2019b) or partially released from Fe
(oxyhydr)oxides (Adhikari et al., 2017; Jelavi¢ et al., 2020). Whether OC is retained or
released during aging depends on several factors, including C/Fe ratio (Adhikari et al.,
2017; Chen et al., 2015), whether OC is adsorbed or coprecipitated (Han et al., 2019),
the structure and electron-shuttling properties of the OC (Amstaetter et al., 2012) and
the crystalline structures of the mineral products (Hu et al., 2020; Lu et al., 2019b).
Despite these studies however, the effects of different types and binding strengths of
OC on the aging of Fh to more crystalline Fe minerals and the mobility and fate of OC

are still unknown.
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One of the most important types of OC for Fe mineral-OC associations is carboxyl-rich
OC. Carboxyl functional groups are prevalent in natural OC (Rothe et al., 2000) and
are highly reactive towards different metal ions and mineral surfaces (Rowley et al.,
2017). Because of this they play a dominant role in OC sequestration mechanisms and
thus in long-term accumulation of OC in soil (Kramer et al., 2012). Spectroscopic
studies using Fourier-transform infrared spectroscopy (FTIR) and near edge X-ray
absorption fine structure spectroscopy (NEXAFS) provide direct evidence for inner-
sphere ligand exchange reactions between carboxyl functional groups and Fe minerals
(Chen et al., 2014; Hall et al., 2020; Lv et al., 2016; Solomon et al., 2005). Recent
NEXFAS spectroscopy however, also shows that as the number of carboxyl functional
groups present in simple carboxylic OC compounds increases, the binding strength,
stability and persistence of the OC associated with Fh also increases, due to the
formation of an increasing number of inner-sphere ligand exchange complexes between

the carboxyl functional groups and the Fh particles (Curti et al., 2021).

Here I investigate how OC binding strength controls the aging of Fh and subsequent
retention or release of the associated OC. I focus on carboxyl-rich OC and I use simple
mono-, di- and tri-carboxylic acids with either one, two or three carboxyl functional
groups and thus increasing carboxyl-richness as model carboxyl-rich compounds. I
synthesise Fh organomineral coprecipitates and use X-ray diffraction (XRD) to
confirm the mineralogy of the coprecipitates, and scanning transmission X-ray
microscopy (STXM) coupled with NEXAFS, together with thermodynamic surface
complexation modelling, to determine the binding strength and distribution of OC with
the coprecipitates. I then subject my Fh coprecipitates to aging experiments at 75°C to
observe how the presence of the OC influences the chemical reactivity of Fe
(oxyhydr)oxide during acid extraction as an operationally defined measure of
crystallinity, and how the total amount of OC and the non-desorbable amount of OC

changes as a function of carboxyl-richness. My primary objectives were to (1)
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investigate the influence of carboxyl-rich OC with different binding strengths on the
aging of Fh organominerals; (2) investigate the influence of carboxyl-rich OC with
different binding strengths on the mobility and fate of OC during aging of Fh
organominerals; and (3) use my results to suggest whether OC binding strength to Fh
might significantly affect the stabilisation and preservation of OC in natural

environments.

4.2 Materials and methods

4.2.1 Preparation of Fh organomineral coprecipitates

Eight Fh organomineral coprecipitates with different wt%C were prepared with three
simple carboxylic acids following the method of Curti et al. (2021). The acids were
denoted as acidn/m, where acid refers to the first three letters of the acid IUPAC name
and n/m denotes the number of carboxyl groups (n) and the number of total carbon
atoms (m). The acids used were pentanoic acid (Penl/5), hexanedioic acid (Hex2/6)
and butane 1, 2, 4 tricarboxylic acid (But3/7), which have one, two and three carboxyl
functional groups, respectively. Briefly, 0.1 M Fe(NOs);-9H,0O (aq) solutions were
mixed with varied amounts of organic acids and then the pH values of the solutions are
adjusted to ~7 with 1 M KOH, whereupon the acids coprecipitated with the Fh, forming
Fh organomineral coprecipitates with different wt%C sorbed. Fh organomineral
coprecipitates were washed several times over a week in equivalent volumes of 18.2
MQ-cm MilliQ water, after which coprecipitates were stored as a slurry at 4 °C, and
part of the coprecipitates were freeze-dried for further analysis. The amounts of organic
acids were varied taking into account the solubility of the acids in solution and their
affinity for Fh during coprecipitation. For Penl/5 solubility and affinity are low and
constrain the maximum carbon sequestration to ~1wt%C, while for Hex2/6 and But3/7
affinity is higher and allows a maximum sequestration of at least ~7wt%C (Curti et al.,
2021). Pure ferrihydrite (Fh) as 2-line Fh was prepared via hydrolysis of a Fe(III) salt

solution following the method of Schwertmann and Cornell (2000). Briefly, Fh was
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prepared by rapid hydrolysis of 0.1 M Fe(NO3)3-9H,0 (aq) with 1 M KOH at pH 7. Fh
was washed several times over a week in equivalent volumes of 18.2 MQ-cm MilliQ
water, after which Fh was stored as a slurry at 4 °C (Schwertmann and Cornell, 2000).

Plastic labware and AR grade reagents were used throughout the preparations.

The C contents of the solids were determined on solid freeze-dried subsamples using
LECO SC-144DR Dual Range Sulphur and Carbon Analyzer. The Fe contents of the
solids were determined after total digestion using 6 mol L' HCI on an Atomic
Absorption Spectrophotometer (iICE 3300 AAS). Eight coprecipitates were obtained:
Fh-pentanoic acid with 1.2 wt%C and C:Fe molar ratio 0.098 (Fh_Pen1/5 1.2wt%C);
Fh-hexanedioic acid with 2.9 wt%C and C:Fe molar ratio 0.246 (Fh_Hex2/6_2.9wt%C),
4.1 wt%C and C:Fe molar ratio 0.358 (Fh_Hex2/6 4.1wt%C), 4.5 wt%C and C:Fe
molar ratio 0.396 (Fh_Hex2/6 4.5wt%C), and 7.0 wt%C and C:Fe molar ratio 0.652
(Fh_Hex2/6_7.0wt%C); and Fh-butane 1, 2, 4 tricarboxylic acid with 6.0 wt%C and
C:Fe molar ratio 0.555 (Fh Fh_But3/7 6.0wt%C), 7.3 wt%C and C:Fe molar ratio
0.699 (Fh_But3/7 7.3wt%C), and 7.8 wt%C and C:Fe molar ratio 0.757 (Fh
Fh_But3/7_7.8wt%C).

4.2.2 Characterisation of Fh organomineral coprecipitates

4.2.2.1 X-ray diffraction and scanning transmission X-ray microscopy near-edge X-
ray absorption fine structure spectroscopy

The mineralogy of the Fh coprecipitates and pure Fh prior to aging was confirmed on

freeze-dried subsamples via X-ray diffraction (XRD) using a Bruker D8 Diffractometer

with Cu-Ka radiation (A = 0.154 nm). Diffractograms were recorded from 2—-90° 26

with 0.02° 20 step size and 930 ms acquisition time. Silicon dioxide was used as an

analytical standard.

The binding strength of the OC to Fh in the Fh coprecipitates and the distribution of

OC with the Fh coprecipitate particles prior to aging was investigated directly using
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STXM NEXAFS. The C Is STXM NEXAFS for the Fh coprecipitates was recorded on
Beamline 108, Diamond Light Source Ltd, Oxfordshire, UK, following the method of
Curti et al. (2021). Briefly, for analysis ~5 mg of freeze-dried subsample was suspended
in ~500 pL of 18.2 MQ-cm MilliQ water and then an aliquot of ~5 pL of suspension
was pipetted onto a glow-discharged Siz-N4 membrane window (Silson Ltd) and left to
air dry. Stacked data sets for C were collected from 275 to 310 eV, using varied energy
resolution across different spectral regions of 0.5, 0.1 and 0.2 eV step size for pre-edge,
running up to and over the edge, and post-edge, respectively. To minimise beam
damage on the sample, dwell times were set to 10 ms per energy step based on beam
damage tests conducted by repeatedly measuring the same area of sacrificial samples.
The unreacted acids were analysed as unmodified acid solids or liquids as applicable.
X-ray absorption stacks were aligned using the Axis2000 software. The NEXAFS
spectra were extracted from individual coprecipitate particles and the dark signal was
subtracted from the raw data using the Mantis software. The NEXAFS spectra were
then exported for baseline correction, alignment, calibration and normalisation using
the Athena software (Ravel and Newville, 2005). Baseline correction and normalisation
avoid spectral dependence on the total C content, and spectral features and peak shifts
are thus indicative of C molecular structure and chemistry and not C concentration
effects occurring during NEXAFS measurement. Peak identification was done with
reference to literature assignations. The STXM images were used to show the spatial
correlation between C and Fe, again following the method of Curti et al. (2021). Briefly,
C and Fe elemental distribution maps were created by aligning and then converting C
and Fe images to optical density (OD) using the transmitted flux through the sample (I)
and the incident flux measured in an empty region adjacent to the analysed particles (10)
where OD = In(I0/I). Distribution maps for C and Fe were taken on the same region and
with the same number of pixels and were then aligned to common reference features
and overlapped. To determine the C-Fe correlation coefficients, elemental thickness
values on a pixel-by-pixel basis were compared by extracting the OD values using the

Axis 2000 software, saved as an ascii file, and then the OD values for both C and Fe
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stacks were plotted against one another. The energies for obtaining the C and Fe

distribution maps were C 1s 282.0 — 289.0 eV and Fe 2p 705.0 — 712.0 eV.

4.2.2.2 Thermodynamic surface complexation modelling

The binding strength of the OC to Fh in the Fh coprecipitates prior to aging was also
investigated indirectly by measuring the adsorption of Penl/5, Hex2/6 and But3/7 to
pure Fh in batch adsorption pH edge experiments and then using a thermodynamic
surface complexation model to constrain the binding affinity of these acids. Batch
adsorption experiments of the acids on pure Fh were prepared from pH 3.5 to 10.0. Pure
Fh mineral slurry was added into 18.2 MQ-cm MilliQ water and either Pen1/5, Hex2/6
and But3/7 stock solutions were added to give a total volume of 45 mL, a solid solution
ration of 2 g dry sorbent L' and OC concentrations of 0.4 mM in 0.01 NaNO;
background electrolyte. After addition of stock solution, pH of the resulting
suspensions was adjusted by dropwise addition of either dilute HNO; or NaOH. After
shaking continuously for 48 h, the suspensions were filtered with 0.22 um cellulose
nitrate filters using a vacuum filtration apparatus and the solids were collected and
rinsed with 5 mL DI water to remove aqueous OC. The solids were then freeze-dried.
The total C contents of the solids were determined using a LECO SC-144DR Dual
Range Sulphur and Carbon Analyzer. The amount of OC sorbed was calculated by
subtracting the amount of C present for pure Fh (the control). The calculated OC sorbed
(wt%C) and the dry sorbent concentration (2 g/L) were then used to calculate the molar

concentration of OC adsorbed. All adsorption experiments were conducted in duplicate.

Following the successful application of the diffuse double layer model and triple layer
model to simulate the adsorption of simple organic acids on Gt (Evanko and Dzombak,
1999; Mesuere and Fish, 1992a, b), the adsorption behaviour of the carboxylic acids on
Fh was fit to a thermodynamic surface complexation model using the program
EQLFOR (Sherman et al., 2008). The basic Stern model (BSM) (Westall and Hohl,

1980) was used to account for the surface electrostatics in the Fh system with a 3-site
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1 pK formalism for protonation of the Fh surface, involving two types of singly-
coordinated surface oxygens (edge-sharing =FeOH, " and corner-sharing =FeOH, ")
and the triply-coordinated oxygens (=Fe;0™) (Hiemstra and Van Riemsdijk, 2009;
Hiemstra et al., 1989; Hiemstra et al., 1996). The model input parameters for the
binding constants for protonation of the surface functional groups, binding constants
for electrolyte ions associating with these groups, site densities of the groups and
capacitance of the Stern layer have been constrained for Fh in previous work (Moon
and Peacock, 2013). The binding constants for protonation of the carboxylic acid
groups have also been constrained in previous work (Dean, 1987) or were calculated
for this study using the ACD/I-Lab 2.0 software (ACD/I-Lab, version 2.0, Advanced
Chemistry Development, Inc). The specific surface area (SSA) of the Fh was
determined by the multi-point BET (Brunauer, Emmett and Teller) technique using a
Micromeritics Gemini VII 2390a Surface Area Analyser, with samples dried and
degassed at room temperature for 24 h using N (g) (<1 ppm CO; (g)) prior to analysis.

All SSA analyses were performed in triplicate.

4.2.3 Aging of Fh organomineral coprecipitates

After preparation and characterisation of the Fh coprecipitates, Fh coprecipitate slurries
and pure Fh were added into 0.01 M NaNOj background electrolyte to produce 2 g/L.
suspensions, and then adjusted to target pH values with dilute HNO3; or NaOH. The pH
values were buffered at pH 5 and 6.5 by adding 30 mmol/L organic buffer 2-(N-
Morpholino)ethane-sulphonic acid (MES) and 3-(N-Morpholino)propanesulphonic
acid (MOPS), respectively. These buffer solutions are negligibly sequestered to Fh (see
Supplementary Information) and have been shown to have negligible impact on the
recrystallisation of Fh to more crystalline Fe minerals during aging (Bradbury and
Baeyens, 1999; Ford et al., 1999). The resultant solutions were then transferred to an
electric oven kept at a temperature of 75 °C for 19 days. During aging, the vessels were
gently shaken to keep the suspensions homogenised. Aliquots of the solid precipitates

and solutions were collected and analysed at pre-designed time intervals to track
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changes in the physiochemical characteristics of the Fh coprecipitates as described
below. At each sampling, the suspensions were cooled to room temperature and the pH
was measured. A temperature of 75 ‘C was used in the aging experiments as it has been
shown to accelerate the recrystallisation of Fh to more crystalline Fe minerals during
aging without substantially altering the aging process from that observed at 25 C (Das
et al., 2011) or causing the decomposition of Penl/5 (McCollom and Seewald, 2003),
Hex2/6 (safety data sheet (Sigma-A26357)) and But3/7 (safety data sheet (Sigma-
514101)). A 19 days reaction time was used in the aging experiments based on test
experiments that determined the time necessary for no further changes in the

physiochemical characteristics of the Fh coprecipitates in most reaction systems.

4.2.4 Measured physiochemical characteristics of Fh organomineral
coprecipitates during aging
To investigate the recrystallisation of Fh to more crystalline Fe minerals during aging,
an acid extraction method was used that quantified the proportion of the total Fe in the
solid phase that was digested by 6 mol L' HCI ([Fe(T)s m nci]) compared to the
proportion of Fe in the solid phase that was digested by 0.4 mol L™ HCI ([Fe(T)o.4 m nci
(Wang et al., 2020a). In this approach, the 6 mol L' HCI step has been shown to cause
the total digestion of all solid Fe phases and thus represented the total concentration of
all solid phase Fe minerals (Wang et al., 2020a). The 0.4 mol L™' HCl step has been
shown to not cause the digestion of the more crystalline Fe minerals formed during the
oxic aging of Fh, like Gt (Reddy et al., 2015) and Hm (see Appendixes Section 2). As
soluble Fe(Ill) in the aqueous phase was below detection limits before adding acids
(Reddy et al., 2015), the concentration of Fe in the supernatant after the 0.4 mol L' HCI
step thus represented the total concentration of acid reactive solid phase Fe minerals,
nominally Fh (Wang et al., 2020a). Test experiments performed to determine the
efficiency of extracting Fh from mixtures of Fh and Hm at 0 %, 25 %, 50 %, 75 % and
100 % Fh showed that the extraction efficiency for Fh was over 95 % (see

Supplementary Information). To perform the acid extraction subsamples were collected
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from each batch reactor suspension for analyses of Fe concentrations. Two 1 mL
aliquots from each suspension were pipetted into 2 mL centrifuge tubes. Then 1 mL 12
mol L' HCI was added into one aliquot to get 6 mol L' HCI in suspension for the
determination of total Fe in the solid phase ([Fe(T)s m uci]), and 1 mL 0.8 mol L™ HCI
was added into the other aliquot to get 0.4 mol L™ HCI, reacted for 10 mins, then
centrifuged, and filtered for the determination of acid reactive Fe in the solid phase
([Fe(T)o.4 m uc1]. The concentration of Fe was determined on an Atomic Absorption
Spectrophotometer (iCE 3300 AAS). Then the fraction of remaining Fh was
quantitatively calculated through the equation: [Fe(T)o4 m ncil/ [Fe(T)s m uci]. All

operations above were conducted at least in duplicate.

To investigate the redistribution of OC during the recrystallisation of Fh to more
crystalline Fe minerals during aging, two 15 mL aliquots were subsampled from the
reactor and filtered with 0.22 um cellulose nitrate filters using a vacuum filtration
apparatus. The mineral particles were collected and rinsed using 15 mL DI water. One
of the mineral particle subsamples was freeze-dried and kept at 4 °C for total solid C
measurement ([Ciota]). The other mineral particle subsample was re-suspended in 15
mL 0.1 M NaOH and shaken for 24 h to extract OC from the solid (Kaiser and
Guggenberger, 2000), which was operationally defined as desorbable OC ([Cegesorbable])-
After the 0.1 M NaOH wash the mineral particles were filtered with 0.22 um PES filters,
washed, collected, freeze-dried and kept for C measurement, which was operationally
defined as non-desorbable OC ([Cpon-desorbable]). The C contents of solids were
determined using LECO SC-144DR Dual Range Sulphur and Carbon Analyzer. All

operations above were conducted at least in duplicate.

To further investigate the physiochemical characteristics of the Fh coprecipitates as a
result of aging, SSA and total pore volume (TPV) of the Fh coprecipitates and pure Fh
after aging were measured. Briefly, around 100 mL suspensions after 19 days aging at

pH 6.5 were centrifuged at 2750 rpm for 20 mins, and the solid minerals were treated



54

with 0.1 M NaOH to desorb OC. After shaking for 24 h, the suspensions were
centrifuged, washed and then freeze-dried for SSA measurement determined from
duplicate N, gas adsorption-desorption isotherms recorded using a Micromeritics
Gemini VII 2390a Surface Area Analyzer, with samples dried and degassed at room
temperature for 24 h using N» (g) (<1 ppm CO, (g)) prior to analysis. The total pore
volume was calculated from the volume of adsorbed N, at partial pressure P/Py~ 0.95.
The average pore radius was calculated as r,=2V%;,/SSA4, where Vijq is the volume of

liquid N contained in the pores. All measurements were performed in duplicate.

4.3 Results

4.3.1 Characterisation of Fh organomineral coprecipitates prior to aging

The XRD pattern of selected Fh coprecipitates prior to aging are plotted in Figure S3
and confirm that the mineralogy of the initial Fh coprecipitates is Fh, without detectable

amounts of more crystalline Fe minerals.

The NEXAFS spectra for selected Fh coprecipitates prior to aging, together with their
respective unreacted acid standards, are shown in Figure 4.1. In agreement with
previous work for the sequestration of these acids by Fh during coprecipitation (Curti
et al,, 2021), the Fh coprecipitate spectra exhibit one major peak at ~288.6 eV
corresponding to carboxyl C (n*C=0, 287.7 — 289 eV (Curti et al., 2021)), which is
reduced in amplitude and broadened, compared to the respective standard (Figure 4.1).
This carboxyl peak position is also shifted to lower energy, compared to the respective
standard, with the shift becoming increasingly pronounced with an increasing number
of carboxyl groups (shift from respective standard for Penl/5 1.2wt%C: -0.1 + 0.05
eV; for Fh_Hex2/6 coprecipitates: -0.2 + 0.05 eV; for Fh_But3/7 coprecipitates: -0.4 +
0.05 eV) (Figure 4.1). A representative STXM image of the Fh coprecipitates prior to
aging is shown in Figure S4. The STXM elemental distribution map shows that C and
Fe are highly spatially correlated (R2 = 0.71) with C apparently more concentrated at

the particle edges (Figure S4).
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Figure 4.1. Carbon 1s NEXAFS spectra for Fh_Penl/5 1.2wt%C and both Fh_Hex2/6
and Fh_But3/7 coprecipitates at the lower and upper end of wt%C sequestered (solid
and dashed-dotted lines), together with Penl/5, Hex2/6 and But3/7 unreacted acid
standards (dotted lines). Black, blue and red colours represent Penl/5, Hex2/6 and
But3/7 data, respectively. Carboxyl C peak position for the unreacted Penl/5, Hex2/6
and But3/7 standards are shown with vertical dashed black, blue and red lines,
respectively. Spectra are stacked with an arbitrary offset for clarity. Pen1/5, Hex2/6 and
But3/7 represent simple carboxyl-rich OC with one, two and three carboxyl groups,

respectively.

4.3.2 Adsorption of carboxylic acids to ferrihydrite

The adsorption of Pen1/5, Hex2/6 and But3/7 to pure Fh as a function of pH is plotted
in Figure 4.2. In agreement with previous studies for organic acids adsorbed on Fe
(oxyhydr)oxides (Lindegren et al., 2009), all carboxylic acids show a reverse sigmoid
adsorption edge with higher adsorption in the low-mid (~3.5 to ~6) pH range.

Compared to Penl/5, Hex2/6 and But3/7 show significantly higher maximum
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adsorption percentages and the adsorption edges, especially for But3/7, shift to higher
pH.
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Figure 4.2. OC adsorption on pure Fh as a function of pH (3.5-10). Experiments were
performed with about 4 x10* M OC (Penl/5: 4.16 x10™ M; Hex2/6: 4.29x10™* M and
But3/7: 4.17x10™ M) in 0.01 M NaNO; background electrolyte and a solid-solution
ratio of 2 g dry sorbent L™'. Black, blue and red symbols represent Pen1/5, Hex2/6 and
But3/7 data, respectively. Penl/5, Hex2/6 and But3/7 represent simple carboxyl-rich
OC with one, two and three carboxyl groups, respectively. Error bars represent standard

deviations of duplicate samples.

4.3.3 Aging of ferrihydrite coprecipitates

4.3.3.1 Acid extraction of ferrihydrite coprecipitates as a function of aging time

The acid extraction data for Fh coprecipitates at pH 5 and 6.5 as the fraction of Fh
remaining after extraction as a function of aging time is plotted in Figure 4.3. The
presence of the carboxylic acids in the coprecipitate systems results in a higher fraction
of Fh remaining with reaction time compared to the pure Fh system, and thus the

carboxylic acids appear to retard the aging of Fh to more crystalline Fe minerals. This
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retardation appears to be a function of the number of carboxyl groups in the sequestered
acid molecules and thus generally increases in the order Pen1/5 < Hex2/6 < But3/7 (at
pH 5) and Penl1/5 < Hex2/6 ~ But3/7 (at pH 6.5), but this trend is complicated by the
commensurate increase in the C loading of the coprecipitates with the number of
carboxyl groups, so that with increased C loading retardation also generally increases.
Specifically at pH 5 retardation as a function of carboxyl richness and C loading follows
the order Fh Penl/5 1.2wt%C < Fh Hex2/6 2.9%C ~ Fh Hex2/6 4.1%C ~
Fh But3/7 6.0%C < Fh But3/7 7.3%C ~ Fh But3/7 7.8%C. While at pH 6
retardation as a function of carboxyl richness and C loading is less pronounced and
follows the order Fh_Penl/5 1.2wt%C < Fh_Hex2/6 2.9%C ~ Fh_Hex2/6_4.1%C ~
Fh But3/7 6.0%C ~ Fh_But3/7 7.3%C ~ Fh_But3/7 7.8%C.
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Figure 4.3. Fraction of Fh remaining after acid extraction for Fh coprecipitates and
pure Fh at pH 5 (a) and 6.5 (b). Experiments were performed with Fh coprecipitates in
0.01 M NaNO; background electrolyte and a solid-solution ratio of 2 g dry sorbent L™
at 75 °C. Black, blue and red symbols represent Penl/5, Hex2/6 and But3/7 data,
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respectively. Penl/5, Hex2/6 and But3/7 represent simple carboxyl-rich OC with one,
two and three carboxyl groups, respectively. Error bars represent standard deviations

of at least duplicate samples.

4.3.3.2 Specific surface area and total pore volume of ferrihydrite coprecipitates after
aging

The specific surface area (SSA) and total pore volume (TPV) parameters for Fh

coprecipitates and pure Fh after 19 days aging at pH 6.5 are listed in Table 4.1. The

SSA follows the order pure Fh < Fh Penl/5 1.2wt%C < Fh_Hex2/6 7.0wt%C <

Fh But3/7 7.3wt%C, while the TPV follows the order pure Fh <Fh Penl1/5 1.2wt%C

< Fh_But3/7 7.3wt%C < Fh_Hex2/6 7.0wt%C.

Table 4.1. SSA and TPV for pure Fh, Fh_Penl/5 1.2wt%C, Fh_Hex2/6 7.0wt%C and
Fh But3/7 7.3wt%C after 19 days aging at pH 6.5

SSA for Fe minerals after 19 days TPV for Fe minerals after 19 days

aging (m*/g)* aging (cm’/g)*
Pure Fh 33 +0.1 0.11 £0.02
Fh Penl/5 1.2wt%C 46 = 0.1 0.13 £0.02
Fh Hex2/6_7.0wt%C 64 +0.6 0.22 = 0.04
Fh But3/7_7.3wt%C 103 0.9 0.16 = 0.02

* Fe minerals were treated with 0.1 M NaOH for 24 h to desorb OC

4.3.4 Carbon distribution during aging of ferrihydrite coprecipitates

4.3.4.1 Temporal changes of total C in the solid phase

The changes in the distribution of total solid C ([Cital]) as a function of aging time at
pH 5 and 6.5 are shown in Figure 4.4 and summarised in Table 4.2a. For Fh_Pen1/5 the
Criotal] at pH 5 and 6.5 is invariant with aging time. For Fh Hex2/6 and Fh But3/7
however, the [Cioi] at pH 5 and 6.5 generally decreases with increasing aging time.
Comparing coprecipitates made with the same OC type, the [Ciorar] at pH 5 is higher

than that at pH 6.5 at both the beginning and end of the aging. Comparing coprecipitates
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made with different OC types but with similar C loadings, Fh_Hex2/6 7.0wt%C retains
less [Ciotal] compared to Fh But3/7 6.0wt%C, 7.3wt%C and 7.8 wt%C during the aging

process.
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Figure 4.4. Temporal changes in the total amount of C in the Fh coprecipitate solid

phase during 19 days aging at a) pH 5.0 and b) pH 6.5. Experiments were performed
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with Fh coprecipitates in 0.01 M NaNOs background electrolyte and a solid-solution
ratio of 2 g dry sorbent L™ at 75 °C. Black, blue and red symbols represent Penl/5,
Hex2/6 and But3/7 data, respectively. Penl/5, Hex2/6 and But3/7 represent simple
carboxyl-rich OC with one, two and three carboxyl groups, respectively. Error bars

represent standard deviations of at least duplicate samples.

4.3.4.2 Temporal changes of non-desorbable C in the solid phase

The changes in the distribution of non-desorbable C ([Cpon-desorbable]) @s a function of
aging time at pH 5 and 6.5 are shown in Figure 4.5 and summarised in Table 4.2b. For
Fh Penl/5 and Fh _Hex2/6 the [Cpon-desorbable] at pH 5 and 6.5 generally decreases with
increasing aging time. For Fh_But3/7 the [Cyon-desorbable] at pH 5 and 6.5 is relatively
stable over 12 days aging, with a small decrease at 19 days aging. Comparing
coprecipitates made with the same OC type, the [Cpon-desorbable] at pH 5 is similar to that
at pH 6.5. Comparing coprecipitates made with different OC types but with similar C
loadings, Fh_Hex2/6 7.0wt%C retains less [Cphon-desorbable] cOmpared to Fh But3/7 6.0

wt%C, 7.3wt%C and 7.8wt%C during the aging process.
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Figure 4.5. Temporal changes in the total amount of non-desorbable C in the Fh

coprecipitates solid phase during 19 days aging at a) pH 5.0 and b) pH 6.5. Experiments
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were performed with Fh coprecipitates in 0.01 M NaNO; background electrolyte and a

solid-solution ratio of 2 g dry sorbent L™ at 75 °C. Black, blue and red symbols represent

Penl/5, Hex2/6 and But3/7 data, respectively. The solid minerals were treated with 0.1

M NaOH for 24 h to extract OC. Penl/5, Hex2/6 and But3/7 represent simple carboxyl-

rich OC with one, two and three carboxyl groups, respectively. Error bars represent

standard deviations of at least duplicate samples.

Table 4.2a. Total amount of C in the Fh coprecipitates before and after 19 days aging.

Fh coprecipitates

total amount of C (wt%C)

total amount of C (wt%C)

at pH 5.00 atpH 6.5

Before aging  After aging Before aging After aging
Fh Penl/5 1.2wt%C 0.72 +0.00 0.72+0.03 0.72 £ 0.08 0.75 +0.02
Fh Hex2/6 _4.5wt%C 4.06 + 0.06 1.58 £ 0.09 3.09 +0.06 1.23+£0.05
Fh Hex2/6_7.0wt%C 5.67 +0.06 1.76 £ 0.01 4.12 +0.02 1.55+0.04
Fh But3/7_6.0wt%C 5.73 £ 0.06 4.62 +0.03 5.79 +£0.01 3.23+0.25
Fh But3/7_7.3wt%C 7.14+0.17 493+0.13 6.65 +0.02 3.00 £0.22
Fh But3/7_7.8wt%C 7.96 £ 0.67 5.48 +£0.08 6.58 £0.15 3.05+0.02

Table 4.2b. Total amount of non-desorbable C in the Fh coprecipitates before and after

19 days aging.
Fh coprecipitates amount of non-desorbable C amount of non-desorbable
(wWt%C) at pH 5.00 (wt%C) at pH 6.5
Before aging  After aging Before aging  After aging
Fh Penl/5 1.2wt%C 0.62 +0.07 0.34 +0.02 0.61 £0.03 0.26 £0.05
Fh Hex2/6 _4.5wt%C 0.58 £ 0.02 0.30+0.09 0.71 £ 0.08 0.25+0.13
Fh Hex2/6_7.0wt%C 0.68 + 0.02 0.42 +0.03 0.66 + 0.05 0.40 +0.07
Fh But3/7_6.0wt%C 0.80 +0.10 0.69 +0.05 0.89 +0.02 0.64 +0.04
Fh But3/7_7.3wt%C 0.79 £ 0.02 0.84 +0.00 0.83 £0.04 0.66 = 0.05
Fh But3/7_7.8wt%C 0.76 + 0.05 0.70 = 0.00 0.71 £0.01 0.82 +0.05
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4.4 Discussion

4.4.1 Sequestration of carboxyl-rich OC with ferrihydrite prior to aging

4.4.1.1 Binding strength and distribution of carboxyl-rich OC with ferrihydrite
coprecipitates
In agreement with previous work for the sequestration of carboxyl-rich OC with Fh
during coprecipitation (Chen et al., 2014; Curti et al., 2021), a reduction in the
amplitude and a broadening of the carboxyl peak for my Fh coprecipitates compared to
their respective standards (Figure 4.1) indicates that these acids are sequestered to Fh
via inner-sphere carboxyl ligand exchange, occurring between the OH of a carboxyl
group and the OH of a mineral hydroxyl. Previous work also observes a shift of the
carboxyl peak position to lower energy compared to the respective standards and an
increasing magnitude of this shift (Figure 4.1), both in Fh coprecipitate systems with
constant carboxyl-richness but decreasing OC sequestered (Chen et al., 2014), and in
Fh coprecipitate systems with increasing carboxyl-richness and varying OC
sequestered (Curti et al., 2021). In the former case the shift is attributed to an increasing
number of carboxyl ligand exchange bonds per sequestered molecule with decreasing
OC sequestered (Chen et al., 2014), while in the latter case, and thus in my work here,
the shift is attributed to an increasing number of carboxyl ligand exchange bonds per
sequestered molecule, that is independent of the amount of OC sequestered and is rather
a function of the carboxyl-richness of the OC (Curti et al., 2021). As expected, my
NEXAFS therefore confirm that the average number of carboxyl ligand exchange bonds
between my carboxyl-rich OC and Fh during coprecipitation increases with increasing
carboxyl-richness of the sequestered OC, and thus that the average binding strength of

my carboxyl-rich OC increases in the order Pen1/5 < Hex2/6 < But3/7.

During coprecipitation of OC with Fh, OC can be sequestered via adsorption at particle
surfaces and also incorporation into mineral particle interiors, for example by being
occluded into mineral pore spaces (Eusterhues et al., 2011). In reality there is likely to

be a continuum between OC that is adsorbed and OC that is incorporated, in which
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particle surfaces become saturated and multilayers of OC, macromolecular OC-Fe
complexes and OC-Fe (oxyhydr)oxide nanoparticles form with OC occluded into the
openings of and inside pores and aggregates (Chen et al., 2014; Lalonde et al., 2012;
Lu et al., 2019b; Wagai and Mayer, 2007). My representative STXM image shows that
C is apparently more concentrated at the particle edges (Figure S4). Because the
particles are of varying thickness, the particle edges are likely to be thinner than the
particle interiors. As such the STXM signal at these areas reflects C located mainly at
the particle surfaces while the signal over the central area reflects C also incorporated
throughout the bulk interior. A concentration of carbon at the edges, rather than a more
uniform distribution over the whole particle thus indicates that C is mainly adsorbed at
the particle surfaces, without substantial incorporation into the particle interiors (Curti

et al., 2021) (see Supplementary Information for further discussion).

In addition to my STXM images, to provide a first order evaluation of the distribution
of OC between particle surfaces and interiors, I estimate the surface coverage of my Fh
coprecipitates nominally assuming all OC is adsorbed at particle surfaces in a
monolayer, without multilayer OC-OC interactions at particle surfaces or incorporation
into particle interiors (Table 4.3). I assume OC is adsorbed via either one (for Penl/5,
Hex2/6 and But3/7), two (for Hex2/6 and But3/7) or three carboxyl groups (for But3/7)
per adsorbing molecule and that these adsorption complexes can form between OC and
every FeOH site (i.e., there is no steric hindrance). I also adopt the SSA of pure Fh with
an uncertainty of +10% as representative of the SSA of Fh coprecipitated in the

presence of OC (Eusterhues et al., 2008; Curti et al., 2021).

My estimations show that for my Fh Penl/5 (6.82+0.68%) and Fh Hex2/6
coprecipitates (between 22.98+2.30% at the lowest C loading adopting entirely one-
carboxyl adsorption and 75.72+7.57% at the highest C loading adopting entirely two-
carboxyl adsorption) the amount of OC is significantly less than 100% surface coverage

(Table 4.3). As such this OC could theoretically be adsorbed at Fh particle surfaces in
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a monolayer, without the need to invoke any extra sequestration capacity that might be
provided by adsorption in multilayers and/or incorporation into particle interiors. For
my Fh But3/7 coprecipitates (between 27.62+2.76% at the lowest C loading adopting
entirely one-carboxyl adsorption and 113.014+11.30% at the highest C loading adopting
entirely three-carboxyl adsorption) the amount of OC is less than or approximately
equal to 100% surface coverage (Table 4.3). As such the majority of this OC could
theoretically be adsorbed at Fh particle surfaces in a monolayer, but a minor amount
might need to be adsorbed in multilayers at particle surfaces and/or incorporated into
particle interiors to account for the total C loading. Previous work on the coprecipitation
of Penl/5, Hex2/6 and But3/7 with Fh (Curti et al., 2021) and the coprecipitation of
natural organic matter (NOM) with Fh also indicates that at C:Fe molar ratios below
~1, such as those in this study, most OC is adsorbed at the particle surfaces in a
monolayer (or patchy ‘monolayer equivalent’ (Mayer, 1999)), without substantial
adsorption in multilayers and/or incorporation into particle interiors (Chen et al., 2014;
Curti et al., 2021; Eusterhues et al., 2005; Eusterhues et al., 2008). Taken together my
representative STXM image and theoretical estimations indicate that OC in my Fh
coprecipitates prior to aging is distributed as an adsorbed monolayer (or ‘monolayer

equivalent’) at particle surfaces.



Table 4.3. Surface coverage of Fh coprecipitates by adsorbed C

Dry weight (g)  SSA (m?/g)* Site density (sites/nm?) b Number of surface sites (mmol sites)
Pure ferrihydrite 0.10 300
=FeOH "% sites 2.5 0.125
=FeOH"*“sites 3.7 0.174
Total amount 0.299

Fh coprecipitates Organic wt% Mineral wt% Total surface sitesTotal amount of CCoverage of Fh with oneCoverage of Fh with twoCoverage of Fh with three

of Fh (mmol)* (mmol) carboxyl adsorbed carboxyl adsorbed carboxyl adsorbed
Fh Penl/5 1.2wt%C 2.04 97.96 0.2929 = 0.0293  0.0200 6.82 = 0.68
Fh_Hex2/6 4.5wt%C 9.12 90.88 0.2717 £0.0272  0.0624 22.98 +2.30 45.96 + 4.60
Fh_Hex2/6_7.0wt%C 14.18 85.82 0.2566 = 0.0257 0.0971 37.86 £3.79 75.72 +7.57
Fh_But3/7_6.0wt%C 13.58 86.44 0.2585 = 0.0259 0.0714 27.62+2.76 5523 £5.52 82.84 + 8.28
Fh_But3/7_7.3wt%C 16.50 83.50 0.2497 £ 0.0250  0.0868 34.76 £3.47 69.56 = 6.96 104.34 £ 10.43
Fh_But3/7_7.8wt%C 17.63 82.37 0.2463 £ 0.0246  0.0928 37.68 £3.77 75.34 £7.53 113.01 £11.3

* SSA of pure Fh measured after synthesis
® fixed at those calculated by Moon and Peacock (2013).
¢ estimated using the surface site density of pure ferrihydrite and the weight mass ratio of the mineral end-member in each coprecipitate; an uncertainty of £10% on the SSA

of pure Fh is assumed in order to take account of the differences in SSA of pure Fh compared to Fh coprecipitates (Eusterhues et al., 2008).
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4.4.1.2 Binding affinity of carboxyl-rich OC with ferrihydrite

Based on my STXM NEXAFS showing that OC is sequestered to Fh coprecipitates via
inner-sphere carboxyl ligand exchange complexes and that these are adsorbed at the
particle surfaces, I can quantify the binding affinity of these complexes by conducting
adsorption experiments and fitting these to a thermodynamic surface complexation
model. Based on my STXM NEXAFS for Penl/5 I invoke the formation of inner-sphere
carboxyl ligand exchange complexes that adsorb via one-carboxyl adsorption (Figure
4.6a) in either a single-bonded (to one FeOH site) (reaction 1) or twice-bonded (to two
FeOH sites) (reaction 2) configuration. Inner-sphere one-carboxyl adsorption is
consistent with previous NEXAFS for adsorption of Penl1/5 to Fh (Curti et al., 2021)
and attenuated total reflectance (ATR) spectroscopy for adsorption of other mono-

carboxylic acids to metal oxides (Dobson and McQuillan, 1999):

=FeOH ") + R-COO™ + H' = =(FeOOC)-R "’ + H,0 (1)

2=FeOH "5 ) + R-COO™ + 2H" = =(Fe0),C-R + 2H,0 )

Based on my STXM NEXAFS for Hex2/6 I invoke the formation of inner-sphere
carboxyl ligand exchange complexes that adsorb via two-carboxyl adsorption (Figure
4.6b), using two FeOH sites in a bidentate mononuclear or bidentate binuclear
configuration, respectively (Curti et al., 2021) (both represented by reaction 3). Inner-
sphere two-carboxyl adsorption is consistent with previous NEXAFS for adsorption of
Hex2/6 and other di-carboxylic acids to Fh (Curti et al., 2021) and previous ATR
spectroscopy for adsorption of Hex2/6 and other di-carboxylic acids to metal oxides
(Dobson and McQuillan, 1999). Previous ATR spectroscopy for Hex2/6 adsorption to
Hm (Duckworth and Martin, 2001) however, suggests that Hex2/6 might adsorb to Fe
(oxyhydr)oxides via inner-sphere one-carboxyl adsorption using one FeOH site in a
monodentate mononuclear configuration (Figure 4.6a), possibly because of the steric

constraint on the formation of a bidentate structure (reaction 4):
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2=FeOH ") + R-2CO0™ + 2H" = = (FeOOC),-R™" + 2H,0 (3)

=FeOH /) + R-2CO0~ + H' = =(FeOOC)-R-COO™"” + H,0 (4)

Based on my STXM NEXAFS for But3/7 I invoke the formation of inner-sphere
carboxyl ligand exchange complexes that adsorb via three-carboxyl adsorption, in a
tridentate trinuclear configuration (Figure 4.6c) (reaction 5). Inner-sphere three-
carboxyl adsorption is consistent with previous NEXFAS work for adsorption of But3/7,
propanetricarboxylic and ethanetricarboxylic acid to Fh (Curti et al., 2021) and infrared
spectroscopy for adsorption of other tricarboxylic acids to Fh and Gt (Cornell and
Schindler, 1980). Previous Fourier transform infra-red (FTIR) spectroscopy for
propanetricarboxylic acid adsorption to Gt (Lindegren et al., 2009) however, suggests
that But3/7 might adsorb to Fe (oxyhydr)oxides via inner-sphere two-carboxyl
adsorption, possibly in a bidentate mononuclear chelate configuration (Figure 4.6b)

(reaction 6, which also represents a bidentate binuclear configuration):

3=FeOH "’ ) + R-3CO0™ + 3H" = = (FeOOC);-R ™" + 3H,0 (5)

2=FeOH ") + R-3CO0™ + 2H" = = (FeOOC),-R-COO™ + 2H,0 (6)

For surface reaction, it is important to describe how electrostatic potential at the
mineral-water interface changes as a function of surface loading and pH. As such it is
key to distribute the charge of a sorbed species between 0-plane and 1-plane in Basic
Stern Model. In BSM, O—plane is the surface plane where H ions are adsorbed and 1-
plane is a hypothetic electrostatic plane where the inner-sphere adsorbed complex are
located within the Stern layer region. The surface charge difference of 0-plane and 1-
plane after forming complexes are represented as Az, and Az;. Before the reaction,

charge distribution of ferrihydrite surface are: zg=-0.5, z;=0 for species =FeOH . For
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one carboxyl single bonded and assuming the symmetric distribution of over the two
C-O bonds, Pauling bond valence of C-O bond v=z/CN = 3/2 = 1.5, and Pauling bond
valence of Fe-O bond v=z/CN = 3/6 = 0.5 (Rietra et al., 1999). As thus for reaction 1,
the net charge of 0-plane (z¢’) is +0.5(Fe-O) - 2(O) +1.5(C-O) = 0, while the net charge
of 1-plane (z;’) is -2(0) + 1.5 (C-O) = -0.5. Therefore the charge difference of each
carboxyl bonded at the 0-plane and 1-plane are Azy =z’ - zo=+0.5 and Az; =z,’- 2, =
-0.5, which are applied to get best fit for Pen1/5 and Hex2/6 adsorption (Table 4.4 and
Figure 4.7). While the best fit for But3/7 acid is achieved with adjustment of the surface
charge distribution (Azy =+0.65 and Az; =-0.15 for each carboxyl bonded) to take into

account its larger molecular weight and more diffuse charge distribution.
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Figure 4.6. Possible adsorption configurations of carboxylic acids adsorbed to Fe
(oxyhydr)oxides from spectroscopic evidence: a) One-carboxyl adsorption in which
mono-carboxylic acids adsorb via their one carboxyl group in either a single-bonded or
twice-bonded configuration, and di-carboxylic acids adsorb via one carboxyl group
which binds to one FeOH site in a monodentate mononuclear configuration; b) Two-
carboxyl adsorption in which di- and tri-carboxylic acids adsorb using two carboxyl
groups which bind to either one FeOH site in a bidentate mononuclear configuration or
two FeOH sites in a bidentate binuclear configuration; and c) Three-carboxyl
adsorption in which tri-carboxylic acids adsorb using three carboxyl groups in a

tridentate trinuclear configuration.

My model is consistent with the bonding environment and distribution of OC as
indicated by my STXM NEXAFS results. Previous spectroscopic work on the
sequestration of carboxylic acids and carboxylic-rich OC to Fe (oxyhydr)oxides
invokes both inner-sphere and outer-sphere complexation, in which inner-sphere
complexation can be favoured at low pH and outer-sphere complexation can be
favoured at basic pH (Han et al., 2020a). Dampening, broadening and shifts in a
spectroscopically identified carboxyl peak however, are the result of inner-sphere
coordination between the carboxyl group and a sequestered moiety which alters the
absorbance signature of the carboxyl peak (Chen et al., 2014; Duckworth and Martin,
2001), and since these features are common to all my spectra, I attribute my OC
sequestration to inner-sphere complexation. I cannot rule out the minor presence of
outer-sphere complexes, which would cause only minor or unresolvable changes to the

peak features.

For Penl/5, Hex2/6 and But3/7 I fit each possible surface complexation reaction to the
adsorption data individually and in combination with other possible reactions for that
carboxylic acid, and consider each reaction with protonated and deprotonated non-

bonded carboxyl group(s). The best fitting combination of surface complexation
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reactions for each carboxylic acid are listed in Table 4.4 and shown on the adsorption

data in Figure 4.7.
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Table 4.4. Input parameters for the surface complexation model for adsorption of

carboxylic acids on pure Fh

Pure Fh

Specific surface area (m*/g) 300"
Site density =FeOH,** (mol sites/g x10™) 1.25°
Site density =FeOH,** (mol sites/g x10™) 1.74°
Site density =Fe;0 ™" (mol sites/g x10™) 0.598"
Cytern (F/m’) 1.10°
Log Kreon() =FeOH"’, + H" = =FeOH,"*", 7.99°
Log Kreori(e) Na =FeOH "’ + Na" = =FeOH"*-Na" -1.00°
Log Kreomae) N3 =FeOH, ;) + NO; = =FeOH, "’ ,,-NOy’ -1.00°
(where equations above are repeated for (=FeOH ")
Log Kreso =Fe;0"° + H = =Fe;OH™’ 7.99°
Log Kreo na =Fe;0"° + Na“ = =Fe;0"*-Na* -1.00°
Log Kreson nos =Fe;OH'"’ + NO; = =Fe;OH "*-NO;’ -1.00°

pKa, rKa, pKas
Pentanoic acid (Penl1/5) 4.84°
Hexanedioic acid (Hex2/6) 4.42° 5.41°
Butane 1, 2, 4 tricarboxylic acid (But3/7) 4314 4.82%  521¢

Az, Az, Penl/5 Hex2/6 But3/7

1. Log Kreoner) 0oc-r =FeOH ") + R-COO™ + H" = =(FeO0C)-R ** + H,0 +0.5° -0.5° 9.2°
3. Log Kreon(ere) 0oc-r 2=FeOH "’ ) + R-2CO07 + 2H" = = (FeOOC),-R™" + 2H,0 +1.0° -1.0° 16.8°
4a. Log Kreor(ere) 0oc-r =FeOH"’ ., + R-2COO~ + H" = =(FeOOC)-R-COO™"* + H,0 +0.5° -0.5¢ 10.5°
4b. Log Kreonere) 0ok =FeOH "’ ) + R-2CO0™ + 2H" = =(FeOOC)-R-COOH™* + 2H,0 +0.5° -0.5¢ 15.4°
5. Log Kreongere) 0oc-r 3=FeOH "’ ) + R-3CO0™ + 3H" = = (FeOOC);-R™"~ + 3H,0 +1.3° -0.3° 26.3°
6a. Log Kreon(ere) 0oc-r 2=FeOH "’ ) + R-3CO0™ + 2H" = = (FeOOC),-R-COO~ + 2H,0 +1.3° -0.3° 19.0°
6b. Log Kreonere) 00c-k 2=FeOH "’ ) + R-3CO0™ + 3H" = = (FeOOC),-R-COOH™' + 2H,0 +1.95°  -0.45° 23.3¢

* measured in this study;

® from Moon and Peacock (2013);

¢ from Dean (1987);

4 calculated using ACD/I-Lab 2.0 (ACD/I-Lab, version 2.0, Advanced Chemistry Development, Inc);

¢ fit in this study.
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Figure 4.7. Surface species for: a) Penl/5, b) Hex2/6 and c¢) But3/7 as function of pH
based on complexation model fits (lines) to adsorption data (symbols). Black, blue and
red symbols represent Pen1/5, Hex2/6 and But3/7 data, respectively. Monodentate (red
lines), bidentate (blue lines) and tridentate (purple lines) represent one, two and three
carboxyl binding, respectively, via corner sharing complexation (solid red, blue, purple
lines) and edge-sharing complexation (dashed red, blue, purple lines). The black solid

lines are the sum of the modelled species, representing the total amount of OC adsorbed.
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Penl/5, Hex2/6 and But3/7 represent simple carboxyl-rich OC with one, two and three
carboxyl groups, respectively. Error bars represent standard deviations of at least

duplicate samples.

For Penl/5 the model fits suggest one-carboxyl adsorption occurring on both FeOH
edge and corner sites (Figure 4.7a) in a single-bonded monodentate configuration
(reaction 1; Figure 4.6a) with a binding constant of Log K 9.2 (Table 4.4). For Hex2/6
the model fits suggest a combination of both two-carboxyl and one-carboxyl adsorption
occurring on both FeOH edge and corner sites (Figure 4.7b). The two-carboxyl
adsorption occurs in a bidentate mononuclear or bidentate binuclear configuration
(reaction 3; Figure 4.6b) with a binding constant of Log K 16.8 (Table 4.4). The one-
carboxyl adsorption occurs in a monodentate mononuclear configuration (reaction 4;
Figure 4.6a), in which the non-bonding carboxyl group is protonated at low pH (<
pH~5.0) with a binding constant of Log K 10.5 (Table 4.4) and deprotonated at higher
pH (> pH~5.0) with a binding constant of Log K 15.4 (Table 4.4). Finally for But3/7
the model fits suggest a combination of both three-carboxyl and two-carboxyl
adsorption occurring on both FeOH edge and corner sites (Figure 4.7c). The three-
carboxyl adsorption occurs in a tridentate trinuclear configuration (reaction 5, Figure
4.6¢) with a binding constant of Log K 26.3 (Table 4.4). The two-carboxyl adsorption
occurs in a bidentate mononuclear or bidentate binuclear configuration (reaction 6;
Figure 4.6b), in which the non-bonding carboxyl group is protonated at low pH (<
pH~4.5) with a binding constant of Log K 19.0 (Table 4.4) and deprotonated at higher
pH (> pH~4.5) with a binding constant of Log K 23.3 (Table 4.4). Differences in the
binding constants for complexes in which the non-bonded carboxyl group is either
deprotonated or protonated (one-carboxyl adsorption for Hex2/6 Log K 10.5/15.4 and
two-carboxyl adsorption for But3/7 Log K 19.0/23.3) arise because the complexation
reaction for the protonated complex (reaction 4b for Hex2/6 and reaction 6b for But3/7,
Table 4.4) combines the complexation reaction (one or two carboxyls reacting with

FeOH) with the protonation reaction of the non-bonded carboxyl group.
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My modelling thus predicts an overall increase in the average number of bonds per
sequestered acid molecule and an overall increase in the binding affinity of the
sequestered acid molecules in the order Penl/5 < Hex2/6 < But3/7. The increasing
binding affinity of my carboxylic acids explains the macroscopic adsorption behaviour
of these acids with Fh, in which adsorption affinity increases in the order Penl/5 <
Hex2/6 ~ But3/7 (Figure 4.2). Overall my STXM NEXAFS and model fitting results
indicate that the average number of bonds per sequestered acid molecule and thus the
binding strength of carboxylic acids to Fe (oxyhydr)oxides increases with increasing

carboxyl-richness (Curti et al., 2021).

4.4.2 Influence of carboxyl-rich OC on the aging of ferrihydrite

4.4.2.1 Kinetics of Fh aging influenced by carboxyl-rich OC

My experiments show that the presence of OC retards the aging of Fh to more
crystalline Fe minerals (Figure 4.3a and 4.3b), which is consistent with previous reports
that additives of carboxylic acids, humic acids and other kinds of OC can retard the
aging of Fh to crystalline iron minerals (Cornell and Schwertmann, 1979b; Cornell,
1985; Hu et al., 2018; Lu et al., 2019b). In oxic environments, two different
mechanisms may occur during aging of Fh to more crystalline iron minerals, where one
is via dissolution-recrystallisation processes and the other is via solid-state aggregation:
aggregation of Fh followed by nucleation and crystal growth within the aggregate
(Cornell and Schwertmann, 1979b; Cudennec and Lecerf, 2006; Schwertmann and
Fischer, 1966). The presence of OC can influence the factors that control dissolution-
recrystallisation and/or solid-state aggregation and thus can effect aging rate, for
example, OC can block surface sites and subsequently prevent the dissolution of iron
(oxyhydr)oxide to form goethite or the nucleation of hematite (Kaiser and
Guggenberger, 2003); OC can complex with aqueous Fe(Ill) to inhibit nucleation

(Cornell and Schwertmann, 1979b); and OC can influence Fh aggregation and associate
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with the surface of neoformed mineral nuclei and crystals to inhibit crystal growth

(Amstaetter et al., 2012; Eusterhues et al., 2008).

For the aging of my Fh coprecipitates compared to pure Fh, it is clear that the retardation
effect of OC generally increases in the order Penl/5 < Hex2/6 < But3/7 (at pH 5) and
Penl1/5 < Hex2/6 ~ But3/7 (at pH 6.5) and thus with increasing carboxylic acid binding
strength (Figure 4.3a and 4.3b). Previous work reports the influence of aqueous
(hydroxyl)-carboxylic acids on the aging of Fh to other more crystalline Fe minerals,
where the retardation of aging is also related to the relative adsorption affinity of the
acids to Fh (Cornell and Schwertmann, 1979). For Fh coprecipitates made with
different OC types but with similar C loadings, my surface complexation modelling
indicates that the number of chemical bonds formed between the OC and Fh particles
is equal to the number of -FeOH sites used, and both the number of bonds formed and
the sites used increase with the carboxyl-richness, where the former controls the binding
strength (Friddle et al., 2012) and the later influences the surface coverage. Therefore
both the binding strength and surface coverage for a similar adsorbed amount of my
different carboxylic acids follow the order Penl/5 < Hex2/6 < But3/7. As such there is
a greater blocking of Fh surface sites and thus a greater retardation of dissolution and
recrystallisation in the order Penl/5 < Hex2/6 < But3/7 (Kaiser and Guggenberger,
2003).

It is also clear that the retardation effect of OC is related to increasing C loading and
pH. In general as C loading increases at pH 5 the retardation of aging increases from
Fh-Penl/5 1.2wt%C to Fh But3/7 7.8wt%C, but individual coprecipitates
Fh Hex2/6 2.9wt%C, Fh_Hex2/6 4.1wt%C and Fh_But3/7 6.0wt%C show similar
behaviour (Figure 4.3a). As C loading increases at pH 6.5 however, the retardation of
aging increases from Fh-Penl/5 1.2wt%C to Fh But3/7 7.8wt%C, but individual
Fh Hex2/6 and Fh_But3/7 coprecipitates all show similar behaviour (Figure 4.3b).
Furthermore at pH 6.5, whilst the retardation of aging for the Fh_Pen1/5 and Fh__Hex2/6
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coprecipitates is similar to that at pH 5, the retardation of aging for the Fh_But3/7
coprecipitates is reduced (comparing Figures 4.5a and 4.5b). The effect of C loading on
retardation of aging may be explained by considering the fact that, because my acids
are mostly adsorbed at particle surfaces (Curti et al., 2021), increased C loading results
in higher surface coverage and thus a greater retardation of dissolution and
recrystallisation (Kaiser and Guggenberger, 2003). Increased C loading can also lead
to a greater retardation of aging through the complexation of OC with aqueous Fe(III)
to inhibit nucleation (Cornell and Schwertmann, 1979b) and the association of OC with
the surface of newly formed mineral nuclei and crystals to inhibit crystal growth
(Amstaetter et al., 2012; Eusterhues et al., 2008). For individual coprecipitates
Fh Hex2/6 2.9wt%C and Fh Hex2/6 4.1wt%C, made with the same OC type but
increasing C loading, it appears that the C loading effect cannot indefinitely increase
retardation. I suppose that there is maximum retardation effect for simple carboxyl-rich

OC, but this requires further investigation.

The OC retardation of aging are weakened at higher pH, where the higher C loading
and the higher carboxyl richness in OC moieties (for Fh__Hex2/6 and But3/7 system)
seem not to have indefinitely retardation effect on aging of Fh. This weakening
influence of pH on OC retardation of aging may be explained by the fact that under
acidic conditions (pH < 7) Fh ages via dissolution-recrystallisation, whereas under
neutral conditions (pH ~ 7) Fh ages mainly via solid-state aggregation: aggregation of
Fh followed by nucleation and crystal growth within the aggregate (Cornell and
Schwertmann, 1979b; Cudennec and Lecerf, 2006; Schwertmann and Fischer, 1966).
During dissolution-recrystallisation processes, OC can block surface sites to directly
retard the aging process, but during solid-state aggregation this retardation mechanism
may be less effective and instead OC might associate with mineral nuclei and newly
formed crystals to inhibit oriented aggregation of pure mineral clusters and crystal
growth of more crystalline minerals (Amstaetter et al., 2012; Eusterhues et al., 2008).

In addition OC may act as a bridging molecule between mineral particles and then
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stabilise them as low-density aggregates (Amstaetter et al., 2012; Illés and Tombaécz,
2006). These more indirect mechanisms for retardation of aging may account for the
similarity in the retardation of individual Fh_Hex2/6 and Fh But3/7 coprecipitates at
pH 6.5, and the reduction in retardation of Fh_But3/7 coprecipitates at pH 6.5 compared
to pH 5. Furthermore, whilst adsorption of negatively charged OC onto positively
charged Fe minerals creates negatively charged OC-coated particles that repel one
another and hinder aggregation (Illés and Tombacz, 2006), recent work shows that OC
with MW<3 kDa is unable to completely stabilise mineral particles via steric repulsion
(Li et al., 2020). This may also contribute to the reduction in retardation of Fh_But3/7
coprecipitates at pH 6.5 compared to pH 5, and again suggests that increasing C loading
of simple organic molecules may not result in increased retardation of aging, although

this requires further investigation.

4.4.2.2 Properties of Fh coprecipitates after aging influenced by carboxyl-rich OC

My results show that the SSA of the Fe minerals after aging of pure Fh (33+0.1 m?/g)
are significantly less that the SSA of un-aged pure Fh (300 m”/g), and that the Fe
minerals after aging of Fh coprecipitates (46+0.1 — 103+0.9 m?/g) are also significantly
less than the SSA of un-aged Fh coprecipitates (taken as 300 m*/g with an uncertainty
of £10%) (Table 4.1). In agreement with previous work, it is clear that in both the pure
Fh and Fh coprecipitate systems, the Fe minerals present after aging have significantly
reduced SSA and thus larger particle size and/or higher crystallinity (Das et al., 2011b;
Hu et al., 2018), but it is also apparent that the influence of OC in the Fh coprecipitate
systems somewhat mitigates against the decline in SSA. This is likely because OC
retards the aging of Fh to more crystalline minerals and inhibits mineral crystal growth
(Cornell and Schwertmann, 1979b; Kaiser and Guggenberger, 2003). Thus compared
to pure Fh systems, this results in Fe minerals with smaller particle size and/or lower
crystallinity, larger lattice spacings and a more porous surface structure and thus a less
compact bulk mineral (Eusterhues et al., 2008), as confirmed by scanning transmission

electron microscopy (STEM) observations (Lu et al., 2019b).
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My results also show that the SSA and TPV of my Fe minerals after aging of Fh
coprecipitates increase with increasing carboxylic acid binding strength (Table 4.1),
and thus follow the order Fh < Fh Penl/5 1.2wt%C < Fh Hex2/6 7.0wt%C <
Fh But3/7 7.3wt%C. In particular, comparing composites with similar C loading but
increased binding strength, namely Fh Hex2/6 7.0wt%C and Fh_But3/7 7.3wt%C,
the latter has significantly higher SSA. Thus whilst the retardation of aging for
Fh Hex2/6 7.0wt%C and Fh_But3/7 7.3wt%C is similar, the more strongly bound
But3/7 appears to be able to further inhibit the growth of more crystalline Fe minerals,

leading to smaller particle size and/or lower crystallinity and a more porous structure.

4.4.3 Distribution of carboxyl-rich OC during aging of ferrihydrite

4.4.3.1 Mechanisms for temporal changes in the total amount of C

My experiments show that the total amount of C with my Fh Penl/5 1.2wt%C
coprecipitate is essentially invariant with aging time at pH 5 and 6.5, whilst the total
amount of C with my Fh Hex2/6 and Fh_But3/7 coprecipitates decreases with aging
time at pH 5 and 6.5 (Figure 4.4a and 4.4b). These trends may be understood by
considering the binding strength of the OC and the properties of Fe minerals after aging
of Fh.

Given the SSA of Fe minerals formed after aging of Fh coprecipitates (Table 4.1) I can
estimate their surface coverage at the end of aging (after 19 days) following the same
approach used to estimate the surface coverage of the initial Fh coprecipitates above
(section 4.1.1). My estimations show that the aged Fh_Penl/5 1.2wt%C still appears
to have sufficient SSA (Table 4.5) to theoretically accommodate all the initial OC in an
adsorbed monolayer at the particle surfaces (surface coverage 37.37%, Table 4.5a) and
a total theoretical adsorption capacity (3.04 wt%C, Table 4.5b) that is well in excess of
both the total initial amount of C (1.2 wt%C) and the total remaining amount of C (0.72
— 0.75wt%, Table 4.5b). This might explain why the total remaining amount of C for

Fh Penl/5 1.2wt%C is essentially invariant with aging time (Figure 4.4a and 4.4b),
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and implies that both the total initial amount of C and the total remaining amount of C

could be adsorbed at the particle surfaces.

The aged Fh Hex2/6 7.0wt%C appears to have insufficient SSA (Table 4.5) to
theoretically accommodate all the initial OC in an adsorbed monolayer at the particle
surfaces (surface coverage between 130.58% adopting entirely monodentate adsorption
and 261.15% adopting entirely bidentate adsorption, Table 4.5a) and a total theoretical
adsorption capacity (between 2.54 wt%C adopting entirely bidentate adsorption and
4.84 wt%C adopting entirely monodentate adsorption, Table 4.5b) that is well below
the total initial amount of C (7.0 wt%C) but still in excess of the total remaining amount
of C (1.55 — 1.76 wt%C, Table 4.5b). This might explain why the total remaining
amount of C for the Fh_Hex2/6 coprecipitates decreases with aging time (Figure 4.4a
and 4.4b), but akin to Fh_Penl/5 1.2wt%C, implies that both the total initial amount

of C and the total remaining amount of C are adsorbed at the particle surfaces.

In contrast the aged Fh_But3/7 7.3wt%C appears to have insufficient SSA (Table 4.5)
to theoretically accommodate all the initial OC in an adsorbed monolayer at the particle
surfaces (surface coverage between 145.05% adopting entirely bidentate adsorption and
217.57% adopting entirely tridentate adsorption, Table 4.5a) and a total theoretical
adsorption capacity (between 3.12 wt%C adopting entirely tridentate adsorption and
4.52 wt%C adopting entirely bidentate adsorption, Table 4.5b) that is well below the
total initial amount of C (7.3 wt%C) but not in excess of the total remaining amount of
C (3.00 — 4.90 wt%C, Table 4.5b). This might explain why the total remaining amount
of C for the Fh_But3/7 coprecipitates decreases with aging time (Figure 4.4a and 4.4b),
but unlike Fh_Penl/5 1.2wt%C and the Fh_Hex2/6 coprecipitates, implies that, whilst
the total initial amount of C is adsorbed at the particle surfaces, some part of the total

remaining amount of C might be incorporated into the particle interiors.
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These estimations therefore indicate that the amount of OC retained by Fh
coprecipitates during the aging process is strongly coupled to the binding strength of
the OC molecules and the initial C loading of the coprecipitates. For Fh coprecipitated
with relatively carboxyl-poor OC and with low initial C loading such as
Fh Penl/5 1.2wt%C, I suggest that net OC release is essentially minimal during aging
because the Fe minerals formed after aging have sufficient adsorption capacity to
accommodate all the initial OC at the particle surfaces. For Fh coprecipitated with
relatively carboxyl-rich OC and with higher but essentially equivalent initial C loading
such as Fh_ Hex2/6 7.0wt%C and Fh_But3/7 7.3wt%C, I suggest that net OC release
is significant during aging because the Fe minerals formed after aging have insufficient
adsorption capacity to accommodate all the initial OC at the particle surfaces. For these
relatively carboxyl-rich coprecipitates my results suggest that the distribution of the
remaining OC between the mineral surfaces vs. incorporation into particle interiors is
strongly influenced by the binding strength of the OC because this controls both the
initial C loading of the coprecipitates and the physiochemical properties of the Fe

minerals after aging.
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Table 4.5a. Surface coverage of Fe minerals for Fh_Pen1/5 1.2wt%C, Fh_Hex2/6 7.0wt%C and Fh_But3/7 7.3wt%C after 19 days aging at pH

6.5
Total initial C with SSA of Fe minerals Site density of Fe Coverage of Fe minerals Coverage of Fe minerals Coverage of Fe minerals
Fh (wt%C) after 19 days aging minerals after 19 days after 19 days aging with after 19 days aging with after 19 days aging with
(m*/g)* aging (Sites/nmz)b one carboxyl adsorbed two carboxyl adsorbed three carboxyl adsorbed
Fh Penl/5 1.2wt%C 1.2 wt%C 46 7
Fh_Hex2/6_7.0wt%C 7.0 wt%C 64 7 261.15
Fh But3/7 7.3wt%C 7.3 wt%C 103 7 145.05

Table 4.5b. Adsorption capacity of Fe minerals for Fh_Penl/5 1.2wt%C, Fh_Hex2/6 7.0wt%C and Fh_But3/7 7.3wt%C after 19 days aging

SSA of  Fe Site density of Fe Adsorption capacity of Adsorption capacity of Fe
minerals after 19 minerals after 19 Fe minerals after 19 minerals after 19 days

Adsorption capacity of Fe
minerals after 19 days aging

Total remaining C with Fe minera
measured after 19 days aging

days aging (m*/g)* days aging days aging (one aging  (two carboxyl (three carboxyl binding)
(sites/nm?)° carboxyl binding) binding) pH 5.0 pH 6.5
‘h_Penl/5 _1.2wt%C 46 7 3.04wt%C 0.72 wt%C 0.75 wt%(
‘h_Hex2/6_7.0wt%C 64 7 4.84wt%C 2.54wt%C 1.76 wt%C 1.55 wt%(
‘h_But3/7_7.3wt%C 103 7 4.52wt%C 3.12wt%C 4.90 wt%C 3.00 wt%(

* SSA of Fe minerals treated with 0.1 M NaOH for 24 h to desorb OC after aging for 19 days at pH 6.5

® Site density for Fe minerals calculated from average site density of Gt and Hm (Peacock and Sherman, 2004)



85

4.4.3.2 Mechanisms for temporal changes in non-desorbable C

We can shed further light on the distribution of the OC during aging as a function of
the binding strength of the OC molecules and C loading of the coprecipitates by
considering my results for non-desorbable C. In my work I operationally define non-
desorbable C as C that cannot be removed from the solid particles with 0.1 M NaOH
(Kaiser and Guggenberger, 2007). Previous work on the coprecipitation of Penl/5,
Hex2/6 and But3/7 with Fh using the same experimental coprecipitation conditions as
used here (Curti et al., 2021) shows that at C:Fe molar ratios ~0.1 — 0.8, equivalent to
those used in this study, between ~10 — 30% of OC adsorbed in a monolayer at the Fh
particle surfaces remains adsorbed after washing with 0.1 M NaOH and is thus very
strongly adsorbed at particle surfaces or is incorporated into particle interiors, for
example by being occluded into mineral pore spaces (Kaiser and Guggenberger, 2007;

Lu et al., 2019b).

My experiments show that the total amount of non-desorbable C with my
Fh Penl/5 1.2wt%C and Fh_Hex2/6 coprecipitates decreases with aging time, while
the total amount of non-desorbable C with my Fh_But3/7 coprecipitates is relatively
stable over the first 12 days of aging then decreases after 19 days aging time (Figure
4.5a and 4.5b). Given that my surface coverage estimations for the Fh coprecipitates
after 19 days aging suggest that the adsorption capacity of the Fe minerals formed after
aging of Fh Penl/5 1.2wt%C (3.04 wt%C, Table 4.5b) and Fh_Hex2/6 7.0wt%C
(2.54 — 4.84 wt%C, Table 4.5b) are well in excess of the total remaining amount of C
(0.72 - 0.75wt% for Fh Penl/5 1.2wt%C, and 1.55 - 1.76 wt%C for
Fh Hex2/6 7.0wt%C, Table 4.5b), it is therefore possible that both the desorbable and
the non-desorbable part of this total remaining C is adsorbed at the particle surfaces. In
turn this suggests that the total remaining C after aging is comprised of two pools with
differing mobilities; a relatively loosely bound desorbable pool that is released after
washing with 0.1 M NaOH and a relatively strongly bound non-desorbable pool that is

retained after washing with 0.1 M NaOH. The presence of a loosely bound desorbable
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pool and more strongly bound non-desorbable pool after repeated washing with 0.1 M
NaOH is also observed for un-aged Fh Penl/5 and Fh Hex2/6 coprecipitates and
attributed to the presence of binding strength heterogeneities in the local adsorption
environment, such as steric hindrance and/or electrostatic repulsion in a patchy
‘monolayer equivalent’ (Wershaw, 1994), that render some molecules less strongly
bound and more susceptible to desorption (Kaiser and Guggenberger, 2007; Curti et al.,
2021). In the case of the Hex2/6 acid molecules, these are adsorbed via either a
bidentate or monodentate carboxyl adsorption mechanism (Figure 4.7b) and as such,
those that experience binding strength heterogeneities as above and also those that are
monodentate are similarly likely to be more susceptible to desorption (Kaiser and

Guggenberger, 2007; Curti et al., 2021).

In contrast given that my surface coverage calculations for the Fh coprecipitates after
19 days aging indicate that the adsorption capacity of Fe minerals after aging of
Fh But3/7 _7.3wt%C (3.12 — 4.52 wt%C, Table 4.5b) are not in excess of the total
remaining amount of C (3.05 — 4.90 wt%C, Table 4.5b), it is therefore likely that some
part of the total remaining C is incorporated into the particle interiors where it is more
difficult to remove with 0.1 M NaOH (Kaiser and Guggenberger, 2007; Lu et al.,
2019b). At first glance, the presence of C incorporated into the particle interiors, for
example by being occluded into mineral pore spaces (Eusterhues et al., 2011), might be
expected to decreased the TPV of aged Fh_But3/7 7.3wt%C compared to aged pure
Fh, however, the TPV results show that the TPV of aged Fh But3/7 7.3wt%C
(0.16+0.02 cm’/g, Table 4.1) is somewhat higher than aged pure Fh (0.11£0.02 cm’/g,
Table 4.1) and Fh_Pen1/5_1.2wt% (0.13+0.02 cm’/g, Table 4.1). This suggests that the
adsorption of desorbable C at shallow pores and pore openings, which is removed by
washing with 0.1 M NaOH, creates a more open and porous structure in the aged Fe
minerals (Eusterhues et al., 2008), that is then reflected in the higher TPV
measurements. These results support my suggestion that the distribution of the

remaining OC between the mineral surfaces vs. incorporation into mineral particle
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interiors after aging depends primarily on the binding strength of the OC because this
controls both the initial C loading of the coprecipitates and the physiochemical

properties of Fe minerals after aging.

It is also important to note that the ratio of non-desorbable C to total C changes with
the aging process (Figure 4.8). For Fh_Penl/5 1.2wt%C it is likely that a substantial
amount of C is desorbed from the Fh coprecipitates during the washing process, that is
necessarily performed after synthesis to remove excess salts. This initial loss of C is
relatively large for Fh Penl/5 1.2wt% compared to the Fh Hex2/6 and Fh_But3/7
coprecipitates, because the Penl/5 acid molecules are the least strongly adsorbed. At
the start of the aging the total C associated with the particles is thus relatively non-
desorbable and the absolute value for the percentage of C that is non-desorbable is ~100%
(Figure 4.8). It is then clear that during aging, while the total amount of C is relatively
constant, the total amount of non-desorbable C decreases, from an amount nearly
equivalent to the total amount of C to an amount significantly less than the total amount
of C (Figure 4.4 and 4.5). The percentage of total C that is non-desorbable therefore
decreases over time from near 100% to ~40% (Figure 4.8). This suggests that the
fraction of OC that is very strongly adsorbed decreases during aging. For the
Fh_Hex2/6 coprecipitates, the total amount of C decreases and the total amount of non-
desorbable C decreases but at a lesser rate compared to the total amount of C, and from
an amount significantly less than the total amount of C (Figure 4.4 and 4.5). The
percentage of total C that is non-desorbable is therefore approximately constant over
time at ~15 —20% at pH 5 and 20 — 25% at pH 6.5 (Figure 4.8). This suggests that the
fraction of OC that is very strongly adsorbed and/or incorporated is approximately
constant during aging. For the Fh But3/7 coprecipitates, the total amount of C
decreases and the total amount of non-desorbable C is relatively constant, but again is
significantly less than the total amount of C (Figure 4.4 and 4.5). The percentage of

total C that is non-desorbable therefore increases over time from ~10 — 15% to ~12 —
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25% at pH 5 and 6.5 (Figure 4.8). This suggests that the fraction of OC that is very

strongly adsorbed and/or incorporated increases during aging.

The overarching trend in the percentage of C that is non-desorbable during aging of the
Fh Penl/5, Fh_Hex2/6 and Fh But3/7 coprecipitates, where non-desorbable C for
Fh Penl/5 1.2wt%C decreases, for the Fh_Hex2/6 coprecipitates remains relatively
constant and for the Fh_But3/7 coprecipitates increases, follows the increasing binding
strength of these acid molecules in the order Penl/5 < Hex2/6 < But3/7. The absolute
values for the percentage of C that is non-desorbable before aging for the Fh__Hex2/6
and Fh_But3/7 coprecipitates are also comparable with previous work in which Hex2/6
and But3/7 are coprecipitated with Fh using the same experimental coprecipitation
conditions as used here (Curti et al., 2021). In this previous study un-aged Fh_Hex2/6
and Fh_But3/7 coprecipitates with approximately equivalent C:Fe molar ratios to my
coprecipitates, have ~15 —20% C and ~20 — 30% C, respectively, that is non-desorbable
with 0.1 M NaOH (Curti et al., 2021). Thus for the un-aged Fh_Hex2/6 and Fh_But3/7
coprecipitates | see that a small percentage of the total C is non-desorbable at the start
of the aging and that this percentage is approximately constant or increases during the
aging as the weakly adsorbed desorbable C is released relative to the strongly adsorbed
and/or incorporated non-desorbable C. My results therefore indicate that relatively
carboxyl-rich OC coprecipitated with Fh becomes proportionally more stable with the
solid phase and thus less mobile during aging. My results therefore also indicate that
relatively carboxyl-rich OC coprecipitated with Fh is more persistent than relatively
carboxyl-poor OC in soils and sediments, which might help to provide a mechanistic
explanation for the recently reported relationship between OC-mineral binding strength

and OC-mineral persistence over time (Hemingway et al., 2019).
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Figure 4.8. Percentage of C that is non-desorbable with aging. The percentage of non-
desorbable C is calculated by [Chpon-desorbable]/[Crota]. Black, blue and red symbols
represent Penl/5, Hex2/6 and But3/7 data, respectively. Penl/5, Hex2/6 and But3/7
represent simple carboxyl-rich OC with one, two and three carboxyl groups,

respectively. Error bars represent standard deviations of at least duplicate samples.

4.5 Conclusions

My STXM NEXAFS and adsorption experiment plus surface complexation model
results show that the binding strength of my carboxylic acids sequestered to Fh
increases with an increasing number of carboxyl functional groups (Penl1/5 <Hex2/6 <
But3/7). Regarding the role of OC in the aging of Fh, I show that OC substantially
retards the aging of Fe (oxyhydr)oxide to more crystalline Fe minerals and that this
retardation increases with increasing binding strength of the OC, following the order
Penl/5 < Hex2/6 < But3/7 at similar C loading, and with increasing C loading and
decreasing pH. The SSA and TPV of Fe minerals formed from aging of my Fh
coprecipitates also appear to increase with increasing binding strength of the OC
suggesting that OC with higher binding strength is able to further inhibit the growth of

more crystalline Fe minerals. Regarding the fate of OC during aging of Fh, I find that
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the total amount of C retained with the solid during aging is strongly coupled to the
binding strength of the OC and the initial C loading of the coprecipitates, where OC
with higher binding strength is retained more with the solid by influencing the
physiochemical properties of Fe minerals after aging, and partial OC is released if the
initial C loading is higher than the adsorption capacity of Fe minerals after aging. I also
find that the total amount of non-desorbable C after 19 days aging similarly shows a
positive correlation with the binding strength of the OC, where the proportion of non-
desorbable C increases with higher binding strength. My results suggest that the
distribution of this OC between the mineral surfaces vs. incorporation into particle
interiors during aging is strongly influenced by the binding strength of the OC, because
this controls both the initial C loading of the coprecipitates and the physiochemical
properties of the Fe minerals after aging. Overall I find that carboxyl-rich OC
coprecipitated with Fh becomes proportionally more stable with the solid phase because
carboxyl-poor OC that has lower binding strength is more readily released during aging.
My work might therefore offer a deeper mechanistic insight into the mechanisms
responsible for the persistence and long-term preservation of OC in natural

environments.
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Chapter S  The mobility and fate of Cr(VI) during
aging of ferrihydrite and ferrihydrite

organominerals

ABSTRACT

The fixation of environmentally hazardous Cr(VI) is largely attributed to the retention
by iron (oxyhydr)oxide in the soil environment, which is prevailingly associated with
organic carbon (OC). The effect of OC with different binding strengths on Cr(VI)
adsorption and the mobility and fate of Cr(VI) during transformation of iron
(oxyhydr)oxide however, are unknown. Here I investigate how OC binding strength
influences Cr(VI) adsorption to ferrihydrite (Fh) organominerals, and the subsequent
retention or release of OC and Cr(VI) during the mineralogical transformation of Fh
organominerals. I conduct Cr(VI) adsorption experiment onto ferrihydrite
organominerals, apply surface complexation model to study the relative binding
strength between OC and Cr(VI), and then conduct the aging experiment to track re-
distribution of Cr(VI). I show that based on the relative binding strength between OC
and Cr(VI), the weakly-bound OC at different C loadings has almost no discernable
influence on Cr(VI) adsorption, while the strongly-bound OC significantly suppress
Cr(VI) adsorption via surface masking and/or electrostatic repulsion. The presence of
Cr(VI) retards the aging of Fh at various pH conditions, whilst Cr(VI) also cause
discernable retardation on the transformation of Fh organominerals even at a lower
concentration. The redistribution of Cr(VI) for Fh organominerals is strongly
influenced by the presence of OC. The weakly-bound OC (especially mono-carboxylic
Penl/5) not only almost double the rate of the capture of Cr(VI) in neo-formed minerals
at pH 5.0 but also increase the final proportion of Cr(VI) captured, which are attributed

to the loose and porous property of Fe minerals and easier replacement of weakly-
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bound OC by Cr(VI). This facilitation effect on capture of Cr(VI) are weaken with
increasing carboxyl richness in OC moieties and pH conditions. The rate of the capture
of Cr(VI) for Fh_But3/7 systems are similar or much lower than than for pure Fh system,
which is because the tricarboxylic But3/7 has higher binding strength than Cr(VI) and
make it harder for Cr(VI) to replace But3/7 to get surface sites or surface pores to be
captured in neo-formed Fe minerals. I speculate that OC with higher carboxyl richness
will further suppress the proportion and the rate of the capture of Cr(VI) in Fe minerals,
and thus the mobility and fate of Cr(VI) in soils and sediments is therefore likely

strongly controlled by the carboxyl-richness of OC in the organominerals.

5.1 Introduction

Chromium, especially hexavalent chromium, can be released into the environment from
a variety of industrial sources, like leather processing and finishing, steel processing,
ceramic processing, electroplating, catalytic manufacture and drilling muds (Barnhart,
1997, Darrie, 2001; Jacobs and Testa, 2005). Hexavalent chromium Cr(VI) is the most
common Cr species, is highly toxic and also more soluble and bioavailable than
trivalent chromium Cr(IIl), and thus presents a mobile biohazard in aquatic and soil
ecosystems (Chandra and Kulshreshtha, 2004; Costa, 1997; Shanker et al., 2005). The
potential environmental harm posed by Cr(VI) means that it is important to understand
how this species interacts with soil constituents in order to predict Cr mobility and fate,

and to develop soil remediation methods.

Compared to other soil minerals, iron (oxyhydr)oxides, especially ferrihydrite (Fh),
have widespread occurrence, high specific surface area and various binding sites for
adsorption of solution species (Hiemstra, 2013; Larsen and Postma, 2001; Michel et al.,
2007b). As such they act as efficient adsorbents of organics (Cornell and Schwertmann,
2003) and heavy metal contaminants including Cr(VI) in soils (Gu et al., 2017; Mikutta
et al., 2014). In an attempt to gain insight into the mechanisms of Cr(VI) fixation in

natural soil environments, Cr(VI) adsorption behaviour to Fh is extensively
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investigated (Ding et al., 2018; Hajji et al., 2019; Johnston and Chrysochoou, 2012,
2016; Veselska et al., 2016). At the macroscopic level, Cr(VI) adsorption onto Fh
exhibits a typical anion adsorption edge, with adsorption decreasing with increasing pH
(Veselska et al., 2016). Adsorption edges show no significant difference with changes
in Cr(VI) concentration and adsorbate/adsorbent ratio (Cr(VI) concentions of 10, 10”
>, 10™* M) or ionic strength (0.001, 0.01, 0.1 M KNO3) (Veselska et al., 2016). At the
microscopic level, Cr(VI) tends to form inner-sphere bidentate complexes at high
surface coverage and monodentate complexes at lower surface coverage on iron
minerals including Fh, goethite (Gt) and hematite (Hm), confirmed by spectroscopic
techniques coupled with surface complexation modelling (Fendorf et al., 1997;
Johnston and Chrysochoou, 2012, 2014; Veselska et al., 2016; Xie et al., 2015).
Monodentate complexes may be the precursor of bidentate complexes (Grossl et al.,
1997) and are particularly susceptible to ionic strength effects (Johnston and
Chrysochoou, 2012, 2014; Xie et al., 2015). It is also reported that Al substitution in Fh
disproportionately suppresses bidentate complexes over monondentate complexes

(Johnston and Chrysochoou, 2016).

Authigenic Fh is metastable under oxic conditions however, and undergoes
thermodynamically spontaneous transformation to other more stable iron
(oxyhydr)oxides, like Gt and Hm (Das et al., 2011b). Because the transformation
involves many processes like dissolution, precipitation, aggregation, adsorption and
desorption (Sakakibara et al., 2019) and the secondary iron minerals also have different
physical and chemical properties (Cornell and Schwertmann, 2003), the mineralogical
transformation can influence the mobility of adsorbed heavy metals (Francisco et al.,
2018; Hu et al., 2020; Hu et al., 2018; Sakakibara et al., 2019). In addition Fh formed
in natural environments is typically associated with organic carbon (OC) to form
organominerals. The association of OC and minerals in these organomineral phases
typically occurs through a variety of sequestration processes that remove OC from

solution to the solid mineral particles (Sposito, 2008). Sequestration processes can



94

include the surface sorption, or adsorption, of OC to preformed mineral particles and
also the coprecipitation of OC with neoformed mineral phases, where OC is removed
from solution as a consequence of mineral precipitation (Eusterhues et al., 2011).
During coprecipitation OC can become adsorbed at mineral particle surfaces and
incorporated into particle interiors, for example by being occluded into mineral pore
spaces (Eusterhues et al., 2011). Recent studies show that up to 40% of total OC in
various soils is bound to reactive iron phases, likely during coprecipitation (Wagai and
Mayer, 2007; Zhao et al., 2016). In these organomineral coprecipitates both
experimental studies of OC iron (oxyhydr)oxide coprecipitates and investigations of
natural OC-iron (oxyhydr)oxide associations show that OC is mostly adsorbed at
mineral particle surfaces with a lesser amount incorporated into OC-Fe
macromolecules and particle interiors (Eusterhues et al., 2011; Chen et al., 2014;
Lehmann et al., 2008; Curti et al., 2021). The presence of OC can significantly influence
Fh transformation in terms of transformation rate, pathway and properties of secondary
iron minerals (Amstaetter et al., 2012; Fredrickson et al., 1998; Hansel et al., 2003; Hu
etal., 2020; Lovley et al., 1996), and also the adsorption properties of Fh and secondary
iron minerals, such as adsorption site availability (Chen et al., 2014; Shimizu et al.,
2013) and crystallographic defects (Eusterhues et al., 2014) or surface pores (Mikutta
et al., 2014). As such the transformation of Fh and Fh organominerals plays an

important role in controlling the adsorption and capture of Cr in soils.

A limited number of studies focus on the mobility of Cr(VI) during the mineralogical
transformation of iron (oxyhydr)oxides. The transformation of pure Fh to secondary
iron minerals can increase the proportion of Cr(VI) (Yu et al., 2020; Yu et al., 2021;
Zhu et al., 2019), decreasing the mobility of Cr(VI). On the other hand, aging of pure
Fh also increases aqueous Cr(VI) at pH 7.5 (Zhu et al., 2019), increasing the mobility
of Cr(VI). Different additives in the adsorption systems also have different influence
on the distribution of Cr(VI) between non-desorbable and desorbable pools. The

presence of silicate in Fh-Si-Cr coprecipitates significantly decreases the proportion of
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Cr(VI) which is non-desorbable with 1.0 M Na,HPO, during aging at pH 5.0 (Zhu et al.,
2019) while the addition of citrate also decreases non-desorbable Cr(VI) during aging
at pH 5.0 but increases aqueous Cr(VI) during aging at pH 7.0 (Yu et al., 2021). To the
authors’ knowledge however, only one study investigates the influence of OC on the
distribution of Cr during the mineralogical transformation of iron (oxyhydr)oxide
organominerals, where it is observed that the transformation of Fh-humic acid
composites increases non-desorbable Cr after aging, probably via a redox reaction
which reduces more soluble Cr(VI) to less soluble Cr(IIl) (Yu et al., 2020). Similarly
rare are studies that reveal the microsopic mechanistic interactions between iron
(oxyhydr)oxide organominerals and Cr(VI), in which the focus is not on the redox
reduction of Cr(VI). Early work reveals a competitive adsorption between oxalate and
Cr(VI), and emphasises the importance of the relative adsorption affinity of Cr(VI) and
OC to iron (oxyhydr)oxides (Measuere and Fish, 1992). The influence of OC on Cr(VI)
adsorption behaviour to iron (oxyhydr)oxide organominerals, and the mobility and fate

of Cr(VI) during the transformation of these organominerals however, is still largely

unknown.

One of the most important types of OC for iron (oxyhydr)oxide-OC associations is
carboxyl-rich OC. Carboxyl functional groups are prevalent in natural OC (Rothe et al.,
2000) and are highly reactive towards different mineral surfaces and metal ions
(Rowley et al., 2017). Carboxyl-rich OC has a high adsorption affinity with iron
(oxyhydr)oxides during both its adsorption to preformed iron (oxyhydr)oxides and
during its coprecipitation with iron (oxyhydr)oxides (Gu et al., 1995; Curti et al., 2021;
Zhao et al., 2022) and thus it is a potential competitor with Cr(VI) for adsorption sites,
and also shows a strong influence on the transformation of iron (oxyhydr)oxides in
terms of transformation rates and pathway (Cornell and Schwertmann, 1979b).
Spectroscopic studies using Fourier-transform infrared (FTIR) spectroscopy and near
edge X-ray absorption fine structure (NEXAFS) spectroscopy provide direct evidence

for inner-sphere adsorption complexation between carboxyl functional groups and iron
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(oxyhydr)oxides, and for carboxylic-C and O-alkyl-C functional groups as the
dominant forms of OC in soils (Chen et al., 2014; Lv et al., 2016; Solomon et al., 2005).
Recent NEXFAS spectroscopy and surface complexation modelling also show that as
the number of carboxyl functional groups present in simple carboxylic OC compounds
increases, the binding strength and stability of the OC adsorbed to Fh in Fh
organomineral coprecipitates also increases, due to the formation of an increasing
number of inner-sphere adsorption complexes between the carboxyl functional groups

and the Fh particles (Curti et al., 2021; Zhao et al., 2022).

Here I investigate how OC binding strength influences Cr(VI) adsorption to Fh
organomineral coprecipitates, the mineralogical transformation of Fh in these Fh
organomineral coprecipitates and the subsequent retention or release of OC and Cr(VI)
as the transformation proceeds. I focus on carboxyl-rich OC and use simple mono-, bi-
and tri-carboxylic acids with either one, two or three carboxyl functional groups as
model carboxyl-rich compounds, possessing increasing carboxyl-richness and thus
increasing binding strengths to the Fh organomineral coprecipitate particles. I perform
Cr(VI) adsorption experiments with pure Fh and Fh-OC organomineral coprecipitates
to observe the influence of OC binding strength on Cr adsorption. I then conduct
mineralogical transformation experiments at 75 “C in Fh-OC-Cr ternary systems to
observe the transformation of iron (oxyhydr)oxides, and the distribution of OC and Cr.
My primary objectives are to (1) investigate the influence of carboxyl-rich OC with
different binding strengths on Cr adsorption to Fh-OC organominerals; (2) investigate
the influence of Cr on the transformation of Fh-OC organominerals and the mobility
and fate of OC; (3) investigate the influence of carboxyl-rich OC with different binding
strengths on the mobility and fate of Cr during the mineralogical transformation of Fh
organominerals; and (4) provide novel information for the remediation of Cr(VI)

contaminated soils.
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5.2 Materials and methods

5.2.1 Preparation of Fh and Fh organomineral coprecipitates

Pure ferrihydrite (Fh) was prepared following the method of Schwertmann and Cornell
(2000) for the precipitation of 2-line ferrihydrite via hydrolysis of Fe(IlI) salt solution.
Briefly, Fh was prepared by rapid hydrolysis of 0.1 M Fe(NO3)3;-9H,0 (aq) with 1 M
KOH to maintain a final pH of 7. Fh was washed several times over a week with 18.2
MQ-cm MilliQ water until the conductivity of supernatant is same with DI water, after
which Fh was stored as a slurry at 4 °C, following standard protocols to maintain
mineralogical integrity (Schwertmann and Cornell, 2000). The specific surface area
(SSA) of the pure Fh was determined by the multi-point BET (Brunauer, Emmett and
Teller) technique using a Micromeritics Gemini VII Surface Area Analyser, with
samples dried and degassed at room temperature for 24 h using N, (g) (<1 ppm CO;

(g)) prior to analysis. All SSA analyses were performed in triplicate.

Fourteen Fh-OC organomineral coprecipitates with different wt% C were prepared with
three simple carboxylic acids, denoted as acidn/m, where acid refers to the first three
letters of the acid [UPAC name and n/m denotes the number of carboxyl groups (7) and
the number of total carbon atoms (m). The acids used were pentanoic acid (Penl/5),
hexanedioic acid (Hex2/6) and butane 1, 2, 4 tricarboxylic acid (But3/7), which have
one, two and three carboxyl functional groups, respectively. Briefly, 0.1 M
Fe(NO3)3;-9H,0 (aq) solutions were mixed with different amounts of organic acids and
then the pH values of the solutions were adjusted to ~7 with 1 M KOH, whereupon the
acids coprecipitated with the Fh, forming Fh organomineral coprecipitates with
different wt% C. Fh organomineral coprecipitates were washed several times over a
week in equivalent volumes of 18.2 MQ-cm MilliQ water, after which coprecipitates
were stored as a slurry at 4 °C, and part of the coprecipitates were freeze dried for
further analysis. The C contents of the solids were determined on solid freeze-dried

subsamples using LECO SC-144DR Dual Range Sulphur and Carbon Analyzer.
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Fourteen coprecipitates were obtained: Fh-pentanoic acid with 1.2wt%C and C:Fe
molar ratio 0.098, and 1.9wt%C and C:Fe molar ratio 0.157 (Fh_Pen1/5 1.2/1.9wt%C);
Fh-hexanedioic acid with 2.9wt%C and C:Fe molar ratio 0.246, 3.3wt%C and C:Fe
molar ratio 0.283, 4.1wt%C and C:Fe molar ratio 0.358, 4.5wt%C and C:Fe molar ratio
0.396, 6.4 wt%C and C:Fe molar ratio 0.588, and 7.0wt%C and C:Fe molar ratio 0.652
(Fh_Hex2/6 2.9/3.3/4.1/4.5/6.4/7.0wt%C); and Fh- butane 1, 2, 4 tricarboxylic acid
with 5.1 wt%C and C:Fe molar ratio 0.461, 6.0 wt%C and C:Fe molar ratio 0.555, 6.6
wt%C and C:Fe molar ratio 0.620, 7.3wt%C and C:Fe molar ratio 0.699, 7.8 wt%C and
C:Fe molar ratio 0.757, and 10.2 wt%C and C:Fe molar ratio 1.060
(Fh_But3/7 5.1/6.0/6.6/7.3/7.8/10.2wt%C). Plastic labware and AR grade reagents

were used throughout all the preparations.

Table 5.1 Information of Fh organominerals synthesized

Name Number of carboxyl C:Fe molar ratio Wt%C
groups in organic acids

Fh Penl/5 1.2wt%C 1 0.098 1.2

Fh Penl/5 1.9wt%C 1 0.157 1.9
Fh Hex2/6 2.9wt%C 2 0.246 2.9
Fh Hex2/6 3.3wt%C 2 0.283 3.3
Fh Hex2/6_4.1wt%C 2 0.358 4.1
Fh Hex2/6_4.5wt%C 2 0.396 45
Fh Hex2/6_6.4wt%C 2 0.588 6.4
Fh Hex2/6_7.0wt%C 2 0.652 7.0
Fh_But3/7_5.1wt%C 3 0.461 5.1
Fh_But3/7_6.0wt%C 3 0.555 6.0
Fh_But3/7_6.6wt%C 3 0.620 6.6
Fh_But3/7_7.3wt%C 3 0.699 7.3
Fh_But3/7_7.8wt%C 3 0.757 7.8
Fh_But3/7_10.2wt%C 3 1.060 10.2
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5.2.2 Cr(VI) adsorption on Fh and Fh organomineral coprecipitates and surface

complexation modelling

The Cr adsorption experiments onto Fh and Fh organomineral coprecipitates were
conducted following the method by Moon and Peacock (2012, 2013). Adsorption pH
edges of Cr on Fh or Fh organomineral coprecipitates were prepared from pH 3.5 to pH
10.0. A Cr(VI) stock solution at 100 ppm Cr was prepared with K,CrO4. Fh or Fh
organomineral slurry was added into MilliQ water and Cr(VI) stock solution was added
to give a total volume of 30 mL, a solid solution ration of 1 g dry sorbent L' and total
Cr(VI) concentrations of 1.92 x107°, 1.92 x107, 1.92 x10™* M (0.01 wt%, 0.1 wt% and
1.0 wt% Cr at 100% adsorption, respectively) for Fh and 1.92 x10° M (0.1 wt% Cr at
100% adsorption) for Fh organomineral coprecipitates, in 0.1 M NaNOs background
electrolyte. After addition of stock solution, pH of the resulting suspensions was
adjusted by dropwise addition of either dilute HNOs; or NaOH. After shaking
continuously for 48 h to ensure adsorption equilibrium (Saito et al., 2005; Zhu et al.,
2010), the suspensions were centrifuged at 2750 rpm for 15 min to obtain a clear
supernatant for determination of Cr concentration. Supernatants were filtered using
0.02 pm polycarbonate membrane filters and acidified with 2% HNO; for aqueous Cr
analysis by inductively coupled plasma mass spectrometry (ICP-MS). All the
adsorption experiments were performed in duplicate. Experimental solution speciation
of Cr(VI) was calculated as a function of pH using PHREEQC (Parkhurst and Appelo,
1999) and the MINTEQ.V4 database (Charlton and Parkhurst, 2002).

In previous work a surface complexation modelling approach is successfully used to
simulate the adsorption of simple organic acids on preformed Gt (Evanko and Dzombak,
1999; Mesuere and Fish, 1992a, b) and the adsorption of Pen1/5, Hex2/6 and But3/7 to
Fh during the formation of Fh organomineral coprecipitates (Zhao et al., 2022). A
surface complexation modelling approach is also successfully used to simulate the

adsorption of Cr(VI) onto iron (oxyhydr)oxides (Bompoti et al., 2019; Veselska et al.,
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2016; Xie et al., 2015). Following these approaches, Cr(VI) adsorption onto Fh and
both OC and Cr(VI) adsorption onto Fh organomineral coprecipitates was fit to a
thermodynamic surface complexation model using the program EQLFOR (Sherman et
al., 2008). For the Fh system, the adsorption experiment data for the adsorption of
Cr(VI) to Fh was fit considering a range of inner-sphere adsorption complexes
consistent with spectroscopy (Johnston and Chrysochoou, 2014). For the Fh
organomineral coprecipitate system, OC and Cr(VI) adsorption was envisaged as a
competition between Cr(VI) and OC for available adsorption sites on Fh. In this
approach the binding constants for the adsorption of Penl1/5, Hex2/6 and But3/7 were
initially fixed at those determined in the previous work for the adsorption of Penl/5,
Hex2/6 and But3/7 onto pure Fh (Zhao et al., 2022), while the binding constants for the
adsorption of Cr(VI) were initially fixed to those determined for the Fh system. After
reviewing the initial fits for the Cr(VI) adsorption onto the Fh organomineral
coprecipitates generated using the fixed end-member binding constants for OC
adsorption onto pure Fh and the fixed end-member binding constants for Cr(VI)
adsorption in the Fh system, the final fits were improved with minor iteration of the
end-member binding constants for OC adsorption, during which these binding
constants changed by < 0.9 log units compared to the end-member binding constants

(Zhao et al., 2022).

The basic Stern model (BSM) (Westall and Hohl, 1980) was used to account for the
surface electrostatics in the Fh and Fh organomineral coprecipitate systems (Moon and
Peacock, 2013; Otero-Farina, 2017; Zhao et al., 2022) with a 3-site 1 pK formalism for
protonation of the Fh surface, involving two types of singly-coordinated surface

05 and corner-sharing =FeOH."’) and the triply-

oxygens (edge-sharing =FeOH,
coordinated oxygens (=Fe;0™) (Hiemstra and Van Riemsdijk, 2009; Hiemstra et al.,
1989; Hiemstra et al., 1996). The model input parameters for the binding constants for
protonation of the surface functional groups, binding constants for electrolyte ions

associating with these groups and capacitance of the Stern layer were fixed at those
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used in previous work with Fh and Fh organomineral coprecipitates (Moon and
Peacock, 2013; Otero-Farina, 2017). The SSA of the Fh was fixed to the BET
measurement while the SSA of the Fh organominerals was calculated using the SSA of
the Fh weighted to the mineral:OC mass ratio of each organomineral. The surface site
densities of the Fh were fixed to those measured in previous work (Moon and Peacock,
2013; Otero-Farina, 2017) while the surface site densities of the Fh organominerals
were calculated using the surface site densities of Fh weighted to the mineral:OC mass

ratio of each organomineral.

5.2.3 Mineralogical transformation of Cr(VI)-adsorbed Fh and Fh

organomineral coprecipitates

Mineralogical transformation experiments of Cr(VI)-adsorbed Fh and Fh
organomineral coprecipitates were prepared by adding Fh or Fh organomineral
coprecipitate slurry into MilliQ water and Cr(VI) stock solution was added to produce
2g dry sorbent L™ with 0.1 wt%Cr (Cr/Fe=0.002), 1.1 wt%Cr (Cr/Fe=0.02) and 5.4
wt%Cr (Cr/Fe=0.10) at 100% adsorption for Fh, and 0.1 wt%Cr (Cr/Fe=0.002) at 100%
adsorption for Fh organomineral coprecipitates, in 0.01 M NaNOs background
electrolyte. Then these suspensions were adjusted to target pH values with dilute HNO3
or NaOH. The pH values were buffered at pH 5 by adding 30 mmol L™ organic buffer
2-(N-Morpholino)ethane-sulphonic acid (MES) or pH 6.5 and 8 by adding 3-(N-
Morpholino)propanesulphonic acid (MOPS). These buffer solutions have been
demonstrated to have negligible impact on the transformation of Fh (Bradbury and
Baeyens, 1999; Ford et al., 1999). After shaking for 48 hours to achieve adsorption
equilibrium (Saito et al., 2005; Zhu et al., 2010), the resultant solutions were transferred
to an electric oven kept at a temperature of 75°C for up to 19 days to promote
transformation to stable phases. During the reactions, the vessels were gently shaken to
make the suspensions homogenised. In order to allow a time-resolved investigation of

Fh recrystallisation rate and OC and Cr(VI) redistribution, aliquots of the solid
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precipitates and solutions were collected and analysed at pre-designed time intervals
during the transformation process. At each sampling, pH measurement for pure Fh
systems were calibrated with buffer solutions heated at 75°C, while pH measurement
for Fh organomineral coprecipitate systems was conducted by cooling suspensions to

room temperature and calibrating with buffer solutions at same temperature.

For the observation of Fh recrystallisation rate, subsamples were collected from each
batch reactor suspension for analyses of Fe concentrations. Two 1 mL aliquots from
each suspension were pipetted into 2 mL centrifuge tubes. 1 mL 12 mol L™' HCI was
added into one aliquot to get 6 mol L™ HCI in suspension for the determination of total
Fe in the solid phase by total digestion of all solid Fe phases ([Fe(T)e muci]) (Wang et
al., 2020a). These total Fe measurements thus represented the total concentration of Fe
(hydr)oxides. 1 mL 0.8 mol L' HCI was added into the other aliquot to get 0.4 mol L™
HCI, reacted for 10 mins, then centrifuged, and filtered. As soluble Fe(IIl) in the
aqueous phase was below detection limits before adding acids (Reddy et al., 2015) and
0.4 mol L™ HCI could not dissolve goethite (Reddy et al., 2015) and hematite (see
Appendixes Section 3), the concentration of Fe in the supernatant after the 0.4 mol L™
HCI addition ([Fe(T)o.4 m nci] represented the total concentration of untransformed Fh
(Wang et al., 2020a). The concentration of Fe was determined on an Atomic Absorption
Spectrophotometer (iICE 3300 AAS). Then the fraction of remaining Fh can be
quantitatively calculated through the equation: [Fe(T)o4 m ucil/ [Fe(T)s m uci]. The
efficiency of extracting Fh from mixtures of Fh and hematite at 0%, 25%, 50%, 75%

and 100% is over 95% (see Appendixes Section 3).

For the observation of OC redistribution, two 15 mL aliquots were subsampled from
the reactor and filtered with 0.22 um cellulose nitrate filters using a vacuum filtration
apparatus. The mineral particles were collected and rinsed using 15 mL DI water. One
of the mineral particle subsamples was freeze-dried for total solid C measurement

(Cwotar) by LECO SC-144DR Dual Range Sulphur and Carbon Analyzer. All
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measurements were conducted at least in duplicate.

For the observation of Cr(VI) redistribution, two 15-mL aliquots were subsampled from
the reactor and either centrifuged (Fh system) or vacuum filtered (Fh organomineral
coprecipitates) to separate solid minerals and supernatant or filtrate. The supernatant or
filtrate were collected for measurement of aqueous Cr(VI) (Craqueous).- The remaining
mineral particles were rinsed with 15 mL DI water, and re-suspended in 15 mL 0.1 M
NaOH and shaken for 24 h to extract Cr(VI) following the method to extract As(V)
from iron (oxyhydr)oxides (Hu et al., 2020; Hu et al., 2018) (see Appendixes Section
7). Then resulting suspensions were filtered with 0.22 um PES filters and the filtrate
was collected for measurement of Cr(VI), which was operationally defined as
desorbable Cr(VI) (Crgesorbable). Proportions of Cr(VI) remaining in the solid,
operationally defined as non-desorbable Cr(VI) (Cryon-desorbalbe), Were calculated based
on mass balance. The Cr(VI) concentrations in all solutions generated above were
measured by inductively coupled plasma mass spectrometry (ICP-MS). All

measurements were conducted at least in duplicate.

5.3 Results

5.3.1 Cr(VI) adsorption on pure ferrihydrite and ferrihydrite organominerals

5.3.1.1 Cr(VI) adsorption experiment

Experimental solution speciation at 1.92 x10°, 1.92 x107, 1.92 x10™* M [Cr(VI) o] in
0.1 M NaNO; background electrolyte was calculated as a function of pH using
PHREEQC (Parkhurst and Appelo, 1999) and the MINTEQ.V4 database (Charlton and
Parkhurst, 2002), shown in Figure 5.1. Significant concentrations of H,CrO4 only occur
under the extreme condition of pH 1. Above pH 6.5, CrO4> generally dominates, while
below pH 6.5, HCrO4 dominates. It can be seen that Cr,07* increases when Cr
concentrations increase, but is still less than 1.5 % for 1.92 x10™* M [Cr(VI)]ie. In my

adsorption experiments Cr(VI) therefore principally adsorbs as HCrO, and CrO,4”.
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Figure 5.1. Calculation of chromium speciation at 1.92 x10°,1.92 x10°, 1.92 x10™* M
[Cr(V])]otal in 0.1 M NaNOj background electrolyte.

The adsorption of Cr to pure Fh and Fh organominerals is plotted in Figure 5.2 as a
function of pH. In all cases Cr(VI) adsorption follows a reverse sigmoid adsorption
edge, in which the amount of Cr(VI) adsorbed decreases as pH increases. For
Fh Penl/5 and Fh Hex2/6 organominerals, the presence of the organic acids at
different loadings has almost no discernable influence on Cr(VI) adsorption. For
Fh But3/7 organominerals however, although Fh But3/7 5.1wt%C and
Fh But3/7_6.6wt%C have lower or similar OC with respect to Fh_ Hex2/6 6.4wt%C,
the adsorption edges are shifted to lower pH, which are increasingly shifted with
increasing OC loading. The Fh_But3/7 10.2%C organomineral with the highest wt%C

significantly suppresses the adsorption of Cr(VI), especially in the low pH regime.
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Figure 5.2. Cr(VI) adsorption on pure Fh and Fh organominerals as a function of pH
(3.5-10). Experiment conditions are 1.92 x10°, 1.92 x107, 1.92 x10™* M [Cr(V]) ttal]
for Fh (0.01 wt%, 0.1 wt% and 1.0 wt% Cr at 100% adsorption, respectively) and 1.92
%10 M [Cr(VI) ] for Fh organominerals (0.1 wt% Cr at 100% adsorption), in 1 g
sorbent L™ in 0.1 M NaNO; background electrolyte. Penl/5, Hex2/6 and But3/7
represent simple carboxyl-rich OC with one-, two- and three-carboxyl groups,
respectively. The average error bar for duplicate experiments is smaller than the data

points.

5.3.1.2 Surface complexation modelling

The adsorption of Cr(VI) onto pure iron (oxyhydr)oxides is reported to occur via inner-
sphere complexation involving ligand exchange between the HCrO4 / CrO4> oxyanion
and iron (oxyhydr)oxide -FeOH surface adsorption sites (Fendorf et al., 1997; Johnston
and Chrysochoou, 2012, 2014). Recent spectroscopic work further finds that Cr(VI)
adsorbs onto corner-sharing iron (oxyhydr)oxide -FeOH sites as non-protonated

monodentate and bidentate complexes and successfully models this adsorption with a
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surface complexation model that considers the formation of these species at the mineral
surfaces (Johnston and Chrysochoou, 2014). As such I represent Cr(VI) adsorption on
pure Fh using CrO4” as the primary reactive chromate species, which adsorbs to corner-
sharing -FeOH sites (=FeOH, ) via monodentate (reaction 1) and bidentate (reaction

2) surface complexes:

=FeOH?,) + CrO4> + H' = =(Fe0)CrO;™"” + H,0 (1)

2=FeOH ") + CrO,” + 2H" = =(Fe0),CrO0" + 2H,0 (2)

For surface reaction, it is important to describe how electrostatic potential at the
mineral-water interface changes as a function of surface loading and pH. As such it is
key to distribute the charge of a sorbed species between 0-plane and 1-plane in Basic
Stern Model. In BSM, O—plane is the surface plane where H ions are adsorbed and 1-
plane is a hypothetic electrostatic plane where the inner-sphere adsorbed complex are
located within the Stern layer region. The surface charge difference of 0-plane and 1-
plane after forming complexes are represented as Azy and Az;. Before the reaction,
charge distribution of ferrihydrite surface are: zg=-0.5, z;=0 for species =FeOH . For
Cr(VI) complex and assuming the symmetric distribution of over the four Cr-O bonds,
Pauling bond valence of Cr-O bond v=z/CN = 6/4 = 1.5, and Pauling bond valence of
Fe-O bond v=z/CN = 3/6 = 0.5 (Rietra et al., 1999). As thus for reaction 1, the net
charge of 0-plane (zy’) is +0.5(Fe-O) - 2(0) +1.5(Cr-O) = 0, while the net charge of 1-
plane (z;’) is 3X(-2(0) + 1.5 (Cr-O)) = -1.5. Therefore the charge difference of each
carboxyl bonded at the 0-plane and 1-plane are Azy =z’ - zo=+0.5 and Az; = z,’- 2, =
-1.5, which are applied to get best fit for monodentate Cr(VI) complex. For reaction 2,
the net charge of 0-plane (zy") is 2 X (+0.5(Fe-0O) - 2(0) +1.5(Cr-0)) = 0, while the net
charge of 1-plane (z;’) is 2 X (-2(O) + 1.5 (Cr-O)) = -1. Therefore the charge difference
of each carboxyl bonded at the 0-plane and 1-plane are Azy =z’ - 2Xzo=+1 and Az,

= z;’- z;=-1, which are applied to get best fit for bidentate Cr(VI) complex.



107

Previous work reports that OC adsorbed on iron (oxyhydr)oxide organominerals can
act as a competitor with heavy metal species for -FeOH surface adsorption sites
(Mesuere and Fish, 1992b; Verbeeck et al., 2019; Weng et al., 2009; Yu et al., 2021). In
Chapter4 1 show that for the same Fh Penl/5, Fh Hex2/6 and Fh But3/7
organominerals as used here, with equivalent C loadings (up to ~10 wt%C), OC is
mainly adsorbed at the Fh particle surfaces via inner-sphere complexation involving
ligand exchange between -COOH functional groups and -FeOH sites (Curti et al., 2021;
Zhao et al., 2022). As such I represent Cr(VI) adsorption on Fh organominerals as a
competition between Cr(VI) and OC for available adsorption sites on Fh. As above for
the Fh system, I represent Cr(VI) adsorption on Fh organominerals using CrO4” as the
primary reactive chromate species, which adsorbs to corner-sharing -FeOH sites
(=FeOH,. ) via monodentate (reaction 1) and bidentate (reaction 2) surface complexes.
I represent OC adsorption according to my previous work in which I constrain the
surface complexation reactions for the adsorption of OC on Fh_Pen1/5, Fh_ Hex2/6 and
Fh But3/7 (Zhao et al., 2022). For Pen1/5 I find OC adsorption via one carboxyl group
in a single-bonded monodentate configuration occurring on both -FeOH edge and
corner surface sites, represented by reaction 3 (Zhao et al., 2022). For Hex2/6 I find OC
adsorption via one carboxyl group in a monodentate mononuclear configuration
occurring on both -FeOH edge and corner surface sites, in which the non-bonding
carboxyl group is deprotonated at higher pH (> pH~5) and protonated at lower pH (<
pH~5), represented by reactions 4a and b, respectively. I also find OC adsorption via
two carboxyl groups in a bidentate mononuclear or bidentate binuclear configuration
occurring on both the -FeOH edge and corner surface sites, represented by reaction 5
(Zhao et al., 2022). Finally for But3/7 I find adsorption via two carboxyl groups in a
bidentate mononuclear or bidentate binuclear configuration occurring on both the -
FeOH edge and corner surface sites, in which the non-bonding carboxyl group is
deprotonated at higher pH (> pH~4.5) and protonated at lower pH (< pH~4.5),
represented by reactions 6a and b, respectively. I also find OC adsorption via three

carboxyl groups in a tridentate trinuclear configuration occurring on both the -FeOH
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edge and corner surface sites, represented by reaction 7 (Zhao et al., 2022). The

description of charge distribution for OC complexes in BSM are following the Chapter

4.

=FeOH ") + R-COO™ + H' = =(FeOOC)-R "’ + H,0 (3)
=FeOH /) + R-2CO0~ + H' = =(FeOOC)-R-COO™"” + H,0 (4a)
=FeOH"”/e) + R-2CO00~ + 2H" = =(FeOOC)-R-COOH ™"’ + 2H,0 (4b)
2=FeOH ") + R-2CO0™ + 2H" = = (FeOOC),-R™" + 2H,0 (5)
2=FeOH ") + R-3CO0™ + 2H" = = (FeOOC),-R-COO™ + 2H,0 (62)
2=FeOH ") + R-3CO0™ + 3H" = = (FeOOC),-R-COOH™" + 2H,0 (6b)
3=FeOH "’ ) + R-3CO0™ + 3H" = = (FeOOC);-R ™" + 3H,0 (7)

All model parameters are collected in Table 5.2, and the model fitting results for Cr(VI)
adsorption on pure Fh and Fh organominerals are shown in Figure 5.2. For both the
pure Fh and Fh organomineral systems, the bidentate Cr(VI) complex is the primary
surface complex at acidic pH while the monodentate Cr(VI) complex dominates at
alkaline pH. The presence of But3/7 significantly influences the fractions of bidentate
and monodentate Cr(VI) complexes (Figure 5.3). In particular, Fh_But3/7 10.2wt%C
with the highest wt%C suppresses the formation of the bidentate Cr(VI) complex and
favours the formation of the monodentate complex in the low pH regime, such that the
equivalence point for the bidentate and monodentate complexes shifts to a lower pH
value (from pH 5.5 in Fh_But3/7_5.1wt%C system to pH 4.4 in Fh_But3/7 10.2wt%C

system) (Figure 5.3g, h and 1).
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Table 5.2. Parameters for the surface complexation model for adsorption of Cr(VI) and carboxylic acids on pure Fh and Fh organominerals

Pure Fh Fh organomineral

Penl/5 Hex2/6 Hex2/6 But3/7 But3/7 But3/7

wt% C 1.9° 3.3° 6.4° 5.1° 6.6° 10.2°
Specific surface area (m*/g) 300° 290¢ 280¢ 261¢ 265¢ 2559 230¢
=FeOH, "’ (mmol/g) 1.25° 1.21° 1.17° 1.09° L.11e 1.066  0.96°
=FeOH, "’ (mmol/g) 1.74° 1.68° 1.62° 1.51° 1.54¢ 1.48° 1.34°
=Fe;0"* (mmol/g) 0.598" 0.579° 0558  0.520°  0.529° 0.509°  0.460°
Cotem (F/m?) 1.10° 1.10°  1.10° 1.10° 110> 110"  1.10°
Log Kreone) =FeOH"’, + H' = =FeOH, """, 7.99° 7.99°  7.99°  7.99° 7.99° 799"  7.99°
Log Kreon(e) Na =FeOH’, + Na" = =FeOH"’;-Na" -1.00° -1.00°  -1.00°  -1.00°  -1.00° -1.00" -1.00°
Log Kreorz(e) N0 =FeOH, "’ + NO;” = =FeOH, **(-NO;y’ -1.00° -1.00°  -1.00°  -1.00°  -1.00° -1.00° -1.00°

(where equations above are repeated for (=FeOH ")

Log Kreso =Fe;0"° + H' = =Fe;OH™** 7.99° 7.99°  7.99°  7.99°  7.99°  7.99°  7.99°
Log Kreio na =Fe;0"° + Na“ = =Fe;0"*-Na" -1.00° -1.00°  -1.00°  -1.00°  -1.00° -1.00" -1.00°
Log Kreson nos =Fe;OH'*’ + NO; = =Fe;OH "*-NOy’ -1.00° -1.00°  -1.00°  -1.00°  -1.00° -1.00" -1.00°
Log K, Log K, Log K;
Pentanoic acid (Penl/5) 4.84"
Hexanedioic acid (Hex2/6) 442" 541"
Butane 1, 2, 4 tricarboxylic acid (But3/7) 4.31¢ 4.82¢ 5.21¢
Az Az,

1. Log Kreone) cr =FeOH "’ + CrO,? + H' = =(Fe0)CrO;"* + H,0 +0.5" -1.5" 11.58" 11.58"  11.58"  11.58"  11.58"  11.58" 11.58"



2. Log Kreono) cr 2=FeOH "’ ) + CrO,” + 2H" = =(Fe0),CrO00™" + 2H,0

3. Log Kreonere) 0oc-r =FeOH ") + R-COO™ + H" = =(FeO0C)-R ** + H,0

4a. Log Kreotiere)_ 0ocr =FeOH ", + R-2COO~ + H" = =(FeOOC)-R-COO™'” + H,0

4b. Log Kreonere) 0ocr =FeOH ") + R-2CO0~ + 2H" = =(FeOOC)-R-COOH"* + 2H,0

5. Log Kreot(ere) 0oc- 2=FeOH "’ ) + R-2CO07 + 2H" = = (FeOOC),-R™" + 2H,0

6a. Log Kreon(er) 0ocr 2=FeOH "’ ) + R-3CO0™ + 2H" = = (FeOOC),-R-COO~* + 2H,0

6b. Log Kreot() ooc-r 2=FeOH %5, + R-3CO0" + 3H' = = (FeOOC),-R-COOH™ + 2H,0
7. Log Kreon(e)_oocr 3=FeOH "’ ) + R-3CO0™ + 3H" = = (FeOOC);-R™"~ + 3H,0
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+1.0"

+0.5"
+0.5"
+0.5"
+1.0"
+0.65"
+1.3"

+1.95"

-1t

-0.5"
-0.5"
-0.5"
-1.0"
-0.15"
-0.3"

-0.45"

19.25" 19.25"  19.25"
9.2"
10.0"
15.0"
16.0"

19.25"  19.25" 19.25"

10.0"

15.0"

16.0"
19.70"  19.70"
24.00"  24.00"

27.20" 2720

19.25"

19.70"
24.00"

27.20"

* measured in this study;
® from Moon and Peacock (2013) and Otero-Farina (2017);

 measured by LECO;

4 calculated using the specific surface area of the pure Fh weighted to the mineral:OC mass ratio of each organomineral;

¢ calculated using the surface site densities of the pure Fh weighted to the mineral:OC mass ratio of each organomineral;

ffrom Dean (1987);

¢ calculated using ACD/I-Lab 2.0 (ACD/I-Lab, version 2.0, Advanced Chemistry Development, Inc);

" fitted in my model.
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Figure 5.3. Model fits for Cr(VI) adsorption on pure Fh and Fh organominerals. (a)-(c)
for pure Fh with Cr(VI) concentrations at 0.01 wt%Cr, 0.1 wt%Cr and 1.0 wt%Cr at
100% adsorption. (d)-(1) for Fh organominerals with Cr(VI) concentration at 0.1 wt%Cr
at 100% adsorption Black solid squares are the Cr(VI) adsorption experimental data;
black lines are the predicted total Cr(VI) adsorption; blue lines are the predicted
bidentate Cr(VI) complexes (=(FeO),CrOQO); red lines are the predicted monodentate
Cr(VI) complexes (=(FeO)CrOs™'~). Penl/5, Hex2/6 and But3/7 represent simple

carboxyl-rich OC with one-, two- and three-carboxyl groups, respectively.

5.3.2 Transformation rates of pure ferrihydrite and ferrihydrite organominerals

under the influence of Cr(VI)

For pure Fh the transformation rates are shown in Figure 5.4. The presence of Cr(VI)
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suppresses the transformation of pure Fh over the whole pH range (pH 5.0, 6.5 and 8.0)
(Figure 5.4c). Increasing concentrations of Cr(VI) result in enhanced supression of
transformation up to 1.1 wt%Cr (Cr/Fe=0.02) at 100% adsorption, after which
increasing the concentration of Cr(VI) to 5.4 wt%Cr (Cr/Fe=0.1) at 100% adsorption
does not result in further supression of transformation (Figure 5.4a). For Fh
organominerals the transformation rates are shown in Figure 5.5. In agreement with
previous work, the presence of carboxylic acids retards the transformation of Fh in
comparison to pure Fh, and retardation increases with both the increasing carboxyl-
richness of the sequestered acid molecules (Penl/5 < Hex2/6 < But3/7 at pH 5 and pH
6.5) and the increasing C loading of the organominerals (Zhao et al., 2022) (Figure 5.5a
and b, open symbols). The presence of Cr(VI) in all Fh organomineral systems further
inhibits the transformation of Fh (Figure 5.5¢ and d), where the magnitude of this
retardation effect caused by Cr(VI) at 0.1 wt%Cr (Cr/Fe = 0.002) at 100% adsorption
is not pronounced but is similar to that observed in the pure Fh system (Figure 5.4a and

b).
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Figure 5.4. Transformation rate of pure Fh with different Cr(VI) adsorbed at (a) pH 5
with 0.1 wt%Cr (Cr/Fe=0.002), 1.1 wt%Cr (Cr/Fe=0.02) and 5.4 wt%Cr (Cr/Fe=0.10)
at 100% adsorption; (b) pH 6.5 with 0.1 wt%Cr (Cr/Fe=0.002) and 1.1 wt%Cr
(Cr/Fe=0.02) at 100% adsorption; and (c) at different pH conditions (pH 5, pH 6.5 and
pH 8) with 1.1 wt%Cr (Cr/Fe=0.02) at 100% adsorption. Error bars represent standard
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deviations of at least duplicate samples.
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Figure 5.5. Transformation rate of Fh organominerals in the absence and presence of
Cr(VI). a) and b) transformation rate of Fh organominerals without Cr(VI) (open
symbols) and with Cr(VI) (solid symbols) at 0.1 wt%Cr (Cr/Fe=0.002) at 100%
adsorption at pH 5 and pH 6.5, respectively. ¢) and d) enhanced retardation caused by
Cr(VI) at 0.1 wt%Cr (Cr/Fe=0.002) at 100% adsorption at pH 5 and pH 6.5, respectively,
derived from transformation rates with Cr(VI) adsorbed minus those without Cr(VI)
adsorbed from a) and d), respectively. Penl/5, Hex2/6 and But3/7 represent simple
carboxyl-rich OC with one-, two- and three-carboxyl groups, respectively. Error bars

represent standard deviations of at least duplicate samples.

5.3.3 Distribution of OC during the mineralogical transformation

The total C associated with the solid minerals for Fh organominerals without Cr(VI)

and with Cr(VI) adsorbed are shown in Figure 5.6. For all systems, the presence of
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Cr(VI) at 0.1 wt%Cr (Cr/Fe = 0.002) at 100% adsorption results in no discernable
influence on the stabilisation and migration of OC during transformation. For
Fh_Penl/5 coprecipitate the Cyoar at pH 5 and 6.5 is invariant with transformation time.
For Fh_Hex2/6 and Fh But3/7 coprecipitates however, the Cio at pH 5 and 6.5
generally decreases with increasing transformation time. Comparing organominerals
made with different OC types but with similar C loadings, Fh_ Hex2/6 7.0wt%C retains
significantly less Cioi compared to Fh But3/7 6.0wt% and 7.3wt% during the

transformation process.
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Figure 5.6. Temporal changes of total C% with solid phase in the absence (open
symbols) and presence (solid symbols) of Cr(VI) at 0.1 wt%Cr (Cr/Fe=0.002) at 100%
adsorption during 19-days transformation at a) pH 5.0 and b) pH 6.5. Experiments were
performed with Fh organominerals in 0.01 M NaNOj; background electrolyte and a
solid-solution ratio of 2 g dry sorbent L™ at 75°C. Pen1/5, Hex2/6 and But3/7 represent
simple carboxyl-rich OC with one- two- and three- carboxyl groups, respectively. Error

bars represent standard deviations of at least duplicate samples.
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5.3.4 Distribution of Cr(VI) during the mineralogical transformation

For pure Fh the concentration of aqueous Cr(VI) increases with transformation time,
and this increase is more pronounced with increasing Cr(VI) concentrations and pH
(Figure 5.7). The Cr(VI) associated with the solid minerals exists as non-desorbable
(Cr(VDnon-desorbable) and desorbable (Cr(VI)gesorbable) Species. The non-desorbable Cr(VI)
increases with transformation time at the expense of the desorbable Cr(VI) at pH 5.0
and pH 6.5. The final proportion of non-desorbable Cr(VI) decreases with increasing

Cr(VI) concentration and pH (Figure 5.7).

For Fh organominerals the concentration of aqueous Cr(VI) is negligible for Fh_Pen1/5
and Fh_Hex2/6 coprecipitates during the whole transformation time, but for Fh_But3/7
coprecipitates aqueous Cr(VI) initially increases and then decreases as transformation
proceeds, and the total Cr(VI) aqueous at any given time also increases with the C
loading of the coprecipitates (Figure 5.8). Similar to the pure Fh system, the Cr(VI)
associated with the solid minerals exists as non-desorbable and desorbable species. The
final amount of non-desorbable Cr(VI) after 19-days at pH 5 shows no significant
difference for all Fh organominerals with around 95% non-desorbable Cr(VI), while at
pH 6.5 follows the order Fh Penl/5 coprecipitate ~ Fh Hex2/6 coprecipitates >
Fh But3/7 coprecipitates.

To better evaluate the influence of OC on the capture of Cr(VI), the increasing
proportions of non-desorbable Cr(VI) (from 0 to around 80%) with transformation time
are fitted with the rate equation:

[Al=a+ DXt

where [Al]; is the fraction of non-desorbable Cr(VI) at time ¢, a is intercept of the linear

fit, b is the slop of the linear fit, represting the increasing rate of the capture of Cr(VI).
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The fitted rate graphs are shown in Figure S5 and the rate data Table 5.3 shows that
generally the presence of OC increases the rate of non-desorbable Cr(VI) which is
captured in neo-formed Fe minerals. This effect appears to decrease with the carboxyl-
richness of OC in the sequestered acid molecules and generally follows the order
Fh Penl/5 coprecipitate > Fh Hex2/6 coprecipitates > Fh But3/7 coprecipitates ~ pure
Fh at pH 5.0. This trend is complicated by the commensurate increase in the C loading
of the coprecipitates with increasing carboxyl-richness, but the Fh Hex2/6 7.0%C and
Fh But3/7 7.3wt%C have similar C loading, yet the later has lower rates of capture of
non-desorbable Cr(VI). The increasing pH condition further weakens the effect of OC,
with rates of capture of non-desorbable Cr(VI) following the order Fh Penl/5
coprecipitate > Fh_Hex2/6 coprecipitates ~ pure Fh > Fh _But3/7 coprecipitates at pH
6.5.
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Figure 5.7. Distribution of Cr(VI) with different Cr(VI) adsorbed (0.1 wt%Cr

(Cr/Fe=0.002), 1.1 wt%Cr (Cr/Fe=0.02) and 5.4 wt%Cr (Cr/Fe=0.10) at 100%

adsorption) during the transformation of pure Fh at pH 5, pH 6.5 and pH 8. Error bars

represent standard deviations of at least duplicate samples.
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Figure 5.8. Distribution of Cr(VI) with 0.1 wt%Cr (Cr/Fe = 0.002) at 100% adsorption

during the transformation of Fh organominerals at a) pH 5 and b) 6.5. Error bars

represent standard deviations of at least duplicate samples.
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Table 5.3. Rates of capture of non-desorbable Cr(VI) from 0% to ~80% during

transformation of pure Fh and Fh organominerals.

a b (™) R’

pH 5.0
pure Fh, Cr/Fe= 0.002* 0 0.337 £0.023 0.96
Fh_Penl/5 1.2wt%C, Cr/Fe= 0.002 0 0.634 +0.077 0.93
Fh_Hex2/6_4.5wt%C, Cr/Fe= 0.002 0 0.555 +0.004 1.00
Fh_Hex2/6_7.0wt%C, Cr/Fe= 0.002 0 0.461 =0.041 0.96
Fh_But3/7_6.0wt%C, Cr/Fe= 0.002 0 0.406+0.001 1.00
Fh_But3/7_7.3wt%C, Cr/Fe= 0.002 0 0.352 =0.022 0.97
Fh_But3/7_7.8wt%C, Cr/Fe= 0.002 0 0.305 +0.009 0.99

pH 6.5
pure Fh, Cr/Fe= 0.002"° 0 0.351 0.113 0.52
Fh_Penl/5 1.2wt%C, Cr/Fe= 0.002 0 0.418 +0.001 1.00
Fh_Hex2/6_4.5wt%C, Cr/Fe= 0.002 0 0.279 =0.015 0.98
Fh_Hex2/6_7.0wt%C, Cr/Fe= 0.002 -4.5 0.308 =0.016 0.98
Fh_But3/7_6.0wt%C, Cr/Fe= 0.002 0 0.191 =0.004 1.00
Fh_But3/7_7.3wt%C, Cr/Fe= 0.002 2.59 0.189 =0.012 0.97
Fh_But3/7_7.8wt%C, Cr/Fe= 0.002 0 0.148 +0.009 0.97

* last four experiment data were used for the fit.

5.4 Discussion
5.4.1 Influence of carboxyl-rich OC with different binding strengths on Cr(VI)

adsorption to ferrihydrite organominerals

In agreement with spectroscopic work (Johnston and Chrysochoou, 2012, 2014), my
surface complexation model for Fh and Fh organominerals shows that Cr(VI) adsorbs
to pure Fh and Fh organominerals predominantly via a bidentate surface complex at pH

<5.5 and a monodentate surface complex at pH > 6.0 (Figure 5.3). Therefore the
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overarching speciation of Cr(VI) is unaffected by the presence of OC. My model fits
for Fh and Fh organominerals also predict that the binding strength of the Cr(VI)
complexes are the same in both systems, and the bidentate surface complex (Log K
19.25) is stronger than that of the monodentate surface complex (Log K 11.58), due to
the formation of two chemical bonds, rather than a single chemical bond, between the
Cr(VI) species and the mineral surface (Grossl et al., 1997; Johnston and Chrysochoou,
2014). My stability constants for the formation of the bidentate and monodentate
surface complexes are consistent with the Cr(VI) stability constants reported in
previous modelling studies for Cr(VI) adsorption on pure Fh (Bompoti et al., 2019;
Veselska et al., 2016; Xie et al., 2015). Therefore the binding strengths of Cr(VI)
complexes are also unaffected by the presence of OC. Overall my modeling shows that
the binding strengths of my carboxylic OC and Cr(VI) complexes follow the order one-
carboxyl binding (Log K’s 9.2, 10.0/15.0) ~ monodentate Cr(VI) binding (Log K 11.58)
< two-carboxyl binding (Log K 16.0, 19.70/24.0) ~ bidentate Cr(VI) binding (Log K
19.25) < three-carboxyl binding (Log K 27.2).

Despite the overarching speciation and binding strength of Cr(VI) complexes to Fh
remaining unchanged by the presence of OC, the carboxyl-richness of the OC does have
an effect on the adsorption behaviour of Cr(VI). For Fh Penl/5 and Fh Hex2/6
organominerals, the presence of OC at different C loadings has almost no discernable
influence on Cr(VI) adsorption (Figure 5.2). For Fh_But3/7 organominerals however,
although Fh But3/7 5.1wt%C and Fh_But3/7 6.6wt%C have lower or similar OC
compared to Fh_Hex2/6 6.4wt%C, the adsorption edges and the equivalence point for
bidentate and monodentate complexes are shifted to lower pH, which are increasingly
shifted with increasing C loading (Figure 5.2.). The suppression of Cr(VI) adsorption
for the Fh_But3/7 organominerals can be explained by several mechanisms. The first
is the masking of surface adsorption sites on the mineral fraction of the organominerals
by the adsorbed organic acids, such that the mineral adsorption capacity is reduced.

Surface site masking effects will vary, depending on the concentrations of the organic
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acids and Cr(VI), on their relative affinities competing for the mineral surface sites and
on surface site concentration (Rai, 1986). Surface coverages of the mineral fraction of
the different organominerals by organic acids and Cr(VI) are shown in Table 5.4. For
But3/7 adsorbed via 2 or 3 of its available carboxyl groups, the surface coverage of the
mineral exceeds 100% at the maximum C loadings, demonstrating that surface site
masking is potentially a factor in the suppression of Cr(VI) adsorption for the
Fh But3/7 composites. Interestingly the C loading for Fh Hex2/6 6.4wt%C is very
similar to Fh_But3/7_6.6wt%C, but no discernible inhibition of Cr(VI) adsorption is
observed (Figure 5.2). This suggests that Hex2/6 adsorbs predominantly via one-
carboxyl adsorption in which the surface coverage is significantly lower than But3/7
adsorbing via two- or three- carboxyl adsorption (Table 5.4). This is in agreement with
previous spectroscopic and modelling work suggesting that Hex2/6 adsorbs to Fh via

one or two of its available carboxyl groups (Curti et al., 2021; Zhao et al., 2022).

Alternatively the monodentate Hex2/6 complex has a lower binding strength (Log K
10.0/15.0; Table 5.2) with Fh than the Cr(VI) bidentate complex (Log K 19.25; Table
5.2). The Cr(VI) may thus be able to better displace (out compete) Hex2/6 from the
mineral surface. I suggest that higher concentrations of Hex2/6 are required to suppress
Cr(VI) adsorption. My hypothesis is supported by the report that much higher
concentrations of weakly binding anions (in my case Hex2/6) are required to reduce
adsorption of strongly binding anions (in my case Cr(VI)) (Mesuere and Fish, 1992b).
The different surface coverages and binding strengths of OC also explain why But3/7
suppresses the formation of bidentate Cr(VI) but favours the formation of monodentate
Cr(VI). The higher surface coverage by But3/7 likely results in a decreasing amount of
surface sites available for the formation of bidentate Cr(VI) complexes, which require
two surface sites, whilst the higher binding strength of But3/7 makes it more difficult
for Cr(VI) to replace OC and make sites available for the formation of bidentate Cr(VI)
complexes. In addition, Fh coprecipitated with OC results in Fh with larger lattice

spacings, fewer crystal planes, smaller particle diameters and crystallographic defects
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(Eusterhues et al., 2014; Eusterhues et al., 2008), which possibly disproportionally
decreases adjacent corner-sharing surface sites that are required for the formation of
Cr(VI) bidentate complexes. By contrast, the formation of monodentate Cr(VI)
complexes is relatively less influenced by the masking of surface site or changes in
surface site types, and as a result, monodentate Cr(VI) complexes are possibly favoured

for the But3/7 organominerals.

Another mechanism that might explain the suppression of Cr(VI) adsorption for the
Fh_But3/7 organominerals may be related to their spatial location on the surface of iron
(oxyhydr)oxide minerals. Previous work suggests that Pen1/5 and Hex2/6 adsorbed via
monodentate complexes may adsorb perpendicular to the Fh surface, whilst But3/7
adsorbed by bidentate and/or tridentate complexes necessarily requires the acid
molecules to align parallel with the Fh surface (Curti et al., 2021). Previous work also
shows that competitive adsorption between FA and As(V) on goethite is much stronger
than between HA and As(V) because the distribution of FA is closer to the goethite
surface, leading to stronger electrostatic repulsion between adsorbed FA and adsorbing
As(V) (Weng et al., 2009). As such if the parallel But3/7 is closer to the mineral surface
than the perpendicular Pen1/5 and Hex2/6, then electrostatic repulsion between But3/7
and Cr(VI) will be stronger than that between Pen1/5 / Hex2/6 and Cr(VI), and thus the

suppression of Cr(VI) adsorption is likely enhanced.
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Table 5.4. Surface coverage of surface sites on Fh end-member by organic acids and Cr(VI)

Dry weight (g)  Site density (mmol sites/g) ®  Number of surface sites (mmol sites)

Pure ferrihydrite 0.03

=FeOH "9 sites 1.25 0.0375
=FeOH " sites 1.74 0.0522
Total amount 0.0897
Organominerals Organic Mineral wt%  Total surface Cr(VI) at Coverage of Fh by Total carboxyl Coverageof Fhwith Coverage of Fh Coverage of
matter wt% sites of Fh 100% sorption Cr(VI) bidentate groups (mmol) one carboxyl with two carboxyl three
(mmol)b (mmol) complex (%) adsorbed (%) adsorbed (%) adsorbed (%
Fh Penl/5_1.9wt%C 4.03 95.97 0.08608 0.00058 1.34 0.01187 13.78
Fh Hex2/6_3.3wt%C 6.69 93.31 0.08370 0.00058 1.38 0.02748 16.42 32.84
Fh Hex2/6_6.4wt%C 12.97 87.03 0.07807 0.00058 1.48 0.05329 34.13 68.26
Fh But3/7_5.1wt%C 11.53 88.47 0.07936 0.00058 1.45 0.05460 45.87 68.8
Fh But3/7_6.6wt%C 14.92 85.08 0.07632 0.00058 1.51 0.07066 61.72 92.58
Fh But3/7_10.2wt%C 23.05 76.95 0.06902 0.00058 1.67 0.10919 105.47 158.20

* fixed at those calculated by Moon and Peacock (2013).
® calculated using the surface site densities of pure Fh weighted to the mineral:OC mass ratio of each organomineral
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5.4.2 Influence of Cr(VI) adsorption on the kinetics of ferrihydrite and ferrihydrite

organomineral transformation

The presence of Cr(VI) retards the transformation of Fh in acidic, subneutral and alkaline
conditions (Figure 5.4), which corresponds with the inhibition effects caused by other metals
like As(V) adsorbed to iron (oxyhydr)oxides (Das et al., 2011a; Hu et al., 2020; Hu et al., 2018).
The inhibition mechanisms that I observe with Cr(VI) are likely to be similar to those reported
previously with As(V) (Manceau, 1995). The formation of inner-sphere Cr(VI) bidentate and
monodentate complexes with -FeOH sites (Johnston and Chrysochoou, 2012; Veselska et al.,
2016) likely inhibits Fe-O-Fe polymerisation through inducing distortions in the Fe bonding
environment, influencing the cross-linking of chains of edge-sharing Fe octahedra via double
corners and then retarding the crystal nucleation and growth of secondary iron minerals
(Manceau, 1995). As with other adsorbates, the Cr(VI) adsorbed likely also blocks surface sites
to prevent the dissolution of iron (Kaiser and Guggenberger, 2003), and/or changes the
electrostatic charge of the mineral surface to influence the aggregation of mineral particles.
The extent of the retardation of transformation positively correlates with Cr(VI) concentration,
increasing from 0.1 wt%Cr (Cr/Fe = 0.002) to 1.1 wt%Cr (Cr/Fe = 0.02) at 100% adsorption.
The reason why 5.4 wt%Cr (Cr/Fe = 0.1) at 100% adsorption induces no further suppressive

effect on the transformation of Fh is unclear.

The presence of Cr(VI) in all Fh organomineral systems also retards the transformation of Fh
(Figure 5.5). The observations are complicated however, by C loading and binding strength. In
the first instance, previous work shows that the presence of the carboxylic acids in the
organomineral systems retards the transformation of Fh compared to the pure Fh system (Zhao
et al., 2022). This retardation appears to be a function of the number of carboxyl groups in the
sequesterd acid molecules and thus generally increases in the order Pen1/5 < Hex2/6 < But3/7
(at pH 5) and Penl/5 < Hex2/6 ~ But 3/7 (at pH 6.5), whilst the retardation also generally
increases with increased C loading (Zhao et al., 2022). Compared with the retardation caused
by OC, the magnitude of the retardation observed in the presence of Cr(VI) is significantly less
pronounced (Figure 5.5¢ and d) probably because a much lower concentration of Cr(VI) (1.92
x 10° M) is added to the system compared with OC (from 3.96 x 10* M for
Fh_Penl/5 1.9wt%C to 1.21 x 10° M for Fh But3/7 10.2wt%C). Even at a lower
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concentration however, the presence of Cr(VI) still causes a discernable retardation effect
(Figure 5.5c and d), especially when an increasing binding strength and concentration of OC
do not cause further retardation in the Fh_Hex2/6 and Fh_But3/7 systems at pH 6.5 (Zhao et
al., 2022). It is therefore possible that Cr(VI) is able to play a more specific role in retarding
the transformation of Fh compared to OC. Both Cr(VI) and OC can influence the factors that
control dissolution-recrystallisation and/or solid state transformation and thus -effect
transformation rate, for example, they can block surface sites and subsequently prevent the
dissolution of iron (oxyhydr)oxide to form goethite or the nucleation of hematite (Kaiser and
Guggenberger, 2003), and they can associate with the surface of neoformed mineral nuclei and
crystals to inhibit crystal growth (Amstaetter et al., 2012; Eusterhues et al., 2008). In addition
to these mechanisms however, Cr(VI) is a much smaller molecule (aqueous HCrO4 or CrO4*
species) compared to OC (Penl/5: CsH;oOs; Hex2/6: C¢H10O4; But3/7: C7;H;9Og). This may be
important because my temporal data for total C associated with the transforming organomineral
surfaces shows that total C decreases in both the absence and presence of Cr(VI) as the
transformation proceeds (Figure 5.6). In previous work a similar loss of C during the
transformation of Fh organominerals is attributed to the fact that the iron (oxyhydr)oxide
becomes more compact with lower specific surface area (Zhao et al., 2022). As a result some
OC is lost from the shrinking mineral surface because the initial amount of OC associated with
the minerals exceeds the adsorption capacity of the secondary iron minerals, whilst steric
hindrance and/or electrostatic repulsion between different OC molecules is also enhanced,
which renders some molecules more susceptible to desorption (Zhao et al., 2022). As such, in
my Cr(VI)-organomineral system, as the transformation proceeds, the influence of OC on
transformation likely declines, whilst smaller Cr(VI) species are still able to access the
shrinking mineral surface, and thus further induce distortions in the Fe bonding environment
and inhibit crystal nucleation and growth. Furthermore my modelling shows that the binding
strength of Cr(VI) bidentate complexes (Log K 19.25) is greater than the binding strength of
one-carboxyl complexes (Log K’s 9.2, 10.0/15.0), which may lead to greater distortion of the

Fe bonding environment, which then more effectively retards the transformation of Fh.

5.4.3 Distribution of Cr(VI) during the mineralogical transformation

5.4.3.1 Distribution of Cr(VI) in pure ferrihydrite systems

Aqueous Cr(VI) increases during the transformation of Fh (Figure 5.7), likely because the iron

(oxyhydr)oxide becomes more compact with lower specific surface area (Zhao et al., 2022)
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and thus the adsorption capacity for Cr(VI) decreases as the transformation proceeds. As
expected aqueous Cr(VI) concentrations are therefore higher for Fh systems that have higher
Cr(VI) adsorbed (Figure 5.7). Aqueous Cr(VI) concentrations are also higher for Fh
transformed under higher pH conditions (Figure 5.7), likely because there are a greater
proportion of deprotonated and thus negatively charged -FeOH sites at higher pH, which

electrostatically repel anionic Cr(VI) species.

As the transformation proceeds however, in addition to the loss of Cr(VI) to solution, the Cr(VI)
that remains associated with the solid minerals also appears to be re-distributed such that the
fraction of Cr(VI) that is desorbable with 0.1 M NaOH decreases whilst the fraction of Cr(VI)
that is non-desorbable with 0.1 M NaOH increases (Figure 5.7). A change in the proportion of
initially desorbable Cr(VI) to non-desorbable Cr(VI) is also observed during the transformation
of Cr(VI) coprecipitated with Fh and suggests that the affinity, and thus the bonding
environment, of Cr(VI) changes during the transformation process (Sun et al., 2021; Zhu et al.,
2019). Previous studies report that heavy metals like As(V) are converted from desorbable
As(V) to non-desorbable As(V) during the transformation of iron (oxyhydr)oxide because
As(V) species are incorporated into structural defects or surface pores of iron (oxyhydr)oxides
like lepidocrocite, hematite and magnetite, as observed by scanning transmission electron
microscopy and extended X-ray absorption fine structure spectroscopy (Hu et al., 2020; Hu et
al., 2018; Park et al., 2018; Wang et al., 2011). Like As(V) I therefore attribute my observed
decrease in the fraction of desorbable Cr(VI) and concomitant increase in the fraction of non-
desorbable Cr(VI) to a migration of desorbable Cr(VI), located on mineral surfaces, into
mineral structural defects and/or surface pores of secondary iron minerals. During the
transformation of iron (oxyhydr)oxide in natural environments my results therefore indicate
that some Cr(VI) adsorbed on mineral surfaces is incorporated into secondary iron minerals

and becomes non-desorbable, whilst some Cr(VI) is released into solution as aqueous Cr(VI).

It is noteworthy that in systems with 0.1 wt%Cr (Cr/Fe = 0.002) at 100% adsorption and at pH
5 and 6, all Cr(VI) remains associated with the minerals after 10 days transformation, but the
final proportion of non-desorbable Cr(VI) at pH 6.5 is lower than at pH 5.0 (Figure 5.7). This
might be attributed to a faster transformation rate at pH 6.5 (Figure 5.4c) and thus a reduced
time for Cr(VI) to penetrate into structural defects and/or surface pores of secondary iron
minerals. This might also be attributed to the different binding strengths of monodentate and

bidentate Cr(VI) complexes. It is reported that Se(IV) that is strongly bound to Fh via inner-
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sphere complexation is more easily captured into secondary iron minerals during Fh
transformation than Se(IV) that is weakly bound via outer-sphere complexation (Borsig et al.,
2017). In my experiment, the strongly-bound bidentate Cr(VI) complex dominates at pH 5.0,
while the weakly-bound monodentate Cr(VI) complex dominates at pH 6.5. During the
transformation process at pH 6.5, it is therefore likely that the lower proportion of bidentate

Cr(VI) complexes results in less Cr(VI) incorporated into secondary iron minerals.

5.4.3.2 Distribution of Cr(VI) in ferrihydrite organominerals

The presence of OC can influence the distribution of Cr(VI) during the mineralogical
transformation process in a number of different ways, namely via influencing Cr(VI)
adsorption, influencing the properties of secondary iron minerals and retarding the
transformation itself. Regarding Cr(VI) adsorption, in my Cr(VI) adsorption experiment, the
presence of But3/7 inhibits Cr(VI) adsorption onto Fh organominerals by masking the surface
adsorption sites and/or inducing an electrostatic repulsion between negatively charged OC and
Cr(VI) (Figure 5.2). In the presence of carboxyl-rich and/or high concentrations of mineral-
associated OC, a reduced concentration of adsorbed Cr(VI) therefore means that there is a
reduced concentration of Cr(VI) that is able to migrate into and be captured in structural defects
and/or surface pores as transformation proceeds. Regarding the properties of secondary iron
minerals, previous work documents that after desorption of OC, secondary iron minerals
formed from Fh organominerals have much higher SSA and total volume of pores (TPV) than
those formed from pure Fh (Zhao et al., 2022). Previous work also shows that iron
(oxyhydr)oxides like Fh (Eusterhues et al., 2014; Mikutta et al., 2014) and hematite (Lu et al.,
2019a; Lu et al., 2019b) formed in the presence of OC have a loose and porous structure. The
surface pores in Fh then promote the adsorption of As(V) and inhibit the desorption of As(V)
(Mikutta et al., 2014). As such the loose and porous structure of my secondary iron minerals
(Zhao et al., 2022) may also facilitate the migration and capture of Cr(VI) during
transformation. Regarding transformation rate, previous work investigating the influence of
OC on the transformation of Fh (Sun et al., 2021; Zhao et al., 2022) shows that OC retards the
transformation of Fh, and thus delays the redistribution of Cr(VI) (Sun et al., 2021) and As(V)
(Hu et al., 2018) from mineral surfaces into mineral inside, but the retardation of transformation
by OC shows no discernable influence on the final proportions of Cr(VI) and As(V) captured

in secondary iron minerals (Hu et al., 2018; Sun et al., 2021).
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For Fh_Penl/5 1.2wt%C with 0.1 wt%Cr (Cr/Fe = 0.002) at 100% adsorption, essentially all
Cr(VI) is retained by the solid minerals with negligible aqueous Cr(VI) released during the
transformation process. After 19 days transformation ~100% of the solid-associated Cr(VI) is
non-desorbable (Figure 5.8), which is significantly higher than that for pure Fh with equivalent
Cr(VI) (Figure 5.7). The rate constant for the capture of Cr(VI) (b = 0.634 £+ 0.077) is nearly
twice that for pure Fh (b=0.337+0.023) at pH 5.0, and also higher than that for pure Fh at pH
6.5 (Table 5.3). The effect of Pen1/5 on the distribution of Cr however, is unlikely to be due to
a direct influence on Cr(VI) adsorption. Essentially the presence of Penl/5 results in no
discernable decrease in the adsorption of Cr(VI) (Figure 5.2), and actually, previous work
shows that Fh organominerals made with weakly-bound OC like Penl/5 show a faster
adsorption of As(V) and desorption of the weakly-bound OC facilitates As(V) uptake (Mikutta
etal., 2014). As such a similar situation may occur with Cr(VI) adsorption onto organominerals
of iron (oxyhydr)oxide and Penl/5, because my modelling shows that Penl/5 has a much
weaker binding strength than Cr(VI) (Table 5.2). Additionally, the more strongly-bound Cr(VI)
should readily replace Penl1/5 to access adsorption sites if secondary iron minerals cannot host
all of the OC and Cr(VI), as the SSA of iron minerals decreases significantly during the
transformation (Zhao et al., 2022). The favourable access of Cr(VI) to adsorption sites then
likely facilitates its migration into structural defects and/or surface pores and thus its capture
into secondary iron minerals. Similarly, whilst the presence of Penl/5 retards the
transformation of Fh (Zhao et al., 2022), the redistribution of Cr(VI) as measured by its rate of
capture of non-desorbable Cr(VI) during transformation is not delayed compared to the pure
Fh system (Table 5.3). The effect of Penl/5 on the distribution of Cr is therefore instead
attributed to the way that OC influences secondary iron mineral properties. Previous work
documents that secondary iron minerals formed from Fh Penl1/5 organominerals have larger
SSA and TPV than those formed from pure Fh (Zhao et al., 2022). This porous structure of the
secondary iron minerals likely favours the migration of Cr(VI) into structural defects and/or
surface pores during the transformation, and thus leads to the higher final proportion of non-
desorbable Cr(VI) (Figure 5.8) and the higher rate constant for the capture of Cr (Table 5.3)

compared to the pure Fh system.

For Fh_Hex2/6 organominerals with 0.1 wt%Cr (Cr/Fe = 0.002) at 100% adsorption, again
essentially all Cr(VI) is retained by the solid minerals with negligible aqueous Cr(VI) released

during the transformation process, and after 19 days transformation >90% of the solid-
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associated Cr(VI) is non-desorbable (Figure 5.8), which is significantly higher than during the
transformation of pure Fh with equivalent Cr(VI) (Figure 5.7). The rate constants for the
capture of Cr(VI) (b =0.5554+0.004 / 0.461+0.041) are higher than those for pure Fh (b =
0.337+0.023) at pH 5.0, but are much reduced and similar to those for pure Fh as pH increases
to 6.5 (b = 0.418+0.001 / 0.279+0.015 for Fh_Hex2/6 composites vs. b = 0.0.351+0.113 for
pure Fh, Table 5.3). As for Penl1/5, the effect of Hex2/6 on the distribution of Cr is unlikely to
be due to a direct influence on Cr(VI) adsorption. Whilst the presence of Hex2/6 results in a
minor decrease in the adsorption of Cr(VI), this is negligible at or below pH 6.5 (Figure 5.2).
Again as for Penl/5, although the presence of Hex2/6 retards the transformation of Fh (Zhao
et al., 2022), the redistribution of Cr(VI) as measured by its rate of capture of non-desorbable
Cr(VI) during transformation is not delayed compared to the pure Fh system (Table 5.3). The
effect of Hex2/6 on the distribution of Cr is therefore also attributed to the way that OC
influences secondary iron mineral properties, where the porous structure of the secondary iron
minerals formed from Fh Hex2/6 organominerals (Zhao et al., 2022) likely favours the
migration of Cr(VI) into structural defects and/or surface pores during the transformation, and
thus leads to the higher final proportion of non-desorbable Cr(VI) (Figure 5.8) and the higher
rate constant for the capture of Cr (Table 5.3) compared to the pure Fh system.

It is notable that Fh_Hex2/6 organominerals have much higher rate constants for the capture
of Cr(VI) than pure Fh at pH 5, but similar rate constants for the capture of Cr(VI) to pure Fh
at pH 6.5. This is possibly an indirect consequence of the influence of Hex2/6 on Cr(VI)
adsorption at different pH conditions. During the transformation, the total C% for Fh_Hex2/6
organominerals decreases during the transformation (Figure 5.6), and although the Fh_Hex2/6
organominerals do not have an oversaturated surface coverage with respect to OC (Table 5.4).
This suggests that the secondary iron minerals with lower SSA (Zhao et al., 2022) may have
an oversaturated surface coverage with respect to OC, such that they cannot host all the OC.
The influences of Hex2/6 on Cr(VI) capture at pH 5 is less significant than at pH 6.5 however,
because at pH 5.0, Hex2/6 is adsorbed via two- and one-carboxyl binding, with similar or
smaller binding strengths compared to bidentate Cr(VI), which dominates Cr(VI) adsorption
at this pH; but at pH 6.5, Hex2/6 is also adsorbed via two- and one-carboxyl binding, but with
similar binding strengths compared to monodentate Cr(VI), which dominates Cr(VI)
adsorption at this pH (Figure 5.3). Thus at pH 5, bidentate Cr(VI) more easily replaces Hex2/6
and is thus more easily captured into structural defects and/or surface pores, resulting in much

higher rate constants for the capture of Cr(VI) at pH 5 compared to pure Fh, while at pH 6.5,
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monodentate Cr(V]) less easily replaces Hex2/6 and is thus less easily captured into structural
defects and/or surface pores, resulting in similar rate constants for the capture of Cr(VI) at pH

6.5 compared to pure Fh.

Differing from Fh_Pen1/5 and Fh_Hex2/6 organominerals, for Fh_But3/7 organominerals with
0.1 wt%Cr (Cr/Fe = 0.002) at 100% adsorption not all Cr(VI) is retained by the solid minerals,
such that there is significant aqueous Cr(VI) released during the transformation process, and
after 19 days transformation up to ~10% of the total Cr(VI) is aqueous Cr(VI), while ~70 - >90%
of the solid-associated Cr(VI) is non-desorbable (Figure 5.8). The fraction of non-desorbable
Cr(VI) however, is still significantly higher than during the transformation of pure Fh with
equivalent Cr(VI) (Figure 5.7). The rate constants for the capture of Cr(VI) (b =0.406+0.001 /
0.352+0.022 / 0.305+0.009) are higher or equivalent to those for pure Fh (b =0.337+0.023) at
pH 5.0, but are much reduced and lower than those for pure Fh (b =0.191+0.0.004 /
0.189+0.012 / 0.148+0.009 for Fh_Hex2/6 composites vs. b = 0.351+0.113 for pure Fh) as pH
increases to 6.5 (Table 5.3). Notably there is an increase in aqueous Cr(VI) during the initial
stages of transformation, which then decreases as the transformation proceeds, where aqueous
Cr(VI) also increases with the C loading of the organominerals (Figure 5.8). I attribute the
effect of But3/7 on the distribution of Cr(VI) to a combination of a direct influence on Cr(VI)
adsorption, an influence on the properties of secondary iron minerals and an influence on the

transformation rate.

Regarding the distribution of aqueous Cr(VI), during the adsorption of Cr(VI) onto Fh
organominerals, But3/7 causes a strong suppression of adsorption via masking surface sites
and/or electrostatic repulsion (Figure 5.2). During the transformation of Fh organominerals,
But3/7 increases the SSA and TPV of secondary iron minerals and substantially retards the
transformation rate (Zhao et al., 2022). Taken together, the influence of But3/7 on Cr(VI)
adsorption becomes more pronounced as the SSA and thus the adsorption capacity of the
minerals decrease with the transformation process in the first several days, leading to higher
proportions of aqueous Cr(VI) (Figure 5.8).The inhibition effects on Cr(VI) adsorption are
alleviated however, by increasing release of OC from the mineral surface with decreasing SSA
as the transformation proceeds because of the enhanced steric hindrance and/or electrostatic
repulsion (Figure 5.6), and a substantially slowed transformation rate (Zhao et al., 2022), which
together makes available more surface sites, and provides more time, for the smaller sized

Cr(VI) to be re-adsorbed. After 19 days aging, the final fraction of aqueous Cr(VI) is even
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lower than that before the aging of organominerals at pH 6.5, suggesting that the transformation
of iron (oxyhydr)oxide eventually decrease the mobility of Cr(VI) although the faction of

aqueous Cr(VI) indeed increase during transformation process.

Regarding the distribution of desorbable and non-desorbable Cr(VI), during the transformation,
the total C% for Fh_But3/7 organominerals decreases during the transformation (Figure 5.6),
and in addition, the Fh But3/7 organominerals have an oversaturated surface coverage with
respect to OC (Table 5.4), such that the secondary iron minerals with lower SSA (Zhao et al.,
2022) certainly have an oversaturated surface coverage with respect to OC, and cannot host all
the OC. The influence of But3/7 on Cr(VI) capture at pH 5.0 is less significant than at pH 6.5
however, because at pH 5.0, But3/7 is adsorbed via three- or two-carboxyl binding with
stronger or similar binding strengths compared to bidentate Cr(VI), which dominates Cr(VI)
adsorption at this pH; but at pH 6.5, But3/7 is also adsorbed via three- and two-carboxyl
binding, but with much stronger binding strengths compared to monodentate Cr(VI), which
dominates Cr(VI) adsorption at this pH (Figure 5.3). Thus at pH 5, whilst bidentate Cr(VI)
cannot easily replace But3/7, it can more easily replace But3/7 than monodentate Cr(VI) at pH
6.5; and in addition, the presence of But3/7 creates a more loose and porous mineral structure
compared to pure Fh and thus increases the availability of structural defects and surface pores
for Cr(VI) capture (Zhao et al., 2022). Taken together these effects result in higher rate
constants for the capture of Cr(VI) at pH 5.0 compared to pH 6.5 for Fh_But3/7 organominerals,
because at pH 5.0 bidentate Cr(VI) is better able to replace But3/7 than monodentate Cr(VI) at
pH 6.5; slightly higher or equivalent rate constants for the capture of Cr(VI) at pH 5.0 compared
to pure Fh, because the effects of bidentate Cr(VI) and a more porous mineral structure
positively combine; but much lower rate constants for the capture of Cr(VI) at pH 6.5 compared
to pure Fh, where the effects of significantly suppressed Cr(VI) adsorption, substantially slower
transformation rate and monodentate Cr(VI) negatively combine to result in less overall Cr(VI)
capture. On the whole, for Fh_But3/7 organominerals with 0.1 wt%Cr (Cr/Fe = 0.002) at 100%
adsorption however, the fraction of non-desorbable Cr(VI) at the end of transformation is still
slightly higher at pH 5.0 (~90% vs. ~80% for equivalent pure Fh) and pH 6.5 (~70% vs. ~65%
for equivalent pure Fh) compared to pure Fh (Figure 5.6 and 5.7).

Overall the redistribution of Cr(VI) during the mineralogical transformation of Fh in
organominerals is strongly controlled by the effects of OC on secondary mineral properties,

where the presence of OC results in a loose and porous secondary iron mineral structure, which



133

significantly increases the final proportion of Cr(VI) captured by minerals compared to pure
Fh (Figure 5.9). The redistribution of Cr(VI) is also influenced by the effects of OC on Cr(VI)
adsorption, and specifically the relative binding strength of OC and Cr(VI). Weakly-bound
carboxyl-poor OC has negligible influence on Cr(VI) adsorption because Cr(VI) can easily
replace OC to access adsorption sites as mineral SSA and thus surface site densities decrease
and structural defects and/or surface pores increase in the presence of OC during
transformation, which increases the rate constant for the capture of non-desorbable Cr(VI) and
increases the final proportion of non-desorbable Cr(VI) captured in neoformed minerals,
compared to pure Fh system (Figure 5.9b). Strongly-bound carboxyl-rich OC however,
significantly inhibits Cr(VI) adsorption, which results in lower rate constants for the capture of
non-desorbable Cr(VI) compared to carboxyl-poor organominerals, and lower rate constants
for the capture of non-desorbable Cr(VI) at higher pH compared to pure Fh. Strongly-bound
carboxyl-rich OC also decreases the final proportion of non-desorbable Cr(VI) captured in
neoformed minerals compared to carboxyl-poor organominerals, but still slightly increases the
final proportion of non-desorbable Cr(VI) captured in neoformed minerals compared to pure
Fh (Figure 5.9¢). Based on my results however, increasingly strongly-bound carboxyl-rich OC
and elevated C loadings with iron (oxyhydr)oxides may result in lower rate constants for the
capture of non-desorbable Cr(VI) but also lower proportions of non-desorbable Cr(VI)
captured in secondary iron minerals compared to pure Fh. The mobility and fate of Cr(VI) in
soils and sediments as iron (oxyhydr)oxide organominerals transform is therefore likely

strongly controlled by the carboxyl-richness of OC in the organominerals.
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Figure 5.9. Diagram illustrating the influences of OC with different binding strengths on the
total amount of Cr(VI) that is non-desorbable with 0.1 M NaOH and the rate constant for the
capture of non-desorbable Cr(VI) into structural defects and surface pores during the

mineralogical transformation of iron (oxyhydr)oxide organominerals.

5.5 Conclusion

My adsorption experiment and surface complexation model results show that the binding

strengths of carboxylic OC and Cr(VI) complexes follow the order one-carboxyl binding ~
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monodentate Cr(VI) binding < two carboxyl binding ~ bidentate Cr(VI) binding < three-
carboxyl binding. Regarding the influences of OC on Cr(VI) adsorption, for Fh_Penl1/5 and
Fh Hex2/6 organominerals, the presence of weakly-bond OC at different C loadings has almost
no discernable influence on Cr(VI) adsorption, while for Fh But3/7 organominerals, the
strongly-bond OC significantly suppress Cr(VI) adsorption via surface masking and/or
electrostatic repulsion. Regarding the mineralogical transformation of iron (oxyhydr)oxide, I
show that the presence of Cr(VI) retards the transformation rates of Fh in various pH conditions,
whilst Cr(VI) also cause discernable retardation on the transformation of Fh organominerals
even at a lower concentration, suggesting a more specific role of Cr(VI) in retarding the
transformation of Fh compared to OC. Regarding the distribution of Cr(VI) during the
transformation process, for pure Fh system the fraction of aqueous Cr(VI) increases with the
reaction time, which are enhanced with increasing Cr(VI) concentrations and pH conditions,
whilst the fraction of Cr(VI) which are non-desorbable with 0.1 M NaOH increases with
transformation process, suggesting the bonding environment of Cr(VI) changes during the
transformation. For Fh organominerals, the redistribution of Cr(VI) is strongly controlled by
the effects of OC on secondary mineral properties, the presence of OC results in a loose and
porous secondary iron mineral structure, which significantly increases the final proportion of
Cr(VI) captured by minerals compared to pure Fh. The redistribution of Cr(VI) is also
influenced by the effects of OC on Cr(VI) adsorption, and specifically the relative binding
strength of OC and Cr(VI): weakly-bound carboxyl-poor OC has negligible influence on Cr(VI)
adsorption because Cr(VI) can easily replace OC access adsorption sites, together with the
loose and porous structure in secondary iron minerals, which increases the rate constant for the
capture of non-desorbable Cr(VI) and increases the final proportion of non-desorbable Cr(VI)
captured in neoformed minerals; strongly-bound carboxyl-rich OC however, significantly
inhibits Cr(VI) adsorption, which results in lower rate constants for the capture of non-
desorbable Cr(VI) and decreases the final proportion of non-desorbable Cr(VI) captured in
neoformed minerals compared to carboxyl-poor organominerals. I expect that increasingly
strongly-bound carboxyl-rich OC and elevated C loadings with iron (oxyhydr)oxides may
result in lower rate constants for the capture of non-desorbable Cr(VI) and also lower
proportions of non-desorbable Cr(VI) captured in secondary iron minerals compared to pure
Fh. The mobility and fate of Cr(VI) in soils and sediments as iron (oxyhydr)oxide
organominerals transform is therefore likely strongly controlled by the carboxyl-richness of

OC in the organominerals.
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Chapter 6  Behaviours and fate of chromium and
carbon during Fe(II)-induced transformation of
ferrihydrite organominerals

ABSTRACT

Chromium is one of the most common metal contaminants at high concentration but also one
of the most import nutrients at low concentration in soils, whose mobility is controlled by soil
minerals, especially iron (oxyhydr)oxide. The influence of organic carbon (OC) with different
binding strengths on the mobility and fate of Cr(VI) during Fe(Il)-induced transformation of
iron (oxyhydr)oxide however, is still unclear. Here I investigate how OC binding strength
influences the Fe(II)-induced transformation of Fh and subsequently controls the mobility of
Cr, and how Cr influences the retention or release of the associated OC at the same time. |
focus on carboxyl-rich OC coprecipitated with ferrihydrite (Fh), track the mineralogical
properties of the secondary iron minerals and monitor the re-distribution of Cr(VI/III) and OC.
My results show that the presence of OC retards the transformation from Fh to goethite and
lepidocrocite at pH 5.75, where the inhibition by OC is enhanced with the carboxyl-richness
of the sequestered OC moieties. The carboxyl-rich OC (But3/7 acid) effectively stabilizes Lp
for longer time during the Fe(Il)-induced transformation process. I also show that the presence
of OC appears to rise the rate of capture of non-desorbable Cr, but this facilitation effect is
mitigated with the carboxyl-richness of the sequestered acids. Whilst the presence of OC
lessens the final proportion of non-desorbable Cr at the end of reaction and the suppression
effect is enhanced with the carboxyl richness of the OC moieties. I also show that the presence
of Cr(Ill) causes more structural disorder in the secondary iron minerals, which probably
suggests that these secondary iron minerals have lower crystallinity and higher surface OH
reactivity. The presence of Cr(Ill) effectively stabilises lepidocrocite and also aids the
stabilisation of OC with the solid phase, where the absolute amount of OC elevated by Cr(III)
appears to increase with carboxyl-richness of the sequestered OC moieties. My study sheds
new light on the mobility and fate of Cr in redox environments and also deepens my
understanding about the potential for remediation of Cr(VI) contaminated soils via a reduction

method.
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6.1 Introduction

Chromium (Cr) is the 7™ most abundant element on Earth (Katz and Salem, 1994) and a
bioessential element (Schwarz and Mertz, 1959; Jeejebhoy et al., 1977), yet depending on
concentration and valency, Cr is also one of most common metal contaminants (Dhal et al.,
2013b). Chromium exists in nine valence states ranging from -2 to +6, being Cr(III) and Cr(VI)
are the two most common, with Cr(III) predominating under reducing conditions, and Cr(VI)
predominating under oxidising conditions (Emsely, 1989). Cr(Ill) has a low solubility under
natural conditions and readily precipitates as amorphous Cr(III) (hydr)oxide, limiting its
mobility, and is essential to fauna in low concentrations (for normal carbohydrate, lipid and
protein metabolism, as well as amino- and nucleic acid synthesis) (Schwarz and Mertz, 1959;
Jeejebhoy et al., 1977). However, Cr(VI) is highly soluble, bioavailable and highly toxic,
presenting a mobile, biohazard in aquatic and soil ecosystems (Chandra and Kulshreshtha,
2004; Costa, 1997; Shanker et al., 2005). Despite these dangers, the interactions between
chromium and soil constituents are still poorly understood, which limits my ability to predict

its mobility and fate within environmental systems.

Ferrihydrite (Fh) is a common iron (oxyhydr)oxide mineral in soils with near ubiquitous
occurrence (Cornell and Schwertmann, 2003; Lu et al., 2020). Fh is highly reactive due to its
large adsorption capacity (Hiemstra, 2013; Larsen and Postma, 2001; Michel et al., 2007b),
making it the most efficient adsorbent for Cr and organic carbon (OC) in soil systems (Sparks,
2003). The complexation between Fh and OC is widely assumed to facilitate the stability of
OC 1in soils, as iron minerals can adsorb or physically isolate OC and then protect it against
microbial degradation (Hemingway et al., 2019; Kaiser and Guggenberger, 2007; Mikutta et
al., 2006; Newcomb et al., 2017; Torn et al., 1997). As a result, reactive iron bound OC
accounts for up to 40% of the total soil OC pool across a range of soil types (Wagai and Mayer,
2007; Zhao et al., 2016).

The interactions of OC with Fh to form organominerals can alter the reactivity of Fh which
may impact its interactions with Cr(VI/III) by: i) increasing crystallographic defects
(Eusterhues et al., 2008); ii) increasing Fe reactivity (Eusterhues et al., 2014; Fisher et al.,
2020); iii) decreasing sorption capacity by blocking mineral surface sites (Chen et al., 2014;
Mikutta et al., 2014) and/or via competitive adsorption (Mesuere and Fish, 1992b). Cr(III)

sorption can also be increased by the presence of OC, providing additional sites for Cr(III) to
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bond with (Gustafsson et al., 2014; Yang et al., 2020; Zhang et al., 2017; Zhang et al., 2018)
or increase the mobility of Cr(III) via chelation with dissolved OC moieties such as citric acid
(Bartlett, 1991). The presence of OC can also influence the redox reactions of Cr(VI) by acting
as an electron donor (Wang et al., 2020b; Zhang et al., 2017; Zhang et al., 2018), electron
shuttle (Xu et al., 2019) or improving the reactivity of Cr(VI) toward the reduction reaction by
forming complexes between Cr(VI) and OC (Jiang et al., 2019).

Under anoxic conditions transformation of Fh is significantly catalysed by Fe(II). This is likely
via electron transfer between bound Fe(Il) and Fe(IIl) within the mineral structure. This
electron transfer can facilitate the reductive dissolution of Fh which subsequently re-
crystallises in more crystalline forms such as Lp and Gt (Pedersen et al., 2005; Tronc et al.,
1992). Despite this classic dissolution and recrystallisation mechanism, oriented aggregation
is also very important in the Fe(II)-induced transformation of Lp to Gt (Yan et al., 2015b). The
transformation of Fh catalysed by Fe(Il) may significantly impact the mobility and fate of
Cr(VI) (Hu et al., 2019; Yu et al., 2020). Under reducing conditions, highly mobile and toxic
Cr(VI) readily oxidises Fe(II) to Fe(IIl) and as a result is itself reduced to the low-mobility and
less toxic Cr(Ill) oxidation state (Buerge and Hug, 1997). This Cr(Ill) can be rapidly and
strongly adsorbed by iron (oxyhydr)oxides (Richard and Bourg, 1991b; Xia et al., 2020),
increasing the retention of Cr(IIl) in soils. Additionally, Cr(III) is found to substitute into the
crystal structure of various iron minerals like goethite (Gt), hematite (Hm) and magnetite (Mg)
(Charlet and Manceau, 1992; Choppala and Burton, 2018; Dai et al., 2016; Hua et al., 2018;
Manceau et al., 2000; Maslar et al., 2001; Tang et al., 2010; Trolard et al., 1995) but not
lepidocrocite (Lp) (Cornell and Schwertmann, 2003). During this substitution process, some
Cr(VI) is also found to be incorporated into the Cr(III)-Fe(IlI) co-precipitates, lowering the
mobility of Cr(VI) (Hu et al., 2019; Yu et al., 2020).

To date, only one study examines the Fe(Il)-catalyzed transformation of Fh and Fh
organominerals with Cr(VI) adsorbed (Yu et al., 2020), and finds that humic acids in the
organominerals immobilise more Cr by reducing Cr(VI) to Cr(Ill) and providing adsorption
sites for Cr(Ill) to form complexes. Cr(Ill) preferentially associates with Fh in Fh
organominerals observed by extended X-ray absorption fine structure spectroscopy (Xia et al.,
2022; Xia et al., 2020), and thus the OC in Fh organominerals may impact Cr(IIl) capture
indirectly through influencing the transformation of iron (oxyhydr)oxide. The capture of Cr(III)

may be suppressed by OC via these mechanisms: OC can decrease the transformation rates of
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Fh to inhibit the coprecipitation of (Cr,Fe)(OH);; OC can favour the formation of Lp, which
can not host any Cr(IIl) within the mineral structure (Cornell and Schwertmann, 2003); OC
can inhibit the crystal growth of Gt by passivating mineral surface and hindering the oriented
aggregation. The capture of Cr(III) may be accelerated because of the different properties of
iron (oxyhydr)oxide coprecipitated with OC. It is reported that iron (oxyhydr)oxides like Fh
(Eusterhues et al., 2014; Mikutta et al., 2014) and Hm (Lu et al., 2019a; Lu et al., 2019b)
coprecipitated with OC have loose and porous structures, and the secondary iron minerals
formed from Fh organominerals made with the same OC as this study have much higher
specific surface area and total volume of pores than secondary iron minerals formed from pure
Fh (Zhao et al., 2022). It is likely that the loose and porous structure in iron (oxyhydr)oxide
may also facilitate the capture of Cr during Fe(II)-induced transformation. There is still a large
knowledge gap however, about how OC with different binding strengths influences the
transformation rates, pathways and properties of iron minerals (Chen et al., 2015; Chen and
Sparks, 2018; Hu et al., 2020; Karimian et al., 2019; Sheng et al., 2020b; Zhou et al., 2018b)

and then impacts the mobility of Cr in a reductive environment.

In addition to the redistribution of Cr during the transformation of iron (oxyhydr)oxide, the
stabilisation of OC is also affected by the Fe(II)-induced transformation of Fh organominerals
(Chen et al., 2020; Chen et al., 2015). The reductive dissolution of Fh organominerals releases
bound OC, making it more bioavailable for microbes, enhancing degradation of OC in soils
(Adhikari et al., 2017; Canfield, 1993; Chen et al., 2020; Han et al., 2019). The transformation
of Fh to Gt or Lp however, may also decrease the bioavailability of OC via occlusion within
mineral structure defects or nano-pore spaces, strengthening OC fixation and thus increasing
the residence time of OC in soils (Hu et al., 2020). The stabilisation of OC may also be
influenced by adsorbates on Fh organominerals. Where anions like phosphate and arsenate
compete for adsorption sites on the surface of iron minerals, increasing the desorption of OC
(Grafe et al., 2002), while polycations like Ca(Il) and Mg(Il) might increase the OC
sequestration by cation-bridging effects, forming iron (oxyhydr)oxide-cation-OC ternary
complexes (Rowley et al., 2017; Sowers et al., 2018a; Sowers et al., 2018b). As a result of the
complex interactions between ions, OC and Fh described above, little is known about how each
component may impact the others mobility and bioavailability in soil systems where they
coexist. Specifically, how Cr(VI) species existing as oxyanions influence the migration of OC
or how Cr(IIl) cations influence the stabilisation of OC with solid during Fe(II)-induced

transformation of Fh organominerals are unknown.
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To address these knowledge gaps this study aims to (1) determining how different OC moieties
with different carboxyl richness and Cr(Ill) influence the rates and pathway of Fh
mineralogical transformation; (2) investigating how OC carboxyl-richness impacts the
distribution of Cr during the Fe(Il)-induced transformation of Fh and Fh organominerals; and
(3) investigating how Cr(III) influences the properties of secondary iron minerals and thus
influences the stabilisation of OC during the transformation process. To achieve these
objectives I use simple mono-, di- and tri-carboxylic acids as analogues for common low
molecular weight, carboxyl-rich soil OC, possessing increasing carboxyl-richness and thus
increasing binding strength to the Fh organomineral coprecipitate particles (Curti et al., 2021).
After reaching equilibrium for Cr(VI) adsorption onto Fh and Fh organominerals, I conduct
Fe(Il)-induced transformation experiments of Fh and Fh organominerals under anoxic
conditions to observe the transformation of iron (oxyhydr)oxides, and the changes in the

distribution of Cr and OC.

6.2 Experimental methods

6.2.1 Preparations for mineralogical transformation experiment

Pure ferrihydrite (Fh) was prepared following the method of Schwertmann and Cornell (2000)
for the precipitation of 2-line ferrihydrite via hydrolysis of Fe(III) salt solution. Briefly, Fh was
prepared by rapid hydrolysis of 0.1 M Fe(NO3)3-9H,0 (aq) with 1 M KOH to maintain a final
pH of 7. Fh was washed several times over a week with 18.2 MQ-cm MilliQ water until the
conductivity of supernatant was the same as DI water, after which Fh was stored as a slurry at
4 °C, following standard protocols to maintain mineralogical integrity (Schwertmann and

Cornell, 2000). Plastic labware and AR grade reagents are used throughout the preparations.

Three Fh-OC organomineral composites with different wt%C were prepared with three simple
carboxylic acids, denoted as acidn/m, where acid refers to the first tree letters of the acid
IUPAC name; n denotes the number of carboxyl groups and m denotes the total number of
carbon atoms. The acid used were pentanoic acid (Penl1/5), hexanedioic acid (Hex2/6) and
butane 1, 2, 4 tricarboxylic acid (But3/7), which have one, two and three carboxyl functional
groups, respectively. The 0.1 M Fe(NOs);-9H,O (aq) solutions were mixed with different
organic acid solutions prior to hydrolysis up to pH 7 as above for the pure Fh. An aliquot of

each composite was then freeze-dried for C analysis with LECO SC-144DR Dual Range
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Sulphur and Carbon Analyzer. As a result, three organominerals were obtained: Fh-pentanoic
acid with 8.7 wt%C (Fh Penl/5 8.7wt%C), Fh-hexanedioic acid with 8.4 wt%C
(Fh_Hex2/6_8.4wt%C) and Fh-butane 1, 2, 4 tricarboxylic acid with 10.1 wt%C
(Fh_But3/7 10.1wt%C).

An aliquot of the non-freeze-dried pure Fh and Fh organomineral slurries were added to 0.01
M NaNOj; background electrolyte to give a total volume of 50 mL with a solid solution ration
of 2 g L in the presence or absence of 20 ppm Cr(VI). The suspensions were then adjusted to
environmentally relevant pH values of 5.75 and 7 using dilute NaOH or HNO; and buffered
using 30 mmol L™ organic buffer 2-(N-Morpholino)ethane-sulphonic acid (MES) and 3-(N-
Morpholino)propanesulphonic acid (MOPS), respectively. These buffer solutions are
negligibly sequestered to Fh (see Supplementary Information) and have been shown to have
negligible impact on the recrystallisation of Fh to more crystalline Fe minerals during aging
(Bradbury and Baeyens, 1999; Chen et al., 2020; Ford et al., 1999; Wang et al., 2020a). After
shaking continuously for 24h to reach equilibrium, the resultant solutions were transferred to
an anoxic chamber (95% N, and 5% H>). All the solutions were purged with high purity N, for
at least 0.5h before they were transferred into the glove box and then exposed to the atmosphere
of glove box for 24h to remove the trace dissolved oxygen. A stock Fe(II) solution (FeCl,) was
then added to the suspension to induce the mineralogical transformation of the iron minerals.
For experiments with Cr(VI) added, 105 ppm Fe(II) (1.88 mM) were added to reduce 20 ppm
Cr(VI) (0.385 mM) to Cr(III), where theoretically Fe(Il) remained were calculated based on
the conversation of electron: Fe(Il)remained= Fe€(ID)otal — 3 X Cr(V1)iequced = 1.88 mM - 3X0.385
mM = 0.725 mM (40.5 ppm). To observe the influence of Cr on the transformation, Fe(II)
added in experiments without Cr(VI) were also controlled at around 40.5 ppm corresponding
to 0.363 mmol Fe(Il)/g Fh. The amount of Fe(Il) added in our systems were lower than 10%
compared to our total amount of Fe(IIl) in Ferrihydrite (2g/L). The 18-days reaction time was
sufficient to achieve complete mineralogical transformation in most reaction systems, which
were monitored by Fourier-transform infrared spectroscopy (FTIR). During the reactions, the
experiments were agitated three times per day. In order to allow a time-resolved investigation
of mineralogical transformation, Cr redistribution and OC redistribution, aliquots of the
suspensions were collected at time intervals of: 0.5h,1d,2d,4d,6d,8d, 12d and 18 d and

the pH was recorded at the same time.
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For the observation of mineralogical transformation, subsamples were collected from each
experiment for Fe(Il) analyses and Fourier-transform infrared spectroscopy (FTIR)
measurement following the method of (Sheng et al., 2020a; Xiao et al., 2017). Briefly, 1 mL
samples of the homogeneous suspension were removed and centrifuged at around 6000 g for 3
minutes. The supernatant was filtered with 0.22 um PES syringe filters for the measurement of
aqueous Fe(II) concentration ([Fe(I),q]). After the removal of the supernatant, I mL of 5 mM
or 10 mM HCI was then added to remove Fe(Il) adsorbed on the minerals. For pure Fh and
Fh Penl/5 systems, 5 mM could desorb Fe(II) at a high efficiency, while for Fh_Hex2/6 and
Fh_But3/7 systems, 10 mM was needed because the adsorbed OC could react with aqueous H"
and influence the pH of the suspensions. The suspension was mixed homogeneously three
times at least by hand then centrifuged after reacting for 10 min. The supernatant was also
filtered with 0.22 um PES syringe filters for Fe(Il) measurement, which is operationally
defined as desorbable Fe(Il) (Fe(Il)desorbabie)- The concentration of Fe(Il) was measured by
ferrozine assay (Sheng et al., 2020a; Stookey, 1970) within 6 h and the recovery efficiency are
shown in Appendixes Section 7. The iron oxide solid remaining was then rinsed with 18.2
MQ-cm Milli-Q water and then made up to 100 uL. with 18.2 MQ-cm Milli-Q water for mineral
characterisation by FTIR. Another 1 mL aliquots were centrifuged and washed with 18.2
MQ-cm Milli-Q water for FTIR measurement to characterise mineral properties, where the 5
mM or 10 mM HCI acids were not applied because HCl acids may change the surface

properties of iron minerals.

For the observation of Cr species and distribution, two 1 mL aliquots were collected from each
reactor suspension at regular time intervals. After centrifugation at around 6000 g for 3 mins,
the supernatant was filtered with 0.22 um PES syringe filters for the measurement of aqueous
Cr(VI) with 1,5-diphenylcarbazide (Bartlett and James, 1979; Borges et al., 2002) and aqueous
Cr (VI and III) by inductively coupled plasma mass spectrometry (ICP-MS). After removing
all supernatant, the solid minerals were removed from the anoxic chamber. One aliquot was
treated with 1 mL 0.1 M NaOH to desorb Cr(V]) like the treatment of As(V) (Hu et al., 2018),
which was operationally defined as desorbable Cr(VI) (Cr(VI)gesorbable). After shaking gently
for 24 h, the suspension was centrifuged and filtered with 0.22 um PES syringe filters for the
measurement of desorbable Cr(VI) by 1,5-diphenylcarbazide method, which was also checked
by ICP-MS to ensure the absence of Cr(III). The other aliquot was treated with ImL 200 ppm
KMnO4 and 0.1 M NaOH mixture solution to desorb Cr(VI and III) from the mineral surface.
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The KMnOyj solution can oxidize Cr(III) to Cr(VI) quickly and effectively (Rogers, 2016), and
then the Cr(VI) will be desorbed from minerals. After shaking for 24 h, the suspensions were
centrifuged and the supernatant was transferred into new tubes. Then the supernatants were
heated at 75°C for 24 h to decompose KMnQ, because the presence of KMnOy can influence
the measurement of Cr(VI) by 1,5-diphenylcarbazide method (Rogers, 2016). The desorption
efficiency in my treatments was over 95% (see Appendixes Section 7). The desorbable Cr(III)
was calculated by desorbable Cr(VI and IIT) minus desorbable Cr(VI), and the non-desorbable

Cr was calculated based on the mass balance.

For the observation of OC redistribution, two 15 mL aliquots were subsampled from the reactor
and filtered with 0.22 um cellulose nitrate filters using a vacuum filtration system. The mineral
particles were collected and rinsed using 15 mL DI water. One of the mineral particle
subsamples was freeze-dried and kept at 4 °C for total solid C measurement (Csolid-tota)- The
other mineral particle subsample was re-suspended in 15 mL 0.1 M NaOH and shaken for 24
h to extract OC from the solid (Kaiser and Guggenberger, 2000). After the mineral particles
treated with 0.1 M NaOH were filtered with 0.22 um PES filters, they were washed, freeze-
dried and kept for C measurement, which was operationally defined as non-desorbable OC
(Chon-desorbable)- For Fh-OC organominerals, the C data obtained by LECO were not modified by
subtracting the inorganic C content in pure Fh. All operations above were conducted at least in

duplicate.

6.2.2 FTIR characterization

FTIR spectra of the solid mineral phase were collected using Attenuated Total Reflectance
Fourier transform infrared spectroscopy (ATR-FTIR) (Agilent 4500a FTIR with an ATR) to
observe changes in iron mineralogy and the respective proportions of each mineral phase
during the transformation process (Namduri and Nasrazadani, 2008; Xiao et al., 2017). To
achieve this, a 1.5 uL aliquot of well mixed sample suspension was placed onto the 1 mm
diameter ZnSe crystal of a mounting plate and air dried. Complete coverage of the 1 mm
diamond crystal was achieved by adding an additional 1.5 uL aliquot, which did not cause any
increase in intensity (Xiao et al., 2017). FTIR spectra were obtained by accumulating 64 scans
over an energy range of 650 to 4000 cm™ with a spectral resolution of 4 cm™. The quantities

of Gt and Lp in each reaction product were determined from comparison of signature peak
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heights (Lp 1020 cm™ and Gt 890 cm™) to those of synthetic reference materials from
calibration mixture prepared using 0%, 25%, 75% and 100% of a range of Fe(Ill) oxide
mixtures. After three equivalent runs of each of the sets of the samples, the average values of
background subtracted peak intensity results were used for obtaining calibration curve. All
spectra were analyzed using the SpectraGryph - optical spectroscopy software and Origin

software program.

The OH stretching vibrations observed by FTIR spectroscopy provide robust information about
the crystallinity and cation substitution of iron minerals (Cornell and Schwertmann, 2003),
which are applied to trace the increase in structural order during the transformation from Fh to
Gt (Bazilevskaya et al., 2012) and to study the influence of Cr on changes in structural order
and crystallinity of iron (oxyhydr)oxide here. The OH stretching vibrations are characterised
by relatively broad bands which overlap, therefore Gaussian deconvolution of the peaks is
required to extract information about the contributions of the different OH groups
(Bazilevskaya et al., 2012; Boily et al., 2006). The IR OH-stretching vibrations from 2600 to
3800 cm™ for iron minerals are attributed to three major types, namely non-stoichiometric
hydroxyls and stoichiometric (or bulk) OH groups (Bazilevskaya et al., 2012) with a shoulder
at lower frequencies (Boily et al., 2006). The non-stoichiometric hydroxyl units are related to
structural defects and their formation can be explained by one iron ion being replaced by three
hydrogen ions (Ruan et al., 2002). Most of the non-stoichiometric hydroxyls is considered to
have high reactivity and mobility which indicate a greater degree of disorder (Ruan et al., 2002).
Their stretches can form higher energy bands in the range of 3400-3480 cm™ for Gt, where
weakly hydro-bonded surface hydroxyl may also exist (Rochester and Topham, 1979). The
stoichiometric OH groups are those located in the bulk structure, which are not reactive in
adsorption/desorption processes (Morterra et al., 1984). The stretching vibrations of these
stoichiometric OH groups tend to form a main infrared band with a shoulder at lower
frequencies like Gt with structural hydroxyl stretches in the range of 3050-3240 cm™ with a
shoulder at 2760 cm™ (Boily et al., 2006). The frequencies of stoichiometric OH stretching are
influenced by crystallinity and crystal size of iron minerals and by the infrared technique used
(Bazilevskaya et al., 2012), which explains the differences in the OH stretching bands for my

standard minerals and products.
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6.3 Results

6.3.1 Mineralogical transformation of iron minerals

6.3.1.1 Temporal variations in Fe(Il) pools

The total amount of aqueous Fe(II) and desorbable Fe(Il) for all systems are shown in Figure
6.1. As mentioned above, 105 ppm Fe(Il) was added to react with Cr(VI), but at the first
sampling at 0.5 h the total amount of aqueous and desorbable Fe(II) are similar to that without
Cr(VI) present (~40.5 ppm Fe(II) added), suggesting that most Cr(VI) have undergone a redox
reaction with Fe(II) within 0.5 h. At pH 5.75, the total amount of aqueous and desorbable Fe(II)
are constant for all systems over 18 days (Figure 6.1a and b). By contrast, at pH 7 the total
amount of aqueous and desorbable Fe(Il) for Fh, Fh Pen/5 8.7wt%C and
Fh Hex2/6 8.4wt%C show a decreasing trend with reaction time, while

Fh But3/7 10.1wt%C has stable amount of aqueous and desorbable Fe(II) (Figure 6.1c and d).
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Figure 6.1. Time-dependent changes in total amount of aqueous and desorbable Fe(Il) during

the transformation of pure Fh and Fh organominerals with and without Cr(VI) adsorbed. Pen1/5,
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Hex2/6 and But3/7 represent simple carboxyl-rich OC with one, two and three carboxyl groups,

respectively. Error bars represent standard deviations of duplicate samples.

6.3.1.2 Solid characterisation by FTIR

The relative proportions of Gt and Lp during the transformation of pure Fh and Fh
organominerals are shown in Figure 6.2. The quantitative analysis were conducted by
measuring the absorbance of characteristic bands for Gt (890 cm™) and Lp (1020 cm™) (Xiao
et al., 2017). For all systems, the proportion of Gt increases with reaction time, whilst the
proportion of Lp generally increases firstly and then decreases. The rates for the formation of
Gt and Lp are higher at pH 7.00 (Figure 6.2 i-p) than at pH 5.75 (Figure 6.2 a-h). The inhibitive
influence of OC on the formation of Gt and Lp at pH 5.75 increases with the carboxyl-richness

in the sequestered organic molecules and follow the order pure Fh ~ Pen1/7 <Hex2/6 < But3/7.

In the pure Fh, Fh Penl/5 8.7wt%C and Fh_Hex2/6 8.4wt%C experiments, the final total
proportion of Gt and Lp are around 100% at pH 5.75 after 18 days, higher than that at pH 7.00.
For Fh_But3/7 10.1wt%C however, the final proportions of Gt and Lp are near 100% at pH
7.00 (Figure 6.20). It is also observed that the presence of the But3/7 acid and Cr inhibits the
conversion from Lp to other minerals in pure Fh (Figure 6.21 and j) and Fh_But3/7 8.4 wt%C
experiments (Figure 6.20 and p) at pH 7.00.



147

0 Lepidocrocite
® Goethite

-
(a) pH 5.75 without Cr (b) pH 5.75 with Cr - (i) pH 7.00 without Cr (j) pH 7.00 with Cr
4 - B . 80
" .
. . . . . .
c = = = o =
[rag 3 € g
o § g g || 5 .
58 g § «q | g 91 [se
o« i & & %
© . b4
0 =l
.
f ¢ N b
0 z 4 6 & 10 12 14 16 18 20 0 2 4 6 & 10 12 14 16 18 20 0 z 4 6 8 10 12 14 16 18 20 0 2z 4 6 8 1 12 14 16 18 20
Time (d) Time (d) Time (d) Time (d)
2 (c) pH5.75 without Cr | e (d) pH 5.75 with Gr (k) pH 7.00 without Cr (1) pH 7.00 with Cr
3
= . 80 80
© . o . . *
ln| g 604 . g 604 g 0. — —o * g 6. cof
.
= § 8 8 . 8
3 g w0 g 4w g w0 B ol Py
L& J & . & &
.x:l 2 204 204 /| 2
i
i o ¢ oo -—
0 2 4 6 8 1 12 14 16 18 20 0 2 4 6 8 1 12 14 16 18 20 0 2 4 6 8 1 12 14 16 18 20 0 2 4 6 8 1 12 14 16 18 20
Time (d) Time (d) Time (d) Time (d)
0
Q (e)PH5.75 without Cr (f) pH 5.75 with Cr s (m) pH 7.00 without Cr (n) pH 7.00 with Cr
?\_‘ 804 . . 80+ 80 80
H . 9 . . .
s ; —y o] 01—
1€ g7 M g% g .
s g 8 * §
X o] g w0 g g
o [ ['4 [
I .
< 204 204 . 2 2.
w »
. R o - & Py S . " s s s o
0 2 4 6 & 10 12 14 16 18 20 0 2 4 6 8 1 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 & 1 12 14 16 18 20
Time (d) Time (d) Time (d) Time (d)
(&}
X (g) pH 5.75 without Cr (h) pH 5.75 with Cr (o) pH 7.00 without Cr (p) pH 7.00 with Cr
3 o 2 o0 3 3 4 &
i .
o
‘—I g 60 g 604 g 604 o f g 60. 2 . J .
~ .
] 8 g H §
2§ o .| § e § o .
3 [+ o o /
@ s - o [
= F) 2 = 1 2 2
i o
5 : Dt
oy 7 e
0 2 4 6 5 10 12 14 16 18 20 0 2z 4 6 8 10 12 14 16 18 20 0 z 4 6 & 10 12 14 16 18 20 0 2 4 6 & 1 12 14 16 18 20
Time (d) Time (d) Time (d) Time ()

Figure 6.2. Relative proportions of Gt (red solid circles) and Lp (black open squares),
respectively, during the Fe(Il)-catalysed transformation of pure Fh and Fh organominerals
(Fh_Penl/5_8.7wt%C, Fh_Hex2/6 8.4wt%C and Fh But3/7 10.1wt%C) with or without
Cr(VI) at pH 5.75 and 7.00. Penl/5, Hex2/6 and But3/7 represent simple carboxyl-rich OC
with one, two and three carboxyl groups, respectively. Error bars represent standard deviations

of at least duplicate samples.

6.3.2 Distribution of Cr species during Fe(Il)-induced transformation of pure Fh and

Fh organominerals

Changes in the distribution of Cr species with reaction time are shown in Figure 6.3. For all
systems, no aqueous Cr(VI) or Cr(Ill) are detected throughout the whole transformation
process (Figure 6.3). Therefore all Cr is associated with the solid minerals, and is operationally
classified as either desorbable Cr(VI) (Cr(VI)gesorbable), desorbable Cr(III) (Cr(II)gesorbable) OF

non-desorbable Cr (Cryon-desorbable). The Cr(VI)gesorbable P00l remains constant at ~4% of total Cr
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in all systems, therefore the observed increase in the Crpon-desorbable POOl With time originates

from the Cr(III)gesorbable pPOOI.

To better evaluate the capture of Cr, the increasing proportions of non-desorbable Cr with

reaction time are fitted with the rate equation:

[Al=[AloX (1 - &™)
where [A]; is the fraction of Cryon-desorbable at time ¢, [A]y is final proportion of non-desorbable

Cr after the transformation, & is the rate constant and 7 is time.

For pure Fh, the rate of exchange from Cr(III)gesorbable t0 Clnon-desorbable at pH 5.75 is much slower
than at pH 7.00 (Table 6.1). As a result, the proportion of Cryon-desorbable at pH 5.75 is lower after
18 days reaction time but reaches the same equilibrium as pH 7.00 after 90 days reaction time

(Figure 6.3).

For Fh-organominerals, the presence of OC appears to increase the rate of exchange from the
Cr(IT)gesorbable t0 the Cryon-desorbable pooOl at pH 5.75 in the order Fh Penl/5 8.7wt%C ~
Fh Hex2/6 8.4wt%C > Fh But3/7 10.1wt%C > pure Fh (Table 6.3, Figure S6), but this
influence is weakened at pH 7.00. After 90 days reaction, the final proportion of Cryon-desorbable
decreases with the carboxyl-richness of the OC in the sequestered acid molecules and generally
follows the order: pure Fh ~ Fh Penl/5 8.7wt%C > Fh Hex2/6 8.4wt%C >
Fh But3/7 10.1wt%C at both pH 5.75 and pH 7.0 (Figure 6.3 and Table 6.1). It is worth noting
that the final proportion of Crnon-desorbable fOr pure Fh is higher than that for Fh-organominerals
after 90 days reaction, although the rate of exchange from the Cr(III)gesorbable t0 the Crion-desorbable

at pH 5.75 is the lowest.
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Figure 6.3. Temporal changes of Cr species during the Fe(II)-catalysed transformation of pure

Fh and Fh organominerals at a) pH 5.75 and b) pH 7.00. Experiments were performed with Fh-
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OC composites in 0.01 M NaNOs background electrolyte and a solid-solution ration of 2 g dry
sorbent L™ in the presence of 40.5 ppm Fe(II) by batch experiment. Pen1/5, Hex2/6 and But3/7
represent simple carboxyl-rich OC with one, two and three carboxyl groups, respectively. Error

bars represent standard deviations of at least duplicate samples.

Table 6.1. Rate of exchange from Cr(IIl)gesorbable tO Crnon-desorbable during Fe(II)-induced

transformation of pure Fh and Fh organominerals.

[Ao] (%) ke(dh R’
pH 5.75
pure Fh 70 0.0351+0.00529 0.92
Fh_Penl/5 8.7wt%C 73 0.0755 =0.00612 0.96
Fh_Hex2/6_8.4wt%C 56 0.0807 =0.00656 0.95
Fh_But3/7_10.1wt%C 41 0.053 +0.00673 0.91
pH 7.00
pure Fh 70 0.2240 +£0.02395 0.94
Fh_Penl/5 8.7wt%C 70 0.414 +0.07108 0.85
Fh_Hex2/6_8.4wt%C 69 0.2492 +0.0437 0.78
Fh_But3/7_10.1wt%C 54 0.1757 =0.02965 0.77

[Alo: final proportion of non-desorbable Cr after the transformation;
k: the rate constant;

R’: the coefficient of determination.

6.3.3 Influence of Cr on properties of secondary iron minerals

The OH stretching vibrations consist of three major components shown by Gaussian
deconvolution analyses (Figure 6.4, 6.5 and 6.6): non-stoichiometric hydroxyls and

stoichiometric (or bulk) OH groups with a shoulder at lower frequencies.

For Fh, Lp and Gt (Figure 6.4), the wavenumber of non-stoichiometric OH stretching bands
follows the order Fh ~Lp > Gt, while the wavenumber of stoichiometric OH stretching bands

follows the order Fh > Lp ~ Gt, suggesting increasing crystallinity (Fh < Lp < Gt).

The FTIR spectroscopy for pure Fh in the presence and absence of Cr (mainly Cr(III)) during
reacting over 18 days at pH 5.75 and at pH 7.00 are shown in Figure 6.5 and Figure 6.6,
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respectively. For all experiments, the OH stretch bands shift from broad high energy bands to
thin lower energy bands over 18-days reaction. At pH 5.75, the presence of Cr (mainly Cr(III))
results in a higher intensity and a higher wavenumber of non-stoichiometric OH stretching
bands after reacting for 18 days (Figure 6.5¢ and d), whilst at pH 7.00 the difference in non-
stoichiometric OH bands is also observed after reacting for 1 day, but disappears after reacting

for 6 days (Figure 6.6b and c).
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Figure 6.4. Gaussian deconvolution analyses of the OH-stretching region in ATR-FTIR
spectra for pure a) ferrihydrite, b) goethite and c) lepidocrocite. From higher to lower

frequencies are non-stoichiometric hydroxyls and stoichiometric (or bulk) OH groups with a

shoulder.
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Figure 6.5. ATR-FTIR spectra at pH 5.75 as a function of time for pure Fh a) without Cr and
b) with Cr and the corresponding Gaussian deconvolution analyses after reacting for 18 days
c¢) without Cr and d) with Cr. The solid lines in a) and b) are the sum of different OH groups in
each sample, where solid lines with different colours indicate the total band migration over the
18 days and the dashed line indicates changes in non-stoichiometric OH stretching bands. From
higher to lower frequencies in c¢) and d) are non-stoichiometric hydroxyls and stoichiometric

(or bulk) OH groups with a shoulder.
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Figure 6.6. ATR-FTIR spectra at pH 7.00 as a function of time for pure Fh a) without and with
Cr and Gaussian deconvolution analyses after reacting for 1day b) with Cr and c¢) without Cr.
The dashed line in a) indicates changes in non-stoichiometric OH stretching bands. From
higher to lower frequencies in b) and c) are non-stoichiometric hydroxyls and stoichiometric

(or bulk) OH groups with a shoulder.

6.3.4 Carbon distribution during Fe(II)-catalysed transformation

6.3.4.1 Temporal changes of total C in the solid phase

The changes in the distribution of total solid C (Ciotar-solid) in the presence and absence of Cr at
pH 5.75 and pH 7.00 are shown in Figure 6.7. In most experiments, Ciotal-solia generally
decreases with increasing reaction time and pH, regardless of whether Cr is present or not.
Comparing Fh organominerals made with different OC types but with similar C loadings, the
Chotal-solid at the end of reaction appears to increase with the binding strength (Penl1/5 < Hex2/6
< But3/7) and follow the order Fh Penl/5 8.7wt%C < Fh Hex2/6 8.4wt%C <
Fh But3/7 10.1wt%C. Comparing the same Fh-organomineral with or without Cr, the
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presence of Cr can stabilise more Cioarsoia With the solid at pH 5.75, while, except for
Fh Penl/5 8.7wt%C, this stabilisation effect at pH 7.00 is obvious during the first/mid-stage

of transformation but then decreases with further reaction.
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Figure 6.7. Temporal changes in the total amount of C in solid phase during Fe(II)-induced
transformation at a) pH 5.75 and b) pH 7.00 in the presence of Cr (red solid circles) and in the
absence of Cr (black open squares). Experiments were performed with Fh-OC coprecipitates
in 0.01 M NaNO; background electrolyte and a solid-solution ration of 2 g dry sorbent L™ in
the presence of 40.5 ppm Fe(II). Pen1/5, Hex2/6 and But3/7 represent simple carboxyl-rich OC
with one, two and three carboxyl groups, respectively. Error bars represent standard deviations

of at least duplicate samples. Note differing scale on y-axis for Fh_Pen1/5 8.7wt%C.

6.3.4.2 Temporal changes of non-desorbable C in the solid phase

The changes in the distribution of non-desorbable (Cpon-desorbable) N the presence and absence
of Cr at pH 5.75 and pH 7.00 are shown in Figure 6.8. Comparing Fh organominerals made
with different OC types, Cpon-desorbable for Fh Penl/5 8.7wt%C and Fh Hex2/6_8.4wt%C
shows a stable trend with reaction time, while Cyon-desorbable for Fh_ But3/7 10.1wt%C increases

gradually. Comparing the same Fh organomineral with or without Cr, the presence of Cr
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(mainly Cr(III)) increases Cyon-desorbable fOr Fn Hex2/6 8.4 wt%C and for Fh_But3/7 8.7 wt%C
at pH 5.75 and pH 7.00.
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Figure 6.8. Temporal changes in the total amount of non-desorbable C in the Fh-
organominerals solid phase during Fe(II)-induced transformation at a) pH 5.75 and b) pH 7.00
in the presence of Cr (red solid circles) and in the absence of Cr (black open squares). The red
and black dotted lines are with and without Cr, respectively, indicating influence of Cr(III) on
the amount of non-desorbable C. Penl/5, Hex2/6 and But3/7 represent simple carboxyl rich
OC with one, two and three carboxyl groups, respectively. Error bars represent standard

deviations of at least duplicate samples.

6.4 Discussion
6.4.1 Fe(Il)-induced ferrihydrite and Fh organominerals transformation in the

presence of Cr and OC
6.4.1.1 Transformation rates of Fh in the presence of OC

My experiment shows that the presence of tri-carboxylic But3/7 in Fh organominerals
significantly retards the formation of Gt and Lp at pH 5.75 (Figure 6.2), which is in agreement
with previous studies which find OC suppresses the Fe(Il)-induced transformation of Fh to
more crystalline minerals (Sheng et al., 2020a; ThomasArrigo et al., 2019; Zhou et al., 2018b).
The tri-carboxylic But3/7 acid can inhibit the reaction between Fe(Il) and Fe(IIl) within the
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mineral structure by blocking mineral surface sites (Jones et al., 2009; ThomasArrigo et al.,
2017) or chelating with Fe(Il) (Chen et al., 2015); But3/7 can also form a negatively charge
coating on mineral particles that then repel one another (Illés and Tombécz, 2006) or act as a
bridge between minerals particles (Amstaetter et al., 2012; Illés and Tombéacz, 2006) to hinder
aggregation, which inhibits the growth of crystalline minerals (ThomasArrigo et al., 2018).

During the Fe(Il)-induced transformation of Fh organominerals, the inhibition effect of OC on
the formation of Gt and Lp at pH 5.75 increases in the order Penl/7 < Hex2/6 < But3/7 and
thus with increasing carboxyl-richness and hence binding strength. My Fh organominerals
namely Fh_Penl/5 8.7 wt%C, Fh_Hex2/6 8.4wt%C, But3/7 10.1wt%C roughly have similar
C loadings, and thus the carboxyl-richness in the sequestered organic moiety controls the
number of carboxyl functional groups present to influence the reaction between iron minerals
and Fe(Il). Alternatively, the increasing binding strength of carboxylic acids helps stabilise
more OC associated with minerals (Zhao et al., 2022), which plays an important role in
inhibiting the transformation of Fh. Previous studies show that the atomic exchange between
aqueous Fe(II) and Fe(III) in bulk iron minerals is not altered substantially by the presence of
OC (Sheng et al., 2020a; ThomasArrigo et al., 2019; Zhou et al., 2018b), but the transformation
of Fh to crystalline minerals is still inhibited, which is attributed to OC associated with solid
minerals hindering the aggregation (ThomasArrigo et al., 2018). In my experiment, the Ciota-
solid follows the order Fh But3/7 10.1wt%C > Fh_Hex2/6 _8.4wt%C > Fh _Penl/5 8.7wt%C
during the Fe(Il)-induced transformation of Fh (Figure 6.7). The most strongly-bound But3/7
has the highest amount of OC associated with Fe minerals to influence transformation process.
The higher number of carboxyl functional groups in But3/7 acid means it can effectively form
a negatively charge coating on iron minerals (Illés and Tombacz, 2006) or bridge different
mineral particles (Amstaetter et al., 2012; Cornell and Schwertmann, 1979b; Illés and
Tombacz, 2006), which results in a greater hinderance on the aggregation of minerals. As such,
OC with higher carboxyl-richness and binding strength causes greater retardation of Fe(Il)-

induced transformation of Fh organominerals.

The transformation rates of Fh to Lp and Gt at pH 5.75 (Figure 6.2a-h) are much slower than
at pH 7.00 (Figure 6.2i-p), suggesting the pH of the experiments significantly influences the
transformation rates. This is attributed to the lower amount of Fe(II) adsorbed at lower pH,
which results in less Fe atom exchange between aqueous Fe(Il) and Fe(IIl) within mineral

structure than that at pH 7.00 (ThomasArrigo et al., 2017). As such, the reductive dissolution
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and recrystallisation process at pH 5.75 is slower than at pH 7.00, and the formation of Lp and
Gt is also slower at pH 5.75.

6.4.1.2 Transformation pathway of Fh in the presence of Cr and OC

In the presence of Fe(II), Fh can be directly transformed to Lp, Gt and Mg (Hansel et al., 2005),
whilst Lp can be further transformed to Gt (Cornell and Schwertmann, 2003) and/or Mg
(Tamaura et al., 1981; Tamaura et al., 1983). In my experiment, it is observed that the presence
of But3/7 acid and Cr inhibits the conversion from Lp to other minerals in pure Fh and
Fh But3/7 8.4wt%C experiments at pH 7.00. The formation of Lp generally peaks after the
first few days (Figure 6.2) before altering to other more stable minerals via further dissolution
and reprecipitation processes (Hansel et al., 2005). A reason for the inhibition of the
conversion from Lp to other minerals is that But3/7 and Cr are adsorbed onto the Lp surface

and then hinder the dissolution of Lp to form Gt or Mg.

It is also observed that the final total proportion of Gt and Lp for pure Fh, Fh_Pen1/5_8.7wt%C
and Fh_Hex2/6 8.4wt%C at pH 7.00 (Figure 6.2i-p) are much lower than 100% with respect
to that at pH 5.75 (Figure 6.2a-h). For Fh But3/7 10.1wt%C however, the final total
proportions of Gt and Lp are near 100% at pH 7.00 (Figure 6.2). Based on the observation that
the total amount of aqueous and desorbable Fe(Il) decreases with reaction time at pH 7.00
regardless of whether Cr is present or not (Figure 6.1), the lower total proportions of Gt and
Lp for pure Fh, Fh_Penl/5 8.7wt%C and Fh_Hex2/6 8.4wt%C at pH 7.00 are speculatively
attributed to the formation of Mg (Fe;04), the formation of which consumes Fe(II). By contrast,
for Fh_But3/7 10.1 wt%C, without the formation of Mg is suggested as the total amount of
aqueous and desorbable Fe(II) are constant at both pH 5.75 and pH 7.00. I suppose that
carboxyl-rich OC more effectively inhibit the formation of magnetite than the carboxyl-poor

OC, but this requires further investigation and direct evidence.

6.4.2 Cr speciation and distribution during Fe(Il)-catalysed Fh transformation

6.4.2.1 Cr distribution during Fe(ll)-catalysed transformation of pure Fh
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Under anoxic conditions, Cr(VI) is readily reduced to Cr(IlI), and thus the reaction between
Cr(III) and iron (oxyhydr)oxides determines the fate of Cr during the transformation process.
Cr(IIT) can be associated with solid iron minerals by adsorption, surface precipitation and
chemical substitution. The “solid solution” of Cr(OH); and Gt is evident in the formation of
coprecipitated (Fe,Cr)(OH); which can exist in any ratios of Cr and Fe (Amonette and Rai,
1990), and where the solid minerals are not physical mixtures but are chemical substitution

products (Charlet and Manceau, 1992; Tang et al., 2010).

In the present work of pure Fh, all detectable Cr exists in the solid phase and transitions from
the desorbable to the non-desorbable pool as mineralogical transformation progresses (Figure
6.3), which is likely due to substitution of Cr(IIl) into iron mineral structure (Charlet and
Manceau, 1992; Dai et al., 2016; Fendorf et al., 1996; Sass and Rai, 1987; Singh et al., 2002;
Tang et al., 2010). The rate of exchange of Crgesorbable t0 Clnon-desorbable fOr pure Fh at pH 5.75 is
much lower than that at pH 7.00. As a result, the proportion of Cryon-desorbable at pH 5.75 is lower
after 18 days reaction time but reaches the same equilibrium as pH 7.00 after 90 days reaction
time (Figure 6.3). The lower rate of capture of non-desorbable Cr at pH 5.75 is attributed to
the lower transformation rate of Fh as shown in Figure 6.2. The proportion of non-desorbable
Cr is at a low level even when all Fh is transformed to Gt or Lp after 18 days reaction, but the
non-desorbable Cr keeps increasing with reaction time. Thus the capture of Cryon-desorbable 1S
postulated to occur in two phases based on the transformation process (Figure 6.9a). The first
phase is that during the transformation of Fh to Gt or Lp, some Cr(IlI) incorporates into Gt
structure via chemical substitution while the remaining Cr(IIl) is enriched at mineral surface
through adsorption and surface precipitation (Dai et al., 2016). The second phase is that with
Gt coarsening via Oswold ripening (Cornell and Schwertmann, 2003), oriented aggregation
(Hockridge et al., 2009) or oxidation of Fe(Il) on the mineral surface (Boland et al., 2014), the
mineral surface rich in Cr(Il) is then covered with Gt formed through recrystallization or
rearrangement of primary-formed nanoparticles. Because of the solid solution between
Cr(OH); and Gt, the process of Gt covering another particle with Cr(III) enriched surfaces
occurs readily and the progressively changing structure exists stably, after which Cr(III)

transitions from the desorbable pool to the non-desorbable pool.
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(a) two phases of the capture of Cr(lll) as transformation proceeds
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Figure 6.9 The capture of Cr(Ill) during Fe(Il)-induced transformation of Fh and Fh
organominerals. a) two phases of capture of Cr(IlI) based on the transformation processes and

b) influences of OC on the capture of Cr(III) during the transformation process.

6.4.2.2 Crdistribution during Fe(Il)-catalysed transformation of Fh organominerals

For Fh organominerals, all detectable Cr exists in the solid phase and transitions from the
desorbable to the non-desorbable pool as mineralogical transformation progresses (Figure 6.3).
The presence of OC appears to increase the rate of exchange from the Cr(II)gesorbable t0 Crnon-
desorbable POOl at pH 5.75 in the order Fh Penl/5 8.7wt%C ~ Fh Hex2/6 8.4wt%C >
Fh But3/7 10.1wt%C > pure Fh (Table 6.3), but this influence is weakened at pH 7.00. This
may be related to the porous structure of my iron (oxyhydr)oxide, where the structural defects
and surface nano-pores provide additional ways for Cr(Ill) to be captured by iron minerals
and/or help Cr(IIl) readily substitute into the iron mineral structure during the oriented
aggregation or recrystallisation process. Comparing my OC with different carboxyl-richness
and binding strength (Penl1/5 < Hex2/6 < But3/7), Pen1/5 has the lowest binding strength with
iron minerals and therefore is readily released from the mineral (Figure 6.7), leaving a porous
surface for Cr(Ill) to be captured in structural defects, surface nano-pores or within lattice
structure (Figure 6.9b). As Hex2/6 and But3/7 have a higher binding strength, they are not so
readily released from the mineral surface (Figure 6.7) therefore the facilitation of Cr exchange

from the Cr(IIT)gesorbable t0 Clnon-desorbable POOI is weakened with increasing binding strength.
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After 90 days reaction, the proportion of Cryon-desorbable decreases with increasing carboxyl-
richness of the sequestered OC and generally follows the order pure Fh ~Fh Penl1/5 8.7wt%C
> Fh Hex2/6_8.4wt%C > Fh_But3/7 10.1wt%C at pH 5.75 and 7.00 (Figure 6.3 and Table
6.1). It is worth noting that the final proportion of Cryon-desorbable fOr pure Fh is higher than that
for Fh-organominerals after 90-days reaction, although its rate of exchange from the
Cr(IT)gesorbable t0 the Crpon-desorbable POOl at pH 5.75 is the lowest. The decrease in the final
proportion of Crnen-desorbable With increasing carboxyl-richness may result from the impact of the
OC on the transformation of Fh, but this influence is not obvious for my Fh organominerals
because the proportion of Cryon-desorbable fOr all Fh organominerals is higher than that for pure
Fh over 18 days reaction. Alternatively, the presence of OC inhibits the coarsening of Gt (from
18 days to 90 days), which controls the second phase of the capture of Cryon-desorbable (Figure
6.9b), where the Cr(IIl) enriched at mineral surfaces is covered by Gt during the coarsening
process. Therefore the encapsulation of Cr in iron minerals is inhibited in the presence of OC
(Figure 6.9b). The lower final proportion of Cryon-desorbable With increasing carboxyl-richness
and binding strength is likely due to Cslig-total increasing with increasing binding strength as
mentioned above, as a greater C content associated with the mineral can more effectively
inhibit the dissolution and reprecipitation process and hinder the aggregation of minerals as
shown above (Section 4.1). Another reason for the lowest proportion of non-desorbable Cr for
Fh But3/7 10.1wt%C is that But3/7 acid favours the formation of Lp and stabilises Lp at a
high proportion of the total solid product (Figure 6.2). Because Lp cannot host any Cr(IIl) in
its structure (Cornell and Schwertmann, 2003), a large proportion of Lp leads to more Cr(III)

enriched on the mineral surface as Crgesorbable-

Higher pH weakens the influence of OC in terms of the rate of capture of Cr and the final
proportion of Cryon-desorbable 1IN My experiments (Figure 6.3 and Table 6.1). This is likely because
Fe(Il) adsorption increases with increasing pH and the reaction between Fe(Il) and iron
(oxyhydr)oxide is stronger and faster with increasing pH, which results in a faster
transformation from Fh toGt and a faster coarsening of Gt, and thus the two stages of capture
of Crpon-desorbable are accelerated at pH 7.00. Additionally, the adsorption of OC also decreases
with increasing pH (Figure 6.7). A lower C content associated with the mineral weakens the
inhibition effect of OC on the dissolution and re-precipitation process and the aggregation of
minerals, which therefore results in less influences of OC on the capture of Cryon-desorbable-

Natural soil, however, are commonly acidic, and thus more comparable to the set of
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experiments conducted at pH 5.75, where the capture of Cr is slower (Table 6.3) and easily

influenced by the presence of OC.

6.4.2.3 Existence of Cr(VI) in reducing environments

As shown in Figure 6.3, most Cr(VI) is reduced to Cr(IIl) in the presence of Fe(I) within 0.5
h, because Cr(VI) and Fe(II) are very strong oxidants and reductants, respectively. Solid-phase
Cr(VI) is not completely reduced however, with a small amount persisting at least up to 90
days. It is unlikely the residual Cr(VI) is sorbed directly on the mineral surface because iron
(oxyhydr)oxides can act as a “redox conveyor belt” to transfer electrons via the lattice (Handler
et al., 2009; Handler et al., 2014; Neumann et al., 2015; Yanina and Rosso, 2008) to react with
the Cr(VI) (Tomaszewski et al., 2017). It is therefore more likely the residual Cr(VI) is
associated with the Cr(III) or adsorbed onto Cr(III) hydroxide (Hu et al., 2019), which can form
a barrier to electron transfer between Fe(Il) and Cr(VI) and protect Cr(VI) from reduction by
electrons. This would also explain why Cr(VI) remains in the desorbable pool (Figure 6.3), as

it is likely less protected if it was strongly bound directly to the iron mineral surface.

6.4.3 Influences of Cr on properties of secondary iron minerals

Comparing OH stretching bands for Fh, Lp and Gt (Figure 6.4), the wavenumber of non-
stoichiometric OH stretching bands follows the order Fh ~Lp > Gt, while the wavenumber of
stoichiometric OH stretching bands follows theorder Fh > Lp ~ Gt. The highest wavenumber
and intensity of non-stoichiometric OH at 3468 cm™ for Fh reflects the fact it has highest
reactivity and structure disorder (Cornell and Schwertmann, 2003). Ferrihydrite is followed by
Lp at 3454 cm™ and then by Gt at 3300 cm™, which reflects the increasing structural order of
these iron minerals. Comparing the stoichiometric OH stretching bands, the situation is similar
with non-stoichiometric OH except that Lp has a broader band at the same wavenumber with
Gt, reflecting lower crystallinity. Therefore, OH stretching bands observed by FTIR reflect the
increasing crystallinity in the order Fh < Lp < Gt, which is consistent with their stability as

well as the transformation pathway (Cornell and Schwertmann, 2003; Hansel et al., 2005).

The FTIR spectroscopy for pure Fh in the presence and absence of Cr after reacting for 18 days
at pH 5.75 and at pH 7.00 are shown in Figure 6.5 and Figure 6.6, respectively. For all
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experiments, the OH stretching bands shift from broad high energy bands to thin lower energy
bands over 18 days reaction. At pH 5.75, the presence of Cr results in a higher intensity and a
higher wavenumber of non-stoichiometric OH stretching bands after reacting for 18 days
(Figure 6.5c and d), whilst at pH 7.00 the difference in non-stoichiometric OH bands is also
observed after reacting for 1 day, but disappears after reacting for 6 day (Figure 6.6b and c).
The universal transitions of OH stretching bands to thin and lower energy bands are also
observed by Bazilevskaya et al. (2012), and reflect increases in the structural order and
crystallinity as Fh transforms to Gt or Lp. Considering that all Fh has been transformed to Gt
or Lp after 12 days, the difference of non-stoichiometric OH stretching bands in the presence
and absence of Cr at pH 5.75 is likely due to the fact that Cr(IIl) hydroxides provide additional
weakly H-bound surface hydroxyls (Amonette and Rai, 1990; Papassiopi et al., 2014) and/or
Cr(IIl) inhibits the crystal growth secondary iron minerals (Amonette and Rai, 1990;
Choppala and Burton, 2018), resulting in lower crystallinity and higher OH reactivity.

For experiments of pure Fh at pH 7.00, the difference in non-stoichiometric OH bands after 1
day reaction should also be caused by the presence of Cr (mainly Cr(III)) because Fh can be
fully transformed within 1 day (Figure 6.2). Similar to pH 5.75, the much higher band for non-
stoichiometric OH at 3397 cm™ in the presence of Cr at pH 7.00 also suggests greater structural
disorder, lower crystallinity and higher OH reactivity. The difference in non-stoichiometric
bands decreases with reaction time however, which means the influence of Cr on structural
disorder or surface OH units decreases with reaction time. This may be due to the incorporation
of Cr(IIl) into the iron minerals, removing Cr(III) from the surface and allowing the continuing

crystallization process as the reaction with Fe(II) proceeds.

6.4.4 Carbon distribution during Fe(Il)-induced ferrihydrite transformation

6.4.4.1 Decrease in total solid C lessened by Cr

The Ciotal-solid associated with minerals generally decreases with reaction time, and this effect
is enhanced by increasing pH conditions to pH 7.00 (Figure 6.7). Comparing Fh
organominerals made with different OC types but with similar C loadings, the Ciotal-solid at the
end of the reaction appears to increase with the binding strength (Penl/5 < Hex2/6 < But3/7)
and follow the order Fh_Penl/5 8.7 wt%C <Fh Hex2/6 8.4 wt%C <Fh_But3/7 10.1 wt%C.

The decrease in Ciomal-solid @ssociated with the minerals is consistent with previous studies
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(Jelavi¢ et al., 2020; Lu et al., 2019b) and attributed to the decreasing adsorption capacity of
iron minerals as the SSA decreases with the transformation of Fh. (Cudennec and Lecerf, 2006;
Das et al., 2011b; Johnston and Lewis, 1983; Manceau and Drits, 1993; Schwertmann and
Murad, 1983; Schwertmann et al., 2004). The distribution of OC is also controlled by the
adsorption affinity to iron minerals, where OC with higher binding strength has higher affinity
to iron minerals (Zhao et al., 2022) and tend to persist with soil and sediments minerals for a

longer time (Hemingway et al., 2019).

The presence of Cr (predominantly as Cr(III)) aids OC stabilisation with solid phase, especially
at pH 5.75 (Figure 6.7), where more OC is stabilised with Cr than that without Cr during the
latter transformation process (after 6 days). A potential mechanism for this enhanced
stabilisation is the inhibition of mineral transformation from Fh to secondary iron minerals in
the presence of Cr, allowing the more reactive Fh to sorb more OC. Alternatively, it is because
the presence of Cr leads to more structural defects and lower crystallinity of secondary iron
minerals, and results in the increasing surface OH reactivity, or a combination of these. The
increase in surface OH reactivity elevated by Cr(IIl) is enhanced with reaction time at pH 5.75
observed by FTIR (Figure 6.5), which corresponds to the higher Ciotar-solia €levated by Cr(III)
with reaction time. Early in the mineralogical transformation, the solid phase is predominantly
Fh where surface OH sites for OC adsorption are in excess. As the proportion of Fh diminishes
however, and other crystalline minerals forms, the number of surface OH sites decreases,
making the impact of Cr on OH reactivity more pronounced, resulting in more OC stabilized
with minerals (Figure 6.10a). Whereas, the elevation of Ciota1—solia by Cr(III) fades with reaction
time at pH 7.00, which is also consistent with increase in the structural disorder of secondary
minerals elevated by Cr(IIl) disappearing with reaction time observed by FTIR (Figure 6.6).
As more and more Cr is converted from surface species to species incorporated into minerals
with reaction time, the continuing decrease in structural disorder coupled with the decrease in

surface OH reactivity, leads to the decrease in OC adsorption.



164

(a)total solid C

e e .(:(‘o(.o(.o. RN
) e & o o t‘ :....... NS .('{.(.( o :.'.. .‘.
[ ] ::..'.O. coe .(:(Q'(Q'(O.C .(.(.(.
X, ® O o o . O(O{O(O{
> more structure disorder . . .
high surface -OH reactivity stabilize more OC with solid

(b) non-desorbable C
('bl) without Cr(ll1)
non-desorbable OC
( (
desorbable OC

OC hinders aggregation process
and decrease the non-desorbable C

\4

(bll) with Cr(111)

A\ 4

Cr(lll) facilitate aggregation of Gt
and thus increase non-desorbable C

Figure 6.10 Influences of Cr(III) on the stabilization of OC including a) the total solid C and

b) the non-desorbable C during Fe(II)-induced transformation.

The increase in Cyoal-solid €levated by Cr(III) differs for Fh organominerals made with different
carboxyl-rich OC. The absolute value of Cioisolia that is elevated by Cr after 18-days reaction
at pH 5.75 generally increases in the order Penl/5 < Hex2/6 < But3/7, but the proportion of
Chotal-solid €levated by Cr is around 20% for the three Fh organomineral systems (Table 6.2). The
higher absolute value of Ciar-solid increasing with the carboxyl-richness of the OC moieties is
likely due to the fact that OC with higher binding strength has higher affinity for iron minerals
(Zhao et al., 2022 and Curti et al., 2021). Because the Ciparsolia after 18 days reaction also
follow the order Penl/5 < Hex2/6 < But3/7, the proportion of Cioar-solid €levated by Cr(IIl) is
very similar. Overall, the presence of Cr(Ill) aids OC stabilisation with the solid phase
especially in the sub-acidic environment, where around 20% of total Ciotarsolia Were elevated at

pH 5.75.
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Table 6.2 The elevation of Cigtarsoiia by Cr(IlI) after 18-days Fe(Il)-induced transformation of
Fh organominerals at pH 5.75

Crotal-solid Crotal-sotid With  Cioral-solid €levated  Percentage of Ciotal-
without Cr Cr (wt%C) by Cr (wt%C) solid €levated by Cr
(Wt%C)
Fh Penl/5 8.7wt%C 0.52+0.025 0.65+0.016 0.13 25%
Fh_Hex2/6 8.4wt%C 2.68+0.084 2.96+0.059 0.28 21%
Fh But3/7 10.1wt%C  4.80+0.046 5.82+0.023 1.02 21%

6.4.4.2 Increase in non-desorbable C elevated by Cr

In this work I operationally define non-desorbable OC as that which cannot be removed from
the solid particles with 0.1 M NaOH (Kaiser and Guggenberger, 2007). This non-desorbable
OC may be very strongly bound onto the mineral surface (Curti et al., 2021), whilst other
studies suggest that this non-desorbable OC may also be incorporated into the interior of
aggregates, for example by being occluded into mineral pore spaces (Kaiser and Guggenberger,

2007; Lu et al., 2019b).

During the Fe(Il)-induced transformation Cpop desorbable for Fh Penl/5 8.7wt%C and
Fh Hex2/6 8.4wt%C shows a stable or decreasing trend with reaction time, while Cpon-desorbable
for Fh_But3/7 10.1wt%C increases gradually (Figure 6.8). The different changes in Cpop.
desorbable fOor OC with different binding strength are also observed in my previous work (Zhao et
al., 2022), where Cpon-desorbable for weakly-bound OC (Penl1/5 and Hex2/6) decrease while Cpp.
desorbable fOr strongly-bound OC (But3/7) stay constant / increase as the transformation of Fh
proceeds. It is suggested some part of solid C (But3/7) is incorporated into the particle interiors
(Zhao et al., 2022), where it is more difficult to remove with 0.1 M NaOH (Kaiser and
Guggenberger, 2007; Lu et al., 2019b).

Comparing the same organomineral with or without Cr, the presence of Cr obviously increases
Chon-desorbable for Fh_ Hex2/6 8.4wt%C and Fh_But3/7 10.1wt%C (Figure 6.8), suggesting that
Cr(IIT) aids OC sequestration by iron minerals. In the absence of Cr(IlI), OC is adsorbed onto

positively charged iron minerals to form negatively charged OC-coated iron minerals, which
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would hinder the aggregation of iron mineral particles due to electrostatic repulsion (Illés and
Tombécz, 2006), decreasing the effect of occlusion (Figure 6.10a). By contrast, Cr(III) surface
polymers/ precipitates act as a good substrate for Fe(III) to precipitate around, or for the already
formed iron mineral particles to aggregate around, occluding both Cr(IIl) as well as OC in
aggregate pore spaces (Figure 6.10b). Additionally, the presence of Cr(Ill) stabilizes Lp for
longer time (Figure 6.2), where Lp has more structural defects or nano-pore spaces than
goethite observed by transmission electron microscopy (TEM), which help fix OC as non-

desorbable C (Hu et al., 2020).

The increase in Cyon-desorbable €levated by Cr(Ill) appears to be weakened with decreasing
binding strength of OC. There is no difference in Cpon-desorbable for Fh_ Pen1/5 8.7wt%C (Figure
6.8), probably because OC with lower binding strength is readily desorbed from the mineral
particles during the aggregation process. By contrast, OC with higher binding strength is more
stable against desorption and can be sequestered in minerals during aggregation facilitated by

Cr(I10).

6.5 Conclusion

The results obtained in this work show that the presence of OC retards the transformation from
Fh to Gt and Lp at pH 5.75, where the inhibition by OC is enhanced with the carboxyl-richness
of the sequestered OC moieties. Similar to Cr(Ill), the carboxyl-rich OC (But3/7 acid)
effectively stabilizes Lp for longer time during the Fe(Il)-induced transformation process.
Regarding Cr distribution, for pure Fh all detectable Cr exists in the solid phase and almost all
exist as Cr(IIl). The Cr transitions from the desorbable to the non-desorbable pool however, as
transformation progresses, whilst the final proportion of non-desorbable Cr after 90 days
reaction appears to be independent of pH conditions. For Fh organominerals, the presence of
OC appears to rise the rate of capture of non-desorbable Cr, but this elevated capture effect is
mitigated with the carboxyl-richness of the sequestered OC. Whilst the presence of OC lessens
the final proportion of non-desorbable Cr after 90 days reaction and this inhibition effect are
enhanced with the carboxyl-richness of the sequestered OC. Regarding the properties of
secondary iron minerals, the presence of Cr causes more structural disorder in the iron minerals,
which suggests they have a lower crystallinity and higher surface reactivity. Regarding the
distribution of OC, the presence of Cr(III) aids the stabilisation of the OC with the solid phase,
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where the absolute value of total solid C elevated by Cr(Ill) increases with carboxyl-richness
of the OC moieties and for all systems the percentage of total solid C elevated by Cr(III)
accounts around for 20% after 18-days transformation at pH 5.75. The presence of Cr(III)
increases in an important way the amount of C that is non-desorbable with 0.1 M NaOH,
suggesting a stronger bonding of OC, where this facilitation effect appears to increase with
carboxyl-richness of the sequestered OC moieties. Overall results show that the capture of Cr
is strongly inhibited by carboxyl-rich OC during Fe(II)-induced transformation of Fe minerals,
while Cr(IIT) aids more OC stabilization with the solid phase because OC influences the
properties of Fe minerals. The current work sheds new light on the mobility and fate of Cr in
redox environments and also provides important mechanistic information necessary to develop
areduction method for remediating Cr(VI) contaminated soils, thus reducing the environmental
hazardous impacts of Cr(VI), stabilising more OC in soils and thus benefitting the recultivation

of contaminated soils.
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Chapter 7 Summary and suggestions for future
research

This investigates how carboxyl-rich OC in iron (oxyhydr)oxide organominerals controls Cr
cycling during the mineralogical transformation of iron (oxyhydr)oxide under different redox
conditions. To achieve this aim, adsorption experiments and surface complexation modelling
are utilized to observe the influence of OC binding strength on the adsorption of OC and Cr,
and mineralogical transformation experiments are also conducted under different redox
conditions to observe the re-distribution of OC and Cr. The main findings of this work are

summarized here, and possible future research directions are also suggested.
7.1 The role and fate of organic carbon during aging of ferrihydrite

By combining OC adsorption experiments, surface complexation modelling and aging
experiments under oxic conditions, the influence of OC binding strength on aging of Fh and

OC preservation in the soil environment are investigated. This work finds that:

* Organic carbon substantially retards aging of Fh and this retardation increases with increasing
binding strength of the OC, following the order Pen1/5 (mono-carboxylic acid) < Hex2/6 (di-
carboxylic acid) < But3/7 (tri-carboxylic acid) at similar C loading, and with increasing C

loading and decreasing pH;

* The presence of OC alters the physiochemical properties of Fh and Fe minerals formed during
aging, in particular the presence of OC lessens the decrease in the SSA and TPV of Fe minerals

formed from aging, and this affect is enhanced with increasing binding strength of the OC;

* The total amount of C retained with the solid during aging is strongly coupled to the binding
strength of the OC and the initial C loading of the organominerals, where OC with higher
binding strength is retained more with the solid, and partial OC is released if the initial C

loading is higher than the adsorption capacity of the aged Fe minerals;
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* The total amount of non-desorbable C after 19-days aging similarly shows a positive
correlation with the binding strength of the OC, where the proportion of non-desorbable C

increases with higher binding strength;

* Overall results suggest that carboxyl-rich OC coprecipitated with Fh becomes proportionally
more stable with the solid phase because OC with lower binding strength is more readily

released during mineralogical transformation.

The experiment results presented here are consistent with previous work in which the binding
strength of OC is closely related to its carboxyl richness and OC can influence the
physiochemical properties and aging of Fh. The work here newly finds however, that the
carboxyl richness and hence the binding strength of the OC play an important role in the aging
of iron (oxyhydr)oxide and the mobility and fate of OC associated with these minerals. In this
thesis the treatment of Fe minerals with 0.1 M NaOH to desorb OC is developed as a method
to remove OC and measure the SSA and TPV of the naked Fe minerals. This method is shown
to be practical to quantify the influence of OC on the physiochemical properties of Fe minerals.
Furthermore in this thesis the developed desorption method is shown to be practical to estimate
the distribution and hence the mobility and fate of OC with Fe minerals, as either non-

desorbable vs. desorbable.

As natural OC is carboxyl-rich and a significant proportion of OC is associated with Fe
minerals, the behaviour of the carboxylic acids associated with Fe minerals in this work
suggests there should be a similar trend for the relationship between carboxyl-richness and
stabilization of natural carboxyl-rich OC associated with Fe minerals in natural environments.
As such this work predicts that in natural environments, OC with higher carboxyl-richness will
be strongly bound with Fe minerals and will become proportionally more stable during the
mineral aging process. Similarly the findings concerned with the concentration of carboxylic
acids associated with Fe minerals in this work suggests there should be a similar trend for the
for the relationship between OC concentration and mobility of natural carboxyl-rich OC
associated with Fe minerals in natural environments. As such this work predicts that in natural
environments, some OC will be released and decomposed by microorganisms when the initial
OC concentrations are higher than the adsorption capacity of the secondary Fe minerals formed

during the aging process. Overall the work in this thesis offers a deeper insight into the
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mechanisms responsible for the persistence and long-term preservation of OC in natural

environments.

7.2 The mobility and fate of Cr during aging of ferrihydrite and ferrihydrite

organominerals

By combining Cr(VI) adsorption experiments, surface complex modelling and transformation
experiments the influence of OC binding strength on Cr(VI) adsorption and distribution during

aging of Fh under oxic conditions are investigated. This work finds that:

* The binding strengths of carboxylic OC and Cr(VI) complexes follow the order one-carboxyl
binding ~ monodentate Cr(VI) binding < two carboxyl binding ~ bidentate Cr(VI) binding <

three- carboxyl binding;

* The weakly-bound OC at different C loadings has almost no discernable influence on Cr(VI)
adsorption, while the strongly-bound OC significantly suppress Cr(VI) adsorption via surface

masking and/or electrostatic repulsion;

* The presence of Cr(VI) retards the transformation rates of Fh under various pH conditions,
whilst Cr(VI) also causes discernable retardation on the transformation of Fh organominerals

even at a low concentration;

* The redistribution of Cr(VI) for Fh organominerals is strongly controlled by the properties of
the secondary iron minerals: the presence of OC results in a loose and porous secondary iron
mineral structure, which significantly increases the final proportion of Cr(VI) captured by

minerals compared to pure Fh;

* The redistribution of Cr(VI) is also influenced by the effects of OC on Cr(VI) adsorption, and
specifically the relative binding strength of OC and Cr(VI): Cr(VI) can easily replace OC to
access adsorption sites, which increases the rate constant for the capture of non-desorbable
Cr(VI) and increases the final proportion of non-desorbable Cr(VI) captured in neo-formed
minerals; Cr(VI) adsorption is inhibited by strongly-bound carboxyl-rich OC, which results in

lower rate constants for the capture of non-desorbable Cr(VI) and decreases the final proportion



171

of non-desorbable Cr(VI) captured in neo-formed minerals, compared to carboxyl-poor
organominerals.

* Overall results show that the adsorption and fixation of Cr(VI) under oxic conditions is
suppressed by the carboxyl rich OC in Fh organominerals rather than carboxyl-poor OC
because Cr(VI) can easily replace the weakly-bond OC.

The work here newly finds that the presence of OC in Fh organominerals can influence the
distribution of Cr(VI) during the mineral aging process, where it is first observed that different
binding strengths of OC lead to different effects on the capture of Cr(VI). Specifically this
study demonstrates the importance of relative binding strength between OC and Cr(VI) in
controlling the mobility and fate of Cr(VI), which provides a new insight into the role of
different additives, like OC, in controlling the cycling of Cr in geochemical systems. In
contaminated soils, the carboxyl-richness of OC might be used as a factor to estimate the
environmental risk of Cr(VI), because the work in this thesis predicts that Cr(VI) will have
higher mobility in the presence of carboxyl-rich OC and thus that this mobile Cr(VI) may pose
more hazardous risk to plants and animals. In addition, the pH condition is another factor that
might be used to estimate the environmental risk of Cr(VI) in contaminated soils because the
work in this thesis predicts that higher pH conditions will lead to higher mobility of Cr(VI).
Most notably, the risk of Cr(VI) even at low concentrations should not be ignored in the
presence of carboxyl-rich OC or at high pH conditions in industrial solid waste/sludge and
contaminated soils. This is particularly pertinent considering that most remediation methods
for Cr(VI) contamination have limited application in remediating Cr(VI) with low
concentrations because of economic viability. The experiment results presented here indicate
that Fh organominerals made with weakly-bound OC may be a potential material to effectively
fix Cr(VI) in contaminated soils, especially for low concentrations of Cr(VI) (1-20 ppm).
Overall, this work provides new information about fundamental mechanisms that might be

developed for remediating Cr(VI) contaminated soils.

7.3 Behaviour and fate of chromium and carbon during Fe(Il)-induced

transformation of ferrihydrite organominerals
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By conducting Fe(II)-induced transformation of Fh organominerals, the influence of OC on Cr
distribution and the influence of Cr on OC distribution during the transformation process are

investigated. This work finds that:

* Carboxyl-rich OC (But3/7 acid) and Cr(III) effectively stabilize lepidocrocite for a longer

time during the Fe(Il)-induced transformation process;

* For pure Fh and Fh organominerals, all detectable Cr exists in the solid phase and almost all
Cr exists as Cr(Ill), which transitions from the desorbable to the non-desorbable pool as

transformation progresses;

» The presence of OC appears to increase the rate of capture of non-desorbable Cr in neo-
formed minerals, but this facilitation influence is weakened with increasing carboxyl-richness
of the sequestered OC, whilst the presence of OC decreases the final proportion of non-
desorbable Cr with respect to pure Fh and the decline of the final proportion of non-desorbable

Cr is enhanced with increasing carboxyl-richness of the sequestered OC;

» The presence of Cr(IIl) causes more structural disorder in secondary iron minerals, which
suggests that the secondary iron minerals have lower crystallinity and higher surface OH

reactivity;

* The presence of Cr(Ill) aids more OC to be stabilized with solid phase after 19-days
transformation at pH 5.75, where the absolute amount of OC elevated by Cr(IIl) appears to

increase with carboxyl-richness of the sequestered OC moieties;

* The presence of Cr(IIl) appears to increase the amount of C that is non-desorbable with 0.1

M NaOH, especially for the carboxyl-rich OC (But3/7 acid) at pH 7;

* Overall results show that the capture of Cr is strongly inhibited by carboxyl-rich OC during
Fe(Il)-induced transformation of Fe minerals, while Cr(II) aids more OC stabilization with the

solid phase because OC influences the properties of Fe minerals.
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The work here newly finds that the carboxyl richness of OC play an important role in
controlling the capture of Cr in neo-formed Fe minerals and conversely Cr(III) also influence
the stabilization of OC associated with Fe minerals. As such the work here may be used to shed
new light on the behaviour of Cr in natural environments with changing redox conditions. In
natural environments, the redox conditions can change from oxic to anoxic conditions, for
example when flooding occurs or soil depth increases. The work in this thesis predicts that
under anoxic conditions, Cr(II) reduced from Cr(VI) will preferentially exist in the solid phase
as adsorbates or precipitates, but that these Cr(IIl) will still have high potential to be re-
mobilized or oxidized to Cr(VI). As such the capture of Cr(IIl) inside Fe minerals is likely a
better pathway for the complete fixation of Cr in soils, which is influenced by OC and pH. This
work predicts that the presence of OC in soils will suppress Cr(Ill) captured in Fe minerals,
and that this suppression will be enhanced with increasing carboxyl-richness of OC and
decreasing pH. A lower pH of soils will likely lead to the slower capture of Cr(IIl) in Fe
minerals, which means Cr(III) species will have high potential to be re-mobilized over longer
time periods with respect to neutral or alkaline soils. Conversely Cr(III) reduced from Cr(VI)
may aid more OC stabilization in soils and thus benefit the recultivation of contaminated soils.
As such the best scenario for Cr(Ill) capture inside Fe minerals and recultivation of
contaminated soils might be achieved in soils with relatively carboxyl-poor OC at relatively
high pH, so that the suppression of Cr(III) capture is less significant, and the presence of Cr(III)
can aid OC stabilization. It should also be noted that this study provides a good case study for
the application of ATR-FTIR to track the influence of trace metals on the properties of Fe
minerals. Overall, this thesis deepens our understanding about the mobility and fixation of

Cr(VI) in contaminated soils under different redox conditions.

In its entirety the work in this thesis emphasizes the importance of interactions among Fe
minerals, OC and trace metals, which influence the properties of Fe minerals and control the

mobility of OC and trace metals in natural environments.

7.4 Suggestions for future research

A better understanding of cycling of nutrients like C, N and P, and metal elements like Cr, Cu
and Cd in terrestrial environments is essential to sustainable soil development. Previous work
shows that elemental mobility and fate are controlled through interactions with sediment and
soil minerals and the interplay between mineralogical and microbiological processes. Based on

the work in this thesis, some specific suggestions are presented here.
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Regarding the preservation of OC in soils, this research highlights the importance of OC
binding strength, but it just focuses on the mobility of carboxyl-rich OC in short-term
experiments. Thus it will be interesting to investigate the mobility of organic matter with other
functional groups and even make a comparison between different types of OM in terms of
binding strength and their stabilization during the mineralogical transformation, which can help
estimate the contributions of each functional group in the preservation of OM in natural
environments. Additionally, long-term culture experiments are also encouraged to test the role

of OC binding strength in long-term preservation processes.

Regarding the mobility and fate of Cr(VI) under oxic conditions, this research shows that the
mobility of Cr(VI) is controlled by the carboxyl-richness of OC during the transformation of
Fh in ferrihydrite organominerals, but it did not investigate the bonding environment of Cr(VI)
in neo-formed minerals and did not observe the influences of Cr(VI) on the stabilization of OC,
probably because of the low Cr(VI) concentration. The influences of Cr(VI) on the mobility of
organic C, N and P, especially low molecular weight organic matter, should be further
investigated. More spectroscopic techniques can also be utilized to observe the bonding
environment of Cr(VI), which can help estimate the migration of Cr(VI) in the long term.
Additionally, Fh organominerals made with carboxyl-poor OC show a good adsorption and/or

capture of Cr(VI), which may be applied to remediate Cr(VI) contaminated soils.

Regarding the re-distribution of OC and Cr in anoxic environments, this research shows that
the re-distribution of Cr(IIl) and the transformation pathway of iron (oxyhydr)oxide are
controlled by the carboxyl-richness of OC, and mutually Cr(III) also influences the properties
of iron (oxyhydr)oxide and subsequently influences the stabilization of OC. Here, it is
interesting to further study influences of OC on the formation of magnetite because magnetite
can serve an electron sink or electron source contributing to the biogeochemical cycling of Fe.
Besides, how different types of OC influence the distribution of Cr(IIl) should be further
investigated, where some functional groups may have stronger affinity than —FeOH sites to
Cr(III), which can further influence the migration of Cr. Additionally, how Cr(III) influences
the properties of iron (oxyhydr)oxide and how Cr(III) aids OC stabilization with minerals needs
more direct evidence to support the detailed mechanisms suggested in my study. It is also
suggested to study the influences of microbiological activities on the migration and fixation of
Cr(VI), where the systems are more complex due to the presence of various kinds of OM and

the reactivity of microorganisms.
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Overall, there are still knowledge gaps about the influence of OC and iron (oxyhydr)oxide on
the mobility and fate of Cr and more research work is encouraged to advance our understanding,

and thus help protect soil health.
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Appendixes

Section S1: MOPS and MES buffers

In my experiments MOPS and MES buffers were chosen because they have negligible impact
on the transformation of Fh (Bradbury and Baeyens, 1999; Ford et al., 1999). It was unclear
however, whether they can be sequestered to Fe minerals. To determine the sequestration of
MOPS and MES buffers test experiments were conducted. Fh Penl/5, Fh Hex2/6 and
Fh_But3/7 coprecipitate slurries were mixed with MOPS to produce 2 g/L suspensions with
30 mM MOPS in 0.01 M NaNOs background electrolyte. Control experiments without MOPS
buffer were also prepared. After shaking for 24 h, two 15 mL aliquots were subsampled from
the container and filtered with 0.22 um cellulose nitrate filters using a vacuum filtration
apparatus. The mineral particles were collected, rinsed using 15 mL DI water and then freeze-

dried for total solid C measurement.

The total amount of solid C (wt%) for the Fh coprecipitates mixed with MOPs are the same as
those generated in the controls without MOPS added (Figure S1), indicating that MOPS has
negligible influence on OC adsorption behaviour. As such we are confident that MOPS
sequestration is negligible and has no discernable influence on the distribution of OC during
aging. We also consider that MES sequestration is negligible and has no discernable influence
on the distribution of OC during aging because MOPS and MES have similar structure and the

same functional group that would be responsible for sequestration.
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Figure S1. Influence of MOPS on total amount of C for different Fh coprecipitates. The red
solid circles are experiments mixed with 30 mM MOPS and the black open squares are the
control experiments without MOPS added. Fh Penl/5, Fh Hex2/6 and Fh But3/7 are Fh
coprecipitates made with Penl/5, Hex2/6 and But3/7, which represent simple carboxyl-rich
OC with one, two and three carboxyl groups, respectively. Error bars represent standard

deviations of duplicate samples.
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Section S2: Observation of Fh aging using acid leaching method

The acid leaching method has been applied to observe the transformation rate of Fh in the study
by Wang et al. (2020), where 0.4 M HCl is used to extract untransformed Fh. We conducted a
test experiment to study the extraction efficiency of this acid leaching method. Fh and Hm
slurries were mixed at 0 %, 25 %, 50 %, 75 % and 100 % Fh based on Fe atomic ratio, where
the total Fe atomic ratios were equal to those in the aging experiment. Seven 1 mL aliquots
from each suspension were pipetted into 2 mL centrifuge tubes. 1 mL 12 mol L' HCI was
added into one aliquot to produce 6 mol L™ HCI in suspension for the determination of total
Fe in the solid phase by total digestion of all solid Fe phases ([Fe(T)s m uci]) (Wang et al.,
2020a). 1 mL 0.8 mol L' HCI was added into the other aliquot to produce 0.4 mol L™ HCI,
reacted for 10 mins, then centrifuged, and filtered. As soluble Fe(Ill) in the aqueous phase was
below detection limits before adding acids (Reddy et al., 2015), the concentration of Fe in the
supernatant after the 0.4 mol L' HCI addition ([Fe(T)o4 m uci] represented the total
concentration of acid reactive solid phase Fe minerals, nominally Fh (Wang et al., 2020a). The
concentration of Fe was determined on an Atomic Absorption Spectrophotometer (iCE 3300
AADS). Then the fraction of remaining Fh was quantitatively calculated through the equation:

[Fe(T)oamucil/ [Fe(T)es muci]. All operations above were conducted at least in duplicate.

As shown in Figure S2, the efficiency of extracting Fh from mixtures of Fh and Hm is over
95%. As such we are confident that Hm dissolution is negligible while Fh dissolution is
essentially complete in 0.4 M HCI. It is also reported that 0.4 M HCI cannot dissolve Gt (Reddy
etal., 2015), and as such 0.4 M HCI can be used to extract untransformed Fh from mixtures of

Fh, Hm and Gt.
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Figure S2. Fraction of Fh extracted from mixtures of Fh and Hm at 0 %, 25 %, 50 %, 75 %
and 100 % Fh using acid leaching method. The line shows the 1:1 line, corresponding to the

theoretical fraction of Fh in the mixtures.



180

Section S3: XRD pattern of selected Fh coprecipitates prior to aging
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Figure S3. X-ray diffraction patterns of selected Fh coprecipitates prior to aging.
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Section4: STXM image for Fh_But3/7_7.8wt%C

My representative STXM elemental distribution map of the Fh coprecipitates prior to aging is
shown for Fh_But3/7 7.8wt%C, i.e., my Fh coprecipitate with the highest C loading. The map
shows that C (cyan) is apparently more concentrated at the particle edges. Given that the lowest
energy used for mapping is for C, and heavier elements (mainly Fe) in the particle absorb X-
rays, C is not quantitatively mapped for particles like ours with varying thickness. Areas where
the particles are thinner can thus appear more concentrated in C than areas where the particles
are thicker. As such relative changes in OD across a particle are not necessarily indicative of
C distribution. For particles of varying thickness however, the edges are typically thinner than
the central areas, and the STXM signal at the edges therefore reflects C mainly located at the
particle surfaces, while the STXM signal in the centre reflects C located at the particle surfaces
and in the particle interiors. If C appears to be more concentrated at the edges than the centre,
then the distribution of C across the whole particle is approximately equal to that at the particle
surfaces and is not substantially augmented in the central area by additional C associated with
the greater particle volume. In this case C can be interpreted to be mainly distributed at the

particle surfaces, without substantial incorporation into the particle interior (Curti et al., 2021).
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Figure S4. STXM elemental distribution maps of (a) carbon and (b) iron for a selected particle
of Fh_But3/7 7.8wt%C. The gray scale indicates thickness in optical density. The scale bar is
1 um. (¢) Colour-coded composite maps of carbon (cyan) and iron (red). (d) Correlation plots
of thickness (OD) values of carbon and iron obtained from STXM elemental distribution maps;

R°=0.711.
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Section 5: Fitting to the increasing rates of Cr(VI) captured in neo-formed minerals
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Figure S5. Linear fit to the rates of non-desorbable Cr(VI) during the mineralogical
transformation of pure Fh and selected Fh organominerals. The percentate of non-desorbable
Cr(VI) from 0% to 80% is fitted with linear equation [Ag] = a + b x t, where [Ay] is the
percentate of non-desorbable Cr(VI) at time ¢, a is the intercept and b is the slop representing

the rate of the capture of Cr(VI).
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Figure S6. Model fit to the rates of non-desorbable Cr during Fe(II)-induced transformation of
pure Fh and Fh organominerals. The percentates of non-desorbable Cr are fitted with the rate
equation [A]i= aX(1 - e'b’) where [A]; is the fraction of Crpen-desorbable at time ¢, a is final

proportion of non-desorbable Cr after the transformation, b is the rate constant.

Section 7: Extraction of Cr(VI), Fe(II) and Cr(III) with wet chemical methods

Section 7.1 Extraction of Cr(VI) from iron minerals

The alkaline leaching method has been used to desorb Cr(VI) from iron minerals in the study
(Hu et al., 2019), where 0.1 M NaOH is used. We conducted a test experiment to study the
extraction efficiency of this alkaline leaching method. Ferrihydrite slurry and Cr(VI) stock
solution were added into MilliQ water to give a total volume of 50 mL, a solid solution ration
of 2 g dry sorbent L™ with 0.1%Cr at 100% adsrotpion (Cr(VI) 2.17 ppm). Then the pH of
suspensions was adjusted to pH 5 and pH 6.5 with dilute HC] and NaOH solutions, after which

the reactors were shaken for 24 h to get equllibrium.

Three 2-mL aliquots were subsampled from the reactor and centrifuged to separate solid
minerals and supernatant. The supernatant was collected for measurement of aqueous Cr(VI).
The remaining mineral particles were rinsed with 2 mL DI water, and re-suspended in 2 mL
0.1 M NaOH and shaken for 24 h to extract Cr(VI). Then resulting suspensions were filtered
with 0.22 um PES filters and the filtrate was collected for measurement of Cr(VI), which was
operationally defined as desorbable Cr(VI) (Crgesorbabie). Proportions of Cr(VI) remaining in the
solid, operationally defined as non-desorbable Cr(VI) (Crpon-desorbaibe), Were calculated based on
mass balance. The Cr(VI) concentrations in all solutions generated above were measured by
inductively coupled plasma mass spectrometry (ICP-MS). All measurements were conducted
in triplicate.

As shown in Table S1, the extraction efficiency is over 95%. As such, I’'m confident that the
alkaline leaching method can be applied to observe the distribution of Cr(VI) during

mineralogical transformation of pure Fh and Fh organomienrals.

Table S1. Alkaline leaching of Cr(VI) with 0.1 M NaOH from pure Fh
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pH Aqueous Desorbable Cr(VI) with Total Cr(VI) added Extraction

Cr(VI) 0.1 M NaOH (ppm) (ppm) efficiency (%)
Pure Fh 5 0 2.13 2.17 98.18
5 0 2.11 2.17 97.48
5 0 2.14 2.17 98.91
6.5 0 2.12 2.17 97.71
6.5 0 2.15 2.17 99.28
6.5 0 2.16 2.17 99.52

Section 7.2 Measurement and extraction of Fe(II)

The ferrozine method has been widely applied to measure Fe(II) (Stookey, 1970), but whether
the presence of Pen1/5, Hex2/6 and But3/7 in my study influence the measurement of Fe(Il) is
unkown. I have conducted the test experiment to study the influence of carboxylic acids. The
Fe(Il) stock solution (NH4Fe(SO4),), Cr(IIl) stocks solution and each organic acids stock
solution were added into MilliQ water to give a total volume of 50 mL, Fe(II) concention of
50 ppm, Cr(IIT) concention of 20 ppm, each OC concentration of 0.4 mM in the 30 mM MES
buffer solution. Then the mixture solution were shaken 1 h to make it homogeneous. Then the
concentration of Fe(II) was measured by ferrozine assay. As shown in Table S2, the aqueous
Fe(Il) measured was same with the total amount of Fe(Il) added in system. Therefore, the
presence of my carboxylic acdis, Cr(III) and MES buffer has no discernable influence on Fe(II)

measurement under my experiment conditions.

Table S2. Measuremnt of Fe(II) with ferrozine assay in the presence of 0.4 mM OC, 20 ppm
Cr(I1I) and 30 mM MES

Total Fe(Il) added Fe(Il) measured

(ppm) (ppm)
Penl/5 0.4 mM Cr(Ill) 20 ppm MES 30 mM 50 49.81
50 50.68
Hex2/6 0.4mM Cr(Ill) 20 ppm MES 30 mM 50 50.16
50 49.93
But3/7 0.4 mM Cr(Ill) 20 ppm MES 30 mM 50 50.02

50 49.80
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The acid leaching method has been used to track changes of Fe(Il) adsorbed on iron mienrals
during Fe(IT)-induced tranformation of Fh (Sheng et al., 2020a; Xiao et al., 2017), where 5 mM
HCl is used to desorb Fe(Il) from Fe minerals. I also conducted the experiments to test the

extraction efficiency of this method.

An aliquot of the non-freeze-dried pure Fh and Fh organomineral slurries were added to 0.01
M NaNOj; background electrolyte to give a total volume of 50 mL with a solid solution ration
of 2 g L', The suspensions were then adjusted to environmentally relevant pH values of 5.75
and 7 using dilute NaOH or HNO; and buffered using 30 mmol L organic buffer 2-(N-
Morpholino)ethane-sulphonic acid (MES) and 3-(N-Morpholino)propanesulphonic acid
(MOPS), respectively. All the solutions were purged with high purity N, for at least 0.5h before
they were transferred into the glove box and then exposed to the atmosphere of glove box for
24h to remove the trace dissolved oxygen. A stock Fe(II) solution (FeCl,) was then added to
the suspension to induce the mineralogical transformation of the iron minerals. After reaction
for 0.5 h to get equilibrium, 1 mL samples of the homogeneous suspension were removed and
centrifuged at around 6000 g for 3 minutes. The supernatant was filtered with 0.22 um PES
syringe filters for the measurement of aqueous Fe(Il) concentration ([Fe(Il),q]). After the
removal of the supernatant, I mL of 5 mM or 10 mM HCI was then added to remove Fe(Il)
adsorbed on the minerals. The suspension was mixed homogeneously three times at least by
hand then centrifuged after reacting for 10 min. The supernatant was also filtered with 0.22 um
PES syringe filters for Fe(II) measurement, which is operationally defined as desorbable Fe(II)
(Fe(IT)gesorbable). The concentration of Fe(Il) was measured by ferrozine assay (Sheng et al.,

2020a; Stookey, 1970). All experiments were conducted in duplicate.

As shown in Table S3, the recovery efficiency of Fe(Il) is generally over 90% for all systems
except Fh_Penl/5 system (>80%), which indicates the acid leaching method is a useful method
to track changes aqueous and desorbable Fe(Il) during the Fe(Il)-induced transformation of Fe

minerals.
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Table S3. Recovery of Fe(Il) with acid leaching method during Fe(Il)-induced tranformation

of Fh and Fh organominerals after reacting for 0.5 h.

Extraction  pH Aqueous Desorbable Total Fe(Il) Recovery
method Fe(I) Fe(I) added efficiency
(ppm) (ppm) (ppm) (%)
Pure Fh S5mMHCI 5.75 103.91 4.93 109.76 99.16
104.90 4.19 109.76 99.39
5mMHCI  7.00 59.68 41.22 109.76 91.93
61.78 40.97 109.76 93.61
Fh Penl/5 S5SmMHCI 5.75 31.9 4.3 43.9 82.46
8.4wt%C
31.5 3.8 43.9 80.41
5mMHCI  7.00 8.2 29.4 43.9 85.65
6.8 27.6 43.9 78.36
Fh Hex2/6 10 mM HCl 5.75 34.8 6.6 43.9 94.31
_8.1wt%C
36.0 8.2 43.9 100.68
10 mM HC1 7.00 12.1 27.4 43.9 89.98
12.4 27.8 43.9 91.57
Fh But3/7_ 10 mM HCl 7.00 8.6 32.0 43.9 92.48
10.1wt%C
8.6 32.2 43.9 92.94

Section 7.3. Extraction of Cr(IIl) from Fe mineral surface

Here I design an extraction method to observe the distribution of Cr during Fe(II)-induced
transformation, where 200 ppm KMnO, and 0.1 M NaOH mixture solution is used to extract
Cr(III) from Fe mineral surface. The test experiments were conducted to study the extraction
efficiency. Ferrihydrite slurry and Cr(III) stock solution was added into MilliQ water to give a

total volume of 50 mL, a solid solution ration of 2 g dry sorbent L™ and Cr(III) concentration
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of 2.17 ppm (406.3 uM). An 1 mL aluquot was collected from reaction and then centrifuged
at around 6000 g for 3 mins. The supernatant was filtered with 0.22 um PES syringe filters for
the measurement of aqueous Cr(III) by inductively coupled plasma mass spectrometry (ICP-
MS). After removing all supernatant, the solid minerals were removed from the anoxic
chamber and treated with 1mL 200 ppm KMnO4 and 0.1 M NaOH mixture solution to desorb
Cr(II) from the mineral surface. The KMnOj4 solution can oxidize Cr(III) to Cr(VI) quickly
and effectively (Rogers, 2016), and then these Cr(VI) will be desorbed from minerals in the
presence of 0.1 M NaOH. After shaking for 24 h, the suspensions were centrifuged and the
supernatant was transferred into new tubes. Then the supernatants were heated at 75°C for 24
h to decompose KMnQO, because the presence of KMnO, can influence the measurement of
Cr(VI) by 1,5-diphenylcarbazide method (Rogers, 2016).

As shown in Table S4, the desorption efficiency in my treatments was over 95%. As such, this
method can be effectively applied to observe changes of Cr(IIl) from desorbable pool to non-

desorbable pool during Fe(Il)-induced transformation of Fh and Fh organominerals.

Table S4. Extraction of Cr(IlI) from Fh surface with 200 ppm KMnO4 and 0.1 M NaOH

mixture solution

Mineral Aqueous Cr(IIT) Cr(VI) desorbed Total Cr(Ill) Extraction
(uM) added (uM) efficiency (%)

Pure Fh 0 384.7 406.3 94.7

0 395.7 406.3 97.4

0 385.4 406.3 94.9

0 387.3 406.3 95.3

0 399.5 406.3 98.3

0 400.7 406.3 98.6
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