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Abstract

Arsenic (As) is a common trace metal in the environment and a global environmental concern
due to its toxicity and occurrence in the groundwater of many countries in high concentrations.
Understanding As adsorption and desorption mechanisms onto and from aquifer or soil
minerals is important to comprehend As mobility and transport in aquatic environments. This
thesis investigates As(V) adsorption and desorption dynamics onto and from iron-manganese
(Fe-Mn) binary oxides formed through both biological and abiotic processes. Indeed, iron and
manganese oxides often co-exist in the environment, and the roles of these binary phases in
trace metal cycling are currently under-investigated. Fe-Mn binary oxides might play a
significant role in As(V) adsorption dynamics in nature due to their high efficiency of As(V)
adsorption. In our experiments, abiotically precipitated Fe-Mn binary oxides demonstrated
higher adsorption capacity than ferrihydrite, an extensively studied potential As(V) adsorbent.
Higher specific surface area and pore size might have contributed to the increased As(V)
adsorption of Fe-Mn binary oxides. Both adsorption systems fitted greatly with the Pseudo-
Second-Order kinetic model, indicating adsorption of As(V) onto both minerals might have
been caused by chemisorption. Though abiogenic forms of Fe- and Mn oxides have been
investigated a lot previously, biogenic Fe-Mn binary oxides, which in nature may be formed
through the activity of metal-oxidizing bacteria, are often overlooked in terms of their role in
trace metals adsorption-desorption dynamics, including As(V). In this research, we also
produced biogenic Fe-Mn binary oxides using Pseudomonas putida, which oxidized Mn(II) to
Mn oxides, followed by the oxidation of Fe(Il) to Fe oxides by the Mn oxides under micro-
oxic conditions. Both phases were co-precipitated as finely inter-mixed biogenic Fe-Mn binary
oxides. This synthesis procedure described a potential new pathway for biogenic Fe-Mn binary
oxides formation at oxic-anoxic interfaces in nature. The synthesized biogenic minerals were
characterized using a suite of analytical techniques, including X-ray Diffraction, Scanning
Electron Microscopy, (Scanning) Transmission Electron Microscopy, Selected Area Electron
Diffraction, Energy-Dispersive X-ray Spectroscopy (EDX), and fluorescence microscopy. The
biogenic minerals appeared as aggregates of fine mineral particles and bacterial cells and EPS.
Ultrathin plates, long chains, and globular morphologies were commonly observed in the
biogenic Fe-Mn binary oxides minerals. Mineral particles were <100 nm in size, which
categorized them as nanoparticles. Mineralogical analysis revealed that the minerals’ structures
were amorphous or poorly crystalline and consisted of a mixture of birnessite and ferrihydrite

nanocrystals. EDX analyses showed the heterogeneous distribution of Fe and Mn within the



biogenic Fe-Mn binary oxides, confirming the existence of these elements in two distinct
phases. These minerals contained a significant amount of phosphorus, which might have
originated from the hydrolysis of the microbial cells and is thought to be present as phosphate

1ons bound to the mineral surfaces.

This research also compared the As(V) adsorption-desorption dynamics of biogenic and
abiogenic Fe-Mn binary oxides and revealed the role of biofilm in adsorption-desorption
mechanisms. Biogenic minerals demonstrated lower As(V) adsorption capacity as compared
with abiogenic Fe-Mn binary oxides due to their close association with organic matter
(bacterial cells and EPS), which might cover a significant portion of the mineral surfaces.
Moreover, the presence of microbial cells and EPS (biofilm) could provide net negative charges
at the surface of the biogenic minerals, which might cause electrostatic repulsion to the
negatively charged As(V) species, impeding As(V) adsorption. Additionally, the presence of
phosphate groups at the surface of the biogenic minerals might have blocked potential surface
sites for As(V) adsorption. Adsorption of As(V) on biogenic minerals was found to be
controlled by As(V) diffusion through biofilm, influencing As(V) adsorption onto the biogenic
minerals. As(V) desorption experiments from both biogenic and abiogenic Fe-Mn binary
oxides demonstrated that, while a small fraction of the adsorbed-As(V) might desorb, the
majority of As(V) is adsorbed irreversibly on both types of minerals, presumably through
chemisorption. This indicates that both minerals might be expected to retain As(V) even as the
concentration of As(V) in solution changes, such as in the case of flood events and groundwater
level change. This research sheds light on the potential formation pathway of biogenic Fe-Mn
binary oxides at the oxic-anoxic interface of the water column in nature, highlighting their
environmental importance. It also provides a better understanding of the As(V) adsorption and
desorption onto and from both abiogenic and biogenic Fe-Mn binary oxides in the presence of

microbial biofilms, which might have great environmental significance.



1 Chapter One: Introduction

1.1 Arsenic
Arsenic (As) is a ubiquitous trace metal in the environment and a global environmental concern

due to its presence at high concentrations in some groundwater. It is the 20™ and 14™ most
abundant element in the Earth’s crust and seawater, respectively (Mandal and Suzuki, 2002).
Arsenic is a metalloid (semi-metal) with an atomic number of 33 and a relative atomic mass of
74.92. Tt has a boiling point of 613 °C and a density value of 5.75 g/cm’ at 25 °C. Its common
valence states are —3, 0, +3, and +5. It has only one stable isotope, As. The metallic form of

As is bright and silvery grey in color and brittle in texture.

1.2 Arsenic Toxicity and Associated Health Problems

Arsenic carcinogenicity and toxicity to humans are one of the primary reasons for extensive
research on As adsorption, mobility, transport, and contamination remediation (Muehe et al.,
2016; Guo et al., 2008). This element is considered as one of the significant global
environmental issues due to its presence at a concentration higher than >10 pg/L (the World
Health Organization (WHO) recommended drinking-water standard) in groundwater aquifers
of many countries, especially in South Asia, including Bangladesh, India, Cambodia, Vietnam,
Pakistan, Sri Lanka, Nepal, Afghanistan, and its carcinogenic effects on human health
(Mukherjee et al., 2006; Benner and Fendorf, 2010; Sharma et al., 2010; Amstaetter et al.,
2010; Hassan et al., 2017; Rahman et al., 2009). Consumption of As-contaminated water and
food can lead to As poisoning, known as arsenicosis, a chronic health condition caused by
long-term (no less than 6 months) ingestion of elevated concentrations of As, generally
indicated by skin lesions (melanosis and/or keratosis), regardless of whether internal organs
are affected (Ahmad and Khan, 2023; Das and Sengupta, 2008; WHO, 2003). Arsenic has been
identified as a non-threshold carcinogen (class 1) for humans (Hohmann et al., 2011; WHO
and IARC, 2004; Ng et al., 2003) (i.e., a carcinogen with no safe exposure level). Acute effects
of As poisoning include diarrhea, abdominal pain, vomiting, and death in severe cases (WHO,
2022). Chronic exposure to As is associated with serious health conditions, including skin,
lungs, liver, prostate, bladder, and hematopoietic cancers, as well as diabetes and
cardiovascular and pulmonary diseases (WHO, 2022; Genchi et al., 2022; Tsuji et al., 2019;
Cohen et al., 2013).



Research has also indicated that there are links between As exposure, neurotoxicity, and
negative cognitive development, particularly in aspects of memory and intelligence (Tolins et
al., 2014). Furthermore, As exposure has also been reported to adversely affect pregnancy
outcomes, infant mortality, and child health (Quansah et al., 2015; Farzan et al., 2013). Though
WHO has recommended 10 pg/L as safe As concentration in drinking water, many developing
countries such as Bangladesh follow higher concentration standards, allowing up to 50 pg/L
due to the inaccessibility of lower As-concentration drinking water throughout the country and
available water treatment facilities (Tolins et al., 2014; Ng et al., 2003; Smedley and
Kinniburgh, 2002; Frisbie et al., 2002; Smith et al., 2000).

1.3 Arsenic in the Environment

Arsenic is a naturally occurring metalloid present in soils and rocks, atmosphere, and natural
waters. It is widely distributed in soil, sediment, rocks, and metal ores in the forms of
oxyhydroxide or sulfide or in oxides of various metals (Aronson, 1994; Singh et al., 2007). The
surface and groundwater of many countries have been reported to be contaminated with
increased levels of As, primarily of natural origin or exaggerated by anthropogenic activities.
Natural geological non-point sources of As pose a greater threat than point sources to global
water quality (Saunders et al., 2005). Surprisingly, very high concentrations of As in
groundwater, reaching several milligrams per liter, have been observed in areas with source
rocks that do not necessarily contain high concentrations of As. Most of these cases occur in
aquifers within relatively young materials, often consisting of alluvium or loess (Smedley and
Kinniburgh, 2002). Natural processes of As contamination in surface and groundwater involve

complex interactions among the hydrosphere, geosphere, and biosphere (Masuda, 2018).

1.3.1 Arsenic in Minerals and Soils

Arsenic mainly originates from geogenic sources (Smedley and Kinniburgh, 2002) and is
sometimes associated with iron-containing minerals (Hohmann et al., 2011). The average
concentration of total As in soil is 5 mg/kg but varies greatly among geological origins
(Punshon et al., 2017; Morosini et al., 2023). The geogenic sources of As are generally As-
containing minerals that are distributed in a wide variety of environments including
hydrothermal and mesothermal veins. Commonly found As minerals in nature are listed in
Table 1.1. Naturally, it occurs in more than 300 minerals (Drahota and Filippi, 2009). A vast

majority of those minerals are arsenates, accounting for around 60%.



Approximately 20% are sulphides and sulfosalts, while the remaining 20% are comprised of
arsenides, arsenites, oxides, silicates, and elemental arsenic (Mandal and Suzuki, 2002; Onishi,
1969). In the subsurface under reducing conditions, arsenopyrite (FeSAs), realgar (AsS), and
orpiment (As,S;3) are formed, which are primary mineral hosts of arsenic (Garelick et al., 2009).
When exposed to oxidizing conditions, arsenite is oxidized and forms arsenates, including

calcareous arsenolite and iron arsenate minerals (Nriagu et al., 2007).

Table 1.1: Naturally occurring major arsenic minerals (Mandal and Suzuki, 2002; WHO,
2001).

Mineral Composition Occurrence

Native arsenic As Hydrothermal veins

Proustite Ag3AsS; Generally one of the late Ag minerals in
the sequence of primary deposition

Rammelsbergite | NiAs, Commonly in mesothermal vein deposits

Safflorite (Co,Fe)As, Generally in mesothermal vein deposits

Seligmannite PbCuAsS; Occurs in hydrothermal veins

Smalite CoAs; —

Niccolite NiAs Vein deposits and norites

Realgar AsS Vein deposits, often associated with
orpiment, clays and limestones, also
deposits from hot springs

Orpiment AsyS3 Hydrothermal veins, hot springs, volcanic
sublimation product

Cobaltite CoAsS High-temperature deposits, metamorphic
rocks

Arsenopyrite FeAsS The most abundant As mineral, dominantly
mineral veins

Tennantite (Cu,Fe)1nAs4S813 Hydrothermal veins

Enargite CuzAsSy Hydrothermal veins

Arsenolite As;03 Secondary mineral formed by oxidation of
arsenopyrite, native As and other As
minerals

Claudetite As03 Secondary mineral formed by oxidation of
realgar, arsenopyrite and other As minerals

Scorodite FeAsO4-2H,0 Secondary mineral

Annabergrite (N1,Co)3(As04),-8H,0O Secondary mineral

Hoernesite Mg3(AsO4),-8H,0 Secondary mineral, smelter wastes

Haematolite (Mn,Mg)4Al(AsO4)(OH)g | —

Conichalcite CaCu(AsO4)(OH) Secondary mineral

Adamite Zn,(OH)(AsOy) Secondary mineral

Domeykite CusAs Found in vein and replacement deposits
formed at moderate temperatures

Loellingite FeAs; Found in mesothermal vein deposits

Pharmacosiderite | Fe3(AsO4)2(OH);-5H,O | Oxidation product of arsenopyrite and
other As minerals




The natural background concentration of As in soil is higher in areas overlying mineral
formations with elevated As concentrations (Saxe et al., 1964). Clays and shales, which are
soil-forming rocks, often contain high concentrations (0.3-490 mg/kg) of As. Clays formed in
deep-sea environments but now on land particularly have elevated As content (Dragun and
Chiasson, 1991). Igneous rocks also contain a wide range of As concentrations (0.2-113 mg/kg)
(Jacks and Bhattacharya, 1998; Dragun and Chiasson, 1991). The natural abundance of As in
crustal rocks is presented in Table 1.2 (Jacks and Bhattacharya, 1998; Nriagu et al., 2007).

Table 1.2: Natural abundance of arsenic in crustal materials (Nriagu et al., 2007; Bhattacharya
et al., 2002; Yudovich and Ketris, 2005).

Rock type Arsenic concentration range (mg/kg)
Igneous Rock
Ultrabasics 0.3-16
Basalts 0.06-113
Andesites 0.5-5.8
Granites/silicic volcanics 0.2-13.8
Sedimentary Rock, Sediments
Shales and clays 0.3-490
Phosphorites 0.4-188
Sandstones 0.6-120
Limestones 0.1-20
Coal
Bituminous 9.0+0.8
Lignites 7.4+1.4
Peat 16-340

Coal has been reported as a source of elevated concentrations of As (~ 7-340 mg/kg), which
occurred as both arsenite and arsenate species (Nriagu et al., 2007; Acharyya et al., 1999).
Arsenic is deposited into the soil and sediment by the weathering of arsenic-bearing
sedimentary and igneous rocks, aeolian and fluvial transports and redepositions (Meharg and

Meharg, 2021; Masuda, 2018; Saxe et al., 1964).



1.3.2 Arsenic in Groundwater

The presence of As in groundwater is influenced by various biogeochemical and environmental
factors, including aquifers geochemistry, water-rock interactions, and physical and
(bio)geochemical processes for As mobilization and accumulation (Smedley and Kinniburgh,
2002). Groundwater As contamination occurs due to weathering reactions and biological
activities on As-bearing rocks and minerals and leaching from those minerals and soils (Saxe

et al., 1964).

Figure 1.1: Global distribution of countries affected by groundwater arsenic contamination

(>10 pg/L) (Guo et al., 2024).

Contaminated groundwaters are often located far from sources of As, where the actual chemical
weathering of As-bearing rocks and minerals happens (Saunders et al., 2005). This is because,
upon weathering of the As-containing orogenic rocks by mechanical, geochemical, and
geomicrobial processes, the rock fragments and sediments are river-transported across long
distance to the sedimentary basin and deposited as As-containing alluvial sediments (Kumar et
al., 2021; Saunders et al., 2005). Arsenic is released from alluvial aquifer sediments to the
groundwater by several mechanisms, including microbial reductive dissolution of As-bearing

minerals, ligand exchange, and pyrite oxidation, which are discussed in section 1.4.



Groundwater As contamination in Holocene alluvial aquifers is generally originated from
natural sources and intensified by anthropogenic inputs of As (Saunders et al., 2005; Smedley
and Kinniburgh, 2002). It occurs under both oxidizing and reducing groundwater conditions,

as well as in both humid/temperate and arid climates (Smedley and Kinniburgh, 2002).

Though the natural background concentrations of As are less than 10 pg/L in most countries,
the concentrations of As reported in the literature show a very wide range from less than 0.5 to
5000 pg/L under natural conditions (Smedley and Kinniburgh, 2002). Groundwater As
contamination has been identified worldwide affecting 107 counties (Guo et al., 2024; Shaji et
al., 2021). Figure 1.1 shows the global distribution of groundwater As contamination from
geogenic sources. Asia has the highest number of countries and people affected by As-
contaminated drinking water (Guo et al., 2024; Podgorski and Berg, 2020) as shown in Figure
1.2. Groundwater As contamination is a common natural geogenic problem in many countries,
especially in Southeast Asia (McCann et al., 2018; Rahman et al., 2009), and poses a global
public health threat. The presence of As above 10 ug/L has been reported in drinking water in
Bangladesh, India, Pakistan, Nepal, Vietnam, Myanmar, Indonesia, Cambodia, China, Taiwan,
Argentina, the USA, Chile, Hungary, Croatia, Mexico and many other countries of the world
(Ahmad et al., 2018; Thakur et al., 2010; Winkel et al. 2008; Habuda-Stani¢ et al., 2007;
Mukherjee et al. 2006) putting more than 230 million people at risk of As exposure (Shaji et
al., 2021; Naujokas et al., 2013; WHO, 2011).

Proportion of globally affected area Proportion of total global affected population

Asia 64% Asia

South America South America
North America

Africa

Oceania 2% Oceania |0.01%

Europe | 0.2%

0% 20% 40% 60% 80% 0% 2% 4% 6% 8% 10%

Figure 1.2: Arsenic-affected areas and populations in different continents of the world (model

predicted) (Podgorski and Berg, 2020).
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Bangladesh and India (West Bengal) are considered the worst As-affected countries in the
world in terms of the total number of people exposed to As-contaminated drinking water.
Concentrations of As in groundwaters from the affected areas of these countries range from
<0.5 to ~3200 pg/L (Smedley and Kinniburgh, 2002; BGS, 2001). In Bangladesh, this situation
is considered as the largest mass poisoning of a population in history because of its large As-
affected population of more than 80 million (Ahmad et al., 2018; Hossain et al., 2006; Smith
et al., 2000).

1.3.3 Anthropogenic Sources of Arsenic

In addition to natural processes, As is released into the environment through various
anthropogenic activities (Smedley and Kinniburgh, 2002). Diverse anthropogenic sources of
As have been identified that release As into the environment, including industrial and mining
activities, smelting, combustion of fossil fuels, use in wood preservatives, and use of arsenical

pesticides and herbicides (Smedley and Kinniburgh, 2002; Garelick et al., 2009).

Mining and smelting are the most significant anthropogenic sources of As (Garelick et al.,
2009). Mine tailings and effluents often contain As in very high concentrations, posing
significant concern as potential sources of As contamination. Arsenic contamination of surface
and groundwater, soils, and sediments from mining sources has been reported in the UK, the
USA, Australia, China, Mexico, Brazil, Taiwan, and other countries (Camm et al., 2004; Moore
and Woessner, 2003; Smith et al., 2003; Zhang et al., 2002; Carillo-Cha’vez et al., 2000; Borba
et al. 2003; Shih and Lin, 2003). In mine tailings, As can be found in various forms, including
arsenian pyrite (As-rich FeS,), arsenopyrite (FeAsS), and arsenates, adsorbed onto iron
oxyhydroxides (Wang and Mulligan, 2006a). Arsenic concentrations can reach hundreds to
thousands of mg/kg in mining tailings and effluents (Wang and Mulligan, 2004). Elevated
levels of As have been found in the natural aquifers of Nova Scotia in Canada, the surface and
groundwater of Cornwall in the UK, and in the soils and groundwater of northern Mexico and
southwestern USA, due to leaching of mining tailings (Middleton et al., 2017; Camacho et al.,
2011). Smelter, ore processing, and metal refinery facilities are also important anthropogenic
sources of As contamination in soils and waters (Wang and Mulligan, 2006a). Deposition of
As in soils occurs from gold, silver, and copper smelters, and the soils of Anaconda and
Montana in the USA have been reported to have As concentrations as high as several hundred

parts per million in areas close to the smelters (Saxe et al., 1964).
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Oil and coal-burning thermal and power-generating plants are other anthropogenic contributors
of As to the environment and elevated As concentrations have been detected in the vicinity of
these sources (Garelick et al., 2009; Wang and Mulligan, 2006a; Saxe et al., 1964). Arsenical
pesticides, insecticides, fungicides, and herbicides used in agricultural activities represent non-
point anthropogenic sources of As in the environment (Wang and Mulligan, 2006a). Inorganic
arsenicals such as arsenic trioxide, arsenic acid, arsenates of calcium, copper, lead, and sodium,
and arsenites of sodium and potassium have been largely used as pesticides, insecticides,
fungicides, and herbicides for about one hundred years. Though currently arsenical pesticides
are no longer used in agricultural practices in Western countries, the remaining residues in soils
are still environmental concerns (Nriagu et al., 2007, Wang and Mulligan, 2006a). Other
anthropogenic sources of As include pharmaceutical substances, waste disposal and
incineration, electronics industries, solar cells, colors and dyes, glassware, and ceramics

manufacturing (Garelick et al., 2009).

1.4 Arsenic Cycling, Geochemical Behaviour and Transport

Arsenic concentration in any soil horizon depends on parent materials, while pedogenesis
further redistributes As through weathering, leaching, and sequestration. The primary pre-
anthropogenic sources of As in soils are bedrock weathering and subsequent transport of
sediment or water. Arsenic also originates from atmospheric sources such as volcanic
emissions, aeolian soil erosion, and microbially bio-volatilized arsines. Additionally, sediment
transport contributes to mobilizing and redistributing As through aeolian, fluvial, and
subduction processes (Meharg and Meharg, 2021). The geologic cycle of As is shown in Figure
1.3 and briefly described here. Volcanic and hydrothermal activities, erosion, and subsequent
transportation to downstream sedimentary basins contribute to As contamination by in situ
fragmentation, weathering, and dissolution of As-bearing minerals (Masuda, 2018). Arsenic is
released from arc magmas enriched by hydrothermal fluids derived from metamorphic
dehydration of the subducting slab and from deep continental and island-arc crust during low-
temperature and high-pressure metamorphism. Hot-spring water containing arsenites
(produced by oxidized As—sulfur complexes) flows out at the surface (Masuda, 2018). Arsenic
can be associated with pyrite during diagenesis under strongly reducing conditions (Saunders

et al., 2008).
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In the geologic cycling of As, plate tectonics play an important role since steeper slopes
produced by tectonics activities influence active crustal movement (Masuda, 2018; Hecht and

Oguchi, 2017) and contribute to the redistributions of As in the downstream sedimentary basins
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Figure 1.3: Geologic arsenic cycle (Masuda, 2018) [Numbers in parenthesis correspond to the

average As concentration (mg/kg) of each geological reservoir].

Geochemical behavior and mobility of As are controlled by As speciation. Arsenic has four
oxidation states; -III (arsine), 0 (elemental arsenic), +I1I (arsenite), and +V (arsenate), though
arsine and elemental As are rare in the environment (Mandal and Suzuki, 2002). Both organic
and inorganic forms of As are present in the aquatic environment, although the inorganic forms
of As are more prevalent and considered more toxic than organic As species (McCarty et al.,
2011; Jomova et al., 2011; Dixit and Hering, 2003; Smedley and Kinniburgh, 2002; Abbas et
al., 2018; Sharma and Sohn, 2009; Smedley and Kinniburgh, 2002). Trivalent arsenite [As(I1I)]
and pentavalent arsenate [As(V)] are the primary inorganic species in aquatic environments.
As(V) is the dominant species in aerobic conditions and is generally bound with or adsorbed
on mineral phases, whereas As(Ill) is predominant in anaerobic conditions and more mobile

than As(V).
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Speciation of As is primarily controlled by the pH and redox potential (Eh) of the environment
(Smedley and Kinniburgh, 2002). Figure 1.4 shows the Eh-pH diagram for the distribution of
aqueous As species in the As-O,-H,O system. At pH less than 9.2 under reducing conditions,
the uncharged As(IIl) species H3AsO;” will predominate (Figure 1.4 a, b). At pH <6.9 and
under oxidizing conditions, the As(V) species HyAsO, is dominant, and at higher pH, the
As(V) species HAsO,>~ becomes dominant (Figure 1.4 a, c). Arsenic can be stabilized as a
series of As(V) oxyanions, H3AsOs, HyAsOy , HAsO4> ", and AsO4>~, under moderate or high
redox potential conditions (Mandal and Suzuki, 2002). In highly acidic and alkaline conditions,
H3;AsO,” and AsO,> can be present (Figure 1.4 a, ¢) (Singh et al., 2015; Smedley and
Kinniburgh, 2002; Mandal and Suzuki, 2002; Lloyd and Oremland, 2006; Yan et al., 2000).
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Figure 1.4: (a) Eh-pH diagram for aqueous arsenic species in the system As—O,—H,O at 25 °C
and 1 bar total pressure, (b) Arsenite and (c) Arsenate speciation as a function of pH (ionic

strength of about 0.01 M) (Smedley and Kinniburgh, 2002).
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In surface and groundwater environments, redox conditions and pH are the key factors that
control As release from sediments (Masuda, 2018). The major geochemical processes that
control As transport and concentration in water include the oxidation of As-bearing sulfide
minerals, and the reductive dissolution of As-bearing (hydro)oxides such as iron (Fe),
aluminum (Al), and manganese (Mn) oxides minerals (Wang and Mulligan, 2006a; Wang and
Mulligan, 2006b; Kim et al., 2000). In particular, the reductive dissolution of As-bearing Fe
(hydro)oxides and oxyhydroxides has been considered as the most important mechanism of As

release in groundwater.

The oxidative dissolution of As-bearing sulfide minerals is considered to be one of the major
pathways of As release in groundwater aquifers. It is particularly important in dynamic aquifer
systems, where groundwater levels fluctuate, and As-bearing sulfide minerals are exposed to
oxygen (0O,), leading to the mobilization of As (Battistel et al., 2021). For example,
arsenopyrite (FeAsS)- the most common As-bearing mineral in the subsurface- can be
oxidized, releasing Fe, As, and Sulphur (S) in oxygenated aquifers following the reaction in
equation 1.1.

FeAsS + 0, + H,0 > Fe?* + H;AsO; + SOz~  Equation 1.1

Released As(IIl) and Fe(Il) are further oxidized to As(V) and Fe(Ill) respectively, by O,

following the reactions shown in equations 1.2 and 1.3.

H3;AsO5; + 0, » HAsO;~ + H*  Equation 1.2
Fe?*+0,+H* -» Fe3* + H,0 Equation 1.3

Scorodite (FeAsO4.2H,0) (a ferric arsenate) is commonly observed to form during the
oxidation of As-bearing sulfide minerals, following the reaction in equation 1.4. The
precipitation of this secondary mineral phase ultimately results in As sequestration and surface

passivation of the sulfide minerals (Battistel et al., 2021).

Fe3* + H3;AsO5 + 0, + H,0 - FeAs0,2H,0 + H*  Equation 1.4
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Iron (hydr)oxides and oxyhydrooxides minerals are the major hosts of As in Cenozoic aquifers.
Due to the decomposition of organic matter (CH,0), the groundwater becomes anoxic below
the water table. Under reducing and alkaline conditions, As-bearing Fe minerals (e.g., goethite
(FeOOH)) are reduced, which causes the desorption of As and release of Fe(Il) following
equation 1.5 (Masuda, 2018, Larsen et al., 2006).

4FeOOH + CH,0 + 7H,C0; » 4Fe** +8HCO; + 6H,0  Equation 1.5

Iron oxyhydroxides are furthermore reduced and dissolved in strongly reducing and acidic
conditions, causing the release of As from the minerals (Smedley and Kinniburgh, 2002).
Chemical reactions involving the reductive dissolution of FeOOH are shown in equation 1.6

(Schwertmann, 1991).

4Fe0OOH + CH,0 + 8H* —» 4Fe?* + 7H,0 + C0, Equation 1.6

Polizzotto et al. (2006) proposed seasonal redox cycling of As in the surface soil layer and
migration down through the sandy aquifer to explain As release to the aquifer. In a field site in
Munshiganj, Bangladesh, they found reduced Fe and As in surface soil layers but interestingly,
did not find Fe(III) (hydr)oxides in As-contaminated Holocene aquifer materials. Based on this
field observation and laboratory experiments, they suggested that As is released via redox

cycling in surface soils/sediments and then transported to well-depth through the sandy aquifer.

Additionally, microbial reduction of As-bearing minerals, As release from geothermal water,
and leaching of As from sulfides by carbonates play important roles in As mobilization in soil
and water environments (Wang and Mulligan, 2006a; Wang and Mulligan, 2006b; Tufano et
al., 2008; Kocar et al., 2006; Bennett and Dudas, 2003; Kim et al., 2000).
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1.5 Arsenic Adsorption and Desorption

Adsorption-desorption reactions are important controls of As mobility in the environment. In
the following sub-sections, the theoretical backgrounds for As adsorption and desorption onto

and from mineral surfaces have been described.

1.5.1 Arsenic Adsorption onto Minerals

Adsorption is a surface phenomenon, involving attraction and binding between the adsorbent
(solid substance) and adsorbate (molecule) in a solution (Tan and Hameed, 2017). The
adsorption process generally occurs by mass transfer (i.e., the process of moving a substance
from a liquid or gas to a solid surface) and consists of three steps. In the initial step of external
or film diffusion, mass transfer occurs from the bulk phase to liquid film around the adsorbent
surface. In the second step, intraparticle or pore diffusion happens, where adsorbate transfers
into the pores of the adsorbent. In the last step, adsorbate attaches to the surface of the adsorbent
through surface reactions with active sites (Wang and Guo, 2022; Tan and Hameed, 2017; Ho
et al., 2000). Figure 1.5 shows the path of a molecule during the adsorption process.
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Figure 1.5: Adsorption of a molecule onto the internal surface of a porous adsorbent (Tan and

Hameed, 2017).



The adsorbate concentration difference between the solution and the adsorbent surface is the
main driving force of external diffusion, whereas intraparticle diffusion begins when the
adsorbate jumps from one binding site to another on an adsorbent surface (Tan and Hameed,
2017; Zhang et al., 2009; Hand et al., 1983). The surface reaction is generally faster than
external and intraparticle diffusions and is caused by the adsorption of the adsorbate to the

binding sites on the adsorbent (Tan and Hameed, 2017; Saleh, 2022).

Adsorption on the adsorbent occurs through two possible mechanisms: physisorption and
chemisorption (Figure 1.6). In physisorption, the adsorbate molecules are attached to the
adsorbent surface by weak van der Waals forces. In chemisorption, the adsorbate binds to
binding sites on the adsorbent, resulting in stronger covalent bonds through the sharing of
electrons between adsorbent and adsorbate (Vithanage et al., 2016; Berger and Bhown, 2011;
Keller and Staudt, 2005; Ruthven, 1984). Binding sites or active sites are where adsorption

occurs on mineral surfaces.

Binding site
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Figure 1.6: Physisorption and chemisorption mechanisms (Berger and Bhown, 2011).

Porous solid particles which are amorphous in nature with small sizes, high surface areas, and
large number of surface sites, can significantly adsorb As from water (Siddiqui and Chaudhry,
2017). Many metal oxides and hydrous metal oxides contain high concentrations of As, either
by adsorption on the minerals or as a constituent of the mineral structures. Arsenic adsorbs on
a range of soil/sediment minerals, showing an affinity for oxides of Fe, Al, and Mn (Dixit et
al., 2003; Manning et al., 2002), but particularly strong adsorption may occur on hydrous Fe
oxides, reaching As weight percent concentrations (Garelick et al., 2009; Hiemstra and van
Riemsdijk, 1996; Manning and Goldberg, 1996; Goldberg, 1986). While As(III) binds
preferentially to Fe oxides and oxyhydroxides (Gupta et al., 1978), hydrous Al and Mn oxides
can demonstrate significant As(V) adsorption when they are present in large quantities

(Garelick et al., 2009; Brannon and Patrick, 1987; Peterson and Carpenter, 1983).
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Arsenic has also been reported to adsorb on clay and calcite surfaces (Goldberg and Glaubig,
1988). However, As adsorption capacities for these phases are much lower than Fe oxides
(Garelick et al., 2009). Adsorption reactions between As and hydrous metal oxides play a
significant role in As mobility, bioavailability, and overall biogeochemical cycling of As in the

aquatic environments (Zhang et al., 2014).

1.5.2 Arsenic Adsorption onto Fe Oxides and Fe-Mn Binary Oxides

Iron (oxyhydr)oxides are commonly found materials in the environment, and 16 Fe
(oxyhydr)oxides have been reported so far in the literature (Siddiqui and Chaudhry, 2017).
Among these, ferrihydrite (FesHOg-4H,0), magnetite (Fe;O4), hematite (a-Fe,O3), maghemite
(y-Fe;03), goethite (a-FeO(OH)), lepidocrocite (y-FeOOH), akaganeite (B-FeOOH),
feroxyhyte (6-FeOOH) and limonite (FeO(OH)-nH,O) are well-known oxyhydroxides
minerals (Cornell and Schwertmann, 2003). They often exhibit excellent As adsorption
capacity due to their small particle sizes, large surface area, and numerous active surface sites,
making them good As adsorbents (Johnston et al., 2016; Sherman and Randall, 2003; Fendorf
etal., 1997).

Fe-Mn binary oxides are of particular interest due to their abundance in nature and their
capacity to adsorb a wide variety of trace elements, including As. Binary metal oxides contain
at least one metal ion and one or more electrochemically active or inactive ions (Zhang et al.,
2015). Fe-Mn binary oxides have great As adsorption efficiency primarily due to their
synergistic effects combining the capacity of Mn oxides to oxidize As(III) to As(V), and the
excellent As(V) adsorption capacity of Fe oxides (Chen et al., 2020; Ehlert et al., 2014;
Szlachta et al., 2012). They have been reported to exhibit higher As(V) adsorption capacity
compared with pure Fe oxides under experimental conditions (Zhang et al., 2014; Zhang et al.,
2009; Zhang et al., 2007). Numerous research (Zhao et al., 2022; He et al., 2021; Zheng et al.,
2020; Lou et al., 2017; Bai et al., 2016; Ehlert et al., 2014; Zhang et al., 2014; Zhang et al.,
2012; Zhang et al., 2009; Zhang et al., 2007) have found great affinity of Fe-Mn binary oxides
for As adsorption, suggesting that they might have significant roles in As biogeochemical
cycling and transport within contaminated surface water and groundwater aquifer

environments (Ehlert et al., 2014; Mohan and Pittman, 2007).
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On polyvalent metal (hydr)oxide mineral surfaces (e.g., on Fe oxyhydroxides surface), As
adsorbs by forming both inner-sphere and outer-sphere surface complexes. However, primary
adsorption mechanism is the formation of inner-sphere surface complexes by ligand exchange
with hydroxyl groups (Acelas and Florez, 2017; Fendorf et al., 1997; Raven et al., 1998). An
inner-sphere complex is formed when there is a direct bond between the surface site and the
adsorbed molecule on the adsorbent surface, whereas in an outer-sphere complex, a molecule
retains its hydration shell of co-ordinated water molecules and is attached to the adsorbent
surface by electrostatic forces (Figure 1.7) (Payne et al., 2013). Therefore, inner-sphere
complex bonds are much stronger than outer-sphere complex bonds (Payne et al., 2013). As
anions adsorbed on minerals forming inner-sphere complex are considered not readily

exchangeable (Wang and Mulligan, 2008).

3‘ o« Aqueous complexes ‘.
Mononuclear bidentate
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Figure 1.7: Outer-sphere and inner-sphere surface complexes on a metal oxide—water interface.
The illustration shows uranyl ions (UO>**) adsorption onto a silica surface as an example

(Payne et al., 2013).

Depending on surface loading and solution chemistry, monodentate mononuclear, bidentate
mononuclear, and bidentate binuclear inner-sphere complexes are formed via ligand exchange
(Wuetal., 2015; Fendorf et al., 1997). In a monodentate coordination complex, a ligand binds

to a central metal atom or ion through a single donor atom.
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In a bidentate complex, a ligand binds to a central metal atom or ion through two donor atoms.
Mononuclear complex contains one metal atom or ion in close proximity while binuclear
complex contains two (Carabante, 2012; Wang and Mulligan, 2008). Figure 1.8 shows the
surface complexes of As(Ill) and As(V) on the metal oxide (M= Mn, Fe) surface.
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Figure 1.8: Formation of surface complexes of As(IIl) and As(V) on the metal oxide (M= Mn,
Fe) surface (Wang and Mulligan, 2008).

Monodentate mononuclear (Figure 1.8a) and bidentate binuclear (Figure 1.8b) inner-sphere
complexes are the most common adsorption modes of As(V) adsorption onto metal oxides
(Fendorf et al., 1997; Fukushi and Sverjensky, 2007). Arsenic(V) adsorption as inner-sphere
complexes on Fe (hydr)oxides occurs through ligand exchange between the oxygen atoms of
the anion and the mineral surface functional groups. Bidentate binuclear inner-sphere
complexes are formed through the exchange of two functional groups on the oxide surface,
while the exchange of one functional group on the oxide surface causes monodentate
mononuclear complexes formation (Acelas and Flérez, 2017). The pH of the environment
controls the types of functional groups present on the mineral surfaces and complex formation
(Acelas and Florez, 2017; Farrell and Chaudhary, 2013). Under basic pH conditions, -OH will
be exchanged, while under acidic pH conditions, the exchange of the —OH; ligand has been

reported. At intermediate or neutral pH conditions, both the —OH functional group and —OH,
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ligand are exchanged, leading to the formation of monodentate complexes (Acelas and Florez,
2017). The formation of both bidentate and monodentate complexes with As(IIl) and As(V)
species have been reported by several researchers (Ona-Nguema et al., 2005; Manning et al.,

1998; Manning et al., 2002).

Outer-sphere complex formation with As has also been reported to a small extent (Wang and
Mulligan, 2008; Voegelin and Hug, 2003; Goldberg and Johnston, 2001). They are formed
through nonspecific adsorption, without ligand exchange. As(V) adsorption as an outer-sphere
complex occurs by intermolecular interaction (by hydrogen bonds) of the reactive oxygen
atoms of As(V) species and the functional groups of the mineral surfaces (Acelas and Florez,

2017).

1.5.3 Adsorption- A Promising Technique of Arsenic Immobilization

Arsenic transport and biogeochemistry in natural environments are controlled by its adsorption
on different mineral phases along with other factors. Adsorption method is commonly used in
contaminated water treatment facilities due to its flexibility, simple operating procedure, and
cost effectiveness (Singh et al., 2022; Alka et al., 2021; Rashid et al., 2021; Benis et al., 2020;
Almasri et al., 2018; Zhang et al., 2014; Mohan and Pittman, 2007). Selection of the proper
adsorbents plays pivotal roles in determining the success of the adsorption process (Rubab et
al., 2021). Various materials have been recognized as good As adsorbents including Fe-based
nanoparticles, zero valent Fe, activated carbon, Fe-doped activated carbon, Mn and Al oxides
and oxy(hydr)oxides, Fe-containing binary oxides, graphene oxide and graphene oxide-base
adsorbents, biochar, chitosan as well as industrial and agricultural by-products such as rice
husk and fly ash (Shah et al., 2024; Singh et al., 2022; Wang et al., 2020; Zeng et al., 2020;
Hao et al., 2018; Wu et al., 2018; Su et al., 2017; Cope et al., 2014; Giles et al., 2011; Zhu et
al., 2009; Amin et al., 2006; Diamadopoulos et al., 1993). However, due to their availability in
large quantities, cost effectiveness, high specific surface area, strong redox capacity, high
removal efficacy and environmental friendliness, Fe-based adsorbents are regarded as most

promising (Adil and Kim, 2023; Islam et al., 2023; Gong et al., 2022; Zhang et al., 2019).
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1.5.4 Modelling Adsorption Data

i. Adsorption Kinetic Models

Determining the adsorption kinetics is achieved by estimating the amount of adsorbed
substances/molecules on adsorbent against time (adsorption rate). Different kinetic models are
used to calculate the adsorption rate. The Pseudo-First-Order (PFO) and Pseudo-Second-Order
(PSO) kinetic models are widely used and accepted empirical models to describe the kinetics
of the adsorption processes at solid—liquid interfaces (Wang et al., 2024). They are called
pseudo based on following assumptions: (i) in the solution, the concentration of the adsorbate
is constant (considering a chemical reaction where one of the reactant species is in excess, with
approximately constant concentration, it has no effect in the observed rate of the reaction), and
(i) the kinetic equation is based on adsorption capacity of adsorbents instead of the
concentration in the liquid phase. The former is of course an approximation, as the adsorbate

concentration in solution decreases with adsorption (Vareda, 2023).

The PFO equation, also called Lagergren’s first order rate equation (Lagergren, 1898) is

presented as:

d
% =k, (9. — q¢) Equation 1.8

where g, and q; are the adsorption capacity (umol/g) at equilibrium and at variable time t, and
k; is the adsorption rate constant (hour") for the PFO kinetic equation. Upon integrating with
the boundary conditions of q=0 at t=0 and q=q; at t=t, the equation becomes:
q: = q. (1 —e %)  Equation 1.9
The linearized form is:
In(g. —q;) =Ingq, —k,t Equation1.10
In this model, the In(qe-q;) vs. t plot gives a straight line that intersects the origin with a slope

k;. This equation is an adaptation from reaction kinetics of homogenous systems, which means

that this model is a surface reaction model, and suggests occupation of one active surface site
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by the adsorbate. However, PFO is associated with the adsorption process being only
dependent on the adsorbate concentration- diffusion-controlled process. The rate of direct
adsorbate transfer from the bulk phase to the solid phase governs the overall rate of adsorption

and the process is mainly physisorption (Vareda, 2023).

The PSO equation (Equation 1.11), also known as Ho and McKay equation (Ho and McKay,
1998), is the model that most describes the adsorption of species in solution. The equation is

expressed as:

d
% =k, (9. — q,)* Equation1.11

where k; is the adsorption rate constant (g/umol-hour) for PSO kinetic equation and the other

symbols have the same meanings as mentioned in the PFO model.

Integrating Equation (1.11) with boundary conditions of q=0 at t=0 and q=q; at t=t, the
equation becomes:

kzqgt
q: =

=————  Equation 1.12
T k,q.t quation

The linearized form is obtained by subsequent rearrangement:

‘ 1 +X Eouation 113
—= — quation 1.
9 kyq? q.

The initial rate of adsorption (q(t—0)) is kag.>. A plot of t/q, vs t gives a straight line for the
PSO-compliant kinetics. The slope is 1/qe, and the intercept is 1/k,q.”. Chemisorption is the

rate limiting step in the adsorption process when it follows PSO equation.

The rate constants of both PFO (k;) and PSO (k;) are functions of the adsorption conditions.
The values of k; and k; decrease with increasing initial bulk concentration of adsorbate
(Chinoune et al., 2016; Franca et al., 2009; El Haddad et al., 2013). A smaller value indicates
that a longer time is required for adsorption. Experimental conditions, such as temperature and
pH can influence k; values, and the effect on k; is not well studied (Tan and Hameed, 2017).

Small particle size is associated with large values of k; and k, (Vincent et al., 2014).
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ii. Adsorption Isotherm Models

At constant temperature and assuming equilibrium, the mathematical expression expressing
the relationship between the adsorbate amount onto an adsorbent and the solution concentration
of the solute is called an adsorption isotherm (Xing et al., 2022). The adsorption mechanisms
are investigated by modelling the adsorption equilibrium data, characterization of the adsorbent
before and after adsorption, and by other methods (Wang and Guo, 2020). Modelling
adsorption data by producing an isotherm model is the most convenient and widely used
technique. In addition, adsorption isotherm models can provide information on the maximum
adsorption capacity, which is significant in the evaluation of the adsorbent performance. A
variety of isotherms have been applied in adsorption systems, such as the Langmuir model
(Langmuir, 1918), the Freundlich model (Freundlich, 1906), the Sips model (Sips, 1948), the
Temkin model (Temkin and Pyzhev, 1940), and the Brunauer-Emmett-Teller (BET) model
(Brunauer et al., 1938). The Langmuir model is widely used to model the adsorption isotherm
of As on Fe oxides and binary oxides and shows great conformity with experimental data. Since

this model is used in this thesis to describe As adsorption data, it is discussed here.

The Langmuir isotherm model is a chemical adsorption isotherm model, which assumes
monolayer adsorption of the adsorbate molecules on the adsorption sites of the adsorbent
(Wang and Guo, 2020). Other basic assumptions of the Langmuir isotherm are: (1) the
distribution of adsorption sites is homogeneous; (2) the adsorption energy is constant; and (3)
the interaction between adsorbate molecules is negligible. Surprisingly, the Langmuir
isotherm, which is based on homogeneous surface sites, can describe a large number of
adsorption systems, many of which possess heterogeneous surface characteristics (Foo and
Hameed, 2010). Indeed, the adsorption on adsorbent materials with irregular shapes and
microscopically non-uniform surfaces can also be represented by the Langmuir isotherm (Guo
and Wang, 2019). The most commonly applied Langmuir isotherm model was developed to

represent gas-solid adsorption (Langmuir, 1918). The nonlinear model is presented as follows:

dm KL Ce

TE—— Equation 1.14
1+ K,C, quation

qe =
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The linear Langmuir model which is used to better fit with experimental data is presented as

follows:
c. C 1

e
—=—4
qe dm KLCIm

Equation 1.15

where K (L/umol) is the Langmuir constant, q. (umol/g) is the equilibrium adsorption
capacity, C. is the final concentration remaining in solution (umol/L), and gm (umol/g) is the
maximum adsorption capacity estimated by the Langmuir model. K indicates the affinity

between adsorbent and adsorbate (Wang et al., 2018).

1.5.5 Arsenic Desorption and Dissolution from Minerals

Several hypotheses regarding As desorption and dissolution from minerals and mobilization
into aquatic environments have emerged over the decades. One popular hypothesis was the
competitive exchange of As with phosphate (derived from fertilizers) on mineral surfaces
(Peryea and Kammereck, 1997; Acharyya et al., 1999). Phosphate competes with dissolved As
for adsorption sites on mineral surfaces, enhancing the release of As in the topsoil and
subsequent downward movement of As through the subsoil (Peryea and Kammereck, 1997).
However, the hypothesis related to competitive exchange of As with phosphate has not been
proved to be major mechanism of As contamination in groundwater aquifer. Indeed, in As
contaminated groundwater aquifers of Bangladesh, concentrations of phosphorus decrease
with groundwater aquifer depth and do not co-relate with As concentrations (McArthur et al.,

2001).

Bicarbonate (HCOs") substitution in As-bearing minerals (Anawar et al., 2004) is another
theory for As desorption. Pantsar-Kallio and Manninen (1997), Appelo et al. (2002), and
Anawar et al. (2004) proposed that HCOs™ can mobilize As from Fe and Mn oxyhydroxides by
substituting As and forming complexes on the mineral surface sites. Oxidation of As-
containing pyrite (Chowdhury et al., 1999) and reductive dissolution of the As-bearing Fe(III)
oxyhydroxides (Nickson et al., 2000; McArthur et al., 2001; Islam et al., 2004) are other
popular theories of As dissolution from minerals. Among those, the reductive dissolution of
As-bearing Fe(IIl) oxyhydroxides is the most commonly accepted (Polizzotto et al., 2006).
Pyrite oxidation and reductive dissolution of As-bearing Fe(Ill) oxyhydroxides have been

discussed in detail in section 1.4.
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1.6 Biofilm in the Environment

Biofilms are ubiquitous in the environment, and more than 80% of bacterial and archaeal cells
are living in biofilms (Parrilli et al., 2022; Flemming and Wuertz, 2019). They are composed
of microcolonies of microorganisms that adhere to surfaces and where microbial cells are held
and embedded by highly hydrated self-produced extracellular polymeric substances (EPS).
Around 70-95% of biofilm is water (Flemming, 1993). Of the remainder, about 70-95% is
organic matter EPS that are mainly composed of polysaccharides, proteins, extracellular DNA,
uronic acids, small quantities of lipids, and many other biomolecules (Muhammad et al., 2020;
Felz et al., 2019; Xiao and Zheng, 2016; Salama et al., 2016; Flemming, 1993). Biofilms are
generally negatively charged. Indeed, the presence of several carboxyl, hydroxyl, and
phosphate provides them with a net negative charge at circumneutral pH (Zhao et al., 2023).
On Earth, almost all surfaces can be colonized by bacteria (Characklis and Marshall, 1990) and
biofilms are found in a wide range of extreme environments, including very high to low
temperatures, extremely acidic to alkaline environments, and high to low salinity. Biofilms are
also found in radiation sources where they grow by maintaining homeostasis (Parrilli et al.,
2022; Yin et al., 2019; Flemming, 1993). Overall, biofilms provide protection to cells from
hostile environmental stress and toxicity and increase their resilience and survival (Yin et al.,

2019; Flemming et al., 2016; Fux et al., 2005; Prakash et al., 2003).

1.6.1 Formation of Biofilm

Biofilm formation generally consists of three stages (Figure 1.9) (Arciola et al., 2018). In the
primary stage, bacteria attach themselves to the surface by physical van der Waals and chemical
forces. In the next maturation stage, intracellular communication is established between
microbial cells by producing signaling molecules that allow cells to sense neighboring bacterial
clusters (quorum-sensing). This process leads to the formation of larger cell clusters (van
Hoogstraten et al., 2023; Gu et al., 2013). In this stage, the volume, size, and thickness of the
biofilm increases, and the production of EPS is enhanced, embedding bacterial cells and
providing stability to the biofilm structure (Khatoon et al., 2018). At the last stage- the
dispersion stage, the biofilm matrix can be disrupted, and bacteria can migrate to other

locations (van Hoogstraten et al., 2023).
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Figure 1.9: Different stages of biofilm formation (van Hoogstraten et al., 2023).

1.6.2 Significance of Biofilm in Trace Metal Cycling

Biofilms are dynamic complex biological systems (Parrilli et al., 2022; Zhou et al., 2020) and
play critical roles in most global biogeochemical processes in natural and anthropogenic
environments (Flemming and Wuertz, 2019). Microbes in biofilm use trace metals to meet their
energy and respiratory needs. These metals can be taken up by microorganisms for use as metal
centers in enzymes and cellular biomass through assimilatory processes. They can also be used
in dissimilatory processes, where they are reduced or oxidized by cells to accept or provide
electrons for cellular energetics (Liermann et al., 2007). This may ultimately result in the
sequestration of trace metals in biofilms, sometimes with the formation of minerals containing
metals, generally known as biogenic minerals or biominerals. Biofilms can produce and hold
many reactive biogenic minerals (Templeton et al., 2001). Biogenic minerals are often small
particles, spatially distributed on surfaces as coatings where biofilms form, and are embedded
within EPS (Toner et al., 2006). Additionally, microbial cells and EPS can adsorb metals due
to their surface charges and electrostatic attraction. However, it has been found that sometimes
adsorption of trace metals on biofilm structures is primarily contributed by the biogenic mineral
fractions present in biofilm (Guibaud et al., 2009). Microbes in biofilms are also capable of
reducing metal oxide minerals, increasing the mobility of the metals. Therefore, biofilms play

a significant role in trace metals biogeochemical cycling in the environment.
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1.7 Biogenic Minerals in the Environment
1.7.1 Formation of Biogenic Minerals in the Environment

Biogenic minerals are formed by the biomineralization of metals or metalloids by
microorganisms (Fortin, 2004; Addadi and Weiner, 2014; Lowenstam, 1981). Throughout the
long co-evolutionary history of the Earth and life, some prokaryotes have gained the capability
to biomineralize (Cosmidis and Benzerara, 2022; Frankel and Bazylinski, 2003). Biogenic
minerals can be formed by either controlled mineralization or biologically induced and
influenced mineralization. Figure 1.10 illustrates a classical framework of microbial

biomineralization.
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Figure 1.10: The classical framework of microbial biomineralization (Cosmidis and Benzerara,

2022).

In controlled mineralization, biogenic mineral properties (e.g., morphological, chemical, and
crystallographic properties) and location are under strict genetic control, and the formation of
the mineral is believed to be beneficial for the microorganism. Mineral growth generally starts
intracellularly but the minerals can eventually be deposited on extracellular surfaces (Cosmidis
and Benzerara, 2022; Lowenstam, 1981). In contrast, biologically induced and influenced

mineralization processes typically occur extracellularly.
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Both types of mineralization can occur simultaneously. Biologically induced (or indirect)
mineralization (e.g., extracellular CaCOj; precipitation) occurs due to local chemical changes
(e.g., pH), governed by the metabolic activity of the microbial cells and enzymes (Cosmidis
and Benzerara, 2022; Veis, 2003; Lowenstam, 1981), whereas in biologically influenced (or
passive) mineralization, microbial cells and EPS control the locus of biogenic mineral
precipitation (e.g., by electrostatic attraction between Ca®" ions and OH™ groups), acting as

heterogeneous nucleation surfaces in supersaturated solution. The microbe does not need to be

metabolically active or alive (Cosmidis and Benzerara, 2022).

Table 1.3: Examples of biogenic minerals found in various environments.

Bl.o gemie Fo.rmatlon SEM/TEM images References
Minerals Environments
Biogenic Water column of Cosmidis et
vivianite Lake Pavin al., 2014
Biogenic Lake Alchichica, Couradeau
carbonates Mexico etal., 2012
Pyritized cells | Oxygen minimum Cosmidis et
filled by Ca- zone of the Peru
. al., 2013
phosphates margin
Fe-mineralized Frzstlllgrlztser Tothero et
mats W al., 2024
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Biogenic Mn Aerobic and warm Tazaki,
. shallow-water
oxides . 2000
environment
Aerobic and warm .
. .. Tazaki,
Biogenic iron shallow-water
. . 2000
oxide environment
Biogenic Fe- Laboratory srown Miot et al.,
phosphates e 2009
Biogenic Fe-
oxyhydroxide Edwards et
(scale: a=10 pm, Hydrothermal vent al., 2011
b and c=1 pum)

Biogenic minerals may be present in a wide variety of environments, often along with their
abiogenic counterparts (Conley and Schelske, 2001; Ueshima and Tazaki, 2001; Fortin et al.,
1998) (Table 1.3). They show diverse morphologies, chemistries, and structures (Addadi and
Weiner, 2014; Fortin, 2004). Due to the frequent incorporation of organic matter (bacterial
cells and EPS), biogenic minerals often possess mineralogical characteristics (small size, poor
crystallinity, large surface area, redox reactivity, negatively charged surface at neutral pH) that
differ from their abiogenic counterparts (Muehe et al., 2013; Kleinert et al., 2011; Posth et al.,
2010; Hegler et al., 2008).
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1.7.2 Biogenic Fe Oxides, Mn Oxides, and Fe-Mn Binary Oxides

In the environment at circumneutral pH biogeochemical Fe(II) oxidation is driven by
concurrent microbial and chemical processes and may occur cyclically or simultaneously
(Melton et al., 2014; Kappler et al., 2021). Since microbial and chemical Fe(Il) oxidation might
occur concurrently, the contribution of individual processes is very challenging to determine
(Kappler et al., 2021). Chemical Fe(Il) oxidations are generally mediated by O, and reactive
oxygen species (O,", H,O,, *OH), nitrogen species (NO, NO; ), and Mn (MnO,) (Melton et
al., 2014; Kappler et al., 2021). Fe(II) can be oxidized to FEOOH by MnQO; as follows:

2Fe?* + Mn0, + 2H,0 - Mn?* + 2FeOOH + 2H*  Equation 1.16

Microbial Fe(IT) oxidation is driven by microaerophiles (e.g., Gallionella spp., Leptothrix spp.,
Mariprofundus spp., Sideroxydans spp.), photoferrotrophs (e.g., Rhodopseudomonas palustris
TIE-1, Rhodobacter sp. SW2, Chlorobium ferrooxidans KoFox, Thiodictyon sp. F4), and NO;~
-reducing Fe(Il) oxidizers (e.g., Acidovorax spp., Thiobacillus denitrificans) (Melton et al.,
2014). Bio-oxidation of Fe(Il) and biomineralization by microaerophiles occur through

following reaction:

4Fe?* + 10H,0 + 0, » 4Fe(OH); + 8H* Equation 1.17

Photoferrotrophs biomineralize Fe(Il) in the presence of light as follows:

HCO; + 4Fe** + 10H,0 » CH,0 + 4Fe(OH); + 7H*  Equation 1.18

NOs™ -reducing Fe(II) oxidizers may biomineralize Fe(III) following Fe(II) oxidation through

the following reaction:
10Fe?* + 2NO; + 24H,0 - 10Fe(OH); + N, + 18H*  Equation 1.19

Mn oxides can be formed through the bio-oxidation of Mn(II) (Yu and Leadbetter, 2020; Tran
et al., 2018). Bio-oxidation of Mn(II) can be mediated by a wide group of microorganisms
including Pseudomonas, Leptothrix, and Bacillus in diverse environments. Mn(II) oxidizing
microbial groups found in various environments are presented in Table 1.4. Biogenic Mn

oxides are generally black/brown in color and form extracellularly (Cai et al., 2023).
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The mechanism of Mn(Il) oxidation by Mn(II)-oxidizing bacteria is unclear. However, it has
been accepted that Mn(II) bio-oxidation is an extracellular enzymatic reaction that involves

several multicopper oxidase enzymes (Cai et al., 2023; Tebo et al., 2005).

Table 1.4: Mn(Il) oxidizing bacteria (MnOB) groups found in various environments (Cai et
al., 2023).

Elg;ﬁg;?::stal The MnOB Groups
Bacillus, Pseudomonas, Sphingomonas, Hyphomicrobium,
Cyanobacteria
River Microbacterium, Agromyces, Mycobacterium, Arthrobacter,

Pseudomonas, Burkholderiales
Aurantimonas, Rhodobacter, Bacillus, Shewanella
Metallogenium, Leptothrix, Siderocapsa, Naumanella, Bacillus,
Lake Pseudomonas
Bacillus, Pseudomonas, Afipia

Acinetobacter sp., Bacillus, Sphingobacterium sp.

Well Pseudomonas, Burkholderiales
Bacillus, Exiguobacterium, Staphylococcus, Brevibacterium,
. Alcanivorax sp.
Mn deposits Hyphomicrobium, LepI;olyngbya
Sphingomonas, Flavobacterium, Janthinobacterium, Acinetobacter
Bacillus sp. FF-1
Seawater Citreicella manganoxidans sp. nov.
Marinobacter manganoxydans Mn17-9
Activated sludge Brevibacillus
Serratia marcescens
Pseudoalteromonas sp.
Biofilters Flavobacterium, Brevundimonas, Stenotrophomonas
Leptothrix, Pseudomonas, Methylibium
Drinking water Bacillus
system Lysinibacillus, Bacillus, Pseudomonas, Brevundimonas

In aquatic environments, the co-precipitation of Fe oxides with Mn oxides commonly results
in the formation of Fe-Mn binary oxides (Bai et al., 2016; McCann et al., 2018). The presence
of Fe- and Mn-containing biogenic minerals in the environment has been demonstrated by
several researchers (Abramov et al., 2020; Posth et al., 2014; Miller et al., 2012; Fortin and
Langley, 2005). Fe-Mn binary oxides are often formed in situ in natural aquatic ecosystems as
well as in groundwater treatment systems (Bai et al., 2013). However, the formation pathways
of biogenic Fe-Mn binary oxides at various environmental conditions have not been

extensively studied.
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Moreover, discriminating abiogenic from biogenic Fe-Mn binary oxides in the environment is
very challenging. Biogenic Fe-Mn binary oxides are generally brownish-black precipitates, and
mineralogical characterization of these phases suggest that they are a combination of poorly

crystalline or amorphous Fe and Mn oxides (Bai et al., 2016).

1.7.3 Environmental Significance of Biogenic Minerals

Biogenic minerals are important in environmental mineralogy and geobiology since they may
store unique information on ancient environments (Benzerara and Menguy, 2009). They have
been a significant reserve of organic carbon and fossils from past environments and can be
used for paleoclimatic research. The formation of biogenic minerals can occur through distinct
processes (De Yoreo and Vekilov, 2003) which can change the solution composition,
impacting the overall chemistry of that environment (Benzerara et al., 2011). For instance,
soluble Fe(Il) can be oxidized to Fe(Ill) by Fe-oxidizing bacteria at neutral pH, forming
insoluble Fe oxides. This changes the concentration of soluble Fe and other trace metals in
solution because of the biomineralization of Fe and trace metal adsorption on Fe oxides,
respectively (Benzerara et al., 2011; Hohmann et al., 2010). In many environments, the
formation of biogenic minerals may represent an important part of elemental biogeochemical
cycling (Glodowska et al., 2021; Benzerara et al., 2011). Microbial oxidation is often
kinetically favored over abiotic (chemical) oxidation in the environment, consequently
favoring the formation of biogenic minerals. For instance, natural Mn oxidation is primarily
catalyzed by Mn-oxidizing bacteria (Tebo et al., 2005; Francis and Tebo, 2002). Biogenic Mn
oxides are known for their great adsorption capacity of trace metals. Biogenic minerals exhibit
small sizes, poor crystallinity, and large surface areas and are often reported as redox-active
materials due to the presence of organic matter in their structures. All these properties provide
them with great adsorption capacity for many trace elements, including As (Castro et al., 2021;
Sowers et al., 2017), and hence, they can play a critical role in biogeochemical cycling and
regulating nutrient and pollutant dynamics (Sander et al., 2015; Tebo et al., 2004; Hashimoto
et al.,, 2014). However, elemental cycling due to biogenic mineral formation is often
overlooked in biogeochemical studies. It important to understand the biogenic minerals-trace

metal interactions dynamics to interpretation of trace metal cycling in different environments.
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1.8 Context of this Research

1.8.1 Scope of Research

Arsenic contamination in aquatic environments represents a significant public health hazard
due to its carcinogenic properties and widespread impact on millions of people dependent on
As contaminated drinking water sources (Fendorf et al., 2010; Wang et al., 2007; McArthur et
al., 2004; Nickson et al., 2000). Hundreds of studies have been conducted investigating the
adsorption and desorption dynamics of As on aquifer materials and minerals. Much of this
attention has been directed towards abiogenic minerals. Some of these minerals, such as
ferrihydrite (Fe oxyhydroxides), have been extensively studied owing to their natural
prevalence in soil and water, crystalline and surface properties as well as for their high capacity
for As adsorption (Jain and Loeppert, 2000; Perez et al., 2019; Jiang et al., 2015). However,
Fe-Mn binary oxides could be one of the potential candidates to investigate further due to the
frequent co-existence of Fe with Mn in the environment. Consequently, it is important to
understand the complexities of As adsorption-desorption dynamics of Fe-Mn binary oxides to

comprehend the fate and biogeochemistry of As within natural environments.

Moreover, while interest is growing in biogenic minerals research, extensive research into the
complexities of As adsorption and desorption onto and from biogenic Fe-Mn binary oxides
remain limited. The environment harbors numerous microbes, which are capable of oxidizing
Fe(IT) and Mn(II). In diverse environments, bacteria typically exist within biofilms (Donlan
and Costerton, 2002; Hall-Stoodley and Stoodley, 2009) and might form biogenic Fe and Mn
oxide minerals. These biogenic oxides are characterized by distinct mineral structures and
surface properties compared to their abiogenic counterparts. They are nano or micro-size
amorphous or crystalline composite materials often closely associated with organic materials
(Gilbert et al., 2005). Research supports increased surface area, reduced particle size, decreased
crystallinity, incorporated bacterial biomass and other cell-derived organic matter in biogenic
Fe and Mn oxides when compared with abiogenic counterparts (Hohmann et al., 2009; Cismasu
etal., 2011; Muehe et al., 2013; Hao et al., 2016; Sowers et al., 2017). The inherent variations
in structure and surface properties suggest potential differences in As adsorption behavior and

capacity between biogenic and abiogenic Fe-Mn binary oxides.
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Despite a few studies conducted on As(V) adsorption and desorption on biogenic Fe-Mn binary
oxides (Si et al., 2023; Zhao et al., 2022; Xu et al., 2022; Bai et al., 2016), detailed
investigations of microbial influence as well as the presence of biofilm on As(V) adsorption
and desorption dynamics onto and from Fe-Mn binary oxides are lacking. This still holds
significant promise for elucidating the complexities of As(V) interactions with biogenic
minerals within aquatic environments since biomineralization is often associated with biofilms.
Additionally, anticipating As adsorption and desorption onto and from biogenic Fe-Mn binary
oxides in different environments is challenging without a deeper understanding of their
formation pathways, mineralogical characteristics, and As adsorption-desorption kinetics in

the presence of biofilm.

1.8.2 Research Objectives

The overall aim of the thesis is to improve the understanding of the As(V) adsorption and
desorption onto and from Fe-Mn binary oxides and to investigate the microbial influence on

these As(V) adsorption-desorption processes.

The specific objectives that will help to achieve this aim include: (i) the synthesis of abiogenic
and biogenic Fe-Mn binary oxides and their detailed mineralogical characterizations, (ii) the
evaluation of As(V) adsorption capacity and behavior of Fe-Mn binary oxides compared with
single phase Fe oxide (ferrihydrite), (iii) the elucidation of the pathways for Mn(II) and Fe(II)
oxidation leading to the formation of biogenic Fe-Mn binary oxides, and (iv) the investigation
of the influences of P. putida biofilm on As(V) adsorption and desorption onto and from

biogenic and abiogenic Fe-Mn binary oxides.
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1.9 Thesis Outline

This thesis is structured into five chapters, in which Chapter 1 presents an introductory
literature review related to this research topic. The main experiments, experimental findings,
and discussions are presented in the following three chapters (Chapters 2-4) and formatted as
scientific papers for future publications. Lastly, Chapter 5 gives concluding remarks,
addressing the overall findings of the research and providing prospects for future research in

the related fields. The chapter-wise breakdown is outlined below.

Chapter 1: Introduction
The introduction includes a literature review and describes the fundamental concepts essential

for understanding this research.

Chapter 2: Assessing Arsenic(V) Adsorption Behaviours and Capacities of Abiogenic
Ferrihydrite and Iron-Manganese Binary Oxides

Iron-oxides, particularly ferrihydrite, have gained considerable attention in As adsorption
research due to their important adsorption capacities. Before considering biogenic Fe-Mn
binary oxides, it is crucial to determine the As(V) adsorption capacity and behavior of
abiogenic Fe-Mn binary oxides. This preliminary assessment is instrumental in establishing
whether it possesses sufficient As(V) adsorption capacity and testing its potential as a suitable
mineral candidate for subsequent biogenic experimentation. This comparison lays the
groundwork for understanding potential differences or similarities in the As(V) adsorption
mechanisms between abiogenic Fe-Mn binary oxides and ferrihydrite. Such insights were

essential given the anticipated complexity inherent in the biogenic experiment.

Chapter 3: Pseudomonas Putida-Mediated Synthesis of Biogenic Iron-Manganese Binary
Oxide Nanoparticles: Characterization Insights and Potential Environmental
Implications

One of the significant and challenging parts of the study is to successfully synthesize biogenic
Fe-Mn binary oxides. Biogenic Fe-Mn binary oxides were synthesized using P. putida MnB1,
establishing a novel formation pathway for these phases, that could mimic Fe and Mn
biogeochemical cycling at the oxic-anoxic boundary of the water column. Suites of analytical

techniques were employed to characterize the synthesized biogenic Fe-Mn binary oxides.
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Chapter 4: Unfolding the Role of Pseudomonas putida Biofilm in Arsenic(V) Adsorption-
Desorption Dynamics on Iron-Manganese Binary Oxides

This chapter provides scientific evidence of the role of biofilm in As(V) adsorption-desorption
dynamics by comparing As(V) adsorption-desorption dynamics for abiogenic and biogenic Fe-
Mn binary oxides, mineral-free biofilm, and abiogenic Fe-Mn binary oxides mixed with
biofilm. Biofilm of P. putida as well as Fe-Mn binary oxide biominerals produced by this
microorganism were used in this study. This chapter discussed how the presence of biofilm
affects As(V) adsorption kinetics and desorption capacity of biogenic and abiogenic Fe-Mn

binary oxides.
Chapter 5: Conclusions and Future Research Prospects
In this section primary findings from the previous chapters are summarized, and implications

of this research as well as possible future research directions are discussed.

Appendix
This section contains supplementary data, tables, STEM images, and EDX mappings.
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2 Chapter Two: Assessing Arsenic(V) Adsorption Behaviours and
Capacities of Abiogenic Ferrihydrite and Iron-Manganese Binary Oxides

Abstract

Arsenic (As) contamination in groundwater is one of the major environmental concerns and
has become a great threat to public health due to its carcinogenic impact. Understanding As
adsorption behaviours and capacities of the aquifer materials is important to comprehend its
mobility in groundwater. In this research abiogenic ferrihydrite and Fe-Mn binary oxides have
been synthesized and characterized by Scanning Electron Microscopy, Energy Dispersive X-
ray Spectroscopy, X-Ray Diffraction, and Brunauer-Emmett-Teller analyses. Their As(V)
adsorption behaviours and capacities have been investigated and compared for a better
understanding of the As(V) adsorption dynamics of single-phase Fe oxide and binary oxides.
As(V) adsorption kinetic data fitted best with the Pseudo-Second-Order kinetic model for both
adsorbents, indicating the adsorption mechanism was primarily chemisorption. Interestingly,
both adsorbents exhibited the same adsorption at equilibrium (q.) despite ferrihydrite having
higher As(V) adsorption rate constant (k) than Fe-Mn binary oxides. The adsorption isotherm
data followed the Langmuir isotherm model, showing a 25% higher maximum As(V)
adsorption capacity (qm) of Fe-Mn binary oxides than ferrihydrite per square meter, and
consistent with both having homogeneous surface sites that do not interact with one another
and monolayer As(V) adsorption. The higher adsorption rate constant (k,) and the equilibrium
adsorption constant (Kp) of ferrihydrite indicate its higher As(V) adsorption rate and affinity
than Fe-Mn binary oxides. The As(V) adsorption behaviour and capacity might be influenced
by the solution pH, the adsorbent’s specific surface area, and presumably by particle
aggregation, and pore size. Higher specific surface area, less particle aggregation, and larger
pore size of Fe-Mn binary oxides contributed more As(V) adsorption than ferrihydrite. Results
confirm that Fe-Mn binary oxides could be a promising As(V) adsorbent and might play

significant role in As(V) adsorption and mobility in aquatic environments.
Keywords: Arsenic adsorption; Adsorption kinetics; Ferrihydrite; Fe-Mn binary oxides;

Pseudo-First-Order kinetic model; Pseudo-Second-Order kinetic model Langmuir isotherm,

Arsenic contamination.
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2.1 Introduction

Groundwater arsenic (As) contamination has been considered to be one of the major
environmental concerns in many countries in the world, especially in Bangladesh, India,
Vietnam, China, and Cambodia because of its potential carcinogenic impacts (Nickson et al.,
2000; Wang et al., 2007; Fendorf et al., 2010; McArthur et al., 2004). During the past decade,
drinking water As contamination and its adverse effects on human health have become a major
concern around the world (Smedley and Kinniburgh, 2002). Worldwide, more than 230 million
people are chronically exposed to As-contaminated drinking water exceeding the WHO (World
Health Organization) safety standard guideline (10 pg/L), including 180 million people from
Asia (Shaji et al., 2021; WHO, 2011)- reflecting the alarming situation of As contamination.
Arsenic contamination in groundwater is generally naturally occurring, from aquifer materials
but it has become a contaminant in surface water in many parts of the world including the UK,
the USA, China, Brazil, and Colombia, because of the mining exploitation of As-containing
ores in the surrounding areas (Patel et al., 2023; Wu et al., 2017). Moreover, industrial
chemicals and agricultural pesticides are important anthropogenic sources of As in the
environment (Chen et al., 2015; Han et al., 2003; Garelick et al., 2008). In natural water, As
can exist in both organic and inorganic forms, but inorganic As was reported to be more toxic
than its organic form (Su et al., 2014). Over the years, proper management and As removal
techniques have been studied to tackle this problem. Such solutions have become more urgent
since As pollution has started to impact food safety through bioaccumulation in grains and
vegetables, especially in rice (Raufet al., 2011; Bhattacharya et al., 2012; Rahman et al., 2008).
Understanding the complex mechanisms governing As interaction with As adsorbing minerals
present in the environment is vital to know about As transport and mobility and thus, to find

out proper solution.

Iron (Fe) oxyhydroxides are naturally found in groundwater aquifers and widely studied due
to their high affinity toward As (Huang et al., 2020; Hao et al., 2018; Jiang et al., 2013; Taylor
et al., 2009). Ferrihydrite is one of the most significant and abundant Fe-containing minerals
at the Earth’s surface (Sassi et al., 2021; Funnell et al., 2020) and is considered to be a precursor
of most Fe oxide minerals (Schwertmann et al., 1999; Funnell et al., 2020). It is widely
distributed in various redox-active environments, from freshwater to marine water, and within

soil and sediments at near-neutral pH conditions (Jambor and Dutrizac, 1998).
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High abundances in the environment, high reactivity, and large specific surface area have made
ferrihydrite an important mineral to be considered as an effective adsorbent for contaminants
and trace elements, including As (Hiemstra et al., 2019; Hiemstra, 2018; Wang et al., 2013;
Raven et al., 1998). It has been reported that ferrihydrite is a better As(V) adsorbent compared
to other crystalline Fe oxides (Zheng et al., 2020; Perez et al., 2019; Couture et al., 2013).
Ferrihydrite surface is generally positively charged at the circumneutral pH (Dublet et al.,
2017), therefore, strongly attract and bind negatively charged As(V) species onto the surface.
Adsorption generally occurs by electrostatic interaction (Chen et al., 2022), ligand exchange
(Jia and Demopoulos, 2005), competitive ion exchange (Jain and Loeppert, 2000), or by
forming inner-sphere and outer-sphere complexes at the adsorbent surface (Ouyang et al.,
2022). In soil and groundwater, Fe and manganese (Mn) species are often found together
(Smedley and Kinniburgh, 2002; Bai et al., 2016). Hence, the occurrence of Fe as both single-
phase Fe oxide (e.g., ferrihydrite) and as binary phase (Fe-Mn binary oxides) minerals becomes

pervasive in various aquatic environments.

Fe oxides are generally formed by the chemical oxidation of the soluble Fe(Il) (Borch et al.,
2010), whereas Mn oxides are formed by the bio-oxidation of Mn(II) (Yu and Leadbetter, 2020;
Tran et al., 2018). Fe oxides co-precipitate with Mn oxides in aquatic environments to form
Fe-Mn binary oxides (Bai et al., 2016; McCann et al., 2018). Shallow groundwater
environments contain large quantities of Fe-Mn binary oxides and the individual Fe- and Mn
oxide components of these oxides have distinct functions; Fe oxides mainly as adsorbents and
Mn oxides as arsenite oxidizers (Amirbahman et al., 2006; Hou et al., 2017; Zhao et al., 2022).
Single-phase Fe oxide and binary oxides form in oxidative conditions where the oxidized
As(V) form is predominant. Understanding As(V) adsorption dynamics in the presence of
single-phase ferrihydrite and Fe-Mn binary oxides is important since they are ubiquitous in
nature and hence can control As(V) availability and transportation. This research focused on
the understanding of the As(V) adsorption mechanisms of ferrihydrite and Fe-Mn binary oxides
and aimed to (1) evaluate and compare the As(V) adsorption capacities of ferrihydrite and Fe-
Mn binary oxides, and (2) understand the As(V) adsorption behaviours of ferrihydrite and Fe-
Mn binary oxides.
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2.2 Materials and Methods

2.2.1 Synthesis of Ferrihydrite and Fe-Mn Binary Oxides

Ferrihydrite was synthesized following the method described by Cornell and Schwertmann,
(2003). Briefly, 40 g of ferric nitrate nonahydrate (Fe(NO3);.9H,0) was dissolved in 500 mL
of Milli-Q water. Approximately 298 mL of 1 M NaOH was then carefully and slowly added
to the solution while vigorously stirring with a magnetic stirrer until the pH of the solution
reached between 7.0 to 7.5. This resulted in the formation of ferrihydrite precipitates within a
few minutes. To collect the ferrihydrite, the solution was centrifuged at 5000 rpm for 15
minutes, and the supernatants were decanted. Separated precipitates were washed with Milli-
Q water several times until the resistivity of the solution decreased to 20 MQ.cm. The
precipitates were collected and oven-dried at 40° C for 72 hours. The produced ferrihydrite

precipitates were ground and stored at room temperature until further analyses.

Fe-Mn binary oxides were synthesized following the method described by Zhang et al. (2007a;
2007b). Briefly, 1.9 g potassium permanganate (KMnQO,) and 10 g ferrous sulfate heptahydrate
(FeS0O4.7H,0) were dissolved separately in 400 mL milli-Q water. The solution of
FeS0,.7H,0 was added slowly into the KMnOj solution while continuously mixing using a
magnetic stirrer. The pH of the mixed solution was adjusted between 7.0 and 7.2 by slowly
adding 5SM NaOH solution. The mixed solution was kept stirring for 1 hour when the Fe-Mn
binary oxides started to form. The solution was then kept for aging for another 12 hours.
Synthesized precipitates of the Fe-Mn binary oxides were centrifuged at 5000 rpm for 15 mins
and washed with Milli-Q water until the resistivity of the solution decreased to 20 MQ.cm. The
washed precipitates were oven-dried at 105° C for 4 h and then kept at 30° C overnight.
Collected precipitates of Fe-Mn binary oxides were ground and preserved at room temperature

until further analyses.

2.2.2 Solid Phases Characterisation

i. Powder X-Ray Diffraction (XRD) Analysis

To identify the mineral phases, XRD analysis was conducted on the dried and ground mineral
powders using a Panalytical Empyrean Series 2 diffractometer with a cobalt (Co) anode Ka
radiation source, fixed slit at continuous scanning from 5° to 80° in 26 positions, at the

Department of Earth Sciences, University of Oxford.
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ii. Scanning Electron Microscope (SEM) Analysis

The morphological features of the synthesized ferrihydrite and Fe-Mn binary oxides were
elucidated by SEM imaging using a high-resolution Zeiss Sigma 300 Field Emission Gun
Scanning Electron Microscope at the Sir William Dunn School of Pathology, University of
Oxford. SEM samples were prepared by stacking finely ground ferrihydrite or Fe-Mn binary
oxides on 13mm aluminum stubs covered with carbon tape. Stacked samples were then coated
with a 15 nm gold layer sputtered under vacuum for 120 seconds (Quorum Q150R ES, tooling
factor 2.30, sputter current 20 mA). SEM images were acquired in the secondary electron mode

at a working distance of 8-9 mm with an accelerated voltage of 2 kV.

iii. Energy Dispersive X-ray (EDX) Analysis

EDX analyses were performed to reveal the elemental compositions of the ferrihydrite particles
and Fe-Mn binary oxides. EDX analyses were conducted in the SEM, using an EDX detector
(Ultim Xtreme X-ray detector). The EDX spectra were acquired at a working distance of 5.4

mm with an accelerated voltage of 15 kV. Data were processed using Aztec software.

iv. Brunauer—-Emmett-Teller (BET) Analysis

BET analysis was performed to evaluate the specific surface areas of ferrihydrite and Fe-Mn
binary oxides after degassing at 110°C for 2 hours using a multi-point BET analysis with N,
adsorption on a Micromeritics ASAP 2020, at the Department of Chemistry, University of
Oxford.

2.2.3 As(V) Adsorption Kinetic Experiments

A stock solution of 500 uM As(V) was prepared by dissolving sodium arsenate heptahydrate
(AsH;sNayO;;) in Milli-Q water in a Teflon bottle. To perform As(V) adsorption kinetic
experiments, 5 mL of the 500 uM As(V) solutions were taken into 150 mL polypropylene
bottles, previously washed with 2% nitric acid (HNOs), to which 95 mL of Milli-Q water was
then added to make the working solution concentration 25 puM. The pH of the solutions was
adjusted to approximately 6.5 using 1 M NaOH and HNOs. In each solution, 100 mg of
ferrihydrite or Fe-Mn binary oxides were added, mixed well, and then the bottles were placed
on a horizontal shaker at a speed of 80 rpm at room temperature. Aliquot samples were

collected from the working solutions at 0, 0.2, 0.3, 0.5, 1, 2, 4, 6, 20, 24, 30, 48, and 72 h time
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intervals and filtered through 0.22 um membrane filters (Fisherbrand). The filtrates were
preserved in 2% HNO:s for Inductively Coupled Plasma Mass Spectrometry (ICP-MS) analysis.

All the experiments were performed in duplicate.

2.2.4 As(V) Adsorption Isotherm Experiments

Adsorption isotherm experiments were performed by preparing 50 ml solutions of 1, 3, 5, 10,
15, 25, 45, 65 and 125 uM As(V) by appropriate dilutions of the 500 uM As(V) stock solution.
The pH of the solutions was adjusted to approximately 6.5 using 1M HNO; and NaOH. In each
solution, 2.5 mg of adsorbent (either ferrihydrite or Fe-Mn binary oxides) were added. The
solution bottles were placed on a horizontal shaker at 80 rpm at room temperature. Aliquot
samples were collected from the solution at the beginning and after 48 h of reaction. The
collected samples were centrifuged at 5000 rpm for 5 mins, filtered through 0.22 um membrane
filters and filtrates were preserved in 2% HNO; for ICP-MS analysis. The experiments were

performed in duplicate.

2.2.5 Adsorption Kinetic and Isotherm Models

The time-dependent experimental data of As(V) adsorption on ferrihydrite and Fe-Mn binary
oxides were tested to fit the Pseudo-First-Order (PFO) and Pseudo-Second-Order (PSO) kinetic
models to find the dominant adsorption mechanism and reaction rate. The equation of the PFO

kinetic model is expressed as (Lagergren, 1898; Ho and McKay, 1998):

dq. .
s k:(q. — q:) Equation 2.1

Where q. and q; (umol/g) are the amounts of As(V) adsorbed at equilibrium and variable time

t, respectively, and k; is the adsorption rate constant (hour™) for the PFO kinetic model.

Considering the boundary conditions q=0 at t=0 and q;=q; at t=t, after integration Equation 2.1

can be written as:
q: = q.(1 — e 1Y) Equation 2.2
The linearized form of this equation has been given by Ho and McKay (1999) as follows:

In(q. — q;) =Inq, — k;t Equation 2.3
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The equation of the PSO kinetic model is expressed as (Ho and McKay, 1998):

dq. 2 .
s k, (g. — q:)* Equation2.4

Considering the boundary condition q=0 at t=0 and q=q, at t=t, after integration Equation 2.4

can be written as:

ky,qét
q: = _f2fe” Equation 2.5
1+k,q.t
The linearized form expressed as:
‘ ! + ‘ Equation 2.6
—= — Equation 2.
q  k2qZ e

Where q. and q; represent the same as in the PFO equation and k; is the adsorption rate constant
(g/pmol-hour) for the PSO kinetic model. The conformity between experimental data and the
model-predicted values was evaluated by calculating the coefficient of determination (R?) for

both models.

A Langmuir isotherm model was employed to determine the maximum As(V) adsorption
capacities onto ferrihydrite and Fe-Mn binary oxides and their surface properties. The
Langmuir isotherm is mainly applicable for the chemisorption process (Ghosal and Gupta,
2017). This is one of the simplest models, widely used to interpret As adsorption isotherm data
of ferrihydrite and Fe-Mn binary oxides (Raven et al., 1998; Lafferty and Loeppert, 2005;
Zhang et al., 2007). In 1916, Irving Langmuir first published the Langmuir equation for a gas-
solid phase adsorption system assuming monolayer adsorption of adsorbate onto an adsorbent
surface with homogeneous adsorption sites. Adsorption can only occur at a finite number of
definite adsorption sites, with no interaction between the adsorbed molecules (Alafnan et al.,
2021; Guo and Wang, 2019; Foo and Hameed, 2010). The isotherm model is expressed using
the following equation (Kalam et al., 2021; Ayawei et al., 2017):

_ am KLCe

qe = 1+ K,C, Equation 2.7

where qc is the amount of As(V) adsorbed on the adsorbent (ferrihydrite or Fe-Mn binary
oxides) (umol/g), C. is the equilibrium concentration of As(V) in the solution (umol/L), Ky is
the equilibrium adsorption constant related to the affinity of binding sites (L/umol), and g, is

the maximum amount of As(V) adsorbed on adsorbent (umol/g).
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The linearized equation is expressed as:

C, 1 C, .
— = +— Equation 2.8
qe dm KL Am

A plot between C./q. versus C, will generate a straight line with a slope of 1/qy, and an intercept

equal to 1/ qm K.

2.2.6 Elemental Concentration Analysis

The concentrations of As, Fe, and Mn in experimental solutions were determined by ICP-MS
analysis using a PerkinElmer Nex-ION 350D ICP-MS at the Department of Earth Sciences,
University of Oxford, using a River water reference material for trace metals (SLRS-5) from

the National Research Council Canada and rhodium as an internal standard.
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2.3 Results and Discussion

2.3.1 Mineral Phase Identification

Mineral phases of the synthesized ferrihydrite and Fe-Mn binary oxides were identified using
XRD analysis. The XRD patterns of the ferrihydrite and Fe-Mn binary oxides are shown in
Figure 2.1. The observed XRD patterns shapes with broad spectra without defined peaks
suggest the mineral phases might be highly amorphous or poorly crystalline in structures.
Synthesized ferrihydrite showed two broad bands at 40°, and 74° 20 positions in the XRD
pattern (Figure 2.1a), which mostly resemble the International Centre for Diffraction Data
(ICDD) 00-058-0898 reference line spectrum of hexagonal ferrihydrite. Fe-Mn binary oxides
showed (Figure 2.1b) most intensive broad peaks around 22° and 42° 26 positions and best
match with ICDD 00-018-0802 and ICDD 01-073-8408 reference lines of hexagonal birnessite

and ferrihydrite, respectively.
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Figure 2.1: XRD patterns of (a) ferrihydrite and (b) Fe-Mn binary oxides with ICDD reference

lines of ferrihydrite and birnessite.

Previous studies have found XRD patterns of ferrihydrite and Fe-Mn binary oxides with similar
shapes and peak positions (Gimsing and Borggaard, 2007; Yang et al., 2019; Liang et al., 2020;
Jiang et al., 2015). Gimsing and Borggaard (2007) and Dzieniszewska et al. (2020) identified
the ferrihydrite phase by XRD patterns identical to the pattern found in this study with the
shape and peak positions (Figure 2.2a) though the synthesis methods they have used are
different from this study.

47



Varieties of shapes and peak positions in the XRD patterns of Fe-Mn binary oxides have been
reported in the literature, mainly due to the presence of different Fe and Mn phases in different
studies and different Mn/Fe mole ratios (Figure 2.2 b, ¢, d) (Granados-Correa and Bulbulian,
2012; Yang et al., 2019; Liang et al., 2020; Li et al., 2017).
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Figure 2.2: XRD pattern of (a) ferrihydrite (Gimsing and Borggaard, 2007), (b) Fe-Mn binary
oxides with biochar (Liang et al., 2020), (c) Fe-Mn binary oxides (Byanjankar et al., 2024),
and (d) Fe-Mn binary oxides in different Mn/Fe mole ratios (Li et al., 2017).

Sometimes absence of Mn oxides peaks was reported due to the high amorphization of Fe-Mn
binary oxides (Liang et al., 2020). XRD pattern of Fe-Mn binary oxides found in this study
matches the XRD pattern of Fe-Mn binary oxides mixed biochar identified by Liang et al.
(2020) (Figure 2.2b). Li et al. (2017) reported various shapes and peak positions of Fe-Mn
binary oxides based on different Mn/Fe mole ratios (Figure 2.2d). Though the mineral synthesis
and XRD procedures vary, the overall shapes of the Fe-Mn binary oxides shown in those

studies support the result of this research.
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2.3.2 Morphological Characterization

The SEM images of ferrihydrite and Fe-Mn binary oxides are shown in Figure 2.3. The SEM
images of both ferrihydrite (Figure 2.3a, b) and Fe-Mn binary oxides (Figure 2.3c¢, d) indicated

they were the aggregates of many fine particles.
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Figure 2.3: SEM images (ferrihydrite (a, b), Fe-Mn binary oxides (¢, d)) and SEM-EDX spectra
of ferrihydrite and Fe-Mn binary oxides.
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Due to extensive particle aggregation, it is difficult to see the sizes of individual particles, but
the SEM images indicate they could be categorized as nanoparticles (<100 nm). Similar
morphologies of ferrihydrite and Fe-Mn binary oxides have been found in previous studies

(Zheng et al., 2023; Abdus-Salam and M’civer, 2012; Hu et al., 2022).

The SEM-EDX spectra in Figure 2.3 show the elemental compositions of synthesized
ferrihydrite and Fe-Mn binary oxides. Ferrihydrite EDX spectra showed the presence of Fe
and oxygen (O). The SEM-EDX spectra of the Fe-Mn binary oxides confirmed the presence of
Fe and Mn. The Potassium (K) peak might have originated from residual KMnOj, used for Fe-
Mn binary oxides synthesis. The presence of sulfur (S), sodium (Na), and silicon (Si) in both
ferrihydrite and binary oxides spectra might arise from the residues of FeSO4.7H,0O, NaOH,
and Si glass bottles. Sharp carbon (C) peaks in both spectra resulted from the carbon tape on
which samples were stacked. The elemental composition of ferrihydrite is similar to the
ferrihydrite synthesized by Abdus-Salam and M’civer, (2012). The SEM-EDX spectrum of Fe-
Mn binary oxides presented in this study is consistent with the SEM-EDX of Fe-Mn binary
oxides reported by Zhang et al. (2023).

2.3.3 Specific Surface Area

The specific surface area plays a significant role in determining active surface sites, surface
charge density, or electrostatic field in mineral particles (Mendez and Hiemstra, 2020), which
ultimately control the adsorption of metals or charged species. BET analysis revealed that the
specific surface areas of ferrihydrite and Fe-Mn binary oxides were 248 m?/g and 278 m?*/g,
respectively. The pore size of ferrihydrite was 2 nm to 3 nm, consistent with the results reported
by Weidler and Stanjek (1998) and the total pore volume was 0.1 cm’/g. Whereas the pore size
of Fe-Mn binary oxides ranged from 5 nm to 8 nm and the total pore volume was 0.3 cm’/g.
The smaller specific surface area of ferrihydrite compared to Fe-Mn binary oxides might have
resulted from the aggregation of particles as shown in the SEM image (Figure 2.3) (Hiemstra,
2018; Dzombak and Morel, 1991), and poor dispersion. However, the measured specific
surface area of ferrihydrite was close to the values (223.6 m*/g, 292 m*/g, 180 m?/g) reported
by several studies (Zheng et al., 2023; Lan et al., 2018; Zhu et al., 2011). Since ferrihydrite is
thermodynamically metastable, and its particles can grow over time, the specific surface area
may change too (Hiemstra et al., 2019; Dehouck et al., 2017; Mao et al., 2012; Burleson and
Penn, 2006).
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Several studies have reported significant changes in the specific surface area of the ferrihydrite
controlled by a few factors such as pH, temperature, and aging (Hiemstra et al., 2019; Antelo
et al.,, 2010). In particular, aging and particle aggregation resulted in the reduction of the
specific surface area of the ferrihydrite. It has been known that the ferrihydrite nanoparticles
can attach or bind themselves irreversibly to form larger porous aggregates, especially when
dried and as a result of aging, which significantly decreases reactive surface area (Hiemstra et
al., 2019; Antelo et al., 2010; Hiemstra et al., 2009). Moreover, He et al. (2021) mentioned that
the co-existence of Mn and Fe in the binary oxide particles would prevent particle aggregation
compared to monometallic Fe oxide, providing Fe-Mn binary oxides with a larger surface area.
A close specific surface area value (231 m?/g) for Fe-Mn binary oxides was observed by Wu

etal. 2011).

2.3.4 Adsorption Kinetics and Isotherms

PFO kinetic models of As(V) adsorption onto ferrihydrite and Fe-Mn binary oxides clearly
exhibited two phases of adsorption; the first linear phase up to 10 hours and then another semi-
linear phase between 10-72h (Figure 2.4). Interestingly, both adsorbents showed the similar
characteristics. The sharp slope at start indicates fast adsorption, perhaps dominated by film
diffusion and the second phase was slower, perhaps due to pore diffusion. As the adsorbent

became more saturated with adsorbates, fewer sites were available, and the adsorption rate

decreased.
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Figure 2.4: PFO kinetic models of As(V) adsorption on ferrihydrite (a) and Fe-Mn binary
oxides (b).
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As(V) adsorption kinetic studies indicated rapid As(V) adsorption onto both ferrihydrite and
Fe-Mn binary oxides from experimental solutions at the beginning of the reactions (Figure
2.5a). In the first 6 hours of reactions, As(V) adsorption rate on ferrihydrite was higher than on
Fe-Mn binary oxides. From approximately 20 hours, the As(V) adsorption rate on both
adsorbents slowed down considerably, and the concentration of As(V) in solutions remained

steady until the end of the reaction period.

The PSO kinetic model provided a good fit to As(V) adsorption experimental data of
ferrihydrite and Fe-Mn binary oxides. PFO and PSO kinetic models derived parameters for
As(V) adsorption on ferrihydrite and Fe-Mn binary oxides are provided in Table 2.1.
Conformity to As(V) adsorption experimental data with the PSO kinetic models (Figure 2.5b)
was confirmed by high R* values (R*= 0.999) in t/q versus reaction time (t) linear plot (Figure
2.5¢). Interestingly, the models provided the same calculated As(V) adsorption at equilibrium
(qe) for both ferrihydrite and Fe-Mn binary oxides, 238 pmol/g, which is close to the
experimental adsorption at equilibrium of both adsorbents (238 pmol/g and 239 pmol/g,
respectively) (Figure 2.5b). The k; values of ferrihydrite and Fe-Mn binary oxides were found
to be 0.01 g/umol-hour and 0.007 g/umol-hour, respectively. At the very beginning of the
adsorption process, the calculated adsorption rates (kaq.”) of As(V) onto ferrihydrite and Fe-
Mn binary oxides were 625 pmol/g-hour and 400 pmol/g-hour, respectively.

Table 2.1: PFO and PSO kinetic models derived parameters for As(V) adsorption on
ferrihydrite and Fe-Mn binary oxides.

PFO PSO
Kinetic Model R? ki e R ks e
(per hour) | (umol/g) (g/pmol-hour) | (umol/g)
Ferrihydrite 0.79 0.06 59 0.99 0.01 238
Fe-Mn binary | ) 0.08 86 0.99 0.007 238
oxides

The specific surface area-normalized As(V) adsorption onto ferrihydrite was higher than for
Fe-Mn binary oxides at equilibrium and throughout the reactions approaching equilibrium
(Figure 2.5d). Ferrihydrite exhibited specific surface area-normalized equilibrium adsorption
of 0.96 pmol/m?, while Fe-Mn binary oxides demonstrated an equilibrium adsorption of 0.86

pmol/m” at the end of the 72 hour of adsorption period.
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Figure 2.5: Time-dependent concentrations of As(V) in solution during adsorption on
ferrihydrite and Fe-Mn binary oxides (a), Mass-normalized experimental As(V) adsorption and
PSO kinetic models of ferrihydrite and Fe-Mn binary oxides (b), PSO kinetic t/q; vs reaction
time (t) linear plot (c), and Specific surface area-normalized As(V) adsorption onto ferrihydrite
and Fe-Mn binary oxides (d). Error bars have been calculated as the standard deviation of the

different replicates.

In As(V) adsorption kinetic experiments, the best fitting with PSO kinetic models suggested
that the dominant process of As(V) adsorption onto both ferrihydrite and Fe-Mn binary oxides
was mainly driven by chemisorption. These indicated that inner-sphere surface complexes
formation by ligand exchange might be the predominant mechanism of As(V) adsorption. This
result is consistent with the findings reported by Wang et al. (2022). A higher k; value of As(V)
adsorption onto ferrihydrite than Fe-Mn binary oxides indicated faster adsorption and higher
affinity of ferrihydrite to As(V) than Fe-Mn binary oxides (Wang et al., 2022; Zhu et al., 2011).
Almost complete adsorption of As(V) by both adsorbents indicates that the specific surface
areas of ferrihydrite and Fe-Mn binary oxides contained sufficient surface sites to adsorb this

low concentration (25 pM) of As(V) from the solution.
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The concentration-dependent As(V) adsorptions on ferrihydrite and Fe-Mn binary oxides were
determined by batch experiments using several As(V) solutions with concentrations ranging
from 1 to 125 uM at a pH value of 6.5. Figure 2.6a shows that the As(V) adsorption on Fe-Mn
binary oxides was higher than ferrihydrite. Mass-normalized As(V) adsorption demonstrated
higher adsorption ability of Fe-Mn binary oxides than ferrihydrite after 48 h of adsorption
reaction (Figure 2.6b). The experimental maximum adsorption capacities of ferrihydrite and

Fe-Mn binary oxides were 289 umol/g and 431 umol/g, respectively.
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Figure 2.6: Concentration-dependent As(V) adsorption on ferrihydrite and Fe-Mn binary
oxides (a), Mass-normalized experimental As(V) adsorption isotherms and Langmuir isotherm
models of ferrihydrite and Fe-Mn binary oxides (b), Langmuir isotherm Ce¢/q. vs Ce linear plot
(c), and Specific surface area-normalized As(V) adsorption of ferrihydrite and Fe-Mn binary

oxides (d). Error bars have been calculated as the standard deviation of the different replicates.

The As(V) adsorption experimental data were fitted using the linear Langmuir adsorption
isotherms (Figure 2.6¢) with R* values of 0.999 and 0.996 for ferrihydrite and Fe-Mn binary
oxides, respectively. Several researchers have also demonstrated Langmuir isotherm for

explaining adsorption systems (Zheng et al., 2023; Das et al., 2013; Zhu et al., 2011; Poinern
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et al., 2010; Foo and Hameed, 2010; Masue et al., 2007; Lafferty and Loeppert, 2005). The
Langmuir adsorption isotherm of ferrihydrite provided a calculated maximum adsorption
capacity (qm) of 286 umol/g and an equilibrium adsorption constant (Kr) of 2.5 L/umol. The
Langmuir adsorption isotherm of Fe-Mn binary oxides showed a qm, value of 435 umol/g and a

Ky value of 0.5 L/umol.

The Langmuir As(V) adsorption isotherm of both adsorbents suggested strong agreements
between the models and the experimental adsorption data. This indicated that the surfaces of
the adsorbents likely had homogeneous adsorption sites and that the adsorption energies of
As(V) adsorption on the surfaces of the adsorbents were the same. The adsorption occurred
onto the monolayers of the ferrihydrite and Fe-Mn binary oxides and there were no interactions
between adsorbed As(V) species. A higher Ky value for ferrihydrite suggested a higher affinity
of ferrihydrite for As(V) compared to Fe-Mn binary oxides. Previous research also supported
the use of the Langmuir isotherm equation for describing As(V) adsorption on ferrihydrite and
Fe-Mn binary oxides (Raven et al., 1998; Lafferty and Loeppert, 2005; Zhang et al., 2007).
However, the applicability of Freundlich isotherm is also common in describing and it
generally depends on the solution chemistry and the pH (Raven et al., 1998; Zhu et al., 2011;
Zhang et al., 2007). Since the Langmuir isotherm well described the As(V) adsorption onto
ferrihydrite and Fe-Mn binary oxides, and there were high conformities between experimental

data and model predicted values (R*> 0.99), no other model was employed.

The specific surface area normalized results of adsorption isotherm experiments indicated that
Fe-Mn binary oxides generally had a 25% higher capacity for As(V) adsorption per square
meter than ferrihydrite (Figure 2.6d). Ferrihydrite reached the highest adsorption capacity of
1.2 pmol/m?, whereas Fe-Mn binary oxides achieved a maximum capacity of 1.6 pmol/m”. On
the contrary, in adsorption kinetic experiments, surface area normalized result showed higher
adsorption capacity of ferrihydrite than Fe-Mn binary oxides at equilibrium (Figure 2.5d),
which might be only applicable in low As(V) concentration solution (25 uM).

However, higher As(V) adsorption capacity of Fe-Mn binary oxides might be due to the larger
specific surface areas of Fe-Mn binary oxides than ferrihydrite. Nonetheless, Fe-Mn binary
oxides had an 11% larger specific surface area than ferrihydrite but a 34% higher adsorption
capacity per gram. Hence, specific surface area may not be the only key factor controlling
As(V) adsorption capacity. Surface site densities and morphologies of the adsorbents (e.g.,

aggregation, pore size) might also affect their As(V) adsorption capacities.
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Adsorption of As(V) onto both adsorbents could be controlled by the solution’s pH, the
adsorbent’s mineralogy, and specific surface area. In natural environments, at neutral pH, As
remains as oxyanion. The As(V) is a charged oxygen anion (H,AsO, , HAsO,”") at pH 6.5 and
forms molecules of a large hydrated ionic radius after combining with water (Zheng et al.,
2023). Because of having higher pore volume and larger pore size than ferrihydrite, monolayer
adsorption might occur onto the external surface areas as well as in pores insides of the binary
oxides by external diffusion, surface reaction, and intraparticle diffusion (Wang and Guo,
2020). On the contrary, agglomeration of ferrihydrite could change the pore structure and
reduce pore size, decreasing As(V) adsorption capacity (Wang et al., 2022; Das and Bezbaruah,
2021; Hofmann et al., 2004). Particle aggregation of ferrihydrite might affect the adsorption of
larger hydrated As(V) molecules onto all effective surface sites, reducing adsorption capacity

of ferrihydrite.

2.4 Conclusion

This study reveals that synthesized ferrihydrite and Fe-Mn binary oxides were aggregates of
very small particles and poorly crystalline or amorphous in nature. Fe-Mn binary oxides had
larger specific surface areas, larger pore size, and higher total pore volume than ferrihydrite.
Adsorption of As(V) onto both ferrihydrite and Fe-Mn binary oxides was mainly driven by the
chemisorption process and the reactions followed the PSO kinetic equations. Ferrihydrite
exhibited a higher adsorption rate and affinity towards As(V) than Fe-Mn binary oxides.
Despite these, Fe-Mn binary oxides showed a 25% higher maximum As(V) adsorption capacity
per square meter than ferrihydrite. Adsorption isotherm data followed the Langmuir equation
suggesting monolayer adsorption onto the homogeneous surface sites of both adsorbents. The
adsorption capacity of the adsorbents might have been influenced by the solution pH, the
specific surface areas, and the morphologies of these minerals. The larger specific surface area
and pore size of the Fe-Mn binary oxides might have contributed more As(V) adsorption than
ferrihydrite. Aggregation of ferrihydrite particles and smaller pore size might have resulted in
adsorption only on the external surface, potentially reducing the adsorption capacity (per
square meter). The findings indicate the Fe-Mn binary oxides are excellent in As(V) adsorption
and might have a significant role in controlling As(V) transport and bioavailability in aquatic

environments.
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3 Chapter Three: Pseudomonas Putida-Mediated Synthesis of Biogenic Iron-
Manganese Binary Oxides Nanoparticles: Characterization Insights and
Potential Environmental Implications

Abstract

Biogenic iron-manganese (Fe-Mn) binary oxides are thought to be of significant environmental
importance due to their strong reactivity and frequent occurrence in natural settings. Despite
their critical role, their formation pathways in different environmental conditions and detailed
characterization remain underexplored. This research presents an in-depth investigation into
the synthesis of biogenic Fe-Mn binary oxides, mediated by the Mn-oxidizing bacterium
Pseudomonas putida MnB1 (P. putida), under conditions mimicking the oxic-anoxic interface
of a water column, a potential pathway described here for the first time. Synthesis of biogenic
Fe-Mn binary oxides was performed in laboratory experiments consisting of three successive
steps: (i) culturing P. putida, (i1) bio-oxidation of Mn(II) to produce biogenic Mn oxide, and
(ii1) oxidation of Fe(Il) by biogenic Mn oxides. Advanced analytical techniques, including
XRD, SEM, STEM, STEM-EDX, TEM-SAED, and ICP-MS revealed the formation of
heterogeneously distributed distinct phases of Fe and Mn oxide minerals. The minerals were
identified as poorly crystalline birnessite and ferrihydrite nanocrystals closely associated with
bacterial cells and extracellular polymeric substances (EPS). Synthesized biogenic Fe-Mn
binary oxides showed diverse morphologies, including large granules, long chains, and
ultrathin sheets, produced extracellularly on the bacterial cell surfaces. The synthesis process
of biogenic Fe-Mn binary oxides described in this study provides a better understanding of one
of the possible pathways of Mn and Fe cycling at the oxic-anoxic interface of the water column.
Potential environmental implications of the formation of these phases have also been discussed,

including trace metals transport dynamics in aquatic environments.

Keywords: Biogenic Fe-Mn binary oxides, Pseudomonas putida MnB1, Nanoparticles, Bio-

mineralization, Mn(II) oxidizer, Oxic-anoxic interface.
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3.1 Introduction

Microbes play a pivotal role in global geochemical cycling, biotransformations,
biodegradation, bioavailability, and the transport of contaminants and nutrients in natural
environments (Zheng et al., 2018; Borch et al., 2010). Their metabolic activities significantly
influence the mineralogy of surface environments by driving the formation of biogenic
minerals, often while using transition metals to meet energy requirements or to adapt to
environmental stress (Cosmidis and Benzerara, 2022; Soldatova et al., 2017; Rajkumar and
Freitas, 2008). Biogenic minerals form in close association with bacteria as either internal or
external precipitates. They often exhibit distinct characteristics compared to abiogenic phases,
such as smaller sizes, poorer crystallinity, higher reactivity, and larger surface area. As a result,
they tend to be more reactive and can control the biogeochemical cycling of contaminants in
natural environments (Glodowska et al., 2021; Piepenbrock et al., 2014; Muehe et al., 2013;
Posth et al., 2014). They also have significant roles in contamination remediation in different
built environments, including wastewater treatment plants and sites contaminated by industry

and mining (Staicu et al., 2021).

Manganese (Mn) is a vital trace element necessary for intracellular functions in humans,
animals, and plants, primarily due to its role as a cofactor for several enzymes and its
involvement in various metabolic and physiological processes (Chen et al., 2018; Li and Yang,
2018; Lucchini et al., 2015). Many bacteria utilize Mn for growth and protection against
oxidative stress (Waters, 2020; Culotta and Daly, 2013). Enzymes with Mn cofactors catalyze
nucleic acid and carbohydrate metabolism (Martin et al., 2017; Juttukonda and Skaar, 2015).
Some bacteria are known to oxidize Mn(Il) to generate energy and form Mn(III,IV) oxide
minerals (Yu and Leadbetter, 2020; Tebo et al., 2004). The predominant mechanism for
bacterial Mn(II) oxidation is enzymatic, and although Mn(Il)-oxidizing bacteria are
phylogenetically diverse, they all rely on a multicopper oxidase-like enzyme to carry out this
process. The oxidation of Mn(II) to Mn(IV) proceeds through a Mn(IIl) intermediate, which
may be either soluble or enzyme-bound (Webb et al., 2005; Tebo et al., 2004). Abiotic Mn(II)
oxidation is kinetically limited and microbial Mn oxidation processes play a critical role in the
biological formation of Mn oxides and regulate Mn cycling in natural systems (Handley and
Lloyd, 2013; Tebo et al., 2005; Nealson et al., 1988). This process is influenced by a range of

environmental factors, including temperature, salinity, and oxygen (O,) levels (Hansel, 2017).
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While Mn(II) oxidation by O, is thermodynamically favorable (Diem and Stumm, 1984), it is
kinetically limited without the presence of a catalyst. In the environment, microbial Mn(II)
oxidation is widespread across different microbial phylogenetic domains, including bacteria,
archaea, and eukarya (Hansel, 2017). Pseudomonas putida MnB1 (P. putida), a Gram-negative
Gammaproteobacterium, is ubiquitous in soil and freshwater, and is a well-known model
organism for the laboratory study of microbial Mn(II) oxidation (Tong et al., 2022; Galezowski
et al., 2020; Zheng et al., 2018; Toner et al., 2005; Villalobos et al., 2003; Caspi et al., 1998).
This strain can survive under diverse environmental stresses, including heavy metal
contamination. The biochemical mechanism of direct oxidation and acquisition of Mn(II) by
P. putida is thought to involve a multicopper oxidase enzyme complex (Francis and Tebo,
2001; Tebo et al., 2005; Miller et al., 2012) and Mn transporters (Courville et al., 2006; Nevo
and Nelson, 2006). Additionally, the involvement of extracellular superoxide radicals has been
identified as an indirect Mn(II) oxidation pathway in P. putida (Miller et al., 2012; Learman et
al., 2011). Despite progress, the exact mechanisms underlying Mn(Il) oxidation and
extracellular Mn oxides deposition remain incompletely understood (Webb et al., 2005; Miyata
et al., 2006; Learman et al., 2011). However, microbial Mn oxidation occurs at rates several
orders of magnitude greater than abiotic oxidation by O, (Tebo et al., 2004), emphasizing the

significance of the formation of biogenic Mn oxides in natural aquatic systems.

The geochemistry of Mn is interlinked with iron (Fe), as these two metals often co-exist in
various forms, including as hydrated ions, in soluble complexes, and in particles across diverse
environments such as waters, soils, and sediments (Kappler et al., 2021; Liu et al., 2022; Bai
et al., 2016). Iron, the most abundant transition metal in the Earth's crust, is ubiquitous in
surface and groundwater environments. Fe oxides form through the oxidative precipitation of
Fe(Il) under aerated conditions, primarily via chemical oxidation, although microbial processes
can also facilitate the oxidation of Fe(II) to Fe(IIl) under anoxic conditions, particularly via
nitrate-reducing and photoautotrophic bacteria (Kappler et al., 2021; Kappler and Straub, 2005;
Straub and Kappler, 2005). Moreover, microorganisms can also passively sorb Fe onto their
cell walls, leading to Fe oxides nucleation on the cell surface. Microbial extracellular polymeric
substances (EPS) can also act as templates for Fe oxides nucleation (Fortin and Langley, 2005).
Fe- and Mn oxides often co-exist in environments and co-precipitate as Fe-Mn binary oxides.
Understanding the formation of biogenic Fe-Mn binary oxides is critical, as these minerals play
essential roles in controlling the speciation, transport, and fate of several redox-sensitive

metals, thereby regulating their biogeochemical cycles (Zheng et al., 2024).
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This research focuses on the interplay between Fe and Mn in a microbial system that mimics
the geochemical dynamics at the oxic-anoxic interface, and which has rarely been investigated.
While numerous studies have focused on the chemical synthesis of binary or mixed Fe- and
Mn oxides (Hu et al., 2022; Chen et al., 2020; Zheng et al., 2021; Zheng 2020; Yang et al.,
2018; Zhang et al., 2014; Liu et al., 2012; Xu et al., 2011; Chang et al., 2009; Zhang et al.,
2007), investigations into the synthesis of microbially mediated Fe-Mn binary oxides, along
with a detailed characterization of these minerals, are limited. The in-situ formation of biogenic
Fe-Mn binary oxides was investigated by Bai et al. (2016) in aerobic conditions using
Pseudomonas sp. QJX-1 for Mn(II) oxidation. Tong et al. (2022) investigated the effect of
Fe(II) oxidation by O, on Mn(Il) oxidation by P. putida. However, neither study addressed the

redox behavior of biogenic Mn oxides in the presence of Fe(Il) in micro-oxic conditions.

This research describes a novel pathway for the microbial formation of biogenic Fe-Mn binary
oxides under the conditions of an oxic-anoxic boundary in the water column: first, the
formation of biogenic Mn oxide nanoparticles through the bio-oxidation of Mn(Il) by P. putida
in oxic conditions, followed by the synthesis of Fe oxide nanoparticles through in situ oxidation
of Fe(Il) by biogenic Mn-oxide in a micro-oxic environment, in a laboratory setting.
Additionally, the study offers a detailed characterization of the synthesized biogenic Fe-Mn
binary oxides. Finally, environmental implications of this new microbial synthesis pathway

have been discussed.
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3.2 Materials and Methods

3.2.1 Synthesis of Biogenic Fe-Mn Binary Oxides

Biogenic Fe-Mn binary oxides were produced in a three-step process: (i) culturing of P. putida
MnBI, (ii) synthesis of biogenic Mn oxide, and (iii) synthesis of biogenic Fe-Mn binary oxides.
Culturing and synthesis of biogenic Mn oxide were performed following a protocol slightly
modified after Galezowski et al., (2020). All the solutions prepared and used in this experiment
were sterilized either by autoclaving or filtering through 0.22 um filters. To culture the bacteria,
a growth medium was prepared by dissolving nutrient broth (Sigma-Aldrich) in MilliQ water
(8 g/L). The nutrient broth was composed of 3 g/L beef extract, 5 g/L peptone, and 50 uM
MnSO0O4.H,0 (manganese sulfate monohydrate). Cells of P. putida strain MnB1 (ATCC 23483)
were inoculated in the growth medium and cultured overnight under aerobic conditions on a
horizontal shaker at a speed of 120 rpm at 30 °C and a pH 6.8. On the next day, the cells were
separated from the growth medium by centrifuging at 5000 rpm for 5 mins. Cells were then
washed with 10 mM HEPES (4-(2-Hydroxyethyl)piperazine-1-ethane-sulfonic acid) and 10
mM NaCl (sodium chloride) three times to rinse off any growth medium from the separated

cells.

In the second step, a mineralization medium composed of 10 mM HEPES, 2 mM (NH4),SO4
(ammonium sulfate), 0.7 mM NaCl and 1 mM glucose was prepared, and the pH was buffered
at 7.4. Then, the rinsed P. putida cells were transferred at a cell density of 2.3 x 10° cells/mL
to several 250 mL Schott bottles, each containing 150 mL of mineralization medium. After
this, 5 mL of a 5.58 mM Mn(II) (MnSO4.H,0) solution was added to each bottle to achieve a
Mn(II) concentration of 180 uM. After that, the bottle lids were loosely closed, and bottles
were placed on a horizontal shaker at a speed of 120 rpm at 30 °C. Blackish-grey precipitates
were observed to form in the experimental media from the second day of the experiment,
interpreted as the bio-oxidation of Mn(Il) to insoluble Mn(IIl)/(IV) by P. putida. In order to
assess spontaneous chemical formation of Mn oxide, an abiotic control was prepared by
introducing Mn (II) at 180 uM in the same mineralization medium, without inoculation with

P. putida, and under the same experimental conditions mentioned above.
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Finally, after 12 days of Mn(II) bio-oxidation and mineralization, each Schott bottle was
sparged with nitrogen (N,) gas for 5 minutes to establish micro-oxic conditions, and Fe(II)
(FeS0O4.7H,0) was added to the solution at a final concentration of 200 pM. The experiment
was then continued for 6 days at 30 °C, with agitation at a speed of 120 rpm.

All solutions and cell handling were performed in a biosafety hood to prevent microbial
contamination and maintain sterile conditions. After synthesis, minerals were separated from
the mineralization media by centrifuging at 8000 rpm for 10 minutes and then washed with

milli-Q water five times for further analyses.

3.2.2 Chemical Analysis

i. Inductively Coupled Plasma Mass Spectrometry (ICP-MS) Analysis

The concentrations of Fe and Mn in experimental solutions were determined by ICP-MS
analysis using a PerkinElmer NexION 350D ICP-MS. A river water standard for trace metals
(SLRS-5) from the National Research Council Canada was used as reference material for Fe
and Mn concentrations, using rhodium as the internal standard. For the analysis, 200 pL
aliquots were collected from the experimental solution immediately after the addition and
mixing of Mn(II) in the solution, filtered through 0.22 um, and preserved in 2% nitric acid
(HNO:s) to determine the initial concentration of Mn(II) added for bio-mineralization. Sample
aliquots were also collected from the experimental solutions before and immediately after the
addition and mixing of Fe(Il) and also after 6 days of Fe(Il) oxidation. The samples were
filtered through 0.22 pm filters and dissolved in 2% HNO; for ICP-MS analysis to determine
the initial concentration of Fe(Il) added and concentrations of Fe(I) and Mn(II) remaining in
the solution after reaction. Concentrations of Mn and Fe in particulates were found by
subtracting the concentrations of Mn and Fe remaining in the mineralization media from the

concentrations of Mn and Fe initially added.

62



3.2.3 Mineralogical and Morphological Characterization
i. X-Ray Diffraction (XRD) Analysis

XRD analysis was employed to identify the crystalline mineral phases composing the biogenic
precipitates. A portion of the separated biogenic sample was suspended in 3 mL of Milli-Q
water. This suspension was then pipetted onto the center of a silicon crystal low-background
disk (Appendix, Figure 3-A1), evenly spread over a 10-15 mm circular area ensuring complete
coverage, secured in a holder with a spring, and left to air dry overnight. The XRD analysis
was performed the next day at the University of Oxford’s Department of Earth Sciences using
a Panalytical Empyrean Series 2 diffractometer with a cobalt (Co) anode Ka radiation source
(Ka1=1.78901 A and Ko2=1.79290 A). The diffractometer was set up in a standard reflection
geometry using a fixed slit at continuous scanning from 4 to 80° over a total estimated duration
of 6.5 h in 20 position with a spinning holder (4 seconds per revolution) and a step size of
0.026°. Background noise was subtracted by manual fitting to aid the accuracy of XRD peak

identification.

ii. Scanning Electron Microscope (SEM) Analysis

SEM imaging was performed to elucidate the morphological features of the produced biogenic
Fe-Mn binary oxides using a high-resolution Zeiss Sigma 300 Field Emission Gun Scanning
Electron Microscope at the Sir William Dunn School of Pathology, University of Oxford. For
SEM analysis, samples were prepared by filtering 2 ml of the homogeneously mixed
mineralization medium containing biogenic Fe-Mn binary oxides through a 0.22 pm filter to
retain the minerals. The filter was then rinsed with approximately 5 ml of Milli-Q water to
remove residual salts and ions. A small section of the filter containing biogenic minerals was
affixed to a 13 mm aluminum stub covered with carbon tape. The stub was allowed to air dry
overnight before being gold-coated for imaging. For gold coating, the aluminum stub was
sputtered under vacuum for 120 seconds with a 15 nm thick gold layer (Quorum Q150R ES,
sputter current 20 mA, tooling factor 2.30). Images were acquired by the electron microscope
operating in the secondary electron mode with an acceleration voltage of 2 kV and at a working

distance of 89 mm.
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iii. Scanning Transmission Electron Microscopy (STEM) and Scanning Transmission
Electron Microscopy-Energy Dispersive X-ray Spectroscopy (STEM-EDX) Analyses
STEM and STEM-EDX analyses of the biogenic Fe-Mn binary oxides were performed at the
David Cockayne Centre for Electron Microscopy of the Department of Materials at the
University of Oxford. STEM images were acquired with a JEOL ARM200F, equipped with a
cold field emission source and Caesium (Cs) probe corrector, and operating at 200 kV. The
imaging conditions were set up to acquire high-angle annular dark field (HAADF) and bright
field (BF) STEM images simultaneously. STEM-EDX was performed in the same instrument,
equipped with a 100 mm® Centurion EDX detector. For the analyses, the separated particulate
samples were diluted into Milli-Q water and a drop of the suspension (~3 puL) was placed on a
3 mm copper (Cu) TEM grid with formvar support. The grids were allowed to air dry overnight

before analysis.

iv. Transmission Electron Microscopy (TEM)-Selected Area Electron Diffraction (SAED)
Analyses

TEM-SAED was performed in a JEOL JEM-2100, 200 kV analytical electron microscope
equipped with a LaB¢ electron gun in combination with SAED. The SAED patterns were
processed using Imagel software (version 2.9.0/1.53t). Samples for TEM-SAED analysis were
prepared in the same way as for STEM analysis (section 2.3.3) but lacey carbon film supported

TEM grids were used instead of formvar supported grids.
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3.3 Results and Discussion

3.3.1 Biosynthesis of Biogenic Fe-Mn Binary Oxides

Bio-mineralization of Mn oxides by P. putida was conducted for 12 days, during which mineral
particles formation began as early as the second day. A characteristic blackish-grey mineral
deposit appeared at the bottom of the Schott bottles, indicative of the bio-oxidation of Mn(II)
to Mn(III) or Mn(IV). The initial concentration of Mn(II) introduced into the mineralization
medium was 187.5 uM. After 12-days, the concentration of soluble Mn remaining in the
solution was measured at 60.8 (+0.6) uM, indicating that 67.6 % of the added Mn had been
bio-oxidized. The formation of Mn oxides was not observed in the abiotic control experiment

(Appendix, Figure 3-A2).

Following the 12 days of the Mn(II) bio-mineralization, Fe(Il) was added to the solution
resulting in a concentration of 210.4 (£0.8) uM. The timing of Fe(Il) addition was strategically
chosen after the biosynthesis of biogenic Mn oxide particles to prevent any potential toxic
effect of Fe(Il) on P. putida that could have retarded biogenic Mn oxide formation (Tong et
al., 2022). The media were furthermore sparged with N, gas for 5 minutes before Fe(II)
addition to minimize the chemical oxidation of Fe(Il) by O, and instead maximize Fe(II)
oxidation by the biogenic Mn oxides. Biogenic Mn oxides are known to be among the strongest
oxidants with high redox reactivity (Fischel et al., 2024; Tebo et al., 2004). Previous research
has also provided evidence that at low O, concentrations, the chemical oxidation of Fe(Il) by
O, is very slow (Emerson, 2000). It was thus expected that Fe(II) would be primarily oxidized
by Mn oxides under these micro-oxic conditions. The Fe(Il) oxidation and mineralization
process was then continued for an additional 6 days, extending the total experimental period to
18 days (Figure 3.1). In the oxidation process of Fe(Il) to Fe(III), biogenic Fe-Mn binary oxides

are expected to form, following the reaction below:
MnO; + 2Fe*" + 2H,O — Mn”" + 2FeOOH + 2H" Equation 3.1
where MnO; represents Mn(IIl, IV) oxides, such as pyrolusite or birnessite, and FeOOH

represents the possible Fe(Ill) oxyhydroxides, such as ferrihydrite or goethite (exact
stoichiometry would thus vary accordingly) (Liu et al., 2022).
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After 18 days of mineralization, more than 99% (186.2 (+1.8) uM) of Mn mineralization was
achieved. A much higher percentage of Mn bio-oxidation after 18 days compared to 12 days
indicated that P. putida would have survived in the micro-oxic condition and promoted Mn
oxides formation through bio-oxidation or through passive biomineralization. More than 81%
(171.6 (£2.3) uM) of Fe(Il) was precipitated, making the Fe to Mn ratio in the synthesized
biogenic Fe-Mn binary oxides approximately 0.9:1. A micro-oxic environment in the
experimental mineralization medium was indicated by the survival of the aerobic bacterium P.
putida even after N, sparging, which supported the continuous bioxidation of Mn(II). The
incomplete oxidation of Fe(Il) (>80%) by the end of the reaction implies that the solution

lacked sufficient amount of O, to oxidize Fe(Il) completely.
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Figure 3.1: Percentages of Mn(II) and Fe(II) mineralization over 18 days. Error bars have been
calculated as the standard deviation of the different replicates.

Throughout the mineralization process, the pH of the solution remained relatively stable
(Appendix, Table 3-A1). Indeed, after 12 days of Mn(II) mineralization, the pH decreased from
7.4 to 7.3 (£0.2). A slight decrease in the pH might be due to the production of organic acids
(e.g., uronic acids) by bacterial cells and EPS (Behbahani et al., 2022). Heterogeneity in pH
among different bio-mineralization replicates was also observed, which could be explained by
the heterogeneous acid production rates and O, consumption by bacterial microcolonies in each
replicate (Behbahani et al., 2022). The pH further dropped to 7.15 (+0.2) after the addition of
Fe(Il) into the mineralization media. This could be due to the release of protons following
Fe(Il) addition (Equation 3.1), and the formation and degradation of bacterial cells and EPS.
However, at the end of the 18 days of mineralization, the pH was found to be 7.2 (£0.2). Since

66



the changes of pH in all steps were relatively small, no further pH adjustments were performed.
On the other hand, in the abiotic controls, the pH remained stable between 7.39 and 7.41
(Appendix, Table 3-A2) since no Fe(II) was added to the solution.

3.3.2 Mineralogical and Morphological Characterization

i. XRD Analysis
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Figure 3.2: (A) Raw XRD pattern of the microbial precipitates collected at 18 days, (B)
Background corrected XRD spectrum with corresponding d-spacings, (C) Birnessite reference
line spectrum, ICDD 00-013-0105, (D) Birnessite reference line spectrum, ICDD 01-073-7862,
and (E) Ferrihydrite reference line spectrum, ICDD 00-058-0898.
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The XRD pattern for the biogenic particles collected from the experimental medium after 18
days is shown in Figure 3.2. The lack of well-defined diffraction peaks suggests the biogenic
precipitates were either poorly- or nano-crystalline (Post, 1999; Billinge and Levin, 2007)
though, the measured data showed a plausible match with several entries from the International

Centre for Diffraction Data (ICDD).

The background corrected diffractogram (Figure 3.2B) shows a broad peak at the 14.2° 26
position (d-spacing 7.26 A) and weak peaks at the 28.7° 20 (d-spacing 3.59 A), 43° 20 (d-
spacing 2.46 A), and 78.6° 20 (1.42 A) positions matching d-spacing of ICDD entries (00-013-
0105, Figure 3.2C; 01-073-7862, Figure 3.2D) suggesting the presence of poorly crystalline
birnessite, similar to previously published data (Cieschi et al., 2021; Bondar and Alekseev,
2020; Gao et al., 2015). The patterns closely resemble the measurements of poorly ordered
birnessite produced using P. putida (Villalobos et al., 2003; Galezowski et al., 2020). The XRD
diffractogram also shows a reasonable match with the ICDD ferrihydrite patterns (i.e. 00-058-
0898; Figure 3.2E) in line with the evidence for poorly crystalline ferrihydrite found by other

researchers (Valaskova et al., 2022; Schwertmann et al., 1999).
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ii. SEM Analysis

SEM imaging provides insights into the morphology and texture of the biogenic precipitates
collected on day 18 of the experiment (Figure 3.3a-d). The images in Figure 3.3 indicate that

these minerals were complexly interwoven with bacterial cells and EPS.

Figure 3.3: SEM images of the biogenic precipitates showing co-localization of bacterial cells,

EPS, and mineral particles.

EPS are produced during the growth of bacteria and include polysaccharides, humic acids,
proteins, nucleic acids, and lipids (Wingender et al., 1999; Ras et al., 2008; Guibaud et al.,
2009; Tebo et al., 2004). The SEM images show that the minerals, mixed with the EPS

components, are located extracellularly or on the cell surface.

iii. Elemental Composition and Distribution

STEM-EDX analysis of the biogenic mineral precipitates collected at 18 days revealed a
heterogeneous distribution of Fe and Mn within the particles. Elemental mapping across the
investigated mineral area of interest indicated that Mn oxides and Fe oxides exist as distinct

separate mineral phases (Figure 4 b, c, d), heterogeneously distributed relative to one another

69



rather than forming a homogeneous mixture (Figure 3.4). Several studies (Zheng et al., 2020;
Li et al., 2017; Zheng et al., 2021; Zhang et al., 2014) have demonstrated the synthesis of
abiogenic Fe-Mn binary oxides typically resulting in similar elemental distributions. The
heterogeneous distribution of Fe and Mn might be caused by the sequential oxidation of Mn(II)

and Fe(Il) in two separate steps.
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Figure 3.4: (a) HAADF-STEM image of the biogenic Fe-Mn binary oxide, (b) STEM-EDX
Mn map, (c) STEM-EDX Fe map, (d) STEM-EDX O map, (¢) STEM-EDX P map and (f)
STEM-EDX P and C overlaid map in biogenic Fe-Mn binary oxides.

The heterogeneity of Fe and Mn distributions was further investigated by analyzing the
elemental compositions of specific areas within the sample (Figure 3.5). For instance, in Figure
3.5, the EDX maps and spectra indicate that the distribution and concentration of Fe and Mn
were different in areas 1 and 2, with Spectrum 1 showing mainly Fe-oxide composition, and

Spectrum 2 showing both Fe and Mn-oxide compositions.
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Figure 3.5: STEM-EDX spectra of specific regions of biogenic Fe-Mn binary oxides shown
on the overlaid EDX maps of Fe, Mn (spectrum 1, spectrum 2).

The presence of phosphorus (P) associated with the biogenic minerals was observed in the
EDX maps and spectra (Figure 3.4e, 3.5). The detected carbon (C) distribution in the EDX
maps closely correlated to the P distribution, suggesting that P and C likely originated from the
bacterial cells and EPS. Although some of the carbon signal might also come from the formvar
coating of the TEM grid itself. In Figure 3.5, EDX spectra show higher P and C signals in area
1 compared to area 2, supporting the claim that the presence of P is mainly associated with
organic carbon (bacteria cells and EPS). The co-distribution of P and C was evident in the
STEM-EDX P and C overlaid map in Figure 3.4(f). In addition, some of the P signal may be
explained by the formation of Mn phosphates, although such phases were not identified in our

experiments by XRD.

Indeed, it has been reported that inorganic phosphate may originate from the hydrolysis of
cells, increasing concentration in the extracellular environment, which could promote its
reaction with Mn adsorbed on the bacterial cell surfaces and the formation of manganese
phosphate precipitates close to the cells (Parikh and Chorover, 2005; Galezowski et al., 2020).
A similar finding was demonstrated by Galezowski et al. (2020) in biogenic Mn oxides

produced by P. putida.
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The EDX analysis identified other elements such as nitrogen (N), sulfur (S), aluminum (Al),
silicon (Si), and negligible amounts of calcium (Ca), and potassium (K), consistent with
findings reported by Morales et al. (2024) for biogenic Mn oxides produced by P. putida. Miller
et al. (2012) also reported the presence of Al, Si, Ca, and P in biogenic Mn oxide. These
elements likely originate from borosilicate bottles, and chemicals used for preparation of the
experimental media. The Cu signal likely originates from the TEM grid. Additional EDX maps
have been provided in Appendix (Figure 3-A3).

iv. STEM and TEM-SAED Analyses

The STEM images provide insights into the relative sizes, crystalline properties, morphology,
and phases of the biogenic Fe-Mn binary oxides. While it was difficult to precisely determine
the actual size of the particles due to their tendency to form aggregates, the characteristic size
observed from the images was less than 100 nm (Figure 3.6A-F) corresponding to the

nanoparticle size range.

Bright-field scanning transmission electron microscopy (BF-STEM) was performed to
evaluate the morphology and crystalline properties of the biogenic Fe-Mn binary oxides. The
BF-STEM image in Figure 3.6(A) shows the presence of rod-shaped P. putida cells associated
with Fe and Mn oxide particles. The BF-STEM images reveal morphological differences of the
binary oxides across the measured area (Figure 3.6B). The biogenic particles tend to exhibit an
ultrathin layered morphology with individual layers folded at various angles or stacked atop
one another (Figure 3.6C). This characteristic morphology of biogenic Mn oxide has also been
documented in previous research (Villalobos et al., 2003; Miller et al., 2012; Galezowski et al.,
2020). In addition, the particles exhibit greater morphological diversity. They were found to
form chain-like morphology, likely due to the aggregation of the nanoparticles mediated by
bacterial cells and EPS, which might have connected individual particles (Figure 3.6D, E).
Nanoparticles also formed large aggregates or clusters forming many granular structures
(Figure 3.6F). The underlying mechanism responsible for the formation of long chain-like
structures and clusters of large aggregates is unclear but the electrostatic interaction or biding
of mineral surface with charged functional groups at the surface of the bacteria cell walls and
EPS may promote particle aggregation and formation of these diverse morphologies (Fortin

and Langley, 2005).
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Figure 3.6: (A) BF-STEM image of the biogenic Fe-Mn-binary oxides nanoparticles mixed
with bacteria cells, (B) BF-STEM image of the different morphologies of biogenic Fe-Mn
binary oxides, (C) BF-STEM image of the ultrathin layered morphology of the particles, (D-
E) BF-STEM image of the chain-like particle aggregates, (F) BF-STEM image of the large

granular particle cluster.

High-resolution STEM imaging failed to reveal consistent lattice fringes in the biogenic Fe-
Mn binary oxides. This could be due to the highly disordered structure of the minerals.
Moreover, the presence of organic matter may have obscured the particle surface or scattered
electrons, reducing the contrast and clarity of lattice fringes. Also, Galezowski et al. (2020)
found that radiation damage during imaging can lead to Mn(III)/Mn(IV) reduction to Mn(II)
species. Toner et al. (2005) have found that organic matter associated with biogenic Mn oxides
can generate free-radical species when exposed to radiation beams, leading to the photo-
reduction of Mn(IV) /Mn(III). The high electron acceleration voltage used for STEM in this
study might therefore have contributed to the radiation-induced damage of the mineral phases

causing difficulty in clearly observing crystal lattice fringes.
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Additionally, biogenic minerals have been reported to display lattice distortions compared to

their synthetic or naturally occurring abiogenic counterparts (Deng et al., 2022).

Figure 3.7: TEM images of the different areas (A, D, G) of the biogenic Fe-Mn binary oxides
sample, with corresponding SAED diffraction patterns (B, E, H) and measured d-spacing (C,
F, ).

Nonetheless, the TEM-SAED analysis provided valuable evidence regarding the crystalline
properties of these biogenic minerals. As shown in Figure 3.7, TEM images and corresponding
SAED diffraction patterns of the biogenic Fe-Mn binary oxides display variations across
different measured areas. The SAED diffraction pattern in Figure 3.7 (B, C) of a specific region

(Figure 3.7A) exhibits an amorphous halo alongside several weak diffraction speckles (Figure
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3.7B). These speckles suggest the presence of nano-sized polycrystals sharing a common
orientation within the measured area. Another SAED diffraction pattern (Figure 3.7E, F) from
a different region (Figure 3.7D) shows an amorphous halo with a very weak diffraction ring
(Figure 3.7E) indicating randomly oriented polycrystals. SAED diffraction pattern in Figure
3.7 (H, I) of another measured area of the sample (Figure 3.7G) also exhibits several diffraction
speckles indicative of the nano-sized crystals. The diffraction speckles and all the d-spacing
values (3.4 A, 44 A, 2.7 A, and 1.9 A) in the SAED diffraction patterns from the different
sample areas closely resemble nano-sized birnessite and ferrihydrite polycrystals (Lee and Xu,
2019; Arias et al., 2019; Powell et al., 2014), consistent with the XRD results. The presence of
amorphous halos in all the SAED diffraction patterns is believed to originate from the organic
carbon (bacterial cells and EPS) present in the samples (Shi et al., 2024; Galezowski et al.,
2020).

3.4 Environmental Implications of Biogenic Fe-Mn Binary Oxides Nanoparticles

Biogenic Fe and Mn oxides are commonly found across various environmental systems
(Glodowska et al., 2021; Estes et al., 2017; Tebo et al., 2004; Villalobos et al., 2003; Sowers
etal., 2017). In natural aquatic environments, mixtures of Fe and Mn oxides often arise through
various mechanisms depending on the redox environment (see below). Fe- and Mn-rich
sediment layers at oxic-anoxic interfaces have been found in various environments ranging
from groundwater aquifers to marine environments. For instance, a few hundred microns of
Fe- and Mn-rich laminae have been reported by Babek et al. (2023) in a groundwater aquifer
and are believed to be partly microbial in origin. Globally, Mn- and Fe-enriched layers have
been discovered in both shallow and deep marine water environments and freshwater sediments
in aerobic conditions as well as at oxic-anoxic interface (Tazaki, 2000; Palermo and Dittrich,

2016).

Mn(II) bio-oxidation followed by abiotic Fe(II) oxidation, as described below, might represent
a potential pathway for forming biogenic Fe-Mn binary oxide precipitates at the oxic-anoxic
interface in natural aquatic environments. In redox-stratified aquatic environments such as in
stratified lakes, the cycling of Fe and Mn largely depends on the presence of O, (Rincén-Tomas
et al., 2016) and the formation of Fe and Mn oxides arise through several pathways based on
the redox environment (Nelson et al., 2002). Simplified putative pathways of Fe and Mn

cycling, and biogenic Fe-Mn binary oxides formation at the oxic-anoxic interface of a redox
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stratified lake have been shown in Figure 3.8. In the O,-rich upper layer of the oxic-anoxic
interface, Fe(Il) can be easily oxidized by O, abiotically (1). Biotic oxidation of Fe(Il) by
microaerophilic Fe(Il)-oxidizing bacteria can outcompete abiotic oxidation at low O,
concentrations in redox boundary forming biogenic Fe(IIl) oxides (Emerson et al., 2010) (2).
Though the abiotic oxidation of Mn(II) by O is kinetically limited (3), microbial Mn oxidation
by Mn-oxidizing bacteria (e.g., P. putida) and fungi, and the formation of biogenic Mn(I1L,IV)
oxides is known to be predominant (4) (Madison et al. 2013; Tebo et al. 2004).
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Figure 3.8: Putative pathways of biogenic Fe-Mn binary oxides formation at the oxic-anoxic

interface of a redox-stratified lake, as informed by the experimental results herein.

Microbial Mn(II) oxidation at oxic-anoxic interfaces has been evidenced by many researchers
(Oldham et al., 2017; Jones et al., 2018; Clement et al., 2009) in natural environments. These
Fe and Mn oxides can physically mix to form biogenic Fe-Mn binary oxides. The formation of
binary oxides is dependent on the relative concentrations of Fe(II) and Mn(II), along with the
presence of Fe and Mn-oxidizing microorganisms within the redox gradient (Nelson et al.,
2002). Fe oxides surfaces can be coated with Mn-oxidizing microbes and then subsequently

with biogenic Mn oxides, or microbial extracellular Mn oxide surfaces can be coated with Fe
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oxides to form biogenic Fe-Mn binary oxides (Nelson et al., 2002). These Fe and Mn oxides
and biogenic Fe-Mn binary oxides sink to the oxygen-deficient (micro-oxic) lower water
column where Fe and Mn oxides can be reduced to Fe(II) and Mn(II) through microbial or
chemical Fe and Mn reduction (5, 6). Additionally, Fe(IT) and Mn(II) can be diffused back to
the upper micro-oxic or oxic water columns from the deeper anoxic water columns or
sediments containing Fe(IIl) oxides and Mn(IIL,IV) oxides, which are reduced in the reducing
conditions (7, 8). Mn(II) diffusing back to the micro-oxic water column can be oxidized again
by Mn(II)-oxidizers and form Mn(IILIV) oxides (9). In this water column, biogenic Mn(I1L,IV)
oxides can facilitate Fe(Il) oxidation, leading to the formation of Fe(III) oxides (10). However,
the biogenic Mn oxide might not be the sole oxidizer of Fe(II), but there might be competition
between Mn oxide, nitrite, O, (very low concentration), and anaerobic Fe(II)-oxidizing
phototrophic and nitrate-reducing bacteria to facilitate the oxidation process (10) (Kappler and
Straub, 2005; Kappler and Newman, 2004; Straub et al., 2004; Hafenbradl et al. 1996; Myers
and Nealson, 1988).

Overall, depending on environmental conditions such as the steepness of the redox gradient,
we may have two distinct situations: (i) either Fe(II) oxidation and Mn(II) bio-oxidation occur
separately and the distinctly formed Fe(IIl) and Mn(IIL,LIV) minerals physically mix during
sedimentation processes, (ii) or Mn oxides form first, oxidize Fe(II), and form finely intermixed
phase of biogenic Fe-Mn binary oxides, similar to what is observed in our experiments. In the
proposed second pathway, Fe and Mn oxidation, and the formation of biogenic binary oxides
mostly occur in the oxic to micro-oxic zone of the redox stratified water column. The present
study highlights one of the possible pathways of the natural biogeochemical cycling of Fe and
Mn at the oxic-anoxic interface of a redox stratified water column under specific conditions
(e.g., pH, Fe: Mn ratio, microbial strain, temperature, etc.), and provides a better understanding

of the mechanisms of Fe-Mn binary oxide formation in the environment.
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Previous studies have also reported the formation of biogenic Fe-Mn binary oxides which
follow very different pathways from this proposed pathway of biogenic Fe-Mn binary oxides
formation. For instance, Bai et al. (2016) investigated the formation of biogenic Fe-Mn binary
oxides produced through aerobic Fe(II) oxidation and biotic Mn(II) oxidation by Pseudomonas
sp. QJX- 1. Produced Fe and Mn phases were identified as lepidocrocite and birnessite
respectively. Yang et al. (2023) also reported biogenic Fe-Mn binary oxides formation through
aerobic Fe(II) oxidation and Mn(II) bio-oxidation. Both studies found amorphous structure of

the minerals, but the formation pathways mostly applied for the oxic environment.

In past studies, several researchers have investigated and demonstrated a wide range of
applications of similar mineral phases. For instance, biogenic Fe-Mn binary oxide
nanoparticles are widely known to effectively remove and adsorb a wide variety of heavy
metals from water and wastewater (Tebo et al., 2004; Cieschi et al., 2021). Biogenic Mn oxides
are known for their superior oxidative activity and enhanced adsorption capacities compared
to their abiogenic counterparts (Liu et al., 2009; Post, 1999; Manceau et al., 2007). Mn oxide
is among the strongest natural oxidizing agents and the presence of organic matter associated
with biogenic Mn oxide has been reported to play a significant role in improving its reactivity.
The organic material in biogenic minerals not only contributes to their structural complexity,
for instance, disorder and small-scale porosity, but also facilitates higher surface area and
provides more active sites for redox reactions and adsorption processes (Feng et al., 2010; Tebo
et al., 2004). As a result, biogenic Mn oxide has been considered a more effective candidate
for various environmental applications compared to its abiogenic form (Nelson et al., 2002).
Similarly, biogenic Fe oxides are reported to be more reactive than abiogenic counterparts,
with larger surface area, lower degree of crystallinity, and smaller particle sizes (Xu et al.,
2022; Posth et al., 2010; Miot et al., 2009; Roden, 2004). The binary phase of biogenic Fe and
Mn oxides is also known as highly disordered, poorly crystalline reactive material (Bai et al.,

2016).

Along with the implications in natural environmental systems, synthesized biogenic Fe-Mn
binary oxides presented in this study could be a cost-effective foundation for environmental
contamination remediation strategies, and for developing various metal removal and recovery
technologies. They might hold significant potential for use in low-cost, low-maintenance
household water filtration systems and for scaling up to pilot-scale applications. For example,

similar phases were found to be effective for the simultaneous removal of As, Fe, and Mn from
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contaminated water (Bai et al., 2016). Kleinert et al. (2011) reported the formation of biogenic
Fe-Mn binary oxides and the adsorption of As in water filtration systems at the household level.
This study advances the understanding of a potential mechanism for biogenic Fe-Mn binary
oxides formation in the natural aquatic environments which could be considered for large-scale
applications in heavy metals-contaminated redox-stratified environments (e.g., groundwater
aquifers, tailings ponds) with high Fe and Mn concentrations by controlling specific

biogeochemical factors.

3.5 Conclusions

The study proposed one of the pathways for forming biogenic Fe-Mn binary oxides at the oxic-
anoxic interface of the water column, a process mediated by P. putida. A suite of analytical
approaches, including XRD, SEM, STEM, STEM-EDX, and TEM-SAED, was implemented
to provide comprehensive insights into the mineralogical properties, morphological
characteristics, and microbial associations of the biogenic minerals. XRD analysis identified
the biogenic Fe-Mn binary oxides as poorly crystalline birnessite and ferrihydrite nanocrystals.
SEM revealed the co-existence of bacterial cells and EPS (organic carbon) with the biogenic
Fe-Mn binary oxides and the extracellular deposition of the minerals. STEM-EDX mapping
showed a heterogeneous distribution of Fe and Mn, while STEM demonstrated morphological
diversity, such as granular, long-chain, and ultrathin plate-like folded mineral structures. TEM-
SAED further confirmed the presence of nano-sized, poorly crystalline birnessite and
ferrihydrite, with amorphous halos originating from organic carbon (bacterial cells and EPS).
These features suggest that these phases could act as highly efficient adsorbents and redox-
active materials, making them promising minerals for controlling the geochemical cycling of
various contaminants and nutrients in aquatic environments.This study contributes to
expanding the understanding of biogenic Fe-Mn binary oxides formation at the oxic-anoxic
interface of the water column, while also providing a better understanding of microbially driven
Fe and Mn biogeochemistry in such environments. Additionally, the research lays the
foundation for future studies into the environmental applications of biogenic Fe-Mn binary

oxides by providing detailed characterization of these phases.
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4 Chapter Four: Unfolding the Role of Pseudomonas putida Biofilm in
Arsenic(V) Adsorption-Desorption Dynamics on Iron-Manganese Binary

Oxides

Abstract

Biogenic and abiogenic Fe-Mn binary oxides are well-known for their As(V) adsorption
efficiencies. Previous studies have focused on the As(V) adsorption and desorption dynamics
of biogenic and abiogenic Fe-Mn binary oxides but failed to consider the passive role of organic
materials (e.g., bacterial cells and EPS) that are generally associated with biogenic minerals.
This research reveals the role of biofilms of Pseudomonas putida (P. putida) in As(V)
adsorption and desorption dynamics onto and from biogenic and abiogenic Fe-Mn binary
oxides for the first time. As(V) adsorption experiments were conducted using mineral-free P.
putida biofilm, biogenic Fe-Mn binary oxides, abiogenic Fe-Mn binary oxides and abiogenic
Fe-Mn binary oxides mixed with biofilm as adsorbents. All the adsorbent systems fitted well
with PFO kinetic model except mineral-free biofilm, and all showed good conformity with
PSO kinetic model, indicating that As(V) adsorption on biogenic and abiogenic Fe-Mn binary
oxides might have been mostly dominated by chemisorption and partly by physisorption
mechanisms. Mineral-free biofilm demonstrated lower As(V) adsorption capacity at
equilibrium than that of biogenic and abiogenic Fe-Mn binary oxides. Biogenic Fe-Mn binary
oxides demonstrated ~45% smaller adsorption capacity compared with abiogenic Fe-Mn
binary oxides at equilibrium. Weak As(V) adsorption on the biofilm might have resulted due
to the presence of fewer positively charged and mostly negatively charged functional groups
in biofilm. The electrostatic repulsions between negatively charged As(V) species and
negatively charged functional groups in biofilm restricted higher adsorption. Weaker As(V)
adsorption onto biogenic Fe-Mn binary oxides compared with abiogenic Fe-Mn binary oxides
may result from several factors. Electrostatic repulsions of biogenic minerals to As(V) caused
by closely associated organic matter in biogenic minerals, coverage of the effective binding
sites on mineral surface by the bacterial cells, EPS and negatively charged functional groups,
and the presence of a significant amount of phosphate in the biogenic oxides are important
factors contributing less As(V) by biogenic minerals. As(V) diffusion into biofilm likely plays
an important role in kinetically controlling As(V) adsorption onto biogenic minerals. The
As(V) desorption mechanism was investigated for the As(V)-adsorbed biogenic and abiogenic

Fe-Mn binary oxides by perturbing equilibrium through multiple desorption cycles.
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Experimental data indicated that most of As(V) were irreversibly bound onto the both mineral
surfaces, possibly through chemisorption. A small fraction of surface adsorbed As(V) might
be desorbed that were weakly bound by physisorption. The desorption result implies that Fe-
Mn binary oxides-sorbed As(V) would not be released easily even if they are in the less diluted
solution. This research sheds light on the role of biofilms of P. putida in As(V) adsorption and
desorption dynamics on and from biogenic and abiogenic Fe-Mn binary oxides which deepens

the understanding of environmental As(V) mobility.

Keywords: Biogenic Fe-Mn binary oxides, abiogenic Fe-Mn binary oxides, Biofilm, Arsenic

Adsorption Desorption, Pseudomonas putida MnB1.
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4.1 Introduction

Arsenic (As) is a ubiquitously present metalloid in the environment (Lv et al., 2024; Prieto et
al., 2013) and is widely studied due to its public health concern (Xie et al., 2018; Muehe et al.,
2016; Guo et al., 2008). Inorganic As in natural water mainly exists either as arsenate (As(V))
or arsenite (As(IIl)). Arsenate is a thermodynamically stable form that predominates in oxic
water and tends to exhibit higher adsorption affinity onto minerals. Arsenite is more toxic and
mobile than As(V) and is the dominant species in reducing and low pH environments (He et
al., 2019; Anderson and Bruland, 1991; Hao et al., 2018; Lv et al., 2024; Geng¢-Fuhrman et al.,
2004). Anionic arsenate species (H,AsO4  and HAsO4> ) and neutral arsenite (As(OH);") are
the primary aqueous species in natural water at neutral pH (Anderson and Bruland, 1991).
Understanding As adsorption-desorption dynamics is vital to predict As transport,

transformation and bioavailability, and to control contamination in the environment.

Recently, iron-manganese (Fe-Mn) binary oxides have attracted much attention for As
adsorption due to their adsorption capacity (Zhao et al., 2022; Zheng et al., 2020; Zhang et al.,
2014; Bai et al., 2016). They have been reported as more effective in adsorbing arsenic than Fe
oxides or Mn oxides alone (Zhang et al., 2014), playing a significant role in governing As(V)
adsorption-desorption dynamics in natural water (Zhao et al., 2022). In the environment, Fe
and Mn frequently co-exist (Bai et al., 2016; McCann et al., 2018). Dissolved Fe(II) undergoes
chemical oxidation to form Fe oxyhydroxides (Borch et al., 2010) and Mn(II) forms Mn oxides
primarily through bio-oxidation (Yu and Leadbetter, 2020; Learman et al., 2011). These Fe
oxyhydroxides and Mn oxides can co-precipitate to form Fe-Mn binary oxides (Bai et al.,
2016). However, many Fe and Mn phases do not form through direct precipitation of aqueous
species from solution but are formed as secondary phases during incongruent weathering.
Moreover, formation of biogenic Fe and Mn oxides is common and associated with biofilm

(Larasati et al., 2024; Li et al., 2016; Toner et al., 2005) in the environment.

Biofilm is widely distributed in natural aquatic systems, rivers and streams, as well as in water
distribution systems, and consists of various microorganisms (Donlan, 2002; Mahto et al.,
2022) within a hydrated matrix of extracellular polymeric substances (EPS) that they produce
(Flemming and Wingender, 2010). EPS are composed of polysaccharides, proteins,
extracellular DNA, uronic acids, and lipids (Flemming and Wingender, 2010; Flemming et al.,

2000; Donlan, 2002; Branda et al., 2005; Vazquez-Sanchez and Rodriguez-Lopez, 2018;
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Mabhto et al., 2022). Biofilm is a highly complex and dynamic system, heterogeneous in time
and space (Flemming and Wingender, 2010; Donlan, 2002). In natural water at neutral pH,
they are negatively charged (Kurniawan and Fukuda, 2023; Alhariri et al., 2017; Jansen and
Kohnen, 1995) and can bind a wide variety of contaminants and nutrients due to the presence
of active binding sites (Fathollahi and Coupe, 2021; Mahto et al., 2022). On the other hand,
some microorganisms in biofilms have metal oxidizing or reducing properties which affect the
formation or degradation of the many minerals, thereby affecting the biofilms’ adsorption
capacities for these elements. Pseudomonas putida (P. putida) is an example of a gram-
negative bacterium, widely distributed in the environment and known to form biofilms (Zheng
et al., 2018). P. putida cells can oxidize Mn(II) to form biogenic Mn(IIL,IV) oxides, which can
adsorb a wide variety of metals (Zhou et al., 2015).

Biofilm has also been reported to remove As from water due to the activity of As(IIl)-oxidizing
bacteria (Burkholderiaceae, Comamonadaceae, Rhodobacteraceae, Xanthomonadaceae)
(Chen et al., 2023; Crognale et al., 2019; Battaglia-Brunet et al., 2002). However, these studies
focused on the metabolic activity of the bacterial cells rather than the passive effect of the EPS
and cell materials on adsorption by minerals such as Fe-Mn binary oxides. Previous studies
have also investigated the effect of pH, ionic strength, competing ions, salinity, organic matter,
concentration of As, the presence of oxidizing or reducing microbes, reductive dissolution or
microbially mediated reductive dissolution of As-bearing minerals, and many other factors that
influence As adsorption-desorption dynamics on Fe-Mn binary oxides and Fe oxyhydroxides
minerals (Shipley et al., 2009; Mamindy-Pajany et al., 2011; Liu et al., 2001; Antelo et al.,
2005; Payne and Abdel-Fattah, 2005; Gupta and Chen , 1978; Jackson and Miller, 2000;
Tufano and Fendorf, 2008; Pedersen et al., 2006; Campbell et al., 2006; Kocar et al., 2006;
Langner and Inskeep, 2000; Bauer and Blodau, 2006). Though the As(V) adsorption properties
of Fe-Mn binary oxides have been well investigated, there has been no study focusing on As(V)
adsorption and desorption dynamics on and from these minerals when they occur within
biofilms, as they are often found in the environment. This research works with a model
organism, P. putida, that produces biogenic Fe-Mn binary oxides. These biominerals occur
within a biofilm, which might have impacts on As(V) adsorption-desorption mechanisms. In
this research a series of experiments has been designed to test the respective roles of Fe-Mn

binary oxides minerals and biofilm in the As(V) adsorption-desorption dynamics.
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4.2 Materials and Methods

4.2.1 Synthesis of the Abiogenic and Biogenic Fe-Mn Binary Oxides, and Biofilm Growth

Abiogenic Fe-Mn binary oxides were synthesized according to the methods outlined by Zhang
et al. (2007a; 2007b) and Zhao et al. (2022). Briefly, 1.9 g potassium permanganate (KMnQOy)
was dissolved in 400 mL Milli-Q water. Then, 10 g ferrous sulfate heptahydrate (FeSO4.7H,0)
was added to 400 mL Milli-Q water. The FeSO4.7H,0O solution was added slowly into the
KMnOy solution while stirring with a magnetic stirrer. The pH of the mixed solution was
adjusted to 7.00 by adding SM NaOH solution. The mixed solution was kept stirring for 1 h
and then aged for another 12 h. The Fe-Mn oxide precipitates produced were concentrated by
centrifugation at 5000 rpm for 5 mins and washed with Milli-Q water until to solution
resistivity became 20 MQ.cm. The precipitates were dried at 105° C for 4 h and then kept at
30° C overnight. Finally, the abiogenic Fe-Mn binary oxide precipitates were ground and

preserved at room temperature for further use.

Biogenic Fe-Mn binary oxides were prepared in a three-step procedure. First, P. putida strain
MnB1 (ATCC 23483) was cultured in a nutrient broth (Sigma-Aldrich) medium, composed of
3 g/L beef extract, 5 g/L peptone, and 50 uM MnSO4.H,0. Cells were cultured overnight at
30° C on a horizontal shaker at 120 rpm. Cells were centrifuged at 5000 rpm for 5 mins and
washed with 10 mM HEPES and 10 mM NacCl to separate cells from the culture medium. In
the second step, 2.3 x 10° cells/mL were added to the 150 mL mineralization medium composed
of 10 mM HEPES, 2 mM (NH4),SO4, 0.7 mM NaCl, and 1 mM glucose at pH 7.4. After
inoculation, MnSO4.H>O solution was added to the mineralization media at a final
concentration of 180 pM, and mineralization of Mn(II) was allowed to proceed for 12 days at
30° C, while shaking at 120 rpm to produce biogenic Mn oxides. After that period, the solution
was purged with N, gas for 5 minutes and Fe(Il) (FeSO4.7H,O) was added at a final
concentration of 200 uM, and mineralization was continued for 6 days at the same temperature
and rate of agitation. The produced biogenic Fe-Mn binary oxide precipitates were collected
by centrifugation at 8000 rpm for 10 minutes, washed with milli-Q water five times and dried

at 30°C for 48 hours, ground and preserved for further analyses.
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Synthesis of a mineral-free biofilm of P. putida strain MnB1 followed a two-step procedure.
In the first step, P. putida was cultured and then washed following the same culture protocol
as above. In the second step, 2.3 x 10° cells/mL were added to the 150 mL mineralization media
with a composition identical to mentioned above, but without addition of Mn(II) or Fe(II). The
cells were then grown for 7 days while shaking at 120 rpm at 30° C. Biofilm pellets were
collected by centrifuging at 6000 rpm for 5 minutes and washed with 10 mM HEPES and 10
mM NacCl for further analysis. P. putida biofilms were grown in mineralization media instead
of nutrient broth to provide bacteria with a similar chemical environment to that in the biogenic
Fe-Mn oxides synthesis experiment, so that similar mass production of cells in biogenic binary
oxides and in biofilm could be expected. Images of biofilms in mineralization media have been

provided in Appendix (Figure 4-A5).

4.2.2 Characterization of the Abiogenic and Biogenic Fe-Mn Binary Oxides
i. X-Ray Diffraction (XRD) analysis

XRD was performed to identify the crystalline mineral phases composing the biogenic and
abiogenic Fe-Mn binary oxides. The finely ground solid abiogenic sample was loaded onto a
silicon crystal low background disk covering a 10-15 mm circular area. For the biogenic
sample, a portion of the liquid sample was suspended in 3 mL of Milli-Q water. The sample
was then loaded and spread over a 10-15 mm circular area of a silicon crystal low background
disk and air-dried overnight. The XRD analysis was performed using a Panalytical Empyrean
Series 2 diffractometer with a cobalt (Co) anode Ka radiation source (Kal=1.78901 A and
Ka2=1.79290 A) scanning from 4 to 80° in 20 position and a step size of 0.026°. Background

noise was subtracted by manual fitting to aid the accuracy of XRD peak identification.

ii. Scanning Electron Microscope (SEM) and Scanning Electron Microscopy-Energy
Dispersive X-ray Spectroscopy (SEM-EDX)

SEM imaging was performed to characterize the morphologies of the biogenic and abiogenic
Fe-Mn binary oxides. A high-resolution Zeiss Sigma 300 Field Emission Gun Scanning
Electron Microscope was used, operating in the secondary electron mode with an acceleration
voltage of 2 kV and at a working distance of 8—9 mm. Biogenic samples were prepared by
filtering 2 ml of the homogeneously mixed mineralization medium containing biogenic Fe-Mn

binary oxides through a 0.22 um filter to retain the minerals. The filter was then rinsed with
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approximately 5 ml of Milli-Q water to remove residual salts and ions. A small section of the
filter supporting biogenic minerals was affixed to a 13 mm aluminum stub covered with carbon
tape. The stub was allowed to air dry overnight before being gold-coated for imaging.
Abiogenic samples were prepared by stacking finely ground Fe-Mn binary oxides on 13mm
aluminum stubs covered with carbon tape. Samples were gold coated for 120 seconds with a
15 nm thick gold layer using Quorum Q150R ES. SEM-EDX analysis of the abiogenic Fe-Mn
binary oxides was performed to know the elemental composition and distribution using Zeiss
Sigma 300 Field Emission Gun Scanning Electron Microscope (FEG-SEM) equipped with an
Electron Dispersive X-ray Spectroscopy (EDX) detector. For EDX analyses, with the

acceleration voltage set to 15 keV and the working distance set to 5.4 mm.

iii. Scanning Transmission Electron Microscopy (STEM) and Scanning Transmission
Electron Microscopy-Energy Dispersive X-ray Spectroscopy (STEM-EDX)

For STEM analysis, particulate biogenic samples were suspended in Milli-Q water, and a drop
of the suspension (~3 pL) was placed on a 3 mm copper (Cu) TEM grid with formvar support.
The grids were allowed to air dry overnight before analysis. A JEOL ARM200F (Scanning)
Transmission Electron Microscope (STEM), was used to observe the morphology of biogenic
samples; it was equipped with a cold field emission source and Caesium probe corrector. The
equipment was operated at 200 kV and set up to acquire bright field (BF) and high-angle
annular dark field (HAADF) STEM images at the same time. STEM-EDX analysis was
performed to determine the elemental compositions and distribution of the biogenic Fe-Mn

binary oxides, using a 100 mm® Centurion EDX detector.

4.2.3 Organic Content in Biofilm and Biogenic Fe-Mn Binary Oxides

i. Fluorescence Microscopy

Fluorescence imaging was performed to visualize the distribution of DNA and carbohydrates
associated with the biogenic Fe-Mn binary oxides formed by P. putida, as proxies for the
presence of bacteria cells and EPS, respectively. For this, 1 mL aliquot of sample was collected
from the homogeneously mixed mineralization medium containing biogenic Fe-Mn binary
oxides. This sample was then centrifuged at 6000 rpm for 5 minutes, and the supernatant was
decanted, while the separated pellet was collected for subsequent imaging. Fluorescence
imaging was conducted using an Olympus Fluoview FV1000 confocal microscope with a

UPlanSApo lens (60x/1.35NA Oil Objective).
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The imaging was performed on the sample pellet suspended and stained with 3 pg/mL of 4',6-
diamidino-2-phenylindole (DAPI) and Alexa Fluor 488 (lectin) fluorophores. DAPI was used
to visualize DNA and was excited with a 405 nm laser line, while the lectin, which labels
carbohydrates, was excited with a 488 nm laser line. Mineral-free P. putida biofilm samples
were also analyzed following the same protocol. 3D fluorescence images were captured using

Olympus Fluoview software (version 4.2).

ii. DNA and Polysaccharide Quantification: Nanodrop and Phenol-Sulfuric Acid
Methods

DNA and carbohydrates in the mineral-free biofilm and biogenic Fe-Mn binary oxide samples
were quantified using nanodrop and phenol-sulfuric acid methods, respectively. DNA
quantification used as a proxy for estimating bacterial cells in both the biofilm and biogenic
minerals. To determine the DNA concentrations, DNA samples were extracted following the
DNeasy PowerWater Kit (cat. nos. 14900-50-NF and 14900-100-NF) Quick-Start Protocol.
Briefly, 5 mL of the homogeneously mixed samples were collected from each of the
mineralization media containing biogenic Fe-Mn binary oxides and biofilm culture. The
collected samples were centrifuged at 6000 rpm for 5 minutes to separate the pellets from the
supernatants. The sample pellets were then transferred to the 5 ml PowerWater Bead Pro Tubes
and 1 ml of guanidinium thiocyanate solution was added to each tube before vortexing for 5
min. After centrifuging the tubes at 4000 x g for 1 min, the supernatants from the tubes were
collected. Collected samples were centrifuged again at 13,000 x g for 1 min to remove any
solid material, and clean supernatants were collected. In each sample 200 pL IRS (AAS-12)
was added, vortexed briefly to mix, and incubated at 5 °C for 5 min. Then after centrifuging at
13,000 x g for 1 min, supernatants were collected and 650 uL of guanidinium thiocyanate and
ethanol mixture solution was added to each collected sample, and vortexed briefly to mix.
Samples were then loaded onto the membrane (MB) Spin Columns and centrifuged at 13,000
x g for 1 min. The flowthroughs were discarded, and the process was repeated until all the
samples had been processed. After that, 650 pL isopropanol was loaded onto each MB column,
centrifuged at 13,000 x g for 1 min, and the flow-through was discarded. At this stage, 650 puL
ethanol was loaded onto each MB column, centrifuged at the same speed for 1 min, and

centrifugation was repeated for another 2 min to ensure complete removal of ethanol.
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At last, 100 pL elution buffer (10 mM Tris) was added to the center of each MB column, and
after 1 min centrifugation at 13,000 x g for 1 min was performed, and eluted DNA samples
were collected. The DNA concentrations in the collected samples were measured in a
NanoDrop Spectrometer (NanoDrop, ND-1000 Spectrophotometer, with a lower detection

limit of 2 ng/pL) using molecular grade water as blank.

To determine the total carbohydrate content in the biogenic Fe-Mn binary oxides and mineral-
free biofilm samples, the phenol-sulfuric acid method was employed following Nelson (2010),
using a glucose standard curve. For this, 5 ml of the homogeneously mixed samples were
collected from each mineralization medium containing either biogenic Fe-Mn oxides or P.
putida biofilm. Then 50 uL 80% phenol was added to each tube and the tubes were vortexed
briefly. Again, to each tube, 5 mL of concentrated sulfuric acid (H,SO4) was added, and the
tubes were vortexed briefly. After 10 min, the tubes were then placed in a 25 °C water bath for
10 min to cool down the heat generated by H,SO4 to room temperature. The principle of the
phenol-sulfuric acid method is that carbohydrates in the samples react in the presence of H,SO4
and heat to generate furan derivatives that condense with phenol to form stable yellow-gold
compounds, that can be measured spectrophotometrically at 490 nm. To do this, a Hach DR
2800 spectrophotometer was used. Absorbance at 490 nm were recorded to determine
carbohydrate concentrations against a standard curve (Figure 4.1), prepared using glucose

solutions of different concentrations. A blank was prepared using Milli-Q water.
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Figure 4.1: Glucose standard curve of concentration-absorbance to estimate carbohydrate
concentration.
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4.2.4 As(V) Adsorption Kinetic Experiments

As(V) adsorption kinetic experiments were performed over 144 h on mineral-free P. putida
biofilm, biogenic Fe-Mn binary oxides, abiogenic Fe-Mn binary oxides, and abiogenic Fe-Mn
binary oxides mixed with P. putida biofilm at an initial As(V) concentration of 195 uM at pH
7.0 (£0.5). To set up the adsorption experiment with biofilm, biofilm grown in a Schott bottle
was separated by centrifuging at 5000 rpm for 10 min and added to 150 ml of a 0.001 M sodium
nitrate (NaNOs3) solution with an As(V) concentration of 195 uM. For the experiments with
biogenic and abiogenic Fe-Mn binary oxides, 9.5 mg of each mineral was added to 150 ml of
a 0.001 M NaNOs solution with an As(V) concentration of 195 uM. For the experiment with
abiogenic Fe-Mn binary oxides mixed with biofilm, 9.5 mg each of the mineral (dry weight)
and biofilm separated from a Schott bottle (wet weight) was added to 150 ml of a 0.001 M
NaNO; solution with an As(V) concentration of 195 pM and mixed well by shaking.
Adsorption experiments were performed on a horizontal shaker at 120 rpm and 25°C for 144h.
Aliquots were collected from each experimental solution after adding As(V) and at different
time intervals throughout the experiments. After centrifuging at 5000 rpm for 5 min and
filtering through 0.22 um filters, collected samples were preserved in 2% HNOj3 for Inductively
Coupled Plasma Mass Spectrometry (ICP-MS) analysis. Experiments were repeated twice for
abiogenic and biogenic Fe-Mn binary oxides as well as abiogenic Fe-Mn binary oxides mixed

with biofilm, and 4 times for the mineral-free biofilm.

4.2.5 As(V) Desorption Experiments

As(V) desorption from abiogenic and biogenic Fe-Mn binary oxides was investigated at pH
7.1 (£0.1). To set up the As(V) desorption experiments for abiogenic and biogenic Fe-Mn
binary oxides, adsorption was first conducted over 120 h using 9.5 mg abiogenic and biogenic
Fe-Mn binary oxides in 150 ml of solutions under the same experimental conditions described
in section 4.2.4 (As(V) adsorption experiments). The initial As(V) concentrations for
adsorption on abiogenic and biogenic minerals were 193 (+0.6) uM and 234 (+2) uM,
respectively. After 120 h of adsorption, the experimental solutions were centrifuged at 8000
rpm for 10 min. Then, 5 ml of supernatant from each solution was collected and filtered through
0.22 pm filters for ICP-MS analysis, and the rest were carefully decanted without touching the
bottom sediment containing the minerals. To avoid any accidental removal of the minerals, 5
ml of solutions at the bottom of the bottles were kept and then diluted by adding 45 ml 0.001

M NaNOs solution to start the desorption experiment. About 200 pL sample from each solution
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was collected immediately after dilution, filtered through 0.22 um filter and preserved for ICP-
MS analysis. The diluted solutions were placed on a rotary shaker at 120 rpm at 25°C for 24 h.
The next day the solutions were centrifuged at 8000 rpm for 10 min and 5 ml sample was
collected from the solution after filtering through 0.22 um filters for ICP-MS analysis. The
remaining solutions were carefully decanted again, keeping 5 ml of solution at the bottom of
the bottles without disturbing the minerals. The same procedure was repeated for up to 6
dilution cycles. Experiments were replicated 4 times for biogenic, and twice for abiogenic, Fe-

Mn binary oxides. A schematic of the As(V) desorption experiment has been provided in

Figure 4.2.
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Figure 4.2: Schematic of As(V) desorption experiment from biogenic and abiogenic Fe-Mn

binary oxides.

4.2.6 Adsorption Kinetics and Desorption Isotherm Modelling

Adsorbed As(V) concentration was calculated using equation 4.1 (Yang et al., 2022).
V 3
e = (Co—Cp) X m Equation 4.1

Where q. is the adsorbed concentration of As(V) on minerals (umol/g), Cy and C. are the As(V)
concentration in solution before and after the adsorption, V is the volume of solution (L), and

m is the mass of the adsorbent minerals (g).
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As(V) adsorption kinetics of biogenic and abiogenic Fe-Mn binary oxides were modelled using
Pseudo-First-Order (PFO) and Pseudo-Second-Order (PSO) kinetic models (previously
described in Chapter 1 and 2) following the equations 4.2 and 4.3 (Ho and McKay, 1998).

In(q. — q;) =Ingq, — k4t Equation 4.2
! ! + ' Equation 4.3
— = — quation 4.
A k2qZ 4.

Where q. and q; (umol/g) are the amounts of As(V) adsorbed at equilibrium and variable time
t, respectively, k; is the adsorption rate constant (hour™) for the PFO kinetic model, and k; is

the adsorption rate constant (g/pmol-hour) for the PSO kinetic model.

For As(V) desorption isotherm, a linear Langmuir isotherm (described in Chapter 1 and 2) was

plotted for desorption from biogenic and abiogenic Fe-Mn binary oxides by plotting each

individual desorption cycle data using equation 4.4 (Kalam et al., 2021; Ayawei et al., 2017).
Ce 1 Ce

= + Equation 4.4
de am KL am

where (. is the amount of As(V) adsorbed on the adsorbent (abiogenic or biogenic Fe-Mn
binary oxides) (umol/g), C. is the concentration of As(V) in the solution (umol/L), Ky is the
equilibrium adsorption constant (L/umol), and gy, is the maximum surface capacilty for As(V)
adsorption on adsorbent (umol/g) or the amount of As(V) adsorbed on minerals. A plot between
C./qe versus C. will generate a straight line with a slope of 1/qm, and an intercept equal to 1/ gm
K. If an adsorption reaction is completely reversible, then the amount of desorption would be

equal to the maximum surface capacilty for adsorption.

4.2.7 Chemical analysis

The concentrations of As, Fe, and Mn in experimental solutions were determined by ICP-MS
analysis using a PerkinElmer NexION 350D ICP-MS with rhodium internal standard and using
a river water reference material for trace metals (SLRS-5) for As, Fe, and Mn concentrations.

For the dilution of the samples, 2% HNO; was always used.
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4.3 Results and Discussion

4.3.1 Morphological and Elemental Characterizations of Biogenic and Abiogenic Fe-Mn
Binary Oxides

SEM images of the biogenic Fe-Mn binary oxides showed aggregations of the mineral particles
with bacterial cells and EPS (Figure 4.3a, b). Both biogenic and abiogenic Fe-Mn binary oxides

were aggregates of many fine particles (Figure 4.3).
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Figure 4.3: SEM images of the (a, b) biogenic and (c, d) abiogenic Fe-Mn binary oxides.

BF-STEM images of the biogenic Fe-Mn binary oxides also showed the presence of bacterial
cells, with minerals produced extracellularly on the cell surfaces (Figure 4.4a, b, d). Minerals
displayed mainly ultrathin plates-like morphologies (Figure 4.4e, f), but other morphologies
were also observed (details in Chapter 3, Figure 3.6). Aggregation of the particles also formed
granular mineral structures (Figure 4.4c¢), with particles probably joined by EPS. No BF-STEM

imaging was performed on the abiogenic Fe-Mn binary oxides.
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Figure 4.4: BF-STEM images of the biogenic Fe-Mn binary oxides. (a,b,d) Biogenic Fe-Mn
binary oxides aggregation with bacterial cells, (¢) Various morphologies of biogenic Fe-Mn

binary oxides, (e,f) Ultra-thin plate like morphology of biogenic Fe-Mn binary oxides.

The elemental compositions of the biogenic and abiogenic minerals were revealed using
STEM-EDX and SEM-EDX analysis, respectively. STEM-EDX and SEM-EDX spectra were
extracted from the whole image fields of the biogenic and abiogenic minerals (Figure 4.5).
Biogenic binary oxides exhibited a heterogeneous distribution of Fe and Mn. In contrast,
abiogenic minerals exhibited a relatively homogeneous co-distribution of Fe and Mn in the
areas of the analyzed samples (Figure 4.5). The homogeneous distribution of Fe and Mn in
abiogenic minerals might be due to the good dispersion and their synthesis process: Fe and Mn
were co-precipitated simultaneously to form the abiogenic Fe-Mn binary oxides. On the other
hand, in the biogenic binary oxide synthesis process, Fe and Mn were oxidized and precipitated
in two distinct steps. The presence of bacterial cells and EPS might also have caused poor

dispersion of Fe and Mn.
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In addition to Fe, Mn and O in the biogenic Fe-Mn binary oxides (Figure 4.5) phosphorus (P)
was found to be co-distributed with carbon (C), and is thus thought to originate from organic
matter. The presence of copper (Cu) peaks in the EDX spectra was believed to originate from
the STEM grid. More details of the elemental composition and distribution in biogenic Fe-Mn

binary oxides have been discussed in the previous chapter (Chapter 3).

Abiogenic Fe-Mn binary oxides showed the presence in small amounts of sodium (Na),
potassium (K), and sulphur (S). They might have originated from the residuals of chemicals
(NaOH, KMnOQ,, and FeS0O4.7H,0) used in mineral synthesis. The presence of silicon (Si),

present in relatively minor amounts, might orinigate from the glass beaker.
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Figure 4.5: STEM-EDX and SEM-EDX spectra and maps of biogenic (upper) and abiogenic

(lower) Fe-Mn binary oxides, respectively.

Physical and structural morphology and mineralogical composition are important factors that

influence metal adsorption/desorption onto/from minerals (Gunawardana et al., 2014; Violante

and Pigna, 2008).
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4.3.2 Mineralogical Characterization

Crystalline mineral phases in the synthesized biogenic and abiogenic Fe-Mn binary oxides
were identified by XRD analysis. Diffractograms of abiogenic and biogenic Fe-Mn binary
oxide showed broad XRD peaks and have been identified as mixtures of poorly crystalline
birnessite and ferrihydrite based on comparison with the XRD database of the International
Centre for Diffraction Data (ICDD) (Figure 4.6). The background corrected XRD
diffractogram (Figure 4.6a, B) of biogenic Fe-Mn binary oxides closely matches that of the
reference ICDD 00-013-0105 (Figure 4.6a, C) and ICDD 01-073-7862 (Figure 4.6a, D)
birnessite patterns as well as that of the ICDD 00-058-0898 (Figure 4.6a, E) ferrihydrite
pattern. The XRD diffractogram of abiogenic Fe-Mn oxides matches the ICDD 01-073-8408
(Figure 4.6b, C) ferrihydrite reference pattern and ICCD 00-018-0802 (Figure 4.6b, D)

birnessite reference pattern.
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Figure 4.6: XRD of biogenic (a) and abiogenic (b) Fe-Mn binary oxides with ICDD reference

ferrihydrite and birnessite patterns.
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4.3.3 Organic Content in Biofilm and Biogenic Fe-Mn Binary Oxides

i. Fluorescence Microscopy

Fluorescence microscopy was employed to visualize bacterial cells and their associated EPS
within the mineral-free P. putida biofilm and the biogenic Fe-Mn binary oxides. The
distributions of DNA visualized using DAPI (purple fluorescence) and carbohydrates, detected
with a lectin (green fluorescence), within both the mineral-free biofilm and the biogenic Fe-
Mn binary oxide samples are shown in Figure 4.7. In Figure 4.7a, the image clearly showed
cell shapes with DAPI, confirming that DAPI fluorescence is a good proxy for bacterial cells.
Green fluorescence extracellularly, confirming the presence of abundant EPS around the cells.
These fluorescence signals were also detected within the structures of the biogenic Fe-Mn
binary oxides, suggesting that the minerals were forming within a matrix of cells and EPS
(Figure 4.7b). Furthermore, higher fluorescence intensities for both DAPI and lectin were
observed in the biofilm samples compared to the biogenic Fe-Mn binary oxides. This
observation suggests a greater concentration of organic biomass, comprising DNA and

carbohydrates, within the biofilm compared to the biogenic mineral sample.

(b) Biogenic Fe-Mn
binary oxides

(a) Biofilm

Figure 4.7: Fluorescence imaging of carbohydrate (lectin- green fluorescence) and DNA

(DAPI- purple fluorescence) in (a) biofilm and (b) biogenic Fe-Mn binary oxides.
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ii. DNA and Carbohydrate Quantification

The carbohydrate concentration within the mineral-free biofilm was 22 ng/ml, whereas the
biogenic Fe-Mn binary oxides showed a lower carbohydrate concentration of 9 pg/ml. DNA
quantification, used as a proxy for estimating bacterial cells in both the biofilm and biogenic
Fe-Mn binary oxides, revealed a DNA concentration of 5 pg/ml in the biofilm and 3 pg/ml in
the biogenic Fe-Mn binary oxides. From these measurements, the total biofilm mass was
calculated to be 4.05 mg (Table 4.1) which made up the bulk of the organic material
(carbohydrates + DNA). In the biogenic Fe-Mn binary oxides, the total organic matter mass
was determined to be 1.8 mg. Given that the total mass of the biogenic mineral was 9.5 mg,
the remaining (9.5-1.8 mg) 7.7 mg was attributed to the mineral fractions composed of Fe and

Mn oxides. Organic contents in biofilm and biogenic Fe-Mn binary oxides are given in Table
4.1.

Table 4.1: A rough estimation of the organic matter masses in biofilm and biogenic Fe-Mn
binary oxides.

Organic containing Total Carbohydrate DNA Total mass of organic
substances volume (ng/ml),C | (pg/ml),D (mg) EH2X
(ml), V ’ ’ 1000
Biofilm 150 22 ng/ml 5 4.05
Biogenic Fe-Mn
binary oxides 150 9 pg/ml 3 1.8

While this analysis suggests the concentrations of DNA present in biofilm and biogenic Fe-Mn
binary oxides, it is important to remember that it is a rough estimation and there is a caveat to
consider: not all DNA from the samples might get extracted and the measured DNA
concentrations might not fully represent the true amount of biological material in the samples,

so the findings may not be generalizable.
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4.3.4 As(V) Adsorption Kinetic Experiments

As(V) adsorption experiments with mineral-free P. putida biofilm, abiogenic Fe-Mn binary
oxides mixed with biofilm, as well as biogenic and abiogenic Fe-Mn binary oxides over 144h
demonstrated varying As(V) adsorptions from experimental solutions. The adsorption
experiment with biofilm showed a decreased As(V) concentration in solution, from 207.9
(£3.3) uM to 205.3 (£2.6) uM, over 144 h, whereas in the experiment with biogenic Fe-Mn
binary oxides As(V) decreased from 195.2 (£1.4) uM to 181.2 (+0.5) uM (Figure 4.8a),
indicating minimal As(V) adsorption by the mineral free-biofilm. A slightly higher As(V)
adsorption by abiogenic Fe-Mn binary oxides was observed compared to abiogenic Fe-Mn
binary oxides mixed with biofilm (Figure 4.8b). The concentration of As(V) decreased to 166.4
(+ 2.6) uM from 193.6 (£ 2.6) uM during the adsorption experiment with abiogenic Fe-Mn
binary oxides, while a concentration decrease of 167.6 (x1.6) uM from 193 (+0.6) uM was
observed for As(V) adsorption onto the abiogenic Fe-Mn binary oxides mixed with biofilm

(Figure 4.8b).

a (b)

< 220 (@) S 220

2 2

c c e . . .

8 k/%/_.\._" o -e-Abiogenic Fe-Mn binary oxides
=1

=) 3 mixed with biofilm

2 200 9 200

£ £ -=-Abiogenic Fe-Mn binary oxides

S 5

© ©

=

€ 180 € 180

Q Q

§ Biogenic Fe-Mn binary oxides 5
Q

S -e-Biofilm S

< 160 < 160

0 50 100 150 0 50 100 150
Reaction time, t (hour) Reaction time, t (hour)

Figure 4.8: As(V) adsorption on biofilm and biogenic Fe-Mn binary oxides (a), abiogenic Fe-
Mn binary oxides, and abiogenic Fe-Mn binary oxides mixed with biofilm (b). Error bars have

been calculated as the standard deviation of the different replicates.
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PFO kinetic models of As(V) on the mineral-free biofilm showed poor conformity with
experimental data indicated by a R* value of 0.362. On the other hand, As(V) adsorption data
of biogenic Fe-Mn binary oxides, abiogenic binary oxides and abiogenic Fe-Mn binary oxides
mixed with biofilm showed good model conformities (Figure 4.9) suggesting adsorption of
As(V) was due to the film diffusion and pore diffusion. As the adsorbents became more

saturated with adsorbates, the adsorption rates decreased because fewer sites were available.
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Figure 4.9: PFO kinetic models of biofilm (a), biogenic Fe-Mn binary oxides (b), abiogenic
Fe-Mn binary oxides (c), and abiogenic Fe-Mn binary oxides mixed with biofilm (d).

Data from all the adsorption experiments could also be fitted with PSO kinetic model (Figure
4.10), assuming that adsorption process was controlled by chemisorption or surface reaction.
However, biogenic Fe-Mn binary oxides exhibited greater conformity with PFO (R*= 0.968)
than PSO (R’= 0.897) model that suggests film and pore diffusions might have great

importance on As(V) adsorption onto their surface.

99



In the PSO kinetic model, the equilibrium adsorption capacity (qe) of mineral-free P. Putida
biofilm was 96 umol/g, calculated from the slope of the linearized PSO model (t/q; vs t)
(Appendix, Figure 4-A4) and it was similar to the experimental value (96 umol/g), calculated

using equation 4.1 (Table 4.2).
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Figure 4.10: Experimental data plotted along with PSO As(V) adsorption kinetic models for
the biofilm (a) and biogenic Fe-Mn binary oxides, abiogenic Fe-Mn binary oxides, and
abiogenic Fe-Mn binary oxides mixed with biofilm (b). Error bars have been calculated as the

standard deviation of the different replicates.

The PSO model showed increased As(V) adsorption up to 20 hours, after which it remained
constant for the remainder of the reaction time (Figure 4.10a). As(V) adsorption experimental
data plot of the mineral-free biofilm showed inconsistency over time (Figure 4.10a) but they
would fit a consistent line. Very high standard deviation values (represented as large error bars)
in the amount of As(V) adsorbed by mineral-free biofilm sample quadruplicates (Figure 4.10a)
indicated the variability in As(V) adsorption by P. putida biofilm. Biogenic Fe-Mn binary
oxide showed a q. value of 238 umol/g. Abiogenic Fe-Mn binary oxides had a q. value of 435
pmol/g. In comparison, the experiment with abiogenic Fe-Mn binary oxides mixed with

biofilm showed an ~8% reduced q. value (400 pmol/g) (Figure 4.10b).
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Table 4.2: PFO and PSO adsorption kinetic model parameters.

PFO PSO
Kinetic Model R? ki e R ks e
(per hour) | (umol/g) (g/umol-hour) | (umol/g)
Biofilm 0.362 0.018 42 0.964 0.0034 96
Biogenic Fe-
Mn binary 0.968 0.0345 242 0.897 0.0002 238
oxides
Abiogenic Fe-
Mn binary 0.99 0.0389 346 0.995 0.0005 435
oxides
Abiogenic Fe-
Mn binary =\ 954 | 0358 325 | 0.993 0.0005 400
oxides with
biofilm

The calculated As(V) adsorption rate (kaq.’) of P. putida biofilm at the beginning of the
adsorption process was 32 umol/g-hour. Biogenic Fe-Mn binary oxides showed a value of 12.5
pmol/g-hour. Abiogenic Fe-Mn binary oxides, and abiogenic Fe-Mn binary oxides mixed with

biofilm demonstrated adsorption rates of 89 umol/g-hour and 83 umol/g-hour, respectively.

i. Factors Affecting As(V) Adsorption on Minerals

The equilibrium As(V) adsorption concentrations varied between the experiments, with the
highest adsorption concentrations found in the abiogenic Fe-Mn binary oxides (q. = 435
umol/g) which was similar to the abiogenic Fe-Mn binary oxides mixed with biofilm (q. =400
pmol/g). The biogenic Fe-Mn binary oxides adsorbed less As(V) (q. = 238 umol/g) followed
by the biofilm (q. = 96 pmol/g). This suggests that the association with bacterial cells and EPS
(biofilm) reduced As(V) adsorption onto Fe-Mn binary oxide minerals. The As(V) adsorption
capacity of biogenic Fe-Mn binary oxides was significantly lower than that of abiogenic Fe-
Mn binary oxides and abiogenic Fe-Mn binary oxides mixed with biofilms. Compared with
abiogenic Fe-Mn binary oxides, biogenic Fe-Mn binary oxides demonstrated ~45% less As(V)
adsorption at equilibrium. SEM and STEM images (Figures 4.3 and 4.4) reveal that biogenic
Fe-Mn binary oxides form aggregates of minerals, complexly associated with bacterial cells

and EPS, indicating an abundance of negatively charged functional groups.
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Although ferrihydrite carries a positive charge at pH levels below its point of zero charge
(pHpzc 8.1) (Parks and de Bruyn, 1962; Campos-Pereira et al., 2020; Zaia et al., 2020), and
birnessite is negatively charged above pH 2-2.5 (Yang et al.,, 2020; Villalobos, 2015;
Villalobos et al., 2014), the bacterial cells-EPS-mineral aggregates result in a net negative
surface charge on biogenic Fe-Mn binary oxides (Tadanier et al., 2005; Posth et al., 2010). This
overall negative surface charge likely caused electrostatic repulsion between the biogenic
minerals and the negatively charged As(V) species, which may have reduced the adsorption
efficiency of biogenic Fe-Mn binary oxides compared to the abiogenic minerals. A similar
finding was reported by Kleinert et al. (2011), where they investigated As(V) adsorption by
various abiogenic and biogenic minerals in commercial water filters and observed a reduced
As(V) adsorption efficiency in biogenic Fe(Ill)-mineral-containing filters compared to those

containing abiogenic Fe(IIl) oxyhydroxides.

Additionally, in the biogenic Fe-Mn binary oxide samples, phosphate (PO,*") and other
charged species derived from organic matter may occupy binding sites on the minerals, thereby
reducing the As(V) adsorption capacity. Phosphate is recognized as a strong competitor with
As(V) for surface sites, inhibiting its adsorption onto Fe-oxides (Liu et al., 2001; Manning and
Goldberg, 1996). However, phosphate also has certain adsorption sites that are uniquely
specific to it (Liu et al., 2001). The presence of significant amounts of phosphorus within the
biogenic minerals (Figure 4.5) is thus another mechanism that could further explain their
observed reduced As(V) adsorption capacity compared with the abiogenic Fe-Mn binary

oxides.

ii. Role of Biofilm in As(V) Adsorption

In P. putida biofilm, cells are negatively charged due to the presence of functional groups in
cell wall constituents, such as carboxyl, hydroxyl, and phosphate groups in proteins and
carbohydrates (Rochex et al, 2004). Additionally, cells are mixed and bonded with EPS, which
are polyfunctional heterogeneous large molecules displaying carboxyl, phenolic, phosphoric,
sulthydryl, pheaffectnol, hydroxyl, and many other functional groups, that are mostly
negatively charged at neutral pH (Huang et al., 2022; Guibaud et al., 2009). Such negatively
charged groups in the P. putida biofilm samples likely resulted in electrostatic repulsion with
the negatively charged As(V) species (HAsO,4~, HAsO4*), resulting in minimal equilibrium
As(V) adsorption of 96 umol/g.
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The small As(V) adsorption observed could be due to the presence of some positively charged
functional groups such as amino groups, coexisting with the negatively charged groups at
neutral pH (Feher, 2017). Biofilms are inherently dynamic systems, whose surface
characteristics, including protein, EPS coverage, lipopolysaccharide composition,
hydrophobicity, and surface charges may fluctuate depending on the bacterial growth phase
(Xu et al., 2014; Flemming and Wingender, 2010). These changes in surface charges and
chemical heterogeneity might have induced the continuous processes of adsorption, desorption,
and re-adsorption of As(V), influencing the overall adsorption kinetics of As(V) on the biofilm,
and exhibiting an inconsistent adsorption pattern over time. However, this variation in
adsorption with the biofilm may not be real, since the values were consistent within the error
bars (Figure 4.10a), but it was not resolvable given the precision of the measurements in this

experiment.

In the case of biogenic Fe-Mn binary oxides, the close association between the minerals and
both bacterial cells and EPS may be a key factor influencing the efficiency of As(V) adsorption
by these biogenic oxides. As shown in electron microscopy observations (Figure 4.3, 4.4),
bacterial cells and EPS may cover a significant portion of the surface area of the biogenic
minerals, potentially acting as a barrier to the active binding sites necessary for As(V)
adsorption. Based on the data presented here, the mineral fraction (7.7 mg) within the bacteria-
EPS-mineral aggregate might have played a primary role in As(V) adsorption, showing an
equilibrium adsorption of 238 umol/g. As(V) diffusion flux into the biofilm (cells and EPS)
was presumed to act as an initial controlling factor of the As(V) adsorption rate onto biogenic
Fe-Mn binary oxides. The putative mechanism of As(V) diffusion, adsorption into biofilm and
onto mineral surface of the biogenic mineral is described below (Figure 4.11). Initially, As(V)
starts diffusing into the biofilm. Due to the presence of biofilm layer on the mineral surface
As(V) cannot directly adsorbed onto the minerals, rather diffuse through the biofilm first
(Figure 4.11a). The diffusion flux depends on the As(V) concentration gradient, which initially
is the steepest. Since As(V) moves into the biofilm layer, the As(V) concentration profile across
the biofilm layer evolves (curves 1, 2, 3 in Figure 4.11b). The rapid observed initial adsorption
could reflect this diffusion into the biofilm (and adsorption onto uncovered mineral). When
curve 3 is reached the flux of As(V) into the biofilm is the same along the profile and out of
the biofilm and onto the underlying mineral surface. This flux is constant as long as the
concentration at both ends doesn’t change much so that the concentration gradient across the

biofilm does not change significantly.
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From the pore space immediately adjacent to the mineral, As(V) will be adsorbed onto the
mineral surface. The As(V) concentration in this pore space will increase if diffusion coming

in is faster than the rate of adsorption (Figure 4.11c).
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Figure 4.11: Putative mechanism of As(V) diffusion, adsorption into biofilm and onto mineral
surface of the biogenic Fe-Mn binary oxides. (a) Biofilm (bacterial cells and EPS) on mineral
surface and pore spaces at their interfaces, (b) Evolution of the As(V) concentration profiles
across the biofilm layer over time due to diffusion, (c) Diffused As(V) adsorbed onto mineral
surface passing through pore space and the diffusion flux controls the As(V) adsorption on
mineral, (d) As(V) adsorption rate onto mineral will depend on how close the adsorbed
concentration is to equilibrium with the pore concentration, (¢) As(V) concentration in solution

goes down as As(V) adsorption onto mineral progresses.

In turn, the adsorption rate onto mineral will depend on how close the adsorbed concentration
is to equilibrium with the pore concentration and it will follow the kinetic rate law to establish
equilibrium (Figure 4.11d). In this case, the adsorption rate is greater the further out of
equilibrium the two are. At first, there is no adsorbed As(V) until As(V) begins to reach the

mineral surface through the biofilm.
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As the pore concentration climbs from diffusion in, the mineral surface concentration will be
low compared to equilibrium and As(V) will adsorb faster if it is further behind (Figure 4.11d).
If adsorption is faster, diffusion supplying As(V) to the interface will be the rate controlling
step for As(V) adsorption. As As(V) adsorption progresses the solution concentration goes
down and the interface concentration goes up so that the gradient decreases and the flux
decreases. The rate of adsorption at the interface will drop as the equilibrium value is

approached (Figure 4.11e).

These explain the As(V) adsorption curve of the biogenic Fe-Mn binary oxides (Figure 4.10b,
yellow line). While As(V) was rapidly adsorbed when there was not much on the mineral
surface, the rate at which As(V) adsorbed on the surface might have been controlled by
diffusion through biofilm- leading to a different kinetic curve (Figure 4.10b, yellow line) than
the curve seen for the abiogenic Fe-Mn binary oxides without biofilm (Figure 4.10b, brown
line). When the As(V) reached the mineral surface, then adsorption followed the adsorption

rules seen in the experiment without biofilm (abiogenic Fe-Mn binary oxides).

A more detailed, mathematical model of the diffusion and adsorption mechanisms would
require constraints on the thickness of the biofilm (and extent of coverage over the minerals)
at the mineral surface. Moreover, diffusion coefficients and diffusive fluxes within the biofilm
are heterogeneous and may vary with time. Finally, the diffusion profile will not remain linear
both due to changes affecting diffusion rates and as the concentration of As(V) in solution
approaches the equilibrium concentration in the pore space at the mineral surface. Such a
quantitative model incorporating these factors would be complicated and very

underconstrained, and so was not pursued in this study.

The concentrations of Fe and Mn within the mineral structure play a critical role in determining
the overall As(V) adsorption capacity of the Fe-Mn binary oxides, as it is well-established that
iron oxides have higher As(V) adsorption capacity than Mn oxides (Zheng et al., 2020; Suda
and Makino, 2016; Li et al., 2015). In this study, a direct comparison between As(V) adsorption
by biogenic and abiogenic Fe-Mn binary oxides was challenging due to the differing Fe-to-Mn
ratios in the biogenic (0.9:1) and abiogenic (3:1) samples (Zhang et al., 2007). For a deeper
understanding of the impact of biofilm on As(V) adsorption by abiogenic Fe-Mn binary oxides,
experiments were conducted comparing As(V) adsorption by abiogenic Fe-Mn binary oxides

alone and those mixed with biofilm with the same Fe-to Mn ratios in both cases. As(V)
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adsorption at equilibrium was 8% lower on the abiogenic Fe-Mn binary oxides mixed with
biofilm relative to those without biofilm. This reduction in adsorption might be attributed to
similar factors discussed earlier for biogenic Fe-Mn oxides. However, the effect was less
pronounced, as the biofilm in this case was easily dispersed in the solution and not as finely
intermixed with the Fe-Mn binary oxides, and additional ionic species such as phosphate
(PO4*7), which might have been present at the surface of the biogenic minerals, were absent
from the abiogenic minerals (Figure 4.5). Nevertheless, the biofilm (bacterial cells and EPS)
could have blocked some active binding sites on the Fe-Mn oxides, and the negatively charged
functional groups might have occupied positively charged sites on the mineral surfaces, thereby

slightly reducing the adsorption of As(V) species.

4.3.5 As(V) Desorption Experiments

Studying the desorption kinetics of As(V) is crucial in understanding how quickly or slowly
As(V) can be released from mineral surfaces. Understanding the reversibility of As(V) uptake
is important in environmental and contaminant treatment systems. This is because As(V) may
initially be taken up by materials and subsequently released into less contaminated water, such
as during seasonal changes in groundwater levels, flooding events, or within treatment systems
operating under diluted water conditions. As(V) adsorption reversibility of biogenic and
abiogenic Fe-Mn binary oxides was tested through desorption experiments. Before conducting
the desorption experiments, As(V) adsorption onto both biogenic and abiogenic Fe-Mn binary
oxides was performed. The biogenic Fe-Mn binary oxides adsorbed 146 (£ 16) umol/g of
As(V), reducing As(V) concentration from 234 pmol/L to 225 pmol/L in a solution, while the
abiogenic Fe-Mn binary oxides adsorbed 470 ( 13) umol/g of As(V) from solution, reducing
As(V) concentration from 193 pmol/L to 163 umol/L over a 120 h experimental period. These
As(V)-adsorbed biogenic and abiogenic minerals were used for subsequent desorption

experiments, enabling the assessment of As(V) adsorption reversibility of these minerals.
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The desorption isotherms of As(V) from abiogenic and biogenic Fe-Mn binary oxides were
investigated by perturbing the equilibrium between As(V)-adsorbed minerals and As(V) in
solution. Unlike previous studies, which primarily focused on As(V) desorption from Fe
minerals through mineral-destructive processes, such as abiotic or microbial reductive
dissolution (Cai et al., 2020; Tong et al., 2020; Jiang et al., 2013; Huang, 2018; Liu et al., 2020;
Tian et al., 2015), or in the presence of competing anions and cations (Lv et al., 2024), this
study employed a non-destructive approach. By systematically altering the equilibrium via a
series of dilutions, this work aimed to assess As(V) adsorption reversibility of abiogenic and

biogenic Fe-Mn binary oxides.
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Figure 4.12: (A) Amount of As(V) desorbed in solution from abiogenic and biogenic Fe-Mn
binary oxides during each desorption cycle, (B) Percentage of As(V) desorption in solution
from abiogenic and biogenic Fe-Mn binary oxides during each desorption cycle. Error bars

have been calculated as the standard deviation of the different replicates.

Figure 4.12A showed the amount of As(V) desorbed in solution in each desorption cycle for
both abiogenic and biogenic Fe-Mn binary oxides. Desorption from both minerals were higher
in fisrt two desorption cycles and then remained < 0.5 pmol/L in the rest of the desorption
cycles. In camparison with biogenic Fe-Mn binary oxides, abiogenic Fe-Mn binary oxides
desorbed higher amounts of As(V) during first two desorption cycles. Percentages of As(V)
desorption from biogenic Fe-Mn binary oxides were higher than abiogenic Fe-Mn binary
oxides in each cycle expept first desorption cycle (Figure 4.12B). However, the percentage of

desorption was less than 6% during any cycle for both minerals.
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Figure 4.13: (a) Langmuir isotherm C¢/qc vs Ce linear plots of abiogenic and biogenic Fe-Mn
binary oxides for As(V) desorption, and (b) As(V) desorption isotherms of abiogenic and
biogenic Fe-Mn binary oxides. The arrow indicates the direction of reaction progress, showing
that desorption decreases with each desorption cycle as As(V) concentrations on the minerals

also decline.

A Langmuir isotherm model was adopted to describe equilibrium states in both minerals
systems. Langmuir isotherm is the most intuitive and simplest approach, with assumptions of
monolayer adsorption on homogeneous adsorption sites, constant adsorption energy, and no or
negligible interaction between adsorbate molecules on different adsorption sites. Linearized
Langmuir isotherm plots of both minerals fitted well as indicated by R values (Figure 4.13a).
In abiogenic Fe-Mn binary oxides system the calculated maximum surface capacity (qm) from
the desorption Langmuir plot (476 umol/g) was also very close to the As(V) initially adsorbed
on the abiogenic Fe-Mn binary oxides (470 umol/g) for this desorption experiment. In biogenic
Fe-Mn binary oxides, the As(V) desorption Langmuir plot provided a gradient value of 0.0068
with qm value of 147 umol/g/. The As(V) initially adsorbed on the biogenic Fe-Mn binary
oxides was 180.5 umol/g for this desorption experiment. However, the amounts of As(V)
desorbed in solutions by both minerals differ from the As(V) concentrations remaining in
solutions at equilibria during initial adsorption experiments (225 pmol/L and 163 pmol/L for
biogenic and abiogenic minerals, respectively). These variations indicated that a small fraction
of As(V) might be released from both minerals, but the majority was irreversibly bound to the

mineral surfaces, possibly by chemisorption.
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The implication of this is that both minerals might be expected to hold As(V) even if the
concentration of As(V) in solution changes (e.g., if relatively high As(V) concentrations in
contaminated waters are followed by As(V)-free conditions in clean waters, either in the

environment or in a remediation system).

The role of biofilm or organic fraction in As(V) desorption from biogenic Fe-Mn binary oxides
was not clear. Further investigation involving other factors such as different pH, and organic

content is required to fully understand and confirm these findings.

4.4 Conclusion

This research investigated how biofilm affects the As(V) adsorption-desorption dynamics of
biogenic and abiogenic Fe-Mn binary oxides. PFO and PSO kinetic modelling of As(V)
adsorption experimental data indicated that As(V) adsorption on both minerals might have been
dominated by chemisorption, with a minor contribution of physisorption. Biogenic Fe-Mn
binary oxides showed ~45% lower equilibrium As(V) adsorption compared to abiogenic Fe-
Mn binary oxides. While abiogenic Fe-Mn binary oxides showed higher adsorption capacity at
equilibrium, abiogenic Fe-Mn binary oxides mixed with biofilm revealed a slightly lower
(~8%) As(V) adsorption capacity at equilibrium than the abiogenic Fe-Mn binary oxides alone.
The As(V) desorption experimental data of both minerals indicated that As(V) adsorption on
biogenic and abiogenic Fe-Mn binary oxides were not reversible, though a small fraction of
the weakly bound As(V) might desorb. Results reveal that the adsorption-desorption dynamics
of biogenic and abiogenic Fe-Mn binary oxides in the presence of biofilm were influenced by
As(V) diffusion into biofilm (when present with the mineral fraction), electrostatic forces
generated by the functional groups of the biofilm/organic matter present at the surface of the
minerals, and the presence of PO, gorups. The As(V) desorption isotherms of both adsorbents
suggested that most of the As(V) species were possibly bound by chemisorption, making them
less likely to be desorbed.
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5 Chapter Five: Conclusions

5.1 Summary of Research Findings

Chapter 2 (Arsenic(V) adsorption behaviours and capacities of abiogenic ferrihydrite and Fe-

Mn binary oxides) major findings:

This chapter compared the adsorption dynamics of As(V) onto abiogenic Fe oxides and Fe-Mn
binary oxides. Abiogenic Fe oxide and Fe-Mn binary oxides were synthesized. Synthesized
abiogenic Fe oxide was identified as poorly crystalline ferrihydrite and abiogenic Fe-Mn binary
oxides were identified as a mixture of poorly crystalline birnessite and ferrihydrite using XRD
analysis. EDX analysis of the ferrihydrite sample showed the co-distribution of Fe and O.
Abiogenic Fe-Mn binary oxides exhibited heterogeneous distribution of Fe and Mn in the
sample. SEM analysis identified the ferrihydrite and abiogenic Fe-Mn binary oxide samples as
aggregates of nanoparticles. BET analysis revealed higher specific surface area and larger pore
size for the Fe-Mn binary oxides as compared with ferrihydrite. Smaller surface area of
ferrihydrite might have been caused by particle aggregation. Fe-Mn binary oxides
demonstrated higher maximum As(V) adsorption capacity than ferrihydrite though ferrihydrite
showed higher initial As(V) adsorption rate and affinity. Both adsorbents showed fast initial
adsorption due to film diffusion, followed by slower adsorption due to pore diffusion, as
indicated by PFO kinetic models. Adsorption on both sample types showed good conformities
with a PSO kinetic model suggesting that As(V) adsorption on both minerals was dominated
by chemisorption. Langmuir isotherm model suggested the presence of non-interactive
homogeneous surface sites on the mineral surfaces and monolayer adsorption. The higher
surface area of the Fe-Mn binary oxides as compared with ferrihydrite might provide more
surface sites for binding As(V). Moreover, the larger pore size of the Fe-Mn binary oxides
facilitated As(V) adsorption on the surface of internal pores within the mineral, providing more

adsorption capacity.

110



Chapter 3 (Pseudomonas Putida-Mediated Synthesis of Biogenic Iron-Manganese Binary
Oxides Nanoparticles: Characterization Insights and Potential Environmental Implications)

major findings:

This chapter proposed a novel pathway for the formation of biogenic Fe-Mn binary oxides at
water column of the oxic-anoxic interfaces. To produce biogenic Fe-Mn binary oxides,
synthesis of biogenic Mn oxides was performed as a first step mediated by P. putida MnB1
under aerobic condition. More than 99 % of the initial Mn (II) was oxidized and precipitated
as biogenic Mn oxides. Biogenic Mn oxides oxidized Fe(Il) under micro-aerobic condition,
resulting in the precipitation of Fe oxides and formation of biogenic Fe-Mn binary oxides.
Mineralogical identification using XRD and TEM-SAED confirmed that poorly crystalline
birnessite and ferrihydrite nanocrystals phases composed the biogenic Fe-Mn binary oxides.
Elemental composition by STEM-EDX analysis revealed the presence of Fe and Mn
colocalized with C and O, but heterogeneous distribution of Fe and Mn. Significant amount of
P was identified in the biogenic minerals. SEM analysis demonstrated that the biogenic
minerals formed aggregates with P. putida cells and EPS. STEM also showed that the minerals
were formed extracellularly and precipitated on the bacterial cell surfaces. The biogenic Fe-
Mn binary oxides particles were identified as nanoparticles with typical dimensions smaller
than 100 nm. Diverse morphological features of the biogenic minerals such as plates/sheets
like features, long elongated chains of particle aggregates, and aggregations of the particles
into granular morphologies, were also identified using STEM imaging. This research proposed
a pathway for biogenic Fe-Mn binary oxides formation at oxic-anoxic interfaces of the water
columns, involving microbial Mn(II) bio-oxidation, followed by Fe(II) oxidation by Mn

oxides, to form finely intermixed Fe- and Mn-oxide phases.
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Chapter 4 (Unfolding the role of Pseudomonas putida biofilm in Arsenic(V) adsorption-

desorption dynamics on Iron-Manganese binary oxides) major findings:

This chapter investigated the role of biofilm on As(V) adsorption and desorption onto and from
Fe-Mn binary oxides. Fluorescence microscopy combined with quantification of carbohydrates
and DNA revealed the presence and concentration of organic matter (cells and EPS) associated
with the biogenic Fe-Mn binary oxide minerals. Higher concentrations of organics were present
in mineral-free P. putida biofilm than in the biogenic Fe-Mn binary oxides. As(V) adsorption
kinetics experiments on the mineral-free biofilm, abiogenic and biogenic Fe-Mn binary oxides,
and abiogenic Fe-Mn binary oxides mixed with biofilm were performed over 144h. The
mineral-free biofilm showed the least adsorption capacity as well as fluctuating adsorption
rates over time. The low As(V) adsorption capacity of the biofilm likely result from the fact
that most of the organic functional groups present on the cell surfaces and EPS are negatively
charged at neutral pH, which might confer electrostatic repulsion to negatively charged As(V)
species. Biogenic Fe-Mn binary oxides showed higher adsorption capacity than the mineral-
free biofilm due to lower amount of organic matter, corresponding to a lower content in
negatively charged functional groups. The As(V) adsorption capacity of the biogenic Fe-Mn
oxides was higher than that of the biofilm but significantly lower than that of abiogenic Fe-Mn
binary oxides. This is interpreted as the presence of cells and EPS within the biofilm blocking
the As(V) binding sites at the surface of the Fe oxides, providing a net negative charge to the
biogenic minerals. Based on electron microscopy observations, bacterial cells and EPS might
indeed have covered a good portion of the specific surface area of the biogenic minerals. In
biogenic Fe-Mn binary oxides As(V) diffusion into biofilm also played important role in As(V)
adsorption on the mineral surfaces. Moreover, the presence of PO4> groups in the biogenic
minerals might have inhibited the adsorption of As(V). All these factors contributed to the
reduced As(V) adsorption onto biogenic Fe-Mn binary oxides as compared to abiogenic Fe-
Mn binary oxides. As(V) desorption experiments were performed on As(V) adsorbed biogenic
and abiogenic Fe-Mn binary oxides. The As(V) desorption experiments of both biogenic and
abiogenic Fe-Mn binary oxides demonstrated that most of the As(V) were irreversibly bound

onto the mineral surfaces.
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Overall, this research provides a holistic understanding of the As(V) adsorption-desorption
dynamics of Fe-Mn binary oxides, of both biogenic and abiogenic origins. Fe-Mn binary oxides
might play a significant role in As(V) adsorption dynamics in nature due to their high efficiency
of As(V) adsorption. Fe-Mn binary oxides are often overlooked in terms of their role in trace
metals adsorption-desorption dynamics, including As(V). This research also provides new
information on the impact of the presence of microbial biofilms in reducing the adsorption
capacity of Fe-Mn binary oxides, which might be also true for the adsorption-desorption
dynamics of other important trace metals. This research unfolds a potential pathway for
biogenic Fe-Mn binary oxides formation at the oxic-anoxic interface of stratified water
columns. This research also deepens our understanding of the As(V) adsorption-desorption
dynamics of environmentally common mineral phases, which may thus impact As(V) transport

in the aquatic environments.
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5.2 Future Research Prospects

There is significant potential to further extend research involving biogenic Fe-Mn binary
oxides and As adsorption-desorption dynamics. In particular, future research efforts could
further address why and how the presence of bacterial cells and EPS can reduce their As(V)
adsorption capacity and affect desorption mechanism. A deep investigation into the organic
matter compositions and concentrations of biogenic Fe-Mn binary oxides could be insightful
in determining more accurate adsorption-desorption dynamics of many trace elements

including As.

Moreover, the effect of the significant amount of microbially derived PO4” in the biogenic
minerals on As(V) adsorption mechanisms and dynamics could be investigated more
thoroughly. Separation of the organic fraction and removal of PO, from the biogenic minerals
could for instance be performed to test their effects on As(V) adsorption-desorption. However,
this approach could be challenging because further chemical treatment to remove organic
matter and PO4> might change the structure of the biogenic minerals. There is also a possibility

of the significant loss of mineral mass during the treatment procedure.

This research focused on the biofilm of a model organism, P. putida and its influences on
As(V) adsorption-desorption dynamics. Biofilm of different microbial communities might play
different roles based on their metabolic activities and As oxidation-reduction capabilities.
Moreover, the natural environment harbors a great diversity of microbes, natural biofilms
consist of complex microbial communities. Therefore, more realistic experiments could be
using complex community-biofilms instead of single species-biofilms. However, identifying
the specific roles of each microbial strain within the community would bear significant
challenges. Additionally, As cycling within natural biofilm samples could be studied to gain a

better understanding of the complex biogeochemical cycle of this element.

Current research addressed the As(V) adsorption-desorption of Fe-Mn binary oxides in the
presence of biofilm. However, As(III) species might have shown different behaviors since they
are more mobile, unstable and subject to oxidation. A detailed investigation of the As(III)
adsorption-desorption dynamics of biogenic Fe-Mn binary oxides within biofilms is needed for
a complete understanding of the impact of Fe-Mn binary oxides-As-biofilm interactions on As

speciation, mobility, and transport in the aquatic environment.
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Finally, further investigations including long term desorption experiments with continual
sampling, monitoring changes in organic content in biogenic Fe-Mn oxides during desorption,
studying how changes in pH might matter, and how the minerals and any associated organic
matter might evolve with time, can deepen our understanding of the As desorption behaviour

of these abiogenic and biogenic minerals in perturbed equilibria.
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Appendices

XRD Analysis:
The accuracy of the XRD measurement was constrained by testing the XRD background of an
empty Silicon disk. The disk returned to a peak at 3.1360 angstroms which is close to the

known value for that silicon peak.
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Figure 3-A1: XRD pattern of the background, an empty Silicon disc.
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Mn(II) Biomineralization:

No biogenic Mn oxides formation in abiotic control (Figure 3-A2b).
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Figure 3-A2: Biotic mineralization (a) and abiotic control (b) experiments after 18 days.

Figure 3-A3: STEM-EDX elemental distribution maps of Fe (a), Mn (b), P (c) and O (e) of
biogenic Fe-Mn binary oxides. Fe and Mn overlaid mapping (¢) and STEM-EDX elemental

distribution spectra of the whole image (f) of biogenic Fe-Mn binary oxides.
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Table 3-A1: pH changes during biomineralization experiment using P. putida.

Replication

pH changes over time

Day 1 (Initial) Day 12 Day 12 after Fe(Il) addition | Day 18
Replicate 1 7.4 7.31 7.2 7.22
Replicate 2 7.4 7.42 7.34 7.5
Replicate 3 7.4 6.98 6.9 7.1
Replicate 4 7.4 7.29 7.15 6.99
Average 7.4 7.25 7.15 7.2
Standard +0 0.2 0.2 0.2

Table 3-A2: pH changes in an abiotic control experiment.

Day pH
Initial- Day 1 7.4
Day 12 7.39
Day 18 7.41
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Figure 4-A4: Linearized Langmuir isotherm t/q; vs t plots for As(V) adsorption on biofilm,

biogenic Fe-Mn binary oxides, abiogenic Fe-Mn binary oxides and abiogenic Fe-Mn binary

oxides mixed with biofilm.
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Figure 4-AS5: Images of biofilms in mineralization media (after 7days of growth).
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