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Popular science summary 

Soils play a critical role in the carbon (C) cycle by regulating the atmospheric carbon 

dioxide (CO2) levels, and correspondingly the Earth’s climate. However, there are 

still countless questions of how biological and geochemical soil processes affect the 

C cycle. To be able to predict future implications on the Earth’s climate, we need to 

understand these processes. Globally, soils store more C than the terrestrial biomass 

and the atmosphere combined. The soil environment has an enormous impact on the 

soil C dynamics, whether C is captured, stored or released. Thus, depending on the 

soil environment, some soil organic matter (SOM) can persist for decades, while 

some SOM decomposes more rapidly. It has been shown that soil microbes (fungi, 

bacteria, archaea, etc.) play an important role in SOM decomposition into smaller 

molecules, ultimately, releasing CO2 to the atmosphere or playing an important role 

in the formation of soil aggregates, thus contributing to increased SOM stability.  

Boreal and temperate forests store a large part of the terrestrial C, and in this 

environment ectomycorrhizal (ECM) fungi are abundant. ECM fungi form 

symbiotic relationships with plants i.e., plant hosts provide C as energy source for 

fungal growth and in return fungi transport nutrients to the plant host. A major part 

of soil nutrients is found in organic form, as part of SOM. Thus, to access and 

mobilize these nutrients, fungi are required to decompose SOM. Some ECM fungi 

use a degradation mechanism involving the Fenton reaction (Fe2+ + H2O2 → Fe3+ + 

•OH + OH-). For this mechanism to occur, the fungi need ferrous iron (Fe2+) and 

hydrogen peroxide (H2O2). H2O2 can be provided by fungi, however, in soils iron is 

primary found in oxidation state +3 and in solid state as iron oxides and other iron-

containing minerals, and thereby, is not easily available. During the initial SOM 

decomposition, fungi produce low molecular weight organic compounds, secondary 

metabolites, which are not involved in sustaining fungi or the plant host growth. 

Some of these secondary metabolites have iron reducing capacity, which can reduce 

soluble ferric iron (Fe+3) salts, thus making Fe2+ more accessible. However, there is 

limited knowledge on how these secondary metabolites interact with and possibly 

reduce solid iron oxides. 

In this thesis, common boreal and temperate forest soil iron oxides, ferrihydrite and 

goethite, were used to investigate whether Fenton reactions can be initiated by 

organic reductants, similar to fungal secondary metabolites or as part of dissolved 

organic matter (DOM), under different geochemical conditions. The aims of this 
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PhD project were achieved by studying adsorption, desorption, and redox reactions 

between the iron oxide nanoparticles and these organic reductants. This research 

seeks to answer the question of whether some of these reactions can promote the 

generation of hydroxyl radicals (•OH) via Fenton reaction. Increased understanding 

of these mechanisms can improve our understanding of the stability of SOM and 

SOM-mineral aggregates. 

Results obtained at pH 4.5 and 4.0 showed that a model compound (2,6-DMHQ), 

which is similar to a compound secreted by brown rot wood decay fungi, was able 

to reductively dissolve iron oxide nanoparticles and produce H2O2 under aerobic 

reaction conditions. Thus, reactions between 2,6-DMHQ and iron oxides allow the 

formation of both reactants to initiate the Fenton reaction. In anaerobic 

environments, due to a lack of oxygen (O2), the formation of H2O2 was negligible 

from reactions between 2,6-DMHQ and iron oxides, thus suppressing the Fenton 

reaction. Moreover, results showed that initiation of the Fenton reaction was not 

only affected by O2 concentrations, but also by different geochemical factors, such 

as pH, redox potentials and adsorption of organic and inorganic molecules.  

Soils contain a wide range of inorganic and organic molecules that can adsorb on 

iron oxides, thus interfering with redox reactions at iron oxide surfaces. Results 

showed that 2,6-DMHQ was able to compete with inorganic and organic molecules 

for surface iron and to initiate the Fenton reaction. Moreover, adsorption of organic 

and inorganic molecules in some cases promoted the Fenton reaction to occur close 

to iron oxide nanoparticle surfaces. These surface reactions can have a considerable 

impact on adsorbed SOM decomposition and the provision of nutrients to plant 

hosts. At the same time, more extensive SOM decomposition can result in a greater 

CO2 release. 

At neutral pH values, various organic pollutants, with molecular structures similar 

to 2,6-DMHQ, are found in groundwater and agricultural soils due to pesticide and 

fertilizer use. Injection of H2O2 into the soil or aquatic systems is a widely-applied 

technique to degrade these pollutants. Results at pH 7.0 showed that adsorption of 

inorganic and organic molecules on iron oxides resulted in a higher yield of the 

Fenton reaction from the 2,6-DMHQ-iron oxide interactions. Therefore, naturally 

occurring processes between iron oxides and 2,6-DMHQ-like molecules can help to 

increase organic contaminant degradation, for example, when the commonly added 

plant nutrient, phosphate, is adsorbed on iron oxide surfaces. 

DOM modified by the ECM fungus Paxillus involutus, which contained secondary 

metabolites, has a higher affinity towards iron oxide surfaces than the initial DOM. 

This is in agreement with the hypothesis that organic matter decomposition can 

contribute to SOM stability. Results showed that modified DOM reductively 

dissolved ferrihydrite and goethite, but in order to initiate the Fenton reaction the 

addition of H2O2 was required. Further, results suggested that in the absence of 
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H2O2, some Fe2+ was complexed to adsorbed DOM. When H2O2 was added the 

Fenton reaction occurred in close vicinity to the organic matter, which resulted in 

direct oxidation of DOM components. Moreover, experiments with DOM modified 

by P. involutus suggested that the produced secondary metabolites might act as 

antioxidants. Thus, these metabolites may inhibit the oxidation of other DOM 

components, thereby increasing the partial recalcitrance of DOM. 

In summary, the results obtained in this PhD project suggested that in aerobic soil 

environments and in the presence of iron oxide nanoparticles, fungal secondary 

metabolites with molecule structures similar to 2,6-DMHQ might initiate the Fenton 

reaction and produce •OH. Yet, further studies are required to understand if and how 

these reactions affects the stability of the soil C. Moreover, the generation of •OH 

at iron oxide nanoparticles surfaces can be harmful and cause damage to organisms 

exposed to these nanoparticles. Thus, the reactions characterized in this study can 

be related to the potential toxicity of iron oxide nanoparticles. 
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Introduction 

Nanoparticles have always been present in the Earth’s systems because of various 

weathering and precipitation processes. Thus, life has evolved in the presence of 

nanomaterials, and consequently we are already aware of some of their broader 

implications for living organisms and ecosystems.1,2 Iron is the fourth most common 

element and different iron oxide nanoparticles are widely distributed in the Earth’s 

crust. In addition, diverse iron oxide nanoparticle properties are studied and applied 

in fields, such as in biomedicine,3–12 groundwater and wastewater treatment,13–18 and 

other fields of application.19–25 Accordingly, today the importance of environmental 

nanoparticles is unquestionable and highly recognized.  

A challenge in geochemical research is to understand the roles that nanoparticles 

play in the distribution and bioavailability of elements, mineral growth and 

dissolution, and in catalysis and reaction pathways. In soils, iron oxide nanoparticles 

and other iron-containing minerals play an important role in numerous geochemical 

processes. Many studies have focused on adsorption/desorption processes26–31 and 

redox reactions,32–40 where iron oxides have been shown to be strong adsorbents and 

catalysts. In general, the results from those studies were attributed to properties of 

the iron oxides, such as surface area, particle size, morphology, surface chemistry 

and that iron oxide reactivity increases with increasing surface area. However, 

adsorption/desorption and redox reactions in the soil environment can also be 

influenced by other factors, such as pH, reduction potential (EH), O2 concentration, 

adsorption of competing molecules, microorganism diversity, aeration, temperature, 

etc.41,42  

Increasing attention is on SOM adsorption on minerals because SOM stores large 

fractions of terrestrial C,43,44 and the stability of SOM has been shown to be 

associated with SOM adsorption onto secondary aluminum and iron minerals.45–47 

In addition to mineral adsorption effects, SOM stability is also influenced by 

interactions between SOM and other components of the biological, physical and 

chemical environments. Soil microbes decompose SOM to access nutrients, yet 

organic matter can be inaccessible for microbes due to incorporation into micro-

pores and aggregates. These aggregates can be stabilized by hydrophobic 

interactions and hydrogen bonding forces.44,48,49 Although various protective 

mechanisms have been proposed to explain SOM stability, contributions of these 

factors are still not completely understood. In general, two SOM decomposition 
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pathways by microbes have been recognized: (1) the enzymatic decomposition 

pathway, which depends on extracellular enzymes, and (2) the non-enzymatic 

decomposition pathway, which involves reactive oxygen species (ROS), 

particularly •OH generated via the Fenton reaction. The Fenton reaction requires 

mechanisms for iron reduction, which may be accomplished by extracellular 

metabolites, cellobiose dehydrogenases or redox-active peptides.50–52 Wood decay 

studies have shown that brown-rot fungi are able to degrade wood polymers through 

a combination of non-enzymatic and enzymatic mechanisms. In one of these 

processes, brown-rot fungi produce the secondary metabolite 2,5-

dimethoxyhydroquinone (2,5-DMHQ) which is able to reduce iron and form H2O2 

in aerobic environments, thus producing both Fenton reactants.53–57 These results 

propose hydroquinones to be favourable organic substance to initiate •OH 

generation. Hydroquinone and hydroquinone-like molecules have been 

acknowledged as important redox-active components in soil and aquatic organic 

matter,58 and due to their redox properties they are used in agro- and industrial 

products. Moreover, because of resonance-stabilization of intermediate 

semiquinone (HSQ), hydroquinones are recognized as important electron transfer 

mediators in several biogeochemical processes, such as organic pollutant 

degradation and iron bioreduction.59  

Studies on wood decay by brown-rot fungi and SOM decomposition caused by the 

ECM fungus P. involutus have shown that these fungi use Fenton reaction 

mechanisms in the presence of soluble Fe3+ salts. Yet, it is unknown if and how 

these mechanisms operate in a soil environment where iron oxides of low solubility 

predominate. Hence, there is a gap in knowledge on whether soil fungal secondary 

metabolites can reductively dissolve iron oxides and/or other iron-containing 

minerals and concomitantly generate favourable conditions for the Fenton reaction. 

This PhD project was focused on improving our current understanding of these 

reactions by studying adsorption, desorption and redox processes involving 

ferrihydrite and goethite nanoparticles and the model compound 2,6-DMHQ and 

DOM modified by P. involutus. This was accomplished by combining wet chemical 

analysis with in-situ infrared (IR) spectroscopy to study reactions at water-

nanoparticles interfaces in laboratory experiments. 
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Background  

Iron oxides and their role in biogeochemical processes 

The role and effects of iron oxides in biogeochemical processes are widely studied 

due to their common occurrence in natural systems.60 In soils, the composition and 

crystallinity of the iron oxides are controlled by precipitation and dissolution 

reactions that depend on several factors, such as pH, temperature and redox 

conditions.60 Due to their thermodynamic stability, goethite and hematite are two of 

the most common iron oxides in soils and sediments. Goethite has been found in 

most soil types, while hematite mostly occurs in tropical and subtropical soil areas.60 

In nature, formation of both oxides is instigated by the slow transformation of 

thermodynamically unstable ferrihydrite through dissolution and re-precipitation 

reactions. Formation of ferrihydrite occurs via rapid Fe3+ hydrolysis and is 

characterized as a poorly crystalline iron oxide, usually in the form of nano-sized 

spherical particles with a large surface area.60,61 

Iron oxides, in soils and sediments, are strong sorbents and are involved in numerous 

environmental processes, such as regulating the availability of plant nutrients 

(Figure 1).62 Plants and microbes need iron as a nutrient, but since iron occurs 

mainly in the solid state as Fe3+, plants and microbes have evolved several iron 

uptake mechanisms that involve dissolution and complexation by small organic 

acids and molecules with high iron affinity, sometimes also involving iron reduction 

by redox-active compounds.63,64 Common electron donors and iron reducing 

compounds in soil environments are the hydroquinone- and phenol-like 

molecules.39,59,65,66 It has been shown that these compounds can be produced by 

different organisms, such as microbes and insects, and they are also believed to be 

a part of SOM.59,67,68 

In wastewater and groundwater treatment, iron oxides and other iron-containing 

minerals are applied as sorbents for heavy metal adsorption and/or as catalysts in 

organic contaminant degradation. Since heavy metals in drinking water are toxic for 

humans, numerous studies have been devoted to adsorption of arsenic (As)69–71 and 

other heavy metals.16 Iron-containing minerals are also used as catalysts in organic 

pollution degradation by exploiting Fenton chemistry reactions.33,72  
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Figure 1. Iron and carbon interactions in biogeochemical cycles 

Soil organic matter decomposition by fungi 

Soils are the largest C sink, but it is still unclear why some SOM persists for decades, 

while other SOM is decomposed more rapidly. In general, decomposition of SOM 

is controlled by soil microbial activity and the complex physical and chemical 

interactions in soils.44,73–75 Previous studies on SOM decomposition by microbes 

have focused mostly on the role of enzymes, and it has been shown that fungi and 

bacteria use a large variety of enzymes in these processes. In addition, recent data 

suggest that certain ECM fungi may use non-enzymatic mechanisms to decompose 

SOM (Figure 2). These processes involve the attack by ROS, including the short-

lived and non-selective •OH generated through the Fenton (R1), the Fenton-like 

(R2) or the Haber-Weiss reactions (R3).76 Further in the text reactions R1-3 are 

denoted as Fenton reactions.  

Fe2+ + H2O2  Fe3+ + •OH + OH- (R1) 

 

Fe3+ + H2O2  FeOOH2+ + H+ (R2) 

FeOOH2+  Fe2+ + •OOH 

Fe2+ + H2O2  Fe3+ + •OH + OH- 
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Fe3+ + O2
•-  Fe2+ + O2  (R3) 

Fe2+ + H2O2  Fe3+ + •OH + OH- 

These reactions require Fe2+, which is not thermodynamically stable in aerobic soils 

and is rapidly oxidized to Fe3+ that subsequently is precipitated as iron oxides or 

strongly complexed by organic ligands making it less available for the Fenton 

reactions.77,78 Three iron reduction mechanisms have been proposed to initiate ROS-

based organic matter decomposition: (1) iron-reducing enzymes (ferric reductases, 

cellobiose oxidases, cellobiose dehydrogenases,52 (2) low-molecular weight 

glycopeptides,50 and (3) low-molecular weight redox active aromatic molecules 

(quinones).51 

 

Figure 2. Fungal SOM decomposition by enzymatic and non-enzymatic reactions. 

The secondary metabolite involutin (diarylcyclopentenone), produced by the ECM 

fungus P. involutus has been found to be involved in iron reduction.79 Involutin is 

therefore an important part of the machinery generated by P.involutus to decompose 

SOM via the Fenton reaction. However, in this process it is still unknown how H2O2 

is produced, even though the genome of P. involutus encodes a number of genes for 

H2O2 production that could be involved in this process.76  

Wood decay studies on brown-rot fungi have identified the secondary metabolite 

2,5-DMHQ as an Fe3+ reducing compound, which can initiate the Fenton reaction 

under aerobic reaction conditions (Figure 3); i.e. it has the capacity to produce Fe2+ 

and H2O2 via reduction of Fe3+ and O2. This secondary metabolite has been 

identified in three distantly related brown-rot fungal species,53–57,80 suggesting that 

the biosynthetic pathway for 2,5-DMHQ existed in a common ancestor and 2,5-

DMHQ might therefore be a rather widespread secondary metabolite. Secondary 

metabolites, similar to 2,5-DMHQ, have not been identified in cultures of P. 

involutus or other ECM fungi. However, hydroquinone and hydroquinone-like 
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molecules are formed naturally,59 thus hydroquinone and hydroquinone-like 

molecules could contribute to iron reduction and bioavailability. 

 

Figure 3. Proposed reaction pathway for Fe3+ reduction and H2O2 production from wood decay studies 
via oxidaion of 2,5-DMHQ.56

 

Studies on P. involutus and brown-rot wood-decayers have used soluble Fe3+ salts, 

while in the soil, iron generally is found in a solid state as iron oxides and/or other 

iron-containing minerals. In the soil, iron oxides precipitate and form more 

crystalline iron oxide nanoparticles with increasing soil depth, which become 

thermodynamically more stable with increasing aging time. For certain ECM fungi, 

or other microbial species, to initiate •OH generation in the soil environment, 

reduction of iron oxides is required. Thus, it is unclear if the secondary metabolites 

of P. involutus and hydroquinone-like molecules could initiate Fenton reactions in 

the presence of iron oxides and/or iron-containing minerals. 

Reactions between hydroquinones and iron oxides 

The well-studied redox triad quinone/semiquinone/hydroquinione (Q/HSQ/H2Q), 

coupled via 1 electron transfer reactions, makes quinones effective electron shuttles 

in biological systems and contaminant degradation.59,81 Hydroquinone oxidation is 

characterized through three reaction pathways:81  

(1) Hydroquinone autoxidation in the presence of O2; 

H2Q + O2  Q + H2O2  (R4) 

(2) Catalytic oxidation by redox metals as catalysts in the presence of O2;  

H2Q + O2 

𝐹𝑒𝑂𝑂𝐻 
𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡
→       Q + H2O2  (R5) 

(3) Hydroquinone oxidation through metal (≡Fe3+) reductive dissolution; 

H2Q + 2FeOOH  Q + 2Fe2+ + 4OH- (R6) 
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Simple hydroquinone and hydroquinone-like molecules have been studied with 

respect to their capability of iron oxide reduction, and also in relation to organic 

pollutant oxidation. Several of these studies involved 1,4-hydroquinone and 

catechol (1,2-dihydroxybenzene) and were performed under anaerobic conditions, 

thus excluding reactions R4 and R5.34,37,39,82,83 In general, the reaction stoichiometry 

was reported to be 1 H2Q: 2 Fe2+: 1 Q and the iron oxide reactivity towards 

hydroquinone oxidation increased with increasing specific surface area and 

decreasing particle size. Studies under aerobic reaction conditions have used iron-

containing materials as catalysts for hydroquinone- and phenol-like oxidation.65,84–

87 While no H2Q: Fe ratios were reported, results suggested there was formation of 

new oxidation products. Polymer-like products indicated reactions between 

intermediate semiquinone radicals.65,86 Other studies reported ring cleavage 

products, and the formation of aldehydes,88 carboxylic acids and ethers.89  Moreover, 

in the presence of amorphous iron oxides, oxidation of the plant secondary 

metabolite catechin resulted in both polymerization and CO2 formation.87 The 

aliphatic products were proposed to be formed via •OH attack on aromatic rings by 

H abstraction and addition to unsaturated C-C bonds.90  

Putting these results into perspective of SOM decomposition, these previous results 

have shown that hydroquinone and hydroquinone-like molecules were able to 

reductively dissolve iron oxide particles and likely also generate •OH via the Fenton 

reaction. At the same time, in the presence of O2 different types of side-products 

were formed from the oxidation of hydroquinones. This would mean that with each 

redox cycle, there will be a loss of quinones and less molecules available for 

enzymatic regeneration of the hydroquinone.81 Hence, to maintain the Fenton 

reactions, fungi would be required to continuously produce secondary metabolites 

or control the conditions to maintain the formation of side-products at a low level. 

Reactions between hydrogen peroxide and iron oxides 

Hydroquinone and hydroquinone-like molecules have been shown to produce both 

Fenton reaction components (i.e., Fe2+ and H2O2) from a soluble Fe3+ source. 

However, as stated above, iron exist as iron oxides and other iron-containing 

minerals in soil environments, and as soon surfaces are involved, the generation of 

•OH become more complex.91,92 Recently, it has been proposed that iron oxide 

nanoparticles can initiate •OH generation via five different pathways (Figure 4).93 
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Figure 4. Proposed reactions of •OH generation by iron oxide nanoparticles93 

While heterogeneous Fenton reactions are not well understood, these systems have 

shown several differences with respect to homogeneous Fenton reactions. 

Homogeneous Fenton reactions have the highest efficiency at ca. pH 3.0 and the 

oxidized Fe3+ is often precipitating. In contrast, iron oxides and iron-containing 

materials are decomposing H2O2 via surface bound iron, thus avoiding iron 

precipitation and operate over a wider pH range.94,95  

Iron oxide or iron-containing mineral surfaces can decompose H2O2 through two 

reaction pathways: (1) formation of O2 and H2O or (2) formation of •OH.96 H2O2 

decomposition into O2 and H2O has been recognized as an advantage in anaerobic 

soils where O2 is introduced into the environment for microbe-initiated 

bioremediation.97 H2O2 decomposition into •OH are exploited in wastewater 

treatment methods, such as In Situ Chemical Oxidation (ISCO) and Advanced 

Oxidation Processes (AOPs) for soil and groundwater organic contaminant 

mitigation.98 In these methods, H2O2 is injected into the environment containing iron 

materials to trigger •OH formation via surface initiated chain reactions.92,96,99,100 

Overall, heterogeneous Fenton reactions result in low generation of ROS,99,101 

compared to homogeneous Fenton reactions, where soluble iron is directly 

available. However, a higher production of H2O2 decomposition into •OH, 

especially at neutral pH values, has been achieved in the presence of adsorbed 

oxyanions and low molecular weight organic acids.102–107 Several explanations to 

these results have been proposed. In addition to chelating and scavenging effects, it 

has been suggested that ligand adsorption blocked H2O2 reactions with surface 

active sites, thus suppressing iron oxides to act as catalyst for H2O2 
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disproportionation into O2 and H2O.99,105,108 Yet direct experimental confirmation is 

missing and there is much more challenging research ahead to understand ROS 

generation mechanisms in the presence of surfaces and adsorbed organic and 

inorganic molecules. 

Impact of adsorbed molecules on redox reactions 

In soil environments, iron oxides act as strong adsorbents for different organic and 

inorganic molecules. Phosphate, due to its strong affinity for iron oxide and iron-

containing mineral surfaces, often is a limiting nutrient in soils.109 Therefore, 

phosphate desorption is required for phosphate acquisition in acidic environments 

(pH 3-5). Several desorption mechanisms have been proposed. These are ligand 

exchange, phosphate release caused by iron oxide dissolution, and iron oxide 

reductive dissolution by different reducing agents.110–112 Some studies have indeed 

showed that phosphate is released via iron oxide dissolution and/or reductive 

dissolution.113–115 This implies that redox active secondary metabolites could make 

phosphate available for microbial and plant uptake.  

Most previous laboratory studies have used different buffers, such as phosphate or 

acetate, to study reactions between hydroquinone/hydroquinone-like molecules and 

iron oxides. Often the effect of buffer molecules have not been discussed or have 

been considered to be negligible.116 Still, there is evidence that nanoparticle catalytic 

properties can be altered by the presence of a ligand, such as phosphate, 

adsorption.117,118 Furthermore, laboratory studies have shown that adsorption of 

different molecules can decrease reductive dissolution of minerals.119,120 Thus, 

adsorption of different molecules could suppress the formation of Fe2+, which 

correspondingly should result in a lower yield of •OH. On the other hand, other 

studies on oxidation of organic pollutants have shown that co-adsorbed molecules 

can increase the formation of •OH.92 Evidently the impact of adsorbed molecules on 

Fenton-based •OH generation at mineral surfaces is far from understood. 
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Aims and objectives 

ECM fungi are abundant in boreal and temperate forest soils.121 The ECM fungus 

P. involutus has been used in the current work as a model ECM fungal species, and 

previous studies have identified that the secondary metabolite involutin is produced 

by P. involutus and that this molecule is involved in Fenton-based SOM 

decomposition.76,79 Furthermore, wood decay studies have shown that three 

distantly related brown-rot fungal species produce the same secondary metabolite 

2,5-DMHQ that has the capability to reduce soluble Fe3+ salts and form H2O2.
53–55 

Based on this knowledge, an overall aim of this thesis was to gain detailed 

molecular-scale information of the iron oxide nanoparticle interactions with a stable 

isomer of the 2,5-DMHQ, namely 2,6-dimethoxy-1,4-hydroquinone (2,6-DMHQ), 

and also with DOM modified by P. involutus. Other aims were to investigate how 

different geochemical factors, such as pH and adsorption of different competing 

molecules affect the 2,6-DMHQ interactions with iron oxide nanoparticles. To 

accomplish this, following objectives were formulated.  

1. To study how the oxidation pathways of the model compound 2,6-DMHQ, 

are influenced by surface and bulk reactions in the presence of iron oxide 

nanoparticles with different crystallinities (Paper I); 

2. To determine if the model compound 2,6-DMHQ can reductively dissolve 

iron oxide nanoparticles (Paper I) and initiate the generation of •OH 

(Paper II);  

3. To determine how adsorption of organic and inorganic molecules (Paper II 

& III) and iron oxide surface properties (Paper IV) influenced the reactions 

in points 1 and 2; 

4. To study, if DOM modified by P. involutus is capable of reductively 

dissolving iron oxide nanoparticles and how generation of •OH impacts 

(adsorbed) DOM (Paper V). 
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Materials and methods  

This chapter provides a short overview of the materials and methods used to achieve 

the set aims and objectives on understanding the iron oxide interactions with the 

model compound 2,6-DMHQ and the different modifications of DOM. 6-line 

ferrihydrite nanoparticles were synthesized according to Schwertmann.61 

Ferrihydrite was characterized as amorphous spherical particles with an average 

diameter of 4-5 nm and with an average surface area of 300 m2/g (Figure 5, right). 

Goethite was made following the protocol of Hiemstra and van Riemsdijk.122 

Goethite was characterized as needle-like particles and with an average surface area 

of 70-90 m2/g, which was determined by the Brunauer-Emmett-Teller (BET) 

method (Figure 5, left).123  

 

Figure 5. Transmission electron microscopy (TEM) images of goethite (left) and ferrihydrite (right). 

All experiments were performed at room temperature (21-23 C) and solutions were 

prepared in milli-Q water (18.2 MΩ cm) that was boiled and degassed with N2 to 

remove CO2 from solutions. The test tubes were protected by aluminum foil to avoid 

exposure to light. In Papers I-III, 2,6-DMHQ and in Paper V, DOM solutions were 

prepared fresh before each experiment. Figure 6 summarizes the batch experimental 

technique applied in this PhD project. 
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Figure 6. General principles of the batch experimental techniques. 

2,6-DMHQ oxidation 

High performance liquid chromatography (HPLC) has often been used in 

environmental monitoring, such as detection of phenolic compounds. Reverse phase 

HPLC is based on compound polarity separation where the stationary phase is 

usually nonpolar, but the mobile phase (eluent) is a polar liquid (e.g. a mixture of 

water and formic acid or acetonitrile). Thus, compounds with high polarity will have 

shorter retention time, whereas non-polar compounds will take longer time to 

elute.124 Reverse phase HPLC chromatography was applied (Paper I-III) in order 

to follow the oxidation of 2,6-DMHQ in the presence of ferrihydrite and goethite 

under aerobic and anaerobic reaction conditions. These results provided information 

about 2,6-DMHQ oxidation pathways i.e. catalytic oxidation (R5) and reductive 

dissolution (R6) reactions. In addition to determination of the 2,6-DMHQ/2,6-

DMBQ redox couple, HPLC could detect the intermediate semiquinone radical and 

oxidation side-products. 

Fe2+ and phosphate measurements 

Colorimetric analysis is based on a color intensity change that depends on 

concentration of the species of interest, which quantitatively can be measured by 
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spectrophotometry. The concentration is calculated by applying the Beer-Lambert 

law, i.e., the linear relationship between absorbance and concentration of absorbing 

molecular species, and the type and thickness of material the light passes through. 

Colorimetric assays were applied in quantitative Fe2+ and phosphate (Pi) 

measurements. Fe2+ and ferrozine (monosodium salt hydrate of 3-(2-pyri-dyl)-5,6-

diphenyl-1,2,4-triazine-p,p'-disulfonic acid) forms a stable purple color complex 

with maximum absorbance at 562 nm,125 and phosphate reacted with a molybdenum 

reagent forms a blue color complex at 885 nm.126 Fe2+ and phosphate data 

supplemented 2,6-DMHQ results and helped explain interactions between 2,6-

DMHQ and the iron oxide nanoparticles. 

Quantitative detection of •OH 

Over decades several techniques has evolved to improve detection of short-lived 

•OH.127 Electron paramagnetic resonance spectroscopy coupled with spin trapping 

offers the possibility to detect •OH directly, however this technique requires 

expensive equipment and careful data handling to avoid artifact signals. •OH can 

also be measured by molecular probes that form stable •OH-derived products and 

are sensitive enough to be detected at low •OH levels.127 During the past decade, 

several fluorescence-based probes have shown to be efficient in quantitative 

detection of •OH. Terephthalic acid (TPA) is one of those probes and by reactions 

with short-lived •OH it forms a single fluorescent hydroxyl-TPA (hTPA) 

product.128,129 In this thesis, the TPA probe was used to detect •OH generated at iron 

oxide surfaces and in bulk solutions. One experimental problem was when the 

surfaces were oversaturated with pre-adsorbed phosphate ligands, then surface TPA 

was out-competed, and reacted only with •OH formed in solution. Therefore, only 

a fraction of •OH were likely detected with this experimental setup (Paper III).  

IR spectroscopy 

Simultaneous Infrared and Potentiometric Titration (SIPT) is a powerful method to 

study reactions at water-mineral interfaces in-situ at geochemically relevant ligand 

concentrations (micro- to nano-molar).28 The general setup for SIPT is shown in 

Figure 7 and more detailed principles of SIPT are described in Paper IV. IR spectra 

collected with this method were analyzed by means of a multivariate curve 

resolution with alternating least squares (MCR-ALS) Matlab script130,131 and in 

some case the results were compared to density functional theory (DFT) 

calculations. MCR-ALS results distinguish adsorbed surface species, which were 
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characterized by unique IR spectra and provided kinetic concentration profiles of 

the corresponding species. DFT calculations were used as a support in structural 

assignment of adsorbed molecules. 

 

Figure 7. Simultaneous Infrared and Potentiometric Titration setup. 
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Summary of thesis 

The results from this PhD project are summarized in five papers and are discussed 

in the following chapter. In short, the results showed that 2,6-DMHQ is capable of 

reductively dissolving iron oxides of different crystallinity (Paper I) and under 

aerobic reaction conditions this process will trigger the Fenton reaction (Paper II 

& III). Adsorption of organic and inorganic molecules changed the surface 

properties of the iron oxides, and the effects from competing molecules on the 

reactions between iron oxides and 2,6-DMHQ, and the Fenton reaction were also 

explored (Papers II-IV). Finally, the ECM fungus P. involutus was shown to 

produce iron reducing compounds during DOM decomposition that were capable of 

reductively dissolving iron oxide nanoparticles. The produced Fe2+ was reactive 

towards added H2O2 and the •OH formed via the Fenton reaction resulted in 

oxidation of DOM (Paper V). 

2,6-DMHQ oxidation pathways 

Comparison between 2,6-DMHQ oxidation in the presence of iron oxides at pH 4.5 

and under anaerobic and aerobic reaction conditions helped to distinguish the 

catalytic oxidation (R5) and reductive dissolution (R6) oxidation pathways (Paper 

I). At pH 4.5 and under anaerobic conditions after 4 h of the reaction time, 80% and 

20% of 2,6-DMHQ was oxidized by ferrihydrite and goethite, respectively, while 

both minerals oxidized 2,6-DMHQ rapidly in the presence of O2. These results 

showed that ferrihydrite could promote both catalytic oxidation (R5) and reductive 

dissolution (R6), whereas goethite mainly promoted oxidation via a catalytic 

reaction (R5). It was also shown that at pH 4.5, the anaerobic first order rate 

constants of 2,6-DMHQ oxidation decreased by close to an order of magnitude. At 

pH 7.0 and under anaerobic conditions, minor oxidation of 2,6-DMHQ was 

observed in the presence of both iron oxide nanoparticles. However, under aerobic 

conditions, 2,6-DMHQ was oxidized rapidly via catalytic oxidation (R5). These 

results highlighted the important role of O2 in iron oxide mediated 2,6-DMHQ 

oxidation. In contrast, Yuan et al.132 proposed that the rapid 2-

methoxyhydroquinone (2-MHQ) oxidation in the presence of nanomolar Fe3+ was 

not influenced by O2 presence because the rate constants of oxidation under aerobic 
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and anaerobic reactions conditions were similar. Instead, it was proposed that O2 

was involved in oxidizing Fe2+ (R7) and/or the HSQ (R8), and the superoxide 

(•OOH) formation was responsible for the 2-MHQ oxidation.  

Fe2+ + O2 + H+ → Fe3+ + •OOH  (R7) 

HSQ + O2 → Q + •OOH   (R8) 

This proposes that mechanism depends on an initial Fe3+ reduction by the 2-MHQ 

(R9). 

H2Q + Fe3+ → HSQ + Fe2+   (R9) 

Hence, the mechanism proposed by Yuan et al. requires the formation of Fe2+ and 

the semiquinone through Fe3+ reduction, which was occurring only at a slow rate in 

the presence of iron oxides under our anaerobic conditions at pH 7.0. This implies 

that Fe3+ reduction would be the rate-limiting step also under aerobic conditions if 

oxidation is driven by the •OOH, and therefore cannot explain the very rapid 

reaction at pH 7.0 in the presence of both iron oxides (Paper I). Thus, comparison 

between the homogeneous solutions studied by Yuan et al. and our surface reactions 

emphasized the importance of heterogeneous catalytic oxidation (R5) in the 

presence of iron oxide surfaces. 

2,6-DMHQ reaction mechanisms with ferrihydrite and goethite 

Addition of 2,6-DMHQ to the iron oxides produced IR spectra that showed clear 

spectral changes with increasing reaction time at pH 4.5 and 7.0. These changes 

indicated at least two surface complexes with different reaction kinetics. MCR-ALS 

resolved two main components (Figure 8). Component 1 (C1) was characterized by 

bands at 1385 and 1532 cm-1, which increased steadily over time becoming the main 

component at the end of the experiment where 2,6-dimethoxybenzoquinone (2,6-

DMBQ) should exist. An additional experiment with 2,6-DMBQ showed no or very 

low affinity for the iron oxide surfaces. Therefore, C1 was suggested to be an 

oxidation side-product with strong surface affinity. These results explained the 

incomplete recovery of 2,6-DMBQ indicated by the HPLC results. 

Component 2 (C2) pre-dominated on surfaces during the first 20-30 min and the IR 

spectral features varied depending on the reaction conditions (Figure 8). At pH 4.5 

and under aerobic conditions, C2 was identified as a semiquinone by the DFT 

calculations, primarily due to the lost absorbance at 1595 cm-1 and the strong 

intensity at 1500 cm-1. Moreover, the DFT calculations indicated adsorption of a 

mixture of deprotonated and protonated semiquinones. The identification of the 

adsorbed semiquinone by the DFT calculations was supported by the HPLC results, 
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which indicated the presence of semiquinone when both redox forms of the quinone 

co-existed during the first 30 min of the experiment. This is in agreement with a 

comproportionation reaction59,81 that can result in formation of semiquinone in the 

µM concentration range.133 At pH 4.5 and under anaerobic conditions, C2 

comparison with the DFT results as well as with model compound spectra suggested 

the existence of protonated 2,6-DMHQ with contribution from the semiquinone. 

The protonated 2,6-DMHQ surface species was also identified at pH 7.0 and under 

aerobic conditions. 

 

Figure 8. Multivariate curve resolution analysis of IR spectra of ferrihydrite during reaction with 2,6-
DMHQ (total concentration = 9.9 µmol/m2). IR data sets were collected every minute for approximately 
140 min. The estimated MCR concentration profiles and the corresponding spectra are coded using the 
same color and line style. 

The rate of hydroquinone autoxidation (R4) is increasing with increasing pH, and 

accordingly, with decreasing pKa.
81 This was supported by the first order 2,6-

DMHQ autoxidation rate constants, which increased from 6.8×10-4 min-1 at pH 4.0 

to 2.0×10-2 min-1 at pH 7.0. Mechanisms that will promote deprotonation of 

hydroquinone, will therefore result in an increased oxidation rate. Several studies 

have shown that on iron oxides the deprotonated form of organic acids became more 

stable compared to the organic acids in bulk solution.134–137 Accordingly, 

accumulation of 2,6-DMHQ at the positively charged interface possibly lowered the 

pKa values of 2,6-DMHQ, and thereby increased the oxidation rate. The oxidation 

rate of hydroquinone can also be increased by a change in H2Q electronic structure 

and/or by interactions between O2 and Fe3+.138 The estimated pKa1 = 10.80 and pKa2 

= 12.79 values of 2,6-DMHQ indicated that at pH 7.0 only a small fraction of the 
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deprotonated form will exist. Still, this can have a large effect on the oxidation 

kinetics. 

At pH 4.5 and under aerobic conditions, the oxidation rates of 2,6-DMHQ by 

ferrihydrite and goethite were slower than at pH 7.0. This was in line with the pH 

effect just discussed and that 2,6-DMHQ oxidation rates mainly are controlled by 

the deprotonated species. 

Fe2+ impact on redox reactions 

In redox reactions, one 2,6-DMHQ molecule can donate two electrons and 

correspondingly reduce two Fe3+. However, the results at pH 4.5 and under aerobic 

conditions and in the presence of iron oxides showed lower Fe2+ concentrations than 

expected from the 1 H2Q: 2 Fe2+ ratio. At these reaction conditions, calculated ratios 

were ca. 1 H2Q: 1 Fe2+ and 1 H2Q: 0.08 Fe2+ in the presence of ferrihydrite and 

goethite, respectively. This indicated the contribution from catalytic oxidation (R5), 

particularly in the presence of goethite. At anaerobic conditions, higher 

concentrations of Fe2+ were measured, however Fe2+ concentrations came to a 

steady state with high amounts of 2,6-DMHQ still left in solution, especially with 

goethite. 

Recently, Gorski et al.139 demonstrated that the EH of Fe3+ oxide/Fe2+ redox couple 

is decreasing with increasing Fe2+ concentration. Hence, EH(Fe3+ oxide/ Fe2+) will 

become lower than the EH(HSQ/H2Q) and/or EH(Q/HSQ) at some point. 

Consequently, reductive dissolution (R6) will no longer be thermodynamically 

favorable. Using EH values of ferrihydrite, goethite and 2,6-DMHQ,140 

approximately 100 M and 1 mM Fe2+ can be reductively dissolved from goethite 

and ferrihydrite by 2,6-DMHQ (Figure 9). Approaching these Fe2+concentrations, 

the EH(Fe3+ oxide/Fe2+) will drop below EH(2,6-DMHQ/2,6-DMBQ), thus creating 

non-favorable thermodynamic conditions for reductive dissolution. The calculated 

values of EH explained why at pH 4.5 and under anaerobic conditions only 80 M 

Fe2+ was dissolved from goethite when ca. 75 % of 2,6-DMHQ remained in solution. 
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Figure 9. EH of the Fe3+ oxide/Fe2+ redox couple as a funcion of dissolved Fe2+ concentrations in the 
presence of ferrihydrite and goethite. The solid lines were calculated according to Gorski et al.139 The 
dashed lines represent EH of the 2,6-DMBQ/2,6-DMHQ redox couple at the 2,6-DMHQ and 2,6-DMBQ 
concentrations after 240 min under anaerobic conditions calculated using the Nernst equation and the 
EH

0 value from Huynh et al.141  

Calculations at pH 7.0 indicated that reductive dissolution by 2,6-DMHQ/2,6-

DMBQ redox couple can be achieved (Figure 9). At pH 7.0, the EH of the iron oxides 

drops below the one-electron EH(2,6-DMHQ/HSQ) at low Fe2+ concentrations, but 

the HSQ/2,6-DMBQ redox couple with a more negative EH
81 should be able to 

dissolve iron oxide to a larger extent, provided the semiquinone is formed. It has 

been suggested that enzymes, such as laccases, can overcome the barrier of the one-

electron reduction from 2,6-DMHQ to the semiquinone, thereby boosting the 

reduction efficiency of hydroquinones in biogeochemical systems.54  

Similar results (i.e., similar 2,6-DMHQ oxidation pathways and H2Q:Fe2+ ratios) 

were obtained by adding a lower concentration of 2,6-DMHQ to ferrihydrite and 

goethite (Paper II). In summary, these results illustrated that 2,6-DMHQ oxidation 

pathways were largely determined by EH of the iron oxides and the O2 concentration. 

Impact of adsorbed molecules on the redox reactions  

The study in Paper I was performed in a system free from strongly competing 

adsorbates. However, soil environments are rich in different organic and inorganic 

compounds with a strong affinity to adsorb to mineral surfaces. Thus, reactions 

similar to the 2,6-DMHQ reductive dissolution and catalytic oxidation are 

complicated by the influence of competing molecules. This was shown in the 

present studies where an adsorbed TPA probe (Paper II) and pre-adsorbed 

phosphate (Paper III) affected the 2,6-DMHQ oxidation pathways and the 

interactions between the 2,6-DMHQ and iron oxides. 
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Rapidly adsorbed and deprotonated outer-sphere TPA impacted the 2,6-DMHQ 

oxidation on the ferrihydrite and goethite surfaces in different ways (Paper II). In 

the presence of goethite, TPA adsorption inhibited the oxidation of 2,6-DMHQ 

under aerobic conditions. Accordingly, in the goethite system where catalytic 

oxidation (R5) predominated, TPA competed with the 2,6-DMHQ and O2 surface 

species and inhibited the catalytic reaction (R5). In contrast, TPA adsorbed on the 

ferrihydrite surfaces increased the 2,6-DMHQ oxidation rate under both aerobic and 

anaerobic reaction conditions. Here the reductive dissolution (R6) was substantial, 

therefore these results indicated that TPA promotes this reaction. One explanation 

could be that the TPA adsorption reduced the positive surface charge and thereby 

favor proton adsorption. If this is the case and protonated surface sites are involved 

in the reductive dissolution reaction, this could be the reason why TPA increased 

the oxidation rates of 2,6-DMHQ. 

The strong inner-sphere surface complexes of phosphate had a more pronounced 

inhibiting effect on the 2,6-DMHQ oxidation, especially in the presence of goethite 

(Paper III). For example, when the goethite surface was over-saturated with pre-

adsorbed phosphate (total Pi 4 µmol/m2), the oxidation rate of 2,6-DMHQ was close 

to the autoxidation rate (Figure 10). Similar to the results of TPA adsorption on 

goethite and ferrihydrite under anaerobic conditions, phosphate adsorption did not 

substantially interfere with reductive dissolution. Instead, phosphate adsorption 

mainly interfered with catalytic oxidation (R5), and increasing phosphate adsorption 

lead to markedly decreased oxidation rates of 2,6-DMHQ (Figure 10). These results 

are in line with the studies that showed that phosphate adsorption can decrease 

catalytic properties of various metal oxides.117,142,143 

 

Figure 10. 2,6-DMHQ (1.5 µmol/m2, 450 µM) oxidation in the absence and presence of different 
adsorbed phosphate (Pi) surface coverage onto ferrihydrite (left) and goethite (right) at pH 4.0. (●) 

autoxidation of 2,6-DMHQ, (×) phosphate free, (▲) 1 µmol Pi/m2, (♦) 2 µmol Pi /m2, (■) 4 µmol Pi /m2. 

In the 2,6-DMHQ-ferrihydrite systems where the reductive dissolution was an 

important pathway for 2,6-DMHQ oxidation, phosphate desorption was observed. 
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The bond strengths between Fe2+ bond and the surface, and between Fe2+ and 

phosphate were weaker than the corresponding Fe3+ bonds.144 As a result, iron oxide 

reduction caused both Fe2+ and phosphate release into the bulk solution. Moreover, 

comparing phosphate desorption with different phosphate surface concentrations, 

results indicated that electron transfer likely occurred at surface sites that were not 

bound with phosphate.145,146 

As mentioned above, at pH 4.0 and 4.5 and anaerobic conditions, adsorbed TPA and 

phosphate had low impact on the reductive dissolution reaction (R6), and a similar 

H2Q: Fe2+ ratio as in the absence of adsorbed molecules was obtained. However the 

effects from TPA (Paper II) and phosphate on Fe2+ were much more dramatic 

(Figure 11). 

 

Figure 11. Ferrihydrite (left) and goethite (right) reductive dissolution by 2,6-DMHQ (450 µM, 1.5 
µmol/m2) at pH 4.0 in the absence and presence of 24 h pre-adsorbed phosphate. (×) phosphate free, 
(▲) 1 µmol Pi /m2, (♦) 2 µmol Pi /m2, (■) 4 µmol Pi /m2.  

The study of phosphate desorption from ferrihydrite and goethite surfaces (Paper 

IV) showed that surface electrostatic effects influence desorption mechanisms; for 

instance, increasing positive surface charge will decrease desorption of negatively 

charged phosphate ions. These findings suggested that adsorption of any organic or 

inorganic anion, such as small organic acids or oxyanions, will lower the surface 

charge and therefore influence the desorption rates of other charged surface species. 

Accordingly, adsorption of TPA and phosphate lowered the surface charge, and in 

turn slowed down the desorption rates of Fe2+ dissolved from the iron oxide 

surfaces. Furthermore, when catalytic oxidation of 2,6-DMHQ occurs, •OOH (R8 

and R10) and H2O2 (R11) are formed.  

H2Q + O2 → HSQ + •OOH  (R10) 

2•OOH → H2O2  (R11) 

•OOH is known to adsorb on iron oxide surfaces,147 and therefore, adsorption of 

anions should affect this species and the production of H2O2. This implies that such 
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anion adsorption will slow down Fe2+ desorption and could at the same time favor 

H2O2 formation, which will favor the Fenton reaction and generation of •OH 

radicals at iron oxide surface. This reasoning explains why lower concentrations of 

Fe2+ in solution were detected in the presence of adsorbed phosphate (Figure 11) 

and TPA (Paper II). Pre-adsorbed phosphate also had further impact on the 

formation of •OH. With increasing phosphate surface coverage, a decrease in •OH 

formation rate was observed. This was related to the phosphate inhibition on the 

catalytic oxidation reaction (R5), which lowered the formation rate of H2O2 (R8, 

R10 and R11). Note, however, that direct quantitative comparison between 

experiments at low (under-saturated surfaces) and high (over-saturated surfaces) 

phosphate concentrations is difficult to interpret because surface TPA was out-

competed by phosphate. For this reason, the efficiency of the TPA probe to capture 

•OH at the surfaces and in solution will vary with the total phosphate concentration. 

At pH 7.0, 2,6-DMHQ was oxidized within 30 min in the presence of TPA and at 

all phosphate surface coverages. The predominating mechanism at this pH was 

catalytic oxidation that should be affected by TPA and phosphate competition 

according to the discussion above. However, with increasing pH and decreasing 

surface charge, the surface affinity of anions will decrease. Pure goethite has a point 

of zero charge (PZC) at ca. 9.5, while PZC of ferrihydrite is ca. 8.1.122,148 

Accordingly, lower phosphate adsorption was observed in the presence of 

ferrihydrite, thus free surface sites were available for catalytic oxidation of 2,6-

DMHQ, which then explained the high 2,6-DMHQ catalytic oxidation rate. Higher 

phosphate adsorption was detected on the goethite surface at pH 7.0, implying a 

high competition between phosphate and 2,6-DMHQ. Yet, the 2,6-DMHQ first-

order oxidation rate constant only decreased from 1.8×10-1 min-1 at pure goethite 

surface to 1.1×10-1 min-1 at 4 µmol Pi/m
2. It has been shown that adsorption of 

neutral molecules containing -OH functional groups, such as glucose, increase with 

increasing pH.149 Therefore, 2,6-DMHQ adsorption might increase at pH 7.0 

resulting in a high catalytic oxidation rate despite the presence of pre-adsorbed 

phosphate. To support this hypothesis, further studies of 2,6-DMHQ adsorption as 

function of pH and surface charge are needed. 

As already noted, the catalytic oxidation of 2,6-DMHQ dominated at pH 7.0 and 

under aerobic conditions and 2,6-DMHQ was oxidized within 15-30 min. It follows 

that generation of H2O2 should take place within this time range. In the absence of 

competing anions, low concentrations of •OH were generated (Figure 12). 

Interestingly, when phosphate was added to the systems, the generation of •OH 

increased in several cases (Figure 12). Previous studies at neutral and basic pH 

values have shown that adsorption of various kinds of molecules on iron minerals 

can decrease H2O2 decomposition and favor •OH formation.102,104 This would 

explain our observations in the phosphate-containing systems. These results raised 

the question if different surface sites are involved in H2O2 decomposition into H2O 
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and O2 or •OH. To increase the understanding of H2O2 reactions with iron minerals, 

more detailed surface spectroscopic studies are required. 

 

Figure 12. Hydroxyl radical production in presence of ferrihydrite (left) and goethite (right) by 2,6-DMHQ 
(450 µM, 1.5 µmol/m2) in absence and presence of 24 h pre-adsorbed phosphate at different surface 
coverage concentrations at pH 7.0. (×) phosphate free, (▲) 1 µmol Pi /m2, (■) 4 µmol Pi /m2, (Ο) 450 µM 
H2O2. 

Iron oxide interactions with DOM and DOM modified by P. 

involutus  

During N acquisition P. involutus decomposes DOM into smaller and more polar 

molecules and concomitantly produces secondary metabolites containing aromatic 

and phenolic structures.150 Indeed, the experiments with DOM decomposed by P. 

involutus revealed the formation of new compounds (Paper V). Compared to the 

initial DOM material (DOMini), the modified DOM extracted by ethyl acetate 

(DOMEtOAc) showed increased amounts of molecules with aromatic and phenolic 

functional groups. Moreover, DOMEtOAc fractions showed higher affinity towards 

iron oxide surfaces, thus supporting the hypothesis that organic matter (OM) 

decomposition contributes to the formation of OM-mineral associations and 

ultimately, to the SOM stabilization. 

In the presence of ferrihydrite and goethite, DOMini displayed a low iron reducing 

activity, but this was increased considerably by the DOMEtOAc fraction. At pH 4.0, 

DOMEtOAc was more efficient in reductively dissolving ferrihydrite than goethite: 

Fe2+ concentrations were 3-4 times higher in the presence of ferrihydrite as 

compared to goethite after 240 min of reaction time. These results were in line with 

the higher reduction potential of ferrihydrite.139 Moreover, the higher reductive 

dissolution of ferrihydrite was correlated to IR spectroscopic changes resolved by 

the MCR-ALS analysis that identified an IR band at ca. 1500 cm-1 that decreased 

with increasing reaction time. Previously, this IR band has been assigned to aromatic 
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secondary metabolites.150 Therefore, these results suggested that these metabolites 

were involved in the redox reaction at the ferrihydrite surfaces. 

Due to the fluorescence of DOMEtOAc, it was not possible to determine if the 

DOMEtOAc fraction contained secondary metabolites capable of producing H2O2 and 

thereby initiate the Fenton reaction. Instead, •OH formation and the impact of •OH 

on DOM was compared via two different types of experiments: (1) addition of DOM 

and H2O2 simultaneously to the iron oxides, or (2) pre-adsorption of DOM on the 

iron oxides for 24 h prior to H2O2 addition. In experiments conducted at 12 µmol 

TOC/m2 of DOM, the iron oxide surfaces were partly saturated, thus free surface 

sites where available for H2O2 decomposition into •OH (R12) or O2 and H2O 

(R13).91,101 In the absence of DOM, ferrihydrite can contribute to •OH formation via 

surface catalyzed degradation of H2O2 (R12), whereas in the presence of goethite, 

negligible formation of •OH was observed, indicating that goethite mainly promoted 

H2O2 decomposition into O2 and H2O. 

H2O2 

𝐹𝑒𝑂𝑂𝐻 
𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡
→       •OH + OH-  (R12) 

2H2O2 

𝐹𝑒𝑂𝑂𝐻 
𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡
→       2H2O + O2  (R13) 

The addition of H2O2 to the DOM-iron oxide suspension resulted in immediate 

oxidation of Fe2+ and the generation of •OH above the background signal. Reductive 

dissolution of ferrihydrite by DOMEtOAc resulted in higher Fe2+ concentrations, and 

thus generated the highest concentrations of •OH. Interestingly, with simultaneous 

mixing of H2O2, DOMEtOAc and ferrihydrite, the •OH from the first reaction time 

point was close to the total iron concentration of DOMEtOAc indicating an almost 

stoichiometric Fenton reaction. A different observation was made when H2O2 was 

added to the pre-equilibrated DOM-ferrihydrite systems where lower amounts of 

•OH were detected than expected from the Fenton stoichiometry. This was also 

accompanied by changes in the IR spectra of DOMini- and DOMEtOAc-ferrihydrite 

(Figure 13). In both cases, the aromatic and phenolic bands at 1500 and 1280 cm-1 

decreased, whereas a band at 1670 cm-1 increased over time. Several studies have 

shown that iron bioavailability is affected by complexation with organic matter. 

Moreover, complexation has been shown to inhibit Fe2+ oxidation.151,152 During the 

parallel DOM adsorption and reductive dissolution reactions of ferrihydrite, a 

fraction of Fe2+ might form complexes with adsorbed DOM components.151,152 A 

subsequent addition of H2O2 will result in the formation of •OH via Fe2+ oxidation 

in very close contact to the organic molecules. This would explain why the short-

lived •OH was able to oxidize adsorbed DOM components. Moreover, the IR 

spectral changes indicated a decrease in bands characteristic of aromatic and 

phenolic compounds during this oxidation reaction, implying that some secondary 
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metabolites were consumed.150 Hence, the overall results suggested that these types 

of fungal secondary metabolites act both as antioxidants and iron reductants. 

Molecules with antioxidant properties have been shown to inhibit oxidation of other 

DOM components, and therefore, they may contribute to partial DOM 

recalcitrance.153,154 

 

 

Figure 13. IR spectra of DOMini (top) and DOMEtOAc (bottom) pre-adsorbed to ferrihydrite for 24 h after 
the addition of 100 M H2O2 as a function of time at pH 4.0 and a total concentration of 12 µmol TOC/m2 
(left). MCR component spectra (top right) and MCR component concentrations (bottom right). 
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Possible implications for the soil environment  

Oxidized quinones can be reduced to hydroquinones by several enzymes,56 

however, under aerobic conditions, oxidation of the model compound 2,6-DMHQ 

by iron oxides resulted in incomplete recovery of 2,6-DMBQ. If similar processes 

occur in soils, with each redox cycle between the hydroquinone and iron oxides, less 

quinones will be available for re-generation, and thereby less hydroquinones for 

generation of •OH. This would mean a continuous need for biosynthesis of 

hydroquinones by fungi in order to access the nutrients, if the processes were 

dependent on this type of •OH generation. Moreover, the results highlighted the 

importance of O2 and clearly for the •OH generation to be effective O2 needs to be 

constantly replenished, which also implies that it will be hampered under anaerobic 

microsites.  

Incomplete oxidation to 2,6-DMBQ under aerobic conditions resulted in formation 

of oxidation side-products. Previous studies of similar systems involving other kinds 

of hydroquinones have shown a very diverse collection of reaction products, from 

polymers to CO2.
87 CO2 was not measured in our experimental systems, thus at the 

moment, it is not known whether the hydroquinone-iron oxide redox reactions will 

decompose organic compounds into CO2 and impact the atmospheric CO2 levels. 

Instead, the results showed that some of the reaction products were strongly bonded 

to the iron oxide surfaces. For this reason, SOM stability might be increased as a 

result of reactions between the organic iron reducing compounds and iron oxides. 

The 2,6-DMHQ-promoted reductive dissolution of the iron oxides was shown to 

cause a transient desorption of strongly bonded phosphate ions. Thus, this redox 

reaction may favor phosphate bioavailability to plants and microbes, but at the same 

time it may also cause adverse effects because toxic elements, for example arsenic, 

also could be desorbed. As a consequence, arsenic contamination in aquatic 

environments could be aggravated.32  

ISCO and AOPs techniques have been applied to degrade soil organic contaminants 

with phenolic and hydroquinone structures in the presence of iron-containing 

minerals and at neutral pH values.96,155 Our results showed that the generation of 

•OH by 2,6-DMHQ-iron oxide reactions at pH 7.0 was boosted when the iron oxide 

nanoparticles were partly covered with an anionic ligand, such as phosphate ions. 

The pre-adsorbed phosphate shifted H2O2 decomposition into a higher generation of 

•OH. Thus co-adsorbed anions can possibly increase the efficiency of ISCO and 

AOPs mitigation techniques. Also, organic pollutants that are associated with iron 

oxide minerals may be oxidized into less toxic compounds through naturally 

occurring radical-based processes triggered by fungal secondary metabolites.  
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Broader implications of iron oxide nanoparticles 

The development of nanomaterials and their applications have drastically increased 

during the 21st century. The unique properties of these nanomaterials provide useful 

and important advantages in various fields, such as medicine, agriculture, food 

industry.156–158 With the increasing usage of nanomaterials, the terms “nano 

toxicity” and “nano safety” have also become more recognized, particularly in 

relation to O2-dependent organisms.159–162 Several studies have shown that not only 

free metal ions, but also the presence of nanoparticles are linked to increasing ROS 

levels.163 An overproduction of ROS can damage and kill cells164 and the most 

reactive of these species, •OH, can attack DNA directly.165 ROS generation due the 

presence of nanoparticles has been correlated to their surface chemistry, particle 

size, crystal morphology, surface area, etc.163 However, the fundamental reasons 

behind ROS overproduction by nanoparticles in biological systems are far from 

understood. 

The overproduction of ROS is known to lead to oxidative stress, i.e., biological 

systems loses their ability to neutralize ROS and as a result, cells fail to sustain 

physiologically redox-regulated functions.166 It has been shown that oxidative stress 

is connected with (aging) diseases, such as diabetes, cancer, Alzheimer’s and 

Parkinson’s disease, multiple sclerosis, etc.167–171 In contrast, ROS can be used for 

therapeutic purposes because cancer cells are killed by initiating oxidative stress in 

cancerous cells.169,172  

This PhD project provided insight to the •OH production in the presence of iron 

oxide nanoparticles via different reaction pathways, such as the Fenton and Haber-

Weiss reactions. These are processes that might cause nano toxicity of the iron 

oxides but little is known about these effects. In particular, there is a limited 

understanding on what damage soil organisms could experience under increased 

exposure of ROS and/or nanomaterials, despite the abundance of iron oxide 

particles in soils.173 

The results from this thesis showed that high concentrations of •OH can be 

generated by organic reductants in the presence of iron oxides, and that this will 

have an impact on SOM decomposition. At the same time, SOM contains phenolic 

compounds that can act as antioxidants in a wide EH range outside the 

microorganism. Thus, antioxidant properties of phenolic compounds in SOM can 

not only defend microorganisms from ROS attack, but also inhibit oxidative SOM 

transformations, and therefore increase SOM stability.153  
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Conclusions and future perspectives 

This thesis focused on the reactions between iron oxide nanoparticles of different 

crystallinities (i.e. ferrihydrite and goethite) and organic compounds with iron-

reducing capacity. Two questions that were addressed and answered were whether 

a hydroquinone (2,6-DMHQ) and DOM, as well as DOM modified by the ECM 

fungus P. involutus, could reductively dissolve the iron the oxides and create 

favorable conditions for •OH generation via Fenton chemistry. Moreover, the 

sensitivity of these reactions to the experimental conditions, such as pH and O2, 

levels were investigated. In summary, the results of this PhD project demonstrated 

that: 

 2,6-DMHQ oxidation pathways were determined by pH, EH of the iron 

oxides, O2 concentration and competitive adsorption of inorganic and 

organic molecules; 

 Increasing Fe2+ concentrations decreased the EH(Fe3+ oxide/Fe2+), which 

limited the 2,6-DMHQ-promoted reduction, primarily of goethite; 

 Under aerobic reaction conditions the 2,6-DMHQ-iron oxide reactions 

initiated the Fenton reaction via reductive dissolution and catalytic 

oxidation that produced the Fenton reagents Fe2+ and H2O2; 

 At pH 4.0 and 4.5, the adsorption of anionic inorganic and organic 

molecules lowered the iron oxide surface charge, which favored the Fenton 

reaction at the iron oxide surfaces;  

 At pH 7.0, H2O2 decomposition into •OH or O2 and H2O2 was affected by 

the adsorption of anionic molecules on the iron oxide surfaces; 

 Ferrihydrite and goethite nanoparticles were reductively dissolved by DOM 

modified by P. involutus; 

 P. involutus secondary metabolites can serve as antioxidants and iron oxide 

reductants 

The laboratory experiments of this PhD project were conducted in the presence of 

the common and well-characterized iron oxides: ferrihydrite and goethite. However, 

in soils, iron is also found in a range of different minerals as well as complexed to 

SOM. The presented results showed that the redox reactions were influenced by the 
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iron oxide properties including EH. It would therefore be of great interest to expand 

these studies to different iron minerals including real soil mineral assemblages in 

order to further understand the impact fungal secondary metabolites.  

The reactions under aerobic conditions indicated the formation of oxidation side-

products that were strongly adsorbed to iron oxide surfaces. This suggests that such 

reactions can lead to the stabilization of C in soil. On the other hand, similar studies 

between hydroquinone-like molecules and metal oxides have detected the release of 

CO2.
87 Future studies of redox-active microbial metabolites and iron oxides surfaces 

should therefore include quantification of the processes leading to CO2 emissions 

and those leading to the stabilization of new OM-mineral aggregates, and how these 

processes are affected by environmental parameters. 

The study on DOM modified by P. involutus was performed in complex organic 

compound mixture and the results indicated several reaction pathways between 

DOMEtOAc, H2O2 and the iron oxides. In order to further understand the 

consequences of DOM modifications for OM-mineral interactions additional 

fractionation, purification and characterization are needed. This will provide a 

deeper insight into the precise roles of individual compounds/compound classes and 

how they contribute to non-enzymatic •OH generation as well as to OM-mineral 

stability. 
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