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ABSTRACT 

 

 

 

ORGANIC GEOCHEMISTRY IN OCEANIC HYDROTHERMAL SYSTEMS: 

IMPLICATIONS FOR PREBIOTIC SYNTHESIS, EXTRATERRESTRIAL 

HABITABILITY, AND GREEN CHEMISTRY 

 

by 

 

Alexandria Rose Aspin 

 

 

Adviser:  Ziming Yang, Ph.D. 

 

 

 Hydrothermal systems are unique environments that are relevant to many 

different applications. In particular, this dissertation details their relevance to the origin of 

life on Earth, the search for extraterrestrial habitable environments, and their use in 

sustainable practices. Chapters Two and Three seek to investigate the influences of 

parameters such as temperature, pH, and metal salts on the reaction pathways of 

important organics, including alkenes and amino acids, respectively. Acidic solutions 

promote the hydration and dimerization pathways of alkenes, while the presence of metal 

salts can enhance the dimerization and oxidation pathways. Similarly, these geochemical 

parameters influence amino acid reaction pathways and product distributions, where 

lower temperatures, basic pHs, and inorganic metals inhibit their degradation.  

 Chapter Three indicates the enhanced survivability of amino acids in 

environments that are expected on icy ocean moons, suggesting they may be prime 

targets for the search for life outside of Earth. Chapter 4 investigates whether the 

transition from liquid in the subsurface ocean to vacuum above the surface influences the 

relative abundances of biosignatures, as future missions will rely on the analysis of 
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materials above the icy surfaces to determine whether they could be inhabited. 

Simulation of the liquid-vacuum transition indicated the distributions were sufficiently 

conserved to allow distinction between biological and abiotic sources. 

 Finally, the green and sustainable recycling of plastic using Earth-abundant 

minerals has been investigated under hydrothermal conditions. The efficiency of plastic 

degradation was strongly influenced by its structure, where polymers with a C-C 

backbone degraded much slower under hydrothermal treatment compared to polymers 

containing a heteroatomic backbone. Furthermore, the presence of minerals selectively 

enhanced the degradation of heteroatomic plastics, highlighting the application of 

hydrothermal conversion as a green and sustainable alternative for pollutant recycling. 
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CHAPTER ONE 

INTRODUCTION 

 

 

 

1.1 Overview 

 Deep in the ocean at the seafloor, there are unique aqueous environments 

characterized by elevated temperatures and pressures. These systems are called 

hydrothermal vents and serve as a connection between the Earth’s interior and ocean, 

from which Earth-abundant materials are exhumed from below the oceanic crust and to 

the seafloor. The fluids ejected from the oceanic crust are hot and rich in minerals and 

chemicals, which harbor rich ecosystems (Corliss et al., 1979; Spiess et al., 1980). 

Hydrothermal systems are also one of the environments that are reminiscent of early 

Earth (Martin et al., 2008; Russell & Hall, 1997), and it is recognized that vent systems 

are chemically reactive from disequilibria and provide suitable conditions for prebiotic 

synthesis (Baross & Hoffman, 1985). There have been extensive reports on reaction 

pathways and organic species observed in natural hydrothermal systems, however, their 

transformations have not fully been elucidated, and more importantly, how inorganic 

materials affect their pathways remains unknown. Hydrothermal environments are also 

expected to exist outside of Earth, such as in Saturn’s moon Enceladus and Jupiter’s 

moon Europa (Hsu et al., 2015; Lowell & DuBose, 2005; Waite et al., 2017), which has 

significance to the origin of and search for life beyond Earth. Because hydrothermal 

water possesses unique properties that can promote organic reactions, it has become 

useful in green and sustainable chemistry practices, where water is used as a benign 
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reaction medium and other Earth-abundant but non-toxic materials (i.e. minerals) as 

catalysts. This is a relatively new field of research, termed “geomimicry,” and has 

applications in a wide variety of fields, including waste recycling, pollutant remediation, 

and even synthetic organic chemistry (Yang & Aspin, 2023).  

1.2 Deep-Ocean Hydrothermal Vents 

 Since their discovery more than 50 years ago (Corliss et al., 1979; Lonsdale, 

1977), many hydrothermal systems and vents have been uncovered, such as the East 

Pacific Rise, Mid-Atlantic Ridge, Juan de Fuca Ridge, and the Izu-Bonin-Mariana arc 

volcanoes. Hydrothermal vent systems are commonly formed along plate tectonic 

boundaries. At convergent boundaries, such as in the case of the Izu-Bonin-Mariana arc 

volcanoes, two plate tectonics collide, forcing one to subduct beneath the other. As the 

plate subducts, it is heated by the Earth’s mantle, releasing fluids and magma to the 

Figure 1. Schematic of a hydrothermal vent at a divergent plate boundary or 

spreading center (Taken from the Schmidt Ocean Institute) 
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oceanic crust, forming new seafloor. More commonly, however, are the vent systems at 

divergent plate boundaries, such as the East Pacific Rise, Mid-Atlantic Ridge, and the 

Juan de Fuca Ridge. Here, tectonic plates separate from one another, releasing molten 

rock from the Earth’s crust, forming new oceanic floor (Figure 1).  

 As the plate tectonics at convergent and divergent boundaries move, the newly 

formed seafloor contains small cracks and fissures, which allows the relatively cold 

seawater to percolate through the crust. As the near-freezing seawater approaches the hot 

magma (1200oC), chemical alteration of the fluids occurs, removing some chemicals such 

as magnesium and sulfate ions and incorporating them into the rocks. The fluids also 

dissolve chemical components from the rocks, including metals like copper, zinc, gold, 

and iron, as well as minerals such as metal sulfides. These superheated (<400 oC) and 

chemical-rich fluids are carried to the seafloor and ejected into the surrounding seawater 

(Figure 1). Because there is a strong temperature gradient between the ejected fluids and 

seawater, some of the dissolved metals and minerals rapidly precipitate out, falling to the 

seafloor and forming tall chimney-like structures. These chimneys can be classified by 

their characteristics (Lough et al., 2019). For example, “white smokers” are chimneys 

that are white from the deposits of barium, calcium, and silicon minerals, and are 

associated with lower temperatures (40-90oC) and a more alkaline pH (9-11). “Black 

smokers” are the most widely discovered vent systems and are formed from deposits of 

iron and manganese sulfide minerals, which are darker in color and characterized by 

higher temperatures (up to 400oC) and acidic pH (2-5).  
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Water at elevated temperatures and pressures has many unique properties 

compared to those at ambient conditions. For example, the density of water decreases 

quickly with increasing temperature (thermal expansion of water yields fewer molecules 

per unit area), nearly decreasing by 24% from 1000 kg/m3 at 25oC to roughly 765 kg/m3 

at 300oC (Figure 2). This decrease in density affects the hydrogen bonding network 

within water, which is the source of many of water’s unique properties (Akiya & Savage, 

2002). In general, hydrogen bonding becomes weaker with increasing temperature and 

decreasing density. Unlike the infinite network of hydrogen bonding at ambient 

conditions, hydrothermal water has clusters of hydrogen-bonded water molecules, and 

with increasing temperatures and decreasing density, the average cluster size decreases 

(Akiya & Savage, 2002). 

Figure 2. Water density, static dielectric constant, and ion dissociation 

constant of water at 30MPa as a function of temperature (Adapted 

from Peterson, et al., 2008) 
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The changes in the extent of hydrogen bonding and density are accompanied by a 

corresponding change in the static dielectric constant of water (Akerlof & Oshry, 1950; 

Heger et al., 1980; Mizan et al., 1994; Okada et al., 1997). With increasing temperature, 

the dielectric constant of water also decreases. For example, at 25oC and 30MPa, the 

dielectric constant is roughly 90, while it decreases to 21 when the temperature increases 

to 300oC (Figure 2). At this temperature, water behaves more like a polar organic solvent 

like ethanol, which has a dielectric constant of 24 at ambient conditions. This indicates 

that water can act as an organic solvent at elevated temperatures and pressures, dissolving 

small organic compounds that would otherwise not be soluble at room temperature. This 

also suggests that highly polar compounds like ionic salts will be less soluble in 

hydrothermal water compared to ambient liquid water (Tester et al., 1993). 

Additionally, the ion product (or Kw) of water is another important property that is 

affected by the decrease in hydrogen bonding at high temperatures and pressures. As 

shown in Figure 2, increasing the temperature increases the ion product until the critical 

temperature (374oC) is reached. The ion product is nearly three orders of magnitude 

higher right before the critical temperature than it is at ambient temperature. As a result, 

the H+ and OH- concentrations in hydrothermal water are naturally higher than in ambient 

liquid water. This is expected to enhance both acid- and base-catalyzed reactions within 

hydrothermal water (Chau et al., 2001; Holzapfel, 1969). 

1.3 Hydrothermal Organic Geochemistry 

 Hydrothermal fluids venting from the oceanic crust are enriched in both organic 

compounds and inorganic materials. The Earth’s interior and the subsurface biosphere are 

estimated to contain >99.5% of the carbon on the planet (Dasgupta & Hirschmann, 2010; 
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Hedges, 1992; Kelemen & Manning, 2015; Shock et al., 2019), yet relatively little is 

known about the deep carbon cycle. The study of deep carbon has emerged as a relatively 

new field, aiming to better understand the quantities, transport, and forms of carbon 

beneath Earth’s surface.  

 The massive deep carbon reservoir is partly supplied by organic matter derived 

from living organisms (i.e. microbial communities, vegetation, etc), and is largely 

comprised of biomolecules such as lipids, lignin, and carbohydrates (Hedges, 1992). For 

example, biological activity in the deep biosphere is dominated by chemosynthetic 

organisms, which generate or utilize organic compounds near the vents to produce energy 

(McCollom & Shock, 1997). These microorganisms interact with the surrounding deep 

ocean environments, by providing a source of energy to organisms such as tubeworms, 

shrimp, mussels, crabs, and clams, which have all been observed in the deep biosphere. 

The organic carbon then sinks to the seafloor in the form of decaying biota, ultimately 

being sequestered and incorporated into rocks or turned into hydrocarbons. 

 The main known source of organic compounds on Earth is biologically derived, 

however, abiotic organic synthesis cannot be ignored, as it is essential to life emergence 

and sustenance. Recently, there has been the identification of small abiotically-formed 

compounds like methane and light hydrocarbons (short-chain alkanes or small organic 

acids) in a variety of geological environments on Earth including seafloor hydrothermal 

vents (Fryer et al., 1992; Ménez et al., 2018; Proskurowski et al., 2008). There are even 

further studies on the abiotic production of organic compounds and their transformations 

in hot hydrothermal fluids (Cho et al., 2025; Fu et al., 2020a; Liao et al., 2021; Loison et 

al., 2010; McCollom & Seewald, 2001; Robinson et al., 2021a; Robinson et al., 2019; 
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Shipp et al., 2013a; Shock et al., 2020; Shock, 1993). Studying their distribution and 

history is difficult, as their signatures are oftentimes too diluted to observe overtop the 

biological inputs, however, exploring the transformations of abiotic organic molecules is 

fundamental to astrobiology research and the origin of life.  

 Hydrothermal fluids are not only characterized by the presence of organic matter, 

but also by the wide distribution of inorganic materials such as mineral assemblages and 

dissolved metal ions. Commonly occurring mineral assemblages in natural hydrothermal 

environments include oxides (hematite Fe2O3, magnetite Fe3O4, corundum Al2O3) 

(Nadoll et al., 2014) and sulfides (pyrite FeS2, pyrrhotite FeS, sphalerite ZnS, 

chalcopyrite CuFeS2) (Large, 1977). Some of these minerals contain redox-active metals, 

which can control the redox state of hydrothermal fluids, as shown in Figure 3 (Shock et 

al., 2019). For example, in solutions buffered by the iron-wüstite (IW) and iron-

ferrosilite-fayalite (IFF) assemblages, higher activities of aqueous hydrogen are expected, 

corresponding to more reducing conditions. This means that when carbon is present in 

solutions where these minerals are in equilibrium, the carbon will most likely be reduced 

such as in hydrocarbons (Shock et al., 2019).  Conversely, when the pyrrhotite-pyrite-

magnetite (PPM) and magnetite-hematite (MH) assemblages dominate the hydrothermal 

fluids, more oxidizing conditions and lower activities of hydrogen are expected. When 

MH is in equilibrium, organic carbon will almost exclusively be in a more oxidized form 

such as carboxylic acids or ketones (Shock et al., 2019). However, the PPM and FMQ 

(fayalite-magnetite-quartz) assemblages are crossed by the dashed line at elevated 

temperatures (Figure 3), which represents conditions where CO2 and CH4 are in 

equilibrium. This suggests that lower reaction temperatures and aqueous hydrogen 
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activities in the presence of FMQ or PPM favor a more reduced form of carbon, while 

higher reaction temperatures and hydrogen activities favor more oxidized carbon. Indeed, 

minerals have been shown experimentally to influence oxidation and reduction reaction 

pathways of organic carbon in elevated temperatures and pressures (Johnson-Finn et al., 

2021; Venturi et al., 2017; Yang et al., 2018). 

The presence of metal ions in natural hydrothermal systems is also inevitable due 

to the dissolution of surrounding minerals. When superheated fluids rise from the Earth’s 

crust to the seafloor, they are enriched in dissolved metals such as Fe, Cu, Zn, and Au 

(Brugger et al., 2016; Haase et al., 2009; Qiu et al., 2023; Sander & Koschinsky, 2011). 

Some of these metals are also redox-active and can potentially influence the oxidative 

and reductive pathways of organic molecules in hydrothermal systems (Bockisch et al., 

2019; Fu et al., 2020a; Liao et al., 2021; Liao et al., 2022). 

Figure 3. The activity of aqueous H2 regulated by different mineral 

assemblages as a function of temperature at 100 MPa. The dashed curve 

indicates the activities of H2 when methane and carbon dioxide are at 

equilibrium in only water (Taken from Shock et al., 2019) 
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1.4 Biosignature Preservation and Detection 

Hydrothermal systems are not only observed on the oceanic seafloor but are also 

expected to occur beyond Earth, such as in Saturn’s icy moon, Enceladus. Data from the 

Cassini mission, which was sent to study Saturn and its moons and ring system in 1997, 

suggests Enceladus contains a global subsurface liquid ocean beneath the ice shell 

(Patthoff & Kattenhorn, 2011) that is in direct contact with the rocky interior, as shown in 

Figure 4 (Hsu et al., 2015). Additionally, jet-like features jutting from the icy surface 

were observed, generating a large cloud of water vapor and ice particles above the 

southern pole. The detection of nanometer-sized silica particles and high abundances of 

molecular hydrogen within these plumes suggested ongoing hydrothermal activity at 

temperatures >90oC at the rock-water interface in Enceladus  (Hsu et al., 2015; Waite et 

al., 2017).  

Figure  4. Illustration of the interior of Enceladus, showing a global liquid 

water ocean in contact with a rocky core and a thick icy crust. At the south 

polar region of the moon, the active jets eject from the subsurface ocean 

through the icy crust into space (Taken from NASA). 
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Hydrothermal activity at Enceladus’s seafloor is significant for the potential 

formation of life in space. The hydrothermal vent origin-of-life theory suggests that on 

Earth, early life could have formed by harnessing the chemical and energy gradients 

found surrounding hydrothermal vents (Baross & Hoffman, 1985; Martin et al., 2008). 

Thus, it is of interest to many astrobiologists to study prebiotic synthesis in conditions 

relevant to Enceladus (Barge & White, 2017; Marlin et al., 2025) as a similar formation 

of life is possible. Recent publications report simple and complex organic molecules in 

the plumes emanating from Enceladus’s surface (Khawaja et al., 2019; Postberg et al., 

2018b), containing molecules that are necessary to generate and sustain life such as 

amino acids and nucleotide bases. Understanding their stability and reactivity in 

hydrothermal conditions relevant to Enceladus’s ocean is important to determine their 

survivability and likelihood of forming more complex biomolecules. 

Icy ocean moons like Enceladus are prime locations for the search for life outside 

of Earth, as liquid water is one of the essential criteria for habitability. For an 

astrobiology target to be considered habitable, it must meet two other criteria: a source of 

energy and bioessential elements (Capone et al., 2006; Hoehler et al., 2007; McKay et al., 

2014; Shapiro & Schulze-Makuch, 2009). Evidence from the Cassini mission suggests 

that Enceladus meets the three criteria for habitability. It has a global subsurface liquid 

water ocean (McKinnon, 2015; Patthoff & Kattenhorn, 2011; Thomas et al., 2016) and a 

source of energy from the ongoing hydrothermal activity (Hsu et al., 2015; Waite et al., 

2017). Additionally, the essential elements required for life (CHONP) have been detected 

within the materials ejected from the plumes (Khawaja et al., 2019; Postberg et al., 2023; 

Postberg et al., 2018b; Waite et al., 2017). Considering most biomolecules required for 
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life are composed of CHONP, the observed elements serve as precursors to such 

compounds. Furthermore, the detection of organic matter, chemical redox couples (i.e. 

CO2 and H2), and methane can also be a source of energy for microbial communities that 

utilize these for metabolism (Glein & Waite, 2020; Postberg et al., 2011).  

It has been suggested that Enceladus represents the best astrobiology target in the 

Solar System to search for life beyond Earth. Indeed, there have been many proposed 

missions to study Enceladus and its plumes via multiple flybys or by landing directly on 

the icy surface (Cable et al., 2017; Eigenbrode et al., 2018; MacKenzie et al., 2021). Of 

the different mission concepts, the Enceladus Orbilander seeks to first orbit and then land 

to determine if Enceladus is inhabited and to what extent the subsurface ocean can sustain 

life. To answer whether Enceladus is inhabited, several objectives need to be addressed, 

including the characterization of the volatile and non-volatile materials, the 

characterization of the amino acid and lipid composition, and the search for evidence of 

cells and a genetic biopolymer. Regardless of which mission is chosen as the successor to 

Cassini, the detection and characterization of these materials are likely to determine if 

Enceladus supports or could have supported life. 

1.4 Geomimicry 

 When exploring how Earth operates and transforms carbon in the deep carbon 

cycle, it is oftentimes compared to conventional organic chemistry practices. Although 

this may provide useful insights into organic reaction mechanisms, it commonly falls 

short in the reaction conditions and additives. For example, traditional organic synthesis 

uses harsh reagents such as concentrated sulfuric acid or extreme oxidants like chromate 

or permanganate, while hydrothermal systems conduct similar organic chemistry in only 
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water with nontoxic materials like minerals or metal salts. For this reason, hydrothermal 

chemistry has emerged in the field of “geomimicry,” which conducts organic reactions 

under conditions that mimic natural geochemical processes for green chemistry and 

sustainable applications (Bockisch et al., 2019; Hunter & Savage, 2004; Liu et al., 2013; 

Yang et al., 2015; Yang & Aspin, 2023). 

Geochemically relevant conditions are not extreme, often well below the critical 

point of water (~150-300oC and vapor-saturation pressures). Even at these mild 

temperatures, hydrothermal water possesses many properties that are beneficial in green 

chemistry applications. As discussed in Chapter 1.2, the dielectric constant of water 

decreases at elevated temperatures. In the temperature range of 250-300oC, the dielectric 

constant reaches ~20-25, comparable to those of acetone and methanol at ambient 

conditions of 25oC and 1 atm (ε = 21 and 30, respectively). Because of this property, 

compounds that readily dissolve in methanol and acetone at room temperature should be 

soluble in hydrothermal water, making it a suitable organic solvent. Additionally, the 

elevated dissociation constant (Kw) results in higher concentrations of H+ and OH- ions in 

solution, allowing water to directly participate in organic reactions as an acid- or base- 

catalyst. Finally, water is the most benign and environmentally abundant liquid, 

suggesting it is an excellent reaction medium for green chemistry and sustainable 

reactions or processes. 

 Hydrothermal conditions have been widely used in a variety of applications. It has 

been used in the synthesis of nanocomposites such as carbon nanotubes in material 

science (Kumar & Kumar, 2021; Sonawane et al., 2018) and the organic synthesis of 

pharmaceuticals such as quinoxalines (Amaya-Garcia et al., 2021), bisimides 
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(Baumgartner et al., 2017), and benzimidazoles (Dudd et al., 2003). Treatment with 

hydrothermal methods has also been used during the disinfection of sewage sludge in 

wastewater treatment and pollutant remediation (Jian et al., 2018; Shi et al., 2013a; Shi et 

al., 2013b). Additionally, organic wastes such as biomass or plastics have been subject to 

hydrothermal degradation (Liu et al., 2015; Mohan et al., 2015; Seshasayee & Savage, 

2020; Wang et al., 2022). Often, these processes are even further sustainable because 

they recycle the waste into value-added products such as fertilizers for soil amendment 

(Shan et al., 2023; Xiong et al., 2021) and fuels for energy (Alherbawi et al., 2021; 

Madsen & Glasius, 2019; Malhotra & Garg, 2020). 

1.5 Research gaps 

 Herein, the transformations of select organic compounds under relevant 

hydrothermal conditions are investigated, including alkenes and amino acids. Alkenes 

represent an important intermediate linking the most reduced form of carbon (alkanes) to 

the most oxidized form as carboxylic acids. Although studies of individual alkene 

pathways have been reported (Bockisch et al., 2019; Seewald, 1994; Seewald, 2001; 

Shipp et al., 2013a; Venturi et al., 2017), how the pathways compete with one another is 

not fully understood, and in particular, the key geochemical parameters that control their 

reactions warrant further investigation. Additionally, few studies have explored the 

influence of inorganic materials such as dissolved metals or minerals on the reaction 

pathways (Bockisch et al., 2019; Venturi et al., 2017). Thus, this study aims to address 

this lack of research and to elucidate the individual effects of dissolved metal ions on 

alkene pathways.  
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The hydrothermal transformation of amino acids has received considerable 

attention in relation to hydrothermal research (Estrada et al., 2017; Lee et al., 2014a; Lee 

et al., 2014b; Lemke et al., 2009; McCollom, 2013; Pedreira-Segade et al., 2019; Sato et 

al., 2004; Shock, 1992; Shock, 1993), considering they are an important biomolecule 

necessary to form and sustain life. Hot hydrothermal fluids tend to degrade amino acids, 

making them unstable around these environments. However, how inorganic materials 

such as dissolved metal salts influence the reaction pathways or survivability in 

hydrothermal systems remains relatively unstudied. This study aims to address this 

research gap by investigating different solution chemistries and compositions on amino 

acid reactivity. The results suggest that the reactivity of amino acids increases with 

increasing temperatures and is dependent on solution pH, indicating the overall charge 

may control the stability of amino acids. Furthermore, inorganic salts enhance the 

stability of amino acids in hot hydrothermal solutions, suggesting a protective role of 

metals in their organic transformations. In alkaline conditions and solutions of high ionic 

strength, similar to the expected chemistry of Enceladus’s ocean, the survivability of 

amino acids is enhanced. This suggests that amino acids may be more preserved in 

hydrothermal conditions than originally thought, which has implications for prebiotic 

synthesis and the origin of life considering amino acids must be stable in solution long 

enough to enable the formation of peptides and proteins. The enhanced stability of this 

type of biosignature is also relevant to the search for life, as amino acids are more 

preserved in extraterrestrial oceans, thus increasing the likelihood of detection. 

 However, biosignature detection in icy ocean worlds is difficult, owing to the 

thick layer of ice surrounding the underlying liquid ocean of interest. Enceladus displays 
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surface activity in the form of plumes ejecting from the icy surface, which can be targeted 

in future missions and used to infer the characteristics of the subsurface liquid ocean.  

This study seeks to investigate how the transition from liquid in the subsurface liquid 

ocean to vacuum above the surface affects the relative abundances of biosignatures such 

as amino acids and fatty acids, which are two of the five objectives that are sought to 

investigate on Enceladus by the Enceladus Orbilander (MacKenzie et al., 2021). Injection 

of amino and fatty acids indicates that relative abundances of the materials are 

sufficiently conserved to allow for distinction between biological and abiotic sources, 

suggesting biosignature analysis in future search-for-life missions may accurately 

identify the source of the organic compounds. 

Finally, the green and sustainable degradation of plastic under hydrothermal 

conditions is investigated here. Recycling of plastic typically consists of mechanical 

breakdown of wastes and remelting it into a new product, however, this requires 

separation of the different types of plastics, making recycling difficult and time-

consuming. Storage of plastic waste in landfills and incineration also poses a risk to 

ecosystems, considering toxic additives and chemicals can easily enter the surrounding 

environment, posing a danger to the health of many organisms (Shen et al., 2020). This 

shows an urgent need to find an alternative method to recycle plastic waste. Although 

there have been studies on the degradation of plastics in hot water (Gentilcore et al., 

2024; Hongthong et al., 2020; Musivand et al., 2023; Seshasayee et al., 2021; Seshasayee 

& Savage, 2020; Seshasayee & Savage, 2021; Thunman et al., 2019; Zhao et al., 2018a), 

the conversion and product selectivity greatly depend on the plastic structure. 

Additionally, the influence of inorganic materials such as minerals or dissolved salts has 
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rarely been explored. This study seeks to further improve the sustainability of 

hydrothermal plastic degradation by utilizing Earth-abundant minerals to help facilitate 

the conversion. 
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CHAPTER TWO 

EXPERIMENTAL AND THEORETICAL INVESTIGATION OF ALKENE 

TRANSFORMATIONS IN OCEANIC HYDROTHERMAL FLUIDS: A 

MECHANISTIC STUDY OF STYRENE 

 

 

 

2.1 Introduction 

Hydrothermal transformations of organic compounds are unique and important 

for many geological processes. Maturation of organic matter results in the production and 

accumulation of oil and natural gas deposits (Helgeson et al., 2009; Jones et al., 2008; 

Larter et al., 2003; Seewald, 2003), while methane and labile organic compounds in 

hydrothermal systems are sources of metabolic energy and nutrients for the microbial life 

in the subsurface biosphere (Amend et al., 2011; Dick, 2019; Horsfield et al., 2006; 

McCollom & Seewald, 2007). Hydrothermal systems are also thought to mimic 

conditions where organic precursors of life may have originated, and many studies have 

focused on the abiotic origin of important biomolecular precursors (Fu et al., 2020c; 

LaRowe & Regnier, 2008; Ménez et al., 2018; Robinson et al., 2021a; Shock & Canovas, 

2010; Shock & Schulte, 1998). Studies of these organic hydrothermal reactions are not 

only relevant to prebiotic synthesis on early Earth, but could also be indicative for 

potential of life in other planets and icy moons (Barge et al., 2019; Postberg et al., 

2018b). Identifying the pathways and mechanisms of organic compounds is critical to 

understand their generation, preservation, and degradation during the hydrothermal 

geochemical processes. 

Organic functional group interconversions under hydrothermal conditions 

between alkanes, alkenes, alcohols, ketones/aldehydes, and carboxylic acids have been 



 

 18 

proposed and experimentally validated (Figure A1). Alkenes (with C=C double bonds) 

are commonly observed in natural hydrothermal environments, such as in the structures 

of unsaturated petroleum or lipids. As a key intermediate linking alkanes and other 

functional groups, alkenes are known to hydrogenate to alkanes under hydrothermal 

conditions (Seewald, 1994; Yang et al., 2012), hydrate to form alcohols (Seewald, 2001; 

Shipp et al., 2013a), and to further be reduced by dissolved molecular hydrogen or 

minerals via water-mineral/metal interactions (Bockisch et al., 2019; Venturi et al., 

2017). A recent study also suggests that alkenes can be potentially oxidized by metal salts 

to form aldehydes in hydrothermal solutions, possibly through an ozonolysis-like 

oxidative C=C bond cleavage pathway (Liao et al., 2021). However, how these alkene 

reaction pathways compete with each other in complex hydrothermal systems is 

unknown, and in particular, the key geochemical factors controlling alkene hydrothermal 

transformations is not well understood, which warrants further investigation. 

In hydrothermal fluids, natural organic matter is usually surrounded by inorganic 

materials such as minerals and dissolved metal salts, which can significantly influence 

organic geochemical transformations (McCollom, 2013; Seewald, 2003). Previous 

studies have shown that organic-mineral/metal interactions could control the chemistry 

and transformation of organic functional groups under hydrothermal conditions. As 

examples, reduction of alkenes to alkanes can be catalyzed by iron and nickel (Bockisch 

et al., 2019); dehydrogenation of cycloalkanes to benzene can be facilitated in the 

presence of iron oxide minerals (Venturi et al., 2017); reduction of ketones to alcohols 

can be promoted by iron sulfide minerals (Yang et al., 2018); and oxidation of alcohols to 

aldehydes/ketones, as well as oxidation of aldehydes to carboxylic acids, can be driven 
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by copper or iron salts (Liao et al., 2021; Liao et al., 2022). Nevertheless, few studies 

have investigated the interactions between alkenes and dissolved metal salts, which limits 

our understanding of the fate and transformation of natural organic matter containing 

C=C bonds in oceanic hydrothermal systems. 

Herein, we conduct a combined theoretical and experimental investigation on the 

hydrothermal transformation of alkenes. Styrene is selected as a model aromatic alkene to 

study, because its benzylic structure not only supports a higher reactivity but also allows 

for facile product extraction and quantitative analysis. Although both aliphatic and 

aromatic alkenes are present in natural hydrothermal systems, similar reaction 

mechanisms and pathways could be expected. The goals of this study are to (a) identify 

the reaction pathways and mechanisms of alkenes in hydrothermal systems, (b) examine 

the key geochemical parameters in alkene hydrothermal reactions, and (c) investigate the 

effects of dissolved metal salts on alkene transformations. Metal salts including iron, 

copper, aluminum, zinc, and sodium are chosen to study because they are widely 

distributed and discharged from seafloor hydrothermal vents in relatively high quantities 

(Sander & Koschinsky, 2011). 

2.2 Experimental and Modeling Methods 

Hydrothermal experiments were conducted following methods developed in 

previous studies (Fu et al., 2020a; Liao et al., 2021; Yang et al., 2014; Yang & Fu, 2018). 

Briefly, styrene was injected into fused-silica glass tubes (6 mm OD × 2 mm ID), and 

deoxygenated water (18.2 MΩ) or metal salt solutions with and without phosphate buffer 

(PBS) was subsequently added using a gas-tight micro-syringe. The initial concentrations 

of styrene and metal ions were both 0.1 molal. Although the chosen concentrations of 
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alkene and metal ions could be higher than those expected in natural hydrothermal 

systems, it allows the major products and reaction pathways to be fully identified in 

current laboratory-simulated systems. Experiments were also conducted starting with 

styrene oxide, styrene glycol, and 1-phenylethanol, with starting concentrations of 

0.1 molal for each experiment. After the starting reagents were loaded, the oxygen and air 

inside the tubes were removed by three freeze-pump-thaw cycles. The tubes were then 

sealed using an oxyhydrogen flame under vacuum while submerged in liquid nitrogen. 

The sealed tubes were then heated at 150°C and 5 bar (Psat) for a specific amount of time 

(0.5–72 hr). These experimental conditions were chosen to represent a relatively mild 

hydrothermal environment, which allows the alkene pathways and mechanisms to be 

readily studied. 

The reactions were quenched by submerging the tubes in a cold-water bath, and 

the reaction products were subsequently acidified with HCl and extracted with 

dichoromethane containing decane as an internal standard. The solution mixtures were 

then vortexed and centrifuged to ensure separation of the organic products from the 

aqueous layers. The organic layers were collected and subsequently analyzed by an 

Agilent 7820A gas chromatography (GC) equipped with a poly-capillary column and a 

flame-ionization detector. Calibration curves for starting reagents and products were 

prepared using analytical standards and used to quantify the product concentrations from 

GC. Products were also identified using GC-mass spectrometry (Agilent 7820A/5975C) 

based on database matching and fragmentation patterns. 

Geochemical calculations of alkene reactions were performed using the revised 

Helgeson-Kirkham-Flowers (HKF) equation of state, as implemented in SUPCRT92 
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(Johnson et al., 1992). Model alkene compounds (C3-C6) were used as representative 

alkenes because of their availability in the database and their relatively simple structure. 

The equilibrium constants (Keq) for alkene oxidation and hydration were calculated along 

the water liquid-vapor saturation curve. The specific reactions and calculations are 

described in further detail in Section 2.4. The software package EQ3/6 (implementing 

HKF equations of state) (Wolery, 1992) was used to calculate the correct proportions of 

phosphate species to reach the desired pH at the experimental temperatures. EQ3/6 was 

also used to calculate the distribution of major aqueous copper species under 

hydrothermal conditions. 

2.3 Results and Discussion 

Under the experimental conditions of 150°C and 5 bar, three major reaction 

pathways are observed for styrene: (a) hydration to form 1-phenylethanol, (b) 

dimerization to form 1,3-diphenylbutene, and (c) oxidation to form benzaldehyde 

(Figure 5). Besides these major products, secondary and minor products such as 

acetophenone, phenylacetaldehyde, and styrene glycol are also observed but in very small 

amounts (<5 mol% of all products). To compare the relative distribution of each pathway, 

pathway% (i.e., hydration%, dimerization%, and oxidation%) are quantitatively 

calculated by summing up the mole% of products formed in each pathway respectively. 

2.3.1 Hydration of Alkenes 

Hydration is the major hydrothermal pathway for styrene, especially under acidic 

conditions. Hydration of styrene forms 1-phenylethanol as the major product, which can 

be subsequently oxidized to acetophenone as a minor product. In acidic solutions (pH 3, 

Figure A2, Table A1), 1-phenylethanol accounted for 22% of total products after 6 hr and 
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stabilized at 29 mol% after 24 hr. The accumulation of 1-phenylethanol corresponds to 

the decrease of styrene, which reduced to 66 mol% after 24 hr. Compared to acidic 

conditions, near neutral (pH 5.8) and basic (pH 7.8) conditions (at 150°C) do not favor 

alkene hydration, with <1 mol% 1-phenylethanol formed after 24 hr (Figure A2). In fact, 

the degradation of styrene is substantially slower under near neutral and basic conditions, 

with less than 5 mol% degraded after 24 hr. The results suggest that alkenes have a much 

higher reactivity in acidic hydrothermal fluids but a higher stability under non-acidic 

hydrothermal conditions. The extent of alkene hydration is further studied as a function 

of solution pH (Figure 6a). The hydration pathway% of styrene increases with decreasing 

solution pH, which were 8.5% and 30.8% at pH 4.5 and 2.5, respectively. In comparison, 

only 1.3% hydration pathway was observed at near-neutral pH (5.8) and no hydration 

was detected at pH 7.0 at 150°C. The results suggest that the hydrothermal hydration of  

Figure  5. Proposed major reaction pathways for styrene in hydrothermal 

systems (Taken from Aspin et al., 2023). 



 

 

2
3 

 

 

 

 

Figure  6. Pathway distribution for styrene as a function of pH (a) and influence of dissolved metal salts on hydrothermal 

reactions of styrene in unbuffered (b) and pH-buffered (c) solutions at 150oC and Psat after 24 hr. The unbuffered metal salt 

solutions (b) have a decreasing pH (increasing acidity) from left to right, while the buffered solutions (c) have a constant 

pH of 3.0 for all metal salts with the PBS buffer (Taken from Aspin et al., 2023). 
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alkenes is strongly pH-dependent and driven by the acidity in the fluids. 

Hydration of styrene mostly occurring in acidic solutions is consistent with an 

acid-catalyzed reaction mechanism. Hydrolyzing a C=C double bond usually involves 

protonation to form a carbocation intermediate, which can be catalyzed by Lewis or 

Brønsted acids such as hydronium ions. At lower pH values, the high concentration of 

hydronium ions can greatly facilitate the electrophilic addition of protons to the alkene. 

Subsequently, the addition of water to the carbocation forms an oxonium ion, which then 

deprotonates to produce the alcohol. Because only 1-phenylethanol (a secondary alcohol) 

is observed, it can be inferred that this pathway occurs via a Markovnikov hydration 

mechanism (Beller et al., 2004). This mechanism results with the addition of the hydroxyl 

group to the most substituted carbon (i.e., the benzylic carbon), which occurs due to the 

generation of the most stable carbocation along the double bond. Although an anti-

Markovnikov hydration mechanism is also possible, the absence of the primary alcohol 

(2-phenylethanol) suggests that it is not favorable under hydrothermal conditions. 

In addition to the hydration pathway producing 1-phenylethanol as the major 

product, a small amount of acetophenone (<1 mol%) is also observed, most likely 

through the oxidation of 1-phenylethanol. A previous study of alcohols under similar 

hydrothermal conditions reported that 1-phenylethanol can be oxidized to acetophenone 

in water at 200°C and 15 bar (Psat) (Liao et al., 2021). That study also showed that 

dehydration of 1-phenylethanol readily occurs under hydrothermal conditions, which 

suggests a reversible interconversion between styrene and 1-phenylethanol as shown in 

Figure 5. In the present study, styrene degradation and 1-phenylethanol formation leveled 
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off after 12 hr (Figure A2), suggesting alkenes and alcohols could reach a metastable 

equilibrium at longer reaction times under the experimental conditions. 

In addition to the hydration pathway producing 1-phenylethanol as the major 

product, a small amount of acetophenone (<1 mol%) is also observed, most likely 

through the oxidation of 1-phenylethanol. A previous study of alcohols under similar 

hydrothermal conditions reported that 1-phenylethanol can be oxidized to acetophenone 

in water at 200°C and 15 bar (Psat) (Liao et al., 2021). That study also showed that 

dehydration of 1-phenylethanol readily occurs under hydrothermal conditions, which 

suggests a reversible interconversion between styrene and 1-phenylethanol as shown in 

Figure 5. In the present study, styrene degradation and 1-phenylethanol formation leveled 

off after 12 hr (Figure A2), suggesting alkenes and alcohols could reach a metastable 

equilibrium at longer reaction times under the experimental conditions. 

2.3.2 Dimerization of Alkenes 

 Dimerization of styrene to form 1,3-diphenylbutene is also observed, but only 

under acidic conditions. As shown in Figure 6a, no dimerization was detected at or above 

pH 4.5 after 24 hr, where it accounted for 0.9% and 3.9% of all products at pH 3.0 and 

2.5, respectively. The dimerization pathway follows a similar pH-dependent trend as the 

hydration pathway; more dimerization occurs when the solution pH is lower. This 

suggests that alkene hydrothermal dimerization is also acid-catalyzed, which is in line 

with previous studies showing Lewis acids can catalyze the reaction (Mayo, 1968; 

O’Connor & Kojima, 1990). The proposed mechanism for alkene dimerization involves 

protonation of the C=C π-bond by an acid to form a carbocation intermediate, followed 

by electrophilic addition of another alkene, and subsequent β-hydrogen elimination to 
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produce the dimer (Figure A3). However, the solution pH may not be the only driver for 

dimerization of alkenes under hydrothermal conditions, as metal-anion complexes formed 

at elevated temperatures and pressures can potentially play another role in alkene 

transformations (see Section 2.4). 

2.3.3 Oxidation of Alkenes 

 A third pathway for styrene is the oxidation pathway, which forms benzaldehyde 

as the major product, along with minor products including styrene glycol, acetophenone, 

and phenylacetaldehyde (Figure 5). As a primary oxidation product from styrene, 

benzaldehyde was formed in small and comparable amounts (1.6–5.4 mol% after 24 or 

72 hr) in the acidic, neutral, and basic hydrothermal experiments (Figure A2), where the 

other minor products accumulated in even smaller amounts with a total concentration 

<1 mol%. The oxidation pathway% after 24 hr between pH 2.5 and 7.0 were 1.6%–3.4% 

(Figure 6a), suggesting the alkene oxidation was not significantly affected by the change 

of solution pH. 

Formation of benzaldehyde from styrene requires breaking a C=C double bond 

and forming a C=O bond, which could be associated with an oxidative cleavage 

mechanism. A previous study reported a copper(II)/iron(III)-promoted oxidation pathway 

from 1-phenylethanol to benzaldehyde via styrene under similar hydrothermal conditions, 

which suggested an ozonolysis-like oxidative alkene cleavage mechanism (Liao et al., 

2021). Oxidative cleavage of styrene to benzaldehyde in aqueous media has also been 

reported using heterogeneous catalysis and air as the oxidant (Batra et al., 2019; Schäfer 

et al., 2018). Although the present study differs from the other work that uses strong 

oxidizing metals or air as the oxidant, it is likely that a similar mechanism could apply to 
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alkene oxidation under anoxic hydrothermal conditions. Furthermore, during the 

conversion from styrene to benzaldehyde, a carbon atom is removed. However, due to the 

extremely low concentration and detection challenges, it remains unclear which form of 

carbon (e.g., methane, methanol, or formaldehyde) should be present. Geochemical 

modeling is thus used to compare the likelihood of these oxidation reactions at 

equilibrium (see Section 2.4). 

Although styrene oxide was not detected in hydrothermal experiments with 

styrene, reactions starting with styrene oxide indicated that the epoxide is highly reactive 

and can convert to styrene glycol (66 mol%), phenylacetaldehyde (12 mol%), and 

acetophenone (1.5 mol%) within 15 min (data not shown). Results also show that 

benzaldehyde (19 mol%) is formed from styrene oxide, which suggests an alternative 

pathway via styrene glycol (Figure 5). Indeed, hydrothermal experiments starting with 

styrene glycol confirmed that benzaldehyde and phenylacetaldehyde can be generated 

from styrene glycol within hours under the same experimental conditions (Figure A4). 

Proposed reaction mechanisms are provided in Figure A5. 

2.3.4 Influence of Metal Salts 

 To examine the potential roles of dissolved metal salts in alkene hydrothermal 

pathways, a series of styrene experiments were conducted in chloride or sulfate solutions 

with zinc(II), copper(II), aluminum(III), and iron(III) (Figures 6b and 6c). Zinc 

chloride/sulfate do not significantly alter the reactivity or pathways of styrene, however, 

copper, aluminum, and iron salts all increase the decomposition of styrene and selectively 

change the pathway distribution. Specifically, in the presence of copper or aluminum 

salts, the hydration pathway% is facilitated by 8%–20% compared to water alone, while 
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the dimerization pathway% is increased by 1%–10% (Figure 6b, Table A2). In the iron 

chloride/sulfate solutions, the hydration pathway% is relatively unaffected, but 

surprisingly, the dimerization pathway% is promoted substantially by 30%–39% and 

becomes the dominant pathway, which results in a 39%–46% increase of alkene 

reactivity. Compared to hydration and dimerization, the oxidation pathway% appears to 

be less influenced by the metal salts, which shows an increase of 1%–8%, most evident in 

the presence of copper and iron salts. 

The pH of metal salt solutions could differ from each other, depending on the type 

and concentration of metal ions and their counterions. Although the solution pH at the 

experimental conditions was not feasible to measure, the relative acidity between the 

metal salts could be speculated by those measured at room temperature (Table A3). The 

increased acidity introduced by the metal salts can potentially drive the acid-catalyzed 

hydration or dimerization of alkenes. Indeed, as shown in Figures 6a and 6b, a pH-

dependent trend is observed for the alkene reactivity, in which a higher alkene reactivity 

or decomposition rate is associated with a higher acidity. With pH decreasing, the 

hydration and dimerization pathways become more dominating, which is consistent with 

the proposed acid-catalyzed mechanisms. However, the effect of metal salts on alkenes is 

not only driven by the solution pH. Figure 6c shows that dimerization is significantly 

promoted by the iron(III), copper(II), and aluminum(III) salts, even when buffered at the 

same pH. This is in stark contrast to the hydration pathway, which is not enhanced in the 

presence of metal chlorides when buffered at the same pH. This suggests that alkene 

hydration is primarily influenced by the change in pH of the solution when metal salts are 
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present, whereas dimerization is also driven by the direct interaction between the alkene 

and metal salts, likely via a complexation process (see Section 2.4). 

As described earlier, the mechanism of alkene dimerization likely undergoes a 

cationic intermediate, which can be catalyzed by Lewis acids (Figure A3). FeCl3 is a 

commonly used Lewis acid in organic synthesis, which is expected to facilitate the 

protonation of alkenes. A previous study showed that FeCl3 salt is an efficient catalyst for 

dimerization of diarylalkenes in organic solvents (Ma & Zhao, 2018), and an FeCl3-based 

system was also used to initiate the cationic polymerization of isobutylene in 

dichloromethane (Liu et al., 2011). Although the reaction medium and conditions are 

quite different from the present study, a similar mechanism may apply to the FeCl3-

catalyzed alkene dimerization under hydrothermal conditions. In fact, it has been 

estimated that up to 22% of deep-ocean dissolved Fe could come from submarine 

hydrothermal venting (Bennett et al., 2008), which forms complexes that may potentially 

serve as Lewis acids. 

As a non-Lewis acid and non-redox metal compound, both sodium and zinc 

chloride tend to be minor drivers of organic transformations under hydrothermal 

conditions. Previous studies of the effects of metal salts on other organic functional 

groups such as alcohols and aldehydes in hydrothermal systems also showed a relatively 

inert effect of sodium salts (Liao et al., 2021; Liao et al., 2022). The different controls of 

alkene pathways by metal salts further demonstrate an important selectivity of dissolved 

metal species on organic hydrothermal transformations. Not only the fluid pH, but the 

type and speciation of metal salts can also be determining factors for such organic 

geochemical processes. 
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2.4 Geochemical Calculations and Implications 

 Geochemical calculations were performed to test against the experimental results 

and to obtain additional information that could be useful to understand alkene 

transformations in complex hydrothermal environments. In the context of organic 

functional group interconversions (Figure A1), alkenes can undergo either hydrogenation 

to form alkanes or hydration to form alcohols, which have been reported in previous 

studies (Seewald, 2003; Shock et al., 2013). In the present study, however, it is shown 

that alkenes can also follow an alternative oxidation pathway that directly forms 

aldehydes under hydrothermal conditions (Figure 5). Thermodynamic calculations 

predict that this new oxidation pathway of alkenes can occur and even compete with the 

hydration pathway at increased temperatures and pressures. For example, hydration of 

alkenes to form alcohols can be modeled by the following general reaction (Equation 1), 

                                         𝐶𝑛𝐻2𝑛 (𝑎𝑞) + 𝐻2𝑂 ↔ 𝐶𝑛𝐻2𝑛+1𝑂𝐻 (𝑎𝑞)                                     (1) 

where n (≥2) represents the number of carbons in the starting alkene structure. As shown 

in Figure 7a, the calculated log Keq for the hydration of simple alkenes are mostly 

positive between 25 and 300°C but decrease with increasing temperatures. The positive 

log Keq supports that alkene hydration is thermodynamically favorable at the 

experimental conditions of 150°C, whereas that decreasing trend of log Keq with 

temperature suggests that alkene hydration could become less likely at higher 

temperatures. It should also be noted that the calculated log Keq values between the model 

alkenes at the same temperature can be orders of magnitude different, which suggests that 

the tendency of hydration could also be determined by the structure of alkenes. Similar 
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observations are also reported in the geochemical modeling of alcohol dehydration using 

multiple alcohol structures (Liao et al., 2021). 

Compared to the hydration pathway, the oxidation pathway from alkenes to 

aldehydes can be represented by the following reaction (Equation 2) 

                                𝐶𝑛𝐻2𝑛 (𝑎𝑞) + 𝐻2𝑂 ↔ 𝐶𝑛−1𝐻2𝑛−2𝑂(𝑎𝑞) + 𝐶𝐻4 (𝑎𝑞)                           (2) 

It shows that log Keq for the oxidation of alkenes also decrease with increasing 

temperature, but with a much slower trend than that of the hydration of alkenes 

(Figure 7a). The slower decreasing trend of log Keq suggests that the oxidation of alkenes 

could become more favorable than alkene hydration above certain temperatures, which in 

fact is consistent with the experimental results of styrene under neutral and basic 

conditions at 150°C (Figure A2). But again, the tendency for each pathway to occur is 

likely determined by the structure and chemical property of alkenes, as the cross point of 

log Keq between hydration and oxidation varies depending on the alkene structure 

(Figure 7a). 

Figure  7. Calculated equilibrium constants (log Keq) for C3-C6 alkene hydration (h) 

and oxidation (o) reactions (a) and for 1-butene oxidation w/wo Fe3+ in water (b) as a 

function of temperature (Taken from Aspin et al., 2023). 
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It is also important to note that modeling of alkene oxidation is conducted under 

the assumption that methane (CH4) is formed as a byproduct, however, methanol 

(CH3OH) or formaldehyde (HCHO) may also form as potential byproducts (Figure 5). 

Thermodynamic calculations show that the log Keq for oxidation of 1-butene with the 

formation of methane is significantly higher than those with the formation of methanol or 

formaldehyde (Figure 7b), suggesting methane could be more favored to form than the 

other C1 products under hydrothermal conditions. 

The presence of oxidizing metal salts such as iron(III) and copper(II), however, 

may potentially affect the alkene oxidation pathway and change the product distribution. 

For example, the calculated log Keq for alkene reactions with Fe3+ forming formaldehyde 

or methanol show orders of magnitude increase than those in water alone (Figure 7b). 

Thermodynamic calculations on aqueous metal speciation also indicate that the form of 

metal complexes rather than the freely diffused ions is preferred under hydrothermal 

conditions. Distribution of aqueous copper species as a function of temperature shows 

that CuCl+ becomes the dominating species at elevated temperatures (Figure A6). Due to 

their relatively high solubility and prevalence in hydrothermal vents, metal ions such as 

iron and copper tend to form strong complexes with organic ligands (Yang et al., 2015). 

In deep-sea water, more than 98% of dissolved iron could be in complexation with 

organic compounds (Sander & Koschinsky, 2011). The complexed forms of metal salts in 

hydrothermal solutions are therefore most likely to play the key role in alkene 

transformations. 

In addition, the shift of log Keq from negative to positive suggests that the 

presence of oxidizing metal ions (e.g., Fe3+) could drive the thermodynamics and make 
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selective pathways (e.g., methanol or formaldehyde formation) more favored for alkene 

oxidation. These modeling results are also consistent with the experimental findings, in 

which an increased alkene oxidation pathway% is observed in the iron(III) salt 

experiments (Figure 6). The consistency between modeling and experimental results 

further suggests that hydrothermal oxidation of alkenes can be influenced by dissolved 

metal salts, similar to those observed for other functional groups such as alcohols and 

aldehydes (Liao et al., 2021; Liao et al., 2022). In submarine hydrothermal systems, 

hydrothermal fluids can be enriched with dissolved metals that have much higher 

concentrations than those in the surrounding seawater (Tagliabue et al., 2017). This 

would allow sufficient interactions to occur between metal salts and organic compounds, 

which could determine the fate and distribution of organic carbon in the deep ocean. 

Taken together, these findings imply strong and selective roles of aqueous metal species 

in organic functional group interconversions, which not only control the existing 

pathways but also initiate new pathways for organic geochemical transformations in 

natural hydrothermal systems. 

2.5 Conclusions 

 This work examines the transformation pathways and reaction mechanisms of 

alkenes under geologically relevant hydrothermal conditions. Among the three major 

pathways of alkenes, acid-catalyzed hydration and dimerization are strongly pH-

dependent and become more favorable in lower-pH hydrothermal fluids, while the 

oxidation of alkenes remains relatively constant over the pH range. Transformation 

pathways of alkenes can also be significantly influenced by the presence of aqueous 

metal salts. Dissolution of metal salts with increasing acidity lowers the solution pH and 
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expedites the alkene hydration. Dimerization of alkenes is not solely driven by solution 

pH, but it can also be facilitated by specific metal salts such as iron/aluminum chloride, 

which serve as efficient Lewis acid catalysts. Enhanced oxidation of alkenes occurs in the 

presence of oxidizing metal salts such as iron(III) and copper(II), which potentially 

change the redox of hydrothermal solutions. The experimental results also agree with the 

modeling predictions, which further corroborate the thermodynamic drives for these 

reactions under hydrothermal conditions. This study provides another example of organic 

functional group interconversions during hydrothermal geochemical processes, which 

also highlights that fluid chemistry and metal salt content are determining factors for the 

fate and transformations of natural organic matter in oceanic hydrothermal environments. 
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CHAPTER THREE 

SURVIVABILITY AND PATHWAYS OF AMINO ACIDS IN OCEANIC 

HYDROTHERMAL SYSTEMS: A MECHANISTIC STUDY OF PHENYLALANINE 

 

 

 

3.1 Introduction 

 Deep-ocean hydrothermal systems are unique and benign environments for 

natural organic matter transformations. Water at elevated temperatures and pressures not 

only serves as an excellent organic solvent but also catalyzes organic reactions by acting 

as an acid or a base (Akerlof & Oshry, 1950; Akiya & Savage, 2002; Shock et al., 2013; 

Shock, 1993). Synthesis and degradation of organic molecules in natural hydrothermal 

systems may provide a source of energy and nutrients for subsurface life (Amend et al., 

2011; McCollom & Seewald, 2007). These environments are also thought to serve as a 

model for conditions where biologically relevant molecules necessary for life could have 

originated (Martin et al., 2008; Wimmer et al., 2021). To understand the generation and 

preservation of biomolecular precursors in oceanic hydrothermal environments, it is 

imperative to identify the reactivity and pathways of organic compounds with diverse 

structures. Indeed, there has been extensive research on studying the pathways and 

mechanisms of organic functional group transformations in geologically relevant 

hydrothermal systems, ranging from alkanes (the most reduced carbon) (Reeves et al., 

2012; Seewald, 1994, 2003), to alkenes (Aspin et al., 2023; Seewald, 1994; Shipp et al., 

2013a; Venturi et al., 2017), alcohols (Bockisch et al., 2018; Liao et al., 2021), 

aldehydes/ketones (Fecteau et al., 2019; Liao et al., 2022; Yang et al., 2012, 2018), and 

carboxylic acids (the most oxidized carbon) (Fu et al., 2020a; Glein et al., 2020; Johnson-
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Finn et al., 2021; McCollom & Seewald, 2003). These studies uncover many unique 

organic chemistry and geochemical pathways that only occur under hydrothermal 

conditions. 

Many of the biological molecules essential for life contain not only carbon but 

also nitrogen (N) in their structures, such as amino acids and proteins. Organic N is 

widely distributed in submarine hydrothermal vents on Earth, where their abiotic 

synthesis could be supporting the deep biosphere in those extreme environments (Amend 

& Shock, 1998; Barge et al., 2019; Fu et al., 2020c; McDermott et al., 2015; Ménez et al., 

2018). N-containing organics are also found in icy ocean worlds such as Saturn’s moon 

Enceladus, where amines and amino acids have been detected in the ice grains emitted 

from the surface plumes (Khawaja et al., 2019; Postberg et al., 2018b). It is also thought 

that organic N could be synthesized in extraterrestrial hydrothermal vents such as those 

expected inside Enceladus, where the distribution and relative abundance of organic N 

(e.g., enantiomeric excesses of amino acids) may serve as potential biosignatures for life 

detection beyond Earth (Glavin et al., 2020; Neveu et al., 2024b).  

As the key building block of proteins, amino acids are among many important 

classes of organics that have been studied in the origin of life and astrobiology research 

within the context of hydrothermal environments (Amend & Shock, 1998; Barge et al., 

2019). The hydrothermal stability and reaction pathways of amino acids have been 

previously studied. Simple amino acids such as glycine, alanine, and aspartic acid are 

examined under a range of hydrothermal conditions, in which major pathways including 

deamination, hydrolysis, decarboxylation, and polymerization are observed (Estrada et 

al., 2017; Körner, 2021; Lemke et al., 2009; McCollom, 2013; Pedreira-Segade et al., 
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2019; Sato et al., 2004; Shock, 1992). These amino acid transformation pathways, 

however, are also expected to be influenced by the hydrothermal solution chemistry and 

composition, including the presence of inorganic materials such as minerals and 

dissolved metals. Mineral assemblages such as pyrite-pyrrhotite-magnetite and 

magnetite-hematite are known to control the activity of aqueous H2, which is an 

important variable affecting the redox state and metastable equilibrium of organic species 

in hydrothermal systems (Shock & Canovas, 2010). Experimental studies on the 

influence of redox state on amino acid stability under hydrothermal conditions show that 

dissolved H2 could suppress the decomposition of amino acids, thereby facilitating their 

persistence in natural hydrothermal systems (Lee et al., 2014a; Lee et al., 2014b). 

Previous studies also show that common metal salts such as iron and copper chlorides are 

effective in changing the transformation pathways of carboxylic acids, alcohols, alkenes, 

and amides under relevant hydrothermal conditions (Aspin et al., 2023; Fu et al., 2020a; 

Fu et al., 2020b; Liao et al., 2021). However, it remains largely unknown how Earth-

abundant metal salts would affect the hydrothermal stability and pathways of amino 

acids, which could limit our understanding of the fate of organic N in natural 

hydrothermal systems.   

Herein, we investigate the hydrothermal transformation of amino acids under 

geologically relevant hydrothermal conditions (e.g., 225–275oC, pH 1.3–8.5), using 

phenylalanine as a model compound. Phenylalanine is one of the canonical amino acids 

with an aromatic structure, which is relatively reactive because of the benzylic carbon. 

Phenylalanine has been detected in both high- and low-temperature hydrothermal vents in 

the deep sea such as the East Pacific Rise (Longnecker et al., 2018) and the Guaymas 
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Basin (Haberstroh & Karl, 1989). The presence of phenylalanine was mainly attributed to 

biological sources and activities near the vents, however, recent studies have also 

suggested that aromatic amino acids such as tryptophan may have been formed 

abiotically through Friedel-Crafts reactions and preserved at depths beneath the Atlantis 

Massif in Mid-Atlantic Ridge (Ménez et al., 2018). There have also been laboratory-

simulated experiments to study the degradation rates of phenylalanine under 

hydrothermal conditions (Abdelmoez et al., 2010; Changi et al., 2012; Sato et al., 2004; 

Vallentyne, 1964), but detailed examination of degradation pathways and product 

distributions is lacking, and the interaction between phenylalanine and metal salts has yet 

to be widely explored. The goals of this study are to 1) identify the stability and reaction 

pathways of phenylalanine under geologically relevant hydrothermal conditions, 2) 

determine the key geochemical parameters that govern amino acid transformations, and 

3) examine the effects of dissolved metal salts on the product distribution and 

survivability of amino acids in hydrothermal systems.  

3.2 Experimental and Modeling Methods 

 Hydrothermal experiments were conducted following previously developed 

methods (Fu et al., 2020c; Yang & Fu, 2018). Briefly, 0.3 mL of phenylalanine (0.07 

molal) in Ar-purged deionized (DI) water or metal salt solutions (0.05-1.0 molal) was 

injected into fused silica glass tubes (6 mm OD × 2 mm ID) using a gas-tight glass 

syringe. The oxygen in the tubes was then removed by three freeze-pump-thaw cycles 

and the tubes were sealed using an oxyhydrogen flame under vacuum while submerged in 

liquid nitrogen. Once thawed, the glass tubes were placed in a pre-heated gas 

chromatography (GC) oven at the desired temperature under vapor-saturation conditions 
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(Psat). Hydrothermal experiments of phenylalanine were conducted in replicates at three 

reaction temperatures (225ºC, 250ºC, and 275ºC) for up to 24 hrs. Phenylalanine 

experiments under different pH conditions (in-situ pH 1.3 – 8.5), and in the presence of 

different inorganic salts (e.g., FeCl3, FeCl2, CuCl2, CuSO4, AlCl3, MgCl2, and NaCl), 

were also conducted at 275ºC and Psat. Additional experiments starting with 2-

phenylethylamine (0.05 molal) in DI water or metal salt solutions (e.g., 0.05–1.0 molal of 

AlCl3, CuCl2, FeCl3, and NaCl) have also been investigated at temperatures of 175ºC, 

225ºC, and 275ºC. After the reaction, the tubes were removed from the oven and placed 

into a cold-water bath to immediately quench the reaction. 

The samples were extracted and analyzed following previously developed 

methods (Aspin et al., 2023; Neveu et al., 2024a). Briefly, 3.0 mL dichloromethane 

containing 8.8 mM decane as an internal standard was used to extract the organic 

products. Solutions were alkalified by adding 50 µL of 4.0 M NaOH and vortexed to 

ensure complete extraction of the amines. Subsequent centrifugation of the samples at 

3000 RPM for 3 mins allowed the separation between the aqueous and organic layers. 

Phenylalanine was analyzed using high-performance liquid chromatography (HPLC, 

PerkinElmer 200) with a UV-Vis detector, and organic aromatic products were identified 

and quantified via GC-FID (Agilent 7820A equipped with a poly-capillary column and a 

flame-ionization detector) and GC-MS (Agilent 7890A/5975C). Dissolved gases and 

small carboxylic acids are likely to be formed but were not quantified due to low volumes 

of samples and analytical limitations. However, these small organics were not considered 

the primary degradation products of phenylalanine because of the absence of an aromatic 
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structure or the benzene ring, which is known to be relatively inert under similar 

hydrothermal conditions (Glein et al., 2020; Yang et al., 2012). 

 In the pH-dependence experiments, a similar protocol was followed, except HCl 

or NaOH was used to adjust the pH of the phenylalanine solution to mimic different 

environmental conditions. The pH was measured at room temperature and calculated in-

situ using geochemical modeling software EQ3/6 (Table B1). The reported pHs in this 

study are all in-situ pHs. Geochemical calculations of in-situ pH and the model amine 

reactions (e.g., elimination deamination and substitution deamination) were performed 

using the revised Helgeson-Kirkham-Flowers equations of state (Shock & Helgeson, 

1988) and thermodynamic data within the software package SUPCRT92 (Johnson et al., 

1992) (accessed through the WORM portal). Model amines (C3-C6) were chosen as 

representative amines because of their availability in the database and relatively simple 

structures. The equilibrium constants for the elimination and substitution pathways for 

amines were calculated along the water-vapor saturation curve. Geochemical modeling of 

the aqueous speciation of salt solutions was also conducted using EQ3/6 to evaluate the 

dominant inorganic ions and complexes under hydrothermal conditions. 

3.3 Results 

3.3.1. Product Distribution and Degradation Pathways of Amino Acids 

The product distribution of phenylalanine under the studied hydrothermal 

conditions (275oC and Psat ~59.5 bar) is shown in Figure 8. As the major product of 

decarboxylation, 2-phenylethylamine accumulated rapidly in early hours and then 

deaminated to secondary products styrene and phenylethanols (1-phenylethanol and 2-

phenylethanol). Styrene was formed in much higher concentrations than phenylethanols, 
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accounting for >80% (in mole%) of total aromatic products after 24 hrs, whereas 

phenylethanols accounted for only ~15% (note that 2-phenylethanol was produced in 

much smaller quantities than 1-phenylethanol).  

Based on the product distribution observed, the major reaction pathways for 

phenylalanine under the experimental conditions were proposed. As shown in Figure 9, 

phenylalanine can first decarboxylate to form 2-phenylethylamine, which can 

subsequently undergo deamination either via elimination to form styrene or via 

substitution to form phenylethanols. Hydration and dehydration can occur between 

styrene and phenylethanols under the hydrothermal conditions. Detailed discussion on the 

proposed pathways can be found in Section 3.4.1 and 3.4.2.  

Figure 8. Product distribution of phenylalanine hydrothermal reactions in 

deionized water (DI) at 275oC and Psat for up to 24 hrs. Total aromatic products 

refer to the sum of identified aromatic degradation products obtained via GC-FID 

(Taken from Aspin et al., submitted). 

275°C
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3.3.2. Effect of Temperature on Amino Acid Degradation 

The kinetics of phenylalanine hydrothermal degradation were examined at three 

reaction temperatures (225oC, 250oC, and 275oC). Assuming a pseudo first-order 

reaction, the degradation kinetics of phenylalanine can be expressed by the following 

equation, 

                            −
d𝑚𝑝ℎ𝑒𝑛𝑦𝑙𝑎𝑙𝑎𝑛𝑖𝑛𝑒

d𝑡
= 𝑘𝑝ℎ𝑒𝑛𝑦𝑙𝑎𝑙𝑎𝑛𝑖𝑛𝑒 × 𝑚𝑝ℎ𝑒𝑛𝑦𝑙𝑎𝑙𝑎𝑛𝑖𝑛𝑒                        (3) 

where mphenylalanine represents the molality of phenylalanine, kphenylalanine represents the rate 

constant, and t represents the reaction time. As shown in Figure 10, the degradation rate 

constant of phenylalanine increased with increasing temperature, from 0.13 h-1 at 225oC, 

to 0.29 h-1 at 250oC, and 0.42 h-1 at 275oC, nearly doubling with each 25oC increment. 

Figure 9. Proposed degradation pathways for phenylalanine under hydrothermal 

conditions at 275oC and Psat (Taken from Aspin et al., submitted). 
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The reaction rate constants can also be used to calculate the half-lives (t1/2) by the 

following equation, 

                                                              𝑡1

2

=  
ln (2)

𝑘
                                                          (4)  

in which the half-lives were calculated to be 5.3 hr, 2.4 hr, and 1.6 hr at 225oC, 250oC, 

and 275oC, respectively (Table B2). 

The temperature effect on deamination reactions was also examined under 

hydrothermal conditions. Experiments starting with 2-phenylethylamine (0.07 molal), the 

primary degradation product of phenylalanine, showed that its conversion increased from 

3.7±1.3% at 175oC after 24 hrs to 40.6±0.9% at 275oC after 6 hrs (Table B3). The major 

degradation products of 2-phenylethylamine were styrene and 2-phenylethanol, although 

very little amount of 1-phenylethanol was also observed (<0.1 mmolal). The formation of 

k = 0.13 h-1

k = 0.29 h-1

k = 0.42 h-1

Figure 10. Pseudo first-order kinetics of phenylalanine degradation under 

hydrothermal conditions of 225oC, 250oC, and 275oC with a starting concentration 

of 0.07 molal (Taken from Aspin et al., submitted). 
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styrene and phenylethanols from 2-phenylethylamine further supports the proposed 

pathways for phenylalanine (Figure 9). With increasing temperature, styrene was formed 

in much greater amounts than phenylethanols, suggesting elimination deamination 

becomes more dominant over substitution deamination at higher reaction temperatures. 

At 275oC, the styrene/phenylethanols concentration ratio was ~64.2 after 6 hrs, while it 

was only ~0.7 at 175oC after 24 hrs. In addition, geochemical modeling of deamination 

reactions using simple amines such as propanamine, butanamine, and heptanamine also 

predicted that elimination deamination can become more favorable than substitution 

deamination in aqueous solutions at temperatures above 200oC (Figure 11), which is 

consistent with the experimental observations. 

3.3.3 Effect of pH on Amino Acid Degradation 

 A pH-dependence of phenylalanine degradation was observed under the 

hydrothermal conditions (Figure 12). The conversion of phenylalanine to total aromatic 

products at 275oC after 6 hrs was 35-38% between pH 2.7 and 5.4, while it decreased to 

15-16% at pH 1.3 and 8.5. The product distributions of phenylalanine were also found to 

be pH-dependent (Figure 12a). At pH 1.3, the major product was 2-phenylethylamine 

with no styrene being formed, while between pH 2.7-8.5 both styrene and 2-

phenylethylamine were formed in comparable amounts. Benzylamine was only observed 

at pH 8.5 but did not form in appreciable amounts at the lower pH conditions. Figure 12b 

shows the ratio of styrene/2-phenylethylamine as an indicator for  

deamination/decarboxylation, which demonstrates favorable decarboxylation at lower pH 

but favorable deamination at higher pH. Over the pH range of 2.7-5.4, both the product 

distribution and deamination/decarboxylation ratios remained relatively stable, with the 



 

 

4
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Figure 11. Calculated equilibrium constants (log K) for elimination deamination and substitution deamination using 

propanamine (a), butanamine (b), and heptanamine (c) as model amines as a function of temperature. Geochemical 

calculations were performed using the revised Helgeson-Kirkham-Flowers equations of state (Shock & Helgeson, 

1988) and thermodynamic data in SUPCRT92 (Johnson et al., 1992) (Taken from Aspin et al., submitted). 
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major products consisting of 2-phenylethylamine and styrene, and 

deamination/decarboxylation ratios between 0.7 and 0.9. In addition, the kinetics of 

phenylalanine degradation between pH 5.4 and pH 6.4 were also studied, in which a 28% 

decrease in rate constant was observed from pH 5.4 to 6.4 (Figure B1).    

3.3.4. Influence of Inorganic Salts on Amino Acid Survivability 

Although previous studies have extensively investigated the reactivity and 

pathways of amino acids under hydrothermal conditions, the effects of inorganic 

materials such as dissolved metal salts on amino acid decomposition were much less 

explored. In oceanic hydrothermal systems, dissolved metal species may significantly 

influence organic matter transformations, such as through redox processes, complexation, 

and acting as Lewis acid/base catalysts. To investigate how metal salts may influence 

amino acid stability and pathways, a group of common inorganic salts was chosen to 

study in the phenylalanine experiments (Figure 13).  

275°C after 6 hr

(a)
275°C after 6 hr

deamination > decarboxylation

decarboxylation > deamination

decarboxylation ≈ deamination

(b)

Figure 12. Product distribution (a) and relative ratios of deamination/decarboxylation 

pathway (b) for phenylalanine hydrothermal reactions at 275oC after 6 hrs as a 

function of calculated in-situ pH. Total aromatic products refer to the sum of 

identified aromatic degradation products obtained via GC-FID. 

Deamination/decarboxylation ratios were plotted using the concentration ratio 

between styrene and 2-phenylethylamine (Taken from Aspin et al., submitted). 
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In general, an inhibitory effect was observed for most metal salts on 

phenylalanine, which decreased the formation of total aromatic products from 36% to 14-

35% at 275oC after 6 hrs, aside from FeCl2 and NaCl (0.1 molal) which slightly increased 

to 39-42% (Table B4). Not only did the salts lower the amino acid reactivity, but they 

also changed the product distribution significantly. As shown in Figure 13a, the relative 

abundance of 2-phenylethylamine (mole%) was much higher in the presence of metal 

salts (0.05 molal) than that in DI, but the metal salts strongly inhibited the formation of 

styrene. Using the ratio of styrene/2-phenylethylamine as an indicator for 

deamination/decarboxylation, it clearly showed that the deamination was greatly reduced 

in the presence of metal salts (Figure B2). Experiments starting with 2-phenylethylamine 

further confirmed this inhibitory effect, in which much less styrene was produced in the 

AlCl3, CuCl2, and FeCl3 solutions (0.05 molal) than in DI (Figure 13b). The presence of 

Figure 13. The relative product abundances in the phenylalanine (0.07 molal) 

hydrothermal experiments with metal salts (0.05 molal) at 275oC after 6 hrs (a), 

and in the 2-phenylethylamine (0.07 molal) hydrothermal experiments with metal 

salts (0.05 molal) at 275oC after 2 hrs (b). The NaClI and NaClII concentrations in 

the 2-phenylethylamine experiments (b) were 0.1 and 0.2 molal, respectively. The 

metal salts were positioned with an increasing pH from left to right on the x-axis 

in both (a) and (b) (Taken from Aspin et al., submitted). 

275°C after 6 hr 275°C after 2 hr

(a) (b)
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metal salts could change the solution pH under hydrothermal conditions. The in-situ pHs 

of metal salt solutions (except for NaCl) were calculated to be 1.5-4.7, which were all 

below the pH of DI (5.4) under the experimental conditions (Table B4). By plotting the 

metal salts with an increasing pH from left to right (Figure 13), an increasing trend of 

styrene formation (i.e., elimination deamination of 2-phenyethylamine) can be observed, 

which suggests a pH-related effect of metal salts. In the presence of neutral NaCl 

solutions (0.1 and 0.2 molal), however, a higher mole% of styrene was observed, which 

could be attributed to the increased ionic strength (see below). In addition, an oxidation 

pathway for phenylalanine the produces benzaldehyde was also observed, mainly with 

the Fe(III) or Cu(II) salts (Figure 13a). 

Geochemical modeling was conducted to evaluate the fluid speciation in the 

solutions of inorganic salts under hydrothermal conditions. Examples of the metal 

distributions are shown in Figure 14. The most abundant copper species in the 0.05 molal 

CuCl2 solutions at 25oC was the Cu2+ ion, however, as temperature increases, the activity 

(a) (b)

Figure 14. Calculated speciation and distribution of the major aqueous copper 

(a) and iron (b) species as a function of temperature and Psat at equilibrium, for 

0.05 molal CuCl2 and FeCl3 in water, respectively (Taken from Aspin et al., 

submitted). 
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of Cu2+ ion decreased by nearly an order of magnitude at 275oC, while other complex 

species such as CuCl+ and CuCl2(aq) became the major copper species (Figure 14a). 

Similarly, geochemical calculations of 0.05 molal FeCl3 in water show that the Fe3+ ion 

activity decreased significantly with increasing temperature, while FeOH2+, FeO+, and 

FeCl2
+ became the dominant species at elevated temperatures. These results suggest that 

the complex forms of metal species rather than the uncomplexed metal ions could take 

part in the amino acid reactions under hydrothermal conditions. 

The effect of ionic strength on phenylalanine hydrothermal degradation was also 

examined through hydrothermal experiments with NaCl over a range of concentrations 

(Figure 15). Results show that higher salt concentration and ionic strength decreased the 

production of total aromatic products from 39% in 0.1 molal NaCl solution to 21-29% in 

0.2-1.0 molal NaCl solutions at 275oC after 6 hrs (Table B4). The relative product 

distributions of phenylalanine were also influenced by the ionic strength, which is 

275°C after 6 hr

Figure 15. The relative product abundances in the phenylalanine (0.07 molal) 

hydrothermal reactions with NaCl at various concentrations (0.1-1.0 molal) 

at 275oC after 6 hrs (Taken from Aspin et al., submitted). 
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evidenced by the facilitated deamination pathway (e.g., styrene formation) at higher NaCl 

concentrations (Figure 15). Experiments of 2-phenylethylamine with NaCl showed a 

similar trend, which also indicates an enhancement of deamination with higher ionic 

strength (Figure 13b). 

Fluid speciation calculations predict that increasing temperature can decrease the 

solution’s ionic strength. For example, the 1.0 molal NaCl solution had an ionic strength 

of 0.940 molal in water at 25oC, while it decreased to 0.653 molal at 275oC (Table B4). 

Theoretical calculations of activities of Na+, Cl-, and NaCl(aq) in a 0.1 molal NaCl 

solution as a function of temperature showed that the activity of NaCl(aq) increased by a 

factor of 7 from 25oC to 275oC (Figure B3). These results suggest that fluid composition 

and ionic strength could play a role in the survivability of amino acids in oceanic 

hydrothermal systems.  

3.4. Discussion 

3.4.1. Decarboxylation of Amino Acids 

Decarboxylation of phenylalanine in high-temperature aqueous environments has 

been previously studied. For example, Vallentyne reported 2-phenylethylamine as a 

primary decarboxylation product of phenylalanine at temperatures between 216oC and 

280oC (Vallentyne, 1964); Sato et al. observed a rapid first-order decomposition of 

phenylalanine in water at 300oC and 20 MPa where ammonia, acetic acid, and formic 

acid were formed as the main products (Sato et al., 2004); Abdelmoez et al. reported that 

decarboxylation and deamination were the major pathways for phenylalanine in 

subcritical water (Abdelmoez et al., 2010); and Changi et al. examined the degradation 

kinetics and product distribution of phenylalanine at 220-350oC (Changi et al., 2012). 
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The decarboxylation rates of phenylalanine under similar hydrothermal conditions are 

summarized and compared in Table B2. In this study, the rate constant of phenylalanine 

increased from 0.13 h-1 at 225oC to 0.29 h-1 at 250oC, which is comparable to the 

previously reported rates of 0.17 h-1 at 230oC (Abdelmoez et al., 2010) and 0.50-0.57 h-1 

at 250oC (Abdelmoez et al., 2010; Changi et al., 2012; Li & Brill, 2003). At higher 

temperatures, however, less similarities in rate constants are observed. In the present 

study, the rate constant at 275oC was 0.42 h-1, while a relatively wide range of rate 

constant (0.96-4.20 h-1) at 260-290oC has been reported by other studies (Table B2). The 

differences in decarboxylation rates could be attributed to variations in experimental 

conditions and analytical procedures among the studies. It should also be noted that the 

degradation products of phenylalanine have been found to be different – some studies 

reported 2-phenylethylanine, styrene, and oligomers as the major products (Abdelmoez et 

al., 2010; Changi et al., 2012; Vallentyne, 1964), while others reported small carboxylic 

acids such as formic and acetic acids were mainly formed (Sato et al., 2004).         

The solution pH plays an important role in hydrothermal degradation of 

phenylalanine. A larger extent of degradation is observed at mid-pH range (2.7-5.4), 

whereas decreased activity of phenylalanine is observed in very acidic or basic solutions 

(Figure 12a). The pH dependence suggests that phenylalanine reactivity could be 

influenced by the overall charge of the molecule. The pKa values of the amino and 

carboxyl groups in phenylalanine are 9.13 and 1.83 at room temperature, respectively 

(Lide, 1991), but they are expected to change at higher temperatures. Robinson et al. 

calculated the pKa of aminiums as a function of temperature, predicting that a protonated 

amine with a pKa between 8.5-10.5 at room temperature could have a pKa of 5.0-5.8 at 
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275oC (Robinson et al., 2019). In a study on the decarboxylation of phenylacetic acids, 

Glein et al. modeled the change in pKa of carboxylic acids over a range of temperatures, 

predicting the pKa of benzoic acid could increase from 4.25 at 25oC to roughly 5.25 at 

275oC (Glein et al., 2020). Although the pKas of phenylalanine under hydrothermal 

conditions are unknown, it would be reasonable to expect the pKas of the amino and 

carboxyl groups to be more near neutral at elevated temperatures than at room 

temperature.    

When the solution pH is lower than pKa(carboxyl), phenylalanine will be in a 

cationic form, while at pH higher than pKa(amino), the amino acid will change into its 

anionic form (Figure 16). Our experimental results suggest that the degradation of 

phenylalanine is inhibited in its ionic forms, which is also in alignment with another 

study of glycine that showed the ionic forms of glycine decarboxylated 10 times slower 

than the zwitterion form in a potassium phosphate buffer solution at 170-260oC (Snider & 

Wolfenden, 2000). Although the reaction conditions may differ, they also showed that 

glycine reactivity remained relatively stable over the mid-pH range of 5.8-7.8 (measured 

Figure 16. The cationic, zwitterionic, and anionic forms of phenylalanine as 

affected by the solution pH. The pKa(carboxyl) and pKa(amino) of phenylalanine at 

room temperature are 1.83 and 9.13, respectively (Taken from Aspin et al., 

submitted). 
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at room temperature). A study on alanine decarboxylation at 280-330oC also showed that 

the decarboxylation rate was three times faster in the zwitterionic form than in the 

cationic or anionic form (Li et al., 2002). Another study on glutamic acid stability under 

different pH conditions also reported a decrease in amino acid decomposition in more 

alkaline solutions (e.g., at pH 10) (Lee et al., 2014a). The consistency between the 

previous studies and this work suggests that the formation of a zwitterion plays a key role 

in promoting amino acid decarboxylation, where the in-situ pH is between the pKas of 

the amino acid under hydrothermal conditions (Table B1). 

Density functional theory (DFT) suggests that the zwitterion is more stable in 

water than the neutral form and that water molecules could stabilize the zwitterionic 

amino acid through hydrogen bonding with the carboxylate and aminium groups (Li & 

Brill, 2003; Rodziewicz & Doltsinis, 2007). In the transition state, the hydrogen in the 

water molecule could be “swinging” from the carboxyl group to the α-carbon (Li & Brill, 

2003) (Figure B4). When the carboxyl group is released as CO2, a carbanion intermediate 

will be formed and hydrogen-bonded to water, which is highly unstable in solution. The 

water molecule then facilitates the transfer of a proton from the amine group to the 

carbanion, resulting in the release of an amine and the regeneration of the water 

molecule. Increased hydration of the system could also increase the stability of the 

zwitterion in solution and thus allow for more possible orientations of hydrogen bonding 

with the amino acid. In general, water molecules between the amine and carboxyl groups 

allow the stabilization of zwitterionic amino acids and thus potentially facilitate the 

decarboxylation mechanism (Rodziewicz & Doltsinis, 2007). Additionally, the presence 

of an aromatic ring at the β-carbon can act as an electron sink that helps dissipate the 
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negative charge forming at the α-carbanion (Li & Brill, 2003), as is the case for 

phenylalanine. Although these theoretical predictions may not exactly reflect the 

experimental conditions in this study, they may help explain the role of water in 

stabilizing the zwitterionic form of amino acids and how decarboxylation could be 

promoted. Other experimental studies also seem to support the proposed mechanism, 

which involves a carbanion intermediate for amino acid decarboxylation in aqueous 

systems (Bada & Miller, 1970; Körner, 2021). 

3.4.2. Deamination of Amino Acids 

Following the decarboxylation of phenylalanine, there is an increase in the 

production of styrene and phenylethanols over the reaction time studied (Figure 8). Since 

styrene is generated at earlier reaction times than phenylethanols, it suggests that styrene 

could be a primary product of 2-phenylethylamine. However, phenylethanols could also 

be formed directly from 2-phenylethylamine through substitution deamination, as 

suggested by previous studies showing benzylalcohol as a primary product of 

benzylamine under hydrothermal deamination (Robinson et al., 2019; Robinson et al., 

2021b). Furthermore, it is also likely that styrene and phenylethanols can interconvert 

through (de)hydration, as reported by other hydrothermal studies (Aspin et al., 2023; 

Changi et al., 2012; Liao et al., 2021). 

Thus, there are two competing deamination pathways for 2-phenylethylamine 

under hydrothermal conditions, i.e., elimination deamination to form styrene and 

substitution deamination to form phenylethanols (Figure 9). Substitution reactions 

typically proceed either via a unimolecular nucleophilic substitution (SN1) or a 

bimolecular nucleophilic substitution (SN2) mechanism. Previous studies on the 
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deamination substitution of amines suggest that both SN1 and SN2 mechanisms may occur 

(Robinson et al., 2019; Robinson et al., 2021b). An SN1 deamination typically involves 

the formation of a primary carbocation intermediate, which can undergo rearrangement to 

form a secondary carbocation with higher stability. An SN2 deamination, however, is a 

concerted process with no carbocation intermediate formed. Thus, evidence for the SN1 

deamination in this study would include the generation of both secondary (1-

phenylethanol) and primary (2-phenylethanol) alcohols from 2-phenylethylamine, while 

the SN2 deamination would only produce the primary alcohol. Since 1-phenylethanol is 

observed in higher quantities than 2-phenylethanol at 275oC (Figure 8), an SN1 

deamination mechanism is likely to occur in the phenylalanine experiments.  

However, the SN2 deamination cannot be entirely ruled out, because both 

mechanisms could be present concurrently, as suggested by others (Cox & Seward, 2007; 

Robinson et al., 2019). The SN1 pathway is more entropically favored than the 

bimolecular SN2 pathway, suggesting that SN2 could be preferred at lower temperatures. 

This may also help explain the preference for 1-phenylethanol over 2-phenylethanol via 

SN1 and SN2 mechanisms at 275oC, while lower temperature experiments of 2-

phenylethylamine show exclusive deamination to 2-phenylethanol with no formation of 

the secondary alcohol, even after 120 hrs (Table B3). These results suggest that the SN2 

deamination does occur and may become more favorable at lower temperatures. 

Compared to the substitution deamination pathway, elimination deamination is 

observed to be far more favorable under the experimental conditions (275oC). Over the 

studied pH range, elimination deamination dominates over substitution, which is 

evidenced by the ratio of styrene to phenylethanol being greater than 1 (Figure B5). With 
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increasing pH, the ratio also increases, suggesting a based-catalyzed pathway for 

elimination deamination. Additionally, reaction temperature also seems to play a role in 

the preference for elimination or substitution deamination. At higher temperatures 

(275oC), elimination tends to dominate over substitution, while substitution is found to be 

more competitive at lower temperatures (e.g., styrene/phenylethane ratio ~0.80 175oC 

after 24 hrs). A previous study showed a similar trend, with phenylethanol being 

produced in higher quantities than styrene at lower temperatures (220-250oC), yet up to 

10 times as much styrene than phenylethanol was observed at a higher temperature 

(350oC) (Changi et al., 2012). These experimental observations are further supported by 

geochemical modeling of the equilibrium constants for both deamination reactions, which 

shows that elimination can become more thermodynamically favorable than substitution 

at higher temperatures (Figure 11). Since elimination reactions increase entropy (one 

molecule forming two molecules) and substitution reactions do not (two molecules 

forming two molecules), higher temperatures would likely enhance the entropic 

contribution to the system free energy change, making elimination reactions more 

thermodynamically favorable (Yang & Aspin, 2023).  

3.4.3. Interactions Between Amino Acids and Metal Salts 

Natural hydrothermal systems vary in salt content, mineralogy, and redox 

potential, which could all influence organic hydrothermal transformations. The 

hydrothermal experiments in this study were not redox buffered, however, the redox state 

constrained by inorganics such as mineral assemblages in natural hydrothermal systems 

is expected to play an important role in controlling amino acid reactivities. Studies that 

focused on the effect of dissolved H2 on glutamic acid stability conclude that with high 
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enough concentrations of H2, the stability of amino acids may be enhanced and that the 

irreversible decarboxylation could be inhibited (Lee et al., 2014a; Lee et al., 2014b). 

In the present study, most of the dissolved salts show an inhibitory effect on the 

decarboxylation of phenylalanine. Similar observations are also reported such as the 

enhanced recovery of amino acids (L-proline, L-serine, L-alanine, and glycine) in the 

presence of dissolved metals (Chandru et al., 2013), and the inhibited decarboxylation of 

amino acids with electrolyte KCl and NaCl (Changi et al., 2012; Li et al., 2002). 

Although the effects of metal salts could be mainly attributed to the change of chemical 

properties of hydrothermal fluids, such as solution pH and ionic strength, which have 

both been shown in this study to affect the reactivity of phenylalanine, the specific metal 

ions and complexes may have additional contributions. For example, phenylalanine 

experiments containing 0.05 molal FeCl3 or AlCl3 have similar pHs at 275oC (1.6 and 

1.5, respectively), yet the concentrations of the formed aromatic products in the FeCl3 

solutions are twice as much as with AlCl3 (Table B4). Solutions containing 0.05 molal 

CuCl2 or FeCl2 have similar ionic strengths at 275oC (69 and 87 mmolal, respectively), 

yet much fewer decarboxylation products are formed with CuCl2 than with FeCl2. These 

results suggest that the metal species and complexation they form under hydrothermal 

conditions may play an important role in the amino acid reactions. 

Geochemical calculations show that in solutions with chloride ions, complexes 

between the metal ion and Cl-  (e.g., CuCl+, FeCl+, and FeCl2(aq)) become one of the 

major species at higher temperatures, while the free metal ions are less prevalent (Figure 

14). Previous studies have suggested that anionic speciation could strongly affect the 

hydrogen-bonding environments in water (Foustoukos, 2016). Anions such as Cl- are 
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considered “structure breakers”, which form weaker bonds with water than water bonds 

themselves, promoting the coupling between water molecules (Ahmed et al., 2014). In 

contrast, other anions with large charge densities such as SO4
2- are considered “structure 

makers”, which may cause electrostatic ordering by forming strong hydrogen bonds with 

water, thereby disrupting the inter-water hydrogen bonding (Hu et al., 2022; Waluyo et 

al., 2011). The fact that the phenylalanine experiment with CuSO4 produced the lowest 

amount of degradation products among all the studied metal salts (Table B4), seems to 

support this hypothesis. 

The influence of ions on water structure and hydrogen bonding may also help 

explain the results of the ionic strength experiments (Figure 15), as the stability of the 

hydrogen-bonded water network is proportional to the solution’s electrolyte 

concentrations (Foustoukos, 2016; Kanno et al., 2006). Increasing ionic strength has also 

been shown to have a negative impact on the activity of water (Aranovich & Newton, 

1996), which may inhibit the decarboxylation of phenylalanine, considering water 

molecules can potentially promote the transfer of protons through the decarboxylation 

mechanism (Figure B4). 

Although the interaction mechanisms between amino acids and metal salts under 

hydrothermal conditions have not been fully uncovered, previous theoretical DFT 

simulations predicted that the addition of metal salts could form complexes with the 

carboxyl group of zwitterionic amino acids (Ganesan et al., 2013; Liu et al., 2022; Remko 

et al., 2011). A recent theoretical study also showed that metal ions tend to be more 

strongly adsorbed to amino acids containing more carboxyl groups (e.g., aspartic and 

glutamic acids) (Liu et al., 2022). It is likely that the metal ions stabilize the zwitterionic 
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amino acids and lower their activity, thereby preventing their degradation. Furthermore, 

the metal ions could also be stabilized by solvation with water molecules, which may 

cause higher steric hindrances and possibly weaken the hydrogen bonding with the α-

carbon and amine group which is potentially responsible for the decarboxylation 

mechanism (Ganesan et al., 2013). More theoretical and experimental studies on metal 

speciation and organic-inorganic interactions under hydrothermal conditions would be 

needed to fully elucidate the salt influence on amino acid reactivity and survivability in 

salty hydrothermal systems.  

3.4.4. Implications for Amino Acid Survivability in Ocean Worlds 

Geochemical properties vary among the hydrothermal vents at the seafloor of 

Earth, and likely, in other ocean worlds such as Saturn’s moon Enceladus. Vent systems 

differ in temperature, pH, salt content, mineralogy, and redox potential, which could all 

influence organic hydrothermal transformations in the ocean worlds. Identifying the 

specific geochemical constraints is therefore important for understanding the chemistry 

and fate of organic molecules including biosignatures in those environments. This study 

specifically focuses on the survivability of amino acids, which shows the zwitterionic 

form tends to degrade faster than the cationic or anionic form, being consistent with other 

studies (Abdelmoez et al., 2007; Lee et al., 2014b; Li et al., 2002). This pH-dependence 

implies that amino acid survivability could be slightly higher in very acidic or alkaline 

hydrothermal vents, such as Rainbow with vent pH below 3 (Seyfried et al., 2011) and 

Lost City with highly alkaline vent fluids (Lang & Brazelton, 2020). In icy ocean worlds 

such as Enceladus, the pH of the ocean is inferred to be 8 – 10 (Glein & Waite, 2020), 

which may also help to preserve amino acids to some extent in the expected 
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hydrothermally active ocean. The preservation of biomolecules in icy ocean worlds 

would allow for the detection of biosignatures prior to degradation, which is one of the 

primary goals for future search-for-life missions (Neveu et al., 2024a; Neveu et al., 

2018). However, it should also be pointed out that the lifetimes for amino acid 

degradation at relevant hydrothermal temperatures are relatively short. Truong et al. have 

proposed that any primordial amino acids at Enceladus could have already been 

destroyed, and the preservation of amino acids, if detected on Enceladus, should have 

been recently formed (Truong et al., 2019).  

 Furthermore, while many studies have been focusing on hydrothermal reactions 

of organic molecules in pure water, natural oceanic hydrothermal systems are enriched in 

a complex array of inorganic materials. Solid minerals or dissolved metal salts will 

inevitably come into contact with the organic compounds in these environments and 

influence their reaction pathways. Here, this study reveals that the presence of common 

metal salts or relatively high ionic strength could play a protective role in amino acid 

breakdown, thereby enhancing their survivability under hydrothermal conditions. In 

Earth’s hydrothermal vents, the concentration of dissolved metals in high-volume fluids 

can reach up to micromolar or millimolar (Cohen et al., 2021; Lough et al., 2019; Sander 

& Koschinsky, 2011), while concentrations of dissolved free amino acids could be 

several orders of magnitude lower such as in the nanomolar or picomolar range (Fuchida 

et al., 2014; Longnecker et al., 2018). In Enceladus’ ocean, amino acids are expected to 

be in the nanomolar-micromolar range (MacKenzie et al., 2022; Steel et al., 2017), while 

the salt concentration is inferred to be 0.5-2% (sodium and potassium salts by mass) 

(Postberg et al., 2011). It is thus likely that the inorganic:organic ratios in natural 
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hydrothermal systems could be substantially higher than those in the present study, 

implying a stronger protection from the metal salts may occur. 

 In addition, although the present study uncovered some interesting effects of 

individual metal salts on phenylalanine reactivity, it cannot simply represent complex 

oceanic hydrothermal systems, which contain a mixture of dissolved salts and minerals 

with varying fluid composition, pH, and redox state. Further work of using natural or 

simulated seawater would be necessary to elucidate the overall and real impact of 

inorganics on amino acid transformations in natural hydrothermal fluids. Rainbow vent 

fluids that contain high concentrations of dissolved H2 (Charlou et al., 2002; Holm & 

Charlou, 2001), enriched chloride relative to seawater (Douville et al., 2002; Holm & 

Charlou, 2001), and high amounts of transition metals such as dissolved iron (Allen & 

Seyfried, 2003; Schmidt et al., 2007), would be a good example to study. Moreover, this 

study sought to investigate phenylalanine alone, which is in contrast to natural 

environments that usually contain a suite of amino acids. Vallentyne reported that 

glycine, alanine, and phenylalanine decomposed more rapidly in mixtures than alone 

(Vallentyne, 1964), while Abdelmoez et al. also showed a 2- to 3-fold increase in 

decomposition rate of amino acid mixture (e.g., leucine, isoleucine, phenylalanine, and 

histidine) compared to that of single amino acids in subcritical water (Abdelmoez et al., 

2007). These studies further suggest that the reactivity and survivability of amino acids 

may become more complex in natural systems, in which a wide variety of inorganic and 

organic matter may interplay and contribute to the decomposition or stabilization of 

amino acids in hydrothermal fluids.   
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3.5. Conclusions 

This work investigates the reactivity and transformation pathways of 

phenylalanine under geologically relevant hydrothermal conditions. A general amino acid 

degradation pathway that involves decarboxylation, followed by deamination via two 

competing mechanisms (i.e., substitution vs. elimination), has been identified. The 

reactivity of amino acids is strongly pH-dependent, with the zwitterionic form exhibiting 

the highest reactivity, while the cationic and anionic forms both decrease the reactivity in 

very acidic or alkaline solutions. Furthermore, dissolved metal salts may affect both the 

degradation and product distribution of amino acids, and the stability of amino acids 

could be enhanced in the presence of inorganic salts or relatively high ionic strength in 

hydrothermal solutions. Overall, these results suggest that dissolved inorganic 

composition and fluid chemistry play important roles in amino acid hydrothermal 

reactivity and pathways, which may provide new insights into understanding the fate and 

survivability of amino acids in oceanic hydrothermal systems on and outside Earth. 
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CHAPTER FOUR 

EFFECT OF THE LIQUID-VACUUM TRANSITION ON THE RELATIVE 

ABUNDANCES OF AMINO AND FATTY ACIDS SOUGHT AS BIOSIGNATURES 

ON ICY OCEAN WORLDS 

 

 

 

4.1 Introduction 

In our Solar System, several icy moons and dwarf planets harbor subsurface 

oceans (Hendrix et al., 2019). A few of these ocean worlds display surface or plume 

activity indicating that subsurface liquid material is being expressed at or above the 

surface. These include Enceladus (Porco et al., 2006; Villanueva et al., 2023b), Ceres 

(Ruesch et al., 2016), and, perhaps, Europa (e.g., (Quick et al., 2017; Roth et al., 2014; 

Villanueva et al., 2023a), and references therein). The detection or expectation of sources 

of bioavailable energy and bioessential elements from the interiors of Enceladus and 

Europa, respectively (Hand et al., 2009; Hsu et al., 2015; Khawaja et al., 2019; Postberg 

et al., 2023; Postberg et al., 2018b; Vance et al., 2023; Villanueva et al., 2023a; Waite et 

al., 2017), makes them prime places to search for life without having to access the 

(sub)surface (Cable et al., 2021; Dotson, 2020; Hand et al., 2022; MacKenzie et al., 

2022). 

Any search for signs of life and contextual information in erupted materials 

requires inferring, from the measurements, characteristics of their subsurface liquid 

source and mechanisms for release to the surface and subsequent processing (e.g., 

radiation exposure at the surface or in orbit) before collection. The nonvolatile solute 

composition may be preserved through eruption, e.g., if the liquid source composition is 

frozen in due to rapid cooling (Thomas et al., 2019; Vu et al., 2020; Vu et al., 2023), 
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albeit (1) with bulk concentration or dilution due to loss of water to vaporization or 

condensation of water sublimated from a solid source (Khawaja et al., 2019; Postberg et 

al., 2018a), and (2) at spatial scales larger than individual ice grains (Fox-Powell & 

Cousins, 2021). 

Erupted material could also undergo broader compositional changes. In the plume 

of Enceladus, water vapor (90–99 mass% of the plume at ∼100 km altitude; (Postberg et 

al., 2018a) dominates over ice. Plume ice grains falling back to the surface may not, 

alone, explain this high vapor enrichment compared to the ≈1:7.5 vapor:ice proportions 

expected from exposing liquid water at the triple point to vacuum (Spencer et al., 2018). 

This suggests a role for additional processes, such as accretion of grains on conduit walls 

or ice sublimation from these walls, which might distill or cycle nonvolatile material 

between the subsurface liquid and the surface vent. Along the way, moderately volatile 

organic compounds might be selectively adsorbed onto ice (Bouquet et al., 2019; 

Khawaja et al., 2019). The plume also contains percent-level gasses other than water: 

e.g., CO2, CH4, N2 or CO, H2, NH3, and HCN (Peter et al., 2023; Waite et al., 2017). 

These volatile compounds are likely exsolved from the fluid, which can alter such 

fundamental chemical properties of erupted material as its pH (e.g., via CO2–carbonate 

equilibria), affecting the molecular form of most chemical elements in water (Fifer et al., 

2022). These processes may alter material properties that search-for-life missions seek to 

measure. 

The overall process certain to occur during eruption on airless ocean worlds is the 

phase transition of water from the liquid phase to vapor and ice in vacuum (hereafter 

“liquid-vacuum transition”). At Enceladus, this transition occurs in subsurface plume 
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source conduits (Ingersoll & Nakajima, 2016; Nakajima & Ingersoll, 2016; Schmidt et 

al., 2008). At Ceres, it may occur as erupted material flows onto the surface (Ruesch et 

al., 2016; Ruesch et al., 2019; Scully et al., 2020). At Europa, both eruption styles are 

possible (e.g., Fagents, 2003; Roth et al., 2014). 

Here we investigate whether, and to what extent, the liquid-vacuum transition can 

change relative abundances of amino and carboxylic (fatty) acids in erupted material 

targeted by search-for-life measurements (Dorn et al., 2003; Hand et al., 2022; 

MacKenzie et al., 2022). Amino and fatty acids that differ in their volatility, solubility, 

charge, or other physicochemical properties may be partitioned differently in material 

transported into vacuum than in its aqueous source. 

We report the results of experimental injections of aqueous solutions of amino 

and fatty acids into a vacuum chamber, using a procedure described in Section 2. Despite 

significant deposition along the fluid path, we find moderate changes in relative 

proportions (< 50% relative to glycine) of amino acids, and less constrained but slightly 

larger changes in those of fatty acids, when considering material aggregated by section of 

the fluid path (Section 3). We discuss possible causes for these changes in Section 4. We 

find them small compared to differences in relative abundance patterns between example 

biological and abiotic sources. We conclude in Section 5 on the prospects for recognizing 

evidence of life based on relative abundances of amino and fatty acids in materials having 

undergone the liquid-vacuum transition. 
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4.2 Materials and Methods 

4.2.1 Injection of Liquid into Vacuum 

 To inject aqueous solutions into vacuum, we designed and built an experimental 

setup at NASA’s Goddard Space Flight Center (Figure 17). This setup consists of an 

organic-clean (no elastomer seals), bakeable vacuum chamber (Sharon Vacuum Co., Inc.) 

into which a solution is injected using a low-flow valve. The resulting abundant water 

vapor is evacuated by a turbo mechanical pump (Agilent TwisTorr 74 FS) backed by a 

dry scroll forepump (Agilent IDP-7), and also partly condensed on a copper plate cooled 

by a Stirling cryocooler (Sunpower/Ametek Cryotel MT). The condensed fraction of the 

vapor can be recovered post-injection for analysis. The rest of the chamber is at room 

temperature, as is, roughly, the injection line (see below). An aluminum collection cup of 

diameter ≈ 5 cm, of the type typically used as a weighing container, was placed inside the 

chamber, facing the port through which material was injected, on a stand of ultra-high 

Figure  17. (a) Overview of the experimental setup with the injected solution to the 

right, on the purple stand. (b) Top view of the chamber with, inside, a cryocooled 

copper plate (to condense part of the water vapor), aluminum collection cups, and 

aluminum foil stand/shield (Taken from Neveu et al., 2024a). 
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vacuum aluminum foil (All Foils, Inc.) that also shielded the gauges and pumps from 

particles. A second cup was placed at the chamber bottom to collect material that had 

fallen from the port facing cup. 

The chamber’s base pressure is 5×10-7 Torr. Upon injection of liquid, it increases 

along the water vapor pressure curve at the cryocooled plate temperature. The pressure 

along this curve was controlled by adjusting the fluid flow rate using the low-flow valve 

to remain below the triple point pressure of H2O (Pt = 611 Pascals = 4.6 Torr), ensuring 

the injected material underwent a complete liquid-vacuum transition. When 

depressurization brings the injected water to Pt, water partially boils; the corresponding 

enthalpy of phase change (Lvap ≈ 2500 kJ kg-1) would tend at thermodynamic equilibrium 

to freeze Lvap / Lfreeze ≈ 7.5 times as much water, since the enthalpy of 7 freezing is Lfreeze 

= 334 kJ kg-1 (Spencer et al., 2018). Freezing in the injection line could cause ice to clog 

it, resulting in an ice-vacuum sublimation interface rather than the liquid-vacuum 

transition we sought to investigate. Although dissolved salts and supercooling could 

delay ice formation (e.g., Pruppacher & Klett, 2010), in pilot injections we noticed 

segments of the injection line becoming cold, and therefore opted to heat the injection 

line to 30±15ºC to prevent freezing up to, and excluding, the chamber flange (see Figure 

18). Injection rates ranged from 1 to 25 mL h-1. Lower flow rates resulted in impractically 

long injection times (weeks for a ≥ 200 mL solution). Higher flow rates resulted in vapor 

loads above Pt. The ratio of flow rate to conduit cross-sectional area up to the flange, (1–

25 g h-1) / (7.9–32 mm2), is 0.009–0.88 kg m-2 s-1. It is similar to the ratio obtained for 

one of ≈100 vents (C. Porco et al., 2014), meters in scale (Goguen et al., 2013; Ingersoll 

& Nakajima, 2016), that together provide a flow rate of 300 kg s-1 relevant to Enceladus 
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(Villanueva et al., 2023b): (300 kg s-1 ) / 100 / (3–300 m2) = 0.01–1 kg m-2 s-1. The 

length:diameter ratio of section of the injection line depressurized below Pt, about (15 

cm)/(3 mm) = 50, is at the low end of the ratio estimated for Enceladus conduits, ~(0.5–1 

km)/(1–10 m) = 50–1000, since the neutral buoyancy level of liquid water in pure water 

ice would be at ≈10% of the depth of a ≈5–10 km-thick ice shell in the south polar region 

(Hemingway & Mittal, 2019). Other aspects of this experimental setup differ from known 

or expected properties of eruption conduits through Enceladus’ ice shell in such a way 

that grain-wall interactions are not accurately emulated. First, experimental conduit walls 

are not made of ice, but stainless steel. Second, the experimental ratio of grain velocity to 

conduit length, i.e., residence time in the conduit, is three to four orders of magnitudes 

lower in the experimental setup (see Section C1 and below).  

The injected liquid is expected to have turned to vapor and droplets of size d 

ranging from µm to mm resulting from burst bubbles (e.g., Cochran et al., 2016; Porco et 

al., 2014, and references therein) that partially vaporized. The energy loss from 

vaporization can freeze a droplet core of diameter d in tfreeze ~ 0.03 (d / 1 mm) second 

(Miller et al., 2022; Steddum, 1971), i.e., ~10 to 105 µs. Dissolved salt may delay 

complete freezing, but the low salt concentration in our solutions (~1 wt.%, see below) 

and the low energy loss needed to cool from 273 K to the water-salt eutectic temperature 

(Cp ∆T ≈ 80 kJ kg-1, i.e., ~25% of Lfreeze, where Cp is the heat capacity of water and ∆T 

the temperature contrast, about 20 K for NaCl) suggest this delay is not significant. 

Supercooling to as low as 230 K (Pruppacher & Klett, 2010) may cause another ~25% 

delay. The fluid cooling rate can be roughly estimated as the difference between the room 

or conduit temperature and the H2O triple point temperature (Ttriple = 273 K), about 25 K, 
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divided by an inferred residence time of ~0.005 s (Section C1), i.e., ~103 K s-1. Such 

cooling rates have been invoked for ocean droplets undergoing ejection on Enceladus 

(Section 4.4 of Fox-Powell & Cousins, 2021, and references therein). However, they are 

much higher than a bulk fluid cooling rate of (Ttriple–Tvent)/t ~ 0.1 K s-1 calculated for 

conduit parameters relevant to Enceladus, with a fluid transport timescale of t ~ 500 s 

(Nakajima & Ingersoll, 2016) between the liquid at Ttriple (vfluid = 5 m s-1) and the surface 

vent at Tvent ≈ 200 K (Goguen et al., 2013) (vfluid = 150 m s-1). The two classes of cooling 

rates result in different salt compositions and microscale spatial distributions (Fox-Powell 

& Cousins, 2021; Thomas et al., 2019). Such previously observed differences in spatial 

distribution are likely not relevant at the macroscopic scales (centimeters) considered 

here, which comprise all grains in a given section of the fluid path. However, we cannot 

exclude the possibility that the formation of different salts affects salt-organic 

interactions (Vu et al., 2023), and therefore, affects changes in the relative abundances of 

organic compounds.  

We report the results of two sets of injections: one of a mixture of twelve amino 

acids (three injections of the same volume of the same solution), and one of a mixture of 

two fatty acids (two injections of different volumes of the same solution). All compounds 

were purchased from Sigma-Aldrich (≥98% or higher purity) and used without further 

purification. The amino acids listed in Table 1 were chosen to span compounds found 

only naturally on Earth in biological samples (e.g., histidine), only in abiotic samples 

(e.g., 2-aminoisobutyic acid and γ-aminobutyric acid), and in both types of samples (see 

Figure 18 and references in its caption). The two fatty acids were chosen as structural 

end-members: phenylacetic acid is a short aromatic compound, whereas palmitic acid is a 
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long aliphatic fatty acid commonly found in biological cellular membranes (Madigan et 

al., 2011). The compounds were dissolved in deionized water (DI; 18.2 MΩ•cm) 

containing 1 mass% NaCl (Sigma-Aldrich, ≥ 99%) and a sub-mass% amount of Na2CO3 

to adjust the pH to around 9. These salt composition and pH are intended to approximate 

the salt composition and pH of Enceladus’ ocean, inferred to be 0.5–2 mass% Na- and K- 

chloride and carbonate (Postberg et al., 2011) and pH 8–10 (Fifer et al., 2022; Glein & 

Waite, 2020) based on analyses of plume grains. These current best estimates are limited 

by the potentially biased sampling by the Cassini spacecraft of only those plume grains 

that could reach sufficiently high altitudes. Although ejected material has been best 

characterized at Enceladus, this composition is broadly relevant to the NaCl and carbon-

bearing deposits observed at, and deemed endogenic to, Ceres, Europa, and Ganymede 

(De Sanctis et al., 2016; Tosi et al., 2024; Trumbo et al., 2022; Villanueva et al., 2023a). 

They do not encompass, e.g., MgSO4-rich compositions that are part of possible 

compositions for Europa’s ocean (e.g., Melwani Daswani et al., 2021). 

Amino and fatty acid concentrations were on the order of mmol per kg H2O 

(millimolar or mM). This is one to five orders of magnitude more concentrated than 

estimates for icy world subsurface oceans (e.g., (Guzman et al., 2019; Hand et al., 2016; 

MacKenzie et al., 2022; Steel et al., 2017)), but necessary to ensure detectable amounts 

of these organic compounds in compositional analyses (Sections 4.2.2 and 4.2.3). 

Millimolar concentrations are below saturation for all amino acids and phenylacetic acid, 

but above saturation for palmitic acid (Table 1), whose undissolved solid fraction could  
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Table 1. 

 

Concentrations and properties of the amino and fatty acids injected into vacuum (Taken 

from Neveu et al., 2024a) 

 

  

Compound 
Concentration 

(mM) 

Solubility in H2O at 

room temperature (mM) 

pKa 

-COOH -NH2 Side Chain 

Amino Acid Experiment (Volume 3x200 mL) 

Glycine (Gly) 2 3330.2 2.35 9.78 N/A 

Alanine (Ala) 1 1000.1 2.35 9.87 N/A 

Glutamic Acid (Glu) 0.4 58.7 2.10 9.47 4.07 

Aspartic Acid (Asp) 0.4 31.6 1.99 9.90 3.9 

Leucine (Leu) 1 175.3 2.33 9.74 N/A 

Threonine (Thr) 0.6 719.4 2.09 9.10 N/A 

2-aminoisobutyric 

acid (AIB) 
2 1755.2 2.36 10.21 N/A 

γ-aminoisobutyric 

acid (γAB) 
2 998.8 4.53 10.22 N/A 

Histidine (His) 1 277.2 1.80 9.33 6.04 

Phenylalanine (Phe) 2 99.9 2.20 9.31 N/A 

Tyrosine (Tyr) 0.2 2.6 2.20 9.21 10.46 

Tryptophan (Trp) 0.1 64.6 2.46 9.41 N/A 

Fatty Acid Experiment (Volumes 280 and 470 mL) 

Phenylacetic acid 8 110 N/A 

Palmitic acid 0.5 0.028 N/A 
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be seen suspended in solution, presumably as micelles, as well as in clumps at the surface  

of the solution. The incomplete dissolution of palmitic acid did not affect our ability to 

detect it in compositional analyses, but prevented quantification of exactly how much 

palmitic acid was injected into vacuum. The suspended solids were injected, but the 

surface clumps were not because the inlet of the injection line was dipped below the 

surface –and often near the bottom– of the injected solutions.  

After injection, the chamber was opened and the cup and supporting foil were 

stored inside sterilized 50-mL polypropylene tubes. The injection line was taken apart 

and the dry residue, presumably a mixture of salts and amino or fatty acids, was scraped 

and transferred using fine pointed tweezers or a metal spatula into separate polypropylene 

tubes for each section of the line: (1) the two valves (“Valves”), (2) the flange attaching 

the injection line to the vacuum chamber port (“Flange”), (3) the chamber port (“Port”), 

and (4) the collection cups and supporting foil (“Chamber”) (Figure 18). In two pilot 

injections, the ice on the cold finger (Figure 18a) was also recovered by letting it melt 

inside a polypropylene tube. Although post-experiment reactivity of the samples was not 

a concern, all tubes were sealed with Parafilm (not a contamination concern at the 

relatively high organic concentrations of our experiments) and kept at room temperature 

at GSFC. Sample tubes were shipped uncooled to Oakland University promptly after 

completion of the last replicate experiment and received within six weeks of completion 

of the first replicate injection. Thereafter, sample tubes were kept in a –20ºC freezer until 

the day of analysis. 
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Figure 18. (a) Cutaway, approximately to scale, of the injection line, showing the 

“valves”, “flange”, “port”, and “chamber” sections in which dry residue was collected 

post-injection. Photographs taken during sample recovery point to corresponding 

locations in the line. The inset at bottom right shows vapor condensed as ice on the 

cryocooled copper plate inside the vacuum chamber, which could be recovered to 

measure its total organic carbon content. (b-c) Rough correspondence between the 

injection path and the liquid-vacuum transition undergone by ocean samples erupted 

on airless icy worlds. The question mark depicts the uncertainty on the nature of the 

conduit(s) bringing ocean material to the surface (Taken from Neveu et al., 2024a). 
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4.2.2 Amino Acids Analysis 

In the amino acid experiments, the collected samples were extracted using DI 

water containing 10 mM phenol and 10 mM glutamine. Glutamine (≥99%), and phenol 

(99%) from Sigma-Aldrich were used as internal standards for amino acid abundance 

quantification by high performance liquid chromatography (HPLC). DI water (18.2 

MΩ•cm) was obtained from Barnstead Nanopure system. The potential salt effect on 

amino acid quantification was examined by comparing measured abundances of amino 

acids at identical concentrations in solutions with and without salt (e.g., 1% NaCl plus 

Na2CO3 to adjust the pH to 9.5). The differences observed in retrieved abundances 

between the salted and unsalted samples on HPLC were < 5%, which is generally less 

than the uncertainty among replicates (see Figure 19). For the analysis of aromatic amino 

acids (histidine, phenylalanine, tyrosine, and tryptophan), the samples were directly 

injected into the HPLC without derivatization. For the analysis of the other eight non-

aromatic amino acids, the samples were derivatized following previous methods 

(Concha-Herrera et al., 2005; Concha-Herrera et al., 2010). Briefly, 2.50×10-2 M of o-

phthaldialdehyde (OPA) and 5.0 × 10-2 M of N-acetylcysteine (NAC) were prepared in a 

1 M boric acid buffer solution (pH 9.5) as the derivatization reagent. The mixture was 

protected from light with aluminum foil, stored at 4ºC, and prepared on a weekly basis to 

avoid degradation. An aliquot of 50 µL of the amino acid sample solution was mixed 

with 500 µL of the derivatization reagent for a 10-min reaction prior to the HPLC 

analysis. NAC (≥99%), OPA (≥97%), and NaOH (98%) were purchased from Sigma-

Aldrich; boric acid (≥99%) was purchased from Alfa-Aesar. 
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The HPLC (PerkinElmer 200 series) is equipped with a Flexar binary pump, a 

Shim-pack CLC-C18 column (Shimadzu), and a UV-Vis detector. The mobile phases 

include a citric acid buffer (A) at pH 6.5±0.1 and acetonitrile (B) (HPLC-grade). Two 

different mobile phase programs were used for underivatized and derivatized samples. 

For underivatized amino acids, the mobile phase composition was programmed to start at 

100%A (3 min), to 80%A and 20%B (3 min), to 78%A and 22%B (4 min), to 70%A and 

30%B (6 min), followed by another hold for 2 min. The mobile phase flow rate was 1.00 

mL min-1 and the UV detection wavelength was at 225 nm. For the derivatized amino 

acids, the mobile phase composition was programmed to start at 100%A (1 min), to 

97%A and 3%B (2 min), to 90%A and 10%B (10 min), to 80%A and 20%B (20 min), to 

75%A and 25%B (6 min) and hold for another minute. The mobile phase flow rate was 

also 1.00 mL min-1 and the UV detection wavelength was at 335 nm. For both methods, 

50 µL of sample was injected with a 20 µL sample loop. 

4.2.3 Fatty Acids Analysis 

In the fatty acid experiments, the samples were first acidified using HCl to ensure 

the carboxylates were protonated and fully extractable by the organic solvent. The 

samples were then extracted with dichloromethane (DCM, VWR, 99.9%), vortexed, and 

centrifuged to separate the organic layer from the aqueous layer following previous 

procedures (Aspin et al., 2023; Fu et al., 2020a). The aqueous layer was additionally 

washed twice with DCM, and the DCM extract was combined with the previous organic 

layer to ensure sufficient extraction. The separation of DCM extract from the aqueous 

phase also removed the sodium salts (e.g., NaCl and Na2CO3) from the protonated fatty 

acids prior to the gas chromatography (GC) analysis. After evaporating DCM at room 
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temperature, the solid lipids were redissolved in a 0.5 mL DCM solution containing 0.88 

mM decane (Sigma-Aldrich, ≥99%) as the internal standard for GC quantifications (Fu et 

al., 2020a; Liao et al., 2022).  

The GC (Agilent 7820A) is equipped with a poly-capillary column, an 

autosampler, and a flame-ionization detector. Helium was used as the carrier gas, and the 

GC oven was programmed to initiate at 50ºC for 8 min, ramp at 10ºC min-1 up to 220ºC, 

hold for 10 min, ramp at 20ºC min-1 to reach 300ºC for 5 min. The injection temperature 

was at 275ºC, and the detector temperature was set to 300ºC with air flow at 400 mL  

min-1, H2 flow at 30 mL min-1, and N2 flow at 25 mL min-1. 

4.3 Results 

 Dry residue was recovered not only inside the vacuum chamber (cups and foil), 

but also in the chamber port, its cover flange, the shutoff valve (Figure 18), and in some 

injections, as far upstream as between the low-flow and shutoff valves. Most of the 

residue coated the inner surfaces of the port and flange, due presumably to a combination 

of (a) low pressure favoring water loss and solute precipitation, (b) high area for 

deposition, and (c) a cross-sectional area small enough relative to the port length to allow 

the flow to interact extensively with the port wall. Further upstream, the line’s lower 

cross-sectional area limited the surface area available for deposition (Figure 18). During 

injections, precipitate intermittently clogged the line, as evidenced by spontaneous 

decreases in the injection rate (change in remaining solution volume as a function of 

time), episodic pressure spikes from the baseline H2O vapor pressure at the copper plate 

temperature, and occasional observations of collection cup deflections upon grain impact 

when increasing the injection flow rate (Supplementary video) concurrent with 
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precipitate accumulation in the cup. The size of residue grains could only be reliably 

verified in the collection cup where, unlike in the injection line, the surface was not 

uniformly coated, allowing observation of individual grains. Sizes were not quantified, 

but macroscopic inspection (e.g., Figure 18a) confirmed that residue grains had sub-

millimeter sizes, presumably extending down to microscopic (Section 4.2).  

Aside from a negligible fraction of carbonate salt converted to CO2 at pH > 9, all 

solutes are less volatile than H2O (Section 4.4). The vapor condensed onto the copper 

plate cold finger during two pilot injections indeed had a total organic carbon content of 

< 0.015% and < 0.001% of that of the injected solution. 

4.3.1 Amino Acid Fractionation 

The total mass of each amino acid in all four sections of the flow path was 60% to 

120% of their masses in the injected solution, with a recovery of 80 to 110 mass% for 

most (Figure 19a). The highest measured recoveries are compatible with 100% within 

two standard deviations from the mean of three replicate injections. We ascribe the 

measurement uncertainty to variations in sample collection, extraction, dilution, and/or 

quantification among replicates. Four amino acids had low recovery, more than two 

standard deviations away from 100%: Asp, AIB, Tyr, and Trp (Figure 19a). Three of 

those have relatively low solubility in water (Table 1, see also Figure 23a), which might 

account for some of the losses (e.g., material remaining inside valves or not transferred 

across steps of the preparation for analysis). 

The amount of deposited amino acids increased downstream (Figure 19b) from 

the valves (10–20% of the mass of each amino acid collected post-injection), through the  
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flange (22–26%), to the port (50–60%), consistently with the amounts of residue 

recovered (Figure 18), and with the caveat that the uncertainties on recoveries from the 

valves and flange sections overlap. In most cases, there was no difference among amino 

acids within one standard deviation uncertainty. Only 6–12% reached the vacuum  

chamber. 

4.3.2 Fatty Acid Fractionation 

 Distributions of fatty acids along the injection path were similar: most of the mass 

was collected in the main port, and a few percent in the chamber (Figure 20a). The total 

mass of phenylacetic acid recovered in all four sections was 81% of the mass injected, 

which is consistent with an empirically determined ≈85% efficiency of the lipid 

extraction method (Section 4.2). However, the total mass of palmitic acid recovered was 

only 9.9% of the mass that should have been injected with palmitic acid fully dissolved. 

This low recovery is likely due in part to the incomplete injection of palmitic acid, which 

Figure 19. (a) Total recovery (mass%) of each amino acid in all four sections of the 

injection path (outlined in Figure 18a). (b) Distribution (mass% of total amino acids 

in (a)) in each section. Error bars indicate one standard deviation from the mean of 

three replicate injections (Taken from Neveu et al., 2024a). 
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was supersaturated in the injected solution, and in part due to analytical uncertainties 

arising from recovered palmitic acid amounts (0.1 to 0.8 mg across all flow sections) 

close to the limit of detection (0.14 mg). 

Notwithstanding this systematic uncertainty in palmitic acid abundance 

determination, we observed a striking change in the relative abundance (mass ratio) of 

phenylacetic acid to palmitic acid in the downstream direction of the flow. This mass 

ratio was 45 at the valves, increasing to 132 at the flange and 301 in the port (Figure 

20b). The ratio in the injected solution is expected to be higher than 8 (had all palmitic 

acid fully dissolved) and 152 or less (had only palmitic acid dissolved up to saturation 

been injected, excluding suspended micelles). The upper limit is broadly consistent with 

the recovered mass ratio in the chamber (182) and summed over all four sections (201) 

given the uncertain palmitic acid abundance determinations. 

Figure 20. (a) Mass fraction (%) of fatty acids recovered in sections of the injection 

path relative to the dry mass added to water when preparing the solution for injection. 

(b) Mass ratio of phenylacetic acid to palmitic acid in each section of the injection 

path. Error bars indicate one standard deviation (volume-weighted) from the volume-

weighted mean of two injections of 280 mL and 470 mL of the same solution (Taken 

from Neveu et al., 2024a). 
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4.4 Discussion 

4.4.1 Interpretation of Relative Abundance Measurements by Spacecraft 

 The observed limited amino acid abundance fractionation is sensible in that amino 

acids have limited volatility relative to water. They are also very soluble in water, with 

which they primarily interact via the amine and carboxyl functional groups that drive the 

aqueous behavior of all amino acid compounds investigated here. This suggests a low 

propensity for selectively coming out of solution as either solid or vapor, even at the high 

end of conduit temperatures (> 250 K), confirmed by the present experiments. 

The changes in relative amino acid abundances between the injected solution and 

the vacuum environment (chamber; last group of Figure 19b), shown in Figure 21b, do 

not appear to affect the relative distributions of amino acids in example biological and 

abiotic samples (Figure 21a) in ways that prevent distinction between these two 

representative end-member sources (Figure 21c). Barring fractionation processes not 

produced by our experimental procedure, the proportions of amino acids in material 

having undergone the liquid-vacuum transition during eruption should be as indicative of 

their origin as those in the subsurface liquid source. Thus, measurements of amino acid 

relative abundances by spacecraft that would analyze macroscopic samples 

(homogenizing grain-to-grain differences) of material having undergone the liquid-

vacuum transition during eruption on Europa (Hand et al., 2022) and Enceladus 

(MacKenzie et al., 2022) should be able to distinguish biological from abiotic end-

member sources for these compounds without needing to correct for abundance 

fractionations arising from this environmental transition. Interpretation of such 

measurements may need to consider additional processes that could cause abundance 
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Figure 21. (a) Example biological (colored bars) and abiotic (shifted dark bars just to 

the right of the colored bars) mass ratios of amino acids to glycine (“aa/Gly”) for the 

twelve amino acids injected. The abiotic γAB:Gly ratio is 2.5±1.3 (off scale). (b) Ratio 

of Chamber aa/Gly to injected solution aa/Gly for these amino acids. A ratio higher or 

smaller than 1 indicates, respectively, enrichment or depletion of the corresponding 

amino acid relative to Gly in vacuum. (c) Same distributions as in (a) but multiplied 

by the ratios in (b) to show predicted relative amino acid abundances in ejected 

material with initially example biological or abiotic end-member amino acid 

abundance distributions. The abiotic γAB:Gly ratio is 2.2±1.2 (off scale) (Taken from 

Neveu et al., 2024a). Cont. in Appendix Text C2. 
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fractionations, such as space weathering (e.g., irradiation), any possible biases introduced 

by the sampling altitude or surface location, or the possibility of mixing with material 

encountered on the way to the surface. 

Whether the liquid-to-vacuum transition changes the relative abundances of fatty 

acids is less clear. The mass ratio of phenylacetic acid to palmitic acid in the vacuum 

chamber (182±25), may be close to the ratio injected (152, if the palmitic acid injected 

was only that dissolved to saturation in the parent solution). However, the injected ratio 

would have been as low as 8.4, had all palmitic acid particulates (suspended and floating) 

been injected as well. While the suspended material was likely injected, the clumpy 

floating material was not. This floating material comprised an estimated 87 mg of the 129 

mg added during solution preparation (67 mass%), so the injected ratio was likely ≥ 8.4 / 

(1 – 87/129) = 26 and the mass ratio likely did not change by a factor higher than 

(182±25)/26 = 7±1. 

A factor-of-7 or lesser change in relative abundances could alter patterns arising 

from relevant example biological and abiotic sources, but likely not so much as to make 

them unrecognizable. Abiotic straight-chain fatty acids (alkanoic acids) formed in water 

from formic acid (an expected conversion product of accreted carbon monoxide (Neveu 

et al., 2015; Shock, 1993) have relative abundances that track those of straight-chained 

alkanes (McCollom et al., 1999), which themselves decrease monotonically by a factor of 

3 between Cn- and Cn+4-compounds comprising n = 10 to 24 carbon atoms (McCollom & 

Seewald, 2006). In microorganisms, alkanoic acid abundances peak at specific carbon 

numbers (Hamerly et al., 2015), with abundance ratios of 2 to 10 between alkanoic acids 
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differing by one carbon atom in their chain lengths (Bühring et al., 2005). Thus, a factor 

of ≤ 7±1 change in the relative abundances of alkanoic acids differing by a  

few carbon atoms in their chain length would complicate recognition of an abiotic or 

biological source from abundance patterns (Hand et al., 2016; MacKenzie et al., 2022). 

However, the liquid vacuum transition would likely cause a much smaller change, as 

there are much less structural differences between these compounds than between the 

phenylacetic acid (a short-chain aromatic acid) and palmitic acid (C16 alkanoic acid) 

investigated here. 

Amino and fatty acid distributions may well result from a mixture of biological 

and abiotic end-member sources, but the ability to discern individual source contributions 

to abundance patterns appears not to be affected much by abundance changes induced by 

the liquid-vacuum transition. Interpretation of Figure 21c suggests that example 

biological and abiotic sources would remain identifiable through the presence of amino 

acids that are not observed in the other end member, such as the right-most six amino 

acids in Figure 18. Regarding fatty acid abundance patterns, as shown in Figure 22a and 

22b, respectively, the dominant modeled example biological (even over odd) or abiotic 

contribution (decrease with increasing carbon number) to the pattern remains 

qualitatively identifiable even if the minor contributor accounts for 20% of the signal, 

assuming the liquid-vacuum transition induces a –likely overestimated– random factor-

of-7 change in abundances. In a mixture where modeled biological and abiotic 

contributions are equal (Figure 22c), the modeled abundance patterns remain 

qualitatively faintly identifiable, but only if the liquid-vacuum transition changes 

abundances by a random factor of ≤ 2.
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Figure 22. (a) Modeled relative abundance patterns of a mixture of fatty acids deriving from idealized biological and abiotic 

sources. The modeled biological source (green histograms) has an arbitrary abundances of 10 for alkanoic acids with odd 

carbon numbers and 2 for those with even carbon numbers (even/odd abundance ratio = 5). The modeled abiotic source (blue 

histograms) has abundances decreasing by a factor of 31/4 between adjacent carbon numbers. The mixture (grey histograms) 

is the sum of the two. The effect of the liquid-vacuum transition is modeled as a random change in abundances by an 

arbitrary factor (black histograms). (a) Mixture of 80% biological / 20% abiotic pattern, with a factor-of-7 random abundance 

change induced by the liquid-vacuum transition. (b) Mixture of 20% biological / 80% abiotic pattern, with a factor-of-7 

random abundance change. (c) 50% / 50% mixture, with a factor-of-2 random abundance change (Taken from Neveu et al., 

2024a). 
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4.4.2 Possible Causes for Relative Abundance Changes 

 Despite overall preservation of amino and fatty acid mass ratios at scales relevant 

to identifying their source, the liquid-vacuum transition causes up to 50% changes in the 

mass ratios of amino acids and possibly larger changes in those of phenylacetic and 

palmitic acid. Below, we investigate possible causes for these changes, arising either 

from intrinsic physicochemical properties of these compounds or from the experimental 

procedure. Among these, solubility –and, relatedly, flow rate– appear to have the most 

effect. While other properties could sensibly fractionate compound abundances, no strong 

effects of these were observed. 

4.4.2.1 Solubility The abundant precipitate formed along the fluid path (Figure 18 

and 19b), as water is lost to vaporization, suggests that compound solubilities could affect 

their relative abundances in the chamber. The mass of amino acids in the collection 

chamber shows a weak increasing correlation with compound solubility (Figure 23a) and 

injected concentration (Figure 23b). Considering additionally the fatty acid experiment 

and pilot, singleton injections of amino and fatty acids, compound depletion through the 

liquid-vacuum transition generally decreases with increasing concentration:solubility 

ratio (Figure 23c). Lesser saturation may increase the retention of amino and fatty acids 

in the aqueous phase, thus increasing their propensity for reaching the vacuum 

environment. 

Irrespective of compound solubility, most of the dry residue was recovered from 

the “Port” section partway through the fluid path (Figure 18 and 19b), rather than inside 

the chamber. This is in part due to the port’s significant surface area (65 cm2), equivalent 

to the material deposition area inside the chamber (≈ 60 cm2 for two collection cups plus  
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Figure 23. (a) Solubility effect on the propensity of amino and fatty acids for 

transport through the liquid-vacuum transition. (b) Mass percent of each amino acid 

in the collection chamber as a function of, respectively, its solubility or injected 

concentration. Error bars indicate one standard deviation from the mean of three 

replicate injections. (c) Mass percent of amino and fatty acids, aggregated across 

experiments, as a function of the ratio of their concentration in the injected solution 

to their solubility. Circles denote amino acids (pink for the experiment reported here, 

teal and orange for two pilot singleton injections; triangles denote fatty acids (blue 

for the experiment reported here, purple for one pilot singleton injection). Error bars 

indicate one standard deviation from the mean of three or two replicate injections 

(pink or blue data points, respectively). (d) Areal mass density of organic acid (color 

coded as in Figure 16b and 17a) per section of the injection path, relative to the areal 

mass density averaged across the full injection path. Error bars indicate uncertainty 

propagated from one standard error from the mean of three or two replicate 

injections (amino or fatty acids, respectively). For the fatty acids in (d), the standard 

error is the volume-weighted standard deviation from the volume-weighted mean, 

divided by ξ2 (Taken from Neveu et al., 2024a). 
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part of the support foil; Figure 17b). Scaling Figure 19b and 20a to the estimated surface 

area of deposition for each section (≈ 18 cm2 for the Flange, 26 ≈ 5 cm2 for the Valves), 

most relative areal mass densities of compounds decrease monotonically in more 

downstream sections (Figure 23d).  

On icy moons, expected amino and fatty acid concentrations in the subsurface 

ocean are much lower (sub-micromolar; Section 4.2) than in the millimolar solutions we 

injected. Lower concentrations may lessen the effect of solubility on relative abundance 

fractionation for these compounds. So, too, may the lower temperatures of eruption 

conduits relative to the 30ºC±15ºC of our injection line (Section 4.2.1), because less 

water would be lost from the condensed phase. However, for more concentrated and 

possibly less soluble compounds such as those observed and inferred to be sourced from 

subsurface liquid water at Enceladus (~0.03 mM; (MacKenzie et al., 2022; Postberg et 

al., 2018b) and Ceres (percent-level abundances in surface materials; (Daly et al., 2023; 

Kaplan et al., 2018), precipitation could both coat the eruption conduit walls  

with precipitate whose solubility decreases with increasing depth and skew relative 

abundances in materials exposed to vacuum during eruption. 

4.4.2.2 Volatility Vaporization or sublimation of amino and fatty acids is an 

improbable cause of abundance fractionation. First, the total organic content measured in 

vapor condensed inside the vacuum chamber was negligible. Second, amino and fatty 

acids are less volatile than water: although –to our knowledge– unreported, their vapor 

pressures should be lower, and their triple points at higher temperature and pressure, than 

those of smaller acetic acid (CH3COOH), whose vapor pressure is itself lower, and triple 

point higher, than those of H2O (NIST, 2023, and references therein). 
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4.4.2.3 Charge and Organic-Salt Interactions The respective pH of the injected 

amino and fatty acid solutions were 9.2 and 9.7. At pH 9.2, the carboxyl groups of the 

amino acids are deprotonated (COO–) because of their low pKa values (1.8–2.4), whereas 

the amine groups could be protonated (NH3
+; pKa 9.1–10.5). Amino acids Asp, Glu, His, 

and Tyr also have pH-sensitive side chains with pKa 3.9–10.4. At pH 9.7, phenylacetic 

acid and palmitic acid too were present as their carboxylates (pKa 4.31 and 4.95, 

respectively). The COO– groups of amino and fatty acids likely interact with the Na+ in 

solution; protonated amine groups and charged side chains could also affect ionic 

interactions with the salts.  

Such organic-salt interactions can fractionate relative abundances of lipids at  

liquid water-gas interfaces (Cochran et al., 2016), and co-locate glycine and (more 

strongly) aspartic acid with salts in frozen brines of sodium chloride and carbonate, 

particularly with sodium carbonate due its higher charge density (Vu et al., 2023). 

Because salts are in large excess (mass%-level) both in our experiments and in relevant 

icy world environments (Castillo-Rogez et al., 2018; Melwani Daswani et al., 2021; 

Postberg et al., 2011) relative to amino and fatty acids, partial precipitation of salts along 

the liquid-vacuum path could induce co-precipitation of these organic acids that can 

fractionate their relative abundances. We measured no significant effect on the ratio of 

{mass in chamber} to {mass injected} between overall negatively charged Tyr, Asp, Glu, 

and Thr and the other, overall electrically neutral amino acids (Figure C1), suggesting no 

detectable effect of organic salt interactions on abundance fractionations at this 

macroscopic scale. However, we cannot exclude that the possibly different organic-salt 

interactions resulting from the expected cooling rates at Enceladus, which are likely to be 
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much lower than those of our experiments (Section 4.2.1), could fractionate amino acids 

depending on their electrical charge. 

4.4.2.4 Chemical Structure and Functionality The investigated amino acids 

consist of both aromatic and non-aromatic structures, some more electrically polar and 

others more hydrophobic (Bull & Breese, 1974). Studies of aerosol formation from 

aqueous solutions (e.g., seawater) have shown that amino acids could affect aerosol 

properties such as surface tension, surface activity, hygroscopicity, and potential surface 

reactions (Herboth et al., 2021; Marsh et al., 2017), and that pH can play an important 

role in the amino acid distribution in aerosols. For example, hydrophilic amino acids such 

as Gly tend to be distributed in the bulk of aerosol droplets, whereas amphiphilic and 

hydrophobic amino acids such as Ala and Phe tend to be located on droplet surfaces. 

Although the aerosol studies were carried out at 1 bar, the chemical properties of amino 

acids may also shape patterns of distribution at solid liquid-vapor interfaces at the sub-Pt 

regime investigated here. 

However, these properties do not appear to affect the ratio of {mass in chamber} 

to {mass injected} for specific amino acids (Figure C2 and C3). The polar-basic His, as 

well as Gly, have a slightly higher ratio than the polar-neutral Thr, but the effect is small. 

If chemical structure and functionality influence the ability of organic compounds in 

solution to be transported to vacuum environments in water droplets or grains, this 

influence appears to be similar among compounds that all have in common carboxyl and 

amine functional groups. 

4.4.2.5 Flow Rate As observed during experiments, higher fluid flow rates can 

move more solutes along the fluid path by limiting the gradual loss of water and can 
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mechanically dislodge prior precipitate. Despite the use of a low-flow valve, flow rate 

was only coarsely controlled during the injection experiments because precipitation 

tended to effectively decrease conduit diameters in a way that could be neither quantified 

nor adjusted. Thus, the flow rate could vary across the full practical 1–25 mL h-1 range  

during individual experiments. 

The effect of such variable flow rates on the distributions of organic precipitate 

along the fluid path may be captured by replicate-to-replicate differences in these 

distributions (error bars in Figure 19, 20, 21b, and 22; standard deviations in Table C1). 

These variations were generally a few percent of the injected mass of each compound. 

Variations relative to the amount of material deposited in each section of the injection 

path were about 20–65%. The highest relative variations were in the valves, which are 

both the farthest (highest-pressure) section from the vacuum chamber and the section 

with the lowest volume and surface area, i.e., the most sensitive to variations in flow rate. 

The lowest relative variations were in the chamber port, where the most material was 

deposited.  

Flow rate thus likely acts in combination with solubility to affect the distribution 

of organic precipitate along the fluid path, both in these experiments and in eruption 

conduits at ocean worlds. We suspect that the effects of solubility discussed above are 

increasingly pronounced at lower flow rates. In addition to flow rate, other factors such as 

salt content may also influence the solubility of organic acids, especially for those with 

low solubility (e.g., palmitic acid). Future experiments with varying salt composition and 

concentration are needed to identify other drivers for changing relative abundances of 

biosignature compounds in cryovolcanic ocean worlds. 
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4.5 Conclusions 

 The liquid-vacuum transition does not appear to alter relative abundances of 

amino and fatty acids enough to prevent distinction between end-member example 

biological or abiotic sources. Measured changes in relative abundances are primarily 

attributed to differences in compound concentrations in relation to their solubility in 

water, but these changes are only significant over a wide range of concentration:solubility 

ratios. Their importance may be modulated by the fluid flow rate, and may be lower at 

ocean worlds where amino and fatty acid abundances are expected to be orders of 

magnitude more diluted than in the present experiments. Thus, barring fractionation 

processes not produced by our experimental procedure, the proportions of amino and 

fatty acids in erupted material –measurable by spacecraft– having undergone the liquid-

vacuum transition should broadly reflect those in the subsurface liquid source. 
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CHAPTER FIVE 

SUSTAINABLE DEGRADATION OF PLASTICS USING HYDROTHERMAL 

CATALYSIS 

 

 

 

5.1 Introduction 

Plastic has become an integral part of the modern world, offering many valuable 

characteristics suitable for everyday life. Its durability, versatility, low cost, ease of 

manufacturing, and chemical resistance have contributed to its widespread use in the 

packaging, construction, automotive, electrical, and healthcare industries. Due to its 

excellent performance and extensive functionalities, global plastic production has surged 

to over 300 million tons in 2017 compared to just 15 million tons in 1964 (Zhao et al., 

2018a; Zhao et al., 2018b). Simultaneously, the rate of plastic waste accumulating in the 

environment is increasing yearly. In 2016, estimates of global waste emissions into 

bodies of water (i.e., rivers, lakes, oceans) ranged from 9-23 million tons, with an 

additional 13-25 million tons emitted into terrestrial environments (Borrelle et al., 2020; 

Lau et al., 2020). The collective amount of plastic waste released into the environment is 

projected to increase to well over 100 million tons per year by 2050 assuming a business-

as-usual scenario with no significant changes in plastic production or consumption 

(Cordier et al., 2021; Lau et al., 2020; Lebreton & Andrady, 2019). 

Plastic pollution is ubiquitous across the world, with plastic particles being found 

within the ocean (Koelmans et al., 2017), at the seafloor (Tekman et al., 2020), in 

terrestrial soils (Bläsing & Amelung, 2018), on Mount Everest (Napper et al., 2020), and 

even in precipitation like snow or rainwater (Bergmann et al., 2019; Brahney et al., 



 

 93 

2020). The accumulation of these synthetic polymers in the environment can have 

detrimental effects on the health of ecosystems. Over 900 marine species and 50 fresh-

water species are known to have ingested plastics or become entangled within the debris 

(Gall & Thompson, 2015; Kühn & van Franeker, 2020; Rochman et al., 2016). 

Additionally, due to the pervasiveness of plastics in the terrestrial environment, it is also 

common for wildlife to interact with the polluted plastics. For example, terrestrial birds 

have been shown to ingest microplastics (Zhao et al., 2016) and bees have been observed 

to incorporate polyurethane and polyethylene plastic wastes into their nests (MacIvor & 

Moore, 2013). Humans, who use and interact with plastics daily, are exposed to high 

amounts of microplastics through the ingestion of contaminated food or beverages, the 

inhalation of dust and fragments from clothing or furniture, and via dermal contact with 

the plastics (Sun & Wang, 2023). Indeed, microplastics have been detected within blood 

(Leslie et al., 2022) and even in human placentas (Ragusa et al., 2021). These studies all 

point to the fact that plastic pollution is widespread within the environment and is 

detrimental to the health of ecosystems. It is thus crucial to address the problem and take 

transformative steps to prevent such accumulation. 

Traditional handling of plastics includes disposal in landfills, incineration, and 

primary and secondary recycling. It has been estimated that 60% of all plastics ever 

produced are accumulating in landfills or the natural environment (Geyer et al., 2017), 

which many developing countries use as the primary method of waste disposal to reduce 

handling costs. However, disposal in landfills often results in the breakdown of plastics to 

microplastics, which can spread and leak into nearby waterways or surrounding soils. In 

addition, the microplastics can adsorb other pollutants such as heavy metals or organic 
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contaminants, and act as a vector to carry the pollutants to the surrounding environment 

(Sui et al., 2017). Comparatively, 12% of all plastic waste has been incinerated, which is 

an alternative method used when space is limited. This method is often viewed as a 

“terminator” of plastic waste as it was thought the plastic completely degrades during 

combustion, however, recent studies confirmed that micro- and nano-plastics are left 

behind in incineration plants (Shen et al., 2021; Yang et al., 2021) and can be a source of 

microplastic emission into the surrounding environment. Additionally, the incineration 

process can lead to the production of greenhouse gases, along with the release of toxic 

chemicals and air pollutants, which can subsequently affect human and animal well-being 

(Kasmuri et al., 2022). Primary and secondary recycling is the recycling of waste plastic 

and accounts for only 9% of all plastic ever produced (Geyer et al., 2017), which can be 

processed into products with similar or inferior properties. These methods suffer from 

some drawbacks, such as the need for separation by plastic type, the presence of 

impurities that need to be thoroughly washed, an additional drying stage, and the low 

number of cycles plastics can be recycled (Mwanza, 2021). In fact, only about 10% of the 

recycled plastic (~1% of all produced plastic) is recycled more than once (Geyer et al., 

2017). After the recycled material loses its properties, the waste is then disposed of 

traditionally, either in landfills or incineration. Thus, primary and secondary recycling 

simply delays the disposal in landfills or incineration, rather than avoiding it. 

The concept of tertiary recycling has gained traction in recent years, whereby the 

plastic waste is degraded by thermal or chemical means to recover the chemical 

monomers to then be used as feedstocks for repolymyerization of synthetic polymers or 

redirected into other applications such as fuels (Mwanza, 2021). There are different types 
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of tertiary recycling, including pyrolysis, gasification, and chemolysis (Helmer Pedersen 

& Conti, 2017; Lee & Liew, 2021; Mwanza, 2021). Pyrolysis refers to the breakdown of 

polymers into smaller intermediate products in the presence of heat and the absence of 

oxygen (Lee & Liew, 2021), oftentimes at temperatures up to 850oC (Shah et al., 2023). 

The products from pyrolysis are mostly in the liquid form and contain organic acids, 

phenols, polycyclic aromatic hydrocarbons, and alcohols. Gasification is a similar 

process, however, temperatures are even more extreme, ranging from 800-1,100oC if 

oxygen is present and up to 1,500oC without oxygen (Shah et al., 2023). In this recycling 

method, gaseous products are the most commonly formed fractions. Chemolysis is the 

targeted chemical depolymerization of plastics (i.e., hydrogenolysis, methanolysis, 

hydrodeoxygenation). However, this method often requires the addition of a catalyst and 

only works for condensation polymers like polyethylene terephthalate, but not for 

additive polymers like polypropylene and polystyrene (Al-Salem et al., 2017; Yadav, 

2024). In general, these tertiary recycling methods require toxic catalysts and harsh 

reaction conditions, making them not so green or sustainable. 

Hydrothermal treatment, however, is recognized as an appealing thermochemical 

technique and is widely used in various applications, including waste biomass recycling 

(Alper et al., 2020; Shi et al., 2013b), decontamination of sewage sludge (Malhotra & 

Garg, 2020; Shan et al., 2023), and even plastic waste upcycling (Helmer Pedersen & 

Conti, 2017; Thunman et al., 2019; Zhao et al., 2018b). Water at elevated temperatures 

and pressures possesses unique characteristics that can promote organic reactions. For 

example, the dielectric constant decreases with increasing temperature, indicating its 

ability to act as an organic solvent and better dissolve insoluble compounds or polymers 
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(Heger et al., 1980). Additionally, the elevated dissociation constant of water enables it to 

directly participate in organic reactions as an acid or base catalyst (Holzapfel, 1969). 

Compared to the other tertiary recycling methods, hydrothermal treatment occurs under 

much milder temperatures (<300oC), without the need for toxic catalysts, and in the most 

environmentally available and benign reaction medium, making it a more green and 

sustainable recycling method. 

In this project, we study the hydrothermal treatment of plastics to determine their 

recyclability under hydrothermal conditions. Two types of plastics are chosen to study, 

including polystyrene and polycarbonate, as they vary structurally. Polystyrene represents 

a polymer with an entirely C-C backbone while polycarbonate is a polymer containing C-

O bonds in the backbone. Additionally, the effect of Earth-abundant and nontoxic 

minerals (i.e. hematite, magnetite, sphalerite, quartz) on plastic conversion is investigated 

for their potential use as catalysts for plastic recycling. 

5.2 Materials and Methods 

5.2.1. Materials 

Polystyrene (≥95%; average Mw ~350,000) and polycarbonate were purchased 

from Sigma-Aldrich and used for the hydrothermal experiments. Intermediate compounds 

such as styrene (99%), ethylbenzene (98%), cumene (99%), toluene (98.5%), α-

methylstyrene (analytical standard), phenol (99%), and bisphenol A (≥99%) were 

purchased from Sigma-Aldrich. Minerals including iron(III) sulfide (Fe2S3; 99.90%), 

sphalerite (ZnS; 98%), and corundum (Al2O3; 99.70%) were purchased from Alfa-Aesar, 

while quartz (SiO2), hematite (Fe2O3; ≥99%), and magnetite (Fe3O4; 97%) were 

purchased from Sigma-Aldrich. Dichloromethane (DCM, 99%) was obtained from VWR 
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and was used as the organic solvent for the extraction of reaction products. Hydrochloric 

acid (50%; VWR) was purchased from VWR and used to acidify the extracted solutions. 

Decane (99%) and dodecane (≥99%) were purchased from Sigma-Aldrich and used as the 

internal standards for gas-chromatography (GC) quantitative analysis. Deionized water 

(18.2 MΩ) was obtained from a Barnstead Nanopure system.  

5.2.2. Methods 

Hydrothermal experiments were conducted following previously developed 

methods (Aspin et al., 2023; Fu et al., 2020a; Liao et al., 2021). Briefly, 5 mg of PS or 

PC were loaded into fused-silica glass tubes (6 mm OD × 2 mm ID), and 0.3 mL of Ar-

purged deionized (DI) water was added using a gas-tight syringe. In mineral experiments, 

5 mg of a mineral was added to the tube before DI water. The oxygen was then removed 

by three freeze-pump-thaw cycles and the tubes were sealed with an oxyhydrogen flame 

under vacuum while submerged in liquid nitrogen. The tubes were then placed in a 

preheated GC oven at the desired reaction temperature (250oC for PC and 275oC-300oC 

for PS), for the desired reaction time (1 hr – 1 week). After the desired reaction time, the 

tubes were removed from the ovens and placed in a room-temperature water bath, which 

quenches the hydrothermal reaction.  

Extraction of the samples followed previously developed methods (Aspin et al., 

2023; Fu et al., 2020a). Briefly, the samples are extracted with 3 mL of an organic 

solvent (dichloromethane; DCM) containing 8.8 mM decane or dodecane as the internal 

standard (for the PS and PC experiments, respectively). The samples were then acidified 

50 µL of 4 M HCl, vortexed, and centrifuged for 3 minutes at 3000 rpm to ensure full 

separation of the organic and aqueous layers. The organic layer was collected in a glass 
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vial and injected on an Agilent 7820A gas chromatography (GC) equipped with a poly-

capillary column and a flame-ionization detector. Calibration curves for reaction products 

were prepared using analytical standards and used to quantify the product concentrations 

from GC. Products were also identified using GC-mass spectrometry (Agilent 

7820A/5975C) based on fragmentation patterns and database matching. 

5.3 Results and Discussion 

5.3.1 Hydrothermal Degradation of Polystyrene 

Under the conditions studied (300oC and 86 bar), polystyrene degradation was 

slow, with ~15% conversion after 48 hrs. The major products contain alkenes (styrene 

and α-methyl styrene) as well as alkanes (ethyl benzene and cumene). At shorter reaction 

times, the alkenes are formed in higher concentrations than the alkanes, with styrene 

being the major product for up to 24 hrs (Figure 24). After 6 hrs, the alkanes begin to 

accumulate, with ethyl benzene becoming the major product at 24 hrs. Toluene is also 

observed to form in longer reaction times, although in smaller amounts than all other 

products even at 48 hrs. Coupling of the aromatic compounds is also observed, forming 

1,3-diphenylbutane from two monomers. Similar product distributions on high-impact 

polystyrene (copolymer of polystyrene and butadiene) or polystyrene degradation under 

hydrothermal conditions have also been reported (Bai et al., 2019; Kwak et al., 2006; 

Zhao et al., 2018a; Zhao et al., 2018b).  

A proposed pathway for polystyrene degradation is shown in Figure 25. 

Polystyrene first breaks down into monomer alkenes (styrene and α-methyl styrene), 

followed by hydrogenation to form the corresponding alkanes (ethyl benzene and 

cumene, respectively). Additionally, the experiments beginning with alkenes confirm that  
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hydrogenation to alkanes can occur, showing cumene’s formation from α-methyl styrene 

and ethyl benzene formation from styrene. This is in agreement with a study by Kwak et 

al., who showed a decrease in styrene selectivity and an increase in ethyl benzene 

selectivity at longer reaction times at 400oC and 280 bar (Kwak et al., 2006). The product 

1,3-diphenylbutane is also observed in the hydrothermal experiments starting with 

styrene, but not in the α-methyl styrene experiments, suggesting that coupling of styrene 

molecules or its breakdown products could lead to the formation of the coupling product. 

Previous studies on hydrothermal degradation of plastics report free-radical  

mechanisms for the depolymerization of the plastic or for the recombination to form the 

small aromatic compounds (i.e. α-methyl styrene, cumene, toluene; (Seshasayee & 

Figure 24. Product distributions of polystyrene experiments for up to 48 

hrs, studied at 300oC, 86 bar.  
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Savage, 2020; Zhao et al., 2018a). However, these studies were conducted at much higher 

reaction temperatures than here, up to 450oC, which may promote free-radical reactions 

(Bühler et al., 2002; Seshasayee & Savage, 2020). In general, supercritical water 

promotes free-radical reactions because the density of water is much lower at 

temperatures above the critical point. Conversely, ionic reactions are more favorable in 

subcritical water, where the density remains high enough to support hydrogen bonding 

(Seshasayee & Savage, 2020). In this study, polystyrene degradation was investigated 

well below the critical temperature of water, suggesting an ionic mechanism may be 

likely.  

5.3.2 Hydrothermal Degradation of Polycarbonate 

Compared to polystyrene, polycarbonate degraded much quicker under 

hydrothermal conditions. At lower reaction temperatures (250oC), the overall conversion 

of polycarbonate reached ~76% (Figure 26). Bisphenol A (BPA) is the major product at 

earlier reaction times, increasing to roughly 15% yield after only 4 hrs. After 4 hrs, the 

BPA yield begins to decrease, corresponding to a sharp increase in phenol, which 

Figure 25. Proposed hydrothermal degradation pathways of polystyrene 

(300oC, 86 bar) 
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becomes the major product at 6 hrs (53% yield). Small amounts of phenol-like 

compounds are also formed (<3% collectively after 6 hrs), including isopropenyl phenol 

and isopropyl phenol. Similar products from the hydrothermal degradation of 

polycarbonate have been reported in other studies (Seshasayee & Savage, 2020; Zhao et 

al., 2018a; Zhao et al., 2018b). Additionally, a coupling product, 1,2,3,4-tetrahydro-1,1,6-

trimethyl naphthalene is also observed in up to 15% yield after 6 hrs.  

The proposed decomposition mechanism of polycarbonate under hydrothermal 

conditions is shown in Figure 27. Based on the time-series data, it is likely that 

polycarbonate first undergoes hydrolysis of the carbonic ester bond, forming BPA as the 

primary product. The BPA can then break further to form phenol, isopropyl phenol, and 

isopropenyl phenol. Like polystyrene, previous studies investigate polycarbonate 

degradation under higher temperatures (up to 450oC) and report a free-radical mechanism 

Figure 26. Product distribution of polycarbonate experiments up to 6 hrs 

(250oC, 43 bar) 
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(Zhao et al., 2018a). In this study, however, a much lower reaction temperature of 250oC 

was used, suggesting an ionic mechanism may be more likely. Further reactions between 

phenol and its derivatives are also expected to occur. For example, the conversion of 

isopropenyl phenol to isopropyl phenol is plausible, as hydrogenation has been shown to 

occur under hydrothermal conditions (Seewald, 1994; Shipp et al., 2013a). Additionally, 

isopropenyl phenol can likely be further degraded to phenol (Zhao et al., 2018a).  

 

Figure 27. Proposed hydrothermal degradation pathways of polycarbonate 

(250oC, 43 bar) 
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5.3.3 Influence of Minerals and Metal Salts on Hydrothermal Plastic Degradation 

Although the degradation of polystyrene and polycarbonate was observed to occur 

at high temperatures in pure DI water, the addition of Earth-abundant and nontoxic 

minerals may enhance their conversion to make this recycling technique even more green 

and sustainable. A suite of different minerals was selected to study based on their 

widespread availability and low cost, including oxides (hematite, Fe2O3; magnetite, 

Fe3O4; corundum, Al2O3), sulfides (iron(II) sulfide, FeS; sphalerite, ZnS), and a silicate 

(quartz, SiO2). These minerals have also been shown in previous studies to influence 

organic reaction pathways in hydrothermal systems. For example, hematite and magnetite 

are known to control the redox state of hydrothermal fluids, which can control redox 

reactions like (de)hydrogenation of alkanes and alkenes (Shock et al., 2019; Venturi et 

al., 2017). In addition to controlling the redox state of the solution, iron oxide minerals 

have been shown to act like surface catalysts, promoting bond-cleavage and bond-

coupling reactions (Yang et al., 2018) and by facilitating the oxidation of carboxylic 

acids (Johnson-Finn et al., 2021). As another example, sphalerite can activate carbon-

hydrogen bonds by breaking and making a covalent bond (Shipp et al., 2013b).Thus, it is 

of interest to investigate their potential role in controlling plastic degradation as a green 

and sustainable additive. 

The effect of minerals on hydrothermal polystyrene degradation is studied at 

275oC for 7 days. The overall yield of degradation products remained relatively constant, 

at about 13-14%, with no clear difference among the tested minerals (Figure 28). The 

product distributions are also similar in the presence of different minerals compared to DI 

water alone, comprised of alkenes (styrene and α-methyl styrene) and alkanes (ethyl 
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benzene and cumene). No new products were identified and no products disappeared in 

the mineral experiments compared to those without minerals added.  

 Conversely, each mineral is observed to promote the degradation of 

polycarbonate under hydrothermal conditions. At the studied conditions (250oC, Psat), 

polycarbonate conversion was ~28% after 5 hrs in pure DI water. The oxide minerals 

(hematite, magnetite, corundum) slightly enhanced the conversion to 33-38%, while the 

sulfides (iron(II) sulfide, sphalerite) and quartz increased it to 43-63% (Figure 29). The 

product distributions were also affected by the addition of minerals, most of which 

increased the selectivity for phenol compared to pure water experiments (Figure 29). 

Isopropenyl phenol production was also enhanced in the presence of iron-containing 

minerals. 

Figure 28. Effect of minerals on polystyrene conversion (275oC, 1 wk) 
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The effects of minerals on hydrothermal plastic degradation are not consistent 

among both types of polymers; the minerals seem to play a minor role in controlling the 

conversion of polystyrene, but a more noticeable role in polycarbonate degradation. This 

suggests that the minerals may be strong enough to facilitate the breaking of heteroatomic 

bonds such as in PC, but not the C-C bonds forming the backbone of PS. Further detailed 

studies will be necessary to determine the specific mechanisms for how minerals 

influence plastic degradation under hydrothermal conditions.  

5.4 Conclusions 

This work investigated the green and sustainable recycling of two types of 

plastics, including polystyrene and polycarbonate, which differ by their backbone 

structure. Polystyrene degradation depended significantly on the reaction temperature, 

Figure 29. Effect of minerals on polycarbonate conversion (250oC, 5 hrs) 
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with relatively low yields of aromatic monomers, even after 7 days at 275oC (~13%). 

Comparatively, polycarbonate degradation was much faster, with ~76% conversion after 

only 6 hrs at 250oC, showcasing that reactivity is strongly affected by the polymer 

backbone. Structures with a C-C backbone (i.e. polystyrene, polypropylene, 

polyethylene) are more likely to require more energy to break the C-C bonds, while 

structures with a C-X backbone (i.e. polycarbonate, polyurethane, polyethylene 

terephthalate) are easier to degrade due to the presence of easily hydrolysable functional 

groups, which are weaker bonds than those between two carbons. The addition of 

minerals as Earth-abundant and nontoxic catalysts has been shown to enhance 

polycarbonate degradation (particularly the sulfides and quartz), while minimal effects 

were observed on polystyrene conversion. In general, this study highlights the green 

chemistry application of hydrothermal treatment in the recycling of polymeric waste. 

Further studies on other plastic types or mixtures of plastic waste will provide more 

advances in the field of sustainable chemistry. 
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CHAPTER SIX 

CONCLUSIONS AND FUTURE PROSPECTS 

 

 

 

6.1 Overview 

The investigations detailed in this dissertation have shed light on the importance 

of organic geochemistry in varying applications, including prebiotic synthesis, 

extraterrestrial habitability, and green chemistry. Chapters 2 and 3 focused on identifying 

the reactions of alkenes and amino acids under geochemically relevant hydrothermal 

conditions, respectively, as well as determining how inorganic materials influence their 

pathways. Alkenes were observed to undergo three pathways, including hydration to 

alcohols, oxidation to aldehydes, and dimerization to larger and more complex alkenes 

(Aspin et al., 2023). Geochemical parameters such as solution pH and the presence of 

dissolved metal salts influenced the pathway distributions, with acidic conditions strongly 

promoting hydration and metal salts enhancing the dimerization pathway. Metal salts also 

promoted the hydration reaction, however, buffered metal experiments showed the 

change in solution pH induced by the dissolution of metal salts enhanced the reaction, 

while the metal ions themselves directly facilitated the dimerization of alkenes (Aspin et 

al., 2023). Amino acids were observed to decarboxylate to form amines, followed by 

deamination to form alcohols and/or alkenes. Amino acid reactivity was strongly 

influenced by reaction temperature, with higher temperatures favoring the decomposition 

of amino acids and lower temperatures favoring their stability. Geochemical parameters 

like solution pH and inorganic ion speciation also played a major role in controlling 

amino acid reactions in high-temperature environments. A relatively mid-pH range 
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promotes the degradation of amino acids, while extremely acidic and moderately basic 

pHs inhibit their conversion. Additionally, the presence of dissolved inorganic salts 

prevents the degradation of amino acids, increasing their survivability in solutions of high 

ionic strength. These two studies provide insights into prebiotic synthesis on early-Earth 

by investigating key intermediates and biomolecules necessary to form and sustain life. 

Chapters 3 and 4 had implications for extraterrestrial habitability and the search 

for life beyond Earth. Hydrothermal experiments of amino acids showed their enhanced 

preservation in basic solutions and the presence of dissolved metal salts. These 

observations are relevant to Saturn’s moon Enceladus, which is one of the prime 

astrobiology targets to study habitability, as the subsurface ocean is expected to be 

hydrothermally active, basic in pH (8-10; (Fifer et al., 2022), and high in ionic strength 

(<2 wt% Na- and K- chlorides/carbonates; (Postberg et al., 2011). The preservation of 

amino acids in relevant conditions may suggest these biomolecules could be preserved in 

Enceladus’ ocean. Indeed, amino acids have been detected in the plume materials ejected 

from the icy surface (Khawaja et al., 2019; Postberg et al., 2018b). Future search-for life 

missions would like to better characterize the plume materials to determine if Enceladus’ 

subsurface ocean is inhabited, but to do so would require inferring the abundances of 

biosignatures from what is analyzed in the plumes. Chapter 3 addresses this issue by 

comparing relative biosignature abundances that have been injected through the liquid-

vacuum plume simulator to their distribution prior to injection. This study shows that the 

relative abundances did not change enough to prevent distinction between biological or 

abiotic sources of biosignatures in future search-for-life missions, suggesting 

measurements by spacecraft would be representative of what is in the subsurface ocean. 
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Finally, Chapter 5 investigated the application of hydrothermal treatment on two 

types of plastic waste, including polystyrene and polycarbonate, as a green and 

sustainable recycling method. The two types of plastics had different reactivity in 

hydrothermal conditions, which depended on their polymeric structure. Plastics with a C-

C backbone are much more difficult to degrade, with a much lower conversion than 

plastics containing a C-O backbone. The addition of minerals as Earth-abundant and 

nontoxic catalysts facilitated the degradation of polycarbonate (up to twice the 

conversion compared to pure DI water experiments), while their influences were minimal 

on polystyrene degradation.  

6.2 Future Work 

One important theme of this dissertation is that inorganic materials can have an 

influence on organic transformations in high-temperature and high-pressure 

environments. While there are studies investigating the interaction between inorganics 

and organics in hydrothermal systems (Aspin et al., 2023; Fu et al., 2020a; Johnson-Finn 

et al., 2021; Liao et al., 2021; Yang et al., 2018), there are many studies focusing on 

hydrothermal transformations in pure water alone. These studies may provide useful data 

on pathway mechanisms, but they do not truly reflect natural hydrothermal systems, 

which are highly complex mixtures of various salts, organics, and mineral assemblages. 

Here, the pathways of one simple alkene and one simple amino acid were probed, in the 

presence of one metal salt at a time. Future work investigating the influence of complex 

fluids, whether that includes several dissolved metals concurrently, mineral assemblages 

with dissolved metals, or even multiple types of compounds, on organic transformations 

is essential to better characterize their occurrence in natural systems. Furthermore, 
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hydrothermal experiments on different alkene structures or amino acids would be 

important to gain a wider scope of their transformations. 

 The use of hydrothermal treatment in the field of “geomimicry” is a relatively 

new research avenue. In general, hydrothermal conditions have been used in biomass 

recycling (Alper et al., 2020; Fan et al., 2018), sewage sludge decontamination (Malhotra 

& Garg, 2020; Shi et al., 2013b), pollutant removal (Shi et al., 2013a), and plastic 

recycling (Seshasayee & Savage, 2021; Zhao et al., 2018b). The work in this dissertation 

sought to enhance the hydrothermal recycling of two individual plastics. However, 

studies also show a synergistic effect of reacting a mixture of plastic waste (Seshasayee 

& Savage, 2021), in which reactive intermediates from one type of plastic can possibly 

enhance the degradation of other plastics. Future work on the hydrothermal treatment of 

plastic mixtures with minerals may also be an important investigation to conduct. From 

an economic standpoint, this would enhance the recycling method efficiency, considering 

that the separation of plastics (which is important for primary and secondary recycling 

methods) would not be necessary. Furthermore, studies on the co-treatment of plastics 

with biomass waste also suggest a synergistic effect (Lu et al., 2020; Yao & Ma, 2018), 

in which the conversion of plastic is enhanced in the presence of biomass waste. Taken 

together, the synergistic effects observed during the co-hydrothermal treatment of plastic 

and biomass waste mixtures could make the treatment of municipal waste easier. 
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APPENDIX A 

SUPPORTING INFORMATION FOR EXPERIMENTAL AND THEORETICAL 

INVESTIGATION OF ALKENE TRANSFORMATIONS IN OCEANIC 

HYDROTHERMAL FLUIDS: A MECHANISTIC STUDY OF STYRENE 
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Text A1 

Styrene (99%), styrene oxide (97%), styrene glycol (97%), acetophenone (99%), 

benzaldehyde (99%), 1-phenylethanol (99%), and phenylacetaldehyde (95%) were 

purchased from Sigma-Aldrich. Metals salts including sodium chloride (99%), aluminum 

chloride (99%), copper(II) chloride (99%), zinc sulfate (monohydrate, 99%) were also 

obtained from Sigma-Aldrich, while iron(III) sulfate (pentahydrate, 97%) was obtained 

from Acros Organics, and zinc chloride (97%) and iron(III) chloride (anhydrous, 98%) 

were obtained from Alfa Aesar. Dichloromethane (DCM, 99%) was obtained from VWR 

and was used as the organic solvent for the extraction of reaction products. Decane (99%) 

was purchased from Sigma-Aldrich and used as the internal standard for gas-

chromatography (GC) quantitative analysis. Deionized water (18.2 MΩ) was obtained 

from a Barnstead Nanopure system. Sodium phosphate monobasic (99%), sodium 

phosphate dibasic (99%), and phosphoric acid (99%) were purchased from Sigma-

Aldrich and used for the pH-buffered experiments. The PBS solutions were prepared with 

proportions of phosphoric acid, sodium phosphate monobasic and dibasic to reach the 

desired pH, at least three times the initial concentration of styrene to ensure a sufficient 

pH buffering capacity, following previously established methods (Robinson et al., 2019; 

Robinson et al., 2021b). 
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Figure A1. Organic functional group interconversions in oceanic hydrothermal 

systems (After Seewald, 2003). 
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Figure A2. Hydrothermal reactivity and reaction products of styrene at acidic (pH 3), near neutral (pH 5.8), and 

basic (pH 7.8) conditions. pH values are calculated at hydrothermal conditions at 150oC and Psat with PBS buffers. 

The mole% are calculated based on all the observed major products and the remaining styrene, assuming a 100% 

mass balance (Taken from Aspin et al., 2023). 
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Figure A3. Proposed mechanism for dimerization of styrene under hydrothermal 

conditions (Taken from Aspin et al., 2023). 

Figure A4. Product distribution (as mole%) of hydrothermal reaction of styrene 

glycol (0.1 molal) as a function of reaction time at 150oC and Psat. The mole% 

are calculated based on all the observed major products and the remaining 

styrene, assuming a 100% mass balance (Taken from Aspin et al., 2023). 
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Figure A5. Proposed mechanisms for reactions from styrene oxide to styrene glycol 

(a), phenylacetaldehyde (b), and acetophenone (c), as well as for the reaction from 

styrene glycol to phenylacetaldehyde (d) under hydrothermal conditions (Taken 

from Aspin et al., 2023). 
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Figure A6. Distribution of the major aqueous copper species (shown as activity in 

solution) for 0.1 molal CuCl2 as a function of temperature at pH 4.5 (Taken from 

Aspin et al., 2023). 
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Table A1. 

 

Hydrothermal reactions of styrene in acidic (pH 3), near neutral (pH 5.8), and basic (pH 

7.8) solutions with PBS buffer at 150oC and Psat. The mole% are calculated based on all 

the observed major products and the remaining styrene, assuming a 100% mass balance. 

Mass balances less than 100% could be due to the loss of products during extraction or 

minor unquantified products that are below the detection limit of GC (Taken from Aspin 

et al., 2023). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reaction 

condition 

Styrene 

(mole%) 

1-phenyl-

ethanol 

(mole%) 

Benzald-

ehyde 

(mole%) 

Phenyl-

acetaldehyde 

(mole%) 

Acetophen-

one 

(mole%) 

Mass 

Balance 

(%) 

Acidic,  

2 h 
89.9±0.8 8.7±0.7 1.3±0.1 <0.1 <0.1 97.3±2.1 

Acidic,  

4 h 
85.7±1.4 12.8±1.1 1.5±0.3 <0.1 <0.1 89.7±5.2 

Acidic,  

6 h 
73.8±4.9 22.1±4.2 2.7±0.6 0.6±0.2 0.6±0.1 84.1±9.3 

Acidic,  

12 h 
69.8±1.2 27.8±1.2 1.4±0.1 0.4±0.1 0.5±0.1 83.1±3.9 

Acidic,  

24 h 
66.3±1.1 29.3±0.8 1.6±0.2 1.2±0.1 0.6±0.1 81.3±5.9 

Neutral,  

6 h 
97.5±1.0 <0.1 2.5±1.0 <0.1 <0.1 89.1±2.1 

Neutral,  

12 h 
97.4±0.4 0.3±0.1 2.4±0.4 <0.1 <0.1 85.4±3.4 

Neutral,  

24 h 
97.2±0.1 0.8±0.1 1.9±0.1 <0.1 <0.1 86.9±7.6 

Basic,  

2 h 
97.7±0.1 <0.1 2.3±0.1 <0.1 <0.1 92.0±3.1 

Basic,  

12 h 
96.4±0.1 <0.1 3.5±0.1 <0.1 <0.1 89.2±2.2 

Basic,  

18 h 
95.3±1.1 <0.1 4.7±1.1 <0.1 <0.1 86.0±0.9 

Basic,  

72 h 
94.5±0.1 <0.1 5.4±0.1 <0.1 <0.1 82.5±3.7 
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Table A2. 

 

Hydrothermal reactions of styrene with metal salts in pH-buffered (pH 3) and unbuffered 

solutions at 150oC and Psat after 24 h. The pathway% are calculated based on the 

products formed in each pathway among all the products and the remaining styrene after 

the reaction. Mass balances less than 100% could be due to the loss of products during 

extraction or minor unquantified products that are below the detection limit of GC 

(Taken from Aspin et al., 2023). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reaction 

Conditions 

Unreacted 

styrene (%) 

Hydration 

pathway (%) 

Oxidation 

pathway (%) 

Dimerization 

pathway (%) 

Mass balance 

(%) 

H2O, unbuffered 89.9±2.1 8.4±0.4 1.6±0.6 <0.1 92.3±3.9 

ZnCl2, 

unbuffered 
79.3±1.3 15.7±0.7 5.0±0.7 <0.1 87.2±4.8 

ZnSO4, 

unbuffered 
87.7±2.8 7.3±0.4 4.9±0.3 <0.1 90.3±3.4 

CuCl2, 

unbuffered 
60.1±1.5 26.1±1.2 6.6±0.8 7.2±0.5 82.6±7.6 

CuSO4, 

unbuffered 
61.6±7.6 28.3±3.2 8.9±4.0 1.1±0.4 77.2±10.2 

AlCl3, 

unbuffered 
70.7±0.8 16.8±0.3 2.6±0.3 9.8±0.7 85.4±2.8 

Al2(SO4)3, 

unbuffered 
60.2±2.9 26.6±0.8 2.7±0.4 10.5±2.5 82.3±6.1 

Fe2(SO4)3, 

unbuffered 
50.4±7.1 11.4±0.3 7.9±1.6 30.2±8.4 76.7±15.3 

FeCl3, 

unbuffered 
43.5±4.3 7.6±0.4 9.5±0.1 39.5±4.7 80.5±9.2 

H2O, buffered 66.3±1.1 29.3±0.8 3.5±0.3 0.9±0.1 81.3±5.9 

NaCl, buffered 72.6±2.4 22.7±0.8 2.5±0.2 1.7±0.9 87.3±2.7 

ZnCl2, buffered 58.8±3.8 36.9±2.8 2.4±0.2 1.9±0.8 83.9±7.3 

CuCl2, buffered 61.5±2.2 25.8±0.6 3.6±0.1 9.1±2.7 86.2±5.3 

AlCl3, buffered 61.0±1.1 14.1±0.2 3.8±0.2 21.0±0.7 78.7±8.8 

FeCl3, buffered 57.1±4.5 13.8±0.6 4.6±0.1 24.5±3.9 77.4±7.3 
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Table A3. 

 

The pH of the metal salt solutions measured at room temperature and their relative 

acidity. The total concentrations of metal ions in each salt solution are all 0.1 molal 

(Taken from Aspin et al., 2023). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Metal salt solution pH Relative acidity (low to high) 

ZnCl2 5.7  

ZnSO4 5.3 

CuCl2 4.1 

CuSO4 3.8 

AlCl3 3.5 

Al2(SO4)3 3.1 

Fe2(SO4)3 2.0 

FeCl3 1.7 
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APPENDIX B 

SUPPORTING INFORMATION FOR SURVIVABILITY AND PATHWAYS OF 

AMINO ACIDS IN OCEANIC HYDROTHERMAL SYSTEMS: A MECHANISTIC 

STUDY OF PHENYLALANINE 
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Text B1. Materials 

DL-Phenylalanine (99%) was obtained from Sigma-Aldrich. Styrene (99%), 2-

phenylethylamine (≥99%), benzaldehyde (99%), 1-phenylethanol (99%), 2-phenylethanol 

(≥99%), benzyl alcohol (99%), and benzylamine (99%) were also purchased from Sigma-

Aldrich. Dichloromethane (DCM, 99%) was obtained from VWR and used as the organic 

solvent to extract the reaction products. Decane (≥99%) was purchased from Sigma-

Aldrich and used as the internal standard for quantitative analysis on gas chromatography 

(GC). Phenol (>99%) was also purchased from Sigma-Aldrich and used as the internal 

standard for phenylalanine quantification on high-performance liquid chromatography 

(HPLC). Deionized (DI) water (18.2 MΩ) was obtained from a Barnstead Nanopure 

system. Sodium hydroxide (NaOH, 98%) and hydrochloric acid (HCl, 50wt%) were 

purchased from Sigma-Aldrich and used for the pH experiments. Metals salts including 

sodium chloride (99%), aluminum chloride (99%), copper(II) chloride (99%), iron(II) 

chloride (anhydrous, 99.5%) magnesium chloride (≥98%), and copper sulfate 

(pentahydrate, 98%) were also obtained from Sigma-Aldrich, while iron(III) chloride 

(anhydrous, 98%) was obtained from Alfa Aesar. 
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Table B1.  

 

Measured pH at benchtop (room temperature) and calculated in-situ pH (at the 

experimental condition of 275oC and 59.5 bar) in the phenylalanine solutions (Taken 

after Aspin et al., submitted). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Benchtop pH In-situ pH 
Expected form of 

phenylalanine in-situ 

1.2 1.3 cationic 

2.7 2.7 zwitterionic 

3.5 3.5 zwitterionic 

4.5 4.5 zwitterionic 

5.6 5.4 zwitterionic 

9.2 6.4 anionic 

11.3 8.5 anionic 
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Table B2.  

 

Calculated rate constants and half-lives for phenylalanine hydrothermal degradation in 

this and the previous studies (Taken after Aspin et al., submitted). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Temperature 

(oC) 

Rate constant 

(k, h-1) 
Half-life (hrs) Source 

220 0.09 7.7 Changi et al. (2012) 

230 0.17 3.9 Abdelmoez et al. (2010) 

250 0.08 8.2 Vallentyne (1964) 

250 0.50 1.4 Changi et al. (2012) 

250 0.55 1.3 Abdelmoez et al. (2010) 

250 0.57 1.2 Li and Brill (2003) 

260 0.96 0.7 Abdelmoez et al. (2010) 

280 4.15 0.2 Changi et al. (2012) 

290 4.20 0.2 Abdelmoez et al. (2010) 

225 0.13 5.3 this work 

250 0.29 2.4 this work 

275 0.42 1.6 this work 
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Table B3.  

 

Conversion of 2-phenylethylamine (0.07 molal) and the production of styrene and 2-

phenylethanol under different hydrothermal conditions (Taken after Aspin et al., 

submitted). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Temperature 

(oC) 

Reaction 

time (hrs) 

2-phenylethylamine 

conversion (%) 

styrene 

(mmolal) 

2-phenylethanol 

(mmolal) 

175 24 3.7±1.3 0.7±0.3 1.0±0.1 

175 120 8.3±0.4 3.9±0.1 1.9±0.2 

225 6 25.3±4.8 5.9±2.8 <0.1 

275 2 21.7±0.2 13.5±0.3 <0.1 

275 6 40.6±0.9 25.7±0.9 0.4±0.1 
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Table B4.  

 

Calculated in-situ pH, ionic strength, and observed total degradation aromatic products 

(after 6 hrs) in phenylalanine (0.07 molal) hydrothermal experiments with dissolved 

metal salts (0.05 – 1.0 molal) at 275oC and 59.5 bar (Psat) (Taken after Aspin et al., 

submitted). 

 

 

 

 

 

 

 

 

 

Metal Salt In-situ pH 
Ionic strength 

(mmolal) 

Total aromatic products 

(mmolal) 

None (DI) 5.4 0 36.4±2.5 

AlCl3 (0.05 molal) 1.5 237 16.4±0.3 

FeCl3 (0.05 molal) 1.6 164 35.5±1.4 

CuCl2 (0.05 molal) 2.5 69 20.4±2.9 

FeCl2 (0.05 molal) 3.8 87 42.6±1.4 

MgCl2 (0.05 molal) 4.3 106 27.9±0.4 

CuSO4 (0.05 molal) 4.7 111 14.7±0.1 

NaCl (0.1 molal) 5.4 86 39.0±0.6 

NaCl (0.2 molal) 5.4 160 28.9±0.8 

NaCl (0.4 molal) 5.4 299 21.7±0.4 

NaCl (0.7 molal) 5.4 484 26.1±0.3 

NaCl (1.0 molal) 5.4 653 28.2±2.7 
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Figure B1. Degradation kinetics and calculated rate constants of phenylalanine at in-situ 

pH of 5.4 and 6.4 at 275oC and 59.5 bar (Psat). Data are best fitted with a pseudo first-

order kinetics with respect to the phenylalanine concentration (Taken after Aspin et al., 

submitted). 

 

 

 

 

 

k = 0.42 h-1

k = 0.30 h-1
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Figure B2. Relative concentration ratios between styrene and 2-phenylethylamine as an 

indicator for the relative distribution of deamination and decarboxylation pathways for 

phenylalanine in the presence of metal salts at 275ºC and Psat after 6 hrs (Taken after 

Aspin et al., submitted). 

 

 

 

 

 

275°C after 6 hr
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Figure B3. Calculated activities of Na+, Cl-, and NaCl(aq) in a 0.1 molal NaCl solution as a 

function of temperature (Taken after Aspin et al., submitted). 
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Figure B4. Proposed stabilization of zwitterionic amino acid via hydrogen bonding and 

transition state for the decarboxylation mechanism (modified from Li & Brill, 2003). 

 

 

 

Figure B5. Relative ratios between elimination deamination and substitution deamination 

as a function of pH, plotted using the concentration ratio between styrene and 

phenylethanol (Taken after Aspin et al., submitted). 

  

275°C after 6 hr

elimination > substitution

elimination/substitution ~ 1
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APPENDIX C 

SUPPORTING INFORMATION FOR EFFECT OF THE LIQUID-VACUUM 

TRANSITION ON THE RELATIVE ABUNDANCES OF AMINO AND FATTY 

ACIDS SOUGHT AS BIOSIGNATURES ON ICY OCEAN WORLDS 
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Text C1. Velocity and freezing rate of the fluid and grains 

The speed of the fluid and grains in the sub-Pt sections of the injection line, vfluid, 

was likely on the order of 10 m s-1. Below, we provide estimates and constraints on this 

velocity using different methods. First, the flow velocity was greater than ~ (g ×l)0.5 ≈ 1 

m s-1 because the material sprayed the center of the collection cup at a distance l ≈ 5–15 

cm from the end of the port at the chamber edge, rather than falling to the bottom of the 

chamber due to Earth’s gravitational acceleration g.  

Second, we think that the grain velocity was not much greater than 1 m s-1, 

because grains did not bounce off of the cup or visibly pit its soft aluminum surface. In 

vacuum, 10–100 µm particles bounce only for impact speeds > 0.1–1 m s-1 (Arakawa & 

Krijt, 2021; Fritscher & Teiser, 2021; Musiolik et al., 2016; Nietiadi et al., 2020). Higher 

velocities are possible for smaller (Miller et al., 2022) and/or partially frozen, stickier 

particles, which may have been the case in our experiments.  

Third, we did not observe water (liquid or ice) in grains during injection, except a 

few instances of > mm-sized, partially frozen material that volatilized within ~1 second. 

Frozen grains may have been too small to be visible (< 0.1 mm), the freezing time scale 

discussed in Section 4.2.1 of the main text indicates a corresponding transport time of ≤ 

0.005 s. Since transport takes place through the ≈ 20–30 cm distance between the valves 

and collection cup (see Figure 15a of the main text), a corresponding lower bound on 

vfluid is 40 m s-1.  

Finally, we witnessed impacting sub-mm grains on the cup temporarily tilting its 

foil support by dtilt ~ 1 cm (Supplementary video), and reproduced this tilt by placing a 

test mass mtest = 8 grams on a horizontal foil sheet. By equating mtest g ≈ mgrain vfluid
2/dtilt, 
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with vfluid
2/dtilt the approximate grain deceleration to zero velocity, we find vfluid ≈ (dtilt 

mtest g / mgrain)
0.5 = 14 m s-1 for a 1 mm-radius ice grain. These ~10 m s-1 velocities are 

similar to those modeled for most of the length of subsurface conduits with pressure 

below Pt on Enceladus (Nakajima & Ingersoll, 2016). 

 

 

 

Text C2. Figure 18 caption continued 

 Notes: In (a), example biological aa/Gly are the average of data from (Nishikawa 

& Ooi, 1982) for 356 proteins with molecular mass > 5000 Da from prokaryotes and 

eukaryotes, and from (Lobry & Gautier, 1994) for E. coli; both datasets have very similar 

values. Uncertainties are the square root of the sum of the two squared uncertainties, 

divided by √2. Abiotic aa/Gly are the average of (total hydrolyzed amino acid)/(total 

hydrolyzed Gly) in up to eleven measurements: Ryugu samples A0106 (one measurement 

from (Naraoka et al., 2023); one from (Parker et al., 2023) and C0107 (Parker et al., 

2023); CM chondrites Winchcombe (Chan et al., 2024) and Asuka 12236 (Glavin et al., 

2020); and CR chondrites GRO 95577, EET 92042, and QUE99177 (Glavin et al., 2010), 

MIL 090001 and MIL 090657 (Aponte et al., 2020), and GRA 95229 (Martins et al., 

2007). Abundances for which the L-enantiomer was more abundant than the D-

enantiomer above 1 sigma were ignored to screen out potential terrestrial contamination. 

Uncertainties are standard errors among the samples for which aa/Gly was reported and 

had no such L-excess; uncertainties reported for individual measurements were not 

propagated. 
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Table C1.  

 

Fraction of the mass of compound recovered in various sections of the injection path. 

Uncertainties are 1 standard deviation across three 200 mL solution replicates (amino 

acid injection) or the standard deviation, unweighted by volume, across two 280-mL and 

470-mL replicates of the fatty acid solution. aOnly one replicate; for the other, the 

phenylacetic acid signal was below the GC limit of detection (Taken from Neveu et al., 

2024a). 

 

 

 

 

 

 

Compounds 

Mass of recovered dry residue (% of total injected mass, ± 1 standard deviation) 

Valves Flange Port Chamber 

Gly 12.3±8.1 24.2±4.8 63.2±10.9 9.1±1.1 

Ala 12.2±8.2 26.5±6.5 63.6±16.8 8.4±3.6 

Glu 9.8±6.1 22.1±5.5 49.2±10.3 8.6±1.4 

Asp 7.7±4.5 16.0±3.8 36.2±8.3 6.1±1.3 

Leu 13.1±7.9 22.1±5.4 50.9±12.4 7.3±3.9 

Thr 13.4±9.2 29.7±6.5 71.3±17.6 7.3±0.5 

AIB 8.7±5.8 15.7±3.1 36.2±6.3 6.2±1.1 

γAB 10.0±6.7 20.8±4.2 47.3±10.5 7.8±1.8 

His 8.1±2.5 21.5±6.4 47.8±8.6 10.1±1.4 

Phe 19.4±1.2 23.7±6.9 52.1±8.0 12.4±2.5 

Tyr 11.0±4.3 15.6±5.1 29.8±8.0 6.0±1.7 

Trp 7.4±5.6 16.2±5.2 32.6±7.4 4.0±0.9 

 

Phenylacetic 

acid 

0.86a 10.2±0.4 62.1±3.2 6.6±1.1 

Palmitic acid 0.95a 2.86±0.04 5.20±0.01 0.92±0.01 
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Figure C1. Effect of overall charge of amino acids on the mass fraction of amino 

acids recovered in the chamber (% of injected mass). The predominant form of 

Tyr, Asp, Glu, and Thr had an overall charge of -1, while the others were 

electrically neutral (Taken from Neveu et al., 2024a). 
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Figure C2. Effect of hydrophobicity (a) and side chain functionality (b) of amino 

acids on the mass fraction in the collection chamber (as % of injected mass) after 

simulated plume injection. Four of the amino acids are aromatic, including Phe, Tyr, 

Trp, and His, which contain either six- or five-membered rings. Phe and Tyr are 

quite similar in their structures, with a short carbon chain attached to a benzene ring 

(Phe) or to the para-position of a benzenol (Tyr). Trp is the largest aromatic acid, 

which contains an indole group as the side chain. Because these aromatic side chains 

are relatively bulky and nonpolar, Phe, Tyr, and Trp are classified under the aromatic 

hydrophobic category for comparison with other amino acids (Figure C2). His, on 

the other hand, although aromatic with an imidazole group in the side chain, is 

considered a polar-basic amino acid because the imidazole group is readily 

protonated in solutions. For non-aromatic structures, Ala and Leu are categorized as 

aliphatic-hydrophobic because their side chains contain only aliphatic hydrocarbons 

and are hydrophobic in nature. Asp and Glu both have a carboxyl group in their side 

chain, which is expected to deprotonate at the pH of injected solutions, making them 

polar-acidic. The side chain of Thr consists of a short hydrocarbon with an alcohol 

group attached, which is relatively polar but neutral at the experimental conditions; 

so Thr is considered polar neutral. As a reference, Gly is given its own unique 

category due to its simplest structure (Taken from Neveu et al., 2024a). 
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