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Supercritical water is a unique reaction medium with emerging applications in waste
destruction, fuel generation, and material synthesis. The high temperatures and pressures necessary
to bring water to the supercritical state create a kinetically and thermodynamically advantageous
environment for redox reactions to occur, with minimized mass transfer limitations. Supercritical
water acts both as reactant and reaction medium, facilitating the rapid decomposition of many
organic molecules into hydrogen-rich gas. As a waste-to-energy technology, supercritical water
gasification shows promise for converting organic waste, especially wet waste, into green
hydrogen. Despite decades of interest in supercritical water gasification and oxidation,
fundamental knowledge of reaction chemistry in supercritical water remains limited. It is relevant
to study the chemistry of simple model compounds in supercritical water as a means of elucidating

reaction phenomena occurring with common compound classes or functional groups.



A continuous, tubular supercritical water reactor facilitates novel studies of reaction
kinetics in supercritical water. In situ Raman spectroscopy allows for real-time monitoring of
reaction products, short experimentation times, and rapid identification and quantification of
reaction products. Through multiple studies investigating reaction kinetics of model compounds
in the gasification environment, chemical reaction routes and mechanisms of several model
compounds are determined under varied conditions.

As a proof-of-concept study to demonstrate the validity of using Raman spectroscopy for
determining product yields, the reaction kinetics of formic acid (HCOOH) in 25 MPa water are
quantified for subcritical and supercritical temperatures between 300 and 430 °C. In situ Raman
spectroscopy facilitates precise, time-resolved data collection.

First-order reaction behavior is not observed during gasification of methanol, ethanol, or
isopropyl alcohol in supercritical water between 500 and 560 °C. Chain-branching free radical
reaction mechanisms are inferred to drive the decomposition of alcohols in supercritical water, and
the heterogeneous catalyst of the reactor wall surface is significant for initiating radical reactions.
Global reaction pathways are proposed, and mechanisms for free radical initiation, propagation,
and termination are discussed. Ethanol is also studied under partially oxidative conditions at 500
to 530 °C, where intermediate reaction products counterintuitively polymerize to form char. A
deeper understanding of reaction mechanisms in supercritical water is gained, lending insight

towards the conditions necessary to maximize gaseous yields and minimize char buildup.
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1. Introduction

Supercritical water (SCW) continues to gain importance as a green reaction medium to
facilitate gasification and/or oxidation of organic compounds. At supercritical conditions, water
exhibits unique thermophysical properties beneficial for waste treatment, organic compound
gasification, and material synthesis. As water is heated and pressurized past its critical point
(374°C, 22.1 MPa), the H-bond network begins to dissipate and the dielectric constant drops,
vastly increasing the solubility of simple and complex organic molecules [1]. At conditions near
the critical point, the physical properties of water, such as density and viscosity can be varied
continuously from liquid-like to gas-like without a true phase change. Lowered density and
viscosity allow reactions to occur in a single fluid phase with minimal mass transfer limitations.
These and other unique thermophysical characteristics have led to the exploration of SCW as a
means to produce gaseous fuel from biomass or sewage [2-7], to mineralize complex waste streams
[8], and to synthesize metal oxide nanoparticles [9, 10], among other applications.

Reactions of organic compounds in supercritical water can broadly be lumped into three
categories, depending on the oxidant-to-fuel stoichiometric equivalence ratio (OFR), which
indicates the amount of oxygen added to the reaction environment. These are: (i) supercritical
water gasification (SCWG), (OFR = 0), (ii) supercritical water partial oxidation (SWPQ), (0 <
OFR < 1), and (iii) supercritical water oxidation (SCWO), (OFR > 1). Laboratory-scale
supercritical water reactors (SCWRs) have primarily been used to study SCWO and SCWG of
model compounds, biomass feedstocks, and chemical warfare agent surrogates, and have led to
the development of several pilot and industrial scale reactors [2]. SCWRs have also been
constructed for hydrothermal synthesis of metal oxides and metal-organic frameworks, although

such particle formation is undesirable in SCWO and SCWG reactors [9, 10].
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1.1. Supercritical Water Gasification

SCWG is a thermochemical process for generating Hz-rich syngas from organic feedstocks.
Gasification in SCW was first explored in the 1970s for hydrothermal refining of glucose to
gaseous products [11] and has since been investigated for a variety of model organic compounds
[12] and complex organic feedstocks [2, 6, 7]. The unique thermophysical properties of SCW are
exploited to produce a gaseous product rich in Hz from organic feedstocks, which can be processed
without the energetically costly drying step necessary for conventional gasification [3]. Copious
wet organic wastes exist as potential gasification feedstocks, including food industry waste, paper
mill waste, and sewage sludge; feedstocks with water contents as high as 80% are energetically
and economically viable [3, 13].

In a SCWG regime, decomposition reactions take place in the absence of an external
oxidant. Gasification reactions are reductive and endothermic, as fuel value in the feedstock is
conserved into the final gaseous mixture. Active reactions which occur during SCWG include
hydrolysis, dehydration, decarboxylation, dehydrogenation, pyrolysis, water-gas shift (WGS), and
methanation, among others. Broadly, heterogeneous feedstocks in the SCWG environment react
along two general and competing reaction pathways. The desired pathway leads to yields of
hydrogen (Hz), carbon monoxide (CO), carbon dioxide (CO2), and methane (CH4). The undesired
pathway leads to refractory products, such as char [14]. Much SCWG research is focused on
improving capabilities for processing biomass [2, 6, 7], sewage sludge [3-5], or other organic
wastes into gaseous products while minimizing char formation. Several general strategies have
been explored to accomplish this, including optimizing reaction parameters (e.g. temperature,

residence time), designing clever strategies for reagent introduction and solid collection, and/or
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Figure 1: Generalized reaction network for supercritical water gasification of complex organic molecules. Desirable

reaction pathways lead to high yields of gaseous products, while undesirable reactions lead to the formation of char.

Heteroatoms or metals present in the feedstock can form metal oxides or inorganic acids, causing significant issues
with reactor clogging and corrosion.

introducing a catalyst. For a practical benchmark, an effectively designed SCWG reactor may be
able to produce hydrogen and methane from waste biomass with >20% solid content at an
economically competitive cost if the issues of char suppression, energetic efficiency, and reagent

introduction are solved [3].

1.2. Supercritical Water Partial Oxidation

SCWG typically requires external heat input to maintain reaction temperatures due to
systemic heat loss and endothermic reactions. Heat recovery via heat integration is one opportunity
to improve SCWG efficiency as the technology advances beyond the lab-scale. Ina SWPO regime,
a fraction of the feedstock fuel value is consumed in exothermic oxidation reactions providing the
heat required for decomposition of parent compounds. By introducing sub-stoichiometric oxygen
into the reactor, heating efficiency is improved, and a syngas is still produced. SWPO has the

potential to reduce char formation, a hallmark limitation to SCWG at high feedstock
3



concentrations. Practical implementation of syngas production using SCW processes will likely
involve partial oxidation, although fundamental research on kinetic rates and competing reaction

pathways at varied oxidant concentrations is lacking.

1.3. Supercritical Water Oxidation

In a SCWO regime, all fuel value of the feedstock is sacrificed in favor of destruction of
the parent compound; for this reason, SCWO is primarily used for mineralizing toxic feedstocks.
Under supercritical conditions, organic compounds and oxygen become fully miscible in water,
allowing oxidation to occur in a single fluid phase with excellent transport properties. Many
organic compounds are completely oxidized in under one minute with optimized temperatures and
oxygen concentrations. SCWO has been successfully commercialized for neutralizing chemical
and biological wastes, while SCWG has not to-date been successfully commercialized due to
numerous technical and economic barriers [15].

Despite similarities between SCWO and SCWG, the design challenges of respective
reactors are substantially different. The SCWO environment is oxidative, while the SCWG
environment is reductive, thus the corrosion behavior of many materials differs between SCWO
and SCWG [13, 16]. Additionally, thermal management strategies are different, as SCWG reactors
require heat input, while SCWO reactors require heat removal, especially when reactors are used
for kinetic studies. Some reactors have been designed to operate with or without an oxidant, such
as the Sandia Supercritical Fluids Reactor (SFR) [17], but most are tailored towards a single
processing regime. In general, a reactor optimized for SCWO may not function effectively for

SCWG, and vice versa.



1.4. Reactions of Model Compounds in Supercritical Water

Basic knowledge of reaction rates, pathways, and mechanisms for key model compounds
is required to advance SCWG towards large-scale applications. Maximizing Hz production is a
common goal for biomass gasification; insight into reaction pathways and rates allows for the
optimization of reaction temperatures, residence times, and selected catalyst [12, 15, 18, 19].

Only a limited number of studies of fundamental SCWG reaction kinetics have been
performed in continuous, tubular reactors, which simulates the catalytic wall behavior in
industrial-scale systems. To advance basic understanding of chemical reactions in SCW, the
reaction kinetics of model alcohols in SCW are studied in detail. The reaction kinetics of methanol,
ethanol, and isopropyl alcohol in SCW have been poorly characterized in the literature, and the
reaction pathways and mechanisms are unknown. In situ Raman spectroscopy is incorporated to
facilitate collecting highly time-resolved data of the decomposition products at short residence
times. This time-resolved yield data will close gaps in the understanding of active reaction
mechanisms in continuous SCWG reactors and will clarify the role of heterogeneous catalytic
activity at the reactor wall. A limited number of SWPO experiments are also conducted with
ethanol, to elucidate the interaction of key reaction intermediates.

As an initial proof-of-concept study for using in situ Raman spectroscopy to quantify
reaction Kkinetics, formic acid (HCOOH) is gasified in subcritical and supercritical water. Formic
acid has two simple decomposition pathways and its first-order decomposition rates have been
previously reported in the literature, allowing for a quick validation of the data collection and

processing methodologies.



2. Previous SCWG Reactor Designs and Known Challenges
Industrial application of SCW processing requires an understanding of physical
phenomena linked to pressure, temperature, transport properties, compound solubility, and
chemical reactions. As interest in supercritical water processes has grown, research groups have
built lab-scale SCWRs to study gasification, oxidation, and/or particle synthesis. A thorough
literature review allowed for identification of common design solutions to standard issues in
SCWG reactors, including methods for heating, pressurization, mass flow rate control, corrosion

mitigation, catalysis, and effective mixing of reagent and water [20].

2.1. Batch vs. Continuous Reactors

SCWG reactors exist in batch and continuous configurations. Batch reactors are often
manufactured as quartz capillary tubes, which are filled with reactants and heated to reaction
temperatures, often in a fluidized bath or electric furnace. Reactions occur at a fixed temperature
and pressure for a desired residence time, before the reactor is quenched, and products are
recovered for sampling. Quartz creates a non-reactive and non-catalytic surface for investigations
of chemical reaction kinetics and mechanisms. Industrial applications of batch reactors are limited.
Continuous reactors have more complicated designs but facilitate gasification with improved
process economics, higher throughput, and operational flexibility at the industrial scale.
Continuous reactors are typically manufactured from nickel-base alloys, such as Inconel 625 or
Hastelloy C-276, due to excellent corrosion resistant, strength at high temperatures, and a
beneficial catalytic effect. Nickel significantly catalyzes gasification reactions, which offers

practical benefits, but causes chemical reaction rates and mechanisms to vary considerably



between batch and continuous reactors [21]. Decomposition rates and pathways determined in

quartz batch reactors and continuous nickel-base alloy reactors are not comparable.

2.2. Heating and Pressurization

Reactant pressurization in continuous SCWG reactors is accomplished with a constant flow
rate pump operated in conjunction with a back pressure regulator (BPR). Pumps must be capable
of reaching pressures above the critical point at a range of user-specified flow rates. Groups report
using HPLC pumps [18, 22-26], diaphragm pumps [22, 27], syringe pumps [28], and piston pumps
[24]. The ideal choice depends on the feedstock and flow rates needed. For example, diaphragm
pumps can readily handle viscous slurries or feeds with high solid content, while HPLC pumps
offer precise flow rate control, but cannot handle complex feedstocks. For studies of reaction
kinetics, HPLC pumps are popular due to commercial availability, lack of flow pulsation, compact
size, and ease of control.

At 25 MPa, increasing the temperature of water from 20°C to 400°C requires a heat input
of 2483 kJ/kg [29, 30]. Heating water to supercritical temperatures is typically accomplished with
electric resistive heaters, radiative furnaces, or fluidized baths. Unique heat transfer characteristics
of supercritical water can lead to difficulty in bringing the water past the critical point. Enhanced
heat transfer (HTE) and deteriorated heat transfer (HTD) can occur during the heating process due
to optimal or sub-optimal thermophysical properties, and factors such as reactor geometry and the
ratio of mass flux to heat flux [31]. When HTD occurs (typically due to the low thermal
conductivity seen in the vapor-like regime), heat transfer from the reactor wall into the fluid is
poor, which can cause wall temperatures to significantly increase. With all heating methods, care

must be taken not to heat reactor walls past the safe operating limit, especially if HTD is taking
7



place. Immersive fluidized baths are an excellent option for maintaining isothermal conditions in
the reactor section; however, they are expensive and large [32]. Contact resistive heaters offer the
smallest form factor but have less precise temperature control and must be insulated to minimize
heat loss [17, 22, 33]. Electric furnaces are an excellent option both for preheating and for
maintaining isothermal reactor conditions, due to precise control and built-in insulation [17, 23,
24, 28, 33]. A combination of these heating methods can provide an ideal balance of cost, size,

and precise control for a SCWG reactor.

2.3 Corrosion Mitigation and Material Selection

Minimizing corrosion is another thoroughly studied design challenge in SCWG reactors.
The high-temperature, high-pressure (HTHP) hydrolysis environment leads to the corrosion of
many common reactor materials, particularly if heteroatoms or alkali salts are present. Marrone et
al. [13] identified four primary categories of corrosion control strategies in a review on the subject:
(i) preventing corrosive species from interacting with the reactor walls, (ii) forming a corrosion-
resistant barrier on the reactor wall, (iii) selecting reactor wall materials resistant to corrosion, and
(iv) tuning reactor operating conditions to minimize regions of severe corrosion. For lab-scale
reactors used to study reaction kinetics, preventing contact with reactor walls could introduce a
concentration gradient in the flow, invalidating the assumption of a plug-flow regime. The catalytic
wall effect would also be diminished by preventing contact or by forming a barrier on the inside
surface of the reactor. For lab-scale reactors, the most practical corrosion mitigation technique is
an appropriate material selection.

Nickel-based alloys resist corrosion in the presence of salt precipitates that are likely to

form during the gasification of complex feedstocks. The majority of continuous SCWRs have been
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constructed from Hastelloy C-276 or Inconel 625 due to the combination of excellent corrosion
resistance, high strength at elevated temperature, and commercial availability. Tang et al. [16]
demonstrated that these two alloys tend to gain mass in the presence of corrosive species, while
stainless steel alloys tend to lose mass. A buildup of deposits can be cleaned periodically, but lost
mass in stainless steel reactors would eventually lead to system failure. Also, multiple studies have
proven that nickel is catalytic to gasification reactions and the WGS reaction, thus the presence of
nickel in reactor walls leads to more complete gasification with higher hydrogen yields. Groups
studying reactor geometry and the catalytic wall effect reported that higher surface-to-volume
(S/V) ratios resulted in faster and more complete gasification. The catalytic effect was seen to
diminish slightly with longer reactor use, an effect referred to as “reactor aging”. This is due to
buildup of carbon or intermediate compounds on reactor walls. While aged reactors are less
catalytic, they show more consistent catalytic behavior. Titanium alloys were also shown to
perform well at supercritical conditions with corrosive species present, but titanium does not

provide beneficial catalytic activity [16].

2.4. Reagent Mixing

Two mixing strategies have been reported: (i) premixing water and reagents before heating,
and (ii) injecting cold reagents in supercritical water. Premixing allows for solid or viscous
feedstocks to reach operating pressures as an emulsion. One drawback to premixing is char and tar
formation in the preheater, due to slow heating of the reactant [13, 22]. Char formation is reduced
by rapidly heating the reagents to supercritical temperatures, which is accomplished with post-
critical injection. Post-critical injection creates a definitive reaction start time, allowing for

reasonably accurate calculations of residence time for chemical kinetic studies [6, 34, 35]. The
9



design of an appropriate mixing section introduces challenges. In systems with low flow rates, the
high kinematic viscosity of supercritical water yields low Reynolds numbers, resulting in laminar
mixing limited by molecular diffusion. Larger reactors and higher flow rates promote rapid mixing
through an increase in Reynolds number. In general, optimization of the operating conditions and
the critical reactor dimension is required to achieve adequate mixing rates for plug flow conditions
in the reactor section. Most authors do not report mixing section design, but variation in mixing

profiles could explain discrepancies in reported reaction pathways and rates [12].

2.5. Reactor Clogging

A significant challenge with SCWG of real feedstocks is reactor clogging, either from char
buildup of precipitation of insoluble compounds. Salts, either added as catalysts or naturally
present in biomass feedstocks, have low solubility in supercritical water [1]. Alkali metal salts
exist in molten form at temperatures above 300°C, and adhere to reactor surfaces, corroding metal
and poisoning catalytic pores. Buildup can be cleaned by periodic flushing with cold water, but
frequent cooldown of the system is impractical. Salt precipitation can be suppressed by avoiding

the addition of alkali metal salts, or by pretreatment to remove alkali compounds.

2.6. Heat Exchanger and Back Pressure Regulator

Once the supercritical effluent exits the reactor section, it is typically quenched by a heat
exchanger and throttled to atmospheric pressure by a BPR. The design of the heat exchanger is
subtly important for chemical reaction studies. In situ Raman spectroscopy has demonstrated that
for a heat exchanger that is not oriented vertically, flow separation can lead to accumulation of

insoluble gases within the heat exchanger. Separation occurs when the effluent transitions to a
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two-phase flow below the critical point. At subcritical temperatures in the range of 240°C to
260°C, formic acid was shown to be an intermediate of the WGS reaction [36]. Synthesis of formic
acid in the heat exchanger due to trapped gases would lower H; yields and would lead to
inaccuracies in chemical Kinetic studies. The exchanger should be oriented vertically, taking
advantage of buoyancy effects to allow insoluble gases to exit [37].

BPR selection is important, as solid precipitates can clog ports, and the wetted material
must be compatible with corrosive reaction products or refractory organic solvents in the effluent
stream. Diaphragm style BPRs are the most common choice for SCWG reactors, with pressure

control from spring loading or from dome loading.

2.7. Reactor Monitoring, Control, and Data Acquisition

Real-time process monitoring allows for safe operation of SCWG systems prone to
clogging, corrosion, leaks, or structural failure. Knowledge of temperature, pressure, residence
time and chemical composition are required for chemical reaction rate studies. Some standard
monitoring approaches are reported in the literature. Thermocouples immersed in the flow directly
measure the reactor temperature with a fast response time but are exposed to corrosion.
Thermowells can reduce exposure of thermocouples to corrosion but reduce precision of
temperature measurements. Reactor pressure can be monitored in the cold zones, preferably before
any preheaters, where a sudden rise in pressure would indicate a clog downstream. Installation of
rupture discs or pressure relief valves on the front end of the reactor is recommended.

The vast majorities of SCWG studies rely on ex situ analysis techniques to quantify
reaction products, at differing levels of thoroughness. However, ex situ analysis is time-

consuming, and standard techniques such as gas chromatography (GC) or total organic carbon
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(TOC) analysis only allow for calculation of gasification efficiency, hydrogen efficiency, and/or
carbon conversion efficiency. For detailed studies of chemical kinetic rates and reaction pathways,
detailed knowledge of all product yields is needed. High pressure liquid chromatography (HPLC),
Raman spectroscopy, Fourier transform infrared (FTIR) spectroscopy, and nuclear magnetic
resonance (NMR) spectroscopy can all be used to analyze liquid products. In general, ex situ
analysis is most suited to studies where only gasification efficiency measurements are needed.
Alternatively, in situ product identification has the potential to significantly speed chemical
kinetic studies and could be advantageous for automated process control. Raman spectroscopy
[17] with an excitation wavelength in the visible range is a promising in situ process monitoring
technique for effluent composition analysis. Raman spectroscopy in a continuous flow SCWG was
first demonstrated by Sandia National Laboratories [38, 39] to investigate the oxidation Kinetics
of methanol and isopropyl alcohol in supercritical water. However, long-term use of the optical
cell in the HTHP environment led to cell failure due to thermal expansion and thermal cycling. A
sapphire or diamond window is necessary for optical access to the flow. In the HTHP environment,
it becomes a significant design challenge to keep the window sealed and intact. Thermal stresses
can cause the window to fracture, and gaskets (typically gold or graphite) creep due to thermal
cycling [40]. Several researchers have designed and used HTHP Raman cells that address the
sealing issues, although most of these cells are designed for batch-type experiments and would be
expensive and difficult to reproduce from scratch for a continuous configuration [41-46]. Even
with the recent development of commercially available immersion Raman probes for high-pressure

applications, use in HTHP environments remains difficult.
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2.8. Performance Metrics

From a system perspective, effective SCWG is best described as complete conversion of
the mass and energy content of the original feedstock into gaseous products. Three performance
metrics are commonly used in the literature to quantify this conversion: (i) gasification efficiency
(GE), (ii) carbon conversion efficiency (CE), and (iii) hydrogen efficiency (HE). GE is defined as
the ratio of total mass of the gaseous products to initial mass of the feedstock, expressed

mathematically as:

__ MH+MCOz+ MCO+ MCHy+ MCxHy

GE(%) =

100 (1)

Mfeedstock
GE is an effective metric for quantifying the overall completeness of gasification reactions. CE is
another metric used to quantify completeness of gasification, defined as the ratio of moles of

carbon in the gaseous product to moles of carbon in the feedstock:

2Mcoy+ NCO+ MCH4+x MCxHy

CE(%) =

100 )

N¢,feedstock
Another, less frequently used, metric is HE, defined as the ratio of moles of hydrogen in the

gaseous product to moles of hydrogen in the feedstock:

MH,+ 4MCHy+y MCxHy

HE (%) = - 100 3)

NH, feedstock
HE and GE values from SCWG can be well above 100%, due to the prominent role of the WGS

reaction during gasification.

2.9. Summary of Reactor Design Review
Several key trends emerged through the reactor design review, and the resulting insights

were incorporated in the resulting reactor design. For example, using HPLC pumps in conjunction
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with a BPR was common for internal pressure control, and was the configuration that was
ultimately chosen. Insights towards suitable alloys for reactor components ensured that corrosion
and operating temperatures were not of concern.

A continuous, tubular reactor with post-critical reagent injection was chosen as the
preferred configuration for conducting reaction kinetic studies, leveraging the plug-flow
assumption. The use of in situ Raman spectroscopy for data collection was selected as a suitable
product analysis method, as Raman is particularly amenable for analyzing agqueous mixtures. A

more detailed description of the reactor components and design is provided in Chapter 4.
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3. Known Model Compound Decomposition Routes and Rates

A first step in determining relevant model compounds to study was to review prior work
investigating the SCWG of model compounds in continuous supercritical water reactors [12]. This
review focused exclusively on gasification of model compounds in continuous reactors, due to the
aforementioned differences in Kinetic rates between batch and continuous reactors. This review
also did not consider SCWG of model compounds in the presence of an externally added
homogenous or heterogeneous catalyst.

Many researchers have investigated the decomposition behavior of model compounds in
subcritical and supercritical water, quantifying the effects of temperature, pressure, residence time,
and feedstock concentration on the gasification process. In some cases, other variables have also
been studied, including reactor geometry, heterogeneous catalytic activity of various alkali and
transition metals, and homogenous catalytic activity of mixed feedstocks.

Interest in gasifying biomass has prompted studies where phenolic compounds are gasified
as model compounds for lignin [47-49], glucose and fructose are gasified as model compounds for
cellulose [22, 24, 25, 33, 34, 50-57], alcohols are used as model compounds for common liquid
intermediates and byproducts, [7, 21, 58-66], and amino acids are used as model compounds for
proteins found within biomass and agricultural waste [67-74]. Often chemical reaction
mechanisms, routes, and kinetic rates are not reported, with gasification efficiency or carbon
efficiency being the most frequently reported metrics. Much previous work investigated the
gasification of glucose, due to its prevalence in biomass feedstocks and low temperatures needed
for gasification. Little work has been done investigating the gasification Kinetics and reaction

pathways of model alcohols, such as ethanol and isopropyl alcohol.
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3.1. Model Aromatic Compounds

Known refractory compounds in the SCWG of biomass feedstocks include phenol,
benzene, furfurals, and char. Non-catalyzed SCWG is not effective at cleaving C-C bonds, thus
decomposition of phenol and benzene are typically rate-limiting steps in the gasification of
complex biomass. The gasification rates of model aromatic compounds, such as phenol (CeHsOH),
benzene (CeHs), and guaiacol (C7HgO.), are of interest in determining necessary operating
parameters for gasifying biomass feedstocks. Phenol is particularly noteworthy, as it is a stable

intermediate product present in the decomposition routes of cellulose and biomass [47].
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Figure 2: Proposed reaction pathways for phenol and benzene in SCWG from [49].

In a 2013 study, Yong and Matsumura [49] performed a kinetic analysis of phenol and
benzene decomposition in a continuous SCWR. Reactants were mixed with preheated supercritical
water to obtain rapid heating and to minimize char formation. Gasifying the two compounds at
temperatures from 370 to 450°C, 25 MPa, and residence times from 0.5 to 100 s, the group
determined activation energies and pre-exponential factors for the overall decomposition reaction
and proposed kinetic parameters for intermediate reactions. A proposed decomposition pathway
for the two compounds is shown in Figure 2, and Arrhenius parameters for the decomposition

reactions are shown in Table 1. Notably apparent in Figure 2 is that phenol and benzene decompose
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along two competing reaction pathways, one leading to gaseous products, and the other leading to
char. Knowledge of the rates and activation energies along these competing pathways can lend
insight towards optimal reactor operating conditions for maximum gaseous yield.

Castello et al. [26] investigated the presence of phenol on the gasification rates of glucose
to understand the decomposition behavior of heterogeneous biomass. No change in the conversion
rate of glucose was observed, but Hz production was inhibited in the presence of phenol, while
CHs4 production was promoted. Weiss-Hortala et al. [75] also studied the influence of phenol on
glucose gasification and found that the presence of phenol decreased gas yield, likely due to the
influence of phenol on the intermediate products of glucose gasification. The results show that
gasification pathways are not entirely decoupled.

Yong and Matsumura [48] monitored the decomposition of guaiacol in sub- to supercritical
water and reported corresponding Arrhenius parameters. Experiments were conducted at
temperatures from 300 to 450°C, 25 MPa, and residence times from 0.5 to 40 s. Reactants were
mixed with preheated water for rapid heating. Analyzing gaseous, liquid, and solid products,
guaiacol was found to decompose rapidly into phenol, benzene, o-cresol, m-cresol, gaseous
products, and char in the subcritical and supercritical water environment. Char formation from
guaiacol gasification was so significant that reactant concentration had to be limited to 0.1 wt% to
prevent reactor plugging. Arrhenius parameters for overall guaiacol decomposition is presented in
Table 1. It should be noted that although guaiacol decomposes rapidly into intermediate products,
those intermediates products decompose slowly in the gasification environment. Therefore,
complete conversion to gaseous products takes significantly longer than is seemingly indicated by

the reported Arrhenius parameters.
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3.2. Model Carbohydrates

Glucose (CeH120¢) is the most thoroughly studied model compound in SCWG due to its
prevalence in biomass feedstocks. Most studies of glucose gasification report only gasification
efficiency and do not calculate Kkinetic rates or analyze decomposition routes. Initial studies of
glucose gasification in supercritical water determined that complete gasification could be achieved
after 20 s at 600°C and 34.5 MPa without significant char or tar formation [55, 56].

Kabyemela et al. [53] investigated the effects of temperature and pressure on
decomposition kinetics and intermediate products of glucose gasification in supercritical water.
High temperatures significantly increased the decomposition rate, and pressure dependence was
found to be minor. Intermediate products from gasification at residence times of 0.02 to 2 s were
identified as fructose, saccharinic acids, erythrose, glyceraldehyde, dihydroxyacetone, 1,6-
anhydroglucose, pyruvaldehyde, and 5-hydroxymethylfurfural (5-HMF). Aida et al. [33] identified
similar intermediate compounds from glucose gasification — fructose, erythrose, glycolaldehyde,
glyceraldehyde, hydroxyacetone, lactic acid, 5-HMF, and furfural.

Glucose has been used as a model compound to investigate novel reactor designs. Goodwin
and Rorrer [50] gasified glucose at temperatures from 650 to 750°C at a pressure of 25 MPa in a
microchannel reactor, characterized by an enhanced heat transfer surface area and small inner
reactor diameters. The microchannel design was credited with enhancing gasification rates, and
intermediate products were identified as acetic, lactic, formic, and propanoic acids, 5-HMF, 2,5-
hexanedione, and furfural. A discrepancy with reported intermediate products relative to [33] and
[53] may be due to the high gasification temperatures. Hao et al. [76] also demonstrated that small
inner reactor diameters increased the gasification rate of glucose, an affect attributed to a higher

catalytic S/V ratio. While small reactor diameters may increase gasification rates, they are not
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practical for industrial systems gasifying real feedstocks, due to the propensity for solid formation
and clogging in small diameter reactors.

Promdej and Matsumura [54] gasified glucose at temperatures from 300 to 460°C, 25 MPa,
and 1.5 wt% initial glucose concentration to determine global Arrhenius parameters. Subcritical
temperatures led to char formation due to the polymerization of refractory intermediates 5-HMF
and furfural. Hendry et al. [34] studied glucose gasification at temperatures from 750 to 800°C, 25
MPa, concentrations of 10 to 15 wt%, and residence times from 4.0 to 6.5 s. The intent was to
investigate economically feasible operating conditions for gasifying glucose. Increasing the
reaction temperature to 800°C from 750°C significantly increased gasification efficiency and
decomposition rate. Table 1 presents reported Arrhenius parameters for glucose decomposition
from [34] and [54].

Fructose (CeH1206) has also been studied as a model carbohydrate, due to its presence as
an intermediate of glucose gasification, and its presence in agricultural waste feedstocks [24, 25,
51]. Kabyemela et al. [51] gasified fructose at temperatures from 300 to 400°C, pressures from 25
to 40 MPa, and residence times from 0.02 to 2 s, in order to determine decomposition pathways
and rates. Intermediate products from fructose decomposition were similar to glucose
intermediates, including 5-HMF, dihydroxyacetone, glyceraldehyde, erythrose, pyruvaldehyde,
acetic acid, and formic acid. A proposed general reaction pathway for glucose and fructose

decomposition in subcritical and supercritical water is presented in Figure 3.
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Figure 3: Generalized reaction pathways for glucose and fructose in sub- and supercritical water [51].

Aida et al. [52] studied fructose gasification at residence times from 0.14 to 0.78 s,
identifying intermediate products as glyceraldehyde, dihydroxyacetone, pyruvaldehyde, lactic
acid, and 5-HMF, in good agreement with [51]. Nanda et al. [24] gasified fructose at residence
times from 30 to 75 s, temperatures from 550 to 700°C and concentrations from 4 to 10 wt% to
determine optimum gasification parameters for maximizing H. yield. The highest tested
temperature and lowest tested reactant concentration were observed to yield maximum H., while
a residence time of 60 s was determined to be optimal. At residence times beyond 60 s, methanation
reactions became significant in converting H> to CHa. Higher Hz conversion at high temperatures
and low feedstock concentration is a common trend for the gasification of real biomass as well.

Nanda et al. [57] gasified lactose (C12H22011) as a model compound for dairy industry
waste. The same experimental conditions were tested as in [24], and maximum H; yield was again

observed at maximum temperature, minimum feedstock concentration, and a 60 s residence time.



3.3. Model Alcohols

Motivated by the potential to use methanol (CH3OH) for chemical storage of hydrogen
fuel, several research groups have investigated methanol decomposition in supercritical water.
Boukis et al. [62, 63] studied methanol decomposition in supercritical water at temperatures from
400 to 600°C, pressures from 25 to 45 MPa, residence times from 3 to 100 s, and feed
concentrations from 5 to 64 wt%. Gaseous products and overall conversion were analyzed.
Decreasing initial methanol concentration led to a higher yield of Hz, while increasing residence
time led to lower yields of H2 and higher yields of CHa, due to the methanation reaction. Complete
conversion of methanol was achieved after 4 s at 600°C. No rate parameters were reported.

Hack, Masten, and Buelow [58] gasified methanol and ethanol (C2HsOH) to determine
activation energies and hydrolysis rates. Reaction products for methanol decomposition were
identified as Hz, CHs4, CO2, and formic acid. Bennekom et al. [59] investigated methanol
gasification at temperatures from 450 to 650°C, residence times from 6 to 173 s, and feed
concentrations from 3 to 20 wt%. The authors propose that methanol decomposes through
intermediate products of formaldehyde and formic acid, which each decompose rapidly to gaseous
products. Proposed first-order activation energies from [58] and [59] are reported in Table 1.

Glycerol (C3HgO3) is acommon byproduct of biodiesel production and could be a potential
H> fuel source. Buhler et al. [65] gasified glycerol at temperatures from 350 to 575°C, pressures
from 25 to 45 MPa, residence times from 32 to 165 s, and varied concentrations. Reaction products
were identified as methanol, acetaldehyde, allyl alcohol, propionaldehyde, acrolein, ethanol,
formaldehyde, and gaseous products. Buhler concluded that competing ionic reactions and free
radical degradation pathways led to non-Arrhenius behavior for glycerol decomposition. May et

al. [64] also gasified glycerol in a continuous reactor at 510 to 550°C, 35 MPa, and residence times
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from 2 to 10s. Major intermediate compounds were identified as acetaldehyde, hydroxyacetone,
and acetic acid. Antal Jr. et al. [7, 66] also reported products of glycerol gasification at 500°C as
acetaldehyde, acrolein, and gaseous products.

Guo et al. [60] investigated the effects of gasification parameters on Hy yield from glycerol
gasification. A temperature of 600°C and a residence time of 9 s (highest values tested) were found
to result in the highest yield of H». First-order kinetics were assumed for the temperature range of
445 to 600°C and Arrhenius parameters were reported. Bennekom et al. [59] gasified glycerol at
temperatures from 450 to 650°C, residence times from 6 to 173 s, and feed concentrations from 5
to 20 wt%. First-order activation energies were reported. Results from [59] and [60] are presented

in Table 1.

3.4. Model Amino Acids

Decomposition of amino acids in supercritical water has been studied to understand the
behavior of proteins in supercritical water, for processing agricultural and fish waste. The
differentiating factor between amino acids is the functional group, which is hypothesized to be a
key influence on overall gasification rates and products. To quantify this behavior, Islam et al. [69]
gasified various amino acids as model compounds for larger proteins to determine the effects of
temperature on the composition of intermediate and final products. Glycine and alanine were
identified as common intermediate gasification products of more complex amino acids; focus was
placed on glycine and alanine as key compounds in the gasification of proteins.

Glycine (C2HsNOy) is the chemically simplest amino acid, containing a single H atom as
its functional group. Samanmulya and Matsumura [74] investigated glycine gasification at

temperatures from 500 to 650°C, a pressure of 25 MPa, and feedstock concentrations of 1.0, 3.0,
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and 5.0 wt%. Higher concentration led to a decrease in gasification efficiency, due to the
production of tar and char, while higher temperatures increased gasification efficiency.

Sato et al. [70] investigated the subcritical decomposition of glycine, at temperatures from
200 to 340°C and a pressure of 20 MPa. Gaseous products were not measured or identified, but
key liquid decomposition products were specified as ammonia, methylamine, glycolic acid, and
formic acid.

In 2007, Klingler et al. [67] gasified glycine at temperatures from 250 to 450°C, and a
pressure of 35 MPa. A strong temperature dependency was found, with drastic changes in
decomposition rates over the experimental temperature range. Liquid products were identified as
methylamine, diketopiperazine, glycolic acid, and formaldehyde.

Alanine (CsH7NO.) is another chemically simple amino acid, serving as a useful model
compound. In a separate study from Samanmulya et al. [72], alanine was gasified at temperatures
from 500 to 650°C, at 25 MPa, fixed mass flow rate of 2 g/min, and reactant concentrations of 1.0,
2.0, and 3.0 wt%. No change was observed in gasification efficiency for varied reactant
concentrations, indicating first order decomposition behavior. Additionally, carbon efficiency was
highly temperature dependent. Results showed that the gasification rate for alanine is comparable
to glycine, despite the different functional groups. Sato et al. [71] investigated the decomposition
of alanine at subcritical conditions, identifying liquid products as ammonia, ethylamine, carbonic
acid, lactic acid, and pyruvic acid. Klingler et al. [67] also studied sub- and supercritical
gasification of alanine, identifying liquid reaction products as lactic acid, ethylamine, and
acetaldehyde.

Both Samanmulya et al. [72] and Sato et al. [71] gasified more complex amino acids to

determine carbon conversion rates, decomposition rates, and final products. Gasifying valine
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(CsH11NOy), leucine (CeH13NO>), and proline (CsHoNOy) led to the conclusion that the functional
group of the amino acid has a significant effect on conversion rates and final products yields, as
does the reaction temperature. Arrhenius parameters of all amino acids studied [67, 70-72] are

summarized in Table 1.

3.5. Formic Acid

Some intermediate gasification products are common across a range of compounds. One is
formic acid, which has been identified as an intermediate product from the gasification of glucose
[50], fructose [51], methanol [58], and glycine [70]. One can assume that formic acid will be an
intermediate from the gasification of any real biomass feedstock.

In 1998, Yu and Savage [77] studied the gasification of dilute formic acid in a continuous
SCWR, to analyze the decomposition pathways and rates under hydrothermal conditions. Tests
were conducted at temperatures between 320 and 500°C, pressures between 18 and 30.7 MPa, and
residence times between 1.4 and 80 s. Major decomposition products were consistently CO, and
Ho>, indicating that decarboxylation is the dominant reaction pathway, as shown below. CO was
also observed as a reaction product in low concentrations, suggesting the existence of a
dehydration reaction pathway:

HCOOH - H, + CO, (4)
HCOOH - H,0 + CO (5)
For temperatures above 420°C, decomposition happened too rapidly for Kinetic rates to be
determined. Pressure dependency was noted for decomposition occurring near the critical point,
possibly indicating a density-dependent reaction mechanism. Kinetic rates were calculated for

temperatures from 320 to 420°C and a pressure of 25.3 MPa. Arrhenius parameters for the first-
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order decomposition of formic acid were calculated based on these kinetic rates and are presented
in Table 1.

Zhang et al. [78] gasified formic acid in a continuous SCWR, at temperatures between 550
and 650°C, pressures between 24 and 30 MPa, residence times between 16 and 46 s, and formic
acid concentrations between 0.05 and 0.7 M. Dominant reaction products were reported as H, and
CO., with minor yields of CO. The authors reported that gasification with a high concentration of
formic acid led to the formation of formaldehyde and methanol, decreasing hydrogen yield. Kinetic

rates were not reported.

Table 1: Arrhenius parameters of model compounds in SCWG, from reviewed literature.

Temperature Pre-Exponential Activation Energy
Compound Range (°C) Pressure (MPa) Factor ‘A’ (s1) ‘Ea’ (kJ/mol) Source

Guaiacol 300 - 450 25 6.52 x 10* 32.40 [48]
Phenol 370 - 450 25 7.72 x 10 53.06 [49]
Benzene 370 - 450 25 2.78 x 10* 91.16 [49]
Glucose 300 - 460 25 6.9 x 107 95.54 [54]
Glucose 750 - 800 22 1.2x103 70 [34]
Methanol 324 - 524 315 Not reported 164 [58]
Methanol 450 - 650 26 Not reported 191 [59]
Ethanol 324 - 524 31.5 Not reported 145 [58]
Glycerol 445 - 600 25 7.94 x 10° 104.5 [60]
Glycerol 450 - 650 26 Not reported 196 [59]
Glycine* 200 - 340 20 3.51x 10 166 [70]
Glycine 250 - 450 34 3.6 x 10% 160 [67]
Alanine* 200 - 340 20 2.65 x 102 154 [71]
Alanine 250 - 450 34 1.4 x 10% 156 [67]
Serine* 200 - 340 20 9.85 x 102 149 [71]
Aspartic Acid 500 - 650 25 5.40 x 10*® 148 [72]
Formic Acid 320 - 420 25.3 1.58 x 108 85.77 [77]

* Subcritical Decomposition Parameters

3.6. General Trends and Observations
Across all compound classes, it was found that higher temperatures, longer residence times,
and lower feedstock concentrations resulted in more complete gasification, and many compounds

exhibited first-order decomposition behavior when gasified in the absence of other compounds at
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low concentrations. Observed first-order decomposition behavior may be due to the low feedstock
concentrations used, as water is known to catalyze and participate in many gasification reactions.
Some studies indicate that higher feedstock concentrations result in slower decomposition, likely
due to increased feedstock-feedstock reactions and decreased feedstock-water reactions, as
evidenced by increased char formation, and supported by the known role of water molecules in
decomposition reactions. Pressure was only shown to have an effect on decomposition rates around
the critical point, where water is highly compressible, and pressure changes result in significant
changes in density, viscosity, and other thermophysical properties.

Few studies on the gasification of model compounds in continuous reactors reported
chemical Kkinetic rates or overall Arrhenius parameters, due to the experimental challenges of
collecting and identifying liquid and gaseous products using standard ex-situ analysis techniques.
The standard for many gasification experiments is to separate liquid and gaseous products, use gas
chromatography to analyze the yield of gaseous products (Hz, CO, CO2, CH4, and occasionally
light hydrocarbons) and calculate GE. This lends insight into how complete the gasification
process is for given process parameters but leaves many open questions about the chemical
reactions taking place in the SCWG environment. Many groups also used a TOC analyzer on liquid
products to calculate CE. Only a handful of researchers identified liquid product yields, and only
a few reported decomposition rates or overall Arrhenius parameters [12].

Of the reported Arrhenius parameters, insufficient data exist to perform proper cross-
validation between studies. An Arrhenius plot of reported Arrhenius parameters is shown in Figure
4. Kinetic rates were calculated for compounds at temperatures from 375 to 750°C, using the

standard first-order Arrhenius expression relating kinetic rate to temperature:
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In(k) = In(4) — 2 (6)

Figure 4 lends immediate insight into which compounds decompose fastest in the SCWG
environment. Glycine, alanine, and glucose decompose rapidly, while phenol and benzene are
slowest to decompose at supercritical conditions. Notably absent from this plot, as mentioned

before, are simple model alcohols such as methanol, ethanol, and isopropyl alcohol. Also, reported

parameters should be validated by subsequent studies.

Decomposition Rates of Model Compounds in SCWG

10 .
e, Guaiacol
8 r e, Phenol
~ o, Benzene
~\~ ...
6 r g ‘e, === Glucose
&, ‘e,
"~\_\ "'~., Glycerol
S~ ‘e, Glycine
~ .
~ol e, )
\.\.,. ....... Alanine
~\'..
Q) T
L 2k "..\.
~ ‘e, N~
e O... §\~
— . ~.
= —_— ‘e, ~
c O0r

_8 1 1 |
0.9 1 1.1 1.2 1.3 1.4 1.5 1.6

1T [1/K] %1073

Figure 4: Arrhenius plot of decomposition rate constants of model compounds in SCWG environment.
Formation of benzene, phenol, furfurals, and char as refractory intermediate compounds is
a challenge for the design of commercial reactor systems. In practical applications, high reactor
temperatures (>600°C) may be required to minimize reactor size, promote rapid gasification, and
increase throughput. Alternatively, the use of a catalyst may be required to increase reaction rates.

An important consideration is that reported rates are linked to reactor geometry, S/V ratio, and

27



catalytic wall effects. Reactor configurations are often minimally described, and these
uncertainties may lead to discrepancies in observed rate constants.

One prevalent finding is the importance of the WGS reaction and methanation reactions to
the final gaseous yield. If a reactant is fully gasified, the concentrations of Hz, CO, CO2, and CHs4
are highly dependent on these mechanisms. The fact that SCWG takes place in water allows for
the conversion of CO and H2O to Hz and CO> via the WGS reaction, which is catalyzed by nickel
reactor walls [1]. Methanation converts CO or CO2 and H: into CHa, which can lower H yields.

Based on reported gasification results, an optimum continuous SCWG reactor for industrial
applications must be able to reach temperatures of at least 700°C, with controllable residence times
and feedstock concentrations. Reactors should also be constructed to maximize the catalytic wall

effect by maximizing S/V ratio.
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4. Supercritical Water Reactor Design
A continuous, tubular SCWR is used for all experiments, designed to operate at pressures
up to 35 MPa, temperatures up to 560°C, and residence times of 3 to 120 s. A system schematic is

shown in Figure 5.
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Figure 5: Supercritical water gasification reactor schematic.

Two SSI (State College, PA) HPLC pumps provide constant, user-defined flow rates of
reagent and deionized (DI) water (p = 18.2 M-Q) into the system, while an Equilibar (Fletcher,
NC) BPR controls the internal reactor pressure. Separate pumps facilitate independent selection of
mass flow rates, residence times, and the initial mass fraction of the reagent. Two heating sections
preheat water to supercritical conditions: a 2000 W TEMPCO (Wood Dale, IL) coil-heater and an
1800 W OMEGA (Norwalk, CT) ceramic radiant cylinder heater.

Reagents are injected without preheating into the bulk flow of supercritical water using a
custom mixing section. Post-critical injection of cold reagent is ideal for rate studies, as it

establishes a clear reaction initiation point, minimizes char formation, and prevents pyrolysis or
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decomposition reactions in the reagent line. The mixing section introduces the reagent via four
axisymmetric 0.254 mm inner diameter (ID) injector ports into a central flow channel with a 3.05
mm ID. A challenge for post-critical injection is quickly obtaining a well-mixed flow and a
uniform temperature distribution. A numerical computational fluid dynamic (CFD) study was
performed to design the mixing section, ensuring rapid mixing and heating in the laminar and
transitional (to turbulence) flow regions in the reactor; this process is detailed in Tiwari et al. [79].
The reactor is assumed to function in a plug flow reactor (PFR) configuration.

After mixing, the reagents enter an isothermal, Inconel 625 reactor section with an internal
volume of 18.6 and an ID of 3.05 mm, giving a S/V ratio of 13.1 cm™. All high-temperature
components are manufactured from Inconel 625, due to excellent corrosion resistance and strength
at elevated temperatures. The reactor section is coiled to induce Dean vortices, which minimizes
the potential for flow profile to affect observed kinetic rates. Such variation could lead to mass
transfer limitations of the catalytic wall effect. A 700 W OMEGA radiative cylinder heater
maintains the isothermal conditions in the reactor section, which is verified with two type-K
thermocouples in contact with the flow after the mixing section and before the heat exchanger.
The reactor is followed by a custom-built vertical heat exchanger, which rapidly quenches high-
temperature reactions. A Raman immersion ball probe from MargMetrix (Seattle, WA) is located
immediately after the heat exchanger for in situ monitoring of product species in the quenched

effluent stream.

4.1. Residence Time
To estimate the reaction residence time, the reactor is assumed to be operated as a PFR,

removing the need to consider concentration gradients or fluid property variations. Molecular
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concentration in the direction of flow is assumed to be a function only of residence time. Reported
residence times for all experiments are calculated based on the internal volume of the reactor (18.6
mL) and the density of water at reaction conditions. Because the density of reactants and reaction
products at reaction temperatures and pressures are not well reported, and because molecular
composition changes through the reactor section, it is not possible to consider the effects of reactant
and product densities on residence time. The point of reagent introduction in the mixing section is
assumed as the reaction initiation point (t = 0), while the inlet port of the heat exchanger is assumed

as the reaction termination point.

4.2. In Situ Raman Spectroscopy

A Raman immersion ball probe from MargMetrix (Seattle, WA) allows for in situ
monitoring of product species concentrations. The Raman spectroscopic cell is positioned in the
low-temperature region to simplify quantitative spectroscopy, and to avoid issues with thermal
expansion and sealing [12, 20]. Raman spectroscopy is ideal for in situ product identification and
quantification in agueous mixtures, as water has a weak Raman signal which offers a large spectral
“window” for analyzing the effluent, yet its characteristic peaks can be used as an internal standard
to aid with quantitative calibration. By varying residence time and/or reactor temperature, the
effect of process parameters on the extent of reactions is investigated without having to collect
products and perform ex situ analysis for each parameter.

The original goal was to place the Raman optical cell in the HTHP zone of the reactor,
between the reactor section and the heat exchanger shown in Figure 5. However, initial tests of the
MargMetrix immersion Raman probe in the HTHP environment led to cell failure after a single

experiment at temperatures above 300°C. The Raman cell is fabricated from Inconel 625, except
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for a sapphire ball lens, which provides optical access and signal focusing. A backing nut holds
the sapphire ball in place with a gold gasket on the flow side, providing a tight and non-reactive
seal at ambient temperatures. Thermal expansion and gasket creep cause failure at high
temperatures. Varying the torque applied by the backing nut does not remedy the issue. At high
torques, the stress caused by thermal expansion of the surrounding Inconel block causes the
sapphire ball to crack. At lower torques, the cell leaks upon cooldown, presumably due to
differences in thermal expansion between sapphire and Inconel. Creeping of the gold gasket, as
noted by Sandia National Labs [40] may also cause the cell to leak during cooldown. As a solution,
a copper gasket is added between the backing nut and the ball, which allows for operation at
temperatures up to 420°C. The copper gasket distributes force from the backing nut more evenly
along the sapphire, resolving the issue of window cracking.

With the Raman cell operating successfully at high temperatures, the decomposition of
formic acid is monitored in situ at temperatures from 365 to 420°C. In theory, the cell placed in
the HTHP reactor zone allows for the identification of reaction intermediates (such as free-radicals
and ionic compounds) and products in a single fluid phase. Multiple trials show that the optical
function of the Raman cell is lost at temperatures near 400°C and above, as shown in Figure 6. It
is unclear whether the reason for this is optical, spectral, or mechanical. It is not due to cell failure,
as the optical cell functions perfectly when cooled to room temperature. Some variability in the
data collected at high temperatures is expected due to temperature-dependent spectral effects and
decreased densities at high temperatures. The magnitude of the temperature dependency shown by
the data presented in Figure 6 demonstrates that accurate quantitative analysis of the high-
temperature signals is challenging. Any quantitative measurements would require correcting for

the density of reaction products, which are poorly tabulated at HTHP conditions.
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For reliable and consistent use of a Raman cell in the HTHP environment, two design
challenges must be addressed. First, the issue of creep of the gold gasket resulting from thermal
cycling must be mitigated. A small groove in the Inconel wall could serve as a seat for a gold
gasket, which may prevent creep. Second, an internal or external spring force must be used to hold
the sapphire ball in place, allowing for thermal expansion and providing a consistent force against
the gold gasket during cooldown. A simple alteration of the backing nut or the addition of
Belleville washers may be sufficient to provide this spring force. The design of a robust HTHP
Raman cell is beyond the scope and focus of this research, but it remains an open and significant

design challenge.
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Figure 6: Plots of baseline-subtracted Raman spectra from formic acid decomposition experiments with (a) Raman
probe in cold zone, (b) Raman probe in hot zone at 365°C, (¢) Raman probe in hot zone at 380°C, and (d) Raman
probe in hot zone at 400°C. Significant reduction in signal intensity appears to be due to temperature-dependent
optical effects, which significantly complicate quantitative spectroscopy.
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As a solution to provide in situ product monitoring while avoiding issues with thermal
expansion, thermal cycling, and temperature-dependent spectral effects, the Raman cell is placed
downstream of the heat exchanger. While this allows the cell to function properly, it eliminates

the ability to analyze intermediate reaction products in the HTHP hydrolysis environment.

4.3. Data Collection and Analysis of Raman Spectra

The fiber-optic Raman laser has an excitation wavelength of 785 nm and is operated at 300
mW. A sapphire ball lens focuses the laser 0.6 mm in front of the lens, which protrudes 0.5 mm
into the flow. Spectra are collected in the backscatter configuration where the exciting laser and
the scattered light enter and exit the measurement volume through the same optical window, and
along the same axis. Five replicate spectra, each with a total integration time of 20 s, are collected
and averaged for each experimental condition, to ensure an acceptable signal-to-noise ratio.

Water has a significant fluorescent signal which must be subtracted to obtain useful data.
This fluorescent signal is approximately linear, with a maximum value at low wavenumbers and a
minimum value at high wavenumbers, but linear subtractions leave large signal errors. Various
algorithms and methods exist for fluorescent background subtraction, including polynomial fits,
wavelet algorithms, manual baseline selections, and others [80-82]. For consistent data analysis, a
semi-manual background subtraction algorithm is implemented in MATLAB, which interpolates
between fixed points based on the known reaction products [83]. The Raman signal intensity is
theoretically zero at wavenumbers where known Raman peaks do not exist. The MATLAB code
functions by defining “anchor points” where the Raman signal should be zero and interpolating
between these points to form the baseline. This baseline is then directly subtracted from the

measured signal. Figure 7 demonstrates the efficacy of the baseline subtraction algorithm.
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Figure 7: 3.6 wt% formic acid in DI water (a) before fluorescent background subtraction and (b) after baseline
subtraction.

Quantitative spectroscopic techniques are used to extract concentration measurements
from Raman spectra, using PEAXACT (Aachen, Germany) quantitative spectral analysis software.
A molecule’s Raman signal scales linearly with molar concentration, thus peak heights and peak
areas can be measured to extract molar concentration measurements. In order to measure species
concentration from peak height or area, a compound must have a dominant characteristic peak in
a spectral “window,” where no other spectral constituent exists. For regions in which multiple
characteristic peaks of separate compounds are convoluted, direct hard modeling or indirect hard
modeling (IHM) can be used to calculate concentrations [84-86]. For both hard modeling
techniques, characteristic peaks are modeled as Voight curves, which are superposed with
weightings that correspond to concentrations. IHM also corrects for non-linear effects which can
arise due to pressure, temperature, hydrogen bonding, and ongoing reactions.

One challenge with quantitative Raman spectroscopy is producing one’s own calibration

data. While Raman libraries exist for identifying molecular constituents, no calibration data exists
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publicly, due to differences between Raman systems. It is especially challenging to generate
calibration data for reacting systems where some constituents may be unstable. It is desirable to
accurately calibrate Raman spectra of reacting systems with limited spectral information about
constituents. Due the hazardous and flammable gases produced during gasification (e.g., CO, Hy)
an indirect calibration technique is used for data collected in all experiments.

Beumers et al. [86] proposed a calibration methodology for Raman spectra that relies on
reaction stoichiometry; a mixture within a closed control volume has a fixed atomic composition.
Molecular species can change due to chemical reactions, but any species must be composed of the
atoms that are initially present. The method was demonstrated for a mixture of monoethanolamine,
water, and CO> in a batch reactor. Likewise, for an open control volume operating at steady-state
conditions, the atomic composition entering the control volume must equal the atomic composition
exiting the control volume. Thus, atom balances for gasification of a known quantity of any
compound must close for a given system.

The molar concentration of each molecular constituent in the optical control volume is
proportional to the area of the molecule’s Raman spectra. Following the method proposed by
Beumers et al. [86] the molar concentration (c.) of each compound exiting the reactor through the
optical control volume can be expressed as

cc =kcAc (7

and the total molar flow rate of each compound exiting the reactor is correspondingly
ne = kcAcgor (8)
where 1, is the total molar flow rate exiting the reactor, A. is the area of a given constituent’s
Raman signal, and k. is the calibration proportionality constant. The quality of calibration depends

on accurately determining k values for each molecule.
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An IHM for the effluent constituents is constructed using pure compound spectra of
reactants and products. Raw spectral areas are calculated using PEAXACT, which are then entered
into MATLAB to determine k. values with a least squares error minimization of stoichiometric
atom balances in the reactor. A more in-depth discussion and validation of this methodology was
conducted for the formic acid gasification experiments and is available in [37].

It should be noted that direct calibration was attempted using mixture spectra of known
concentrations of CO», formic acid, and water. However, this method failed due to the narrow
range of molar yields possible for each gaseous species. At low concentrations, non-linear spectral
effects become more significant and calibration must be performed within a narrow range. Any
error in producing mixture spectra could result in drastic errors in final concentration

measurements.

Table 2: Compounds present in effluent streams, with locations of significant Raman peaks.

Compound Wavenumbers of Significant Raman Peaks (cm™) Source
Sapphire (Aly0s) 379, 418, 751 Direct
Water (H20) 1640, 3185 Direct
Formic Acid (HCOOH) 712, 1219, 1400, 1714, 2943 Direct
Isopropyl Alcohol (C3H70OH) 816, 945, 1459, 2920, 2982 Direct
Ethanol (C;HsOH) 879, 1046, 1085, 1445, 2929, 2981 Direct
Methanol (CH;0H) 1017, 1469, 2845, 2954 Direct
Acetone (C3HsO) 799, 1240, 1427, 1699, 2930 Direct
Acetaldehyde (C;H40) 860, 1098, 1432, 1716, 2928 Direct
Acetic Acid (CH3COOH) 892 Direct
Formaldehyde (CH0) 2917 [87]
Hydrogen (Hz) 355, 587, 814, 1034 Direct
Carbon Dioxide (COy) 1272, 1383 Direct
Carbon Monoxide (CO) 2138 Direct
Methane (CHa) 2915 [87]
Ethylene (CoH4) 1343, 1624 [87]
Ethane (CoHe) 992, 2898, 2953 [87]
Propene (CsHe) 919, 1298, 1649 [87]
Propane (CsHs) 869 [87]
Benzene (CgHe) 992 [88]
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5. Formic Acid Decomposition

The decomposition kinetics of formic acid are studied in a continuous water reactor at
temperatures from 300 to 430°C, a pressure of 25 MPa, residence times between 4 and 65 s, and a
fixed initial concentration of 3.6 wt%. Formic acid is a common intermediate gasification product
with simple decomposition chemistry; analyzing its decomposition is a useful proof-of-concept
for in situ Raman analysis techniques. From Yu and Savage [77], Zhang et al. [78], and Bjerre and
Sorensen [89], the primary decomposition pathway of formic acid in supercritical water is reported
as decarboxylation. A minor reaction pathway of dehydration also exists; both are presented and
discussed in Section 3.5.

The single-step decomposition of formic acid into gaseous products allows for simple
analysis of reaction products with Raman spectroscopy. With five compounds present in the
effluent stream, the process of quantitatively converting Raman spectra to chemical decomposition
rates is validated. Validation of this process with a simple compound allows for generalization to
analyzing the decomposition of more complex model compounds in supercritical water.

An 88% formic acid solution from Fisher Scientific (Hampton, NH) is diluted with DI
water to a 30 vol% solution. DI water and the aqueous formic acid are fed to the reactor at a fixed
volumetric flow ratio of 9:1, which corresponds to an initial formic acid mass fraction of 3.6 wt%.
Gasification resulted in yields of Hz, CO, and CO2. Monitoring gasification with Raman
spectroscopy proved to be an effective in situ technique for identifying reaction products and
calculating effluent species concentrations.

Table 2 in Section 4.3 lists compounds present in collected Raman spectra and the
associated wavenumbers of significant Raman peaks. Peaks may be slightly shifted from reference

data due to the operating pressure. Figure 8 shows a representative in situ Raman spectrum
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collected during the study, clearly showing the decomposition products formed from gasifying

formic acid. The significant peaks of corresponding molecular constituents are noted in the plot.
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Figure 8: Raman spectra collected in situ of formic acid decomposition products. Significant Raman peaks are
correlated with corresponding molecular constituents.

5.1. Experimental Results

The full decomposition behavior of formic acid in water at 380°C is shown in Figure 9.
The baseline signal of 3.6 wt% formic acid dissolved in DDI water is shown in Figure 9(a) for
comparison to the spectra of decomposition products. Some fluctuation of H> and CO peaks are
witnessed despite steady-state reactor operation, as the two gases are insoluble in subcritical water,
and the transition to a two-phase flow forms bubbles in the heat exchanger. Averaging the signal
over a long integration time negates signal fluctuations, which result from phase separation. This

is verified by the relatively low uncertainty values associated with H> and CO measurements, as
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seen in Table 3, and Figures 10 and 11. Table 3 presents compound yield percentages by weight

after gasification at all tested temperatures and residence times.
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Figure 9: Raman spectra of (a) formic acid and (b) — (f) decomposition products at 380°C and residence times
between 15 and 55 s. Spectra show increased yields of H, and CO; as residence time is increased.
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Table 3: Formic acid decomposition yields at tested conditions, with measurement uncertainty to Cl of 95%.

Temp. Res. Formic Acid H2 Yield (%owt) CO Yield CO:2 Yield Total Gas Gasification

(°C) Time  Yield (Yowt) (Yowt) (Yowt) Yield (Yowt) Efficiency
©) (%)

300 25 2.18+0.014 0.00392+0.0019 0.191+0.016  0.104+0.0064 0.299+0.017 8.30+0.48
300 35 2.24+0.019  0.00403+0.00043  0.313+0.023 0.108+0.0056 0.425+0.026 11.8+0.75
300 45 2.17+0.062  0.00280+0.00048  0.480+0.034  0.166+0.017  0.648+0.037 18.0£1.1
300 55 2.15+0.024  0.00383+0.00057  0.505+0.033  0.157+0.021  0.665+0.037 18.5+1.1
300 65 2.11+0.020  0.00303+0.00019  0.649+0.052  0.253+0.0082 0.905+0.054 25.2#1.5
320 25 2.11+0.016  0.00404+0.00041 0.361+0.0093 0.128+0.0093 0.493+0.019 13.7+0.53
320 30 2.13+0.022  0.00307+0.00072  0.447+0.021 0.179+0.013  0.629+0.029 17.5+0.82
320 40 2.06+0.023 0.00325+0.0011 0.654+0.019  0.272+0.0095 0.929+0.020 25.8+0.58
320 50 1.91+0.097 0.00416+0.0012 0.749+0.025  0.424+0.010 1.18+0.024 32.7+0.69
320 60 1.80+0.026 0.00805+0.0020 0.774+0.064  0.521+0.011 1.30+0.063 36.2+1.8
340 20 1.96+0.019 0.00+0.00014 0.430+0.023  0.232+0.0089 0.662+0.028 18.4+0.79
340 30 1.99+0.027  0.00377+0.00047  0.727+0.021 0.382+0.015 1.11+0.034 30.9+0.96
340 40 1.78+0.030 0.0110+0.0027 0.772+0.050  0.572+0.018 1.35+0.042 37.6x1.2
340 50 1.64+0.014 0.0172+0.0055 0.845+0.084  0.708+0.016 1.57+0.10 43.6+3.0
340 60 1.53+0.035 0.0209+0.0046 0.871+0.089 0.855+0.033 1.75+0.12 48.5+3.3
360 20 1.88+0.033  0.00332+0.00023  0.620+0.039  0.403+0.0065 1.03+0.040 28.5+1.1
360 30 1.75+0.045 0.0115+0.0022 0.712+0.043  0.665+0.030 1.39+0.069 38.5+2.0
360 40 1.53+0.052 0.0190+0.0029 0.780+0.061 0.823+0.027 1.62+0.079 45.1+2.3
360 50 1.33+0.091 0.0254+0.0034 0.803+0.051 0.917+0.032 1.75+0.072 48.5+2.1
360 60 1.26+0.061 0.0375+0.0082 0.824+0.095 1.16+0.068 2.02+0.11 56.2+3.2
380 15 1.81+0.057 0.00476+0.0010 0.474+0.030  0.610+0.040 1.09+0.069 30.2+2.0
380 25 1.66+0.040 0.0257+0.0014 0.538+0.014 1.01+0.029 1.57+0.031 43.6+0.89
380 35 1.28+0.040 0.0696+0.0080 0.656+0.036 1.71+0.19 2.44+0.22 67.7£6.3
380 45 1.13+0.030 0.0612+0.019 0.665+0.11 1.62+0.12 2.35+0.22 65.346.3
380 55 0.981+0.062 0.0706+0.0095 0.820+0.090 1.70+0.055 2.59+0.14 71.943.9
390 10 1.92+0.098 0.0572+0.015 0.279+0.036 1.57+0.089 1.90+0.14 52.843.9
390 15 1.64+0.021 0.0751+0.017 0.433+0.085 1.88+0.055 2.39+0.11 66.3+3.1
390 20 1.23+0.046 0.105+0.0072 0.571+0.035 2.40+0.11 3.08+0.15 85.5+4.3
390 25 0.613+0.062 0.132+0.010 0.462+0.037 2.43+0.12 3.02+0.16 84.0+4.5
390 30 0.590+0.047 0.124+0.013 0.498+0.057 2.7920.22 3.41+0.27 94.8+7.7
400 5 1.73£0.023 0.0144+0.0027 0.265+0.012 0.817+0.023 1.10+0.033 30.5+0.95
400 7.5 1.49+0.039 0.0344+0.0082 0.353+0.045 1.17+0.15 1.56+0.19 43.315.6
400 10 0.706+0.10 0.204+0.024 1.48+0.12 4.11+0.26 5.79+0.40 161+11
400 125 0.911+0.045 0.102+0.011 0.610+0.066 2.20+0.14 2.91+0.22 80.8+6.1
400 15 0.622+0.077 0.107+0.020 0.623+0.075 2.48+0.14 3.21+0.21 89.1+6.0
410 5 1.33+0.025 0.0565+0.0097 0.399+0.047 1.45+0.12 1.91+0.17 52.9+4.8
410 7.5 0.925+0.042 0.0990+0.020 0.567+0.074 2.14+0.10 2.81+0.19 78.0£54
410 10 0.516+0.096 0.111+0.010 0.575+0.052 2.38+0.11 3.06+0.11 85.0£3.1
410 125 0.249+0.10 0.127+0.026 0.698+0.15 2.47+0.22 3.29+0.39 91.5+11
410 15 0.201+0.037 0.132+0.037 0.662+0.21 2.61+0.26 3.40+0.50 94.5+14
420 5 1.15+0.023 0.0747+0.0057 0.504+0.031 1.78+0.079 2.35+0.10 65.4+2.9
420 6.25 0.747+0.041 0.111+0.0099 0.756+0.061 2.20+0.089 3.07+0.15 85.3x4.4
420 7.5 0.712+0.066 0.136+0.018 0.779+0.096 2.63+0.17 3.54+0.27 98.4+7.8
420 8.75  0.508+0.037 0.113+0.0070 0.742+0.046 2.46x0.095 3.32+0.14 92.2+4.0
420 10 0.438+0.054 0.126+0.013 0.684+0.050 2.62+0.070 3.43+0.12 95.2+3.5
430 4 0.979+0.030 0.0935+0.0068 0.678+0.044 1.91+0.090 2.68+0.13 74.4+3.8
430 5 0.736+0.038 0.111+0.014 0.740+0.097 2.24+0.046 3.08+0.15 85.7+4.3
430 6 0.502+0.034 0.113+0.012 0.757+0.061 2.40+0.057 3.27+0.12 90.7£3.6
430 7 0.464+0.046 0.116+0.016 0.782+0.095 2.53+0.053 3.43+0.15 95.3+4.2
430 8 0.456+0.039 0.131+0.014 0.849+0.11 2.57+0.070 3.54+0.17 98.5+4.9
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Figure 10 shows subcritical product yields with kinetic rate curve fits. Small error bars on
product yields reflect steady-state reactor operation and low measurement uncertainty. At the
lowest tested temperatures, the formic acid decomposition does not adhere well to a first-order
decomposition curve. However, it is known that formic acid exists as an intermediate of the WGS
reaction at temperatures above 240°C [36]. Thus, the reformation of formic acid from CO is likely,

and the reverse dehydration reaction may be responsible for the observed formic acid yields at

300°C and 320°C.
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Figure 10: Subcritical formic acid decomposition and gas production profiles with corresponding curve fits used to
determine global and pathway kinetic rates. Error bars represent 95% confidence interval.
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o Formic Acid, * Ha, ¢ CO, o CO,, — Global Decomposition, -- Decarboxylation, --* Dehydration



First-order decomposition of formic acid, where k, represents the global decomposition

rate, is expressed with:

d[HCOOH]
dt

= —k,[HCOOH] (9)

The solution to this first-order differential equation yields the following time-dependent decay
equation, where the initial molar concentration of formic acid is normalized to 1 mol. Analyzing
the yield data collected at each temperature, first-order global decomposition Kinetic rates are
calculated using the MATLAB curve-fit toolbox by fitting an exponential decay curve to the
collected data.

[HCOOH] = e kat (10)

Similarly, the first-order formation expressions for Hz, CO2, and CO are

d[H;]

%] _ k. [HCOOH (12)
dt
49 — k,[HCOOH] (13)

dt

with k, and k., representing the reaction rates along the decarboxylation and dehydration pathways
respectively. Substituting the time-dependent formic acid expression in Equation 10 yields the

following first-order differential equations for Equations 11 through 13:

d[H: —
[ tz] kl > kgt (:] 4)

d[CcOo —
[ . 2] k1€ kgt (] 5)

d[cOo —
[ : ] = kze kgt (16)

Integrating this expression with respect to time yields time-dependent formation expressions for

Ha, CO2, and CO.
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[Hy] =32 (1 — ekt (1)
[C0,] =2 (1 — e7kat) (18)
[CO] =32 (1 — e7*at) (19)

with the constant resulting from the initial molar concentration of each product gas being zero. A
least-square curve fit between product yields and Equations 18 and 19 allows for the calculation

of k; and k,, using the k, values that are previously determined for each temperature. Only data

for CO. yield is used to calculate k4, as H yields are observed to be more temporally variable due
to bubble formation during effluent quenching. From observation, Hy is difficult to detect at low
concentrations, hence molar yields of H> are seemingly lower than molar yields of CO2 when
decarboxylation is less prevalent. CO> exists as a liquid at operating pressures; thus, the CO>
Raman signal is more reliable for calculating the decarboxylation rate. The calculated kinetic
parameters are presented in Table 4, and plots of the corresponding curve fits are presented
alongside product yield data in Figures 10 and 11.

Plotting In (k,) vs. T™ suggests that formic acid decomposition follows a noticeably
different trend in subcritical vs. supercritical water, as seen in Figure 12. Because kinetic rates
increase more rapidly above the critical point, separate Arrhenius parameters were proposed for
subcritical decomposition and supercritical decomposition. Table 5 presents Arrhenius parameters
determined by performing a least-squares curve fit for the data collected above and below the
critical point. Figure 12 shows the calculated kinetic rates at each tested temperature, compared to
data previously reported by Yu and Savage [77], along with curve fits yielding the reported

Arrhenius parameters.
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Table 4: First-order global decomposition rates and individual pathway rates of formic acid in subcritical and

supercritical water.

Temperature Pressure kg (s1) ki (s ko (s1)

(°C) (MPa)

300 25 0.00913+0.0067 0.00128+0.00022 0.00552+0.00072
320 25 0.0129+0.0062 0.00299+0.00077 0.00879+0.00069
340 25 0.0159+0.0081 0.00575%0.00085 0.0114+0.0013
360 25 0.0204+0.0078 0.00812+0.00060 0.0125+0.0021
380 25 0.0276+0.011 0.0149+0.0021 0.0153+0.0029
390 25 0.0592+0.011 0.0370+0.0049 0.011640.0028
400 25 0.129+0.033 0.0861+0.042 0.0411+0.028
410 25 0.194+0.015 0.153+0.0089 0.0629+0.0043
420 25 0.188+0.054 0.157+0.0088 0.0728+0.0094
430 25 0.310+0.037 0.191+0.0084 0.0975%0.0072

Table 5: Rate parameters for formic acid decomposition in subcritical and supercritical water.
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Figure 12: Arrhenius plots of global formic acid decomposition and decomposition along competing

decarboxylation and dehydration reaction pathways.
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5.2. In Situ Raman Spectroscopy

Raman spectroscopy allows for accurate in situ monitoring of liquid and gaseous products
in the effluent stream. Because Raman spectra can be collected during reactor operation, all
necessary experimental data are collected quickly — ten experimental conditions can be tested in a
single day. This shows great promise for expediting gasification studies of more complex model
compounds.

One challenge with collecting in situ Raman spectra comes from gas separation in the
effluent stream. Initially, a Graham (Batavia, NY) Heliflow heat exchanger was used in which the
inlet stream flows upward, and the outlet stream flows downward, trapping H2 and CO. Raman
spectra collected with short integration times confirmed that H, and CO bubbles were forming
within the Graham heat exchanger and exiting at an unsteady frequency. To resolve this issue, a
vertically oriented custom heat exchanger was installed that allows insoluble gases to escape and
pass through the Raman cell without encountering any locations where bubbles could be trapped.
A comparison of data collected with each heat exchanger confirmed that trapped bubbles of H>
and CO were reforming formic acid within the Graham heat exchanger via the reverse dehydration
pathway, as yields of formic acid were much lower with the custom heat exchanger. This is
consistent with the accepted knowledge that formic acid is an intermediate of the WGS reaction at
temperatures above 240°C [36]. The custom vertical heat exchanger allows for quantitative
measurements of gas in the effluent stream, and Raman spectroscopy proves to be an effective in
situ technique for monitoring gasification products and calculating effluent species concentrations.
For future studies of SCWG in a continuous reactor, it is recommended to consider gas separation

and flow behavior during quenching.
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5.3. Water-Gas Shift Reaction

The literature clearly demonstrates the role of the WGS reaction to convert CO and H20
into CO2 and Hz in supercritical water [1, 77]. Numerous studies have acknowledged that the WGS
reaction is significant to the final hydrogen gas yield during SCWG of organic compounds,
especially considering that the WGS reaction is catalyzed by nickel. However, formic acid exists
as an intermediate of the WGS at temperatures above 240°C [36], thus there is no direct reaction
that converts CO and H20 to CO2 and H> in supercritical water without the reformation of formic
acid. At these conditions, the decarboxylation pathway is thought to be irreversible, while the
backward dehydration pathway is possible and thermodynamically favored at higher
concentrations of CO and lower temperatures. This explains the formic acid yields at 300°C and
320°C, which appear to be nearly constant over the range of tested residence times. Unfortunately,
it was not possible to calculate the back reaction rate of the dehydration pathway.

Researchers have investigated the WGS reaction under similar temperatures and pressures,
which could lend insight towards the rate of formation of formic acid from CO under the studied
conditions [90-93]. Rice et al. [90] studied WGS reaction kinetics in a non-catalytic environment
at temperatures from 410 to 520°C and pressures from 2 to 60 MPa, and noted a significant change
in reaction rate with changing pressure at 450°C. This was attributed to a density-dependent
reaction, with the formation of formic acid from CO being the limiting reaction step. Araki et al.
[93] studied the WGS reaction at temperatures from 380 to 450°C and pressures from 20 to 35
MPa. A water density dependence was reported on the order of 1.5+0.1; however, reported density
dependence does not agree well with previous studies under similar conditions. Overall, water

density is thought to be significant to the conversion of CO to CO: through formic acid in
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supercritical water, but the exact dependence is not known. Various kinetic rates quantifying the

production of formic acid from CO in supercritical water are proposed in [90-93].

5.4. Reaction Mechanisms

Fully characterizing the reaction mechanisms which facilitate formic acid decomposition
in supercritical water is challenging without in situ monitoring within the hot zone of the reactor.
In situ spectroscopy in the HTHP zone of the reactor would allow for the identification of ions
such as HCOO-, or free-radicals such as COOH or OH. Relative concentrations of these ions or
free-radicals could more definitively identify reaction mechanisms. This would be scientifically
advantageous but is technically challenging to accomplish, as mentioned above [12, 17, 20, 40].
As such, it is only possible to speculate about reaction mechanisms based on quantum chemical
simulations and experimental results.

Interesting discrepancies between Yu and Savage [77] and this study show that for the
present work (i) the molar yields of CO are consistently higher, and (ii) yields of CO are higher
than yields of COz or H> at low temperatures. The discrepancies can plausibly be explained by a
difference in the catalytic wall effect between the two studies. Yu and Savage report inner reactor
diameters of 1.40 mm and 1.08 mm, while the reactor used for this study has an inner diameter of
3.05 mm. The S/V ratio of the reactor used for this study is 13.1 cm™, while the S/V ratios of the
reactors used in [77] are 28.6 cm™ and 37.0 cm™. Multiple studies on glucose gasification have
shown that reduced reactor diameters contribute to faster reaction kinetics, and higher yields of Hy
[12, 50]. The WGS reaction is significantly catalyzed by a nickel surface; likewise, the higher

reactor S/V ratio in [77] is expected to favor CO2 production through enhanced decarboxylation.
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An argument for a surface-catalyzed decarboxylation pathway can be made by closely
examining the two plots presented in Figure 12. The decarboxylation trendline looks remarkably
similar to the data and trendline for temperatures tested in [77]. In fact, the Arrhenius parameters
are close, with the Arrhenius parameters for subcritical decarboxylation determined as log A (s)
=5.67 £ 0.88 and Ea=22.36 + 2.43 kcal/mol, and Yu and Savage reporting global parameters as
log A (s1) = 6.2 and Ea = 20.5 kcal/mol. Considering Yu and Savage mostly tested subcritical
temperatures, and considering data at 380°C seems to follow the subcritical trendline, it is
reasonable that these parameters would closely align. A more significant catalytic effect could
hypothetically lower the activation energy for this pathway and speed the reaction rate, causing
decarboxylation to manifest as the dominant pathway.

Although both pathways can proceed through molecular elimination mechanisms, the
significant increase in reaction rates across the critical point, as seen in Figure 12, and the
discrepancy in rates between different reactors suggests that a free-radical mechanism is
significant to hydrothermal formic acid decomposition in the presence of a catalytic surface. Wei
and Iglesia [94] studied the catalytic effect of nickel on the decomposition of CHs in the presence
of COz and H-0O and proposed that the catalyzed reaction proceeds through the adsorption of C
and H atoms from CHj4 on the nickel surface. These adsorbed species increase the reactivity of the
surface and increase the radical concentration in the bulk flow. The adsorption of a single H onto
the nickel surface from a formic acid molecule would form a COOH radical in the bulk flow, which
could decompose into CO2 and H, or CO and OH. The formed H or OH radicals would abstract H
from other formic acid molecules promoting a chain-branching reaction. Figure 13 demonstrates

the procession of this reaction mechanism. The decomposition of COOH into CO; and H is thought
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to be more likely [77], which would support the observation of a favored decarboxylation reaction

at conditions supporting free-radical reactions (e.g., higher S/V ratio, lower density).
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Figure 13: Proposed free-radical mechanism, with hydrogen abstraction (C-H and O-H bond scission) facilitated by
catalytic surface and/or other free-radicals in the bulk flow.
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6. Methanol Gasification

Several previous studies have investigated methanol decomposition in SCW. Boukis et al.
[62] reformed methanol in an Inconel 625 continuous, tubular SCWR at 400 to 600 °C, residence
times from 3 to 100 s, and initial methanol loadings from 5 to 64 wt%. Hz, CO, CO>, and trace
amount of CH4 were detected in the gaseous product. Bennekom et al. [59] gasified methanol in a
continuous reactor at temperatures between 450 and 650 °C for residence times between 6 and 173
s. Yields of Hz, CO, and CO, were observed. Trace CHg yields were reported. Analysis of liquid
products revealed trace yields of formaldehyde and formic acid. It was hypothesized that both
existed as short-lived reaction intermediates, which is consistent with previous research
demonstrating formic acid as an intermediate of the WGS reaction [36, 37].

DiLeo and Savage [21] investigated the role of nickel as a catalyst for methanol gasification
in SCW. The presence of a nickel wire in a quartz batch reactor increased conversion from 20%
after 2 h to 90% after 5 min at 550 °C. It should be noted that nickel catalysis in a continuous
reactor is more significant, as the catalytic effect in the batch setup is limited by the diffusion rate
of methanol molecules, while turbulent flow in a continuous reactor can increase interactions with
the catalytic wall surface. Hz, CO, and CO2 were the only products consistently detected in the
gaseous phase.

Chakinala et al. [95] proposed that methanol can decompose to gaseous products in SCW
primarily through C-H bond scission to a hydroxymethyl radical (CH20OH) or O-H bond scission
to a methoxy radical (CHsO) followed by loss of an additional H to reach formaldehyde (CH20).
Formaldehyde is proposed to decompose to CO and Hz or to reach formic acid (HCOOH) via
oxidation with an OH radical. A minor pathway to methane via the formation of a methyl (CHz)

radical by C-O bond scission is also proposed.
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In this investigation methanol is continuously fed to the SCWG reactor at an overall
volumetric loading of 10 vol%, corresponding to an initial mass fraction of 8.09 wit%.
Temperatures were tested from 500 to 560 °C, with pressure fixed at 25 MPa and residence times
ranging from 3 to 8 s. Methanol was used as received with no further manipulation or purification.
Data are collected, as described in Section 4.3.

SCWG of methanol primarily yields H> and CO, with secondary yields of CO> and trace
formaldehyde production, as shown in Figure 14. These profiles illustrate the sequential nature of
product formation; Hz is detectable at 4 s, followed by CO at 5 s, and CO; at 7 s. Formaldehyde is
confirmed as a short-lived reaction intermediate; however, no yields of formic acid or methane are
detected. We propose the global reaction network shown in Figure 15, with methanol
dehydrogenating to formaldehyde, followed by decomposition to CO and Ho.
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Figure 14: Formation and decomposition of reaction products during SCWG of methanol at 560 °C.

53



H, + CO
l + H,0
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Figure 15: Methanol decomposition network in supercritical water.
Our results indicate that the reaction mechanisms hypothesized by Chakinala et al. [95] to

generate formic acid (formaldehyde oxidation) or methane (methyl radical generation) are unlikely

to be active during SCWG. Trace methane yields have been reported [59, 62], but it is more likely
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Figure 16: Gasification efficiency of methanol at all tested conditions.
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that secondary methanation reactions are responsible for this observation. The time scales and
temperatures necessary for methanol conversion in these experiments are similar to those reported
for continuous SCWG of methanol by Boukis et al. [62] and Bennekom et al. [59]. Conversion
rates at similar conditions were much slower in quartz batch reactors as reported by DilLeo and
Savage [21], highlighting the significance of the catalytic reactor walls.

The WGS reaction is responsible for the observed maximum CO; yield of 0.23 mol-
CO2/mol-MeOH, but low CO; vyields indicate that the WGS reaction does not have sufficient
residence time to reach completion. The full conversion of methanol along the network in Figure
15 would result in a maximum of 1 mol-CO2/mol-MeOH and 3 mol-Hz/mol-MeOH. Complete
conversion of CO would increase H. yields past the observed maximum of 1.92 mol-Hz/mol-

MeOH. Gasification efficiency is plotted against residence time for all tested temperatures in

Methanol Decomposition, 560°C, 6 s
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Figure 17: Representative Raman spectrum of methanol decomposition products after gasification for 6 s at 560 °C,
with significant peaks identified.
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Figure 16. GE approaches values above 100% at 560 °C, due to the conversion of liquid H2O to
gaseous Hz via the WGS. No other methanol decomposition products are detected over the tested
temperature and residence time range, and reaction profiles at all temperatures follow similar
trends. Plots of compound formation and decomposition at all tested temperatures are available in
Figure 18, and a representative Raman spectrum of methanol gasification products is shown in

Figure 17.
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Figure 18: Formation and decomposition of reaction products during methanol gasification in SCW at (a) 500 °C,
(b) 510 °C, (c) 520 °C, (d) 530 °C, (e) 540 °C, and (f) 550 °C.
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7. Ethanol Gasification

Schanzenbécher et al. [96] gasified ethanol in a continuous SCWR at temperatures from
433 to 494 °C, constant pressure of 24.6 MPa, and residence times from 2 to 12 s. Maximum
conversion was reported as 16.5%; only acetaldehyde (C2HsO) was identified as a reaction

product.

Arita et al. [97] studied non-catalytic reaction pathways of ethanol in a batch SCWR.
Temperatures from 450 to 500 °C were maintained for 10 to 60 minutes, with primary reaction
products identified as H2, CH4, and CO, and minor yields of CO, acetaldehyde, ethylene, and
ethane. Two competing reaction pathways were proposed: (i) dehydrogenation of ethanol to
acetaldehyde followed by acetaldehyde decomposition to CO and CHa, or (ii) dehydration of
ethanol to ethylene followed by hydrogenation of ethylene to ethane. Global reactions for the two

pathways are as follows:

C,HsOH — C,H,0 + H, (20)
C,H,0 - CH, + CO (21)
€O + H,0 - CO, + H, (22)
C,HOH - C,H, + H,0 (23)
C,H, + H, - C,H, (24)

Chakinala et al. [95] hypothesized that ethanol decomposes via O-H or C-H bond scission
to produce acetaldehyde. At various points in the proposed reaction network, the C-C bond can be
broken, forming a methyl radical, which ultimately forms CHa. The proposed network is based on

observed yields of Hz, CO, CO,, CHs, and ethane.
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Ethanol is continuously fed to the SCWG reactor at an overall volumetric loading of 10
vol%, corresponding to an initial mass fraction of 8.06 wt%. Temperatures were tested from 500
to 560 °C, with pressure fixed at 25 MPa and residence times ranging from 3 to 8 s. Ethanol was
used as received with no further manipulation or purification. Data are collected as described in
Section 4.3.

Acetaldehyde and ethylene are the first observable products during the SCWG of ethanol,
as shown at 3 s in Figure 20. This is followed by a significant increase in Hz, CO, and CHg yields
at 5s, as seen in Figure 19. Acetaldehyde yields continue to increase to a maximum of 0.12 mol-
C2HsO/mol-EtOH at 6 s, followed by a similarly paced decrease to 0.005 mol-C2H4O/mol-EtOH,
confirming its role as a short-lived intermediate. Once sufficient Hz is generated for ethylene
hydrogenation, ethane emerges as a detectable product at 6 s. Finally, a CO; yield of 0.04 mol-

CO2/mol-EtOH is measured at 8 s, again resulting from the WGS reaction. Figure 19 demonstrates
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Figure 19: Formation and decomposition of major reaction products during SCWG of ethanol at 560 °C.
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Figure 20: Formation and decomposition of minor reaction products during SCWG of ethanol at 560 °C.

that Hz, CO, and CHys are produced in nearly equimolar quantities, reaching maximum respective
yields of 0.85 mol-Hz/mol-EtOH, 0.84 mol-CO/mol-EtOH and 0.91 mol-CHa/mol-EtOH. This
supports the hypothesis that acetaldehyde decomposition is responsible for the formation of CO

and CHa, with molar CO yields slightly lower due to consumption via the WGS. The trends
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Figure 21: Ethanol decomposition network in supercritical water.
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Figure 22: Gasification efficiency of ethanol at all tested conditions.

described here are also observed during SCWG of ethanol at other tested temperatures; these
formation and decomposition profiles are available in Figures 24 and 25.

Interpreting the observed product yields, ethanol decomposition follows the reaction
pathways illustrated in Figure 6, confirming the global reactions proposed by Arita et al. [97].
However, the time scale for conversion at similar temperatures is orders of magnitude quicker
during continuous gasification, again attributable to the catalytic wall effect. Two competing
reaction pathways are active, the primary being dehydrogenation to acetaldehyde, with a secondary
pathway of dehydration to ethylene. Acetaldehyde is rapidly converted to CO and CH4, while
ethylene can hydrogenate to ethane if suitable Hz is present. The production of ethane through the
reaction of two methyl radicals does not appear to be an active pathway, considering that ethane
is only produced subsequent to ethylene production. This also appears to indicate that ethane

dehydrogenation to ethylene is a negligible reaction under these conditions. Gasification efficiency
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is plotted against residence time for all tested temperatures in Figure 22. A representative Raman

spectrum showing reaction products is available in Figure 23.
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Figure 23: Representative Raman spectrum of ethanol decomposition products after gasification for 6 s at 560 °C,
with significant peaks identified.
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Figure 24: Formation and decomposition of major reaction products during ethanol gasification in SCW at (a) 500 °C, (b) 510
°C, (c) 520 °C, (d) 530 °C, (e) 540 °C, and (f) 550 °C.
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Figure 25: Formation and decomposition of minor reaction products during ethanol gasification in SCW at (a) 500 °C, (b) 510
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8. Isopropyl Alcohol Gasification

Previous work on SCWG of 1- or 2-propanol is limited. Antal Jr., Carlsson, and Xu [98]
report yields of propene (CsHe) and 1-propanol after acid-catalyzed dehydration of 2-propanol in
subcritical water at 34.5 MPa and 320 °C for residence times up to 100 s. Chakinala et al. [95]
gasified 1-propanol in SCW, noting trace yields of benzene and toluene. The postulated reaction
network again includes initial C-H and O-H bond scission steps, leading to acetone (C3HsO),
which is thought to break down to CH4 and CO. Other theorized steps include reactions to form
ethylene, ethane, and various intermediate products.

Isopropyl alcohol (IPA) is continuously fed to the SCWG reactor at an overall volumetric
loading of 10 vol%, corresponding to an initial mass fraction of 8.03 wt%. Temperatures were
tested from 500 to 560 °C, with pressure fixed at 25 MPa and residence times ranging from 3 to 8
s. IPA was used as received with no further manipulation or purification. Data is collected as

described in Section 4.3.
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Figure 26: Formation and decomposition of major reaction products during SCWG of IPA at 560 °C.
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Figure 27: Formation and decomposition of minor reaction products during SCWG of IPA at 560 °C.

Production of Hz and acetone begin simultaneously and in nearly equimolar quantities from
4 - 6 s, as shown in Figure 26. Acetone can subsequently decompose to several different product
species, which leads to its maximum observed yield of 0.72 mol-CsHeO/mol-IPA. To identify
acetone decomposition products, SCWG of acetone was performed at 560 °C for 8 s. The collected
Raman spectrum is available in Figure 31, from which major acetone gasification products were
identified as acetic acid and CH4, with minor yields of H,, CO, COg, ethylene, and ethane. The
formation of acetic acid at 7 s in Figure 26 supports this observation, as does the minor production
of methane in Figure 27. These observed product formation profiles suggest the proposed acetone
decomposition pathways presented in Figure 28. Analysis of IPA data shows many similarities
with trends from SCWG of methanol and ethanol, such as the delayed appearance of CO; at 7 s.
Only trace amounts of CoH4, and CoHe are witnessed indicating that conversion of acetone to these

products is not favorable.
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Figure 28: IPA decomposition network in SCW.
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Figure 29: Gasification efficiency of IPA at all tested temperatures.
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pathway is active for SCWG of IPA.

Similar to ethanol, we propose that IPA decomposes via competing dehydrogenation and
dehydration reaction pathways, as presented in Figure 28. Many of the reaction pathways are
inferred from previous knowledge, such as ethylene hydrogenation and the WGS reaction. Acetic
acid is a known refractory SCWG product, thus its decomposition to gaseous products is unlikely
to be significant [95].

Gasification efficiency is plotted against residence time for all tested temperatures in
Figure 29. GE is drastically lower for SCWG of IPA than methanol or ethanol, due to the formation
of acetone and acetic acid in significant quantities. Decomposition and formation profiles of IPA
reaction products at all tested temperatures are available in Figures 32 and 33. A representative

Raman spectrum of IPA decomposition products is presented in Figure 30.
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Figure 30: Representative Raman spectrum of isopropyl alcohol decomposition products after gasification for 8 s at
560 °C, with significant peaks identified.
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Figure 31: Representative Raman spectrum of acetone decomposition products after gasification for 8 s at 560 °C,
with significant peaks identified.
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9. SCWG Reaction Mechanisms

The use of in situ Raman spectroscopy allows us to perform experiments with much shorter
residence times than most previous studies, and with vastly better time resolution, which is a huge
benefit for analyzing reaction kinetics. From the resulting decomposition profiles of each model
alcohol studied, it is inferred that the mechanisms driving the decomposition of alcohols in SCW
are chain-branching, free radical reactions. Based on reaction profiles which consistently show a
reaction induction time between 3 and 8 s, we conclude that radical pooling is a key step facilitating
alcohol decomposition. The importance of free radical reactions to SCWG chemistry is not
particularly surprising, but it is important to consider the chain-branching behavior further, as
several previous studies have assumed first-order reaction Kinetics for modeling alcohol
decomposition in SCW. The next step is to distinguish between reaction initiation steps,
propagation steps, and termination steps, considering experimental results presented here and in
previously mentioned studies. It is also important to consider the role of heterogeneous catalysis
on the surface of nickel reactor walls.

Previous modeling and experimental work have shown that SCW oxidation chemistry of
alcohols is analogous to the oxidation chemistry of alcohols under standard combustion conditions
[99]. It follows that reactions of alcohols in SCW without an oxidant would follow similar reaction
mechanisms as those already described and quantified in the pyrolysis and combustion literature

involving homolytic dissociation reactions and non-oxidative radical chain reactions.
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9.1. Reaction Initiation Mechanisms

The most probable reaction initiation step during non-catalytic SCWG is homolytic
dissociation of the parent alcohol via scission of the weakest bond, namely the C-O (methanol) or
the C-C (ethanol and IPA) bond. However, Chakinala et al. [95] reported that alcohols are mostly
stable in SCW up to 600 °C in the absence of a catalyst, which is mostly confirmed by the long
conversion times reported in other batch studies in this temperature region [21, 97]. Thus,
homolytic dissociation is not a likely initiation step during continuous SCWG at 500 to 560 °C
within a nickel-base tubular reactor. Much more likely is that radicals are initially generated
through adsorption and decomposition mechanisms on the catalytic surface of the reactor walls.
This adsorption and decomposition step is thought to proceed through adsorption of an H from the
parent hydrocarbon onto the catalytic surface, followed by the release of the remainder of the
parent molecule back into the bulk flow in the form of a highly-reactive free radical [37, 94].

If homolytic dissociation of ethanol or IPA were key initiation steps, this would initially
generate methyl radicals in the bulk flow through C-C bond scission, leading to yields of CH4 and
ethane prior to observable yields of ethylene, acetaldehyde, or acetone. However, this is not the
behavior observed in these experiments. For SCWG of ethanol, methane is only found after a
significant formation of acetaldehyde.

As further evidence for this hypothesis, alcohol combustion studies have shown that
homolytic dissociation of methanol to methyl (CHs) and hydroxyl (OH) radicals through C-O bond
cleavage is a negligible reaction mechanism [100, 101]. The absence of CHs and ethane as products

from methanol SCWG indicates that this finding holds in SCW environments, as both would be
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present as reaction products if methyl radicals were formed in the reaction environment. It follows

that C-O bond cleavage during SCWG of ethanol and IPA would also be negligible.

9.2. Reaction Propagation Mechanisms

Once intermediate radicals are catalytically generated, they can initiate chain reactions
through propagation steps, such as H abstraction from the parent alcohol via intermediate radicals.
For methanol, initial catalytic H abstraction most probably forms CH>OH radicals. A less probable
step is also available, via O-H scission to CH3O. Both of these steps are consistent with the
mechanism proposed by Chakinala et al. [95]. Each radical rapidly reaches formaldehyde through
unimolecular beta-scission, generating a growing radical pool and propagating the chain-
branching reaction. Formaldehyde rapidly reacts to CO and Hy; aldehydes are highly sensitive to
radical attack and are short-lived at the conditions tested [101].

In the case of ethanol, Norton and Dryer [101] concluded that the variation in observed
products during ethanol oxidation was largely dependent on the initial site of H abstraction. This
finding seems to hold for SCWG of ethanol. Three potential CoHsO isomers are energetically
available based on relative bond energies: CHsCHOH, C2H4OH, and CH3CH-0 [99, 100]. These

isomers can then react via the following dissociation reactions:

CH;CHOH - C,H,0 + H - (25)
C,H,0H - > C,H, + OH - (26)
CH;CH,0 - - CH,0 + CHs - (27)

all of which produce more free radicals in the reaction environment to speed the initial H
abstraction step. No formaldehyde was detected during SCWG of ethanol; it is likely that it

decomposes to CO and H> too quickly to be detected.
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It is reasonable to extrapolate dominant IPA mechanisms based on methanol and ethanol
mechanisms. The Cs chain affords four potential C3H;O isomers after H abstraction from the
parent IPA molecule. If the reaction behavior is similar to ethanol, (and the similarity of the
reaction network and decomposition profiles seems to indicate that it is), these isomers could

plausibly react via the following reactions:

CHsCH,CHOH - — C3HgO + H - (28)
CHsCHCH,OH - — C3HgO + H - (29)

C3H,OH - - C3Hy + OH - (30)
CH;CH,CH,0 - —» CH,0 + C,Hs - (31)

Acetone is the dominant intermediate from IPA decomposition. Similar to formaldehyde
and acetaldehyde, the C=0 double bond in the acetone molecule is stable under SCWG conditions.
Acetone decomposition in SCW must proceed through C-C bond scission, forming a methyl
radical and a methylcarbonyl radical (CoH30). The methylcarbonyl radical can hydrolyze to form
acetic acid and an H radical, which appears to be the favored acetone reaction pathway. The
presence of methyl radicals can explain the major yield of CH4 from SCWG of acetone, and the
minor yields of ethane and ethylene. Because the molar yields of acetic acid are consistently higher
than the molar yield of CHa, it seems highly unlikely that acetone can simultaneously lose both
methyl radicals along the hydrogenation pathway in Figure 28; however, it is included for

completeness.
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9.3. Reaction Termination Mechanisms

Stable end-products during the SCWG of all alcohols studied include Hz, CO2, CHa, ethane,
and propane. H» is produced through the coupling of two H radicals, either in the bulk flow or
through abstraction of a H atom via a H radical. COz is reached through the forward WGS reaction,
which is favored over the reverse reaction under high-temperature, aqueous conditions. Methyl
radicals (likely only formed from acetaldehyde or acetone) are quick to abstract H from other
hydrocarbons to form stable CHs. The combination of two methyl radicals to form ethane is
unlikely, due to the high reactivity of methyl radicals and low probability of encountering another

methyl radical relative to possible H donors.

9.4. Char Formation Mechanisms

The abstraction of H atoms through C-H and O-H bond scission is shown to occur readily
in SCW, even in the absence of an oxidant. The initial abstraction mechanisms must result from
radicals present in SCW above 500 °C, or from catalytic abstraction. As the radical pool grows, H
abstraction accelerates, leading to the observed chain-branching decomposition profiles.
Additionally, open C bonding sites become active. This could explain previously published results,
where char yields during SCWG of aromatic compounds or heterogeneous feedstocks are higher
than expected [104].

Soot formation occurs during the combustion of hydrocarbons, via the H-abstraction, CoH»-
addition (HACA) mechanism, as first proposed by Frenklach [105]. As H is abstracted from
aromatic compounds, the open bonding sites become occupied by acetylene (C2H2) radicals

resulting in polyaromatic hydrocarbon (PAH) growth and soot formation in flames. The HACA
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regime is dominant under high concentrations of H radicals and low concentrations of O radicals.
As demonstrated here, SCWG produces copious H radicals when hydrocarbons are present. During
SCWG of aromatic compounds, char formation likely proceeds via mechanistically similar or
identical steps to HACA. There exists support for this hypothesis in a recent study by Matsumura
et al. [106], where H radical scavengers were shown to effectively suppress char formation during

SCWG of guaiacol.
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10. Partial Oxidation of Ethanol

A limited number of previous studies have investigated supercritical water processing of
model compounds with the addition of an oxidant at low relative concentrations [107-109].
Biomass and other waste feedstocks tend to have high oxygen contents (often > 50 wt%) [110],
indicating that reactions involving oxygenated species and oxidative radicals will be significant to

SCWG of practical feedstocks.

From previous SCWO studies, ethanol oxidation occurs nearly instantaneously at
temperatures above 500 °C [96]. SCWG reactions are not significantly initiated at temperatures
below 530 °C and residence times below 8 s [111]. By studying the intermediate region where
SCWO reactions occur rapidly, and SCWG reactions occur slowly, insight is sought toward the
initial SCWO reaction steps, and the interaction of intermediate products at temperatures above
500 °C in the absence of further oxidant. By selecting ethanol as a simple model compound with
well-described reaction chemistry, the effect of partial oxidation conditions on reaction pathways

can be confidently inferred from resulting product yields.

10.1. Reactor Modifications

Minor reactor modifications are made to introduce the oxidant to the reaction environment.
Figure 34 shows a schematic of the reactor, which has three independent HPLC pumps to introduce
deionized (DI) water, aqueous H20 (30 wt%), and pure ethanol into the reaction environment.

The oxidant pump allows for independent selection of OFR, in addition to residence time and
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reagent concentration. The DI water and H>O> streams are mixed prior to preheating, to ensure

that the H>O» is well-mixed and fully decomposed to O» before the introduction of the ethanol.

H>0> decomposition rates in SCW were previously quantified by Croiset, Rice and Hanush

[112] with a first-order Arrhenius expression of:

- k]
k (s™) = 10%34+12exp [(~180 £ 16 - ) /RT] (32)
H>0O> decomposes to H2O and O via intermediate OH and HO- radicals, which are assumed to

exist in constant concentrations at equilibrium. Our preheater section consists of a coiled, 6.1 m

Inconel 625 tube with 3.05 mm ID, resulting in an internal preheater volume of 472 mL. The
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Figure 34: Schematic of the continuous supercritical water reactor used for partial oxidation experiments. PG =
pressure gauge, TC = thermocouple.
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maximum total mass flow rate of the premixed DI water and H>O> through the preheater is 31.2
g/min. At 600 °C and 25 MPa the density of water is 0.055 g/mL [29]; thus, an approximate
minimum residence time of oxygenated water in the preheater can be calculated as 49.9 s, if the
maximum possible flow rate and temperature are assumed. From the above Arrhenius expression,
H2021s 99% decomposed after 0.267 s at 500 °C, and 0.0108 s at 600 °C. To achieve post-mixing
temperatures of 500 to 530 °C, the preheated bulk flow must consistently be heated to >600 °C, as
measured by TCI; it is reasonable to assume that H>O; is fully decomposed to O> by the time the

oxygenated bulk flow reaches the mixing section.

For all partial oxidation experiments, the thermal management procedure is as follows.
First, the desired experimental temperature is reached, as measured by TC2 and TC3 (Figure 34),
with cold ethanol injected into a bulk flow of supercritical water. Next, the flow of H20; is
initiated. When the oxygenated bulk flow reaches the mixing section and reacts with the inflowing
ethanol, a measurable temperature increase is observed at TC2, recorded as the post-mixing
temperature increase in Table 6. The post-mixing temperature increase is correlated to OFR, as
seen in Table 6. On average, OFRs of 5, 7.5, and 10% cause respective temperature increases of
11.0, 16.4, and 21.7 °C. Across all experiments, the measured post-reactor temperature at TC3
closely matches the experimental temperature, indicating that the temperature of the bulk flow

quickly returns to the intended experimental temperature.

Table 6. Temperature increase after the introduction of reagent into partially oxidative bulk flow.

Experimental OFR (%) Post-Mixing Temp. Post-Reactor Temp.
Temperature (°C) Increase (+°C) Increase (+°C)
500 5 11411 2.7+0.56
10 22+2.8 2.4+0.77
5 1242.2 0.19+1.6
510 7.5 17+£3.7 1.9+0.84
10 22+4.4 3.0+0.89
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5 9.7¢1.3 0.04+1.2
520 7.5 16+3.1 2.7+1.9
10 1846.2 0.13+1.1
5 12+1.3 1.8+0.54
530 7.5 16+2.4 1.9+0.61
10 23+0.54 1.9+0.71

10.2. Product Yields

Figures 36 through 39 show molar product yields normalized to 1 mol of ethanol for all
SWPO experimental conditions. Ethanol yield values in Figures 36 through 39 indirectly indicate
ethanol conversion values for each experimental condition (e.g., ethanol yield of 0.6 mol
corresponds with 40% ethanol conversion). Measured ethanol yields show that ethanol conversion
values at these conditions are consistently over four times higher than the experimental OFR. This
seems to indicate that most of the initially available oxygen is rapidly consumed through reactions
with the parent ethanol molecules. A lack of detectable O2 or H>O; in the product spectra indicates

that oxygenated species are rapidly and completely consumed in all experiments.

During SWPO, molar H> yields are significantly lower than molar CO and CHjy yields,
which also supports the hypothesis that most available oxygen is rapidly consumed in the reaction
with ethanol molecules. Ethanol oxidation proceeds initially to a C;HsO isomer through hydrogen
abstraction by an oxidative radical (e.g., OH or HOy), which produces H,O rather than H,.
Consistently, the CO yield is nearly equal to the amount of converted ethanol on a molar basis.
CO; yields never exceed 0.04 mol/mol-EtOH, indicating that conversion of CO via the WGS
reaction happens slowly at these conditions and that insufficient oxidant remains for CO oxidation

by the time is forms in significant quantity [113].
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Molar CHj4 yields are consistently lower than molar CO yields, indicating CO is formed
via pathways additional to acetaldehyde decomposition, and/or that CH4 undergoes partial
oxidation at these conditions. Higher OFRs produce greater relative differences between molar
CH4 and CO yields. Full oxidation of CHs would produce H,O and CO», but again CO> yields are
consistently low. Partial oxidation of CH4 may produce CH» or CH3 radicals, which can couple to

form ethylene or other C, species [101].

As shown in SCWG experiments, ethanol can dehydrogenate to form H» or dehydrate to
form ethylene in the absence of an oxidant. It is possible that the temperature increase produced
through exothermic oxidation reactions promote these hydrolysis pathways, which could explain

the slight increase in ethanol conversion and H» yield with residence time.
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Figure 35: Representative Raman spectrum from partial oxidation of ethanol in supercritical water at 530 °C,
residence time of 6 s, and OFR of 10%. Significant peaks are correlated with associated species.
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A Raman peak at 992 cm™! is visible in data collected at higher residence times, as shown
in Figure 35. Both ethane (C:Hs) and benzene (C¢Hg) have a characteristic peak at this
wavenumber. We infer that benzene is the primary contributor to the appearance of this peak
because increases in the 992 cm™! peak height are consistently accompanied by increases in Ha
molar yields. Production of 1 mol ethane would require the consumption of 1 mol H» via ethylene
hydrogenation, while production of 1 mol benzene via ethylene dehydrogenation and acetylene
(C2Hz2) pyrolysis produces 3 mol of H, [102, 114]. The corresponding increase in the 992 cm™
peak height and H» yield serves as an indicator that this peak is due to benzene presence. Char and
coke formation within the reactor support this conclusion, as does the previous observation of trace
benzene yields from bioethanol reforming in supercritical water [115]. It is probable that ethane is

also present in trace amounts.
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10.3. Gasification Efficiency

GE is plotted in Figure 40 against residence time for all temperatures and OFRs. Increased
OFR corresponds with an increase in gaseous product yield, while increased temperature and
residence time each correspond with minor increases in GE at these conditions. The insignificance
of temperature and residence time is expected, as the oxidation steps responsible for most ethanol
conversion occur rapidly at these conditions. A maximum GE of 45% is reached after 6 s at 530

°C and an OFR of 10%. Figures 36 through 39 show that gaseous products are primarily CO, CHa,
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and H>. GE never exceeded 6% during previous experiments running SCWG of ethanol with the

same reactor at temperatures from 500 to 530 °C and residence times up to 8 s, shown in Figure

22.

10.4. Reaction Mechanisms

It has been well-documented that oxidation of ethanol in the gas-phase initially through

hydrogen abstraction to form one of three C2HsO isomers:

C,HsOH + X » CH,CH,OH - +XH (32)
C,HsOH + X — CH;CHOH - +XH (33)

The temperature-dependent branching ratio between the three isomers is important to the dominant
reaction pathways and ultimate product yields [101, 102, 111]. Each isomer subsequently

decomposes via third-body reaction:

CH,CH,0H -+ M > C,H, + OH - +M (35)
CHyCHOH -+ M - CH;CHO + H - +M (36)
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producing key intermediates of acetaldehyde, ethylene, and CH4. These same mechanisms are
active in ethanol oxidation and hydrolysis in SCW, with acetaldehyde production (Equations 33

and 36) known as the preferred route [96, 111, 116].

Under the studied SWPO conditions, the oxidative species are favored to facilitate the
initial hydrogen abstraction steps in Equations 32 through 34. The catalytic reactor surface may
also initiate hydrogen abstraction. The resulting radicals produced by Equations 35 through 37
cause a propagating chain reaction, as species such as CHs; and OH are highly reactive for hydrogen
abstraction, forming stable products of CHs4 and H>O [101]. Under SCWG conditions, radical
generation subsequently leads to chain-branching behavior, where reaction propagation led to self-
catalyzing, accelerating ethanol conversion, as shown in Chapter 8. Interestingly, in these
experiments, the chain reactions terminate before complete ethanol conversion, indicating that
intermediate radicals react faster via termination mechanisms to stable products than propagation
mechanisms to produce more radicals. No formaldehyde is detected in the effluent, indicating that
formaldehyde rapidly decomposes to H> and CO, or that routes described by Equations 34 and 37

are not favored at these conditions.

10.5. Char Formation

Collection of experimental data was stopped after significant carbon buildup was
discovered within the reactor. In ethanol SCWG experiments, no major char formation is observed,

indicating that SWPO promotes secondary reaction pathways, likely involving C2 compounds, that
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ultimately lead to char. This seems to run counter to previous observations that SWPO reduces

char formation in the processing of complex feedstocks [107].

Coking reactions likely cannot account for all observed carbon buildup during SWPO, as
these pathways would have also been accessible during SCWG of methanol, ethanol, and isopropyl
alcohol, when no major carbon buildup was observed. SWPO of ethanol must produce a char
precursor as an intermediate product. The most likely candidate is ethylene. Hydrogenation of
ethylene produces ethane as a stable product, while full oxidation of ethylene produces H>O and
CO; as stable products. As an intermediate step, ethylene can undergo hydrogen abstraction to

form C,Hs:

where the abstracting species can be OH, CH3, or other radicals [101, 102]. Subsequently, C>H3

can react via several key pathways, some of which form acetylene:

C,Hs -+ 0 -— CH,0 + HCO - (39)
CoHs+M > C,Hy + H-+M (40)
CoHs -+ H > CoH, + H, (41)
CoHy -+ H - > CyH, - (42)

In gas-phase combustion experiments, higher CoH» concentrations have been reported in fuel-rich
conditions, due to a shift in competition between Equations 39 and Equations 40 through 42 to

favor the latter mechanisms at lower oxidant concentrations [101].
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An abundance of oxygen (during SCWO) or hydrogen (during SCWG) prevents ethylene
from lingering as an intermediate, but SWPO conditions may provide a “sweet spot” for ethylene
dehydrogenation to acetylene, which is a critical soot precursor in gas-phase combustion. Pyrolysis
of CoHy» constitutes the first step toward C4Ha, previously shown to proceed via molecular reaction

at temperatures below 1200 K:

C,H, + C,H, —» C4H, (43)

with successive C2H addition steps to form benzene, and ultimately produce polycyclic aromatic
hydrocarbons (PAHs) [114]. These PAHs grow in size building clusters [105], which creates
incipient soot particles, which subsequently grow by HACA or condensation mechanisms [117].
Soot formation has been studied in many combustion systems; however, the experiments and

modeling of long residence time, low-temperature combustion have been limited [118, 119].

Acetylene is not directly observed in the Raman spectra of the quenched effluent; acetylene
has a weak Raman spectrum, with a characteristic peak near 2000 cm™!, which was not visible in
experimentally collected spectra, as shown in Figure 35. We assume that acetylene is mostly
converted to benzene within the reactor and likely exists in the effluent at concentrations below
the detection limit of our Raman setup. Benzene is observed in trace amounts as a reaction product,
and the production of char from benzene in supercritical water has been well reported in previous
studies [49]. We infer that under the studied SWPO conditions, char formation proceeds via
analogous mechanisms as soot formation in gas-phase ethanol combustion. It is important to
mention that char yields are qualitatively low - no char is observed in the Raman spectra collected

during continuous operation. However, small amounts of solid carbonaceous particles are clearly
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visible in the effluent, and char buildup within the reactor was confirmed after all experiments

were conducted by cleaning the reactor with acetone.
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11. Conclusions

The reaction behavior of four model compounds in supercritical water is determined.
Subcritical and supercritical reaction rates and rate parameters for formic acid decomposition are
fully determined, assuming first-order reaction behavior [37]. For methanol, ethanol, and isopropyl
alcohol, first-order reaction behavior is not observed, and no reaction rates can be proposed [111].
Reaction induction times between 3 and 8 s are observed for all primary alcohols, indicating that
free radical reaction mechanisms drive the decomposition of primary alcohols in supercritical
water. Catalytic reactor walls are proposed to significantly catalyze these free radical reactions.
Adding sub-stoichiometric oxidant is shown to increase gasification efficiency of ethanol in SCW,

while surprisingly promoting char formation [120].

In situ Raman spectroscopy allows for product yield data for gaseous and liquid products
to be collected rapidly and simultaneously. Post-critical injection of reagents coupled with in situ
Raman allows for testing short, yet distinct, residence times. Raman spectroscopy shows promise

for expediting future experiments, and for future automation of reactor thermal management.

The body of work and the experiments described here form a foundation for bringing
SCWG and SWPO towards commercial relevance. A thorough understanding of the gasification
behavior of model organic compounds helps elucidate the temperatures and residence times
needed to completely gasify real feedstocks into desired products. Although model compounds
have been successfully gasified in lab-scale reactors, long-term operation of industrial SCWG
reactors with real feedstocks has proven to be technically challenging. The biggest current issues

which must be addressed include (i) finding suitable materials to resist corrosion, (ii) mitigating
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issues associated with the presence of salts, and (iii) limiting char formation. Future work should

be expressly tailored towards solving these challenges.
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