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ABSTRACT

The noncatalytic reformation of glycerin in supercritical water was studied in a
Haynes 282 tubular reactor. In order to determine which parameters were the most
influential, a 2° experimental matrix was conducted, with temperatures of 500 and 700°C,
water/glycerin molar ratios of 3:1 and 13:1, and residence times of 30 and 90 seconds, all
at a pressure of 24 MPa. It was found that temperature had the largest effect on the two
gasification parameters deemed most important, gasification percentage and hydrogen
yield. Based on this, the effect of temperature was further investigated by looking at
50°C intervals from 500 to 800°C. From this it was determined that a temperature of 700
to 750°C was most conducive to glycerin reformation. The results were compared to
equilibrium, as calculated by Gibbs free energy minimization. It was found that at
temperatures from 750°C to 800°C; most of the results were at equilibrium. Based on
this, kinetic models were developed for experiments not in equilibrium. The first model
is a pseudo first order model of the gasification, which compares favorably with other
studies. The second kinetic model takes into account the carbon containing gaseous
species. Three reactions are used to model the gaseous products: Complete gasification
of the glycerin into carbon monoxide and hydrogen, water gas shift of the resulting
carbon monoxide, and a reaction in which glycerin and hydrogen combine to produce
methane. Other reaction pathways were tested, and they either did not fit the data as
well, or were thermodynamically impossible. The reactions are also capable of

predicting hydrogen production for most conditions.
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1. INTRODUCTION

1.1. RESEARCH OBJECTIVES

The object of this research is to reform glycerin into hydrogen and carbon
monoxide non-catalytically using supercritical water. The major variables in any
reformation project include temperature, pressure, water-to-fuel ratio, residence time,
catalyst, and reactor type. This study will focus on temperature, water-to-fuel ratio and
residence time. A 2° factorial design is used to determine which variable is most
important to gasification, and further in-depth research is conducted in that direction.
The objective is to produce hydrogen or a mixture of hydrogen and carbon monoxide
known as synthesis gas. These product gases can be used in a variety of petrochemical
and fuel applications.

Also, this supercritical water system is of a small pilot plant scale, while most
other studies into supercritical water reformation use micro-reactors. A larger scale
reactor investigation, such as the current study, offers more realistic reactor, heat transfer
and flow conditions compared to micro-reactors. This is important for new process
development as well as scale-up of the process system. These two insights, the most
important parameters and the feasibility of scale-up, offer opportunities to maximize the

process and scale-up further to industrial applications

1.2. MOTIVATION OF RESEARCH
Glycerin is the major by-product of biodiesel production, being 10% by weight of

the product stream. Biodiesel production is increasing worldwide, leading to an increase



in the production of glycerin whose conventional market is not expanding at the same
rate. Having a process by which glycerin can be converted into value added products
would increase the profit margin of biodiesel production, thus making it more
sustainable. Furthermore, hydrogen and carbon monoxide are currently produced from
fossil fuels, while glycerin is derived from a biological, renewable source.

The motivations for using supercritical water in glycerin reformation have to do
with the properties of glycerin and supercritical water. First, glycerin is hygroscopic, and
absorbs up to 20% water from the atmosphere. Glycerin itself has a low calorific value,
approximately 40% of that of gasoline per mass basis. These facts make it less desirable
for direct combustion. Also, the crude glycerin from the biodiesel plant contains
impurities that make it more costly to purify to use as a livestock feed, food preservative
or cosmetics, which are currently some of the major end uses of glycerin. Using
supercritical water negates the water absorption problem because water is used in the
process, and the noncatalytic reforming in supercritical water is less affected by the
impurities found in crude glycerin. The properties of supercritical water also make it an
effective and efficient method of reformation. Supercritical water reformation produces
gasses at high pressure, which is useful for efficient storage, transportation or subsequent
reactions.

Some studies have examined obtaining products from glycerin other than
hydrogen and carbon monoxide, specifically liquid products like acrolein, propylene
glycol, formaldehyde, and methanol, among others. The formation of hydrogen and
carbon monoxide was emphasized in this study because they are building block

chemicals, from which a variety of products can be produced. They are simple to



separate from the liquid effluent, and easier to characterize. In future studies crude
glycerin may be used, which could have impurities that hinder some of the liquid
products or decrease their yield. In order to have greater future application, the simplest

and highest yield components, the gaseous products, were investigated.



2. BACKGROUND

2.1. INTRODUCTION

The purpose of this dissertation is to study the reformation of glycerin in
supercritical water. Therefore, the purpose of this background is to explain the
components and provide an overview of research conducted in similar areas. It begins
with a review of supercritical fluids, then specifically supercritical water. Next, glycerin
is discussed, its properties and how and why it is produced. Then the products of
reformation, synthesis gas and hydrogen, are discussed. Finally, a literature review of
atmospheric, subcritical and supercritical reformation of glycerin is given, as well as

some of the catalytic effects observed in glycerin reformation.

2.2. SUPERCRITICAL FLUIDS

A supercritical fluid is a unique state of matter that occurs for any fluid that is
above its critical temperature and pressure. In general, if the temperature of a liquid is
raised at constant pressure it becomes a gas, or if the pressure on a gas is increased at
constant temperature it becomes a liquid. At a point called the critical point, if the
temperature or pressure is raised the boundary between the liquid and vapor phase
disappears and the fluid is no longer a gas or a liquid but is a supercritical fluid. This
continuity of the liquid and gas states, and the existence of the critical point, was
discovered in 1861 by Thomas Andrews (/). The mathematical definition of a critical
point is where both the partial derivative and its second partial derivative of pressure with

respect to volume at constant temperature equal zero (2, 3).



Supercritical fluids have properties that are usually intermediate from those of
either liquids or gases, and these properties can be finely tuned around the critical point
(4). Theoretically, all compounds have a critical point, but some such as polymers
degrade before reaching it (5). A supercritical fluid, as compared to a liquid, has a higher
molecular diffusivity, a lower viscosity and no surface tension at all. The molecular
diffusivity in a supercritical fluid is between that of a liquid and a gas, but closer to that
of a gas, so that reactions that are diffusion limited in the liquid phase can become faster
in the supercritical region (6). The density is highly dependent on temperature and
pressure near and beyond the critical point, thus allowing a wide variability (7). These
properties, especially the higher diffusivity, make supercritical fluids applicable and
potent solvents. Supercritical fluids are also simple to regenerate because by cooling and
depressurizing the fluid it loses its supercritical solvent capabilities and the solute
precipitates out, leaving the solute and solvent separated (3, 7). When conducting
chemical reactions at supercritical fluid conditions, the above properties allow for greater
solubility of reactants and products, the elimination or alleviation of interphase transport
limitations on the reaction rate, the reduction of carbon deposition on heterogeneous
catalysts, and the integration of reaction and separation unit operations (6). Carbon
dioxide and water are the fluids most frequently used in supercritical applications. Both
are environmentally benign and readily accessible. The properties of supercritical CO,
and the ease with which its critical point is reached means it could replace some
halogenated or aromatic solvents (6, &). Supercritical fluids have been used to
decaffeinate coffee and tea, to extract the nicotine from tobacco, textile dying and dry

cleaning, cleaning and etching silicon wafers, wastewater treatment, remediation of



contaminated soil, supercritical fluid chromatography, production of fine powders,
extraction from and impregnation of polymers, polymerization and graft
copolymerization, natural food extracts and fragrances, vitamin and antioxidant
extraction, among other applications (5, 9-7/3). This section will begin with an
introduction into the physical properties of supercritical water, then cover some of the
unique advantages of using supercritical water in reformation or gasification processes.

2.2.1. Supercritical Water. “In no other solvent can the properties near or
above the critical point be changed more strongly as a function of pressure and
temperature than in water” (14). Figure 2-1 is a pressure/temperature graph of pure
water, which illustrates the supercritical region for water, the critical point for which is
647.3 K and 22.06 MPa (3, 5). The addition of any impurities to the water would change
its phase behavior, including the critical point. The diffusivity, density, dielectric
constant, heat capacity, organic and inorganic solubility, and viscosity all change
significantly for water going from ambient temperature to supercritical (2, 3, 5).

Table 2-1 presents these important physical properties of water as a function of
temperature and pressure, in order to compare the differences between ambient, sub-
critical, and supercritical water and superheated steam. The density of supercritical water
is between that of ambient water and superheated steam, and can be varied continuously
from high, liquid-like values to low, gas-like values, without phase transition as a
function of temperature and pressure. Supercritical water is distinct from ambient water
in that the hydrogen bonding of supercritical water is almost entirely disrupted, making it

more like an organic solvent than ambient water (15—17).
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Figure 2-1. Phase diagram including supercritical region for water.
Table 2-1. Physical properties of water (/8-20).
Ambient Superheated Subcritical Supercritical
Water Steam Water Water
T (°C) 25 400 250 400 800 400
P (MPa) 0.1 0.1 24 24 24 50
p (kg/m3) 997.05 0.32 819.97 148.55 50.64 577.79
£ 78.41 1.00 28.06 2.28 1.22 11.98
pKw 14.0 N.A. 11.0 194 24.2 11.9
¢cp (kl/kg °C) 4.14 2.07 4.65 10.80 2.63 6.79
n (uPas) 890.08 24.45 111.39 28.19 41.92 67.99

The disrupting of the hydrogen bonding gives supercritical water a low dielectric

constant, meaning supercritical water is completely miscible with non-polar compounds

like hydrocarbons and chlorofluorohydrocarbons, while being immiscible to inorganic



salts. The dielectric constant of water at 25°C is 78, while it is about 6 at the critical
point. As can also be seen in Table 2-1, the heat capacity of supercritical water at 400°C
is larger than ambient water or superheated steam. The ionic product of water, K, is
another property that is tunable with changes in temperature and pressure in the sub- to
supercritical region, which is useful for optimizing acid/base reactions. The dynamic
viscosity, 1, at supercritical conditions is a ten to twenty times lower than the viscosity of
ambient water, leading to advantages where reaction rates are limited by mass transfer,
such as heterogeneously catalyzed reactions (21, 22).

Figures 2-2, 2-3 and 2-4 illustrate how the density, gas solubility and inorganic
solubility changes as a function of temperature at 23.44 MPa (23). The dashed line at
374°C is the temperature at which pure water becomes supercritical. The density changes
gradually around the critical point, so that variations in temperature or pressure can have
controllable variations in the density. The solubility of permanent gases has a more
dramatic change at the critical point, as shown in Figure 2-3. Gases such as oxygen are
100% soluble in supercritical water, as are other permanent gases such as carbon
monoxide and methane (24). The solubility of permanent gases in supercritical water can
overcome inter-phase transport limitations, increasing mass transfer, while also
simplifying downstream separation and purification (6, 25). If the water is cooled below
the critical point, the gases and water would separate, leaving high pressure gaseous
products.  Hydrocarbon and organic solubility follows a similar pattern (10, 23, 26).

Figure 2-4 illustrates the miscibility of salts in supercritical water.



~ 08
(5]
L2
B 0.6
>
=04
=
%)
a 02+
O T T T T T
25 125 225 325 425 525 625
Temperature (°C)
Figure 2-2. Density change of water as a function of temperature
at 23.44 MPa (20).
100 -
>
= 75 1
2 -
22 50-
»n N
3
g = 25-
o0
=
(@) 0 T T T T T T T
225 275 325 375 425 475 525 575 625
Temperature (°C)
Figure 2-3. Oxygen solubility in water as a function of temperature
at 23.44 MPa (23).
g 60
2
Z
E
=
S
w
&)
2 0 T T T T T
25 125 225 325 425 525 625

Temperature (°C)

Figure 2-4. Sodium chloride solubility in water as a function of temperature at a
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The reason that the solubility increases gradually after the critical point then
suddenly decreases at about 450°C is because the salt changes the critical point of water,
just as it changes the boiling and melting point of water. The dashed line represents the
pure water critical point, but the steep decline in solubility at about 450°C is the actual
critical point for this mixture (23). These properties of supercritical water are the
complete opposite to some of the properties of ambient water, which is largely
immiscible to oils, dissolves salts and can only dissolve a small amount of permanent
gases

2.2.2. Applications and Advantages of Supercritical Water. Supercritical
water reformation and supercritical water oxidation have been investigated for years as a
medium for waste disposal, depolymerization, geochemical reactions, and the
reformation of various hydrocarbons and biomass (5, 27-32). The first industrial use of
supercritical water was in a deep-shaft wastewater reactor developed by Vertox in 1975,
which used a deep shaft drilled into the earth to develop high pressure. A wastewater
stream and air were pumped down the shaft, which became supercritical due to the
energy liberated in situ by oxidation and the high pressures due to the weight of the water
above. The waste in the water was oxidized to water and carbon dioxide (5). The first
aboveground supercritical water reactor was developed by Modell and coworkers at the
Massachusetts Institute of Technology in 1979 to investigate the reformation of various
organics and the destruction of wastes (5, 33, 34). Since then, numerous studies have
been conducted into the applications of supercritical water.

The supercritical phase reformation has the advantage of not requiring energy-

intensive vaporization of water to generate steam (35). The enthalpy of supercritical
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water at 700°C and 30 MPa is 3744 kJ/kg, steam at 700°C and 1 atm has an enthalpy of
3929 kl/kg, a difference of 5%. While this in itself is not a large difference, supercritical
water leads to more compact and efficient heat exchange. Since the driving force of a
heat exchanger is the difference between hot and cold, evaporation or vaporization
reduces the efficiency of heat exchangers because energy must be transferred without a
temperature change (/4). Supercritical water negates this problem. Efficient heat
exchange is one of the design features that are essential to system efficiency and
performance when dealing with supercritical water gasification (36).

Supercritical water oxidation or partial oxidation has been studied as a means of
de-polymerizing polymers, gasifying biomass and high-weight hydrocarbons, and
destroying such wastes as rocket propellants, chemical warfare agents, waste sludge,
concentrated municipal sewage and organic waste (5, 31, 32, 37—44). The advantages
include fast reaction times because oxygen is completely soluble in supercritical water,
and the high temperatures lead to fast reactions. This solution to waste disposal does not
have some of the problems associated with standard incineration, which includes only
partial combustion of the waste and the formation of dangerous incineration byproducts
(IBP’s) like dioxin. The lower temperatures in supercritical water oxidation leads to
nitrogen containing compounds producing mainly nitrogen gas, so that NOx production is
not a problem (45). Partial oxidation of biomass or hydrocarbons leads to higher
conversions of the hydrocarbons into gas and in-situ heat generation, leading to
autothermal gasification (37, 38, 46). Additionally, water can function as a catalyst as

well as a reactant in numerous reactions (25, 47-52).
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When the goal is to gasify biomass, supercritical water gasification has the
advantage of not having to dry the biomass, which can have a water content of 80 wt% or
more (/4). The water in the biomass acts as a solvent and a reactant (26). Also,
supercritical water accelerates the depolymerization of biomass such as cellulose, and
leads to faster gasification rates then subcritical water (53). The intermediates are highly
soluble in SCW, which inhibits tar and coke formation (6, 54). Another advantage of
supercritical water gasification is that the product gas is produced at high pressures,
making it easier to store or transfer. Carbon dioxide can be separated from the other
permanent gases because it is more soluble in high pressure, ambient temperature water.
Supercritical or near-critical water can also function as a solvent in chemical processing,
so that organic solvents would not have to be used (57).

The largest current commercial application of supercritical water oxidation is its
use for the gasification of sewage sludge and hazardous waste. A hydrothermal oxidation
system in Harlingen, Texas uses a patented process from HydroProcessing, L.L.C. to
gasify up to 9.8 dry tons per day of municipal sludge. The process is autothermal, so that
all of the energy needed is generated by the exothermic oxidation reaction (43). They
employ a tubular reactor that operates up to 700°C, as well as a patented process to
depressurize the solid containing effluent (55, 56). A pilot plant in Karlskoga, Sweden
was built in 1998 and based on technology developed by Chematur Engineering AB
called the Aqua-Critox system, and capable of processing 250 kg wet sludge per hour
(40). Supercritical water oxidation plants have been used in Japan and Germany to
dispose of wastes from pharmaceutical and semiconductor manufacturers (47).

Numerous companies have built or proposed of plants that use supercritical water
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oxidation for the destruction of hazardous waste on US Army bases and US Navy ships,
including VX nerve gas and high explosives (4/).

The ability to use a single phase during heat transport has led to the investigation
of using supercritical water in nuclear reactors. The system is characterized by low flow
rates, high enthalpy rise and single phase cooling, which allows thermal efficiency up to
44% for the plant. Because supercritical water is such an efficient heat transport medium,
the supercritical water nuclear reactor can have a power density similar to liquid metal-
cooled reactors, which leads to a more compact vessel size. The high power density,
smaller size and the simplicity of having only one phase leads to capital cost reduction.
Supercritical water nuclear reactors are one of the candidates for the Generation IV
nuclear reactor system (57, 58). Fossil fuel power plants can also achieve higher
thermodynamic efficiency and heat transfer by using supercritical or high pressure water
instead of steam (59, 60).

While supercritical water does have numerous advantages, there are also
challenges. The most basic is a reaction system that can operate at the temperatures and
pressures necessary for supercritical water, which entail higher investment costs. There
are some problems with corrosion using supercritical water, which is greatly increased
for supercritical water oxidation or when halides are present, as these can form acids (6/—
65). Recent advances in metallurgy, such as the high nickel alloys, mitigate these
problems. The lack of kinetic and thermodynamic data in supercritical water reactions is
a fundamental disadvantage, because only a few binary or ternary systems have been
investigated (25, 66, 67). When gasifying biomass, there can be problems with salts

plugging the reactor, since the solubility of salts is reduced in supercritical water. (42,
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68—-70). This is more of a problem with catalytic reactors since the free diameter in the
reactor is smaller (69). Salts, along with any nitrogen or sulfur containing compounds,
can poison the catalysts in some processes (7/—73). In other work, it has been shown that
alkali salts act as a catalyst in supercritical water, increasing biomass gas yields (54, 74).

At lower temperatures, char or coke can also lead to reactor plugging (69, 75).

2.3. GLYCERIN

Glycerin, also known as glycerol, glycerine, or 1,2,3-propanetriol is a colorless,
nontoxic, viscous liquid with the chemical formula C;Hs(OH); (76). The name 1,2,3-
propanetriol better describes the compound as a three carbon backbone compound with a
hydroxyl group bonded to each carbon, which accounts for its hygroscopic nature and
solubility in water and simple alcohols. Some of the physical properties of glycerin are
listed in Table 2-2, while Appendix A has information about the physical properties of

glycerin/water mixtures.

Table 2-2. Physical properties of glycerin at 25°C and 100 kPa (77-80).

Molecular Weight (g/mol) 92.09
Density (g/cm’) 1.26
Melting Point (°C) 17.8
Boiling Point (°C) 290
Critical Temperature (°C) 577
Critical Pressure (atm) 74.02

Acentric factor 0.5163




15

Among its many uses, glycerin is found in cosmetics and personal care products,
pharmaceuticals, as a lubricant and in the production of nitroglycerine. Cosmetics and
personal care products include soap, lotions, hair products, oral care products, personal
lubricants, deodorants and suppository laxatives (76). The hygroscopic and non-toxic
nature of glycerin is the reason for its being used so heavily in the personal care industry,
because it acts as a moisturizer. Due to glycerin’s sweet taste and non-toxicity, it is used
in many food and tobacco applications. Toothpastes, cough syrup, lozenges, mouthwash,
and cookies can contain it. The hygroscopic nature of glycerin is used in the tobacco
industry to keep cigarettes and other products at the correct moisture content (76). The
high viscosity of glycerol makes it a perfect thickening agent for food and beverages
(81).

Glycerin can be polymerized and form polyglycerol esters, which have a wide
variety of characteristics based on the length of the polyglycerol and the hydrocarbons
used during esterification. Polyglycerol esters are widely used in pharmaceuticals and
cosmetics, as well as food processing as an emulsifying agent, crystal inhibitor, anti-
clouding agent and as a viscosity reducing agent in the manufacture of chocolate (§2—84).
Along with fatty acids, glycerin is used when producing some esters and as an ingredient
in alkyd resins (82, 85). A long list of other applications for glycerin could be compiled,
but these are the most prevalent. As of 2003, the world market for glycerin was 600
million kg (86). Table 2-3 shows how this glycerin is used by various industries and in
what percentage. Glycerin is the backbone of most of the natural oils and animal fats;
three fatty acids esterified to glycerin constitute a triglyceride. Before the advent of a

major biodiesel industry, glycerin was a byproduct of other industries that wanted to



16

extract the fatty acids from oils, such as the soap industry. Glycerin is also produced
synthetically from various petroleum products, such as propylene, which was used due to
glycerin shortages but is now mostly used to make ultra-high purity glycerin (76).

Currently, most glycerin is the byproduct of the biodiesel industry (86).

Table 2-3. Worldwide glycerin consumption by various industries (87).

Industry Percentage consumption (%)
Drugs, pharmaceuticals 18
Personal care 16
Polyglycerol esters 14
Food 11
Other 11
Triacetin 10
Alkyd resins 8
Tobacco 6
Detergents 2
Cellophane 2
Explosives 2

Biodiesel is a hydrocarbon fuel produced from plant oil, algae oil, or animal fat
that is meant to be a renewable fuel that can be blended with or replace diesel derived
from petroleum (88, §9). Biodiesel can completely displace diesel with only minor
modifications to the engines or fuel systems of the diesel fleet, with no infrastructure
change or transportation difficulties beyond ordinary diesel (86, 90). Diesel and biodiesel

can be blended at any percentage, commonly 5% biodiesel, known as BS5, or 20% (B20).



17

This is because no engine modification is needed up to 20% biodiesel. It has a higher
cetane number (CN) and lubricity than petroleum derived diesel, but with a lower energy
content, leading to a 2-8% decrease in fuel economy (88). Rudolph Diesel, when writing
about using vegetable oils as fuels in 1912, said “In any case, they make it certain that
motor-power can still be produced from the heat of the sun, which is always available for
agricultural purposes, even when all our natural stores of solid and liquid fuels are
exhausted” (97). Biodiesel is industrially produced by the transesterification reaction,
given below in Equation 1, of triglyceride with an alcohol, usually catalyzed by an acid
or base, to form the alkyl esters which constitute biodiesel. The reaction below uses

methanol as the alcohol, but any alcohol can be used and will affect the resulting

biodiesel.
C—OCR’ R’CO,CH;
Catalyst
—O0,CR” + CH;OH ——»  R”CO,CHj; +  Cs;Hs5(OH); (1)
C—O,CR"” R’”CO,CH,
Triglyceride =~ Methanol Methyl Glycerin

Esters

In the above reaction, the hydrocarbon chains of the triglyceride are represented
by R’, R” and R’”. If the triglyceride has different length hydrocarbon chains, then the
resulting fatty acids would reflect this. The triglyceride used need to have hydrocarbon
chains of similar length and properties as diesel in order to be blended with or replace it.
The best starting material for biodiesel is refined vegetable oils such as canola, palm,
soybean and rapeseed oils, although animal fats and tallow can also be used (88). The

most common feed stocks are rapeseed in the EU, palm oil in tropical countries, and



18

soybean oil in the U.S (89). Waste triglycerides that could be used include yellow grease,
which is waste oil from restaurants, and trap grease, which is collected at wastewater
treatment plants (89, 92). The feedstock costs decrease from canola oil > soybean oil >
tallow and lard > yellow grease > trap greases (89). While trap grease is least expensive,
it is contaminated and must first be purified to be used, increasing its cost. The current
industrial production of biodiesel is conducted at temperatures from 50 to 70°C at
atmospheric pressure, in either batch or continuous reactors (CSTR or plug flow),
depending on the size of the plant (93). Excess alcohol is used, typically 50-200%, so
that a complete reaction with yields of 99.7% are achieved (89). Methanol is commonly
used, except perhaps in Brazil where there is a large source of inexpensive ethanol.
Methanol has the advantage of having a higher reactivity and being non-hygroscopic,
while ethanol is renewable and non-toxic (94). Water has a detrimental effect on the
reaction because soaps can be formed, which cause problems in downstream separation.
While both acids and bases can be used as a catalyst, base catalysts are 4000 times more
active and cause less corrosion (89). Supercritical methanol can also be used for the
transesterification of oils. This method does not require a catalyst, requires no
pretreatment, and has a faster reaction rate because it is a homogeneous supercritical
reaction that has no interphase mass transfer to limit the reaction rate (95, 96). This
method has seen limited use in Europe (97).

Currently biodiesel is produced only from commercial food crops such as
soybeans or rapeseed, but research is being conducted that would have non-food plants
produce oils with which to make biodiesel. Microalgae is seen as a promising

replacement because it is not a food crop, does not require arable land, has very high
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growth rates, and utilizes a large fraction of solar energy (89, 98). Microalgae can be
grown almost anywhere and require only sunlight, water and simple nutrients, although
higher yields are obtained under more controlled conditions (99, 100). Microalgae can be
grown in water unfit for human consumption, such as wastewater or agricultural runoff
(98, 99). Certain stains of algae can produce 250 times the amount of oil per acre as
soybeans, and are the highest yielding feedstock for biodiesel (/0/). Microalgae can
contain from 7 to 54 dry wt% triglycerides (/02). Efficient removal of the oil from the
algae is still a focus of study, and could account for 20-30% of the total cost of algae to
biofuel production (/03). Options include sedimentation, centrifugation, filtration, belt
filtering and flotation, among others (98, /03). The remaining material can undergo
anaerobic digestion to produce methane, burned to produce electricity, gasified to
produce syngas or in some stains which produce large amount of starch, fermented to
produce ethanol (104, 105). Genetic engineering of microalgae may unlock even more
potential (/06). There are many questions still unanswered about the industrial scale
production of microalgae, including what species of microalgae to use, where and how to
grow it, what nutrients are needed, what predators or competitors might slow growth, and
how to process the microalgae. Obviously there may be problems un-envisioned, since
the commercial production of algae does not have a long history of progress like farming
does. The current limitation of microalgae is the high production cost (1/07).

The production of biodiesel is increasing both in Europe and the United States. In
2010, U.S. biodiesel production was about 1 million metric tons, up from only 1700
metric tons in 1999 (108, 109). This is far less than the European Union, which produced

more than 9 million metric tons in 2009 (/10). Biodiesel is the most important biofuel in



20

the E.U., representing 80% of biofuel production (//7). The reason for the increase in
biodiesel production is two-fold. With the rise in the price of crude oil over the past
decade, non-petroleum sources of energy became economically viable. As well, the
concern over domestic production of energy leads to subsidies for biofuels, as does
concerns over climate change. In the U.S., the Energy Policy Act of 2005, the Jobs Act
and the 1992 Energy Policy Act all provided incentives for biodiesel production (/172).
The European Commission has set a goal of having biofuels be 5.75% of the
transportation fuels in the E.U. by 2010. Many E.U. countries give full tax exemption
from normal fuel taxes for biofuels, and the U.K. gives a partial tax exemption. The E.U.
provides a carbon credit of $54/ha for farmers who grow crops for biofuel production
(111). Both the E.U. and U.S. have required the sulfur content of diesel to be reduced,
which leads to a decrease in fuel lubricity. The addition of biodiesel increases the
lubricity, leading to additional use (//3). It has been modeled that the cost of biodiesel
varies inversely and linearly with the price glycerin, so that the more valuable glycerin
the less expensive biodiesel becomes (//4).

As can be seen in Equation 1, for every three moles of biodiesel one mole of
glycerin is made. This corresponds to crude glycerin making up about 10 wt% of the
resulting products (86). Crude glycerin is the name given to the glycerin produced after
transesterification, and contains 80-95 wt% glycerin with the balance being water and
other contaminants such as methanol, fatty acids, and salts (86, 113, 115-117). The salts
are a product of the catalysts used, usually sodium hydroxide or sodium methylate. Most
of the sodium is recovered as sodium glycerate, sodium methylate and sodium soaps.

The rest is treated with an acid to produce sodium salts, usually NaCl (/73). Most of the
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water comes either from the environment, since glycerin will absorb water from the
atmosphere at concentrations above 80 wt% glycerin, or is added by the bio-diesel
manufacturer to facilitate pumping of the viscous glycerin (76, 118). The amount of
crude glycerin produced, as well as its composition, is a function of both the feedstock
bio-oil used to make the biodiesel and the processing method.

Crude glycerin can be processed to produce pure glycerin, but the recent increase
in glycerin production has decreased its market value, making biodiesel production less
profitable overall (86, 119). The price of glycerin in Europe was $900 per metric ton in
1996, and as of 2006 the price was about $110 per metric ton (/20). In 2006, 680 million
kg of crude glycerin was produced in the E.U., and 50 million kg in the U.S. (//6). The
Department of Energy estimates that if the United States produced enough biodiesel to
supplant 2% of the current diesel usage, an additional 364 million kilograms would be
produced (/27). Currently, crude glycerin is either refined enough to use as a supplement
to animal feed or is mixed with fuel oil and burnt in boilers (86). The heating value of
crude glycerin is about 20 MJ/kg, which is comparable to some other common biomass
like palm shell or cane trash (720, 122). When used as a boiler fuel, the salts found in
crude glycerin lead to excess ash and the water decreases the heating value and leads to
the blanketing of the flame at the burners and the formation of carbon. For these reasons,
special burners must be used when co-combusting glycerin (/20). In order to advance
biodiesel production, crude glycerin needs to be transformed from a near-waste into a
value added product.

Because biodiesel, and hence crude glycerin, have only recently been produced in

such large quantities, there are only a few technologies to convert the excess glycerin into
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other chemicals. Oxidation can be used to produce glyceric acid, tartronic acid,
ketomalonic acid and dihydroxyacetone, although selectivity and yield are generally too
low to be commercially viable (86, 119, 123—-126). Glycerin can be reacted catalytically
with carbon dioxide or urea to produce glycerol carbonate (4-hydroxymethyl-1,3-
dioxolan-2-one), which has many potential applications (/27, 128). Some studies have
been conducted to use glycerol tertiary butyl ether (GTBE) as a replacement for methyl
tertiary butyl ether (MTBE) as a fuel additive (/29). The glycerol is reacted with
isobutylene with an acid catalyst to produce GTBE (730, 131). Using glycerin to produce
propanediols has received considerable attention, first mentioned in a 1933 patent. Most
use carbon supported Ru, Rh, Pt, Ni or Pd catalysts (/32—735). In that same 1933 patent,
acrolein was produced from glycerin using a copper phosphate catalyst (/32). Many
studies have been published about the production of acrolein from glycerin, including
using supercritical water (/36—145). Acrolein is a versatile intermediate, used for the
production of acrylic acid esters, polymers or detergents (/37). It is important to note
that glycerin decomposes into acrolein under sub- and supercritical conditions, and
during pyrolysis in the absence of water. Acetaldehyde, formaldehyde, hydroxyacetone,
allyl alcohol, methanol, ethanol and a variety of gaseous products are also produced from
glycerin in sub- and supercritical water and during pyrolysis (/36, 137, 145—150). Most
of the processes are acid catalyzed, and when an acid catalyst is absent the decomposition
of acrolein was faster than acrolein formation (/37, 139). For now, the conversion and
selectivity of sub- or supercritical dehydration to acrolein are not economical routes for

dealing with the excess glycerin (/37).
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Biological conversion of glycerin has also received wide attention. Yeast, mold
and bacteria are all candidates for glycerin conversion, both aerobic and anaerobic.
Anaerobic conversion has seen more research than aerobic because anaerobic processes
do not require aeration and so have reduced operational expenses (86). Anaerobic
conversion by various bacteria has produced 1,3-propanediol, acetic acid, butyric acid,
lactic acid, butanol, ethanol and formate (/5/—161). The most promising product is 1,3-
propanediol, which has the highest yield of all of the products listed above. Increases to
conversion and yield could come about from genetic engineering of the microbes to
specifically consume glycerin or produce a target product. The general drawbacks to
microbial conversion are also apparent here, where the microbes must be given specific
vitamins or minerals to optimally convert the glycerin. Also, some of the microbes used
are classified as pathogens that are detrimental to human and animal health. To further
complicate the situation, crude glycerin can contain a wide variety of contaminants due to
the different refining process, bio-oil feedstock and glycerin refining procedures. This all
affects the performance of the microbes and suggests that a particular microbe would
only be applicable to particular refining techniques and feedstock. Currently, no
commercially applicable results have been reported (86, 154—156). Another way to

increase the value of glycerin is to reform it into synthesis gas or hydrogen.

2.4. SYNTHESIS GAS AND HYDROGEN
The purposes of these experiments are to see how effectively glycerin could be
gasified. The gases that are normally encountered in reformation or gasification studies

are hydrogen, carbon monoxide, carbon dioxide, methane, other light hydrocarbons and
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nitrogen/oxygen if air or oxygen is used. These gases, especially hydrogen and carbon
monoxide, are the goal of any gasification study. This section reviews the different
methods from which these gases can be made and the uses that they currently find and
foreseeable future uses.

2.4.1. Synthesis Gas. A gas that contains mostly hydrogen and carbon monoxide
is known as synthesis gas, or syngas. It is named this because of the large amount of
chemicals that can be synthesized from it (/62). While it can be produced from any
carbon containing feedstock, currently industry utilizes either coal or natural gas due to
economic considerations. Figure 2-5 gives an overview of the major fuels and chemicals
produced from synthesis gas.

Natural gas is used in most applications to produce synthesis gas. This is due to
the cleanliness of the gas, ease of transport and use, and cost (/62, 163). The natural gas
can be steam reformed using steam over a catalyst, an endothermic reaction between
methane and water to produce hydrogen and carbon monoxide in a 3:1 molar ratio. It is
usually carried out at temperatures of 700 to 1100°C with a nickel catalyst on an alumina
support (164, 165). The natural gas must be cleaned of sulfur and chlorine before being
reformed, because these species poison the catalysts. This is commonly done by
absorption of these compounds on zinc oxide (/66). These processes employ natural gas
to heat the reaction vessels, typically high nickel alloy tubes packed with catalysts, and
the burners themselves can have a variety of arrangements (/67). The amount of natural
gas consumed as fuel varies from 3 to 20% of all the natural gas used at the plant,
depending mostly on subsequent energy requirements such as water gas shift or carbon

dioxide removal (166, 168). There are other processes similar to steam reforming that



25

use some oxygen to partially combust the methane, leading to better heat transfer and

higher efficiency (169, 170).

Diesel Gasoline
\/ Formaldehyde
Mixed _ Acetic
Alcohols Fisher- DME Acid
\ Tropsch /v
1-C;, «——— Syngas » Methanol —» MTBE
l Ethanol Gasoline

Ammonia «— Hydrogen

Figure 2-5. Fuels and chemicals that can be produced from synthesis gas, adapted from
Spath and Dayton.(/71).

Another method of producing synthesis gas is the gasification of coal (/169). This
process has been in use for over one hundred years; before natural gas was piped across
the country city lights burned gas that was made from gasified coal called town gas (/72).
The process is similar to the partial oxidation of natural gas because the coal is heated
under pressure and reacted with steam and oxygen to form hydrogen and carbon
monoxide. There are a variety of processes to gasify coal, catalytic and non-catalytic,
with temperatures varying from 620°C to 1500°C and pressures from atmospheric to
1250 psi. SASOL, a South African chemical company, is a leader in producing synthesis
gas from coal (/72). Reforming coal is difficult because of the large amount of

impurities like ash and sulfur, and because coal is a solid, which makes it more difficult
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to use in a reactor. This procedure may be able to produce hydrogen cheaply and
efficiently, but requires a large, fixed operation and substantial investments of time and
money (/73). It has been successfully implemented only in regions that do not have
access to natural gas. Because of the complexity of the coal gasification process, small
scale plants are not economically feasible (/66). These technologies can be partially
applied to other hydrocarbon feed stocks such as biomass, but as of now all large-scale
production of syngas is from fossil fuels.

The use of biomass to produce syngas, while not currently used on an industrial
scale, is an important area of study because fossil fuels will run out, and syngas from
biomass is nearly carbon neutral and sustainable. The ideal biomass would be a high
yield crop that required little nutrients, fertilizers, and energy input (89). The biomass
most often cited as potential hydrocarbon feed stocks for syngas are agricultural waste,
lignocellulosic products such as cane, bagasse, or wood pulp, aquatic plants and algae,
and food processing waste (/74, 175). This biomass falls in between the very wet
biomass, such as sewage and animal waste that is currently recovered by microbial
fermentation, and the dry biomass such as scrap wood and some garbage which is often
burned directly as fuel. There are a few broad process routes from which synthesis gas
can be produced from biomass. The biomass can undergo partial oxidation, similar to
coal gasification, to produce a syngas (/76, 177). The major problem in biomass
gasification is the formation of char and tars (89, 178, 179). Solar energy can even be
used to supply the heat for the gasification process (120, 174, 180, 181). Or it can
undergo pyrolysis to produce a bio-oil, which is catalytically steam reformed to syngas

(182, 183).
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Another form of reformation, called dry reformation, uses carbon dioxide to
produce synthesis gas (/84—190). The temperatures used are similar to those used in any
reformation or gasification process, 600 to 1000°C. It has the advantage of using carbon
dioxide, which may become plentiful if carbon capture is employed at a large scale. The
reverse water gas shift reaction occurs during dry reformation, so that the carbon dioxide
reacts with hydrogen to produce carbon monoxide and water. Therefore steam
reformation would produce more hydrogen than dry reformation, and have a higher
hydrogen to carbon monoxide ratio (/84). There are significant problems with coking
when using dry reformation, but it has been determined that the coke that is produced
during dry reformation is in the form of multi-walled carbon nanotubes, itself an
attractive product (/89, 190). Coke accumulation leads to catalyst deactivation and
reactor plugging, and is the primary reason dry reformation is not used for gasification.
Biomass can be digested microbially to produce hydrogen or synthesis gas, and much
research is being performed in this area due to the success of genetically engineered
microbes to produce desired products (/9/-194). As mentioned in Section 2.2.2,
supercritical water has long been considered a mode of producing synthesis gas from
biomass due to its natural moisture content (28, 69, 89, 195). A number of other
renewable energy sources exist, such as solar, wind and hydroelectric, but currently plant
biomass is the only renewable source of carbon that can be readily used for liquid fuels
and chemicals.

The uses for synthesis gas are numerous, so only the commercially important or

most promising will be covered. The production of liquid or solid hydrocarbons from
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syngas is the Fischer-Tropsch (F-T) process (/96). The general chemical reaction is
given by Equation 2 below.

CO +2H, - —CH,—+ H,O (2)
This is a simplification of the complex reactions that occur, but is the overall idea of
Fischer-Tropsch. The process produces straight chain alkanes, shown above as —CH,—.
The most uses catalysts for this process are iron or cobalt, depending on the temperatures
used and the desired product. The high temperature F-T process is iron catalyzed at 300-
350°C and is used for the production of gasoline and diesel. The high temperature
process can also accommodate some carbon dioxide in the feed. The low temperature F-
T (200-240°C) is iron or cobalt catalyzed and used mostly to produce linear waxes (197).
The ratio of hydrogen to carbon monoxide can be changed using the forward or reverse
water-gas shift reaction, since the steam reformation of methane results in a 3:1 hydrogen
to carbon monoxide ratio while 2:1 is ideally need for Equation (2).

Industrially, the water gas shift reaction occurs at temperatures of 150 to 600°C,
and is typically carried out over a catalyst of copper and zinc oxide on an alumina support
(198, 199). The high temperature F-T can accommodate some carbon dioxide because it
is converted to carbon monoxide via the reverse water-gas shift (/97). The process is
traditionally a gas-phase reaction, and since the reaction is exothermic heat removal
issues arise. This and other difficulties have led to research in F-T synthesis in liquids or
even supercritical fluids like n-hexane (6, 200, 201).

The Fisher-Tropsch process can produce synthetic gasoline or high purity waxes
and chemicals, and high quality, zero-sulfur diesel fuel. The production of diesel fuel is

the best known, because the process is well suited to the production of straight chain
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alkanes that make excellent diesel fuel. During World War II, fuels from the Fischer-
Tropsch process provided 25% of all automobile fuels, and since the 1950’s a large
percentage of South Africa’s diesel fuel was provided by this method (797, 202). The
economic viability of the Fisher-Tropsch process is linked to the price of crude oil, so
that Fisher-Tropsch derived hydrocarbons become more viable as the price of crude oil
rises. So far, it has been implemented on a commercial scale only in exceptional
instances (6). Some oil companies use or are planning to use F-T to produce liquid fuels
from natural gas in remote locations, instead of flaring off the gas (89). The most
expensive section in a Fischer-Tropsch complex is the production of purified syngas,
typically 60-70% of the capital and operational cost of the entire plant (/97).
Considering that the formation of synthesis gas from glycerin is endothermic, about 80
kcal/mol, but the conversion of synthesis gas to alkanes is exothermic, about -110
kcal/mol, the conversion of glycerol to alkanes is theoretically exothermic (/79). If
glycerin were converted to synthesis gas, then were to undergo Fisher-Tropsch
conversion to a liquid alkane like octane, the process would theoretically be exothermic,
with 63 kJ/mol of heat liberated per mole of glycerin reacted (203). Additionally, most
synthesis gas produced from biomass requires either air or pure oxygen be used to
facilitate gasification (204). This then requires a costly oxygen separation or leads to the
dilution of the synthesis gas with nitrogen. Glycerin gasification would negate both of
these problems.

Methanol is another important product made from syngas. Historically, methanol

was produced from the destructive distillation of wood, which lead to the common name
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of wood alcohol, but currently almost all is made via syngas (205). The main chemical

reactions involved in methanol production are:

CO+2H, =CH,0H 3)
CO, +3H,=CH,0H + H,0 (4)
CO+H,0=CO,+H, (5)

The carbon dioxide in these reactions is either already present in the syngas, added to it
or formed from it via the water gas shift reaction, Equation 5 (206). Carbon dioxide is
usually added because the rate of methanol production is seven times higher for H,, CO
and CO, mixtures than just H, and CO (207). The most common method of methanol
production now involves a Cu/ZnO/Al,0O; catalyst at temperatures of 250 to 300°C at 50
to 100 atm. Methanol is used as a feedstock in a diverse number of industries, as an
automobile fuel, and can be converted to high octane gasoline (206). As of 2007, 40
million metric tons of methanol were produced worldwide, almost all of it used as a
chemical feedstock for a variety of chemicals including formaldehyde, methyl tert-butyl
ether, and acetic acid (208, 209). Most of these chemicals are themselves feedstocks for
many common products. Some prefer methanol to hydrogen as the fuel of the future,
because of its ease of storage and transportation (208). Methanol can be used in internal
combustion engines, and while it has about half of the energy density of gasoline, it has a
higher octane rating. It has been used in automobile racing since the 1960’s due to its fire
safety over gasoline (208).

Dimethyl ether (DME) is another chemical produced either from syngas or
methanol (209-211). The production of DME from the dehydration of methanol is

carried out over an acidic catalyst (208, 211). DME can be used in diesel engines as a
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diesel fuel substitute. DME has a cetane number of 55-60, which is higher than the 40-55
of diesel fuel (2/2). While synthesis gas has many uses of its own, it is also the route by
which almost all hydrogen gas is produced.

2.4.2. Hydrogen. Hydrogen is the most abundant element in our universe. It is
estimated that hydrogen makes up about three quarters of the observed mass of the
universe, and is the tenth most common element on earth, where it is found mostly as
water. Because hydrogen gas is so buoyant it readily escapes from the atmosphere,
meaning less than 1 part per million by volume of the atmosphere is free hydrogen gas
(213). In 2010, world production of hydrogen gas was 31.3 million metric tons, and
almost 95% of that is captive, in that large industrial chemical consumers produce the
hydrogen onsite to satisfy the chemical needs of that industry (166, 214). Of all the
hydrogen produced in the U.S., only 2% comes from electrolysis, the rest comes from the
gasification of coal, oil or natural gas into syngas, which undergoes the water gas shift
reaction, Equation 5, to produce more hydrogen (2/4). Therefore, syngas is the largest
current producer of hydrogen, and hydrogen produced from any hydrocarbon will first be
synthesis gas.

Electrolysis uses electricity to break water into its constituents, hydrogen and
oxygen. The cathode and anode, usually made from inert metal, are placed in the water
and hydrogen is produced on the cathode and oxygen at the anode. Electrolysis is usually
sped up by the addition of an electrolyte, such as potassium hydroxide, to the water (/66).
The energy required to produce hydrogen by electrolysis (assuming 1.23 V and
atmospheric pressure) is between 33 and 47 kWeh/kg H,. There are systems that first

pressurize the water to about 7000 psi, then use electrolysis to produce hydrogen. This
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process requires more energy (60 kWeh/kg H,), but the hydrogen is already at an elevated
pressure for storage and transport (2/5). The future use of electrolytic hydrogen will
likely be practical only for niche applications due to the high cost of electricity. If,
however, a large renewable electricity source such as wind or solar is constructed,
electrolysis could be used to alleviate problems associated with the intermediate nature of
renewable energy (/66). Unlike electricity, hydrogen can be stored in various quantities
for long periods, to be used when renewable energy is lax.

The United States produces 95% of its hydrogen from the steam reforming of
natural gas followed by the water gas shift, which has already been described in the
synthesis gas section. Following the reforming and water gas shift, the carbon dioxide
can be removed by an alkaline-based solution via absorption, and the resulting hydrogen
rich gas can be further purified via pressure swing adsorption (PSA) (/66). The steam
reforming of natural gas is currently the most economic source of hydrogen, as well as
being well understood technologically (/66). Other countries produce large amounts
from coal or oil; worldwide 18% comes from coal and 30% from oil, while natural gas
accounts for 50% (27/4). In oil refineries, there are catalytic reforming units that convert
low-octane naphtha into higher octane products, and a byproduct of this process is
hydrogen. The reaction ranges from 490°C to 530°C in temperature and 70 to 650 psi
(216, 217). This hydrogen is usually used within the refinery for fuel upgrading and
hydrodesulfurization (218).

Sixty percent of the hydrogen produced was used to for ammonia production by
the Haber process, which is in turn used mostly to make fertilizer. Twenty three percent

was used by oil refineries to upgrade and remove sulfur from fuel, and the rest was used
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in other chemical and metallurgical processes, as well as in the space program as a fuel.
The Haber process is critical in sustaining food production, because nearly half of the
world food supply would not exist without fertilizer produced via the Haber process
(219). It was discovered by chemist Fritz Haber and chemical engineer Carl Bosch in
1908, and the first factory to use it was built in Germany in 1913 (219, 220). At that
time, Germany needed supplies of ammonia to produce dynamite for World War I, and
Germany contained no natural supplies. Most natural supplies were in the form of guano,
and were highly valued (279, 227). With the Haber process, humanity was able to
produce large quantities of ammonia, which when coupled with new hybrid crops and
increased agricultural education lead to what has been called the green revolution (222,
223). More food was produced, and human population increased dramatically after 1950,
as seen in Figure 2-6 (224, 225). Without these ammonia fertilizers, billions of people
would starve (2179).

The chemical industry currently produces more fixed nitrogen via the Haber
process per year than the entire natural nitrogen cycle (227). In 2010, worldwide
ammonia production was 131 million metric tons, 83% of which is used as fertilizer such
as ammonium nitrate (226, 227). Some of the other uses of ammonia include general
purpose cleaner, explosive, refrigerant and an intermediate to almost all nitrogen
containing chemicals (226, 227). Because hydrogen is needed to make ammonia
fertilizer, and most hydrogen is produced from natural gas, the price of ammonia and
natural gas are closely linked (228). Higher fertilizer prices necessitate higher food

prices, and the supply of natural gas is finite. Coupling the Haber process to renewable
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energy and biological sources of hydrogen would release the ammonia supply from the

price and quantity of natural gas.
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Figure 2-6. World population in billions from 1750 to now. Projected to year 2100
(224, 225).

Hydrogen is the cleanest fuel, because when combusted with oxygen only water
and energy is formed. Hydrogen can be used directly in specially designed internal
combustion engines or in turbine engines (229). Hydrogen has a number of properties
that makes it suitable for combustion engines, such as its ability to be burned with a low
amount of oxygen, leading to lower temperatures, less pollution, greater fuel economy
and more complete combustion. Also, hydrogen has a high diffusivity in air, leading to a
uniform mixture of fuel and air and better combustion. The space program is by far the
largest user of hydrogen for fuel, due to its high energy to weight ratio (2/4).

The fuel cell, which uses hydrogen and oxygen from the air to make water, heat

and electricity, is another way to convert hydrogen to energy. Fuel cells are generally
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more efficient than combustion engines or turbines, and have fewer moving parts and so
have less likelihood of mechanical failure (230). There are a number of different types
of fuel cells, such as the Polymer Electrolyte Membrane (PEM) fuel cell, the Solid Oxide
fuel cell (SOFC), the Alkaline fuel cell (AFC), the Direct Methanol fuel cell (DMFC),
and the Molten Carbonate fuel cell (MCFC), among others. Table 2-4 lists some of the

common fuel cells and their capabilities (230).

Table 2-4. Properties of fuel cells in current use (230, 234).

Operating
Fuel cell type Temperature  System Output Peak Efficiency
Alkaline (AFC) 90 - 100°C 5-150 kW 60%
80-85% overall with
Phosphoric Acid 50kWto 11 combined heat and power
(PAFC) 160 —220°C MW (CHP), 40% electric
Polymer
Electrolyte 60% transportation, 35%
Membrane (PEM) 50 - 120°C 5-250 kW stationary
Molten Carbonate 100 kW to 2 85% overall with CHP, 50%
(MCFC) 600 - 800°C MW electric
Solid Oxide 85% overall with CHP, 60%

(SOFC) 650 - 1000°C  100-250 kW electric
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Each fuel cell has characteristics that make it desirable in certain applications.
The high temperature fuel cells like MCFC and SOFC can use small amounts of carbon
monoxide as a fuel and SOFC can also process small amounts of methane (230, 231).
The higher operating temperature systems can use a combined heat and power (CHP)
system to increase efficiency by making use of the waste heat. The largest hurdle that
fuel cells must overcome is their sensitivities to impurities in the hydrogen gas stream,
and the operating temperature and weight of the fuel cells (230). When fuel reformation
to produce hydrogen is coupled with an engine or fuel cell, the waste heat can be used to
supply heat to the reformer, increasing efficiency (232). There are downsides to using
hydrogen as a transportation energy source, due to the high pressures and/or low
temperatures needed to store enough hydrogen gas to practically use. This is because of
the low energy density of hydrogen by volume compared to hydrocarbon fuels. Also,
hydrogen gas has the propensity to leak from metal containers and causes weakness to
metals.  Therefore, other methods including storage as metal hydrides and chemical
storage along with gaseous and liquid hydrogen storage are being researched (233).

It is obvious that hydrogen and synthesis gas have many important and possible
uses, so the challenge lies in effective and sustainable production. Fossil fuels are used
for almost all production, but their supply is finite and quickly being consumed, and are
seen more as a medium term source of hydrogen. Electrolysis is promising, but may only
have specific applications. The gasification of biomass is seen as an important step in
sustaining the production of hydrogen and syngas after fossil fuels become prohibitively

expensive.
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2.5. GLYCERIN GASIFICATION

As explained above, the main byproduct of biodiesel production is crude glycerin,
which is glycerin containing impurities such as alcohol, salts, heavy metals and water
(86). This crude glycerin must be further purified to be used in many of the applications
pure glycerin is used. Section 2.3 introduced the idea of using glycerin as a feedstock or
reactant in the formation of liquid chemicals, while the rest of this section will review
using glycerin to produce gaseous species.

The general idea of glycerin gasification, or the gasification of any hydrocarbon,
is to react it with water at elevated temperatures to produce hydrogen, carbon monoxide,
carbon dioxide, methane and perhaps other gaseous hydrocarbons (235). The liquid
products that form, usually at lower temperatures, have been reviewed already in this
section. Various chemical reactions, which will be discussed in more detail later, occur
to produce this mixture of gases. Table 2-5 reviews some of the terminology used in
various studies. This is not an exhaustive list, because many times the terms are used
interchangeably or in a different manner by different groups or different countries.

For example, many times the terms gasification and reformation are used
interchangeably. Usually reformation is reforming one gas into another, i.e. methane into
syngas; while gasification is turning a liquid or solid into a gas, and usually uses oxygen
(89). These two terms come from the long history of methane reformation and coal
gasification. Because many of the reactions, reaction conditions and equipment are
similar, the terms are used interchangeably, especially when dealing with compounds that

are neither methane nor coal.
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Table 2-5. Reaction nomenclature and description for the reactions involving water,
oxygen and hydrocarbons.

Reaction Description
Steam reforming (gasification) Endothermic, T>350°C, with/without
catalyst
Liquid phase (aqueous) reforming Endothermic, T<350°C, high pressure,
with/without catalyst
Partial oxidation No water, includes oxygen, with/ without

catalyst, T>800°C
Autothermal reforming (Wet oxidation) Partial oxidation plus steam reforming,

500 to 800°C, no energy input needed

Supercritical water (SCW) reforming High pressure, T > 374°C, with/without
catalyst
Supercritical water partial oxidation SCW reforming plus partial oxidation

Other terms that are frequently used are yield and gasification percentage. Yield,
as defined here and in many other sources, is the molar flow of that particular gas out of
the reactor divided by the molar inlet flow of the reactant. Hydrogen yield in this paper is
molar flow of hydrogen out divided by molar flow of glycerin into the system. It is a
dimensionless number. Other papers, usually when dealing with more complicated
reactants (coal, sewage sludge, etc.) will define yield as gas flow out divided by carbon
flow in, because the total carbon entering the system is easier to calculate. Gasification
percentage is the carbon leaving the system as gas divided by the carbon that entered in
the fuel. It represents how much of the reactant was converted to gaseous carbon.
Sometimes this will be called carbon gasification or carbon conversion, or in this context,

glycerin gasification or glycerin conversion. At other times, conversion is glycerin
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converted into liquid and gaseous products, so care must be taken to determine what each
author is using as a definition.

2.5.1. Sub-Critical Glycerin Gasification. Numerous studies have been
conducted on the atmospheric or low temperature gasification of glycerin with steam or
liquid water. Studies were conducted with and without catalysts, in batch and continuous
operations, at various pressures, temperatures, residence times and glycerin
concentrations. A number of these, especially those that are similar or relevant to the
experiments performed in this work, are summarized here. This section will give a brief
introduction into the current state of sub-critical glycerin gasification.

Before all of the studies are discusses, it should be mentioned that there is a
company running pilot plant studies into glycerin steam reformation. The Linde Group,
at a biodiesel facility in Leuna, Germany, have a catalytic process that operates at 30 bar
and temperatures of 600 to 850°C. They first purify the glycerin by removing the salt,
then dilute with water, pump up to pressure and heat to reaction temperatures. They do
not give many specifics on the catalysts, reactor type, dilution, etc. The gas produced
contains hydrogen, carbon monoxide, carbon dioxide, methane and other hydrocarbons.
They use steam methane reforming and after cooling, they use the water gas shift reaction
and pressure swing adsorption to produce pure hydrogen. They report hydrogen
production of 4.4 kg/h. Linde Group announced the construction in 2009 and began
producing hydrogen in mid-2010 (120, 236).

Adhikari et al. tested fourteen different catalysts at temperatures from 700 to
900°C and determined that Ni/Al,O; and Rh/CeO,/Al,0; had the highest hydrogen

selectivity and glycerin conversion. These two catalysts were then used to test the effect
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of glycerin concentration, feed flow rate and catalyst loading. The water to glycerin
molar ratio was varied from 3:1 up to 9:1, while the feed flow rate went from 0.15 to 0.45
ml/min and catalyst metal loading from 1.5 to 3.5 wt% in a 19 mm ID tubular alumina
reactor. The hydrogen yield and glycerin conversion increased with an increase in
water/glycerin ratio and metal loading, and decreased with an increase in flow rate. It
was determined that the lowest feed flow rate (0.15 ml/min) and the highest water to
glycerin molar ratio (9:1) lead to the highest hydrogen yield (5.04) at 900°C with the
Ni/Al,Os catalyst. This condition produced a 90% glycerin conversion. The product gas
was made up of only hydrogen, carbon monoxide, carbon dioxide and methane, but C,-
hydrocarbons were not able to be detected. Up to 94% glycerin conversion for both
catalysts was found at the highest metal loading (237).

In a separate test of just nickel catalysts, Adhikari et al determined that Ni/CeO,
was the best performing, with a hydrogen yield of 5.177 and glycerol conversion of 99%
at a water/glycerin molar ratio of 12/1, a temperature of 600°C and a feed flow rate of 0.5
mL/min. Increases in temperature and water/glycerol ratio had positive effects on
hydrogen yield and conversion, while increases in feed flow rate decreased yield and
conversion (238). Nickel catalysts are commonly investigated because it facilitates C-C
bond rupture (239-242). Adhikari and his colleagues have studied the steam reforming
of glycerin in other journal articles, in which a thermodynamic analysis identified the
theoretical optimum conditions for the production of hydrogen as greater than 630°C,
atmospheric pressure and a water-to-glycerol ratio of 9/1, which are also the conditions

Rossi et al. and Wang et al. found to be optimum (243—-246). The theoretical maximum
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hydrogen yield increased with an increasing water/glycerin ratio, but its effect was small
at water/glycerin ratios above 9/1 (246, 247).

The atmospheric catalytic reforming of glycerol was studied by Kunkes et al. at
temperatures of 548-623 K over a Pt-based catalyst. A variety of platinum catalysts were
tested at these temperatures, and it was found that a carbon-supported bimetallic Pt/Re
catalyst was best the for glycerin reforming. Therefore a two-catalyst bed system was
employed, the first bed using the Pt/Re catalyst to reform, and the subsequent bed using a
Pt/Ce0,/ZrO, catalysts for the water-gas shift reaction. A 12.7 mm OD quartz reactor
was used for all experiments. Concentrated glycerol solutions of 30-80 wt% were used,
and carbon conversion was between 94-100% for these concentrations at 573 K and a
0.04 cm’® min” glycerol flow rate using the PtRe/C and Pt/CeZrOy catalysts. The
hydrogen yield was 6.19 for the 30 wt% glycerin solution, and 2.81 for the 80 wt%.
These hydrogen yield results are the product of the two-catalyst bed system, which was
used to promote water-gas shift. (248).

Hirai et al. used ruthenium catalysts at 500-600°C, a steam-to-carbon molar ratio
of 3.3/1 and a contact time of 13.4 g, h/mol. Ruthenium (Ru) was chosen after
screening several other metals, such as Rh, Ni, Co, Pt, Pd, and others. It had the highest
hydrogen selectivity, but Rh had a higher glycerin conversion. The ruthenium was then
tested on a variety of supports, which have a dramatic effect on the performance.
Ru/Y,0j3 had the best results, and reported complete conversion to gas at 600°C and a 5.8
hydrogen yield. It is interesting to note that without a catalyst, the conversion was only

1.6% (249).
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Zhang et al., using an Ir/CeO, catalyst, had 100% conversion at 400°C with a
hydrogen yield of 5.99. The experiments were conducted at atmospheric pressure, with a
volumetric ratio of C;HgO3/H,O/He = 2/18/80 vol. % and a gas hourly space velocity of
11,000 ml/g_.*h, at temperatures from 250 to 550°C. Ir, Co and Ni catalysts were tested
and Ir had the highest conversion and hydrogen yield. For Ir, conversion increased with
temperature, from 40% at 250°C to 100% at 400°C, after which the hydrogen yield
increased and conversion remained 100%. Hydrogen yield was 5.99 at 400°C and
increased to 6.58 at 550°C, the highest measured. The other catalysts had similar trends
but did not perform as well. The authors note that since the decomposition of glycerol to
methane is highly favorable, the catalyst should be able to reform methane at the reaction
conditions (250).

The steam reforming of crude glycerol with in-situ CO, sorption was evaluated by
Dou et al., using crude glycerin with a composition of between 70-90% glycerin, with the
remainder made up of water and methanol. The temperature was varied between 400 and
700°C at atmospheric pressure at a 4 mL/h flow rate and a 3.0/1 steam to carbon molar
ratio. The experiments were conducted with and without a calcined dolomite CO»-
sorbent in a 344 cm’ tubular reactor with a nickel catalyst (25/). This work was
compared against an earlier work by Dou et al. in which pure glycerin was reformed
(252). Without sorbent, the crude glycerol conversion increased from 71% at 400°C to
100% at 600°C, while the pure glycerin increased from 63% at 400°C to 97% at 600°C.
Conversion for both was near 100% at 700°C. The gas compositions of both pure and
crude glycerin were also similar, with hydrogen being the dominant gas species, followed

by carbon dioxide and carbon monoxide. The maximum hydrogen yield for pure and
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crude glycerin was 6.6 at 700°C. There was significant methane at 400°C, but was
negligible at 600°C and above. The CO, sorbent was able to decrease the amount of CO,
and hence raise the hydrogen selectivity. The CO, sorbent lasted between 7 and 28
minutes before CO, breakout, depending on temperature. Dou et al. concluded that
temperatures around 500°C are optimal for glycerol steam reforming with CO, removal,
because around this temperature the hydrogen purity is highest and the CO, breakthrough
time is the longest. In another work, Dou et al. investigated the kinetics of both pure and
crude glycerol pyrolysis at atmospheric pressure, and determined that there are four
distinct phases in glycerol decomposition, which can be modeled by a first-order power-
law model. The most active phase for glycerin decomposition was the phase from 426 to
548 K, when about 67-70% of the glycerin decomposed to gas. The main gas
components of the decomposition were CO,, CH4, CO and H; (118).

At ambient or near ambient pressures, a membrane can be used to separate the
hydrogen produced during reformation from the other reactants and products. This was
investigated by Iulianelli et al. in a Pd-Ag membrane reactor using a Co-Al,O3 catalyst.
The experiments were conducted at 400°C, a H,O/Glycerol molar ratio of 6/1, a weight
hour space velocity (WHSV) of 1.01 h™' and at pressures of 1 and 4 bars. At 1 bar, the
glycerol conversion was 50% and at 4 bar it increased to 94%, the highest achieved for
these experiments. The higher pressure, however, increased the production of methane,
so that the hydrogen yield decreases with pressure. The efficiency of the membrane was
measured by the percentage of CO-free hydrogen recovered, which was less than 5% at 1

bar but higher than 60% at 4 bar. The Co-Al,O; catalyst is deactivated over time, with
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glycerin conversion dropping irreversibly after a time on stream of more than 180
minutes (253).

Using a Pt/ALL,O; catalyst, Cortright et al. reformed various oxygenated
hydrocarbons using liquid water (35). For glycerol, temperatures of 498 and 538 K were
studied at 1 wt% and a feed rate of 0.008 g of glycerol per g of catalyst per hour, which
lead to 83 and 99% gasification, respectively. The pressure was 29 bar at 498 K and 56
bar at 538 K. The gas phase composition was mostly hydrogen (57-65 mol. %) and
carbon dioxide (30-32 mol. %), the rest being hydrocarbons. The highest conversion
(99%) and hydrogen yield (5.64) was found at the highest temperature. There was a
negligible amount of carbon monoxide produced at both conditions. A 10 wt% glycerin
solution (molar ratio of H,O/C = 15) had 77% conversion to gas and a hydrogen yield of
3.773 at 498 K.

A patent application by Cortright and Dumesic make use of a Pt-Re/C catalyst to
produce synthesis gas from glycerin, and a Ru/TiO, catalysts to produce liquid
hydrocarbons via Fischer-Tropsch synthesis (254). The preferred form of the patent has
both catalysts present in a single bed, so that the energy needed for the endothermic
reformation of glycerin is partially provided by the exothermic Fischer-Tropsch
synthesis. Other versions of the process envision separate reactors for each reaction with
heat exchange between them. The Pt-Re/C catalyst was chosen because it was found that
the addition of Re enhanced hydrogen formation, and that other supports such as Al,Os,
ZrO; and MgO/ZrO exhibited rapid deactivation (203, 248). The process would be
atmospheric, with temperatures less than or equal to 750 K. The glycerin gasification

results given in the patent application are the same as those reported by Soares, Simonetti
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and Dumesic, which are reviewed below (203). Cortright and Dumesic were able to
produce FT liquids from the water/glycerin mixture using a combined bed of catalysts at
548 K, 5 bar and 80 wt% glycerin. Fourteen percent of the carbon entering the reactor
left as organic liquid, with sixteen percent being organic liquids and the rest was present
in the gas phase. Higher conversions to organic liquids, up to 50%, were seen with
different feed stocks and conditions.

Soares, Simonetti and Dumesic used platinum-based catalysts to gasify glycerin at
temperatures from 498 to 723 K at atmospheric pressure. They tested Pt supported on
carbon, Al,O3, ZrO,;, Ce0,/ZrO, and MgO/ZrO, and found that Pt/C had the least
deactivation, so was used for the subsequent experiments. Flow rates were varied from
0.06 to 0.64 cm’/min, glycerin wt% from 20 to 50%, and the temperature from 573 to 723
K. The highest gasification percentage was 100% at 673 K, 30 wt% and a flow rate of
0.06 cm*/min. However, after 3 hours, gasification fell to 72%. Higher temperatures led
to lower conversion by catalyst deactivation. Higher concentrations and flow rates also
lead to less gasification (203).

Lehnert and Claus used an aqueous-phase reforming process at conditions of 2
MPa, 250°C, 10 wt% glycerin to produce hydrogen from both pure and crude glycerin
over various platinum catalysts. The catalysts used had similar results, with maximum
glycerin conversion of 45% and a maximum hydrogen yield of 3.4 using pure glycerin. It
was found that the catalyst support had a large effect on conversion and hydrogen yield.
On a Pt/AL,Oj; catalyst, a y-Alumina support lead to 8% conversion, while a Puralox
support had 57% conversion at the same conditions. Crude glycerin did not perform as

well, with seven times less hydrogen produced compared with pure glycerin, and it was
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found that the salt impurities in the crude glycerin lead to a loss of catalytic activity
(255).

Huber et al. also used an aqueous-phase reforming process to produce hydrogen
from oxygenated hydrocarbons. They used a Raney Ni-Sn catalyst at temperatures of
220 and 260°C, 2.5 to 5.1 MPa, 1 to 5 wt% glycerin, and had a maximum carbon
gasification of 100% at the highest temperature and pressure and lowest glycerin
concentration, with a maximum hydrogen yield of 5.32. The Raney Ni-Sn catalyst was
chosen because it was not a precious metal, and because it decreased the rate of methane
formation without inhibiting hydrogen production (256).

Menezes et al. conducted aqueous-phase reforming at 1wt% glycerin, 225°C, and
23 bar, in a Parr batch reactor over various platinum supported catalysts, Pt/AI203,
Pt/CeO2 / Pt/ZrO, and Pt/MgO. The reaction time for all experiments was 3 hours.
Conversion and hydrogen yield was low for all, with a maximum conversion of 26% and
a hydrogen yield of 1.6 over the Pt/ZrO, catalyst. Liquid analysis found that propanone
and ethanol were byproducts, but the concentrations were low, 2-732 ppm. As with
Lehnert and Claus, they found that catalyst support plays a role in catalytic glycerol
reforming (257).

Pompeo, Santori and Nichio used platinum catalysts for glycerol steam reforming
at 250 to 450°C, 1 atm, and 10 wt% glycerin at a space time of 0.2 to 6.5 minutes in a
quartz tubular reactor. The platinum catalysts were supported on SiO,, ZrO,, y-Al,0O3
and a-Al,O3 modified with Ce and Zr. They found that the Pt/SiO, catalyst was the most
suitable, having the highest gasification and hydrogen yields and longest stability. Using

this catalyst, at 350°C it was found that space times below 1.5 minutes resulted in liquid
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intermediates, but above this time the glycerin was fully gasified. The liquid
intermediates included mostly 2-propanone-1,3-dihydroxy, and in lesser quantities 2-
propanone-1-hydroxy, propanal-2-oxo, 2,3-dihydroxy-propanal, 1,2-ethanediol and
acetaldehyde. At a space time of 0.88 minutes the effect of increasing temperature found
that complete gasification only occurred at 450°C. The maximum hydrogen yield, 6.7,
was at the longest space time, 6.5 minutes and 350°C (258).

The reformation of both pure and crude glycerin was studied by Slinn et al., with
the reformation of pure glycerin optimized first and then compared to crude glycerin.
Experiments were conducted in a 4.8 cm” stainless steel tubular reactor with a platinum
alumina catalyst at temperatures of 580 to 880°C, steam-to-carbon ratios of 0.5 to 2.5,
flow rates of 0.03 to 0.59 mol/min glycerin per kg of catalyst, and at atmospheric
pressure. With pure glycerin at 850°C, the gasification percentage remained near 100%
for steam-to-carbon ratios between 0.5 and 2.5, but the hydrogen selectivity increased
with increasing S/C ratios. The same trend is seen when increasing the glycerin flow
rate. Increased methane production is seen at higher flow rates. For pure glycerin, the
highest hydrogen yield, 5.5, was seen at the highest temperature, highest steam-to-carbon
ratio and at a flow rate of 0.12 mol/min of glycerin per kg of catalyst. The crude glycerin
was obtained from Green Biodiesel Ltd. and contained 40% fatty matter, 33% glycerol,
23% methanol, 3.8% ash and 3.2% water. The crude glycerin was more difficult to
reform due to the large amount of long chain fatty matter, up to C;s, and was more likely
to form carbon deposits on the catalyst. The gasification of crude glycerin was
maximized at 90% at 800°C, and the maximum hydrogen yield was 4.9. In general,

under the same reaction conditions the gasification and hydrogen yield of crude glycerin
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was 70% that of pure glycerin. Also, the catalyst deactivated faster with the crude
glycerin, due to impurities and increased coke formation (232).

The aqueous-phase reforming of various oxygenated hydrocarbons, including
glycerol, was studied by Shabaker, Huber and Dumesic. They used platinum, nickel, and
tin modified nickel catalysts. The Raney-Ni, Raney-NiSn, and Pt/Al,O; catalysts
displayed adequate stability, while the Ni/Al,O; and NiSn/Al,O; catalysts deactivated
quickly due to sintering. Operating conditions included temperatures of 498 to 538 K, 1
wt% reactant, 26-51 bar, liquid hourly space velocities (LHSV) of 0.64 to 10.3 h',ina
stainless steel batch reactor. They reported a 100% carbon gasification at 538 K, 51 bar, a
Raney-NiSn catalysts and a LHSV of 10.3 h™', but also had 4% carbon in the liquid. All
the catalysts deactivated over time, and the best catalysts, Raney-NiSn, had 72% of its
initial activity after 48 hours. The worst, Ni/AL,Os, lost 90% of its activity over 48 hours
of operation (259).

Cheng et al. studied synthesis gas production from glycerol steam reforming over
a Co/Al,O3 catalyst. They used temperatures from 450 to 550°C, 30-60 wt% glycerin at
atmospheric pressure in a stainless steel 10 mm ID tubular reactor. The cobalt was used
because cobalt is a well-known Fisher-Tropsch catalyst, and in the future they hope to
develop an integrated gasification and hydrocarbon synthesis reactor. The product gas
was made up primarily of hydrogen and carbon dioxide, with less carbon monoxide and
very little methane. The yield of all gasses increased with temperature, as did the
gasification percentage. A larger percentage, 20 to 24%, of the carbon fed was deposited

on the catalyst as coke (260).
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The steam reforming of glycerol was studied using Ni/ZrO, or Ni/CeO; catalysts
on a-Al,Os supports by Buffoni et al. at temperatures of 450 to 600°C, 1 atmosphere, and
a water/glycerin ratio of 6/1 in a 8§ mm ID quartz tubular reactor. It was determined that
the Ni1/CeO,/a-Al,O3 was the most stable, and that the Ni/ZrO,/a-Al,O3 exhibited fast
catalyst deactivation due to coking. At 450°C, both catalysts exhibited fast deactivation
due to coking. As a function of time, both catalysts deactivated, but Ni/ZrO,/a-Al,O5 did
so immediately, while Ni/CeO,/a-Al,O3 was stable up to eight hours. Gasification and
gas yields increased with temperature. Hydrogen was the most abundant gas species,
followed by carbon dioxide and carbon monoxide. Very little methane was formed
(241).

The effectiveness of Pt/C and Pt-Re/C catalysts for glycerin reforming was
investigated by King et al. at 225°C, 29 atmospheres, and 10 wt% glycerin in a tubular
stainless steel reactor. A 3%Pt/C catalysts and two 3%Pt-Re/C catalysts with different
Re loadings of 1 and 3% were used. The addition of Re significantly increases the
conversion of glycerol, with gasification increasing from about 4% with 3%Pt/C to 52%
with 3%Pt-3%Re/C catalysts. The addition of KOH decreased the gasification
percentage for the Re catalysts but increased gasification with the Pt/C catalyst.
Hydrogen yield was highest with the 3%Pt-3%Re/C catalyst. They propose a platinum
catalysis pathway with ethylene glycol, propylene glycol, ethanol and methanol as the
main liquid intermediates, based on the HPLC analysis (267).

The Sricharoenchaikul group from Chulalongkorn University in Thailand has
been various catalysts for the gasification of crude glycerin. The first paper uses olivine

(LiFePOy) and nickel olivine catalysts at 500 to 800°C and one atmosphere in a 23 cm x
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2.2 cm ID quartz tubular reactor. The crude glycerin was obtained from a local biodiesel
manufacturer using palm oil as the feedstock. An elemental analysis on the crude
glycerin found that it contained 36.40% carbon, 8.76% hydrogen, 0.67% sulfur and
54.17% oxygen. The analysis determined there were 13.56% moisture and 2.43% ash in
the crude glycerin. No water was added during the gasification, so the steam to carbon
ratio was 0.25, which is 87.2 wt% glycerin. This ratio is entirely due to the water present
in the crude glycerin. They found that both olivine and Ni/olivine displayed excellent
stability and high reactivity when compared to non-catalytic reformation. They found
that gasification increases with temperature, and the liquid products decrease, while the
solid component is stable at about 5 wt%. Reaction temperatures showed little effect on
the solid component. The catalytic gasification increased from about 15% to 85% as
temperature increased from 500 to 800°C, but the non-catalytic experiments only
increased from about 4% to 32%. The hydrogen yield is not calculated, because that
result is based on the ideal reaction of one mole of glycerin with three moles of water to
produce seven moles of hydrogen. Since the chemical make-up of the crude glycerin is
unknown, a yield for these types of experiments would not be comparable to the others
using pure glycerin or known components. The production of hydrogen does increase
with temperature, but the main gaseous component is methane (/22).

The other Sricharoenchaikul group paper is crude glycerin gasification over
perovkite-type oxide catalysts, in this instance LaCoO; and LaNiO; catalysts at the same
reaction conditions as the above paper. This study used a 37 mm long and 30 mm OD
quartz tubular reactor. The composition of the crude glycerin was also the same. The

solid component was 4% to 17% of the product, and decreased with increasing
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temperature.  Gasification increased with temperature from 5% to 55% with the
temperature increase. Hydrogen, carbon oxides and methane all increased with
temperature. LaNiOs appeared to be more effective than LaCoO; because it produced
more hydrogen and had slightly higher gasification (262).

Wen et al. conducted a catalysis test on hydrogen production by aqueous phase
reforming of glycerin in a 3 cm LD., 58 cm long stainless steel reactor. Mild
temperatures and pressures were used, and both the supports and the metal catalysts were
tested. The metals were Co, Ni, Cu and Pt, and it was found that Pt was highly stable and
the most active. Then Pt was placed on six different supports and it was found that the
activity of the support was as follows: SAPO-11 < active carbon < HUSY < SiO, <MgO
< ALLO;. SAPO-11 and HUSY are both zeolite supports. The Pt/MgO and Pt/SAPO-11
deactivated with time the fastest. The other catalysts did deactivate with time, but more
slowly. Gasification was low, 2-22% depending on the catalyst and support, as was
hydrogen yield, 0.19-1.58. They found liquid products of methanol, acetaldehyde,
ethanol, 1-hydroxy-2-propanone, acetic acid, 1-propanol, ethylene glycol, propanoic acid
and 1,2-propylene glycol (263).

Wawrzetz et al. used Pt/Al,O; catalysts in a stainless steel tube at 225°C, 25.7 to
44.4 atm and 10 to 30 wt% glycerin. They found that pressure had no effect on the
glycerin conversion, but did push the reactants away from hydrogen and carbon dioxide
and increased 1,2-Propanediol production. Very little carbon monoxide was produced for
any experimental condition. Liquid products include methanol, acetaldehyde, ethanol, 1-

hydroxy-2-propanone, acetic acid, 1-propanol, ethylene glycol, propanoic acid, propanal,
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1,2-propylene glycol and 1,3-propylene glycol. The most common was 1,2-propylene
glycol and ethanol (264).

Luo et al. also used Pt/Al,O3 catalysts in a stainless steel tubular reactor to study
glycerin aqueous phase reformation. They found that hydrogen yield and gasification
increased with Pt loadings of 0.9 wt% > 0.6 wt% = 1.2 wt% > 0.3 wt%. Gasification and
hydrogen yield increased with temperature from 180°C to 220°C, and decreased with
increasing glycerin concentration from 5 wt% to 10 wt% glycerin. Catalytic deactivation
occurred over time. They suggested a reaction pathway with liquid intermediates such as
methanol, ethanol, acetone, acetic acid, 2,3 dihydroxylpropanal, propylene glycol and
diglycerol, formed from dehydration and hydrogenation. The methanation reaction was
also included in the reaction pathway (265).

The pyrolysis and steam gasification of glycerin was investigated in
Valliyappan’s M.S. thesis. Mainly the results of the steam gasification will be reviewed
here. Pyrolysis always produced more char and less gasification than steam gasification.
One temperature was used, 800°C, at three different steam to glycerin rations. The
reactor was also packed with two different materials, either quartz or silicon carbide.
Char was always produced, and was at a minimum of 10% at the highest dilution. With
increasing water, the gasification and hydrogen yield increased. The major liquid
products were methanol, acetone, and acetic acid. During pyrolysis, it was found that
liquids were produced, and the majority, 97 wt%, of the liquid phase was water. It was
concluded that the glycerin undergoes dehydration prior to any carbon-carbon bond
breakage, at least during pyrolysis. Crude glycerin was also tested, and in general the

gasification was more difficult due to the addition of salts, which produced more char. It
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was determined that the crude glycerin contained 60 wt% glycerin, 31 wt% methanol, 7.5
wt% water and 1.5 wt% potassium hydroxide. The crude glycerin results are not given in
the table below, only the pure glycerin results (266).

Table 2-6 summarizes the conditions used for the above sub-critical glycerin
reformation journal articles, as well as the range of glycerol gasification and hydrogen
yield. The hydrogen yield is defined as the moles of hydrogen gas in the product stream,
divided by the moles of glycerin fed into the system. The glycerin conversion is the
amount of carbon in the outlet gas phase divided by the carbon entering the system as
glycerin. The Linde Group’s commercial steam reformer is not included in the table,
because too few facts about the process were given.

2.5.2. Supercritical Glycerin Gasification. As the above section was an
overview of sub-critical glycerin gasification, this section is for supercritical glycerin
gasification. Again, a variety of reactor types, catalysts, temperatures, pressures, and
feed concentrations are used in these experiments, in order to illustrate the large variety
of work done in this field.

Chakinala et al. investigated the non-catalytic gasification of glycerin in
supercritical water using a 10 wt% glycerin solution, and found that the gasification
percentage and the gas yields increased with temperature over the range 550 to 650°C at
25.0 MPa (267). The product gas was predominately hydrogen and carbon monoxide
over the temperature range studied, with the highest hydrogen yield (2.5) and gasification
percentage (92%) occurring at 650°C. Residence times between 4 and 11 seconds were
studied, with the gasification percentage increasing linearly with time. They also

conducted experiments with amino acids and alkali salts, and found that amino acids led



Table 2-6. Range of conditons used and maximum results for glyeerin reformation via sub-critical water.

Temperature  Pressure wi. % Glyeerin
Heference Reactor (°C) (alm) glyeerin Catalysi Ciasification % Hy vield
NiALLO and
{237) Alumina/tubular T00-900) | -6 R Cela/ Al O 15-04%, 0.50-5.04
NiCel: NiMgO
(218) S5/ tubular 55(-650 | 0-46 and Ni/Ti02 4909, 0.62-5.18
PtRe/C and

(245) quartz/tubular 270-345 | J0-80 PUCeZr(, F0-100% 2.81-6.19

(249) S5/tubular S00-600 | 34 various Ru 1.6~ 100% (-5, 80

Ir, Co and
230) quartz/tubular 25(-350) | 31 NilCeO; 1 5-100% 0.5-6.58
(231 quartz/ tubular F00-700 1 36 A Ni/ALO; T1-100% 447-6.6
{252) quartz/ tubular 400-700) | 3h MisALOy 63-100% 39766
{253) S8/ tubular 400 | -4 46 Co=Al:0y 41-94%, 3.70-5 .66
(35 S5/ tubular 220260 28.6-55.3 1-11) Pt/ Al 77-00% 1.77-5.64
{233) S5/tubular 250 19.7 11 Pr/AlLO, B-57% 0.47-3.39
(236) 55/tubular 220-260 25.7-50.3 1-3 MNESmALD:, 81-100% 4.20-5.32
(237) 5S8/Mbatch 225 22.7 1 vanous P 13-26% 0.84-1.6
{258) quartz/tubular 250-450 I |1} vanous Pt 22-100% 1.32-6.7
(233) =5/tubular SEO-880 | 40-77 Pr AL, 40=100% |.12-5.50
(203} S5/ tubular 225-450 I 20-50) PtiC 17-100% 0.04-3.99
PUALLO;, various
(259) SS/hatch 225-265 25.6-50.3 I Ni 83-100% 5.4-6.]

A Used crude glycerin only

125



Table 2-6. Range of conditions used and maximum results for glycerin reformation via sub-critical water. (cont.)

Temperature  Pressure wi% Glyeerin
Reference Reactor {°C) {atm) _gh cerin Catalyst Geasilication % H, vield
(260) SStubular 450-550 | J0-60) Co/AlO; 30-65% 0.7-2.8
NI/Zr0y/a-AlLO &

(241 quartz/ tubular 450-600 1 4y Ni/CeOy/a-Al:0y 40-100% 1.44.1

{261) S5 ubular 225 28.9 10 PUC and Pt-Re/C 3.6-52% 0.2-15
LiFel Oy and

(122) quartz/tubu lar S00-800 | 872 A Ni/LiFePOy 4-84% N.A,
LaCo0); and

(262) quartz/tubu lar SO0-8000 | 872 A LaNiOy 5-55% NA.

(263) S5/ tubular 230 3.6 10 virious 2-22% 0.19-1.58

{264) S8/ ubular 225 25,7-44.4 10-30 Pt/ALO, 0-10.5% 0-0.42

11.25-
(265) SSubular 1 80-220 24 .67 510 Pr/ALLO, 10-80"% 0.35-4.9
{ 266) Inconel/tubular 800 | 5092 none 71.4-90% 2.3-37

A Used crude glycerin only

99
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to significant coke formation and, in the case of L-proline, suppresses the gasification.
Alkali salts enhances the gasification and promotes hydrogen production through the
water-gas shift reaction.

Xu et al. used a 2.0 M glycerin solution, gasified with and without activated
carbon catalysts at a temperature of 600°C, a 44 second residence time and a pressure of
34.5 MPa (268). The activated carbon catalyst was found to have no effect at these
conditions, with complete gasification with and without catalyst and a product gas that
contained mostly hydrogen and carbon dioxide. The maximum gas yield for hydrogen
was 3.51.

Glycerol reforming in supercritical water over Ru/Al,O3 catalyst was studied by
Byrd et al., with a temperature range of 700 to 800°C, 2.5 to 40 wt% glycerin, 24.1 MPa
and short residence times of 1 to 5 seconds in a Inconel 600 tubular reactor (269).
Glycerin was completely gasified at all conditions studied, producing a product gas of
mostly hydrogen, carbon dioxide and methane. Shorter residence times lead to less
methane production, and at dilute concentrations a hydrogen yield of 6.5 was achieved at
800°C. Operating at 700°C for feed concentrations over 5 wt% glycerin lead to reactor
plugging, but this was not the case at 800°C. CHEMCAD 5.2.0 was used to determine
the thermodynamic equilibrium by minimization of the Gibbs free energy using the Peng-
Robinson equation of state. It was determined that the yields of H,, CO, CO, and CH4
are very close to equilibrium. The reaction was modeled as a reversible adsorption of
glycerin onto the catalyst, then the reaction of water with the adsorbed glycerin to form
an adsorbed complex molecule. The adsorbed complex molecule decomposed into

intermediates that further decomposed into carbon dioxide and hydrogen. They made a
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steady state assumption for the adsorbed intermediates and assumed that the
decomposition of the absorbed molecule was rate limiting and that water was in excess.
The rate constant was found using a regression on the rate of hydrogen production, and
activation energy of 55.9 kJ/mol was found for the reaction.

Matsumura et al. found that temperatures below 600°C produced very low carbon
conversions, and complete carbon conversion was only achieved around 700°C and
glycerin concentrations of 3 wt% or less in a noncatalytic quartz capillary reactor (270).
Hydrogen and carbon dioxide increase with temperature, while carbon monoxide
decreases and methane remains unchanged. It was found that pressure had little influence
on either the gas composition or carbon conversion over a wide range of pressures, 5 to
45 MPa. Concentrations higher than 10 wt% lead to a decrease in hydrogen yield and
carbon conversion.

The fact that pressure has no effect on the conversion and product yield was also
observed by Kersten et al., who performed noncatalytic and Inconel 625 catalyzed batch
experiments using supercritical water in quartz reactors (27/). Furthermore, it was
determined that carbon conversion increases with temperature below 650°C, but
increasing the temperature further to 800°C had little effect on conversion. Conversion is
a strong function of concentration, with complete conversion only possible at 1 wt%
dilutions. Hydrogen increases and carbon monoxide decreases with temperature due to
the water gas shift reaction.

The decomposition of glycerol at temperatures of 344-470°C, 25-45 MPa, and
residence times of 32-165 seconds was investigated by Buhler et al. It was found that

gaseous products only form at higher temperatures, above 430°C, and gas production
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decreases with decreasing pressure. The gas yields increased linearly with reaction time,
meaning that the gas yield is independent of reaction time. It was also determined that
the global glycerin decomposition rate has a reaction order in the range of 0.95-1.25, and
so could be modeled as a first-order reaction. The gasification percentage was between
zero and 3%, with hydrogen, carbon monoxide and carbon dioxide being the main
components of the gas. The maximum hydrogen yield of 0.12 was obtained at the
highest temperature. This study was focused more on the liquid produces than
gasification, hence the almost negligible gasification and yields. The liquid products
were methanol, acetaldehyde, propionaldehyde, acrolein, allyl alcohol, ethanol and
formaldehyde. The authors concluded that at high pressures and/or lower temperatures,
the degradation pathway consists of ionic reactions, while at lower pressures and/or
higher temperatures a free radical pathway dominates. The ionic part of the reaction
mechanism is totally based on assumptions, while there are some analogous reactions in
the literature involving the free radical pathway. For the modeling of the decomposition
of glycerol in supercritical water on the basis of elementary reactions, a combination of
free radical and ionic pathways were used. The model was run in CHEMKIN 11, and was
optimized by comparing the experimentally measured concentrations of the main
products with calculated values and then adjusting the kinetic parameters At the highest
temperatures in this study, the reaction can be considered to behave Arrhenius-like and
yield activation energy of about 150 kJ/mol with a pre-exponential factor of about 10" 57!
(136).

The catalytic gasification of glycerin by May et al. was studied at 510-550°C, 35

MPa, 5 wt% glycerin, residence times of 2 to 10 seconds and both inert ZrO, particles
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and a 1% Ru/ZrO, catalyst. Liquid products included acetaldehyde, acetic acid,
hydroxyacetone and acrolein, along with gaseous products H,, CO, CO,, CH, and traces
of C;H4. They concluded that the liquid intermediates were unstable under hydrothermal
conditions because of the increased gasification and decrease in the liquid products, and
that glycerin reacts to form liquids faster than those intermediate liquids react to form
gases. A pseudo first-order kinetic model was used to describe the overall reaction rate
for glycerin conversion, with rate constants of 0.034 and 0.385 s™ at 510 and 550°C,
respectively. Carbon deposition was seen on the inert ZrO, particles put not on the
Ru/ZrO, catalyst. A maximum hydrogen yield of 0.55 and glycerin gasification
percentage of 26% was found at a residence time of 8 seconds and at 510°C (272).

Xu et al. gasified 1 wt% glycine and glycerol in supercritical water, using a
tubular Hastelloy C276 reactor from 380 to 500°C, 1 to 5 minutes, 25 MPa and a Na,COs3
catalyst. They found that the Na,CO; catalyst had a negative effect on glycerin
gasification and hydrogen yield. Glycerin was 98% gasified at 500°C, and produced 5.08
moles of hydrogen per mole of glycerin. The gaseous products were H,, CO,, CHy, CO,
and C,:, with Hy and CO, being the main components. Gas yields increased rapidly
above 440°C. Gasification percentage increased with temperature, from 60% at 380C to
98% at 500°C. They assumed that the glycerin decomposes first to glycol and
formaldehyde, which then reacts further to produce the gases seen (273).

Bennekom et al. investigated reforming of pure glycerin, crude glycerin and
methanol, using a tubular Inconel 825 reactor at 450 to 650°C, 25.5 to 27 MPa, 3-20 wt%
glycerin, and residence times of 6-173 seconds. The crude glycerin used in this study

was a mixture of glycerin (~88 wt%), water (6.5 wt%), and NaCl (4.5 wt%), with other
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cations and fatty acid methyl esters and monoglycerids making up less than 0.1 wt%. It
was found that pure and crude glycerin had comparable glycerin gasification percentages.
Gasification was near zero for a 10 wt% glycerin solution at 460°C, but increased to 91%
at 613°C. For pure glycerin, the gasification percentage decreases slightly from 90% to
85% with increasing wt% glycerin from 5 to 20 wt% at a temperature of 619°C.
Gasification of both crude and pure glycerin increases with residence time from 5 to 20
seconds, and levels off at higher residence times. They determined that water was a
reactant when using crude glycerin, but a product due to glycerin dehydration when using
pure glycerin. One mole of water is produced via dehydration per mole of glycerin fed.
Hydrogen, carbon monoxide, carbon dioxide, methane and ethane were the main
products, with trace amounts of ethene, propene and propane. The yield of hydrogen,
carbon dioxide, methane and ethane increases with gasification percentage for both crude
and pure glycerin. Carbon monoxide increases for pure glycerin, but for crude glycerin
reaches a maximum yield of about 0.8 at a gasification percentage of 70%, and decreases
thereafter. Hydrogen and carbon dioxide were the main products, and more hydrogen
and carbon dioxide were produced from crude glycerin then pure. The presence of salt in
the crude glycerin is believed to be the reason for the enhanced water-gas shift.
Assuming pseudo first-order kinetics, the activation energies for glycerin conversion
were 196 kJ/mol for pure glycerin and 183 kJ/mol for crude glycerin. They reported
reactor plugging due to salt precipitation after several hours of operation when using
crude glycerin (75).

Stever, in this 2011 master’s thesis, investigated the effect of reactor liners on the

reformation of glycerin in supercritical water. He used a 400 ml Haynes alloy 230
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reactor at temperatures from 500 to 700°C, 17.6 to 63 wt% glycerin at 24.1 MPa with and
without a Nickel 201 liner inserted into the reactor. The reactor liner was to determine
the catalytic effects of metal walled reactors in supercritical reformation. = Complete
gasification was achieved at temperatures of 600°C and above and at glycerin weight
percent of 27.5% and less. Hydrogen, carbon dioxide and methane yields increased with
temperature, while carbon monoxide decreased. The Nickel 201 reactor liner did have an
effect on the reformation, and increased glycerin gasification and hydrogen yield.
Hydrogen yield was greatest at the most dilute glycerin loading and at the highest
temperature with the Nickel 201 liner (274). Table 2-7 summarizes the conditions used
for the above journal articles, as well as the range of glycerin gasification and hydrogen
yield

2.5.3. Catalytic Effects of Metallic Reactors. The experiments conducted in this
paper were done so non-catalytically; that is, no conventional heterogeneous catalyst was
placed inside the reactor. However, it has been demonstrated that metallic reactor walls
can potentially function as a catalyst in the gasification of hydrocarbons in sub and
supercritical water (24, 271, 275-280). Kruse has postulated that there are three different
reactor types that can be used to avoid or minimize catalysis by the reactor wall: Quartz
reactors, seasoned or aged metallic reactors, and metallic reactors with ceramic liners. A
seasoned metallic reactor is one that has been in use for a week or two, and is based on
the observation that new metallic reactors have an effect that vanishes over time (/4).
Also, reactors that have seen use have a film of carbon deposited on the surface which
may inhibit catalytic effects (69). As Kruse et al. explained “This does not necessarily

mean that seasoned reactors have no catalytic effect; they rather show a lower and



Fable 2-7. Range of condrtions used and maximum results for glveerin relormation via supercntical waler,

Glveerin
Renctor Femperature  Pressure wiL % Residence Heating gasification Hydrogen
Reference  material/type (°C) {MPa) glycerin time Catalyst % vield
Incone
(267) 6/ tubular 350-650 25 10 4-11 seconds nong 2292% 0.74-2.5
Incond activated
208) 625 /tubular 60 34.5 15.6 H seconds carbon 9W-101%  3.15-351
Incone
{269) 600/ tubular 700-800 24. 2.5-40 |-5 seconds Ru/ Al Oy |00 2.046.5
(270 quartz/batch SO0-800 545 120 6l seconds none 54-100% 022
Inconel
270 guartz hatch 00T 5-43 1-20 i) seconds 625 22-100% 0.3-12
{118} SS/ubular 344470 2545 1.7-5.0 12-165 seconds none 0)-3% 00,12
(270 S5/tubular S10-350 35 5 2-10 seconds RuZr0, (-26% 0-0.57
Hastelloy-
(273) C276ubular 380-500 25 1 60-300 seconds NaLL Oy 60-98% | 4-5.08
Inconel
(73) 825 /tubular 450630 25.5-17 3-20 6173 seconds none 2-91% 0-2.9
Haynes
274) 230/ tubular S00-700 24.1 17.6-63 100 seconds none 15-100"% 0.1-4.4

a9
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constant catalytic effect, leading to more reproducible results”. She added that it is not
clear whether supercritical water gasification without an added heterogeneous catalyst is
catalyzed on the surfaces or not (/4). In another paper, Kruse et al. (2000) was studying
the gasification of pyrocatechol, a model for lignin, with potassium hydroxide in
supercritical water. They mention that deposition of the potassium salt on the tubular
reactor surface are believed to improve the gasification (/95).

During hydrogen production by glucose reforming in supercritical water, Yu et al.
found that gas yields are strongly influenced by the reactor wall, with a new Hastelloy-C
276 reactor behaving differently and less effectively than a “corroded” Hastelloy-C
reactor. It was also found that Inconel-625 strongly catalyzes the water gas shift reaction
at the conditions tested, and that Inconel and Hastelloy behave similarly when reforming
glucose (275). Arita et al. placed stainless steel (SS 316) and copper wires in a quartz
reactor during the supercritical reformation of ethanol (1.0 M ethanol, 450°C, 30 min
reaction time) and found that copper accelerated the reaction considerably, producing
almost twice the amount of hydrogen gas than without catalyst, but that stainless steel
showed little catalytic effect (276). Lachance postulated that the increased glucose
degradation in his work, compared to other studies investigating the supercritical water
gasification of glucose, could be the result of reactor wall material effects (277). Gadhe
and Gupta, while investigating methane suppression during supercritical water methanol
reforming, reported that the nickel present in the Inconel 600 tubular reactor used for the
experiments catalytically increased the methanation reaction. They suggest the use of a

Ni-Cu reactor to minimize the reactors methanation catalysis (287).
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When studying the catalytic oxidation of p-chlorophenol in supercritical water,
Yang and Eckert first ran noncatalytic experiments to determine a baseline. They found
that the Inconel 600 reactor was being corroded, and that trace metals from this corrosion
may have acted as catalysts (278). Bustamante et al. specifically studied the wall effects
on the forward water-gas shift reaction. They conducted experiments in a quartz reactor,
and then an Inconel 600 reactor, which exhibited substantially enhanced rates of reaction.
The activation energy for the forward water-gas shift reaction in the quartz reactor was
288.3 kJ/mol, while for the Inconel 600 reactor it was 102.4 kJ/mol. The effect of a
palladium or palladium-copper packing was also investigated, as this would be a typical
choice for a hydrogen separating membrane. It was found that these metals did enhance
the reaction, but not to the extent of the Inconel (279). In his 2011 master’s thesis, Stever
investigated the effect of reactor liners in the supercritical water reformation of glycerin.
He found that the Nickel 201 liner increased the water gas shift reaction, and in certain
conditions enhanced reformation, compared to the Haynes alloy 230 reactor (274).
Boukis et al. used an Inconel 625 reactor for methanol reforming in supercritical water,
and found that oxidation of the reactor with H,O, prior to the experiment increased the
reaction rate and decreased carbon monoxide and methane production (24). Of direct
importance to this work, it has been shown, again using quartz reactors as a baseline, that
Inconel 625 catalyzes the supercritical water gasification of glycerol. Kersten et al.
demonstrated that Inconel 625 increased both the conversion and the yield when
conducting experiments at 600°C, 30 MPa, residence time of 60 seconds and a 5 wt%
glycerol/water solution. The addition of 6 gram of Inconel per gram of solution,

compared to no Inconel present, increased the conversion from 60% to close to 90%,
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while increasing the hydrogen yield from 0.25 to 1.2, while increasing the yields of the
other gases less dramatically (277). These wall catalytic effects occur for various
reactions and reactants in supercritical water, indicating it is a generalized phenomenon

and not limited to specific reactants, reactions or conditions.
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3. APPARATUS

3.1. INTRODUCTION

For water to be supercritical, it must be at a temperature above 374°C and at a
pressure above 22.06 MPa, which requires a reactor able to withstand these conditions
without mechanical stress failure or corrosion (64, 65). Due to the fact that air is
sometimes used to clean the reactor via supercritical water oxidation, it must also
withstand an oxidation environment. Therefore, specialty metals must be used for the
supercritical water reactor. Equipment is needed to pressurize and heat the reactants,
then to cool, depressurize and separate the products. Temperature, pressure, and flow
rate must be monitored and controlled during the experiment, and various safety
precautions must be implemented due to the extreme conditions. To determine what the
system is producing, analytical and measurement equipment is needed. This is what will

be described in the following section.

3.2. MULTI-FUEL REFORMATION SYSTEM

The Multi-fuel Reformation (MFR) system consists of a liquid feed system,
integrated heat exchanger, preheat, supercritical water reactor, reactor heaters, air feed
system, sample collection system, and a data acquisition and control system, of which a
schematic process flow diagram is illustrated in Figure 3-1. Unless noted otherwise, all
of the tubing used in the supercritical water system is 4~ OD Swagelok 316 stainless
steel tubing with a tubing wall thickness of 0.065”, which has an ASTM allowable

working pressure of 9600 psig as calculated from equations in ASME B31.3, code for
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process piping typically found in petroleum refineries and other chemical processing
plants. All of the thermocouples used to measure the temperature were Omega Type-K
Chromega-Alomega® with either a 304 stainless steel or Inconel sheath. Most of the
supercritical water reaction system is housed in a 60 tall, 66 long, and 36” wide welded

V4-thick steel enclosure mounted on casters with two access doors on the back.
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Figure 3-1. A schematic of the supercritical water multi-fuel reformer system.

3.2.1. Reactant Delivery and Preheat. The system begins with a 5 gallon

HDPE plastic solution tank, which is on an Arlyn 620X industrial bench scale on the

table behind the pump. The tank is on the table to facilitate easier, gravity assisted
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priming of the pump, while the scale is used to measure the mass flow rate of the solution
into the system. The system is capable of pumping two different fluids into the system
with two different pumps, which is used when water and an immiscible hydrocarbon need
to be fed together; with the hydrocarbon mixing with the water inside the system at a
junction after the water goes through the integrated heat exchanger pictured in Figure 3-1.
Because water and glycerin are miscible, and because pumping a water/glycerin mixture
is easier than pumping glycerin separately, the second pump, labeled the fuel pump in
Figure 3-1, is not used.

The solution enters the pump, an Eldex high pressure micro-metering pump
model BBB, which is used to feed the liquid and bring it to pressure. The Eldex pump is
a reciprocating three-piston pump that can deliver between 1.0 and 100 milliliters per
minute of liquid, including corrosive liquids due to the corrosive-resistant wetted parts
such as sapphire, ruby and stainless steel. After the pump, there is a Swagelok pressure
relief valve set to 4600 psi, to make sure that the Eldex pump does not exceed its upper
operation pressure of 5000 psi. The outlet of the pump then enters the steel enclosure,
and will remain inside the enclosure until noted. The solution pump goes to two valves,
one used for priming and the other for solution feed to the reactor. If the pump needs to
be primed, the prime valve is opened while the reactor feed valve is closed, until all air
has been removed from the line. This is performed at the beginning of the day before
experiments are performed. After priming, the priming valve is closed and the reactor
feed valve is opened. The solution goes through a check valve to prevent backflow out of

the system, and then enters the integrated heat exchanger.
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The integrated heat exchanger is a double-pipe heat exchanger that consists of a
48 long 4” OD Hastelloy C-276 inner tube that will contain the product coming out of
the supercritical reactor, and a '2” OD stainless steel outer tube containing the incoming
reactants. The flow is counter-current to maximize heat recovery. After exiting the heat
exchanger, the feed solution enters the preheating section. The preheat is a section of %4”
stainless steel line 42” long that is wrapped in Omega STH series ultra-high temperature
heat tapes, which heat the incoming solution before it enters the reactor. The heat tapes
are controlled by the LabVIEW computer software using proportional control based on a
thermocouple that is downstream of the preheater and another thermocouple that ensures
the temperature of the heat tape itself does not exceed 550°C, the highest operating
temperature of this type of heat tape. This LabVIEW software r