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Meeting the energy demands of the future is orte@Mmost important challenges
facing the engineering community today. An exangflthis problem is
transportation fuels. Most of the current tranggtoon fuels are composed of
petroleum hydrocarbons. Finding a viable altexais important given the
potential scarcity of these fuels. Alternativegdnaeen explored including ethanol,
biodiesel, hydrogen, and natural gas. It will d&allt for these fuels to replace
petroleum fuels due to their inferior performanod,an some cases, the rising price
of the feedstocks as they are produced on a laggde. In addition, some of these
fuels are not compatible with current infrastruesyrincluding piping and filling
stations, as well as being incompatible with theent fleet of cars.

The ideal scenario for solving the energy problsroiproduce a fuel that has the
same level of performance as standard petroleunmohgdbons and originates from a
feedstock that is cheap and abundant. For thesems, a large amount of research
in the past couple decades has been dedicateddaging bio-oil from biomass by
thermal degradation in the absence of oxygen. Bgsis composed of large
oxygenated hydrocarbons containing as many as 6@#&®ons atoms. When



subjected to high temperatures these molecule& bygat and oil is produced that

more closely resemble liquid fuels.

The primary drawback of bio-oils is that they hdmgh oxygen content. This high
oxygen content causes them to have low energytgefswy volatility, and a high
viscosity. In order to meet the industry standdoddransportation fuels, additional
processing steps must be completed in order taceethe oxygen content of the
fuels. The most common processing step in usgdsolreating. During this
process bio-oils are heated up to high temperatard® presence of an excess of
hydrogen and a catalyst. The purpose of this isitate a hydrodeoxygenation
reaction that removes oxygen from the oils in trenf of water. This process has
been shown to be effective; however the usefuloetdse process is limited by the

high cost and energy demands of producing hydrogen.

Previous work has also been completed where bsowele treated in the absence of
hydrogen using high temperature water as a sofvefihis process induces a
separation of the oil into an aqueous phase arud @hase which is low in oxygen
content. Oxygen is also removed in the form oboardioxide due to a
decarboxylation reaction. A more detailed revidwhe material balance for this
process demonstrated that the overall amount ajexxyemoved was actually quite
low and may in fact be statistically insignificant.

The purpose of this research project is to exaitagrocess of treating bio-oils

with supercritical water as a solvent in the preseof carbon monoxide. One reason
for doing this is that at high temperatures, carmamoxide reacts with water
producing hydrogen and carbon dioxide. In addjttbermodynamic modeling
demonstrates that carbon dioxide is one of the rfaw@able products formed when

combining these reactants, which would consumetiaddi oxygen.

Guaiacol, a model compound for bio-oil was tredigdheating to supercritical
temperatures in the presence of water and varyngentrations of carbon

monoxide. The resulting products were analyzearder to determine the types of



functional groups present, the elemental compasiti@ater content, and in some

cases the distribution of products.

The analytical results suggest that catechol, nxgtbenzene, and phenol are the
primary reaction products with most of the cateahss$olved in the aqueous phase.
There is some evidence that there is a relatiorstiygeen the amount of carbon
monoxide in the reactor enclosure and a reducti@xygen content. Due to the
small difference in oxygen content of the primaegation products and the error
inherent to the measurement methods it is not agina at this time if that the
relationship between carbon monoxide and lower erygpntent is statistically

significant.

Future research is required to further validaterdsailts. To supplement the findings
of this research it would be helpful to performmaikar experiment under conditions
that produce a larger spread in oxygen contents ddn be done in several different
ways. The reaction residence time could be inedas different model compound
could be used, the conditions could be more seaacka catalyst could be used as
well. By changing these conditions a greater spodalata could be produced and it
would be easier to determine statistical signifceaan that basis.
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CHAPTER 1 INTRODUCTION

There have been several decades of research abthiscovering the production
and treatment of bio-oils from biomass. Bio-oile areated by the pyrolysis of
biomass which creates a fuel that is similar toghetim fuels, except that it is higher
in oxygen content. Most of the current researcluses on how to reduce this

oxygen content in order to make the fuel usefud &ansportation fuel.

The standard method for reducing oxygen contehtaroils is hydrotreating.
Hydrotreating is an effective method of reducinggen content that also is the
subject of a large body of research. While thapss is effective it requires the use
of a large amount of hydrogen which is very expeansiThe expense of hydrogen
during hydrotreatment is one of the main issuesingathe use of bio-oils cost
prohibitive.

Due to the high cost of hydrogen there is a gresiuat of interest in finding ways
to treat bio-oils without using externally produdegirogen. This research focuses

on treating bio-oils by creating hydrogen on sigeg a water gas shift reaction.
CO+HO—=—CO +Hh (1.1)

For this research guaiacol, a model compound ebbiwas placed in a reactor with

an excess of carbon monoxide and water. The ddhisoresearch is to enhance the
treatment of bio-oils by generating hydrogen wittina reactor. In addition, oxygen

may be removed by a direct reaction between cantammoxide and the bio-oil, since
carbon dioxide is a more thermodynamically favoegiroduct than carbon

monoxide.

Using carbon monoxide as a gas instead of hydrsgéesirable due to the fact that
carbon monoxide is already produced in many preseggat occur in a standard
petroleum refinery. In addition carbon monoxide a#so be formed from splitting

CO,%. At high temperatures thermal splitting of £@quires less energy than



splitting water to form hydrogen. This means gieguial performance, using carbon
monoxide may be more cost efficient than using bgdn. If carbon monoxide is
found to be effective for facilitating deoxygenaticeactions bio oil will be one step
closer to being used on a widespread basis asid figel.



CHAPTER 2
LITERATURE REVIEW

2.1 Biomass Potential for Energy Generation

The ideal scenario for solving the energy probleroiproduce a fuel that has the
same level of performance as standard petroleunmohgdbons and originates from a
feedstock that is cheap and abundant. For thsoremuch of the research that has
been completed in the last several decades foamsk®mass. Biomass is any
material derived from living organisms. One obwaaason that biomass is a
desirable feedstock is that it is renewable andhdant. Currently much of the
biomass feedstock comes from materials that aremtly waste products such as
forest debris, corn husks, and other agricultu@dtess. This of course means that if
the proper technologies can be developed biomasproaide a sustainable source
of fuel cheaply. Another reason that biomass srdble to use is because of the

nature of the structure of the compounds it is coseg of.

Wood or plant based biomasses are generally cordmitaree components,

Lignin, cellulose, and hemicelluloses. Wood alsntains several other chemical
groups but they are a minor portion of the totaighe The combination of cellulose
and hemicellulose is referred to as holocellulobelwvaccounts for about 65-70% of
total weight with the balance composed of lignirhe ratio of these different
components can vary depending on the type of wobaie in the same general
range. Holocellulose components are polymers ceaghmainly of the simple
sugars such as D-glucose, D-mannose, D-galactesgloBe, and L-arabinose. The
elemental composition of wood derived biomass & $@rbon, 6% hydrogen, and

44% oxygen.

The primary difference between cellulose and helliose molecules is their size.

Each is comprised of sugars composed of five ocaikons with various oxygen



groups. The number of repeating units that form cgllulose molecule is referred
to as the degree of polymerization (DP). The DPEetiilose is in the range of
10,000. Hemicellulose has a DP in the range @uple hundred. The degree of
polymerization corresponds to molecular weighthatens of thousands. Figure 1
shows the structure of cellobiose which is the aéipg unit that cellulose is

composed of.

OH

. O HO ot
HO O 0
OH

i OH ;

Figure 1: Chemical Structure of cellobidse

Lignins are an aromatic polymer component of biandsgnin is like holocellulose
in that it has no definite shape and size but dnenffalls into the same general
category. The polymer is mainly composed of gudjayringl, and p-
hydroxyphenyl groups. The size of lignin can vgrgatly depending on the
particular source with molecular weights rangirgnir260 to 50 millior. A partial

structure of lignin is displayed in figure 2.
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Figure 2: Partial structure of lignth

Given the great energy density of these substahiseeasy to see why they would
be promising sources of energy. This energy esaaly utilized a great deal. Human
beings obviously consume a lot of biomass in tmmfof plant based foods. A wood
burning fireplace uses this energy by converting heat using a combustion
reaction. One of the ways that biomass has besthiago generate electricity. This
is done by burning biomass and using the heatriergée steam. That steam is then
used to turn a turbine. Unfortunately this prodess an efficiency of just 35-40%
using the most advanced methods. Biomass carbalatiered through a

fermentation process to produce methane

Another form of fuel that can be produced is hyérmgia gasification of biomass.
Gasification is the reaction of biomass with wat@m in the absence of oxygen.



This process can be represented in this case bgdleston between cellulose and

water to form hydrogen and GO

CsH100s + 7TH.O - 6CQ +12H (2.1)

This reaction is a simplification of the processcsi many other sugars are used as
reactants and light hydrocarbon gases are gen@ratuced as well. This reaction
must be completed at high temperatures, generatlyea600°C. At lower
temperatures biomass simply repolymerizes and fawoke and tar. One of the
problems limiting this technology is often the réac proceeds more quickly than
the reactor can be heated which leads to excessligs formation. This is also a
problem with liquefaction which will be discusseddr. Much of the research in
gasification has focused on catalysis in orderieedhe reaction forward at a lower
temperature. Some success has been achievedeadior temperatures as low as
300°C. Some research has also focused on enhaheimgating rate by using
smaller diameter reaction units. This approagréablematic due to the formation
of coke and bio-oils which will be discussed lat@nother way of enhancing
heating is to reduce the size of the biomass pestlty generating sawdust. A
schematic of a typical gasification process is ldiggd in figure 3.

BIOMASS/WATER

""|Heat Exchanger

A 4

CO2-rich fuel gas

Feed Pump

LP-G/L Separalor

Figure 3: Schematic of gasification process usingercritical watet



There are many limitations to using hydrogen asehgource. Hydrogen is not
compatible with the current energy infrastructures it is a gas at room
temperature. In order for it to be used as a paration fuel new pipelines and
distribution infrastructure would have to be builh addition, there are safety
concerns due to the ease of ignition and the pnableherent with any pressurized
gas. Forthese reasons there has been an entiaogsn trying to develop a

liquid fuel from biomass using pyrolysis.

2.2 Liquefaction Process for Generating Bio-oils

The material in this thesis focuses on treatindsftieat are produced by a process
referred to as fast pyrolysis or liquefaction. sTprocess is similar to gasification but
the reaction times are shorter and no oxygen sgote Often gasification and
liquefaction will occur simultaneously to a certaxtent. This is actually

convenient because the products of gasificatiorbeamseful in treating bio-oils.

This product is compatible with the current enarggastructure and given the
proper treatment may actually be processed alotigstandard petroleum

hydrocarbons.

The pyrolysis process begins with drying the bicsrtasbelow 10% moisture

content to minimize the water in the pyrolysismibduct®. Feedstocks are then
grounded into small particles to increase the sertaea and therefore reduce the
time for heat transfer during the process. Malteagse then heated to temperatures
ranging from 400 to 650°C. Heating is done atry Wgh rate with the peak
temperature reached within 30 secohd3he product is then rapidly cooled to
guench the reaction. There are several differethads that have been used to heat
the reactor. Each of these processes involvefe#ustock contacting an inert gas or
solid surface such as sand or metal which has pesdreated. Descriptions of

several different types of processes for produbingil are listed in table 1.



Table 1: Types of reactor setups for pyrolysibioimass
Pyrolysis type | Brief description

Ablative Mechanical pressure used to push bionmeshot reactor wall

Auger Biomass is mixed with hot sand with constaiting

Entrained flow | Essentially a heat exchange witleatéd gas stream contacting
the biomass

Fluidized bed | Same as Auger but sand fluidizedrbggct gas to enhance
heat transfer.

During the pyrolysis process, bonds can break efadm in a wide variety of
different ways which are difficult to control. Ftis reason the distribution of
products during pyrolysis is very wide, leadingpte@r 300 different producfs The
distribution of products includes many compounds Hre of ideal size, generally
containing 5 to 20 carbons per molecule and area@id. Smaller hydrocarbons are
also formed, some of which are useful as consumoetygts. Examples are butane
which is used in handheld lighters and propangé&asrgrills. Most of the time, these
light products are used internally as process teftir hydrogen generation.
Hydrocarbons also may polymerize and form cokedddmdeal conditions the
product distribution is 75% oil, 12% char, and 1886’. Gas products are generally

recycled to be burned as process heat.

Different feed stocks produce oils of differing ¢jtyain a couple ways. The lignin
portion of biomass tends to produce heavier moéscuThis is why the processing
time is generally higher for the lignin fractioft.has also been found that feeds with
low lignin content produce oils that are low inadsity and molecular weigfit The
water content however increases which was detethimee because of the
presence of alkali metals. There is generallynaprise relationship between lignin
content and the presence of alkali met3lsThis difference is due to the fact that
parts of a plant that transport minerals are géiydoav in lignin content.

Char formation is a significant issue during thedarction of bio-oil. Char is not an

economically desirable product and it can plug pobdines, cause catalyst
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deactivation, and reduce reactor surface area. oDte ways of minimizing char
formation is the use of a solvent. Solvents creafmration between molecules in
solution therefore decreasing the odds that théycaliide and agglomerate. In the
past phenol has been used but is largely phasedleub cost and environmental
concerns. Methanol and Ethanol have both beensiowe effective solvents with
bio-oil yields greater than when water is used aslaent. The distribution of
products changes as the fraction of solvent ineeasthe mixture. As the fraction
rises above 10% the oil yield decreases slighttythoelamount of solid product

decreases more dramatically

An ideal solvent will maximize the solubility ofdmass derived fuels in order to
reduce coke formation, as well as promoting thendiron of a low oxygen content
product. Research has been performed by Catclitigitgy, a Joint Venture of
Chevron and Weyerhaeuser to develop a novel solaexttire for use in a biomass
liquefaction process. The purpose of this solvess v improve the liquefaction
process which accomplishes the goals of producimglzer quality product, while
minimizing coke formation, without the use of aatgs$t or a hydrogen donor

solvent?.

Storage conditions can change the nature of biowat time. Bio-oil should be
stored at room temperature, or lower. Even ifdilas stored at standard room
temperature over time the molecular weight willdyrally increase and solids will
form. Aging can be prevented by refrigeration @rehn also be prevented by the
addition of a solvent. If bio-oil is stored disgedl in methanol the stability is greatly
increased.

Pyrolysis products contain about 40-45% oxygenis Khy difference between
pyrolysis oil and standard petroleum fuels causeshergy density and volatility to
be lower and the viscosity to be higher. In additithe oxygen content can cause

the fuel to corrode engine parts, and is not misaMith standard fuels, which makes
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refining the fuel difficult. For these reasons-bits cannot be used as liquid fuels
without additional treatment. In some cases, sohtke bio-oil may be so difficult
to treat it may be more efficient to burn it foopess heat or convert the fuel via
gasification to hydroget?.

The oxygen percentage of bio-oils can be reducanhdtically by changing the
processing conditions of the oil. Bio-oil was puodd by heating biomass from
room temperature to a variety of different tempaned. There is an inverse
correlation between peak pyrolysis temperatureaxyden content. Very high
temperatures are not feasible due to the facthioste conditions cause the liquid
yield of the products to decrease dramaticKllfFigure 4 summarizes some of the
data collected from an earlier paper examining &hationship between pyrolysis

temperature and the bio oil product properties.
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Figure 4: Effect of maximum temperature on yield @xygen percentadé
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2.3 Prior Strategies for Bio-Oil Upgrading

Bio-oil can be used as a fuel by itself but thefgranance will be inferior, which is
why an additional processing step is usually adddte most common method for
reducing the oxygen of bio-oils and therefore inwang the performance is
hydroprocessing. Oxygen is removed by adding hyelnaat high partial pressures
and high temperatures. At these high temperatheesxygen bonds break apart and
when an excess of hydrogen is available, hydroggsates those bonds. The
primary reactions that take place during this pssaae hydrodeoxygenation (HDO)
and decarboxylation which are listed as equatioB®@d 2.3 respectively. For these

equations listed below M indicates any type of oarbhain.

MCOOH + 3+ MCH: +2H O (2.2)

MCOOHzZ= MH+CQ (2.3)

These reactions are the most desirable; howevey other reactions occur as well.
For example, two of the larger molecules may bigadt and reform to produce a
molecule that is a very dense solid called cokehar. Small molecules may also
break off and instead of reforming, may react viagkdrogen to form light gases such
as methane and ethane. Process conditions aedljn such a way to maximize
the desirable products such as gasoline and diaeseminimize the less desirable
products. A wide variety of different factors adramatically impact the distribution
of products including temperature, use of a catapy®cessing time, and hydrogen
partial pressure. These areas of hydroprocessing Ibeen heavily researched and a

detailed summary has been compited

Hydrotreating was originally developed for treatstgndard petroleum
hydrocarbons. Environmental regulations limiteel #imount of sulfur and nitrogen
that can be present in petroleum hydrocarbons. ré@dson for this is that during

combustion reactions nitrogen and sulfur form & oxides and sulfur oxides.
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These chemical have been determined to pose torthle environment and human
health. Sulfur and nitrogen are removed from petnm hydrocarbons through

reactions similar to a hydrodeoxygenation reaction.

MCN+3H UEr MCHs + NHs (2.4)
MSH+H UFy MH+HS (2.5)

Due to the very large number compounds presenbkoils, researchers have often
focused on elemental analysis as a way of evaly#tie success of hydrotreating
and spend less time analyzing specific compouther methods of analysis that
are commonly used are gas chromatography and mpassascopy (GC/MS), and

nuclear magnetic resonance (NMR) spectrosc8py

It is difficult to make a judgment about reacticatipivays based on GC/MS and
NMR data of typical pyrolysis hydrotreating prodaibiecause the range of products
is so wide. In order to simplify the experimerdata for hydroprocessing
experiments often model compounds are used. Mamepounds are compounds
that are deoxygenated in a similar way to bio-oilypical model compounds
include P-Cresol, ethyl phenol, dimethyl phenoméathyl phenol, Napthol, and

guaiacol*’

. The advantage of using model compounds is #ss#tarchers can see the
full range of products for a particular reactand aan therefore make judgments

about the reaction pathways.

Catalysts are often used to improve the performahbgdrodeoxygenation
reactions. Several different studies have dematestrthat the most effective
catalyst are NiMo and CoMo formatiofs Other catalysts such as noble metal
catalysts generally have significant issues witllifg. There has been some
research that has suggested that noble metal ststatay be effective for fast

pyrolysis under the right reaction conditidfis
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Hydrodeoxygenation is generally considered a mestrdble route for
deoxygenation than the decarboxylation reactione feason for this is the
production of carbon dioxide leads to a combinatbwater gas shift and
methanization reactions that lead to increaseduroption of hydroger?’.

Examples of these reactions are as follows:

Co+h Ufr CO+HC (2.6)

CO+3h Uiy CH +HC 2.7)

In order for the oil to be generally consideredkanough to be processed, along
with fossil-based hydrocarbons, the oxygen pergeniaust be reduced to below
10%. One of the reasons that this benchmark has &t is that oil with higher
oxygen content is not miscible with standard petnot fuels. The reason that some
oxygen content is permissible is that not all fomhexygen impact the structure of
the molecule in the same way. Groups that arecdethfrom the molecule are more
reactive and less stable. Once the most reacxiygem groups have been removed
the remaining oxygen is not a significant impeditterthe use of the oil as a fuel.
While 10% is a good rule of thumb for the amounbxygen that must be present,
indicators like viscosity have to be collected &testmine the real impact of the

changing structure of the molecule.

Hydrotreating is sometimes completed in stagesusecaxygen functional groups

do not respond the same to varying process conditiin some cases
methoxyphenols, biphenols, and ethers are convestplenols at lower
temperatures. These functional groups are somegtiamoved in a separate
treatment stage regularly referred to as a stalbitin stage. Phenols and furans are
the primary functional groups present in bio-oitsl @re removed more easffy
Hydrotreating can also be used to convert trigligleess to diesel fuel. Typically
triglycerides have been converted to biodiesehegresence of methanol or ethanol.

Biodiesel but this fuel has a variety of performapcoblems including a higher
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cloud point and lower energy density. The breakdowmydrodeoxygenation

products and their feedstocks are presented inefigu
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Figure 5: Breakdown of hydrodeoxygenation prodétts

Hydrotreating is generally performed after the fation of bio-oils because the time
and processing conditions of the two steps are aliaally different. One strategy
that has been tried is to reduce the oxygen peagerduring the formation of bio-
oils by producing them in the presence of a largeunt of hydrogen. In other
words, the hydrotreating and fast pyrolysis stepsgp@rformed simultaneously. This
process is referred to as hydropyrolysis. Hydrofygis tests were carried out at
pressure up to 10MPa and temperatures between 30@f620°CG2 The oils that
were produced had oxygen contents that ranged IrhBto 38%. While this is far
superior to typical bio-oils additional processsigps would still be required to

make the oil refinery compatible.

Hydrotreating is effective at reducing the containbxygen to levels that are
acceptable for refining but the process uses langeunts of hydrogen. A typical
figure is 3000 standard cubic feet (SCF) of hydrogetreat one barrel (BBL) of
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bio-oil. Hydrogen is not yet produced cheaply asdh result this process is cost
prohibitive. Current research often focuses onsataydeoxygenate oils while

reducing the usage of externally produced hydrogen.

One way to reduce the amount of hydrogen thatadymed externally is to convert
some of the light gas products to hydrogen. Sohtleschydrogen for the process
can be produced from steam reforming (SR) andaartidation (POX) reactions
with the light gaseous products of the hydrotregpteactions. As an example, gas

phase reactions occurring at 450 - 750°C involvireghane are listed below.

CH:s+ 20 Uffr CQ +2HC (2.8)
CH:+O: Uy CQ +2H (2.9)
CH4+%OZ Uy CO+2H (2.10)
CH:+ HO U CO+3H (2.11)
CHs+ HO Uffr CQ +4H (2.12)

cCoO+rOUfr CQ +H

(2.13)
POX reactions are exothermic and SR reactionsrateteermic. On balance, the
process requires an input of energy in the formeat, but it is much less than would
be required to produce hydrogen by some other psp&eich as water splitting. This
process is generally used for hydrogen productiaccommercial hydrotreating
processes but additional hydrogen is usually reguio fulfill the hydrogen needs of
the process. A flow sheet of the bio-oil procesorporating hydrogen production
by steam reforming is presented in figure 6.
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Figure 6: Steam reforming incorporated into bibpooduction®

Some work has been completed that focuses on ioiipg the steam reforming
reaction into the hydrotreating process in ordegeonerate hydrogen internally. The
model compound guaiacol was loaded into a readtbrawange of catalysts. The
reactor was then heated to a temp of 360°C foriaghef 2-4 hours. It was found
that a significant amount of oxygen was removedogiry thermal degradation.
Water was then added to the reactor to determitieibmount of oxygen removed
could be enhanced by producing hydrogen throughasreforming reaction. It
was found that the amount of oxygen percentagepgbfrom 8% to an average of
2.8% after 4 hours’.

Some preliminary work has been performed usingelaagnounts of high
temperature water as a solvent for upgrading bly prgssure thermal treatment.
This process yielded oil that separated into twasgls, an oil phase and an aqueous
phase. This process produced an oil phase forvith oxygen percentage ranged
from 20 to 31.1% and an aqueous phase for whiclyenxypercentage ranged from
40.5 to 43.4%. As the temperature was increasedtiigen percentage in the oll
phase decreased while the composition of the agugloase increasés This is due

to the fact that the main function of water in tbése is to induce a separation and
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not to actually remove oxygen in any sort of reatti A closer look at the material
balance for this process shows that the total amafusxygen removed from the
feed is minimal. The difference in the results paned to the work done by Fisk
al. (2009) is likely explained by the use of catalysts

Using water as a solvent for reactions of organimpounds is a field that is well
developed. High temperature water (over 200 °G)ldeen shown to support a
variety of ionic and free radical reactions. Oféhe reasons for this is that as water
increases in temperature, the dielectric consgalower. Water molecules become
less polar and therefore organic molecules dissolveater much easier at these
high temperatures. This means that polymerizationld be less likely to occur and
reactions with water would be less limited by miagasfer limitations. The density
of water also drops dramatically at high tempeegiand approaches that of a
standard gas. The hydrogen on water can alssachgdrogen donor which is

especially relevant for upgrading purposes.

Most of the research on hydrotreating that has Ipeeformed recently has focused
on oxygen removal; however hydrotreating has loegnbused for the removal of
sulfur. In order for crude oil to be processeghitst meet minimum standards for
sulfur content. In the past there was a plenstudply of low sulfur or “sweet” crude
oil. As those reserves have been gradually depleteas become necessary to
utilized crude oil that contains some sulfur. 8uls removed by a process very
similar to the process for removing oxygen. Soeszarch has been complete using
carbon monoxide as a coreactant for desulfurizatiast research has found that
CO and water have mixed results when it comesdldliyig similar conversion rates
to pure hydrogen. Various aromatic feeds weretesfth a sulfur weight
percentage of 2.75%. These compounds were thatedrgvith hydrogen and with a
mixture of water and carbon monoxide. In both sdake sulfur concentration
dropped to below 0.2% by weigHt The same method was used by another

researcher treat dibenzothiopene, a model compfmursdilfur containing crude.
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One researcher actually reported higher yieldb®fdesulfurization products for the

CO and water mixture than for the typical hydrotreatment®.

The research outlined in this thesis focuses orbaainmg the use of high temperature
water and carbon monoxide as a stabilization siep model compound of bio-oil.
There is evidence that both of these technologaes bheen successful on some level

and in combination they may remove a substantiallerhof oxygen.
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CHAPTER 3
MATERIALS AND METHODS

3.1 Preparation of Feed Material for DeoxygenatiorExperiments

The reactants that were used for the analysis gugigacol (2-methoxy phenol) and
water. The water was deionized water that wasuared by reverse osmosis using a
system that is made by Ultrapure. The 2-methoxgphis produced by Alfa Aesar
with a minimum purity of 98%. Both chemicals wévaded into a 125 ml LDPE
plastic container. The container was weighed wenigty with a standard
laboratory scale. The container was then weiglgathaafter addition of guaiacol
and water, respectively. The contents were themgabinto the autoclave reactor
immediately prior to sealing the enclosure. Aftealing the contents, the initial
pressure and temperature of the enclosure are.ndtad is done in order to
calculate the total moles of the gas at the begmof the experiment. This is done
to have a basis for comparison to determine howhngas is produced during the

reaction.

3.2 Reactor Setup and Experimental Procedure

Experiments were conducted using an Autoclave Esgsiautoclave, high
temperature bolted enclosure. The reactor is deditp withstand pressure of up to
5000 PSI and temperatures up to 510°C. The enéassealed at the top with 8
bolts, each of which has a head diameter of 1 ifkimetallic seal ring is provided

to ensure a tight seal at the top of the unit.

The stirring mechanism is included, capable of dpes to 3300 rpm. The motor is
outside of the bolted enclosure. The motor ischtd to a rotating magnet. When
the motor is on, this external magnet causes thapsulated magnet to rotate. This

magnetic coupling causes the inner rotor to raaatbe same speed as the motor.
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This system is in place to ensure the unit hasranmuim number of openings to seal
and has insignificant risk of ignition due to mayiparts. This magnetic unit is
designed for a maximum temperature of 149°C. Aingavater jacket is provided
to ensure the temperature does not rise beyongbdinait

Several different valves were installed by Autoel&ngineers (AE). There are two
valves for the gas inlet and outlet. They arechttd at the top of the unit. There is
also a liquid sampling valve which drains from pgsuspended in the middle of the
reactor. A flush valve was also installed at tbtdm of the reactor for draining
liquid. This is a ¥z inch valve. This valve selaysinserting the stem into an orifice
at the bottom of the reactor. This valve was regulawith a permanent plug when it
was determined that it was not feasible to keep#ive free of debris following an
experiment due to the large amount of solids formElde reactor also has a rupture
disk at the top which is present in case pressxesed the maximum amount

allowed.

The reactor has two thermocouples attached. Otteedhermocouples are placed
inside a thermowell that is suspended in the reackbe other thermocouple is
placed alongside the heating mechanism which sod®the main reactor body.
The reason for the use of two thermocouples isthi@ateactor has a cascade
temperature control system. This means that theréwo different control loops
and they are dependent on each other. This oeaueans the changes in one
temperature has a cascading effect. The readorhals a pressure gauge attached

which is only a function of temperature and molalume.

In addition to the elements of the system that i@c®ory installed by AE,

additional parts were installed. External pipingswnstalled to transport nitrogen
and carbon monoxide to the reactor from pressugyédders. Ball valves and
needle valves were installed at every openingerréactor. The piping also led to a

ventilation system at the ceiling of the room. noskel is also suspended in order to
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reduce the harm of volatile toxic components duthegfilling of the reactor. A
cooling water line was also installed to run wakerugh the cooling jacket
surrounding the mixture motor. The cooling wateménds were 0.3 gallons per
minute (GPM). A schematic of the reactor setupspldyed in figure 7.

:
|
i

L
[ o sen

I*.

E

TETETITS

Augiiies

SUlpREs pind]

Figure 7: Schematic of autoclave reactor and sudimg equipment
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The two thermocouples, the stirring mechanismréaetor heater, and the pressure
gauge are all attached to a Sentinel Series Ctetrorhis control box is attached to
a computer via a USB connection. The controllentbommunicates with computer
software via PLC interaction software known as Bi#®FT32. This software
drives a user interface know as WatchtdWwehich provides real-time info about the
pressure of the reactor, the temperature of thetewonocouples, stirring speed, and
the current set point. The user can adjust tihergispeed temperature set point,
and the ramp rate for temperature increased.

Each time an experiment was run a procedure wasutigrfollowed in order to
ensure the safety of the experiment and the restihe first part of the standard
operating procedure is the preparation of the cedmidy for the experiment. First
the liquid contents were poured into the reacfossnorkel was suspended right over
the contents during this time to minimize inhalataf toxic compounds. Anti-seize
compound was then applied to the bolts in ord@réwent galling at high
temperatures. The reactor body was then raisedeaddd by tightening all of the
bolts. The bolts were then tightened to a finedoe of 110 ft-Ibs. Bolts are
incrementally tightened in a staggered oppositeesace in order to minimize shear
stress on the bolts, seal, and flanges. Heataesigadding was then strapped to the
reactor. The Sentinel Controller was turned ongimen five minutes to boot up.
The software was opened followed by another fiveutds. Watchtow&ris used to
display the reactor conditions.

After the reactor has been set up the reactor beugented in order to reduce the
concentration of oxygen to one part per millionll & the valves were checked to
ensure that all of the valves that control the fluvgases are closed. The regulator
of the nitrogen cylinder is then opened. The pressust be checked to ensure it is
high enough to supply the necessary gas. Theatgudan then be adjusted to a
pressure of about 250 PSI. The inlet valves tattieder must then be opened to

allow the gases to flow into the reactor. Oncerdfator has reached a maximum
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pressure the incoming valves can then be closéeé. dfain valves can then be
opened to reduce the pressure in the reactor tosgineric. The pressure is reduced
slowly at a rate of 10-15 PSI per minute so thguiti and solid components do not
bubble up through the product lines. This procedsices the oxygen percentage in
the reactor by dilution. These steps can therepeated 5 times to ensure the

oxygen percentage is reduced to the necessary level

The reactor is now ready for operation. The stiytnechanism is turned on. Once
the stirring mechanism is turned on the heatertiean be turned on. The set point
and ramp rate should be checked to ensure progeatogn. The cooling water
needs to be turned on so the stirring motor doeburm out. The pressure needs to
be monitored closely so it does not exceed the maxi pressure for the reactor.
The pressure goes up quickly once the temperapym®aches supercritical so the
user must be careful to turn down the heater wadthls where the maximum

pressure is reached.

Once the desired residence time has been reachéedter should be turned off.
The stirring mechanism is left on to increase #ie of cooling. Once the
temperature is reduced to below 100°C the prodarcticen be removed. First the
bolts need to be loosened using the breaker blagy Tan then be unscrewed using a
ratchet wrench.

3.3 Collection of Reaction Products

Following the completion of the experiment, measwrere taken to account for all
of the reaction products to the maximum extent iptess The products that were
produced were in the form of liquid, vapor, andégproducts. Prior to unsealing
the reactor the pressure of the reactor was nddesample of the gas is then
collected to determine the distribution of gasgmuaglucts using gas
chromatography. The reactor is then unsealedlantiquid contents are poured into

a graduate cylinder, which is used due to thetfaadtit has a wide mouth and is
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easier to pour into using the reactor. Acetortbes used to rinse out the remnants
of liquid product from the reactor and the cylinddihe liquid products and the
acetone wash are placed into separate LDPE ptastiainers. During the reaction
a solid layer will be formed. It is necessaryempove as much of this solid product
as possible. Initially most of the solid is scrajean the walls of the reactor.
Acetone can then be used to dissolve as much aéthaining solids as possible.
The liquid products were then poured into a sepaydtinnel. The contents were
then left overnight to separate. The water anaveile then collected in separate
containers. In some cases efforts were made toverine remaining oil dissolved
in the aqueous phase. This was done by addingReB dichloromethane to the
water phase and allowing the oil phase to separEtes extraction was performed 2-
3 times. The dichloromethane was then removedjusitary evaporation. Each of

the products that were produced during the extvagirocess is displayed in figure
8.

Figure 8: Oil phase product, Extracted aqueousgHhaitial aqueous phase, and
Initial oil phase

3.4 Analytical Equipment

In order to evaluate the success of the experimprfsrmed, a variety of analytical

techniques must be used to determine the chenooabasition of the components
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of both the reactants and the products. Karl lestltration was used to determine
the weight fraction of water contained in each s@nhe elemental composition of
the samples was determined using an organic elahemlyzer. Fourier transform
infrared spectroscopy (FTIR) was used to deterrttiegoresence of particular
functional groups. Individual components thatareduced during the reaction are
identified using nuclear magnetic resonance (NMg&csroscopy and gas

chromatography mass spectroscopy GC-MS.

FTIR spectroscopy is used to determine what funetigroups are present in the
sample. This is done by exposing the sample t@thation and measuring the
amount of radiation both absorbed and reflectedaradadband light source provides
the full spectrum of wavelengths to be analyzed. ikerferometer is then used to
allow certain wavelengths of radiation to passtigiothe sample. The
interferometer is a mirror than moves back andhfatta specified distance from the
source beam. As the different wavelengths of lgdgs through the sample the
amount reflected and absorbed changes based @ibtagons of the bonds in the
molecules of the sample. The frequency of theatibn depends on the size of the
molecules and the ionic strength of the bond betvikem. Tables have been
compiled that indicate the frequencies of partictypes of chemical bonds. During

FTIR analysis a plot is produced of absorbanceusensavenumber.

CHNS/O Analyzer analysis is also a useful tooldomg preliminary analysis of
oils. CHNS/O Analyzer analysis is a form of gasochatography. Liquid or solid
samples are vaporized through either combustigymlysis. The vapors are then
picked up by a carrier gas. Undesirable gasesitiver converted or filtered out.
The remaining gases then pass through the chronagtimg column. Different gases
are used as indicators for particular elementeéncompound. The peak areas for
each of the compounds are then compared to peak af@ known standard. The
weight of a particular element can then be dedficed that relationship. The
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weight of that sample is then used to determineragmt compaosition for particular

elements.

CHNS/O Analyzer analysis gives the elemental contiposof a particular sample.
In many cases, oil samples are not pure. Many @sigecially those with high
oxygen content are not completely immiscible inevatThis means that in order to
determine the composition of these oils, Karl Fesditration must be performed in
order for the results of the elemental analysiseaseful. Karl Fischer titration
works by adding iodine to a solution in the preseottwater. This iodine then

undergoes a reaction to consume the water.

[2+2H20+SQ - 2HI+H SO (3.1)

Initially a pretitration is performed in order tasure that no water is present in
solution initially. A platinum electrode is usemldetermine if any water is present.
The sample is then added to the solution. lodirthen added until the electrode
indicates that water is no longer present. Onatdbcurs iodine is no longer added
and the amount of water is calculated based oarti@unt of iodine added.

The samples that were analyzed were a mixturel @inoi water. Once the water

content was found using titration the elementaakdewn could be found using a
mass balance combined with the results from theehtal analysis. As expected
the nitrogen content of the compounds is nearlgmicant. Any nitrogen present

could in fact be simply due to small amounts ofna@king it into the system.

Some of the samples were analyzed using gas chognaghy and mass
spectroscopy. When using this equipment, a sammpigected into a column that
has helium flowing through it. The componentshe& sample are then separated
based on the different rates of evaporation foh@amnponent. The separate
components can then be fed into a mass spectranigtermass spectrometer can
then be used to determine the chemical structuteeodample. The downside of this
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technique is that some oils can degrade becaube diigh temperatures used for gas
chromatography. Some initial work was performedge liquid chromatography to
separate bio-oils for analysis by mass spectroscampuid chromatography differs
from gas chromatography in the sense that separatiocomponents is based on
differences in affinity for the solvent flowing thugh the column as opposed to
difference in evaporation rates. The gas prodwetg analyzed using gas
chromatography. The gas product peaks were conhparstandard peaks for
nitrogen and carbon dioxide.

NMR spectroscopy is used for identifying and anagzorganic compounds. The
identification method is based on the magnetic spid, **C, **N, *°F and®'p

atoms. Only atoms that have an odd number of psotan be detected using NMR
since those atoms have a dipole moment and angliarentum. NMR
spectroscopy is based on the magnetic propertiggeafucleus of an atom, which is
positively charged. During analysis a constantme#ig field is applied. A radio
frequency pulse is then applied. The magnetid fiedisturbed at certain
frequencies dependent on the nuclei being obserVid.disturbance of the
magnetic field depends on the atom being detectddtee neighboring atoms as

well.

Scanning Electron Microscopy (SEM) analysis wagquared on the coke products
in order to provide surface images and elementalposition for the samples. SEM
uses a high energy beam to determine several piregpef a sample. During this
process x-rays, auger electrons primary backscaltetrons, and secondary
electrons are rejected. The x-rays give infornmaibout the elemental composition
of the sample and the ejected electrons give angiaf the surface structure of the

sample.

Not all of these tools will be used in every caSeme of these different methods

produce data that can be produced quickly at lost without much effort to
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interpret. These methods include FTIR, elememtalyais, and KF titration. Other
methods of analysis including NMR, mass spectrogcapd SEM are only used in
some unique cases in order to get a more detail@gtacal result. All of the
analytical tools along with their manufacturer anddel are listed in table 2.

Table 2: List of analysis equipment used

Instrument Manufacturer Model

Elemental Analyzer ThermoFisher Scientific ~ FlasB@0

Karl Fischer titrator Mettler-Toledo V30 Volumetrigtrator
FTIR Bruker Vertex 70

Gas Chromatogram Hewlett Packard SRI8610C

Gas Chromatogram Agilent Technologies 8890N

Mass Spectrometer Jeol JMS-600H

SEM FEI Quanta 600F

NMR Bruker Ultrashield 400 plus

3.5 Experimental Procedure for Elemental Analysis

The most important piece of analysis that mustdiiected for each sample is the
elemental composition because it shows exactly imoah oxygen has been
removed from the oil products. Every time a sanpleollected four samples must
be run. The feed oil should be analyzed in caseetls degradation over time. The
oil phase must be analyzed as well. Finally ther slhould also be analyzed. Two
duplicates are taken for each sample to ensuristgtal significance of the data.
The CHNS/O Analyzer consists of an auto sampler,ftwnaces, two gas sources,
and a thermal conductivity detector. Each of timadces is packed with material
designed to filter out the appropriate productsriler to analyze for either carbon
and nitrogen, or oxygen. Two gas streams passghreach of the two columns.
One of the gas streams is a reference stream whitdists of inert gas, in this case
helium. The other column contains the produchef¢combustion/pyrolysis reaction.
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The flows of each of the gases for CHN analysisdaplayed in figure 9.
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Figure 9: Pneumatic diagram of elemental analge&rp configured for CHN
analysis

Samples are placed in tin cups and weighed onambal These tin cups are placed
into the auto sampler. The auto sampler then ditepsamples into the appropriate
column where they are burned. When performing Gihllysis the columns
undergo a standard combustion reaction producirgpoadioxide and water as well
as some nitrogen oxides. These nitrogen oxidetharereduced to elemental
nitrogen. The production of these gases leadstmage in thermal conductivity
picked up by the detector. A chromatogram is thealuced for each of the three
gases mentioned which translates to an elementghtfer carbon, hydrogen, and
nitrogen, respectively. Oxygen analysis is siniiar the sample undergoes
pyrolysis in the absence of oxygen producing ngrggcarbon monoxide, and
hydrogen. Elemental oxygen is then calculateddasethe size of the peak for
carbon monoxide. The conditions of these procefesegSHN and O analysis are
displayed in table 3.



Table 3: Operating conditions for elemental analyow rate ml/min)

Analysis Temp (°C) Carrier Reference Oxygen
CHN 950 140 100 250
®] 1060 100 100 N/A

After combustion, a chromatogram is produced basetthe signal of the TCD. The
area of the peaks is then compared to the peak afe@astandard. There is generally
a linear relationship between the peak area o$itheal gases and the weight of the
element being analyzed for. Using the weight efshmple and the signal from the

chromatogram the weight composition of the sanmgplEalculated.

3.6 Experimental Procedure for Karl Fischer titration

Karl Fischer titration is used to determine theava&ontent of each sample. The
reason for this is that in order to make a valichparison of the oil phases of the
product and reactant a comparison must be madenates free basis. If this is not

done the elemental analysis data will be misleading

The titration unit consists of a pump, syringegthreservoirs, a reaction unit, an
electrode, and a stirring mechanism. First, aitpagibn is performed in order to
ensure that no water is present at the beginnirtigeoéxperiment. The sample is
then injected and a reagent is supplied that redttswater. The amount of water is

then calculated based on the amount of reagentiadde

The maximum amount of water that the instrumentdstect is approximately 53ml.
As soon as this value is reached the titrationaestops recording data. This
creates a problem because if a sample is smalart@0ml it is difficult to get
consistent data because the smaller the samplarges the error in the volume
measurement. This problem was solved by dilutmgsamples with methanol. The
sample was then tested for water percentage. Mioaiat of water was then
calculated based on the measurement of the ditaeyble. This calculation is

outlined below.
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_ WFs-WFu(MPFo)
(1-MFo)

WFo

(3.3)

After water percentage has been determined it earsbd to determine the
composition of the oil phase on a water free baiorder to ensure the small water
content of the methanol does not interfere withrtteasurement a desiccant is used
to reduce the water content to the smallest amposgible. Sample blanks are then
collected using pure methanol. The reading ostraple blanks is combined with

the reading of the diluted sample to calculatewheer content of the oil.

3.7 Thermodynamic Modeling of the Impact of CO usig HYSYS®

To provide further justification for using carboronoxide to treat bio-oils in the
presence of high temperature water, thermodynaroaefing was completed using
HYSYS®. Due to the complexity of pyrolysis oil modelitige entire process would
be extremely difficult. In this case, benzoic alcab been used as a model
compound to represent pyrolysis oil. The followarg a couple of reactions that are

expected to take place involving benzoic acid aarth@an monoxide.

C,H.,COOH+3H U GH +2HC (3.4)
C,H.,COOH U GH +CQ (3.5)
CO+HO=—CO +H (3.6)
CO+3H Uy CH +HC (3.7

Gibbs free energy of reaction can be used to daterthe relative favorability of
each reaction. The Gibbs free energy can be cetatthe equilibrium of the

reaction according to the following relationship.
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AGr

Keq:e_RT

(3.8)

The thermodynamic properties of each reactant lamdesulting reactions are

summarized in tables 4 and 5.

Table 4: Summary of Thermodynamic Properties ofdReds

Component Formula G(kj/mole) | H¢(kj/mole)
Water HO -228.61 -241.8
Carbon CoO -137.16 -110.6
Monoxide

Carbon Dioxide| C@ -394.37 -393.51
Hydrogen H 0 0
Methane CH -50.49 -74.52
Benzoic Acid GHsCOOH | -214.2 -294.1
Benzene GHg 129.6 -50.17
Toluene GHs 122.2 82.88

Table 5: Summary of Thermodynamic Properties ofciReas

Reaction | AG,(KJ/mole) | AH,(KJ/mole)
3.4 -120.8 -186.5

3.5 -50.5 -229.4

3.6 -28.6 41.1

3.7 -141.9 -205.7

The thermodynamic properties of these reactionsodstrate that all of these
reactions are very favorable and will continue éddvorable even as temperatures
rise. What this indicates is that the reactionsevedlowed to proceed to equilibrium
the reactions would nearly arrive at completiorisTis not likely to happen due to
the limits based on kinetics. Further analysithefpotential products based purely

on thermodynamics was done using HYSYS

The reactor that was selected in HYSMS the Gibbs reactor. This reactor produces
products based on the minimization of Gibbs freergn This means that reactions
may take place outside of the simplified model enésd earlier. This reaction also
assumes that every reaction proceeds to equilibriine reason that this type of

reactor was chosen is that other types of reaid#y SYS® require kinetic data
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that is not available. While this reactor will prde some insight into the possible
product distributions it is important to note tiia actual system will have a much
wider distribution of products and the productidritmse products will have
differing reaction kinetics.

The HYSYS flow sheet has two initial feed streams. Onehofe streams contains
a mixture of benzoic acid and water. The othexastr contains either hydrogen or
carbon monoxide. These streams enter a mixer@nidhen fed to the reactor. The
reactor contains two product streams. One of tersams contains products in the
liquid phase and the other contains products irvép®r phase. In most cases all of
the products are in the vapor phase. The HYS#@v sheet is displayed in figure
10

jrrru:lgen

Reactants
ME-100
—

Liguid
Froducts

Figure 10 : HYSYS flowsheet for benzoic acid deoxygenation reaction

In order to make a reasonable comparison of tHerdift reaction settings it is
necessary to make sure the reactor is runningeagaime temperature and pressure
for all of the different flow rates. In order tcake the conditions equal a heat
transfer term must be added to account for theuliff) heats of reaction. If the
reactor conditions are adiabatic, the temperatiiteeoreactor increases with gas
flow. This increase in temperature is due to #e that exothermic side reactions
occur. The heat transfer term is reduced witheasmng gas flow rate in order to
keep the temperature constant.
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The model contains the independent variables haasfer, and gas flow rate. These
variables are compared to the dependent variabbbsding the yield of each

product, and the product temperature. A case suadyused to analyze the response
of all of the dependent variables to changes inrtlependent variables. A case
study runs the HYSYSsimulation once for each different permutatiormafnge of
values for each independent variable. A visuahefdase study generated using
HYSYS"® is displayed in figure 11.

Case Study 1

//{/////,,,
5 5 ST

o

=

<
<

Vapor Products - Temperature (C

70,00
CO/Hydrogen - Molar Flow (kgmole/h 0 ;
i) (kg ) 9%1'%%.0 0.000d -000¢+008
Heat Transfer - Heat Flow (kJ/h)

Figure 11: Case study for the impact of heat dumy gas flow on temperature

For each flow rate there is data for a range dérkht temperatures. In order to
isolate a data series where the gas flow ratecreasing with minimal temperature
changes a MATLAB program was created to pick ot g@ints across the
isothermal region of the graph. This data was fletied to show how changing the

gas flow rate impacts the product distribution@isistent reaction conditions.

Since the production of benzene occurs primaritgugh the decarboxylation route
it is expected that the addition of gas will hawveimpact on the production of
benzene. This is almost exactly what is observidte exception to this rule is that

at high flow rates of hydrogen the production afibene goes down. This is because
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the production of carbon dioxide drives the reacbhackward. The yield of toluene
is impacted much more greatly due to the changm#flow. This change could not
simply be due to the hydrodeoxygenation reactioithvindicates that carbon
monoxide reacts with benzoic acid directly. Thessults are documented in figure
12.

The yield of desired products goes down with insireg flow rate for hydrogen due
to the production of undesirable gaseous prodsptsifically methane, and carbon
dioxide. This is due to the fact that the methatan reactions are extremely
favorable, so excess hydrogen is immediately coesuifihe distribution of these
gas products is displayed in figure 13. Reactiomperature was stabilized by adding
heat to the reactor. As gas flow increased, masegus products were formed. The
heat of reaction for the gas forming reactionsghly exothermic, therefore

reducing the need for external heating. The amotiheat added and the impact on

the temperature for each setup is shown in figideand 15.
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Figure 12: Distribution of liquid products compdit® benzoic acid feed
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Figure 15: Stability of reaction temperature duée¢at addition

The details provided concern the simulated reaaifdrenzoic acid; however, a
similar simulation was created using both vanillimd guaiacol. In all cases the total
yield of the desired reaction products was highehe presence of carbon monoxide
than it is with hydrogen. This data indicates tifadtinetics were not relevant, carbon
monoxide would almost certainly be effective ailfeting deoxygenation reactions.
Experimental data must then be collected to detegnfithe necessary reaction do in

fact proceed in the appropriate time frame.
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CHAPTER 4
EXPERIMENTAL RESULTS

4.1 Motivation for Research

As outlined in the literature review section, p@&search has demonstrated that
carbon monoxide in the presence of water has bgedh in order to facilitate
reactions that typically require the use of hydrag®ne such reaction that requires

hydrogen is the deoxygenation reaction that iszetl in order to treat bio-oil.

The goal of this research is to demonstrate thriocemonoxide, in the presence of
high temperature water can also be used to faeildaoxygenation reactions that are
used to treat bio-oil. Thermodynamic modeling #relbody of research
surrounding the water gas shift reaction suggésitsthis approach may be effective.
Guaiacol is used as a model compound in this catest whether carbon monoxide

can be effective for this purpose.

This chapter will document experiments that wendgomed using guaiacol with the
goal of removing oxygen from the compound that tsxis the form of an alcohol
group and an ether group. Initially guaiacol waatkd without carbon monoxide
present in order to replicate the results of presiexperiments performed with bio-
oil in the presence of high temperature water. lysia techniques were then applied
to this oil in order to confirm the idea that higgmperature water has some limited
effectiveness for reducing oxygen.

Guaiacol was then treated in the presence of cartmroxide in order to determine
if there is a significant difference in oxygen retian due to the presence of carbon
monoxide. The assumption of this work is thatgheperties of guaiacol are similar
enough to bio-oil that the results of this work then be generalized to bio-oil as a

whole.
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In addition to determining the amount of oxygen oeed it was also a goal of this
project to perform a material balance on all of pheducts formed as a second way
of confirming the validity of the results. Data sveollected on the solid coke
product and the gaseous products to determineotighrelemental composition.
The goal of collecting this data was too deterntireeamount of carbon in the

original oil phase that was recovered in the odgsh

4.2 Determination of proper molar volume

When water and bio-oil is heated up to superctitoaditions the molar volume
drops dramatically. Since the reactor that is ¢peised is a fixed volume, this means
that as the temperature gets closer to superalritlee pressure will increase
dramatically. In order to determine the maximunfuuee that can be used at the
reactor conditions the Soave-Redlich-Kwong (SRK)atipn of state was used as a
model. The SRK model was selected because instse to departures from ideal

behavior. The SRK equation of state is as follows.

RT __aa _,
vV -b \7(\7+b) (4.1)
2
RT.
a=0.42747—( P) (4.2)
b=0.08664$ (4.3)
C
m=0.48508+ 1.55174- 0.15% (4.4)
T = l (45)
2
a=[1em(1-) | (4.6)

Prior to running the reactor the SRK equation afestvas used to determine the
maximum molar volume that can be present in thetogat a given pressure and

temperature. The properties of bio-oil are notwnso water was used in order to
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approximate the molar volume. The volume of theeter is known so the number
of moles of liquid can then be calculated basethemmolar volume. From that
value the initial volume of liquid that should bedad to the reactor can be
calculated. A plot was created showing the volailgjuid that would have to be
added to yield a range of pressures and is disgleyBgure 16. This calculation
was completed at a couple of different temperatwigsn the operating range. In
order to simplify the calculations it was assunteat the contribution of nitrogen
was negligible.
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Figure 16: Maximum initial water volume for expedtoperating temperatures and
pressures.

As this plot shows, according to the SRK equatibstate as the temperature gets
higher the maximum allowable number of moles inrdector drop dramatically.
This is an important constraint to keep in mindsafety factor was added because

the properties of guaiacol are not known and wiatarrough approximation.
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4.3 Analysis of Degradation Products of Guaiacol idigh Temperature Water

In order to obtain significant amount of oxygen sl it has generally been
necessary for hydrogen to be present in the reantiedia. Past research has shown
some oxygen removal can be initiated simply byrterdegradation in the presence
of high temperature water. In order to confirm Wladidity of these results, data was
collected comparing thermal degradation producguaiacol at maximum
temperatures of 350°C and 400°C respectively, eptiesence of water. The
degradation products were analyzed using elemantdysis, FTIR, gas
chromatography and NMR spectroscopy.

The oil phase for each of the reactor runs wasyaadlusing FTIR in order to
determine the change in functional groups. Thegse of this analysis is to
determine if there is a decrease in the vibratitreguencies associated with
functional groups that include oxygen. The plothe data at 350°C displayed in
figure 17, shows that the changes in all functigralips are barely perceptible at
those conditions. This suggests that the operadimgerature is not high enough to
significantly impact the structure of the moleculst 400°C the change in the
vibrational frequencies of the functional groupsswauch more apparent as
displayed in figure 18. The specific change thaswmost clear was the difference in
the peak at wavenumbers between 1000 and 1400 dimis peak corresponds to a
change in the methoxy functional groups presertt bothe original compound
methoxyphenol, and one of the degradation produethoxybenzene. This
suggests that a significant amount of the functignaup was removed. Itis
difficult to determine how much of the alcohol gpowas removed due to the
presence of water. This is because the hydrogedsbio the water produce the
same signal as the alcohol group. This meansehyction in OH bonds as part of
the aromatic compound are drowned out by the sigraluced by the water. For
this reason FTIR analysis is not an effective fooldetermining if a product like

methoxybenzene was produced.
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While FTIR is used to determine changes in funaignoups elemental analysis is
used to determine overall elemental compositione deneral function of this
measurement is to obtain a general estimate ofesxggntent in order to determine
if the oxygen content of the oil has decreased. each run a maximum of six
different samples were collected. These sampf@esented the oil phase products
formed, aqueous phase product formed, startingrrahteoke formed in the reactor,
extracted oil product, and the aqueous phase follpthe extraction. These samples
were analyzed using elemental analysis, and thdtsesf these experiments are
displayed in table 6.

Table 6: Elemental analysis data for degradatiadypcts of guaiacol

Sample Carbon % Hydrogen % Max Temp (°C)
Oil Phase 58.2 6.23 400
Aqueous Phase 13.3 8.22 400
Guaiacol 66.8 6.01 400
Coke 76.5 4.06 400
Extracted Ol 67.1 6.18 400
Extracted Aqueous 8.08 7.79 400
Oil Phase 65.4 6.16 350
Aqueous Phase 4.43 8.58 350
Coke 74.8 4.06 350
Extracted Ol 493 4.85 350
Extracted Aqueous 3.19 8.65 350
*Indicates that NMR data show dichloromethane midlybst present

This data shows that in all cases the carbon ptagerior the oil phases is lower
than it is for the starting material. This is mestling because each of these samples
contains a significant amount of water. In oraedétermine the carbon content of
the oil the composition of the oils must be detedion a water free basis. In order
to do this Karl Fischer titration was performedtba oil phase for each of the
samples. After determining the water percentageach of the samples the carbon
and hydrogen composition was determined algebigifal each of the samples.

The oxygen is then calculated based on the assomibtat no other elements are



present in the sample in any significant amouni& results of these calculations for

each of the oil phases are displayed in table 7.

Table 7: Oil composition determined using KF titvatdata

Sample Water % | Carbon % | Hydrogen | Oxygen % | Max

Oil Phase 17.7 70.7 5.21 24.1 400
Extracted 12.5 76.7 5.47 17.8 400
Oil Phase 6.66 70.0 5.81 24.1 350

This data would indicate that a very small amodrixygen was removed and the
composition of the oil is similar in both casedhisTis obviously in conflict with the
FTIR data which would indicate there should be nmotggen removal at a
maximum temperature of 400°C. This discrepandikédy due to errors in
measurement which will be discussed in greaterldatar on. In order to develop a
robust form of analysis it was necessary to ohtaime information about the

reaction products under these conditions.

Prior to performing a more detailed analysis ofréection products it is helpful to
look at the past research using guaiacol as a noadebound. During degradation,
both the methoxy and alcohol groups may be remdweikthe methoxy removal is
generally more favorabi® Since there is an excess of water in the reattsome
cases a hydrogen molecule may be donated to rethevaethoxy group which is
then displaced by the remaining OH group. A flowetishowing the breakdown of

the potential degradation products of guaiacoh@s in figure 19.
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Figure 19: Reaction network for HDO of guaiacdh@det al., 2011)

Since the reaction is completed using relativelylesd conditions without the use of
a catalyst it should be expected that the primaagtion products including catechol,
phenol, o-cresol, and methoxybenzene would makéeipulk of the samples.

In order to obtain a better understanding of tHalitg of the FTIR and elemental
analysis data, additional analysis was performeal l@esis for comparison. The first
form of analysis of the reaction products is NMRa&poscopy. The samples
analyzed were the starting material guaiacol, #teaeted oil product produced at
350°C, and the oil phase produced at a temperafut@0°C. The extracted oill
product was analyzed in order to determine degréédference of products formed
in the extracted phase and oil phase. The oilphas analyzed at 400°C to

determine if the elemental composition estimagecsurate.

Analyzing hydrogen spectra is simpler than analyziarbon spectra since hydrogen

atoms that are part of the same functional grodlpgenerally appear at the same
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area in the spectrum. This is easily observeablihg at the spectrum of the
starting material. The spectrum has three peakshwdorrespond with aromatic,
alcohol, and ester functional groups. The numhbetke bottom correspond to the
integration areas for each of the peaks. Theivelareas of the peaks correspond to
the number of atoms represented. In this casguhmcol molecule has a total of
eight hydrogen atoms. Four of the atoms are pteéséhe aromatic ring, three are
present in the methoxy group and one is attach#uetalcohol group. The
integration of these peaks matches the expected r@most exactly as displayed in
figure 21. The expectation is that the reactiavdpcts will have lower ratios of
hydrogen atoms from the alcohol group and ethenggan comparison to the
aromatic group. The spectrum for the oil produae850°C figure 22 shows
additional peaks created at a shift of about 212 ppt for the most part the peaks
are very similar to the original compound. Thectpen of the oil created at 400°C
figure 23 shows a dramatic change in the raticofmatic hydrogen to methoxy
hydrogen atoms. This suggests that a significaia of the guaiacol molecules had
the methoxy group removed. These results arewkeaconsistent with the results

found using FTIR analysis and not consistent withélemental analysis data.

After gaining a basic understanding of what hasioed using théH spectra the

3¢ spectrum can be used to get a better understantiexactly what has was
formed during the reaction. The reason for thih& each carbon atom produces a
peak at a different place on the NMR scale. Siafterns were calculated for each
of the expected products using reference matdoakypical NMR spectroscop?.
These calculated shift patterns are displayeddlet®. These results were then
compared to the NMR spectra that were produceardar to explain th&C

spectra an identifier must be applied to each wnarbon group in order to explain
how they affect the spectrum that is produced. & hwsque identifiers are labeled in

figure 20.
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Table 8: Predicted pattern of potential componént$’C NMR spectrum

Name (unigue carbon identifier, chemical shift expected)

Benzene (1A,128.15)

Guaiacol (1B,147.1),(2B,115.7),(3B,122.4),(4B,13258,116.7),
(6B,140.7)

Catechol (1C,117.3),(2C,123),(3C,142.3)

Toluene (1D,148.7),(2D,128.3),(3D,128.4),(4D,125.9)

Methoxybenzene (1E,114.1),(2E,129.5),(3E,120.7))é&)

Phenol (1F,115.7),(2F,130.1),(3F,121.4),(4F,155.1)

These predicted values can then be compared talgeaks that were produced.
The spectrum for the water soluble component predat 350°C (figure 24)
indicates that the original compound is still tlemdnant species present but there is
some evidence that catechol was formed. There lsasageak that could be
associated with benzene. A spectrum was also pealdier a sample that ran at
about 400°C (figure 25), which contained all of #aene peaks as the 350°C sample,
and additional product peaks were found which veeresistent with
methoxybenzene and phenol. There also is somemseédhat toluene was formed
but those peaks are very small and it is diffitolobtain much information from
them. The peaks associated with the compoundsionedtare marked on tféC
spectra below.
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In order to confirm the results of the NMR analytsis sample collected for a
reaction temperature of 400 °C was analyzed by G&-NMhe results of the GC-MS

analysis are presented in table 9.

Table 9: Results from GC-MS of sample produced@f@ with no CO

M/z ratio Likely compound
124 Guaiacol

109 Catechol

108 Methoxybenzene
94 Phenol

In addition to these three peaks a peak was det@gtk an m/z ratio of 109. This is
close to the molar mass of catechol (110) and tbexdikely corresponds an ion of
that compound. The area of the peak was much enib#n the other three peaks.
In many ways the GC-MS analysis is consistent WithNMR analysis. Both forms
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of analysis indicate that phenol and methoxybenzead¢he primary reaction
products. The GC-MS however does not clearly detechol which suggests that
may be a limitation of that analysis method. passible that the GC column was
not effective at separating catechol and theratosmas difficult to differentiate

between catechol and the other components.

4.4 Guaiacol Degradation in the Presence of Carbdbioxide

Earlier it was confirmed that oxygen can be remdvenh guaiacol by thermal
degradation in the presence of high temperaturerwd&xperiments were then
performed to determine if the amount of deoxygematian be improved by
including carbon monoxide. Several tests werewiih guaiacol and water in the
presence of carbon monoxide. Each test was ranehperature of 400°C, since
that temperature yielded a reaction product iratbeence of carbon monoxide. The
amount of carbon monoxide in the enclosure wasudan order to determine the
impact of gas. In each case the initial total g@ssure in the enclosure was
approximately 300 PSI. The reactor was filled vii® to obtain approximate
partial pressure of 0, 100, 200, and 300 PSI vii¢ghitalance I

The first test that was used to determine if canmemoxide had a significant impact
was FTIR. Based on previous results FTIR can fexz@fe in determining whether
or not the methoxy group has been removed. FTHRyais is presented in figure 26

for oil product produced with no CO and severaledént partial pressures.
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Figure 26: FTIR data for guaiacol and degradapimducts at various partial
pressures of carbon monoxide at a temperature@siCi0

Figure 26 shows that there are not large differemcéhe presence of the methoxy
group for the different samples of bio-oil. Themay be some smaller differences in
functional groups but they would have to be detéetgh more exact forms of
measurement. In all cases the methoxy group was dedinitely removed to a

significant extent which is expected given the temagure of the reaction.

Elemental analysis was then used to determinertfoaiat of oxygen that had been
removed during the reactions. Elemental analydis dadisplayed in table 10.

There are a couple key differences between theezltahanalysis data using carbon
monoxide and previous data collected. First thbarapercentage in the oil phase is
lower and the carbon percentage in the aqueou® haggher. This suggests that
some of the products are more soluble in water thameactant. In addition, for the

samples produced with carbon monoxide partial pressof 0 and 200 PSI the



55

product produced consisted of one phase. Card¢akan to ensure that the reactor
conditions were as similar as possible for allgrigith the exception of the amount
of carbon monoxide so the precise reason for fifffisrdnce is unknown. Reasons

for this discrepancy are analyzed in the discussemtion.

Table 10: Elemental analysis data for reaction petglusing carbon monoxide

Sample Carbon % Hydrogen CO Partial Pressure (PSI)
Oil Phase 48.5 7.54 300
Aqueous Phase 18.2 7.96 300
Coke 21.6 3.68 300
Oil (Extracted) 50.5 7.23 200
Agueous 36.7 8.33 200
Coke 21.1 3.92 200
Oil Phase 42.2 7.35 100
Aqueous Phase 21.2 6.18 100
Coke 30.4 4.65 100
Oil (Extracted) 50.9 7.01 0

The low percentage of carbon in the oil phase eaexplained by the high water
content of the oil. KF titration analysis demoasts that the water content is
dramatically higher for these trials than for tmevpous trials. Since the higher
water content is consistent for all trials thisiegwater content is likely due to the
higher extent of reaction based the more extremditions due to the higher
number of total moles in the reactor enclosure. dleenental composition of each

oil sample, calculated using KF analysis data ésented in table 11.

Table 11: KF analysis for oil produced and estimdat# composition

Sample Water | Carbon | Hydrogen | Oxygen % | CO Partial
% % % Pressure

(PSIG)

Oil Phase | 41.6 83.0 4.99 12.0 300

0]] 35.2 77.9 5.18 16.9 200

(Extracted)

Oil Phase | 44.0 75.5 4.39 20.1 100

o]] 28.2 70.9 5.39 23.7 0

(Extracted
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This data provides some limited evidence that higaebon monoxide partial
pressures do in fact cause the oxygen percentabe wil phase to decline. The
issue of the margin of error of this data howesgesignificant and will be discussed

in the discussion section.

Much like the previous samples the elemental aratiata does not provide much
information about the exact reaction products fatm&C-MS was performed on the
oil that formed with an initial partial pressure20 PSI for carbon monoxide. The
main purpose of this analysis is to determineefphesence of carbon monoxide
leads to a greater spread of reaction productsc@hgounds detected using GC-

MS are displayed in table 12.

Table 12: GC-MS analysis of sample formed at 400f@ a CO partial pressure of
200 PSI

M/z ratio Likely compound

197 6H-Benzo(C) Chromene —6-0l
181 Xanthene

124 Guaiacol

108 Methoxybenzene

94 Phenol

Three replicates of the sample were run with GCav8 those three samples each
produced five peaks in common. Three of those pegiresented molecules that
were produced in the previous experiment. Thos&georresponded to guaiacol,
methoxybenzene, and phenol. Two other peaks wteeid that correspond to
large molecules which are have not been identifigatevious research but have
been identified as xanthene and 6H — benzo(C) chmert-ol which are displayed
in figure 27. Those peaks may account for thectdn in oxygen content that is
observed with the elemental analysis data. Tha&y mlay explain the peaks in the
NMR spectrum that were originally associated witlu¢éne and benzene. A sample
was also run for GC-MS that was collected at aqunesof 300 PSI with no carbon
monoxide. This sample produced three peaks whatiecmed up with the three

primary products.
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om0 of

Xanthene 6H-Benzo({C)Chromene-6-ol

Figure 27: Structure of additional molecules dietgavith GC-MS analysis

GC-MS analysis is effective at finding the disttiibn of products however it is not a
very good quantitative method. The differencesveenh the amounts of product
formed can more easily be seen by comparing sarppbesiced at conditions that
have the most striking difference. The productd there compared were the
extracted oil product formed with no carbon monexmlesent and the oil product
formed when the enclosure contained a maximumgbgmessure of 300 PSI GO
These products were compared due to the facthbgtare likely to have the largest
difference in the distribution of reaction producEhe 13C NMR spectra of both of

these samples are presented in figure 28 and 29 alih peak identification.
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These samples demonstrate that for both samplgwithary reaction products are
methoxybenzene, phenol, and catechol. There spesaime peaks that suggest that
benzene, and toluene is formed on a minor leveladls There is a difference in
peak height which may be an indication of the défe amounts of products formed.

Hydrogen NMR data can also be used to confirm tseeildution of products. This
can be presented most effectively by simply presgrihe peak areas for all of the
hydrogen groups and comparing the ratios. Thisohetnates the reductions or

increases in different functional groups. Thisadatpresented below in Table 13.

Table 13H NMR analysis of samples

Sample OH-Aromatic Methoxy-Aromatic
Guaiacol .25 .803
350°C-Ambient 211 .610
400°C-Ambient 114 294
400°C-Blank .06 15
400°C-300PSI .04 .16

This data clearly represents that the overall éxaéreaction rises dramatically as
the temperature and pressure rises. It is ndeas that carbon monoxide has a

significant impact on the overall extent of reactio

4.5 Analysis of Coke Product Formed in the Presenad Carbon Monoxide

Data was collected concerning the composition efdbke product in an attempt to
complete the material balance with the hope ofrdateng how much carbon was
recovered during the reaction. The elemental amabjata for the coke product was
analyzed further due to the fact that the carborteza of the coke was much smaller
based on the trials in which carbon monoxide wasl tisan it was for the trials with
no carbon monoxide. It should also be noted ti@gimount of coke produced was
also significantly higher for the carbon monoxidals. The coke product further

analyzed by dissolving it in acetone and pourirgggloducts through filter paper.
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The acetone was then removed from the wash pragirog a rotary evaporator.

The elemental analysis results are presented e 12b

Table 14: Elemental analysis data for washed po&duct

Sample Carbon % Hydrogen % CO Pressure
Washed Coke 22.6 3.90 300
Washed Coke 21.1 3.92 200
Washed Coke 21.9 3.97 100

These results indicate that the oil product wasdiedrto the coke which caused the
carbon content of the samples to be artificialHaited. FTIR analysis of the oil
wash product indicates that it is similar in stuwetto the oil in the oil phase. When
the coke is rinsed the elemental analysis datenmarkable consistent for each of the
three trials with carbon monoxide. The resultsrenrea likely reflection of what the
coke actually looks like since coke is generallgnposed of mostly carbon. The
more likely explanation for the low values of canbend hydrogen content is the fact
that the coke product is not as volatile as theeqmiduct formed in earlier trial and
therefore the elemental analysis is not yieldin@Q%Gombustion. The elemental
analysis data does have the benefit of providingaaonable estimate of the ratio of

carbon to hydrogen content in the coke.

In order to obtain a more detailed assessmenteofdmposition of the coke product
SEM analysis was performed on the coke productédrmith a CO partial pressure
of 200 PSI. It was determined that only one sampkxed to be analyzed due to the
similarity of all of the samples both in terms tdraental analysis and appearance.
SEM EDS analysis gives elemental composition aflas SEM results do not

detect small compounds like hydrogen but can deteetriety of other atoms. The
atoms detected included carbon, oxygen, neon, nsagnesilicon, and iron. Most
likely the atoms that were detected other thanaragnd oxygen are not part of the
compound but are shavings that were swept up aldthgthe coke. The SEM data
for carbon and oxygen is presented in table 15hersix SEM measurements. An

image displaying the surface morphology of the askdisplayed in figure 30.
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Table 15: EDS elemental analysis data for waslb&d product

Carbon % Oxygen % C/O Ratio
55.60 19.07 2.92
79.84 15.95 5.01
87.81 12.19 7.20
80.33 15.74 5.10
83.76 15.89 5.27
84.86 15.02 5.65

It is appropriate to disregard the results of & sample since there seems to be a
significant amount of material present that is carhposed of coke. This data
provides a reasonable estimate of what the rativr@fio is for the coke product.
This estimate for the C/O ratio comes to 5.65.sThiobviously much more
reasonable than the estimate that comes purelydtemental analysis since this
suggests that the sample is mainly composed oboaslhich is more typical of a

coke product.

=4
4
X

4:30:24 PM [12.00 kV| 55 |4.55 mm|10.6 mm OSU - FEI Quanta 600 FEG
Figure 30: SEM image of coke formed from guaiaealction with a partial pressure
of 200 PSI
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Another important piece of data that must be ctdig¢o close the material balance
is the makeup of the gases formed during the @magtiocess. During each trial the
enclosure was filled with a combination of carboonmxide and nitrogen.
Temperature and pressure data was collected eaetohe the gases was added, the
ideal gas law was then used to estimate the exstaibdition of gases at the
beginning of each trial. At the end of each taaample of the remaining gas was
collected and was analyzed using gas chromatographg results for each of the
trials are displayed in figures 31 through 34.
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Figure 31: Distribution of gas products formedhaiio carbon monoxide present
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Figure 33: Distribution of gas products formedhat carbon monoxide partial
pressure of 200 PSI
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Figure 34: Distribution of gas products formedhat carbon monoxide partial
pressure of 300 PSI

For each trial the final distribution of gases wlasermined by determining the area
of each of the peaks using the Riemann sum methbd method is difficult to use
since the peaks are not well separated in some tasee appear to be split peaks.
The area of each peak was then compared to tHeptztk area to determine the
composition. These compositions were then comparéuk initial compositions
determined during the ideal gas law. The breakdoofrthe final and initial

compositions are displayed in table 16.

Table 16: Approximate distribution of gas produatshe beginning and end of each
trial

Order of Initial Composition Final Composition

Completion | cO N, cO N, cO,

4 0 100 23.3 56.0 20.7
2 31.2 68.8 36.1 49.7 14.2
3 67.2 32.8 25.3 46.2 28.6
1 89.2 10.7 43.1 33.6 23.3
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The primary area of interest is the percentage@f @oduced. There does not
appear to be any relationship between the amou@Ogproduced and the amount
of carbon monoxide in the reactor enclosure abdgnning. This is likely due to a
change in reactor conditions. There was a sl ile the reactor enclosure which
was not noticed until later. There also was aedéfifice in the ambient temperature
and there is some variation in the control systéimfortunately this data is almost
certainly not accurate enough in order to be usethy material balance. This
conclusion is based on the fact that the nitrogengipould be inert during the
reaction process but the percentage of nitrogenpastion of the total is very
different for the starting and finishing conditiofus all of the reaction runs. This
indicates that the data should only be considemredigh approximation. This is
likely due to the fact that some ambient air mixath the sample itself leading to

results which are closer to the composition otlaén the sample itself.
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CHAPTER 5
DISCUSSION

5.1 Distribution of Products

The combination of the GC-MS data and the NMR dad&ate that the distribution
of reaction products consists almost entirely adigool, catechol, methoxybenzene,
and phenol. The elemental composition of eachadéé¢ products is displayed in
table 17.

Table 17: Elemental composition of products

Compound Carbon % Hydrogen% Oxygen %
Guaiacol 67.7 6.50 25.8
Catechol 65.5 5.49 29.1
Methoxybenzene 77.7 7.46 14.8
Phenol 76.6 6.43 17.0
6H-Benzo(C) 78.8 5.09 16.1
Xanthene 85.7 5.53 8.8

Given the similarities in the elemental compositadrihe primary components one
of the problems with trying to evaluate the impaicthe treatment of the bio-oils is
determining the statistical significance of theutessthat are obtained. The oxygen
content of the primary reaction products has aively small spread. Thisis a
problem since there is a significant margin of ewidh our method of measuring
oxygen content. Figure 35 illustrates the fact deanging the product distribution
dramatically with regards to the primary reactisoducts does not have a large

impact on the overall oxygen percentage.
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Table 18: Standard deviations for Karl Fischer @HNS/O Analyzer analysis data

for various compositions of carbon monoxide

%SD

3.77
6

.28

9.19

1.08

SD

%

4.70

A3
5.58
1.00

5

CO % Composition

31.2

67.2

89.2

Oxygen content was calculated for each oil phasgkathat was produced with

varying partial pressures of carbon monoxide. @xygontent in the oil phase can

then be compared to starting carbon monoxide coitigos This data suggests that

In

there is a correlation between carbon monoxideerdrgnd oxygen removal.

order to determine the validity of the data margiherror must be added to any

presentation of the data. Since the oxygen comgeatdgtermined based on Karl

Fischer titration and CHNS/O Analyzer analysisstandard deviation for each
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measurement is presented in table 18. These sthddwaiations are then
incorporated in to plot of oxygen composition versxygen content which is

displayed in figure 36.
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Figure 36: Plot of oxygen composition and CO malamnposition with error bars

This data suggest that carbon monoxide has ant @ffieaxygen content. One aspect
of the data that could be questioned is the fatttie oxygen content of the sample
produced with the highest composition of carbon oxiste has lower oxygen

content than Phenol. This may be due to the Fattlarger amounts of xanthene and
benzo chromene were formed under those conditiimaay also be due to the fact
that some benzene and toluene were formed as Wed.results when the CO molar
composition is zero can be viewed skeptically, ali,wlue to the fact that the

oxygen content is similar to that of the startingtemial. This is likely due to the fact
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that a significant amount of catechol is formedakhbalances out the amount of

lower oxygen content products that are formed.

The second question that has to be asked is diffegences in the results are
statistically significant. This can be done by peniing a paired t-test comparing the
samples collected with no carbon monoxide at 300aR& the samples collected
with a partial pressure of 300 PSI CO. In this dagenull hypothesis is that there is
not statistically significant difference betweem tivo groups of samples. The t-test
is performed using the relationships listed below the parameters listed in table
19.

(n-1)s? +(n,~1)s? 61
a):
(nl+n2_2)
_ 5.2
SE(Yz_Yl):Sp 1+_1 ( )
n n
—(%-v) - (5.3)
{—statistic=——=—+—
(%)

Table 19: Parameters for Statistical ComparisoBashples with and Without
Carbon Monoxide

Y

Y, n, n, S S,

12.0 23.7 3 4 .81 2.21

Calculations using these ratios correspond toagid-of 8.49. This t-ratio means that
there is a greater than 99.9% confidence that eiengpothesis can be rejected. This
means that there is very clearly a statisticaiysicant difference between the two
groups of samples. While this shows that theresigstically significant difference
between the two samples it does not demonstratistigally significant difference
between the reactor conditions. This is due tddbethat the reactor was only run
once for each particular set of reactor conditidnaas not possible to conduct the
number of replicates necessary to obtain triplisat®ples for each set of reactor

conditions. This means that statistical analysimoabe applied to the reactor
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conditions themselves. The consistency of theioglahip between carbon monoxide

and oxygen content does however, suggest a signiftcend.

5.2 Water Content of Oil Phase

During the reaction two oil phases are formed. iuthe carbon monoxide trials
the carbon percentage in the aqueous phase vaniedlB-37%. This means that a
significant amount of oil was dissolved in the aguephase. Analysis focused on
the oil phase due the fact that catechol has bgh&ahighest solubility in water of all
of the obvious reaction products. The solubilityeath of the reaction products from

Perry’s chemical handbook is displayed in Table 20.

Table 20: Water solubility of guaiacol degradatpoducts of guaiacol

Compound Solubility (g/200ml)
Guaiacol 1.7
Methoxybenzene 0.16

Phenol 8.7

Catechol 43

O-Cresol 3.1

Benzene 0.18

Toluene 0.047

Phenol and catechol are common reaction produdtsskould be expected that the
amount of oil dissolved in the water phase woutiteéase as the conversion goes up.
This explains why catechol is not easily detectethe GC-MS results which focus

on the oil product.

One key inconsistency in the data that must beesdéd is the fact that the runs
completed at a CO patrtial pressure of 100 and Zl(@Pduced a product that
naturally settled into two phases and the runs d¢et@g with partial pressures of O
and 200 PSI produced a product that was one phigszoil product was then
separated by extraction using methylene chlorities unclear why this difference

exists. lItis likely due to the fact that theresesne variation in the temperature
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profile of the run due to variations in the contsgstem. Figure 37 focuses on the
temperature range above 350°C due to the facthbanal reactions do not occur to

a significant extent at temperatures lower than tha
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Figure 37: Distribution of temperatures for seVegaction runs

In each case the set point for the final tempeeatwas 400°C and the ramp rate was
set to 9°C per minute. The temperature was heldargeneral range of 400°C for a
period of 30 minutes and then the heater was ghand the reactor enclosure was
allowed to cool. Since there is no active coolingtrol for the system there will
necessarily be some variation in cooling that cgclure to ambient conditions. It
should also be noted that there appears to beitivpasssociation between the
products that form one phase and the amount off@@ed. This likely means that
the methoxy groups are coming off in the form of,@@Ad is displaced by the OH

groups left over to form catechol.
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5.3 Analysis of Solid Coke Product

An additional piece of the analytical results whettould be analyzed is the coke
product. Coke is generally composed of carbonhgmidogen but the SEM analysis
of the coke clearly indicates that oxygen is presé&ven though the coke product
was only partially combusted it still provides @able estimate of the ratio of
carbon to hydrogen in the coke products. Whenishiembined with the carbon to
oxygen ratio stemming from the SEM analysis a systéequations can be

developed to estimate the overall composition efgtoduct.

C+H+O=lOO% :5.568 =5.6 (5.4)

Solving for this system of equations leads to ameintal composition of 73.7% C,
13.3% H, and 13.0% O. Given the large amount®ké dormed during each
reaction these results indicate that large amolcdon are lost due to solids
formation. This problem could likely be alleviatley decreasing the residence time
of the reaction. This could be done by heatinghgpoil faster and introducing a

cooling mechanism.
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CHAPTER 6
CONCLUSIONS

6.1 Temperature Dependence

The first goal of the research is to confirm prexeesults published by Mercaadser
al. (2010) that indicated high temperature water euthany external gases produces
a two phase product with slightly reduced oxygemtent. It is clear in the absence
of carbon monoxide there is at least some reagiioduct formed by treating
guaiacol in high temperature water. The FTIR rnssualdicate that this is the case, as
demonstrated by the fact that vibrations consistgtit the methoxy group decrease
in intensity when the reactor is heated up to gonature close to supercritical.
There is also a larger amount of carbon dissolugtie aqueous phase which
indicates compounds are forming which are moreldelun water than the feed
material. The GC-MS and NMR analysis also indisdkeat typical reaction

products are formed from guaiacol.

6.2 Impact of Carbon Monoxide

After it was determined that high temperature waterd be effective in and of
itself for facilitating deoxygenation reactionsuather goal was to demonstrate that
carbon monoxide would enhance the deoxygenatiantsdsy generating hydrogen
eternally and driving the production of @OThis was done by producing four
different samples using the same conditions fohean while varying the partial

pressure of carbon monoxide.

The first method that was used to determine therdifce between the samples was
FTIR. This method produced a spectrum that wadyekentical for each sample
produced. CHNS/O Analyzer analysis data was tleembined with Karl Fischer

titration in order to determine the approximate gaty content of the product. These
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results indicated that there is a negative coimidietween carbon monoxide partial
pressure and oxygen content. Unfortunately ther efrthis data is significantly
large in comparison with the range of data sounslear how large the impact of
carbon monoxide is. The GC-MS analysis indicates the distribution of products
is larger with a larger amount of carbon monoxidmpared to a similar sample
produced with no carbon monoxide. It is diffictdtdiscern the impact that carbon
monoxide has on reaction products using NMR analyge to the similarity of the
signal produced by all of the potential reactioaducts. The information that is
available does display some evidence that methawdoee is produced to a greater

extent in the presence of carbon monoxide.

The totality of evidence that was gathered suggbsatscarbon monoxide has some
impact on the amount of oxygen content of the bierodel compound but the
results of the CHNS/O Analyzer analysis and KaskRer titration data likely

overstates the impact on the process.

6.3 Material Balance

One of the original goals of this project was tose the material balance. For this
reason data was collected in order to determinedhgposition of the gaseous
products and the solid (coke) products. The pwmdgollecting this data is to
determine how much carbon from the feed material eaovered in the oil

products. This approach turned out to be problendate to the uncertainty of the
validity of the results of the composition of thiid and gas products. Gas samples
that were collected were likely unreliable duehte fact that the sample mixed with
ambient air which skewed the results. The comjposif the coke could be used to
determine the amount of carbon lost during thetr@adowever it is difficult to
determine the exact amount of coke formed andunhisrown how much of the
carbon content can be attributed to the feed @ll@w much can be attributed to the

carbon monoxide gas due to the lack of reliabla dagarding gas phase
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composition. One of the goals for further reseandiis area is to collect more
reliable data on the gas phase so that a more etenplaterial balance can be

completed.

6.4 Future Research

The primary goal of this research is to determir®a-oil in the presence of high
temperature water will have higher rate of oxygemaval in the presence of carbon
monoxide than it will with an inert gas. The theaignamics of the reaction
determine that carbon monoxide should have an itrgpat past research indicates
that it should as well. The data collected sugtiese is a likely correlation between
higher carbon monoxide content and lower oxygeresurfor oils that are treated in
the presence of high temperature water. This [adie is very weak however and it
would be helpful to produce a range of data thavides a greater range of oxygen
content. There are a couple key reasons why cartmmmoxide may have not a very
large impact for these particular experiments. Brthe fact that the kinetics of the
reaction is limiting its effectiveness. Due to tbemation of coke the residence time
of the reaction is somewhat limited. If the gaag#hshift reactions are too slow the
rate may be increased by incorporating a catalkséecond reason could be that the
range of partial pressures for carbon monoxideta@asow. For this particular
project safety limitations prevented any setup Watld lead to a partial pressure of
CO higher than the 300 PSI. This means that oolambasis there was not a large
excess of CO. The same experiment could be sathpwnuch larger excess of CO

which is typical for hydrotreating reactions.
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