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CHAPTER 1

INTRODUCTION

1.1 Overview

Total worldwide energy consumption was 5%10 in 2008, with the majority (80 - 90 %)
being derived from the combustion of fossil fuelsThe world energy demand is projected to
increase by more than 55% between 2005 and 203fydicg to International Energy Agency
(IEA) and vast investments will be necessary to tnieis increased demaidAssuming fossil
fuels prices will remain relatively high in the nefew decades, global consumption of those
fuels is projected to only increase at an averagmia rate of 0.9 percent from 2006 to 2030
making these liquid fuels the slowest growing seur€ energy. In contrast, renewable energy
sources are the world’s fastest growing sectohefworld’s energy resources, with consumption
estimated to increase by 3.0 percent per Vear.

There are several factors that improve the prosgectrenewable energy sources worldwide
including the projected oil prices, the environnagnmpact of fossil fuel use, energy security,
and strong government incentives. The transportaector is the world’s largest user of fossil
energy’ While there are several sources of energy, cumemies of transportation are still
nearly 95% dependent on oil in the US. Today's goatlude reducing our dependence on fossil
fuels, improving energy efficiency, and pursuingeaiative sources of ener§yHydrogen,
liquefied petroleum gases, liquefied natural gasmiass, biodiesel, and green diesel are only
some of the alternative energy sources that arglyesearched and considered as possible fossil
fuel replacements. Although, all the alternativeergy sources show potential for partially
replacing fossil fuels as the next transportatioal,f many also display several disadvantages.

However, green diesel has presented the most pgramissults among biodiesel due to its



superior fuel properties. Therefore, green diesellct potentially be the answer for the future
transportation energy demands.
1.2 Why Renewable Fuels?

The world’s energy demand has been increasing,cedlyein the transportation sector.
Around 40% of total energy use is related to transpion fuels, which will experience
additional demand for liquid fuels in the futlirdue to a movement toward motorized
transportation in developing countries . The mdiora for seeking environmentally friendly,
renewable and alternative fuels is based on thra@ moncerns: environment, economy, and
energy security.

The environmental concerns are mostly related topallution, thereby global warming.
Greenhouse gas (GHG) emissions from the energgrsac significantly increasing, which is
causing climate change. While power productiorhesmain contributor to GHG emissions, the
second largest source is motorized transportatidecording to the EPA, carbon dioxide (O
emissions, the major GHG associated with vehidegportation, rose by 29% between 1990
and 2009. Approximately 20% of the total GQ@urrently released into the atmosphere by human
activities such as transport related emissions tuey are expected to rise in the futlre.
Transportation utilizes petroleum-based producth gasoline making up more than 50 % of the
emissions with diesel and jet fuel contributing tieenainder. Therefore, fossil fuel usage is a
major component of the climate change problem. Algh CQ capturing and storage (CCS)
technology is believed to help alleviate environtakimpact of GHG, CCS is inappropriate for
mobile applications.On the other hand, GHG emissions reduction caach@&ved by changing
transportation fuel resources from fossil fueleaewable fuél Not only global climate change,

but also local air pollution in metropolitan citiean be prevented by use of renewable fuels. The



above mentioned environmental concerns turn altieeaenewable fuels into key elements of
an energy solution for the future.

In order to help deal with environmental, econormiaad energy security issues, petroleum
alternatives should be expanded. The more renewaseurces are employed; a cleaner
atmosphere, stable economy, and consistent energyios will be provided to the next
generations.

1.3 Liquid Biofuels

Liquid transportation fuels obtained from renewaddeicultural sources, such as corn starch,
vegetable oils, animal fats, grasses, trees, arahsare called biofuelé. The biofuel initiative
was started by Rudolph Diesel with his engine itieenthat was fueled with peanut oil more
than a century ago and has been repeatedly utilimddg shortage periods such as conflict and
civil unrest.®

Moreover, , sustainability and reliability can beedhed as other unique advantages of
biofuels. Apart from that, biofuels are the only effectiziernatives to petroleum because they
have the potential for large volume producti®n.

The raw material for biofuels is biomass. Biomassources comprise of carbohydrates,
lignin, and lipids! There are several mechanisms to produce biofweh foiomass such as
pyrolysis, gasification, chemical, and biochemigalocesses. Pyrolysis and gasification
processes generate syngas (C@), tthich is then turned into hydrocarbons as f@demically
processing biomass produces biofuels through honemyes or heterogeneous catalysis; while
biochemical processes occur via enzymatic catatysis as fermentation of biomdss.

Liquid biofuels can be classified into two magategories including traditional (first

generation) biofuels and next generation (secomergéion) biofuelS. The fuels obtained from



food sources such as sugar crops, corn, wheatodseed crops are called first generation
biofuels® Bioethanol and biodiesel are two examples of cencial, traditional liquid
biofuels!* Bioethanol is produced via fermentation of carbohydraté can be used as a
petroleum substitute or in a petroleum blend. Ebhabtained from corn is the current leader in
the U.S. biofuels market with production at 6.4lid gallons per year in 2007 as shown in
Figure 1'? Around 14% of the U.S. corn crop was used for dpoing ethanol which
corresponds to nearly 4% of total gasoline consubzed on its energy in the U.S. in 2096.
On the other hand, its energy density is low commgato that of petroleum since ethanol has
lower carbon numbétSecondly, producing bioethanol from sugar or aoops causes rivalry
of food and fuel sources just like any other figsneration biofuel®.Even though bioethanol
fuel production is expected to increase in theriytus growth will depend on the improvements

of new production technologies of bioethanol beeanf the agricultural limitatior's.
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Although production of ethanol derived from corntli® current focus in the U.S., a new
biofuel that can be produced from different lignibdesic feedstocks, animal fats and oils is
emerging:? These biofuels based on non-food crops biofuets alled “2nd generation
biofuels” or “next generation biofuel$”Next generation liquid biofuels involve ethanabrfr
cellulosic feedstock, synthetic ethers, and diesslh as ethyl tert-butyl ether (ETBE), bio-
methyl tert-butyl ether (bio-MTBERndgreen diesel

Cellulosic ethanol is a biofuel produced from ligathulosic sources such as wood, grasses
or non-edible plants by either fermentation or figaiion processes. Both production
technologies have multiple steps and require pstrent and distillation. Cellulosic ethanol
production by fermentation consists of hydrolysiiere complex cellulose is broken into
glucose, and then microbial fermentation is employ@ produce ethandf. Gasification, the
second way to cellulosic ethanol production, tramst the lignocellulosic material into carbon
monoxide, carbon dioxide and hydrogen which areedadyngas. Syngas can then be converted,
in a catalytic reactor, to ethanol along other bigalcoholsAlthough cellulosic ethanol can be
derived from a variety of raw materials relatite ethanol from corn and sugar cane, both
fermentation and gasification require significardgqessing.

Bio-ethyl tert-butyl ether (bio-ETBE) is an oxygéed hydrocarbon extensively used
worldwide as a gasoline additive similar to ethartois produced by reacting bio- ethanol with
fossil isobutylene in the presence of heat andtalyst. Bio-ETBE offers the same benefits as
bioethanol including reduced air pollution, incredsfuel octane, and reduced oil imports
without the technical and logistic difficulties st by the alcohol. Unlike bio-ethanol, bio-
ETBE does not induce evaporation of gasoline, wisane of the causes of smog, and does not

absorb moisture from the atmosphere. FurthermaeEBBE characteristics are superior to



other ethers and include: low volatility, low wasalubility and higher water tolerancery low
sulfur content, no dangerous commingling or azgardormation, high octane value, and
reduced tailpipe CO and hydrocarbon emissions. EEiBBalso superior to bio-methyl tert butyl
ether (bio-MTBE), another fuel oxygenate used waeitk. Bio-MTBE is produced by reacting
bio-methanol and isobutylene in the presence aftalyst and hedf. Although it reduces ozone
precursors emission and has similar octane valt& 8E, MTBE is highly soluble in water and
has high resistance to biodegradation. Thesewasicharacteristics makes MTBE a less likely
candidate compared to bio- ETBE which has partiediglaced it, since it transfers readily to
groundwater and causes contamination problems vitrenspills and leaks occdr.Although
these two ether based fuels look promising, botfuire the use of a fossil fuel for their
production. The use of fossil fuel by large petwotecompanies make bio-ETBE and bio-MTBE
further removed from a “true” biofuel.

It is possible to produce diesel-like fuel by usigither lignocellulosic biomass, vegetable
oils, or animal fats as feedstocks. Diesel likefuxd production from lignocellulosic feedstock
requires two stages. The first stage includes sggmhgas production via the Fischer-Tropsch
process or pyrolysis. These gases are then ceavéd a diesel-like fuel by means of
hydroprocessing® On the other hand, it is possible to producedlilise fuel using relatively
simple processes in two different paths startirmgnfrvegetable oils and animal fats. The first
pathway is transesterification for biodiesel, anéd $second way is hydrogenation of green diesel
or hydrogenation derived renewable diesel (HDRDJhe current status of the biomass to
biofuel conversion technologies are showTable 1** Biodiesel and HDRD are already in the
market while the Fischer-Tropsch and pyrolysis\dstidiesel are still in the developing stages.

In 2009, there were abo70 biodiesel plants in the U.S., and the listdipested to rise in the



coming years-?assuming they are cost competitiveFor the Fischer-Tropsch and pyrolysis

processes much more research is needed in ordeake these processes more feasible.

Table 1.Biomass-to- biofuel conversion technologies: curoevelopment stages.
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*HDRD: Hydrogenation derived renewable dissel (12, NEXBTL)  DME: Dimethyl ether  Bio-SNG: Blo-Synthetic natural gas

Diesel type fuels including green diesel, othertlsghic diesels, and biodiesel have a great
number of benefits over conventional diesel fueltarms of fuel properties. Comparison of
NEXBTL as an example of green diesel, GTL (gasidaid) as a synthetic fuel, FAME as a
biodiesel, and petroleum diesel fuel propertiesgaven in Table 2. NEXBTL is a green diesel
product of Neste Oil, which is paraffinic and cldamrning fuel reducing NOx and PM emissions
when compared with conventional diesel fu&he most significant characteristic of NExBTL is
its increased cetane number which is as high ag8g diesel EN590 has a cetane number of 53
and biodiesel has a value of 51. Biodiesel (FAMEDas lower particulate matter emission than
petroleum diesel, but produces a slightly higherxNgnissiort. Overall, synthetic diesel fuels

possess similar properties such as viscosity, cimiat, lower heating value, oxygen and sulfur



contents, while FAME differs from diesel in termisfoel composition, viscosity, lower heating

value and oxygen content.

Table 2.Properties of selected diesel-type fuels 5

FUEL PROPERTIES NOPTE | GTL  diesel | FAME(RME) | o>
Density @15°C [kg/m3] 775..185 770...785 = 85 = 835
Viscosity @40°C [mm/s] 28.35 32.45 =45 =35
Cetane number 8499 7381 =51 =53
Distillation 10 vol% [°C] 260..270 = 260 = 340 = 200
Distillation 80 vol% [°C] 285...300 325..330 = 355 = 350
Cloud point [°C] -5.-30 0.-25 =.5 =.5
Lower heating value [MJ/kg] =44 =44 =38 =43
Lower healing value [MJ/itres] =34 =34 =34 =16
Polyaromatics [wi%] 0 0 0 =4
Oxygen [wi%] 0 0 =11 0
Sulfur [mg/kg] <10 <10 <10 <10

Germany is one of the largest biodiesel producesddwide and held a 0.9 % biodiesel
share of the entire fuel market and 2.2 % sharthefdiesel fuel market in 2003Now, only
rapeseed methyl esters as biofuels are availatifeiGerman fuel market with over 1700 public
fueling stations. After becoming widespread in Europe, biodiesel niswgaining more
popularity in the U.S. Table 3 projects biodiesghsumption in the U.S. and Europe based on
soybean oil and rapeseed oil respectively in 2@0B.ough today FAME enjoys a larger share
of the fuel market of renewable fuels, next genenabiofuels will likely take their place

because of their high quality and better efficiericy



Table 3.Biodiesel consumption in the USA and Europe 11.

ssee | usa | eowe

Consumption 2006

(billion gallons)! 0.263 1.2

Main sources SoyDeEan Rapeseed

1.3.1 Second Generation Biofuel Challenges

There are several factors that make commerciaizabf second-generation biofuels
viable™ An important factor is the wide variety of biomdesdstocks that are available to be
converted into biofuels by multiple processing temlbgies. This provides the option of using
whatever feedstock is available in a certain regmhe utilized to maximize biofuel production
leading to a greater energy security. Furthermihie wide array of feedstocks that can be used
for the production of second-generation biofuelsved for less land to be utilized in order to
grow crops making biofuel fabrication more susthlealt is also important to note that these
energy-crops are not explicitly harvested in amastined for food crops and can be grown in
low quality environment$** Moreover, efforts are continuously being emplog@improve the
production processes by reducing the utility (eleat power and heat) and chemical (oxygen,
hydrogen and others) costs needed to process lsom#s the desired form of energy.
Furthermore, although there are differences betwhenchemical and physical properties of
biofuels according to the different processing texdbgies, all biofuels are generally more
environmentally friendly than conventional fuelsagther important driving force is the option
of using already available processing plants wiiéte or no modification is required for full
implementation of the process necessary for maturdag second-generation biofuels. If an
already existing facility is modified for new prases, the cost of building new facilities can be

eliminated and the capital cost substantially reducHowever, despite these advantages, main
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challenge hindering second-generation biofuel$ estiists™* The initial capital investment cost
for second-generation biofuels is still higher thiaat of first generation biofuefs.

1.4. Introduction to Feedstock

There is a large biomass feedstock variety avaldbl produce liquid transportation
biofuels®. The biomass feedstocks can be classified intethasic categories: lignocellulosics,

amorphous sugars, and triglycerides (Figuré 2).

[ Biomass Fealstock ]
]
fg_ Triglvcerides ﬂl\"%
« Vegeable o1l
o Soybean
! o Cotionseed
/E, Lignoc ellulosics D o Palm
» Corn stover o Peanut .
» Cropresidues o raF?# canola
 Forage grasses o sunflower
» Forest residuss 2 zﬂfﬂﬂ‘ztﬁr
: Eﬁdﬁu e C o rice bran
. 2. Amorphous Sugars o Jatropha
* Switchgrass 2P0 oAl lras
g i « Starches s i
| e e - e Animal
\\ » Waste wood -:hiE/ * Simple sugars o Tda
* Waste oils
o Used frane ol

'\.\ o Brmwn greaze _’/r

Figure 2. Biomass feedstock classification for liquid trangaton biofuel production.
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Lignocellulose is a composite material of rigidlakdse fibers which are very large polymers
composed of many glucose molecules; lignin whichaispolymer constructed of non-
carbohydrate and alcohol units; and hemicellulosbgh consist of short, highly branched,
sugar chaing® Depending on the proportions of cellulose, hethitese, and lignin in the
composition, diverse lignocellulose materials casuit. Typical biomass contains 40% - 60%
cellulose, 10% - 25% lignin, and 20% - 40% hemideBes:® Corn stover , crop residues ,
forage grasses, forest residues, paper mill resioed chips, switchgrass, spent grains, and
waste wood chips are suitable foodstock exampldgyodcellulosic biomass to utilize in next
generation biofuel productiofi.Although lignocellulosic biomass is inexpensiveaafeedstock
and easy to find, it is an expensive transportafiezl because it is a low-energy-density
feedstock?

Amorphous sugars such as starches and simple stagaedso be used as biomass feedstocks
in order to produce liquid alternative biofuels.uW#ver, one of the main arguments against its
use is the food versus fuel deb&téirst generation biofuels made from food croparst or
sugars) utilize crop sources that could otherwseiged for feeding people or livestock. Many
support the idea that diverting crops away fromdfosage will create several adverse effects.
Among these are the loss of farmable land to h&éingesrops for starch and sugar based biofuels
instead of food supplies for the population anaddtock'® In addition, loss of crops to fuel
production will lead to price inflation of food ites because of the lack of availability of crops
for food consumption’*®

Triglycerides which are the main constituents ajetable oil and animal fats represent the

third group of biomass feedstock for transportatfaels. Vegetable oils are composed of
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triglycerides which have glycerin in their stru&uiThe structure of a triglyceride molecule
includes glycerol and three fatty acids is showRigure 3
O
H;._»C_C'—!'J‘r—*ﬁ

o
|

HU—0O0—C—RH'

0

||_(_Hg)_
H;C—0—C—+C | CH;
']

O

” Ha

[ [4]

O
“4{]"2)»
H,C—O—C—+C —CHs
16

Figure 3. (a)Structure of a triglyceride molecule, (b) the tyilgtyceride of stearic acid

(b)

(octadecanoic acid] .

Figure 4 shows the structure of a saturated anghaaturated fatty acid molecule which are

carboxylic acids with long unbranched aliphatidstd



13

H HHHHH H
C G G G ﬂ G ﬂ G ......... H
HO W H H HHHH
Saturated
. EG G .......... C—C—C—C— G ﬂ .......... H
: H HoH
Unsaturated

Figure 4. Saturated and unsaturated fatty acids

The three fatty acids in a triglyceride structuem @ll be the same or different. The most
common carbon chain lengths are even numberedinomal6, 18, or 20 carbon atorhdhe
triglycerides in vegetable oils typically containmixture of fatty acidé.For instance, typical
soybean oil is comprised of 7% linolenic acid (G)&C18:3 indicates an carboxylic acid with
18 carbon atoms and 3 carbon-carbon double bo&ii%),linoleic acid (C18:2), 23% oleic acid
(C18:1), 4% stearic acid (C18:0), and 10% palnaticl (C16:0Y:

Most common vegetable oil sources are soybeamgns#ed, palm, peanut, rapeseed/canola,
sunflower, safflower, coconut, and rice hravhen selecting a feedstock for biofuel production,
financial manageability, local availability of tHeedstock, and hence geography are important
considerations. Based on these criteria, rapeseed and sunflowsr ave preferred in the
European Union, palm oil is primarily used for heskl production in Asian countries, and
soybean oil is the most common feedstock in theddnBtates:® However, other seed oils have

been investigated as wélln addition, two new candidates have emerged asfod biofuel
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feedstocks: jatropha and algadecause they can be grown and harvested in nditidral
farming areas.

Jatropha curcas is the plant mainly grown in Aafaica, India, Central and South America,
where it can grow well in marginal and poor soilsropical and subtropical countries? It has
several advantages including undemanding cultigatiogh oil content and non-food feedstock.
Jatropha seeds contain 27-40% oil which allows peid) a high-quality biofuel® Jatropha oil
is not a food based feedstock because it is ingpjate for human diets due to adverse effects
associated with its consumption. It is believed tratropha oil can not only meet local biofuel
requirements, but can also be exported to Europeravdomestic feedstocks are insufficient for
the projected biodiesel demand of 10 Mt per y&ar.

Nowadays, there is a growing interest in utilizadgal oils as a biodiesel feedstock because
algae also yields much higher oil production peeaban other triglycerides feedstoc¢ksThe
oil yield of microalgae can be as high as 80% wiftain species based on dry weiyhigae
can be obtained from a variety of microbes’ phobtisgtic activity where sunlight, carbon
dioxide, and nitrogen are converted into triglydes, carbohydrates, and ligihThus, algae
can easilygrow in low quality water which makes algae praéhrc easily manageabfé.
Moreover, seawater and coastal land, where cororsdtagriculture does not exist, are preferred
for algae cultivatiort! Since it does not compete with food for land asewater resources,
algae oil is a potential solution to the concemgarding the use of agricultural land for energy
generation rather than food productfonin addition, it has been estimated that microalga
which grow extremely fast, can double in mass 3 finan 24 hours. This suggests that it would
only take 3% of the corp land in the USA to supply domestic fuel needs while first generation

biomass would take nearly 61% of farming land foe same purpogeShell and Hawaiian



15

based HR BioPetroleum recently declared they wpuidiuce biodiesel from algae. According
to HR BioPetroleum, cultivation of algae yields ngd5 times more oil per hectare than those
of terrestrial crops such as rapeseed, palm, agbeso’' Additional news regarding algae
commercialization comes from a AlgaeLink and KLMoperative effort to develop the next
generation alternative jet fuel for the operatidrihe Air France/KLM aircraft® AlgaeLink has
been selling its systems since 2007, and it claihe making commercial algae farming
interesting for a large number of markets can teeaed®* Algae oil is even more attractive as
an alternative fuel because of its low productiostc50 cents per gallon, in a demonstration
plant in the Netherlands.Despite its numerous advantages over the othertalsige oil
resources,lgae oil has not yet been extensively carried o@ commercial scafg.

In addition to vegetable oil, many biodiesel planislize animal fats like tallow as
feedstocks? Biodiesel production has been demonstrated usirdydnd fish oil as animal fat
resources. The rising prize of soybean oil, which is the mhindiesel feedstock in the USA,
became a great driving force for the use of chidie¢or biodiesel feedstock where the industry
needs cheaper biomass resoufédhe largest US producer of leftover fat from cleick Tyson,
announced that they produce about 300 million gallof animal fat that could potentially be
converted to fuet? However, there are some technical drawbacks thatecwith the use of
animal fat?? Since it clouds up (having high cloud point) maehigher temperatures than
soybased biodiesel and thickens when used in calaeates, its use would be limited to areas
where temperatures don'’t fall below 40 degreés F.

Triglyceride feedstocks contain not only vegetatale and animal fats, but also waste oils
such as used frying oils and brown grehsince waste cooking oils are lower-cost lipid

feedstocks, they are currently very important sesiréor economical production-oriented
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approaches. However, inconsistencies in the cormipo®f the oil due to the source and quality
of the feedstock make it difficult to procés®epending on the variations in free fatty acid
(FFA) composition, triglycerides, water contentdampurities, the conversion method will have
to altered to obtain high grade biodieSét. fact, quality variability of waste oil is recoiged as
more problematic than that of vegetable dils.

Choice of the biomass used as a source of biofiselsn important consideratiénTo
determine if a feedstock is suitable for commerbiafuel production, its chemical and physical
characteristics as well as supply, cost, storaggpesties, and engine performance will be
considered. The main reason of the economic defeat of bisfaghinst petroleum based fuels
is the relatively high cost of the triglyceride @s¢ock. Even with the least expensive
triglyceride feedstocks, the 70 - 85 % of the t@uaduction expense is related to the feedstock
cost? With currently available technologies, the lowesst biodiesel is produced from waste oil
and animal greasé. With respect to other available biomass feedstogenerally, the most
expensive are triglyceride based followed by amougshsugars with lignocellulosic feedstocks
the least expensive.

1.5. Lipid derived biofuels

Lipids are another biomass source that can be tsquoduce biofuels in the form of
biodiesel and green dieseBiodiesel and green diesel have an advantageaifier alernative
fuel sources since they can be directly integramedurrent trasportation infrastruture without
any engine modificationé.

1.5.1. Biodiesel
Due to their high viscosity, the raw oils causerapenal problems in the diesel engine when

it is used as a fuel. To overcome this issue, they converted into biodiesel, bringing its
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kinematic viscosity closer to that of petroleumsei€ Biodiesel is mainly composed of mono-
alkyl esters of long chain fatty acids derived frotglycerides feedstocks such as vegetable oils,
animal fats or waste oils.

The alkyl esters that make up biodiesel vary inrdegof saturation and chain lendth.
Unsaturated esters have lower energy content pemerght compared to saturated esters, but
their energy per volume is higher due to their hilgmsity? However, variation in the energy
content of saturated and unsaturated esters itarg# enough to allow detection of different
types of oil in the feedstock. For instance, at 40°C, methyl stearate (C18:@) &@& energy
content of 34.07 MJ/L while methyl oleate (C18:1gisergy content is 34.32 MJ/L, only a 0.7%
difference ®

The reaction where triglycerides are transformed biodiesel is transesterificatiéhin the
transesterification reaction, triacylglycerol (TA®acts with an alcohol in the presence of a
catalyst to form alkyl esters of the fatty acidSig(re 5)° In order to achieve as high yields of
alkyl esters as 99.7 %, typically 50 % - 200 % ascalcohol is needédlhe alcohol is typically
methanol. Although it is possible to get betterdmsel in terms of fuel properties with ethanol
or iso-propanol, in most cases methanol is prefefoe biodiesel production since it is lower-
priced? In the U.S. methanol costs half compare to ethAn@#hen methanol is used in the
reaction, the derived biodiesel product is compaxfei@tty acid methyl esters (FAME). On the
other hand, other alcohols can be relatively legmemlsive in some countries such as Brazil so

that they produce ethyl esters as biofuel fromrahi
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Figure 5. The transesterification reaction. (R= various faitid chain, R'= Ch).?

Transesterification can utilize both base or ad@thlysts, but most of the current biodiesel
technologies rely on base catalysts including sodiwdroxide, potassium hydroxide, and
sodium methoxide, which is the catalyst used byentban 60 % of biodiesel plarft$?* The
base or acid catalysis can be either homogeneokisterogeneous. In the case of homogeneous
catalysis, reactants are in solution with the gatawhich increases the reaction rate. However,
after reaction, separating the catalyst from treetien products causes material loss and incurs
additional production expense related to neutritima and waste reclamatidn.Unlike
homogeneous catalysts, though, an active heterogsratalyst has an economic advantage in
biofuel production since it can be readily removéom the reaction mixture after
transesterification and reused without signifigamst treatment

A schematic of biodiesel production from low FFAntaining feedstock via base catalyst

transesterification is shown in Figure 6. Oil, doband catalyst are mixed in a reactor for 1
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hour at 60 °C. After the reaction is completed,cglpl is separated from the FAME products.
FAMEs proceed in a neutralizer with acid in orderdeactivate any residual catalyst and then
methanol is removed. Any remaining catalyst, ssafis, methanol, or free glycerol is removed

from FAME during water washing step. At the endddésel product is obtained after the drying

process.
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Figure 6. Process flow diagram for biodiesel production.

The biodiesel quality generally depends on theityuaf the feedstock, the other materials
used in the process and the transesterificationess) For an efficient transesterification
process, not only the alcohol should be moistuge,fbut also feedstock should have less than
0.5% of FFA?® Moisture that can come from alcohol has a poteafieeacting with alkyl esters,

triglycerides, diglycerides, and monoglyceridesfoom FFAs® Because FFA contents of
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vegetable oil and waste oil are usually high, @& material should be pretreated (esteriffed).
Otherwise, during transesterification, they canmfosoap (only in homogeneous processes),
which causes separation problems in the biodiesatiystion proces$. Usually low cost
feedstocks such as waste oil and animal fats hageeh amounts of FFA, thus biodiesel
production from these raw materials become ecoraliyiainfeasiblé® Another factor that
influences the quality of biodiesel is the sideduats that can form during the transesterification
reaction such as intermediate glycerols, mono- dratylglycerols as well as unreacted
triacylglycerols, FFA, residual alcohol, and casalyontamination in the final produict.

Biodiesel has several advantages including envieottad, safety and comparable fuel
properties to regular diesel fuel. Firstly, all diesel fuels, independent of their feedstock origin
diminish greenhouse gaséfy using vegetable oil obtained from plants thansumes C@
biodiesel decreases G@n the atmosphere. In addition, biodiesel has extremely low sulfur
comparing with the petroleum diesel so thatxSémissions from biodiesel combustion is
reduced® Furthermore, when biodiesel is used in existireséli engines, considerable decline in
unburned hydrocarbons (HC), carbon monoxide (CQO)l aarticulate matter (PM) are
observed. Secondly, biodiesel has advantage of having a fiagihpoint greater than 150 °C
which guaranties lower fire hazard than other fuils diesel, gasoline and jet fuelThirdly,
according to engine tests, the actual efficiencyuef is equivalent for biodiesel and petroleum
diesel’” Moreover, the cetane number is comparable toathaiesel fuef’

Despite its above mentioned benefits, there areestisadvantages associated with biodiesel
including its high cost, slightly , oxidative sthtyi, and cold flow propertie3.Other than these
drawbacks, biodiesel’s energy content (32.9 MJéLloiver than that of No. 2 diesel fuel (36.0

MJ/L) which may lead around 8.4% of power loss iesdl enginé. Moreover, the fuel
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properties of biodiesel change depending on thenitteé composition of the source offs.
Another aspect of biodiesel production that musaddressed is the accumulation of glycerol,
the more biodiesel produced, the more glycerol medates. Therefore, an expanded market for
glycerol is needed to make biodiesel productionerieasible economicalf.
1.5.2 Green Diesel

Like biodiesel, green diesel is a next generatrandportation fuel which emerged because
of the need for a renewable fuel replacement teatampatible with existing automotive
powertrains. Unlike biodiesel, however, green eliesan be produced in large volumes at
existing centralized petroleum refineries (neeéneices). Biodiesel, on the other hand, is more
suited for smaller scale production plants in riaedas close to the source of oil used in the
process. Green diesel or renewable diesel is &ureixf diesel-like hydrocarbons produced via
a catalytic reaction involving hydroprocessing amndflecarboxylation/ decarbonylation of
triglycerides from various agricultural feedstot®8 While hydrodeoxygenation eliminates
oxygen by reacting triglycerides and FFAs with loghen to form water and n-paraffins,
decarboxylation or decarbonylation eliminates oxydge form of carbon dioxide or carbon
monoxide and n-paraffifs. This leads to a diesel product that is indistishable from
petroleum diesel whereas biodiesel is chiefly cosepoof oxygenated species that can have
vastly different properties than traditional peturh diesef:'? Although both biodiesel and
green diesel are lipid- derived liquid transpodatibiofuels, there are significant differences
between them. The first difference is between tlodenular structures of the two fuels. While
biodiesel is comprised of alkyl ester moleculesgegr diesel's main constituents are
hydrocarbons. Therefore, unlike biodiesel, greesseli does not have oxygen based molecules.

This characteristic of green diesel results in higating value and high energy denSity.
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Secondly, green diesel has an extremely highemeetumber (80-90), while biodiesel has
cetane number on the order of 50. Thirdly, greerseali has lower NOemissions compared to
biodiesel’ Besides, hydroprocessing is a feed-flexible pm&esng not sensitive to FFA content
of feedstock while transesterification is very seéwves to FFA level’ In regards to their side
products, hydroprocessing produces propane whiaehg@sseous fuel itself and can be utilized in
the systenf. Furthermore, the outstanding energy density ofdwatbons as fuel makes them a
powerful transportation fuel option (Figure ??)Overall, based on the above arguments green

diesel seems to be superior product over biodfesel.
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Figure 7. Energy density of various fuefS.

Green diesel commercialization has already sta@drently green diesel is industrially
produced in Finland by Neste Oil having two plamtith a combined capacity of 170 000

ton/year (Figure 8° In addition, Neste Oil announced that they wouldrtsgreen diesel
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production in Singapore in 2010 and in Rotterdan20d1 with plants that have an 800 000

ton/year capacity’
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Figure 8. NExBTL procesg?

Another green diesel commercialization effort usuegetable oils is led by UOP LLC and
Eni cooperation. Ecofining technology planned tartsits renewable diesel fuel production
using a catalytic hydroprocessing technology toveonvegetable oils to a green diesel fuel in
ltaly in 2009%' The product having a high cetane value, has peggosed as a direct substitute
for diesel fuef' Separately, Petrobras/H-BIO developed a hydrotrggprocess to convert
vegetable oil and mineral diesel fractions blenmits igreen diesel which can be utilized as a
diesel fuel cetane enhancer with the added beokfiteducing the sulfur content and density

(Figure 9)**
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Figure 9. H-Bio/Petrobras Process.

Advances in the production of green diesel have Isé@wv to appear due to a lack of process
knowledge. A better understanding of the processamglitions is required to further develop the
current green diesel process, including catalyst mpusition, catalyst
preconditioning/hydrotreating, and the optimizatioh the reaction conditions. Additionally,
process economics will need to be improved to ntaken diesel production more competitive

with petroleum diesel production.

1.5.2.1 Green Diesel Production from Triglyceridegseedstock- Deoxygenation

Green diesel or renewable diesel is a mixture ebalilike hydrocarbons produced via a
catalytic reaction involving hydroprocessing and/decarboxylation/ decarbonylation of
triglycerides from various agricultural feedstock§?® Biomass-derived feedstocks contain
oxygenated compounds that lower the chemical statéind energy content of the fifel.

Therefore, the oxygen must be removed from thestee#t to achieve a liquid fuel with a high
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thermal stability and combustion properties simtiarpetroleum fuels. The process whereby
oxygen is removed from the feedstock is called ggeration which includes
hydrodeoxygenation, decarboxylation and decarbdioyla

1.5.2.2 Hydrodeoxygenation (HDO) For HydrogenatiorbDerived Renewable Diesel (HDRD)
Production

Hydroprocessing is a general term used for thelytatareactions that use hydrogen to
eliminate the heteroatoms such as sulfur, nitrogeggen, and metals, and also to saturate the
olefins and aromatics. Typical hydroprocessing reactions include hydsotferization (HDS)
where the sulfur is removed by breaking C-S bondd aydrogen sulfide is formed;
hydrodenitrogenation (HDN) which targets the removaf nitrogen as ammonia;
hydrodeoxygenation (HDO) which removes oxygen ageryand hydrodemetalization (HDM)
to remove metals such as metal sulfides.

Hydrogenation-derived renewable diesel (HDRD) puatidun focuses on the oxygen removal
from the bio-oils/fats, which correspond to a HD#gtion, to obtain hydrocarbons in diesel fuel
range (Figure 10). HDO reactions of bio- oils/fafserate at moderate temperatures, between
300-600 °C, and under high hydrogen pressure inptiesence of a heterogeneous catélyst.
However, the reaction conditions such as tempexand pressure should be adjusted depending
on the feedstockThe catalysts used for HDO are in fact the santhase that are used for HDS
and HDN such as sulfided Co-Mo or Ni-Mo because ligdrogenation processes are very

similar in petroleum refineriek.
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Figure 10.The oxygen removal from the triglycerides (HDO t&ag

It has been shown that it is possible to producaltrnative diesel fuel (green diesel) via
hydrogenation of triglycerides, which can be alsallei HDRD** Because HDRD is
characterized by a high cetane number, it's preteuse is a diesel fuel additive to improve fuel
ignition.>®* Craig and Soveran showed in U.S. Pat. No. 4,982#@t hydroprocessing of
vegetable oils such as canola, sunflower, soybaednrapeseed oils, will produce hydrocarbons
in the diesel boiling range (mainly1£- Cig paraffins) which can act as a fuel ignition
improvers® They carried out the process at a temperatur856f-450° C and 4.8-15.2 MPa
with a liquid hour space velocity (LHSV) of 0.5-5t0™ by using a commercially available
hydroprocessing catalyst such as Co-Mo and N¥Mtn their study they determined the
optimum temperatures and pressures for selecteetatdg oil hydrogenation shown in Table

433
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Table 4.Optimum hydroprocessing temperatures and presdtres

Feedstock Canola | Sunflower | Soybean | Rapeseed | Tall oil | Palm
oil oil oil oil fatty acid | oll

Optimum 370 360 360 390 390 370

temperature {C)

Optimum  pressure¢ 4.8 4.8 4.8 4.8 4.8 4.8

(MPa)

Based on their results, it appears that hydropsiegsf vegetable oil may also yield up to
11 wt. % water as in the case of canola oil hydnagjen over a Co-Mo catalyst at 376 and
5.5 MPa with LHSV of 0.99 h ** Moreover, it can be seen that hydroprocessingegktable
oil produces not only water, but also gaseous lyets including methane (GH ethane
(CzHg), propane (@Hs), propylene CsHg), butane (GHig), carbon dioxide (Cg), carbon
monoxide (CO), and in some cagsalrogen sulfideH,S) in varying degrees depending on the
source feedstock. It is concluded that, in higher temperature rumsnixture of straight and
branched chain aliphatic (C6-C18) hydrocarbon fdiomais significant indicating that the
hydroprocessing products are exclusively associatétithe process conditiors.

Another process for green diesel production ofeliégel ignition improvers is outlined in
US Pat. No. 5,705,722.According to Monnier et. al., it is possible taoguce HDRD with a

cetane number of more than 90 and yield of 80 wt* 1 their work, they processed a biomass

feedstock at 8.3 MPa of hydrogen pressure and®°87J The catalyst employed in this process
was a commercial nickel-molybdenum/alumina (Ni-Mi/éatalyst with silicon carbide (SiC)

in a 1:2 volume ratid> They concluded that hydrogenation of a mixturetaf oil with
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vegetable oil or animal fat showed a better yieldcetane improvers compared to a single
feedstock® Even though this process claims very high yields eetane numbers, using such
high hydrogen pressures is not compatible with cencrally feasible processes.
1.5.2.3 Decarboxylation of Fatty Acids

Decarboxylation is the chemical reaction whererd@ayl group (-COOH) is removed from
a molecule as carbon dioxide (gOwhile the chemical reaction where carbonyl gré@pO) is
split off from a molecule is called decarbonylation Many carboxylic acids can be

decarboxylated with heat by suspending the acahiimmiscible and high boiling-point liquid:

o

i A—-H *+ QO=C=0
FI'JLGH

1)
Because fatty acids are carboxylic acids, they lwarprocessed in the same way to form
straight chain hydrocarbons (n-hydrocarbons). Rty facids, fatty acid esters, and triglycerides,

decarboxylation proceeds by the following reactions

0

. het, cat,
Fatty acid Il 2 2)
H—0—{—R' 0, + R-H
0
1 Il het. cal. : : (3)
Fatty acid ester CiHy—0—C—R' —» CO; +GHy + RAH
{}
|
(H—0—(C—R
0 het, cat,
| N ()

I

CH—0—0C—R"
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Immer proposed the following sequence of elemerdtags of decarboxylation of free fatty

acids on Pd/C catalyst:

RCOOH + 2* = RCOO* + H*
RCOO*— CO, +R*
R*=R'+ H*

R*+ H*—=RH + 2*

H*+H*—=H, +2*

where * is a catalytic site or ensemble, aridsRan olefinic hydrocarbotr.

Although both hydrogenation and decarboxylationcesgsfully produce deoxygenated n-
hydrocarbons (green diesel), there are several fileneof decarboxylation over
hydrodeoxygenation. Decarboxylation requires hydrogonly to saturate olefins, while
hydrogenation uses hydrogen not only to saturagéngl but also to remove oxygen as water.
Thus, hydrogen consumption is lower for the deceylation reaction. Less hydrogen
consumption leads to less capital and operatioostiscdue to the reduced size of the hydrogen
compressor and hydrogen purchases. In additioncaipgal and operational costs are lower
because decarboxylation is favored at lower presstiran hydrogenatidhAnother advantage
of the decarboxylation process over hydrogenat®that catalytic stability increases because
water does not form in the reactidrEven though both reactions have additionap @duction
potential, CQ from decarboxylation can be captured in a rel&fipere state, which provides an
additional benefit to the decarboxylation prockss.

It has been shown that it is possible to produceniman-heptadecane as a product when

compounds of stearic acid, ethyl stearate, orefirghe were deoxygenated using a commercial
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activated carbon supported palladium (5 wt.% Pdiridh) catalyst (Reaction 59.During the
decarboxylation of stearic acid, heptadecenes wleserved as intermediates.

Stearic acid decarboxylation at 3060 and 17 bar, however, shows that the best coiovers
efficiency (62 %) when 5 volume % hydrogen and 8fime % argon are used as the reaction
atmosphere compared 100 % helium (41 % conversor)00 % hydrogen (49 %). During
deoxygenation, ethyl stearate was first convertatb istearic acid, and then further
decarboxylated to n-heptadecane. At the same omactinditions (5 vol. % K- 95 vol. % Ar)
with stearic acid decarboxylation, the best converof ethyl stearate decarboxylation was
achieved. The selectivity to n-heptadecane decdeaben aromatics, which are not desirable in
diesel fuel, began forming at 300-38D. In one study, the reaction kinetics for ethgasate
and stearic acid decarboxylation for productiordafsel fuel hydrocarbons was studied over a
palladium/carbon (Pd/C) catalyst in a semi-batetti@®’ According to the study, ethyl stearate
was coverted with first order kinetics to steacaantermediates, which were further converted
n-heptadecane following an ~zero order reactitom aa 300°C. At high intermediate product

concentrations it was found that the catalyst wesctivated by decarboxylation pathwAy.

O
&

CH;-(CH,),¢- C.\ — CH;-(CHy),-CH, + CO, ©)
OH

. n-heptadecane
stearic acid

Further studies into better understanding the ysttaiffect in heterogeneous decarboxylation
were carried out without a catalyst versus a sefifefent catalyst® It was found that thermal
decarboxylation without any catalyst only lead$% conversion in a semibatch reactor under a

helium atmosphere at 306G and 6 bar. A series of catalysts including catgpported catalysts,
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metal oxides of Ir, Mo, Ni, Os, Pd, Pt, Rh and Bsiwell as a Raney nickel catalyst, were tried
under the same reaction conditions. It was condutlat decarboxylation of stearic acid with
carbon supported catalysts generally lead to highs most probably because of the metal-
support interaction. The initial reaction rate wiae highest for 5% Pd/C (1.9 mmol/giy which
showed the best performance. With Ru/C and Rh/@lysts it was observed that their selectivity
towards unsaturated side products was higher, wiistited in their deactivatiofi.

Another study of catalytic deoxygenation to proddmssel fuel hydrocarbons was carried out
in a semi-batch reactor using unsaturated fattysaicicluding monounsaturated fatty acids, oleic
acid, the di-unsaturated fatty acid, linoleic a@dd the monounsaturated fatty acid ester, methyl
oleate.® In this study, Pd/C catalyst was employed at @qune between 15-27 bar and a
temperature of 300-36C.

A later study demonstrated that for green diesetiyction via decarboxylation of stearic
acid over 4 wt. % Pd catalyst supported on sib(aihew class of mesoporous carbon-carbon
composite materials combining advantages of chdnsizdility and electric conductivity of
graphite and high specific surface area and adsarpapacity of active coals) is possibieChis
process was carried out in a semi-batch reactdr 860 mL volume at 17 bar helium and 300
°C, using dodecane as a solvent . Under these camslithe catalytic decarboxylation of stearic
acid resulted in n-pentadecane formation as watl-asptadecane as the main products. Thus, it
is concluded that the product distribution in cgtal decarboxylation of stearic acid changes
depending on the type of the support and the natitee surface groups in carbon mateffal.
Some of the tested decarboxylation reactions foversions of fatty acids are shown in Table

538
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Table 5. Literature summary of decarboxylation reactionfattly acids®

Anthin Y Canakys Reaction comditigns® M product Reporiod yieds (B
Almon™ 75 Ca-meammariflonils 2507, pncess water r-Heacicozane
Lestar™ HWE PAIC (Sibunit) M CAT bar helium, 4% eataly= i-Hepladecane 1)
(%) t = 20 min
Rubrickova™ XM Activated carbon supporicd 308, 17 bar lydrogen (3 vells) i-Hepadecane fi2
palladaum 5w, Aldrich) + argoa (33 vol¥), 4% catalya
[@%ah L = 36l fim
Snape™ il &5 P 30k ", o6 Tear hefium, | g catalyst, i-Hegtadecie 1)
L= 36 prin

1 = reclem e,

1.6. Heterogeneous Catalyst
1.6.1 Catalyst Support Properties

Chemical manufacturing processes employ catalgstsder to increase the reaction rate and
control the selectivity to the desired productsn&ally, catalysts are a combination of an inert
support and an active surface component residinthersupport surface. The purpose of the
support is to keep the active phase of the catahsterial in a highly dispersed st&teo
maximize reaction rates and to provide a stablé&qula for reactions in a chemical process.
Additional benefits of a support include: dissipatiof reaction heat and improved poisoning
resistancé&’

The catalyst- support surface interaction is sigaiftly important because it has an effect on
the catalytic activity’ For example, sulfide metal catalysts supportedalmina ¢-Al,Os),
which is employed in HDS processes, can effectididperse large amounts of metal sulfides.
However, because of the strong interactions betwleetransition metal oxides and thé\l ;053
support, the HDS activity is reduced. Thereforeanach more inert support such as Si@
carbon could be more suitable for sulfide cataly$toreover, alumina-supported sulfide

catalysts have a much higher coking tendency stheg have stronger surface acid sites
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compared to carbon-supported catalysts, which @se hcidic and, therefore, show weaker
metal- support interactiorf§.

There are several parameters that must be condidereselecting a suitable support:
inertness, stability, mechanical properties, phglsiorm, surface area, and porosityThe
support should also help inhibit unwanted reactitimially granulated and pelleted supports are
suitable for packed bed reactors while powder suppare appropriate for liquid phase batch,
slurry, or fluidized bed reactof8.The high surface area of a support may also imeiie
catalytic activity or affect diffusion rates of idants and products. However, high surface area is
not always desirabl€. For instance, porous structures and the poredditiee catalyst are very
important in terms of accessibility. While largerg® favor gas- liquid heterogeneous catalysis
which has a slow diffusion in the liquid phase, Brpare and particle size increase the number
of possible active sites. This is the main reason why the porous structme the pore size
distribution should be adjusted.

Because of these factors, there are three catsalysport materials that are typically
considered as an optimum support for deoxygenatopdications utilized in HDRD production:
alumina, silica, and activated carbon.

1.6.2 Carbon Supports

Carbon supports have several benefits in catatgactions such as its resistance to acidic/
basic atmospheres, its flexibility of being mordess hydrophilic based on the preparation
method and the precursor, and the ease of recytliagused expensive metal catalysts by
burning away the carbon supp8ttAs an example, it has been shown that the Co-MGAI
catalyst has a significantly greater coking tengethan the Co-Mo-carbon black catalyst due to

the lower surface acidity of carbon compared witrana*? Furthermore, sintering of the active
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phase on the surface of the carbon support is nEeoindue to its high temperature stability (up
to 1425°C)*° In addition, it is possible to modify the poreusture of a carbon support to
achieve a desired pore size distribution by changie precursor and the preparation meti8ds
Conversely, it should be noted that carbon supmantsonly be used under conditions where the
carbon is non-reactive. For example, carbon supgdaron catalysts display large weight losses
in the presence of hydrogen due to methane formatiove 425C.*°

1.6.2.1 Activated Carbon Support

Activated carbon supports, which are carbonaceoatenmals having high internal surface
area and porosity, are common adsorbents in maslicafons such as vehicle exhaust emission
control, solvent recovery, catalyst support, ajasation, and purificatioff: Their large surface
area makes them ideal for adsorbing selectivesgase liquids with high capacify. This
property is the reason why activated carbon hasatigest share of the carbon support market of
any carbon speci®.

The source of carbon for these applications is ywaological in nature. For example,
carbon derived from coconut shells, wood, peat,@al can be carbonized and then activated in
order to create desired pore structure of the carbaterial*® Activation of carbon can be either
a chemical or physical process. Chemical activaisoa single step reaction which takes place
using chemical agents such as alkali metal hydesxigkOH, NaOH), alkali metal carbonates
(LioCOs;, NaCOs; KyCO; RBCO; CsCO;) and transition metal salts (Zngl during
carbonization of the carbonaceous precut$@n the other hand, physical activation is a two
step process which involves carbonization of thb@aaceous precursor under an inert gas
following activation in carbon dioxide (G{) steam or air atmosphefeDuring this reaction, the

closed micropores are operf&d.
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According to the International Union of Pure andpigd Chemistry (IUPAC), activated
carbon can be classified into three groups depgnaiintheir pore sizes: micro-porous (less than
2 nm), mesa-porous (2 - 50 nm), and macro-porowsgrthan 50 nmj* Typical microporous
activated carbon, which consists of aromatic sheets strips, is shown in Figure 1While
activated carbon usually has a BET surface araandr000 rfYg, some highly activated carbon
can be as high as 3000%m* Although the surface area and pore size are auredsr
adsorption behavior of catalysts, the adsorpticeratteristics of an activated carbon cannot be
explained strictly by these two paramet®rsThe preparation method and the activation
treatment'’are also important. In addition, the porosity afaabon support must be matched to
the application. In practice, the microporous ctites of activated carbon supports are not
always feasible for an applicable because largeeoutds associated with some industrial
feedstocks cannot access the micro-p&tdé=or instance, large molecules such as triglyceride
and FFAs will not be able to access a microporamrated carbon support leading to poor

deoxygenation conversion activity for green diggeduction.

Figure 11.Structure of a typical microporous activated carbbon
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1.6.2.2 Carbon Supported Metal Catalyst

Supported metal catalyst preparation is one ofntlost important areas in processes that
employ chemical reactions. Usually Group 8-11 nsetdl the periodic table are supported on
carbon such as platinum, palladium, rhodium, rugmanand iridium® The metal-carbon
supported catalyst can be prepared by adsorptoyn §olution, impregnation, precipitation, and
vapor phase depositidfi.in Petroleum refineries, non-precious metal salfihtalysts such as
sulfided Ni-Mo/ALO; are used for hydrotreating applications. This esduse the presence of
sulfur in these catalysts prevents deactivatfowhere precious metal catalysts would be
susceptible to poisoning from sulfur present in fiedstock. In 1976, it was proven that even
sulfide catalyst on carbon support could be sudegsised for hydroprosessittj.However,
future work in deoxygenation of low sulfur oil/fé&edstocks will focus on developing non-

sulfur-based catalysts with enhanced stability tleahot require high-pressure hydrogen.

1.6.2.3 Carbon Coated Monoliths as Catalyst Suppast
The composition of one type of common monolithipgart structures is cordierite (2MgO .
2Al,05 . 5SiG) which has 51 wt.% silica, 35 wt.% alumina andw# magnesi&’ In practice,

a monolith is cylindrical in shape with many sgtai and parallel channels (Figure £2).
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(@) (b)

Figure 12.a) Schematic of a monolith, b) A cylindrical monbli

Monoliths are commonly used in automotive aftedtmeent systems to reduce or
eliminate toxic exhaust gases. In this applicatloydrocarbons (HCs), carbon monoxide (CO),
and nitrogen oxides (NOx) are converted to carbioxide (CQ), water (HO), and nitrogen
(N) by precious metal formulations coated on a menaupporf> Another application where
monoliths are used is in the cleaning of industfiaé gases by placing the monolith in the
exhaust stadR, forcing the gas emissions to pass directly thnoihg supported catalyst.

Monoliths have several characteristics that malemtrattractive as catalyst supports in
heterogeneous gas — liquid reactions: a low presdwop, high geometric surface area, short
diffusion lengths, and mechanical strengths andnthkeshock tolerancE. When a monolithic
supported catalyst is compared with a trickle beactor packed with a powder catalyst, the
monolith exhibits much less pressure drop per eatesurface area of the catal§/3tAccording
to their study, Garcia-Bordeje et al. showed tlzabon supported on a monolith has higher BET

surface areas and pore volumes than those of uogedpcarbon. This is due to the fact that
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during carbonization, the cordierite prevents thgbon material from shrinkint}.Also, having
many channels creates a large contact area bethveeatalyst layer and the reactant fluid inside
the monolithic structure catalySt.Another advantage of monolithic catalyst is havinghort

diffusion length due to the deposition of the cgabn the thin monolith wall¥.

Slurmy Trickle Monolith
Bed
| jl

@) (b) (c)

Figure 13. a) Slurry (batch) reactor, b) Trickle bed (fixeed) reactor, c) Monolithic reactor

In slurry reactors (Figure 13.a), powder catalysts preferred to overcome mass transfer
limitations. However, powder catalyst separaticonfrthe products can be a tedious and time
consuming process. In addition, catalyst separasi@costly process which creates extra waste
streams and loss of catalyst and product duritrgfibn® Monolith supported catalysts offer the
advantage of avoiding catalyst separation in slteactors. Boger et al. evaluated the economics
of a monolithic reactor versus a conventional §lueactor. He found that the monolithic reactor
promised significantly reduced production cd8ta fixed- bed reactor (Figure 13.b) design is
not always a good choice either. The powder cstalged in the bed can be easily plugged with

reactor products and byproducts. However, pelldtizatalyst in a fixed- bed reactors can be a
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potential solution for this problem, but catalystlgts, which only have the active phase in a thin
surface layer, may not allow a high reaction thigug?’ Moreover, Kreutzer M. T, et al.
proved that monolithic reactor (Figure 13.c) pr@ada higher reaction rate for hydrogenation
than a trickle bed reactor with the similar extémwaface ared’ Another study was carried out
to compare the productivity (reaction rate)oamethylstyrene (AMS) hydrogenation to cumene
in monolithic and trickle - bed reactors. Figurealghows that it's possible to perform AMS
hydrogenation to cumene in a monolithic reactohvathigher reaction rate than in a trickle —
bed reactor having the same reactor iZEherefore, it can be concluded that can be cdattol

by adjusting the channel size and catalyst washiagar.
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Figure 14.a) Comparison of the reaction rate of AMS hydrogienausing a monolithic reactor
with different cell densities and a trickle bed atea, b) Schematic of AMS hydrogenation to

cumen®
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1.7 Challenges in Green Diesel Production

Current commercial green diesel production techmplts based on hydrogenation of
vegetable oil / animal fat or their blend with dlail. During hydroprocessing of triglycerides to
hydrocarbons, consecutive reactions proceed imiessé Figure 15 demonstrates the reactions
during conversion of TAG over NiMo/AD; catalyst in a high pressure atmosphere pfTHe
first reaction is hydrogenation of the triglycerideolecule where all the double bonds are
saturated. The second reaction involves removal oglygen atoms which can be
hydrodeoxygenation, decarboxylation and/or decaftadion. Additionally side reactions taking
place such as the hydrocracking of TAG, the wategas shift reaction, methanization,
cyclization, and aromatization are referred to s third reaction. The forth reaction is
isomerization of n-paraffins. According to the hytleating process, Lcontaining groups in
TAG are eliminated by reacting with,Hn order to produce hydrocarbons. Moreover, the
hydrogenation reaction has to proceed in an exkksatmosphere to avoid unwanted side
reactions such as polymerization, ketonization)izgtion and aromatizatiott. Insufficient H
results in coke formation on the catalyst surface @atalyst deactivation. As a result, the green

diesel yield decreases and the profile of greesetlispecies changgs.
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Figure 15.TAG conversion to green diesel in the presenceydfdgen and a NiMo/AD;
catalyst*

Therefore, to avoid catalyst coking and deactivapooblems, high KHpressure operations
are preferred, but from an economics standpoirg,ishnot easily feasible due to the cost of H

and building high pressure systems.
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CHAPTER 2

Catalytic Conversion of Brown Grease to Green Dies@ia Decarboxylation

The decarboxylation of brown grease (BG) to gresel hydrocarbons over a 5 wt.%
Pd/C catalyst was investigated in semi-batch anchb@actors. Catalytic deoxygenation of BG
under H-Ar occurs primarily via decarboxylation with theyuid products of primarily n-
heptadecane and n-pentadecane. A 90% conversB® af a semi-batch mode was obtained in
7 hours. In contrast, in a batch reaction the csiwe was roughly 40% in the same reaction
time. However, by pre-treating the “as received” &€ H,, the conversion in a batch reactor
was increased 1.4-fold; and when the td BG ratio was increased to 3/1 (mol/mol), the
conversion was further improved. A complete coneersof BG into green diesel via
decarboxylation is possible over 5% Pd/C catalyst3@0 °C and 1.5 MPa. This study
demonstrates the feasibility of obtaining valuaipeen diesel biofuel from waste oil.
2.1. Introduction

Environmental, economic, and energy security corxcédave been the motivation for
seeking environmentally friendly, renewable altén®afuels. The major feedstocks for non-
ethanol liquid biofuel production are vegetables@hd animal fats. Waste oils, such as used
frying oils and brown grease, are lower-cost lif@ddstocks and currently an important potential
sources for economical production-oriented appresith

There is a tremendous amount of waste cookingnoilgrease, collected from restaurant
traps, that may be exploited for fuel use. Accogdito the National Renewable Energy
Laboratory (NREL), the total volume of trap gredlseown grease) produced is ~3,800 million
Ibs per year in the U.®. Disposing of brown grease is a costly process tf@ other hand,

brown grease is known to possess a high energye wafltaround 12,000 Btu per pound
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Furthermore, brown grease is an inexpensive feeklstocomparison with food grade vegetable
oils *°. For all these reasons, there is a need for yt&@tabrocesses for the conversion of
unwanted brown grease into valuable products sadhicfuels. However, the high free fatty
acid (FFA) content of brown grease (50 - 100%) lwamroblematic for biofuel productichand
there is no proven biofuel production technology dofeedstock having 50-100% FFA content
8 The presence of FFA in the feedstock of vegetalils also creates processing problems.
When 10 wt.% FFA- 90 wt.% triglycerides were usadai hydrotreating process to produce
green diesel, the fraction of high molecular weigiirocarbons products not in the diesel fuel
boiling range gradually increased compared to ddeek containing only triglycerides. This
resulted in a loss of diesel yield and reductiondtalyst life>®.

Brown grease is comprised of both saturated an@tursged FFAs. Almost 40% of
brown grease is oleic acid (C18:1), which is a mmsaturated fatty acid, and around 70% is
total unsaturated fatty acid® Due to its high FFA content (50-100%), BG isquially a good
candidate for a decarboxylation reaction where akggen is removed as carbon dioxide,
producing green diesel. Currently, hydrodeoxygenatHDO) is the only proven technology to
convert waste oil into green diesel. However, teshnique requires high pressure (=5 MPa)
and excess H(Hy/oil ratio of ~1000/1) in order to remove oxygen\aater, leading to high
production costs. In comparison, decarboxylatimesd not require additional ;Ho form
hydrocarbons. Although several studies of hydto@amproduction from waste oil and vegetable
oil (or refinery oil) mixtures have been report®d? no selective decarboxylation of brown
grease for the production of diesel fuel hydrocasboas been demonstrated.

Saturated fatty acids have been successfully cterto hydrocarbons via

decarboxylation under inert g&%° Screening of heterogeneous catalysts for decgidtion of
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stearic acid as the model FFA compound has bedarpexd with different metals (Ni, NiMo,
Ru, Pd, PdPt, Pt, Ir, Os, Rh) on different supp@tsOs, Si0,, Cr,03, MgO, C) under a helium
inert gas atmosphere. A 5% Pd on activated carhmpasted catalyst provided the best
conversion of stearic acid to,£C'green diesel like” hydrocarbons (mainly n-hepteates), with
100% conversion of stearic acid and 99% selecttaitiptal G, hydrocarbons®

There has been considerable study of the conversibnunsaturated FFAs to
hydrocarbons®®°"° However, there is not yet an active and seleatalyst that can handle
direct decarboxylation of unsaturated FFAs to hgdrbons. The best results demonstrated so
far are 99% conversion of oleic acid to stearidgskelectivity (S) = 36%), heptadecane (S =
26%) and other side products after 6 hours oveC Rdtalyst under Ar-Kflow, at 300°C and
2.7 MPa®°. Because of the competitive adsorption and reaaifaactive C=C double bonds on
the catalyst surface, the decarboxylation yieldadél FFAs decreased while yield of the side
reactions increased, leading to an increasecoisumption and a decreased diesel yield

During the reaction to convert oleic acid to n-fiama over 5% Pd/C in the presence of
10% H and solvent (dodecane) at 1.5 MPa and %Ghe primary reactions are hydrogenation
of C=C double bonds followed by decarboxylatiortteé resulting stearic acid. However, in the
absence of b oleic acid decarboxylation was inhibited by ati&ar cis- C=C double bonds in its
alkyl chain®*,

The objectives of this study are to investigate e¢ffect of reaction parameters on the
activity and the selectivity of brown grease deocastation with minimum H consumption over
an activated carbon supported palladium catalysd, @ gain a better understanding of the

reaction pathways.
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2.2 Experimental
2.2.1 Materials

The FFAs used in this investigation were: steadd §>95%), oleic acid (technical
grade, 90%) and linoleic acid (60%) purchased fRigma Aldrich (St. Louis, MO). Dodecane
(CH3(CH,)10CHs, anhydrous,>99%), used as a solvent, and carbon disulfide,)Gfere
purchased from Sigma Aldrich. Ultra high purity deaargon (Ar) and hydrogen {Hwere
purchased from Cryogenic Gases (Detroit, MI). A omarcial catalyst in powder form with 5
wt.% palladium on activated carbon support (Pd/@3% wurchased from Sigma Aldrich. Methyl
arachidate purchased from Nu-Chek Prep Inc. (Ety9idN) was used as an internal standard.
Brown grease was obtained from NextDiesel (Adril),
2.3 Brown Grease Decarboxylation Procedure
2.3.1 Semi-batch and Batch Reactions

The decarboxylation of brown grease over 5 wt.%CReimmercial powder catalyst was
investigated in a 100 mL Hanwoul (Geumjeong-dormytB Korea) stirred batch reactor which
was also employed in a semi-batch mode for seleetqueriments. Gas flow rates were
controlled by metal sealed mass flow controllerso@s, Warren, MI). In all experiments, the
catalyst was soaked in dodecane (solvent) pritiheéaeduction of the catalyst undes #tow of
60 mL/ min®®. During the reduction step the agitation speed ket at 250 + 2 rpm, and the
pressure was 0.5 MPa. As soon as the desired peessms reached, the temperature was
increased to 208C with a temperature ramp of 20/min and kept under flowing 4#for 1 hour
at 200°C. After cooling the reactor under flow, excess Hwas purged with inert gas and the
reactor was opened to add reactants into the ve&sel selected experiments, a pre-

hydrotreatment of BG was employed in semi-batch enbdfore the decarboxylation step.
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During the pre-treatment, 0.45 g of 5% Pd/C cataysl 2 g of BG were used under a gas flow
of 30 ml/min KB and 30 mI/min Ar. The pre-treatment was completed hours at 106C and
1.5 MPa.

In a majority of the studies, 7 wt.% brown greasealvent with 65/1 (wt./wt.) ratio of
solvent/catalyst was used. The catalyst loadingalgst/feed = 0.2 (wt./wt.)) was comparable
with those reported in the literatute®® Throughout the reaction, the agitation speed keas at
1000 = 4 rpm. In the batch mode reactions, 1000ov@&.% H, balanced with Ar was added into
the vessel at room temperature in order to obténMPa at 300C. While in the semi-batch
mode, gases were flowed continuously through thetoe at a flow rate of 60 mL/min. After
the reaction, the reactor was cooled down to roemmperature and the final liquid product was
analyzed. In some cases, a liquid sampling condeves used.

2.4 Analysis Method

Liquid samples were obtained by centrifuging thedpict and separating the catalyst
powder from the liquid product. After dissolving rarbon disulfide, liquid samples were
analyzed using a Perkin Elmer Clarus 500 gas chiagmaph (GC) equipped with flame
ionization detector (FID) and a Restek (Rtx-65 T&®)umn (length: 30 m, internal diameter:
0.25 mm, phase film thickness: 0.10m) which provided a good separation for both
hydrocarbons and FFAs without any derivatizaticquireement for sample preparation. The GC
oven temperature was programmed as follows: 2 mid at 80°C, 10°C/min ramp to 300C,

10 min hold at 306C. The detector temperature was maintained afG0@amples (LiL) were
injected into the column with a 50:1 split ratimdaconcentrations were determined relative to a

methyl arachidate internal standard. In order emidy the products, a GC-MS (Clarus 500 GC-
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MS, Perkin-Elmer) with a capillary wax Rtx-WAX cohn (length: 60 m, diameter: 0.25 mm,
thickness of stationary phase 0;#8) was also used.
2.5. Results and discussion
2.5.1 Brown Grease Conversion to Hydrocarbons ovePd/C catalyst: Effect of Reaction
Parameters

It was reported that brown grease contains 15 +rbBésromolecules®. In order to
remove the macromolecular components, brown greiéssolved in dodecane solvent was
vacuum filtered using a filter paper (Whatman # Wih a 2.5um pore size. After filtration, 75
wt.% of the BG passed through the filter paper il solvent while the remaining portion was
captured in gel form. The filtered BG analyzed b§-6ID yielded approximately 94 wt.% FFAs
while 6 wt.% could not be identified (Table 6), whiis in good agreement with a previously
reported BG analysf¥.

Table 6.Fatty acid composition of brown grease (trap grease

FFAs (wt.%) Brown Grease Trap Grease ®Filtered BG
(Kim, et al., 2010) | (Wang, et al., 2008) (Current Study)

Myristic acid
C14:0 15 1.16 0-0.3
Palmitic acid
C16:0 23.8 30.38 29.7+0.9
Palmitoleic acid
C16'1 1.9 1.42 0-0.2
Stearic acid
C18:0 4.1 6.02 6.7+0.7
Oleic acid
c181 48.7 38.39 53.7t6.4
Linoleic acid
C18:2 17.8 18.83 6.2+3.7
Linolenic acid
c18:3 2.3 1.31 2.5
Un_ldentlfled fatty i 249 5740 8
acids

4 FFA content of filtered brown grease analyzed I6+BD via dilution of brown grease
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Brown grease decarboxylation was studied over ai&td/ carbon supported palladium
catalyst at 306C and 1.5 MPa in the semi-batch reaction modeidnrE 16, 1 hour data point
corresponds to the beginning of decarboxylatiorabse the reaction temperature of 3a0is
reached at that moment (West 6100+ Temperaturer@lemj. Since at 1 hour, the FFAs
conversion reached almost 50% (

Figure 16), conversion of FFAs should have started befoeet@émperature reached 300
°C. Also, the GC-FID chromatogram (Figure 17) showet the selective hydrogenation of C=C
double bonds to stearic acid (disappearance ofspg2k13, 14 and increase in intensity of peak
11) is taking place during the heating of the rieactmixture to 300C. Snare et af® reported
formation of stearic acid intermediates from hydnogtion of double bonds during oleic acid
decarboxylation under similar reaction conditioB®cause the oleic acid content of brown
grease can be as high as 50 wt.%, intermediatecstead formation is unavoidable. Once all
the oleic acid (C18:1), linoleic acid (C18:2) amblenic acid (C18:3) are saturated (Figure 17),
the rate of stearic acid (C18:0) decarboxylatiomcpeds faster between 1 - 3 hour than between
3-7 hour (

Figure 16). It should be noted that the increase in inteiated (C16:0 and C18:0)
concentration, as a result of selective hydrogenateads to an increase in saturated n-C13 — n-
C18 HCs selectivity for the first 2 hours of reaati(Figure 18)Figure 18 shows the liquid
product selectivities as a function of time in g@mi-batch reaction mode. The liquid product

selectivity ;. is defined as

C..
§.0(%) = 22 %100

=i
whereC;;is concentration of product i arghis the liquid product concentration at time

t. n-Paraffins obtained in the given range conslistidecane (n-C13), pentadecane (n-C15) and
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heptadecane (n-C17) at 2 hours. The increase urasetl nC13 - nC18 HCs selectivity and
decrease in unsaturated nC13 - nC18 selectivityu(Ei 18) between 1-2 hours indicates that
some of the olefins are getting saturated byaHd forming n-paraffins. A similar observation

has been reported elsewhere for stearic acid demayipn®.

100.0
80.0 /

60.0

40.0 f/'

FFA Conversion (%)

Time (hour)

Figure 16. Brown grease decarboxylation over 5% Pd/C cataly300 oC and 1.5 MPa in the
semi-batch reaction mode for 7 hours. Reaction itiond: BG=7 wt.% in dodecane,
solvent/catalyst=65/1 (wt./wt.), heating rate=50&/n60 ml/min gas flow, 10 vol.% H2 - 90

vol.% Ar. Conversion of brown grease free fattydadiFFAs) to hydrocarbons (HCs).
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Figure 17. Brown grease decarboxylation over 5% Pd/C catay800 oC and 1.5 MPa in the
semi-batch reaction mode for 7 hours. Reaction itiond: BG=7 wt.% in dodecane,
solvent/catalyst=65/1 (wt./wt.), heating rate=50@&/n60 ml/min gas flow, 10 vol.% H2 - 90
vol.% Ar. (b) GC-FID chromatogram of the product Jathour. Peaks: 1. n-tridecane, 2. n-
pentadecane, 3. n-heptadecane, 4. other C17 hyHoomsa 5&6. unidentified brown grease
compound, 7. palmitic acid 8. palmitoleic acid, & Lnidentified brown grease compound, 11.

stearic acid, 12. oleic acid, 13. linoleic acid$, inolenoic acid, 15. ISTD.
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—=—C6-C11 —&—Unsaturated C13-C18 ——C25+ —#¢—n-C13-n-C18 paraffin
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Figure 18.Brown grease decarboxylation over 5% Pd/C cataly800 oC and 1.5 MPa in the
semi-batch reaction mode for 7 hours. Reaction itiond: BG=7 wt.% in dodecane,
solvent/catalyst=65/1 (wt./wt.), heating rate=50&/nm60 ml/min gas flow, 10 vol.% H2 - 90

vol.% Ar (c) Liquid product selectivities.
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Figure 19.Brown grease decarboxylation over 5% Pd/C catalty300°C and 1.5 MPa in the
semi-batch reaction mode for 7 hours. Reaction itiond: BG=7 wt.% in dodecane,
solvent/catalyst=65/1 (wt./wt.), heating ratéShmnin, 60 ml/min gas flow, 10 vol.%2H 90
vol.% Ar. (d) Other C1Yield from solvent.

Due to the high unsaturation level of the BG, ttirfation of heavier products (> C25)
was observed within the first hour (Figure 18). fEheras a sharp decrease in C25+ selectivity
between 1 - 2 hours which may be attributed tof#tee that most unsaturated FFAs become
saturated. However, the later increase in C25+ctelly between 2-3 hours is likely due to
some olimers transforming into heavier productsother possible explanation for the presence
of heavy compounds can be attributed to the foonatf fatty acid (possibly stearic acid)
dimers. Usually oleic acid is catalyzed in the pre® of a clay catalyst or an acid catalyst at
more than 236C to form oleic acid dimers via a Diels-Alder megtsan *'2  Pd/C catalyst is
well known for hydrogenation of oleic acid dimerstearic acid dimef®. Also the observation

of a light yellow color in the heavy compound conitag products may be indicative of the
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formation of stearic acid dimers. Formation of sutimer molecules was also observed by
Simakova et al. during deoxygenation of C18 FFAsrawesoporous Pd/C catalytHowever,

a more detailed investigation of dimer formatioonfr pure FFAs in the presence of Pd/C
catalyst is needed in order to have a better utateimg of the BG conversion process.

After 7 hours of reaction, the product also cordamhexadecane (n-C16) and n-
octadecane (n-C18) with selectivities of 1.3% an@¥® respectively. One possible reaction
pathway for formation of n-C16 and n-C18 hydrocaivdrom C16:0 and C18:0 FFAs is
hydrodeoxygenation (Figure 20). Although water was captured in the liquid product, it was
detected in the reactor effluent with gaseous prtsdcoming through the relief valve which was
used to maintain the set pressure by continuowdéasing the gaseous products, inert gas and
unreacted Kl Also, some of the water produced by HDO may pgdite in the water-gas shift
reaction. In the beginning of the reaction, the lowtial H, partial pressure (0.09 MPa) resulted
in higher selectivity towards decarboxylation réactpathway over HDO. On the other hand,
after 7 hours of reaction, most FFAs have been exted resulted in excess hydrogen to FFA,
which favors the HDO reaction.

Apart from the BG conversion, reaction of the d@shexsolvent was also observed. Yield
of other C12 hydrocarbons is shown as a functiotinoé in Figure 1-d. Within the first hour of
reaction, dehydrogenation of solvent to other CM2rbcarbons is increasing. However,
continuous H supply in the semi-batch reaction saturates tleesgponents back to dodecane.
Possible reaction pathways and products from sole@mversion are shown in Reactions IlI-VI

and a detailed discussion is provided in Secti@ril3.
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Figure 20. Liquid phase reactions of brown grease conversiodigsel fuel at 306C and 1.5

MPa

2.5.2 Effect of Solvent Dilution

The effect of solvent dilution on the reaction wasestigated in both a semi-batch
reactor under continuous flow ratio of 1/1 (volllydd,/Ar and a batch reactor. Liquid product
selectivities and FFA conversions after 6 hourseattion are given in Figure 21. It is clear that
solvent dilution does not show any significant icipan FFA conversion. Regardless of BG
concentration in the solvent, semi-batch operatan yield over 95% BG conversion while
batch can only yield 40% conversion under simigaction conditions. This can be attributed to
a continuous fresh Hsupply and removal of gaseous products in senahbaiode. The highest
green diesel hydrocarbon (n-C13 — n-C18) selegtwias obtained with 7 wt.% BG in semi-

batch mode; and increasing BG concentration fromt.% to either 25 wt.% or 50 wt.% in semi-
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batch mode resulted in a decrease in green digdebdarbons selectivity and in an increase in
C25+ selectivity. This is because the higher BGceatration means higher unsaturated FFAs
concentration. As discussed in Section 3.1, morsatumated FFAs will yield more C25+
molecules.

The most significant effect of increasing BG corication in the batch reactor was a
decrease in n-C13 — n-C18 range paraffin selegtand increase in the C13 — C18 range olefin.
In contrast to semi-batch mode, the lack efddparently causes an increase in C13-C18 olefins
selectivity. This suggests that the main reactiahway for unsaturated HC formation is
decarbonylation (Reaction 1) for a;Hich environment while dehydrogenation (Reactipn |
plays a significant role in a lowsHtoncentration containing system.

The selectivities of the liquid phase reactiongy(iFé 22) were calculated based on the
liquid products; for instance odd carbon numbertammg n-paraffins were products of
decarboxylation while even carbon number containimgparaffins resulted from
hydrodeoxygenation. Although long-chain paraffins known to be highly prone to crackifiy
cracking selectivity was very low under our expemtal conditions (Figure 22). On the other
hand, for batch reaction, there was a high olefgpécially unsaturated C17) selectivity which
was attributed to the decarboxylation of unsatar&EAs°®® or to the decarbonylation of FFAs
% Our gas phase GC-FID analysis (CO and, @éneration) indicates both decarbonylation as
well as decarboxylation are taking place underghresaction conditions. Moreover, palladium is
known to have a high catalytic activity for dehygeoation as well as hydrogenation reactions.
In order to obtain 10% conversion of n-paraffin (3Cvia dehydrogenation, operation at mild
reaction conditions (below 35T and 1 atm) is needed over a noble metal cat&ly&taraffin

dehydrogenation is an endothermic reaction witheat tof reaction of about 125 kJ/m@l
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Therefore, it is likely that olefins are produced \both dehydrogenation (Reaction ) of
paraffins and decarbonylation (Reaction 1l) of BEAS (Figure 17). Whether produced via
dehydrogenation or decarbonylation, the n-monoawdeftan be further hydrogenated in the
presence of K

. Dehydrogenation: {Hane <=— GHaritHz AH=125 kJ/mol}°

IIl. Decarbonylation: GH:0, —» GiHonatH0+CO  AH=179.1 kJ/moff®

Decarboxylation of BG is the primary reaction wélselectivity of 87% for a 7 wt.% BG
- 93 wt.% solvent system under 50 vol.%-H50 vol.% Ar flow in semi-batch mode (Figure 3-
b). When brown grease concentration was increasetgctivity to decarboxylation and
decarbonylation/dehydrogenation decreased significa while HDO and oligomerization
increased (Figure 3-b). Therefore, with a dilikiBon of BG, side reactions are minimized and
primary n-pentadecane (n-C15) and n-heptadecai@l {)-products increase. Similar solvent
dilution effects are also observed in various hgermtion processé

Under the same reaction conditions the solvent clnte (n-G;) undergoes a chemical
transformation to other forms of;£hydrocarbons such as olefins, dienes, aromatidsoefin
cracking as followg®:

lll. Olefin formation: GaHoe <«<—— CoHy +H

IV. Diene formation: GHy,y  — CpHy + H;

V. Aromatic formation: @H,, <«—2 CioHis +2H

VI. Olefin cracking: GaHz4 + 2H, +«—— < G hydrocarbons

Also, in a blank solvent (dodecane) experiment uride similar reaction conditions,
Immer et al. observed Hjeneration which confirmed the dehydrogenatiodafecané®. The

other G yield decreased from 46% (batch, 7% BG) to 30%m{dmatch, 7% BG); while
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increasing BG concentration from 7% to 50% in seatch mode resulted in a total elimination
of other G, hydrocarbon formation (Figure 23). Thus, theddncentration has a small effect on

the other @, hydrocarbon yields, while the solvent dilution laastrong effect.

Figure 21.The effect of solvent dilution on Liquid produeiectivities and FFAs conversions.
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Figure 23.The effect of solvent dilution on yield to other,@ydrocarbons from solvent, under
following reaction conditions: 5%Pd/C catalyst, B@atalyst=5/1(wt./wt.), heating raté@min,
300°C, 1.5 MPa, 6 hour; For batch mode: initiagYBiG= 0.4/1 (mol/mol); For semi-batch mode:

48 ml/min gas flow of 1/1 (vol./vol.) & Ar.
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3.1.2 Effect of Degree of Unsaturation of Brown Grase Free Fatty Acids

In an effort to investigate the effect of the deg@ unsaturation of BG FFAs on
decarboxylation, pure stearic (C18:0), oleic (C)&uhd linoleic (C18:2) acids as well as a
mixture of these components were used in separatieh lreactions as representative FFA
compounds of BG. The results are shown in Tablet@aric acid batch decarboxylation yielded
94.8% conversion to mainly n-heptadecane (S= 93.B24) hour at 300°C, and a 100%
conversion was achieved within 2 hours. This suggtsat, under the same conditions, pre-
hydrotreated BG which consists of mainly stearid atould be completely converted to mainly
n-C;7 within 2 hours. In contrast, pre-hydrotreated Bsdwersion was only 52% and n-paraffin
selectivity decreased to 59.8% after 6 hours (Td@pldhis can possibly be attributed to catalyst
poisoning by BG impurities. In oleic acid decariation, FFA conversion was 99.4% after 6
hours of reaction in the presence of 1/9 (vol.)vbal/Ar gas (Table 7). Similar to the BG results
(section 3.1.1), increasing the/Ar ratio to 1/1 (vol./vol.) leads to an increase n-paraffin
selectivity (99.6%) with no observable unsaturdtgdrocarbons and C25+ products. When only
linoleic acid was used in a batch reaction, thevewion slightly decreases to 90. However,
there was a bigger impact on product distributiime selectivity of n-paraffins and olefins in the
diesel range changed from 95.4% and 3.3% to 6816%28.3% respectively, when reactant was
switched from a saturated FFA (stearic acid) touasaturated FFA (linoleic acid). When a
mixture of stearic, oleic and linoleic acids waaated, the conversion of FFAs and the product
selectivities were in good agreement with the wiidhaverage of the individual component
results. Pre-hydrotreating the FFA mixture improtkd conversion and n-paraffin selectivity
slightly, but neither FFA conversion nor produclestvities were the same as that of stearic

acid.
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A separate experiment of BG partial hydrogenati@as wonducted to determine how long
it takes to obtain saturated FFA intermediates a1cl16:0 and C18:0 from BG. As observed
in the GC-FID results (data not shown), within 2ifsall of the unsaturated FFA compounds of
BG are saturated at 10 and 1.5 MPa in a solvent free system and undiéoveng 1/1
(vol./vol.) ratio of H/Ar gases. The GC-FID analysis confirmed formatdrpalmitic acid and
stearic acids along with n-pentadecane (2.9% yiatd) n-heptadecane (46% vyield), indicating
the partial hydrogenation of BG along with decandation reaction at a lower temperature (100
°C). Although it is reported elsewhere that pure FEAmpounds do not show any
decarboxylation activity at 108C, here we observe a different phenomenon in aesblfree
reaction atmosphere comparing with approximately®96 solvent usé®. Another important
finding in this investigation is the formation oéfptadecenes (7.3% yield). It is believed that this
dehydrogenation/decarbonylation step must occurtdube solvent free atmosphere where the
products were not removed quickly from the catabwtface; therefore n-C17 product further
reacted to form heptadecene isomers. Kubickov els®p observed formation of such isomers
during decarboxylation of stearic acid with Pd/Gabgst at 30°C and 1.7 MP&®, conditions
much higher than reported here.

Assuming the mixture of FFAs given in Table 7 reyeres BG, we compare reactions of
FFA mixture and BG. The conversion of BG is sigrafitly lower than that of the FFA mixture.
However, after pre-hydrogenation, the BG conversoproves by 27% while conversion of the
FFA mixture improves by 5%. Moreover, pre-hydrogema helps to increase selectivity of
diesel range n-paraffins and to decrease diesgkrafefins for the FFA mixture. On the other
hand, pre-hydrogenation of BG has an adverse effethe product selectivities. The selectivity

to olefins in the diesel range is about 80% higredt the selectivity to n-paraffins in the diesel



range is 35% lower for pre-hydrogenated BG conwer#ihan that of the pre-hydrogenated FFA

mixture. These results suggest that the decarbtcuglaeaction sites of the Pd/C catalyst might
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be partially poisoned by impurities in BG.

Table 7.Conversion and liquid product selectivities of Ibatlecarboxylation of brown grease

and pure FFAs with different unsaturation levelsa&ion conditions: 6 wt. % reactant in

dodecane, solvent/catalyst=66/1 (wt./wt.), init/Ar ratio of 1/9 (vol./vol.), 6 hr batch

reaction at 300 oC and 1.5 MPa over 5 % Pd/C csttaly

FFA CeC11 nCi3-nCig | Unsaturated Cos+
Reactant Conversion | Selectivity paraﬁfin C13-C-15-; Selectivity
(%) (%) Selectivity Selectivity (%)
(%) (%)
®Stearic Acid (C18:0) 94.8 0 95.4 3.3 1.3
Oleic Acid (C18:1) 99.4 0 94.3 4.4 1.3
POleic Acid (C18:1) 95.5 0.4 99.6 0 0
Linoleic Acid (C18:2) 90.0 0 68.6 28.3 3.2
Mixture of:
Stearic Acid (10wt.%)
Oleic Acid (65wt.%) 93.5 0 87.4 12.6 0
Linoleic Acid (25wt.%)
Pre-hydrotreated
Mixture of:
Stearic Acid (10wt.%) 98.4 0 91.4 8.6 0
Oleic Acid (65wt.%)
Linoleic Acid (25wt.%)
Brown Grease (BG) 37.9 0 63.6 23.4 13.0
Pre-hydrotreated BG 52.0 0 59.8 40.2 0

& 1 hour

> Initial H, /Ar ratio= 1/1 (vol./vol.)
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2.5.3 Effect of Pre-treating Brown Grease with H

The effect of pre-treatment of brown grease withoH the decarboxylation activity was
investigated at 308C and 1.5 MPa in a batch mode reaction. Figuresadeab show the effect
of Hp-treatment of BG on FFA conversion and product celities. Although, pre-
hydrogenation of BG improves the FFA conversioerat hours, it retards the decarboxylation
activity by the 2% hour of the reaction. This observation can bebatied to the production of a
more stable form of FFAs (saturated FFAs of C16 @h8) after pre-treating brown grease with
H,. At zero time of the reaction, mainly mono-unsated FFAs are present for non-pretreated
BG while only saturated FFAs exist for pretreate@. E5ince saturated compounds are more
stable than unsaturated compounds, pretreated BWssla lower conversion trend at the
beginning of the reaction. It should be noted thatnon-pretreated BG batch reaction results are
different than the semi-batch study discussed icti®@e 3.1 where a continuous, Hlow was
operated. In terms of product selectivities, theanaffin (n-C13 — n-C18) selectivity is almost
the same with and without ;Hpretreatment of BG at 6 hours (Figure 24 and [Egb).
However, the pre-hydrogenation step helps to deerbagher compound (C25+) selectivity and
to increase unsaturated C13-C18 selectivity. GCarl& GC-FID results confirm the formation
of C9:0 and C15:0 FFAs for non-pretreated BG armdftitmation of C11:0, C13:0 and C15:0
FFAs and C6-C11 HCs forHpretreated BG at 2 hours. Formation of C9:0 at8:C for non-
pretreated BG can be explained by the cleavagewubld bonds located at cis-9 for oleic and cis,
cis, cis - 9, 12, 15 for linolenic acids. Since Cb@nhds are saturated in+pretreated BG, such
cleavage is not observed; instead, other FFAs foancleavage of C-C bonds. This suggests that
H,- pretreatment avoids C=C bond cleavage, but n@ Cleavage. Overall, although the

conversion improvement appears to be somewhat ralptime HB-pretreatment of BG improves
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the diesel selectivity (a combined selectivity afisated and unsaturated hydrocarbons in diesel
range increases to 100%) and formation of heavydogtbons are eliminated 453 decreased

from 23.4% to 0%).
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Figure 24.The effect of pre-hydrotreating BG on (a) FFAs censions
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Figure 25.The effect of pre-hydrotreating BG on liquid protselectivities. Reaction
conditions: 5% Pd/C catalyst, BG concentrationalvent=6 wt.%,

catalyst/solvent=66/1(wt./wt.), 30C, 1.5 MPa, 10 vol.%90 vol.%Ar, 6 hours batch reaction.

2.5.4 Effect of H/BG Ratio

In order to further investigate the limiting effdat decarboxylation activity, Hpartial
pressure was increased 4 times (initialB& ratio: 0.3/1 mol/mol) so that a stoichiometig
amount was supplied to saturate C=C bonds in teaturated FFA compounds of brown grease
in the batch reactor. In this case, series reagtidrpartial hydrogenation of C=C double bonds

and decarboxylation reactions were expected ineastage reaction.
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The stoichiometric lamount was calculated based on the fact that 1Hn@ required
per mol of C=C. Therefore, one, two and three syaleH are required per mole of oleic,
linoleic and linolenic acids, respectively. Basedtbis calculation, an approximately 1/1 Figure
26 displays the FFA conversion and product selgigssas a function of ¥BG ratios (0.3/1,
1/1, 2/1 and 3/1) after 6 hours of reaction. Hawank/BG ratio of 1/1 mol/mol in the reaction
atmosphere improved the FFA conversion by 40% coedpaith the case where a 0.3/1 ratio of
H./BG was used. Increasing the Emount to 2/1 ratio of #BG further increased the FFA
conversion by 1.3-fold. Interestingly, further iease to 3/1 ratio of #BG does not have a
noticeable effect on conversion. Figure 26 alsonshthat using a stoichiometric,Famount
leads to a 75% reduction in olefinic hydrocarboodorct formation compared with using a 0.3/1
ratio of H/BG. Moreover, a high MBG ratio leads to a total elimination in olefinrfoation
when the H/BG ratio was increased from 0.3/1 to 3/1 (Olefehestivity decreases in the order:
0.3/1 > 1/1 = 2/1 > 3/1). There is a slight incee@s C-C cracking selectivity under excess H
conditions (from 2/1 to 3/1 ratio of #BG) while a significant increase is observed foe t
stoichiometric condition. An important observatiols that the pre-hydrotreated BG
decarboxylation (Figure 24) has the same FFA camerevel as that of the decarboxylation of
non-prehydrotreated BG under stoichiometricddnditions (Figure 26). However, based on the
product selectivities, the most significant diffece is the dominant reactions for these two
different conditions. While decarboxylation and adonylation reactions are the major
pathways for pre-hydrotreated BG conversion, dexagiiation and dimerization (high C25+
selectivity) are the major pathways for converssdmon-pretreated BG under a stoichiometric

H, amount.
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For the H/BG range in which the reactions were conductedefqartial pressures of,H
do not necessarily favor decarboxylation. As Figeireshows, HDO selectivity increases in the
presence of excess,Hwvhile excess Kl does not significantly affect the decarboxylation
selectivity. A similar effect of Bl on HDO selectivity is discussed in Section 3.2mien
demonstrated that increasing the phrtial pressure causes a shift in the reactidghwsy to
decarbonylation because of the inhibition effectafand CO on decarboxylation activity.
However, inhibition of the decarboxylation pathwaigh increasing H partial pressure was not
observed in this work. In contrast, decarbonyldtiehydrogenation selectivity significantly
decreased from 23.4% to 0% by increasingBi& ratio from 0.3/1 to 3/1 (selectivity decreased
in the order of 0.3/1 > 1/1 = 2/1 > 3/1) (Figure.2Theoretically, H partial pressure should not
affect the decarbonylation and decarboxylationvéats because of the reaction stoichiometry.
However, the effect of fHHon the conversion of carboxylic acids on Pd sefaannot be
excluded in a lean Henvironment due to the dehydrogenation of parsffinOn the other hand,
in a rich B environment, it is likely that olefins producedawvilecarbonylation of FFAs are
further hydrogenated to n-paraffins. These n-peraffan also be perceived as decarboxylation
products. Maief! inferred that the use of.Hs necessary to detach the product hydrocarbons
from the Pd surfac®ur study indicates a low#BG ratio gives the best green diesel selectivity
(a combined selectivity of saturated and unsatdr&&3-C18 hydrocarbons). However, the

conversion is 58% lower than under the excessdrdition.
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Figure 26.The effect of H/BG ratio on liquid product selectivities and FFé&mversions
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Figure 27.The effect of H/BG ratio on (b) Decarboxylation and hydrodeoxydema(HDO)
selectivities. Reaction conditions: BG=6 wt.% irddoane, solvent/catalyst=66/1 (wt./wt.), 6 hr

batch reaction at 30T and 1.5 MPa over 5% Pd/C catalyst.

2.6. Conclusion

The commercial 5% Pd/C catalyst is highly activetfee decarboxylation of pure FFAs.
Lower activity for BG conversion can be attributesl the unidentified impurities. Solvent
dilution as high as 90% is necessary to suppreks relactions and increase diesel yield. Pre-
hydrotreated BG results in a 37% increase of camwerwith 100% green diesel selectivity.

Therefore, such a two-step processing with seledtixdrogenation prior to the decarboxylation
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of BG improves the product selectivity. The decasfiation process is a promising alternative to
the high temperature and high pressure hydrodeomaggen of waste oil conversion to diesel

fuel.
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CHAPTER 3

A Highly Active Nanocomposite Silica-Carbon Supporéd Palladium Catalyst for
Decarboxylation of Free Fatty Acids for Green DiedeProduction: Correlation of Activity
and Catalyst Properties

A class of Pd catalyst supported on a silica-atétvaarbon nanocomposite for free fatty
acid (FFA) decarboxylation was developed, and digad excellent activity and operation
stability selectively for the green diesel hydrdiars formation in the absence of thder mild
reaction conditions. Six catalysts containing 5 WwR# were prepared by systematically varying
the silica content in the support. In addition e effect of particle size, the impact of catalyst
preparation method on the activity and selectiwgs elucidated. A 5 wt% Pd/Si-C-4 catalyst
maintained stable activity for 16 days under reactconditions of 1.5 MPa and 300 °C.
Characterization of the catalyst revealed that hifghly active Pd/Si-C-4 catalyst has easily

accessible and well-distributed metallic Pd nantiglas inside the hybrid mesopores.
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3.1. Introduction

Environmental awareness and projected increasélseirworld’s energy demand have
been the motivation for seeking environmentallgridly, renewable alternative fuels. A large
amount of waste cooking oil and grease is produicgbe U.S. that can be exploited for liquid
biofuel generation. In particular, brown greasejollcontains mainly free fatty acids (FFAS),
can be a potential inexpensive source for a proesétain straight chain hydrocarbons in the

diesel fuel boiling range (green diesel) via catalgecarboxylation.

Recently, there has been considerable attentioth@levelopment of suitable catalysts
for decarboxylation of free fatty acids (FF)°"®*®> Most early studies focused on Pd-based
catalysts, which exhibit high activity and seleityivfor the formation of straight chain
hydrocarbons with one carbon number less than dhece FFA® However, these supported
palladium catalysts readily deactivate even ingresence of K Although a 3 wt% Pd-SBA-15
catalyst was active at 300 °C under 17 bar of Sovbb in argon for stearic acid decarboxylation
for 5 hours, deactivation was reported due to tdmenétion of unsaturated heptadecene product
®7 A 1 wit% Pd supported on a synthetic mesopororieacatalyst showed 23% decrease in the
BET specific surface area after decarboxylatiopalmitic and stearic acids mixture at 300 °C
and 17.5 bar HWAr . In all cases, the extensive catalyst deactivatias attributed to catalyst
coking. Snare et al. related the catalyst deaatind@d the amount of unsaturated products which
further led to catalyst coking specifically for Ruand Rh/C catalysts after 6 h of stearic acid
decarboxylation® On the other hand, the Pd/C catalyst deactivatias attributed to the
reaction atmosphere and degree of unsaturatiomefFEA by some researchéfs®® and to
catalyst supports by othefé. Recently, the Jones group showed that the dedictiv of a

mesoporous silica supported palladium catalyst weduduring FFA decarboxylation due to the
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loss in total surface area, porosity and accespiilladium surface aré4 Unlike the previously
reported literature claim of coke formation, it waaimed that strongly adsorbed reactants and

products cause the deactivation.

An ordered mesoporous silica-carbon catalyst suppas synthesized as a novel hybrid

I°. This nanocomposite support has gained increategtion for catalysis applications

materia
in recent years due to several unique features asidtigh dispersion of palladium nanoparticles
(about 3 nm), high surface area, large and tunpbte structure and excellent stabili§™*

These silica-carbon nanocomposites were producedhenbasis of a triblock copolymer

templating approach which is a time consuming gatareparation technique.

The nature of the surface functional groups on db#@vated carbon support when
modified by oxidative treatments was found to beyvienportant for the catalytic activity of
precious metals such as palladidft™ After introducing such oxygen groups, the surface
behavior of carbon changes; therefore their catajytoperties diffe’®. The components of
activated carbon are disorganized polyaromatictsh&gh reactive corner atoms and adsorbent
surface atoms. The precursor that is selectedhier study, TEOS, is expected to form the
templates that contain -OH groups and bridged @satim a Si-O-Si structure on the amorphous
silica walls, and these groups play a very impdrtate for the incorporation of silica into

activated carbon.

In the present work, a new, well-defined and higbRicient Pd/Si-C catalyst was
developed for the decarboxylation of FFA. This neanostructured hybrid catalyst has a well-
defined mesoporous structure which allows a bettederstanding of structure—activity

characteristics that are crucial in elucidating BfeA decarboxylation mechanism, unlike an
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activated carbon supported palladium catalyst. déearboxylation reaction of oleic acid was
investigated over these catalysts with the aim midpcing green diesel in the absence of
additional B under mild reaction conditions, elucidating thdeefs of the nature of the

functional groups on the activity and developingrecedure to maintain high catalytic activity.

3.2. Experimental
3.2.1 Materials

The following chemicals were used in this invedima a commercial activated carbon
(Charcoal Norit, Sigma-Aldrich), tetraethyl orthigsate (TEOS, 99.999%, Sigma—Aldrich),
palladium(ll) chloride (PdG|>99.9%, Sigma—Aldrich), oleic acid (technical gr&f¥6, Sigma-
Aldrich, St. Louis, MO), dodecane (anhydroe89%, Sigma-Aldrich), carbon disulfide (HPLC
grade>99.9%, Sigma-Aldrich), methyl arachidate (>99%, Glaek Prep Inc., Elysian, MN),
Ultra high purity grade argon (Ar), hydrogen JHand nitrogen (B) were purchased from

Cryogenic Gases (Detroit, Ml).

3.2.2. Catalyst preparation

Activated carbon (AC) was immersed in liquid TEOBhwarying mass ratios of TEOS
to AC. The mixture was stirred vigorously for 2 n@at 120°C. Then, it was dried at 10& for
18 hours. Prepared supports were designated a£&i-where x represents the mass ratio of
TEOS to AC. During the preparation of Si-AC-0.5 &idAC-1, ethanol was added to provide
necessary wetness of AC. For comparison, only aetd/ carbon and only silica supported
catalysts were also prepared. A support contaiomiyg silica was prepared by calcination of the
Si-AC-3 support at 558C for 5 hours in air to remove activated carbororaer to obtain 5 wt%

Pd on the support, 1.1 wt% PdGolution was mixed with the support (Pd8upport=0.088
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wt/wt) at room temperature for 24 hours. After eaalalyst was dried at 16C for 5 hours, the

reduction was carried out under a flow of 10 vol%98 vol% N, at 200°C for 3 hours.
3.3. Material characterization

Powder X-ray diffraction (XRD) patterns were obti on a Rigaku MiniFlex 600 at a
scan rate of 3°/min (40 kV, 15 mA). The Scherreuampn and Bragg's law were used to

calculate the mean metal particle size and thiedgtarameter, respectively.

A Brunauer-Emmett-Teller (BET) analysis was carmed using a Micromeritics TriStar
11 3020 (V1.03) surface area analyzer. The sampkre degassed in vacuum (P) at 20(for 6
hours prior to analysis. The adsorption/desorptsmtherms were acquired at 87.30 K in the
relative pressure range of 0.01 to 0.99. The Badmtner-Halenda (BJH) model was used to
derive the pore volumes, average pore diametergparedsize distributions from the desorption
branches of the isotherms. A t-Plot was used toutate the micropore surface areas and

micropore volumes.

Catalyst acidity was determined with a Brinkmanniifdiem 809 Titrando (Westbury,
NY) potentiometric titrator. An acid—base techniduevas performed to determine the total acid
number of surface groups reacted in the catalystysf 0.1 g catalyst and 75 mL titration
solvent including a mixture of water, propan-2-ntaoluene. A solution containing 0.1 N KOH
was used as titrant. The amount of titrant consutnedach a potentiometric end point (EP) was

used to calculate the amount of acidic groups.

Transmission electron microscopy (TEM) was condiictsing a JEM-2010 microscope
operating at 200 kV. The catalysts that were sudpenn ethanol were placed on a carbon

coated copper grid.
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Fourier transform infrared (FTIR) spectra of powdatalysts were collected on a Spectra
400 spectrometer (Perkin-Elmer, Shelton, CT). Fsmans were used to establish an acceptable

signal to noise level for each spectrum.
3.4. Decarboxylation procedure

3.4.1 Batch Reactions

The liquid-phase decarboxylation of oleic acid vimgestigated in a 100 mL Hanwoul
(Geumjeong-dong, South Korea) stirred batch rea@as flow rates were controlled by Brooks
(Warren, MI) metal sealed mass flow controllersalhexperiments, the catalyst was soaked in
dodecane (solvent) prior to the reduction of thialgat under Hflow of 60 mL/ min®. During
the reduction step the agitation speed was keph@t: 2 rpm, and the pressure was 0.5 MPa. As
soon as the desired pressure was reached, the regorpewas increased to 206G with a
temperature ramp of 1C/min and kept under flowing4for 1 hour at 200C. After cooling the
reactor under Hflow, excess Hwas purged with inert gas and oleic acid was iiéal the vessel

through a one way valve.

For the activity test of each catalyst, 0.45 glgata2.0 g oleic acid and 30.0 g solvent
were used. Throughout the reaction, the agitatpeed was kept at 1000 + 4 rpm. Ar gas was
added into the vessel in order to obtain 1.5 MPal fwessure at 3. After the reaction, the

reactor was quenched in an ice bath and the fopaild product was analyzed.
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3.4.2 Flow Reactor

The continuous decarboxylation of brown grease egadged out in a fixed bed tubular
reactor (40 mL BTRS-Jr, Autoclave Engineers, PAyoTgrams of catalyst was placed between
glass wool layers. The catalyst was first reduce08 °C and 0.5 MPa under Hlow. After
reduction, the reactor was pressurized to 1.5 MR®IUAr gas and heated to 3. Oleic acid
(0.2 M in dodecane) was continuously fed throughdhtalyst bed at a volumetric flow of 0.04

mL/min.
3.5 Analysis Method

Liquid samples products were dissolved in carbaulfide and were analyzed using a
Perkin Elmer Clarus 500 gas chromatograph (GC)pgeal with flame ionization detector (FID)
and an Rtx-65 TG column (length: 30 m, internahtter: 0.25 mm, phase film thickness: 0.10
um). The GC oven temperature was programmed asw®ll@ min hold at 8GC, 10°C/min
ramp to 300°C, 10 min hold at 306C. The detector temperature was maintained at°800
Samples (uL) were injected into the column with a 50:1 spétio, and concentrations were
determined relative to a methyl arachidate intestahdard. In order to identify some of the
products, a GC-MS (Clarus 500 GC-MS, Perkin-Elmgth a capillary wax Rtx-WAX column

(length: 60 m, diameter: 0.25 mm, thickness ofiatatry phase 0.2bm) was also used.

3.6. Results and discussion
3.6.1 Change in the catalyst structure and the nate of surface groups

The XRD patterns of the fresh palladium catalygsigported on activated carbon, silica
and Si-C with four different silica to carbon raiare shown in Figure 28. For all catalysts

except Pd/Si, a broad peak & @ 23.9° and an overlapped broad peak at abo@® 39ere
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observed, which correspond to the (002) and (1L@@pdtions of amorphous carbon for Pd/C,
respectively’®. The d spacing of the (002) plane is 0.37 nm fCRwhich is greater than that of
graphitic carbon (0.343 nm), indicating that thisatyst does not contain graphitic carBSarFor

the Pd/Si catalyst, the broad peak at 22.0° coored® to amorphous silic¥. The (002)
amorphous carbon diffraction shifted from 23.9°2&0° as the Si amount increased. Several
well-resolved peaks at2of 40°, 47°, 68° and 82° that are assigned to 1id) (200), (220),
and (311) reflections of the face-centered culic)(Pd lattice are observed in the XRD pattern
of samples. Only in the Pd/Si-C-0.5 catalyst, Pdj3dliffraction was not observed. The
palladium particle size calculated from the Schefisemulafor each catalystis 6.7, 5.5, 5.9, 6.3,
6.2 and 4.1 nm for Si, Si-C-4, Si-C-2, Si-C-1, SBG and C supported Pd catalysts,
respectively. The larger metal particle sizes fog silica modified samples compared to the
activated carbon supported catalyst may be atgtd the nature of the surface groups on the
support. It is believed that small metal particeggylomerate to larger particles because they
become mobile on the surface when the surface grthgrmally decompose during the metal

reduction®®.
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Figure 28.Wide-angle XRD patterns of fresh palladium cataysipported on: silica (a),
SiC(4:1) (b), SiC(2:1) (c), SiC(1:1) (d), SIC(0.b(®), activated carbon (f).

The TEM images of the fresh palladium catalystgsuied on silica, Si-C-4, Si-C-2, Si-
C-1, Si-C-0.5 and activated carbon are given iufle@9 (a) — (f). The TEM image of the Pd/Si
catalyst (Figure 29(a)) displays a large distribnitiof sintered Pd particles with an average
particle size of 5.3 nm. The larger particle siz€d/Si catalyst may be due to the lower surface
area of Si support and suggests that Pd partiches mot stabilized by the oxide suppft The

inset of the

The TEM images of the fresh palladium catalystgsuied on silica, Si-C-4, Si-C-2, Si-
C-1, Si-C-0.5 and activated carbon are given iufe@9 (a) — (f). The TEM image of the Pd/Si
catalyst ( (a) shows the large silica particlesveibout 100 nm. Pd/Si-C-4 has fairly narrow Pd

particle size distribution with average particleesiof 3.0 nm (Figure 29(b)). The Pd metal
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appears to be clustered together rather than Ispherical in Si-C-1 and Si-C-0.5 (Figure 29(d)

and (e)). TEM image of Pd/C (

The TEM images of the fresh palladium catalystgsuied on silica, Si-C-4, Si-C-2, Si-
C-1, Si-C-0.5 and activated carbon are given iufe@9 (a) — (f). The TEM image of the Pd/Si
catalyst ( (f)) shows very fine Pd particles. Aletparticle sizes observed by TEM images were
slightly smaller than those are evidenced by XR[Rvéitheless, both TEM and XRD data

confirmed the existence of sintered Pd particleshe Si, Si-C-1 and Si-C-0.5 supported

catalysts.

Figure 29.Fresh palladium catalysts supported on: silicaga};-4 (b), Si-C-2 (c), Si-C-1 (d),

Si-C-0.5 (e), activated carbon (f). Insets areithe@ges with 100 nm scale bar.
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An Hs-type hysteresis loop is also evident, which igofassociated with the presence of
mesopores with narrow slit-like poré¥. With increasing carbon content of the supportreno
obvious hysteresis loops are observed (Figure 30(¢€dl and (f)). The capillary condensation
step shifts to a lower relative pressure in a ravfge/R, =0.44-0.92 for the Pd/Si catalyst, which
is related to the pore size reduction to 3.6 nms T likely due to shrinkage of the support’s
framework during the calcination at 550 °C. Thécailmesostructure may possibly have been
destroyed during the carbon combustion from th€-S8isupport. Pore size distribution curves of
Si-C supported catalysts with different Si contéhtgure 31) shows a narrow pore size

distribution. The Pd/Si shows bimodal-pores cemtate2.6 nm and 3.8 nm.
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Figure 30.N; sorption isotherms of palladium supported oncailia), Si-C(4:1) (b), Si-C(2:1)

(c), SI-C(1:1) (d), Si-C(0.5:1) (e), activated camk(f).
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Figure 31.Pore size distribution curves of palladium suppmbude: silica (a), Si-C(4:1) (b), Si-
C(2:1) (c), Si-C(1:1) (d), Si-C(0.5:1) (e), actigdtcarbon (f).

The activated carbon support has a high surfaceard a well-developed porosity, with
most of the surface area in the micropores. Inntloelified material, the sol-gel preparation of
Pd/Si-C-1 and Pd/Si-C-0.5 (in the presence of ethaled to a significant decrease in the
micropore volume as well as surface area (Tabl@ &y can be attributed to pore blockage by
the silica particles. On the other hand, the sitiosatent did not contribute to a significant change
in the micropore volume of catalysts Pd/Si-C-4 &ddSi-C-2. As silica content increases in the
support, the BET surface areas and total pore vedudecrease gradually. Yet the average pore
diameters do not follow the same trend. For Si-&h@ Si-C-4 supported catalysts, the pore sizes
remain nearly constant at about 5.3 nm, whichasstime as that of Pd/C, after Si addition to C.

However, pore sizes greatly decreased in Pd/SBCadd Pd/Si-C-1, which may be due to
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blockage of larger pores. This pore blockage magueeto hydrolysis of TEOS in the presence
of ethanol-water mixture followed by a condensatibat takes place between a silanol and
ethoxy group’®® Bridging oxygen or silaxane group (Si-O-Si) formas a result of these
reactions where ethanol was used as a solvent gduhe catalyst preparation. Another
explanation for the extensive reduction in poreuves of Pd/Si-C-1 and Pd/Si-C-0.5 can be due
to the silica products covering the micropores divated carbon. This is possible with the
addition of ethanol which causes dissolution of B=@nd subsequent absorption by the
micropores of activated carbon during the prepamatof Si-C-1 and Si-C-0.5. Capillary
condensation may also contribute to this proces$schwcauses the TEOS to more rapidly go
deeper inside the pores. This is in contrast talgsts Pd/Si-C-4 and Pd/Si-C-2 where ethanol
was not used and the silica precursor did notifdlmicropores. In the absence of ethanol, TEOS
is immiscible with water, and the hydrolysis of T&Q@loes not occur. In this case, thermal
decomposition of TEOS to form amorphous SiI© expected with activation energy of -26
kJ/mol while acetaldehyde, formaldehyde, carbonxid®, water and carbon monoxide formed
as decomposition product¥. TEOS can be completely adsorbed on activatecboatiut not its
decomposition product8*. The possibility of a complete hydrolysis of Si(§{g)s to Si(OH) to
give silicic acid was also considered for Pd/Si-6-@nd Pd/Si-C-1. However, such OH groups

were not detected in FTIR analysis.
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Table 8.Physicochemical Properties

catayst | (5% | (g [(emitg) cmlg) fema] oy
Pd/Si 540 - 0.444 - - 3.6
Pd/Si-C-4 603 381 0.430 0.206 | 0.224 5.3
Pd/Si-C-2 637 383 0.466 0.211 | 0.255 5.4
Pd/Si-C-1 717 308 0.544 0.175 | 0.369 4.5
Pd/Si-C-0.5 882 335 0.730 0.187 | 0.543 4.7
Pd/C 1002 363 0.940 0.206 | 0.735 5.3

Sger: BET surface area (t-Plot)

Sm: Micropore surface area (t-Plot)

V. : Total pore volume of pores at P/Po = 0.985

Vm : Micropore Volume (t-Plot)

AV : The difference between total and micro poreuaus (mesopore volume)
Dgjy : Pore diameter (BJH desorption average pore eteni4V/A))

Another characteristics of an activated carbonhis surface oxygen groups which
determine the hydrophilic/hydrophobic propertiecafbon support and make the surface acidic,

basic or neutraf®®

. These surface groups play a very important roléhe dispersion of the
active phase, and thus in catalytic actiVfty The nature of the surface groups was identified b
FTIR (Figure 32). None of the samples showed th&029800 crit OH absorption stretching
band which is associated with hydroxyl groups. Hesvethe development of the 960 ¢nSi—
OH stretching band was observed in Pd/Si-C-4 ari8iFg+2. The formation of the silica-carbon

nanocomposites may be followed by the appearanesyfhmetric stretching vibrations of Si—
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O-Si bonds, while incomplete condensation may bealed by the presence of Si—-OH groups
197 The dominant peak, located at 1056*dm Pd/Si, is due to the Si-O-Si stretching absorpt
198 “Although the frequency of the Si-O-Si stretchband increased in Si-C supported catalysts
up to 1085 cr, it did not change with the Si content of the bata However, the intensity of
the peak at 1056 — 1085 @nincreased significantly with increased Si cont&htA broad band
between 1300 and 950 &nin the Pd/C spectra has a maximum at 1188 (8-O stretching in
acids, alcohols, phenols, ethers and est8sind a shoulder at 991 &mAbsorption in this
region is usually found in oxidized carbor® Solum et al**! reported the appearance of a band
at 1203 crit due to the formation of phosphoric acid esterse Buthe overlap of absorption
bands from Si-O in this region, an unambiguousgassent is difficult. For Pd/Si-C-0.5, C-O
stretching vibration (1215 ch) is higher than that for Pd/C (1180 ¢mSuch higher absorption
frequency is observed in lactones which can be asethe condensation product of an alcohol
group -OH and a carboxylic acid group —CO®# This absorption is not seen for the Si, Si-C-4
and Si-C-2 supported catalysts. The spectra (eXoepghe Pd/Si) have a band between 1600—
1580 cnit due to C=C aromatic ring stretching vibrationsamted by polar functional groups.
While its intensity decreases with increasing Soant, a small shift in Pd/Si-C-4 and Pd/Si-C-2
indicates an enlargement of the aromatic ring sre¢™®. The intensity of aromatic bands is
lower for Pd/Si-C-0.5 and Pd/Si-C-1 catalysts tRaiC while these bands are not seen in Pd/Si-
C-2, Pd/Si-C-4 and Pd/Si. This may suggest thastgubon of C—H bonds in the aromatic
structure takes place and new C—R bonds form tidtter catalysts. For Pd/C, the absorptions
at 1702 crit (C=0 stretch) and 759 ¢his due to C-H out of plane bendify. The C=0

stretch frequency is lower than that of a norm&rewhich is ~1740 cih This change in the

C=0 stretch frequency can be due to an unsaturatfatent to the C-O- arto the C=0""" It
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can also explain the reason why its frequencygdri (1729 cm) for Pd/Si-C-0.5 that that of
Pd/C. The weak intensity of the C=0 stretching afitan (1702 ci) of Pd/Si-C-4 and Pd/Si-C-
2 suggests that these two catalysts contain a smadunt of carboxyl groups compared with
Pd/C, Pd/Si-C-0.5 and Pd/Si-C-1. The main obsayuas that both Pd/Si-C-0.5 and Pd/Si-C-1
have similar surface groups to the Pd/C. On therotiand, Si, Si-C-4 and Si-C-2 supported

catalysts do not contain these interactions.

f
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Figure 32.FTIR of fresh palladium catalysts supported oricai(a), SiC-4 (b), SiC-2 (c), SiC-1
(d), SiC-0.5 (e) and activated carbon (f).
The FTIR spectra of the activated carbon, Si-C-d sitica supports are shown in Figure

33. The activated carbon support has a broad betweebn 1000-1300 chwhich is assigned to
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CO bonds such as those exist in ethers, phendtis acd esters>* It has another broad band
between 1500 and 1750 ¢nthat can be assigned to carboxyl groups, quinokemnes,
lactones, diketone and keto-ester, and keto-Eridt? The weak absorptions between 700 and
950 cm', assigned to aromatic structures substituted wuithof-plane deformation mode of C—
H in variously substituted benzene rings by alifthgtoups**® appear in the spectra of the AC,
but they are absent in Si and Si-C-4 samples. TheaAd Si-C-4 supports have 2 bands at 1580
and about 1700 cthdue to the C=C stretching vibrations in aromaitiggs enhanced by polar
functional groups***4 However, these absorptions have lower intensityttie Si-C-4. The
presence of a band at about 1700'cmay be due to the C=0 stretching in carboxylia aci
groups, esters, lactones and quinohiésThe AC support spectrum shows a wide absorption
band at 3600-3200 chwith a maximum at 3404 ¢ This band can be assigned to the O—H
stretching of hydroxyl groups such as alcohols,nple and adsorbed watél. This band is

more intense for AC than for Si-C-4 and Si.
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Figure 33.FTIR of supports: activated carbon (a), Si-C-4gl silica (c).

The FTIR spectra for the used catalysts are shawigure 34. The absorption bands are
similar to the fresh catalyst (Pd/Si-C-4) after cteans but differences are in the relative
intensities. The absorption bands at 2867 and 2819are observed only in the used catalysts.
These peaks can originate from C-H stretching in Gidups'>**likely due to the adsorbed

reaction products.
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Figure 34.FTIR of the Pd/Si-C-4 catalyst before and afteicodeid batch reaction at 36G
and 1.5 MPa.

The acid-base titration method gives more infororabn oxygen surface functionality of
the catalysts. According to Boeht the weakly acidic phenolic hydroxyl groups anasgly
acidic carboxylic groups are neutralized by NaOHerEfore, the total acidity is determined by
neutralization. The total acid numbers of the gatalare given in Table 9. The activated carbon
supported catalyst shows some acidity which cagirate from the surface oxygen groups and
also from the storage conditioi& When the acidic groups exist on the carbon sarféc
becomes more accessible for aqueous metal presudserto the decrease in the hydrophobicity

of the carbon’®® The Pd/Si catalyst shows the greatest oxygen pgroontent, with a
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predominant presence of stronger acidic groups. Ad&I-C-0.5 catalyst displayed the lowest

total acidity.

Table 9. Acidity of supported 5% palladium catalysts

Catalyst | Acidity
(mmol/ga)

Pd/Si 2.36

Pd/Si-C-4 0.34

Pd/Si-C-2 0.33

Pd/Si-C-1 1.53

Pd/Si-C-0.5| 0.12

Pd/C 1.65

3.6.2 Relationship between catalyst support, phystbemical properties, acidity and
catalytic activity

The silica modification of the activated carbonface produced significant changes in
carbon porous texture and the surface chemistnys ih can have dramatic effects on the
catalytic activity. The analysis of the surfacedtionality by FTIR shows that the novel Pd/Si-
C-4 catalyst has fewer surface interactions thanRt/C catalyst, which makes it a more inert

support.

Table 10 shows the correlation between Pd parside and the catalytic properties for
oleic acid decarboxylation. Both Pd/Si-C-4 and@dhowed high conversion of oleic acid
while Pd/Si-C-4 exhibited the highest selectivi§l%) to n-heptadecane (n-C17). A high

conversion of oleic acid was also observed forRdéSI-C-4 catalyst. However, the ability of
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was inconsiderable (Table 1®ccording to the TEM, XRD and FTIR the catalystd3teC-1

and Pd/Si-C-0.5 have s similar morphology, partgile and surface groups. These catalysts

exhibit similar catalytic activity for the decarbgation of oleic acid, which indicates that the

particle size of Pd can influence the catalytievatgt The high activity of Pd/Si-C-4 catalyst can

be attributed to accessible, small and well-disteld metallic Pd nanopatrticles inside hybrid

mesopores. In addition, having low acidity and |sggface interaction on Pd/Si-C-4 catalyst

rendered it more inert and led to higher catalgtitvity.

Table 10.Correlation between Pd particle size and catajytiperties in oleic acid

decarboxylation. Batch reaction for 1 hr.

5%Pd | dpg C18:1 Selectivity (%)
Catalyst [(nm)[ Conversion

0,

(%) C18:0 |C18:2 n- |Unsaturated n- UnsaturatedOthers*

C17 C17 c18 c18

Si 6.7 15 <0.05| <0.05 0.0 1.0 0.0 0.0 99
si-c-4 |29 87 <0.05| 5.6/ 31 53.5 2.2 7.7 <1
Si-c-2 |99 74 15.0 | 5.4| 134 56.7 1.9 7.7 <1
Si-c-1 | 6.3 42 35 | 19.9 11.6 35.6 0.9 3.5 25.1
Si-C-0.5 | 6.2 45 21 | 2249 12.6 32.7 1.3 3.8 25
C 4.1 94 <0.05| 1.8/ 19.4 71.7 1.6 5.7 0

dr¢ Pd metal particle size (XRD)

3.6.3 Decarboxylation Activity of Pd/Si-C-4 in theabsence of H
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The dependence of the reactant conversion and g@ramilectivity as a function of
reaction time at 15 bar and 38D over 5% Pd metal supported on Si-C-4 are display&igure
35. At the beginning of the reaction, unsaturated7Cselectivity was almost 100%. When
conversion reaches about 80%, unsaturated C-1ttisdle decreased and saturated n-C17
selectivity increased. This indicates that the @e@ble bond hydrogenation is taking place after
decarboxylation of oleic acid under the reactionditons. Unlike Pd/C, which was reported to
catalyze the oleic acid C=C bond via hydrogenapaor to decarboxylation of the resultant
saturated FFA (stearic acid)Pd/Si-C-4 catalyst follows a different reacti@ute. This hybrid
Si-C supported Pd catalyst favors a direct decafdlatinn of oleic acid instead of C=C double
bond hydrogenation. By eliminating the hydrogenataf oleic acid, the reaction steps are
reduced. The selectivity to stearic acid was lbss 10.05 wt% even after 1 hour reaction over
Pd/Si-C-4 (Table 10) while Pd/C is reported to h&@86 selectivity to stearic acid at 74 %
conversion of oleic acitf. The existence of 8 and 1- heptadecenes was astfidd with GC-
MS. The formation of 8-heptedecene suggests thectdatecarboxylation of oleic acid while
formation of 1-heptedecene indicates the dehydratyam of n-heptadecane and decarbonylation

of oleic acid.
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Figure 35.0Oleic acid conversion and product selectivity inchareaction at 308C, 1.5 MPa on

Pd/Si-C-4 catalyst.

3.6.4 Stability of Catalyst

The stability of the Pd/Si-C-4 catalyst was invgasted in a continuous flow reactor. The
oleic acid conversion over 16 days of operatioshiswn in Figure 36. Although there is a slight
decrease in conversion after 3 days of reacti@atidition of 10% HKlto the gas stream restored
the conversion back to 100%. While the catalystable for conversion of oleic acid for 16 days
over Pd/Si-C-4 catalyst, there is a dramatic deseréia diesel hydrocarbon (HC) selectivity after
3 days of reaction (Figure 37). After introducin@d H, in the gas stream for 4 days, diesel HC
selectivity increased to 55%. This selectivity waaintained in the absence of.HHowever,
switching the gas flow back to 10%490% Ar resulted in a decrease in diesel selegtiigure

38 shows the impact of removing the om input on the selectivity of decarboxylation
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products (n-C17 and unsaturated C17 isomers)clealy seen that switching back to an Ar gas
stream yields double the n-C17 selectivity. Murgigroup indicated that the presence efirtd
small quantities in the liquid phase helps to pnes¢he activity of the Pd/C catalyst. However,
the silica modified AC supported Pd catalyst stgbdtudy showed that the addition of 10% H
does not necessarily favor the formation of decaylation products, but anHreatment helped
to regenerate the decarboxylation sites of thdysdtal herefore, a regeneration step to clean the
adsorbed reactants from the active metal surfanebeasuggested instead of a continuoys H
feed into the system. Ziemecki observed the decsitipo of the bulk Pdgphase of Pd/C at
150°C in H, **® and this decomposition was observed at¥2i an inert atmosphere by others
17 Such regeneration can help if the interstitiah@e Pd crystallites forms during the reaction.
However, the XRD study of used Pd/Si-C-4 catalgsternled that there is no lattice expansion
after reaction which would indicate the presenca &dG phase. A detailed study is necessary

to understand the function okkb prevent the fast deactivation of supported &elgst.

Ar 10%H,-90%Ar Ar
<& S 1 L& S > :
100 ——0y " ":‘. Wﬁﬁ‘:ﬁw >
90
80
S 70
a
3 60
5 50
o
) 40
< 30
L=
'S 20
10

n (%)

o

7 8 9 10 11 12 13 14 15 16
Days

v 1 Catalyst regeneration with Hy

o
=
N
w
N

Figure 36.0Oleic acid conversion in flow reaction at 3, 1.5 MPa on Pd/Si-C-4 catalyst with

LHSV 1 hrt
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Figure 37.Product selectivity in flow reaction of oleic agti300°C, 1.5 MPa on Pd/Si-C-4

catalystwith LHSV 1 ht
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Figure 38.n-C17 (saturated) and unsaturated C17 isomerstis@lem flow reaction of oleic

acid 300°C, 1.5 MPa on Pd/Si-C-4 catalyst with LHSV 1*hr
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The Pd/Si-C-4 catalyst maintained the highest ttepoconversion up to 16 days on
stream towards selective decarboxylation of FFAaosupported Pd catalyst under similar
reaction conditions without assistance ofikbut. For example, Pd/C (Sibunit) catalyst showed
stable activity only up to 45 h by maintaining 15%nversion of concentrated stearic acid at 360
°C under 1 MPa 5 vol % Hn argon while a commercial Pd/C catalyst mairgdiits stability
up to 92 h at 40% conversidh A mesoporous 1% Pd/C (egg-shell) catalyst wastieding
slowly and was rather stable at around 10% conwengp to 5 days at a 0.5 mol/L saturated FFA

feed with WHSV 1.7 11 86,

3.7. Conclusions

A novel process was proposed for nanocompositeastiarbon supported catalyst
synthesis in which precursors of the raw mateaa¢ésmixed with activated carbon powder. The
characteristic of this technique is to employ a-temperature procedure which saves energy

and time in the catalyst preparation.

The decarboxylation activities of different amouwit silica containing catalysts were
investigated in a batch reactor under inert gasognthem, the formulation with the fewer
oxygen surface groups (less carboxyl group, C=@)FPC-4) was the most active catalyst for
the decarboxylation of an unsaturated FFA in theeabe of K The high activity of the Pd/Si-
C-4 catalyst is attributed to its accessible and-distributed metallic Pd nanoparticles inside
hybrid mesopores as well as to its low acidity, kvearface interactions and inertness. The novel
catalyst was capable of catalyzing a decarboxylateaction from an unsaturated FFA in the
absence of K and was highly stable for oleic acid conversia@tectively for green diesel

production. Thus, Pd supported on carbon modifigd gilica may be regarded as a prospective
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decarboxylation catalyst for the removal of oxygesm vegetable oil/animal fat without the

need of additional K
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CHAPTER 4

Diesel Production from Hydrothermal Catalytic Decaiboxylation of
Oleic Acid in Super-Critical Water and Effect of Pd-Co Alloy on the Catalytic
Activity and Diesel Yield

A variety of catalysts and supports were studieddecarboxylation of oleic acid to
produce diesel range hydrocarbons in super-critigabr. NaOH and Ca(OHKalkali metal salts
tend to form complexes with oleic acid and hindes bleic acid decarboxylation. Although
NiMo/Al ;O3 metal oxide catalyst showed significant initiacddoxylation activity, change of
structure in water presents a challenge in thedtiidrmal conversion processes. A Si-C support
seems to be more effective than activated carlseif fior both decarboxylation of oleic acid and
hydrogenation of alkenes in super-critical watersystematic study of Pd loading on Si-C
support showed that higher Pd loading leads to dnigtbnversion, however, the lowest
oxygenated products and highest diesel hydrocarpimids were obtained on 3% Pd/Si-C. In
order to reduce the amount of Pd in the cataly&iC8/C catalysts with various Pd content were
prepared and the catalytic activity study showed th5 wt% PgCo/C catalyst performs better
than a 7 wt% Pd/C catalyst. Pd and Co metals wemgwell dispersed and formed fine clusters,
which led to a higher active metal surface arealate favored the decarboxylation of oleic
acid. The reduction temperature was found to b@&rgrortant factor to control metal particle
size.
4.1. Introduction

Increases in petroleum prices, projected increasdbe world’s energy demand and
environmental awareness have shifted research®tfoexplore alternative fuel technologies. In
particular, green diesel which displays similargadies as petroleum diesel and can be used as a

drop-in fuel, has drawn great attentidfi This second generation liquid biofuel can be otedi
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from triglycerides and fatty acid containing feexd$ts such as vegetable oil, animal fat and
waste oil/grease. However, converting waste oidgee particularly brown grease which
possesses 50-100% fatty acid content, into biofisetsore advantageous because it is a waste,
inexpensive and non- food competing feedstock.hin ©.S. alone, 3800 million pounds of
brown grease is generated every yéar.

There has been considerable attention on the ptioduaf green diesel from vegetable
oil and fat***?* Most early studies focused on deoxygenation (teldy decarboxylation) of
fatty acids in dodecane solvent over Pd-supportathlysts. °¢67%9125126 Thase studies
demonstrated milder reaction conditions and elitmmaof hydrogen consumption can be
possible compared with the current commercial msddydrotreating) (Eq I-1lI). However,
these supported palladium catalysts readily deatetivdue to the formation of unsaturated
heptadecene product leading to catalyst cokif@, the high unsaturation level of the fatty
acids®® lack of H in the reaction atmosphel®;*?®decrease in the BET specific surface &fea,

loss in porosity and accessible palladium surfaea®*?°

C:Hz+3 CH:-E +H:0

—O-H

i
—O0-H + 3H-OCR

T 3R-H+3C0;

—O-H

(). Hydrotreating = Hydrocracking of triglyceridesHydrodeoxygenation
(). Hydrolysis of triglycerides
(111). Decarboxylation of fatty acids
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Recently, studies of fatty acid deoxygenation hbeen conducted in aqueous media
under sub- and super-critical water conditions. aleantage of water as the reaction media is
not only the use of an environmentally benign salve the process but also the avoidance of a
water removal step after biomass conversion olytreggide hydrolysis that generates fatty acids
in an aqueous streahi’:’**! It was shown that both Pd/C and Pt/C catalystsaative for a
saturated fatty acid (palmitic acid) decarboxylatwith 76 % molar yield to pentadecane in
subcritical water at 370 °€? However, Pt metal dispersion exhibited a signiftceeduction
(from 38.9% to 0.8%) after the reaction. Fu eshbwed that activated carbon itself can catalyze
both saturated and unsaturated fatty acids to pediydrocarbons in sub- and super-critical
water as an alternative to the expensive noblelroatalyst:** However, the major product from

oleic acid conversion was stearic acid with 24%angield while the decarboxylation product

yield was only 6% after 3 hours reaction at 370 °C.

It was also shown that Pd/C catalyst behaves diftey in sub-critical watéf? than in
organic solverit for fatty acid decarboxylation.

A decarboxylation study of acetic acid, one of siraplest carboxylic acid, conducted on
ZrO, in super-critical water at 400 °C, showed that Zi©an active catalyst for GOemoval
from acetic acid, however, it selectively produeestone (ketonéf* Moreover, a structure
change of the zirconia catalyst was observed duaicgtic acid conversion in super-critical
water. The conversion of stearic acid in the presesf oxide catalysts (CeQY,03; and ZrQ)
was reported as 30%, 62% and 68%, respectivelyuperscritical water at 400 °C in 30
minutes™® Similar to the acetic acid hydrothermal reactistearic acid reaction produced

ketone (G7H3sOCHg) in addition to hydrocarbons. Again, a structuteargge of the oxide

catalysts after the reaction was reported. Stracthange of another oxide catalyst was also
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observed in a solvent free oleic acid decarboxytetieaction by Na et &f° Na and his co-
workers investigated the decarboxylation activitl/ loydrotalcites catalysts with various
MgO/Al,O;3 ratios in a solvent free atmosphere. It was regbithat a MgO loading of more than
63% and reaction temperature of 350 °C is needetht@min deoxygenated hydrocarbon products
selectively and with oleic acid conversion morentt®8% in 3 hours. More importantly, there
was no significant change of the MgO structurenm ltydrotalcite catalyst. Although percentage
peak areas of GC-MS for the major liquid productd the oxygen content of the products are
given, the hydrocarbon yields are not reportedh@rtstudy.

Stearic acid thermal decomposition was observedWatanabe et af° with 50%
conversion at 400 °C under Ar atmosphere in 30 eswhile its hydrothermal conversion was
2% in super-critical water under the same reactionditions. Stearic acid conversion was
enhanced by adding NaOH or KOH in super-criticatanabut the hydrocarbons yield was not
reported.

Fu et a™® investigated the effect of degree of fatty acidsatoration on the
decarboxylation over Pt/C catalyst in sub-criticahter at 330 °C. It was reported that
unsaturated fatty acids possess much lower he@adeggeld and selectivity than saturated fatty
acids (molar yield of more than 80 % to heptadedamm stearic acid vs. less than 20% from
oleic acid) in 2.5 hours reaction. Because Pt/@lgstt was found to be more active and selective
for decarboxylation of palmitic (a saturated) aciinpared to Pd/C in sub-critical watéfoleic
acid decarboxylation over Pt/C catalyst was ingeséd™’ However, saturated and unsaturated
fatty acids behave differently under hydrothernggation conditions. Since our ultimate goal is

conversion of waste oil/grease which mainly corgaumsaturated fatty acids, we investigated

oleic acid (the major component of waste oil) casign on Pd metal supported catalyst.
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In order to design a suitable catalyst for conwersf brown grease to green diesel, a
systematic study of the model compounds is necgssannderstand the reaction pathways in
super-critical water. Therefore, the decarboxylatieaction of oleic acid was investigated on
various catalysts in super-critical water with @ien of producing hydrocarbons in the diesel
range in the absence ot ldnd to improve the catalytic decarboxylation atiand selectivity
of the carbon supported catalyst.

4.2. Experimental
4.2.1 Materials

The following chemicals were used in this invedimga NaOH, Ca(OH) MgO, y-
Al,03, NiMo/Al,O; (Haldor Topsoe), activated carbon (Charcoal No8tgma-Aldrich),
palladium(ll) chloride (PdGl>99.9%, Sigma—Aldrich), cobalt, ethylene glycol, iolecid
(technical grade 90%, Sigma-Aldrich, St. Louis, M@ljra high purity grade hydrogen {+and
nitrogen (N) were purchased from Cryogenic Gases (Detroit, Ml)

4.2.2. Catalyst preparation

For Pd/Si-C catalyst preparation, activated carf@®nwas immersed in liquid tetraethyl
orthosilicate (TEOS) with a mass ratio of 2.86 TE®SC. The mixture was stirred vigorously
for 2 hours at 1268C. Then, it was dried at 10& for 18 hours. In order to obtain 1, 3, 5 and 7
wt% Pd on the support 0.2, 0.6, 1.1 and 1.6 wt%lPg&@ution was mixed with 20 g support at
room temperature for 24 hours, respectively. After catalyst was dried at 160 for 5 hours,
the reduction was carried out under a flow of 1@61,-90 vol% N> at 200°C for 3 hours.

Pd.Co/C catalysts with 0.5, 1, 3 and 5 wt% Pd werepared by modifying the
preparation technique described by Zhang &factivated carbon was suspended in deionized

(DI) water with a mass ratio of 40/1 C to DI waperor to mixing with 1.1 wt% PdGland 0.01
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M CoCl, solutions. A 0.04 M NaOH solution was added uthid pH of the mixture reaches to
11. As a mild reducing agent, ethylene glycol wddeal to the mixture with an excess molar
ratio of ethylene glycol to metal. The mixture wasred at 80 °C followed by stirring at room
temperature for 12 hours. After drying at 100 °@tatysts were washed multiple times with DI
water. Then, they were dried at 80 °C for 10 holivgo different temperatures (200 °C and 300
°C) for heat treatment were conducted in a tubedce under 120 mL/min gas flow of 10 vol%
H, balanced with Mfor 3 hours.
4.2.3. Material characterization

Powder X-ray diffraction (XRD) patterns were obtd on SmartLab Guidance
and MDI Jade 8 by a Rigaku RU2000 (Rigaku AmeriCasporation, TX) at a scan rate of
3°/min and a step size of 0.02° (40 kV, 44 mA). Bwherrer equation and Bragg’'s law were
used to calculate the mean metal particle sizelattiee parameter and bond distance.

Scanning electron microscopy (SEM) was conductadguan FE-SEM microscope
operating at 15.0 kV and X-ray Energy-Dispersive@mmeter (EDS) were used for elemental
spectra and mapping.

4.2.4. Reaction procedure

The catalytic hydrothermal conversion of oleic ag@s investigated in 1.52 mL stainless
steel batch reactors assembled from 3/8-in. Swhgmat connectors® For the activity test of
each catalyst, 10 mg catalyst, 0.156 mmol oleid acid 0.642 mL water were loaded in the
reactors and the reactors were sealed in a gloxe Reactors were placed in a pre-heated
furnace set at 400 °C. Time required to reach eatlal conditions was 30 minutes for each
reactor. After the reaction, the reactors were ghed in a water bath and the liquid product was

analyzed.
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4.2.5 Analysis Method

In order to identify the products, a GC-MS (Cla&@0 GC-MS, Perkin-Elmer) with a
capillary wax Rtx-WAX column (length: 60 m, diamet8.25 mm, thickness of stationary phase
0.25um) was used. In order to quantify the liquid praduthe product was diluted to 5 mL with
heptane and the organic phase was analyzed ustecgkan EImer Clarus 500 gas chromatograph
(GC) equipped with a flame ionization detector (FHhd an Rtx-65 TG column (length: 30 m,
internal diameter: 0.25 mm, phase film thicknes&0@m). For fatty acids separation, the GC
oven temperature was programmed as follows: 2 mid &t 80°C, 10°C/min ramp to 206C, 5
min hold at 200°C, 10°C/min ramp to 260C, 3 min hold at 266C. The detector temperature
was maintained at 37AT. Samples (LL) were injected into the column with a 10:1 spditio.
For hydrocarbons analysis, the GC oven temperataseprogrammed as follows: 2 min hold at
40°C, 10°C/min ramp to 306C, 5 min hold at 306C. . The injector and detector temperatures
were 250°C and 300°C, respectively, and the split ratio was 5:1. Comegions were
determined by external standard method. The makdd was calculated from the following
formula:

Molar Yield (%)= (No. of moles of product) / (Initial no. of moles of oleic acid) x 100

4.3. Results and discussion
4.3.1 Effect of Absence of Catalyst in SupercritidaVater on Oleic Acid Conversion

In order to understand the effect of catalyst oe thleic acid conversion, the
hydrothermal reaction of oleic acid in super-cdtiwater was conducted both in the absence and
presence of the catalyst. As shown in Table 11lhout the catalyst, oleic acid conversion was

only 4% at 5 hour. Decomposition products were igdieavy molecules (C>25) and n-alkane
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molar yield was 14.7%. Watanabe et'af. also showed that acetic acid (§3DOH) and stearic

acid (G7H3sCOOH)° are stabilized in supercritical water (negligibteversion).

Table 11.0leic acid 5 hours reaction

Molar Yield (%)

n-alkanesjalkenes [C17 C8-C13 |OxygenatedOLP Yield

Catalyst Conversig(C10-C18)C17-Ci18jaromaticgaromaticgproducts  [(wt%)
- 4 14.7 0 0 0 96.5 108§
NaOH 8% 6.6 11.4 5.7 0.1 38.C 53
Ca(OH), 92 6.8 6.6 0 2.7 52.5 54
MgO 97 4.8 8.0 2.8 5.4 10.4 19
v-Al,03-NaOH 93 2.8 11.6 5.9 0.5 6.3 11
NiMo/Al ;O3 81 30.7 41.4 0.2 0 23.C 86
NiWC/AI-SBA-15 76 21.2 24.1 0 0.5 31.6 92
Activated Carbon 90 33.3 16.3 6.2 7.9 17.1 69
Pd/C 99 36.4 15.4 6.7 5.2 0.44 49

4.3.2 Effect of Anion/Salt on Oleic Acid Conversion

Belsky et al. showed that the decarboxylation ddtiacacid derivatives in sub-critical

water was enhanced by adding NaBHilt is believed that the sodium salts of these sawitlich

form anionic carboxylic acids in water are morecte@ than the corresponding non-ionic

carboxylic acids. In this study, the effect of olacid anion in super-critical water on the product

yield and selectivity was investigated by usingrargy and a medium strength base, NaOH and

Ca(OH), respectively. It is seen in Table 11 that olesedais not stable when NaOH and

Ca(OH) were added in the super-critical water. Althoulgfoxygenated hydrocarbons yield is

higher in NaOH containing super-critical water thiathat of Ca(OHy, in both cases the organic
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liquid product (OLP) yield is about 50%lthough GC-FID analysis showed 85% oleic acid
conversion in NaOH and 92% in Ca(QHafter separating the organic and aqueous phases,
white solid formation was observed. Observationthi#se solid materials suggested that the
remaining portion of oleic acid might form complexeith NaOH and Ca(OH). This may
explain why the OLP vyield is very low. When Ca(Qkyjas used, no heavy molecule (>C25)
formation was observed and the main products waeseer chain fatty acids such as C10, C11,
C13, C14, C15, C16 and C17 fatty acids. This sugg#sat for Ca(OH) there is a high
selectivity towards hydrocracking with minimal delsoxylation activity.
4.3.3 Effect of Oxide Support on Oleic Acid Conveisn

With MgO catalyst, no shorter chain fatty acids evfarmed, but solid product formation
was observed just like in the reactions with NaQid &€a(OH) catalysts. The solid was clearly
phase separated at the interface of water and iorgdnase while some MgO settled on the
bottom of the tube. Also the OLP yield for this esment was only 19%. This suggests that a
significant amount of products that are not soluibieheptanes were generated during the
reaction, and were not included in GC-FID analystsreover, GC-FID analysis revealed 97%
oleic acid conversion while the n-alkanes molatdysas only 4.8%. This result supports the
claim that oleic acid and MgO undergo saponifigatieaction as shown in Eq. (IV3° Although
Na et al**® claimed that the saponification of MgO and fattjdacan be inhibited if the reaction
temperature is above 350 °C, in our study the Mg@d@eic acid saponification was observed at
400 °C. One possible reason that they do not ob9diyO-fatty acid complex at 400 °C might
be attributed to water free environment on hydoital(MgO-ALOs;) catalyst. On the other hand,

140,141

the hydration of MgO in the presence of water idl-Aweown, and the formation of
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Mg(OH), may explain why the oleic acid hydrothermal cosi@r results were similar to those

of other hydroxide salts (NaOH and Ca(@QH)sed in this study (Eq. V).

2R-COOH + MgO——  Mg(OOC-R)+ H,0 (IV)

MgO + HLO «—» Mg(OH), V)

It is known that few transition metals react withdsim hydroxide and generate.}?

Using NaOHy-Al,O3 (1.5:1 molar ratio) as catalyst for the hydrotharntonversion of oleic
acid in super-critical water, NaOH is available¢act with the surface hydroxyl groups to form
Al-O-Na. In this step, binecessary to saturate C=C double bonds of ol&iccan be generated
according to the Eq. VI while alumina can act ateaxygenation catalyst. Due to the presence
of alumina, NaOH is not expected to take part ie theic acid reaction but only attack to
alumina’*® However, product selectivity (Table 1) showed el@mer n-alkane yield (2.8%)
than the reaction with NaOH alone in super-critwalter. Also, the OLP yield was only 11%,
indicating that water-soluble products, which wasige separated from the organic phase that
was injected to GC, formed during this reactionvidg observed a white color water phase after
the reaction is a hint of alcohol formation. Itpgssible that the Al-O-Na structure can catalyze

deoxygenation of oleic acid as well as alcohol fation. Thus, the deoxygenation active sites of

aluminum oxide catalyst may be deactivated by dppiith NaOH.

2 Al + 2 NaOH + 2 HO — 2 NaAlO, + 3 H (V1)
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A conventional hydrotreating catalyst, Ni-Moj®&;, was also tested for oleic acid
decarboxylation activity in super-critical waterti#ough the oleic acid conversion (Table 1) was
lower compared to the reactions with hydroxidessatgO and AlOs-NaOH, both n-alkane and
alkenes yields were greatly improved. While higélgito C17-C18 alkenes (41.4%) shows that
Ni-Mo/Al ;O3 catalyst has active sites responsible for deoxaty@m of fatty acid, high yield of
n-alkanes (30.7%) and formation of stearic acidcaig that the catalyst also possesses a C=C
double bond hydrogenation function. In additiore tALP yield was 86% in this experiment.
Considering the oxygen removal in the gas phaseotpanic liquid yield must be about 85 wt%
for 100% conversion, which shows that the OLP yfetan this experiment was consistent with
the theoretical value. The 5-hour hydrothermal tieacof oleic acid in the presence of Ni-
Mo/Al O3 catalyst showed that this conventional and inegpencatalyst can be considered as
an option to produce green diesel without &tidition. However, one should consider the
stability of Ni-Mo/Al,O5 catalyst in super-critical water and should alber catalyst to avoid the
undesirable structure change of the support fyeh,O; to boehmitey-AlO(OH)).***

4.3.4 Effect of Carbide Catalyst on Oleic Acid Conersion

When NiWC/AI-SBA-15 catalyst was used, both deoxyam®n and hydrogenation
activities, similar to Ni-Mo/AjOswere observed (Table 11). Moreover, formation of f@@y
acid (molar yield of 3.3%) showed that the carlmdtalyst has some cracking activity. However,
the conversion and hydrocarbon yield were sigmifiiyalower than those obtained with Ni-
Moly-Al, O3 catalyst. Although, AI-SBA-15 supported catalysthibited a lower fatty acid
conversion and a lower yield to deoxygenated prtsjuit is believed to possess a higher

hydrothermal stability than the conventional hydzating catalyst supports> Therefore, Al-
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SBA-15 can be considered as a promising stablesstippsuper-critical water as an alternative
to y-Al,O3 supported catalyst.
4.3.5 Activated Carbon Support
When activated carbon was used in the oleic agatdthermal conversion, the

yield to n-alkenes was lower but the yield to naal&s was higher compared to carbide and oxide
catalysts (Table 11). This shows that activatebaahas a higher activity for C=C double bond
hydrogenation in addition to a higher activity fatty acid deoxygenation (oxygenated product
molar yield of 17.1%) than those obtained with ed&band oxide catalysts. On the other hand, a
lower mass balance (65%) was observed when adfiveaebon was used. Fu et'3.also
reported a low mass balance (75%) for unsaturattyg &cids hydrothermal conversion on an
activated carbon supported catalyst, and the lowsntmlance was attributed to the possible
formation of high molecular weight compounds theat-tiot be detected from GC analy$is®
4.3.6 Palladium on Activated Carbon Support

When activated carbon supported palladium catalgst used, the oleic acid conversion
was already 99% after 1 hour (Table 11). Althotigen deoxygenation activity was very high
(oxygenated product molar yield of 0.44) on Pd/@lyat, the OLP yield was only 49%.
4.3.7 Si-C Support and Effect of Pd Loading on OleiAcid Conversion

Table 12 shows the results from 5 hours oleic agadttions in super-critical water over
Si-C supported palladium with various metal loadingCompared to the activated carbon
discussed in the previous section, Si-C suppornveddigher yield to oleic acid deoxygenation
products (37.8% yield to alkenes) in addition tght@r hydrogenation activity (42.4% vyield to n-
alkanes). No aromatics between C8-C13 formed wi@® Support. Table 13 represents the 1

hour data for the same set of catalyst. At 65 %vemion, having alkene yields higher than the
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n-alkane yields for 0 and 1% Pd/Si-C indicatesdinect decarboxylation of oleic acid. Possibly
these alkenes are further hydrogenated to n-alkameé<racked to obtain n-alkanes in the C10-
C18 range. However, the same conclusion cannotrdendfor 3, 5 and 7% Pd/Si-C catalysts
because the oleic acid conversion on these catalyas already more than 80% after 1 hour
reaction. It is seen that the n-alkane, alkene @hd aromatics yields increased as conversion
increased for 0, 1 and 7 % Pd loaded catalystseasetaction proceeds from 1 to 5 hours. On the
other hand, 3 and 5% Pd/Si-C catalysts follow &d#ht route. Although oxygenated products
yield significantly decreased between 1 and 5 howoxwalkene yields decreased for 3 and 5%
Pd/Si-C catalysts. For these two catalysts, C8-@tBnatics formation and the alkenes yield
decrease while deoxygenation increases at 5 hatnish indicates that the alkenes are further
reacted to form shorter chain aromatics. Thesedatalysts clearly promoted the aromatization
reaction. Yin et at?® also reported that 5% Pd/C is an effective catdfysaromatics production
from alkanes selectively towards alkylbenzenesOft 4C. Overall 3% Pd/Si-C shows the best
performance due to the low oxygenated product ymhdl its total hydrocarbon yield is

comparable to that obtained on 7%Pd/Si-C catalyst.
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Table 12 Different Pd loading on Si-C, 5 hours reaction

Molar Yield (%)
OLP
Pd wt% on Si- n-alkanesjalkenes [C17 C8-C13 |OxygenatedYield
Catalyst Conversig(C10-C18)C17-Ci18jaromaticgaromaticgproducts  [(wt%)
0 97 42 .4 37.9 9.1 0 13.C 90
1 9§ 49.1 37.5 9.4 0.3 8.6 88
3 10( 42.9 20.7 8.4 7.1 4.9 66
5 10( 39.5 19.9 8.0 7.5 3.0 60
7 10( 56.4 33.3 12.5 0.1 5.2 95
Table 13.Different Pd loading on Si-C, 1 hour reaction
Molar Yield (%)
OLP
Pd wt% on Si-C n-alkanesjalkenes [C17 C8-C13 |OxygenatedYield
Catalyst Conversig(C10-C18)C17-Cl18jaromaticgaromaticgproducts  [(wt%)
0 65 16.9 24.9 6.1 0 45.9 94
1 65 19.3 25.9 6.6 0 42 .4 90
3 89 40.3 26.( 10.2 0.1 17.3 82
5 84 42.( 30.7 9.6 0.2 28.7 99
7 92 45.5 27.8 10.6 0 20.6 92

Table 14 shows the n-alkane distribution in theaarg liquid product at 1 hour. For all
the catalysts, n-C17 was the main n-alkane, inidigghe main reactions were decarboxylation
of oleic acid followed by hydrogenation to n-hemeane. Note that not all the alkenes are
hydrogenated under the reaction conditions (TaBlarid Table 13). In addition, the 3, 5 and 7%
Pd containing catalysts possess cracking activityclvwas drawn from formation of shorter
chain n-alkanes. On the other hand, the oleic asadl in the experiments contains C16 fatty acid

as an impurity (up to 10%). The n-C15 and n-Cl6amdls are the decarboxylation and

hydrodeoxygenation products of C16 fatty acid f@an@ 1% Pd catalysts.
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Table 14.n-alkane product distribution on Pd supported &aalyst, 1 hr

Pd Wi% ol Molar Yield (%)

Si-Catalysfn-C10/n-C11{n-C12/n-C13/n-C14|n-C15(n-C16/n-C17|n-C18
0 0 0 0 0 0 1.8 41 6.y 4p
1 0 0 0.6 0 0 1.2 44 89 48
3 1.2 07 08 05 05 3.0 79 218 4)0
5 09 05 0.8 0 0§ 21 7.3 25p 413
7 0 0.4 0.8 0 04 3.7 84 268 44

4.3.8 Pd-Co Alloy on Activated Carbon

Oleic acid conversion and the liquid product yieldbtained with various Pd loaded
Pd.Co alloys on activated carbon after 1 hour in swugpitical water, are given in Table 15.
5%Pd on activated carbon is also shown as a cosgpmarConversion for each catalyst was more
than 89 % after 1 hour reaction. Even the low mieaiied PgCo alloy catalysts showed better
performance in terms of both conversion and hydiooa yield compared with only Pd on
activated carbon or Si-C. When the Pd loading wWasrbthe PdCo/C catalyst, decarboxylation
(alkenes) yield only slightly increased comparedtbonly on carbon. For these two catalysts, a
lower reduction temperature showed a slight impnoset on the catalytic activity. 3% Rb/C-
200 catalyst surprisingly showed the highest yteldxygenated products and lowest yield to
hydrocarbons. In the previous section, 3%Pd/Si-@nshhigh deoxygenation activity which is
very different than 3%Pd in Rdo/C-200. The morphology obtained by XRD (Tablesbpws
that average metal particle size is smaller on iFd/8han PdCo/C. The larger metal particle
formation can be attributed to alloy formation. Fs% Pd/C the Pd(111) phase appeared at
20=39.8° while it shifted to 40.1° for 5% Ro/C-300, 5% P#Lo/C-200 and 3% REo/C-300,

and to 40.0° for 3% RBE&o/C-200 catalysts (Figure 39).
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Table 15.Different Pd loading in P&£o alloy supported on C, 1 hour reaction

Molar Yield (%)
PadCo/Cx n-alkanesjalkenes [C17 C8-C13 |OxygenatedOLP Yield
(Pd wt%) Conversig(C10-C18)C17-Cl8jaromaticgaromaticgproducts  [(wt%)
0.5% PdCo/C-200 93 51.7 43.1 12.5 0.1 10.0 102
0.5% PdCo/C-300 100 31.§ 26.2 8.4 0 16.3 73
1% PdCo/C-200 89 44.4 38.5 11.6 0.1 18.1 100
1% PdCo/C-300 99 38.0 30.7 10.6 0.7 8.2 75
3% PdCo/C-200 93 29.8 25.4 8.6 0.6 34.3 88
3% PdCo/C-300 98 31.1 28.1 8.6 0 19.1 77
5% PdCo/C-200 92 39.( 32.9 10.1 0.5 18.5 86
5% PdCo/C-300 o 31.7 26.8 8.9 2.3 16.3 74
5% Pd/C 8p 41.4 26.3 11.G 0.2 21.1 88

x= Reduction temperature (°C)

——0.5% Pd2Co/C-200 ——0.5% Pd2Co/C-300
1% Pd2Co/C-300 3% Pd2Co/C-200

1% Pd2Co/C-200
3% Pd2Co/C-300
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Figure 39. XRD of PdCo/C and Pd/C catalysts
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The atomic ratios of Pd and Co metals in the catalthat were reduced at 300 °C are
shown in Table 16. These values were calculate4X, and the values shown in parenthesis
represent the actual atomic ratios. For the cawli® PdCo/C and 5% P&Lo/C-300, EDAX
results are fairly close to the actual atomic ratfo68% Pd- 32% Co. This means the metal
particles are well distributed. However, EDAX shoainost 50% Pd - 50%Co for 0.5%
Pd,Co/C-300 and 3% REG0/C-300 catalysts. This suggests possible segoagat Pd and Co
particles on the carbon support for these 2 differaetal loadings. On the other hand, SEM
images and the metal mapping (Figure 40) show timate of the catalysts have metal

aggregation.
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Figure 40.SEM images and metal particle mapping of sample€&€-200 with various Pd

loading: 0.5% (), 1% (b), 3% (c) and 5% (d)



116

Table 16.Atomic ratios of Pd and Co metals in,2d/C-300 catalysts.

Element At%
0.5% PdCo/C- | 1% Pg@Co/C-300| 3% PdCo/C-300| 5% PdCo/C-300
300
PdL 47.30 (69%) 60.37 (68%) 48.56 (68%) 71.04 (68%4
CoK 52.70 (31%) 39.63 (32%) 51.44 (32%) 28.96 (3294

"Atomic % of metals were calculated by EDAX
At% shown in parenthesis are the actual values

0.5% PdCo/C-200 catalyst showed the best performance Mithoxygenated product
molar yield (10%), and with significantly high nkahe, alkene and aromatic yields (Table 15).
The XRD pattern does not show any Pd or Co metasg# so it is hard to make a conclusion
about its morphology. One possibility is that thd @.5 wt%) and Co (0.1 wt%) metal
concentrations are lower than the detection lioitXRD. Another possibility is that the Pd and
Co metals are very well dispersed small clustenshvagrees with the SEM images (Figure 40a-
b).

With the exception of the 3% BRdo/C-200 catalyst, all the catalaysts that wereiced
at 200 °C showed better decarboxylation (alkenelyct) yield in comparison with the same
metal loading containing catalysts that were redwste300 °C (Table 15). This can be attributed
to the smaller particle size at lower heat treatnf€able 17). It is clear that the smaller particle
size led to a higher active metal site surface amdach was responsible from high
decarboxylation activity. On the other hand, theafof the alloy homogeneity on the support to
the catalytic activity can not be ignored as disedsabove. Additionally, the Pd-Pd bond
distance (Table 6) and the decarboxylation perfowgeaeof the catalysts (Table 15) are in good

agreement. While 3% PR@do/C-300, 5% P#Co/C-200 and 5% BRGo/C-300 all have similar
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bond distance and show similar decarboxylationveagtithe 3% PdCo/C-200 catalyst shows a

higher bond distance which can be related witloitger decarboxylation activity.

Table 17.Metal particle size calculated from XRD diffract®n

Particle|Lattice Pd-+d bon
size, ¢ [parameter(distance
PdCo/Cx (nm) Ja (nm) (nm)

0.5% PdCo/C-200 n.d n.d n.d
0.5% PdCo/C-30( n.d n.d n.d.
1% PdCo/C-200 n.d n.d n.d
1% PdCo/C-300 n.d. n.d n.d.
3% PdCo/C-200 6.0 2.600] 2.2518
3% PdCo/C-300 7.8 25951 2.2475
5% PdCo/C-200 6.5 2.595¢ 2.2477
5% PdCo/C-300 7.8 2.5956 2.2479

5% Pd/C 41 2.6119 2.2619

4.4. Conclusions

Both activated carbon and Si-C supports are higlalyve for oleic acid hydrothermal
decarboxylation in super-critical water. These suigp became much more active after Pd
loading. A 0.5 wt% P#Co/C catalyst showed even higher hydrocarbon et a 7 wt% Pd/C
catalyst. The reason for the significantly highestive decarboxylation being promoted on Pd-
Co alloy catalyst with a low Pd content was atti#olito the well dispersed Pd and Co metal
cluster formation, which led to a higher active ahasturface are. The reduction temperature was
an important factor to form smaller metal partisiee. This study shows that an alloy of Pd on
carbon with a significantly low Pd content is muatore active and selective to diesel

hydrocarbons production from an unsaturated fatigt en super-critical water. Thus, Pd-C alloy



118

on carbon may be regarded as a prospective feakbkrboxylation catalyst for the removal of

oxygen from vegetable oil/animal fat without theedef additional Kl
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APPENDIX
ABBREVIATIONS
AC Activated carbon
AMS a-Methylstyrene
BET Brunauer-Emmett-Teller
BG Brown grease

bio-MTBE  Bio-methyl tert-butyl ether

BJH Barrett-Joyner-Halenda

C18:0 Stearic acid

C18:1 Oleic acid

C18:2 Linoleic acid

C18:3 Linolenic acid

CCSs CQ capturing and storage

Cit Concentration of product i at time t
DI Deionized

EDS Energy-Dispersive Spectrometer
EPA Environmental Protection Agency
ETBE Ethyl tert-butyl ether

FAME Fatty acid methyl ester

FFA Free fatty acid

FTIR Fourier transform infrared

GC-FID Gas chromatograph- flame ionization detector

GC-MS Gas chromatograph-mass spectroscopy



GHG

GTL

HC

HC

HDM

HDN

HDO

HDRD

HDS

LHSV

NOXx

OoLP

PM

SEM

TAG

TEM

TEOS

XRD

120

Greenhouse gas

Gas to liquid

Hydrocarbon

Hydrocarbons
Hydrodemetalization
Hydrodenitrogenation
Hydrodeoxygenation
Hydrogenation-derived renewable diesel
Hydrodesulfurization

Liquid hour space velocity
Nitrogen oxides

Organic liquid product

Particulate matter

Selectivity

Scanning electron microscopy
Triacylglycerol

Transmission electron microscopy
Tetraethyl orthosilicate

X-ray diffraction
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Increase in the petroleum prices, projected ine®as the world’s energy demand and
environmental awareness have shifted the researetest to the alternative fuel technologies. In
particular, green diesel, vegetable oil/animalwasgte oil and grease derived hydrocarbons in
diesel boiling range, has become an attractiverate to biodiesel— a mixture of fatty acid
methyl esters, particularly due to its superiol fu®perties that are similar to petroleum diesel.
Hence, green diesel can be used as a drop-in fiutle current diesel engines. The current
technology for production of green diesel- hydrodeenation of triglycerides and fatty acids
over conventional hydrotreating catalysts suffeosnf fast catalyst deactivation in the absence of
hydrogen combined with high temperatures and higtty facid content in the feedstock.
Additionally, excess hydrogen requirement for hybloxygenation technique leads to high
production costs. This thesis proposes a new tdéohposelective decarboxylation of brown

grease, which is a mixture of fats and oils colddtrom waste water trap and rich in fatty acids,
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over a supported noble metal catalyst that oversatme green diesel production challenges. In
contrast to other feedstocks used for liquid bibfureduction, brown grease is inexpensive and
non- food competing feedstock, therefore the prodesls solution to waste management issues,
reduces the renewable fuel production cost and cwmtsadd to the global food shortage
problems. Special catalyst formulations were dgwatbto have a high activity and stability in
the absence of hydrogen in the fatty acid decadlation process. The study shows how catalyst
innovations can lead to a new technology that aees the process challenges.

First, the effect of reaction parameters on thevidgtand the selectivity of brown grease
decarboxylation with minimum hydrogen consumptioveroan activated carbon supported
palladium catalyst were investigated. A 90% coneer®f brown grease in a semi-batch mode
was obtained in 7 hours. In contrast, in a batelctren the conversion was roughly 40% in the
same reaction time. However, by pre-treating the faceived” brown grease with,Hhe
conversion in a batch reactor was increased 1d}-&oid when the Hto BG ratio was increased
to 3/1 (mol/mol), the conversion was further impedy Therefore, such a two-step processing
with selective hydrogenation prior to the decarbatign of BG improves the product
selectivity. The commercial 5% Pd/C catalyst waghly active for the decarboxylation of brown
grease to green diesel at 3Mand 1.5 MPa.

Second, a class of Pd catalyst supported on asititvated carbon nanocomposite for
free fatty acid decarboxylation was developed, displayed excellent activity and operation
stability selectively for the green diesel hydrdiars formation in the absence of hydrogen
under mild reaction conditions. The decarboxylatextivities of different amount of silica
containing catalysts were investigated in a batedctor under inert gas. Among them, the

formulation with the fewer oxygen surface groupd/@-C-4) was the most active catalyst for
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the decarboxylation of an unsaturated fatty acite high activity of the Pd/Si-C-4 catalyst is

attributed to its accessible and well-distributecetatlic Pd nanoparticles inside hybrid

mesopores as well as to its low acidity, weak s@rfateractions and inertness. Thus, Pd
supported on carbon modified with silica may beardgd as a prospective decarboxylation
catalyst for the removal of oxygen from vegetahléanimal fat without the need of additional

hydrogen.

Third, in order to design a suitable catalyst fonwersion of brown grease to green
diesel, a systematic study of the model compoumdsic acid was conducted on various
catalysts in super-critical water to understandréeetion pathways in the absence of hydrogen.
A Si-C support was more effective than activatedboa itself for both decarboxylation of oleic
acid and hydrogenation of alkenes. In an additi@ffart to reduce Pd amount in the catalyst,
Pd,Co/C catalysts with various Pd content were preparel the catalytic activity study showed
that 0.5 wt% PgCo/C catalyst performs even better than a 5 wt%CRaitalyst. Pd and Co
alloys were very well dispersed and formed finestdts, which led to a higher active metal
surface area and hence favored the decarboxylatioleic acid. This study showed that an alloy
of Pd on carbon with a significantly low Pd contentmuch more active and selective to diesel
hydrocarbons production from an unsaturated fatig @ super-critical water and may be
regarded as a prospective feasible decarboxylataialyst for the removal of oxygen from

vegetable oil/animal fat without the need of aduhal hydrogen.
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