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1. Introduction
Plant-based sources of hydrocarbons are being considered as alternatives to petrochemicals
because of the need to conserve petroleum resources for reasons of national security and cli‐
mate change [1]. Changes in fuel formulations to include ethanol from corn sugar and meth‐
yl esters from agricultural products are examples of this policy in the United States and
elsewhere as biofuels from efficiently grown and processed biomass are claimed to be car‐
bon neutral. In the United States, the mandate to include biofuels has been implemented as
the Renewable Fuels Standards (RFS1 and RFS2) [2] with biobased diesel fuel as one of the
categories. The production of biodiesel in the United States has varied considerably over the
last few years, but was 241x106 gallons in the first quarter of 2012, a high number but one
that still only represents 2% of the total volume of diesel fuel produced for heating and vehi‐
cles [3]. Most of the biodiesel comes from soybean oil, more than double the contribution of
the other major feedstocks combined: canola oil, yellow grease, and tallow.
Replacements for commodity chemicals are also being considered, as this value stream
represents much of the profit for the oil industry and one that would be affected by short‐
ages in oil or other fossil fuels. While the discovery of large amounts of natural gas asso‐
ciated with oil shale deposits have reduced this as an immediate concern for instance the
estimated recoverable reserves in the Western US have now reached 800x109bbls [4] -re‐
search into bio-based feedstock materials continues for the expected long-term benefit. In
particular, this chapter reviews a literature on the conversion of bio-based extracts to hy‐
drocarbons for fuels and for building block commodity chemicals, with a focus on soy‐
bean derived products.

© 2013 McFarlane; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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2. Fuels
Although commercially produced, more economical conversion of methyl esters from soy‐
bean triglycerides is an active area of research to make the product more cost competitive in
comparison with standard petrochemical diesel [5]. The processes of esterification and trans‐
esterification to produce methyl esters that can be burned directly in compression -gnition
engines has been reviewed elsewhere [6, 7].The fatty acid chains on the lipid molecule that
constitutes soybean oil, also called a triacylglycerol or TAG, are split from the glycerol back‐
bone and esterified with an alcohol, generally methanol, in the presence of a homogeneous
base or acid catalyst, Reaction 1.
Commercial processing of biodiesel through homogeneous catalysis suffers from high feed‐
stock costs and batch processing that requires long residence times to achieve good conver‐
sion. Hence, ongoing research continues to explore methods how to best use low-quality
feedstocks, and to reduce the reagent requirements, energy usage, processing time, and com‐
plexity [8]. Figure 1 shows results from simulation of a continuous process to make biodiesel,
varying temperature (a) and methanol content (b) to determine conditions for the optimal pro‐
duction of high quality grade biodiesel. As the process is limited by kinetics and mass trans‐
fer, the effect of mixing has also been investigated by considering the available volume
fraction of reagents (c) [9], defined as the molar ratio of reagents in the reaction zone versus the
overall reagent volume in the vessel. The available volume can be changed by increasing the
contact zone between the immiscible reagents where the reactions take place. The interfacial
surface area is dependent on the intensity of mixing in the multiphase system. Interfacial area
can also be increased by reducing the size of the dispersed phase droplets, such as by bub‐
bling reagent methanol into the oil through a frit. Novel approaches to biodiesel production
continue to be explored, particularly for lower grade and waste feedstocks, such as the direct
extraction of fatty acid chains through use of a solvent such as an ionic liquid to pretreat esteri‐
fication to the methyl ester [10]. Other work has examined methanol-based transesterification
of waste cooking oil under quite mild conditions (110°C in 2 h) in contact with tungsten oxide
solid acid catalysts, giving yields of fatty acid methyl esters (FAME) that are close to the Amer‐
ican Society of Testing and Materials (ASTM) standard for biodiesel [11]. The authors of that
study, Komintarachat and Chuepeng, reported several advantages of working with a WOx/
Al2O3 catalyst. Prior separation of free fatty acids, in their sample of waste cooking oil report‐
ed as 15%, was not necessary to achieve high yields in a one step process. In addition, they
found the catalyst has desirable properties for scale-up, being low cost, reusable, and less reac‐
tive than traditional homogeneous catalysts.
The choice of acid or base homogeneous catalysis depends on the concentration of free fatty
acids (FFA) in the triglyceride feedstock. Virgin soybean oil has a low FFA content, <4%, and
so can be converted to biodiesel by transesterification without an acid-catalyzed esterifica‐
tion pretreatment. However, oil that has been degraded by heat, such as waste oil, requires a
two-step conversion. FFA produced during heating have to be esterified, otherwise they be‐
come saponified during transesterification. New processes are being developed to simplify
the conversion of waste oil, such as the use of a supported heteropolyacid catalyst that si‐
multaneously promotes both the esterification and transesterification processes [13].
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Figure 1. Results of parametric studies on methyl ester production in a continuous reactor showing (a) asymptotic ap‐
proach to a maximum yield with methanol-to-oil molar ratio and (b) with reactor temperature. The dependence of
yield on volume fraction simulated the effect of mixing in the reactor. These calculations were programmed in Mat‐
Lab® [12], for nominal reaction conditions of 50°C, 7:1 methanol-to-oil molar ratio, and an effective reaction volume
of 60% [9].

C3 H 5 (CO2 R1 )(CO2 R 2 )(CO2 R 3 ) + CH 3OH ® CH 3O2 R1 + C3 H 5 (OH )(CO2 R 2 )(CO2 R 3 )
C3 H 5 (OH )(CO2 R 2 )(CO2 R 3 ) + CH 3OH ® CH 3O2 R 2 + C3 H 5 (OH )2 (CO2 R 3 )

(1)

C3 H 5 (OH )2 (CO2 R 3 ) + CH 3OH ® CH 3O2 R 3 + C3 H 8O3
Triglyceride + 3 Methanoln3 Methyl Esters + Glycerine
The chemical conversion to FAME produces a low viscosity, high-cetane number fuel that can
be mixed directly with conventional diesel. The physical properties of diesel and biodiesel, or
FAME, are compared in Table 1 [14]. The properties in the table are given for the liquid phase
at 25°C and for vapor phase at 527°C, corresponding to pre-ignition conditions in a compres‐
sion ignition engine. Although similar in carbon chain length and cetane number, biodiesel
differs from diesel significantly in its vapor pressure, liquid viscosity, and vapor diffusion co‐
efficient. The properties of the biodiesel depend on the length and unsaturation of the fatty
acid chains, Table 1. Where the data are lacking for the soybean-derived methyl esters, the va‐
por phase properties for biodiesel have been replaced by those of methyl oleate.
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Physical Property

Diesel*

Biodiesel*

Density [kg·m-3]

762*

884*

vapor pressure [Pa]

2.22*

6.10x10-5-1.18x10-3*

surface tension [J·m-2]

2.68x10-2*

2.49x10-2*

liquid viscosity [Pa·s]

3.14 x10-3*

9.10 x10-3*

0.144*

0.100*

latent heat [J·kg-1]

3.60x105*

3.38x105***

liquid specific heat [J·kg-1·K-1]

2.27x103*

2.01x103*

0.643#

0.848#

vapor diffusion coefficient [m2·s-1]

8.50x10-6#

9.44x10-7#

vapor viscosity [Pa·s]

1.00 x10-5#

1.21 x10-5**#

vapor thermal conductivity [J·m-1·s-1·K-1]

4.35x10-2#

2.60x10-2#

liquid thermal conductivity [J·m-1·s-1·K-1]

vapor specific heat [kJ·mol-1·K-1]

* Values at 25°C for liquids
# Values at 527°C for vapors
** Values for methyl oleate as a representative biodiesel component.
Table 1. Diesel (C14H30) versus biodiesel properties at 25 or 527°C

Although successfully blended up to 20 volume% for commercial and military use [16],
methyl ester content in vehicle fuel is limited by a number of factors, including the perform‐
ance in cold weather, the effect of oxygen content on engine components (particularly in the
case of older engines), shelf-life and thermal stability [17], and higher NOx emissions from
engines that are not tuned to handle the higher temperature conditions of methyl ester com‐
bustion [18]. Results from simulations presented in Figures 2 and 3 show on a microscopic
scale how the combustion of biodiesel can differ from diesel (represented as n-heptane in
the engine simulations) in terms of temperature and emissions [15]. The development of en‐
gines that can accommodate biodiesel have focused on the effects of physical properties on
spray parameters and droplet formation that will greatly affect the ignition conditions and
combustion characteristics, Figures 2 and 3, and enhanced by early oxidation in the low tem‐
perature heat release phase of combustion, Figure 4. Figure 4 shows the progression of the
combustion of 20% biodiesel as a function of crank angle position, with 360° corresponding
to top-dead-center. The key radicals in the low temperature heat release portion of the cycle
include OH• and HO2• , but OH• dominates after the main ignition event.
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Figure 2. Predicted differences in the temperature in n-heptane and biodiesel combustion after injection into the cyl‐
inder. The n-heptane, representing diesel fuel, shows combustion occurring very rapidly after injection, 2x10-8s. The
biodiesel, while slower to vaporize and ignite, shows a higher temperature at 12 ms after injection. The simulations
were done assuming a cycle of 2000 Rev/min. The temperature key in the upper right is given in degrees K. Reprinted
with permission from SAE paper 2008-01-1378 Copyright © 2008 SAE International [15].

These factors have led to interest in synthesizing a hydrocarbon fuel starting with methyl
esters, a so-called “green diesel” that will maintain the high cetane number of biodiesel, but
will achieve better performance in an automobile: through enhanced mixing, injection, and
combustion; reduced downstream issues such as NOx emissions; and better upstream han‐
dling associated with fuel manufacture and distribution. Bunting and colleagues have re‐
viewed the development of fungible and compatible biofuels [20]. That report considers a
wide variety of products, from ethanol to pyrolysis oils as well as soy-derived biodiesel.
Concerns that arise when developing alternative fuels include refining, blending, and distri‐
bution, regulatory barriers, verification of performance, and changes in operating practices
throughout the distribution system. In this chapter, we focus on the chemistry of the fuel.
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Figure 3. Predicted differences in the CO concentration in n-heptane and biodiesel combustion after injection into the
cylinder. As with the temperature profiles, the production of CO from biodiesel lagged that from n-heptane during
the event. However, the final concentration of CO was higher for biodiesel than for n-heptane. The CO concentration
key in the upper right is given in mole fraction. Reprinted with permission from SAE paper 2008-01-1378 Copyright ©
2008 SAE International [15].

Unsaturated methyl esters have more affinity for water and contaminants than does hexade‐
cane, a typical component of diesel fuel. Water affinity is often expressed in the form of the
octanol-water distribution coefficient or Kow, with lower values of Kow indicating more hy‐
drophilic compounds, Kow=moles(octanol)/moles(water). Kow values for a few select compo‐
nents of fossil-based diesel [21] and long chain methyl esters typical of those derived from
soy oil [22] are presented in Table 2. Water can be problematic in fuel distribution systems
which are made of low carbon or low grade stainless steel, but water can be gravity separat‐
ed when the fuel is held in storage vessels. Separation is less likely to occur with oxygenated
fuels, particularly those that have degraded to shorter chain components through autooxi‐
dation. Because of the issues with materials compatibility, potential contamination of pipe‐
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lines by residues, and high viscosity at low temperatures, biodiesel must be added to
standard diesel fuel at a terminal loading facility, where the fuel is mixed and then loaded
onto trucks for distribution. However, mixing at a distribution terminal affords less quality
control than at a refinery, with the latter having the ability for online testing of properties
and composition, followed by adjustment to meet ASTM specifications if necessary [23].

Figure 4. Combustion of a 20% blend of methyl butanoate (simulating biodiesel) and n-heptane (simulating petrole‐
um diesel) showing the importance of reactive species during different times of the cycle [19].

Biodiesel derived from soybean oil comprises long fatty acid chains, C16-C18, with a high
cetane number, and a high degree of unsaturation, 84-87%, for better cold flow properties
(reduced viscosity) relative to other plant-based methyl esters. However, the unsaturation
can also lead to issues with shelf life and thermal stability [28] in comparison with more
hydrogenated oils such as palm oil. The process of oxidation and its effects on the proper‐
ties of biodiesel has been studied using chemical and thermal analysis by Tan and collea‐
gues [29], and reviewed by Mushbrush [17] and Knothe [30]. Oxidation of the double
bonds can occur through an autocatalytic mechanism simplistically depicted below, Reac‐
tion (2), initiated by hydrogen abstraction from an unsaturated carbon atom. The greater
the unsaturation, the more stable the allylic radical, Rn•, thus a precursor mono-unsatu‐
rated FFA has greater stability that the doubly- and triply-unsaturated chains. Once
formed, the radical can combine with O2, allowing formation of a secondary intermediate
in the chain, a reactive hydroperoxide [31, 32], Reaction (3). Light increases the rate of de‐
composition, because photosensitization allows a direct reaction between the O2 and the
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carbon-carbon double bond offering another pathway to oxidation. The hydroperoxides,
once formed, can convert to a variety of products, cyclized five and six membered rings,
malonaldehyde or C3O2H4, hydroxy and epoxy esters, and allylic hydroxyl- and ketone
compounds, among other oxygenated derivatives. Cleavage reactions form reactive radi‐
cals, continuing the process to produce volatile compounds such as carbonyls, alcohols,
esters, and short chain hydrocarbons, Reactions (4a and b), some of which react to form
furans, aldehydes, ketones, lactones, alkynes, and aromatics [33]. Because of an associated
increase in viscosity and acid number, these oxidation products are generally undesirable
in a combustion engine [34].

Log Kow

water solubility (mg/
L)at 25°C

Biodiesel Components
methylpalmitate, C16:0

7.38

4.00x10-3

8.35

3.01x10-3

7.45

3.68x10-3

6.82

2.10x10-2

6.29

9.18x10-2

2-5

1.02

(10-12%)
(hexadecanoic acid, methyl ester)
methyl stearate, C18:0 (3-4%)
(octadecanoic acid, methyl ester)
methyloleate, C18:1 (23-25%)
(octadecenoic acid, methyl ester)
methyllinolate, C18:2 (53-56%)
(octadecadienoic acid, methyl ester)
methyllinolenate, C18:3 (6-8%)
(octadecatrienoic acid, methylester)
Diesel #2 Components
Monoaromatics and small cyclic compounds
(10.0%)
cycloparaffins (34.0%)

Hexylbenzene is 5.52
3-5

55 [27]

Cyclohexane is 3.44
Naphthalenes and PAH (14.7%)

3-5

30

Naphthalene is 3.3
n- and i-paraffins (41.3%)

3.3-7.06 for short chain HC [21]

9x10-4

8.2 for C16H34
Table 2. Hydrophobicity expressed as octanol-water partition coefficients [24, 25] for organic derivatives of petroleum
and biodiesel [26]
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R n -H ® R n ·+H·

R n ·+O 2 ® R n OO

(2)

R n -C=C-R n’ +2O 2 ® R n -C ( OOH ) -C=C-R n’-1 + R n-1 -C=C-C ( OOH ) -R n’

(3)

R n OO·+R n’ -H ® R n OO-H+R n’

R n -CH=CH-C ( O·) H-R n’ ® R n’ -CHO + R n -CH=CH· (a)
R n -CH=CH-C ( O·) H-R n’ ® R n -CH=CH-CHO+ R n’ · (b)

(4)

Besides light and heat, oxidative stability is also greatly influenced by the choice of storage
tank materials and the presence of minor components or contaminants in the mixture.
Hence, deterioration can be slowed by the use of additives in the fuel. Commonly used anti‐
oxidants include phenol derived compounds such as tert-butyl hydroquinone (TBHQ) [35],
butylatedhydroxytoluene (BHT), butylatedhydroxanisole (BHA), and propyl gallate. Effec‐
tive additive concentrations of 1000 mg kg-1 (1000 ppm) do not appear to affect combustion
or physical properties [36], but are sufficient to increase the induction period for autooxida‐
tion by binding with the peroxy radicals as shown created in Reaction (2) [37]. Phosphory‐
lated antioxidants, including phosphites, phosphonites and phosphines [38], either hinder
hydrogen atom extraction or promote the decomposition of hydroperoxides [39], Reaction
(5). They are often used in combination with the phenolic antioxidants for additional effica‐
cy. Organosulfites can also be used to stabilize methyl esters, as they react with hydroperox‐
ides to form sulfates [40].These compounds would be less than desirable as fuel additives;
however, as the non-radical decomposition is catalyzed by the presence of acid, and ulti‐
mate products include SOx and acids H2SO3 and H2SO4.
R n OO·+A-H « R n OO-H+A·

(5)

3. Chemical conversions
For soybean oil and soybean-derived feedstocks to be used as drop-in replacements for petro‐
leum derived products, deoxygenation processing has to be undertaken. Depending on the
desired products, this can involve a number a steps, listed below. Not all of the steps are need‐
ed for each product. In general, the desire is to shift increase the carbon-to-oxygen ratio to be
closer to that of petroleum, and reduce the carbon to hydrogen ratio, as depicted in Figure 5,
plotted with data collected by Choudhary [41]. The various catalysts used to achieve the deox‐
ygenation of triglycerides has been reviewed in a number of publications, for instance by Mor‐
gan [42].
i.

Hydrogenation (saturation of double bonds)[43]
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ii.

Thermal cracking – heating in an inert atmosphere without addition of H2

iii.

Acid- or base-catalyzed cracking over metal oxides or zeolites [44]

iv.

Hydrodeoxygenation (HDO removal of O as H2O) – usually at higher H2 pressure
and lower temperatures than the cracking processes. The catalyst has transition
metal + heteroatom (S or N) like NiMo/Al2O3 or CoMo/Al2O3. Non-sulfided forms
have also been studied to a lesser extent, Ni/Al2O3 or Ni/SiO2.

v.

Decarboxylation (remove O as CO2) – more H2 efficient than HDO, unless product
CO2 becomes methanized. Often uses supported platinum catalysts in a batch reac‐
tion, for example: Pt /Al2O3 or Pd/C, 270-360°C, 17-40 bar H2.

vi.

Decarbonylation or removal of oxygen as CO – same catalysts as decarboxylation

vii.

Removal of other heteroatoms (S, N, P, metals) – especially from used cooking oil
or if sulfur and nitrogen compounds have been added in earlier processes to main‐
tain the catalyst activity.

viii.

Various side reactions including: hydrocracking, water-gas shift, methanization,
cyclization, and aromatization

ix.

Isomerization [45], often deliberately designed to produce better fuel characteris‐
tics, such as cold flow behavior. For example, linear paraffins, n=16-18, freeze at
18-28°C, while iso-paraffins of the same carbon number freeze at -11 to 3°C

x.

Co-processing of soybean oil with diesel fuels in an oil refinery by fluidized cata‐
lytic cracking (FCC) – achieves isomerization as well as separations. May get inhib‐
ition of deoxygenation because of S groups in the diesel fuel components and vice
versa.

4. Oil feedstocksfor hydrocarbon fuels
Deoxygenation drives the overall process for converting soybean oil into hydrocarbons.
Processing requirements will be similar for both fuels and chemical feedstocks if the product
from deoxygenation can be introduced as a feed in a petrochemical refinery where it will
undergo further reactions and separation. If the goal is to only make hydrocarbon fuels;
however, separations may not be as important after deoxygenation as they would be for iso‐
lating particular building block chemicals. Conversion in a smaller scale independent biore‐
finery may be feasible, solving the issue of the distributed production of soybeans. The
drawback to this scheme is that if the fuels are to be introduced directly into the distribution
system, issues related to quality control of the product may become siginificant. In this case,
processing will have to account for the variability of bio-based feedstocks, even within a
particular crop. Hence, for fuel production at a distributed processing facility, the goals
would include achieving sufficient deoxygenation to allow incorporation upstream of the
distribution point, enabling pipeline transportation, and providing reliability and quality
control.
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Figure 5. Progression in H/C mole ratio and O/C mole ratio for different sources of organic materials

Thermal cracking has the advantage of not requiring hydrogen for processing. Uncata‐
lyzed thermal cracking has been used to convert soybean oil to hydrocarbons, holding the
oil at 430-440°C under vacuum for over one hour [46]. Not including the free fatty acid
byproducts, more than half of the products comprised linear alkanes (51%). Other signifi‐
cant hydrocarbon products were identified by gas chromatography – mass spectroscopy
as cycloalkanes (11%), alkenes (20%), cycloalkenes (5%), aromatics (8%), and polyaromatic
hydrocarbons or PAH (5%). The authors contend that the rings, both saturated and aro‐
matic, came from cyclization of the fatty acid chains rather than from a Diels Alder addi‐
tion. The latter is usually considered the mechanism for ring formation from olefins, but
in the case of the soybean oil conversion, the precursor dienes were not observed. The
FFA also became decarboxylated, releasing hydrogen for saturation of double bonds, and
producing byproducts CO2 and CO. The significant fraction of PAH could be problematic
for direct combustion of the resulting fuel, as these compounds can survive conditions
through the combustion pathway in the engine and be emitted into the atmosphere. How‐
ever, pretreatment, to reduce the acid number and separation of the FFA, would allow
this feedstock to be transported to a refinery for further processing. In thermal cracking,
the most important variables governing product distribution include the temperature fol‐
lowed by the residence time [46-48]. Other literature has described investigations of cata‐
lysts that have shown promise for thermal cracking, including supported Ni, Pt or Pd on
carbon. In particular, Morgan and coworkers have discovered a Ni/C catalyst and demon‐
strated a 92% conversion of soybean-derived triglyceride at 400°C, with a 70% yield in liq‐
uid form [42].
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Biogas oil, which is a mixture of normal and isoparaffins having boiling points close to that
of diesel, may be made from selective hydrotreating of natural triglycerides. Although some
research on thermal cracking has suggested that introduction of hydrogen is not necessary
[47], the HDO process allows the conversion to be carried out at lower temperatures, with
fewer issues related to byproduct char and gas formation. Hydrodeoxygenation has also re‐
ceived much attention in the literature because this process shows promise to operate with
less hydrogen than needed for hydrogenation [41]. HDO, in fact, involves a series of hydo‐
genolysis and hydrogenation steps and is analogous to hydrodesulfurization of petroleum.
Catalysts have already been developed for hydroprocessing of heavy oils. HDO investiga‐
tions have been carried out on a number of seed oils, including soybean oil. For instance,
rapeseed oil was deoxygenated at 260-280°C under 3.5 MPa H2. The rate of reaction ranged
over 0.25-4 h-1 when tested with a number of different catalysts, in order of performance: Ni‐
Mo/Al2O3> Mo/Al2O3>Ni/Al2O3 [49]. HDO of sunflower oil was performed in DMSO, with a
NiMo/Al2O3/F catalyst, in a bench-scale continuous operation at high pressure. The oil hy‐
drocracking entailed combined processes, including olefinic double bond saturation, oxygen
removal, and isomerization [50], to give a conversion of 90%. HDO of sunflower oil
(310-360°C, 2.0MPa) on a Pd/SAPO-31 catalyst gave excellent conversion to C17 and C18
straight chain and branched alkanes. However, the catalyst became fouled after a few hours
[51]. Mixtures of sunflower oil and gas oil have been hydroprocessed over a sulfided cata‐
lyst, NiO(3%)–MoO3(12%)–γ-Al2O3 incorporating 0, 15 or 30 wt.% zeolite beta (BEA). The re‐
action took place at conditions of 330°C, 60 bar, at a weight hourly space velocity (WHSV) of
2 h-1, giving 100% conversion into hydrocarbons. The distribution arising from cracking giv‐
ing the relative fractions of liquids/gases/and char was not discussed in the paper [52].
Hydrocracking has also been scaled up from the laboratory bench. A larger scale test of hy‐
drocracking of fresh sunflower oil and used cooking oil was carried out by Bezergianni and
colleagues [6]. The cracking process was carried out over a number of days until steady state
was reached, and then an analysis was performed on the products. A presulfided commer‐
cial HDO catalyst was used, with sulfur in the form of dimethyldisulfide and nitrogen as
tetra-butyl amine added to maintain the activity. The liquid hourly space velocity (LHSV)
was 1.5 h-1 and the H2-to-liquid ratio was 1098 Nm3/m3 (at 14 MPa). The difference in per‐
formance between the conversion of used and new oil was very small, with high yields of
product in the diesel fuel boiling point range (70-80%). Less cracking to small molecules was
observed at lower temps, i.e., 350°C, than 390°C, which is desirable for fuel manufacture.
The effect of sulfur on hydrodeoxygenation is of interest because it relates to the perform‐
ance in an oil refinery with hydrodesulfurization (HDS) as well as HDO processing. Experi‐
ments over Pt/H-Y, Pt/H-ZSM-5, and sulfidedNiMo/γ-Al2O3 have been carried out in a batch
reactor over a temperature range of 300-400°C and initial hydrogen pressures from 5 to 11
MPa. The reaction time was limited to 3 h [53]. Investigation of the performance of CoMo/
Al2O3 at different sulfur levels (1% to < 10 mg kg-1) and its effect on the HDO of sunflower
oil were done under the following conditions: 300-380°C, 20-80 bar, 1-3 h-1, and H2/oil vol‐
ume 200-800 Nm3/m3 [54]. Up to 75% of the target product C18-paraffins were made at the
highest temps and lowest LHSV. At higher H2 pressures, more hydrocracking occurred,
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forming light gases such as propane. Adding presulfided catalysts got better yields (5-8%)
under less severe conditions. But the addition of sulfur can produce H2S, which needs to be
removed from product and recycled. Sulfur can react to form mercaptans, which are corro‐
sive, adding cost and complexity to the process. H2S has been found not to prevent catalyst
deactivation as was anticipated. The effect of sulfur has also been investigated for the HDO
of aliphatic ester model compounds [55].
Hydrogenation and deoxygenation to n-paraffins followed by isomerization is expensive
and complicated, but now is performed on an industrial scale [41]. A Finnish company,
Neste Oil, has built and operated three NexBTL plants around the world, in Singapore, Rot‐
terdam, and Porvoo in 2009, to convert 190,000 t/a of C12-C16 triglycerides, fatty acid esters,
and fatty acids to green diesel. The conversion involves hydrotreatment followed by isomer‐
ization to produce green diesel and is described in a Neste patent [56]. The Neste Singapore
plant is rated at 800,000 t/a of palm oil, used oil and waste animal fat. A plant in Rotterdam
started production in mid 2011 that uses a variety of feedstocks.
Another company, UOP/ENI S.p.A., has a process to produce green diesel that involves a
number of catalytic steps to achieve deoxygenation and conversion to branched hydrocar‐
bons. The process, based on hydrodeoxygenation, produces fuel that can be blended directly
with petroleum, or added to an input stream in an oil refinery [56]. Emerald Biofuels plans
to build a 85x106 gallon production facility based on the UOP technology (licensed by Hon‐
eywell) at a Dow Chemical site in Plaquemine, LA. Dynamic Fuels is already in production
(75x106 gal) and Diamond Green Diesel (137x106 gal) also has a plant under construction at
the mouth of the Mississippi, to take advantage of the proximity to shipping and petroleum
refineries. The existing capacity, along with the operating Neste plants, currently produces
600x106 gal/a [57].
ExxonMobile is building a hydrotreating plant in Singapore to deliver bio-derived low sul‐
fur diesel of up to 16x106 L/d, and has similar plants planned for Baytown and Baton Rouge,
LA, in the USA [58].Other planned green biodiesel projects include sites at Norco LA ( Dar‐
ling International, Diamond Green Diesel, LLC, and Valero Energy Corp) to produce
137x106 gal/a from waste oil, and animal fats. KiOR plans construction of a plant to produce
refinery intermediates in Columbus MS. Joule Unlimited will be constructing a biofuels
demonstration plant (75 x106 gal/a green diesel) in New Mexico [57].
Although hydrodeoxygenation is fairly mature, with industrial-scale production, technical
problems remain that would benefit from further research. Minimization of hydrogen used
in the conversion of biomass must happen to make the process economically viable [59]. A
large fraction of the products from hydrodeoxygenation are linear paraffinic hydrocarbons,
which tend to form waxes that can cause cold flow problems. Research into isomerization
reactions and selection of catalysts to promote branched alkanes would be beneficial. In the
case of soybean oil, however, thermal cracking has produced a preponderance of aromatic
compounds, suggesting that mixing of fractions produced through different pathways may
give rise to a fungible fuel. A third area of interest is the effect of acylglycerides and HDO
products on catalysts that are used in oil refinering, especially if the bio derivatives are to be
introduced into the feed stream along with petroleum. In particular, there is a concern that
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the acylglycerides may affect the performance of catalysts such as CoMo, used in hydrode‐
sulfurization [41].
The activities undertaken by industry show that the underlying drivers for biofuel produc‐
tion low sulfur requirements in diesel, low net CO2 emission during production and use,
and potentially disruptive oil supply disruptions are pushing major companies to make in‐
vestments in this area. Although the feedstock streams for biorefineries are not specific to
soybean oil, the engineering efforts contribute to the general knowledge of producing green
diesel from a variety of sources. Yet, the industry is sensitive to changes in feedstock and oil
prices, and smaller initiatives have lost traction during changes in the market, particularly
during the last few years. Currently, green diesel remains a niche player in the larger petro‐
leum refining industry.

5. Oil feedstocksfor materials
Soybean plants have been used to fabricate a variety of materials and products. Soybean de‐
rived materials have been used in the development of bio-based fibers and yarns [60]. In
particular soybean protein fiber has been identified having potential uses [61] in the manu‐
facturing of fabrics. Materials production may not require the degree of chemical conversion
and breakdown of the triglyceride that hydrocarbon production requires, but modification
is still required to give the desired properties. For instance, soybean protein separated
through precipitation after the oil has been removed from the seed requires further process‐
ing to crosslink the derived fibers and reduce brittleness and degradation [62, 63]. Soybean
straw, available after harvesting of the beans, can be converted to technical fibers through
alkali processing. The straw-derived fibers have a higher lignin content than cotton or linen,
but after processing the cellulose content is comparable to these other agricultural sources,
and could represent a bioresource estimated to be 55 million tons derived from 220 million
tons of straw [64]. Soybean fiber left over from oil and protein extraction can be converted to
ethanol through a two-step process: (i) pretreatment with aqueous ammonia to remove lig‐
nin (by 74% after 12 hours), and (ii) simultaneous saccharification and fermentation, giving
0.25g ethanol per gram of fiber [65]. The straw can also be converted to a bio-oil through fast
pyrolysis [66].

6. Oil feedstocksfor chemicals
Soybean oil can be used to manufacture a number of different compounds including surfac‐
tants, fuel additives, detergents, polymers such as polyurethanes [67], and adhesives [68].
Polymer production from biomaterials has recently been reviewed by Lligadas and collea‐
gues [69]. Fatty acids can be converted to a polyurethane through a di-isocyanate intermedi‐
ate [70].Resin alternatives have been prepared from a number of different plant-derived
materials, including soybean oil. To achieve the physical properties required for a thermo‐
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plastic polymer, that is having sufficient rigidity and tensile strength to be used in fabrica‐
tion, soybean oil derived resins must be crosslinked via epoxidation (introduction of epoxy
groups into double bonds on the fatty acid chains) or mixed with petroleum-based materi‐
als. Good results obtained without incorporating conventional polymers used a combination
of epoxidized soybean oil and an anhydrided soyate. The linking process was catalyzed
with hexamethylenediamine, and gave a fiber with a tensile strength of >10 MPa [71]. Adhe‐
sives made of renewable polymers have been made from mixing of dimeric fatty acids and
diols with maleic-anhydrided soybean triglycerides. The gel is formed from cross linking of
the esters and extending the fatty acid chains within the structure [72]. Hybrid coatings have
been prepared from mixing blown soybean oil and sol-gel precursors (titanium and zirconi‐
um peroxides) to improve properties such as tensile strength, adhesion, flexibility, hardness
and impact resistance [73].
The conversion of plant-based acylglycerides to nitrogen containing compounds has been
reviewed by Biswas and colleagues [74].Properties of various products from palmitic acid
have been predicted based on a combinatorial approach, and then linked to an optimization
routine to select the product of choice based on predefined criteria (lubricity, critical micelle
concentration, or hydrophilic-lipophilic balance) [75]. The authors, Carmada and Sunderesa‐
ni, wanted to refocus the synthesis paradigm. They developed a method to choose a chemi‐
cal structure that would give thermophysical properties optimized to a particular
application. The structure then determined which synthetic method would be needed to
produce the desired end product.

7. Methyl ester feedstocks for chemicals
Methyl esters derived from soybean oil can also be used as starting materials for the produc‐
tion of hydrocarbons for fuels or chemical feedstocks. Various catalytic pathways from oxy‐
genated precursor to hydrocarbons include: pyrolysis [76], deoxygenation and
hydrogenation [77, 78], and hydrotreatment [79]. The focus of many of these studies has
been production of fuels that are miscible or fungible with petroleum products, e.g., the
work published by the group of Daniel Resasco at the University of Oklahoma [80], for fuel
production rather than chemicals. In addition, much of the published literature focuses on
simpler chemical representatives of the methyl esters from soybean oil; but these results are
directly applicable to the production of chemical feedstocks, such as the synthesis of ethylbenzene that can be used for a variety of products: polymers, solvents, and reagents [77]. Al‐
though differences in the product distribution would be expected from TAG and single
methyl ester conversions, comparison studies carried out by Kubatova and colleagues
[46-48] on individual acylglycerides, as well as soybean mixtures, showed similar conver‐
sion chemistry.
Because it appears as if the products from these deoxygenation processes will require fur‐
ther processing to make fuels or chemical feedstocks, the FCC of triglycerides has been stud‐
ied by groups such as Melero and colleagues [81]. In particular, the effect of soy-based
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biomass on the FCC process is of interest. Melero investigated both the cracking of 100%
soybean oil, and a mixture of 30% soybean oil with petroleum, the latter being a typical
feedstock for an oil refinery. The feed injection was held at 70°C, but the FCC itself was car‐
ried out at 560°C, representing typical conditions in a refinery. The boiling point range for
the soybean biodiesel was from 545.7 to 636.0°C in comparison with the diesel range from
200-330°C [82]. Because of the unsaturated chains in the soybean oil, the aromatic fraction in
the product was enhanced relative to that of pure petroleum, but the PAH was reduced. Sa‐
turated fatty acid fragments gave rise to light alkanes, light oil, and diesel fractions. There
could be some concern about enhanced corrosion in the cracker because of the presence of
the FFA, but research suggests that the lifetime of these compounds is very short at these
temperatures, and so they may not present a problem. Many of the FCC products are similar
from acylglycerides and petroleum, although the composition distributions are different. In
the case the biomass, of FCC products come from reactions in the cracker and in the case of
petroleum, most hydrocarbons are present in the original feedstock. Issues such as gum for‐
mation or the effect of impurities, such as entrained alkali metals that could be present in
biological materials, were not studied by Melero [81].

8. Conclusions
Although many chemical pathways have been demonstrated in the laboratory, the scale-up
to handle large quantities of bio-derived material presents a number of challenges in com‐
parison with petroleum refining. These range from additional transportation costs because
of distributed feedstock production, to catalyst cost and regeneration. Seasonal variations in
the cultivation and harvesting of soybeans and production of oil can result to chemical
changes in the feedstock material and minor components. However, it appears as if the
chemical modification processes are robust to minor changes in FFA distribution. Impurities
and their impact on catalyst performance and lifetime may be significant and difficult to test
outside of an industrial setting. Impurity and effects of minor components are highly de‐
pendent on unpredictable phenomena such as feedstock composition or process variability.
Thus, these effects may not appear, much less be quantified, in a bench-scale operation us‐
ing laboratory grade chemicals. Hence, operation of pilot and demonstration scale facilities
will be very informative. The feasibility of the production of hydrocarbons from soybean tri‐
glycerides or methyl esters derived from these triglycerides is often dependent on the avail‐
ability of low cost hydrogen. Other technical hurdles include the optimization of interfacial
reactions and separations before soybean oil can make a significant contribution to the hy‐
drocarbon economy. The question of whether feedstocks from soybean oil should be intro‐
duced into a stream in an oil refinery, or converted in a small scale refinery to fungible
products depends on the final application and cost issues. However, once converted to hy‐
drocarbons, separations to commodity chemicals or fuel should be analogous to handling
conventional petroleum products.
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Nomenclature and abbreviations
ASTM - American Society of Testing and Materials
BHA - butylatedhydroxyanisole
BHT - butylatedhydroxytoluene
FAME - Fatty Acid Methyl Esters
FCC - Fluidized Catalytic Cracking
FFA - Free Fatty Acid (monoglyceride)
HDO - Hydrodeoxygenation
LHSV - Liquid hourly space velocity
PAH - Polyaromatic Hydrocarbon
TAG- Triacylglyercol or triglyceride
TBHQ- Tert-butyl hydroquinone
WHSV - Weight hourly space velocity
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