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Os processos industriais mais utilizados na producdo de combustiveis liquidos semelhantes
ao diesel usam catalisadores homogéneos bdsicos através das metandlise e etandlise de 6leos
tais como os de soja, canola, palma entre outros. Desse modo, se obtém o biodiesel. Por sua vez,
transformacdes termo-cataliticas usando as facilidades existentes nas refinarias de petréleo sdo
alternativas que merecem atencio devido a sua viabilidade econdmica. De fato, trés processos
industriais j4 estdo em funcionamento e novos projetos estdo em fase final para comercializagdo.
O presente trabalho analisa os experimentos ja realizados por pesquisadores brasileiros nas areas
do craqueamento, do craqueamento catalitico e do hidrocraqueamento catalitico dos 6leos vegetais
puros ou modificados. A partir dos resultados descritos, sdo sugeridas novas dire¢gdes destas
pesquisas para os proximos anos.

The most used industrial processes for the production of liquid fuels like diesel type are based
on the methanolysis and ethanolysis of various oil reactants, such as palm, soybean and rapeseed
oils, in the presence of homogeneous base catalysts. However, thermal and catalytic transformations
of vegetable oils using available reactors and industrial processes are possible alternatives and
deserve attention. In fact, three industrial processes are operating and new projects are announced.
The present work analyses the experimental studies performed up to now by Brazilian researchers
in the field of cracking, catalytic cracking and hydrocracking of pure or modified vegetable oils.

From the published results, some research areas for the near future are suggested.
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1. Introduction

Although their limited share in liquid fuels today,
renewable sources coming from biomass are expected to
play an important role in some regional energy matrixes.
In fact, supplying isolated areas with petroleum fuels may
sometimes appear as an uneconomical choice. Furthermore,
new technical solutions can be prepared to face periods of
political or economic crisis and to upgrade the standard
of living of small farmers. The local production of liquid
fuel presents an interesting alternative to transportation and
stocking of traditional liquid fuels, such as gasoline, diesel
and even kerosene. Nowadays, some people consume a
quarter of fuel tank in their car just go to a fuel station and
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back home. This added to the fact that it is expensive to feed,
control and maintain isolated fuel stations is surpassing the
limits of declining energetic resources.

In numerous regions, a fraction of agriculture production
is used to generate renewable fuels with the use of simple
chemical/biochemical transformations. In Brazil, ethanol
produced from sugar cane is a good example. Besides the
production of ethanol, used alone or mixed with gasoline
for family cars, Brazil should be able to lead world progress
in the production of liquid fuels for trucks, boats and local
electricity generators, because of its large collection of
native and cultivated vegetable oil sources, as well as other
biomass and animal resources to feed processes of heavy
liquid fuel production. The country would therefore be
able to strengthen its capacity to elaborate renewable liquid
fuels, either of second or third generation.
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As far as triglyceride transformations are concerned,
numerous studies are being carried out by researchers from
universities and technological centers in all Brazilian states.

Currently, these studies are mainly focused on the
transesterification of vegetable oils and animal fats and/
or the esterification of fatty acids issued from the refining
of these feeds. Transesterification is generally conducted
with alcohols such as methanol and ethanol, in the
presence of base homogeneous catalysts. Esterification,
with the same alcohols, is conducted in the presence of
acidic catalysts. Both reactions generate what is known
as biodiesel (a consultation to the CNPg/Lattes database
performed on October 30", 2010, revealed that 2950 PhDs
and 4909 non PhDs used the word “biodiesel” in their CV;
the CNPq/Lattes database contains information concerning
the activities of the Brazilian scientists). Various analyses of
the biofuel transformations, focusing mainly on biodiesel,
have been written in recent years by Brazilian scientists.'”’
Although biodiesel is well accepted, there is a need to
perform important purification of both the final biodiesel
and the major reaction by-product of the transesterification:
glycerol. These purification steps may have an important
environmental impact.

The studies into triglycerides pyrolysis, cracking and
hydrocracking, which started in Brazil at the end of the
1970s, did not develop as much as transesterification.
However, at a national and international industrial level
considerable attention is now being given to such thermal
transformations.®?

The present work aims to review the published results
obtained by Brazilian researchers in the field of cracking
and hydrocracking of vegetable oils, and attempts to
analyze the possibilities of these thermochemical routes
to produce biofuels. It must be said however that outside
Brazil, considerable work on this subject exists.'>!

2. The First Steps in Brazil

As already mentioned in various Brazilian reviews'”’
about the preparation of liquid fuels from triglycerides (or
by-products from their refining or use), Brazilian interest
in this area started in the 1970s, when the PROALCOOL
program was initiated. In parallel to the need to obtain a
liquid fuel (ethanol) for light vehicles, a need for liquid fuel
for diesel engine vehicles rapidly appeared. The solution
was to turn to vegetable oils and animal fats and the sources
to produce them. The PROOLEO program was launched
in the 1980s and some progress was achieved. However,
the difficulty of getting large and regular volumes of
feeds (unlike the case of ethanol) together with a lack of
private investment in the fatty products field led to a rapid
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dissolution of the program and a decrease in public support.
With the recent considerable increase in the soybean and
other oil plant production in Brazil, together with the still
good perspectives of further developments, the general
situation has changed in recent years and a National
Biodiesel program has started. The desired final products
were considered to be the fatty acid methyl or ethyl esters,
FAME or FAEE, whose properties are close to those of
diesel fuel from petroleum. Therefore, major efforts have
been devoted to the transesterification of triglycerides and
to a lesser extent to fatty acid esterification with either
methanol or ethanol.

However, the studies in triglycerides cracking initiated
in Brazil at the end of the 1970s, never stopped, even though
financial help was limited. Three examples of studies must
be recalled at this point: (i) the study of the thermocatalytic
cracking at atmospheric pressure over alumina and magnesia
catalysts using as raw material refined commercial soybean
oil both before and after its prehydrogenation,' (ii) the study
of the hydrocracking of soybean and babassu oils at high
pressure using supported metallic and sulfided catalysts,'®!”
and (iii) the study of the thermocatalytic cracking of
commercial soybean oil using H,PO,/SiO, as the catalyst.'s In
all the three cases, reactions with model fatty acid molecules
were also performed to improve the understanding of the
complex chemistry of the transformation of vegetable oils.
These studies will be presented later in some detail in this
review that will successively examine studies on the pyrolysis
of vegetable oils, on the thermocatalytic cracking of refined
oils either pure or hydrogenated and on hydrocracking. It
is important to state that in parallel to preceding studies,
researchers at the Universidade Federal do Ceara (UFC,
Ceara State, Brazil), besides their work on transesterification,
were also working on the pyrolysis of triglycerides,'® and
that some pilot units for the pyrolysis were developed at
Centro de Pesquisas e Desenvolvimento (CEPED, Bahia
State, Brazil) and Instituto Nacional de Tecnologia (INT,
Rio de Janeiro State, Brazil).

3. Pyrolysis

Pyrolysis consists of thermally decomposing of a feed in
the absence of oxygen or any other oxygenating compounds.
Depending on the residence time of the reactant in the heated
zone, one speaks of pyrolysis, quick pyrolysis and even flash
pyrolysis, the latter one for residence times of the order of a
few seconds. Applied to the case of vegetable oils and fats,
pyrolysis produces materials resulting from simple cracking
and from possible thermal reforming of the primary products
to various secondary products, depending on the severity of
the experimental conditions.
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Alencar et al.' studied the pyrolysis of babassu
(Orbignya martiana), piqui (Caryocar coriaceum) and
palm (Elaeis guineensis) oils between 300 and 500
°C, and that of oleic acid, one of the major moieties of
the preceding feeds. Liquid yields of the order of 60
to 80% in volumes were obtained. Using CG-MS to
analyze the liquid products, these authors found mainly
saturated linear alkanes and 1-alkenes. Small quantities
of cyclic hydrocarbons were also identified, mainly for
the oils where lateral chains were rich in oleic acid. A
reaction scheme was proposed. However, the absence of
oxygenated compounds in the analyzed liquid products
seems rather unexpected.

Using soybean oil, castor oil and palm oil, and pyrolysis
temperatures between 350 and 400 °C, Lima et al.?
obtained two types of liquid phases: an aqueous and an
organic ones. The organic phase was distillated into four
fractions: F1 < 80°C, 80 <F2 < 140°C, 140 < F3 <200 °C
and F4 > 200 °C. In general, the authors showed that the
three vegetable oils gave similar liquid yields in the four
liquid fractions. The F4 fraction, which would be expected
to model a diesel-like mixture, was shown to be composed
of olefins, paraffins, carboxylic acids and aldehydes, the
quantity of the latter one being higher in the case of castor
oil pyrolysis. The F4 fraction of castor oil pyrolysis also
presented a higher concentration of compounds with a
high chain length in both hydrocarbons (C15-C16) and
fatty acids (C11-C12) compared with the two other oils
(C11-C14) and (C7-C11) respectively. In the case of
compounds obtained from the pyrolysis of soybean and
palm oils, general fuel properties such as viscosity, cetane
index and sulfur concentrations were within of the Brazilian
standards for mineral diesel fuel. In the same study, the
authors also showed that performing soybean oil pyrolysis
at 400 °C, through a catalyst bed with ZSM-5, induced
further deoxygenation in the liquid products.

Oliveira et al.?' studied the combustion heats of
various liquid fractions obtained from pyrolysis and
transesterification of soybean and palm oils. As the present
analysis is limited to the comparison between refined
and pyrolysed oils, only selected results are presented in
Table 1. Data in Table 1 show that the combustion heat of
the pyrolysed product is lower than that of refined oil, the
latter one being lower than that of the mineral diesel. This
demonstrates, therefore, that for a given amount of energy,
a larger amount of biofuel than mineral diesel is needed.

J. Braz. Chem. Soc.

Doll et al.” studied other properties of biofuels obtained
by pyrolysis, such as density, kinematic viscosity and
surface tension. Pyrolysis was performed using refined
soybean oil as well as the soybean soapstock (which is the
product obtained by alkali extraction of the free fatty acids
present in the soybean oil). These physical properties were
studied either on the products directly obtained by pyrolysis
at 350 °C or on their mixtures with mineral diesel with either
low (15 ppm) or high (50 ppm) sulfur content.

From all the measurements, the authors concluded that
the liquid products obtained from the pyrolysis of both the
refined soybean oil and the soybean soapstock can be used
as additives to diesel fuel.

In a recent study, Suarez et al.”* showed interest in
the lubricity of the F4 fraction of the liquid compounds
obtained after the pyrolysis of soybean oil, compared to
that of biodiesel. In their study, the pyrolysis conditions
were similar to the preceding ones.?® The F4 fraction was
mixed in various concentrations with mineral diesel, either
rich (50 ppm) or poor (15 ppm) in sulfur. The variations
in the density, kinematic and absolute viscosities were
followed as a function of the compositions of the different
mixtures. They concluded that the addition of bio-oil to
mineral diesel either produced by transesterification or by
pyrolysis substantially increases the lubricity of the liquid
mixture, an interesting property for liquid fuels.

Santos et al** have used thermal cracking to upgrade
agro-industrial residues. They pyrolysed soybean soapstock,
beef tallow and poultry industry waste between 350 and
400 °C in a laboratory-made pyrolyser. After a first separation
of the aqueous and organic liquid fractions, they further
separated the organic fraction by distillation, as in their
preceding study,? and analyzed the main products contained
in the diesel-like cut (T > 200 °C) by GC, GC-MS and IR
spectroscopy. The amounts of organic fraction obtained
were 6, 31 and 56% and the yield of the diesel-like fraction
in the organic fraction 20, 56 and 51% for poultry waste,
soapstock and beef tallow respectively. For the diesel-like
fraction, the chromatograms obtained for the three different
feeds were rather similar and showed a large amount of linear
hydrocarbons (alkanes and alkenes) as well as oxygenated
and even nitrogenated compounds, in smaller amounts. With
the exception of poultry waste diesel-like fraction, which
showed a high value in the copper corrosion test (ASTM
D130), the other physicochemical properties (heating value,
cetane index, carbon residue, viscosity, density) were within

Table 1. Combustion heat of crude and pyrolysed soybean and palm oils (MJ kg') (data from reference 21)

Diesel Refined soybean oil

Refined palm oil

Pyrolysed soybean oil Pyrolysed palm oil

46.7 41.9

39.7 389
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Brazilian diesel fuel specifications. The authors mentioned
that work in progress to add Lewis acid catalysts to their
pyrolysis system may allow better deoxygenation of their
diesel-like fraction.

Worth mentioning at this point in the review are
the studies of Figueiredo et al.>® These authors studied
pyrolysis at rather low temperature (380 °C) of castor
(Ricinus communis) seeds and the possibility of mixing
the obtained liquids with mineral diesel fuel. During the
experiments, they obtained four pyrolysis fractions, one
of non condensable gases (10%), one of pyrolysis oil
(50%), one of aqueous phase (12%) and a residual heavy
phase (28%). The pyrolysis oil was further separated in
three fractions by extraction with hexane, methanol and
dichloromethane. These fractions were then analyzed by
GC-MS and it was found that the hexane fraction was
composed of alkanes, alkenes and aromatics. The other
two fractions were rich in oxygenated compounds, some
of them very complex, as oxygenated compounds were
generated not only by the oil contained in the seeds, i.e.
some 50 wt.%, but also by some compounds resulting
from a partial degradation of the lignin matrix of the seed.
In a parallel study, Figueiredo et al.* focused their work
on a fine analysis of the products obtained from castor
seed pyrolysis and compared the pyrolysis yields in liquid
products with three other raw feeds: soybean seeds, soybean
tort and Jatropha curcas tort. Fractions of the obtained bio-
oils were also submitted to a number of characterizations
in an attempt to understand their potential as an additive
to mineral diesel. It was shown that by addition of up to
20% of these pyrolysed biooils in petroleum diesel, the
resulting liquid fuels had physicochemical properties within
the official standard values published by ANP (Agéncia
Nacional de Petréleo, Gas Natural, Biocombustiveis:
resolucgdo No. 7 from March 19, 2008 (DOU 20.3.2008)).

Before finishing this part, it must be recalled that
various Brazilian groups are developing pyrolysis units,
either at laboratory scale, or at pilot plant scale, and are
studying ways to upgrade the working parameters for better
qualitative and quantitative production of liquid fuels.

The work of Wiggers ef al.”” described the formation
of liquid fractions starting from soybean oil pyrolysis
in a pilot unit of quick pyrolysis. Experiments were
performed at 450, 525 and 600 °C with the occasional
presence of steam. The steam was used both to clean
the reactor at the end of an experiment and to allow the
preheating of the reaction section before the soybean oil
feeding. The obtained products were separated into three
fractions by distillation: a residual fraction (RF > C22),
a heavy oil fraction (C11 < HBO < C22) and a light oil
fraction (C4 < LBO < C10), the heavy and light fractions
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simulating a range of compounds compatible with either
diesel or gasoline, respectively. The best yields of liquid
fractions were obtained at 525 °C. Analyses of the liquid
fractions showed that LBO contained alkanes, alkenes
and aromatics up to dimethylbenzenes. The same types
of hydrocarbon families were found in the HBO fraction
with higher mean molecular weights. In HBO, the analyses
also showed the presence of untransformed fatty acids and
of polialkylbenzenes. An energy balance showed that a
fraction of the obtained products was sufficient to operate
the plant. Other studies reported by the same research group
used the preceding pilot plant to transform residual fish oil
by quick pyrolysis.?®? Using similar techniques of sampling
and separation as before, GC, GC-MS, 'H and *C NMR
as analytical means, they were able to identify some 70%
in volume of the LBO fraction. The main hydrocarbon
families found were: olefins (26.5% v/v), aromatics
(17% viv), isoparaffins (8.3% v/v), naphthenes (6.1% v/v),
n-paraffins (4.5% v/v) and C14+ (5.3% v/v). Traces of
oxygenated compounds (< 0.1% v/v) and unidentified
compounds (32.4% v/v) closed the balance. These analyses
were compared to the analysis of two gasolines, either
with or without ethanol and a number of similarities were
found. In the HBO fraction, alkenes, aromatics and non
reacted fatty acids were identified. In order to reach the
legal standards of Brazilian biofuels, the authors think that
further studies are necessary, for example (i) optimization
of the experimental conditions used for the pyrolysis,
(1) addition of catalyst to the process and (iii) consideration
of the esterification of the heavy liquid fraction.

4. Thermo-Catalytic Decomposition of
Triglycerides

Although the preceding studies have shown that
the pyrolysis liquid products can be added in moderate
quantities to mineral diesel, the high concentration of
oxygenated compounds often found in these liquids
may contribute to the emission of toxic compounds such
as aldehydes during combustion in engines. Pyrolysis
combined with catalysis appears therefore to be an option
to promote a larger deoxygenation of the liquid fractions
obtained. The first studies in Brazil appeared at the end of
the 1970s.

Anjos et al.>* studied the thermocatalytic cracking of
soybean oil at atmospheric pressure, between 300 and 500°C,
using N-alumina and magnesia as catalysts representative
of acidic and base properties, respectively. Soybean oil
was used in its commercial form (iodine index = 120) or
after an external pre-hydrogenation (iodine indexes = 60
and 10). Figure 1 shows the reaction setup used at that
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time, whereas Figure 2 presents a global distribution of
the products formed during the decomposition of the oil.

)

Figure 1. Apparatus for thermocatalytic decomposition of vegetable oil.
C, catalysts; D, condenser; F, furnaces, i = 1, 2; G,, gas inlet; G,, gas exit;
O, soybean oil; R, product collector; T, thermometer or thermocouple,
i=1, 2 (adapted from reference 15, with kind permission of Elsevier).
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Figure 2. Influence of the saturation degree of soybean oil on the
distribution of products; cracking by Al,O,-S at 400 °C (adapted from
reference 15, with kind permission of Elsevier).

These products were separated into four different
groups: gases and solid residues retained on the catalysts
and in the pre-heating zone, residues in the feed reservoir,
liquid compounds containing oxygen and liquid compounds
free of oxygen in their structure. It was clear that after
a pre-hydrogenation, the yield of hydrocarbons free of
oxygen increased, all other experimental conditions
being maintained. Chromatographic analyses of these
hydrocarbons together with IR data showed a collection
of compounds which were quite similar to those of a
mineral diesel obtained from PETROBRAS (Petréleo
Brasileiro S.A.). Table 2 shows some of the data obtained
after thermocatalytic transformation of pre-hydrogenated
soybean oil.

Thermo-catalytic cracking of model compounds, such
as stearic and oleic acids, supported the above results as
stearic acid with no C=C bonds led to a larger liquid fraction

J. Braz. Chem. Soc.

Table 2. Thermo-catalytic cracking of soybean oil after a pre-hydrogenation
of the oil up to an iodine index of 10 (data from reference 15)

Mass O.f hqmq Residues® of
Temperature /  products in relation . .
Catalyst . . starting oil /
°C to the starting oil / (g g
(2gh £e
No catalyst 400 0.55 -
Alumina 300 0.44¢ 0.10
Alumina 400 0.41¢ 0.10
Alumina 500 0.39 0.10
Magnesia 300 0.46 0.10
Magnesia 400 0.44 0.07
Magnesia 500 0.42° 0.08

“Referred to a liquid fraction free of oxygen, as seen by IR analyses;
‘residues represent the mass of oil residues present in the oil reservoir
when the reaction was stopped and polymeric compounds deposited on
the reactor wall and on the catalyst.

and a lower residual acidity than oleic acid, i.e. a better
quality liquid product.

In the same period, in order to simplify the global
process and suppress the pre-hydrogenation step,
thermocatalytic decomposition of vegetable oils using
solid acid catalysts with limited acidic strength was also
considered. Catalysts with medium acidity strength were
expected to limit the secondary reactions of the primary
cracked products, such as deeper cracking, isomerisation
and/or aromatization. These types of catalysts were also
thought to show less deactivation. Catalysts based on H,PO,
supported on silica of various origins have been prepared
and evaluated. Although the origin of silica led to significant
differences in the catalytic results, liquid yields in linear
saturated hydrocarbons were generally equal or better
than those obtained with alumina and pre-hydrogenated
soybean oil.'® At that time however, the difficulties in fully
characterization of these interesting catalysts and their
behavior led some of the aforementioned researchers to
focus their studies more on general screening of catalysts,
on experimental setup development and on the influence
of the oil feed.>S In fact, they used not only soybean oil,
but also babassu oil, Jatropha curcas oil, as well as model
stearic and oleic fatty acids. Commercial catalysts, some
of them obtained from PETROBRAS/CENPES (Centro de
Pesquisas e Desenvolvimento Leopoldo Américo Miguez
de Mello da PETROBRAS), such as y-alumina, silica,
Ni-W/mordenite, Y and NH,Y zeolites, and catalysts
prepared in the laboratory, such as transition alumina,
niobium oxide, titanium oxide, either pure or modified by
impregnation with metals (Ni/alumina, W/alumina) or with
acidity promoters such as TiO,/SO,, SiO,/SO,, Nb,O./PO,,
Si0,/BO,, AICl,/Si0,, ZnCl,/Si0,, CdCL,/SiO,, were used
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in reactors with different geometries. Most of the results
obtained have already been presented.>® Tables 3, 4 and 5
show selected results of these data.>®!8

The presence of phosphoric acid, either supported on
activated carbon or on silica, leads to liquid products with
low residual acidity, implying a quasi total disappearance
of the fatty acids which are formed in the absence of such
active catalysts.'® Although activated carbon gave very
good results in terms of liquid quality, such a support
did not appear in further publications: this point should
be corrected in the future. It is interesting to note that
the results obtained with phosphoric acid supported on
mordenite did not lead to good quality liquid products.
Rapid poisoning and deactivation of the catalyst are
probably the reason for this.

Table 3. Product distributions of reaction: influence of H;PO, impregnated
onto different supports in the thermocatalytic cracking of soybean oil at
400 °C in a batch reactor under reflux conditions (data from reference 6)

Catalyst Liquid / % Acidity index
No catalyst 92 58
H,PO,/activated carbon 53 1.7
H,PO,/SiO, 74 5.0
H,PO,/mordenite 72 40.4

Table 4 presents some data obtained with two different
vegetable oils using MoO,/AL,O; catalysts.

It can be seen from the data in Table 4 that the oil
transformations in the presence of Mo/alumina catalyst led
to a higher content of saturated hydrocarbons, as well as to a
lower acidity index when compared with the results obtained
without catalyst. The higher liquid weight in the absence of
catalyst is simply a result of the condensation of fatty acids
that did not undergo transformation in the reactive zone
before reaching the condenser. The differences observed
with both oils probably reflect the main differences in oil
composition, soybean oil showing initially less saturated
fatty acid moieties and higher length of fatty acid chains
than Jatropha curcas oil. These properties induce a better

Table 4. Product distributions of reaction: thermocatalytic decomposition
at 410 °C of soybean and Jatropha curcas oils in a continuous flow reactor
(data from reference 6)

.o - Saturated
Oil feed Catalyst Liquid/ A,Cldlty hydrocarbons /
wt.% index
wt.%
Soybean no 85 91 <10
Jatropha curcas no 69 53 <10
Soybean Mo/alumina 68 25 39

Jatropha curcas  Mo/alumina 50 14 51
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liquid yield and a lower quantity of saturated hydrocarbons.
Experimental conditions adapted to each type of oil feed
would probably limit the differences in the quality of the
obtained products.

Table 5 shows the role of acidity during the
thermocatalytic decomposition of soybean oil.

From the data presented in Table 5, different ideas can
be collected, although the experimental conditions are far
from optimal. Both Lewis and Brgnsted acidic solids led
to better properties in the liquid products issued from the
thermocatalytic decomposition of the soybean oil.® Although
limited in quality, a trend appears when comparing the
production of saturated linear hydrocarbons and the probable
acid strength of the solid catalysts, estimated by the pKa in
the case of Brgnsted acid samples and through the Friedel-
Craft catalytic activity in the case of Lewis supported
compounds. However, such a comparison should be regarded
with caution: in the case of Lewis supported acids, vegetable
oil thermocatalytic cracking and Friedel Craft reactions occur
in very different conditions of temperature and of oxygenated
compound concentration. There is also some difficulty in the
case of supported Brgnsted species, as part of the acid sites
can be modified during the reaction process due to water
traces resulting from fatty acid decomposition, and also
because pKa values are estimated at ambient temperature
in water solvent and not at 350 °C in an organic medium. In
fact, trying to explain the properties of such working catalysts
by characterizations in quite different conditions does not
reflect reality. The situation is further complicated by the fact
that a number of transformations may occur on the present
catalysts during the heating from room temperature to the
working one. The difficulty in characterizing the catalysts
at the end of the run does not allow very representative
correlations. However, it remains that some supports
modified by impregnation with phosphoric acid are very
efficient in promoting the thermocatalytic decomposition of
vegetable oils towards saturated linear hydrocarbons, very
similar to diesel components.

Table 5. Thermo-catalytic cracking of refined soybean oil at 350 °C in a
continuous flow reactor (data from reference 6)

Acidity present in the Saturated linear

Catalyst

liquid product / % hydrocarbons / %
AICL/SiO, 58 33
ZnCL,/SiO, 53 42
CdCL/SiO, 58 37
SiO, Davisil 83 27
H,SO,/Si0, 78 29
H,BO,/SiO, 72 38
H,PO,/SiO, 21 51
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Studies using different types of zeolites were performed
by Santos et al.*! In this case, the proposed objective was
to obtain branched hydrocarbons isomers and aromatics
able to upgrade some properties of gasoline.” The oil feed
studied was a commercial soybean oil and the catalytic
transformations were performed between 400 and 500 °C.
Samples of 1 g oil were injected over a catalyst bed of
1.5 g, maintained at the reaction temperature and the
liquid phase issued from the transformation collected
in a low temperature flask before analysis. The gaseous
fraction formed during the reaction was not analyzed. The
main conclusion of this study was that Brgnsted acidity,
principally in the case of H-ZSMS5 and USY catalysts, was
a key property in the important formation of aromatics.
Table 6 summarizes some of the data presented.?

Table 6. Thermo-catalytic transformation of soybean oil performed
at 400 °C. The I,/I, represents the ratio of Brgnsted/Lewis sites as
measured by adsorption of pyridine followed by IR spectroscopy (data
from reference 31)

Catalyst g‘i(-:ﬁ(l)i BTX fraction I?rl;iltll‘::: I/,
H SiO,-AL0; 40 - 40 -

H Mordenite 11 6 5 0.4
H ZSM5 79 73 6 2.8
Usy 75 76 - 22

The fraction C5-C12 represents the proportion of this
group of compounds inside the total liquid fraction. The
BTX (benzene, toluene and xylene fraction) represents
the proportion of this class of compounds in the C5-C12
fraction. The aliphatic fraction is the complement of the
BTX fraction to close the balance. Finally, the /I, value
gives the ratio between the intensity of the IR bands at
1550 and 1450 cm™' respectively for adsorbed pyridine at
ambient temperature. This ratio gives an idea of the relative
numbers of Brgnsted and Lewis acid sites in the original
zeolite material.

Guerra et al.*? studied the thermal decomposition of
andiroba oil, Carapa guianensis in conditions comparable
to those used by Santos et al.*' They used as solid catalysts
a natural smectite-bearing clay from Pard State modified
by pillaring with Al, Ti and Zr species. They observed a
good correlation between certain physical and chemical
properties of their catalysts and the ratio H M, jiphatics 1IN
the C5-C12 fraction obtained from the cracking of andiroba
oil. This ratio, the measurement of the quantity of aromatics
over aliphatics produced at the end of the reaction, varied
linearly from 0.5 to 3.5 with increases in surface area,
in microporous volume and in the interplanar distance
between the smectite layers, as the result of pillaring. They

aromatics
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also observed a linear relationship between the preceding
ratio and the increase in the ratio I,/I;, measurement of
the relative importance of Brgnsted and Lewis acidity
calculated from pyridine IR absorption bands as before.’!

These two studies®'* indicate that modification
of acidity parameters in the catalysts used during the
thermocatalytic transformation of vegetable oils is a way
to change the selectivity of the transformation, either
towards aliphatic or towards aromatic products, suggesting
areasonably good flexibility of the global reaction scheme.

In order to better understand the types of catalytic
sites involved during the thermocatalytic transformation
of vegetable oils, the thermal degradation of oleic acid,
the model molecule for the main fraction of lateral chains
in vegetable oils, such as soybean oil, was studied with
specific solid catalysts.?

Reguera et al.* studied the thermocatalytic degradation
of oleic acid in a continuous flow reactor at 350 °C. The
used catalyst samples were based on niobium oxides, either
pure or modified with phosphorus. The solid catalyst that
showed the best results was NbOPO,, its acidity and porous
volume being greater than that of all the other catalysts
tested. With NbOPO,, the acidity of the liquid phase
obtained after decomposition of the oleic acid decreased
from 3.6 mmol g, ;, in the absence of the catalyst down
to 0.7-0.9 mmol g} .- At the same time, the conversion
degree of oleic acid, close to 3-5% in the absence of catalyst,
increased up to 75-80% in the presence of NbOPO,. It seems
important to mention that compounds similar to mineral
diesel, i.e. a C14-C18 fraction, were obtained in greater
quantity (some 30% of the liquid fraction) with NbOPO,
when compared with other niobium catalysts of the study.

Some of the preceding authors also studied other
catalysts in the thermocatalytic decomposition of oleic
acid, more precisely alumina based catalysts, either pure or
modified with H,PO,.* Experimental conditions were the
same as above, in the case of reaction with niobium based
catalysts. The results showed that the reaction provided
two main fractions, one with a mean composition close to
that of diesel fuel, the other heavier, showing potential as a
bio-lubricant. As in the case of niobium based catalysts, the
impregnation of the alumina with phosphoric acid favored
deoxygenation reactions. The best results were obtained
with an alumina support prepared in the laboratory and
impregnated with 12 wt.% H,PO,. In this case, the acidity
of the liquid products was found to be in the range of
0.2-0.4 mmol g and the conversion of oleic acid reached
values higher than 95%. By separating the products into three
fractions, it was possible to obtain 27% of a fraction in the
diesel range (C14-C18), a great fraction (70%) of liquids of
lubricant type (C18-C22) and traces of compounds with a
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greater length (> C23). The presence of hydrocarbons with a
chain length higher than that of the fatty acid of the starting
feed suggests a very complicated chemistry, implying
multiple cracking, isomerization and polymerization, and
not only decarboxylation. However, the authors mainly
compared the results obtained with alumina to those
obtained with niobium oxide. They reached the conclusion
that as niobium was more acid than alumina it promoted
the formation of lighter products. But further studies are
necessary to explain the behavior of alumina-based catalysts,
as the quantity of the lubricant fraction cannot simply
result from some secondary reaction pathways. Finally, as
pure alumina is much more active than niobium oxide, the
improvement in the liquid quality resulting from the addition
of phosphoric acid was less pronounced.

Comparable studies were also performed in other
research groups in Brazil, mainly after the government
decision to increase the importance of liquid fuels from
renewable sources, more specifically from triglyceride
feeds, in the transport energy matrix.

Prado and Antoniosi* studied thermocatalytic cracking
of soybean oil between 380 and 400 °C on catalysts made of
bauxite heat-treated at 500 °C in air before use. The reaction
was performed under reflux in 3 different setups, one of
which is shown in Figure 3. Here the intensity of reflux was
altered by modifying the geometry of the first condenser.

Thermocouple ——
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Figure 3. One of the pyrolysis setup used by Prado and Antoniosi* for
the thermocatalytic cracking of soybean oil. The reflux conditions of the
reagents were modified by changing the geometry of the equipment at
the level of the Vigreux condenser (adapted from reference 35, with kind
permission of Elsevier).

Both the aqueous and organic liquid phases resulting
from cracking were collected and separated by decantation
before analysis. In these experiments, it appeared that better
liquid yields were obtained when the reflux was limited.
This is expected because a limited reflux implies a large
quantity of fatty acids condensing in the collector without
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further transformation. Whereas the cracking performed
without catalyst led to liquids with a high acid content,
the presence of the catalysts led to a clear decrease in the
acidity in the condensed liquid. This is in accordance with
the positive role of the catalyst in helping deoxygenation of
the fatty acids formed by pure thermal cracking, as seen in
other results presented above. The authors considered that
bauxite, besides being an inexpensive material, is a good
catalyst. However, it should be remembered that bauxite
may present many different compositions depending on
its origin and probably cannot be used without undergoing
well defined purification processes.

Branddo et al.*® in a study essentially focused on
the characterization of the initial state of their samples
compared solid catalysts based on niobium oxides in three
different processes: the transesterification of soybean oil,
the thermocatalytic cracking of the soybean oil and the
esterification of the fatty acids present in soybean oil.
Looking simply at the results of thermocatalytic cracking, the
authors observed that the modification of niobia by sulfuric
and phosphoric acids led to a much higher production of both
gaseous products and F1 fraction (fraction F1 distilled under
80 °C) in comparison with other niobium based catalysts. A
pretreatment of niobia with nitric acid resulted in a significant
increase in the surface area of the catalyst sample. However,
this modification was unable to help in the formation of
liquid products with characteristics correlating to the initial
acidic properties of the catalyst. It is important to note that
when the niobia catalyst was modified by phosphoric acid,
not only lighter products were formed, but also the amount
of F4 fraction, i.e. liquid compounds distilling above
200 °C increased. In the latter case, further analyses have
shown that the F4 fraction contained a much higher amount
of organic acids than when the reaction was performed
without catalyst. Besides the presence of organic acids, other
oxygenated compounds, such as acroleine and 2-propanone
produced by secondary transformation of glycerol, were
also detected. In this fraction too, potentially useful
compounds, such as linear alkanes and alkenes, were present.
In view of the results from the study of Brandao er al.,*
doubts have arisen as to the general use of niobium based
catalysts to obtain high amounts of diesel additives from
soybean oil decomposition at temperatures between
350 and 400 °C.

Quirino et al.*’ cracked soybean oil between 350 and
400 °C, in the presence of catalysts based on Zn and on Sn
oxides, co-precipitated with alumina. After separation of
the aqueous and organic phases, and further distillation of
the organic phase in four fractions F1, F2, F3 and F4, the
authors observed that the presence of the catalysts during
thermocatalytic cracking led to an increase in the yield
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of liquid products and to a decrease in the oxygenated
compounds in the organic fraction. A catalyst with a
composition (SnO),(Zn0O),(Al,0,),, led to the best yield in
the F4 fraction, i.e. the fraction with compounds comparing
with petroleum diesel cut. In that study, it was not possible
to establish a correlation between the liquid yields obtained
and the specific surface area of the catalysts.

Although the study of Graca et al.*®® is not directly
connected to the thermocatalytic cracking of triglycerides, it
may help in future biofuel strategies. The authors considered
the cracking of selected oxygenated model compounds and
described what could happen during the up-grading of third
generation bio-fuels, i.e. bio-fuels directly obtained from
raw materials and residues from agriculture and forestry,
particularly rich in oxygenated species. Cracking was
performed in a laboratory unit, in conditions similar to those
used during fluid cracking operations (FCC). The tested
catalysts were made with mixtures of a FCC equilibrium
catalyst and ZSM-5 zeolite. The processed feed was a
mixture of model compounds with petroleum gasoil. Acetic
acid, hydroxyacetone and phenol were chosen as model
compounds due to their different oxygenated functions.
Their weight contents in the mixture were 6.4, 8.0 and
10.0%, respectively. The authors showed that the added
model compounds were decomposed to lighter products
during the reaction. The cracking of the mixture increased
the conversion of the gasoil and led to a decrease in carbon
deposits on the catalyst. One of the conclusions of this
study was that up to 10 wt.% in the mixture, the oxygenated
compounds, with the exception of phenol, could be co-
processed with gasoil in a real FCC reactor. Although this
study does not deal with triglycerides or products from their
thermocatalytic cracking, it suggests that vegetable oils and
fats and related compounds are able, within certain limits,
to be co-processed with FCC feeds and to participate in the
production of different families of liquid fuels.

From the works described in the preceding sections, it
appears that pyrolysis and thermocatalytic transformations
of triglycerides and related compounds may play a role
in the formation of liquid fuels. However, in most of the
experiments performed up to now, the hydrocarbons ready
for use in transport fuels do not generally present yields
much higher than some 50% in weight, in comparison with
the original feed. Two different directions may therefore
be considered: (i) the study of the possibility of refining
the liquid compounds often rich in oxygen and unsaturated
compounds and develop a particular chemistry able to
upgrade the products of either thermal or thermocatalytic
degradation completely, including the residues of the
cracking, (ii) the simplification of the chemistry of raw
vegetable oils, as they present very different properties
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when considering their degree of saturation, the length
of fatty acid structural units, the possible presence of
functional groups, added to the potential presence of very
different types of impurities depending on the origin of
the feed. A possible direction of the work appears in the
initial studies of Anjos et al.,"” where a pre-hydrogenation
of soybean oil led to products with a lower degree of
complexity and well comparable to mineral diesel.

5. Hydrocracking

Nunes et al.'® started studies into hydrocracking of
soybean oil under high pressure conditions. The authors
compared reaction processes with and without catalysts,
and tested mono (oxides) and bi-functional catalysts
(supported metals). Using Ru and Rh supported on silica,
alumina and silica-alumina, and an initial hydrogen
pressure of ca. 2 to 3 MPa, they observed the hydrogenation
of the soybean oil at around 200 °C and the beginning of the
hydrogenolysis below 400 °C. Gas phase analysis at the end
of the run suggested the existence of both decarbonylation
and decarboxylation reactions. The calculated yields
in products, including gaseous products, were close to
83 wt.% in the best case and the major organic group
detected in the liquid products was saturated linear alkanes.

Gusmao et al.'"” worked on the same research subject
but changed the type of catalysts and increased the
working pressure range. The hydrocracking of vegetable
oils and fatty acids was performed in a batch reactor in the
presence of hydrogen between 350 and 400 °C. The chosen
catalysts were Ni/SiO, with 8 wt.% metal and a sulfided
Ni-Mo/y-alumina with 3 wt.% Ni and 14 wt.% Mo. In the
case of Ni/SiO,, the active phase was pre-reduced with pure
hydrogen up to 400 °C, passivated at room temperature
and reduced again during the first steps of the reaction.
The Ni-Mo catalysts were sulfided up to 500 °C with a
mixture H,/H,S 10% in volume, cooled down under helium
and protected from air contact through an immersion in
n-hexane before feeding into the reactor. The starting
reagents were commercial soybean oil and a babassu oil
with mean compositions presented in Table 7. Both original
oils showed a small quantity of sulfur, 4.5 ppm for babassu
oil and 5.0 ppm for soybean oil.

Figure 4 shows the variations in pressure (initial
hydrogen pressure = 4 MPa) and in temperature as a
function of time. The temperature increase was maintained
between 1 and 2 °C min™".

In Figure 4 it can be seen that the heating of the reactor
up to 150 °C led to a parallel increase in the reactor pressure,
as normally expected when no transformation occurs.
Between 150 and 200 °C, the pressure dropped whereas
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Table 7. Composition in terms of fatty acids present in babassu and soybean oils, expressed as fatty acid moieties (FAi.j), where i represents the number
of carbons in the lateral chain of the vegetable oil and j is the number of C=C bonds (data from reference 17)

Faty acid FA8.0  FAI0.0 FAI2.0 FAl40 FAI60 FAI8.0 FAlI81  FAI82  FAI83
Babassu oil / (molar %) 4.6 6.0 42.5 16.1 9.7 3.6 14.0 3.5 -
Soybean oil / (molar %) - - - - 15.0 3.5 21.7 54.0 5.8

A may be formed by hydrogenation of the glycerol entity
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Figure 4. Evolution of the temperature and the gas pressure
(1 bar=0.1 MPa) during the hydrocracking of soybean oil, in the presence
of Ni/SiO, as a function of the time (reprinted from reference 17, with
kind permission of Elsevier).

the temperature increased. The global pressure started to
increase again when the temperature went from 200 up
to 300 °C. Between 300 and 400 °C, a new increase in
temperature led to a second decrease in the pressure in the
reactor. Once 400 °C was reached, the pressure stabilized.
The pressure drop between 150 and 200 °C was attributed
to the hydrogen consumption due to hydrogenation of the
C=C double bonds present in the starting soybean oil, which
contains a great quantity of oleic, linoleic and linolenic
moieties. A very limited consumption of hydrogen in this
temperature range might also be due to the reduction of the
passivated layers of nickel particles. Both hydrogenations are
completed rather easily under the experimental conditions.
The second pressure decrease in the reactor is attributed to
more complex processes. It has been seen during the thermal
degradation of vegetable oils that cracking of the fatty branch
of the vegetable oil starts at temperatures close to 300 °C.
The same must have occurred in the present experimental
conditions. However, in parallel to the separation of fatty
acid moieties from the glycerol backbone, hydrogenation of
a number of products and by-products occurred. In fact, at
temperatures of 300 °C and higher, the gaseous phase above
the liquid phase showed the presence of products such as CO,
CO,, H,0 and CH,, and also C2, C3 and C4 hydrocarbons.
The oxygenated gaseous products probably result from
three different types of decarbonylation, decarboxylation
and deoxygenation reactions, whereas the saturated gases

after the liberation of fatty acid fragments, and/or further
hydrogenolysis and reforming of these fragments. Methane
would originate either from CO and CO, hydrogenation, or
from the complete hydrogenolysis of low molecular weight
hydrocarbons.

In the experimental conditions used by Gusmao et al.,"”
liquid and gaseous phases in the reactor reached a global
equilibrium before completion of the reaction. To displace
the equilibrium and obtain an almost total conversion of
the soybean oil, it was necessary to increase the hydrogen
pressure up to 20 MPa, in the case of Ni/SiO, catalyst.

In the case of soybean oil hydrocracking on sulfided
NiMo/alumina catalyst, the hydrogenation of the C=C
bonds occurred between 180 and 250 °C, in agreement with
the fact that sulfided catalysts have a lower hydrogenation
capacity than supported metal catalysts. However,
decarboxylation, decarbonylation and deoxygenation
reactions also started to take place around 300 °C, as in
the case of the metal catalyst. At 400 °C, complete oil
conversion required an increase in the hydrogen pressure
up to 30 MPa. Obviously, the use of other reactors, like flow
reactors, should allow complete oil transformation at lower
hydrogen pressures. The catalytic transformation of oleic
acid under similar conditions confirmed the two main steps
of the process: hydrogenation followed by hydrocracking.

Figure 5 shows a GC analysis of the liquid obtained after
hydrocracking of babassu oil in the presence of sulfided
Ni-Mo/alumina catalyst. It appears that almost all peaks
in the chromatogram are due to saturated linear alkanes.
The selectivity towards these products was calculated to be
almost 97% in relation to the oil feed. Whereas in vegetable
oils, whose fatty acid fragments in general contain only
even numbers of C, it is important to note the existence
of hydrocarbons with even and uneven C numbers,
see Figure 5. With the exception of the couple C7-C8,
hydrocarbons with an even number of C are quantitatively
higher than their homologues containing an uneven
C number. This implies that in the used experimental
conditions,'” deoxygenation without C loss was more
important than the addition of both decarboxylation and
decarbonylation leading to the loss of the C1 carbon in
the fatty acid fragments and the liberation of either CO,
or CO. It is therefore important to identify the catalyst
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Figure 5. Chromatogram of babassu oil hydrocracking liquid products, at 633 K, final P,;, = 30 MPa approximately, in the presence of sulfided

Ni-Mo/y-Al,O; (adapted from reference 17, with kind permission of Elsevier).

properties which are better at promoting the selectivity of
the cracking reaction towards reaction mechanisms with or
without carbon loss. In reality, the deoxygenation without C
loss requires the removal of 2 oxygen atoms in the form of
water, followed by hydrogen addition to the depleted C, i.e.
a much more hydrogen consuming process than cracking
with the loss of one carbon in the form of CO,.

Other studies into hydrocracking were performed
using different oil feeds. In one study, Amazonian oils
such as Hevea brasiliensis and Virola sebifera were used
as starting feed for hydrocracking process to form liquid
hydrocarbons.* In a second study, in order to better
understand both the role of the fatty acid chain length and
chain saturation, Rocha et al.*° also studied oil feeds from
passion fruit (Passiflora edulis), tucuma (Astrycarium
vulgaris), buriti (Mauritia flexuosa), babassu (Orbygnya
martiana) and soybean.

In both studies,**** hydrocracking was performed with
an industrial Ni-Mo/y-alumina catalyst submitted to in situ
sulfiding, using sulfur powder as a sulfiding agent. It also
seems useful to recall that passion fruit, tucuma and buriti
oils were obtained by extraction of seeds with n-hexane
in the laboratories of UFPA and did not undergo further

refining. Rocha er al.*** presented a detailed discussion
of their findings and some reactions schemes to illustrate
their analyses. In this review, only some elements from their
studies are considered. Tables 8 and 9 show some of the
results obtained with buriti oil to estimate the influence of
experimental parameters and with all the preceding oils to
observe the role of the saturation degree of the fatty acid
moieties as well as their chain length.

Anincrease in gas, cycloalkanes and aromatics production
resulted from an increase in the reaction temperature from
360 up to 430 °C. In contrast, the quantities of linear alkanes
and acids decreased. A higher hydrogen pressure during
hydrocracking increased the production of linear alkanes
essentially due to a better transformation of fatty acids
formed in the first step of the cracking process. The amount
of cycloalkanes obtained in this study is in contrast to the
very high selectivity for linear alkanes obtained by Gusmao
et al.,"” which will be discussed below.

With the decrease in the saturation of the oil feed, a
decrease in the alkane, as well as in the gas production, is
observed. In contrast, the production of cycloalkanes and
aromatics is favored. Although small differences appear in
the case of acids and water production, these two types of

Table 8. Influence of hydrogen pressure and temperature in the hydrocracking of buriti oil on the product yields (wt.%) of different hydrocarbons families.
When varying temperature, initial hydrogen pressure was fixed at 14 MPa and the reaction time was 1 h. When varying hydrogen pressure, reaction

temperature was kept at 360 °C and the reaction time was 2 h (data from reference 39)

Products / wt.%

Experimental parameters

Gases Alkanes Cycloalkanes Alkylbenzenes Acids Water
Temperature 360 °C 10.0 73.1 52 0.1 4.0 4.8
Temperature 430°C 13.0 50.6 23.7 3.6 0.5 55
Pressure 7 MPa 7.0 48.0 11.4 0.3 28.0 3.0
Pressure 14 MPa 9.4 74.6 8.0 0.2 0.3 5.4
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Table 9. Yields (wt.%) of product families after hydrocracking of vegetable oils. Reaction temperature was fixed at 360 °C, the initial hydrogen pressure
at 14 MPa and the reaction time at 2 h. The degree of saturation of fatty acid moieties decreases from tucuma to soybean oil (data from reference 40)

Oil feed Gas Alkanes Cycloalkanes Alkylbenzenes Acids Water
Tucuma 12.7 76.5 2.6 0.5 0.3 5.0
Babassu 12.5 76.8 2.9 0.2 0.5 5.1
Buriti 9.4 74.6 8.0 0.2 0.3 5.4
Passion fruit 9.2 65.3 13.2 4.1 0.6 5.6
Soybean 8.3 66.6 11.9 4.3 0.5 5.4

products do not seem very dependent on the oil formula.
The results in Table 9 suggest an incomplete hydrogenation
of the C=C bonds in the chosen experimental conditions,
enabling new reforming pathways at the beginning or as a
consequence of fatty acid liberation. The lower production
of gas products is in part due to the fact that the results are
given on a weight basis: for tucuma, compared for example
to soybean oil, a same weight of oil means a greater number
of oil molecules and therefore, the potential formation of a
greater number of CO,, CO, C3,... gaseous compounds,
i.e. a greater yield of gases on a weight basis. Alternatively,
the lower production of gases, with the less saturated feed,
may result from differences in catalyst deactivation: the oils
producing more cycloalkanes and aromatics compounds,
known as coke precursors, would cause a higher deposition of
coke on the catalyst and limit its hydrogenolysis properties.
To go further in the interpretation of the results however,
one needs a detailed gas phase analysis after different
reaction times and also a fine determination of the surface
composition of the catalyst, before and after reaction.

In order to discuss the differences between the results of
Rocha et al.**# and those of Gusmao et al."’ it is important
to recall that, besides small differences in experimental
procedures and in the nature of the feeds, which may account
for some difference in the product distribution, the catalysts
used in both studies are different. The main difference could
result from the mode of sulfiding, in situ sulfiding with
initially solid but probably vapor sulfur during heating,* and
ex situ presulfiding with H,/H,S mixture at 500 °C."” When
examining the literature on hydrotreatment, it seems that
these latter conditions are able to generate a better degree of
sulfiding of the Mo and Ni active species than the former. The
less sulfided NiMo/alumina catalyst of Rocha ef al.*® could
retain some metallic properties and allow the occurrence of
reactions such as cyclisation and aromatization.

Whatever the complete interpretations of the observed
facts, it is important to note that, depending on the
saturation degree of the vegetable oils, depending on the
chain length of the acidic moieties, and depending on the
experimental conditions, different contents of alkanes,
alkylcycloalkanes and alkylaromatics can be obtained.

Therefore, the important flexibility of the hydrocracking of
triglycerides means that this reaction can be used to obtain
liquid fuels, generally fully deoxygenated, useful either as
additives to gasoline or as additives to diesel fuels.

6. Final Discussion and Perspectives

The amount of liquid fuels that agricultural raw
materials can produce will never be enough to totally
substitute petroleum fuels, nor will they be able to satisfy
all human demands. However, these alternative liquid fuels
can play a significant role in some particular situations, for
example in distant areas from the petroleum refining units
and in areas where storage may be a problem.

Before reaching a third generation of liquid biofuels,
i.e. those obtained by liquefaction of wood and agriculture
residues, special attention must be given to oily compounds
(including those generated by algae), as was given to sugar
cane and ethanol in the 1970s.

Since the 1990s in Brazil, a great number of studies
have been devoted to the processes of transesterification
of vegetable oils with methanol and to a lesser extent,
ethanol, to produce so-called biodiesel. The present
production in 2010 at industrial level has meant that it
is possible to systematically use a BS mixture, i.e. a fuel
containing 95% petroleum diesel mixed with 5% biodiesel,
and the projections for 2013 are planning the use of B20
mixtures, resulting in a significant increase in biodiesel
production. This is fully realistic in areas of large liquid fuel
consumption, but it does not provide a solution for regions
where fuel distribution is difficult. In these areas it seems
more interesting to directly produce the required quantity of
liquid fuel. Besides transesterification and the development
of universal engines which run on all types of fuel, another
option is the pyrolysis and cracking reactions of vegetable
oils and fats, although further development is needed for
these to be used as a complete liquid fuel and not only an
additive to existing fuels. In view of the results obtained up
to now by uncatalysed cracking of triglycerides and related
compounds, only thermocatalytic transformations seem to
have a real future.
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With the present knowledge and published studies, it
is suggested the use of catalysts with moderate acidity in
order to obtain liquid fuels of the diesel type, and catalysts
with stronger acidity to obtain substitutes for gasoline.
However, a number of problems remain in this area and
deserve attention.

Up to now, a limited number of studies deal with the
aging of the catalysts used in the cracking of vegetable oils,
and little seems to be known about their regeneration. In
order to increase the lifetime of a catalyst, the first step is
to achieve complete control of the quality of the feed. With
vegetable oils and related compounds, the studies described
above made use of refined and non refined reactants, in
which compounds other than fatty acids moieties are
present. In such feeds, besides the presence of some bulky
molecules such as vitamins, B-carotene and a number of
mineral impurities such as P, S, Ca, traces of pesticides of
very complex structures also exist. Such molecules, even
though present only in the ppb and exceptionally in the ppm
range are able to foul the catalytic active sites. The mineral
elements can also be strongly adsorbed on the catalysts
and modify the accessibility and/or the chemical state of
the active sites. Understanding and quantifying catalyst
deactivation during the thermocatalytic cracking of oils
and fats would be very useful for the design of reactors and
for defining the physical geometry of the catalyst and the
disposition of the catalytic bed. As the precursors of the
catalysts are always oxides, either pure or modified, studies
to eliminate coke at the end of the reactions and allowing
regeneration seem necessary.

In parallel to the study on used catalysts, more in depth
knowledge of the composition of the used feeds is required,
not only to get feedstocks of known and reproducible
quality, but also to extract from them some of the molecules
that may be useful in the fields of health and food such
as vitamins A, E, carotenoids, lecithins, or as a source of
renewable and biodegradable reagents (fatty acids, fatty
alcohols, glycerol). Generally, it appears that triglyceride
hydrolysis in acidic medium, saponification and refining
processes deserve renewed attention.

Coming back to the type of industrial process that can be
used in the degradation of triglycerides, it seems important
to obtain more data on the point of entry of the feed. An
entry at the level of FCC reactor would probably be better
for low molecular products, potential additives to gasoline.
On the other hand, a rather high water concentration on the
FCC catalysts might modify their acidity and alter their
cracking properties. The input at the level of hydrotreating
of heavy petroleum cuts, as done by PETROBRAS,® should
lead to molecules with higher molecular weight, fully
compatible with diesel type fuels. In this case, to know
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and control the impact of the oxygenated molecules on the
sulfur content of the catalysts and on their lifetime is of
fundamental importance. However, in this case attention
must also be given to hydrogen consumption, due to the
price of this reagent. A possible way to decrease hydrogen
consumption, as mentioned before, could be finding
catalysts where the decarboxylation and/or decarbonylation
are optimized. A more systematic comparison between
vegetables oils and fats and fatty acids hydrocracking is
likely to suggest new catalysts for this problem.

Clearly, new studies have to be planned to obtain a
complete understanding of the processes implied in the
valorization of triglycerides and related compounds to
produce liquid fuels. However, the progress seems rapid,
and local and national policies can further accelerate it.
A recent paper supports hydroprocessing of vegetable
oils as an interesting option for diesel additive,*' whereas
a very recent review described the state of art in using
triglycerides and related feedstocks for production of clean
hydrocarbon fuels.*
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