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With the aim of the e�cient use of plant oils as alternative fuels, the deoxygenation of saturated and unsaturated triglyc-
erides in a catalytic cracking process was investigated using a �uid catalytic cracking catalyst with enhanced hydrogen-
transfer activity. The decomposition and deoxygenation of sun�ower oil (unsaturated triglycerides) proceeded rapidly 
and produced a large amount of aromatic hydrocarbons, which are unsuitable for fuel applications. In contrast, the rate 
of deoxygenation of coconut oil (saturated triglycerides) was slow and some oxygen-containing species were observed 
as products. During the co-processing of saturated and unsaturated triglycerides, the deoxygenation of saturated triglyc-
erides was accelerated and complete deoxygenation was achieved. The acceleration of the deoxygenation reaction was 
attributed to the rapid formation of hydrogen donors, such as ole�ns and naphthenes, from the decomposition of unsat-
urated triglycerides. The ole�ns and naphthenes released hydrogen species by cyclization and aromatization reactions. 
These hydrogen species then reacted with saturated triglycerides and their derivatives (fatty acids and aldehydes) in hy-
drogen-transfer reactions, accelerating the hydrodeoxygenation of saturated triglycerides. The hydrodeoxygenation of 
saturated triglycerides produced para�ns and ole�ns rather than aromatics. The increase in the amount of para�ns and 
ole�ns produced by the accelerated deoxygenation of saturated triglycerides was larger than the amount of aromatic 
hydrocarbons derived from unsaturated triglycerides. Thus, co-processing of saturated and unsaturated triglycerides was 
con�rmed to be e�ective for simultaneously achieving both the acceleration of saturated triglyceride deoxygenation 
and the suppression of aromatic hydrocarbon formation.

Introduction

Plant oils are attracting much attention as alternatives 
to fossil fuels because they can be extracted from various 
resources such as inedible crops and waste cooking oils 
(Sinthupinyo et al., 2010). They consist mainly of triglyc-
erides and can be upgraded to alternative automotive fuels 
by chemical conversion processes such as transesterifica-
tion (Tsuchiya et al., 2011; Kwon et al., 2012), hydrocrack-
ing (Kubičková and Kubička, 2010) and catalytic cracking 
(Huber and Corma, 2007; Taufiqurrahmi and Bhatia, 2011). 
Among these technologies, we focus here on catalytic crack-
ing, which can convert triglycerides into hydrocarbons with-
out requiring a hydrogen atmosphere. The deoxygenation 
of triglycerides and their conversion to hydrocarbons is 
important for alternative fuels because oxygen-containing 

fuels have lower energy densities and poorer thermal and 
oxidation stabilities (Hosokai et al., 2014; Inaba et al., 2014). 
Deoxygenation with a catalytic cracking process, therefore, 
offers the possibility of a relatively cheap method to produce 
high quality hydrocarbon fuels from biomass resources if 
the process does not involve a costly hydrogen atmosphere.

In the catalytic cracking of triglycerides, the rate and se-
lectivity of the deoxygenation reaction and the composition 
of the hydrocarbon products depend on the structure of the 
feedstocks. Deoxygenation and decomposition of unsatu-
rated triglycerides proceed rapidly, but the products contain 
large amounts of polyaromatics, which are unsuitable for 
fuel applications (Dupain et al., 2007; Melero et al., 2010). 
In contrast, the catalytic cracking of saturated triglycerides 
produces more paraffins and olefins than aromatics, but the 
deoxygenation proceeds slowly and must be accelerated to 
achieve an efficient conversion of plant oils to hydrocarbon 
fuels (Shimada et al., 2017). To understand the difference in 
deoxygenation rate for saturated and unsaturated triglycer-
ides, we previously focused on the impact of the hydrogen-
transfer reaction (Shimada et al., 2017), a bimolecular reac-
tion that proceeds in the catalytic cracking process. Here, 
hydrogen species are released from a hydrogen donor and 
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received by a hydrogen acceptor. During catalytic cracking, 
unsaturated carbon chains in triglycerides easily form carbe-
nium ions at Brønsted acid sites, resulting in consecutive β 
scissions and hydrogen-transfer reactions. Hydrogen species 
are released during the cracking, cyclization and aromatiza-
tion of the carbon chains. These hydrogen species can be 
used to accelerate the deoxygenation of ester bonds in the 
feedstock molecules. In contrast, saturated carbon chains are 
more stable than unsaturated ones; therefore, the hydrogen-
transfer reaction for ester bonds is suppressed during the 
catalytic cracking of saturated triglycerides. Thus, the activ-
ity of the hydrogen-transfer reaction significantly affects the 
reaction rate and selectivity of triglyceride deoxygenation.

Because the hydrogen-transfer reaction is bimolecular, 
strong hydrogen donors or acceptors can affect reactions of 
other feedstocks when they are co-processed in the catalytic 
cracking reaction. Doronin et al. (2013) investigated the 
synergetic effect of unsaturated triglycerides and vacuum 
gas oil (VGO) in a co-processing catalytic cracking reaction. 
Olefins produced from the unsaturated triglycerides were 
converted to carbenium ions, and interacted with paraf-
finic and naphthenic hydrocarbons contained in the VGO. 
The hydrogen-transfer reaction promoted the activation of 
the paraffinic and naphthenic hydrocarbons, and resulted 
in an enhanced VGO conversion. However, the effect of 
co-processing during the catalytic cracking reaction on the 
deoxygenation of triglycerides has, insofar as we are aware, 
not been reported. If the hydrogen species released during 
the cracking of unsaturated triglycerides followed by cycliza-
tion and aromatization reactions can be transferred to satu-
rated triglycerides in co-processing catalytic cracking, the 
deoxygenation of saturated triglycerides may be accelerated. 
In this study, we, therefore, investigate the synergetic effects 
of saturated and unsaturated triglycerides in the catalytic 
cracking reaction with the object of accelerating the deoxy-
genation of saturated triglycerides and improving the yield 
of desired hydrocarbon products.

1.　Experimental

1.1　Materials
An equilibrium catalyst (E-cat) was obtained from a com-

mercial residual fluid catalytic cracking unit and used for all 
the catalytic cracking experiments. The plant oil feedstocks 
were coconut oil (Kaneda Shoji Co., Ltd.) and sunflower oil 
(Wako Pure Chemical Industries, Ltd.). Coconut oil consists 
mainly of saturated C12 and C14 fatty acids (46.9 mol% and 
15.7 mol%, respectively), while sunflower oil is mainly un-
saturated C18 fatty acids (88.5 mol%). We have previously re-
ported detailed fatty acid compositions of the plant oils used 
(Shimada et al., 2017). We also used two model triglycer-
ides: trilaurin (a saturated triglyceride composed of C12 fatty 
acids; Tokyo Chemical Industry Co., Ltd.) and triolein (an 
unsaturated triglyceride composed of C18 fatty acids with a 
single double bond; Wako Pure Chemical Industries, Ltd.).

1.2　Catalytic cracking test
Catalytic activity tests were conducted in a fixed-bed 

microactivity test reactor, the details of which are given else-
where (Shimada et al., 2015a). In each trial, E-cat (2.7–8.0 g) 
was placed in the reactor, which was maintained at 470°C. 
The feedstock (a coconut oil/sunflower oil mixture or a 
trilaurin/triolein mixture) was electrically preheated before 
being fed into the reactor by a microfeeder. The feed injec-
tion time was 75 s and the weight hourly space velocity 
(WHSV) was varied between 12 and 24 h−1. For these con-
ditions, the weight ratio of the catalyst to the oil (cat/oil) was 
in the range of 2–4. N2 gas was added during feed injection 
at 19 mL min−1. After each test, the catalyst was stripped by 
purging with N2 for 15 min. During the reaction and strip-
ping stages, the liquid products were collected in a cold trap 
with two receiving vessels connected in series and main-
tained at 0 and −15°C, respectively. Simultaneously, the 
gaseous products were collected in a gas burette by displace-
ment of a saturated NaCl solution. For all experiments, the 
mass balance across the collected products was found to be 
in the range of 94–108 wt% of the process inputs.

The amounts of H2, N2, CO2 and CO in the gaseous 
products were determined using a gas chromatograph (GC) 
system (GC-8A, Shimadzu Corp.) equipped with a packed 
column (SHINCARBON-ST 50/80, Shinwa Chemical In-
dustries, Ltd.) and a thermal conductivity detector (TCD), 
with Ar as the carrier gas. Gaseous hydrocarbons, liquid hy-
drocarbons and oxygenates in the liquid products were ana-
lyzed with another GC system (GC-2014, Shimadzu Corp.) 
fitted with a capillary column (BP1, SGE Analytical Science 
Pty. Ltd.) and a flame ionization detector (FID), with He as 
the carrier gas. Biphenyl (99.5%, Sigma-Aldrich Co.) was 
used as the internal standard in the GC-FID assay. Quan-
tification of the hydrocarbons and oxygenates was based 
on the effective carbon number approach (Sternberg et al., 
1962). Fourier-transform infrared (FTIR) spectra of the 
liquid products were also recorded on a FTIR spectrom-
eter (FT/IR-4200, JASCO Corp.) using a liquid membrane 
method with a KBr window. The amount of coke deposited 
on the catalyst was determined from the difference between 
the mass of the reactor before and after testing. Three hy-
drocarbon fractions were defined based on carbon number 
or boiling point thresholds: gaseous hydrocarbons (C1–C4), 
gasoline (C5–216°C) and jet fuel (C10–C15).

2.　Results

2.1　Co-processing of coconut oil and sun�ower oil
The catalytic cracking of several coconut oil/sunflower oil 

blends with different mixing ratios was investigated. Figures 
1(a) and (b) show the yields of hydrocarbons, oxygenates, 
CO2, CO and coke for the different blends. In addition to 
these reaction products, water droplets were visible in the 
liquid products, though the amount of water produced was 
not quantified. Fatty acids, ketones, aldehydes and esters 
were detected as oxygenates, but triglycerides were not de-
tected in any reaction products from any of the experiments. 
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Thus, the conversion of triglycerides was assumed to be 
100%. Hydrocarbons were the main reaction products in all 
of the experiments. Increasing the sunflower oil fraction in 
the feed blend increased the yield of hydrocarbons but de-
creased the yields of oxygenates, CO2 and CO. Changing the 
blend of oils in the feedstock appeared to have little impact 
on the coke yield.

Figure 1(c) shows the oxygen-based yields of oxygenates, 
CO2 and CO. The yields of oxygenates and CO2 decreased 
as the fraction of sunflower oil was increased. Although 
we could not quantify the degree of water formation, we 
estimated this by assuming that all oxygen atoms in the 
feedstock were converted to the detected oxygenates, CO2, 
CO and water. With this assumption, an oxygen balance 
suggested that the water yields derived from the results in 
Figure 1(c) were 63–76 O% (plotted with open squares), 
which corresponded to weight-based yields of 8–11 wt%. 
The total yields of hydrocarbons, oxygenates, H2, CO2, CO, 
coke and water (calculated value) corresponded to a mass 
that was 86–97% of the value required to close the mass bal-
ance, largely verifying our assumption on the conversion of 
feedstock oxygen atoms. Therefore, Figure 1(c) suggests that 
the ratio of the oxygen atoms removed as water increased 
with the mass fraction of sunflower oil in the blend.

For reactions with coconut oil/sunflower oil blends, the 
oxygenate yields were lower than the sum of the contribu-
tions expected from the individual components. In par-
ticular, no oxygenates were detected in the products from 
reactions with feedstocks with 20 wt% or more sunflower 
oil. This decrease in oxygenate yield was accompanied by an 
increase in the yield of hydrocarbons, the combined value of 
which was larger than that calculated by adding the contri-
butions from the individual constituents. These deviations 
from the expected values implied interactions occurred be-
tween the two oils. In contrast, the yields of CO2, CO and 
coke showed a linear trend with the fraction of sunflower 
oil in the feedstock. This suggested that adding sunflower 
oil to the blend accelerated the deoxygenation of coconut oil 
and water formation but did not accelerate the formation of 

CO2, CO or coke.
The FTIR spectra shown in Figure 2 support the observa-

tion that deoxygenation of coconut oil was accelerated by 
adding sunflower oil. A characteristic peak at 1711 cm−1, 
which corresponds to C=O bond-stretching vibrations, was 
observed in the products from the cracking of coconut oil 
but had disappeared in co-processing with 20 wt% sunflower 
oil. The intensity of peaks at 1378, 1465, 2855, 2872, 2926, 
and 2956 cm−1, which are attributed to aliphatic CH2 and 
CH3 groups in paraffins and olefins (denoted as CHx in the 
figure), decreased with increases in the proportion of sun-
flower oil in the feed blend. In contrast, the intensities of 
characteristic peaks of aromatic hydrocarbons at 670–890, 
1493, 1505, 1605, 3020 and 3050 cm−1 increased with the 
amount of sunflower oil in the feed, suggesting that the aro-
matization of hydrocarbons was enhanced by adding sun-
flower oil. The enhancement of aromatization reactions was 
also confirmed by the hydrogen balance, because the forma-
tion of aromatics during catalytic cracking is accompanied 
by the release of hydrogen species. Indeed, the H2 yield from 
the catalytic cracking of sunflower oil was 0.018 wt%, which 

Fig. 1 Product yields from the catalytic cracking of various coconut oil/sunflower oil blends (470°C, WHSV=16 h−1); (a) weight-based yields of 
hydrocarbons and oxygenates; (b) weight-based yields of CO2, CO and coke; (c) oxygen-based yields of oxygenates, CO2, CO and H2O; lines 
in (a) correspond to theoretical additive values for the two oils assuming no interaction; deviations from these lines suggest interactions oc-
curred between the two oils; oxygen-based yield of H2O in (c) was calculated from oxygen balance.

Fig. 2 FTIR spectra of the liquid products from the catalytic crack-
ing of (a) coconut oil, (b) coconut oil/sunflower oil blend 
(80/20 wt%), and (c) sunflower oil (470°C, WHSV=16 h−1)
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was higher than that from coconut oil (0.011 wt%). Further-
more, hydrogen species released during aromatization reac-
tions have a strong hydrogenation ability during catalytic 
cracking (Shimada et al., 2015b). Therefore, Figure 2 sug-
gests that unsaturated triglycerides can function as strong 
hydrogen donors during the catalytic cracking reaction.

Figure 3 shows the hydrocarbon yields for the gaseous, 
gasoline and jet fuel fractions, and their compositions. For 
the gaseous fraction, increasing the proportion of sunflower 
oil in the feed increased the yields of C3 and C4 paraffins 
but decreased those of C3 and C4 olefins. Figure 3(a) also 
presents the C4 paraffin/C4 olefin ratio, which is an index of 
hydrogen-transfer activity during hydrocarbon cracking: a 
high C4 paraffin/C4 olefin ratio in the reaction products in-
dicates a significant hydrogen-transfer reaction (Potapenko 
et al., 2016). The C4 paraffin/C4 olefin ratio remained largely 
constant and near unity for small sunflower oil fractions 
(<20 wt%), but increased drastically for larger sunflower oil 
fractions. Here, the regions with ‘small’ and ‘large’ sunflower 
oil fractions correspond to the accelerated deoxygenation 
region and the complete deoxygenation region in Figure 1, 
respectively. Thus, it can be concluded that different types 
of hydrogen-transfer reaction proceeded in the two regions.

The maximum total gasoline yield occurred when the 
feed contained 20 wt% sunflower oil, which corresponded to 
the boundary of the accelerated deoxygenation region and 
the complete deoxygenation region. Changes in the gasoline 
composition brought about by the addition of sunflower oil 
were completely different in the two regions. In the acceler-
ated deoxygenation region (sunflower oil <20 wt%), the 
addition of sunflower oil increased the yield of paraffins in 
the gasoline fraction. In contrast, in the complete deoxy-
genation region (sunflower oil >20 wt%), adding sunflower 
oil increased the yield of aromatics and decreased the yield 
of paraffins and olefins. Similar trends were observed in 
the jet fuel fraction: the jet fuel fraction in the accelerated 
deoxygenation region contained paraffins, while that in the 
complete deoxygenation region was dominated by polyaro-
matics. These results corroborate the results obtained from 
the FTIR spectra shown in Figure 2. Moreover, Figure 3 

confirms that the addition of unsaturated triglycerides to 
saturated triglycerides produced different effects in the ac-
celerated deoxygenation and the complete deoxygenation 
regions. High yields of gasoline and jet fuel fractions with 
low aromatics content could be obtained at the boundary 
between the two regions, which corresponded to approxi-
mately 20 wt% of sunflower oil in the feed in the present 
work.

2.2　Co-processing of saturated and unsaturated model 
triglycerides

To clarify the synergetic effects of saturated and unsatu-
rated triglycerides in the deoxygenation reaction, the cata-
lytic cracking of a trilaurin/triolein mixture was also inves-
tigated in detail. Figure 4 shows the oxygenate yields from 
the catalytic cracking of trilaurin and a trilaurin/triolein 
blend for different residence times. In both experiments, 
the detected oxygenates were mainly lauric acid (a C12 fatty 
acid), 12-tricosanone (a C23 ketone), 2-tridecanone (a C13 
ketone) and dodecanal (a C12 aldehyde). These compounds 
were typical reaction products from the catalytic cracking of 
trilaurin (a C12 triglyceride) (Shimada et al., 2017). However, 

Fig. 3 Yields and compositions of the (a) gaseous, (b) gasoline and (c) jet fuel hydrocarbon fractions from the catalytic cracking of various coconut 
oil/sunflower oil blends (470°C, WHSV=16 h−1); numbers in parentheses above the chart in (a) represent the C4 paraffin/C4 olefin ratio

Fig. 4 Oxygenate yields from the catalytic cracking of (a) trilaurin 
and (b) a trilaurin/triolein blend (80/20 wt%) for different resi-
dence times (470°C)
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the oxygenates derived from triolein were barely observed 
in the products from the cracking of the trilaurin/triolein 
mixture, suggesting the rapid deoxygenation of unsaturated 
triglycerides. The total oxygenate yield from the cracking of 
the trilaurin/triolein mixture was lower than that calculated 
by simply adding the values from the constituent feed com-
ponents. This suggested a synergetic effect between trilaurin 
and triolein during the deoxygenation reaction; this was 
especially the case for reactions with short residence times. 
Adding triolein also changed the composition of the pro-
duced oxygenates: those produced from the cracking of 
trilaurin mainly consisted of lauric acid and 12-tricosanone; 
whereas, those produced from the mixture included a large 
proportion of dodecanal. This suggested that adding un-
saturated triglycerides changed the selectivity in trilaurin’s 
deoxygenation pathway.

To confirm changes in the selectivity of the reaction path-
way, we investigated the deoxygenation products. Figure 5 
shows the oxygen-based yields of oxygenates, CO2 and CO 
from the catalytic cracking of trilaurin and a trilaurin/triole-

in mixture. In both cases, the increase in CO2 and CO yields 
were modest compared to the drastic decrease in the yield of 
the oxygenates. This suggests that most oxygen atoms in the 
feed were removed as H2O. In addition, the catalytic crack-
ing of the trilaurin/triolein mixture resulted in a lower ox-
ygen-based yield of CO2 than that for trilaurin alone, which 
suggested that adding triolein suppressed CO2 formation 
and accelerated H2O formation. Figure 6 shows the molar 
ratios of C12 hydrocarbons/C11 hydrocarbons for the reac-
tion products. The ratios from the trilaurin/triolein mixture 
were higher than those from trilaurin alone, which was 
especially obvious for i-paraffins and olefins. The increase 
in the C12/C11 ratios can be attributed not only to the reac-
tion products from triolein cracking, but also to a change in 
the selectivity of the reaction pathway in trilaurin cracking 
because the observed C12/C11 ratios from the cracking of the 
trilaurin/triolein mixture were higher than those calculated 
by summing the values from the individual components 
(e.g., 0.055, 0.89 and 0.34 for n-paraffins, i-paraffins and 
olefins, respectively, at WHSV−1=0.063 h). Here, C11 paraf-
fins and olefins were the products from decarboxylation or 
decarbonylation reactions; whereas, C12 paraffins and olefins 
were produced by hydrodeoxygenation reactions. Thus, the 
increase in C12/C11 ratios is consistent with the increase in 
H2O/CO2 ratios observed in Figure 5. Relatedly, we previ-
ously reported that the catalytic cracking of dodecanal gave 
a lower CO2 yield and a higher C12/C11 ratio than those 
obtained for trilaurin and lauric acid (Shimada et al., 2017). 
We, therefore, concluded that the hydrodeoxygenation path-
way in the catalytic cracking of trilaurin includes dodecanal 
formation. Considering this, the results shown in Figures 
4–6 suggest that adding triolein to trilaurin during the cata-
lytic cracking reaction accelerated the hydrodeoxygenation 
pathway that proceeded via aldehyde formation.

3.　Discussion

The reaction mechanism for triglyceride deoxygenation 
during catalytic cracking (Figure 7) with zeolite catalysts 
has been reported in the literature. In the initial reaction 
(R1), triglycerides are converted to two fatty acids, aldoke-
tene and acrolein (Chang and Wan, 1947). The aldoketene 
is so reactive that it was not detected in our experiments. 
Meanwhile, acrolein decomposes to olefins such as pro-
pylene, aromatizes via a Diels–Alder reaction, and polym-
erizes to form coke (Corma et al., 2008). The deoxygen-
ation of fatty acids to jet-fuel-range paraffins and olefins 
proceeds via three pathways: direct decarboxylation (R2), 
ketonic decarboxylation (R3–R5) and hydrodeoxygenation 
(R6–R8) (Shimada et al., 2017). Ketones and aldehydes 
are the intermediates in the ketonic decarboxylation and 
hydrodeoxygenation pathways, respectively. The direct de-
carboxylation and the ketonic decarboxylation form CO2 or 
CO; whereas, the hydrodeoxygenation produces H2O. The 
hydrodeoxygenation pathway is deemed efficient because all 
of the carbon in the feedstock is converted to hydrocarbons. 
The hydrodeoxygenation reaction under catalytic cracking 

Fig. 5 Oxygen-based yields of oxygenates, CO2 and CO from the 
catalytic cracking of (a) trilaurin and (b) a trilaurin/triolein 
blend (80/20 wt%) for different residence times (470°C)

Fig. 6 Molar ratio of C12 n-paraffin/C11 n-paraffin (black squares), 
C12 i-paraffins/C11 i-paraffins (red circles) and C12 olefins/C11 
olefins (blue triangles) in the reaction products from the cata-
lytic cracking of (a) trilaurin and (b) a trilaurin/triolein blend 
(80/20 wt%) for different residence times (470°C)
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conditions (i.e., a hydrogen-free atmosphere) proceeds via 
a hydrogen-transfer reaction with a hydrogen donor (Černý 
et al., 2013). In the present work, the hydrogen donors 
should be olefins and naphthenes that are produced by the 
cracking of jet-fuel-range paraffins and olefins (R10). Such 
olefins and naphthenes release hydrogen species by cycliza-
tion and aromatization reaction (R11–R12). These species 
are then received by oxygenates (fatty acids and aldehydes) 
to produce water (R6 and R7). However, during the catalytic 
cracking of saturated triglycerides, the cracking of saturated 
carbon chains does not proceed rapidly and the amount hy-
drogen species released is small. Therefore, the hydrodeoxy-
genation pathway is relatively uncompetitive.

Figure 7(b) shows the reaction mechanism for the crack-
ing of the blend of saturated/unsaturated triglycerides with a 
small unsaturated triglyceride fraction (representing, for ex-
ample, the reactions for blends with sunflower oil <20 wt% 
shown in Figures 1–3, or ‘the accelerated deoxygenation 
region’). Unsaturated triglycerides are deoxygenated and 
cracked more rapidly than saturated triglycerides (R14) be-
cause the unsaturated carbon chains easily form carbenium 
ions at Brønsted acid sites, resulting in consecutive β scis-
sions and hydrogen-transfer reactions (Gates et al., 1979). 
We propose that the cracking of unsaturated carbon chains 
proceeded at least as fast as the decomposition of ester 
bonds because C17 and C18 paraffins and olefins were hardly 
observed as reaction products from the catalytic cracking of 
triolein. Therefore, few jet-fuel-range paraffins and olefins 
were produced by cracking unsaturated triglycerides; gaso-
line-range paraffins, olefins and naphthenes were produced 
instead. These latter compounds act as hydrogen donors by 
releasing hydrogen species during cyclization and aromati-
zation reactions (R15–R16) with released hydrogen species 
then able to react with unsaturated triglycerides and also 
with saturated triglycerides and their derivatives (fatty acids 
and aldehydes). Therefore, the hydrodeoxygenation pathway 
for saturated triglycerides via aldehyde formation (R6–R8) 
was accelerated by adding unsaturated triglycerides (Figures 
4–6). The formation of the hydrogen donor from the un-
saturated triglycerides proceeded so rapidly that the accel-

eration of the deoxygenation of saturated triglycerides was 
the dominant impact on reactions of short residence times, 
as shown in Figure 4. Here, the linear olefins produced by 
the hydrodeoxygenation reaction easily formed carbenium 
ions and isomerized to branched ions, which were con-
verted to branched paraffins by a hydrogen-transfer reaction 
(R9). Hence, the C12/C11 ratios for i-paraffins and olefins, 
rather than n-paraffins, were increased by adding triolein 
to trilaurin (Figure 6). In the case of plant oils, accelerating 
the deoxygenation of coconut oil by adding sunflower oil 
increased the yield of paraffins in the jet fuel fraction (C10–
C15) (Figure 3(c)) because coconut oil mainly contains satu-
rated C12 and C14 fatty acids. The cracking of the carbenium 
ions also occurred and produced paraffins and olefins in the 
gasoline fraction (Figure 3(b)). Although any added unsatu-
rated triglycerides may have been converted to polycyclic 
aromatic hydrocarbons (R17), the amount of unsaturated 
triglycerides was so small that any increase in polycyclic 
aromatic hydrocarbons was negligible because of the large 
increase in the production of paraffins and olefins from 
the accelerated deoxygenation of saturated triglycerides. In 
addition, the gaseous- and gasoline-fraction olefins were 
not hydrogenated to paraffins despite the activation of the 
hydrogen-transfer reaction caused by adding unsaturated 
triglycerides (Figures 3(a) and (b)). This suggested that the 
hydrogen species were preferentially consumed by oxygen-
ates rather than by olefins, and resulted in the production 
of a high octanerated gasoline despite the activation of the 
hydrogen-transfer reaction.

However, for the cracking of a blend of saturated/un-
saturated triglycerides with a large unsaturated triglyceride 
fraction (representing, for example, the reactions for blends 
with sunflower oil >20 wt% shown in Figures 1–3, or ‘the 
complete deoxygenation region’), the hydrogen-donating 
ability of unsaturated triglycerides was higher than that 
required for the deoxygenation of saturated triglycerides. 
Because the addition of unsaturated triglycerides was un-
able to further accelerate the deoxygenation of saturated 
triglycerides, the increase in the proportion of unsaturated 
triglycerides in the feed simply increased the fraction of 

Fig. 7 Schematic diagram of the deoxygenation reaction mechanism during the catalytic cracking of (a) saturated triglycerides and (b) a blend of 
saturated/unsaturated triglycerides with a small unsaturated triglyceride fraction; red arrows represent the hydrogen-transfer-reaction path-
way; R and R= represent saturated and unsaturated carbon chains, respectively



784 Journal of Chemical Engineering of Japan

products derived from unsaturated triglycerides (monoaro-
matics and polyaromatics) and decreased the fraction de-
rived from saturated triglycerides (paraffins and olefins). 
Furthermore, excess unsaturated triglycerides readily pro-
duced carbenium ions, which interacted with paraffins via 
hydrogen-transfer reactions. This activated the paraffins 
(converted them to carbenium ions) and resulted in cycliza-
tion and aromatization to produce aromatics, or cracking 
to produce gaseous hydrocarbons. Therefore, the yield of 
aromatic hydrocarbons increased and the yield of paraffins 
and olefins decreased in the gasoline and jet fuel fractions as 
the proportion of unsaturated triglycerides in the feed blend 
was increased (Figures 3(b) and (c)). In addition, excess hy-
drogen species converted olefins in the gaseous and gasoline 
fractions to paraffins, as confirmed by the increase of the C4 
paraffins/C4 olefins ratio shown in Figure 3(a).

Considering the above, the acceleration of the deoxygen-
ation of saturated triglycerides and the suppression of the 
formation of polycyclic aromatic hydrocarbons from unsat-
urated triglycerides can be achieved by co-processing satu-
rated and unsaturated triglycerides in the catalytic cracking 
process by controlling the feed composition and the activity 
of the hydrogen-transfer reaction.

Conclusions

The synergetic effects of saturated and unsaturated tri-
glycerides in the catalytic cracking process were investi-
gated. Reactions using saturated and unsaturated triglycer-
ides individually both exhibit unwanted properties: the slow 
deoxygenation of saturated triglycerides and the formation 
of polycyclic aromatic hydrocarbons from unsaturated tri-
glycerides. During the co-processing of saturated and un-
saturated triglycerides, the decomposition of unsaturated 
triglycerides proceeded rapidly and produced hydrogen do-
nors such as olefins and naphthenes. These hydrogen donors 
were able to react with saturated triglycerides and their 
derivatives (fatty acids and aldehydes) via hydrogen-transfer 
reactions, accelerating the hydrodeoxygenation of saturated 
triglycerides. Although the hydrogen donors may be con-
verted to aromatic hydrocarbons, the amount of unsaturated 
triglycerides necessary for complete deoxygenation of satu-
rated triglycerides was so small that the increase in the yield 
of aromatic hydrocarbons was considered negligible com-
pared to the increase in the yields of paraffins and olefins, 
which were produced from the accelerated deoxygenation 
of saturated triglycerides. Thus, the deoxygenation rate and 
the hydrocarbon product composition may be controlled 
independently without incurring trade-offs from the co-
processing of saturated and unsaturated triglycerides in the 
catalytic cracking process. The acceleration of the deoxygen-
ation of saturated triglycerides and the suppression of poly-
cyclic aromatic hydrocarbon formation from unsaturated 
triglycerides can be achieved simultaneously by employing 
an appropriate blending ratio and by controlling the activity 
of the hydrogen-transfer reactions.
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