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Abstract The deoxygenation experiments of different
reactants, i.e., pure palmitic acid, stearic acid, and a tech-
nical grade stearic acid containing a mixture of 59% of
palmitic and 40% of stearic acid were successfully per-
formed over 4 wt% Pd/C mesoporous catalyst at 300 °C
under 17 bar of 5% H, in argon. The main product in cat-
alytic deoxygenation of saturated fatty acids, C16 and C18,
were aliphatic chain length hydrocarbons containing one
less carbon than the corresponding acid. Additionally it was
found that the deoxygenation rates of different reactant
were independent on carbon chain length of its fatty acids.
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1 Introduction

Over the recent decade, considerable efforts have been
made to develop clean and renewable fuels technologies in
order to secure the world energy reserves and gain envi-
ronment benefits. Despite the ongoing debate on social and
economic problems, biofuels remain the only alternative
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renewable fuels fit with current infrastructure with no or
minor engine modification [1, 2]. The potential capacity of
biofuels has been investigated and it was shown that they
can cover only about 15% of total energy consumption
which leads to a conclusion that although technologies for
renewable energy production should be developed, they
cannot alone solve the current energy demands [3].

Regarding biodiesel, several methods have been devel-
oped to produce fatty acid ester, e.g., transesterification of
vegetable oils with alcohol can be performed over homo-
geneous acid and alkaline catalysts [4, 5], heterogeneous
catalysts [5], or with enzymes [4]. The second generations
of biodiesel, which consist of diesel-like hydrocarbons,
have been generated with an emphasize to utilize a non-
edible source [6, 7]. Unlike the first generation, this new
generation of biodiesel is more favorable for industrial
applications being compatible with the current engines,
even avoiding need to be blended with petrol fuels and
resulting in formation of less by-products, like glycerol
from transesterification [8].

A novel technology to produce diesel-like hydrocarbon
via catalytic deoxygenation reaction [7—-13] has been
intensively investigated during the recent years. This reac-
tion has been successfully performed under an inert gas or
hydrogen in a semibatch reactor in temperature and pressure
ranges of 300-360 °C and 6-40 bar, respectively. The
catalyst screening studies revealed that Pd and Pt supported
on carbon catalysts are the most active and selective cata-
lysts for this reaction [9, 14]. Typically, the reaction has
been performed in the presence of a solvent, such as
dodecane and mesitylene. The main liquid phase product
was n-heptadecane with yield of 95% at the complete
conversion of stearic acid. However, the previous investi-
gation of the catalytic deoxygenation of technical grade
stearic acid produced both n-heptadecane and n-
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pentadecane with the equal ratio [8]. This data is now
revisited, since the careful GC-MS analysis and deoxy-
genation experiments with this raw material revealed that
this feedstock contained not only stearic acid, but also
palmitic acid [15]. Thus the erroneous mechanism involv-
ing both deoxygenation and cracking leading to
n-pentadecane can now be attributed to deoxygenation of
palmitic acid. As a comparison to the deoxygenation of
technical grade stearic acid also palmitic and stearic acid
deoxygenation was separately investigated in this work. As
a result a mechanism involving the formation of one carbon
less hydrocarbon, than the corresponding acid, i.e., the
formation of n-pentadecane and n-heptadecane from pal-
mitic and stearic acids, respectively, was reconfirmed.

2 Experimental Section
2.1 Materials

About 99% pure stearic acid (Sigma—Aldrich), 99% pure
palmitic acid (Aldrich), and stearic acid (technical grade
from Fluka), which contained 40% stearic and 59% palmitic
acids, respectively, were used as feedstocks . Dodecane
(Fluka) was applied as a solvent. N,O-bis(trimethyl)-triflu-
oroacetamide (BSTFA) was used as a silylation agent.

2.2 Catalyst Preparation Method

The catalyst containing Pd supported on mesoporous carbon
subunit (surface area 358 mz/g) with 4 wt% loading of Pd
was prepared by hydrolysis of H,PdCl, at pH 5-6 to yield
so-called polynuclear hydroxocomplexes of palladium fol-
lowed by their adsorption on carbon and increasing of pH
slurry up to Na/Pd ratio 1:2 [16]. The carbon subunit sup-
port was pre-oxidized by treating it with 5 wt% HNO;
during 17 h, then washed by distilled water and dried. The
Pd deposition was performed via sequential adsorption and
hydrolysis of H,PdCl, and Na,COs. Thereafter the catalysts
were washed with water and dried at 70 °C. The dry catalyst
was reduced by molecular hydrogen at 150 °C for 1 h.

2.3 Materials Characterization

The impurities of sulfur, phosphor, and chlorine in three
different reactants were measured by Inductively Couple
Plasma Optical Emission Spectrometer (ICP-OES) Perk-
inElmer Optima 5300 DV. Approximately 0.2 g of sample
was weighed, then HNO3; (65%) and H,O, (30%) were
added to the sample for digestion treatment using micro-
wave oven. Afterward, the samples were diluted to 100 mL
in order to analyze in ICP-OES.

2.4 Experimental Setup

The catalytic deoxygenation of stearic acid and palmitic acid
was performed in 300 mL semibatch reactor. The reaction
mixture containing typically 0.05 M stearic acid and/or
palmitic acid in dodecane was injected into the reactor
containing 0.5 g of pre-reduced 4 wt% Pd/C catalyst. The
liquid phase volume was 100 mL. The flow of carrier gas and
reaction pressure inlet and outlet were controlled by a flow
(Brooks 58505S) and pressure controller (Brook 5866),
respectively. The stirring speed was maintained suitably
high, at 1,100 rpm, to prevent external mass transfer limi-
tation. The catalyst were reduced in-situ by hydrogen for 1 h
prior to the catalytic tests at constant temperature and pres-
sure, 60 °C and 4.8 bar, respectively. Before a reaction
started, 30 mL/min of reaction atmosphere gas was passed
through the reactor until reaching the reaction pressure.
Thereafter, the reaction temperature was increased with
heating ramp 10 °C/min to the desired reaction temperature
and the reaction was started via turning on the stirrer. After
the reaction, the spent catalysts were filtered and washed
with acetone for further characterization.

2.5 Product Analysis

Liquid phase samples were withdrawn from the reactor
vessel via a sampling valve during the experiment. Typi-
cally, the samples had to be dissolved in pyridine and
silylated with BSTFA in order to analyze by GC. Generally
100 wt% excess of BSTFA were added to the sample. After
addition of the silylation agent, the samples were kept in an
oven at 60 °C for 30 min. The internal standard eicosane,
C,oHy, was added for quantitative calculations. The samples
were analyzed with a gas chromatograph (GC, HP 5890)
equipped with a non-polar column (HP-1, with dimension of
60 m x 0.32 mm x 0.5 um) and a flame ionization detec-
tor. 1 pL. sample was injected into the GC with split ratio
50:1, and the carrier gas (helium) flow rate was 137 mL/min.
The injector and detector temperature were 280 and 290 °C,
respectively. The following temperature program was used
for analysis: 130, 169 °C (1 °C/min) hold for 15 min,
246 °C (5 °C/min) hold for 3 min, and 300 °C (10 °C/min).
The gas chromatographic method was calibrated using the
following chemicals: n-pentadecane (Acros, 99%), n-hep-
tadecane (Acros, 99%). The product identification was
validated with a gas chromatograph—-mass spectrometer
(GC-MS).

3 Results and Discussions

The catalytic deoxygenation of three different types of fatty
acids, i.e., pure 99% palmitic acid, pure 99% stearic acid,
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and a technical grade of stearic acid containing a mixture
of 59% palmitic acid and 40% stearic acid, respectively,
was studied. The reaction was performed at 300 °C and
17 bar, respectively, under 5% H, in argon.

The catalytic deoxygenation of different fatty acid
resulted in formation of hydrocarbons with one carbon less
than the corresponding acid, i.e., according to GC-MS
chromatogram n-pentadecane was the main product in the
deoxygenation of palmitic acid, while n-heptadecane was
formed in the deoxygenation of stearic acid. In case of
technical grade stearic acid (which in fact is a mixture of
palmitic and stearic acid) both n-pentadecane and n-hep-
tadecane were formed according to GC-MS. These results
revise the previous study, which claimed that both n-hep-
tadecane and n-pentadecane were formed in the
deoxygenation of stearic acid [8]. This erroneous conclu-
sion is revised in this work as follows: technical grade
stearic acid contained besides stearic acid also significant
amounts of palmitic acid and during the catalytic deoxy-
genation one carbon less hydrocarbon, i.e., n-heptadecane
and n-pentadecane, respectively, were formed. Further-
more, the deoxygenation rates for different fatty acids were
the same, being independent on the hydrocarbon chain
length, as shown in Fig. 1 for deoxygenation of palmitic
and stearic acid, which proceeds with the same rates.
Analogous results have been recently reported [17] also for
other fatty acids, such as stearic and arachidic acid. If fatty
acids contain other impurities, the deoxygenation rates
decreased [17]. In the current work the reactants did not
contain large amounts of impurities according to the ICP-
OES analysis (Table 1). Other potential impurities were all
below the detection limits. Due to the pure feedstocks,
generally, over 94% of conversion after 180 min reaction

molar fraction

time (min)

Fig. 1 Kinetics of stearic acid (technical grade, Fluka) deoxygen-
ation. Reaction conditions: 300 °C under 17 bar in 5% H, in argon
over 4 wt% Pd/C subunit catalyst (ll palmitic acid, x stearic acid, A
n-pentadecane, 4 n-heptadecane)
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Table 1 ICP-OES analysis of reactant

Reactant S (%) P (%) Cl (mg/kg)
1 <0.02 <0.04 <200
11 <0.03 <0.03 <200
111 <0.03 <0.03 <200

The notation for the different reactants is given in Table 2

Table 2 Conversions of different fatty acids during their deoxygen-
ation over 4 wt% Pd/C subunit

Reactant Conversion (%)
99% palmitic acid (I) 98
99% stearic acid (II) 95
Technical grade stearic acid 94

(a mixture of stearic
and palmitic acid) (III)

Total conversion after 180 min

time was achieved for all three feedstocks. The selectivity
to the desired hydrocarbons was very high (>99%).

4 Conclusion

The deoxygenation experiments with different reactants,
i.e., pure palmitic acid, stearic acid and a technical grade
stearic acid containing 59% of palmitic and 40% of stearic
acid, respectively, were performed over 4 wt% Pd on
mesoporous carbon at 300 °C under 17 bar of 5% H, in
argon. The main products in catalytic deoxygenaiton of
saturated fatty acids, C16 and C18, were aliphatic straight
chain hydrocarbons containing one carbon less than the
corresponding acids. Moreover, the reaction rates of dif-
ferent fatty acids were independent of the fatty acid chain
length.
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