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A B S T R A C T

The Ce/Zr ratio of Pd/Ce-ZrO2 catalysts was systematically changed in order to investigate the effect of oxygen
vacancy concentration on their decarboxylation activityunder solvent-free conditions for potential sustainable
petroleum like biodiesel production. Pd/Ce0.5Zr0.5O2 exhibited the highest catalytic activity from all other tested
catalysts because it contained the highest oxygen vacancy concentration and Pd dispersion, as shown by the X-
ray photoelectron spectroscopy, Raman spectroscopy, and CO-chemisorption data. A catalyst deactivation study
also showed that both the Pd dispersion and the oxygen vacancy concentration influences the catalytic
activity.The catalyst deactivation was found to occur mainly due to Pd sintering, decreases in the BET surface
area and Pd dispersion, and partially due to the loss of oxygen vacancies.

1. Introduction

Extensive research has been carried out on the production of sus-
tainable biodiesel from renewable resources in response to accelerating
fossil fuel consumption and depletion, and to mitigate the effects of
greenhouse gas emissions from fossil fuel combustion [1–5]. These is-
sues have initiated studies on the conversion of biomass into biodiesel,
which is produced from renewable sources such as plants and micro-
algae, making it a sustainable and carbon-neutral transport fuel [6,7].

First-generation biodiesel is commonly produced by transester-
ification, but must be blended with fossil fuels because its physical and
chemical properties are less desirable than those of petroleum-derived
diesel fuel [2,8–10]. The oxygenated compounds in biodiesel precursor
must be eliminated to improve its physical and chemical properties. In
this viewpoint, hydrodeoxygenation (HDO) process has been developed
to overcome the drawbacks of first-generation biodiesel. The HDO
process has advantage that the oxygen contents can be eliminated in the
form of H2O, thus resultant product can retain carbon number and total
energy contents [11]. However, HDO process requires excess amount of
hydrogen that limits the economic feasibility of biodiesel production
via HDO process [3]. Thus, catalytic decarboxylation of fatty acids was
developed to overcome the above-mentioned limitation. The carbox-
ylate group (COO−) of fatty acids (ReCOOH) is removed as CO2

(R− COOH→ R−H+CO2) to produce linear hydrocarbons that are
similar to conventional petroleum-derived hydrocarbons [2,11,12].

Several researchers have found that H2 is essential for the dec-
arboxylation reaction, and that the reaction pathway changes de-
pending on whether H2 or N2 atmospheres are used [2,13–15]. Immer
et al. found that oleic acid is mainly decarboxylated in the presence of
hydrogen, but inert conditions cause decarbonylation instead [2].
Arend et al. also reported that reaction condition is important for
deoxygenation reaction [13]. Thus, proper amounts of H2 should be
required for the decarboxylation reaction.

Currently, catalysts based on various metals such as Pd, Pt, and Ni
are used for the deoxygenation of fatty acids, and those based on pal-
ladium are the most effective catalysts for these reactions
[1,2,11,13,14,16–28]. Murzin and co-workers reported that Pd has the
highest catalytic activity in deoxygenation reactions at 300 °C [11].
They also reported that the catalytic activity of monometallic catalysts
with various active metals decreases in the following order: Pd >
Pt > Ni > Rh > Ir > Ru > Os [11]. Recent reports have shown
that Pd-based catalysts for fatty acid decarboxylation are highly sensi-
tive to the effects of the catalyst support, which plays a vital role in
controlling the decarboxylation reaction pathway [29]. Ford et al. re-
ported that a carbon-supported Pd catalyst was more active than SiO2-
and Al2O3-supported Pd catalysts [29]. In addition, Pd/C catalysts
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predominantly proceed via a decarboxylation route, whereas Pd/SiO2

catalysts primarily give deoxygenation via decarbonylation. Recently,
reducible oxides such as CeO2, TiO2, and ZrO2 have been used in
deoxygenation reactions [17,20,22,30]. According to the literature,
carboxylic acids first adsorb at oxygen defect sites in the oxides, fol-
lowed by elimination of the carboxyl group [20,22]. Thus, we have
assumed that the concentration of oxygen vacancies affects the dec-
arboxylation reaction.

The incorporation of another cation, such as Zr4+, in the CeO2

lattice is known to enhance the creation of oxygen vacancies [31–34].
Our previous study also reveals that the insertion of Zr4+ in the CeO2

lattice enhances the redox properties and thermal resistance of CeO2,
and the Ce/Zr ratio is well known to affect the physical and chemical
properties of Ce-ZrO2 mixed oxide supports [17,30,31,35]. The main
purpose of our previous study is to increase the catalytic performance of
Ce-ZrO2 based catalysts by introducing small amount of hydrogen
(1 bar, 20 vol.%) to maintain and activate the active sites of catalyst
[17,30]. We designed a Pd-doped Ce-ZrO2 catalyst with various Ce/Zr
ratio for decarboxylation reactions to investigate the relationship be-
tween the concentration of oxygen vacancies and catalytic activity in a
decarboxylation reaction, which was carried out at 300 °C.

Generally, deoxygenation reaction has been carried out in various
solvent such as dodecane and toluene. From an economic view point,
employment of auxiliary reagent could significantly raise the cost of the
total biodiesel processing. Therefore, we have designed deoxygenation
reaction under solvent free condition. The physical and chemical
properties of Pd-doped Ce-ZrO2 catalysts with various Ce/Zr ratios were
characterized using various techniques, including Brunauer-Emmett-
Teller (BET) surface area, X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), Ramanspectroscopy, and CO-chemisorption. The
characterization data for each catalyst was correlated with its dec-
arboxylation activity under solvent-free conditions.

2. Experimental

2.1. Catalyst preparation

Ce-ZrO2supports were prepared by a co-precipitation method using
a solution of KOH (15wt.%) as the precipitating agent, as reported in
our earlier work [30,32–35]. Stoichiometric quantities of zirconyl ni-
trate solution (20 wt.% ZrO2 basis, MEL Chemicals) and Ce(NO3)3∙6H2O
(99%, Aldrich) were combined in distilled water. The Ce/Zr atomic
ratios were 4:1, 1:1, and 1:4 for Ce0.8Zr0.2O2, Ce0.5Zr0.5O2, and
Ce0.2Zr0.8O2, respectively. The precipitates were aged at 80 °C for 3
days before they were washed five times with distilled water and then
air-dried for 1 day at 110 °C. The prepared Ce-ZrO2supports were cal-
cined in air atmosphere from room temperature to 500 °C at a heating
rate of 1 °C/min, after which the final temperature was maintained for
6 h. Pd (Pd loading: 1 wt.%) was loaded by an incipient wetness im-
pregnation method. Pd(NO3)2 (99.999%, Aldrich) was used as a pre-
cursor. The Pd-loaded Ce-ZrO2catalysts were also calcined at 500 °C for
6 h.

2.2. Characterization

The BET surface area of the catalysts was measured using a nitrogen
adsorption technique on an ASAP 2010 (Micromeritics)accelerated
surface area and porosimetry instrument. Before analysis, the samples
were degassed for 12 h at 110 °C under a vacuum less than 0.5mm Hg.
XRD was carried out using a Rigaku D/MAX–IIIC diffractometer oper-
ated at 40 kV and 100mA with Ni-filtered CueKα radiation. Lattice
parameters were calculated from XRD peaks using Bragg’s law. CO-
chemisorption was conducted in an AutoChem 2920 instrument
(Micromeritics). Temperature-programmed desorption of ammonia
(NH3−TPD) was carried out to evaluate the total acidity of the catalysts
using an Autochem 2920 instrument. The Pd dispersion was calculated

by assuming the adsorption stoichiometry of one CO per Pd surface
atom (CO/Pds= 1) [36]. The palladium dispersion (D (%)), metallic
surface area (SPd (m2/g)), and active Pd particle size (nm) of the cata-
lysts were calculated using the following the equations:
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where Vs represents the volume of sorbed H2 (mL) under standard
temperature and pressure (STP) conditions, SF is the stoichiometry
factor (1), MPd is the gram molecular weight of Pd (106.42 g/mol), Ws

represents the sample weight (g), Wf is the weight fraction of Pd in the
catalyst (1%), Vm,STP is the molar volume of H2 (22,414mL/mol) under
STP conditions, NA is the Avogadro’s number (6.023× 1023/mol), SC
represents the cross sectional area of Pd (7.87× 10−20 m2), and ρPd is
the density of Pd (12.02 g/cm3).

XPS spectra were obtained using a Kα spectrophotometer (VG
Multilab 2000) with a high-resolution monochromator. The pressure of
the analysis chamber was maintained at 6.8× 10−9mbar. The detector
was used in constant energy mode with a pass energy of 100 eV for the
survey spectrum and 50 eV for the detailed scan. Binding energies were
calibrated against the C 1 s transition, which appeared at 284.6 eV.
Raman spectra were obtained using a LabRam Aramis (Horiba Jobin
Yvon) with excitation at 532 from a Nd-YAG laser. A 500 μm pinhole
was used for a spectral resolution grating, yielding approximately 1.5
cm−1 resolution. The concentration of oxygen vacancies (N) was cal-
culated using the spatial correlation model from the relationship be-
tween correlation length (L) and grain size (dg) [37,38]. The detailed
equation used was as follows:
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where Γ is the half-width at half-maximum (HWHM) of the Raman line
(around 450 cm−1) broadening, and α is the radius of CeO2 units
(0.34 nm), determined from universal constants [37,38]. Oxygen con-
tent was measured by elementary analysis using a Thermo Finnigan
FLASH EA-1112 Elemental Analyzer (EA).

2.3. Catalytic reaction

Decarboxylation reactions were carried out in an autoclave reactor
(100mL capacity) operating in batch mode. The temperature was
measured using a K-type thermocouple. In a typical batch experiment,
27.5 g of oleic acid and 1.35 g of catalyst (reactant/catalyst = 20/1w/
w) were placed in the reactor. The Pd/Ce-ZrO2 catalysts were reduced
in 10% H2/N2 atmosphere under a pressure of 1 atm at 200 °C (heating
rate: 2.9 °C/min) for 2 h using a tubular furnace. The inlet reduction gas
flow rate was 100mL/min.Passivation process using 2% O2/N2 at room
temperature for 12 h was followed before the exposure to air to avoid
explosive oxidation of reduced Pd/Ce-ZrO2 catalyst. After oleic acid and
the reduced Pd/Ce-ZrO2 catalyst were loaded into the reactor, the re-
actor was flushed with nitrogen to remove any remaining oxygen. Then,
the reactor was purged with pure hydrogen, and the pressure was in-
creased to 20 bar. The reactor was heated from room temperature to
300 °C at a heating rate of 4.5 °C/min, and the reaction temperature was
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maintained for 3 h. A multi-blade impeller mixed the liquid reactant
and solid catalyst and the stirring speed was fixed at 300 rpm during the
reaction. The reactor was subsequently cooled down to room tem-
perature. The liquid products were collected after filtering the solid
phase catalysts from the mixture. The used catalyst was collected,
washed with 100mL of toluene, and air-dried for 1 day at room tem-
perature to test the stability of the Pd/Ce0.5Zr0.5O2 catalyst. The liquid
products were analyzed using gas chromatography (HP 6890 N) with a
flame ionization detector and a capillary column (HP-5, 30m). The
product gas from the batch reactor was sampled to 0.5 L Tedlar bag
(CEL Scientific Corp.) and it was analyzed by an online micro-gas
chromatograph (Agilent 3000) equipped with molecular sieve and
PLOT U columns. The conversion of oleic acid and the selectivity of Ci

products were calculated using the following equations (n : mole of
compound, i : carbon number).
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3. Results and discussion

3.1. Catalyst characterization

Table 1 summarizes the characteristics of Pd/Ce-ZrO2 catalysts with
various Ce/Zr ratios. The BET surface area decreased with increasing Ce
content: a phenomenon that has been well documented in related lit-
erature [30,39]. As a result, the Pd/Ce0.8Zr0.2O2 catalyst showed the
lowest BET surface area (45m2/g). The BET surface area of the Pd/Ce-
ZrO2 catalysts with various Ce/Zr ratios decreased in the following
order: Pd/Ce0.2Zr0.8O2 (197m2/g)>Pd/Ce0.5Zr0.5O2 (122m2/
g)>Pd/Ce0.8Zr0.2O2 (45m2/g).

The Pd dispersion of the prepared catalysts was calculated from
pulse CO chemisorption results. The Pd dispersion value of Pd/Ce-ZrO2

catalysts with various Ce/Zr ratios is also summarized in Table 1. The
Pd dispersion values ranged from 44% to 67%, with the Pd/Ce0.5Zr0.5O2

catalyst exhibiting the highest value (67%) and the Pd/Ce0.2Zr0.8O2

catalyst having the lowest (44%). As a result, the Pd/Ce0.5Zr0.5O2 cat-
alyst had the smallest active Pd particle size (1.7 nm) while the Pd/
Ce0.2Zr0.8O2 catalyst had the largest (2.6 nm). Simakova et al. reported
that Pd catalysts with different Pd dispersion could show different
catalytic activity and product distributions in the deoxygenation of
mixtures of stearic acid and palmitic acid [26]. Pd catalysts with a high
metal dispersion have higher catalytic activity than those with low Pd
dispersion.

XRD patterns of the various Pd/Ce-ZrO2 catalysts are shown in
Fig. 1, and the lattice parameters of the Pd/Ce-ZrO2 catalysts with
various Ce/Zr ratios are summarized in Table 1. The diffractogram of
Pd/Ce0.8Zr0.2O2 shows peaks corresponding to cubic CeO2 [30,31,40].
The main peaks shifted to higher angles and the lattice parameter of
CeO2 decreased slightly with increasing in Zr content because of the

relatively small atomic size of Zr4+ (0.84 Å) compared to the atomic
size of Ce4+ (0.97 Å) [32]. In addition, the reported lattice parameter of
pure CeO2 is 0.5409 nm [41]. According to the literature, the structure
of the Ce-ZrO2 support depends on its composition [39]. When the Ce
content is below 50%, the Ce-ZrO2 supports adopt a tetragonal structure
(Pd/Ce0.2Zr0.8O2), whereas a cubic Ce-ZrO2 structure is formed when
the Ce content is above 50% (Pd/Ce0.8Zr0.2O2 and Pd/Ce0.5Zr0.5O2)
[39]. No peaks corresponding to Pd metal were detected in any of the
catalysts because the size of the Pd metal particles was less than 3 nm in
all catalysts (highly dispersed), which is below the limit for X-ray line
broadening analysis [42]. An XPS survey scan (Fig. S1), carried out to
check for the presence of Pd species on the catalyst surface, confirmed
the presence of metallic Pd species on the catalyst surface. Thus, the Pd
nanoparticles were finely distributed on the Ce-ZrO2 supports.

The O 1 s spectra of Pd/Ce-ZrO2 catalysts with various Ce/Zr ratios
are shown in Fig. 2. Three types of oxygen species were detected in the
XPS spectra, labeled as OL, OD, and OH, respectively [38]. The OL, OD,
and OH peaks at 528.7 ± 0.4, 530.1 ± 0.4, and 531.7 ± 0.2 eV cor-
respond to the lattice oxygen in Ce-ZrO2 mixed oxide, oxygen va-
cancies, and adsorbed oxygen species from hydroxyl or water species on
the metal surface, respectively [38]. When the Zr contents were in-
creased in the Ce-ZrO2 mixed oxide, all peaks shifted to higher binding
energy (BE) because Zr4+ is more electronegative than Ce4+ [43]. The
quantitative XPS elemental analysis of the O 1 s peak of the various Pd/
Ce-ZrO2 catalysts are summarized in Table 1. The Pd/Ce0.5Zr0.5O2

catalyst had the highest surface defect oxygen ratio of the prepared
catalysts, of ∼46.2%. Our hypothesis that the concentration of oxygen
vacancies affects the decarboxylation reaction is based on the report by
Peng et al. that carboxylic acids are reduced to aldehydes by the ad-
sorption of the oxygen atoms of the carboxylic acid at the oxygen va-
cancies on the surfaces of reducible oxides (CeO2, TiO2, ZrO2), and the
fact that adsorbed carboxylic acids can be converted to carboxylates
followed by reaction with activated H2, which is activated through
dissociative adsorption at oxygen defect sites [20]. Thus, we would

Table 1
Characteristics of Pd/Ce-ZrO2 catalysts with varying Ce/Zr ratio.

Catalysts BET S.A.
(m2/g)a

Pd dispersion
(%)b

Active Pd particle size (nm)b Lattice parameter
(nm)c

OD

/(OL+OD+OH)
Concentration of oxygen vacancies (cm−3)

Pd/Ce0.8Zr0.2O2 45 60 1.9 0.5385 34.2% 4.63×1021

Pd/Ce0.5Zr0.5O2 122 67 1.7 0.5327 46.2% 6.06×1021

Pd/Ce0.2Zr0.8O2 197 44 2.6 0.5268 29.6% N.A.d

a Estimated from N2 adsorption at −196 °C.
b Estimated from CO-chemisorption.
c Lattice parameter calculated from XRD peaks by Bragg’s law.
d Not available due to very broad and weak Raman spectra.

Fig. 1. XRD patterns ofPd/Ce-ZrO2 catalysts with various Ce/Zr ratios.
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expect that concentration of oxygen vacancies affects the decarbox-
ylation reaction, and expect that the Pd/Ce0.5Zr0.5O2 catalyst should
have a higher activity than the others.

Raman spectroscopy analysis was carried out (Fig. 3) to confirm the
structure and concentration of oxygen vacancies. Except for the Pd/
Ce0.2Zr0.8O2 catalyst, the catalysts showed a single Raman band at
448–462 cm−1, which was attributed to the F2g vibration mode of the
fluorite structure of CeO2 [38,43–48]. This peak shifted to lower wave
number with the addition of Zr, since the addition of the smaller Zr4+

(0.84 Å) caused local structure distortions in the CeO2 lattice [38]. This
result agreed with measurements of the lattice parameters. When the
Ce/Zr ratio was decreased to 1/4 (as in the Pd/Ce0.2Zr0.8O2 catalyst),
this peak became weak and disappeared. This change indicates the
disappearance of the cubic fluorite structure phase [49,50]. The con-
centration of oxygen vacancies can be calculated from the Raman band
at 448–462 cm−1, and Table 1 shows the calculated concentrations of
oxygen vacancies for the various Pd/Ce-ZrO2 catalysts [37,38]. The Pd/
Ce0.8Zr0.2O2 catalyst had an oxygen vacancy concentration of
4.63×1021 cm−3. An increase in the oxygen vacancy concentration
was observed when the Zr content increased to 50%, and the Pd/
Ce0.5Zr0.5O2catalyst exhibited the highest concentration of oxygen va-
cancies. Calculation of the oxygen vacancy concentration of Pd/
Ce0.2Zr0.8O2 catalyst was not possible because of the broad and weak
Raman spectra. However, we can infer from previous XPS quantitative
elemental analyses that the oxygen vacancy concentration of the Pd/
Ce0.2Zr0.8O2 catalyst was lower than those of the other catalysts. This
difference may be due to the decreased Ce content providing a limited

supply of oxygen vacancies [49].

3.2. Reaction results

The compositions of the reaction products obtained using the pre-
pared catalysts are shown in Table 2. Oleic acid residue was not de-
tected in any of the products, meaning that all the catalysts showed
100% oleic acid conversion. Stearic acid can be formed from hydro-
genation of oleic acid, and was the most prevalent single product of the
studied reactions [3,51]. Interestingly, the percentage of C17 hydro-
carbons (saturated and unsaturated) was highest in the case of Pd/
Ce0.5Zr0.5O2catalyst. These trends are well matched with the con-
centration of oxygen defects in the catalysts, as calculated by XPS and
Raman spectroscopy. Thus, we conclude that the decarboxylation re-
action was affected by the oxygen vacancy concentration of the cata-
lysts. Previous reports have found that carboxylic groups that adsorb at
the oxygen vacancy sites of nickel catalysts are converted to ketene
intermediates (R− COOH → R− COO → R1−C=C]O), which are
hydrogenated to form aldehydes [20,22]. Aldehydes can be converted
to both alcohols and linear hydrocarbons, but neither of these com-
pounds was detected in this study. Furthermore, no C18 hydrocarbons
were detected, which suggests that no hydrodeoxygenation reactions
occurred [14,52,53].

In order to confirm the main reaction pathway, micro-GC analysis of
the gaseous products was carried out. As shown in Table 3, the main
constituent of the product gases was CO2. A decarboxylation reaction
leads to the removal of a carboxyl group (−COO) from a fatty acid by
releasing CO2. This clearly indicates that the decarboxylation reaction
was the main reaction pathway. In addition, the CO2 percentage of the
product gas was consistent with the extent of decarboxylation. A small
amount of CO, which was produced via a decarbonylation reaction, was
also presents as part of the product gases. Fig. 4 also shows the per-
centage of saturated C17 hydrocarbons (heptadecane) and unsaturated
C17 hydrocarbons (8-heptadecene). Saturated C17 hydrocarbon was the
predominant component of the C17 hydrocarbon products. This is in
agreement with the results from the micro-GC analysis, indicating that
most of the oleic acid was converted via decarboxylation. However, we
could not determine the other compounds due to the technical limita-
tions connected to micro-GC analysis. It is possible that these by-
products are more shorter hydrocarbons (C4∼C8) and oxygenate com-
pounds (due to cracking reaction) [3,13]. The results showed that the
Pd/Ce0.2Zr0.8O2 catalyst exhibited 3 to 8 times higher amount of by-
products than the other two catalysts. In other to find out the reason of
the excessive cracking reaction, an NH3-TPD analysis was carried out.
As shown in Fig. S2, the shapes of the NH3-TPD patterns of the prepared
catalysts were similar in the temperature range between 100 °C and
500 °C. However, a strong acidic site was detected at 625 °C in the case
of the Pd/Ce0.2Zr0.8O2 catalyst. Moreover, the Pd/Ce0.2Zr0.8O2 catalyst
had a higher acidity (701 μmol NH3/gcat) than both the Pd/Ce0.5Zr0.5O2

catalyst (572 μmol NH3/gcat) and Pd/Ce0.8Zr0.2O2 catalysts (401 μmol
NH3/gcat). According to the literature, a strong acidity of a catalyst
could induce a cracking reaction [3]. Therefore, it can be assumed that
the higher byproduct content in the reaction with the Pd/Ce0.2Zr0.8O2

catalyst was due to the strong acidity of the Pd/Ce0.2Zr0.8O2 catalyst.
Fig. 5 displays the pressure difference with time on stream over the

Pd/Ce0.5Zr0.5O2catalyst, from which the reaction step can be defined.
At temperatures up to 100 °C, the initial pressure increase was caused
by the thermal cracking of oleic acid and simply the expansion of H2.
However, when the reaction temperature increased further, to 300 °C, a
dramatic pressure drop was observed. The values in Table 2 show that
hydrogen is consumed by the conversion of oleic acid
(CH3(CH2)7CH=CH(CH2)7COOH) to stearic acid (CH3(CH2)16COOH).
Thus, the hydrogenation reaction occurred before decarboxylation re-
action, which occur on the Pd surface. The decarboxylation reaction
over Ce0.5Zr0.5O2 support without Pd was conducted to check the re-
action step. Despite the increasing reaction temperature, a pressure

Fig. 2. O 1sXPS spectra of Pd/Ce-ZrO2 catalysts with various Ce/Zr ratios.

Fig. 3. Raman spectra of Pd/Ce-ZrO2 catalysts with various Ce/Zr ratios.
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drop was not observed (Fig. S3). In the case of bare Ce0.5Zr0.5O2 sup-
port, the pressure increased with the increase in reaction temperature
and time. Thus, it can be concluded that the hydrogenation of the oleic
acid occurred only on the Pd surface. After the hydrogenation reaction,
stearic acid can be converted to heptadecane. After heating was com-
plete, the pressure gradually increased (5.4 bar (0 h) → 8.0 bar (3 h)).
One mole of carbon dioxide was generated in the decarboxylation re-
action, which is a likely cause of the pressure increase. In addition, a
small number of shorter hydrocarbons (C9∼C16) and byproducts were
detected, which were likely formed from the cracking of reactant [3].
Fig. 6 shows the selectivities for stearic acid and C17 hydrocarbons as a
function of time on stream over the Pd/Ce0.5Zr0.5O2 catalyst. Interest-
ingly, oleic acid was totally converted during temperature rising pro-
cess. This result is well reflected in the pressure difference with time on
stream results shown in Fig. 5. As the initial reaction temperature
reached 300 °C, most of the oleic acid is converted to stearic acid. Al-
though the selectivity for the stearic acid at t=0h was relatively high,
it decreased with increasing the time on stream (89%, 0 h → 63%, 3 h).
It can be said that the stearic acid was firstly formed before the reaction

and it was decarboxylated/decarbonylated to afford saturated/un-
saturated hydrocarbons.

Elemental analysis was carried out to check the remaining oxygen
content of the products, and the results are shown in Table 2 along with
the oxygen removal efficiency of the various Pd/Ce-ZrO2 catalysts. The

Table 2
Reaction results over Pd/Ce-ZrO2 catalysts with various Ce/Zr ratios.

Catalysts Oleic acid
conversion

Stearic acid
selectivity

C17 hydrocarbons
selectivity

C9–C16 hydrocarbons
selectivitya

Oxygen
contents

Oxygen removal
efficiencyb

Liquid yieldc

(liquid
amount)

Pd/Ce0.8Zr0.2O2 100% 76% 22% 2% 9.4% 18.3% 83.9%
(23.1 g)

Pd/Ce0.5Zr0.5O2 100% 63% 34% 3% 9.1% 20.9% 77.0%
(21.2 g)

Pd/Ce0.2Zr0.8O2 100% 91% 7% 2% 10.1% 12.1% 88.1%
(24.2 g)

*Reaction condition: 300 °C, reactant/catalyst = 20/1, 20 bar, H2 condition.
a Saturated hydrocarbons+ unsaturated hydrocarbons.
b Oxygen contents of oleic acid (reactant)= 11.5%.
c Liquid yield expressed as percent (%) is calculated by measuring initial weight of reactant(27.5 g)overweight of liquid product.

Table 3
Micro-GC analysis results over Pd/Ce-ZrO2 catalysts with various Ce/Zr ratios.

Catalysts CO2 H2 CO CH4 Others Total

Pd/Ce0.8Zr0.2O2 68.6% 19.5% 6.6% 1.1% 4.2% 100.0%
Pd/Ce0.5Zr0.5O2 75.0% 15.0% 7.6% 0.8% 1.6% 100.0%
Pd/Ce0.2Zr0.8O2 56.5% 20.2% 8.0% 2.4% 12.9% 100.0%

*Micro-GC analysis results is volume percent.

Fig. 4. Percentage of saturated C17 hydrocarbon and unsaturated C17 hydro-
carbon. (Reaction condition: 300 °C, reactant/catalyst = 20/1, 20 bar, H2 con-
dition).

Fig. 5. Pressure differences with time on stream over a Pd/Ce0.5Zr0.5O2catalyst.
(Reaction condition: 300 °C, reactant/catalyst = 20/1, 20 bar, H2 condition).

Fig. 6. Changes in selectivities for stearic acid and C17 hydrocarbons observed
as a function of time on stream in reaction utilizing the Pd/Ce0.5Zr0.5O2catalyst.
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Pd/Ce0.5Zr0.5O2catalyst exhibited the highest oxygen removal effi-
ciency among the prepared catalysts. According to previous reports, the
oxygen removal efficiency and liquid product yield are related to the
decarboxylation reaction. The oxygen contained in fatty acids is re-
moved during decarboxylation in the form of carbon dioxide [3,12,54].
The liquid product yields of the various Pd/Ce-ZrO2 catalysts are shown
in Table 2. The Pd/Ce0.5Zr0.5O2catalyst also exhibited the lowest liquid
product yield among the tested catalysts. The liquid product yield in-
creased in the order: Pd/Ce0.5Zr0.5O2 (77.0%)< Pd/Ce0.8Zr0.2O2

(83.9%)<Pd/Ce0.2Zr0.8O2 (88.1%). The selectivity for C17 hydro-
carbons, liquid product yield, and oxygen removal efficiency are com-
pared for each catalyst in Fig. 7. The decarboxylation reaction (se-
lectivity for C17 hydrocarbons) influences the liquid product yield and
oxygen removal efficiency. In addition, catalytic performance was
strongly affected by the oxygen vacancy concentration and Pd disper-
sion. As shown in Table 3, the sum of CO2, H2 (just residue), and CO
was almost 95%, except for the case of the Pd/Ce0.2Zr0.8O2 catalyst,
which contained 12.9% thermal and catalytic cracking-derived com-
pounds. Thus, it can be concluded that the gas yield was almost equal to
the oxygen removal efficiency. Table S1 shows the differences between
these two factors. Note, that small differences may occur due to ana-
lytical errors. Therefore, it was concluded that the oxygen removal ef-
ficiency was in accordance with the extent of decarboxylation.

A cycling test was conducted to check the stability of Pd/
Ce0.5Zr0.5O2 catalyst (Table 4). Interestingly, all the used catalysts
showed 100% oleic acid conversion. However, their selectivity for C17

compounds decreased as the number of usage cycles increased, and the
stearic acid selectivity increased as the C17 selectivity decreased. BET,
CO-chemisorption, and XPS analyses of the recycled catalysts were
conducted to determine the cause of the observed deactivation (Table 4
and Fig. 8). Fig. 8 shows the O 1 s spectra of the used Pd/Ce0.5Zr0.5O2

catalyst. Three kinds of oxygen species were detected in the XPS

spectrum, as for the fresh Pd/Ce0.5Zr0.5O2 catalyst. The positions of the
deconvoluted peaks are similar to those of the fresh Pd/Ce0.5Zr0.5O2

catalyst. The quantitative XPS elemental analyses of the O 1 s peak of
the used Pd/Ce0.5Zr0.5O2 catalysts are shown in Table 4. The con-
centration of surface oxygen defects of the used Pd/Ce0.5Zr0.5O2 cata-
lysts decreased as the number of uses increased (46.2% → 34.9% →
30.4%). This result clearly shows that the oxygen vacancy concentra-
tion is related to the activity of the catalyst for the decarboxylation
reaction. Especially, a dramatic reduction of BET surface area (122m2/
g→ 42m2/g→ 24m2/g) and Pd dispersion (67%→ 5% (−93%)→ 2%
(−97%)) are a main factor in catalyst deactivation. We suggest that the
oxygen vacancies are blocked by strongly adsorbed carboxylic groups,
thereby decreasing the concentration of oxygen vacancies. Table 4
compares the characteristics of the fresh and used Pd/Ce0.5Zr0.5O2

catalysts. The BET surface area of Pd/Ce0.5Zr0.5O2 catalyst decreased by
65% and 80% after each subsequent reaction. The Pd dispersion of Pd/
Ce0.5Zr0.5O2 catalyst also decreased to 5% and 2% after recycling. The
CO-chemisorption data indicates that significant Pd sintering is also
observed. Thus, we conclude that the causes of catalyst deactivation are
mainlyPd sintering, decreases in BET surface area and Pd dispersion,
and the partial reduction in oxygen vacancy concentration.

In this study, the Pd/Ce-ZrO2 catalyst activity was affected by the
Ce/Zr ratio. The Ce/Zr ratio affects the formation of oxygen vacancy
concentration, which is the effect on the decarboxylation reaction. We
also found that the decarboxylation reaction was the main reaction
pathway in this study. Thus, we propose the reaction step in this re-
action is as follows. First, oleic acid is hydrogenated to stearic acid.
Second, stearic acid is dissociated with carboxylate compounds
(ReCOO) and hydrogen, which occurred at the oxygen vacancy sites
and Pd surface. Thus, the oxygen vacancy concentration and Pd dis-
persion (active Pd particle size) have a strong influence on this reaction.
After adsorption, CeC scission occurs and the resultant products are
hydrogenated to produce linear hydrocarbons and carbon dioxide.

Fig. 7. Relation between the characteristics of catalysts and reaction results.
(Reaction condition: 300 °C, reactant/catalyst = 20/1, 20 bar, H2 condition).

Table 4
Characteristics and reaction results of fresh and used Pd/Ce0.5Zr0.5O2 catalysts.

Catalysts Oleic acid
conversion

Stearic acid
selectivity

C17 hydrocarbons
selectivity

BET S.A.
(m2/g)a

Pd dispersionb Active Pd particle size
(nm)b

OD

/(OL+OD+OH)

(Fresh) Pd/Ce0.8Zr0.2O2 100% 63% 34% 122 67% 1.7 46.2%
(1st) Pd/Ce0.5Zr0.5O2 100% 81% 17% 42 (−65%) 5% (−93%) 24.9 34.9%
(2nd) Pd/Ce0.2Zr0.8O2 100% 94% 5% 24 (−80%) 2% (−97%) 72.3 30.4%

*Reaction condition: 300 °C, reactant/catalyst = 20/1, 20 bar, H2 condition.
a Estimated from N2 adsorption at −196 °C.
b Estimated from CO-chemisorption.

Fig. 8. O 1s XPS spectra of used Pd/Ce0.5Zr0.5O2catalysts.
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Finally, both are desorbed.

4. Conclusions

The catalytic performance of Pd/Ce-ZrO2 catalysts depends on the
Ce/Zr ratio. The formation of oxygen vacancy concentration was also
affected by the Ce/Zr ratio. Moreover, the oxygen vacancy concentra-
tion has a strong effect on the decarboxylation reaction. The Pd/
Ce0.5Zr0.5O2 catalyst shows the highest selectivity for C17 compounds
and oxygen removal efficiency among the prepared catalysts. The
highest catalytic activity is found with the catalyst with the highest
oxygen vacancy concentration. The Pd dispersion also has a strong ef-
fect on the catalytic activity. The causes of catalyst deactivation are
mainly Pd sintering, a decrease of BET surface area and Pd dispersion,
and partially the loss of oxygen vacancies. Additionally, the reaction
proceeded mainly via a decarboxylation reaction pathway.
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