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Abstract: The role of the specific physicochemical properties
of ZrO2 phases on Ni/ZrO2 has been explored with respect
to the reduction of stearic acid. Conversion on pure m-ZrO2

is 1.3 times more active than on t-ZrO2, whereas Ni/m-ZrO2 is
three times more active than Ni/t-ZrO2. Although the hydro-
deoxygenation of stearic acid can be catalyzed solely by Ni,
the synergistic interaction between Ni and the ZrO2 support
causes the variations in the reaction rates. Adsorption of the
carboxylic acid group on an oxygen vacancy of ZrO2 and the
abstraction of the a-hydrogen atom with the elimination of
the oxygen atom to produce a ketene is the key to enhance

the overall rate. The hydrogenated intermediate 1-octadeca-
nol is in turn decarbonylated to heptadecane with identical
rates on all catalysts. Decarbonylation of 1-octadecanol is
concluded to be limited by the competitive adsorption of re-
actants and intermediate. The substantially higher adsorp-
tion of propionic acid demonstrated by IR spectroscopy and
the higher reactivity to O2 exchange reactions with the more
active catalyst indicate that the higher concentration of
active oxygen defects on m-ZrO2 compared to t-ZrO2 causes
the higher activity of Ni/m-ZrO2.

Introduction

Microalgae are seen as ideal basis for third-generation biofuels,
because of their high growth rates and their oil contents as
well as the independence of fresh water and arable lands.[1]

Their high content of triglycerides makes them a promising re-
source for liquid transportation fuels. The traditional hydro-
treating by using sulfided NiMo/Al2O3 catalysts has been com-
mercially realized, that is, the NExBTL process (Neste Oil,
Porvoo, 340 kt a�1).[2] Although the process for hydrotreating of
triglycerides can use the existing infrastructure and requires
moderate capital investment, the sulfide catalysts are not ideal
for the conversion of a nearly sulfur-free triglyceride feedstock,

because they deactivate through sulfur elimination and con-
taminate the product stream with organic sulfides.[3]

As sulfur-free supported metal catalysts would be attractive
alternatives, we have developed two types of novel Ni-based
catalysts to directly convert crude microalgae oil quantitatively
to diesel-range hydrocarbons under mild conditions of 260 8C
and 40 bar H2.[4] The catalysts used are stable, economic, and
scalable. The conversion of the representative model com-
pound stearic acid on Ni/ZrO2 in presence of H2 shows that it
undergoes reduction of the fatty acid solely by Ni and synerg-
istically by Ni and the ZrO2 support. In the presence of Ni the
acid is hydrogenated to the aldehyde, followed by decarbony-
lation of the aldehyde to an alkane. The oxygen vacancies of
the ZrO2 support facilitate the concerted adsorption of fatty
acid and the activation of H2. The a-H abstraction and elimina-
tion of H2O lead to a ketene that is formed as a relatively
stable intermediate, which has been directly monitored by in-
situ IR spectroscopy.[5] In the following step, the ketene is hy-
drogenated to the corresponding aldehyde, which is in turn
hydrodeoxygenated to the corresponding alkane through de-
carbonylation. The redundancy of the two catalytic sites in-
creases the overall rate.

The best results are obtained by combining an appropriate
concentration of the oxygen defect sites with the metal pro-
viding the required dissociated hydrogen. It should be noted
in passing that much higher rates of the hydrogenation of CO
to methanol were observed for Cu/m-ZrO2 than for Cu/t-ZrO2,[6]

the higher apparent first order-rate constant for Cu/m-ZrO2

than for Cu/t-ZrO2 being attributed to the higher concentration
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of hydrogen on the surface of m-ZrO2. The difference in
the properties of the lattice oxygen of the two ZrO2

phases was speculated to be related to the specific ad-
sorption properties for hydrogen and CO. As the properties
of oxygen vacancies of the supports are critical elements
for the hydrodeoxygenation of fatty acids, we decided to
explore the effect of m-, t-, and mix-phases of ZrO2 on the
hydrodeoxygenation of stearic acid and 1-octadecanol in
the liquid phase. The relation between the physicochemi-
cal properties of the support, as well as its influence on
the properties of the supported Ni particles for the catalyt-
ic activity and the selectivity are explored in the quest to
find more active and selective catalysts for fuel synthesis
from biomass.

Results and Discussion

Catalyst characterization

The two phases of m- and t-ZrO2 were synthesized by the sol-
vothermal method by using water and methanol as solvents,
respectively. The XRD patterns for the three ZrO2 supports are
displayed in the Supporting Information. The diffractogram of
monoclinic ZrO2 showed the typical characteristic 2 q reflec-
tions at 24.5, 28.3, 31.6, and 34.58 (JCPDS card No. 37-1484).
The crystal phase of pure t-ZrO2 was confirmed by XRD diffrac-
tion peaks at 2 q of 30.4 and 35.18 (JCPDS card No. 17-0923),
without peaks from m-ZrO2. Mixed-phase ZrO2 from calcination
of Zr(OH)4 showed both, characteristic reflections from m- and
t-ZrO2, and the specific sample consisted of 83 % monoclinic
and 17 % tetragonal phase as derived from Equation (6) (see
the Experimental Section).

The N2 sorption showed that the specific Brunauer–Emmett–
Teller (BET) surface areas of the three ZrO2 supports varied be-
tween 117 and 160 m2 g�1 (Table 1). After Ni incorporation and

further thermal treatment by calcination and reduction, the
specific BET surface areas decreased to approximately
70 m2 g�1 for the three Ni/ZrO2 catalysts (Table 2). The concen-
tration of acid and base sites of the parent ZrO2 and Ni/ZrO2

were determined from the temperature-programmed desorp-
tion (TPD) of NH3 and CO2, respectively. The concentrations of
Lewis acid and base sites of the three ZrO2 supports were
almost identical at 0.30 and 0.04 mmol g�1, respectively. Nor-
malized to the specific surface areas, the Lewis acidity and ba-
sicity of the supports were 2.0 and 0.3 mmol m�2, respectively,

which demonstrates that the acid and base properties are very
similar. With Ni deposited, the acid site concentrations of the
three Ni/ZrO2 samples decreased by 50 % to 0.11–
0.14 mmol g�1, whereas the concentrations of base sites were
almost unchanged (0.04 mmol g�1). This suggests that deposit-
ed Ni (metal, oxide, or hydroxide) particles interact with and
block Lewis acid sites. The surface areas as well as the concen-
tration and strength of the acid and base sites for the three
ZrO2 and Ni/ZrO2 samples are shown to be very similar ; there-
fore, the influence from these factors is expected to be mini-
mal.

The characteristic diffraction peaks for m- and t-ZrO2 for the
three Ni/ZrO2 (Figure S1 B, in the Supporting Information) sam-
ples were in good agreement with the diffractogram of the
parent supports (Figure S1 A in the Supporting Information),
suggesting that the synthesized phases are very stable against
phase transformation during impregnation, calcination, and re-
duction. The distinctive peaks at 2 q of 44.6 and 51.98 are as-
signed to Ni(111) and Ni(200), respectively. Based on the Scher-
rer equation, the average particle diameter, dNi(111), of Ni/mix-
ZrO2, Ni/m-ZrO2, and Ni/t-ZrO2 were 12, 13, and 12 nm, respec-
tively.

Apart from XRD measurement on determining the Ni parti-
cle size, TEM images with energy-dispersive X-ray spectroscopy
(EDX) mapping of Ni on ZrO2 (Figure 1 A) and the correspond-
ing particle-size distributions (Figure 1 B) are also shown. Note
that the TEM images of ZrO2-supported Ni particles are difficult
to interpret because of the low metal/support contrast.[7]

Therefore, element-sensitive EDX-technique was applied to dif-
ferentiate between the metal species and the support. It
shows Ni particles in contact with ZrO2. From the TEM micro-
graphs spherically shaped Ni particles with a heterogeneous
size distribution, typically for wetness impregnation technique,
and an average diameter of 14–15 nm were detected, that is,
larger in size than the average size determined from XRD. This
is attributed to the fact that TEM counts the size of visible Ni0

particles, whereas XRD accounts also for particles with too low
contrast to be determined by TEM measures.[8] Generally, Ni
particles show comparable sizes and distributions and shapes
on three ZrO2 supports determined from both XRD patterns
and TEM images.

The state of Ni on ZrO2 was probed by temperature-pro-
grammed reaction (TPR) of three calcined Ni/ZrO2 catalysts by

Table 1. Physicochemical properties of the ZrO2 supports.

Support SBET Acid site concentration[a] Basic site concentration[b]

[m2 g�1] [mmol g�1] [mmol m�2] [mmol g�1] [mmol m�2]

mix-ZrO2 162 0.33 2.0 0.06 0.37
m-ZrO2 117 0.30 2.5 0.04 0.36
t-ZrO2 149 0.30 1.9 0.04 0.27

[a] Determined by TPD of NH3. [b] Determined by TPD of CO2.

Table 2. Physicochemical properties of the Ni-incorporated ZrO2 catalysts.

Catalyst Ni
loading

SBET dNi[111]
[c] Acid site

concentration[a]

Basic site
concentration[b]

[wt %] [m2 g�1] [nm] [mmol g�1] [mol m�2] [mmol g�1] [mol m�2]

Ni/mix-
ZrO2

9.7 75 12 0.14 1.8 0.05 0.69

Ni/m-
ZrO2

9.7 69 13 0.11 1.6 0.04 0.58

Ni/t-
ZrO2

10 70 12 0.11 1.5 0.04 0.54

[a] Determined by TPD of NH3. [b] Determined by TPD of CO2. [c] Calculated
from XRD by using the Scherrer equation.
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using H2 (see Figure 2). The TPR showed that the maximum
rates of reduction (monitored by H2O formation) appeared be-
tween 483 and 528 8C. The maximum reduction rate for Ni/m-
ZrO2 occurred at 483 8C, whereas for Ni/mix-ZrO2 and Ni/t-ZrO2,
the reduction rates peaked at somewhat higher temperatures,
that is, 515 and 528 8C, respectively. Bulk NiO is usually reduced
at 400 8C,[9] and the higher temperature observed here is tenta-
tively attributed to the reduction of small nickel oxide crystalli-
tes interacting strongly with ZrO2.[8] Reducing the three cal-
cined Ni/ZrO2 catalysts at 500, 550, and 600 8C showed that the
Ni particles gradually grew as a function of the reduction tem-
perature, leading to particles with 13, 14, and 19 nm diameter,
respectively (determined by the Scherrer equation from the
XRD patterns, see Table S1 in the Supporting Information). The
catalytic activities for the hydrogenation of stearic acid de-
creased in the order of 2.6, 2.0, and 1.0 mmol g�1 h�1, indicating
that the specific rates of hydrogenation decreased in accord-
ance with the increasing size of the Ni particles. To achieve
a high hydrodeoxygenation rate, the calcined Ni/ZrO2 sample
were reduced at 500 8C for all samples discussed here.

States of Ni and the ZrO2 polymorphic phases by XAFS

The states of Ni and Zr in the three different Ni/ZrO2 catalysts
are analyzed by Ni and Zr K-edge XAFS. The Ni K-edge XANES
spectra demonstrate that the three Ni/m-ZrO2, Ni/t-ZrO2, and
Ni/mix-ZrO2 catalysts contained a higher concentration of Ni0

than NiII (Figure 3 A). The Fourier-transformed Ni K-edge EXAFS

spectra were quite similar for the three Ni/ZrO2 catalysts,
which is in good agreement with the other results discussed.
The fractions of Ni0 and NiII, analyzed by a linear combination
from XANES, are compiled in Table S2 in the Supporting Infor-
mation. The three Ni/ZrO2 catalysts contained approximately
70–79 % metallic Ni0 and 21–30 % NiII before reaction. The Ni�
Ni distances and the coordination numbers (Figure 3 B) are
identical to that of bulk Ni. After reaction in presence of H2,
the fraction of metallic Ni0 increased to 84–86 %. Fitting the
EXAFS by using a theoretical standard (Figure S4 in the Sup-
porting Information) showed that also for these experiments
the coordination number of the first Ni�Ni shell was identical
to that for the bulk metal. This is consistent with Ni nanoparti-
cle diameters that are greater than about 5 nm as shown also
by TEM (Figure 1 B). No indication of Ni�Zr scattering, that
would be present as a result of a separate, atomically dis-
persed Ni phase, was observed. The Ni EXAFS structure for Ni/

Figure 1. a) TEM images with recorded by using energy-dispersive X-ray
spectroscopy (EDX) mapping (Ni in red, Zr in green, and O in blue) and
b) the corresponding Ni particle-size distribution of the three Ni/ZrO2 cata-
lysts.

Figure 2. Temperature-programmed reduction with H2 on Ni/mix-ZrO2, Ni/m-
ZrO2, and Ni/t-ZrO2.

Figure 3. A) Ni K-edge XANES spectra and B) Ni K-edge EXAFS spectra Fouri-
er-transformed (FTs) Im[c(R)] spectra of the Ni standards (Ni0 foil, NiO) and
the Ni/ZrO2 catalysts (Ni/mix-ZrO2, Ni/m-ZrO2, and Ni/t-ZrO2) at ambient tem-
perature.
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m-ZrO2 and for Ni/t-ZrO2 were nearly identical up to R = 8 �
and hence the observed higher reactivity of Ni/m-ZrO2 (de-
scribed below) does not appear to be related to differences in
the Ni nanostructures.

The XAS of the Zr K-edge of the three ZrO2 catalysts (Fig-
ure 4 A) shows that the XANES of mix-ZrO2, m-ZrO2, and t-ZrO2

indicate profound differences for t-ZrO2 in comparison to m-
ZrO2 including the stronger 1s!4d shoulder at 18 000 eV, the
apparent white line doublet at 18 020 eV, and the scattering
peak at 18 045 eV. A more subtle feature is the shoulder on the
leading edge of the white line at 18 015 eV, which appeared
also for the pure t-ZrO2. All features are consistent with pub-
lished values of ZrO2.[10] By using the XANES data to differenti-
ate t-ZrO2 and m-ZrO2, a linear combination fit to the mix-ZrO2

yields a ratio of 25 % of t-ZrO2 and 75 % of m-ZrO2 (Table S3 in
the Supporting Information), which is in good agreement with
the XRD results in Figure S1 in the Supporting Information.
After deposition of Ni, the structure of ZrO2 was hardly
changed (see Figure S5 in the Supporting Information). Calci-
nation and reduction steps, however, alter the ZrO2 phase dis-
tribution of t-ZrO2 and mix-ZrO2. In both instances t-ZrO2 is par-
tially converted to the m-ZrO2 phase. The t-ZrO2 phase is con-
verted to about 38 % m-ZrO2, whereas mix-ZrO2 is converted to
about 94 % to m-ZrO2.

In line with the XRD patterns, the Fourier-transformed Zr
EXAFS spectra (Figure 4 B) showed high similarity between
mix-ZrO2 and m-ZrO2. The first maximum at 1.5 � is assigned
to the nearest shell (O), whereas the second peak at 3.0–3.3 �
is attributed to the next nearest shell (Zr) around the Zr central
atom.[11] The shift of the peak at 3.3 � for t-ZrO2 (compared to
3.0 � for m-ZrO2) in the FT imaginary c(R) plot (Figure 4 B) is at-
tributed to the fact that the Zr�O bond length is different in
m-ZrO2 (Zr�OI, trigonal and Zr�OII, tetrahedral) and t-ZrO2 (Zr-
OII, tetrahedral). .[12] This peak shift from 3.3 to 3.0 � is also re-
lated to a decreasing symmetry as varying from the tetragonal
to the monoclinic phase.[11a]

Hydrogenation of stearic acid over ZrO2

To investigate the effect of the ZrO2 morphologies, stearic acid
was converted first on the bare supports. The three supports
led to similar distributions of the products after 6 h (see
Figure 5). The major products were the aldehyde (selectivity :
60–75 %) and the diheptadecyl ketone (selectivity: 18–27 %), as
well as small concentrations of the heptadecane (selectivity: 6–
13 %).

The reduction and ketonization of the carboxylic acid has
been reported to be catalyzed by modestly redox-active oxides
such as ZrO2, CeO2, Cr2O3, Fe2O3, ZnO, and TiO2 at 300–

Figure 4. A) Zr K-edge XANES spectra and B) Zr K-edge EXAFS spectra Fouri-
er-transformed (FTs) Im[c(R)] spectra of mix-ZrO2, m-ZrO2, and t-ZrO2 at ambi-
ent temperature.

Figure 5. A) Conversion of stearic acid over m-ZrO2, mix-ZrO2, and t-ZrO2 as
a function of time. B) Yields of octadecanal, diheptadecyl ketone, and n-hep-
tadecane over m-ZrO2 as a function of the conversion of stearic acid. Reac-
tion conditions: stearic acid (0.5 g), ZrO2 (0.5 g), dodecane (100 mL), 260 8C,
p(H2) = 40 bar, stirring at 600 rpm. Reproducibility of the rates has been
better than �5 %.
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400 8C.[13] The catalyzed reaction involves the adsorption of the
acid on the oxygen defect sites of the metal oxides to form
a carboxylate. The carboxylates are assumed to be adsorbed
parallel to the oxide surface because of the strong interaction
of the a-H atoms with the surface. Ketene and H2O are formed
through abstraction of one of the a-H atoms. Subsequently,
a nearby carboxylate reacts with the activated hydrogen atoms
(Scheme 1 A) to form the aldehyde or with the adsorbed
ketene to form the ketone by eliminating CO2 (Scheme 1 B).

The rates of the conversion of stearic acid on mix- and m-
ZrO2 were similar at 28 and 29 % after 6 h corresponding to
rates of 0.017 and 0.016 mmol g�1 h�1, respectively. The rate on
t-ZrO2 was 20 % lower (Table 3). The mix-ZrO2 consisted of a ma-
jority of 83 % m-ZrO2 evidenced by the XRD patterns. This
demonstrates that the monoclinic phase of ZrO2 is more active
for the reduction of stearic acid even in the absence of metal
sites.

Hydrogenation of stearic acid with Ni/ZrO2

The results of the conversion of stearic acid on the Ni support-
ed on the m-, t-, and mix-ZrO2 phases are shown in Figure S6 A

in the Supporting Information. The primary initial product was
the hydrogenated alcohol with a selectivity of 86–94 %, and
further the decarbonylated C17 and the hydrodeoxygenated C18

hydrocarbons were obtained in minor quantities (total selectiv-
ity of 5–10 %) (Figure S6 B in the Supporting Information). With
Ni/ZrO2 ketonization was eliminated. In addition, the hydroge-
nation rate on Ni/m-ZrO2 (2.6 mmol g�1 h�1) was two orders of
magnitude higher than that on m-ZrO2 (0.017 mmol g�1 h�1).
This is attributed to the fact that Ni aided the dissociation of
H2, thereby dramatically enhancing the rate of formation and
consequently increasing the number of oxygen vacancies on
the ZrO2 support, thereby substantially increasing the rate of
ketene formation by the support. In addition, in the presence
of H2, the direct Ni-catalyzed hydrogenation of stearic acid
dominates the overall catalytic chemistry. The facile availability
of hydrogen atoms essentially eliminates the much slower ke-
tonization route.

Comparison of the three different Ni/ZrO2 catalysts shows
that the rate of conversion of stearic acid over Ni/m-ZrO2

(2.6 mmol g�1 h�1) was almost three times higher than that
over Ni/t-ZrO2 (0.9 mmol g�1 h�1) (Table 4). The catalytic activi-

ties of Ni/mix-ZrO2 and Ni/m-ZrO2 for producing 1-octadecanol
were quite similar with rates of 2.5 and 2.6 mmol g�1 h�1, re-
spectively. To further verify such a phase effect, Ni supported
on a physical mixtures of m-ZrO2 and t-ZrO2 (see Figure S6 A in
the Supporting Information) were used to reduce stearic acid
under otherwise identical conditions. The hydrogenation rates
followed the sequence of 1.7, 1.5, and 1.0 mmol g�1 h�1 for the
1:2, 1:1, and 2:1 ratios of the Ni/(m-ZrO2/t-ZrO2) samples (see
Table 4). The rates with the physically mixed supports were ex-
pectedly between the rates of pure Ni/m-ZrO2

(2.6 mmol g�1 h�1) and Ni/t-ZrO2 samples (0.9 mmol g�1 h�1).
These results show that the rate of reduction is directly corre-
lated with the concentration of m-ZrO2 (Figure 6).

Decarbonylation of 1-octadecanol over Ni/ZrO2

The hydrodeoxygenation of stearic acid on Ni/ZrO2 proceeded
with the hydrogenation to 1-octadecanol as the apparent pri-
mary product (see Figure S6 in the Supporting Information). To
better understand the kinetic sequence, the conversion of 1-

Scheme 1. Mechanisms for A) the hydrogenation and B) the ketonization of
stearic acid on the surface of ZrO2.

Table 3. Comparison of the conversion of stearic acid over the different
ZrO2 supports.[a]

Catalyst Rate Conversion Selectivity [C %]
[mmol g�1 h�1] [%] C17 C17�CHO (C17H35)2C=O

mix-ZrO2 0.017 28 13 60 27
m-ZrO2 0.016 29 6.9 75 18
t-ZrO2 0.013 21 6.0 72 22

[a] Reaction conditions: stearic acid (0.5 g), ZrO2 (0.5 g), dodecane
(100 mL), 260 8C, p(H2) = 40 bar, 6 h, stirring at 600 rpm. Reproducibility of
the rates has been better than �5 %.

Table 4. Comparison of the conversion of stearic acid over the different
Ni/ZrO2 catalysts.[a]

Catalyst Rate Conversion Selectivity [C %]
[mmol g�1 h�1] [%] C17 C18 C18�OH

Ni/mix-ZrO2 2.5 13.3 5.5 0.4 94
Ni/m-ZrO2 2.6 12.7 6.3 0.5 93
Ni/m-ZrO2/t-ZrO2 (2:1) 1.7 7.1 11 2.0 87
Ni/m-ZrO2/t-ZrO2 (1:1) 1.5 7.3 9.4 1.6 89
Ni/m-ZrO2/t-ZrO2 (1:2) 1.0 4.4 12 2.0 86
Ni/t-ZrO2 0.9 4.1 7.8 0.2 92

[a] Reaction conditions: stearic acid (1.0 g), Ni/ZrO2 (10 wt %, 0.10 g), do-
decane (100 mL), 260 8C, p(H2) = 40 bar, 2 h, stirring at 600 rpm. Reprodu-
cibility of the rates has been better than �5 %.
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octadecanol was studied in separate experiments (Figure 7). A
selectivity of 95 % for the C17 heptadecane and of 5 % for octa-
decane were observed at 36 % conversion after 2 h for all sam-
ples. This shows that direct decarbonylation (�CO) of the alde-
hyde, formed through the dehydrogenation of the alcohol
took place. The minor concentration of octadecane is conclud-
ed to be catalyzed by the sequential dehydration–hydrogena-
tion of the alcohol on acid sites of Ni/ZrO2. The rate of decar-
bonylation of octadecanol (6.3 mmol g�1 h�1) was identical on
all Ni/ZrO2 catalysts (Figure 7 and Table 5), and such rate was

three to seven times higher than that of the hydrogenation of
stearic acid, that is, 2.6 and 0.9 mmol g�1 h�1 on the Ni/m-ZrO2

and Ni/t-ZrO2 catalysts, respectively. This suggests that the
rate-determining step is related to the reductive deoxygena-
tion of the fatty acid. The result also implies that the decarbon-
ylation of 1-octadecanol is not sensitive with respect to the
ZrO2 phases, and that the active sites of the Ni particles con-
vert 1-octadecanol with identical rates.

Overall hydrodeoxygenation of stearic acid to heptadecane
over Ni/ZrO2

The kinetics of the overall hydrodeoxygenation of stearic acid
to heptadecane over Ni/m-ZrO2 and Ni/t-ZrO2 at 260 8C is
shown in Figure 8. 1-Octadecanol is the initial product, being
formed in yields of 60–80 %, although the final product is pri-
marily heptadecane. Octadecanal and 1-octadecanol being in
equilibrium through facile Ni-catalyzed hydrogenation/dehy-
drogenation reactions account for this conversion of 1-octade-
canol to heptadecane. At the high H2 pressure (40 bar), the
concentration of the aldehyde is too low to be observed. Nev-
ertheless, the intermediate 1-octadecanal is slowly and irrever-
sibly decarbonylated to heptadecane, effectively converting 1-
octadecanol into heptadecane. 1-Octadecanol also underwent
esterification with stearic acid to form stearyl stearate (reversi-
ble reaction) as well as dehydration/hydrogenation to octade-
cane as side products. Ni/m-ZrO2 achieved a much higher rate
for the reduction of stearic acid forming 1-octadecanol as well
as overall hydrodeoxygenation rates for producing heptade-
cane from stearic acid (see Figure 8), which is fitted with the
results from kinetic measurements of the individual steps. A
simplified network for the hydrodeoxygenation of stearic acid
over the Ni/ZrO2 catalysts is displayed in Scheme 2. The ele-
mentary steps include hydrogenation of stearic acid (A) to 1-
octadecanol (B), then 1-octadecanol (B) is decarbonylated to
heptadecane (C). In addition, dehydration/hydrogenation of 1-
octadecanol (B) forms octadecane without carbon loss, and
esterification of stearic acid (A) and 1-octadecanol (B) produces
an ester (D). The latter esterification reaction is in equilibrium.
The H2 partial pressure before and after the reaction was
40 bar. Assuming first-order reaction steps, the elementary rate
equations are listed as follows [Eqs. (1)–(5)]:

Figure 6. Rates for the conversion of stearic acid depending on the content
of monoclinic ZrO2 in the Ni/ZrO2 catalyst. Reaction conditions: stearic acid
(1.0 g), Ni/ZrO2 (10 wt %, 0.1 g), dodecane (100 mL), 260 8C, p(H2) = 40 bar,
stirring at 600 rpm.

Figure 7. A) Conversion of 1-octadecanol as a function of time. B) Yield of n-
heptadecane and n-octadecane over Ni/m-ZrO2 as a function of the conver-
sion of 1-octadecanol. Reaction conditions: 1-octadecanol (1.0 g), Ni/ZrO2

(10 wt %, 0.10 g), dodecane (100 mL), 260 8C, p(H2) = 40 bar, stirring at
600 rpm. Reproducibility of the rates has been better than �5 %.

Table 5. Comparison of the conversion of 1-octadecanol over the three
Ni/ZrO2 catalysts.[a]

Catalyst Rate Conversion Selectivity [C %]
[mmol g�1 h�1] [%] C17 C18

Ni/mix-ZrO2 6.3 33 95 5.0
Ni/m-ZrO2 6.3 33 96 4.0
Ni/t-ZrO2 6.2 32 97 3.0

[a] Reaction conditions: 1-octadecanol (1.0 g), Ni/ZrO2 (10 wt %, 0.10 g),
dodecane (100 mL), 260 8C, p(H2) = 40 bar, 2 h, stirring at 600 rpm. Repro-
ducibility of the rates has been better than �5 %.
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dc Að Þ
dt
¼ �k1c Að Þ � k3c Að Þc Bð Þ þ k 3c Dð Þ ð1Þ

dc Bð Þ
dt
¼ k1c Að Þ � k2c Bð Þ � k3c Bð Þc Að Þ þ k 3c Dð Þ � k4c Bð Þ ð2Þ

dc Cð Þ
dt
¼ k2c Bð Þ ð3Þ

dc Dð Þ
dt
¼ k3c Að Þc Bð Þ � k 3c Dð Þ ð4Þ

dc Eð Þ
dt
¼ k4c Bð Þ ð5Þ

The rates [Eqs. (1)–(5)] were numerically integrated and fit
by least squares to the kinetic data for the hydrodeoxygena-
tion of stearic acid over Ni/m-ZrO2 and Ni/t-ZrO2 (see Figure 8).
The fitted rate constant (k1 = 2.7 � 10�3 min�1) for the hydroge-
nation of stearic acid over Ni/m-ZrO2 was almost identical to
the value from the individual reaction step measurement (k1 =

2.2 � 10�3 min�1) (see Table 6). However, the reaction rates for

the decarbonylation of the alcohol were not consistent be-
tween the fitted data (k2 = 2.4 � 10�4 min�1) and the calculated
individual measurement (k2 = 7.5 � 10�3 min�1). The rate con-
stants of the side reactions k3 for the esterification (k3 = 5.0 �
10�6 min�1) as well as k4 for the dehydration/hydrogenation to-
wards octadecane (k4 = 1.2 � 10�5 min�1) were two orders of
magnitude lower than k1 (k1 = 2.7 � 10�3 min�1). The substan-
tially lower rate constant k2 in the fitted overall hydrodeoxyge-
nation is attributed to either competition of stearic acid and 1-
octadecanol in the conversion (major part), or to side reactions
such as esterification and dehydration of 1-octadecanol (a very
minor part). Meanwhile, the apparent esterification rate con-
stant k3 (5.0 � 10�6 min�1) was five magnitudes higher than its
reverse rate k�3 (1.9 � 10�11 min�1). Therefore, the forward reac-
tion of the esterification is concluded to be more favored in
the tested time period. Note that as 1-octadecanol and stearic
acid are consumed continuously along the reaction time, the
equilibrium would be shifted to the reverse reaction for the
cleavage of the C�O bond of stearyl stearate. Compared to Ni/
m-ZrO2 (k1 = 2.7 � 10�3 min�1), Ni/t-ZrO2 showed a three times
lower hydrogenation rate (k1 = 9.2 � 10�4 min�1) for hydrogena-
tion of stearic acid (see Table 6 B), which was identical to the
rate comparison in the individual steps measurement (see
Table 6 A). The rate of the decarbonylation of 1-octadecanol on
Ni/t-ZrO2 (k2 = 2.1 � 10�4 min�1) was identical to that on Ni/m-
ZrO2 (k2 = 2.4 � 10�4 min�1) in the overall hydrodeoxygenation
of stearic acid (see Table 6 B), which is in agreement with the
rate comparison in the individual measurements (k2 = 7.4 and
7.5 � 10�3 min�1, respectively, see Table 6 A). The lower rate of

Figure 8. Fitting of the data for the hydrodeoxygenation of stearic acid by
using Ni/m-ZrO2 and Ni/t-ZrO2 as a function of time (solid points = experi-
mental data, lines = itted data). Reaction conditions: stearic acid (0.5 g), Ni/
ZrO2 (10 wt %, 0.2 g), dodecane (100 mL), 260 8C, p(H2) = 40 bar, stirring at
600 rpm.

Scheme 2. Proposed elementary steps for the hydrodeoxygenation of stearic
acid to C17 heptadecane.

Table 6. Rate constants in the individual steps and fitted rate constants
in the overall hydrodeoxygenation of stearic acid with Ni/m-ZrO2 and Ni/
t-ZrO2 (normalized to conditions: stearic acid 1.0 g, catalyst 0.1 g, 260 8C,
p(H2) = 40 bar, stirring at 600 rpm).

A) Rate constants determined from individual steps
catalyst step 1: hydrogenation

of stearic acid
step 2: decarbonylation
of 1-octadecanol

r1 = k1c(C17H35COOH) r2 = k2c(C17H35-CH2OH)

Ni/m-ZrO2 k1 = 2.2 � 10�3 min�1 k2 = 7.5 � 10�3 min�1

Ni/t-ZrO2 k1 = 7.9 � 10�4 min�1 k2 = 7.4 � 10�3 min�1

B) Fitted rate constants in the overall hydrodeoxygenation of stearic acid
k1 [min�1] k2 [min�1] k3 [min�1] k�3 [min�1] k4 [min�1]

Ni/m-ZrO2 2.7 � 10�3 2.4 � 10�4 5.0 � 10�6 1.9 � 10�11 1.2 � 10�5

Ni/t-ZrO2 9.2 � 10�4 2.1 � 10�4 1.5 � 10�6 2.9 � 10�11 8.5 � 10�6
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the decarbonylation of 1-octadecanol in the overall hydrodeox-
ygenation process compared to the individual steps is majorly
attributed to the competition in species adsorption with stea-
ric acid onto the active Ni sites. For the reversible esterification
(k3 and k�3) and the dehydration (k4) of 1-octadecanol, the
rates were comparable on the Ni/m-ZrO2 and Ni/t-ZrO2 cata-
lysts (see Table 6 B) probably because of their similar acidity
and basicity. In addition, the rate constants of the side reac-
tions (k3, k�3, and k4) were magnitudes lower than the major
reaction steps of the hydrogenation of stearic acid (k1) and the
decarbonylation of 1-octadecanol (k2), implying that the influ-
ence of side reactions is minimal compared to the overall hy-
drodeoxygenation.

The mechanism for the hydrodeoxygenation of stearic acid
proceeds through two routes. The first relies on the Ni-cata-
lyzed reductive deoxygenation to octadecanal, which is equili-
brated with octadecanol. The aldehyde is in turn decarbonylat-
ed on Ni. The second pathway starts with the adsorption of
stearic acid on the oxygen vacancies of ZrO2 to form the car-
boxylate, and then through deoxygenation to the aldehyde.
The reductive deoxygenation on the pure ZrO2 support is
quite low (0.016 mmol g�1 h�1) presumably because H2 dissocia-
tion—required to maintain oxygen vacancies through desorp-
tion of water—is slow (the HD formation, characteristic for H2

dissociation was at least 102 times faster in the presence of Ni
than with ZrO2 alone). The redundant catalytic pathways of Ni
and ZrO2 generate the appropriate combination enhancing the
hydrogenation rate of stearic acid by 150 times
(2.6 mmol g�1 h�1) compared to m-ZrO2 (0.016 mmol g�1 h�1).
The rate on Ni/ZrO2 is much higher than that on other Ni-
based catalysts such as Ni/C, Ni/Al2O3, and Ni/SiO2,[5] suggest-
ing a strong support effect. In summary, it can be concluded
that the major active sites are the Ni particles. The Ni particles
on the m- and t- ZrO2 supports have been shown to be almost
identical by TEM, XRD, TPR, EXAFS, and XANES, as well as by
the rates of the decarbonylation of 1-octadecanol. It should be
emphasized at this point that the BET surface areas, the con-
centrations of acid and base sites on parent m- and t-ZrO2 and
Ni/ZrO2 were nearly identical. Therefore, the rate differences of
the hydrogenation of stearic acid on Ni/m-ZrO2 and Ni/t-ZrO2

are concluded to be related to differences in the adsorption
and/or redox properties. These properties will be explored by
spectroscopically characterizing variations in the sorption
mode and strength of propionic acid as well as with the tem-
perature-programmed isotopic exchange (18O–16O) of m- and t-
phases of ZrO2.

Comparison of in-situ IR spectroscopy of adsorbed propionic
acid on m- and t-ZrO2 in the gas phase

The IR spectra of free propionic acid in the gas phase and ad-
sorbed propionic acid on m-ZrO2 are shown in Figure 9. The
absorbance bands at ñ= 3600–3700 cm�1 for propionic acid in
the gas phase (see Table S4 in the Supporting Information) are
ascribed to the O�H stretching vibration of the carboxylic acid
group. The C=O vibration of the carboxylic acid group is as-
signed to the doublet at ñ= 1700 and 1800 cm�1 and the C�O

vibration to the band at ñ= 1150 cm�1. The C�H stretching vi-
brations of �CH3 and �CH2 are assigned to the bands at ñ=

2945 and 2986 cm�1, respectively. The in-plane bending vibra-
tion of C�H is assigned to the triplet bands between ñ = 1400–
1500 cm�1 and at ñ= 1080 cm�1. When the carboxylic group of
the propionic acid was adsorbed on the ZrO2 surface, the n(O�
H) disappeared and the C=O vibrations at ñ= 1700–1800 cm�1

became indistinguishable. This is a primary indication that pro-
pionic acid adsorbs on the catalyst surface as bidentate
through the carboxylic group (see Table 7).

The bands at ñ= 1556 and 1419 cm�1 are attributed to the
O�C�O anti-symmetric (na) and symmetric (ns) vibrations, re-
spectively (see Table 7 a), which suggest the presence of a sym-
metric bidentate species with two indistinguishable O atoms.
The band at ñ= 1419 cm�1 (symmetric ns vibrations) may over-
lap with the more intense d-CH3 vibration as part of the C�H
triplet (ñ= 1400–1500 cm�1).[13c,d, 14] The bands for the C�H vi-
brations remained unchanged at ñ= 2986 and 2945 cm�1 as
well as the vibrations of triplet (ñ= 1400–1500 cm�1) and 1-CH3

(ñ= 1080 cm�1). This leads to the conclusion that when pro-
pionic acid is adsorbed on ZrO2, the C=O vibrations at ñ= 1800
and 1700 cm�1 and the C�O vibration at ñ= 1150 cm�1 in free
propionic acid disappear due to the formation of a surface-
bound carboxylate (see Table 7 a).

Figure 9. IR spectra of propionic acid (0.05 mbar) adsorbed on m-ZrO2 at
40 8C and of free propionic acid in vapor phase as reference.

Table 7. Adsorbed carboxyl species in the A) bidentate and B) monoden-
tate conformation on the surface of ZrO2.

A) Symmetric ns (left) and anti-symmetric
na (right) bidentate stretching vibration
of the carboxyl species

B) Monodentate spe-
cies
adsorbed on the
catalyst surface
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Figure 10 shows the IR spectra of propionic acid adsorbed
on m-ZrO2 and t-ZrO2 at partial pressures of 0.02–0.05 mbar
and temperatures of 100–250 8C. The spectra are obtained by
subtracting the activated ZrO2 sample. With increasing pres-
sure of propionic acid at 40 8C, the intensity of the characteris-
tic bands on m-ZrO2 (na, ns, nC�H, d-CH3, 1-CH3) increased (see
Figure 10 A), whereas the intensity of the ZrO�H vibration de-
creased. The concentration of the Zr�OH groups on the sur-
face decreased as the acid is adsorbed on the ZrO2 surface. At
the highest dosing pressure of 0.05 mbar, the peak at ñ=

1556 cm�1 of propionic acid was split into two bands at ñ=

1583 and 1525 cm�1. This suggests that propionate partially
adsorbs in a monodentate configuration (Table 7 B), which is
characterized by a much larger splitting of the na(COO) and
ns(COO) carboxylate stretching frequencies.[15] These adsorbed
molecules are competing for the active sites of ZrO2, mono-
dentate dominates over bidentate at high pressures due to its
lower space requirement. Near the reaction temperature of
250 8C (see Figure 10 B), only na(COO) and ns(COO) decreased
markedly in intensity. At the elevated temperatures more mol-
ecules were desorbed, lessening the surface coverage and
competition by carboxylic acid for the actives sites (i.e. ,
oxygen vacancies). Accordingly, the splitting/difference of the
symmetric and asymmetric carboxylate stretching frequencies
decreased, which is consistent with the bidentate configura-
tion being dominant over the monodentate one. For propionic
acid adsorbing on t-ZrO2, principally the same species and vi-
bration bands were observed. On increasing the pressure of

propionic acid to 0.05 mbar at 40 8C (see Figure 10 C), the in-
tensity of the characteristic bands increased, indicating an in-
creasing amounts of adsorbed molecules. Increasing the tem-
perature caused the concentration of adsorbate to decrease
(see Figure 10 D).

The Ni/m-ZrO2 and Ni/t-ZrO2 catalysts showed the same
trend upon adsorption of propionic acid as the bare supports,
but the concentrations of adsorbed propionic acid was lower
(see Figures S7 a–d in the Supporting Information). This is con-
sistent with observations that the lower BET surface areas as
well as the concentrations of acid sites for Ni/ZrO2 are lower in
comparison to the bare ZrO2 supports. The concentration of
propionic acid adsorbed on the ZrO2 and Ni/ZrO2 catalyst sur-
face was quantified through the peak area at ñ= 1080 cm�1

(1(CH3)). As shown in Figure 11, the coverage of propionic acid
was generally much higher for the bare ZrO2 supports than for
the Ni/ZrO2 samples. The adsorbed amount increased linearly
as a function of the partial pressure of propionic acid from
0.02 to 0.05 mbar (Figure 11 A). The results also suggest that
m-ZrO2 adsorbed 1.5 times more propionic acid than t-ZrO2 at
0.05 mbar and 40 8C, which in both cases expectedly decreased
exponentially with temperature (Figure 11 B). The amount of
propionic acid adsorbed on m-ZrO2 and Ni/m-ZrO2 was always
more than that on t-ZrO2 and Ni/t-ZrO2, respectively. Due to
this higher coverage and surface concentration, m-ZrO2 is con-
cluded to be the more active support for converting stearic
acid, because the reaction order is positive in the reactant con-
centration. This is in good agreement with the experimental

Figure 10. A) and C) IR spectra of adsorbed propionic acid on m-ZrO2 and t-ZrO2 with increasing pressures from 0.02 to 0.05 mbar at 40 8C. B) and D) IR spec-
tra of adsorbed propionic acid on m-ZrO2 and t-ZrO2 with increasing temperatures from 100 8C to 250 8C at 0.05 mbar pressure.
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results above showing m-ZrO2 to have the higher activity than
t-ZrO2.

Temperature-programmed isotopic exchange (16O–18O) of m-
and t-ZrO2

Figure 12 shows the temperature-programmed isotopic ex-
change (TPIE) profiles for m-ZrO2 and t-ZrO2, respectively,
where the mol % of 16O2 (M32), 18O–16O (M34), and 18O2 (M36)
are presented as a function of the temperature. The signal of
18O2 with m-ZrO2 (Figure 12 A) decreased from 2.5 to 1.0 mol %.
This conversion on m-ZrO2 is obviously much faster compared
to t-ZrO2 (Figure 12 B), which showed a small decrease of the
18O2 signal from 2.5–2.0 mol %. Consistent with this, the con-
centration of 18O–16O increased much faster with m-ZrO2. The
consumption and exchange of 18O2 (M36) at m-ZrO2 (D=

1.5 mol %) was three times higher than on t-ZrO2 (D=

0.5 mol %), which parallels the difference in the rates the con-
version of stearic acid on Ni/m-ZrO2 and on Ni/t-ZrO2. In sum-
mary, m-ZrO2 shows a higher activity towards 18O2 exchange
due to its higher concentrations of defect sites.[16] Therefore,
carboxylic acid adsorbs at the exchange sites of the catalyst to
a much higher extent, as shown by IR spectroscopy, hence,
leading to a higher reactivity in the reduction of stearic acid.

Conclusion

The ZrO2 morphology of the m-, t-, and mix-ZrO2 phases affects
markedly the hydrodeoxygenation of stearic acid over Ni/ZrO2

(with identical Ni particle sizes and distribution, as well as BET
surface areas and acid and base site concentration) in dodec-
ane. Ni/m-ZrO2 has a three times higher activity towards stearic
acid hydrogenation than Ni/t-ZrO2 both selectively forming 1-
octadecanol at low conversions. Surprisingly, this ratio agrees
well with the ratio found for hydrogenation on bare m- and t-
ZrO2. Rate constants for the Ni/ZrO2-catalyzed hydrogenation
reactions of stearic acid are comparable in the fitted and calcu-
lated individual measurements indicating very similar adsorp-
tion constants for the reactants, the intermediates, and the
products. The much lower (fitted) rate constant for the decar-
bonylation of 1-octadecanol in the overall hydrogenation of
stearic acid, is attributed primarily to the competition of the re-
actants and the intermediates for sites in the conversion. The
positive effect of m-ZrO2 is concluded to be related to the sub-
stantially higher adsorbed concentration of the acid (conclud-
ed from the higher concentration of adsorbed propionic acid)
on m-ZrO2 compared to t-ZrO2. The higher concentration of
adsorbed reactants is related to the higher concentration of
defect sites on the ZrO2 surface as detected by the higher
oxygen exchange ability of the m-ZrO2 support (quantified in
a temperature-programmed isotope exchange experiment).
The results show that it is possible to enhance the reactivity
for the reductive conversion of fatty acids by maximizing the
concentration of oxygen defects sites.

Experimental Section

Chemicals : All chemicals, that is, Zr(OH)4·H2O (XZO 1247/01, MEL
Chemicals), ZrO(NO3)2·H2O (Sigma–Aldrich, 99 %), methanol

Figure 11. Adsorption of propionic acid on m-ZrO2, t-ZrO2, Ni/m-ZrO2, and
Ni/t-ZrO2 as a function of A) the partial pressure and B) the temperature de-
termined by IR spectroscopy, shown as specific amount (peak area at
ñ= 1080 cm�1) normalized by specimen mass.

Figure 12. Temperature-programmed isotopic exchange of 18O–16O with
A) m-ZrO2 and B) t-ZrO2. Mol % of M32 (16O2), M34 (18O–16O), and M36 (18O2)
as a function of temperature from 450 to 650 8C with a temperature increase
interval of 5 8C min�1.
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(Sigma–Aldrich, 99 %), urea (Gr�nning, 99.5 %), Ni(NO3)2·6 H2O
(Acros Organics, �98.5 %), stearic acid (Sigma–Aldrich, �99.5 % an-
alytical standard), 1-octadecanol (Sigma–Aldrich, �99.5 % Selecto-
phore), octadecane (Sigma–Aldrich, 99 %), heptadecane (Sigma–Al-
drich, 99 %), dodecane (Sigma–Aldrich, �99 %, ReagentPlus), pro-
pionic acid (Sigma–Aldrich, ACS grade �99.5 %) were purchased
commercially and were not further purified.

Catalyst preparation : Three types of ZrO2 supports were synthe-
sized. Mix-phase ZrO2 was prepared by calcination of Zr(OH)4·H2O
at 400 8C in ambient air for 4 h. Monoclinic and tetragonal ZrO2

were prepared by the solvothermal method by mixing ZrO(NO3)2

with water and methanol, respectively.[17] An aqueous or methanol-
ic solution of ZrO(NO3)2 (0.6 mol L�1) was added with urea (urea/
Zr = 10:1). The solvothermal reaction was performed in a stainless-
steel autoclave with a Teflon liner at 160 8C and autogenous pres-
sure for 21 h. After washing five times the precipitate with H2O or
MeOH, it was dried over night at 110 8C and then ground and cal-
cined in air at 400 8C for 4 h at a heating rate of 2 8C min�1 (flow
rate: 100 mL min�1).

The 10 wt % Ni/ZrO2 catalysts were prepared by impregnation.
Ni(NO3)2·6 H2O (3.30 g) was dissolved in deionized H2O (5.0 g), and
the resulting solution was added dropwise to the support under
stirring in ambient air. The slurry was further stirred for 4 h, fol-
lowed by drying at 110 8C overnight. Subsequently, the ground
solid was calcined in synthetic air (flow rate: 100 mL min�1) at
450 8C for 4 h (heating rate: 2 8C min�1) and reduced in a H2 flow
(flow rate: 100 mL min�1) at 500 8C for 4 h (heating rate: 2 8C min�1).

Catalyst characterization : X-ray powder diffraction (XRD) was per-
formed on Philips X’Pert Pro System equipped with a CuKa radia-
tion source (40 kV, 45 mA) with 1.088min�1 in the 2 q range of 5–
708. The ratio of monoclinic and tetragonal phases in mix-ZrO2 was
determined by using Equation (6) with the integrated intensities of
the (111) and (111̄) reflecting monoclinic and tetragonal XRD pat-
terns, respectively.[18] The (111)m and (111̄)m reflections for the mon-
oclinic phase are at 2 q of 31.4 and 28.38, respectively, whereas the
(111)t reflection from the tetragonal phase is at 2 q of 30.48. Accord-
ingly, the actual ratio of monoclinic to tetragonal ZrO2 in the physi-
cally mixed Ni/(m-ZrO2/t-ZrO2) was determined by using Equa-
tion (6) after fitting and integrating the corresponding peaks from
the XRD (Figures S1 B and S2 in the Supporting Information).

xm ¼
I 11�1ð ÞmþI 111ð Þm

I 11�1ð ÞmþI 111ð ÞmþI 111ð Þt
ð6Þ

Atomic absorption spectroscopy (AAS) was used to determine the
Ni content of the catalysts with a UNICAM 939 AA spectrometer.
Prior to measurements, the samples were dissolved in boiling con-
centrated hydrofluoric acid.

The BET surface area was determined by adsorption–desorption
with nitrogen at �196 8C by using a Sorptiomatic 1990 series in-
strument. The samples were activated in vacuum at 250 8C for 2 h
before measurements.

he EDX mappings were obtained by using a JEM-ARM200CF oper-
ated at 200 KV with an integrated probe aberration (Cs) corrector
and a cold-field emission gun (CFEG) electron source After reduc-
tion the finely ground-powdered catalyst samples were stored and
mounted under an Ar atmosphere.

Temperature-programmed desorption (TPD) of ammonia and
carbon dioxide was carried out in a six-fold parallel reactor system.
The pressed samples (500–710 mm) were firstly activated in a He
flow at 500 8C for 1 h and loaded with the adsorbent NH3 or CO2 at
a partial pressure of 1 mbar and 100 8C or 40 8C, respectively. The

samples were then purged with He for 1 h in order to remove
physisorbed species. After activation, the six samples were heated
from 100–770 8C with a rate of 10 8C min�1 to desorb NH3 and from
40 to 700 8C to remove CO2, and the signals were detected by
a Balzers QME 200 mass spectrometer.

Temperature-programmed reactions (TPR) with H2 were performed
in a packed bed flow reactor equipped with a mass spectrometer.
First, calcined Ni/ZrO2 catalyst (100 mg, 250–400 mm) was activated
in a He flow at 200 8C (heating rate of 10 8C min�1) for 30 min and
cooled to ambient temperature. The reduction was carried out
from ambient temperature to 800 8C (heating rate: 10 8C min�1)
and maintaining 800 8C for 30 min in 10 % H2/He gas mixture
(2 mL min�1 H2/18 mL min�1 He). The amount of water produced in
the reaction was determined by an online mass spectrometer.

IR spectroscopy of adsorbed propionic acid was performed on
a Bruker VERTEX 70 spectrometer at a resolution of 2 cm�1 with
128 scans in the range of ñ= 400–4000 cm�1. For the measure-
ments, the samples were pressed into self-supporting wafers and
mounted in the sample holder. The ZrO2 samples were activated in
vacuum (p = 10�7 mbar) at 300 8C for 1 h. The Ni/ZrO2 catalysts
were activated in H2 at 400 8C for 1 h, and then subsequently out-
gassed under vacuum (p = 10�7 mbar) to remove H2 while cooling
to 40 8C. The adsorption of propionic acid was performed from
0.01 to 0.05 mbar until equilibrium was reached. In addition, the
effect of the temperature was investigated by heating the cell
stepwise up to 250 8C. The IR spectra of adsorbed propionic acid
were obtained by subtracting the activated sample, and then were
normalized by the weight of the sample wafer.

The near-edge structure (XANES) and extended X-ray absorption
fine-structure (EXAFS) measurements were performed in the trans-
mission mode at the Pacific Northwest Consortium/X-ray Science
Division (PNC/XSD) bending-magnet beamline at Sector 20 of the
Advanced Photon Source (APS) at Argonne National Laboratory
(ANL). Both Ni (8331.5 eV) and Zr (17 995.88 eV) K-edge spectra
were acquired. A combination of monochromator detuning (10 %)
and a harmonic rejection mirror placed upstream of the I0 detector
reduced contributions from higher harmonics. A Ni or Zr foil was
placed downstream of the sample cell as a reference to calibrate
the photon energy of each spectrum. Typically, two 15 min scans
(Ni edge spectra) and four 15 min scans (Zr edge spectra) were
averaged to generate the spectra. The catalyst samples were
ground and mixed with boron nitride (catalyst/boron nitride, 20:80
or 5:95 wt % for Ni and Zr edges, respectively), then pressed into
5 � 12 mm pellets (80 mg) and mounted onto a multiple sample
holder. The ATHENA software package[19] was used to remove the
background from the c(k) oscillations. The Fourier transform of the
k-space EXAFS data (both real and imaginary parts of c(R)) were
fitted to a theoretical model (FEFF9) calculated by using the ARTE-
MIS software package. A starting point for evaluating the nanopar-
ticle structure was the measurement of reference standards includ-
ing bulk (fcc) NiO, bulk (hcp) a-Ni(OH)2, and bulk (fcc) Ni by using
literature values for their lattice parameters.[20] A combination of
different single and multiple photoelectron scattering paths were
used to fit the first five shells of the NiO, a-Ni(OH)2, and Ni nano-
particles.[21] For samples containing both oxidation states, the
structural parameters were constrained and then the percentage
of each phase was fitted. As a starting point for modeling the ZrO2

nanoparticles, crystalline m-ZrO2 and bulk t-ZrO2 structures derived
from their lattice parameters were used.[22] Single-scattering paths
of Zr and O for the monoclinic and tetragonal phase were fitted
according to Rush et al.[23]

For the temperature-programmed isotope (18O2–16O2) exchange of
m- and t-ZrO2, the pelletized supports (100 mg, 500–710 mm) were
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diluted in SiC (300 mg) and packed into a fixed-bed reactor (inner
diameter 4 mm). After outgassing the samples for 2 h at 450 8C in
a He flow (10 mL min�1) 18O2 and 16O2 were fed simultaneously
(each 2.5 mol %) while increasing the temperature to 650 8C
(5 8C min�1). The atomic mass units of 32 (16O2), 34 (18O16O), and 36
(18O2) in the product stream were recorded as a function of time
by a Pfeiffer OmniStarTM GSD 320 OC mass spectrometer.

Measurement of the catalytic activity : For a typical experiment to
convert stearic acid or 1-octadecanol, the reactants (1.0 g) and
a catalyst (0.1 g) were mixed with dodecane (100 mL), loaded into
the reactor (Parr, 300 mL), and then purged three times with H2.
The reaction was carried out at 260 8C in presence of 40 bar H2 for
2 h at a stirring speed of 600 rpm. In-situ sampling was performed
every 20 min, and the liquid samples were analyzed by a Shimadzu
2010 GC-MS by using a HP-5 capillary column (30 m, 0.32 mm
inner diameter, 0.25 mm film) equipped with a flame ionization de-
tector (FID). Reproducibility of the rates has been better than
�5 % for all experiments.
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Impact of the Oxygen Defects and the
Hydrogen Concentration on the
Surface of Tetragonal and Monoclinic
ZrO2 on the Reduction Rates of Stearic
Acid on Ni/ZrO2

Finding the best : Three different Ni/
ZrO2 catalysts have been tested with
regard to their efficiency in the hydro-
genation reaction of stearic acid. The
Ni/m-ZrO2 catalyst was found to be the
best one. A higher concentration of
active oxygen defects present in this
combination was identified to be re-
sponsible for the superiority of this cata-
lyst over the other systems (see
scheme).

Chem. Eur. J. 2014, 20, 1 – 13 www.chemeurj.org � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim13 &&

These are not the final page numbers! ��

Full Paper

http://www.chemeurj.org

