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a  b  s  t  r  a  c  t

The  catalytic,  gas-phase  hydrodeoxygenation  (HDO)  of propanoic  acid (PAc)  over  supported  group  VIII
noble metals  (M = Pd,  Pt,  Rh,  Ru,  Ni)  was  studied  at 1 atm  and  200-400 ◦C.  The  activity  and  selectiv-
ity  as  a function  of the  reaction  temperature  was  investigated.  The  reaction  activity  based  on  the  TOF
follows  the order:  Pd >  Ru  >  Pt > Rh  >  Ni.  The  reaction  over  Pd,  Pt and  Rh  catalysts  proceeds  mainly  via
decarbonylation  (DCN)  and  decarboxylation  (DCX)  pathways  at each  reaction  temperature.  For  Ru  and
Ni catalysts,  while  decarbonylation  and  decarboxylation  pathways  were  predominant  at  lower  tempera-
tures  (e.g.,  200–250 ◦C), at higher  temperatures  (>300 ◦C)  the  formation  of  diethyl  ketone  was  observed.
Additionally,  the  kinetics  of  Pd over  different  supports  (carbon,  SiO2 and  TiO2) were  examined.  The activ-
ity  based  on  the  TOF  decreases  in  the  following  order:  Pd/SiO2 > Pd/TiO2 >  Pd/C.  The reaction  orders  in
ecarboxylation
ydrogenation
ropanoic acid
alladium catalyst

acid  and  H2 were  found  to  be  approximately  0.5  and zero,  respectively,  regardless  of  the support.  The
apparent  activation  energies  studied  in a temperature  range  of 200–240 ◦C,  were  16.7  ±  0.6,  19.3  ± 1.6
and  11.7  ± 0.7  kcal/mole  for Pd/C,  Pd/TiO2 and  Pd/SiO2 catalysts,  respectively.  The  selectivity  for  Pd/C
and  Pd/SiO2 indicated  mainly  decarbonylation/decarboxylation  and  hydrogenation  reaction  pathways.
In  contrast,  Pd/TiO2 at low  temperatures  (200 ◦C)  could  generate  decarbonylation  and  esterification

products.

. Introduction

The demand of energy is increasing constantly and the United
tates is dependent on foreign sources for about half of its fuel
onsumption [1]. The combustion of fossil fuels releases carbon
ioxide, a major greenhouse gas, into the atmosphere contribut-

ng to the problem of global warming. This factor, along with the
ncreasing demand for fossil fuels coupled with the decreasing
vailability of those resources, has prompted a move towards alter-
ative energy production and utilization [2,3]. New research efforts
romise to bring advances in a variety of areas, and biomass con-
ersion to fuels and chemicals will play a critical role in the future.

Industrial processes for converting biomass into biofuels include
asification to syngas (leading to liquid fuels through FT synthe-
is), pyrolysis to produce bio-oil, and hydroprocessing to remove
xygen functionality [4–6]. During these processes, carbon diox-
de is released as well; however, the emission gases are balanced
argely by the carbon dioxide that is captured during the growth of

he biomass, depending upon how much energy was  used to grow,
arvest and process the fuel [7]. Feedstocks derived from lignocel-

ulosic substances contain great amounts of oxygen such that the
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C:O ratio approaches unity. However, the fuel and chemical prod-
ucts derived from such feedstocks must have an oxygen content
less than about 5.0% to be commercially viable [8,9]. Heteroge-
neous, catalytic deoxygenation (including hydrodeoxygenation)
is one of the most promising processes for generating hydro-
carbon fuels from biomass. During hydrodeoxygenation (HDO),
hydrogen is co-fed with the reactant to facilitate hydrogenolysis
(HYS) and hydrogenation reactions required for the removal of
oxygen.

During the 1980s, Maier et al. studied the gas-phase decarbox-
ylation of short chain carboxylic acids to hydrocarbons using Ni and
Pd catalysts [10]. However, most of this work focused on C–C bond
scission rather than removal or hydrogenation of the C=O bond.
Since then, increasing amounts of research have been conducted
in the area of biomass-derived platform molecules such as organic
acids and esters (e.g., palmitic, oleic and stearic acid, ethyl stearate
and tristearine) via decarboxylation and hydrogenation reactions
on monometallic and bimetallic catalysts [11–28]. For example,
Murzin and co-workers have focused on biomass- derived, liquid-
phase hydrogenation on supported palladium catalysts [29], while
Resasco and Lobban reported the direct conversion of triglycerides

to olefins and paraffins over Pt/Al2O3, Pt/SiO2, and PtSnK/SiO2 cata-
lysts [30]. Additionally, Kozhevnikov et al. recently reported studies
on heteropoly acid and bifunctional metal-loaded heteropoly acid
catalysts for the deoxygenation of PAc [31].

dx.doi.org/10.1016/j.apcata.2013.10.025
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
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Table 1
Physical and chemical properties of M/SiO2.

Metal loading (wt%) Catalyst
Mx/SiO2

Calcination
temp. (◦C)

Reduction temp. (◦C)
100% H2

Dispersion (%)
O2–H2 titr.

Particle
diameter (nm)

1.1 Pd 300 350 3.9 31.4
4.0  Pd* – 350 55.0 2.0
2.1  Pt – 300 11.7 9.7
2.2  Rh – 300 21.0 5.3
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* Pd/SiO2 synthesized by SEA.

Eqs. (1)–(6) illustrate the hydrogenation, decarbonylation, and
ecarboxylation pathways proposed for the HDO of organic acids
nd esters. In addition, the CO2 and CO products from the decar-
oxylation (DCX) and decarbonylation (DCN) routes can undergo
urther reaction through water–gas shift and methanation, con-
uming large amount of H2.

ydrogenation : R1 − COO − R2 + 4H2 ↔ R1 − CH3

+ R2 − H + 2H2O (1)

 − COOH + 3H2 ↔ R − CH3 + 2H2O (2)

ecarbonylation : R1 − COO − R2 + 2H2 ↔ R1 − H

+ R2 − H + CO + H2O (3)

 − COOH + H2 ↔ R − H + CO + H2O (4)

ecarboxylation : R1 − COO − R2 + H2 ↔ R1 − H

+ R2 − H + CO2 (5)

 − COOH ↔ R − H + CO2 (6)

The present work aims to explore the catalytic chemistry of
he HDO of PAc (a model compound for aliphatic organic acids)
ver supported group VIII noble metal catalysts. The monometallic
atalysts have been selected based on their potential to catalyze
ifferent bond breaking events relevant to the above reactions. The
atalysts include Pd, Pt, Ru, Rh and Ni supported on SiO2. Addi-
ionally, Pd was screened on different supports (i.e. carbon, SiO2,
nd TiO2) to investigate the influence of the support material on
ctivity, selectivity and activation energy. These studies provide
nsight on the different reaction pathways to form paraffins/olefins
r oxygenated products from biomass derived organic acids.

. Experimental

.1. Catalyst synthesis (M/SiO2)

For the screening reaction on M/SiO2 (M = Pd, Ru, Ni), the cat-
lysts were synthesized by incipient wetness utilizing aqueous
olutions of the following metal salts: palladium nitrate hydrate
Pd(NO3)2·xH2O, 99.9 Sigma-Aldrich), ruthenium nitrosyl nitrate
Ru(III)(NO)(NO3)3, 31.3% min  Alfa Aesar) and nickel perchlorate
exahydrate (Ni(II)(ClO4)2·6H2O, 99.99% Alfa Aesar). The SiO2 sup-
ort (Silica Star, SBET = 100 m2/g) and the commercial catalysts of
.14 wt% Pt and 2.06 wt% Rh over SiO2, were obtained from BASF.
n addition, a 4.0 wt% Pd catalyst with a different SiO2 support
Aerosil 300, SBET = 330 m2/g, Evonik) was synthesized by strong
lectrostatic adsorption (SEA), where the pH of the metal salt com-
lex solution (200 ppm of [Pd(NH3)4]2+Cl2, 99.9% Sigma Aldrich)

as controlled based on the PZC of the SiO2 [32,33]. Once the
H of the solution is acquired, the support was impregnated and
haken for 1 h. After the final pH was obtained, the difference (�pH)
ndicated that a strong electrostatic interaction between the metal
0 11.7 11.4
0 4.8 22.6

precursor and the –OH group on the support took place, allowing
a controlled impregnation with highly dispersed metal precursors
[34–36]. The catalysts prepared by SEA or incipient wetness were
dried overnight at 70 ◦C, followed by calcination in air and reduction
with 100% H2 at their respective temperatures for 2 h (see Table 1).
The exception was  the 4 wt%  Pd/SiO2, which was  not subjected to
a calcination step due to the fact that the 1.1 wt% Pd/SiO2 catalyst
exhibited very large particle size. The commercial catalysts were
already prepared, and therefore it was decided that no calcination
step was required.

2.2. Catalyst synthesis (Pd/X)

Three different palladium catalysts were investigated for the
detailed kinetics of the HDO of PAc: 4.0 wt% Pd/SiO2 (Aerosil 300,
SBET = 330 m2/g, Evonik), 5.0 wt% Pd/C (CP-97, SBET = 615 m2/g, com-
mercial BASF catalyst) and 2.3 wt%  Pd/TiO2 (TiO2, SBET = 46.1 m2/g,
Evonik). The Pd/SiO2 and Pd/TiO2 catalysts were synthesized by
SEA, while the commercial Pd/C was  supplied by BASF and followed
the same procedure described in the previous section.

3. Pulsed H2 chemisorption

The metal dispersions of the catalysts were determined by
pulsed hydrogen titration of oxygen pre-covered sites using a
Micromeritics 2920 AutoChem II Analyzer. Prior to the analysis,
the catalysts (0.1–0.2 g) were reduced in flowing 100% H2 for 2 h,
followed by purging with Ar for 2 h to remove any physisorbed
hydrogen. After cooling to 40 ◦C in flowing Ar, the catalysts were
exposed to 10% O2/He for 30 min  followed by purging with Ar
(30 min). Titration with pulses of 10% H2/Ar was then employed
until no further H2 uptake occurred. This method was  applied for
Pd, Pt, and Rh based catalysts. For Ru and Ni, a modified hydrogen
chemisorption method was  implemented. The sample experienced
the same pretreatment described previously; however, no H2-
chemisorption at 40 ◦C was  done. After being exposed to argon,
the sample was heated up to 100 ◦C by temperature programmed
oxidation, following by flushing with argon for 30 min. Then, the
sample temperature was  raised up to 225 ◦C and exposed to 10%
H2/Ar. This titration temperature was  confirmed based on the
results of temperature programmed oxidation/reduction described
in the Supplemental Information.

3.1. Catalyst evaluation

The activity and selectivity of each catalyst was measured for
the HDO of PAc. The experiments were carried out in a single pass,
packed bed, plug flow reactor system. The catalysts were reduced
in-situ at temperatures ranging from 200 to 400 ◦C at a total flow

of 50 sccm H2 for 2 h at 1 atm pressure. The reduction tempera-
ture was chosen depending on the different reduction treatments
required for each metal (Table 1). The feed stream for the screening
experiments consisted of 1.0% PAc (Alfa Aesar, 99%) and 20% H2,
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Fig. 1. Schematic of the vapor pha

alances He. For the kinetic experiments, PAc and H2 concentra-
ions ranged from XPAc ∼ 0.0020–0.017 and XH2 ∼ 0.20–0.99. Fig. 1
hows a schematic of the plug flow reactor system including the
rooks mass flow controllers (MFC), vapor–liquid equilibrium sat-
rator (VLE), switching valve box, and the GC inlet. PAc (Alfa Aesar,
7%) was used as received. The gas feed and product lines (going
hrough the valve and reactor) were heated >100 ◦C, to prevent acid
nd product condensation. Reaction products were analyzed by an
n-line Hewlett-Packard 5890 gas chromatograph equipped with
wo Poraplot Q capillary columns; one was linked to a flame ioniza-
ion detector (FID) for analysis of organic products and unreacted
Ac, while the second column was connected to a thermal con-
uctivity detector for analysis of permanent gases such as CO and
O2. Carbon monoxide hydrogenation experiments were also con-
ucted for two M/SiO2 (M = Ru, Ni) catalysts to explore their degree
f methanation activity. The concentration of carbon monoxide was
aintained at 1.0% to simulate what might be encountered dur-

ng the HDO reaction based on the amount of PAc that was being
ed. The conversion and selectivity for a given catalyst was  defined
ccording to the following equations:

Conversion =
(

PAcin − PAcout

PAcin

)
× 100

⎛
⎜

⎞
⎟

Selectivity =
⎜⎜⎜⎝

Pi/�i
n∑
i

Pi/�i

⎟⎟⎟⎠
× 100
tinuous plug-flow reactor system.

where PAcin and PAcout denote the concentrations of PAc before
and after the reaction, and �i, Pi are the stoichiometric factor and
product concentration, respectively.

4. Results and discussion

4.1. Hydrodeoxygenation of PAc over M/SiO2: Effect of reaction
temperature

The effect of reaction temperature on the hydrodeoxygenation
activity of PAc was  investigated over the range 200–400 ◦C. The
reactions are classified, based on the formation of main products,
as decarbonylation/decarboxylation for hydrocarbon products and
hydrogenation and ketonization (for oxygenated products). Prior
to examining the HDO of PAc on various SiO2-supported group VIII
noble metals, the activity and selectivity over two different SiO2
supports were explored. Fig. 2a and 2b shows the conversion and
selectivity as a function of temperature for Silica Star and Aerosil
300. These supports were capable of catalyzing the ketonization
reaction due to the acid properties of the silica surface [37]. Reac-
tion over Silica Star resulted in the formation of diethyl ketone
(DEK) at temperatures above 300 ◦C around 92% selectivity. The
remaining 8% of products consisted of small amounts of ethane
and propionaldehyde. The reaction over SiO2 Aerosil 300, resulted
primarily in the formation of DEK (73% selective), but also ethyl-
ene (27% selective) at temperatures above 350 ◦C, suggesting the

Aerosil 300 has lower surface acidity. Pestman and co-workers
have reported reactions of carboxylic acids over metal oxides (i.e.,
Al2O3, Fe2O3, SiO2) [38,39]. According to their work, a bimolecular
ketonization reaction was observed that produced DEK along with



Y.K. Lugo-José et al. / Applied Catalysis A: General 469 (2014) 410– 418 413

F ; (c) 1
a ely. M
fl

C
w
r
l
c
a

c
e
P
1
9
2
p
c
t
b
o
c
b
9
e
t
t
w
a

ig. 2. Conversion and selectivity for (a) Silica Star and (b) Aerosil 300 SiO2 supports
nd  ethane. EtCHO and DEK refer to propionaldehyde and diethyl ketone, respectiv
ow  rates for 1.1 wt%  and 4 wt% Pd/SiO2 were 50 and 200 sccm, respectively.

O2 and water. According to their findings, for metal oxide surfaces
ith high metal-oxygen bond strength (i.e. SiO2, TiO2), the reactant

equired at least one reactive �-hydrogen atom to form a ketene-
ike intermediate which subsequently reacted with an adsorbed
arboxylate species (from a second molecule of adsorbed carboxylic
cid) to form the ketone [40].

The physical and chemical properties (i.e. dispersion and parti-
le size) for M/SiO2 catalysts are summarized in Table 1. Catalyst
valuation data for 1.1 wt% Pd/SiO2 (incipient wetness) and 4.0 wt%
d/SiO2 (SEA) catalysts are summarized in Fig. 2c and d. For
.1 wt% Pd/SiO2, complete conversion is reached at 350 ◦C with
8% selectivity to ethane. Conversely, at lower temperatures of
00 ◦C, the product distribution is mainly ethane (83%) and some
ropionaldehyde (17%), a deoxygenation product formed by C–OH
leavage. Thus, even at 200 ◦C, the reaction proceeds mainly
hrough decarbonylation and hydrogenation pathways supported
y CO formation. The reaction result is in agreement with previ-
us work conducted by Lamb et al., where the liquid-phase HDO of
arboxylic acids over Pd/SiO2 catalyst occurred mainly via decar-
onylation at 300 ◦C [41]. The reaction over 4 wt% Pd/SiO2 shows
4% conversion at 350 ◦C with 97% and 3% selectivities toward
thane and methane, respectively. At lower temperatures (200 ◦C),

he product distribution is mainly ethane (94%), with lower produc-
ion of propionaldehyde (6% selective). The different selectivities
ith respect to propionaldehyde formation at 200 ◦C could be

ttributed to a combination of particle and support effects. The
.1 wt% Pd/Silica Star and (d) 4.0 wt%  Pd/Aerosil 300. C2 denotes the sum of ethylene
ass of catalyst (100–300 mg); feed composition 1% PAc, 20% H2, balance He. Total

2 nm particles present for the 4 wt% catalyst have a significantly
larger fraction of step and kink sites than the 31 nm particle for the
1.1 wt%  catalyst (Table 1), which contain primarily low index (1 1 1)
and (1 0 0) crystal faces. Another explanation may  be the different
degrees of acidity for the two SiO2 supports, as indicated by the data
in Fig. 2a and b. Such possible effects are currently under further
investigation.

Given that DEK was  formed on both the Silica Star and (to a
much lesser extent) Aerosil 300 supports at temperatures of 300 ◦C
and above, it was important to consider whether this species could
undergo reaction to form ethane and/or propionaldehyde at these
temperatures on the supported Pd catalyst. Thus, the activity of
DEK on 1.1 wt% Pd/SiO2 (incipient wetness) catalyst was  explored
to address this issue. Hydrodeoxygenation of DEK was conducted
between 200 and 400 ◦C using 1.0% DEK, 20% H2, and the balance
He. The results confirmed negligible activity (<3% conversion) only
by 400 ◦C, indicating that the observed product formation over the
Pd catalyst during HDO of PAc was not proceeding through this
pathway on the support surface.

Catalyst performances for 2.1 wt% Pt and 2.0 wt% Rh on SiO2
show selectivity only towards hydrocarbons. The results indicate
mainly decarbonylation based on the observation of CO production

as opposed to CO2. Fig. 3(a) and (b) shows the conversion and cor-
responding selectivities to C2 and C3 hydrocarbons for the Pt and
Rh catalysts, respectively, as a function of temperature. Measur-
able PAc conversions were detected at temperatures above 200 ◦C
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Fig. 4. Conversion and selectivity for (a) Ru and (b) Ni over SiO2 Star. C2 denotes
as  the sum of ethylene and ethane C3 denote as propane. EtCHO and DEK denote
ig. 3. Conversion and selectivity for (a) Pt and (b) Rh supported on SiO2 Star. C2
nd C3 denote ethane and propane, respectively. Mass of catalyst (200–300 mg);
eed composition 1% PAc, 20% H2, balance He; total flow rate 50 sccm.

nd the conversion was complete at temperatures above 300 ◦C for
h and above 350 ◦C for Pt. At complete conversion, Pt/SiO2 shows
00% selectivity to ethane, while Rh/SiO2 mainly shows selectiv-

ty to ethane (89%) and some propane (10%), revealing that some
ydrodeoxygenation/hydrogenation is occurring for the formation
f propane.

For the reactions with Ru and Ni supported on SiO2, at high
onversion levels, both oxygenated compounds and cracking prod-
cts are observed. Fig. 4(a) shows that the selectivity for Ru/SiO2 at
00 ◦C, is mainly towards methane (72%), ethane (22%) and small
races of propane and butane (6%). As the temperature approaches
o 350 ◦C, the selectivity changes toward DEK (45%), suggesting
Ac interaction at the surface the support. At this temperature,
onsiderable amounts of methane were formed (38% selectivity).
herefore, methanation experiments were conducted to verify
hether the catalyst can produce methane by CO hydrogenation

t similar temperatures. Based on these methanation experiments
see Supporting information Table S1), no substantial amount of

ethane is produced over the temperature range 200–400 ◦C.
herefore, methane is considered to be produced via the cracking
f PAc and/or ethane.

For Ni/SiO2 (Fig. 4(b)), very low activity (<1% conversion) is

bserved at 200 ◦C, although at 250 ◦C, conversion increases to
1% to form mainly methane (32%) and ethane (59%). However,
s the temperature is raised to 350 ◦C, the conversion reaches
00% and the product distribution is mainly ethane (71%) and
propionaldehyde and diethyl-ketone respectively. Mass of catalyst (200–300 mg);
feed  composition 1% PAc, 20% H2, balance He; total flow rate 50 sccm.

propane (12%), indicative of decarbonylation and hydrodeoxygena-
tion/hydrogenation. At 350 ◦C, the catalyst shows methane (9%) and
DEK (6%) formation. This methane is formed by CO hydrogenation,
as a similar yield of methane is obtained during direct methanation
of CO at similar temperature (see Supporting information, Table S2).

In addition to selectivity pattern studies at variable tempera-
tures, experiments were conducted at low conversion at 200 ◦C
and 1 atm for all the M/SiO2 catalysts. Table 2 summarizes the
reaction rates in �mol  product formed/min gcat and turnover fre-
quencies (TOF, molecules site−1min−1). The non-rate performance
parameters such as conversion, selectivities towards oxygenated
and nonoxygenated hydrocarbon products, and the carbon bal-
ance, which is the ratio of carbon atoms in the reactor outlet
to carbon atoms in the reactor inlet. The reaction rates were
restricted to differential conversion (<10%), and followed the order:
Pd > Rh ∼ Pt > Ru > Ni. According to the rates per g catalyst, 4.0 wt%
Pd/SiO2 was approximately 25 times higher than for 1.1 wt%
Pd/SiO2. However, when activities are expressed as turn over fre-
quencies (activity per surface site of Pd), the orders are reversed,
with the lower dispersion 1.1 wt%  Pd catalyst being more active
by a factor of 2. While there may  be some support acidity effects,

the most likely explanation is that the nature and distribution of
the exposed Pd sites are different in these catalysts due to differ-
ent particle sizes. Overall, the TOF values followed a similar trend
as reaction rates with the order: Pd > Ru > Pt > Rh > Ni. The work
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Table 2
Kinetic data for the screened catalysts in the HDO of PAc at 200 ◦C and 1 atm. ∼1.0% PAc, 20% H2/He, catalyst mass 100–300 mg,  total flow 50 sccm. Pd* was  measured at a
total  flow 200 sccm.

Metal loading (wt%) Catalyst
Mx/SiO2

Rate
(�mol/min gcat)

TOF
(min−1)

Conv.
(%)

Select. to organic
products (%)

Select. to
hydrocarbons (%)

C atoms outlet/
C atoms inlet

1.1 Pd 2.57 0.64 7.0 17 83 1.0
4.0  Pd* 69.1 0.32 11.0 6 94 1.0
2.1  Pt 1.60 0.12 5.0 0 100 1.0
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showed that WGS  could account for only < 5% of the CO2 actu-
ally observed. Consequently, at 350–400 ◦C the reaction proceeds
mainly via decarbonylation and decarboxylation, with negligible
2.1  Rh 1.89 0.05 

1.6  Ru 4.55 0.24
1.8  Ni 0.13 0.009 

onducted by Kozhevnikov et al. on the deoxygenation of PAc, sug-
ested comparable activity trends when Pd and Pt are compared
i.e., Pd > Pt) [31]. The Ni/SiO2 catalyst was the least active at 200 ◦C,
onsistent with previous investigations that gave similarly poor
ctivities for nickel-based catalysts for the HDO of carboxylic acids
42,43].

.2. Catalytic evaluation of palladium on various supports

In addition to examining the catalytic performance of vari-
us group VIII noble metals over SiO2, the influence of different
upports on the activity and selectivity of Pd for the hydrodeoxy-
enation of PAc was explored. Three different supported Pd
atalysts were evaluated for detailed kinetics: 5.0 wt%  Pd/C, 4.0 wt%
d/SiO2 and 2.3 wt% Pd/TiO2. Prior to these studies, the perform-
nces of the carbon and TiO2 supports alone were examined,
s shown in Fig. 5(a–b). For carbon, no significant activity was
bserved until 350 ◦C, where at 10% conversion, small amounts of
thane (78% selectivity) were formed; the remaining products con-
ist of C2 and C3 hydrocarbons and propionaldehyde. In contrast,
or TiO2 at 300 ◦C conversion was 20% and DEK was produced at
00% selectivity. This indicates a strong interaction between the
cid and the support that lead to ketonization catalyzed by acidic
ites on TiO2.

Fig. 6(a) for 5.0 wt% Pd/C shows very high selectivity (100%) at
00 ◦C and 91% selective at >350 ◦C, towards ethane with balance
H4 over the entire temperature range of 200–350 ◦C, producing
ainly CO. The results are in agreement with work of Murzin and

o-workers on the continuous liquid-phase deoxygenation of lau-
ic acid over 5 wt% Pd/C [44]. They reported an activity of 44%
onversion and 98% selectivity to undecane at 300 ◦C. Both stud-
es indicate that decarbonylation and/or decarboxylation is/are the

ain reaction pathways. In contrast, for 2.3 wt% Pd/TiO2 (Fig. 6(b))
he reaction temperature has a significant effect on product distri-
ution. At 200 ◦C, the selectivity is primarily towards oxygenated
ompounds (15% propanol, 59% n-propyl-propionate) and some
thane (23%). As the temperature increases, the selectivity towards
thane is increased with no evidence of n-propyl-propionate for-
ation above 300 ◦C, which indicates that decarbonylation is

avored above this temperature, due to the formation of CO, verified
y gaseous products analyses generated by the TCD at the different
emperatures studied. At complete conversion (300 ◦C), the reac-
ion was selective toward ethane (90%) with balance propanol (10%)
ue to decarbonylation and hydrodeoxygenation respectively.

Table 3 summarizes the physical properties (i.e., metal disper-
ion, particle diameter) and catalyst evaluation results for these
hree catalysts. The TOF values decrease in the following order:
d/SiO2 > Pd/TiO2 > Pd/C. The Pd/TiO2 and Pd/SiO2 catalysts exhibit
OF values 20 and 30 times higher, respectively, than Pd/C, which

an be attributed to a combination of particle size [45,46] and/or
upport effects. It is difficult to assign the higher activities to sup-
ort effects alone, since TiO2 and SiO2 have markedly different
hysiochemical properties, yet both are much more active than
0 100 0.9
0 100 1.0
0 100 –

the carbon-supported Pd catalyst. These issues are currently under
further investigation in our laboratory.

A series of plausible reaction pathways (Scheme 1) have been
developed to better understand the performance of these catalysts.
For Pd/C at 200–250 ◦C, the reaction pathway is more consistent
with decarbonylation, based on the simultaneous formation of
ethane and CO. At higher temperatures (>300 ◦C), CO2 is produced,
which could be due to decarboxylation, but also the water–gas
shift (WGS) reaction. Therefore, the WGS  equilibrium constants
of Keq ∼ 38.1, 19.9 and 11.5 at 300, 350 and 400 ◦C [47], respec-
tively, were used to calculate the maximum amount of CO2 that
could be produced by WGS  reactions between 350-400 ◦C. Results
Fig. 5. Conversion and selectivity for (a) carbon and (b) TiO2. C2 denotes as
the sum of ethylene and ethane. DEK denote as diethyl-ketone. Mass of catalyst
(200–300 mg); feed composition 1% PAc, 20% H2, balance He; total flow rate 50 sccm.
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Table 3
Kinetic data for the HDO of PAc over supported Pd catalyst. Reaction conditions: 200 ◦C and 1 atm, XPAc = 0.01, 20% H2/balance He, catalyst weight: Pd/C—200 mg, Pd/SiO2 and
Pd/TiO2—100 mg.

Metal loading (wt%) Catalyst Disp. (%) Particle
size dnm

Conv. (%) Sel. oxygenate
(%)

Sel. non-
oxygenate (%)

C atoms outlet/
C atoms inlet

TOF (min−1)

W
b
t
C
p

c
p
f
g
(
w
a
e
d
f
w
s
H
e
i
p
o
e
p

4

p

5.0 Pd/C 16.9 6.8 2.0 

4.0  Pd/SiO2 55.2 2.0 4.0 

2.3  Pd/TiO2 27.3 4.1 3.3 

GS. However, at 300 ◦C, the amount of CO2 that could be formed
ased on WGS  equilibrium would be equivalent to ∼50% of the CO2
hat was actually observed. Therefore, it is possible that some of the
O2 formed at 300 ◦C was from WGS, with the remaining amount
roduced from decarboxylation.

For Pd/SiO2, similar results are observed. The reaction pathways
onsist mainly of decarbonylation and hydrogenation steps. PAc is
rimarily decarbonylated to produce ethane and CO, although the
ormation of small amounts of propionaldehyde indicates hydro-
enation of PAc also occurs, especially at lower temperatures
200–250 ◦C). In contrast, Pd/TiO2 exhibits different reaction path-
ays. At low temperatures (∼200 ◦C), the formation of propanol

nd n-propyl propionate is observed. At temperatures >225 ◦C,
thane, CO and CO2 are observed, indicating decarbonylation and
ecarboxylation. The results are consistent with previous studies
or the hydrogenation of carboxylic acids over Pt/TiO2, where it
as claimed that oxygen vacancies were generated on the oxide

upport from the hydrogen spillover of Pd during reduction [50].
ence, a plausible reaction pathway over Pd/TiO2 could be the gen-
ration of oxygen vacancies at the interface of the catalyst, which
n turn weakens the C=O bond of PAc to favor the formation of
ropanol and water. Esterification of propanol with PAc can then
ccur to form n-propyl propionate. At higher temperatures, how-
ver, decarbonylation of PAc to form ethane and CO becomes the
redominant reaction pathway.
.3. Kinetics of palladium on various supports

The reaction rates of the three catalysts can be expressed as

ower rate law equations, r = A exp
(
− Ea

RT

)∏n
i=1P

xi

i
, where A is the

Scheme 1. Plausible reaction mechanism for the HDO of PAc over Pd over SiO2, C
0 100 1.0 0.01
6 94 1.0 0.32

42 58 1.4 0.20

pre-exponential factor, Ea is the activation energy, Pi is the partial
pressure of species i, and xi is the reaction order of species i. The
apparent reaction order is obtained from the slope of ln reaction
rate vs. ln mole fractions of PAc and H2 (XPAc and XH2, respectively).
Fig. 7 shows the plots for 5.0 wt%  Pd/C, 4.0 wt% Pd/SiO2 and 2.3 wt%
Pd/TiO2. For all catalysts, the reaction orders in PAc and H2 are
approximately 0.5 and 0, respectively, over the range of concentra-
tions examined. It can be seen based on the formation of CO,  that
decarbonylation is the dominant deoxygenation pathway under
these conditions, which is consistent with the computational stud-
ies of Heyden [47] for the DCX and DCN of PAc on Pd(1 1 1) model
surfaces. Heyden’s computations indicated the most kinetically-
favorable pathway was  decarbonylation and the rate controlling
steps included dehydroxylation of PAc (C–OH bond cleavage) to
produce propanoyl (CH3CH2CO), which was followed by � carbon
dehydrogenation to form C2 hydrocarbons. Thus, the rate determin-
ing step is dependent on the capacity to remove the hydrocarbon
pool (CH3CHx) from the surface, which could explain why the reac-
tion order for PAc was  less than first order. For H2, the reaction
order of zero implies a high coverage of hydrogen on the Pd surface,
relative to PAc reaction intermediates. Interestingly, even though
Pd/SiO2 and Pd/TiO2 have different reaction pathways that lead to
hydrogenation and esterification products such as aldehydes, alco-
hols and esters, the reaction orders are not affected by the supports
even though the selectivity trends are significantly different.

The Arrhenius plots for each catalyst are shown in Fig. 8. Activa-

tion energy values of 16.7 ± 0.6, 19.3 ± 1.6 and 11.7 ± 0.7 kcal/mole
were obtained for the Pd/C, Pd/TiO2 and Pd/SiO2 catalysts, respec-
tively. The apparent activation energies were calculated based on
the total consumption rates of PAc, and therefore represent an

 and TiO2, between 200 and 400 ◦C. Mx/SiO2 (Pd, Pt, Rh), My/SiO2 (Ru, Ni).



Y.K. Lugo-José et al. / Applied Catalysis A: General 469 (2014) 410– 418 417

Fig. 6. Conversion and selectivity for (a) Pd/C and (b) Pd/TiO2. C2 denotes as the
sum  of ethylene and ethane. Ester denotes as propyl-propionate. Mass of catalyst
(100–200 mg); feed composition 1% PAc, 20% H2, balance He; total flow rate 50 sccm.

Fig. 7. Power rate law for the kinetic dependencies of PAc and H2 for PAc conver-
sion at 200 ◦C and 1 atm pressure. (�) 4.0 wt% Pd/Aerosil 300, (�) 2.3 wt%  Pd/TiO2,
(�) 5 wt% Pd/C, reactor conditions: 20% H2/balance, total flow: Pd/C—50 sccm,
Pd/SiO2—200 sccm, Pd/TiO2—150 sccm. For hydrogen kinetics ∼ 1.0% PAc balances
He.
Fig. 8. Arrhenius apparent activation energies for (�) 4.0 wt% Pd/Aerosil 300, (�)
2.3 wt% Pd/TiO2 and (�) 5 wt% Pd/C.

aggregate of multiple pathways. Pd/C exhibit mainly decarbonyla-
tion/decarboxylation reactions, where Pd/SiO2 and Pd/TiO2 exhibit
hydrogenation/decarbonylation reactions. For Pd/C, the results are
in general agreement with previous work [48,49], where activa-
tion energy values for the vapor-phase hydrogenation of carboxylic
acids over platinum group metals ranged from 13–16 kcal/mol. In
the case of Pd/SiO2, a recent investigation [31] has reported an Ea

value of 8.4 kcal/mol over the temperature range 250–300 ◦C, which
is lower than the value reported here (11.7 kcal/mol). However,
in addition to the temperature range being higher, the selectivity
in the previous study was  towards ethylene as opposed to ethane
observed here, suggesting different mechanistic behavior.

While the lower Ea value of 11.7 kcal/mol for Pd/SiO2 might
suggest the presence of some external mass transfer limitations
[50], the experiments here were conducted in the kinetic regime.
This was confirmed by varying the flow rates over a range of
50–250 sccm for each catalyst to determine the minimum flow rate
where the reaction rate remained constant (and thus free of exter-
nal mass transfer limitations). The minimum flow rates where no
external mass transport limitations were observed were found to
be 50, 200 and 150 sccm for Pd/C, Pd/SiO2 and Pd/TiO2, respectively,
and these were the flow rates used in the kinetic studies.

In addition to confirming the absence of external mass transfer
limitations, intraparticle diffusion limitations could be dismissed
since application of the Weisz–Prater criterion showed that the sil-
ica pore diameters were much lower than the mean free path (�) of
PAc, indicating that diffusivity was  governed by Knudsen diffusion
and that internal mass transport limitations were absent [51–53].
The criterion represents a useful technique, which includes param-
eters that can be calculated to determine if the reaction process
is operating in a diffusion or reaction-limited regime. In order to
determine the absence of pore diffusion limitations the following
equation has to be satisfied:

NW−P = �PAc�cR2
p

CsDeff
≤ 0.3 (9)

where �PAc (moles/s gcat) denotes the rate of reaction of PAc, �c

(gcat/cm3) is the catalyst pellet density, Rp (cm) is the radius of the
particle, Cs (moles/cm3) is the concentration of PAc at the surface
of the catalyst (assuming that it is the same as the bulk concen-

tration) and Deff is the effective diffusion coefficient. If the support
pore diameter is much less than the mean free path (�), the diffu-
sivity is governed by Knudsen diffusion. The criterion values for Pd
over carbon, TiO2 and SiO2 were 4.5E − 04, 2.4E − 05 and 1.8E − 02
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espectively, confirming the absence of internal mass transport lim-
tations. Recently, Lopez-Ruiz and Davis used the same criterion
or confirming the absence of internal mass transport during the
ecarbonylation of heptanoic acid over Pt/C [54]. Therefore, we
re confident that the lower Ea value of 11.7 kcal/mol reflects the
rue kinetics of the reaction. The observations for the lower Ea for
d/SiO2 compared to Pd/TiO2 and Pd/C might be due again to a
ombination of support and particle size effect, and this is currently
nder investigation.

. Conclusion

In conclusion, gas-phase HDO of PAc over various supported
etal catalysts has been carried out. For M/SiO2 catalysts, the

hoice of group VIII noble metal has a significant effect on the
electivity, which is also significantly influenced by the temper-
ture. At 200 ◦C the main reaction pathways for the HDO of PAc
nder the explored conditions are: (1) hydrogenation, decarbony-

ation and decarboxylation over Pd, Pt and Rh based catalysts, and
2) decarbonylation and methanation, followed by ketonization at
igh temperatures over Ru and Ni respectively. The TOF for the PAc
onversion is highest over Pd-based catalysts, suggesting that this
etal is the most effective for this class of reactions of the ones

ested. Kinetic studies over Pd on different supports indicate that
he activity (TOF) changes depending on the support, thus indi-
ating a combination of particle size and support effects. For all
d catalysts, the apparent reaction order with respect of PAc and
ydrogen is half and zero order, respectively. These reaction orders
re consistent with rate determining steps involving C–OH bond
leavage and the removal of hydrocarbon pool species (e.g., CH3Cx)
rom the surface of the catalyst. These initial findings have formed
he basis for more focused studies of the effect of Pd particle size
n activity and the influence of adding second metal to Pd (i.e.,
imetallic effects), and will be the subject of future reports.
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