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a  b  s  t  r  a  c  t

The  liquid-phase  and  gas-phase  decarbonylation  of  heptanoic  acid  over  carbon-  and  silica-supported
Pd  nanoparticles  was  studied  in a  continuous-flow  fixed-bed  reactor  at 573  K. The  liquid-phase  turnover
frequency  (TOF)  under  steady  state  conditions  (>20  h)  was  very  low  at ≈0.00070  s−1,  presumably  because
of deposition  of  carbonaceous  species  and  in  some  cases  sintering  of  the metal  particles,  as  revealed  by
H2 chemisorption,  X-ray  diffraction  and  electron  microscopy.  The  steady  state  rate  was  independent  of
the support  composition,  synthesis  method,  Pd  loading  (1–20  wt%), and  acid  concentration  (0.1–6.6  M).
Although  the  gas-phase  reaction  also  led to deactivation  of the  supported  Pd  catalysts,  extrapolation  of the
rate to  initial  time  gave  a TOF  of  ≈0.035  s−1 at 573  K. The  liquid-  and  gas-phase  reactions  at  low conversion
levels  were  selective  towards  the formation  of  decarbonylation  products  such  as  CO  and  hexenes.  Higher
eptanoic acid
exane
exene
d/C
d/SiO2

lefin

conversion  levels  resulted  in  the  subsequent  conversion  of  the  primary  decarbonylation  products.  Post
mortem  analysis  of the catalysts  revealed  that  concentrated,  liquid-phase  heptanoic  acid  at  573  K  severely
sintered  the  Pd  nanoparticles  supported  on  carbon  but not  those  supported  on silica.  The  Pd  nanoparticles
were  able  to  maintain  the  high  dispersion  on  carbon  when  exposed  to low  concentrations  of  liquid-phase
heptanoic  acid or gaseous  heptanoic  acid at  573  K.

© 2015  Elsevier  B.V.  All  rights  reserved.

araffin

. Introduction

Biomass is an abundant, carbon-neutral alternative resource to
ossil fuels for the production of fuels and chemicals. Processing
f biomass presents a chemical challenge because it often con-
ains excess oxygen that needs to be removed [1]. Dehydration,
etonization, decarbonylation and decarboxylation comprise a set
f transformations collectively regarded as deoxygenation reac-
ions. Organic acids, such as carboxylic acids, are biomass-derived

olecules that can be readily converted to hydrocarbons by deoxy-
enation reactions. As shown in Scheme 1, linear carboxylic acids
an be converted into linear olefins and paraffins by decarbony-
ation and decarboxylation, respectively. Ketonization is also an
mportant reaction for the production of fine chemicals and fuels
Please cite this article in press as: J.A. Lopez-Ruiz, et al., Appl. Catal. A:

2,3] in which two carboxylic acid molecules couple to form a sym-
etrical ketone, CO2, and H2O, as depicted in Scheme 2.

∗ Corresponding author at: Department of Chemical Engineering, University of
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el.: +1 4349246284; fax: +1 4349822658.

E-mail address: rjd4f@virginia.edu (R.J. Davis).

ttp://dx.doi.org/10.1016/j.apcata.2015.01.032
926-860X/© 2015 Elsevier B.V. All rights reserved.
In our previous work, we studied the decarbonylation of
heptanoic acid over Pt nanoparticles and reported low �-olefin
selectivities because of olefin isomerization and sequential hydro-
genation when the reaction was  run at modest conversions [4]. At
low conversions, however, decarbonylation was the primary reac-
tion path [4]. Whereas Boda et al. [5] and Lugo-José et al. [6,7] also
reported that decarbonylation was the main deoxygenation reac-
tion over Pd catalysts, much of the deoxygenation literature [8–22]
reports decarboxylation occurs when performing experiments in
the presence of dihydrogen and solvent to inhibit catalyst deac-
tivation and maximize the selectivity towards the formation of
paraffins [17]. Discriminating between competing reaction paths
based solely on the hydrocarbon products that are formed is diffi-
cult because alkenes are readily hydrogenated in the presence of H2
and Pd. Nevertheless, Maier et al. speculated the active site on a Pd
catalyst to be a Pd/H complex [23]. Interestingly, quantum chem-
ical studies by Lamb et al. explored a potential mechanistic path
to decarboxylate butanoic acid on a model Pd (1 1 1) surface [24],
whereas Heyden and co-workers revealed a path to decarbonylate
 Gen. (2015), http://dx.doi.org/10.1016/j.apcata.2015.01.032

propanoic acid on Pd (1 1 1) [25,26].
Support composition and metal particle size have also been

reported to affect the catalyst activity. For example, Lugo-José
et al. studied the gas-phase decarbonylation of propanoic acid and

dx.doi.org/10.1016/j.apcata.2015.01.032
dx.doi.org/10.1016/j.apcata.2015.01.032
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
mailto:rjd4f@virginia.edu
dx.doi.org/10.1016/j.apcata.2015.01.032
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Scheme 1. Decarbonylation and decarboxylation of heptanoic acid.
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Scheme 2. Ketoniz

eported an increase in TOF by a factor of ≈32 when Pd nanoparti-
les were supported on silica instead of carbon [6], but Ford et al.
eported a decrease in TOF of ≈3 fold when Pd nanoparticles were
upported on silica instead of carbon during the liquid-phase oper-
tion [22]. In a different study, Lugo-José et al. reported during the
as-phase deoxygenation of propanoic acid at 473 K a constant TOF
ver Pd nanoparticles with sizes between 3.0 and 12 nm,  but the
OF decreased by a factor of 3 when Pd nanoparticles of 1.9 nm were
sed instead [7]. In contrast, Simakova et al. reported an increase in
OF as the Pd nanoparticle size decreased from 6.1 to 2.3 nm dur-
ng the liquid-phase deoxygenation of palmitic and stearic acid at
73 K [19].

Given the diversity of results reported for the conversion
f carboxylic acids over supported Pd catalysts, which seem to
epend on both catalyst type and reaction conditions, we studied
ystematically the decarbonylation and decarboxylation of hep-
anoic acid over a wide variety of supported Pd catalysts in a
ontinuous-flow fixed-bed reactor. This study highlights the effect
f reaction conditions on catalyst stability and reactivity. In particu-
ar, the effects of support type, Pd impregnation method, Pd weight
oading, acid conversion, reaction phase, and acid concentration
n the activity, product selectivity, and catalyst stability were
xamined.

. Experimental methods

.1. Catalyst synthesis

The catalysts were prepared by incipient wetness impregna-
ion (IWI) using aqueous solutions of tetraamminepalladium (II)
itrate, (NH3)4Pd(NO3)2 (Sigma–Aldrich) to obtain 1, 5, 10, and
0 wt% Pd loadings on Norit activated carbon (ROX 0.9), respec-
ively. Prior to impregnation, Norit carbon particles were crushed
nd sieved between 180 and 425 �m.  After impregnation of the
esired metal precursor solution, the catalyst was dried in air at
93 K overnight. Palladium (II) acetate, Pd(OCOCH3)2, was used
o prepare catalysts by the alcohol reduction (AR) method, as
escribed by Benavidez et al. [27], to obtain a 5 wt% loading on
orit activated carbon, Vulcan carbon (XC-72), and Davisil silica
36. Vulcan carbon and Davisil silica were used as received. All of
he dried solids were reduced in H2 (GTS-Welco 99.999%) flowing
Please cite this article in press as: J.A. Lopez-Ruiz, et al., Appl. Catal. A:

t 100 cm3 min−1. The temperature of reduction was increased at
 K min−1 from room temperature to 623 K, and held isothermally
or 3 h. The catalysts were then cooled, exposed to air, and stored
n a vial.
 of heptanoic acid.

2.2. Dihydrogen chemisorption

The Pd dispersion was  measured by H2 chemisorption per-
formed on a Micromeritics ASAP 2020 system. Each catalyst was
evacuated at 573 K for 10 h under vacuum followed by heating
to 623 K at a rate of 1 K min−1 after which it was reduced with
flowing H2 (GTS-Welco 99.999%) at 623 K for 3 h. Following reduc-
tion, the catalyst sample was  evacuated at 573 K and cooled in
vacuum to 373 K to prevent �-phase hydride formation during
chemisorption. The amount of metal on the surface was  evaluated
by the total amount of H2 adsorbed extrapolated to zero pres-
sure, assuming a stoichiometric relationship between H2 to metal
of 1:2 (i.e. H/Pd = 1). The average spherical Pd particle size from
chemisorption, which is analogous to the surface-weighted aver-
age Pd particle size [28], was  estimated from the inverse of the Pd
dispersion (i.e. inverse of the fraction of metal exposed) [29].

2.3. Dinitrogen physisorption

The specific surface area and pore size were measured by
N2 physisorption using a Micromeritics ASAP 2020. The samples
were evacuated for 180 min  at 373 K prior to the N2 physisorp-
tion, after which adsorption isotherms were measured at 77 K. The
Brunauer–Emmett–Teller (BET) and the Barrett–Joyner–Halenda
(BJH) methods were used to determine the specific surface area
and the pore size, respectively.

2.4. X-ray diffraction

Powder X-ray diffraction (XRD) analysis from 2� = 20 to 100◦

was carried out on a X’Pert Pro MPD  with monochromatic Cu K�-
radiation using a step size of 0.05◦. The Scherrer analysis [30] was
used to determine the average Pd crystallite size according to Eq.
(1):

DPd Crystallite = ��

 ̌ cos �
(1)

where DPd Crystallite represents an average Pd crystallite size anal-
ogous to the volume-weighted apparent Pd crystallite size [28], �
represents the shape factor (e.g. 0.9 for this case), � represents the
X-ray wavelength (1.54056 Å for the Cu K�-radiation),  ̌ represents
 Gen. (2015), http://dx.doi.org/10.1016/j.apcata.2015.01.032

the full width at half maximum (FWHM) of a specific diffraction
peak, and � represents the diffraction angle. Using the JADE 2010
software, we did a profile fit to all of the Pd diffraction peaks, and
the average Pd crystallite size was determined over multiple peaks.

dx.doi.org/10.1016/j.apcata.2015.01.032
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.5. Electron microscopy

Transmission electron microscopy (TEM) was performed to
etermine the Pd particle size (DP) on an FEI Titan operated at
00 keV in bright field mode and on a JEOL 2010F operated at
00 KeV in STEM high-angle annular dark-field (HAADF) mode. Cat-
lyst samples were deposited on a SPI holey-carbon coated Cu grid
fter being dispersed in ethanol [31]. For each fresh sample, four
EM images were used to count Pd particle sizes and 40–50 par-
icles were measured per image. The average Pd particle size was
alculated for each image followed by the mean and standard devi-
tion of the average sizes. The surface-weighted average Pd particle
ize was calculated using

∑
D3

P,i/
∑

D2
P,i, and the volume-weighted

verage Pd particle size was calculated using
∑

D4
P,i/

∑
D3

P,i.

.6. Catalytic conversion of heptanoic acid

The catalytic decarbonylation/decarboxylation of heptanoic
cid (Sigma–Aldrich ≥99.50%) was performed in a fixed-bed tubu-
ar reactor described previously [4]. In summary, the reactor was
oaded with 50–500 mg  of catalyst pellets supported on a glass

ool plug. Fresh catalyst was used for each experiment because
f the irreversible deactivation of the catalyst as described in our
revious work with Pt catalysts. After loading the reactor, the sys-
em was purged for 60 min  with 200 cm3 min−1 of N2 (GTS-Welco
9.999%) at atmospheric pressure to remove dioxygen from the
ystem and the pressure was increased to 45 bar to perform a leak
est and then depressurized. The temperature was then increased
t 1 K min−1 to the desired reduction temperature, 623 K, under
00 cm3 min−1 of H2 (GTS-Welco 99.999%) and held isothermally
or 3 h at atmospheric pressure. The reactor was finally cooled to
he desired reaction temperature, 573 K, and purged for 60 min  in
00 cm3 min−1 of N2 (GTS-Welco 99.999%). Then, the pressure was

ncreased to the desired reaction condition with 200 cm3 min−1 of
2 (GTS-Welco 99.999%). The reactor system was  operated at two
ifferent pressures, 40 bar for liquid-phase operation and 1 bar for
as-phase operation.

For the “pure” acid experiments, the feed mixture was composed
f 95 wt% heptanoic acid (Sigma–Aldrich ≥99.50%) and 5 wt% dode-
ane (Sigma–Aldrich anhydrous 99.00%) as an internal standard.
etradecane (Sigma–Aldrich anhydrous 99.90%) was used as a dilu-
nt to prepare feeds with different heptanoic acid concentration
50, 25, 10, 7.5, 5, and 2.5 mol%). The feed was then pumped in the
eaction system using a syringe pump operating at different liq-
id flow rates (0.01–1.0 cm3 min−1). The acid feed mixtures passed
hrough a heated zone before entering the catalytic reactor. A
chematic of the reactor can be found in the paper by Lopez-Ruiz
nd Davis [4].

The outlet of the reactor was connected to an air cooled
ondenser maintained at room temperature to remove the
ondensable products, such as hexane, 1-hexene, hexenes, 7-
ridecanone, dodecane, tetradecane, and unreacted heptanoic acid,
rom the product stream. The liquid-phase sample was analyzed by

 gas chromatograph (GC 7890 A) equipped with a ZB-FFAP column
length 45 m × 0.538 mm)  and a flame ionization detector (FID). The
roduct gas was continuously removed from the condenser using

 cm3 min−1 N2 (GTS-Welco 99.999%) as a purge gas. The outlet gas
f the condenser was fed to an on-line gas chromatograph (HP 5890
eries II) equipped with a packed column, ShinCarbon ST 80/100,
nd a thermal conductivity detector (TCD) for detection of N2, CO,
O2 and any other light hydrocarbons (if any).
Please cite this article in press as: J.A. Lopez-Ruiz, et al., Appl. Catal. A:

A series of control experiments was performed to determine the
ackground conversion of the system at our typical reaction condi-
ions (573 K, 40 bar for liquid-phase operation or 1 bar for gas-phase
peration, 250 mg  of catalyst, and 0.01 cm3 min−1 of liquid feed
 PRESS
s A: General xxx (2015) xxx–xxx 3

composed of 95 wt%  heptanoic acid and 5 wt%  dodecane). In the
absence of catalyst, no conversion of heptanoic acid was observed.
However, when Norit or Vulcan carbon support was  used, a back-
ground conversion of ≈2 and 1%, respectively, was detected. No
conversion was  observed over the silica support.

2.7. Post mortem catalyst characterization

The spent samples were recovered from the reactor, washed
with 25 mL  of methanol and sonicated in a methanol solution for
30 min  to remove weakly adsorbed reactant and products from the
surface of the catalyst. After sonication, the solids were recovered
by filtration and dried overnight in air at 400 K. The spent sam-
ples were characterized by H2 chemisorption, N2 physisorption,
XRD, and TEM to determine the effect of reaction conditions on the
catalyst structure and adsorption capacity.

2.8. Calculations of rates

As described in our previous work, the turnover frequency (TOF)
was calculated as the rate of formation of the products referred to
the number of surface metal atoms evaluated on a freshly prepared
catalyst [4]. The main components in the gas-phase were CO and
CO2, whereas 1-hexene, 2- and 3-hexenes (i-hexenes), hexane, 7-
tridecanone, and heptanoic acid were the main compounds in the
liquid-phase. Some minor amounts of heavier unknown products
were also detected in the liquid-phase products (which accounted
for ≈0.4% of the total detected liquid product).

The liquid-phase TOF was calculated using the rate of formation
of the products after 20 h of reaction, after which the liquid-phase
reaction was  at a steady state, normalized to the number of sur-
face metal atoms evaluated on a fresh catalyst. The liquid-phase
TOF was therefore calculated as [(rate of production after 20 h of
reaction (mol s−1) hexane + 1-hexene + i-hexenes + 2 × moles of 7-
tridecanone)/(mol of surface metal on a fresh catalyst counted by
H2 chemisorption)].

During gas-phase operation, the catalyst deactivated exponen-
tially with time during the first 3 h of reaction. Thus, an initial TOF
was calculated by extrapolating the log of the reaction rate to t = 0 h.
The initial TOF was  calculated as [(rate of production (mol s−1) of
hexane + 1-hexene + i-hexenes + 2 × moles of 7-tridecanone)/(mol
of surface metal on a fresh catalyst counted by H2 chemisorption)].

The deoxygenation conversion is defined here as the formation
rates of the major products divided by the feed rate of reagent.
Thus, the deoxygenation conversion was calculated as [(rate of pro-
duction (mol s−1) of hexane + 1-hexene + i-hexenes + 2 × moles of
7-tridecanone)/(moles of heptanoic acid fed (mol s−1))].

The product selectivity was  defined as the moles of a product
formed divided by the total moles of products present in the same
phase (liquid or gas). Three different sets of product selectivity were
calculated, the selectivity to carbon oxides (CO and CO2), i.e. CO
selectivity [(rate of CO)/(rate of CO + rate of CO2)], the selectivity
of �-olefin relative to all olefin produced for 1-hexene and hex-
enes, i.e. relative �-olefin selectivity [(rate of 1-hexene)/(rate of
1-hexene + i-hexenes)], and the selectivity to deoxygenation prod-
ucts for mainly hexane, 1-hexene, i-hexenes, and 7-tridecanone,
i.e. selectivity of hexane [(rate of hexane)/(rate of hexane + 1-
hexene + i-hexenes + 2 × moles of 7-tridecanone)].

The carbon balance was  defined as the moles of carbon
identified after reaction divided by the total moles of car-
bon fed to the reactor, i.e. carbon balance [(rate (mol s−1)
 Gen. (2015), http://dx.doi.org/10.1016/j.apcata.2015.01.032

of unreacted heptanoic acid × 7 + hexane × 6 + 1-hexene × 6 + i-
hexenes × 6 + 7-tridecanone × 13 + CO + CO2)/(moles of heptanoic
acid fed × 7 (mol s−1))]. For the experiments reported here, the
carbon balance was between 98 and 99%.

dx.doi.org/10.1016/j.apcata.2015.01.032
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Table 1
Summary of the catalyst characterization and reactivity results for Pd catalysts synthesized by alcohol reduction (AR) during the liquid-phase reaction at 573 K.

Catalysts Pd dispersiona

(%)
TEM XRD average Pd

crystallite sizec

(nm)

Surface
aread

(m2 g−1)

Pore
sizee

(nm)

Liquid-
phase TOFf

(s−1)

CO
selectivityg

(%)
Number average Pd
particle sizeb (nm)

Surface average Pd
particle size (nm)

Volume average Pd
particle sizeb (nm)

5 wt%  Pd/SiO2 43 2.1 ± 0.1 2.3a/2.3b

N.C.h
2.4
N.C.h

N.C.i

N.C.i
500 6.2 0.00069 69

5  wt%  Pd/Norit C 20 2.2 ± 0.1 5.0a/3.0b

N.C.h
3.6
N.C.h

N.C.i

8.5k
1460 N.D.j 0.00069 71

5  wt%  Pd/Vulcan C 11 3.4 ± 0.5 9.1a/5.6b

N.C.h
7.0
N.C.h

10
12k

210 8.8 0.00071 91

a Result estimated from H2 chemisorption of the fresh catalyst sample, using nominal Pd loading.
b Result estimated from TEM of the fresh catalyst sample.
c Result estimated from Scherrer analysis of XRD pattern.
d Result estimated using N2 physisorption and the BET method on the fresh catalyst sample.
e Result estimated using N2 physisorption and the BJH method on the fresh catalyst sample.
f Result estimated using rates of heptanoic acid conversion after 20 h of reaction.
g Result estimated using rates of carbon oxide formation after 20 h of reaction.
h N.C., not calculated, both large Pd crystallites and Pd nanoparticles are present in the spent catalyst sample.
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Fig. 1. Comparison of the XRD patterns of 5 wt%  Pd/Norit C, 5 wt% Pd/Vulcan C, and
5  wt% Pd/SiO2 prepared by alcohol reduction (AR) before (fresh) and after (spent)
i N.C., not calculated, because of a lack of Pd diffraction features on the fresh and
j N.D., not determined, both micropores and mesopores are present on this samp
k Result estimated from Scherrer analysis of XRD pattern of the spent catalyst sam

.9. Mass transfer limitations

In our previous work with heptanoic acid decarbonylation
ver carbon-supported Pt nanoparticles at identical conditions
4], the extent of internal and external mass transfer limita-
ions was estimated using the Weisz–Prater criterion [32]. For the
ighest observed rate over Pt nanoparticles with a liquid-phase
OF ≈ 0.005 s−1, the criterion suggested that the system was not
ass transfer limited with respect to heptanoic acid. In the cur-

ent work, we observed much lower liquid-phase rates over Pd
anoparticles, TOF ≈ 0.0007 s−1, which suggests that the system is
ot influenced by mass transfer limitations either.

The Weisz–Prater criterion [32] assumes first-order reaction
inetics; however, as discussed in Section 3.4, the reaction appears
o be operating under saturation conditions, zero-order reac-
ion kinetics, which are not affected by concentration gradients
esulting from mass transfer limitations. For this reason, the

eisz–Prater criterion cannot be used to assess the mass trans-
er limitations under our working conditions. Instead, the potential
ole of mass transfer limitations will be evaluated by changing pore
ize of the catalyst and the Pd weight loading, as discussed in Sec-
ions 3.1 and 3.2 respectively.

. Results and discussion

.1. Effect of support and impregnation method during the
iquid-phase operation

In our previous study [4], low metal dispersion was achieved
ith 5 wt% Pt synthesized by an incipient wetness impregnation

IWI) method on low surface area supports such as Vulcan carbon
nd silicon carbide. For this reason, we decided to use an alcohol
eduction (AR) method to deposit Pd nanoparticles on Vulcan car-
on and silica. Since high dispersion of metal can be achieved with
orit carbon as support, Pd was added to Norit carbon by either

ncipient wetness impregnation or alcohol reduction to test the
nfluence of preparation method.

Catalysts composed of Pd particles loaded on the various sup-
orts were characterized by N2 physisorption, H2 chemisorption,
Please cite this article in press as: J.A. Lopez-Ruiz, et al., Appl. Catal. A:

RD, and TEM, and the results are summarized in Tables 1 and 2
or samples synthesized by AR and IWI, respectively. The mean and
tandard deviation calculated from TEM analysis, based on random
ampling of Pd size distribution, show good statistics, and therefore,
liquid-phase reaction at 573 K. The patterns were offset for clarity. ‘*’ indicates that
the  diffraction patterns were expanded (×10) for clarity.

uniform size distribution in the fresh Pd samples. Although the dis-
persion of Pd on Pd/SiO2 corresponded to a particle size consistent
with the observed surface average particle size evaluated by TEM
(2.3 nm), the particle size of the Pd/Norit C samples and Pd/Vulcan
C derived from chemisorption were larger than the surface average
particle sizes observed by TEM. Evidently, there was  a discrepancy
between the surface average Pd diameter estimated by TEM and
the surface average Pd particle size estimated by H2 chemisorp-
tion for samples with lower dispersion, especially Pd/Vulcan C.
Therefore, the catalysts were examined by X-ray diffraction. Fig. 1
provides evidence for Pd crystallites on Vulcan C, even before reac-
tion, which likely accounts for the low dispersion of Pd measured
by H2 chemisorption. There is an unusual peak shape at 40◦ 2� for
spent 5 wt%  Pd/Norit C. However, the sample was reproduced sev-
eral more times with consistent results and may be due to sample
displacement error. Whereas TEM of the fresh Pd/Vulcan (Fig. 2)
 Gen. (2015), http://dx.doi.org/10.1016/j.apcata.2015.01.032

revealed a volume average Pd particle size of 7.0 nm (Table 1),
the Scherrer analysis of the fresh Pd/Vulcan sample revealed an
average Pd crystallite size of 10 nm,  which is also more consistent

dx.doi.org/10.1016/j.apcata.2015.01.032
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Fig. 2. High-angle annular dark field STEM images of fresh (left) and spent (right) Pd catalysts used for the liquid-phase decarbonylation of heptanoic acid at 573 K.

dx.doi.org/10.1016/j.apcata.2015.01.032
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Table 2
Summary of catalysts characterization and reactivity results for Pd catalysts synthesized by incipient wetness impregnation (IWI) during the liquid-phase reaction at 573 K.

Catalyst Reaction temp.
(K)

Pd dispersiona

(%)
TEM XRD

average Pd
crystallite
sizec (nm)

Surface
aread

(m2 g−1)

Liquid-
phase TOFe

(s−1)

CO
selectivityf

(%)
Number average Pd
particle sizeb (nm)

Surface average Pd
particle size (nm)

Volume average Pd
particle sizeb (nm)

1 wt%  Fresh 25 1.9 ± 0.2 4.0a/2.2b 2.3 N.C.h 1460 – –
Pd/Norit C 573 0.0 – N.C.g N.C.g N.C.h 495 0.00071 70
5  wt% Fresh 25 2.1 ± 0.0 4.0a/2.2b 2.3 N.C.h 1450 – –
Pd/Norit C 573 0.0 – N.C.g N.C.g 7.9 510 0.00069 67
10  wt%  Fresh 25 2.4 ± 0.1 4.0a/2.7b 2.8 4.9 1400 – –
Pd/Norit C 573 1.2 – N.C.g N.C.g 7.8 540 0.00069 60
20  wt%  Fresh 24 2.5 ± 0.0 4.2a/2.8b 2.9 5.6 1460 – –
Pd/Norit C 573 1.7 – N.C.g N.C.g 15 530 0.00068 54

a Result estimated from H2 chemisorption on the fresh and spent catalyst samples, using nominal Pd loading.
b Result estimated from TEM on the fresh catalyst samples.
c Result estimated from the Scherrer analysis of XRD pattern on the fresh and spent catalyst samples.
d Result estimated using N2 physisorption and the BET method on the fresh and spent catalyst samples.
e Result estimated using rates of heptanoic acid conversion after 20 h of reaction.

in the
 spent

w
c
T
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c
a
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a
P
t
[
s
r

F
c
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b

f Result estimated using rates of carbon oxide formation after 20 h of reaction.
g N.C., not calculated, both large Pd crystallites and Pd nanoparticles are present 

h N.C., not calculated, because of a lack of Pd diffraction features on the fresh and

ith the surface average Pd particle size derived from H2
hemisorption. Evidently, whereas the particle size evaluated by
EM undercounted the larger Pd crystallites, the Scherrer analysis
nd H2 chemisorption accounted for them. We  assume the dis-
repancy between the Pd particle size derived from TEM, Scherrer
nalysis, and H2 chemisorption observed in the Pd/Norit C samples
an be explained in the same way.

After liquid-phase reaction, both of the carbon-supported cat-
lysts had much more intense diffraction peaks associated with
d, most likely the result of metal sintering that occurred under
he liquid-phase reaction conditions, as reported for Pt catalysts
Please cite this article in press as: J.A. Lopez-Ruiz, et al., Appl. Catal. A:

4]. Figs. 1 and 2 indicate growth of Pd particles on all the carbon-
upported catalysts. The Scherrer analysis of the spent catalysts
evealed that the average Pd crystallite size of the Pd/Vulcan C

ig. 3. Effect of support on product selectivity and conversion during the liquid-phase de
omposed of 95 wt% heptanoic acid and 5 wt% dodecane. The product selectivity (%) is r
epresents 2 and 3-hexenes, represents hexane, represents 7-tridecanone, and � rep
e  read on the right axis. The background conversion of the carbon supports was  remove
 spent catalyst sample.
 catalyst sample.

increased from 10 to 12 nm.  Similarly, the average Pd crystallite
size of the spent Pd/Norit prepared by AR (Table 1) and IWI  (Table 2)
increased to 8.5 and 7.9 nm, respectively, compared to the volume
average Pd particle size estimated by TEM of the fresh samples,
3.6 and 2.3 nm respectively. Interestingly, the silica-supported cat-
alyst still showed highly dispersed Pd nanoparticles, as depicted
in Fig. 2. This result suggests that silica might be a better support
than carbon for stabilizing metal particles under the harsh reaction
conditions. Since all of the catalysts had very low rate after 20 h of
liquid-phase (TOF ≈ 0.00070 s−1), the large variation in final metal
particle size does not explain the deactivation.
 Gen. (2015), http://dx.doi.org/10.1016/j.apcata.2015.01.032

Figs. 3 and 4a show the liquid-phase product selectivity after
20 h of reaction for the 5 wt% Pd catalyst synthesized by AR and IWI,
respectively. The two  5 wt% Pd/Norit C catalysts exhibited similar

carbonylation of heptanoic acid at 573 K, 40 bar, and 0.01 cm3 min−1 of liquid feed
epresented with bars and can be read on the left axis. � represents 1-hexene,
resents the unknown products. The black squares represent conversion (%) and can
d for clarity. These results were recorded after 20 h of reaction.

dx.doi.org/10.1016/j.apcata.2015.01.032
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Fig. 4. Effect of Pd loading on Norit C on product selectivity and conversion during the (a) liquid-phase reaction at 40 bar, (b) subsequent gas-phase reaction at 1 bar and (c)
subsequent liquid phase reaction at 40 bar, of heptanoic acid at 573 K, and 0.01 cm3 min−1 of liquid feed composed of 95 wt%  heptanoic acid and 5 wt%  dodecane. The product
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of carbonaceous materials in the pores and on the Pd was the
major cause of deactivation, as previously reported by Ping et al.
[34,35], because the reaction over Pd/SiO2 was also very low after
20 h of reaction and was  not accompanied by Pd particle growth.
electivity (%) is represented with color bars and can be read on the left axis. � re
-tridecanone, and � represents the unknown products. The black squares repres
arbon  support was  removed for clarity.

onversion level and product selectivity during reaction of hep-
anoic acid, with the main liquid-phase products being hexane and
exenes. Evidently, the impregnation method and metal precur-
or did not influence the catalytic performance or stability of the
esulting Pd nanoparticles. The variation of conversion with 5 wt%
d sample in Fig. 3 was likely the result of the different initial dis-
ersion of the catalysts, with Pd/Vulcan C having the lowest initial
ispersion. Nevertheless, the major liquid-phase products formed
ver all of the samples were hexenes and hexane.

The system was tested for internal mass transfer limitations by
hanging the pore size of the support from microporous (<2 nm)  in
he case of Norit carbon up to 8.8 nm for Vulcan carbon. As shown
n Table 1, the liquid-phase steady state TOF remained constant
ndependent of the pore size, which suggests that the system was
ot affected by internal mass transfer limitations.

Because silica is unstable at high temperatures in the pres-
nce of high concentrations of water (a product of the reaction)
33], and high dispersion of Pd was not successfully achieved on
ulcan C, we focused additional efforts on the performance of
d/Norit C.

.2. Effect of metal loading and reaction pressure

In a previous study, we reported the liquid-phase TOF for
t/Norit C at 573 K to be independent of Pt loading at a value
f ≈0.005 s−1 [4]. As reported in Tables 1 and 2, Pd/Norit C con-
erted heptanoic acid at 573 K in the liquid-phase with a TOF of
0.0007 s−1, which is about an order of magnitude less than that

or Pt/Norit C under identical conditions [4]. Because of the low
ctivity of Pd in the liquid-phase reaction, the metal loading of Pd
as increased to 20 wt% to minimize the relative contribution of

he Norit C support to the catalytic evaluation. The results from the
atalyst characterization and reaction testing of the higher loaded
Please cite this article in press as: J.A. Lopez-Ruiz, et al., Appl. Catal. A:

amples are summarized in Table 2.
The catalyst characterization of the fresh catalysts synthesized

y IWI  revealed that the surface area (≈1500 m2 g−1) and Pd disper-
ion (≈25%) was independent of Pd loading. The characterization
nts 1-hexene, represents 2 and 3-hexenes, represents hexane, represents
nversion (%) and can be read on the right axis. The background conversion of the

of the spent catalysts revealed a severe loss of surface area to
≈500 m2 g−1 and almost a complete loss of exposed Pd measured by
H2 chemisorption. Apparently the evacuation step for surface area
determination and the reduction step for H2 chemisorption were
not sufficient to regenerate the high surface area and chemisorption
capacity of the fresh catalyst. These results were consistent with the
observations previously reported by Simakova et al. [19], Immer
et al. [20], and Ping et al. [34], who  studied the decarboxylation
of carboxylic acids over Pd catalysts. We  suspect that adsorption
 Gen. (2015), http://dx.doi.org/10.1016/j.apcata.2015.01.032

Fig. 5. Comparison of the XRD patterns of 1, 5, and 20 wt% Pd/Norit C prepared
by  incipient wetness impregnation before (fresh) and after (spent) liquid-phase
reaction of heptanoic acid at 573 K. The patterns were offset for clarity.

dx.doi.org/10.1016/j.apcata.2015.01.032
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Fig. 6. Bright field HRTEM images of fresh (left) and spent (right) Pd/Nor

igs. 5 and 6 show the XRD patterns and electron micrographs,
espectively, of the Pd/Norit C catalysts with various Pd loadings,
efore and after reaction. We  observed slight shifts in the XRD Pd
eaks possibly due to sample displacement error. Nonetheless, sig-
ificant Pd particle growth was observed at every loading on Norit
Please cite this article in press as: J.A. Lopez-Ruiz, et al., Appl. Catal. A:

, as revealed by the micrographs in Fig. 6. The XRD patterns are
onsistent with the growth of particles after reaction on the higher
oaded samples (5–20 wt%). The lack of significant Pd diffraction
eatures on the l wt% Pd sample was likely because of the low metal
mples after the liquid-phase decarbonylation of heptanoic acid at 573 K.

loading. At higher loadings, we  start to observe XRD peaks (Fig. 5)
even on the fresh samples with highly dispersed Pd nanoparticles
as revealed in Fig. 6. Also, we observed the same discrepancy dis-
cussed in the previous section among the Pd particle sizes derived
from TEM, XRD, and H2 chemisorption of the fresh catalyst sam-
 Gen. (2015), http://dx.doi.org/10.1016/j.apcata.2015.01.032

ples. Results in Table 2 might suggest that the average Pd particle
size of the fresh and spent samples increases as the Pd weight load-
ing increases. For example, the Scherrer analysis revealed that the
average Pd crystallite size of 10 wt%  Pd/Norit C increased from 4.9

dx.doi.org/10.1016/j.apcata.2015.01.032
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ig. 7. Dependence of product selectivity on liquid-phase conversion of heptanoic a
-  and 3-hexenes) decarbonylation products, olefins, in the liquid product. � repres
ll  olefins in the liquid product. These results were recorded after 20 h of reaction.

o 7.8 nm after reaction and the average Pd crystallite size of 20 wt%
d/Norit C increased from 5.6 to 15 nm.

The product distribution during the liquid-phase conversion of
eptanoic acid over Pd catalysts with low metal loading favored
he formation of hexenes (1-, 2- and 3-hexenes) and CO, but was
ifficult to distinguish from that attributed to the carbon support
Fig. 4a). The catalyst with the highest weight loading (20 wt%  Pd)
howed a different product distribution favoring the formation of
exane and CO2. As the liquid-phase conversion increased because
f the added Pd, the selectivity towards the formation of 1-hexene
ecreased. This observation was consistent with our previous work
erformed on Pt/Norit C, in which we found rapid bond isomer-

zation of terminal olefins over the Pt at our reaction conditions
4].

After 25 h of liquid-phase operation, the system was depres-
urized to allow for operation with gas-phase heptanoic acid.
uring the gas-phase operation (Fig. 4b), the selectivity towards

he �-olefin was higher than that observed during the liquid-phase
xperiments, but the catalyst deactivated, as previously reported
4]. The deactivation was more severe with catalysts having higher
d loading (10 and 20 wt% Pd). After operating in gas-phase for 25 h,
he system was re-pressurized to liquid-phase reaction conditions
Fig. 4c). The catalytic activity of the various Pd catalysts did not
ecover to their initial steady state liquid-phase levels, indicating an
rreversible change of the catalysts during the gas-phase operation.

The reported values for turnover frequency (TOF) of carboxylic
cid conversion over Pd generally ranged 0.01–0.96 s−1 for batch
eaction at 573 K [15,16,20,21] and from 0.004 to 0.027 s−1 for
xed-bed operation at 543 K [8,10]. Although these values are sub-
tantially greater than those reported in this work, differences in
Please cite this article in press as: J.A. Lopez-Ruiz, et al., Appl. Catal. A:

eaction conditions such as not co-feeding H2 and feeding nearly
ure carboxylic acid might account for the differences in TOF. For
xample, Murzin and co-workers [9,10,14–16,19] as well as Lamb
nd co-workers [20–22] studied the liquid-phase conversion of
er 10 wt%  Pd/Norit C at 573 K and 40 bar. � represents the selectivity to olefins (1-,
e carbon oxide selectivity to CO. � represents the selectivity to �-olefin relative to

carboxylic acids in the presence of H2 over Pd catalysts and reported
TOFs from 0.01 to 0.1 s−1 at 573 K. Characterization of our spent
catalysts revealed substantial loss in H2 chemisorption capacity,
suggesting our reaction conditions generally deactivated the cata-
lyst.

The constancy of the measured liquid-phase steady state TOF,
≈0.0007 s−1, on catalysts with different concentration of active
sites (different Pd weight loading) is consistent with the absence of
artifacts from transport limitations under our reaction conditions,
as previously reported [4].

3.3. Effect of liquid-phase conversion on product selectivity

To minimize the impact of support activity on the results, we
studied the liquid-phase conversion of heptanoic acid at 573 K over
10 wt%  Pd/Norit C at various space velocities to explore the influ-
ence of conversion on the product distribution. With a constant
loading of catalyst, the feed flow rate was varied from 0.005 to
0.05 cm3 min−1 over a period of 150 h (≈370 turnovers) to obtain a
range of conversion values. At the end of experiment, the catalyst
returned to the initial reaction condition to check for deactivation.
Fig. 7 summarizes the effect of conversion on product selectivity
achieved by varying the space velocity. The reproducibility of the
initial conversion (≈9%) to that achieved at identical conditions
after 150 h of reaction confirms that long term deactivation was
not significant during the course of the experiment.

Fig. 7 shows a very strong correlation of the product selectiv-
ity to conversion. Extrapolation of the product selectivities to zero
conversion indicates ≈90% of the carbon oxides is CO and 80% of
the liquid-phase products are hexenes. Therefore, the main reac-
 Gen. (2015), http://dx.doi.org/10.1016/j.apcata.2015.01.032

tion path during the liquid-phase conversion of heptanoic acid
over Pd/Norit C at 573 K is decarbonylation, which is consistent
with previously reported results over Pt/Norit C [4]. Fig. 7 also
shows a low selectivity to �-olefin, between 7 and 12%, across the

dx.doi.org/10.1016/j.apcata.2015.01.032
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Scheme 3. Some possible side reactio

onversion range. As discussed earlier, metal-catalyzed double
ond isomerization of 1-hexene to 2- and 3-hexenes occurs rapidly
n Pd.

The selectivity for hexenes was lower than the selectivity
or CO, indicating the existence of a side reaction that hydro-
enated hexenes into hexane. In previous work with heptanoic
cid decarbonylation over supported Pt [4], a higher olefin selec-
ivity compared to CO selectivity was observed, with the loss of CO
eing attributed to the water-gas shift reaction. Scheme 3 shows
ome possible side reactions that take place during the conversion
f heptanoic acid. Since the water-gas shift activity of Pd is less
han that of Pt, as reported by Grenoble and Estadt [36], we sus-
ect the hydrogen involved in the hydrogenation of the hexenes
Please cite this article in press as: J.A. Lopez-Ruiz, et al., Appl. Catal. A:

o hexane in the current work originated from the adsorption and
ecomposition of the organic acid on the catalyst.

Nevertheless, the results in Fig. 7 clearly support the idea that
ecarbonylation is the primary reaction of heptanoic acid on Pd

ig. 8. Time evolution of the (a) conversion, (b) CO selectivity, and (c) liquid product selec
 at 573 K, 1 bar, and 0.05 cm3 min−1 of liquid feed composed by 95 wt%  heptanoic acid (
here  � represents 1-hexene, represents 2 and 3-hexenes, represents hexane, re
ring the conversion of heptanoic acid.

under our experimental conditions. The fact that the fraction of
CO exceeds the fraction of hexenes at low conversions suggests
that olefin hydrogenation occurs readily on the catalysts and is
independent of the water-gas shift reaction.

3.4. Gas-phase operation

Because liquid-phase heptanoic acid causes growth of Pd par-
ticles on the carbon support, we decided to explore the gas-phase
conversion over 10 wt%  Pd/Norit C without exposing the catalyst
to liquid acid. The reactivity results summarized in Fig. 8 reveal
 Gen. (2015), http://dx.doi.org/10.1016/j.apcata.2015.01.032

that the catalyst deactivated severely during the first 2 h of reaction
(Fig. 8a), and that the deactivation was  followed by changes in prod-
uct selectivity. Initially, we observed an acid conversion of 16.5%,
with the CO selectivity (Fig. 8b) being similar to that of hexenes

tivity during the gas-phase decarbonylation of heptanoic acid over 10 wt% Pd/Norit
6.6 M)  and 5 wt%  dodecane. The product selectivity in (c) is represented with bars
presents 7-tridecanone, and � represents the unknown products.

dx.doi.org/10.1016/j.apcata.2015.01.032
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Fig. 11. Comparison of the XRD patterns of 20 wt% Pd/Norit C after the liquid-phase

F
(

ig. 9. Comparison of the XRD patterns of 10 wt% Pd/Norit C before and after reac-
ions at 573 K. The patterns were offset for clarity. ‘*’ indicates that the diffraction
attern was  expanded (×3) for clarity.

Fig. 8c). The 1-hexene selectivity was very low, ≈5%, indicating
apid double bond isomerization.

As the catalyst deactivated, the CO selectivity increased to a
aximum of 90% before decreasing to 70% by the end of the exper-

ment (Fig. 8b). Similarly, the hexenes selectivity increased to 70%
efore decreasing to 50%. The decrease of CO selectivity at long
imes was most likely the result of the ketonization reaction, which
as observed after 4 h of reaction. Ketonization of heptanoic acid
roduces CO2 and 7-tridecanone (Scheme 2). The hexane produced
uring the reaction could not be produced entirely by direct decar-
oxylation because of the lack of CO2 produced relative to CO as
rovided in Fig. 8b and c. Evidently, some hydrogenation of hex-
nes to hexane occurred. Regarding the olefin selectivity, up to 35%
erminal olefin was observed after long times on stream (Fig. 8c),
hich is consistent with decarbonylation followed by some double

ond isomerization.
Extrapolation of the conversion to t = 0 h allows for an estimation

f the initial rate unaffected by deactivation. Using this method, we
btained a gas-phase TOF = 0.035 s−1, which was  ≈50 times faster
han that of the liquid-phase TOF and similar to the values reported
y others. As speculated in the previous section and suggested
y the post mortem catalyst characterization with H2 chemisorp-
Please cite this article in press as: J.A. Lopez-Ruiz, et al., Appl. Catal. A:

ion, the liquid-phase TOF reported here was very likely affected
y severe catalyst deactivation, which explains the order of mag-
itude difference between the liquid-phase TOF reported here and
he literature [9,10,14–16,19–22].

ig. 10. Bright field HRTEM images of 10 wt%  Pd/Norit C before reaction (left), recovere
right)  at 573 K.
operation at 573 K with different acid concentrations. The patterns were offset for
clarity.

Lugo-José et al. reported a TOF of 0.00017 s−1 for the gas-phase
decarbonylation of propanoic acid over Pd/C at 473 K and an activa-
tion barrier of ≈72 kJ mol−1 [6]. The Arrhenius equation was used
to extrapolate their rate to 573 K and revealed a TOF of ≈0.0042 s−1.
While this extrapolated value is an order of magnitude lower than
the initial gas-phase Pd TOF reported here, it is similar to our final
gas-phase Pd TOF of 0.0011 s−1. This may  suggest that the cata-
lysts of Lugo-José et al. [6] suffered from partial deactivation even
though H2 (20 vol%) was  fed during that study.

Figs. 9 and 10 compare the X-ray diffraction patterns and elec-
tron micrographs, respectively, of the spent catalysts from the
gas-phase reaction. Even though the catalyst deactivated severely
during the first 2 h of reaction, XRD and TEM revealed that the
Pd nanoparticles remained well dispersed after the gas-phase
reaction. Evidently, sintering of Pd on the carbon support occurs
only when operating in the liquid-phase acid. Severe deactivation
occurred during gas-phase operation, not because of sintering, but
presumably because of strongly held side products or carbonaceous
species on the metal surface.

Since gas-phase operation apparently prevented severe Pd par-
ticle growth, we  decided to investigate the stability of Pd particles
in various concentrations of liquid heptanoic acid. Figs. 11 and 12
 Gen. (2015), http://dx.doi.org/10.1016/j.apcata.2015.01.032

present results from exposing 20 wt%  Pd/Norit C to progressively
lower liquid concentrations of reacting acid at 573 K. After 20 h of
reaction, the catalyst in dilute acid (0.19 M)  appeared to be more

d after liquid-phase operation (middle), and recovered after gas-phase operation

dx.doi.org/10.1016/j.apcata.2015.01.032
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Fig. 12. Bright field HRTEM images of 20 wt%  Pd/Norit C after th

ispersed than one in more concentrated acid (1.1–6.6 M),  con-
rming the hypothesis that concentrated liquid acid is detrimental
o Pd particle dispersion on carbon. Interestingly, the liquid-phase
teady state TOF at 573 K (≈0.0007 s−1) was independent of acid
oncentration from 0.1 to 6.6 M.  This result indicated that the sys-
em was operating in the zero-order regime and is in agreement
ith the observations reported by Mäki-Arvela et al. [10]. Observed

ero order behavior is consistent with a lack of mass transport
rtifacts with respect to the acid.

. Conclusions

Palladium nanoparticles were supported on Davisil silica 636,
ulcan carbon and Norit carbon, characterized by H2 chemisorp-

ion, N2 physisorption, X-ray diffraction, electron microscopy
before and after reaction,) and evaluated in the liquid- and gas-
hase conversion of heptanoic acid at 573 K. Decarbonylation was
he primary reaction of heptanoic acid on Pd, producing hexene,
O and water (not measured). In liquid-phase operation, some
ydrogenation of the olefins to hexane and conversion of CO to
O2 was observed, especially at higher conversions. Rapid conver-
ion of �-olefin to internal olefin was also observed in the liquid-
nd gas-phase operation at high conversion. A steady state TOF
f 0.00070 s−1 at 573 K was obtained for the liquid-phase conver-
ion of heptanoic acid over Pd, which was independent of synthesis
ethod, support composition, Pd loading, and acid concentration.

he very low TOF was a result of severe catalyst deactivation. Oper-
tion in gas-phase allowed for extrapolation of rates to initial time
n an effort to evaluate the TOF on a fresh catalyst surface. An initial
as-phase TOF of 0.035 s−1 was estimated from the initial rate at
73 K over supported Pd.

Post mortem characterization of the catalysts revealed a decrease
f surface area and almost complete loss of H2 chemisorption
apacity after the liquid-phase operation, which accounts for
he low steady state rate under those conditions. X-ray diffrac-
ion and electron microscopy revealed that Pd nanoparticles
upported on carbon sintered substantially during the liquid-
hase operation in nearly pure acid. In contrast, carbon-supported
d nanoparticles were quite stable during gas-phase reaction.
ikewise, the sintering of carbon-supported Pd nanoparticles
n the liquid-phase was less significant at low acid concen-
rations. Silica-supported Pd nanoparticles maintained a high
ispersion during the liquid-phase operation at high acid concen-
rations.
Please cite this article in press as: J.A. Lopez-Ruiz, et al., Appl. Catal. A:
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