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ABSTRACT: Deoxygenation of dilute and concentrated stearic acid over 2% Pd/C beads was performed in a continuous reactor at
300 �C and 20 bar pressure of Ar or 5%H2/Ar. Stable operation was obtained in 5%H2 atmosphere, with 95% conversion of 10mol %
dilute stearic acid in dodecane and 12% conversion of pure stearic acid. Deactivation took place in H2-deficient gas atmosphere,
probably as a result of the formation of unsaturated products and coking in the pore system. Transient experiments with step changes
were performed: 1 h was required for the step change to be visible in liquid sampling, whereas steady states were achieved after a total of
2.5�3 h. Postreaction analysis of the spent catalyst revealed that a deactivation profile was formed downward over the catalyst bed.

1. INTRODUCTION

The diminishing availability of cheap fossil fuels and the
impact of fossil fuels on the global environment have led to a
struggle toward higher fuel efficiency and the development of
alternative fuels for road vehicles. The European Union (EU)
mandated that at least 5.75% of the energy content in diesel and
petrol should be based on biofuels by the end of 2010, rising to
10% in 2020.1 Lately, in its 2010 report, the International Energy
Agency (IEA) described the urgent need for a swift transition
toward more sustainable and environmentally sound energy and
fuel production.2

Fats and oils are generally the types of biomass resources that,
from a chemical point of view, most closely resemble diesel oil
and are easiest to upgrade into a diesel fuel.3,4 Diesel fuel can be
made from fats and oils by (trans-)esterification withmethanol to
form fatty acid methyl esters (FAMEs), which have been
investigated extensively. Another approach could be through
the deoxygenation of fats and oils potentially using hydrogen (so-
called hydrodeoxygenation, or HDO) to form straight-chain
alkanes, which is advantageous under some conditions.5

The HDO process was first introduced on an industrial scale in
2007 by Neste Oil in Porvoo, Finland, based primarily on palm
oil,6,7 and other companies are following the same route. To date,
however, reports on understanding deoxygenation processes have
not been extensive. Generally, three types of catalysts have been
applied for the deoxygenation of fatty feedstocks, namely, sup-
ported sulfided metals catalysts, supported metallic catalysts, and
porous acidic or basic catalysts. Deoxygenation has been described
to occur by three different routes: decarboxylation, decarbonyla-
tion, or full reduction with hydrogen (reactions 1�3), in all cases
yielding n-alkanes upon saturation with hydrogen.

C17H35ðCOÞOH f CO2 þ H3C—C16H33 ð1Þ

C17H35ðCOÞOH f CO þ H2O þ H2CdC16H32 ð2Þ

C17H35ðCOÞOH sf
þ3H2

2H2O þ C2H5
—C16H33 ð3Þ

In addition to direct decarboxylation, generation of linear
hydrocarbons from free fatty acids could also proceed through
formation of formic acid and alkenes and their subsequent
reactions, as elaborated further in Results and Discussion
section.

The primary reaction route and the side reactions taking place
are strongly dependent on the catalyst used � especially reac-
tions of hydrogen and product gases may interfere and prompt
the water�gas shift (WGS) or methanation (reactions 4�6).

H2O þ CO h CO2 þ H2 ð4Þ

3H2 þ CO f CH4 þ H2O ð5Þ

4H2 þ CO2 f CH4 þ 2H2O ð6Þ
A number of reports have appeared on catalytic cracking-

type reactions of various vegetable oils without added hydro-
gen. These are usually performed at 400�500 �C without H2 in
the reaction medium.8�13 FAMEs have also been used as
feedstocks.14,15 Porous Brønsted acidic materials tested include
H-MCM-41 and the zeolites H-ZSM-5 and H-Y.8�11,15 Porous
basic materials tested include zeolite (Cs,Na)-X, hydrotalcites,
and porous SnO�ZnO�Al2O3.

12�14 Generally, the proce-
dures result in a mixture of hydrocarbons due to cracking
reactions, as well as light gases and coke; petroleum can often
be the product with the highest yield. Saponification of the
resulting free fatty acids can also occur over some basic catalysts
such as MgO.12,14
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Sulfided NiMo/Al2O3 and CoMo/Al2O3 at 250 �C under 15
or 75 bar of H2 and various sulfidation conditions have been
studied as HDO catalysts. The conversion of heptanoic alcohol,
acid, and esters and the ratio between C6 and C7 hydrocarbons
were found to vary depending on the catalyst type and added
sulfur compounds in the feed. Unsulfided NiMo/Al2O3 and
CoMo/Al2O3 catalysts were neither very active nor selective
toward linear hydrocarbons; however, the sulfided catalysts had
high activities and yielded higher ratios of C6/C7 hydrocarbon
products.16,17 The conversion of rapeseed oil over various
sulfided NiMo/Al2O3 catalysts has also been investigated at
temperatures in the range of 260�360 �C and pressures of
70�150 bar H2. The effects of pressure, temperature, sulfida-
tion conditions, and Ni and Mo composition of the catalyst
were studied.18�20 Co hydrocracking of 5% rapeseed oil in
vacuum gas oil over sulfided NiMo/Al2O3 at higher tempera-
tures (400�420 �C) was also investigated.21 Supporting sul-
fided CoMo on inorganic mesoporous materials showed that
organized mesoporous alumina provided better performance
than the reference industrial γ-alumina as a support, which, in
turn, exhibited a better performance than MCM-41 mesopor-
ous alumina-silicates. Incorporating more Al into the Si frame-
work of MCM-41 increased the hydrocarbon yield.22,23 The
HDO of sunflower and palm oil was also studied over sulfided
NiMo/Al2O3 both neat and in a mixture with vacuum gas
oil.24,25 Decarboxylation is generally favored by higher tem-
peratures and low pressures of H2 over sulfided catalysts.

Deoxygenation of triglycerides with supported transition
metals has been scarcely studied:26�31 Typically, high-surface-
area oxide or carbon materials are used for supporting Pd or Pt
metals,26,27 and isomerization can be performed simultaneously
by using strongly acidic porous materials as the support or
cosupport.28�30 Also, FAME deoxygenation has successfully
been performed over Pt-based catalyst at 300�350 �C in 6.9
bar of H2 or He.

31

Several waste feedstocks such as abattoir waste, used cooking
oils, and greases contain considerable amounts of free fatty acids
(FFAs). FFAs are also intermediates in the deoxygenation of
corresponding esters.27,32 The study of FFAs can therefore be
considered crucial for understanding deoxygenation. Palladium
and platinum metals have previously been found to be the most
selective and active catalysts for the decarboxylation of FFAs.33

Various decarboxylation parameters have previously been inves-
tigated in semibatch mode (stirred autoclave with liquid reac-
tants and continuous renewal of only the gas phase), primarily
with stearic acid as a feedstock over commercial Pd catalysts, Pd
on SBA-15 or Pd on Sibunit carbon (a mesoporous and
temperature-stable carbon composite).34�36 It was found that
the deoxygenation rate was independent of the fatty acid chain
length in the range of C18�C23.

37 Tall oil fatty acids (TOFAs)
are byproducts from the Kraft process (for making cellulose
fibers fromwood), and their deoxygenation was investigated over
Pd/sibunit.38 Deactivation was especially pronounced with un-
saturated fatty acids; therefore, it is suspected to occur through
cyclization from CdC double bonds in the feedstock, followed
by dehydrogenation over Pd catalyst, thus forming C17 aromatic
hydrocarbons.35,38,39

Continuous decarboxylation of stearic acid, a typical fatty acid
found especially in saturated fats was recently demonstrated in
continuous mode over Pd/C catalysts at 300�360 �C.35,40
Continuous reactors are more industrially interesting than batch
or semibatch reactors, and it is necessary to obtain information

on long-term performance and transients during continuous
decarboxylation to describe the catalyst involved. In this work,
the continuous decarboxylation of stearic acid at 300 �C was
investigated with the aim of describing step changes during
startup and shutdown, steady-state conversion, and deactivation
phenomena.

2. EXPERIMENTAL SECTION

2.1. Chemicals. Stearic acid (>99% purity) was supplied by
Sigma-Aldrich. N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA,
>99% purity) as a silylation agent was provided by Acros Organics.
n-Dodecane (>99% purity) and pyridine (>99% purity) were
obtained from Fluka. Ar (>99.99%) and 5% H2/Ar gases were
supplied by AGA. All chemicals were used as received.
2.2. Catalyst Preparation and Characterization. Pd (2 wt

%) on sibunit (synthetic mesoporous carbon) was prepared by
the following previously publishedmethod:41 Sibunit was treated
with 5% HNO3 overnight at 25 �C and dried at 80 �C. H2PdCl4
was hydrolyzed in an aqueous solution, Na2CO3 was added until
a pH 9 was reached, and sibunit was added to this solution for
deposition of Pd(II) hydro complexes. The solution was left for
6 h at 25 �C and then filtered and washed with H2O until no
chloride ions were detected in the wash water. The catalyst was
finally dried and subsequently calcined for 2 h at 200 �C.
The particle diameter distributions and mean Pd diameters

were calculated based on the frequency of particles from images
obtained with a LEO 912 OMEGA energy-filtered transmission
electron microscopy (TEM) instrument operating with accel-
eration voltage of 120 kV. At least 100 particles were counted to
obtain the average particle diameter of Pd. The fresh and spent
catalyst beads were crushed to a powder, mixed thoroughly, and
glued to an epoxy plate.
The X-ray diffraction (XRD) mean particle diameter based on

particle volume were calculated with the Scherrer formula from
powder diffractograms obtained on a Siemens D5000 X-ray
powder diffractometer
Pore volume and specific surface area measurements were

conducted with a physisorption/chemisorption Sorptometer
1900 apparatus from Carlo Erba with liquid N2 at 77 K. Specific
surface areas were calculated from the N2 adsorption�desorp-
tion isotherms using the Brunauer�Emmett�Teller (BET) equa-
tion. The pore size distributionwas obtained from theDollimore�
Heal correlation.
The distribution of active metal in fresh catalyst beads was

investigated by laser-ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS), with a New Wave UP-213 laser
ablation system and a Perkin-Elmer ICP-MS Sciex Elan 6100
DRCPlus system. A number of catalyst beads were cut in half and
fixed in epoxy glue for the measurements.
Reactor effluent contents of Pd were measured by inductively

coupled plasma optical emission spectrometry (ICP-OES) with a
Perkin-Elmer 5300 DV optical emission spectrometer. For each
experiment, 0.2 g of effluent was added to 5 mL of 65% HNO3

(aqueous) and 1 mL of 30% H2O2 (aqueous), heated in a
microwave oven, and then diluted to 100 mL (with water) before
ICP-OES analysis.
2.3. Reactor Loading, Catalyst Activation, and Deoxy-

genation. A tubular reactor of 18-cm height and 1.58-cm inner
diameter (volume = 35.1 mL) was loaded from the bottom up
with a small layer of quartz wool, followed by 6mL of quartz sand
of 0.2�0.8-mm diameter and a layer of quartz wool. Afterward,
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the catalyst bed of 10 g (volume uptake = 19.0 mL) of Pd/sibunit
was loaded into the reactor. Thereafter, a layer of quartz wool,
4 mL of quartz sand, and another layer of quartz wool were
introduced. The quartz sand and quartz wool mixed the inlet flow

in the reactor as well as the outlet flow to make the liquid flow
behavior and sampling uniform.
A thermocouple was fixed at the center of the catalyst bed.

Then, the reactor was mounted and leak-tested with Ar at room
temperature, and afterward, it was purged for 16 h at 20 bar with
Ar also at room temperature. An aluminum heating element was
fitted around the reactor.
The catalyst was then activated in 5%H2/Ar at 20 bar by being

heated at 10 �C/min to 150 �C, held at 150 �C for 1 h, and then
heated at 10 �C/min to the reaction temperature of 300 �C.
Reactions were performed in either pure Ar or 5% H2/Ar at
42NmL/min and with a flow of either pure stearic acid or 10 wt%
stearic acid in n-dodecane, both at 0.075 mL/min.
Because stearic acid melts at 70 �C, it was kept in a heated

feed vessel at 90 �C, and the pump and inlet piping were
kept at 100 �C during experiments with pure stearic acid. Trace
gas impurities (e.g., molecular oxygen) were expelled from the
feed vessel by continuous purging of 20 mL/min N2 gas
through the stearic acid. The flow reactor setup is sketched in
Figure 1. During experiments, liquid samples of ca. 0.1 g were
withdrawn in glass vials downstream the reactor, and the
remaining liquid effluent was led to a heated collector vessel
to be purged at set intervals. Gases were purged continuously
by a pressure reduction controller, and part of the gas stream
was diluted in He and analyzed for CO and CO2 on a Siemens
ULTRAMAT 6 online IR analyzer. The glass vials with liquid
samples were weighed, and 4 mL of n-dodecane was added to
each glass vial as a solvent. Of this, an aliquot of 10.0 μL was
transferred to a gas chromatography (GC) vial, followed by
addition of 100 μL of dodecane, 100 μL of pyridine, and 50 μL
of BSTFA for derivatization, and the mixture was left to stand

Table 1. Step Changes during Continuous Decarboxylation with Dilute and Pure Stearic Acid over 2 wt % Pd/Sibunit

step change TOS (min) condition changes applied

Dilute Stearic Acid in 5% H2/Ar

�55 liquid flow of dodecane started

I 0 liquid 10 mol % stearic acid in dodecane

II 300 gas 5% H2/Ar

Dilute Stearic Acid in 5% H2/Ar

III 1575 gas pure Ar

IV 1816 liquid 6.55 mol % stearic acid in dodecane

V 3016 liquid dodecane

4389 temperature quenching to 150 �C started

100% Stearic Acid in Ar

4359 temperature heating from 150 to 300 �C started

4389 reactor heated

VI 4481 liquid 100% stearic acid

VII 7056 liquid dodecane

7056 temperature quenching from 300 to 150 �C started

100% Stearic Acid in 5% H2/Ar

7056 temperature heating from 150 to 300 �C at 15 �C/min started

7056 gas 5% H2/Ar

VIII 7066 liquid 100% stearic acid

IX 18506 liquid dodecane

18881 gas pure Ar

18881 liquid flow stopped

18881 temperature reactor cooling to 25 �C started

Figure 1. Flow reactor schematic for the continuous deoxygenation of
stearic acid.

http://pubs.acs.org/action/showImage?doi=10.1021/ie201273n&iName=master.img-000.jpg&w=240&h=248
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at 70 �C for 60 min. An overview of the reactor step changes is
provided in Table 1.
After reaction, the reactor was washed for several hours with

dodecane and Ar gas. Thereafter, the system was cooled, and the
pressure was carefully reduced. The reactor was disassembled,
and the spent catalyst beads were sorted into sample glasses
depending on their axial position in the reactor bed.

3. RESULTS AND DISCUSSION

3.1. Steady-State Decarboxylation of Stearic Acid. 3.1.1.
Stearic Acid Diluted in Dodecane: Step Changes II and III. At
450�1575 min time-on-stream (TOS), the reaction was per-
formed in 5% H2/Ar. The reactor was kept under steady-state
conditions while liquid samples were extracted. The online
analysis of CO2 and CO concentrations showed that a conver-
sion of around 60% would have been achieved; however, from
the liquid samples, it was clear that the conversion of stearic acid
to heptadecane was close to 95% at full selectivity. The dis-
crepancy between the CO/CO2 and liquid-phase analyses is
likely due to the formation of methane through the methanation
of CO2, CO, or both because of the hydrogen content in the
sweep gas. Any methane formed could not be measured on the
Ultramat instrument in the present configuration.
3.1.2. Effect of Ar: Step Changes IV and V. To determine

whether this behavior would persist in a hydrogen-free atmo-
sphere, the sweep gas was changed back to Ar at TOS = 1575
min. The concentration in the feed vessel was also lowered from
10 mol % (ca. 15 wt %) to 6.5 mol % (10 wt %) stearic acid.
Initially, a steep increase in gas and liquid concentrations

was seen because of an unintended blocking of the gas feed line
(Figure 2, section III), which was unblocked shortly thereafter.
Stable operation was approached, and correctly sampled liquid
was obtained at TOS = 1816 min for pure Ar sweep gas.
Initially, only heptadecane and CO2 were formed but no CO.
The CO2 concentration corresponded to 50 mol % of the
concentration of heptadecane. However, the CO concentra-
tion exiting the reactor increased over time, and at TOS =
2650�2850 min, the CO2 concentration dropped to practi-
cally zero as the concentration of CO rose even more before
settling at a concentration corresponding to around 55%
conversion at 2800 min TOS. The liquid samples also were
found to contain high levels of heptadecene (C17 alkene) of

8�12% and undecylbenzene (C17-monoaromate) of 4�5%, as
well as unconverted stearic acid (20%). The production of
heptadecane (C17 alkane) started to drop as well. The forma-
tion of unsaturated compounds is likely caused by the lack of
added H2, leading to cyclization and dehydrogenation of the
products.
The initial lack of COmight be due to the lack of H2 affording

the reverse water�gas-shift (WGS) reaction; however, the
constant and gradual rise in CO concentration followed (with
a delay of 1�2 h) the formation of heptadecane and liberation of
H2 through aromatization to undecylbenzene. H2O and H2

might have been formed by these side reactions.
The formation of linear hydrocarbons from FFAs has been

proposed to take place by a mechanism going through formic
acid: First, the fatty acid splits into formic acid and 1-alkene.
Then, formic acid rapidly decomposes, by either dehydrogena-
tion to CO2 and H2 or dehydration to CO and H2O (overall
reactions 1 and 2). Hydrogen from the gas phase later saturated
the formed alkene.42,43 This can explain the enhanced forma-
tion of unsaturated compounds during reaction in pure Ar.
Formic acid, however, quickly decomposed under the present
conditions and therefore could not be observed in the liquid or
gas phase.44

Heptadecene and aromatic C17 compounds are formed during
reaction where catalyst deactivation is often fast.36,38 Therefore,
the flow was switched to dodecane at TOS = 3120 min, and the
Ar flow was maintained to wash the reactor (Figure 2, step V).
The CO and CO2 concentrations did not start to decline until
TOS = 3300 min, when the reactor was cooled to 150 �C. The
sum of the molar amounts of CO and CO2 detected in the IR
analyzer after the liquid flow was switched to dodecane corre-
sponded to 4.21mmol, whereas at most 0.250mmol of CO could
be situated on the surface of the Pd particles (calculated from the
XRD mean diameter of 12 nm as reported in section 3.3, taking
particles as spheres and the Pd/CO ratio as 2).45 Thus, the CO
and CO2 measured in the dodecane liquid flow came from
reactant holdup in the catalyst bed; the stearic acid situated in
the pores of the catalyst particles continued to react.
3.1.3. Effect of Concentrated Stearic Acid under Ar: Step

Changes VI and VII. Following the reaction with 10 wt % stearic
acid in dodecane, the reactor was flushed overnight with Ar and
cooled to ambient temperature, after which it was reheated to
150 �C, flushed for several hours with dodecane and argon and

Figure 2. Decarboxylation in liquid flow of stearic acid over Pd/C at 300 �C diluted in dodecane at 0.075 mL/min, 5%H2/Ar, or pure Ar gas at 20 bar at
42 N mL/min. Changes in the operating parameters: (I) gas = Ar, (II) gas = 5% H2/Ar, (III) erroneous liquid sampling, (IV) gas = Ar, (V) liquid =
dodecane. Legend: Liquid mole balance (dark blue diamonds), stearic acid (orange circles), heptadecane (green triangles), heptadecene (brown
squares), undecylbenzene (purple �'s), CO (maroon �'s), CO2 (light blue diamonds). The Roman numerals refer to Table 1.

http://pubs.acs.org/action/showImage?doi=10.1021/ie201273n&iName=master.img-001.jpg&w=300&h=136
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then with just argon. Then, the reactor was reheated to 300 at
10 �C/min, and a flow of pure stearic acid was fed to the reactor
to determine the steady-state deoxygenation of concentrated
stearic acid in Ar during the following time interval of 2 days
(TOS = 4481�7060 min). This is shown in Figure 3a.

The mass balance of liquid samples performing the deox-
ygenation of pure stearic acid under Ar was only ca. 80%. At the
same time, about 2% heptadecane was formed in the start of the
period, decreasing with time to about 1% at the end. The online
IR-active analysis showed CO corresponding to about 3%

Figure 3. Mole fraction based on stearic acid, steady-state decarboxylation of 100% stearic acid flow. (a) Pure Ar gas at 20 bar from step change VI to
step change VII. (b) 5% H2/Ar gas at 20 bar from step VIII to step IX. Legend: Liquid mole balance (dark blue diamonds), stearic acid (orange circles),
heptadecane (green triangles), heptadecene (brown squares), undecylbenzene (purple �'s), CO (maroon �'s), CO2 (light blue +'s). The Roman
numerals refer to Table 1.

http://pubs.acs.org/action/showImage?doi=10.1021/ie201273n&iName=master.img-002.jpg&w=400&h=558
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conversion, decreasing over time to about 1.5%. No 1-hepta-
decene was detected; therefore, methanation was assumed not
to have taken place. It is suspected that coupling reactions with
unsaturated compounds, reactants, or both might take place,
for instance, coupling of formed alkenes to tetratriacontene
(C34-alkene). 18-Oxopentatriacontane (C35-ketone) formed
by ketonization is less likely to have been formed, however, as it
usually requires a basic metal oxide as a support.33,46 The heavy
components formed would not have vaporized easily in split/
splitless injection in GC analysis and might well have been too
heavy to be seen with the applied GC method. It can be
concluded that the lack of added H2 in the gas feed led to low
activity and gradual deactivation of the catalyst during the ca.
2600 min TOS mentioned.
3.1.4. Effect of Concentrated Stearic Acid under 5% H2/Ar:

Step Changes VIII and IX. After the Ar experiment described in
section 3.1.3, the next step was to assess the effect of 5%H2/Ar as
gas atmosphere. The reactor was again cooled to 150 �C, flushed
with dodecane to wash out residual stearic acid and products, and
reheated to 300 �C to make a new attempt to analyze the startup
transient and steady-state conversion in 5% H2/Ar atmosphere
(Figure 3b).
From 8300 to 18500min TOS, the production of heptadecane

was constant at around 12% (5% H2/Ar atmosphere), and no
other products were detected in the liquid phase. In the gas
phase, only CO was detected, corresponding to a conversion of
between 8% and 6%, decreasing with time. CO might have
formed from CO2 as a result of the WGS equilibrium in the H2-
containing atmosphere or from deoxygenation through formic
acid.42,43 The missing CO or CO2 was most likely converted to
compounds not detectable in the IR-active online analysis, with
methane being a possible product or coke through the Bou-
douard reaction. CO2 formed from the Boudouard reaction
could again react with H2 to CO by WGS or with more H2 to
form methane.
3.1.5. Comparison of the Catalyst Performance for Different

Gas and Liquid Feeds. The steady-state deoxygenation experi-
ments with stearic acid are compared in Table 2. It is evident that
the lack of H2 in the feed led to deactivation, whereas stable
catalyst activity was upheld in 5% H2/Ar. Initial deactivation
during the deoxygenation of neat stearic acid was previously
observed using 20 bar Ar instead of 5% H2/Ar as the sweep gas
over 5% Pd/sibunit at 360 �C, but it was not found that the initial
catalyst activity could be regained at this temperature: a stable
conversion of about 15% neat stearic acid was obtained under 5%
H2/Ar at 360 �C,35 comparable with the 12% conversion of neat
stearic acid in 5%H2/Ar at 300 �C obtained in the present study.
3.2. Transients during Step Changes. Three transients in

the catalytic deoxygenation over Pd/sibunit are emphasized here,
namely, the flow pattern during startup for 10% stearic acid in
n-dodecane and the startup and shutdown of 100% stearic acid

under 5% H2/Ar. The liquid pumping speeds were the same for
the three conditions. The transients can be seen in Figure 4a�c.
There was a considerable holdup time when the flow was

switched to or from dodecane until the sample on the outlet side
of the reactor was affected: approximately 1 h in all experiments,
as seen in Figure 4a�c. Once the concentration in the liquid
samples had started to change, the transient lasted another 1.5�2
h before the steady-state concentration was reached and the
reactor stabilized. During shutdown, the concentration of reac-
tant and products did not fall to zero, as an additional number of
hours were needed to completely remove the last compounds

Table 2. Comparison of the Steady-State Yields of Heptadecane (mol %)UsingDifferent Stearic Acid Concentrations in the Feeda

sweep gas atmosphere

liquid feed 5% H2 in Ar pure Ar

dilute stearic acid (mol % stearic acid

in dodecane)

95% (15 mol %) 75% decreasing to 55%, formation of unsaturated and

aromatic C17 compounds (10 mol %)

pure stearic acid 12% 2% decreasing to 1%, possible formation of heavier products
aConditions: 300 �C, 20 bar sweep gas at 42 N mL/min, liquid feed at 0.075 mL/min, dilution in dodecane.

Figure 4. Mole balances based on stearic acid feed content for step
changes. (a) Startup of 10 mol % stearic acid in dodecane flow: step
changes I and II. (b) Startup of 100% stearic acid flow: step change VIII.
(c) Shutdown of 100% stearic acid flow: step change IX. Legend: Liquid
mole balance (dark blue diamonds), stearic acid (orange circles),
heptadecane (green triangles), heptadecene (brown squares), undecyl-
benzene (purple �'s), CO (marroon �'s), CO2 (light blue +'s). The
Roman numerals refer to Table 1.

http://pubs.acs.org/action/showImage?doi=10.1021/ie201273n&iName=master.img-003.jpg&w=240&h=330
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probably located in the porous catalyst beads and in cavities
connected to the reactor.
3.2.1. Startup of Stearic Acid Diluted in Dodecane: Step

Changes I and II.After initial leak testing of the reactor, the liquid
flow was switched to Ar flushing overnight, and the catalyst was
reduced in 20 bar of 5% H2/Ar: First, the reactor was heated at
10 �C/min to 150 �C, where it was kept for 1 h, after which it was
heated at 10 �C/min to the reaction temperature of 300 �C.
Then, the flow was switched to pure Ar, and the pumping of
10 mol % stearic acid in dodecane was started (at TOS = 0 min),
as depicted in Figure 4a.
After about 15 min, the CO2 concentration from the online

CO2/CO analysis started to rise, meaning that decarboxylation
of the reactant was taking place. However, the first traces of
heptadecane in the liquid phase only occurredmore than 2 h after
the step change. The productions of CO2 and CO as well as
heptadecane seemed to be stable at TOS = 300 min, with both
gas and liquid phase corresponding to 35�40% conversion.
Thereafter, the gas atmosphere was changed to 5% H2/Ar at

TOS = 300 min, and the liquid flow was kept constant. The CO2

and CO concentrations as determined by the online CO/CO2

analysis start to respond to this change after about 15 min;
however, the corresponding response in heptadecane concentra-
tion was not visible in the liquid-phase analysis before 1 h
(around TOS = 360 min), and a steady state was reached only
2.5 h after the step change was induced (aroundTOS = 450min).
At TOS = 475 min, the steady-state concentration profile had
developed, and the mass balance was compute as 90�95%
heptadecane compared to theoretically possible value, as well
as 5% stearic acid.
It is suspected that the liquid feed built up a trickling film

wetting the beads of the catalyst bed and quartz material and that
the slow response in stearic acid concentration was due to the low
overall flow of the reactant. The solvent n-dodecane has a normal
boiling point of 216 �C (its vapor pressure is 6 bar at 300 �C), and
the products heptadecane and 1-heptadecene have normal boil-
ing points of ca. 302 �C (vapor pressures around 1 bar at 300 �C);
as these compounds are not supplied or produced in amounts
sufficient to saturate the gas phase, they will vaporize and quickly
leave the reactor with the sweep gas once formed. Stearic acid is
not suspected to have vaporized (its boiling point is 383 �C) and
will have propagated through the reactor in liquid form. The low
feed rate of stearic acid means that a trickling liquid film hereof
will propagate through the reactor very slowly.
3.2.2. Startup of 100% Stearic Acid Feed in 5% H2/Ar: Step

Change VIII. Following reaction with liquid feed of 100% stearic
acid under pure Ar atmosphere, the reactor was flushed for
several hours with liquid dodecane followed by Ar gas at
150 �C. Finally, the gas atmosphere was switched to 5%H2/Ar,
and flow of stearic acid to the reactor was started at TOS =
7060 min. The CO signal increased slightly after 5 min (no
CO2 formation was observed), but an increase in the concen-
tration of stearic acid was not seen before 60�75 min. The
concentrations of stearic acid and product heptadecane rose
over an additional 1-h period before approaching steady-state
values with up to 12% conversion (TOS = 7190 min). This is
depicted in Figure 4b.
3.2.3. Shutdown of 100% Stearic Acid Feed in 5% H2/Ar: Step

Change IX. After more than 10000 min on stream in stable
behavior, the flow was switched from pure stearic acid to pure
dodecane to initiate reactor shutdown (at TOS = 18500 min);
see Figure 4c. The CO signal from the online analysis was

affected after a few minutes and started to decline gradually
over a period of 8 h. In the liquid sampling, the response to this
step change was seen after ca. 1 h, and the concentration of
stearic acid declined to 10% at 2.5 h after the step change.
Peculiarly, the concentration of heptadecane did not decrease
within 3�4 h after the step change. After these few hours, the
concentrations decreased only very slowly. This behavior is
ascribed to the presence of small reservoirs of liquid after the
reactor, specifically, in the thermocouple fittings or quartz
material after the catalyst bed. This also means that the
apparatus might not be completely liberated of stearic acid
despite the purging with dodecane at 300 or 150 �C through
the reactor for several hours prior to switching to stearic acid
flow. Therefore, minute amounts of stearic acid might appear
in the samples already before the flow of stearic acid is
introduced in the reactor. It is presumed that both stearic acid
and products were still situated in the microporous catalysts
beads, because of capillary forces, a long time after the liquid
flow was stopped and, from here, they only slowly mixed into
the reactor after the switch to dodecane. This could explain the
constant production of heptadecane despite the abrupt de-
crease in stearic acid concentration.
3.3. Postreaction Analyses: Catalyst Deactivation. A thor-

ough postreaction analysis of the spent catalyst was performed.
The reactor was flushed first in n-dodecane and then flushed
extensively in Ar gas at 150 �C. The reactor was then dismantled
and the catalyst taken out of the reactor in a stepwise manner by
sorting the catalyst beads into batches depending on their axial
position in the bed.
The total weight of the dried catalyst bed extracted from the

reactor summed to 12.72 g versus fresh weight of 10 g, thus the
uptake of carbonaceous species is 2.72 g or 0.227 mol of C. In
comparison, the total molar amount of stearic acid passing
through the reactor is 3.43 mol stearic acid or 61.7 mol of C,
giving a ratio of coke-to-stearic acid percentage of 6.6%. The
white and transparent quartz wool and quartz sand near the
reactor inlet and the outlet were not colored by the process. This
indicates that coking can be attributed to the catalyst itself.
LA-ICP-MS confirmed that palladium is impregnated in an

“eggshell-like” layer in the outer rim of the carbon beads, while
the center of the particle is inert, thus minimizing the diffusion
pathway. It is not expected that the majority of the palladium
particles were mobile under the conditions used.
3.3.1. Coking in the Pore System.The results from the analysis

of the fresh and spent catalyst beads, sorted by position in the
catalyst bed are shown in Table 3. The BET area and pore volume
decreased downward in the bed, and a deactivation profile
formed downward in the catalyst bed in a way that the largest
amount of coke was formed in the catalyst beads near the reactor
feed inlet and it decreased down the catalyst bed. Furthermore it
is evident that the catalyst beads near the reactor inlet have a
lower percentage of pores in the 5�10 nm range and below 2 nm
compared to the beads near the reactor outlet, apparently due to
a higher percentage of pores in the 2�5 nm range.
The coking profile suggests that the larger pores have became

narrower due to the gradual coking taking place, and that some of
the smaller pores have been occluded partially or completely.
The byproduct formed in the pores do not completely prevent
deoxygenation reaction, because a stable conversion of 12% was
obtained constantly in the final 10500 min TOS with neat stearic
acid under 5% H2/Ar. Further exploration of this catalyst
deactivation profile as a function of bed length could be a topic
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of a subsequent study. It has been reported that deactivation
takes place by cyclization of unsaturated compounds in hydro-
gen-deficient atmosphere over 1 wt % Pd/Sibunit.37,38,47 Thus it
can be concluded that catalyst deactivation is caused by coking,
because the specific BET surface area decreased by 72% to 54% as
a function of catalyst bed length 1 and 9 cm from the inlet,
respectively. This has also been the case in previous studies.35,40

3.3.2. Palladium Particle Sizes.The fresh catalyst beads as well
as catalyst samples 1, 4, and 6 in Table 3 were selected for
transmission electron microscopy (TEM) and XRD analysis to
obtain average particle sizes of the palladium and particle size
distributions. The results are shown in Table 3, and a high-
resolution TEM images and calculated particle diameter distri-
bution of the fresh catalyst and sample 1 are shown in Figure 5.

Table 3. Characterization of the Spent Catalyst Depending on Position in the Catalyst Bed

pore size distribution based on

pore diameter in nm

sample no.a
catalyst bed

position (mm)

total surface area

(BET) (m2/g)

relative decrease in

surface area (%)

pore volume

(BET) (mL/g) >10% 10�5% 5�2% <2%

TEM Pd diameterb,c

(nm)

1 0.0�9.6 101 72 0.321 1.3 7.4 76.2 15.2 7.7 ( 3.5 (11.9)

2 9.6�19.0 118 67 0.430 1.3 8.5 77.8 12.3 �
3 19.0�27.8 130 64 0.377 1.1 8.7 71.4 18.8 �
4 27.8�49.2 137 62 0.383 1.5 9.1 76.3 13.2 7.1 ( 4.5 (12.4)

5 49.2�69.8 157 57 0.502 1.4 10.5 70.4 17.7 �
6 69.8�100 166 54 0.474 1.3 10.0 67.0 21.8 6.0 ( 4.5 (11.4)

fresh catalyst � 361 0.873 2.0 15.5 73.2 9.3 6.7 ( 2.8 (12.8)

sibunitc,d � 504 1.23 66 10 14 10 �
a Flow direction: V. bXRD in parentheses. cXRDmean Pd particle based on volume calculated from the Scherrer formula; TEMbased on the frequency of
particles counted in the micrographs. dBased on ref 35.

Figure 5. TEM micrographs and particle diameter distributions of (left) a fresh catalyst bead and (right) a spent catalyst bead from the top of the bed
(catalyst sample 1).

http://pubs.acs.org/action/showImage?doi=10.1021/ie201273n&iName=master.img-004.jpg&w=400&h=335
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The differences observed between XRD and TEM mean Pd
particle sizes in Table 3 are due to the different way of counting
particles� XRDmean particle diameter is based on volume of the
particles while TEM mean particle diameter is based on the
number of particles in a small area. According to Figure 5, there
is a percentage of particles above 10 nm diameter which will
contributemuchmore to the average particle size based on volume
(XRD) in contrast to the average Pd diameter based on the
frequency of counted particles (TEM). The TEM micrographs
indicated an average diameter of palladium on the spent catalyst
was 7.7 nm near the inlet, whereas it was 6.1 nm near the outlet of
the reactor. Furthermore, the average Pd particle size in the fresh
catalyst was 6.7 nm. As TEM only analyses a tiny part of the
catalyst bead, these differences are within experimental uncer-
tainty. The mean particle diameters obtained via analysis of
scattered X-rays were within a narrower interval around 12 nm.
It can be therefore concluded that deactivation is not caused by
sintering. This is furthermore in accordance with previous reports
on fresh and spent Pd/Sibunit catalysts for decarboxylation, both
of 1 wt % or 5 wt % Pd loading. Spent catalysts reported in the
literature have active metal dispersions and particle sizes either
marginally bigger or of the same sizes as the fresh catalysts.35,37,40,47

3.3.3. Leaching.The effluent from the reactorwas collected in two
batchesof about 0.5 kgeach and analyzedby ICP-OES.The totalmass
of Pd in the effluent was 1.15 mg, indicating that 0.58% of the Pd
present in the catalyst bed (200 mg) had leached into the effluent
during the course of the entire time-on-stream period over 14 days at
300 �C. The leaching in the latter 7 days was only about one-third of
the leaching in the first 7 days of reaction (0.15% versus 0.43%). It is
therefore expected that the leaching was due to a few loosely bound
palladium particles on the catalyst surface and that leaching ceased
with time as these particles were removed. Deactivation is, therefore,
not due to leaching, which is in accordance with results the from pre-
vious studies concluding that no or less than 1% leaching of palladium
takes place during deoxygenation over 1 wt % Pd/sibunit.37,40

4. CONCLUSIONS

The transient and steady-state behaviors of continuous stearic
acid decarboxylation was studied over 2 wt % Pd/sibunit carbon
at 300 �C and 20 bar. Pure Ar and 5% H2 in Ar were used as
sweep gases, and both pure and dodecane-diluted feeds of stearic
acid were employed as reactants.

Dilute stearic acid was almost fully converted to heptadecane
in hydrogen-containing gas, whereas deactivation through the
formation of unsaturated compounds took place in pure argon
gas. Deactivation irreversibly changed the catalyst to produce CO
instead of CO2. Pure stearic acid selectively yielded around 12%
heptadecane in hydrogen-containing gas, whereas only 2%
heptadecane and likely formation of heavier compounds resulted
in hydrogen-free atmosphere.

The same catalyst was used during all of the experiments. A
deactivation gradient formed during reaction as a function of the
distance from the liquid feed inlet: the most deactivated catalyst
beads were those closest to the inlet. Deactivation took place
mainly through coke formation in the pores and on the surface,
but not by agglomeration, leaching, or sintering.
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