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a  b  s  t  r  a  c  t

In the  transformation  of lignocellulosic  biomass  into  fuels  and chemicals  carbon  carbon  bond  forma-
tions  and  rising  hydrophobicity  are  highly  desired.  The  ketonic  decarboxylation  fits  these  requirements
perfectly  as  it  converts  carboxylic  acids  into  ketones  forming  one  carbon  carbon  bond  and  eliminates
three  oxygen  atoms  as carbon  dioxide  and  water.  This  reaction  is used,  in  a cascade  process,  together  with
a hydrogenation  and  dehydration  catalyst  to  obtain  hydrocarbons  in  the kerosene  range  from  hexose-
derived  valeric  acid.  It is  shown  that  zirconium  oxide  is  a very  selective  and stable  catalyst  for  this  process
and  when  combined  with  platinum  supported  on  alumina,  the  oxygen  content  was  reduced  to  almost
zero.  Furthermore,  it  is demonstrated  that  alumina  is  superior  to active  carbon,  silica,  or  zirconium  oxide
etone hydrodeoxygenation
t/alumina
irconium oxide

as  support  for  the  hydrogenation/dehydration/hydrogenation  sequence  and  a palladium-based  catalyst
deactivated  more  rapidly  than  the  platinum  catalyst.  Hence,  under  optimized  reaction  conditions  valeric
acid is  converted  into  n-nonane  with  80%  selectivity  (together  with  a 10%  of C10–C15 hydrocarbons)  in
the  organic  liquid  phase  upto  a 100:1  feed  to catalyst  ratio  [w/w].  The  oxygen  free hydrocarbon  product
mixture  (85%  yield)  meets  well  with  the  boiling  point  range  of  kerosene  as  evidenced  by a  simulated
distillation.  In  the  gas  phase,  butane  was detected  together  with mainly  carbon  dioxide.
. Introduction

Carboxylic acids play a predominant role in biomass transforma-
ions into fuels and chemicals when lignocellulose is considered as

 raw material. On one hand they form part of the bio-oils obtained
y pyrolysis of lignocellulosic biomass. In these complex mixtures,
olatile carboxylic acids such as acetic, formic acid, and higher
omologues (acrylic acid, butyric acid, isobutyric acid, valeric acid,

sovaleric acid, etc.) can be found in lower concentration [1–4]. On
he other hand, carboxylic acids such as levulinic acid are available
n a more selective way with yields of 55% (with respect to the hex-
se content) from ground hardwood [5] or upto 70% from other
aw materials [6] via hydrolysis of hexoses like in the Biofine pro-

ess [5]. In aqueous acid conditions hexoses are first dehydrated to
-hydroxymethylfurfural (HMF) and this compound is then rehy-
rated and cleaved into levulinic acid and formic acid (Eq. (1)) [7].
herefore, levulinic acid is generally considered as a biomass-based
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building block and manifold conversions into chemicals and fuels
have been proposed.

(1)

For both, fuels and chemicals, the reduction of the oxygen con-
tent is an important issue. Hereby, the reduction of levulinic acid
into valeric (pentanoic) acid is straightforward via �-valerolactone
(GVL) [8,9]. In a certain version of the reaction exploiting the
raw material to a maximum, formic acid co-produced in the re-
hydration of HMF  has been used as hydride donor in the first

step [10,11]. For further reducing the oxygen content when treat-
ing carboxylic acids, and increasing the molecular weight at the
same time which is also highly desired in biomass transformations,
the ketonic decarboxylation is a very suitable and environmentally
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Scheme 1. Kinetically favored mechanism on zirconium oxide as established by theoretical DFT calculations (see [18]). Two  molecules of carboxylic acid are adsorbed in
a  different way onto the zirconium oxide surface, one by double deprotonation and the second by dehydroxylation. Then a carbon carbon bond is formed between both
molecules resulting in a �-keto acid. The latter is decarboxylated easily and protonation and desorption provides the ketone.
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cheme 2. Reaction sequence involving ketonic decarboxylation, hydrogenation of
he  intermediary olefin. For R = n-octyl see [21]; R = Me,  this work.

enign reaction [12]. This reaction is carried out at elevated temper-
tures (350–400 ◦C) in the presence of a catalyst and two  molecules
f carboxylic acid are fused to a ketone, expelling one molecule of
arbon dioxide and one of water (Eq. (2)). Further reagents are not
equired. Hence, from this sequence, i.e., dehydration, rehydration,
ydrogenation, and ketonic decarboxylation, compounds such as
-nonanone are available from hexoses (Eq. (3)).

(2)

(3)

Probably the ketonic decarboxylation also plays a decisive role
n the stabilization of the above mentioned bio-oils. When using
hem as a co-feed in fluid catalytic cracking units (FCCs) they need

 significant up-grade due to their high oxygen content [13]. Cat-
lysts (e.g., alkali and alkaline earth metal oxides supported on
morphous silica alumina) and reaction conditions (450 ◦C) [14]
esemble those of the ketonic decarboxylation for which a catalytic
ction of these oxides has been established in other cases [15,16].
urthermore, increased decarboxylation and dehydration has been
bserved for the pyrolysis in presence of these catalysts together
ith the reduction of the carboxylic acid amount.

Hence, these examples show the increasing interest in the
etonic decarboxylation for the production of ketones since first
erformed more than a century ago [12]. Then, the reaction mech-
nism [17] has been studied in detail by means of theoretical

FT calculations [18,19]. Thereby, it has been found that a reac-

ion mechanism via a �-keto acid requiring hydrogen atoms in
-position is kinetically favored (Scheme 1). In a first step, two
olecules of carboxylic acid are adsorbed onto the surface and
sulting ketone to an alcohol, dehydration of this compound, and hydrogenation of

“stabilized” for the reaction in a different way. One molecule is
deprotonated twice to yield an enediolate and the other molecule
is dehydroxylated. Then, the methylene group attacks nucleophli-
cally the carbonyl group of the dehydroxylated acid forming a
�-keto acid. The latter is decarboxylated to an enolate. Protonation
and desorption of all reaction products allow to close the catalytic
cycle.

This theoretical study has been carried out with zirconium
dioxide as catalyst which has been shown to be the most active
material among zirconium-cerium mixed oxide, cerium oxide, alu-
mina or silica [18]. The catalytic advantages of zirconium oxide
have been confirmed in a further study [20]. Therefore, this is a
material to be tested in multi-step transformations such as pre-
sented for the conversion of fatty acids into diesel and lubricants
[21]. In a cascade reaction the fatty acids have been converted into
fatty ketones over magnesium oxide, the ketones hydrogenated
to alcohols and hydrocarbons have been obtained by subsequent
dehydration and olefin hydrogenation (Scheme 2). The maximum
selectivity towards the corresponding hydrocarbon, i.e., tricosane
from lauric acid, was 58%. However, except for one case and using
approximately the same amount of feed as the weight of catalyst,
deoxygenation was  lower than 80% since, generally, the corre-
sponding ketone was observed with more than 20% selectivity. The
activity of the ketonic decarboxylation catalyst decreased with time
on stream.

In the present manuscript, we  show the possibility of obtain-
ing good yields of kerosene from levulinic acid in a two-bed one
fixed-bed continuous reactor by combining ZrO2 and Pt/Al2O3 in
the presence of hydrogen. The catalyst is stable under reaction
conditions.

2. Experimental part

Valeric acid (98%) and decanoic acid (99%) were purchased
from Sigma–Aldrich and 5-nonanone from Acros. All reagents were
used without any further purification. ZrO2, Al2O3, and SiO2 were
received from ChemPur and activated carbon from Norit. H2PtCl6·6
H2O (99%, Aldrich) and Pd(OAc)2 (Aldrich, 99%) were employed as
noble metal precursors.

The metal catalysts were prepared by the incipient wetness
impregnation method. Solutions with the corresponding concen-

trations of H2PtCl6·6 H2O and of Pd(OAc)2 were prepared in
water and toluene, respectively. The metal oxide supports were
impregnated as pellets (0.4–0.8 mm)  and dried in vacuum. In the
case of Pd(OAc)2 several impregnation steps were required to
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Fig. 1. Conversion and selectivity in the organic liquid phase for the ketonic
decarboxylation of decanoic acid over a fixed bed of zirconium oxide placed into
continuous reactor. � conversion pentanoic acid, � selectivity 10-nonadecanone;
for calculation of the yield see corresponding formula in the experimental part.
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Fig. 2. Conversion and selectivity in the organic liquid phase for the ketonic decar-
boxylation of valeric acid over a fixed bed of zirconium oxide placed into continuous
reactor at shorter contact time and with reactivation steps. � conversion pentanoic
acid 1st cycle, + selectivity 5-nonanone 1st cycle, © conversion pentanoic acid 2nd
cycle, − selectivity 5-nonanone 2nd cycle, � conversion pentanoic acid 3rd cycle, ×
selectivity 5-nonanone 3rd cycle, � conversion pentanoic acid 4th cycle, * selectivity
5-nonanone 4th cycle.
Reaction conditions: 1.00 g of catalyst was employed instead of 2.5 g; feed rate for
valeric acid: 0.24 mL/min; nitrogen gas flow: 50 mL/min; 400 ◦C reaction tempera-

with 2.5 g of catalyst. In the two-catalytic bed process 2.5 g of zir-
conium oxide was employed for the ketonic decarboxylation in
the first bed and 1.5 g of the hydrogenation catalyst placed down-
stream.

Fig. 3. Conversion and selectivity in the organic liquid phase for the ketonic decar-
boxylation of decanoic acid over a fixed bed of platinum supported onto zirconium
oxide placed into continuous reactor at different hydrogen pressures. � conversion
eaction conditions: feed rate for decanoic acid: 0.31 mL/min; nitrogen gas flow:
0  mL/min; 400 ◦C reaction temperature.

chieve the desired metal load. At the end of the impregnation
rocedure, all the catalysts were dried in an oven overnight at
00 ◦C.

Reactions were carried out in a reactor described elsewhere
18] with a back-pressure regulator placed at the exit of the reac-
or for pressure control. When decanoic acid was  employed as
ubstrate all parts of the reactor that were in contact with the
ubstrate were heated to 45 ◦C (melting point of decanoic acid
2 ◦C). In general, the feed was passed with a rate of 0.15 mL/min,
nd reaction temperature of the catalytic bed was 400 ◦C. At the
xit of the reactor the product was condensed (0 ◦C) and analyzed
ff-line by gas chromatography. In the ketonic decarboxylation
ith ZrO2 the mass balance for the liquid phase was  97 ± 2% (Cal-

ulated with respect to the theoretical yield, resting the weight
f carbon dioxide and water). With Pt/Al2O3, Pt/SiO2, and Pt/C
s a second catalytic bed the weight balance was  85% (Calcu-
ated again with respect to the theoretical yield having in mind
he hydrogen introduced and resting the weight of carbon diox-
de and two molecules of water). With Pd/Al2O3 and Pt/ZrO2, the

eight balance was 80 and 65%, respectively. With Pt/ZrO2 as single
ed the mass balance was 55–70%. Gaseous effluents were ana-

yzed off-line on a GC apparatus equipped with three detectors.
wo detectors were thermal conductivity detectors (TCD) for the
nalysis of H2 (separated on a 2 m molecular sieve 5 Å  column)
nd of CO, CO2, and N2 (separated on a 2.5 m molecular sieve
3X column). The third detector was a flame ionization detec-
or (FID) for the analysis of C1–C5 hydrocarbons separated on a
0 m Plot/Al2O3 column. Main components were CO2, CO, methane,
utane, and pentane depending on the catalyst of the second cat-
lytic bed.

The amount of water obtained for the ketonic decarboxylation
as 47% on average. Its yield might be lowered by incomplete

ondensation. The amount of water obtained in the hydrodeoxy-
enation of 5-nonanone at 400 ◦C was 37% on average. Again, yield
ight be lowered by incomplete condensation. The yields of water

hases for the combined ketonic decarboxylation and hydrodeoxy-
enation are stated in the captions of the corresponding figures.
he stoichiometrical amount would be two equivalents. A higher
mount might be due to carbon dioxide methanation and a lower
toichiometric amount due to incomplete condensation as stated

efore.

The metal-containing catalysts were activated (reduced) in-situ
n the reactor. The reactor was purged with nitrogen and then with
ture. After each cycle the catalyst was calcined in-situ. The yield of the water phase
was 47% on average.

hydrogen. Applying a hydrogen pressure of 40 bar and a hydrogen
flow of 470 mL/min the catalyst was  treated at the boiling point
of the solvent used for the impregnation step during one hour
and at 400 ◦C for two  hours. The heating ramp was 9 ◦C/min in all
cases.

The ketonic decarboxylation of decanoic acid was carried out at
a contact time (W/F) of 0.31 h employing 2.5 g of zirconium oxide.
When the reaction was carried out with valeric acid with a con-
tact time (W/F) of 0.074 h, 1.0 g of zirconium oxide was used. The
study of the bifunctional catalyst for ketonic decarboxylation and
hydrogenation in one bed, i.e., with 3% Pt/ZrO2, was  carried out
decanoic acid, © selectivity nonane, � selectivity to 10-nonadecanone, � selectivity
nonadecane, + selectivity to other hydrocarbons, * selectivity to decane.
Reaction conditions: feed rate for decanoic acid: 0.15 mL/min; hydrogen gas flow:
430  mL/min; 400 ◦C reaction temperature.
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Fig. 4. Conversion of 5-nonanone over a Pt/alumina catalytic bed at different temperatures: (a) 100 ◦C, (b) 200 ◦C, (c) 300 ◦C, and (d) 400 ◦C. 5-nonanone can be hydrogenated
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o  5-nonanol, the alcohol dehydrated and the resulting olefin again hydrogenated
onanol, � selectivity 4-nonene, + selectivity to other hydrocarbons (upto C8), * sel
eaction conditions: 1.5 g of catalyst was employed; feed rate for 5-nonanone: 0.15
n  average.

The conversion has been calculated by the following formula:

/% = 100 − (S × MB/%)/100
eing X = Conversion, S = Selectivity of the substrate in the organic
iquid, and MB  = mass balance for the organic liquid.

ig. 5. Conversion and selectivities in the organic liquid phase for the transforma-
ion of valeric acid over a zirconium oxide and a Pt/alumina bed at different contact
imes W/F. � conversion pentanoic acid, � selectivity 5-nonanone, � selectivity
onane, © selectivity to C10–C15 hydrocarbons, + selectivity to other hydrocarbons
upto C8), * selectivity to oxygenated compounds.
eaction conditions: hydrogen gas flow: 470 mL/min; 40 bar hydrogen pressure;
00 ◦C reaction temperature. The yield of the water phase was 2.1 equiv. per valeric
cid employed on average.
eld n-nonane. � conversion 5-nonanone, � selectivity nonane, © selectivity to 5-
y to oxygenated compounds.
in; hydrogen gas flow 470 mL/min. At 400 ◦C the yield of the water phase was  37%

The yield (Y) for the different organic compounds can be calcu-
lated by the following formula:

Y/% = (S/% × X/% × MB/%)/10,000
being S = Selectivity of the corresponding compound in the liq-
uid organic phase, X = Conversion and MB = mass balance for the
organic liquid.

Fig. 6. Development of conversion and selectivity in the organic liquid phase
with time on stream when valeric acid was passed over a zirconium oxide and a
Pt/alumina bed. � conversion pentanoic acid, � selectivity 5-nonanone, � selectivity
nonane, © selectivity to C10–C15 hydrocarbons, + selectivity to other hydrocarbons
(upto C8), * selectivity to oxygenated compounds; for calculation of the yield see
corresponding formula in the experimental part.
Reaction conditions: feed rate for valeric acid: 0.15 mL/min; hydrogen gas flow:
470 mL/min; 40 bar hydrogen pressure; 400 ◦C reaction temperature. The yield of
the water phase was 2.6 equiv. per valeric acid employed on average.
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Fig. 9. Development of conversion and selectivity in the organic liquid phase
with time on stream when valeric acid was  passed over a zirconium oxide and
a  Pt/zirconium oxide bed. � conversion pentanoic acid, � selectivity 5-nonanone,
�  selectivity nonane, © selectivity to C10–C15 hydrocarbons, + selectivity to other
hydrocarbons (upto C8), * selectivity to oxygenated compounds.
ig. 7. Simulated distillation for the product mixture obtained when valeric acid
as  passed over a zirconium oxide and a Pt/alumina bed (cf. Fig. 6) at a basis of a

erosene boiling point range from 145 to 300 ◦C.

. Results and discussion

The stability of zirconium oxide with time on stream was first
ested under the standard reaction conditions employed for the
election of this metal oxide as active material for the ketonic
ecarboxylation [18]. Hence, decanoic acid was passed as feed with

 contact time, defined as weight of catalyst per weight of feed
assed during one hour (W/F), of 0.31 h. Under these conditions
he conversion was complete and the selectivity towards the
orresponding ketone, i.e., 10-nonadecanone, was >95% in the
rganic liquid (Fig. 1). This result does not change during 24 h time
n stream, when already 100 g of substrate was passed per gram of
atalyst and the mass balance for organic and aqueous liquid phase
as 97%. To better study catalyst deactivation, the contact time was
ecreased (W/F = 0.074 h), so the conversion was lower than 100%.
he substrate feed was changed to the hexose biomass-derived
aleric acid. The latter was selected as biomass-derived starting
aterial for the present study. With these changes the initial

onversion was 85% and it decreased approximately 15 percentage
oints to 70% when passing more than 90 g of substrate per gram of

atalyst (Fig. 2). At this point the reaction was stopped, the catalyst
eactivated by calcination (500 ◦C, 2 h, air flow of 50 mL/min)
nd after this treatment, the initial activity and conversion was

ig. 8. Development of conversion and selectivity in the organic liquid phase with
ime on stream when valeric acid was passed over a zirconium oxide and a Pt/silica
ed. � conversion pentanoic acid, � selectivity 5-nonanone, � selectivity nonane,

 selectivity 4-nonene, + selectivity to other hydrocarbons (upto C8), * selectivity
-nonanol.
eaction conditions: feed rate for valeric acid: 0.15 mL/min; hydrogen gas flow: 470
L/min; 40 bar hydrogen pressure; 400 ◦C reaction temperature. The yield of the
ater phase was  0.75 equiv. per valeric acid employed on average.
Reaction conditions: feed rate for valeric acid: 0.15 mL/min; hydrogen gas flow:
470 mL/min; 40 bar hydrogen pressure; 400 ◦C reaction temperature. The yield of
the water phase was 1.2 equiv. per valeric acid employed on average.

practically recovered (Fig. 2). Hence, the catalytic cycle was  carried
out four times with three intermediate activation steps. After the
whole reaction/reactivation sequence the values for the conversion
were approximately 5% lower than the initial ones indicating that
the catalyst can be subjected to cycles of reaction-regeneration.
At this point, we concluded that zirconium oxide was not only
an active and selective catalyst for the ketonic decarboxylation
as reported before [18] but also stable with time on stream.
Therefore, the oxide was  considered as a suitable catalyst for the
first step in a combined process including ketonic decarboxylation
and hydrogenation. Furthermore, the change of the carrier gas
from nitrogen to hydrogen should not have a negative effect on
the catalytic performance as demonstrated before [20].

After the fourth in-situ calcination of the catalyst, a thermo-
gravimetric analysis showed that no organic deposits remained on
the surface. In fact, upto a temperature of 200 ◦C only 2% weight
loss was observed that was  attributed to water desorption. In the
temperature range from 200 to 800 ◦C the weight reduction was
an additional one percent which might also be due to dehydration
reactions. The BET surface area of the used catalyst was signifi-
cantly decreased from 104 m2/g, measured with the fresh catalyst,
to 78 m2/g after the catalytic reaction.

Since the catalytic behavior of ZrO2 for the ketonic decar-
boxylation was quite good, we  decided to prepare a bifunc-
tional metal/ZrO2 catalyst to perform in a single catalytic
bed where the ketonic decarboxylation and the hydrogena-
tion/dehydration/hdyrogenation of the ketone was  formed. It has
been shown that stearic acid [22] or tall oil derived fatty acids [23]
are decarboxylated in the presence of supported platinum or pal-
ladium catalysts with an excellent conversion and high yield of the
corresponding n − 1 hydrocarbons [24]. Interestingly, the reaction
temperature was also elevated, namely, between 300 and 350 ◦C.
An acidic tungsten/zirconium mixed oxide [25] has also been used
as catalyst support, but selectivity towards the corresponding n − 1
hydrocarbon did not exceed 60%. In our work, 3 wt.% of Pt was sup-
ported onto zirconium oxide, placed into a tubular stainless-steel
reactor and reduced in-situ at 400 ◦C during 2 h at 40 bar hydrogen
pressure. For a preliminary study, decanoic acid was preferred over

valeric acid, since the corresponding product, i.e., nonane was  eas-
ier to condense and to analyze off-line than butane. From Fig. 3 it
can be seen that, indeed, nonane was the main product in the liq-
uid organic phase with selectivities ranging from 55 to 80% over the
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Fig. 10. Development of conversion and selectivity in the organic liquid phase with
time on stream when valeric acid was  passed over a zirconium oxide and a Pt/C
bed.  � conversion pentanoic acid, � selectivity 5-nonanone, � selectivity nonane,
©  selectivity to C10–C15 hydrocarbons, + selectivity to other hydrocarbons (upto C8),
*  selectivity to oxygenated compounds.
Reaction conditions: feed rate for valeric acid: 0.15 mL/min; hydrogen gas flow:
A. Corma et al. / Journal of Molecular Ca

hole range of tested hydrogen pressures (1–20 bar). The low mass
alance in the liquid phase (55–70%) indicates that further frag-
entation reactions occur giving hydrocarbons in the gas phase.

roducts with nineteen carbon atoms such as nonadecanone or
onadecane were observed in significant amount (>5%) only at a
ne bar hydrogen pressure.

The extensive fragmentation observed with the bifunctional
atalyst prompted us to separate the two processes, i.e., ketonic
ecarboxylation and hydrodeoxygenation by using two consecu-
ive catalytic beds. The top bed was formed by ZrO2 which nicely
atalyzes the ketonic decarboxylation, while the second bed was
ormed by Pt/Al2O3 as catalyst that should perform well the hydro-
enation reaction. However, in a previous step, the hydrogenation
f a ketone (5-nonanone) was studied on Pt/Al2O3 under differ-
nt reaction temperatures (100–400 ◦C) and pressures (1–40 bar).
he results given in Fig. 4 clearly shows that working at 40 bar
2, it is possible to perform the hydrogenation of the ketone with
igh activity and selectivity at 400 ◦C that matches the tempera-
ure required for the ketonic decarboxylation. Then, a process can
e used that involves one fixed bed reactor with two consecutive
atalytic beds: ZrO2 and Pt/Al2O3, by working at 400 ◦C and 40 bar
f hydrogen.

At this point, valeric acid was passed through a continuous flow
eactor at 400 ◦C with two catalytic beds, i.e., zirconium oxide (2.5 g)
nd platinum supported on alumina (1.5 g) while the flow of valeric
cid was 9.0 g h−1. When the contact time was shortened to the half,
.e., doubling the feed rate from 9.0 to 18.0 g h−1, the selectivity
owards the desired nonane was constant at an 80% level of the
iquid organic phase (yield of the organic phase 85%, Fig. 5) but the
onversion of the intermediary 5-nonanone decreased slightly and
0% of the ketone remained in the effluent of the continuous flow
eactor.

Valeric acid was passed upto a ratio of 100 g per gram of zirco-
ium oxide and 85% was recovered as liquid product. From Fig. 6 it
an be seen that the yield of nonane in the liquid organic phase
id not change with time on stream and no indication of cata-

yst deactivation was detected. This is a considerable improvement
ith respect to the previous system MgO-Pt/Al2O3 employed for

he synthesis of lubricants [21]. Probably, the better stability of the
rst catalytic bed with time on stream, avoiding the contact of the
ydrodeoxygenation bed with unreacted carboxylic acids, was  also
he reason for the improved stability of the second catalytic bed.

Interestingly, a 10% fraction of hydrocarbon products within a
ange of 10–15 carbon atoms was detected in the liquid organic
hase. This revealed that besides the ketonic decarboxylation, fur-
her carbon carbon bond formation occurred under the present
eaction conditions. The main product (60%) was  4-methylnonane
s identified by GC–MS. We  assume that it was formed on the
etone stage with partly reduced carbon dioxide to methanol
methylation) or formaldehyde (aldol condensation with subse-
uent hydrogenation). The simulated distillation demonstrated
hat the boiling point range of the whole product mixture matched
ell with the one of kerosene fuel from 145 to 300 ◦C (Fig. 7).

In summary, it was concluded that the combination of
irconium oxide as ketonic decarboxylation catalyst together
ith platinum supported onto alumina for the hydrogena-

ion/dehydration/hydrogenation sequence was  a very suitable
ystem with respect to deoxygenation and maintaining this cat-
lytic performance.

We  have also considered other Pt supported catalysts. Hence,
s alternative supports silica, active carbon, and zirconium oxide
ere used and palladium was also used as an alternative hydro-
enation functionality. With silica as support the hydrogenation
f 5-nonanone was not complete and 20% of this compound
as detected in the reactor effluent at a similar mass balance of

5% for the liquid phase (Fig. 8). Furthermore, the hydrogenation
470 mL/min; 40 bar hydrogen pressure; 400 ◦C reaction temperature. The yield of
the water phase was 1.1 equiv. per valeric acid employed on average.

activity decreased immediately after having passed an amount of
feed equal to twice the weight of the catalyst. In contrast, with
zirconium oxide as support the deoxygenation was almost com-
plete (Fig. 9). However, the selectivity towards the desired nonane
hydrocarbon started at 65% and decreased rapidly to below 50%.
The reason for the low selectivity was the formation of shorter chain
hydrocarbons formed by cracking of nonane or one of its precur-
sors, as we  saw before. This fragmentation was  also reflected in
the amount of organic liquid recovered that decreased from 85 to
65%. In the gas phase ethane, propane, and butane were detected in
significant amounts, and when they were considered, the mass bal-
ance was 100 ± 2%. With active carbon as support for the platinum
similar results as for alumina were observed. Nonane was obtained
with almost 80% selectivity of the liquid organic phase (mass bal-
ance 85% as for Pt/Al2O3), but a small part of 5-nonanone upto 5%
was still present in the product stream (Fig. 10).

It is assumed that the support helps to dehydrate the interme-
diary alcohol formed by ketone hydrogenation (cf. Scheme 2) and
for this activity a well-balanced Brönsted-acidity is required. In
this respect, it seems that the sites of alumina have the best prop-
erties, closely followed by the active carbon. In the case of silica
the strength of the sites is too low evidenced by a low and easily
deactivated deoxygenation activity. In contrast, zirconium oxide
possesses too strong sites inducing, apart from the desired com-
plete dehydration, additional undesired fragmentation reactions.
These fragmentation reactions lower also the mass balance for the
liquid phase from 85% for the other catalysts to 65% when using
Pt/ZrO2 as hydrodeoxygenation catalyst.

When the platinum (on alumina) was substituted by palladium
the results were very similar or even improved. The selectivity
towards nonane was slightly improved to 85% (versus 80%) and
also a small quantity of C10–C15 hydrocarbons was  observed at a
slightly lower mass balance for the liquid phase, i.e., 80% instead of
85% (Fig. 11). However, after passing a 30-fold amount of the weight
of the catalyst, the selectivity for nonane started to decrease and
finally reached half of the initial value. As reported before, with plat-
inum on alumina 100 times the catalyst weight of feed was  passed
without any change in the catalytic performance. The reason for the

lower selectivity in the case of palladium was the deactivation of
the hydrogenation activity evidenced by the increasing selectivity
for 5-nonanone (Fig. 11).
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Fig. 11. Development of conversion and selectivity in the organic liquid phase
with time on stream when valeric acid was passed over a zirconium oxide and a
Pd/alumina bed. � conversion pentanoic acid, � selectivity 5-nonanone, � selectivity
nonane, © selectivity to C10–C15 hydrocarbons, + selectivity to other hydrocarbons
(upto C8), * selectivity to oxygenated compounds.
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eaction conditions: feed rate for valeric acid: 0.15 mL/min; hydrogen gas flow:
70 mL/min; 40 bar hydrogen pressure; 400 ◦C reaction temperature. The yield of
he water phase was  1.2 equiv. per valeric acid employed on average.

Therefore, it can be concluded that alumina, in combination with
latinum, was the most efficient material for the selective trans-
ormation of the intermediary 5-nonanone into nonane. Palladium
osses rapidly the hydrogenation activity and other supports were
ither less selective (zirconium oxide) or less active (active carbon,
ilica).

. Conclusion

The combination of zirconium oxide with platinum supported
nto alumina, placed in this order in a fixed bed continu-
us flow reactor, is a very suitable catalytic system to convert
arboxylic acids into a hydrocarbon mixture. At a reaction tem-
erature of 400 ◦C the ketonic decarboxylation on zirconium oxide
resented high selectivity and excellent stability with time on
tream. It can be reactivated by calcination so that after several
ycles only a 5% decrease in activity was observed. The hydro-
enation/dehydration/hydrogenation catalyst platinum/alumina
rovided complete elimination of the oxygen with an excellent sta-
ility with time on stream. Hence, approximately 250 g of valeric
cid were converted into a hydrocarbon mixture with 2.5 g of zirco-
ium oxide and 1.5 g of platinum/alumina without observing any

atalyst deactivation. It was shown that alternative supports such
s silica, zirconium oxide or active carbon or palladium instead of
latinum achieved incomplete deoxygenation or showed a rapid
ecrease in the catalytic activity.

[

[

 A: Chemical 388–389 (2014) 116–122

The boiling point range of the product mixture matched well
with the one of kerosene although for an application as jet fuel fur-
ther isomerization might be advantageous. When hexose-derived
valeric acid was  employed as substrate, approximately 80% of the
product was n-nonane plus another 10% of C10–C15 hydrocarbons
are present in the liquid organic phase (85% mass balance). Butane
was detected in the gas phase together with carbon monoxide, car-
bon dioxide and methane, and the global mass balance was closed
with 100 ± 2%.
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