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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
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.

©  2013  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Carboxylic acids play a predominant role in biomass transforma-
tions into fuels and chemicals when lignocellulose is considered as
a raw material. On one hand they form part of the bio-oils obtained
by pyrolysis of lignocellulosic biomass. In these complex mixtures,
volatile carboxylic acids such as acetic, formic acid, and higher
homologues (acrylic acid, butyric acid, isobutyric acid, valeric acid,
isovaleric acid, etc.) can be found in lower concentration [1–4]. On
the other hand, carboxylic acids such as levulinic acid are available
in a more selective way with yields of 55% (with respect to the hex-
ose content) from ground hardwood [5] or upto 70% from other
raw materials [6] via hydrolysis of hexoses like in the Biofine pro-
cess [5]. In aqueous acid conditions hexoses are first dehydrated to
5-hydroxymethylfurfural (HMF) and this compound is then rehy-
drated and cleaved into levulinic acid and formic acid (Eq. (1)) [7].
Therefore, levulinic acid is generally considered as a biomass-based

∗ Corresponding authors at: Instituto de Tecnología Química, Avda. los Naranjos
s/n,  Valencia 46022, Spain. Tel.: +34 963870000.

E-mail addresses: acorma@itq.upv.es (A. Corma), mrenz@itq.upv.es (M.  Renz).

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.

Scheme 2. Reaction sequence involving ketonic decarboxylation, hydrogenation of the resulting ketone to an alcohol, dehydration of this compound, and hydrogenation of
the  intermediary olefin. For R = n-octyl see [21]; R = Me,  this work.

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

(2)

(3)

Probably the ketonic decarboxylation also plays a decisive role
in the stabilization of the above mentioned bio-oils. When using
them as a co-feed in fluid catalytic cracking units (FCCs) they need
a significant up-grade due to their high oxygen content [13]. Cat-
alysts (e.g., alkali and alkaline earth metal oxides supported on
amorphous silica alumina) and reaction conditions (450 ◦C) [14]
resemble those of the ketonic decarboxylation for which a catalytic
action of these oxides has been established in other cases [15,16].
Furthermore, increased decarboxylation and dehydration has been
observed for the pyrolysis in presence of these catalysts together
with the reduction of the carboxylic acid amount.

Hence, these examples show the increasing interest in the
ketonic decarboxylation for the production of ketones since first
performed more than a century ago [12]. Then, the reaction mech-
anism [17] has been studied in detail by means of theoretical
DFT calculations [18,19]. Thereby, it has been found that a reac-
tion mechanism via a �-keto acid requiring hydrogen atoms in
�-position is kinetically favored (Scheme 1). In a first step, two
molecules of carboxylic acid are adsorbed onto the surface and

“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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