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a b s t r a c t 

The combination of a low cost source of Biofine’s levulinic acid with available way of valeric acid syn- 

thesis opens up new opportunities for valeric acid as a promising bio-derived source for synthesis of 

valuable compounds for transportation sector. The present review illustrates the development of different 

approaches to one–pot synthesis of fuel-like alkanes from lignocellulose derived carboxylic acids where 

particular focus is given to valeric acid consecutive decarboxylative coupling (ketonization) and ketone 

hydrodeoxygenation in a single reactor over one catalyst bed. The key factors that influence the catalytic 

performance on both ketonization and hydrodeoxygenation steps as well as their cross-influence will be 

clarified to provide insights for the design of more efficient catalysts for the one-pot transformation. Va- 

leric acid is considered as a potential acid source from viewpoint of cost effectiveness and feasibility of 

such transformation with reasonable alkane yield. The both reaction mechanisms and kinetics will also 

be discussed to understand deeply how the selective C –C coupling and following C = O hydrogenation can 

be achieved. 

© 2016 Science Press and Dalian Institute of Chemical Physics. All rights reserved. 
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1. Introduction 

The biomass-based technologies have been acknowledged as

becoming competitive options to convert bioresources into fu-

els/chemicals having the potential to replace at least a certain parts

of the total fossil fuel consumption. The interest in biomass con-

version to value-added chemicals increased constantly during the

last 10 years in industry and academia. For the former it is a chal-

lenge to find alternative syntheses for substances that are currently

obtained starting from petroleum. The challenge that might also

be a chance is that bio-derived and petroleum-based feedstock

involve diametrically opposite polarity characteristics. Petroleum

consists of apolar hydrocarbons, immiscible with water, that have

to be oxy-functionalized in many cases in industrial processes

when chemicals rather than fuels are desired. On the contrary,

biomass consists of highly oxy-functionalized molecules that have

to be dehydrated and hydrogenated, especially if alkane-based fu-

els are the desired products [1,2] . In the transformation of ligno-
cellulosic biomass into fuels and chemicals carbon–carbon bond 
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ormations and increasing hydrophobicity are highly desired. Ke-

onic decarboxylation fits these requirements very well as in this

eaction carboxylic acids are converted into ketones forming one

arbon–carbon bond and eliminates three oxygen atoms as carbon

ioxide and water. This reaction could be used in a cascade mode

ogether with hydrogenation and dehydration catalysts to obtain

ydrocarbons in the kerosene range from hexose-derived valeric

cid (VA) [3] . In the case of chemicals alternative ways of synthesis

re possible which might even be more economical when an ad-

antage is taken from the molecule structure. This progress has to

e supported by academia by developing and optimizing synthesis

ethods that accept biomass platform molecules as starting ma-

erials. Cost effective processes adapted to the molecular structure

f highly functionalized biomass molecules have to be designed to

ake the quality and price of chemical compounds more compet-

tive with respect to those obtained by traditional routes. A num-

er of publications dedicated to biomass conversion into fuel and

hemicals increased dramatically during the last years [4–9] . Ex-

ensive literature surveys covering this subject were published re-

ently [10–17] . 

The present review illustrates one of the promising approaches

or the synthesis of fuel-like alkanes from lignocellulose derived

cids including consecutive decarboxylative coupling (ketonization)
ved. 

http://dx.doi.org/10.1016/j.jechem.2016.01.004
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jechem
mailto:dmurzin@abo.fi
http://dx.doi.org/10.1016/j.jechem.2016.01.004


I.L. Simakova, D.Yu. Murzin / Journal of Energy Chemistry 25 (2016) 208–224 209 

Fig. 1. Scheme of the Biofine process developed for the conversion of lignocellulosic wastes into levulinic acid [30] . Reproduced with permission from Royal Society of 

Chemistry. 
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nd ketone hydrogenation in a single reactor. Valeric acid is viewed

s a potential acid source for this process taking into account cost

ffectiveness and f easibility of such transformation through differ-

nt ways with a reasonable alkane yield. 

. Alkanoic acids as a cost effective starting material 

An interesting trend in current biomass conversion strategies

nvolves utilization of biomass-derived alkanoic acids coming from

ellulose, hemicellulose, tall oil and vegetable oil for production of

aluable chemicals and motor fuel components [18–24] . Levulinic

cid being one of important bio-derived platform molecules plays a

redominant role in biomass transformations into fuels and chem-

cals when lignocellulose is considered as a raw material [25] . 

.1. Synthesis of levulinic acid 

Levulinic acid has been known as a versatile chemical for over

0 years, however earlier levulinic acid (LA, 4-oxopentanoic acid)

as been often considered as an expensive and relatively small

arket specialty chemical (with about 1 million lb/year production

t a selling price $4.0 0–$6.0 0/lb) [26–28] . Such high price has in-

ibited its widespread use, however, recent economic projections

ndicated that the LA production cost could fall as low as $0.04–

0.10/lb depending on the scale of the operation due to a new

A production process developed by Biofine Corporation [2,29,30]

 Fig. 1 ). The technology has been demonstrated on a 1 ton/day

cale at a facility in South Glens Falls, New York. 

.2. Synthesis of valeric acid 

This cost effective production allows LA to be an economic

tarting material for production of fuel substitutes, monomers,

ovel pesticides and a wide range of commodity chemicals, such

s γ -valerolactone (GVL), valeric acid (VA) and their derivatives. VA

an be prepared from LA either through a single-step or two-stage

rocess going first through GVL synthesis and its further conver-

ion to VA. Kon et al. [31] were the first to report a highly selec-

ive single-step conversion of LA to VA or valeric acid esters over

t/HMFI catalyst under low H 2 pressure (0.2 or 0.8 MPa) condi-

ions, with selectivity to VA or its esters being completely depen-

ent on the solvent used. The reaction starts with hydrogenation
n Pt sites of LA to GVL, which undergoes ring-opening on Bron-

ted acid sites of H-MFI to give pentenoic acid. This intermediate is

ydrogenated on Pt sites to yield VA. If the ring-opening Bronsted

cid sites are not near the hydrogenation sites (Pt), pentenoic acid

s an intermediate could undergo polymerization. This is a possible

eason why a physical mixture of Pt/SiO 2 and HMFI gives a lower

ield ( ∼48%) than Pt/HMFI ( ∼83% in toluene, 99% in solvent-free

onditions and 19% in dioxane). Luo et al. also showed [32] that

A can be prepared directly by conversion of LA over 1 wt% Ru/H-

SM5 at 4 MPa H 2 and 473 K in dioxane with the yield of 91.3% af-

er 10 h ( Fig. 2 ). Direct synthesis, however, suffers from catalyst de-

ctivation caused by carbon residue deposition on the strong acid

ites. Thus a more effective way of VA synthesis includes two sep-

rately implemented transformations: first LA conversion to GVL

ollowed by conversion of the latter into VA. 

Different approaches to GVL synthesis from LA have been re-

orted. The review [6] pinpointed the unique physical and chemi-

al properties of GVL which makes it an ideal liquid for use as an

ntermediate in chemical industry or for energy storage [33] . 

As discussed in [6] GVL was obtained with 97% yield by hydro-

enation of levulinic acid at 423 K over 5 wt% Ru/C catalyst. Hy-

rogenation was optimized by making a continuous process over

u/SiO 2 catalyst in supercritical CO 2 resulting in 99% yield and an

asy separation of GVL from water [6] . Pt/TiO 2 or Pt/ZrO 2 catalysts

fforded continuous hydrogenation of levulinic acid with marginal

eactivation over 100 h yielding 95% of GVL [6] . The direct syn-

hesis of GVL from fructose aqueous solutions without isolation of

evulinic acid was achieved with a 62% yield in an autoclave pres-

urized with hydrogen and loaded with water, trifluoroacetic acid

nd Ru/C catalyst [6] . Hydrogenation of levulinic acid to GVL was

lso performed using formic acid as a hydrogen donor in the pres-

nce of ruthenium catalysts [34] . Leitner and coworkers [35] con-

ucted hydrogenation of levulinic acid in the presence of ruthe-

ium complexes. Further improvement was achieved over Ni cat-

lysts without any solvent, whereby the GVL yield increased to

2% at 100% levulinic acid conversion [36] . In the second stage of

A synthesis GVL could be effectively converted to VA by com-

ining ring-opening over acid sites and hydrogenation reactions

n metal sites ( Fig. 3 ) using a water stable bifunctional Pd/Nb 2 O 5 

atalyst at moderate temperatures and pressures [37] as well as

 variety of other bifunctional metal–acid catalysts ( Fig. 3 ) [38] .



210 I.L. Simakova, D.Yu. Murzin / Journal of Energy Chemistry 25 (2016) 208–224 

Fig. 2. Scheme of direct LA into VA synthesis over multifunctional Ru/H-ZSM5 [32] . 

Fig. 3. Scheme of two-step levulinic acid transformation into valeric acid. 
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Production of the desired VA is, however, accompanied with the

formation of n -butane by decarboxylation of VA over metal sites

with the release of stoichometric amounts of CO x , along with n -

pentane as a result of successive hydrogenations and dehydrations

of VA over metal and acid sites, respectively [39] . 

Importantly, because of its low solubility in water, VA can be

obtained in the separator at the effluent of the reactor as an or-

ganic layer that is spontaneously separated from water and accu-

mulate almost 80% of the reacted carbon. A decrease in the hy-

drogen partial pressure in the reactor also favored formation of VA

at the expense of hydrogenation and decarboxylation products. A

proper choice of the metal catalyst and reaction conditions leads

to a yield of VA equal to 92%, with 95% of the carbon being stored

in the organic layer (Pd (0.1%)/Nb 2 O 5 , 50 wt% GVL, 598 K, 3.5 MPa

H 2 , WHSV = 1.2 h 

−1 ) [37] . Overall the two-stage process enables

production of VA from levulinic acid with more than 80% yield.

Combination of a low cost source of Biofine’s LA with a chem-

ically and technologically feasible way of VA synthesis will help

to explore new opportunities of VA utilization as a promising bio-

derived source for further synthesis of added-value compounds. 

3. Promising strategies for synthesis of fuel-like alkanes from 

carboxylic acids 

Synthesis of alkanes from carboxylic acids is of great interest,

thus a substantial effort was put on establishing processes that

transform different biomass-derived products into liquid fuels and

chemicals. The main strategies for these transformations consid-

ered in the literature involve coupling of carboxylic acids into high

molecular weight compounds followed by hydrodeoxygenation to

alkanes [40,41] ( Fig. 4 ). 
Corma et al. showed a possibility of obtaining good yields of

erosene from VA in a two-bed continuous reactor by combin-

ng ZrO 2 and Pt/Al 2 O 3 in the presence of hydrogen [3] . The com-

osite catalyst was stable under reaction conditions ( Fig. 5 ). Acid-

nriched organic phase obtained after aqueous phase reforming

lso can be used for such transformation [42] . Branched alkanes

or gasoline application were suggested to be prepared through al-

ol condensation of ketones prior to their hydrogenation to alkanes

r post-isomerization of alkanes. 

Gurbuz et al. [43] suggested upgrading mono-functional inter-

ediates produced by catalytic conversion of sugars and polyols

ver Pt–Re/C catalysts (consisting of alcohols, ketones, carboxylic

cids, and heterocyclic compounds) to fuel-grade compounds us-

ng two catalytic reactors operated in a cascade mode ( Fig. 6 ).

he first reactor achieves C 

–C coupling of monofunctional inter-

ediates using a dual-bed catalytic system, where the upstream

atalyst bed CeZrO x is employed to carry out ketonization of car-

oxylic acids, and the downstream catalyst bed Pd/ZrO 2 is used to

chieve aldol condensation/hydrogenation of alcohols and ketones.

t was found that ketonization must be performed prior to aldol

ondensation/hydrogenation, because the active basic sites in the

ldol condensation catalyst are poisoned by the presence of car-

oxylic acids [42,44] . The high molecular weight ketones produced

y C 

–C coupling reactions in the dual-bed catalyst system are sub-

equently converted to alkanes by hydrodeoxygenation (i.e., de-

ydration/hydrogenation) over a Pt/SiO 2 –Al 2 O 3 catalyst. Using the

forementioned approach, an aqueous feed containing 60 wt% sor-

itol was converted to a liquid stream of alkanes, 53% of which

onsisted of C 7 + alkanes with minimal branching, desirable for

iesel fuel [43] . 

Hydrocabon-based gasoline or diesel components were re-

orted to be prepared directly from levulinic acid through its
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Fig. 4. Scheme of carboxylic acids coupling into high molecular weight compounds followed by hydrodeoxygenation to alkanes [40,41] . 

Fig. 5. Reaction sequence involving ketonic decarboxylation, hydrogenation of the resulting ketone to an alcohol, dehydration of the latter, and hydrogenation of the inter- 

mediary olefin. For R = n -octyl see [40] ; R = Me [3] . 

Fig. 6. Reaction pathways for ketonization, aldol condensation/hydrogenation and dehydration/hydrogenation for representative C 5 species. Species IIa and IIb are formed by 

ring-opening through C –O bond cleavages denoted in the figure [43] . Reproduced with permission from Royal Society of Chemistry. 

Fig. 7. Direct synthesis of fuel components from levulinic acid [45,46] . 

Fig. 8. Scheme of consecutive ketonic decarboxylation and hydrodeoxygenation of valeric acid. 
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onversion into butene followed by oligomerization to the com-

ounds with a proper mass [45,46] ( Fig. 7 ). 

A simple catalytic process to obtain fuels rich in branched alka-

es with 8–12 carbons and aromatics via hydrodeoxygenation of

iomass-derived angelica lactone dimers/trimers obtained by C 

–C

oupling of α- and β-angelica lactones was investigated [47] . 

Along with these described strategies catalytic VA transforma-

ion into C 9 alkane can be suggested where VA can be converted to

he potential fuel components sequentially passing throughout two

ingle-bed reactors: (1) ketonization over a metal oxide in inert at-

osphere with CO 2 and H 2 O release and (2) hydrodeoxygenation
ver a platinum group metal with H 2 O elimination ( Fig. 8 ). It is

orth to note that ketonization itself is a valuable way to upgrade

yrolized bio-oil lowering the acidity, volatility and oxygen content

hrough removal of three oxygen atoms per two acid molecules as

arbon dioxide and water. 

Realization of this synthesis in one-pot mode is expected to

mprove the catalytic process through a more efficient interac-

ion of key intermediates on the catalyst surface [3] . Simultane-

us ketonization/hydrodeoxygenation also provides better selectiv- 

ty to linear alkanes due to suppression of a side reaction – al-

ol condensation [42] . Simakova and coworkers [48] suggested an
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Fig. 9. One-pot synthesis of n -nonane from valeric acid on single-bed of bifunctional catalysts in a single reactor after [48] . 
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implementation of this method in a single reactor under hydro-

gen atmosphere using a single-bed catalytic process in the pres-

ence of Pd or Pt supported over active in ketonization reaction

metal oxides ( Fig. 9 ). The authors pointed anticipated drawbacks

of the one-pot synthesis which they elucidated via a systemati-

cal study, such as (i) ketonization should be done in hydrogen in-

stead of a inert gas; (ii) there could be a negative cross-influence

of by-products generated during ketonization such as CO 2 and wa-

ter onto hydrodeoxygenation; and (iii) conditions in the one-pot

process can be different from optimal operating conditions for

separate reactions. 

A major issue is to develop multifunctional catalysts such as

multi-site solid catalysts which could be used in cascade-type reac-

tions allowing process intensification. Various challenges in the de-

sign of solid catalysts for biomass conversion were reported in the

literature [49–51] . Robust and easily regenerated bifunctional cata-

lysts should be developed because side reaction components could

alter catalyst selectivity and decrease their activity thus hampering

catalyst performance. 

This mini-review showcases the challenges in the one-pot

transformation of bio-derived C 5 acid into C 9 alkane over a mul-

tifunctional catalyst. To design robust bifunctional heterogeneous

catalyst, two catalytic reactions were investigated as separate reac-

tions: (i) ketonization over MeO x in the presence of nitrogen and

hydrogen, (ii) hydrogenation of C 9 ketone to C 9 alkane over Pd or

Pt on MeO x in the presence of CO 2 and steam or without them.

Finally a optimal catalyst and reaction conditions were examined

for one-pot transformation of C 5 acid into C 9 alkane in H 2 atmo-

sphere as well as effectiveness of n -nonane synthesis in one-pot

vs. two-stage was compared. 

4. Carboxylic acid ketonization over MeO x 

One of the promising ways to prepare high molecular weight

compounds from short bio-derived carboxylic acids is decarboxyla-

tive coupling of acids with formation of ketones. Such ketonization

of various carboxylic acids on different metal oxides has been stud-

ied extensively, even if the most suitable one has not been iden-

tified. Different aspects of acid ketonization were studied to eluci-

date main regularities and a plausible mechanism for the ketoniza-

tion reaction [52–54] . 

4.1. Effect of carboxylic acid structure 

Nagashima et al. showed that reactivity of the carboxylic acids

was slightly decreased as its chain length increased. In contrast

to linear aliphatic acids, branched acids were less reactive. Methyl

group substituents at the α- and β-positions of carboxylic acids

decreased their reactivities in both homo- and cross-ketonization

[52] . 

4.2. Activity of MeO x and intermediates formed in ketonization 

Glinski et al. first investigated systematically activity of sim-

ple mono- and bimetallic oxides (Ag, Bi, Cd, Cu, In, Pb, Re, Cr,
g, Zn, Ca, Ga, Sr, Ba, Al, Eu, Gd, V, Co, Fe, La, Mn, Zr, Ce,

h and U) deposited on the surface of inorganic supports in

he ketonization of propanoic acid into 3-pentanone under the

ame conditions [55] . It was clearly shown that the studied ox-

des can be divided into three groups: slightly active, fairly ac-

ive and highly active. The last group consists of catalysts con-

aining oxides of manganese, zirconium, cerium, thorium, and

ranium. No synergistic effect was noted between these ox-

des. Published reports are mainly focused on the ketonization

f aliphatic acids [56–58,67,88] , oxy-acids [8,37,59] , fatty acids

40,57,60–66,88,101] and dibasic acids [67–69] to form symmet-

ic, non-symmetric, fatty and cyclic ketones over catalysts based

n MgO [40,58,101] , Nb 2 O 5 [8,37,59] , CeO 2 [8,52,56,58,70,71,84] ,

nO 2 [56,58,72,73] , TiO 2 [53,56,58,74,97] , SiO 2 [56,84] , Al 2 O 3 

56,58,61,84] , ZrO 2 [8,57,58,63,75,76,84,93,94,99] , Cr 2 O 3 [77,78] ,

e 3 O 4 [79,80] , Ba(OH) 2 [67–69] , NaOH [81] , FeSO 4 [67] at 558–723

, ambient pressure and inert atmosphere. Nevertheless, there are

carce publications concerning influence of a gas flow composition

n the oxide catalyst reactivity. Thus Taimoor et al. have reported

 beneficial effect of hydrogen on acetic acid conversion in decar-

oxylative coupling compared with nitrogen and carbon dioxide at-

osphere [82] although possible reasons for such changes in cat-

lytic activity were not elucidated. 

The acidic character of the reactant imposes specific restrictions

n metal oxides in light of their resistance to acidic medium under

peration conditions. Thus among Nb 2 O 5 , CeO 2 , ZrO 2 , TiO 2 , Al 2 O 3 ,

gO catalysts, commonly reported for acid ketonization, MgO was

ompletely dissolved in VA at 90 °C in 3 h, N 2 O 5 and CeO 2 lost

.0 and 3.4% of their initial weight whereas ZrO 2 , TiO 2 , and Al 2 O 3 

ere unchanged. Lee et al. reported that according to ICP–AES dur-

ng hexanoic acid ketonization MgO and MnO x contrary to zirconia

ere completely dissolved in the liquid products [58] . The results

ndicated that MgO, MnO x , CeO 2 and N 2 O 5 are not appropriate ox-

des for supporting noble metals. 

In the course of ketonization formation of various intermedi-

tes is assumed. Although acid anhydride can be an intermedi-

te during ketonization, mechanisms involving such intermediates

xplain only decarboxylative cyclization of dicarboxylic acids [83] .

he dehydration of dicarboxylic acid starts from anhydride forma-

ion with the subsequent decarboxylation and formation of a cyclic

etone. The route through β-ketoacid has been proposed for car-

oxylic acids with α-hydrogen [83–85] . Such α-hydrogen abstrac-

ion of an adsorbed carboxylate results in anion formation, which

hen reacts with a neighboring carboxylate or acyl to produce β-

etoacid. The ketone is formed by decarboxylation of this interme-

iate. A concerted mechanism, involving carbon–carbon bond for-

ation and carbon dioxide formation in the same step, explains

etonization of carboxylic acids without α-hydrogen [84,86] . The

eaction occurs between two carboxylates or carboxylate and a

eakly adsorbed acid molecule. 

.3. Ketonization of valeric acid into 5-nonanone 

Only a few publications describe preparation of 5-nonanone by

ecarboxylative coupling of VA which can be performed in the
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Fig. 10. Catalytic properties of monometallic oxides in valeric acid ketonization. Reaction conditions: C o (VA) = 4.2 vol%, 628 K, P H 2 = 0.1 MPa, τ = 0.7 s, m cat = 1 g. 

Fig. 11. Catalytic activity of metal oxides in ketonization of valeric acid. Reaction conditions ( C 0 (VA) = 4.2 vol%, 628 K, P H 2 = 0.1 MPa, τ = 0.7 s, m cat = 1 g) [93] . Reproduced 

with permission from Springer. ∗Activities of 20 wt% MnO 2 /Al 2 O 3 oxide catalysts are presented for comparison from [88] . 
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iquid or gas phases on supported metal oxide catalysts. 5-

onanone was reported to be prepared from the concentrated

olutions of levulinic acid by its multistage conversion into γ -

alerolactone on Ru/C catalyst and then into VA and 5-nonanone

ver 1% Pd/Nb 2 O 5 [37,87] . It was also found [37] that the transfor-

ation of VA into 5-nonanone can be carried out with sufficiently

igh selectivity on Ce 0.5 Zr 0.5 O 2 catalyst. Glinski and Kijenski per-

ormed ketonization of VA with high selectivity of 80%–94% in the

as phase on CeO 2 /Al 2 O 3 and MnO 2 /Al 2 O 3 oxide catalysts albert at

ow conversion [88] . 

An analysis of published data showed that systems based on

eria and zirconia are the most promising catalysts for the syn-

hesis of ketones by the decarboxylation coupling of corresponding

arboxylic acids. Different self-made mono- and bimetallic oxides

Al 2 O 3 , TiO 2 , ZrO 2 , CeO 2 ) were tested in the optimal reaction con-

itions ( C 0 (VA) = 4.2 vol%, 628 K, P H 2 = 0.1 MPa, τ = 0.7 s) deter-

ined in the preliminary experiments ( Fig. 10 ). The highest initial

aleric acid conversion was observed over TiO 2 and ZrO 2 although

itania deactivated fast with time-on-stream [89] . 

It has been checked also whether any binary catalytic sys-

ems containing two or three of these very active oxides show
ctivity higher than the single oxide systems. Thus 5–20 wt%

eO 2 /ZrO 2 [93] , 10–20 wt% MnO 2 /ZrO 2 , 20 wt% MnO 2 /Al 2 O 3 ,

0 wt% CeO 2 /Al 2 O 3 , 20 wt% (10%CeO 2 + 10%MnO 2 )/Al 2 O 3 , 20

t% (2%CeO 2 + 18%MnO 2 )/Al 2 O 3 , 5–20 wt% CeO 2 /TiO 2 , 10 wt%

nO 2 /TiO 2 were also tested under the same reaction conditions.

he activity of all these metal oxides is presented in Fig. 11 in co-

rdinates “selectivity-conversion” [93] . 

Among the tested catalysts the most interesting results were

btained for zirconia based catalysts ( Fig. 11 ) [93,94] . Fig. 12 shows

hat VA conversion goes through the maximum achieved at 10%

eria in the mixed catalyst while selectivity was not dependent

n CeO 2 content. Surprisingly addition of a only small amount of

elatively inactive ceria resulted in a noticeable increase of zirco-

ia activity. Contrary to that Gurbuz et al. observed intensifica-

ion of 2-hexanone aldol condensation/hydrogenation using a dual

atalyst bed in one reactor when ZrO 2 content increased, with

eat ZrO 2 having the highest conversion of 90%. The main prod-

ct for all catalysts is the primary condensation product, 7-methyl-

-undecanone. C 12 products contained 5-methyl-undecane, result- 

ng from deoxygenation of 7-methyl-5-undecanone [44] . A large

umber of surface acid sites for Pd/ZrO is responsible for the
2 
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Fig. 12. Catalytic activity of zirconia modified with ceria metal oxides in ketonization of valeric acid. Reaction conditions ( C 0 (VA) = 4.2 vol%, 628 K, P H 2 = 0.1 MPa, τ = 0.7 s, 

m cat = 1 g). 

Table 1. С (VA) = 4.2 vol%, residence time = 0.7 s; T = 628 K; P (H 2 /N 2 ) ∼ 0.1 MPa 

[93] . Reproduced with permission from Springer. 

Catalyst Conversion (%) Selectivity a (%) S BET (m 

2 /g) 

N 2 H 2 N 2 H 2 

CeO 2 31 40 80 76 25 

ZrO 2 66 83 80 78 105 

10%CeO 2 /ZrO 2 82 93 81 79 79 

a Selectivity was measured at the same conversion level. 
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increase in selectivity towards light alkanes, mainly hexane, as the

dehydration of 2-hexanol to hexene as well as double bond shift

or isomerization for C 9 ketones production is mainly catalyzed by

acid sites. The increased activity of C 

–C hydrogenolysis to produce

C 8 and C 11 ketones on Pd/ZrO 2 may result from the absence of

strong metal-support interactions (SMSI). In particular, it is known

from the literature that ceria exhibits strong metal-support inter-

actions [90] , and the rate of C 

–C hydrogenolysis can be suppressed

in the presence of SMSI [91] . Kunkes et al. have shown in [92] with

temperature-programmed reduction (TPR) experiments that reduc-

tion of ceria occurs at these reduction temperatures, which is re-

quired for the onset of SMSI. 

4.4. Effect of gas atmosphere 

Traditionally ketonization reactions as well as aldol condensa-

tion are carried out under inert atmosphere. However, since the

consecutive step of ketone transformation into alkane requires hy-

drogen, ketonization of VA was studied in presence of hydrogen

[93] . The aim was to compare catalytic behavior under the reduc-

tive atmosphere vs. the inert one to understand which type of

effect hydrogen atmosphere will provide on ketonization. 10 wt%

CeO 2 /ZrO 2 was found to demonstrate higher catalytic activity com-

pared to zirconia per se as well as other ceria modified zirconia

although ceria per se exhibited very low catalytic activity ( Table 1 ).

Incorporation of ceria into ZrO 2 [93,94] was shown to result

in an increase of catalytic activity due to (i) absence of an indi-

vidual CeO phase (which has low activity), (ii) formation of solid
2 
olution with intergrain boundaries in 10% CeO 2 /ZrO 2 where ZrO 2 

attice structure is strongly disordered and exposes highly unsatu-

ated coordination sites, and (iii) increase of total concentration of

urface cations. 

10 wt% CeO 2 /ZrO 2 and ZrO 2 provided higher acid conversion

n H 2 than in N 2 by 11%–17% whereas selectivity to 5-nonanone

as rather insensitive to the gas atmosphere ( Table 1 ) [93] . Hy-

rogen pretreatment was found to decrease adsorption sites acidity

ue to reduction Zr 4 + → Zr 3 + and Ce 4 + → Ce 3 + as well as to increase

he amount of nucleophilic surface O 

δ− species (XPS, FTIR, UV–vis)

94] . 

.5. Mechanistic insight into ketonization 

The changes of the catalyst surface cation composition af-

ected the corresponding activity in ketonization. The origin of the

hanges is related to the reaction mechanism which involves metal

ations catalytic sites (red circles) for carboxylate adsorption and

tabilization as well as oxygen containing surface species (the lat-

ice ions O 

2– possessing nucleophilic properties) responsible for

bstraction of proton from 

–COOH group and α-hydrogen (blue cir-

les) ( Fig. 13 ). The resulting carboxylate ions through participation

f the surface hydroxyl groups, interact forming an intermediate

ompound, a β-ketoacid, which is then transformed to a ketone

pon decarboxylation. 

Pham et al. [95] reported that surface Ti 3 + species similarly for

iO 2 can be readily formed and favor the acetic acid liquid phase

etonization when TiO 2 /C was pre-reduced in situ with H 2 . The re-

ulting Ru/TiO 2 /C catalyst exhibited higher activity and selectivity

o acetone. When TiO 2 /C sample was pre-calcined in air before ad-

ition of Ru, the resulting catalyst showed a significantly lower ac-

ivity, even when it was pre-reduced in situ, and was essentially

nactive without pre-reduction. 

Carboxylate species can be adsorbed over surface metal cations

n a number of different conformations during ketonization. A

hange in the binding type might play a significant role in de-

ermining the easiness with which the transition state is formed.

here were numerous efforts reported in the literature aiming to
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Fig. 13. Mechanism of carboxylic acid ketonization involving two types of active sites–metal cations and oxygen containing groups. 

Fig. 14. Detailed mechanism of valeric acid ketonization with experimentally determined configurations of adsorbed valerates [99] . 
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nravel possible configurations of carboxylate adsorption species

sing different approaches, e.g. interpreting DFT calculations for

nergy barriers in carboxylate formation on different crystal planes

84,96] . Pei and Ponec [97] corroborated carboxylates bidentates

o be species of crucial importance, whereas Kim and Barteau

98] using TPD found that two acetate species should be mon-

dentates coordinated to the same metal cation. Panchenko et

l. examined adsorption of VA over ZrO 2 at room temperature

irectly by UV–vis and IR spectroscopy [99] and identified all

hemisorption forms of VA on Lewis acid sites responsible for VA

ransformation: monomolecular (III) and bimolecular monodentate

alerates (IV) (1740 cm 

−1 ) as well as chelating (I) and bridging

identate (II) valerates (1565 cm 

−1 ) [99] ( Fig. 14 ). When consid-

ring the valerate configurations which benefit mostly ketone for-

ation, the probability of occurrence of one Zr LAS required for

ormation of e.g. structure (IV), is assumed to be much higher than

he probability of an alternative case. The latter requires four zir-

onium LAS on ZrO 2 to be located within a distance needed for

imultaneous landing of two acid molecules which eventually lead

o formation of two structures (II). Thus, the mechanism involv-

ng one, two or even three Zr Lewis acid sites might be more pre-

erred in this order of probability than the mechanism involving

our Lewis acid sites located in close vicinity suggested, e.g. by

ulido et al. [84] , even if the latter could in principle be a part of

etone formation mechanism. Based on the experimental data ob-

ained by Panchenko et al. [99] and on DFT calculations reported

n [96] a more detailed ketonization mechanism was proposed. It
omprises two main pathways depending on the surface carboxy-

ate intermediates: (1) via interactions of two monodentates coor-

inated to the same Zr cation (IV), and (2) via interactions of the

urface chelating bidentate (I) with either monomolecular bridg-

ng bidentate (II) or monomolecular monodentate valerate (III). The

elative contribution of each route to the overall ketone forma-

ion over metal oxide surfaces depends on the reaction conditions

 Fig. 14 ). 

.6. Ketonization kinetics 

The reaction rate of decarboxylative coupling in hydrogen over

rO 2 was shown to have the second order on valeric acid [100]

 Fig. 15 ) which is consistent with bimolecularity of the rate deter-

ining step assumed for the kinetically favored mechanism going

hrough the β-ketoacid formation ( Fig. 13 ). A similar second order

as found for decarboxylative coupling of C 4 , C 5 and C 6 acids in

itrogen under lower than 0.01 MPa hexanoic acid partial pressure

hereas increasing the pressure above 0.01 MPa resulted in the

ero order indicating a high acid coverage on the catalyst surface

101–103] . 

Apparent activation energy 60 ± 5 kJ/mol [100] for decar-

oxylative coupling over pre-reduced ZrO 2 in hydrogen atmo-

phere was found to be almost the same (60 ± 10 kJ/mol) as

eported by Gaertner et al. for ketonization of C 5 acid into 5-

onanone over CeO 2 -ZrO 2 in an inert gas [101] . Apparently the

as atmosphere does not affect the mechanism of decarboxylative
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Fig. 15. Dependence of VA concentration on the residence time at 573, 593, 613 

K. The inset shows the Arrhenius plot modified after [100] . Reaction conditions ( C 0 
(VA) = 4.2 vol%, P H 2 = 0.1 MPa, m cat = 1 g). 
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coupling at low acid partial pressure while influencing active sites

formation. Gaertner et al. [101] presented a kinetic model ( 1 ), that

took into account both adsorption of the initial acid as well as

carbon dioxide and water, while ketone adsorption was assumed

negligible: 

r = k · P 2 acid / (1 + K acid · P acid ) 
2 (1 + K H 2 O · P H 2 O + K C O 2 · P C O 2 ) 

2 (1)

where r is the acid ketonization rate, k is the reaction constant,

K acid , K C O 2 
, K H 2 O 

, P acid , P C O 2 , P H 2 O are the adsorption constants and

partial pressures of carboxylic acid, carbon dioxide and water, re-

spectively. The model allows describing the transition in the re-

action order dependence on the partial pressure of hexanoic acid

from second to zero order with increasing acid concentration. 

Note that the self-condensation products of 5-nonanone were

not detected during valeric acid ketonization in hydrogen [100] .

Similarly West et al. [104] did not observe the cross condensa-

tion between two ketone molecules which was assumed to be

slower compared to the reaction of an aldehyde with a ketone

and less thermodynamically favored [105] . Generally CO 2 pro-

duced in the ketonization reaction is a known poison for the ba-

sic sites active in aldol condensation [106,107] . Kunkes et al. re-

ported [92] that the presence of 5% CO 2 in the feed is detrimen-

tal to aldol condensation activity ( ∼90% decrease in activity) over

Pd/CeZrO x . 

Noble metals supported on metal oxides were shown to have

different activity in the liquid phase ketonic decarboxylation even

changing reaction route [95,108] . Pham et al. showed that intro-

duction of Ru into TiO 2 or TiO 2 /C enhanced catalytic activity in

acetic acid ketonization in n -hexane, N -methylpyrrolidone and wa-

ter under N 2 after a preliminary catalyst reduction in-situ [95] .

XPS, TPR, and EPR demonstrated that the incorporation of Ru re-

sulted in the enhanced formation of Ti 3 + sites. The hydropho-

bic activated carbon support also seems to help protecting the

catalytic sites from water blockage and maintains activity in the

aqueous phase. 

5. Hydrodeoxygenation of ketone (5-nonanone) over Me/MeO x 

Second step in the preparation of oxygen-free alkanes from oxy-

genates involves hydrodeoxygenation of ketone functionality with

an adequate reductive agent. Reduction of carbonyl group repre-

sents a quite complicate process in spite of its apparent simplicity.
.1. Chemical reduction of ketones 

The chemical reduction of ketones to methylene derivatives can

e achieved by a number of reagents, the most prominent being

inc in combination with an acid as in the Clemmensen reduction,

odium borohydride with trifluoroacetic acid, as found by Gribble

nd coworkers, hydrazine with the base as in the Wolff–Kishner

eduction, and combinations of LiAlH 4 and AlX 3 in diethyl ether

109] . Unfortunately, the most versatile of these reduction methods

ecessitates the use of strongly acidic or basic reagents with polar

olvents, and such conditions can lead to undesired side reactions.

egarding catalytic asymmetric hydrogenation and transfer hydro-

enation Wu and Xiao reported that asymmetric hydrogenation of

imple alkyl ketones has been a difficult task because of the chal-

enging differentiation of two similarly shaped sp 

3 -carbon groups

onnected to the carbonyl group. Up to now, the enantioselectivity

till remains low and is generally lower than 80% ee [110] . 

.2. Mechanistic view on catalytic reduction of ketones 

A few works were found focusing on catalytic ketone hy-

rogenation not relevant to asymmetric catalysis. Kunkes et al.

eported catalytic hydrogenation of an alkyl ketone proceeding

rst through hydrogenation to an alcohol with a subsequent

ehydration to an olefin and final hydrogenation to an alkane [42] .

arkas and Farkas [111] have reported that in the vapor phase

oth acetone and isopropyl alcohol are converted to propane

ith either H 2 or D 2 over a platinum foil. From a relatively high

ate of the reaction of acetone compared to alcohol, the authors

oncluded that the reduction to the hydrocarbon takes place

irectly from acetone rather than through the isopropyl alcohol

s an intermediate. Further proof for the independence of the

wo reduction reactions was taken from experiments of Faillebien

111] who could show that in a liquid medium, using one type

f catalyst, acetone or other ketones reacted with hydrogen to

ydrocarbons, giving however alcohols with another type of cat-

lysts. This was interpreted as occurrence of two independent

eactions, each catalyzed by a separate catalyst. In addition Farkas

t al. stated that the keto–enol reaction does not necessarily

recede the formation of propane from acetone. Anderson et

l. [112] postulated two mechanisms for converting a carbonyl

roup to an alcohol group using deuterium: (1) direct addition

f D 2 to the carbonyl group (CH 3 ) 2 –C 

= O → (CH 3 ) 2 –CD 

–OD,

nd (2) enolization of the carbonyl compound followed

y addition of D 2 to the resulting ethylenic linkage

 

= C(CH 3 ) –CH 3 → OH 

–(CH 3 )CH 

= CH 2 → OH 

–CHD(CH 3 ) –CH 2 D. Chen

nd Chen also suggested that alcohols are not necessary inter-

ediates for the production of alkanes from ketones [113] . The

uthors studied gas phase acetone hydrogenation on reduced and

xygen calcined (without reduction pretreatment) Pt/SiO 2 and

d/SiO 2 catalysts and revealed that the propane formation rate in-

reased with increasing the oxygen dosage on the catalyst contrary

o isopropanol formation ( ∼100% selectivity over fully reduced

atalysts). The authors suggested that the mechanism of propane

ormation catalyzed by oxygen perturbed metal catalysts may be

elated to the formation of adsorbed acetone enolate species. The

resence of the phenyl group facilitating enolization was shown to

ffect positively the methylene group formation providing a strong

vidence for the above hypothesis [113] . Friedman and Turkevich

onducted a deuterium exchange reaction accompanied by the

eduction of acetone. It was found that the peak of the mass dis-

ribution of the polydeuteropropanes was 46 amu corresponding

o C 3 H 6 D 2 structure [114] . This supported the above hypothesis

eing in line with the following reaction scheme ( 2 ): 

H 2 = C(CH 3 ) –O (a) …HO (a) + n D 2 → C 3 H 6 D 2 + O (a) + D 2 O (2)
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Fig. 16. The tentative scheme of 5-nonanone catalytic hydrogenation into n -nonane. 
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Fig. 17. Effects of temperature on selectivity to 5-nonanol in 5-nonanone hydro- 

genation. Reaction conditions: T = 543–628 K, P H 2 ∼ 0.6 MPa, τ = 1.25 s. 
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When combining ketone reduction to alcohol [112] with the fi-

al dehydration/hydrogenation step suggested by Kunkes et al. [42]

he mechanism of ketone catalytic hydrogenation can be depicted

n the following way: 

(1) direct addition of D 2 to carbonyl group (to С = О bond): 

 

-НOD  

(2) addition of D 2 to С = С double bond of enol form of carbonyl

compound: 

 

-НOН  

Bejblová et al. investigated catalytic hydrogenation and hy-

rogenolysis of acetophenone on Pd supported on active carbon,

lumina and zeolites Beta and ZSM-5 in the liquid phase at tem-

eratures 303–403 K and pressures 1–10 MPa. The kinetic model

onfirmed that the transformation of acetophenone to ethylben-

ene proceeds primarily via a hydrogenation–dehydration mecha-

ism and the effect of direct hydrogenolysis of the C 

= O bond of

cetophenone is insignificant [115] . Török et al. suggested a mech-

nism of ketone hydrogenation over bifunctional Pt/K-10 catalyst

here in the first step the carbonyl compound was reduced to

he corresponding alcohol over Pt followed by dehydration over

n acidic support and finally facile hydrogenation of alkene to

he corresponding alkane on platinum surface [116] . Analyzing

he individual steps, it was found that the rate (and yield) de-

ermining step is dehydration of the alcohol. C 

= O hydrogenation
eadily occurs at room temperature as well, similarly to the last

tep of C 

= C saturation. Dehydration, however, needs a relatively

igh temperature (433–443 K). The intermediate olefin was ob-

erved in hydrogen-free reaction [116] . 

Accordingly Simonov et al. showed that catalytic hydrogenation

f 5-nonanone proceeds through an intermediate formation of 5-

onanol followed by dehydration into 4-nonene (not observed) and

ydrogenation to n -nonane [48] . The tentative scheme of catalytic

ydrogenation of 5-nonanone is shown in Fig. 16. 

.3. Effect of the metal and support in ketone hydrogenation 

The important question to be considered is related to the role

f the hydrogenating metal and support in ketone reduction. Four

d and Pt catalysts supported on the most active in ketoniza-

ion metal oxides [93,94] were studied in 5-nonanone hydrogena-

ion: Pd/ZrO 2 , Pd/CeO 2 -ZrO 2 , Pt/ZrO 2 , Pt/CeO 2 -ZrO 2 [48,100] . Along

ith n -nonane 5-nonanol was observed in the course of the reac-

ion. Selectivity to 5-nonanol was studied in the temperature range

43–628 K at 0.6 MPa hydrogen pressure ( Fig. 17 ). It was found

hat formation of 5-nonanol was decreased with increasing tem-

erature and was not observed in the presence Pd/ZrO 2 , Pt/CeO 2 -

rO 2 , Pd/CeO 2 -ZrO 2 catalysts in all temperature interval. This could

e a result of higher specific surface areas (96, 90, 88 m 

2 /g for

d/ZrO 2 , Pt/CeO 2 -ZrO 2 , Pd/CeO 2 -ZrO 2 , respectively) compared to

d/ZrO 2 -Ac and Pt/ZrO 2 (57 and 29 m 

2 /g, correspondingly) which

pparently facilitated alcohol dehydration/hydrogenation prevent- 

ng intermediate alcohol accumulation in the reaction mixture

48] . 
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Fig. 18. Effect of СО2 and H 2 О on n -nonane yield in 5-nonanone hydrodeoxygenation over Pd/ZrO 2 -Ac, Pd/ZrO 2 -Cl, Pt/ZrO 2 , Pd/CeO 2 -ZrO 2 , Pt/CeO 2 -ZrO 2 . T = 628 K, P H 2 ∼
0.6 MPa, residence time = 1.25 s, flow rates of СО2 and/or H 2 О 1.5 mL/min. Modified after [100] . 

Table 2. 2-Hexanone conversion and product distribution over 0.25 wt% Pd/CeO x , 

Pd/Ce 5 Zr 2 O x , Pd/Ce 1 Zr 1 O x , Pd/Ce 2 Zr 5 O x and Pd/ZrO 2 with co-feeding 10 mol% CO 2 
in H 2 stream at 623 K and 0.5 MPa, WHSV = 1.92 h −1 [43] . Reproduced with per- 

mission from Royal Society of Chemistry. 

Catalyst 2-Hexanone conversion (%) Selectivity to carbon (%) 

C 12 C 12 + 

0.25 wt% Pd/CeO x 4 34 0 

0.25 wt% Pd/Ce 5 Zr 2 O x 5 36 0 

0.25 wt% Pd/Ce 1 Zr 1 O x 5 22 0 

0.25 wt% Pd/Ce 2 Zr 5 O x 19 55 0 

0.25 wt% Pd/ZrO x 72 62 8 
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5.4. The effect of CO 2 and water in ketone reduction 

To study the effect of CO 2 and water on the activity in 5-

nonanone hydrogenation on Pd and Pt catalysts supported on ZrO 2 

and 10% CeO 2 -ZrO 2 , carbon dioxide or water vapor were intro-

duced into the reaction mixture fed to the catalyst bed at a con-

stant flow in amounts comparable to the stoichiometric amounts

generated in VA ketonization reaction. When the temperature was

increased to 628 K no significant influence of carbon dioxide

and water vapor was observed for all studied catalysts ( Fig. 18 )

including Pt/CeO 2 -ZrO 2 , which is likely due to a more intense

desorption of the introduced compounds at elevated tempera-

tures diminishing potential inhibition of the vacant sites by these

molecules. Pd/ZrO 2 showed higher activity and selectivity com-

pared to Pd/CeO 2 -ZrO 2 and Pt/ZrO 2 , while better activity was ob-

served for Pd/ZrO 2 -Ac prepared from palladium acetate contrary to

Pd/ZrO 2 -Cl prepared from palladium chloride [100] . It is important

to note that after the flow CO 2 or steam was stopped, the catalytic

activity was completely restored. 

A similar resistance of Pd/ZrO 2 catalyst to CO 2 and water

poisoning in aldol condensation/hydrogenation was reported by

Gurbuz et al. [44] whereas for ceria-containing catalysts such

poisoning was dramatic. To explore the effect of CO 2 on aldol

condensation/hydrogenation activity over the catalysts with dif-

ferent compositions, Gurbuz et al. [44] substituted neat hydrogen

gas with H 2 –CO 2 gas mixtures. All ceria-containing catalysts dis-

played a significant inhibition by CO 2 , showing yields of less than

20% to C 

–C coupling products. The decrease in activity for these

catalysts was found to correlate with the abundance of isolated

O 

2 − sites which strongly bind CO 2 , as shown in CO 2 TPD profiles.

Pd/ZrO 2 showed a significant resistance to CO 2 poisoning (20% de-

crease in the condensation activity), since this catalyst did not con-

tain strong CO 2 binding sites. The effect of CO 2 co-feeding on ac-

tivity and selectivity to the condensation products is shown in

Table 2 for all catalysts. Another by-product of ketonization, wa-

ter, was shown to cause a decrease by 40% in the activity for aldol
ondensation of 2-butanone over Pd/CeZrO x when a mixture con-

aining 12 wt% water in 2-butanone was used as the feed ( Table 3 )

92] . This inhibition by water is an additional obstacle for integra-

ion of ketonization and aldol condensation/hydrogenation steps.

t has been shown in the literature that the nature of CO 2 inter-

ctions with the oxide surface can be modified by changing the

omposition of the mixed oxides [117,118] . 

.5. Kinetic study of ketone reduction 

Simonov et al. studied kinetics of vapor phase 5-nonanone hy-

rogenation into n -nonane in the presence of Pd/ZrO 2 [48] . To de-

ermine the rate constants and activation energy of 5-nonanone

ydrogenation, the dependence of 5-nonanone concentration vs.

he contact time at different reaction temperatures was investi-

ated. It was found that the reaction rate has the first order in

-nonanone. Activation energy of 5-nonanone hydrogenation was

ound to be 46 ± 5 kJ/mol. The order in hydrogen was calculated

rom the dependence of the reaction rate on hydrogen concentra-

ion in logarithmic coordinates, giving a values of 0.3 ( Fig. 19 ). 

Using a variety of supported platinum catalysts, Sen and

annice [119] studied the metal-support effects in the liquid

hase acetone hydrogenation between 303 and 333 K. Only one

angmuir–Hinshelwood model, with competitive adsorption of hy-

rogen and acetone and addition of the second hydrogen atom as

he rate determining step provided a rate expression consistent

ith the experimental results. There is no general consensus on

he mechanism of ketone hydrogenation because of different reac-

ion conditions employed in different studies. 

The discrepancy in the published results was attributed by

ome authors to differences in the catalyst composition [120] . A

inetic model was suggested also for hydrogenation of acetone,

ethyl ethyl ketone, methyl propyl ketone, and diethyl ketone

121] . 

The effects of the support on the reaction mechanism of ace-

ophenone transformation over Pd catalysts supported on active

arbon, alumina and zeolites Beta and ZSM-5 were studied by Be-

blová et al. [115] . Catalysts with an acidic zeolite support showed a

ery high activity in the transformation of acetophenone to ethyl-

enzene. Acid properties of zeolites apparently procure water elim-

nation from 1-phenylethan-1-ol as well as the consecutive for-

ation of styrene. Another intermediate – methyl (1-phenylethyl)

ther formed because of the acid properties of the zeolite via inter-

olecular dehydration of 1-phenylethan-1-ol with methanol. Nev-

rtheless, styrene as a reaction intermediate was described even

hen an inert support like active carbon was used. In these sys-

ems, acid properties of the catalyst are due probably to palladium-

ctivated hydrogen as it was described by, e.g., Červeny [122] . The
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Table 3. 2-Butanone conversion and product distribution over Pd/ZrO 2 and Pd/Ce 1 Zr 1 O x in the presence and absence of water in the feed at 623 K and 0.5 MPa, WHSV = 

1.92 h −1 [43] . Reproduced with permission from Royal Society of Chemistry. 

Catalyst Feed 2-Butanone conversion (%) Carbon selectivity (%) 

C 8 C 8 + 

0.25 wt% Pd/Ce 1 Zr 1 O x 2-Butanone 69 91 5 

0.25 wt% Pd/Ce 1 Zr 1 O x 12 wt% water in 2-butanone 37 93 3 

0.25 wt% Pd/ZrO 2 2-Butanone 88 77 11 

0.25 wt% Pd/ZrO 2 12 wt% water in 2-butanone 78 80 9 

(a) (b)

Fig. 19. Kinetics of 5-nonanone hydrogenation over Pd/ZrO 2 . Reaction conditions: (a) 603 K, P H 2 ∼ 0.6 MPa, τ = 0.25 s, (b) 603 K, P H 2 ∼ 0.6–1.0 MPa, τ = 0.25 s. Modified 

after [48] . 
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Fig. 20. Effect of the solvent ( � methanol, � hexane) on the initial reaction rate of 

acetophenone hydrogenation r 0 [115] . Copyright 2003 Institute of Organic Chemistry 

and Biochemistry. 
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nitial rates of acetophenone transformation are significantly influ-

nced by the support acidity; namely the initial reaction rates in-

rease with decreasing Si/Al ratio. On the other side, it is necessary

o emphasize that the channel diameter of the zeolite used obvi-

usly does not play a key role in the reaction rate. For both ZSM-5

with channel size of 0.53–0.55 nm) and Beta (large-pore zeolite,

.76–0.64 nm) zeolites the initial rates of acetophenone transfor-

ation were similar being dependent more on the concentration

f aluminum than on the channel size of a particular zeolite [115] .

CM-41 along with alumina and active carbon were considered

s less appropriate supports for benzophenone hydrodeoxygena-

ion than zeolites due to their low acidity [123] . 

Li et al. [124] investigated hydrodeoxygenation of difurfuryli-

ene acetone dimer (F 2 A) to liquid alkanes (C 8 –C 14 ) at 533 K in a

atch reactor over 1 wt% Pt catalysts supported on SAPO-11, HZSM-

, SiO 2 -Al 2 O 3 , MCM-22, and self-synthesized SiO 2 -ZrO 2 . Moder-

tely high C 8 –C 14 alkanes yield of ca. 56% was obtained over the

ptimized 1 wt% Pt/SiO 2 -ZrO 2 catalyst which can be attributed to

oderate acidic centers and a proper pore size of 9.0 nm. In ad-

ition more than 10% of oxygenated hydrocarbons, including C 11 –

 13 chain alcohols and ketones and the hydrogenated F 2 A dimers

ith furan ring were obtained. In order to improve the liquid

lkane yield, a two-step process for F 2 A conversion was also inves-

igated, which included low-temperature hydrogenation at 323 K

ver Raney Ni catalyst in a batch reactor and the subsequent high-

emperature hydrodeoxygenation at 553 K over 1 wt% Pt/SiO 2 -ZrO 2 

n a fixed-bed reactor. 

.6. Solvent effects in ketone reduction 

The course of liquid phase ketone hydrogenation can be also af-

ected by the solvent as it was shown for acetophenone hydrogena-

ion [125,126] . The solvent effect has been observed in the liquid-

hase hydrogenation by many authors (for example, Iwamoto et

l. [127] , Lemcoff [128] ). Kishida and Teranishi [129] reported that

onpolar solvents (saturated hydrocarbons) promoted acetone hy-

rogenation over different nickel catalysts at room temperature,

hile polar solvents (primary alcohols and amines) inhibited the

eaction. These observations imply that polar solvent molecules
ompete with ketone for the active sites. Bejblová et al. [115]

howed that the effect of the solvent (polar methanol and non-

olar hexane) on the initial rate of acetophenone transformation,

 0 , ( Fig. 20 ) as well as on the selectivity of 1-phenylethan-1-ol pro-

uction ( Fig. 21 ) is not straightforward [115] . 

With Pd/C catalyst the initial rate in methanol was twice

s high as in hexane. On the contrary, for Pd/Al 2 O 3 the initial

ates did not significantly differ in the case of Pd/zeolite cata-

ysts (e.g. , zeolite Beta), the rate was significantly higher in hex-

ne. These results imply that the acidity of different supports ob-

iously affects the initial rate of acetophenone decomposition de-

ending on the type of the solvent used. On acidic zeolites po-

ar methanol competitively adsorbs together with acetophenone,

hereas in hexane as a solvent acetophenone is preferentially

dsorbed. Selectivity to 1-phenylethan-1-ol at 50% acetophenone

onversion was slightly higher in hexane with all types of cata-

ysts. The most apparent effect of the solvent was observed with

 wt% Pd/Al O . In methanol, the final product of acetophenone
2 3 
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Fig. 21. Effect of the solvent ( � methanol, � hexane) on the selectivity to 1- 

phenylethan-1-ol at 50% acetophenone conversion [115] . Copyright 2003 Institute 

of Organic Chemistry and Biochemistry. 
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hydrogenation led to 1-phenylethan-1-ol (selectivity ca. 75%),

which was not further hydrogenated under the reaction condi-

tions. This unambiguously demonstrated that the catalyst deacti-

vation was present. On the other hand, when hexane was used as

a solvent under the same reaction conditions, 1-phenylethan-1-ol

reacted further as an intermediate resulting in 65% of ethylbenzene

and 23% of 1-phenylethan-1-ol. Contrary to that Bejblová et al. re-

ported a higher initial rate of benzophenone hydrodeoxygenation

observed in the presence of Pd catalysts supported on active car-

bon, alumina, zeolites Beta and ZSM-5 and MCM-41 with methanol

as a solvent compared to hexane [123] . 

McManus et al. [130] studied the effect of solvent on the com-

petitive hydrogenation of 4-phenyl-2-butanone over Pt/TiO 2 and

Pt/SiO 2 in n -hexane, toluene, tert -butyl toluene, 1-propanol, 2-

propanol and dibutyl ether. For the titania catalyst, alkanes were

found to favor ring hydrogenation whereas aromatics and alco-

hols led to carbonyl hydrogenation. A two-site catalyst model was

proposed whereby the aromatic ring hydrogenation occurs over

the metal sites while carbonyl hydrogenation is thought to oc-

cur predominantly at interfacial sites, with oxygen vacancies in

the titania support activating the carbonyl. The effect of the sol-

vent on the hydrogenation reaction over the titania catalyst was

related to competition for the active sites between solvent and

4-phenyl-2-butanone. 

5.7. Effect of ketone structure 

Török et al. [116] studied catalytic hydrogenation by a bifunc-

tional 5% Pt/K-10 catalyst with a variety of ketones of different

structures. It was found that the aliphatic ketones react faster than

the cyclic compounds, with C 6 ring-containing derivatives reacting

especially slow requiring long reaction time to obtain good yields.

For some reactants with a specific structure the product formed

did not correspond to the expected one. Pinacolone and cam-

phor, undergoing readily the reduction formed rearranged prod-

ucts according to Wagner–Meerwein rearrangement with the driv-

ing force being formation of more stable carbocations. Diketones

can be also reduced, e.g. n -hexane is formed from acetonylacetone

with 98% yield [116] . 

Kong et al. studied efficient hydrodeoxygenation of aliphatic ke-

tones over an alkali-treated Ni/HZSM-5 catalyst in a fixed-bed re-

actor [131] . The experimental results indicated that alkali-treated

Ni/HZSM-5 exhibited excellent performance for this reaction. Al-

kaline treatment sharply reduced the amount of strong acid sites

on the catalyst and also generated a large number of meso-

pores in the catalyst. The decrease of strong acid sites suppresses
he formation of low-boiling products and aldol-condensation

ide products, while the mesopores improved hydrogenation and

ehydration performances of the catalyst. These two aspects also

romoted the catalyst excellent time-on-stream performance. Ad-

itionally, the generality of the alkali-treated Ni/HZSM-5 was

roved in that work as most of the selected carbonyl compounds

ould be hydrodeoxygenated to the corresponding alkanes with se-

ectivity exceeding 97.0 %. 

.8. Effect of the metal size in ketone hydrogenation 

The size effect on activity and selectivity in ketone hydrogena-

ion was scarcely reported in the literature. Analysis of 5-nonanone

onversion in the presence of Pd/ZrO 2 with average Pd particle

izes 1.1, 1.7, 2.1 and 2.9 nm at 543 K indicates a strong depen-

ence of the catalytic activity of Pd particle size. However, catalytic

ctivity based on the amount of available surface metal atoms is

ractically independent on the size of the metal particles [48] .

hese data are in a good agreement with the classical concepts of

tructure insensitivity of hydrogenation reactions [132,133] , and are

xperimentally confirmed in a study of the size effect in ketone hy-

rogenation. Thus, in hydrogenation of 1-phenyl-1,2-propanedione

n the presence of Pt/Al 2 O 3 a weak dependence of the reaction

ate on the metal dispersion was found, while enantioselectivity

nd regioselectivity were largely changed [134] . Structure insensi-

ivity was established in enantioselective hydrogenation of ethyl

yruvate on Pt nanoparticles [135] . Similar structure insensitive

ehavior was found for hydrogenation of the double bond in 2-

yclohexenone in the presence of Rh/SiO 2 [136] . At the same time

or some carbonyl compounds the structure sensitivity was re-

orted. For example in methyl isobutyl ketone hydrogenation to 2-

ethylpentane over 0.5% Pt/HZSM [137] or cyclohexenone hydro-

enation in the presence of colloidal platinum particles [138] ac-

ivity increased with increasing metal dispersion. Apparently, the

resence of various functional groups as well as the presence of

 sterically bulk substituent have a substantial effect on the reac-

ivity of the substrates, making establishing a general correlation

etween activity and the metal dispersion in hydrogenation of the

arbonyl group of various compounds difficult. In crotonaldehyde

ydrogenation the overall turnover frequency (TOF) and selectiv-

ty to crotyl alcohol (related to selective hydrogenation of C 

= O

unctionality) increased with increasing particle size [139,140,141] .

rass et al. studied dependence of the gas-phase crotonaldehyde

ydrogenation selectivity and activity on the size of Pt nanopar-

icles (1.7–7.1 nm) supported on SBA-15 [142] and found three-

old role of the particle size. The first is related to the fraction

f exposed atoms in close packed (111) planes vs. those at co-

rdinatively unsaturated sites or in open faces such as (100) or

110). Larger nanoparticles have a larger fraction of atoms in ter-

aces with a close packed structure than smaller particles and are

elective for the formation of crotyl alcohol. The second reason

or the particle size dependent selectivity is the steric hindrance

f the C 

= C bond, which is more easily accommodated on smaller

anoparticles. Catalytic activity is also lower over such nanoparti-

les because decarbonylation of crotonaldehyde to CO and C 3 hy-

rocarbons as well as other C 

–C bond breaking reactions occur

referentially on the corner and edge sites which are more pre-

ominant at higher metal dispersion [143] . 

. One-pot process 

One of the strategies of the carboxylic acids transformations

onsidered in the literature suggests their direct conversion into

lkanes in a one-pot mode. One-pot or tandem catalytic transfor-

ations in a single reactor possess significant challenges as the

onditions for all individual transformations could be different,
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Fig. 22. Scheme of one-pot vapor phase transformation of valeric acid into n -nonane. 

m  

a  

i  

e  

t  

c  

v  

g  

d

 

m  

D  

i  

b  

f  

a  

i

 

h  

t  

s  

o  

t  

t

h  

t  

o  

T  

w  

m

 

i  

d  

(  

s  

(  

i

 

c  

t

i  

s  

6  

a  

y  

Fig. 23. n -Nonane yield in 1 or 9 h in one-pot vapor phase VA transformation over 

Pd/ZrO 2 -Cl, Pd/CeO 2 -ZrO 2 , Pt/CeO 2 -ZrO 2 . Reaction conditions: T = 628 K, P H 2 ∼ 0.6 

MPa, τ = 1.45 s. Modified after [100] . 
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oreover there could be interactions between the catalytic species

nd the active sites of a particular catalyst, which are not necessar-

ly beneficial. The rate of the processes should be harmonized, oth-

rwise one type of catalysis could be for instance substrate starved

hus diminishing the benefits of the multiple operation. One-pot

arboxylic acid conversions have been reported in the literature in-

olving combinations of ketonization/hydrodeoxygenation in a sin-

le or a double catalyst beds as well as ketonization and aldol con-

ensation/hydrogenation in double-bed catalysts. 

There is certain confusion in the literature with respect to ter-

inology of one-pot/tandem or domino/cascade-type processes.

omino/cascade mode of operation refers to processes where the

ntermediate cannot be isolated and the individual steps cannot

e performed separately. Contrary to it conventional reactions per-

ormed sequentially are referred as tandem reactions, being also

ble to provide significant process improvements, when performed

n an one-pot fashion. 

Integration of ketonization and aldol condensation/

ydrogenation reactions in a single reactor, double-bed sys-

em was suggested by Gurbuz et al. [43] . The results of that

tudy involving different compositions of ceria-zirconia mixed-

xide catalysts indicated that Pd/ZrO 2 is the preferred catalyst

o be used for integration of ketonization and aldol condensa-

ion/hydrogenation reactions in a single reactor system. Pd/ZrO 2 

as high activity being resistant to inhibition by CO 2 and water. To

est the applicability of a double-bed system, a 20 mol% mixture

f butanoic acid in 2-hexanone was used as the feed ( Table 4 ).

hese results demonstrated that Pd/ZrO 2 is resistant to CO 2 and

ater generated in the ketonization step for this simulated feed

ixture. 

Based on the previously found regularities of VA ketonization

n the presence of ZrO 2 in hydrogen atmosphere [93] and hy-

rodeoxygenation of 5-nonanone in the presence of CO 2 and H 2 O

 Fig. 18 ) Pd/ZrO 2 -Ac, Pd/CeO 2 -ZrO 2 , Pt/CeO 2 -ZrO 2 catalysts were

tudied in one-pot transformation of valeric acid into n -nonane

 Fig. 22 ) at 543–628 K, hydrogen pressure of 0.6–1.0 MPa and res-

dence time 0.36–1.45 s. 

Among these catalysts Pd/ZrO 2 was chosen as the best one for

arrying out the one-pot process being the most stable compared

o Pd/CeO 2 -ZrO 2 and Pt/CeO 2 -ZrO 2 ( Fig. 23 ). 

Investigation of the activity of a bifunctional catalyst Pd/ZrO 2 

n cascade-type VA reaction in the temperature range 543–628 K

howed that the highest activity of the catalyst was achieved at

28 K. By increasing the hydrogen pressure from 0.6 to 1.0 MPa

t a constant temperature 628 K a slight gradual increase in the

ield of n -nonane from 80 to 90% was observed. A comparison of
 d
wo modes for VA conversion into n -nonane under optimized re-

ction conditions demonstrated that the one-pot process provides

 higher n -nonane yield (81%) compared to that in a consecutive

wo stage process (65%) indicating a noticeable advantage of the

ne-pot process affording formation of alkanes potentially suitable

or diesel fuel. 

Corma et al. [3] also showed that zirconia is a very selective

nd stable catalyst in obtaining hydrocarbons of the kerosene range

rom hexose-derived VA. This oxide when combined with platinum

upported on alumina diminished the oxygen content to almost

ero ( Fig. 24 ). 

Furthermore, the authors demonstrated that alumina is supe-

ior to active carbon, silica, or zirconia as a support for the hy-

rogenation/dehydration/hydrogenation sequence and a palladium- 

ased catalyst deactivated more rapidly than the platinum catalyst.

s a result of that study under optimized reaction conditions VA

as converted into n -nonane with 80% selectivity (together with

0% of C 10 –C 15 hydrocarbons) in the organic liquid phase at up to

00:1 feed to catalyst ratio (w/w). The oxygen free hydrocarbon

roduct mixture (85% yield) complies well with the boiling point

ange of kerosene as evidenced by a simulated distillation ( Fig. 25 ).

n the gas phase, butane was detected together with mainly carbon

ioxide. 
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Table 4. 2-Hexanone and butanoic acid conversions and product selectivity for reaction of 2-hexanone containing 20 mol% butanoic acid or 20 mol% heptane over the 

double-bed system at 623 K and 0.5 MPa [43] . Reproduced with permission from Royal Society of Chemistry. 

Feed (balance 2-hexanone) Conversion (%) Carbon selectivity (%) 

2-Hexanone Butanoic acid 4-Heptanone C 12 C 15 C 18 + C 9 C 8 and C 11 Alkanes ( < C 7 ) 

20 mol% heptane 76 – – 51 5 11 9 5 19 

20 mol% butanoic acid 75 100 11 45 5 5 12 7 14 

Fig. 24. Scheme of two-bed continuous synthesis n -nonane from valeric acid [3] . Reproduced with permission. 

Fig. 25. Simulated distillation for the product mixture obtained when VA was 

passed over a ZrO 2 and a Pt/Al 2 O 3 bed having as a basis kerosene boiling point 

range from 418 to 573 K [3] . Reproduced with permission. 
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7. Conclusions 

Carboxylic acids play a prevailing role in biomass transforma-

tions into fuels and chemicals when lignocellulose is considered as

a feedstock. They are presented widely in plant oils, tall oil, and

can be formed as bio-oil components through pyrolysis of ligno-

cellulosic biomass. Carboxylic acids, such as levulinic acid, are eas-

ily available via hydrolysis of hexoses as in the Biofine process.

Valeric acid can be formed from levulinic acid with > 80% yield

opening up new way for synthesis of fuels and chemicals. For both

type of desired products, fuels and chemicals, the reduction of the

oxygen content lowering the acidity, as well as an increase of the

alkyl chain length decreasing volatility is an important issue. Ke-

tonic decarboxylation matches perfectly these requirements as it

converts carboxylic acids into ketones forming one carbon–carbon

bond eliminating three oxygen atoms as carbon dioxide and water.

Zirconia and ceria modified zirconia were shown to be the most

active and selective catalysts of carboxylic acid ketonization among

different metal oxides investigated in the literature. Ketonization

reaction rate depends on Lewis sites acidity which in turn is

dependent on catalyst surface reduction. Reductive atmosphere
avors formation of more basic Me 3 + from Me 4 + , decreasing acid-

ty of adsorption sites and enhancing acid adsorption. In addition

uch atmosphere increases the amount of nucleophilic surface O 

δ−

pecies, benefiting abstraction of α-H 

+ from adsorbed acid species.

cid conversion in optimal conditions provides ca. 80% of the ke-

one yield. Different chemisorption forms of valeric acid on Lewis

cid sites were found: monomolecular and bimolecular monoden-

ate valerates as well as chelating and bridging bidentate valerates

hat could be a part of the reaction mechanism occurring through

he β-ketoacid formation. Catalytic reduction of ketone over Pd or

t supported catalysts proceeding through formation of an inter-

ediate alcohol followed by dehydration into alkene and hydro-

enation to alkane requires presence of acidic and hydrogenation

ites in a catalyst with a high surface area. Effect of the cluster

ize of the hydrogenation metal requires further clarification al-

hough structure insensitivity of the reaction was clearly shown for

 narrow Pd particle size range 1.7–2.9 nm over Pd/Zr О2 . Pd/Zr О2 

emonstrated the highest resistance to CO 2 and water as well as

electivity to alkane. Different approaches were suggested for the

ne-pot alkane production from VA. The combination of Zr О2 with

t/Al 2 O 3 placed in this order in a fixed-bed continuous flow reac-

or provided excellent stability with time on stream yielding ca.

0% of n -nonane. Multifunctional properties of Pd/Zr О2 also al-

ow an excellent combination of ketonic decarboxylation with hy-

rodeoxygenation in a single bed on the one-pot reactor. The one-

ot process requires a presence of basic sites for carboxylic acid

inding during the ketonization step as well as acidic sites for al-

ohol dehydration along with hydrogenation sites for the ketone

ydrodeoxygenation step. Obviously ZrO 2 is the preferred support

or Pd or Pt bearing catalysts in the one-pot process having an ad-

quate combination of acidic and basic sites as well as developed

urface area for effective catalytic performance. A comparison of

wo modes for VA conversion into n -nonane under optimized re-

ction conditions over Pd/Zr О2 demonstrated that the one-pot pro-

ess exhibits a higher n -nonane yield (81%) compared to a consec-

tive two stage process (65%). These results indicate a noticeable

dvantage of the one-pot process affording formation of alkanes

otentially suitable for diesel fuel. The presence of hydrogenation

etal at the beginning of the ketonization step seems to enhance

romoting interactions of hydrogen with the metal oxide surface

ons, thereby accelerating ketonization. 
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