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8     CHAPTER ONE

 

The necessity of renewable alternatives 
The growing energy needs of the world are of great concern to many 
industrial players and governments around the world. The world ener-
gy consumption (figure 1.1) has increased almost 50 % since 1990 and 
is expected to rise by another 50 % in 2040[1], with 85 % percent of the 
growth expected to occur in the developing nations outside the Organ-
ization for Economic Cooperation and Development (non–OECD).[2] 

Fossil fuels currently cover over 80 % of the world’s energy demand 
and liquid fuels are almost entirely derived from a single source, i.e. 
crude oil.[1] The declining reserves, the increasing crude oil prices and a 
desire for energy independence spurs the use of alternative, renewable 
resources. Furthermore, the combustion of fossil fuels is responsible 
for the increasing CO2 levels in the atmosphere. CO2 is a greenhouse gas 
and prevents the escape of infrared heat from the earth’s atmosphere 
and for that reason contributes to a gradual increase of the average 
temperature on earth.[3] Such an increase in temperature subsequently 
decreases CO2 solubility in water (with approximately 3 % per degree 
Celsius). With 98 % of the terrestrial CO2 being dissolved in oceans, this 
could significantly intensify the problem.[3] Although there are various 
speculations about the consequences of the increasing temperature, 
the increase in greenhouse gas emissions are indeed a potential threat 
to economic activity and agricultural production. 

Almost 60 % of the world liquid fuel resources are currently used for 
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transportation and is projected to further increase, as shown in figure 
1.2. Renewable alternatives for transportation fuels include biomass–
based fuels or electric vehicles that could be powered from an external 
power source or by an on–board electricty generator (e.g. hybrids, H2 
fuel cells or solar electricity). To accelerate the transition to renewable 
alternatives, the European Commission has set targets whereby 10 % of 
all energy used in transportation has to originate from renewable fuels 
by 2020, by means of Directive 2012 – 0288.[4] A long term solution to 
replace the crude oil based fuels for renewable fuels will probably con-
sist of multiple energy sources, creating a more varied energy mix.

The developments currently made in the field of electric and hy-
drogen vehicles[6–7] are still in an early stage and require considerable 
investments in infrastructure adaption. Although many promising pro-
totype vehicles powered by electricity or hydrogen have already been 
produced, the electricity and hydrogen required for these vehicles is 
currently still predominantly derived from fossil resources.[8] The imple-
mentation of hydrogen and electric vehicles for that reason does not 
address the actual problem as long as the primary energy source is not 
renewable. Moreover, it is unlikely that these alternatives can easily 
replace the need for liquid fuels in the field of heavy–duty vehicles, 
aviation and marine (i.e. trucks, airplanes and ships), where high engine 
power and energy density is essential. Since these fields account for 
about 60 % of the worldwide energy demand for transportation (figure 
1.3), a liquid alternative fuel with high energy density is preferred to ac-
commodate the requirements of these fields.
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Biomass as renewable alternative 
The utilization of biomass as renewable alternative for fuels or chem-
icals decreases the release of greenhouse gasses through the recy-
cling of the CO2 in the growth of the biomass, as depicted in figure 1.4. 
It should however be noted that the production process itself also 
contributes to CO2 emission.[10] Additionally, the CO2 emitted from bi-
omass–derived fuels also contributes to climate change by spending 
time in the atmosphere before being sequestered again in biomass.
[11] Although not negating the benefits of biomass–derived fuels and 
chemicals, investigation should in fact strive for production processes 
(from cradle to cradle) with net zero carbon footprint. 

Biomass derived liquid fuels could for instance be produced via Bio-
mass to Liquid (BtL) processes in which biomass is turned into fuels via 
thermochemical routes in which the biomass is heated in the absence 
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[ FIGURE 1.4 ] Sim-
plified depiction 
of the one–way 
process of fossil 
fuel combustion and 
the relatively short 
CO2 cycle for bio-
mass–derived fuels 
and chemicals.

!"

#!"

$!"

%!"

&!"

'!!"

(#)*#"*#"

!"+',"

-." /."

0." 1."

(#"

23
-0

456
7"
06

8
96

:4
56
7"
;8

6<
=>

"
23

-0
456

7"
06

8
96

:4
56
7"
;8

6<
=>

"

23
-0

456
7"
06

8
96

:4
56
7"
;8

6<
=>

"

(#)*#"*#"(#" (#)*#"*#"(#"

(#)*#"*#"(#"

?@" 64A"6BC."DD"E@"

23
-0

456
7"
06

8
96

:4
56
7"
;8

6<
=>

"

!"

#!"

$!"

%!"

&!"

'!!"

!"

#!"

$!"

%!"

&!"

'!!"

!"

#!"

$!"

%!"

&!"

'!!"

FOSSIL FUELS BIOMASS DERIVED FUELS

biorefinery

atmosphere

CO2

CO2

CO2



  General introduction     11

(i.e. pyrolysis) or presence (i.e. gasification) of oxygen, air or steam. In 
the latter case, mainly syngas will be produced which subsequently can 
be converted into liquids via the Fischer–Tropsch process. Advantage 
of the BtL processes is that fuels may be produced from almost any 
type of low–moisture biomass, residues or organic wastes. Disadvan-
tages of BtL–fuels are the high investment costs for new plants, the 
low energy efficiency and the high complexity of the process. Large 
plants are for that reason essential for economic feasibility, and areas 
providing biomass accordingly have to be far–reaching. Improvement 
of logistic efficiency in the transportation of low–density biomass is 
therefore an important factor in bringing profitability to the BtL pro-
cess. Although further developments have to be made, BtL processes 
have the potential to substitute part of the crude oil based products 
with those made from biomass. 

Liquid fuel alternatives could also be produced from vegetable oil 
based feedstocks, which have gained significant interest as sustainable 
resource due to their high energy density and structural similarity to 
crude oil based fuels. As such, the implementation of these compounds 
would require minimal changes in the present infrastructure and the 
internal combustion engines, which is highly beneficial for the introduc-
tion of new technologies. This makes vegetable oil based feedstocks a 
promising alternative for the production of transportation fuels which 
is applicable on a shorter time scale in comparison to electric and hy-
drogen vehicles. This thesis will focus on the use of vegetable oils and 
fats as feedstock.

Fats and oils as renewable feedstock
The composition of fats and oils is largely dependent on the origin. 
Chemically speaking, vegetable oils and animal fats are carboxylic 
esters derived from glycerol with three (even–numbered) (un)saturat-
ed fatty acid groups (scheme 1.1a), which are known as triglycerides 
(scheme 1.1b). The length of the fatty acids also varies depending on 
the origin. The five most common fatty acids are stearic acid (C18:0, the 
first number indicating the number of carbon atoms and the second 
number the number of unsaturations), oleic acid (C18:1), linoleic acid 
(C18:2), linolenic acid (C18:3) and palmitic acid (C16:0). 

Typically, fat and oil feeds also contain 1 – 10 % free fatty acids, de-
pending on the source. For a more thorough analysis of the compo-
sition of different vegetable oil feeds we refer to the NREL (National 
Renewable Energy Laboratory) report of van Gerpen et al.[34] and the 
review of Atabani et al.[20]. In this thesis, we focus on the upgrading pro-
cesses of fatty acids and triglycerides. 

The use of vegetable oils for fuels is not a new development. Already 
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at the 1900 World Fair in Paris, diesel engines were running on peanut 
oil.[12–15] However, vegetable oils cause several engine problems such 
as injector coking, carbon deposits and thickening of engine lubricants 
due to its high viscosity, high reactivity and low volatility.[16] Since the 
post World War II era, the high availability and thus low price of fossil 
oil based fuels resulted in the disappearance of vegetable oil based 
transportation fuels. Vegetable oils did however gain renewed interest 
in the search for renewable resources for the production of fuels and 
chemicals. 

A potential disadvantage of using vegetable oils for fuels and chemi-
cals is that most of them are edible. As a result, competition with food 
production and land use arises when these vegetable oils are used 
for other purposes. This cannot be ethically justified with worldwide 
almost 870 million people chronically undernourished.[17] Bioethanol 
fuel has for that reason been criticized being mainly produced by the 
fermentation of sugars derived from edible feedstocks like corn, wheat 
and sugar beets. As such, a European Commission proposal, released in 
October 2012, stated that the amount of first–generation biofuels (i.e. 
fuels derived from edible sources) should be limited to a maximum of 
5 % of total transportation fuels.[4] With regard to the 10 % renewable 
transportation fuel target, as given above, this means that by 2020 at 
least 5 % of all transport fuel should be produced from feedstocks that 
are not in competition with the food chain and do not create an addi-
tional demand for agricultural land (the so called second or third gener-
ation biofuels). 

The large amount of research projects shows the willingness of in-
dustry and society to tackle the ethical discussion on food versus fuel 

[ SCHEME 1.1 ] 
Chemical structures 
of (a) stearic acid, 
a C18 fatty acid; (b) 
triglyceride derived 
from glycerol with 
stearic acid (C18:0), 
linoleic acid (C18:1) 
and linolenic acid 
(C18:2).
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by avoiding the use of edible crops. In the debate around food versus 
fuels, more aspects should be taken into account, e.g. availability, as 
well as (indirect) land and fertilizer use. We refer to recent reports for a 
thorough analysis on this topic.[18–19]

Luckily, also various types of non–edible feedstocks exist. Some 
examples of non–edible feedstocks are jatropha curcas, castor oil, 
pongamia pinnata (karanja), azadirachta indica (neem), tall oil, cuphea, 
camellia, crambe, hevea brasiliensis (Rubber seed), linum usitatissimum 
(linseed), nicotiana tabacum (tobacco), calophyllum inophyllum, ster-
culia feotida, madhuca indica (mahua), pongamia glabra (koroch seed), 
babassu,  scheleichera triguga (kusum), asclepias syriaca (milkweed), 
argemone mexicana (Mexican prickly poppy), putranjiva roxburghii 
(Lucky bean tree), melia azedarach (syringe), thevettia peruviana (yel-
low oleander) and many others. Figure 1.5 shows the fatty acid profiles 
of some non–edible feedstocks which illustrates the broad spectrum 

[ FIGURE 1.5 ] Fatty 
acid profiles of 
various non–edible 
feedstocks.[20]
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between C8 – C24, and shows that oleic acid and linoleic acid are most 
common within these feedstocks. Some exceptions are also shown: 
castor oil for instance consists of mainly ricinoleic acid (scheme 1.2a) 
and tall oil consists of a considerable amount of resin acid (a mixture of 
several related carboxylic acids with abietic acid as the most abundant; 
scheme 1.2b). A comprehensive description of the various non–edible 
feedstocks including the challenges in exploitation, extraction and con-
version of the oils to biodiesel was made by Atabani et al.[20] 

Promising results have also been obtained on the production of vegeta-
ble oils from algae.[21–24] Compared to other oil crops, microalgae were 
reported to have the highest oil yields; which is up to 25 times higher 
than more traditional crops like oil palm (oil yields expressed per hec-
tare land use per year).[22] The challenges in microalgae cultivation and 
harvesting are the costs and energy demands.[20, 23] Also, the amount of 
waste water (containing nitrogen and phosphorus) is significant and 
should be recycled to avoid serious impacts on the environment.[25] If 
the investment cost and production cost of microalgae could be de-
creased, algae bioenergy definitely has potential as alternative to fossil 
fuels.

Waste fats and oils can be an alternative cheap non–edible feedstock. 
For instance yellow grease (used cooking oil), trap grease (collected 
via grease interceptors in the sanitary sewer), soap stock or animal fats 
(e.g. tallow, lard or yellow grease) can be a source for biodiesel pro-
duction.[26–32] Such alternatives are only partial solutions due to limited 
availability. For instance, a maximum of 1 % of the transport fuel de-
mand could theoretically be met by biofuels from recycled frying oil.[33] 

It must be pointed out that global biodiesel feedstocks should not 
rely on a single source but instead should be as diversified as possible, 
depending on geographical locations in the world. The worlds’ depend-
ence on fossil fuels is an example that it could bring harmful influence 

[ SCHEME 1.2 ] 
Chemical structures 
of (a) ricinoleic acid 
and (b) abietic acid 
(the most common 
carboxylic acid 
found in resin acid). 
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in the long run.[20] Besides, the worldwide energy demand for transpor-
tation could not even be met using all vegetable fat/oils currently pro-
duced worldwide. The production of vegetable fat/oils was reported 
to be 183 million metric tonnes in 2012.[35] With an approximate energy 
content of 40 MJ × kg-1 this is an energy equivalent of 7.3 × 106 TJ (1 TJ 
= 1012 J) a year, only 5 % of the worldwide energy demand for transpor-
tation (which is about  1.4 × 108 TJ a year[36–37]) Additionally, the total 
vegetable oil/fat content is divided between food, feed and industry in 
a ratio of 74:6:20. As such, industrial vegetable oil/fat should definitely 
not be regarded as a full–scale alternative for fossil fuels. However, it 
may certainly contribute to a transition pathway from fossil to renewa-
ble energy, which will probably also consist of multiple energy sources. 
Furthermore, for (bulk) chemicals production the amount of fat/oil is 
significant indeed. To give an idea about scales; the wold polyethylene 
(PE) and polypropylene (PP) demands were respectively 78 and 53 mil-
lion metric tonnes in 2011.[38] It is for that reason essential to not solely 
focus on fuel production but also search for possible applications for 
value–added chemical production. 

Higher value chemicals could for instance be produced from vegeta-
ble oils by the conversion to linear alpha olefins (LAOs), of which the 
current market is about 4 million metric tonnes.[39] The use of vegetable 
oil based feedstocks for the production of LAOs has raised interest due 
to higher added value as compared to fuels. It has for instance been 
shown by us that unsaturated fatty acids can be decarboxylated using 
homogeneous catalysts to yield unsaturated hydrocarbons.[40] Ethe-
nolysis of the olefins subsequently yield LAOs, which are interesting 
building blocks for the production of surfactants and lubricants. Short 
chain LAOs are used as co–monomers in the production of high density 
polyethylene (HDPE) and linear low density polyethylene (LLDPE). 

Upgrading of fat and oil feeds 
As mentioned previously, the direct use of fats and oils (or triglycer-
ides) as diesel fuel is not desirable due to engine compatibility prob-
lems. Therefore, several upgrading processes have been developed 
over the years to produce renewable diesel which is compliant with 
modern infrastructure, and to produce value–added chemicals from 
the fat and oil feeds. These processes can be divided into three cate-
gories: cracking, transesterification and deoxygenation (figure 1.6) as 
comprehensively reviewed by Murzin et al.[16, 41]

Cracking involves the thermal or catalytic decomposition of triglyc-
erides. The products are lighter alkanes, alkenes, and fatty acids.[41] 
Conventional cracking catalysts used in the petrochemical industry, i.e. 
zeolites and mesoporous alumina–silicates, can also be applied for  
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vegetable oils.[13] The process is however highly unselective as a large 
range of hydrocarbons and oxygenates are produced.[41] Therefore, 
cracking is not the optimal upgrading technology for the production of 
diesel type biofuels, nor for the production of value–added chemicals. 

Transesterification is currently the major commercially applied process 
to produce biodiesel from vegetable oils. The resulting fatty acid me-
thyl esters (FAMEs) or fatty acid ethyl esters (FAEEs) are however not 
fully compatible with conventional diesel engines due to the still rela-
tively high oxygen content. As a result, this type of biodiesel has to be 
blended with petroleum fuels or engines have to be adapted.[15] Other 
disadvantages of FAMEs are poor cold–flow properties due to the high 
cloud point, pour point and cold filter plugging point. In addition, the 
abundant use of homogeneous base catalysts and the downstream 
processing costs further restrain this upgrading technology.[41]

Most concerns regarding FAMEs and FAEEs can be overcome by 
lowering the oxygen content using heterogeneous catalysts. This can 
be achieved by catalytic (hydro)processing of the vegetable oil feed, 
i.e. deoxygenation. The resulting (oxygen free) hydrocarbons are ful-
ly compatible with fossil fuels and with conventional diesel engines. 
These hydrocarbons even outperform fossil based fuels with cetane 
numbers ranging from 85 to 99, compared to 45 to 55 for fossil based 
diesel.[41–42] Recently, an overview of different types of renewable diesel 
was reported by Bezergianni and Dimitriadis.[43] The catalytic deoxy-
genation of fats and oils can also be used for the production of bulk 
chemicals like for instance linear alpha olefins (LAOs), as discussed 
above. Thus, catalytic deoxygenation of fat and oil based feeds can be 
regarded as an interesting process for the production of both fuels and 
chemicals. 

Nowadays, most processes for the catalytic deoxygenation of fat and 
oil based feeds are hydroprocesses and thus require H2. The catalysts 
used in these processes can generally be divided into two categories: 
hydrodesulfurization (HDS) type catalysts, such as CoMo(S2)(Ox) and 
NiMo(S2)(Ox), which will be referred to as metal sulfide or metal oxide 
catalysts depending on whether or not a sulphidation step has been 
performed prior to use, and noble metal catalysts, mostly Pd and Pt, 

[ FIGURE 1.6 ] Fat 
and oil upgrading 
processes

fats and oils

cracking

transesterification

deoxygenation
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as reviewed by Murzin et al.[16, 41] The industrial relevance of deoxygen-
ation is shown by Neste Oil, as it already commercialized a process for 
hydrotreating vegetable oil feeds producing NExBTL diesel; a diesel 
with better combustion properties compared to first generation bio-
diesel and reportedly free of sulfur, oxygen, nitrogen and aromatics.[42] 
A potential disadvantage of this process is the use of large amounts of 
H2, which is currently still mostly produced from non–renewable feed-
stocks. Additionally, the hydrogenation of unsaturations and glycerol 
hinders glycerol valorisation as well as the production of value–added 
chemicals. 

Recently, the possibility to heterogeneously catalyse the deoxygen-
ation of fatty acids and esters under inert gas has gained a lot of atten-
tion, as has been comprehensively reviewed by Santillan–Jimenez et 
al.[44] In this PdD thesis, we will further examine the heterogeneously 
catalysed deoxygenation of fatty acids and triglycerides as sustainable 
alternative for the production of fuels and chemicals.  

Heterogeneous catalysis
The use of catalysts is essential to increase the reaction rate of the fat 
and oil deoxygenation process. The increase in the reaction rate is in-
duced by the lowering of the activation barrier of the reaction (figure 
1.7), in which the catalyst itself is not used or changed during the pro-
cess and for that reason can usually be reused for numerous runs. Two 
important definitions to describe the catalyst performances are the 
turnover number (TON) and the turnover frequency (TOF). The TON 
defines the number of feed molecules converted per active site of the 

[ FIGURE 1.7 ]
Possible potential 
energy diagram 
showing the effect 
of a catalyst on the 
activation energy 
of a reaction. The 
presence of the 
catalyst results in a 
different reaction 
pathway with lower 
activation barrier. 
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catalyst; which go from only 10 up to several million runs but for indus-
trial applications mostly in the range 106 – 107.[45]  The TOF is the turno-
ver per unit of time. Most relevant industrial catalysts have a TOF of at 
least 10–2 s–1 but can also be much more active with TOFs of 102 s–1.[45]  

When the phase of the catalyst differs from that of the reactants, 
it is called heterogeneous catalysis. This most of the time means that 
the catalyst is a solid with liquid or gaseous reactants. Heterogeneous 
catalysts are often used for industrial applications (about 80 – 90 % of 
all chemical processes use heterogeneous catalysts) since the reaction 
products are relatively easily separated from the catalyst due to the 
different phases. Additionally, heterogeneous catalysts are typically 
robust and can withstand higher temperatures and pressures in com-
parison with homogeneous catalysts. For the research described in 
this thesis we decided to use heterogeneous catalysts considering the 
intended industrial applications.

Since the catalytic reaction occurs at the catalyst surface, it is very 
important to have a high specific surface area of the active species. For 
that reason a support material is generally used on which the active 
phase is finely distributed. Typical support materials are carbon (C), alu-
mina (Al2O3), titania (TiO2) and silica (SiO2) and are available in various 
shapes (e.g. carbon nanotubes (CNT), carbon nanofibers (CNF)) or with 
different crystal structures (e.g. α–Al2O3, γ–Al2O3). The support material 
can have a significant effect on the catalyst activity or selectivity, for in-
stance due to the interaction of the support material with the reactants 
or active metal. In this PhD thesis several support materials are used, 
i.e. γ–Al2O3, SiO2, activated carbon (AC) and CNF. Some examples of the 
effect of support materials on catalysis are described in chapter 2 and 
in chapter 4. 

Different deposition methods exist to maximize the active surface 
area with particle sizes on the nanometer scale, e.g. ion–exchange, 
wet impregnation and incipient wetness impregnation[46]. The active 
species that are used are obviously depending on the preferred cata-
lytic reaction. For the deoxygenation of fatty acids alone, numerous 
catalysts have been used, e.g. Ni, Cu, Mo, Mo2C, Ru, Rh, Pd, W2C, WO3, 
Ir, Pt, as well as several bimetallic catalysts[47]. Palladium based catalysts 
have been investigated most thoroughly for the deoxygenation of fatty 
acids. This thesis will discuss palladium based catalysts (chapter 3, 4) as 
well as platinum (chapter 5) and tungsten– and molybdenum–carbide  
(chapter 6) based catalysts.

Experimental setup 
Several reactor systems have been used for executing the catalytic 
reactions of this thesis. All systems used are batch reactor systems in 
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which the reactor is charged with the catalyst, reactants and solvent 
after which the reactor is closed and heated to the preferred reaction 
temperature. 

Parr MRS 5000 multiple batch reactors – A multiple reactor system 
containing six 75 mL batch reactors (38.1 mm ID, 63.5 mm inside height) 
with magnetic stirring is used for the catalytic reactions in chapter 
3 and 4 (figure 1.8). Operation conditions of these experiments are 
between 200 – 250 oC, 6 bar N2 or H2 pressure and 1100 rpm magnetic 
stirring (using a 7.9 × 25.4 mm octagonal stirring bar). Pressure and 
temperature were monitored continuously during catalytic tests. The 
reactor heads feature a rupture disk, pressure transducer, conduits for 
(de)pressurizing the reactors and a dip tube.

Parr 4563 single bench top batch reactor – A 600 mL single bench top 
autoclave reactor system was used for reactions in chapter 3 that were 
operated at reaction temperatures between 300 – 350 oC and reaction 
pressure of 6 bar N2 (figure 1.8). The autoclave has an inner diameter of 
63.5 mm and inside height of 203.2 mm and is mechanically stirred. Con-
duits for (de)pressurizing the reactors, a rupture disk, pressure trans-
ducer and a dip tube are connected to the reactor head. 

Parr 4744 acid digestion vessel – A 45 mL batch reactor (11 mm ID, 
89 mm inside height) with thick–walled PTFE cup was used for the 
hydrothermal reactions (chapter 4) that were operated at 250 oC at an 
autogenous pressure of about 40 bar. This reactor setup appeared to 
be most suitable for hydrothermal experiments to avoid severe clog-
ging of conduits, tubing and non–heated parts of the reactor head (e.g. 
pressure transducer and rupture disk) by substrate, products and cat-
alyst. The reactor was placed in a preheated oven to avoid a large tem-
perature gradient over the reactor but stirring was not possible due to 
technical reasons. 

Parr 2430 quartz window batch reactor – The behaviour of the DO 

[ FIGURE 1.8 ] 
Picture of the Parr 
MRS 5000 multiple 
batch reactors (left), 
the Parr 4563 single 
bench top batch 
reactor (middle) and 
the Parr 2430 quartz 
window batch reac-
tor (right).
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reaction mixtures under hydrothermal reaction conditions (chapter 5) 
was investigated using a semi–batch 200 mL Parr autoclave (Parr 2430). 
The reactor is equipped with two quartz elongated oval windows as 
shown in figure 1.8. The reaction mixture could be studied at reaction 
conditions (250 oC, 40 bar) by introducing light through one window 
while looking through the second window. 

Autoclave Engineer EZE–Seal® batch reactor – Catalytic reactions us-
ing W2C– and Mo2C–based catalysts were performed in a 100 mL batch 
reactor with overhead mechanical stirring (chapter 5). The operating 
conditions of these experiments are 350 oC, 50 bar H2 pressure and me-
chanically stirring at 1000 rpm. Sampling could be performed during the 
catalytic experiments via a preheated dip tube. Besides the dip tube, 
also a rupture disk, pressure transducer and conduits for (de)pressuriz-
ing the reactors are connected to the reactor head. The reaction tem-
perature, mixing speed and pressure is measured during the reaction 
via process control instrumentation. 

The work described in this PhD thesis aims to further investigate and 
develop the deoxygenation reaction of fatty acids and triglycerides to 
saturated and unsaturated hydrocarbons for the production of fuels 
and chemicals. 

In Chapter 2 the role of feedstock, reaction conditions and nature of 
the catalyst are presented by reviewing the literature on the reaction 
pathways for the deoxygenation of vegetable oils and its derivatives. 
From this, the suitability of model compounds for this reaction is deter-
mined and the addition of H2 is found to be favourable for the catalytic 
deoxygenation of vegetable oil feeds.

Chapter 3 and Chapter 4 describes the work on the hydrogen–free 
deoxygenation of fatty acids at 250 oC in organic solvents. In Chapter 3, 
stearic anhydride is proposed as reactive intermediate in the decarbon-
ylation and ketonization of stearic acid over Pd/Al2O3, which is valuable 
to tune deoxygenation selectivity towards paraffin or olefin produc-
tion. Chapter 4 describes the significant effect of adsorption of the C=C 
double bond in the alkyl chain of unsaturated feed and product on the 
catalyst surface during fatty acid deoxygenation reactions. Here we 
describe the inhibition process of unsaturations and confirm that the 
use of additional H2 is essential during deoxygenation reactions, as was 
reviewed in Chapter 2.

In Chapter 5 a method is presented to generate hydrogen in situ dur-
ing the hydrothermal deoxygenation of saturated and unsaturated tri-

[  A I M  A N D  O U T L I N E  ] 
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glycerides over Pd/C at 250 oC. Moreover, the use of additional glycerol 
during catalytic runs is presented as a sustainable hydrogen source to 
increase deoxygenation activity and avoid catalyst deactivation.

Chapter 6 describes the development and comparison of novel car-
bide catalysts for the deoxygenation of vegetable oils and derivatives. 
A study on the hydrodeoxygenation of oleic acid over W2C/CNF and 
Mo2C/CNF shows a difference in catalytic behaviour between the two 
carbide catalysts, which is related to the differences in hydrogenation 
activity. W2C/CNF is shown to be more suitable for the production of 
high value olefinic products where Mo2C/CNF on the other hand shows 
increased activity and catalyst stability. 

In Chapter 7 a summary of the key findings of this PhD thesis is given 
together with some general conclusions. 
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C H A P T E R  2

Reaction pathways 
for the deoxygenation 
of vegetable oils 
and related model 
compounds
Vegetable oil–based feeds are regarded as an alternative source 
for the production of fuels and chemicals. Paraffins and olefins can 
be produced from these feeds through catalytic deoxygenation. 
The fundamentals of this process are mostly studied by using 
model compounds such as fatty acids, fatty acid esters, and specific 
triglycerides because of their structural similarity to vegetable 
oils. In this chapter we discuss the impact of feedstock, reaction 
conditions, and nature of the catalyst on the reaction pathways of 
the deoxygenation of vegetable oils and its derivatives. As such, we 
conclude on the suitability of model compounds for this reaction. 
It is shown that the type of catalyst has a significant effect on the 
deoxygenation pathway, that is, group 10 metal catalysts are active 
in decarbonylation / decarboxylation whereas metal sulfide catalysts 
are more selective to hydrodeoxygenation. Deoxygenation studies 
performed under H2 showed similar pathways for fatty acids, fatty 
acid esters, triglycerides, and vegetable oils, as mostly deoxygenation 
occurs indirectly via the formation of fatty acids. Deoxygenation 
in the absence of H2 results in significant differences in reaction 
pathways and selectivities depending on the feedstock. Additionally, 
using unsaturated feedstocks under inert gas results in a high 
selectivity to undesired reactions such as cracking and the formation 
of heavies. Therefore, addition of H2 is proposed to be essential for 
the catalytic deoxygenation of vegetable oil feeds.
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[  I N T R O D U C T I O N  ] The use of alternative resources for 
the production of fuels and chemicals 
has been an important research area 
last decades, due to declining petro-
leum deposits, increasing greenhouse 
gas emissions and governmental 
regulations. Potential renewable 
feedstocks for the production of 
high–performance fuels and val-
ue–added chemicals are vegetable 
oil–based feedstocks, which consist of 
triglycerides and fatty acids. Several 
upgrading processes have been devel-
oped over the years, like the catalytic 
deoxygenation of vegetable oils to 
paraffins and olefins. Earlier contribu-
tions on this catalytic deoxygenation 
process reviewed the decarbonylation 
/ decarboxylation of vegetable oil–
based feedstocks[1] and the hydrode-
oxygenation process.[2] It was herein 
shown that most deoxygenation 
studies are performed on model com-
pounds rather than on triglyceride–
based feedstocks. Fatty acids, fatty 
acid esters, and specific triglycerides 
are mostly studied because of their 
structural similarity to vegetable oils 
and are, therefore, often regarded as 
suitable model compounds.[3–5] To the 
best of our knowledge, this has not 
been proven thus far. 

The aim of this chapter is to review 
the applicability of fatty acids, fatty 
acid esters, and specific triglycerides 
as model compounds for the deox-
ygenation of vegetable oil–based 
feeds. A model compound is consid-
ered suitable when it shows compa-
rable product selectivities, activities, 
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and dependency on reaction param-
eters, such as catalyst, support, and 
temperature. Herein, we provide 
for the first time a comprehensive 
overview of the various deoxygena-
tion reaction pathways to discuss the 
applicability of model compounds to 
the assessment of the deoxygenation 
of vegetable–oil feeds. This includes 
a comparison between deoxygena-
tion in H2 atmosphere and H2–free 
deoxygenation. 

This chapter is divided into three 
main sections. The first section de-
scribes deoxygenation studies in the 
presence of H2. The second part cov-
ers H2–free deoxygenation studies. In 
both sections we will separately dis-
cuss the deoxygenation pathways of 
vegetable oils and triglycerides, fatty 
acid esters, and fatty acids. The third 
section comprises a comparison on 
catalytic deoxygenation of vegetable 
oils and model compounds. A com-
prehensive overview of the different 
deoxygenation studies, including 
various reaction parameters and 
reported intermediates, is provided 
in tables 2.1 – 2.4. 

Nomenclature 
To avoid misunderstanding, the dif-
ferent definitions used in this chapter 
are shortly explained, including the 
abbreviations used hereafter (see 
also scheme 2.1).
Deoxygenation (DO) covers all reac-
tions involving the removal of oxy-
gen from a molecule. For this chap-
ter, this will generally be in the form 

of H2O, CO2, or CO.
Decarbonylation/decarboxylation 
(DCO) covers the deoxygenation 
reactions where CO (decarbonyla-
tion, 1) or CO2 (decarboxylation, 2)  is 
removed from a molecule. For fatty 
acids, this would yield olefins, CO, 
and H2O in the case of 1; and paraffins 
and CO2 when 2 occurs. As no H2 is 
consumed during this reaction, DCO 
can also proceed during H2–free de-
oxygenation reactions. 
Hydrodeoxygenation (HDO, 3) is the 
process where oxygen is removed 
from a molecule by using molecular 
hydrogen. For fatty acids, this means 
lowering the oxidation state of the 
carbon atom of the carboxylic group 
by using H2 to form hydrocarbons 
and H2O. This can by default only 
occur in the presence of H2. 
Water gas shift reaction (WGS, 4) is 
the reaction in which CO reacts with 
H2O to form CO2 and H2.
Hydrogenation (5) is used for re-
actions where hydrogen addition 
occurs without the cleavage of 
bonds, for instance, when oleic acid 
is saturated to stearic acid. 
Direct deoxygenation represents the 
reaction pathway that starts with a 
deoxygenation step.
Indirect deoxygenation is the reaction 
pathway where the first reaction 
step does not include deoxygenation, 
that is, where fatty acid is formed 
as an intermediate reaction product 
from triglycerides or fatty acid esters 
before the actual deoxygenation 
occurs.
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The different decomposition and deoxygenation pathways of vegeta-
ble oils and triglycerides in the presence of H2 are discussed and then 
compared to fatty acid esters and fatty acids. The influence of reaction 
parameters on these pathways and selectivities is compared at the end 
of this section. 

Vegetable oil–based feedstocks and triglyceride model compounds
> Decomposition pathways
Several studies on triglyceride deoxygenation to hydrocarbons were 
already performed in the 1980s.[7–9] In these studies, it is described how 
the three ester bonds are hydrogenated, resulting in linear alkanes 
of the same length (Cn) or one carbon atom shorter (Cn–1). Since then, 
more investigations on the deoxygenation of vegetable–oil feeds and 
triglycerides have been performed, which led to three proposed de-
composition pathways as shown in Scheme 2.2, that is, β–elimination, 
γ–hydrogen transfer and direct DO.[10] γ–Hydrogen migration is report-
ed to occur during thermal decomposition at 450 oC and would result 
in the formation of Cn–2 hydrocarbons.[11] To our knowledge, no deoxy-
genation studies report significant formation of Cn–2 hydrocarbons. As 
typical deoxygenation studies are regularly performed at temperatures 
between 250 – 380 oC, this γ–hydrogen transfer decomposition path-
way is presumably only occurring at increased reaction temperatures 
and for this reason not of importance in this study.

Table 2.1 shows a comprehensive overview of the relevant literature 
for the triglyceride deoxygenation pathways and its intermediates. 
Most of these deoxygenation studies report the evolution of fatty 
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[ SCHEME 2.1 ] 
Overview of possi-
ble deoxygenation 
reactions and other 
reactions that can 
occur. Thermo-
dynamic data are 
included (ΔG573K in kJ 
× mol–1 at 1 bar).[6]

[  D E O X Y G E N A T I O N  I N  P R E S E N C E  O F  H 2  ]
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acids,[2, 7–9, 12] which indicates a preference for β–elimination, where a 
triglyceride releases one fatty acid and becomes an unsaturated glycol 
difatty acid ester (UGDE, scheme 2.2, top pathway). The formed fatty 
acids can subsequently be deoxygenated via the different fatty acid 
deoxygenation pathways (scheme 2.1). Further β–elimination of UDGE 
is not possible without hydrogenation. In the presence of H2 and hydro-
processing catalysts, a subsequent β–elimination step is theoretically 
possible after hydrogenation of UDGE, paving the way to fully deoxy-
genated hydrocarbons and propane. This is nicely illustrated by Boda 
et al.,[5] who studied the deoxygenation of tricaprylin to hydrocarbons 
over NiMoOx/γ–Al2O3 and Pd/C catalysts. The authors found propane 
and caprylic acid as primary products over metal–oxide and Pd cata-
lysts, with fatty acid yields (defined as [fatty acids] / (3 × [triglyceride])) 
up to 60 % and 70 %, respectively. These yields confirm the hydrogena-
tion of UGDEs to saturated diglycerides to facilitate consecutive β–elim-
inations to fatty acids and propane.

Similarly, the hydrotreatment of microalgae oil (mainly mono–, di–, 
and triglycerides) was conducted over Ni/H–beta resulting in fatty acid 
yields exceeding 70 %.[25] It is shown in figure 2.1 that further deoxygena-
tion of the formed fatty acids to hydrocarbons resulted in a gradual de-
crease of fatty–acid yield and a simultaneous increase in hydrocarbon 
yield. This clearly confirms that the fatty acids are an intermediate prod-
uct. The high concentration of fatty acids detected in the above–men-
tioned studies indicates that, except for being an intermediate product 
in the deoxygenation, the formation of fatty acids from triglycerides is 
relatively fast. Thus, the deoxygenation of fatty acids to hydrocarbons 

[ SCHEME 2.2 ] 
Simplified reaction 
scheme for the 
deoxygenation 
pathways of triglyc-
erides.
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is the rate–determining step in the deoxygenation of triglycerides, 
which was also mentioned by Boda et al.[5]   

The third pathway for the deoxygenation of triglycerides is direct 
deoxygenation to hydrocarbons (scheme 2.2) without the formation of 
intermediate fatty acids.[14, 16] Direct deoxygenation from triglycerides 
was especially reported for NiMoS2 catalysts, which showed already 
considerable hydrocarbon selectivity (50 %) at low conversion.[18] The 
authors explained this by a higher deoxygenation activity of the NiMoS2 
catalysts. This might result in a fast deoxygenation of the intermediate 
fatty acids before they can desorb and be detected in the liquid phase.
[18] The exact mechanism of the direct deoxygenation is not known. 
Although scheme 2.2 indicates glycerol formation as a direct deoxygen-
ation product, the formation of propane has also been mentioned[28], 
which can be explained by the HDO of glycerol. 

As shown in table 2.1, the fatty–acid intermediate was often detect-
ed, indicating an indirect deoxygenation pathway as the most common-
ly proposed decomposition pathway of triglycerides. These intermedi-
ate fatty acids can subsequently form hydrocarbons via DCO (1 and 2) 
or via HDO (3). Table 2.1 shows that triglyceride deoxygenation is most-
ly catalyzed by group 10 metals, that is, Ni, Pd, and Pt. Hydroprocessing 
of vegetable–oil feeds on the other hand is mostly achieved by the use 
of metal–sulfide catalysts. The impact of the catalyst on the reaction 
pathways will be discussed first before we focus on the dependence on 
reaction parameters. 

> Decarboxylation and decarbonylation 
The occurrence of HDO or DCO shows a general trend when comparing 
literature concerning triglycerides and vegetable fat– and oil–based 
feedstocks and appears highly dependent on the catalyst used. It has 
been shown that deoxygenation over group 10 metal catalysts (Ni, Pd, 

[ FIGURE 2.1 ] 
Product distribution 
from the HDO of 
microalgae oil over 
10 wt% Ni/HBeta at 
260 oC as a function 
of time. Total alkane 
yield (square), 
stearic acid (trian-
gle). (Adapted with 
permission from 
Peng et al.[25]) 
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Intermediates observed[b]

entry

1
2

3

4

5

6

7

8

9

10

11

12

13
14

15

16

FAE

x
x
x

x
x
x
x

x
x

x

FA

x
x
x
x

x
x
x
x

x

x

x
x
x
x
x
x
x
x
x
x
x
x
x

alc.

x
x
x

tr.

tr.
tr.
tr.
x

x
x
x

x
x
x

x

oth.

[c]

[f]

[f]

[g]

ref

[13]
[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25] 
[26]

[27]

[5]

reactants

rapeseed oil
rapeseed oil

rapeseed oil

rapeseed oil

rapeseed oil

rapeseed oil

rapeseed oil

rapeseed oil[e] 

sunflower oil
olive oil

soya bean oil
rapeseed oil

maize oil
waste soya oil

sunflower oil

microalgae oil

microalgae oil
tristearin

tripalmitin

tricaprylin

catalysts

NiMoS2/Al2O3

CoMoS2/MCM-41

NiMoOx/Al2O3

CoMoS2/Al2O3

CoMoS2/MCM-41
CoMoS2/OMA[d]

CoMoS2/γ-Al2O3

NiS/Al2O3

NiMoS2/Al2O3

MoS/Al2O3

NiMoS2/Al2O3

NiMoS2/γ-Al2O3

Mo2C/AC

NiMoS2/γ-Al2O3

NiWS2/SiO2-γ-Al2O3

NiMoS2/Al2O3/F

Ni/ZrO2

Ni/H-β
Pd/C
Ni/C

Pt/Al2O3

Pd/Al2O3

Ni/Al2O3

NiMoOx/Al2O3

Pd/C

T (oC)

350
320

310

310

310

270

260
340
350

300

360

320

270

260
360

325

360

P (bar H2)

80 
23 
55 

110 
70 

70 

35 

35

70

45

15

50

20
60
90
40

40
40

20

21 (H2/He)

reactor type

batch reactor
continuous 
fixed bed

continuous 
fixed bed 

continuous 
fixed bed

continuous 
fixed bed

continuous 
fixed bed

continuous

continuous  
trickle bed

batch reactor

continuous 
fixed bed

continuous 
fixed bed

slurry batch, 
trickle bed 

slurry batch
batch

batch

continuous

DCO:HDO(a)

69:21
57:43
29:71
9:91

20:80

20:80
33:66
7:93

20:80

100:0
26: 74
3:97
9:91

29:71
63:37

9:91
9:91
9:91
9:91
9:91

47:53
60:40
44:56
46:54
49:51

>90:10
>93:7
23:77
100:0
100:0
96:4
97:3

83:17
23:77
92:8

[a] Decarbonylation + decarboxylation to hydrodeoxygenation product ratio [b] fatty acid esters (FAE), fatty acids (FA), 
alcohols (alc.), traces (tr.), others (oth.) [c] mono- and diglycerides [d] organized mesoporous Al2O3 [e] 25 % rapeseed oil 
in light gasoil [f] aldehydes [g] formic acid and traces of aldehydes

[ TABLE 2.1 ] Over-
view of literature 
concerning catalytic 
deoxygenation of 
vegetable oil based 
feedstocks and 
triglyceride model 
compounds under 
H2

Pt) occurs via DCO, resulting in high yields of Cn–1 hydrocarbons.[2, 

13, 15, 17–19] One exception should be noted, that is the Ni/H–β catalyst 
(table 2.1, entry 13), which shows mainly HDO products and is dis-
cussed on page 42 (influence of support).

Table 2.1 also reveals that apart from fatty acids, aldehydes and 
alcohols were also observed as intermediate products during DCO 
of microalgae oil by a Ni/ZrO2 catalyst (entry 12). Based on these 



32     CHAPTER TWO   Reaction pathways for the deoxygenation of vegetable oils and related model compounds     33

observations, DCO pathways of triglycerides are proposed as shown in 
scheme 2.3. It is proposed that the unsaturated hydrocarbon chains of 
triglycerides are hydrogenated before further deoxygenation occurs, 
as was suggested by Kubička et al.[14, 16] Subsequently, either indirect 
deoxygenation via fatty acid and aldehyde intermediate or direct deox-
ygenation occurs. It was shown that the aldehyde is in equilibrium with 
the alcohol, which is merely a spectator in the DCO route. 

> Hydrodeoxygenation 
Table 2.1 shows that deoxygenation of triglycerides over group 10 
metal catalysts occurs mainly via DCO (entries 12, 14–16). Metal sulfide 
catalysts (such as MoS2, CoMoS2, Mo2C) are generally more selective to 
HDO, with Cn hydrocarbons as main product.[5, 14–18, 21–22, 29–31]

Exceptions are reported as well, that is, entries 1 and 8; the use of 
NiMoS2 catalysts resulted in DCO/HDO ratios larger than 1. This can be 
explained by the presence of Ni in the metal–sulfide catalysts. Often 
Ni is present in significantly lower concentrations than Mo as it is re-
garded as a promoter for the catalytic activity. When the Ni content 
is increased a slight shift in selectivity to DCO products is observed as 
expected as it was shown above that Ni is an active metal in the DCO 
reaction.[18] Overall, metal–sulfide and metal–oxide catalysts can be re-
garded as selective catalysts for the HDO pathway. 
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Studies to elucidate the HDO pathway revealed the presence of inter-
mediates other than fatty acids. In entries 2, 5–7, and 13, the formation 
of an alcohol intermediate and a fatty acid ester is also reported. The 
latter is formed by the esterification of the fatty acid and fatty alcohol 
(scheme 2.4). The oxygenates were suggested as intermediates be-
cause their selectivity appeared very high (> 90 %) at low conversion 
and decreased as the conversion increases, whereas the hydrocarbon 
selectivity increased as a function of conversion. In contrast to the DCO 
route, alcohols are regarded as active intermediates in the HDO route, 
where it is dehydrated and subsequently hydrogenated to form satu-
rated hydrocarbons. 

Summarizing, although direct deoxygenation of triglycerides was 
shown to occur, β–elimination was reported to be the most significant 
decomposition pathway under typical deoxygenation reaction con-
ditions in the presence of H2, resulting in fatty acids as intermediate 
products. Additionally, it has been reported that the β–elimination step 
occurs relatively fast and that the subsequent deoxygenation step of 
fatty acids occurring via DCO or HDO is regarded to be rate–determin-
ing. Aldehydes and alcohols were observed as intermediates for both 
reaction pathways, as shown in schemes 2.3 and 2.4. 

[ SCHEME 2.4 ] Pos-
sible HDO pathways 
from triglycerides 
in the presence of 
H2, including the 
appearance of oxy-
genated intermedi-
ates (R1: unsaturated 
hydrocarbon chain, 
R: saturated hydro-
carbon chain).
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Fatty acid ester model compounds
Fatty acid methyl esters (FAMEs) and fatty acid ethyl esters (FAEEs), 
produced by the transesterification of vegetable oils, are now widely 
used as first generation biofuels.[32–33] As previously mentioned, fatty 
acid esters are also often chosen as model compounds for deoxygen-
ation studies because of their structural similarities to triglycerides, as 
both contain a long hydrocarbon chain with an ester bond. 

Similar to triglycerides, we will first discuss whether initial decom-
position of the model compound to intermediate fatty acids occurs. 
Thereafter, the pathways towards the different deoxygenation prod-
ucts, that is, HDO and DCO, will be elaborated. 

> Decomposition pathways 
FAMEs and FAEEs are generally regarded as suitable model compounds 
for vegetable–oil deoxygenation. However, differences can occur upon 
using different fatty acid esters, which is expressed in scheme 2.5. The 
β–elimination step, which has been shown to be a prominent reaction 
step in the deoxygenation of triglycerides, can only occur for FAEEs 
and not for FAMEs. β–elimination of ethyl esters would yield ethene 
as byproduct, which was indeed shown to occur by various reports, 
confirming comparable reaction pathways for triglycerides and ethyl 
esters.[3, 33–34] 

A second possible pathway for fatty–acid formation is the hydrolysis 
of esters, yielding the fatty acid and methanol / ethanol. This reaction 
pathway was, however, only reported to occur when using methyl 
esters and never reported for ethylesters or triglycerides.[20, 35] Addition-
ally, hydrolysis requires the presence of H2O, which can only be gener-
ated from HDO reactions. With regard to possible reaction pathways 
FAEEs appear to be more suitable model compounds compared to 
FAMEs to resemble the deoxygenation of triglycerides. γ–H–migration 
is theoretically also possible, but no investigations are known that re-
port Cn–2 hydrocarbon formation by γ–H–migration, as was also report-

[ SCHEME 2.5 ]
Decomposition 
pathways for FAEEs 
and FAMEs. The 
thickness of the 
arrows gives an 
indication of the 
amount of reports 
about this pathway. 
β–Elimination is 
not possible when 
using methyl esters 
as feed.
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ed for triglycerides. Another possible reaction pathway for FAMEs and 
FAEEs is the direct deoxygenation without the formation/desorption 
of reaction intermediates, which was suggested in several reports.[21, 33, 

36–37]

Several investigations have been performed that describe the HDO 
and DCO of fatty acid esters via direct and indirect deoxygenation. 
These findings will be summarized and compared in the following 
sections to further compare the deoxygenation behavior of fatty acid 
esters from vegetable oils. 

> Decarboxylation and decarbonylation
It has been observed that group 10 metals show high selectivities to 
DCO products when using triglycerides. Here, we will discuss the reac-
tion pathways for the DCO of fatty acid esters, mostly by using noble–
metal catalysts. 

Most studies on group 10 metals focused on Pd (table 2.2, entries 
18 – 21), although to a lesser extent also Pt (entry 22) and Ni (entry 24) 
have been investigated. Comparing the product selectivities of the var-
ious reports, it can be concluded that the use of Pd, Pt, and Ni catalysts 
resulted in mostly Cn–1 hydrocarbons, suggesting a high DCO selectivity.
[3, 33–34, 36–37] As already mentioned, in most cases fatty acids were ob-
served, indicating a reaction pathway via β–elimination or hydrolysis, 

[ TABLE 2.2 ] 
Overview of 
literature con-
cerning catalytic 
deoxygenation 
of fatty acid 
ester model 
compounds 
under H2

entry

17

18

19

20

21

22

23

24

reactor 
type

fixed bed

semi-batch

semi-batch

batch

semi-batch

fixed bed

fixed bed 

fixed bed

DCO:HDO[a]

31:69

40:60

100:0

100:0

96:4

1:99

100:0

95:5

48:52

2:98

80:20

38:62

FA

x

x

x

x

x

x

x

x

x

alc.

x

x

x

x

x

x

x

ald.

x

x

x

x

x

x

ref

[52]

[50]

 [51]

[40]

[53]

[54]

[39]

[21]

reactants

methyl 

heptanoate

ethyl stearate

ethyl stearate

methyl 

palmitate

methyl oleate

methyl 

octanoate

methyl laurate

ethyl 

heptanoate

catalysts

NiMoS2/Al2O3

CoMoS2/Al2O3

Pd/C

Pd/C

Pd/BaSO4

Mo2C/AC

Pd/C

Pt/Al2O3

NiMoS2

MoS2

Ni3S2

NiMoS

T 
(0C)

250

270

230 

280 

300

330

300

250

P
(bar H2)

15 

17[c] 

17 

10 

14 

15 

1

50 

15 

Intermediates 
observed[b]

[a]  DCO-to-HDO product ratio [b] fatty acids (FA), alcohols (alc.), 
aldehydes (ald.), others (oth) [c] Ar/H2 (95/5)
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with the fatty acid as an intermediate, similar to what has already been 
proposed for triglyceride DO. 

Apart from indirect deoxygenation a direct reaction pathway for 
FAEE resulting in the formation of DCO products has been proposed 
by various researchers. Măki–Arvela et al. reported a higher initial for-
mation rate of n–heptadecane compared to stearic acid, suggesting a 
direct reaction pathway from ethyl stearate to hydrocarbons, without 
the formation of fatty acids (scheme 2.6).[34] Such a direct DCO pathway 
when using group 10 metal catalysts was also reported by Snåre et 
al.[33] and more recently also by Han et al.[21] Another study did not ob-
serve any fatty acids at all during the deoxygenation reaction of methyl 
oleate.[36] In this case, its hydrogenation product, methyl stearate, was 
observed as an intermediate. It should be noted that stearic acid was 
observed when the H2 concentration was lowered by using 5 vol% H2/Ar 
at 15 bar. 

For Pd and Pt catalysts mostly indirect deoxygenation via fatty acid 
intermediates is claimed to occur for the DCO of FAMEs and FAEEs (see 
also table 2.2). Do et al. revealed that besides fatty acids also other 
oxygenates were observed during the deoxygenation of fatty acid es-
ters.[37] In the study the vapor phase deoxygenation of a methyl ester 
(methyl octanoate) over Pt/Al2O3 resulted in Cn–1 hydrocarbons as main 
products and fatty acids, alcohols, and aldehydes as intermediate prod-
ucts.[37] In contrast to the gas–phase reaction, the oxygenated inter-
mediates were not detected in the liquid–phase reaction (using methyl 
stearate). A possible explanation is that the intermediates remained 
adsorbed and rapidly react via direct deoxygenation before they deso-
rb and become detectable. 

A more detailed pathway was elucidated for the decarbonylation 
of ethyl heptanoate by means of DFT calculations combined with ex-
perimental data.[4] It should be noted that in this study bulk Ni3S2 was 
used to study the DCO route. Again, the fatty acid first forms from 
its ester before deoxygenation occurs. Subsequently, the fatty acid 
either undergoes decarboxylation directly under the release of CO2 
or is transformed into its aldehyde by a dehydration/hydrogenation 

O R

O
R1

R R
- CO  - R1OH

- CO2  - R
1H

+ H2 

R R
+ H2 

[ SCHEME 2.6] 
Reaction scheme 
for direct DCO path-
ways of fatty acid 
esters.
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step. Decarbonylation occurs then via dehydrogenation into a ketene 
intermediate (scheme 2.7). The latter intermediate is not detectable 
through liquid–phase characterization because of its instability, and its 
presence, therefore, is solely postulated by computational calculations.
[4] It should be noted that this route, via a ketene intermediate, has also 
been proposed elsewhere.[24] Additionally, ketene decarbonylation has 
been reported over homogeneous catalysts.[38–39]

> Hydrodeoxygenation 
Metal–sulfide catalysts show high selectivities to the HDO reaction 
(table 2.2, entries 17, 23, and 24), as was also reported for the deoxy-
genation of triglycerides. Donnis et al. showed that an aldehyde is a 
primary intermediate during the HDO of methyl laurate when using 
NiMoS2/Al2O3 as catalyst (entry 23), as was also shown for the DCO 
route in scheme 2.7.[20] Further deoxygenation of this intermediate 
generated alkenes and alkanes. A more detailed reaction pathway from 
the aldehyde to alkenes and alkanes is discussed for this HDO reaction 
by Donnis et al.[20] Experimental proof was obtained for a keto–enol 
equilibrium, which plays a crucial role in the product distribution. The 
aldehyde, which is formed by hydrogenation of the ester, is in equilib-
rium with its enol. The latter was proposed to be the active species for 
further deoxygenation via an 1-alcohol by hydrogenation of the C=C 
bond of the enol and subsequent dehydration to an alkene and hydro-
genation to an alkane (scheme 2.8). The high content of 1–dodecene in 
the product mixture showed that the hydrogenation of unsaturated hy-
drocarbons is relatively slow compared to the dehydration step for the 
NiMoS2 catalyst. In this example only a pathway without the formation 

[ SCHEME 2.7 ] 
Reaction scheme 
for indirect DCO 
pathways of fatty 
acid esters via the 
intermediate stearic 
acid. First reaction 
step (*) could be β–
elimination (in case 
of ethyl ester) or 
hydrolysis. 
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of a fatty acid intermediate was provided.[20] However, fatty acids were 
observed as intermediates by Donnis et al. and in other contributions.
[20, 35] Additionally, it was already shown that under typical deoxygena-
tion reaction conditions fatty acids can yield aldehydes. Therefore, we 
propose that the reaction route as given in scheme 2.8 can also occur 
via the fatty acid intermediate. 

> Comparison HDO and DCO of fatty acid esters
Comparing the reaction pathways of fatty acid esters, many similarities 
can be found to triglyceride deoxygenation. The most striking similarity 
is the tendency of group 10 metals to catalyze DCO reactions whereas 
metal sulfide and oxide catalysts show higher selectivities towards 
HDO products. Studies have been performed in order to explain this 
difference. Calculations by Ruinart de Brimont et al. showed that HDO 
is thermodynamically favored over DCO[4] as has also been reported by 
Snåre et al.[40] Nevertheless, a high selectivity to DCO products was ob-
served for group 10 metals (table 2.1, entry 14 – 16, and table 2.2, entries 
18 – 22). Ruinart de Brimont et al. showed that the first dehydrogena-
tion step during the decarbonylation of the fatty acid intermediate is 
not thermodynamically favorable (+83 kJ × mol–1) on NiMoS2, whereas 
this is favorable (−6 kJ × mol–1) on Ni3S2, more specifically on the Ni3 
triangular facets with a metallic character.[4] This explains why NiMoS2 
catalysts with a low Ni content show a higher tendency towards HDO 
(table 2.1, entries 3, 6, 7, 16, and table 2.2, entry 17).[4–5, 18–19, 35] It has also 
been reported that the adsorption of fatty acids lowers the amount of 
adsorbed H2 by competitive adsorption, thereby decreasing the HDO 
activity.[4] Owing to favorable thermodynamics DCO is then an alterna-
tive for HDO over Ni. As group 10 metals showed similarities in the elec-
tronic structure this can be an explanation why these metals, that is, Ni, 
Pd, and Pt, show preference to DCO above HDO, even in the presence 
of H2. 

Another explanation for the selectivity of different catalysts to either 
HDO or DCO has been given for the deoxygenation of methyl palmitate 
over Mo2C/AC and Pd/BaSO4.[21] The main hydrocarbon product was 
hexadecane over Mo2C/AC and pentadecane over Pd/BaSO4, indicating 
HDO for the first and DCO for the latter. This difference was explained 
by the different activities of both catalysts toward the acyl–to–alkyl 
rearrangement.[21] It has been proposed that Pd is active in DCO via an 
acyl–to–alkyl rearrangement, whereas Mo2C was reported to be unable 
to execute such an acyl–to–alkyl rearrangement. HDO occurs instead 
and produces an alkyl intermediate with the same number of carbon 
atoms compared to the original fatty acid chain. As a result, different 
hydrocarbon products desorb from the two catalysts. No conclusive 
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remarks can thus be given on the difference between HDO and DCO 
selectivities for the different catalysts. 

With respect to the formation of intermediates (aldehydes and alco-
hols) during the HDO or DCO pathway, a consensus has been reached. 
In deoxygenation studies over metal–sulfide catalysts and in the gas 
phase over Pd it has been reported that for both pathways first an alde-
hyde is formed that can then be transformed to an alcohol. The latter, 
however, is proposed to be a crucial intermediate for HDO, whereas it 
is merely a spectator during DCO.[4, 20, 24, 35, 37] To the best of our knowl-
edge, the presence of oxygenates was not mentioned in Pd and Pt 
studies during liquid–phase deoxygenation. This might indicate that the 
oxygenates formed are transformed immediately upon their formation. 
In other words, they deoxygenation not desorb from the active site 
and are, therefore, not observed. This is in accordance with reports 
stating that the formation of the aldehyde is the rate–limiting step.[41–42] 

Fatty acid model compounds 
Fatty acids are the most widely investigated model compounds for the 
deoxygenation reactions of fat– and oil–based feeds. In this section we 
will discuss the reaction pathways of fatty acid deoxygenation in H2 at-
mosphere to investigate the similarities and differences with the deox-
ygenation of triglycerides and fatty acid esters. Fatty acids are known 
to be the primary product during the deoxygenation of triglycerides 
and fatty acid esters as shown in the previous sections. Therefore, one 
would expect the reaction pathways to follow the same trend as for 
the other fat–/oil–based compounds. 

> Decarboxylation and decarbonylation
Berenblyum et al. performed a screening of M/Al2O3 (with M = Ni, Pt, 
Cu or Pd) catalysts for stearic acid deoxygenation (table 2.3, entry 33).
[43] n–Heptadecane was found as major deoxygenation product, except 
for Cu, which showed a high selectivity to n–heptadecene. Gas–phase 
analysis mainly revealed the evolution of carbon monooxide for all met-
als, which was ascribed to decarbonylation. As decarbonylation yielded 
olefins, the high selectivity to paraffins for Pd, Pt, and Ni is assumed 
to be the result of hydrogenation of the unsaturated decarbonylation 
product. The high n–heptadecene selectivity of Cu can be explained by 
the poor hydrogenation properties of this metal. 

An alternative DCO reaction pathway for fatty acids has been pro-
posed, namely via the release of formic acid, rather than CO2, as a 
primary product. Boda et al. suggested this pathway based on mecha-
nistic studies for the deoxygenation of caprylic acid (entry 27).[5]  Sup-
porting proof was subsequently reported by Berenblyum et al. for the 
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DCO of stearic acid by Pd supported on WO3/ZrO2 where methyl formate 
was observed by NMR spectroscopy (as a result of a methylation step of 
formic acid during workup of the reaction mixture).[47–48] The formic acid 
intermediate can decompose rapidly into H2 and CO2 or H2O and CO during 
reaction. The evolution of H2 was observed by performing an experiment 
conducted under inert gas.[47] It should, however, be noted that this can 
also be caused by the dehydrogenation of the solvent dodecane. Formic 
acid decomposition during decarbonylation and the occurrence of WGS af-
ter decarbonylation shows that the appearance of CO2 is not automatically 
connected to the decarboxylation reaction to paraffins. Care should, there-
fore, be taken when conclusions are made based on gas–phase analysis. 

> Hydrodeoxygenation 
The selectivity of group 10 metals for DCO is evident from what has been 

[ TABLE 2.3 ]
Overview of 
literature con-
cerning catalytic 
deoxygenation 
of fatty acid 
model com-
pounds under H2

entry

25

26

27

28

29

30

31

32

33

34

35

reactor 
type

batch

batch

fixed bed

batch

batch

semi-batch

semi-batch

semi-batch

batch

batch

batch

DCO:HDO[a]

98:2

10:90

14:86

96:4

96:4

97:3

50:50

86:14

77:23

100:0

100:0

96:4

100:0

91:9

15:85

alc.

x

x

x

x

ald.

x

x

x

x

x

oth.[c]

for.

ref

[43]

[30] 

[22]

[45]

[40]

[64]

[65]

[63]

[60]

[62]

[59]

reactants

stearic acid

stearic acid

caprylic acid

oleic acid

stearic acid

stearic acid

stearic acid

lauric acid

stearic acid

stearic acid

stearic acid

catalysts

Ni/ZrO2, TiO2, 

CeO2, SiO2, Al2O3

Ni/H-β

NiMoOx/Al2O3

Pd/C

Pt/Al2O3

Pd/Al2O3

Ni/Al2O3

Pd/BaSO4

Mo2C/AC

Pd/C

Pd/C

Pd/C

Pd/Al2O3

Cu/Al2O3

Pt/Al2O3

Ni/Al2O3

Pd/Al2O3

WO3/CNF

W2C/CNF

T 
(0C)

260

260

360

325

280

300

300

300

350

350

350

P
(bar H2)

40

40

21[d]

20

10

14

15[e]

17[f]

20 

14 

14 

50

Intermediates 
observed[b]

[a] Decarbonylation + decarboxylation to hydrodeoxygenation product ratio 
[b] alcohols (alc.), aldehydes (ald.), others (oth) [c] formic acid (for.) [d] 13.4 
vol% CA, 79 vol% H2/He, [e] 10 vol% H2 [f] 5 vol% H2 in Ar
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described in the previous section and shown in table 2.3. However, 
according to Rozmysłowicz et al. minor HDO was also observed for the 
deoxygenation of lauric acid catalyzed by Pd. Undecane was the main 
product with over 90 % selectivity and < 3 % to dodecane. The proposed 
HDO reaction Scheme is given in scheme 2.9, which is in good agree-
ment with reaction routes given previously for the other fat– and oil–
based compounds over metal sulfide catalysts.[4, 20, 24] 

When comparing scheme 2.9 to scheme 2.8 it can be seen that the alk-
ene and unsaturated alcohol intermediates are not suggested for the 
HDO pathway over Pd/C. A possible explanation could be the excellent 
hydrogenation properties of the Pd catalyst. As a result, unsaturat-
ed compounds will not be detected in H2. HDO products were also 
observed in the case of other Pd–catalyzed deoxygenation studies.
[3, 48] However, selectivities are always low (< 3 %) compared to DCO 
products (> 90 %). These observations are consistent with results for 
triglyceride and fatty–acid–ester model compounds, as described in the 
previous sections of this chapter. 

HDO products become dominant when using metal–sulfide and met-
al–oxide catalysts rather than group 10 catalysts. Boda et al. investigat-
ed the deoxygenation of caprylic acid, using Pd/C and NiMoOx/Al2O3 as 
catalysts.[5] Table 2.3 shows for entry 27 that the DCO/HDO selectivity 
changes from 96:4 to 14:86 on going from Pd to NiMoOx. For the latter 
catalyst similar intermediates were observed as reported previously by 
Donnis et al. for the deoxygenation of fatty acid esters, that is, the al-
cohol and aldehyde derivatives of the carboxylic acid.[20] Based on that 
work a reaction pathway similar to scheme 2.8 was proposed by Boda 
et al., with interconversion between the aldehyde and the alcohol.[5] 

The generality of the HDO reaction pathway is strengthened in the 
case of the deoxygenation of stearic acid using W2C/CNF (carbon na-
nofibers) as catalyst, which yielded high selectivity to HDO products 
(entry 35).[42] Again, the same intermediates were observed which are 
shown in scheme 2.8 and based on these intermediates a similar reac-
tion pathway was proposed. These examples show that the reaction 
pathway via the formation of the fatty acid aldehyde and alcohol is 
valid over all catalysts showing HDO activity.

> Comparison of HDO and DCO of fatty acids
The effect of the catalyst on HDO and DCO selectivity was explained in 

[ SCHEME 2.9 ] Reac-
tion scheme for the 
HDO of fatty acids 
over Pd/C (minor 
route).[46]
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more detail by Boda et al. for the deoxygenation of caprylic acid over 
MoOx/Al2O3 and Pd/C[5], in which it was shown that the first catalyst 
resulted in HDO and the latter in DCO of the fatty acid. The difference 
in preference to the two deoxygenation pathways was proposed to be 
related to the ionic character of the catalyst, as shown in figure 2.2.a. 
On the non–polar Pd surface the fatty acid was suggested to adsorb 
via the alkyl chain, and further dissociation of the C–C bond produced 
the Cn–1 alkyl intermediate. On MoOx, on the other hand, the fatty acid 
adsorbs via the polar C–O bond (figure 2.2.b). The subsequent dissoci-
ation of the C–O bond and hydrogenation of the C=O bond produced a 
Cn alkyl chain. 

Based on this reaction mechanism, one would expect similar behavior 
for other metal oxides, especially for metals in the same group of the 
periodic table. However, it was shown that WO3/CNF is an active cat-
alyst for DCO of fatty acids, fatty acid methyl esters, and triglycerides 
with minimal HDO activity.[42] Also, it was shown that no deoxygenation 
activity was obtained when using WO2/CNF as a catalyst. Therefore, the 
reaction Scheme as proposed by Boda et al. seems to be specific for 
MoOx.

Effect of catalyst and reaction parameters
It is known that various reaction and catalyst parameters can have sig-
nificant effects on the catalytic activity and selectivity. More specifical-
ly, we will further focus on the effect of the support, H2 partial pressure 
and reaction temperature.

> Influence of support 
The influence of the support can be seen when comparing entries 12 
and 13 in table 2.1. Entry 13 shows that mainly HDO occurred when 
using Ni/H–β as catalyst while group 10 metals generally result in the 
formation of DCO products, as was also shown by another report from 
this group (entry 12).[25] In the latter study it was reported that mainly 
DCO products were obtained when using Ni/ZrO2 for the deoxygen-
ation of microalgae oil under almost identical reaction conditions.[24] 
This clearly indicates that the support material can also affect product 
selectivity. In all cases, that is, Ni/H–β, Ni/HZSM–5[25] and Ni/ZrO2 

[24],the 
primary products were fatty acids indicating indirect DO. Subsequently, 
model studies with stearic acid were performed to elucidate the reac-

HO

OxMo

R

O

HO R

O

PdPd

a. b.[ FIGURE 2.2 ] Tran-
sition states of the 
deoxygenation re-
action of carboxylic 
acid over supported 
metal–oxide (a) and 
metal–type catalysts 
(b).[5]



  Reaction pathways for the deoxygenation of vegetable oils and related model compounds     43

tion pathways over these catalysts, which were in accordance with the 
triglyceride deoxygenation results. The catalysts showed differences 
in deoxygenation pathways, that is, Ni/H–β and Ni/HZSM–5 catalyzed 
HDO whereas Ni/ZrO2 showed activity in the DCO reaction. However, 
no explanation was provided for the difference in selectivity between 
those supports. It could well be that the presence of Brønsted acid 
sites in zeolites facilitate the dehydration reaction in HDO (scheme 2.8), 
thereby favoring this route over DCO. Aldehyde and subsequent ketene 
intermediates were reported again for DCO over ZrO2, as was also re-
ported by Ruinart de Brimont et al.[4] 

Another possibility for the support to influence the deoxygenation 
reaction was reported by Berenblyum et al., who tested Pd, Pt, Ni, and 
Cu supported on Al2O3 and WO3/ZrO2. It was shown that although the 
use of Al2O3 support resulted in the expected DCO products, WO3/ZrO2 
resulted in a significant lowering of the C17 yield, with an increase of 
small hydrocarbon fragments (C1 – C5). This can be ascribed to high 
cracking activities as a result of the highly acidic character. A high car-
bon monooxide yield was also obtained when using WO3/ZrO2 as sup-
port, thus suggesting mainly olefin formation (decarbonylation). This 
also assents to cracking as it is generally known that olefinic hydrocar-
bons are more prone to cracking compared to paraffinic hydrocarbons.
[49–50] The Pd–based catalyst showed the highest selectivity to n–hepta-
decane when comparing the differently supported WO3/ZrO2 catalysts, 
even though decarbonylation was reported to be the main reaction 
pathway based on the high carbon monooxide evolution. This can 
again be explained by the excellent hydrogenation properties of Pd–
based catalysts. As a result, the content of unsaturated hydrocarbons 
will be lower, which decreased the olefin cracking activity. It should be 
noted that gas–phase analysis for determining a reaction pathway is ar-
bitrary because of the possibility of side reactions, such as WGS and the 
decomposition of formic acid, as mentioned above. 

> Influence of H2 atmosphere 
Another parameter that is known to influence the reaction pathway 
is the H2 pressure. In case of CoMoS2/MCM–41[14] and NiMoS2/Al2O3

[23] it 
was shown that the Cn–1/Cn ratio is sensitive to H2 pressure (table 2.1, en-
tries 2 and 11). Sotelo–Boyás et al. showed that increasing the H2 pres-
sure from 90 to 100 bar resulted in a 50 % increase of the HDO product 
yield whereas the DCO yield remained constant.[13]

Different researchers determined the effect of H2 on the deoxygen-
ation of fatty acids over Pd/C by working under diluted (5 % H2 in Ar) 
or pure H2 atmosphere.[3, 36, 51] No formation of HDO products was ob-
served in either case, but instead solely DCO products were obtained. 
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However, as already discussed, minor amounts of HDO products were 
obtained over Pd/C[46], which is probably caused by even higher H2 pres-
sures (> 20 bar H2) or in the case of Pd/Al2O3, where acidic groups can 
facilitate the dehydration steps.[47] 

An excess of H2 can, however, also inhibit the decarboxylation activ-
ity.[1] The reason behind the drop in decarboxylation activity could be 
the competitive adsorption between the fatty acid feed and H2.

[44] 

> Influence of temperature 
Tables 2.1 – 2.3 show that the deoxygenation studies on triglycerides, 
fatty acid esters, and fatty acids are conducted at a temperature range 
between 250 – 360 oC. Snåre et al. revealed a twofold increase in the 
conversion of ethyl stearate over Pd/C upon increasing the tempera-
ture from 300 to 330 oC and a further twofold increase on going to 360 
oC.[33] In general, it can be stated that increasing the temperature re-
sults in an increase in the deoxygenation reaction rate of the different 
model compounds.[3] However, the increased rate is accompanied by a 
significant decrease in deoxygenation selectivity. Mostly, this has been 
ascribed to an increased rate to thermal decomposition and aromatiza-
tion products. A trade–off between activity and deoxygenation selec-
tivity thus exists for the deoxygenation reactions with regard to tem-
perature as a reaction parameter. That is, the selectivity to either the 
DCO or HDO pathway does not depend on the temperature. Whether a 
reaction proceeds via the DCO or HDO pathway is mainly controlled by 
the catalyst used. 

Literature on H2–free deoxygenation is significantly less abundant com-
pared to deoxygenation in the presence of H2. An extensive catalyst 
screening performed by Snåre et al. is one of the pioneering contribu-
tions to this field.[40] Ni, NiMoOx, Ru, Pd, Pt, Ir, Os, and Rh were tested 
for their activity in the deoxygenation of stearic acid under inert gas 
(N2). Excellent activities were observed again for Pd catalysts, more 
specifically a commercial 5 wt% Pd/C. Based on this work, multiple stud-
ies were performed on the deoxygenation of different fat/oil deriva-
tives using this catalyst under inert gas (table 2.4, entries 41, 42, 45, 46, 
48, 49, 55, and 56). 

Metal–sulfide catalysts showed no activity for the deoxygenation in 
H2–free conditions. These catalysts are mainly active in HDO for which 
H2 is essential. For this reason, no comparison will be made between 
the metal–sulfide catalysts and the noble–metal catalysts. Instead, this 

[  H 2 - F R E E  D E O X Y G E N A T I O N  ]
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part of the chapter will only consider the group 10 noble metals that 
are active for DCO.[3, 40] We will first discuss insights into the reaction 
pathways and then the influence of reaction parameters. Based on the 
reviewed data we will discuss the applicability of model compounds for 
the deoxygenation of fat–/oil–based feeds. A comprehensive overview 
of the literature is given in table 2.4. 

Vegetable oil–based feedstocks and triglyceride model compounds
Morgan et al. studied the deoxygenation of soybean oil and triglycer-
ides under N2 atmosphere over several catalysts and suggested three 
reaction pathways for triglyceride deoxygenation.[10, 53] The deoxygena-
tion studies concerning vegetable oil–based feedstocks and triglyceride 
model compounds under inert gas all reported a wide range of alkanes, 
with varying chain lengths and volatiles in the product mixture as a re-
sult of cracking (table 2.4; entries 36–40). Cracking was increased when 
more acidic support materials were used (i.e., HZSM–5) as well as when 
using nickel–based catalysts.[10, 26] Cracking yields also increased when 
more unsaturated compounds were present in the feed.[53] 

Second, β–elimination towards fatty acids can occur similar as in the 
presence of H2. However, after the first β–elimination, the unsaturated 
glycol difatty ester product needs to be hydrogenated before an addi-
tional β–elimination can occur. This is not trivial under H2–free condi-
tions. Different sources of H2 have however been proposed. Residual 
H2 present on the catalyst surface after the reductive pretreatment or 
H2 generated in situ via hydrogen transfer could for instance result in 
hydrogenation of the unsaturated glycol difatty ester.[10, 53] Also dehy-
drogenation, cyclization, and aromatization reactions could be a source 
of H2 production.[52] As H2 is thus mostly produced in situ one can argue 
whether deoxygenation of triglyceride based feeds in the absolute 
absence of H2 is possible. It should be noted that the formation of fatty 
acids from triglycerides can also occur via a hydrolysis reaction. How-
ever, under the conditions typically applied, that is, in organic solvents, 
H2O is neither present nor produced.

The third proposed pathway is selective C–C scission between the 
β and γ carbon atoms, leading to the formation of Cn–3 hydrocarbons 
(in this case pentadecane), ethene, and ethane, which were observed 
during the deoxygenation of tristearin (table 2.4; entry 40). However, 
as the feed is of technical grade and contains over 25 % palmitic acid 
incorporated in the triglycerides[10], we propose it is more likely that the 
C15 hydrocarbons are formed from the DCO of palmitic acid. The au-
thors used the presence of ethene and ethane as an indication for the 
occurrence of β–γ cracking. However, the observation of methane, pro-
pane, propene, and C4+ molecules suggests significant cracking, which 
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Intermediates/
side products

entry

36

37

38

40

41

42
43
44

45

46

47

48
49
50
51

52
53
54

55

56
57

58

59

FA

x
x
x

x
x
x
x
x
x
x
x

x
x

oth.[d]

crack.
arom.
coke

crack.
coke

crack.
coke

arom.

arom.

heavies
heavies
crack.
arom.
coke
coke

crack.
heavies

arom.

arom.

heavies
arom.
arom.

crack.
arom.
arom.
crack.

heavies

crack.
arom.
cycliz.

ref

[52]

[53]

[26]

[10]

[34]

[3]
[54]
[37]

[36]

[55]

[40]

[3]
[34]
[44]
[56]

[41]
[46]
[51]

[57]

[36]
[58]

[59]

[60]

reactants

rapeseed oil

triolein
soybean oil

tristearin

triglycerides,
soybean oil

ethyl stearate

ethyl stearate
methyl stearate

methyl octanoate
methyl stearate
methyl oleate

stearic acid

stearic acid

stearic acid
stearic acid
stearic acid
stearic acid

stearic acid
lauric acid
lauric acid

lauric acid

oleic acid
myristic acid

palmitic acid

stearic acid
oleic acid

linoleic acid

catalysts

Ni/HZSM-5
Mo/HZSM-5

Ni/Al2O3

Pd/C
Ni/C
Ni/C
Pd/C
Pt/C

Pd/C (Aldr.)
Pd/C (Deg.)
Pd/C (BAC)

Pd/C
Pd/BaSO4

Pt/Al2O3

Pd/C

Pd/C

Pd/C
Ru/MgO

Pt/C
Pd/Al2O3

Pt/Al2O3

Ni/SiO2

Rh/C
Ni/Al2O3

Ir/Al2O3

Pd/C
Pd/C 
Pd/C
Pd/C

Pd/Al2O3

Pd/C
Pd/Sibunit

Pd/C

Pd/C
Pd/C

Pt/C
Pd/C
Pt/C

T (oC)

550

350

360

350

300

300
270
330
325
300

360

300

300 
300 
300
300

250 
300
300

270 

300 
250 

330 

330

P (bar)

1 (N2)

7 (N2)

40 (N2)

7 (N2)

17 (N2)

17 (He)
10 (Ar)
1 (He)
7 (He)
15 (Ar)

20 (Ar)

6 (He)

17 (He)
6 (He)

15 (He)
20 (Ar)

6 (N2)
20 (Ar)
15 (Ar)

8 (Ar)

15 (Ar)
40 (H2O

[c])

n.r. (H2O
[c])

n.r. (H2O
[c])

reactor type

continuous 
fixed bed

batch

semi-batch

batch

semi-batch

semi-batch
batch

continuous
semi-batch
semi-batch

continuous 
fixed bed

semi-batch

semi-batch
semi-batch
semi-batch
continuous 
fixed bed

batch
semi-batch
continuous 
fixed bed

continuous 
fixed bed

semi-batch
batch

mini-batch

mini-batch

sat:unsat(a)

n.r.[b]

n.r.

n.r.

n.r.

88:12

65:35
n.r.
n.r.

0:100

98:2

96:4
-

92:8
45:55
39:61
33:66
22:78
64:36
50:50
86:14
97:3

82:18
100:0

88:12
78:22
55:45

80:20

22:78
100:0

100:0

75:25

[TABLE 2.4] 
Overview 
of literature 
concerning 
catalytic de-
oxygenation 
in absence 
of H2

[a] Saturated : unsaturated products [b] n.r. = not reported [c] Hydrothermal conditions 
[d] Aromatics (arom.), cracking products (crack.), cyclization products (cycliz.)
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can also explain the formation of ethane and ethene. To the best of our 
knowledge, there are no other reports on selective β–γ cracking of tri-
glycerides or vegetable–oil feeds, making this deoxygenation pathway 
questionable under the applied deoxygenation conditions. 

Besides β–elimination and cracking various other undesirable side re-
actions occur, such as oligomerization, cyclization, and aromatization. 
Aromatics were, for instance, found as the main reaction products over 
various metal–loaded HZSM–5 catalysts.[52] When using tristearin as 
feed over Ni/C or Pd/C, these side reactions were less significant. How-
ever, low C17 selectivities, i.e. 30 % and 33 % respectively, were reported 
showing the low deoxygenation activities for these triglyceride com-
pounds under inert gas.[26] 

Overall, the deoxygenation of triglycerides and vegetable–oil feeds 
without added H2 via DCO towards Cn–1 hydrocarbons occurs to a lim-
ited extent only. Consequently, cracking, oligomerization, cyclization, 
and aromatization play a major role in the deoxygenation of vegetable 
oil–based feedstocks and triglyceride model compounds in the absence 
of H2.

Fatty acid ester model compounds
Various reports described the H2–free deoxygenation of fatty acid es-
ters.[3, 34, 36, 37, 54] Using mostly Pd or Pt supported on carbon, ethyl stea-
rate is shown to be a suitable model compound for the deoxygenation 
of triglycerides under H2 atmosphere. Table 2.4 shows that stearic acid 
is often observed as a reaction intermediate of ethyl stearate, sug-
gesting an indirect deoxygenation pathway, with ethylene and CO2 as 
co–product.[3, 33–34]

Snåre et al. showed that direct DCO towards hydrocarbons also oc-
curs. The ratio of hydrocarbons to fatty acids increased steeply over 
time at low conversion levels, implying that there is a direct reaction 
pathway from fatty acid esters to hydrocarbons.[33] Other publications 
from the same group confirmed the existence of this direct deoxygen-
ation pathway,[34, 36] which was also demonstrated for deoxygenation 
reactions performed in the presence of H2.

[21, 33–34] Direct deoxygenation 
does not form ethylene and CO2 but yielded CO and alcohol, i.e. metha-
nol or ethanol for respectively methyl ester[36–37] or ethyl ester.[34]

While direct deoxygenation of esters results in more unsaturated 
products, indirect deoxygenation results in more saturated hydrocar-
bons. Additionally, studies where fatty acid deoxygenation has been 
compared with fatty acid ester deoxygenation did report increased 
selectivity towards unsaturated products for the latter. This confirms 
the existence of direct deoxygenation of the esters.[3, 34]Mäki–Arvela et 
al. proposed that varying the reactant concentration results in a differ-
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ence in mode of adsorption of ethylstearate (figure 2.3).[34] In this study 
it was suggested that a low initial feed concentration resulted in the 
stabilization of the COO group on the metal surface (figure 2.3.a), pro-
ducing stearic acid and ethylene as decarboxylation intermediates, i.e. 
indirect deoxygenation. Direct deoxygenation was suggested at high 
feed concentrations by the adsorption of ethyl stearate via the C=O 
group (figure 2.3.b). This type of adsorption mode prefers direct decar-
bonylation, yielding Cn–1 hydrocarbons, ethanol, and CO.[34]

Fatty acid model compounds
Deoxygenation of fatty acids under inert gas was mainly reported to 
proceed via DCO yielding saturated n–C17 as a major product, suggest-
ing decarboxylation as the  major DCO pathway.[34, 40, 55–58] Decarbonyla-
tion also occurred, albeit to a lesser extent, as shown by the presence 
of unsaturated C17 hydrocarbons in the product stream.[3, 34, 40, 44, 46, 51, 

55–56]

Recently, we reported a new decarbonylation mechanism when 
stearic acid was used as feed (scheme 2.10).[41] Here we showed that 
an increased fatty acid concentration induces the formation of an an-

[ FIGURE 2.3 ] 
Influence of mode 
of ethyl stearate 
adsorption on the 
deoxygenation path-
way. a) Adsorption 
with both carboxylic 
oxygen groups giv-
ing rise to indirect 
DO. b) Adsorption 
leading to the direct 
DO route. 

[ SCHEME 2.10 ] 
Deoxygenation of 
stearic acid under 
H2–free conditions 
via the intermediate 
stearic acid anhy-
dride.
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hydride intermediate which subsequently is decarbonylated to olefins 
or decarboxylated to stearone (see chapter 3 of this thesis for more 
details concerning this intermediate). Homogeneously catalyzed, the 
decarbonylation reaction was also shown to occur via an anhydride 
intermediate,[61–63] supporting the existence of anhydride intermediates 
on the surface of the heterogeneous catalysts. 

It was shown that hydrogenation of C=C bonds occurred even 
though the reaction was performed under inert gas.[44, 46] As discussed 
earlier this chapter, adsorbed H2 can however still be present on the 
catalyst surface originating from the catalyst prereduction.[34] Further-
more, hydrogen transfer from the solvent is possible,[44, 46] whereas H2 
may be formed by decomposition of the formic acid intermediate[56] or 
by decarbonylation and subsequent WGS (scheme 2.1). Other reported 
explanations for the formation of H2 during reaction under inert gas are 
dehydrogenation[34] and the formation of aromatics from unsaturated 
compounds.[56]

When unsaturated fatty acids were used as feed in the deoxygen-
ation, it is generally observed that the selectivity to deoxygenation 
products is considerably lower compared to deoxygenation of saturat-
ed fatty acids.[34, 44] The authors concluded that the unsaturated feed 
initiates deactivation of the catalyst. The deoxygenation pathway is 
often proposed to occur via intermediate saturated fatty acid, thus by 
initial hydrogenation of the feed before deoxygenation.[34, 44] However, 
the selectivity towards unsaturated hydrocarbons and carbon monoox-
ide are both considerably higher for the deoxygenation of oleic acid in 
comparison with stearic acid deoxygenation. This suggests the parallel 
occurrence of a direct reaction pathway from the unsaturated fatty 
acid, thus not only indirect deoxygenation via stearic acid.[36, 44] It is 
however difficult to obtain a firm conclusion on the pathways because 
of the low conversion to hydrocarbons and the increased deactivation 
when using unsaturated fatty acids.[34, 44] 

Deactivation mechanism
Catalyst deactivation is reported to be most severe when unsaturated 
compounds are present in the feed or products.[3, 34, 40, 44, 58] The amount 
of unsaturated compounds in the product stream was shown to de-
crease with increasing amount of H2 in the feed. As a result, the extent 
of catalyst deactivation decreased.[3, 34, 36, 46] This indicates that the pres-
ence of unsaturated compounds is related to the deactivation of the 
catalyst. 

Different explanations were however provided for the relation be-
tween the concentration of unsaturated compounds and the extent of 
deactivation. First, unsaturated compounds are reported to be more 
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prone to coking reactions.[40, 55–56] They have been, for instance, shown 
to be the intermediate for the formation of aromatics via subsequent 
cyclization and dehydrogenation.[3, 10, 34, 56] Second, Immer et al. spec-
ulated that adsorption of unsaturated reactants/products on the 
catalyst via the cis C=C double bond in the alkyl chain may inhibit the 
deoxygenation activity.[44] Indeed, strong adsorption of reactants and 
products is shown to decrease the activity.[55, 64] Last, the formation of 
unsaturated products also often gives rise to carbon monooxide as di-
rect decarbonylation product in the gas stream.[40, 44] Carbon monoox-
ide is known to result in the deactivation of the metal phase through 
poisoning.[57] Most likely these processes can occur in parallel (see 
chapter 4 of this thesis for more details concerning this deactivation 
process).

Furthermore, faster deactivation was reported when the feed to cat-
alyst ratio was increased.[34, 51, 57] Bernas et al. suggested coking to be 
the main reason for this phenomenon.[51] Other studies clearly demon-
strated that the amount of olefins in the product mixture increased 
when higher initial feed concentrations were used.[34, 41, 57] 

Effect of reaction parameters
The influence of various reaction parameters on the catalytic activity 
and selectivity under inert gas has also been investigated, although 
to a lesser extent in comparison with literature on the deoxygenation 
under H2 atmosphere. In this section we will mainly focus on the influ-
ence of the reaction solvent. The influence of reaction temperature 
and feedstock chain length will also be briefly discussed.

> Influence of reaction temperature
An increase in the reaction temperature during the catalytic deoxygen-
ation reactions under inert atmosphere resulted generally in higher 
catalyst activities. This was shown for the deoxygenation of various 
fatty acids using, e.g. Pd/Al2O3

[41], Pd/C[57, 65] or MgO containing hydro-
talcites[66] as catalyst. It was shown that the initial[65] as well as the 
steady–state reaction rate[57] increased with increasing temperature in 
the range between 250 – 330 oC over Pd/C. 

It was also reported that the product selectivity is affected by the 
reaction temperature. Especially at higher reaction temperatures an 
increased selectivity towards aromatics, symmetrical ketones (e.g. 
stearone), and other heavy products was found.[41, 57, 67] On the other 
hand, performing deoxygenation reactions at lower reaction temper-
atures results in a loss in deoxygenation activity.[41, 67] This is in agree-
ment with results obtained for the deoxygenation in the presence of 
H2 as discussed above. 
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> Influence of solvent
Most studies on the deoxygenation of fatty acids and derivatives under 
inert gas were performed using organic media, for example, n–dode-
cane. No effects were visible when changing the solvent to n–hepta-
decane under inert gas.[44] Another study focused on the influence of 
solvent dehydrogenation by varying the hydrogen–donor capabilities 
of the solvent. As such, mesitylene was compared with n–dodecane.[34, 

36, 57] As mesitylene is highly unsaturated it should not act as a hydrogen 
donor but rather as a hydrogen acceptor. A comparison between the 
deoxygenation reaction rates revealed a higher deoxygenation activity 
when using mesitylene as the solvent. This was, however, not ascribed 
to the dehydrogenation properties of the solvent as n–decane also 
showed higher reaction rates than n–dodecane. As such, the difference 
in activity was not related to the chemical nature of the solvents, but 
to their boiling points and viscosities instead.[57] Therefore, the effect of 
solvent dehydrogenation might not be that significant. 

Hydrothermal DCO was first reported by Matsubara et al. in 2004; 
the authors demonstrated that Pd/C is active in the decarboxylation 
of various carboxylic acids and aldehydes in subcritical H2O (250 oC, 
0.4 – 0.5 bar).[58] Also palmitic acid, stearic acid, and unsaturated fatty 
acids were shown to undergo decarboxylation under hydrothermal 
conditions.[59–60] However, these studies were conducted under more 
severe conditions from 330 oC up to supercritical conditions (380 oC) 
(table 2.4; entries 57–59). The use of an unsaturated feed lowered the 
selectivity towards hydrocarbons considerably under these conditions.
[60] Analysis of the product stream from oleic acid deoxygenation result-
ed in stearic acid as the main product, with minor formation of ketones 
and aromatic products. The use of linoleic acid further reduced the 
hydrocarbon selectivity and increased the formation of heavy products, 
which is comparable to results obtained in organic media.[60] Analysis 
of the catalyst after reaction with palmitic acid showed a significant 
loss of metal dispersion when using Pd/C and Pt/C.[59] Surprisingly, the 
catalysts could be reused without significant activity loss. The reason 
for this unexpected activity of the used catalysts was not elucidated. 
The possibility of dissolved metals acting as a homogeneous catalyst 
was reportedly ruled out by reusing the aqueous phase after reaction, 
which did not yield any deoxygenation products.[59] However, the cat-
alyst–free solution could not be obtained through hot filtration, that 
is, the reactor had to be quenched before reusing the aqueous phase. 
As such, no firm conclusions can be drawn as leached metal might well 
have precipitated during this workup procedure. Further research is 
thus needed to elucidate hereon. 

In the same way as studies under hydrothermal conditions are scarce, 
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so are studies on the reaction pathways. One study suggests the forma-
tion of active Pd or Pt species ([MH]+[OH]–) by dissociative chemisorp-
tion of H2O molecules under hydrothermal conditions.[67] The cationic 
species could be effective for C–H bond activation, and complete disso-
ciation would yield metal–oxide and metal–hydride complexes of which 
the latter could initiate hydrogenation of unsaturated fatty acids. More 
details about the hydrothermal deoxygenation can be found in chapter 
5 of this thesis.

> Influence of feedstock chain length
Simakova et al. studied the effect of fatty–acid chain length in the 
deoxygenation of fatty acids under Ar.[68] Five different fatty acids 
were used as raw materials in the catalytic deoxygenation over a mes-
oporous Pd/C catalyst. The authors demonstrated that the feedstock 
chain length (C17 – C22) did not significantly affect the deoxygenation 
reaction rate and selectivity.[68] To the best of our knowledge, no inves-
tigations exist on the influence of chain length for fatty acid esters or 
triglycerides under inert gas.

Based on the data discussed in this chapter, a comparison can be made 
between the deoxygenation of vegetable oils and the different model 
compounds, i.e. triglycerides, fatty acid esters, and fatty acids. These 
reactions were performed in the presence of H2 or conducted under 
inert gas, i.e. He, N2, or Ar atmosphere. A comprehensive overview on 
reaction pathways for the deoxygenation of triglycerides, fatty acid 
esters, and fatty acids is shown in Schemes 2.11 (H2 present) and 2.12 (H2 
absent)

When the deoxygenation of triglycerides or fatty acid esters is per-
formed under H2 atmosphere, mostly indirect deoxygenation via fatty 
acid formation occurs through β–elimination or hydrolysis (scheme 

[  C O M P A R I S O N  O F  T H E
  D E O X Y G E N A T I O N  O F  V E G E T A B L E 
  O I L S  A N D  M O D E L  C O M P O U N D S  ]

[ TABLE 2.5 ] Com-
parison of average 
deoxygenation 
activities of triglyc-
eride containing 
feedstocks with 
stearic acid in pres-
ence of H2

feed

Microalgae oil
Stearic acid

Tristearin
Stearic acid

reaction conditions

260 oC, 40 bar H2

300 oC, 9 bar H2 

average activity 
[× 10-3 molDO ×  molmetal

-1 ×  s-1]

0.38
0.33
0.42
0.60

catalyst

Ni/H-β [30]

Pd/C [38]
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2.11). It was shown that the formation of fatty acids is relatively fast, 
resulting in deoxygenation as the rate–limiting step. This is also illus-
trated when comparing activities for the deoxygenation of stearic acid 
and vegetable oil feeds, as shown in table 2.5. Peng et al. compared 
the deoxygenation of microalgae oil and stearic acid in a batch reactor 
at 260 oC in the presence of H2 over Ni/H–β.[25] As shown in table 2.5, 
comparable deoxygenation activities were found for both feeds. Ad-
ditionally, experiments performed by Santillan–Jiminez et al. showed 
similar observations for the deoxygenation of tristearin and stearic acid 
in a semibatch reactor at 300 oC in a H2 atmosphere. Although stearic 
acid showed a slightly higher deoxygenation rate, both activities were 
in the same order of magnitude (table 2.5). Additionally, the reaction 
pathways and product selectivities from the fatty acid–intermediates 
are also highly comparable with the deoxygenation pathways and se-
lectivities of fatty–acid model compounds. 

HDO of fatty acids under H2 atmosphere occurs via keto–enol inter-
mediates that are further deoxygenated to Cn alkanes and/or alkenes. 
DCO can occur through various reaction pathways: decarboxylation of 
fatty acids yields saturated Cn–1 hydrocarbons that can also be formed 

[ SCHEME 2.11 ] 
Proposed reaction 
scheme for the deox-
ygenation under H2 
atmosphere. * β–elim-
ination or hydrolysis.
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through the release of formic acid and a subsequent hydrogenation. 
Decarbonylation of fatty acids occurs via an aldehyde and a subsequent 
ketene intermediate (scheme 2.11). 

Although to a lesser extent, direct deoxygenation is also reported 
for vegetable oil–based feedstocks, triglycerides, and fatty acid ester 
model compounds under H2 atmosphere. Comparable direct HDO and 
decarbonylation pathways are proposed for fatty acid esters and fatty 
acids (scheme 2.11). Direct decarboxylation of fatty acid ester model 
compounds, however, initially yields unsaturated hydrocarbons. Direct 
HDO and DCO of vegetable oil–based feedstocks, triglycerides, and 
fatty acid esters yield similar product selectivities, indicating similar 
reaction pathways. However, no deoxygenation intermediates were 
reported on triglyceride–based feeds (scheme 2.11). The use of unsatu-
rated feeds did not show significant differences in reaction pathways 
under H2 atmosphere. Additionally, the initial activity of Pd/C for the 
deoxygenation of stearic acid and oleic acid in H2 are similar as well, as 
shown in table 2.6. This can be ascribed to the high hydrogenation ac-
tivity of the Pd catalysts, which converts oleic acid to stearic acid prior 
to deoxygenation. 

Similarities but also many differences in reaction pathways and 
product selectivities are observed for the deoxygenation under inert 
gas. No HDO products can be formed because these reactions are per-
formed without additional H2 (scheme 2.12). Typical HDO catalysts are 
for that reason not active in the deoxygenation under inert gas and re-
search efforts are mainly focused on group 10 metals. DCO of vegetable 
oil–based feedstocks and triglyceride model compounds is proposed 
to follow mainly the indirect reaction pathway via fatty acids. However, 
it has been observed that the overall triglyceride deoxygenation se-
lectivity is relatively low, whereas high DCO product selectivities were 

[ TABLE 2.6 ] Com-
parison of the initial 
deoxygenation 
activity of stearic 
acid with oleic acid 
in presence of H2

feed

Stearic acid
Oleic acid

reaction conditions

300 oC, 15 bar H2

average activity 
[× 10-3 molDO × molmetal

-1 × s-1]

20
21

catalyst

Pd/C [64]

[ TABLE 2.7 ]Com-
parison of the aver-
age deoxygenation 
activity of tripalmi-
tin in presence and 
in absence of H2

feed

Tripalmitin

reaction conditions

325 oC, 20 bar N2

325 oC, 20 bar H2

average activity 
[× 10-3 molDO × molmetal

-1 × s-1]

0.13
1.5

catalyst

Pt/Al2O3
 [36]
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observed for fatty acids. This can be attributed to the cumbersome 
β–elimination step of the triglycerides to form fatty acids. This step is 
rate determining because of the necessity of H2 for the complete β–
elimination to form fatty acids. Side reactions such as cracking and the 
formation of heavy compounds are subsequently more prone to occur, 
resulting in low deoxygenation selectivities.
In this respect, a comparative study on the activities for the deoxygen-
ation of tripalmitin under inert gas and H2 atmosphere has also been 
performed.[15] The results are compiled in table 2.7. Catalytic tests were 
performed under identical conditions, with the exception of the gas at-
mosphere. The average deoxygenation activity under H2 is an order of 
magnitude higher compared to the reaction performed under N2. These 
data confirm that β–elimination of triglycerides is not rate limiting in 
the presence of H2, but is rate limiting in the absence of H2. 

DCO of fatty acid esters is also proposed to follow the indirect reac-
tion pathway via fatty acids. However, in contrast to triglycerides, also 
a direct decarbonylation pathway was observed for fatty acid esters. 
This route results in different product selectivities compared to the indi-
rect pathway, with higher selectivities to unsaturated Cn–1 hydrocarbon 
products. 

Fatty acid decarboxylation and decarbonylation are reported to yield 
saturated and unsaturated Cn–1 hydrocarbons, respectively, which is 
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[ SCHEME 2.12 ] 
Proposed reaction 
scheme for the de-
oxygenation under 
inert gas. Undesired 
side reactions (e.g., 
cracking) are not in-
corporated into the 
figure. The dotted 
arrow indicates the 
limited formation 
of fatty acids from 
triglycerides during 
deoxygenation in 
the absence of H2 
(and H2O). * β–elimi-
nation or hydrolysis.
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consistent with reactions under H2 atmosphere. However, the forma-
tion of aldehyde and ketene intermediates under inert gas has not 
been reported. Also, an additional pathway is proposed to occur via a 
fatty acid anhydride intermediate (scheme 2.12). 

Summarizing, differences in the reaction pathways are present in 
the deoxygenation of vegetable oil–based feeds under H2 and inert 
atmospheres. Under H2 atmosphere, fatty acids, fatty acid esters, and 
triglycerides show similar product activities, selectivities, and reaction 
pathways. However, under inert gas, model compounds show several 
differences in reaction pathways, product activities and selectivities in 
comparison with triglyceride feeds. 

In the absence of H2, fatty acids and fatty acid esters should not be 
regarded as highly suitable model compounds for the deoxygenation 
of vegetable oil feeds. Rather, triglycerides are more interesting in this 
respect. Investigation of unsaturated model compounds is also recom-
mended before firm conclusions can be drawn for the deoxygenation 
of vegetable–oil feeds under inert conditions. The more so as unsatu-
rated feedstocks are of prime importance because of their abundant 
natural occurrence. It has been shown that these unsaturated com-
pounds are precursors for coking reactions, give rise to side products 
(e.g., aromatics), and are proposed to adsorb on the catalyst through 
their double bond and thereby reduce the deoxygenation activity. 
These drawbacks are less profound during the deoxygenation in the 
presence of H2, as these feeds are then first hydrogenated to saturated 
compounds. 

Triglycerides and fatty acids from non–edible or waste fats and oils 
are potential feedstocks for producing fuels and chemicals. Catalytic 
deoxygenation of these feeds yields paraffins and olefins that are com-
patible with the current transportation fuel infrastructure and reduce 
the dependence on fossil fuels. Triglycerides, fatty acid esters, and fatty 
acids are generally used as model compound for this reaction because 
of their structural similarity to vegetable oil–based feedstocks. In this 
chapter, the different reaction pathways for the deoxygenation of 
vegetable oils and their derivatives were discussed to gain more insight 
into the practical implications of these model compounds. Also, the 
influence of the catalyst and its support, the degree of unsaturation of 
the feedstock, reaction atmosphere, temperature, and the influence 
of reaction solvent on these deoxygenation reaction pathways were 
discussed. 
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The type of catalyst was shown to have a significant effect on the de-
oxygenation pathway, i.e. group 10 metal catalysts are active in the 
DCO whereas metal–sulfide catalysts are more selective to HDO. It was 
also shown that several similarities exist between the deoxygenation 
pathways of the different feeds. A comprehensive overview of the 
differences and similarities in the reaction pathways between the dif-
ferent feeds is shown in schemes 2.11 and 2.12. The model compounds 
appeared highly suitable under H2, as mostly deoxygenation occurs 
indirectly via the formation of fatty acids. Direct deoxygenation, which 
occurs as well albeit to a lesser extent, also showed similar product 
compositions for the three classes of compounds. 

Deoxygenation of fatty acids and esters under inert gas is highly 
selective to deoxygenation products. However, the use of the more 
realistic triglyceride model compounds resulted in various undesired 
products owing to the low activity for fatty acid formation. Thus, in the 
absence of H2, fatty acids and fatty acid esters should not be regarded 
as highly suitable model compounds for the deoxygenation of vegeta-
ble oil feeds. Rather, triglycerides are more interesting in this respect. 
Additionally, the use of unsaturated feedstocks under inert gas result-
ed in the formation of undesired side reactions such as cracking and 
the formation of heavies. As a result, addition of H2 is proposed to be 
essential to avoid formation of coke and other heavy compounds dur-
ing the catalytic reactions.

This chapter has been published as a review in ChemSusChem and I 
want to thank the co–authors for their contribution. My thanks espe-
cially go to Rob Gosselink for writing this review with me, and also to 
Shu–Wei Chang, Jacco van Haveren, Krijn de Jong, Harry Bitter and 
Daan van Es for their contributions to the review.
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C H A P T E R  3

Selective 
deoxygenation 
of stearic acid 
via an anhydride 
pathway
In this chapter, stearic anhydride is proposed as reactive intermediate 
in the hydrogen free decarbonylation and ketonization of stearic acid 
over Pd/Al2O3 at 250 oC. This information is crucial towards developing 
a selective low temperature decarbonylation process of fatty acids 
towards olefins.
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The utilization of biomass for the 
production of transportation fuels 
is an important research area due 
to diminishing fossil fuel reserves, 
rising petroleum prices and increas-
ing awareness of global warming.
[1] Several technologies are known 
to produce liquid fuels from bio-
mass, summarized in recent reviews.
[2–4] Biodiesel is currently the most 
common biofuel in Europe and is 
produced by transesterification of 
triglycerides (main constituent of 
vegetable oils and animal fats) with 
methanol using a homogeneous base 
catalyst.[5–6] Although the resulting 
fatty acid methyl esters (typical first 
generation biodiesel) have desirable 
fuel qualities such as good cetane 
number and lubricity, there are many 
technical issues associated with 
widespread use, like poor storage 
stability, lower heat content and en-
gine compatibility issues compared 
to regular diesel fuel due to the high 
cloud and pour point.[7–9]            

Deoxygenation of vegetable oils 
or animal fats yields hydrocarbons 
similar to those found in regular die-
sel fuel. Such biofuels (the so–called 
second generation biodiesel) have 
higher energy densities and higher 
storage stabilities than first genera-
tion biodiesel because of the absence 
of oxygen containing functional 
groups and are fully compatible with 
existing vehicles and fuel infrastruc-
tures. In the literature, pyrolysis,[10–13] 
hydrodeoxygenation[14–17] and deox-
ygenation[18–21] are reported for the 
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production of second generation 
biodiesel.

The patent literature mainly de-
scribes the use of elevated hydrogen 
pressures and temperatures (3 – 10 
MPa, 218 – 347 oC) for the production 
of second generation biodiesel from 
vegetable oils.[22–27] Especially the 
need for (non–renewable) hydrogen 
remains a challenge to overcome. 
Furthermore, the use of hydrogen re-
sults in the reduction of double bond 
functionalities present in unsaturated 
oils or fatty acids which reduces their 
potential application in high value 
chemical production. A further draw-
back of the current technology is the 
concomitant hydrodeoxygenation of 
glycerol to propane, which consumes 
valuable hydrogen and hinders po-
tential valorization of the glycerol.

Stearic acid is a commonly used 
model compound in fatty acid de-
oxygenation reactions for more 
realistic feedstocks like rape seed 
and palm oil fatty acids. Many deoxy-
genation studies, concerning stearic 
acid or other closely related model 
compounds, have been published in 
recent years using various catalysts 
under inert,[21, 28–33] hydrogen[31, 34–39] 
or hydrothermal conditions.[40–43] The 
deoxygenation of such free fatty ac-
ids can proceed via decarboxylation, 
decarbonylation or hydrodeoxygen-
ation yielding heptadecane, hepta-
decene or octadecane, depending on 
which reaction takes place. 

Palladium catalysts are often used 
in these deoxygenation reactions 

since Snåre et al. performed a cata-
lyst screening study, which reported 
Pd/C as the most active and selective 
catalyst.[21] Pd/γ–Al2O3 and Pt/γ–Al2O3 
were the most effective of the metal 
oxide supported catalysts, giving 
only small amounts of ketonized or 
heavy byproducts.[21] Mechanistic pro-
posals for the catalytic deoxygena-
tion of aliphatic esters under a hydro-
gen atmosphere over heterogeneous 
palladium catalysts were reported 
by Han et al. Here alkyl–oxygen and 
acyl–oxygen cleavage were proposed 
for decarboxylation and decarbonyla-
tion mechanisms.[34, 45–47]  
   In this chapter we report evidence 
for stearic anhydride as the reactive 
intermediate in the hydrogen–free 
deoxygenation of stearic acid over 
Pd/Al2O3 at a relatively low reaction 
temperature of 250 oC. Although 
stearic anhydride has been proposed 
previously for homogeneous cata-
lysts using either Pd– or Rh–based 
catalysts[48–49], to the best of our 
knowledge no deoxygenation lit-
erature is reported where stearic 
anhydride is suggested as interme-
diate product using heterogeneous 
catalysts. This fundamental insight is 
valuable for optimizing deoxygena-
tion activity and tuning the selectivity 
towards selective paraffin or olefin 
production.
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Catalyst characterization  
Pd/γ–Al2O3 (4.5 wt% Pd) was obtained from BASF (Escat™ 1241). Room 
temperature XRD measurements were carried out using a Bruker–AXS 
D2 Phaser powder X–ray diffractometer, in Bragg–Brentano mode, 
equipped with a Lynxeye detector. The radiation used is Cobalt Kα1,2 l = 
1.79026 Å, operated at 30 kV, 10 mÅ. The system is theta–theta coupled 
with a goniometer radius of 217.5 mm. The XRD diffractogram of the 
catalyst can be found in figure 3.1.

Nitrogen physisorption was performed at −196 oC using a Micromer-
itics Tristar 3000 V, 6.04 Å. The obtained data were used to calculate 
the BET surface area. Prior to the physisorption measurements, the 
samples were dried at 200 oC for about 14 h under nitrogen flow. Micro-
pore volumes and external surface areas were determined using t–plot 
analysis and are shown in table 3.1.

Imaging of the sample was obtained through Transition Electron 
Microscopy (TEM), performed on a FEI Tecnai 20F Transmission Elec-
tron Microscope operated at 200 kV. The instrument is provided with 
a Schotkky Field Emission Gun and a Twin Objective lens. The magni-
fication range is 25× – 700k×, the point to point resolution is 0.27 nm 
and the lattice image resolution of 0.14 nm. The images are made with 
a Megaview II digital camera. Furthermore the microscope is provid-
ed with an Energy Dispersive X–ray micro analysis system (EDAX) to 
provide elemental information, and a Scanning Transmission Electron 
Microscope (STEM) to obtain images with a High Angle Annular Dark 
Field (HAADF) and Secondary Electron (SE) detector. The samples were 
suspended in ethanol using an ultrasonic treatment and brought onto 
a holey carbon film on a copper grid. TEM images of the catalyst are 
shown in figure 3.2.

[ FIGURE 3.1 ] XRD 
pattern of fresh 
Pd/Al2O3 catalyst. 
γ–Al2O3 diffrac-
tions marked with 
a dot. Palladium 
diffractions (at 2θ 
= 46.6o and 54.2o) 
not detected due to 
overlap with γ–Al2O3 
diffractions.   
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[  E X P E R I M E N T A L  ]
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[ TABLE 3.1 ] Phys-
ical properties of 
the Pd/Al2O3 catalyst 
before and after 
catalytic reaction.

Before reaction

After reaction [d]

BET specific surface 
area[a]  [m2 g-1]

111

116

Particle Size[b] 
[nm]

6.7

7.0

Dispersion[c] 

[%]

17

16

Obtained by [a] N2 physisorption, [b] H2-chemisorption, [c] Dispersion calculated from 
particle size as described by Scholten et al.[50] [d] Reaction conditions: 250 oC, 24 h, 7 bar N2

Palladium dispersion was determined by hydrogen chemisorption 
measurements using a Micromeritics ASAP 2020 apparatus. The sam-
ples were dried at 120 oC in a He flow for 30 min and subsequently 
reduced in a 50 % H2 / He flow at 250 oC for 2 h (5 oC × min–1). The H2 ad-
sorption isotherms were measured at 150 oC, and calculations for the 
percentage Pd dispersions were performed assuming a complete Pd 
reduction with the stoichiometry of one hydrogen atom adsorbed per 
Pd surface atom (table 3.1).

Inductively Coupled Plasma–Mass Spectrometry (ICP–MS) measure-
ments were performed on an optima 7000 DV/ Perkin Elmer spectrom-
eter to measure the Palladium content of the catalyst. The analyses 
were performed in duplicate and have an accuracy of ± 0.3 %. The metal 
loading of the Pd/γ–Al2O3 was measured to be 4.5 ± 0.3 wt% Pd. 

[ FIGURE 3.2 ] 
Electron microscopy 
images of Pd/Al2O3 
catalyst. a) SEM 
image displaying 
relatively large (10 
– 50 nm) palladium 
particles on surface. 
b) Dark field image 
displaying same po-
sition as (a). c) TEM 
dark field image and 
d) TEM bright field 
image with small, 
finely dispersed (3.8 
± 1.4 nm) palladium 
particles.
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20	  nm	   20	  nm	  

a.	   b.	  

c.	   d.	  
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Reaction procedure 
The catalyst (typically 0.5 g) was activated prior to catalytic reactions in 
a plug flow reactor where the catalyst was heated to 250 oC (5 oC × min–

1) in nitrogen (3.0, Linde, 200 mL × min–1) atmosphere and subsequently 
reduced at 250 oC for 2 hours in 10 % hydrogen (9.86 vol% in nitrogen, 
Praxair). After reduction, the catalyst was flushed with nitrogen at 250 
oC to remove all hydrogen from the reactor and catalyst surface and 
cooled to room temperature in nitrogen (200 mL × min–1). The plug flow 
reactor was subsequently transferred to a glovebox to add solvent, re-
actant and internal standard prior to catalytic reactions. 

Catalytic experiments at temperatures up to 250 oC were performed 
in a multiple reactor system (Parr, model MRS 5000) containing six 
75 mL vessels with magnetic stirring. Pressure and temperature were 
monitored continuously during catalytic tests using this setup. The cat-
alyst used was a fine powder with D50 of 70 μm and was stirred (1100 
rpm) to avoid external mass transfer limitations. It was determined 
that pore diffusion limitations are negligible for all reaction conditions 
according to the Weisz–Prater Criterium (the liquid phase effective dif-
fusivities were estimated according to Wilke and Chang[51]). In a typical 
reaction 1 g feed was used and 18 g dodecane (25 mL, 99+ %, Fluka) 
as solvent. 0.5 g Tetradecane (2.5 mmol, puriss., olefin free, ≥ 99 %, 
Aldrich) was used as internal standard for quantitative analysis by GC. 

A 600 mL single bench top autoclave reactor system (Parr, model 
4563) with mechanical stirrer was used for reactions at reaction tem-
peratures up to 350 oC. Analogous ratios of catalyst, reactant and feed 
was used as in the multiple reactor system. When feed concentration 
was varied, the total volume was kept constant to retain the same pro-
portion of dead volume in the reactor.

Product analysis 
The reaction mixtures were dissolved in chloroform and hot filtration at 
40 oC was performed to collect the spent catalyst. The filtered reaction 
mixture was mixed with trimethyl sulfonium hydroxide (TMSH, purum, 
≈ 0.25 M in methanol, Aldrich) as in situ esterification reagent to deri-
vatise carboxylic acids for accurate quantification of these products. 
Diethylamine (>  99.5 %, Aldrich) was added to the filtered reaction mix-
ture to facilitate quantification of residual stearic anhydride via conver-
sion to octadecanamide and stearic acid.
Analysis of low molecular weight (up to approx. 350 g × mol–1) products 
was performed on a Thermo Focus Gas Chromatograph (GC) equipped 
with an automatic injection system (AS3000 autosampler). The follow-
ing parameters/settings were used: Injection volume 1 µl, Split ratio 
1:20, column pressure 150 kPa helium, GC column: Varian CP–FFAP (free 
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fatty acids), 25 m × 0.32 mm × 0.30 μm. Detector: FID at 280 oC. Injec-
tion port temperature 250 oC. GC program: Hold 1 min at 50 oC, ramp 7 
oC × min–1 to 150 oC, then ramp 4 oC × min–1 to 250 oC and hold at 250 oC 
for 20 minutes.

Product analysis of stearone and other high boiling point substrates 
was performed on a Hewlett–Packard 5890 Series II Gas Chromato-
graph equipped with an automatic injection system (HP7673 GC/SFC 
Injector and Controller). Injection volume 1 μl. Split ratio 1:20. Column 
pressure 150 kPa Helium. GC column: Varian Select Biodiesel for Glycer-
ides, 15 m × 0.32 mm × 0.45 μm. Detector: FID at 280 oC. Injection port 
temperature 380 oC. GC program: Hold 1 min at 50 oC, ramp 15 oC × min-1 
to 180 oC, then ramp 7 oC × min-1 to 230 oC, then ramp 30 oC × min-1 to 380 
oC and hold 7 min at 380 oC.

GC–MS analyses were performed on an Interscience TraceGC Ultra GC 
with AS3000 II autosampler. He carrier gas, flow 1 mL × min–1, split flow 
20 mL × min–1; Restek GC column Rxi–5ms 30 m × 0.25 mm × 0.25 μm; 
GC program hold 1 min at 50 oC, ramp 7 oC × min–1 to 150 oC, then ramp 4 
oC × min–1 to 340 oC and hold at 340 oC for 20 minutes. The GC column is 
connected to an Interscience TraceDSQ II XL quadrupole mass selective 
detector (EI, mass range 35 – 500 Dalton, 150 ms sample speed). 

We have chosen Pd/γ–Al2O3 as the metal oxide based catalyst to allow 
for the possibility of thermal regeneration. A commercially available, 
well characterized catalyst was chosen in order to have a constant 
quality of catalyst over a broad range of experiments. Characterization 
data, before and after the catalytic reaction, are shown in table 3.1, fig-
ure 3.1 and 3.2. 

A low reaction temperature is desired for designing a production pro-
cess where biofuel is efficiently produced. Also, it was expected that 
ketonization, being an endothermic process, is more pronounced at 
higher temperatures.[52–54] Since heavy products such as ketones were 
suggested to contribute to catalyst deactivation during deoxygenation 
reactions, it is desired to prevent ketonization as much as possible.[31] 

Catalytic reactions over Pd/γ–Al2O3 under nitrogen pressure at dif-
ferent reaction temperatures showed that deoxygenation of stearic 
acid was successful upwards from 250 oC (figure 3.3). The absence of 
unsaturated products at 250 oC indicates that selective decarboxylation 
proceeds at this temperature. Experiments preformed in the absence 
of Pd/γ– Al2O3 did not give any conversion (table 3.2; entry 1) and stea-
rone was formed in the presence of bare γ–Al2O3 (table 3.2; entry 2). 

[  R E S U L T S  &  D I S C U S S I O N S  ]
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These results confirm the catalytic activity of palladium in the decar-
boxylation reaction, as well as the possibility of stearic acid ketoniza-
tion over alumina sites in the absence of palladium nanoparticles.

C17 hydrocarbons were formed at 300 oC with 99 % selectivity, of 
which 58 % was heptadecane (n-C17) and 41 % were heptadecenes (C17un-

sat), as shown in figure 3.3. Only minor amounts of stearone, and no 
cracking products were formed (mass balance > 98 %). These findings 
are in contrast to those reported by Snåre et al. using Pd/γ–Al2O3 as the 
catalyst in the deoxygenation reaction of stearic acid, also at 300 oC 
and with similar feed concentrations. These authors reported stearone 
formation with 48 % selectivity and also cracking products and heavies 
were detected at similar conversion levels as reported in this study. In-
vestigating this remarkable difference in product selectivity fell outside 
the scope of our study, but could be due to differences in the catalyst 
preparation method (Al2O3 preparation, as well as metal deposition). 
Furthermore, the different reactor systems used (semi–continuous vs. 
batch in this work) could also have influenced the product selectivity.

The conversion and selectivity again significantly changed when the 
reaction temperature was further increased to 350 oC (figure 3.3). Sig-
nificant stearone formation lowered the C17 hydrocarbon selectivity 
dramatically. This shift in product selectivity towards ketonized prod-
ucts at increasing temperature is in line with the hypothesis mentioned 
earlier.

Next, the activity and selectivity as a function of initial feed concen-
tration were investigated to determine the reaction order in stearic 
acid concentration. Solvent free conditions are industrially preferred 
and for that reason also included in the series. Subsequent reactions 

[FIGURE 3.3] Stearic 
acid conversion 
(a) and product 
selectivity (b) as a 
function of reaction 
temperature, using 
Pd/Al2O3 as catalyst 
(6 h, 7 bar N2). Stear-
ic acid concentra-
tion: 0.14 mol × L−1.
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were performed at the lowest reaction temperature at which deox-
ygenation was observed (250 oC). At low initial stearic acid concen-
tration a 1st order dependence of TOF was found which plateaus at 
increasing feed concentrations, typical for a Langmuir–Hinshelwood 
dependence (figure 3.4). A gradual change in product selectivity as a 
function of initial stearic acid concentration was observed with signif-
icant formation of heptadecenes and stearone at higher feed concen-
trations (figure 3.4, table 3.2; entry 3 – 4). GC–MS analysis showed that 
various isomers of mono–unsaturated as well as poly–unsaturated C17 
hydrocarbons were present in the reaction mixture after reaction at 
increased feed concentrations at 250 oC. A verification test with hepta-
decane (99 %) under these reaction conditions showed that a negligible 
amount was converted to heptadecenes (< 2 % after 24 h). Hence, the 
observed amount of heptadecenes is not formed by heptadecane 
dehydrogenation. Decarbonylation of stearic acid towards 1–heptade-
cene could have occurred here. Various isomers of mono–  and poly–
unsaturated heptadecenes could subsequently be formed via double 
bond isomerization and dehydrogenation of 1–heptadecene. This was 
confirmed by a stability test with 1–heptadecene, which showed 91 
% conversion towards various isomers, as well as heptadecane and 
dehydrogenation products resulting from transfer hydrogenation. In 
the literature, palladium was also shown to be catalytically active in 
transfer hydrogenation.[55] 

[TABLE 3.2] Conver-
sion and selectivity 
after catalytic exper-
iments with stearic 
acid and various 
possible interme-
diates (or closely 
related) products.

entry

1

2

3

4

5

6

7

8

9

10[f]

11

12

n-C17

0

0

100

79

27

7

0

0

14

4

86

100

C17unsat

0

0

0

11

25

42

1

1

20

46

0

0

n-C18

0

0

0

0

0

0

0

0

0

0

14

0

SA[c]

-

-

-

-

46

49

71

58

35

49

-

-

C35[d]

0

100

0

10

2

2

28

26

12

0

0

0

heavies

0

0

0

<1

0

0

0

15

19

0

0

0

reactants

stearic acid

stearic acid

stearic acid

stearic acid

stearic anhydride

stearic anhydride

stearic anhydride

stearic anhydride

stearic anhydride

stearic anhydride

1-octadecanol

octadecanal

amount 
(g)

1.0

1.0

1.0

10.0

1.0

1.0

1.0

1.0

10.0[e]

1.0

1.0

1.0

catalysts

none

γ-Al2O3

Pd/γ-Al2O3

Pd/γ-Al2O3

Pd/γ-Al2O3

Pd/γ-Al2O3

γ-Al2O3

none

Pd/γ-Al2O3

Pd/γ-Al2O3

 Pd/γ-Al2O3

Pd/γ-Al2O3

reaction
time (h)

24

24

24

24

24

5

24

24

24

24

24

24

conv. [b]

(%)

0

6

20

10

100

83

100

40

62

48

100

100

selectivity (%)

[a] 250 oC, 7 bar N2 [b] mass balance 95+% for all reactions [c] stearic acid selectivity when using stearic 
anhydride as feed [d] stearone [e] Neat reaction, no solvent used [f] reaction at 200 oC
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Increasing formation of stearone points to intramolecular reactions 
of stearic acid, which become more predominant at higher concentra-
tions. The exact mechanism of the ketonization process is, however, 
still under debate, despite being extensively described in the literature. 
Various mechanisms have been proposed over time which involve car-
banions,[56] free radicals[57], carbonium ions[58], and a four–center inter-
mediate[59]. A possible reaction pathway for the stearic acid ketoniza-
tion could be the formation of stearic anhydride by condensation of ad-
sorbed stearic acid and subsequent decarboxylation towards stearone.
[33, 60] Anhydride decarboxylation towards a ketone could be initiated 
on basic alumina sites, since the basic sites of the catalyst could act as 
an acceptor for the acidic CO2 by the highly negative framework charge 
of oxygen.[33] Stearic anhydride formation would be an equilibrium, 
positively dependent on the stearic acid concentration. The existence 
of this anhydride intermediate for both the ketonization and the de-
carbonylation reaction (Scheme 3.1), would explain the selectivity shift 
from heptadecane towards heptadecenes and stearone at increasing 
initial stearic acid concentrations. Stearic anhydride is however, as men-
tioned in the introduction, until now only proposed as an intermediate 
in homogeneous decarbonylation catalysis.[46–49] Indications for ketene 
formation on the surface of zirconia supported nickel catalysts during 
stearic acid hydrodecarboxylation studies were recently reported.[61] 
Ketenes are generally very reactive and may subsequently react with 
acids to form anhydrides.[62] Combining these reports with our find-
ings resulted in the hypothesis that stearic anhydride is formed on the 

[FIGURE 3.4] 
Product selectivity 
(primary axis) and 
turn over frequency 
(secondary axis) as 
function of initial 
stearic acid concen-
tration (24 h, 7 bar 
N2).
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catalyst surface, as an intermediate for both the ketonization and the 
decarbonylation reaction, under our reaction conditions.

Catalytic reactions with stearic anhydride over the Pd/γ–Al2O3 cata-
lyst were performed to investigate the reactivity and product selectiv-
ity of this proposed reaction intermediate. Full conversion of stearic 
anhydride to stearic acid, heptadecane, heptadecenes and stearone 
was achieved under standard reaction conditions (table 3.2; entry 5). 
Heptadecene and stearic acid are the proposed anhydride decarbon-
ylation products and heptadecane is formed by both decarboxylation 
of stearic acid and transfer hydrogenation of heptadecene. Also after 
a reaction time of 5 h, almost full conversion was achieved (table 
3.2; entry 6). Selectivity to the unsaturated hydrocarbons increased 
compared to the 24 h reaction, which confirms that heptadecane is 
a secondary product from stearic acid decarboxylation and transfer 
hydrogenation of heptadecene. These results also demonstrate that 
the formation of an anhydride intermediate from stearic acid would 
be the rate limiting step in the decarbonylation reaction under current 
reaction conditions.

Stearone formation from stearic anhydride was not observed in any 
significant amounts over the Pd/γ–Al2O3 catalyst at 250 oC. However, 
considerable stearone formation was found when using γ–Al2O3 only 
(table 3.2; entry 7). This confirms the catalytic activity of palladium in 
the decarbonylation reaction and furthermore shows the possibility 
of stearone formation from stearic anhydride on the alumina surface. 
Stearic anhydride was partly converted to stearone and other heavy 
products in solution at the reaction temperature of 250 oC, thus in the 
absence of catalyst or support material (table 3.2; entry 8). Thus, the 
vicinity of palladium active sites during anhydride formation appears to 
determine whether decarbonylation to 1–heptadecene, stearone for-
mation and/or the formation of other heavy products takes place. This 
is also clear from the wide range of products observed at increased 
stearic anhydride concentrations (table 3.2; entry 9); besides decarbon-
ylation products, significant amounts of stearone and other heavies are 
also formed.

[SCHEME 3.1]  Po-
tential decarbony-
lation and ketoni-
zation pathways of 
stearic acid via an 
anhydride interme-
diate.
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Stearic anhydride decarbonylation was also effective at 200 oC (table 
3.2; entry 10) with high selectivity towards unsaturated products, even 
after a reaction time of 24 h. This can be explained by lower transfer 
hydrogenation activity and reduced decarboxylation activity at this re-
action temperature (figure 3.3). These results allow for selective stearic 
acid decarbonylation by shifting the anhydride equilibrium towards 
anhydride formation at this low reaction temperature in future investi-
gations.

The nature of the catalytic sites of anhydride formation is, for that 
reason, an interesting point. This is possibly catalysed by acid sites of 
alumina. Quenching of the reaction mixture with diethylamine, howev-
er, did not provide evidence for the existence of significant amounts of 
anhydride when performing a catalytic reaction on γ–alumina. Also dur-
ing the reaction on Pd/γ–alumina, no significant amounts of anhydrides 
could be detected. A possible explanation for this could be the high 
reactivity of stearic anhydride under the reaction conditions.

In order to assess the thermodynamics of the anhydride pathway 
sequence, calculations were performed for the decarbonylation and ke-
tonization reactions, using the HSC program.[44] Butyric acid and butyric 
anhydride were used in the calculations. Although the thermodynamic 
data for stearic anhydride were not available, it is expected that the 
calculations on butyric acid give a good indication for the thermody-
namics of stearic acid. A minor increase in Gibbs energy was shown for 

[FIGURE 3.5] Gibbs 
free energy of 
decarbonylation 
and ketonization 
reaction pathways 
from butyric acid via 
a butyric anhydride 
intermediate. Calcu-
lations for 250 oC at 1 
bar; data calculated 
with HSC Chemis-
try.[44]
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anhydride formation and both reactions have an overall negative Gibbs 
energy (figure 3.5). The thermodynamic equilibrium between butyric 
acid and its anhydride is 5.3 × 10−4 at 250 oC, based on these calculations. 
Although activation energies were not calculated, these data indicate 
that an anhydride intermediate is thermodynamically and kinetically 
feasible with low concentrations of the intermediate anhydride pres-
ent during catalytic reactions. Until now we did not accomplish the 
quenching of formed anhydrides, or spectroscopically show these in-
termediates with ex situ IR. The high reactivity of stearic anhydride, in 
combination with the unfavourable thermodynamic equilibrium, could 
explain these complications. From current results it can furthermore be 
concluded that the Pd/Al2O3 catalyst significantly lowers the decarbony-
lation activation energy, resulting in a selectivity shift from ketonization 
(when conducting experiments with Al2O3) to selective decarbonylation 
with Pd nanoparticles present.

Alternatively, a decarbonylation pathway of stearic acid to 1–hepta-
decene could proceed via an intermediate alcohol (scheme 3.2; a). 
In order to verify this possibility, experiments were performed using 
1–octadecanol (used here as a readily available model compound for 1–
heptadecanol). As can be seen in entry 11 (table 3.2), the main product 
from 1–octadecanol was heptadecane instead of octadecene. Appar-
ently, dehydration of the alcohol does not occur to a large extent. The 
loss of one carbon atom can be rationalized by assuming that under 
the reaction conditions the primary alcohol is dehydrogenated yielding 
the corresponding aldehyde and hydrogen, followed by consecutive 
decarbonylation of the aldehyde (scheme 3.2; b). Although alcohol de-
hydrogenation did occur primarily, also 14 % octadecane was present in 
the reaction mixture, indicative for minor alcohol dehydration and sub-
sequent hydrogenation (table 3.2; entry 11).

In order to verify the aldehyde decarbonylation, octadecanal was 
subjected to the reaction conditions. The results were full conversion 
to heptadecane with 100 % selectivity (table 3.2; entry 12), which con-
firms that the heptadecane obtained from 1–octadecanol is formed via 
a dehydrogenation–decarbonylation mechanism. A similar dehydro-
genation–decarbonylation mechanism is known to occur over the Pd/

[SCHEME 3.2] 
Potential stearic 
acid deoxygena-
tion via an alcohol 
intermediate to 
heptadecene (a) or 
hexane (b).
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Al2O3 catalyst when using ethanol, with ethanal as the dehydrogenation 
intermediate and methane and carbon monoxide as the subsequent 
decarbonylation products.[63] 

If stearic acid decarbonylation would occur via an intermediate alco-
hol, hexadecane is also expected as the dehydrogenation–decarbon-
ylation product of the intermediate alcohol. Since no C16 components 
have been observed in our reactions using stearic acid as feedstock, we 
can conclude that a decarbonylation–dehydration mechanism via 1–oc-
tadecanol is also not occurring under the current reaction conditions 
over the Pd/γ–Al2O3 catalyst.

In scheme 3.3 the suggested deoxygenation reaction pathways are 
shown, which are proposed to occur in the hydrogen free deoxygena-
tion of stearic acid over Pd/γ–Al2O3 at 250 oC, including decarboxylation 
and the suggested decarbonylation and ketonization pathway via the 
anhydride intermediate.

In conclusion, the product selectivity of stearic acid deoxygenation 
over Pd/γ–Al2O3 at 250 oC is strongly dependent on the feed concentra-
tion with selective decarboxylation at the low end and increasing de-
carbonylation and ketonization activity at higher feed concentrations. 
We have provided evidence that this dependence is caused by the 
existence of stearic anhydride as the reactive intermediate in the de-

[  C O N C L U S I O N S  ]

HO R

O

R OH

O

H2O

RR

O

O RR

OO

R

- CO2 

R

CO

CO2

decarbonylation

ketonization

decarboxylation

[SCHEME 3.3] Sug-
gested deoxygen-
ation pathways of 
stearic acid at 250 
oC in the absence of 
external hydrogen.
R = C15H31



  Selective deoxygenation of stearic acid via an anhydride pathway     75

carbonylation and ketonization reaction. The observations of changing 
product selectivity as a function of feed concentration are in accord-
ance with the anhydride intermediate since the high feed concentra-
tion promotes anhydride formation. Model reactions also showed that 
decarbonylation–dehydration via 1–octadecanol does not occur under 
our conditions.

Since stearic anhydride is readily converted, the rate limiting step in 
the formation of the unsaturated C17 hydrocarbons is the in situ for-
mation of stearic anhydride. Furthermore, it was shown that stearic 
anhydride decarbonylation already proceeds at 200 oC. It would be very 
interesting to explore the possibilities to direct product selectivity by 
stimulating anhydride formation.
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C H A P T E R  4

Catalytic 
deoxygenation 
of fatty acids: 
elucidation of the 
inhibition process
Catalytic deoxygenation of unsaturated fatty acids in the absence of 
H2 is known to suffer from significant catalyst inhibition. Thus far, no 
conclusive results have been reported on the cause of deactivation. 
Here we show that C=C double bonds present in the feed or the 
products dramatically reduce the deoxygenation activity of supported 
palladium catalysts. In the case of stearic acid deoxygenation the 
addition of 0.1 eq of a mono–unsaturated fatty acid or olefin already 
reduces the catalytic deoxygenation activity by 60 %. This effect 
becomes more pronounced with an increasing number of double 
bonds. The inhibition is shown to be reversible in H2 atmosphere, 
indicating no significant contribution from irreversibly deposited 
hard–coke. Furthermore, the type of support material has no apparent 
effect on catalyst inhibition. Hence we propose that initial catalyst 
inhibition proceeds via reversible adsorption of C=C double bonds on 
the palladium active sites.
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Fossil resources such as coal, oil and 
gas have contributed greatly to our 
modern lifestyle and will continue 
to do so in the coming decades. To 
ensure a lasting supply of energy for 
the longer term we will increasingly 
depend on renewable resources such 
as biomass. Science and industry are 
working together to turn biomass 
into for instance biofuels that are 
compatible with the existing distri-
bution infrastructure and engine 
technologies. 

Vegetable oil based feedstocks 
have gained significant interest as 
sustainable resource for the produc-
tion of fuels and chemicals, mainly 
due to their high energy density and 
structural similarity to petroleum 
based fuels. As such, the implemen-
tation of these compounds would 
require minimal changes in the pres-
ent infrastructure and the internal 
combustion engine, which is highly 
beneficial for the introduction of new 
technologies. Especially the use of 
non–edible or waste fats and oils are 
of interest as this will not interfere 
with the food production. 

The use of (non–renewable) H2 
is to be avoided for the design of a 
sustainable process, since this has 
impact on the environmental foot-
print. H2–free deoxygenation has 
been investigated frequently, and 
although showing much potential 
in the deoxygenation of saturated 
feeds[1–5], complications were report-

ed with the use of more practical 
feedstocks.[6–14] Catalyst deactivation 
appeared more severe during H2–free 
deoxygenation reactions and was 
regularly related to the presence of 
unsaturated compounds. Decreas-
ing H2 pressure during the reaction 
resulted in an increasing amount of 
unsaturated compounds and more 
severe catalyst deactivation.[1, 2, 15, 16] 
Snare et al. screened several catalysts 
and reported faster deactivation 
when higher selectivity towards 
unsaturated products was obtained 
(e.g. when using Ru/C and Rh/C).[17] 

Thus far, no conclusive results have 
been reported on this process of cat-
alyst inhibition and/or deactivation 
during H2–free deoxygenation. Sever-
al explanations for these phenomena 
however have been proposed in liter-
ature. The formation of unsaturated 
products often also gives rise to CO 
in the gas stream as direct decar-
bonylation product[5, 17] which could 
deactivate the metal phase through 
poisoning.[18, 19] However, CO poison-
ing could not explain observations of 
decreased activity after re–reduction 
of the spent catalysts.[20] 

The formation of irreversibly 
deposited coke (referred to as 
hard–coke, e.g. graphitic carbon or 
polycyclic aromatic compounds[21]) 
from unsaturated compounds is also 
mentioned in literature as reason for 
catalyst deactivation. Lestari et al. 
report the presence of trace amounts 
of aromatic compounds during the 
deoxygenation of stearic acid over 
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Pd/C, which was related to coke for-
mation and a decreasing surface area 
of the spent catalyst.[3] The authors 
suggested that unsaturated products 
were the origin of aromatic forma-
tion and subsequent coke formation. 
The formation of alkenylbenzenes 
as side products  (e.g. undecylben-
zene) was indeed confirmed during 
the deoxygenation of fatty acids.[4, 22] 
Simakova et al. reported decreasing 
access to palladium metal clusters 
after catalytic deoxygenation of 
several fatty acids and related this to 
coke formation as well.[23] 

Reduced accessibility of active met-
al clusters could also be explained 
by the adsorption of unsaturated 
reactants or (side) products on the 
catalyst via the C=C double bond in 
the alkyl chain, as was speculated by 
Immer et al.[5] Unlike in the case of 
hard–coke formation, the inhibition 
by adsorption of unsaturated reac-
tants could be a reversible process. 
No further investigation was howev-
er performed to test and prove this 
hypothesis.

Ping et al. claimed that adsorption 
of the feed (stearic acid), solvent 
(dodecane), and product (heptade-
cane) diminished the deoxygenation 
activity.[20] These authors do not 
relate the inhibition to the presence 
of unsaturations but to the presence 
of saturated compounds instead. 
These conclusions are puzzling since 
the reduced deoxygenation activity is 
only reported for recycle runs, while 
the catalyst is also in contact with 

saturated compounds during the 
initial run. To the best of our knowl-
edge, no other reports confirm the 
inhibition in deoxygenation activity 
by the strong adsorption of saturated 
compounds. 

Summarizing, several explanations 
are proposed to explain the catalyst 
deactivation during H2–free deoxy-
genation: CO poisoning, hard–coke 
formation and adsorption of satu-
rated and of unsaturated reactants/
products on the catalyst surface (i.e. 
soft–coke[21]). Possibly several of 
these processes are occurring simul-
taneously. No conclusive results have 
however been reported thus far that 
thoroughly elucidate the inhibition 
process and investigate the effect of 
feed, products, unsaturations and CO 
formation on the inhibition process.  

In this chapter we report on the 
inhibition process during the deoxy-
genation of fatty acids over several 
Pd–based catalysts. We show that 
inhibition is caused by strong but 
reversible adsorption of unsaturated 
molecules via the C=C double bond 
on the palladium active sites. Inhibi-
tion occurs in presence of unsaturat-
ed feeds or products as well as with 
the presence of CO. The inhibition 
agents are shown to have dramatic 
effects on the deoxygenation activ-
ity even when present in very small 
quantities. However, the inhibition 
is shown to be reversible and the 
presence of H2 is essential to effec-
tively regenerate the deoxygenation 
activity. 
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Chemicals
The following catalysts were used for this investigation: Palladium on 
silica powder (5 wt% Pd/SiO2) reduced dry (Strem Chemicals Inc. – Es-
cat™ 1351); Palladium on alumina powder (5 wt% Pd/Al2O3) reduced 
(Strem Chemicals Inc. – Escat™ 1241); Palladium on activated carbon (5 
wt% Pd/C) reduced dry powder (Strem Chemicals Inc.). The following 
chemicals were used without further purification treatments: Metha-
nol, HPLC gradient 99.9 % (GC) (Actu–All Chemicals); Chloroform, HPLC 
(stabilised with ethanol) 99.9 % (Actu–All Chemicals); Trimethylsul-
fonium hydroxide (TMSH), purum, ≈ 0.25 M in methanol (Sigma – 
Aldrich); Dodecane, ReagentPlus® ≥ 99 % (Sigma – Aldrich); Tetrade-
cane, olefine free ≥ 99 % (GC) (Sigma – Aldrich); n–Hexane, PEC Grade 
97.0 % (Actu–All Chemicals); 1,7–octadiene, 98 % (Sigma – Aldrich); 
Pentadecane, ≥ 99 % (Sigma – Aldrich); 1–Pentadecene, 98 % (Sigma – 
Aldrich); Heptadecane 99 %, (Sigma – Aldrich); Hexadecanal, > 97 % (TCI 
Europe N.V.); 1–Heptadecanol, 98 % (Sigma – Aldrich); Stearyl alcohol, 
> 99 % (GC) (TCI Europe N.V.); Stearic acid, 97 % (Acros Organics), Oleic 
acid, tech., 90 % (Sigma – Aldrich); Oleic acid, reagent grade ~ 99 % (Sig-
ma – Aldrich); Linoleic acid, ≥ 99 % (SAFC, Sigma – Aldrich); Linolenic 
acid, ~ 70 % (GC) (Sigma – Aldrich); 1–Phenylundecane, 99 % (undecylb-
enzene) (Sigma – Aldrich); pyrene 98 % (Sigma – Aldrich); 2,3–benzan-
thracene, 98 % (tetracene) (Sigma – Aldrich); 18–pentatriacontanone 
(stearone) (Alfa Aesar); Stearic anhydride (TCI Europe N.V.). 

Catalytic testing
The catalyst (typically 0.5 g) was activated prior to catalytic reactions 
in a plug flow reactor in which the catalyst was heated to 150 oC (5 oC × 
min–1) in nitrogen (3.0 Linde, 200 mL × min–1) atmosphere, dried for 30 
minutes and subsequently reduced at 150 oC for 2 hours in  hydrogen 
(5.0 Linde, 200 ml × min–1). After reduction, the catalyst was flushed 
with nitrogen at 150 oC to remove all hydrogen from the reactor and 
catalyst surface and cooled to room temperature in nitrogen (200 mL × 
min–1). The plug flow reactor was subsequently transferred to a glove-
box to add solvent, reactant and internal standard prior to catalytic 
reactions. 

Catalytic experiments were performed in a multiple reactor system 
(Parr, model MRS 5000) containing six 75 mL vessels with magnetic 
stirring. Pressure and temperature were monitored continuously dur-
ing catalytic tests using this setup. The reaction mixture was stirred 
(1100 rpm) to avoid external mass transfer limitations. It was deter-
mined that pore diffusion limitations are negligible according to the 
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Weisz–Prater Criterium (the liquid phase effective diffusivities were es-
timated according to Wilke and Chang[24]). In a typical reaction 1 g feed 
was used and 18 g dodecane (25 mL) as solvent. 0.5 g Tetradecane (2.5 
mmol) was used as internal standard for quantitative analysis by GC. 

Product analysis
Reaction mixture work up after reaction and cooling was performed 
with a chloroform methanol mixture (2:1) that was heated to 40 °C 
to ensure complete dissolution of the fatty acid. A sample was sub-
sequently taken from the mixture and methylated by mixing with tri-
methylsulfonium hydroxide, an in situ esterification reagent to deriva-
tise carboxylic acids for accurate GLC quantification. Soxhlet extraction 
of the spent catalyst was performed (using chloroform, methanol and 
hexane) to remove physisorbed organic species from the catalyst sur-
face before further analysis.

Analysis of the reaction mixture (products with molecular weight be-
tween approximately 180 – 350 g × mol–1) was performed on a Thermo 
Focus Gas Chromatograph (GC) equipped with an automatic injection 
system (AS3000 autosampler). GC program: Hold 1 min at 50 °C, ramp 
20 °C × min-1 to 170 °C, ramp 5 °C × min-1 to 195 °C, ramp 15 °C × min-1 to 
225 °C, then ramp 5 °C × min-1 to 250 °C and hold at 250 °C for 15 minutes. 
The following parameters  and settings were used: Varian CP–FFAP 
(free fatty acids) GC column (25 m × 0.32 mm × 0.30 µm), 290 °C injec-
tion port temperature, 1 µl injection volume, split injection mode, 20 
ml × min-1 split flow, column flow of 1.1 ml × min-1, hydrogen and air flow 
control, ignition threshold 0.5 pA, and FID detector at 270 °C. 

Analysis of high boiling point substrates (e.g. stearyl stearate and 
stearone) was performed on a Interscience Trace 1300 Gas Chroma-
tograph (GC) equipped with an automatic injection system (AS1310 
autosampler). GC program: Hold 1 min at 50 °C, ramp 15 °C × min-1 to 150 
°C, ramp 7 °C × min-1 to 180 °C, ramp 15 °C × min-1 to 280 °C, ramp 7 °C × 
min-1 to 350 °C and hold 10 min at 350 °C. The following parameters  and 
settings were used: Varian Select Biodiesel for Glycerides (15 m × 0.32 
mm × 0.45 μm), 370 °C injection port temperature, 1 µl injection volume, 
splitless injection mode, 60 ml × min-1 split flow, ignition threshold 0.5 
pA, 350 mL × min-1 air flow, 35 mL × min-1 hydrogen flow, 40 mL × min-1 
makeup gas flow, and FID detector at 380 °C. 

Catalyst analysis
Nitrogen physisorption was performed at −196 oC using a Micromeritics 
Tristar 3000 V, 6.04 Å. The obtained data were used to calculate the 
BET surface area. Prior to the physisorption measurements, the sam-
ples were dried at 200 oC for about 14 h under nitrogen flow. Micropore 
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volumes and external surface areas were determined using t–plot anal-
ysis.

Total palladium surface area and palladium dispersion was deter-
mined by hydrogen chemisorption measurements using a Micromerit-
ics ASAP 2020 apparatus. The samples were dried at 120 oC in a He flow 
for 30 min and subsequently reduced in a 50 % H2 / He flow at 250 oC for 
2 h (5 oC × min–1). The H2 adsorption isotherms were measured at 150 
oC, and calculations for the percentage Pd dispersions were performed 
assuming a complete Pd reduction with the stoichiometry of one hy-
drogen atom adsorbed per Pd surface atom.

Elemental analysis was performed at the Mikroanalytisches Labo-
ratorium Kolbe to determine the exact palladium loading of the dried 
catalysts. 

Organic deposits on the catalyst surface were analysed via  thermo-
gravimetric analysis (TGA) with a Perkin Elmer STA6000. Samples were 
heated with a heating rate of 10 oC × min–1 from 30 oC to 800 oC using 
nitrogen as a purge gas with a flow rate of 30 mL × min-1. 180 µL ceramic 
pans were used to hold the sample. The total organic content is esti-
mated from the weight loss between 150 and 800 oC.

Fourier transform infrared (FT–IR) spectra of the fresh and spent 
catalysts were obtained on a Varian Scimitar 1000 FT–IR spectrometer 
equipped with a DTSG–detector. The spectra were collected in the 
range 4000 – 650 cm–1 (measurement resolution at 4 cm–1) using atten-
uated total reflectance (ATR) with a diamond w/ZnSe lens single reflec-
tion plate with 512 coadded scans. The sample chamber was purged 
with N2 gas for at least 10 minutes before scanning. 

For our study into catalyst inhibition, supported palladium catalysts are 
chosen, as palladium is reported as the most active metal in H2–free fat-
ty acid deoxygenation and has been investigated most extensively.[1, 6, 7, 

15, 17, 25–31] Furthermore, we used commercially available catalysts for this 
study in order to have a constant quality of catalyst over a broad range 
of experiments. 

Pd/SiO2 and Pd/γ–Al2O3 are selected because of the different deoxy-
genation pathways reported for these catalysts (decarboxylation for 
Pd/Al2O3 and combined decarbonylation and decarboxylation for Pd/
SiO2

[32]), in combination with the different support properties (e.g. the 
difference in isoelectric point of 1.7 – 3.5 for SiO2 and 7 – 8 for γ–Al2O3). 
Furthermore, Pd/C is also used since it is the most active reported cata-
lyst for the H2–free deoxygenation of stearic acid.[17] 

[  R E S U L T S  &  D I S C U S S I O N  ] 



 Catalytic deoxygenation of fatty acids: elucidation of the inhibition process     85

Catalyst properties are summarized in table 4.1. Catalytic deoxygen-
ation reactions are performed for 20 hours at 250 °C under 7 bar N2 
pressure (4 bar at room temperature) unless noted otherwise. Pd/SiO2 
is selected as the main catalyst for this inhibition study since SiO2 is con-
sidered to be chemically inert towards fatty acids under the reaction 
conditions, while also allowing for spectroscopic analysis. 
A stepwise investigation is essential to study the effect of potential 
inhibition agents and to elucidate the process of catalyst inhibition and/
or deactivation. The influence of the fatty acid feed on the deoxygen-
ation activity and product selectivity is initially investigated to confirm 
the relationship between unsaturations and deoxygenation activity, 
and to investigate the different reactions that occur. 

Catalytic deoxygenation of stearic acid (SA, 97% pure) over Pd/SiO2 re-
sults in deoxygenation to heptadecane (n-C17) and heptadecenes (C17un-

sat) via decarboxylation and decarbonylation respectively (scheme 4.1). 
In contrast, the catalytic deoxygenation activity drastically decreases 

when oleic acid (90% OA) is used as feedstock (figure 4.1). Note that the 
oleic acid feed contains stearic acid (~8%) and some linoleic acid (~2%) 
as impurities. No deoxygenation products are observed when using 
linoleic acid (LL, 99% pure) or linolenic acid (LLN, 71% pure, ~20% LL, ~9% 
OA) as feed. When linoleic acid is used as feed, the reaction composi-
tion also contains 13 mol% oleic acid isomers and 14 mol% of other oxy-
genates (including mainly linolenic isomers). These are most probably 
formed by transfer hydrogenation of the feed. 

Double bond isomerization under the applied reaction conditions 

[ TABLE 4.1 ] Cata-
lyst properties. 

Pd/SiO2

Pd/Al2O3

Pd/C

Pd loading 
(wt %)[a]

5.07

4.98

4.67

BET surface area 
(m2 × g-1)[b]

218

106

n.d.

Pore volume 
(cm3 × g-1)[c]

0.012

0.003

n.d.

[a] elemental analysis [b] N2–physisorption [c]  N2–physisorption, t–plot micropore volume 
[d] H2–chemisorption [e] average particle size calculated from dispersion, as described by 
Scholten et al.[33] n.d. = not determined

Dispersion 
(%)[d]

6.94

9.64

6.88

average particle 
size (nm)[e]

16.1

11.6

16.3

[ SCHEME 4.1 ] De-
oxygenation path-
ways of fatty acids 
in absence of H2 
yielding a paraffinic 
product after decar-
boxylation (a) and 
an olefinic product 
in case of decarbon-
ylation (b).

R = C15H31  

for stearic acid

HO R

O

HO R

O

R

R

- H2O 

- CO 

- CO2 
a.

b.
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poses serious challenges to analyse the products quantitatively by gas 
chromatography. As an example, peak–overlap occurs for linolenic 
acid isomers with several oxygenates like alcohols, aldehydes and cy-
clization products (clustered as ‘other oxygenates’). The accuracy of 
the calculated mass balance for that reason decreases with increasing 
amounts of isomers and other oxygenates.

Small amounts of heavies (e.g. stearystearate, stearone and other 
dimers) are also present in the reaction mixture after reactions with un-
saturated feeds, as analysed by GLC. The amount of heavies is increas-
ing with the amount of unsaturations in the feed, as shown in figure 
4.1. Hydrocarbon cracking products (C13 – C16 alkanes) were not found 
in the product mixture.

These results confirm that the presence of C=C double bonds in the 
feedstock has severe detrimental effects on the deoxygenation activi-
ty. A more systematic approach is essential to elucidate the inhibition 
process, since several potential inhibition products are present in the 
reaction mixture, like unsaturated feed and products, heavies and pos-
sibly other side products.

The impact of potential inhibition agents is investigated by monitor-
ing the effect of small amounts (0.05 – 0.6 molar equivalent relative to 
stearic acid) of inhibition agent on the turnover number (TON) during 
the catalytic deoxygenation of stearic acid. Figure 4.2 shows the turn-
over number (TON) as function of the molar equivalents of inhibition 
agent. Note that the turnover number is defined as mmol conversion 
to C17 hydrocarbons per mmol palladium surface. As shown in figure 

[ FIGURE 4.1 ] 
Reaction mixture 
composition after 
catalytic reaction 
of different feeds 
over Pd/SiO2
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[ FIGURE 4.2 ]  
The effect of  
(a) oleic acid,  
(b) pentadecene,  
(c) hexadecanal,  
(d) pentadecane,  
(e) linoleic acid and 
(f) 1,7–octadiene on 
the turnover num-
ber during stearic 
acid deoxygenation 
over Pd/SiO2. Error 
bars are shown for 
to illustrate the 
deviation when mul-
tiple experiments 
are performed. 
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4.2–a, the addition of only 0.05 equivalent oleic acid to the reaction 
mixture is enough to significantly decrease the TON (> 30 %), which 
further deceases to only 6 % of the original TON with the addition of 0.4 
molar equivalent oleic acid. 

If inhibition is caused solely by the presence of the C=C double bond, 
comparable inhibition is expected when an olefin is used as inhibition 
agent. As shown in figure 4.2–b, pentadecene (C15:1) indeed shows a 
comparable effect on the TON during the catalytic deoxygenation of 
stearic acid. These results show that the presence of unsaturated feed 
and products have a similar inhibiting effect on the deoxygenation ac-
tivity. This suggests inhibition initiated by adsorption of the C=C double 
bond on the catalyst surface and possibly subsequent side reactions 
or coke formation. In case of inhibition by competitive adsorption be-
tween the carboxyl group and the C=C double bond, the adsorption 
of the C=C double bond must be irreversible or much stronger than 
adsorption of the carboxyl group to explain the substantial inhibition at 
relatively low concentrations.  

Except for product inhibition in the presence of olefins, CO poisoning 
could also occur via adsorption on the palladium metal surface, since 
Pd/SiO2 was shown to be also active in fatty acid decarbonylation.[5, 17–19] 
To investigate the inhibition by CO formation we used hexadecanal as 
inhibition agent, which is selectively decarbonylated to form CO and 
pentadecane (scheme 4.2). Comparable mechanisms are reported 
when using octadecanal or ethanal as feed with respectively heptade-
cane and methane as decarbonylation products.[9, 34] As shown in figure 
4.2–c, a decrease in TON is observed when hexadecanal was added to 
the reaction mixture. Since GC analysis of the reaction mixture shows 
full conversion to pentadecane within 2 hours, and since pentadecane 
itself does not inhibit the reaction (figure 4.2–d), CO poisoning is in-
deed inhibiting the deoxygenation activity under inert atmosphere. 
It should be noted that H2O is also formed during decarbonylation of 
fatty acids (scheme 4.1) which could decrease CO poisoning, since wa-
ter–gas–shift reactions would yield H2 and CO2 instead.[17, 35]

Linoleic acid is used as inhibition agent to study the effect of multiple 
unsaturations on the TON. As shown in figure 4.2–e, the inhibition of 
linoleic acid on the deoxygenation activity is much stronger: the addi-
tion of only 0.05 molar equivalent of linoleic acid already decreases the 

[ SCHEME 4.2 ] 
Decarbonylation of 
hexadecanal to CO 
and pentadecane.
R = C13H27

+ CO 

O

R R250 oC
Pd/SiO2 
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TON with 95 %. The decrease in activity is an order of magnitude higher 
in comparison with oleic acid or pentadecene. Since it is known that 
linoleic acid adsorbs more strongly on metal surfaces because of the 
multiple unsaturation (i.e. chelating effect), it could be possible that 
it monopolise the catalyst surface already at lower concentration.[36] 
The addition of only 0.05 equivalent of linoleic acid would indeed be 
enough to cover the total palladium surface of the catalyst. Theoretical-
ly, only 2 mg / gcat would already be enough for a monolayer of linoleic 
acid on the palladium metal surface.[37]

Since the carboxylic acid group of the fatty acid is shown to have no 
significant effect on the inhibition process (figure 4.2–a,b) comparable 
inhibition is expected for linoleic acid and a di–olefin like 1,7–octadiene.
[38] In figure 4.2–f it is indeed shown that the addition of 0.05 molar 
equivalent of 1,7–octadiene as inhibition agent almost entirely sup-
pressed the deoxygenation activity. 

The overlay of the inhibition curves of the fatty acids and olefins 
clearly shows the correlation between the amount of unsaturations 
and the impact on the deoxygenation activity (figure 4.3). However, 
these result do not show whether the inhibition is initiated by reversi-
ble adsorption on the catalyst surface (i.e. soft–coke) or by irreversible 
adsorption and conversion of the adsorbed species to for instance 
polycyclic aromatic compounds or graphitic carbon (i.e. hard–coke). 
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[ FIGURE 4.3 ] The 
effect of unsatura-
tions on the turno-
ver number during 
stearic acid deoxy-
genation over Pd/
SiO2. u is the amount 
of unsaturations in 
the inhibition agent.
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To investigate whether the inhibition is reversible, catalytic deoxygen-
ation reactions of stearic acid with inhibition agent are performed in 
N2 atmosphere (7 bar) in which the reaction atmosphere was switched 
from N2  to H2 (7 bar) after 20 h at 250 °C. The reactions were subse-
quently continued for another 20 h under H2 atmosphere. H2 is known 
to adsorb on the palladium surface and Pd–H is considered as very 
efficient in the hydrogenation of unsaturated species.[39, 40] In case of 
reversible inhibition, the deoxygenation activity is expected to restore 
after switching to H2 atmosphere due to hydrogenation of the unsatu-
rated inhibition agents. The deoxygenation reactions were performed 
with stearic acid and 0.4 molar equivalent inhibition agent present, 
since this amount of inhibition agent was shown to considerably inhibit 
the deoxygenation (figure 4.2).  

In figure 4.4 the results for the described N2:H2 sequence reactions 
are compared with the catalytic reactions performed under either N2 
or H2 atmosphere. No deoxygenation is observed under N2 atmosphere 
when 0.4 mol equivalent of pentadecene was present (figure 4.4–a). 
Under H2 atmosphere however, the pentadecene is fully hydrogenated 
to pentadecane (not shown in figure) and 38 mol% of the stearic acid 
is converted to heptadecane. The N2:H2 sequence reaction resulted in 
a comparable reaction composition as for the catalytic reaction of 20 
hours under H2 atmosphere (figure 4.4–a). These results show that the 
inhibition is reversible in H2 atmosphere and that deoxygenation activi-
ty is restored by hydrogenation of pentadecene.

Also when oleic acid is used as inhibition agent (figure 4.4–b), full 
hydrogenation of the inhibition agent resulted in restored deoxygen-
ation activity and comparable reaction compositions. Since the deoxy-
genation activity and product selectivity are highly comparable to the 
reactions performed solely under H2 atmosphere, it can be concluded 
that the inhibition by 0.4 equivalent of mono-unsaturated compounds 
is fully reversible with the introduction of 7 bar H2 at 250 °C. Deoxygena-
tion activity is also restored when linoleic acid or linolenic acid are used 
as inhibition agent (figure 4.4–c,d). However, the heptadecane yields 
were slightly lower for the N2:H2 sequence reactions in comparison with 
the H2 reactions. This can be explained by the fact that respectively 
two or three times as many double bonds are present in the inhibition 
agents. 

The reversibility of the deoxygenation activity shows that initial inhi-
bition is caused by strong but reversible adsorption of the unsaturated 
compounds. H2 is shown to ‘clean’ the catalyst surface, most likely by 
adsorption on the palladium surface which subsequently hydrogenates 
the adsorbed unsaturated species followed by desorption. These re-
sults show that the formation of irreversibly deposited hard–coke does 



 Catalytic deoxygenation of fatty acids: elucidation of the inhibition process     91

not significantly contribute to the initial inhibition process.  
The formation of hard–coke could for instance occur at higher con-

centrations of unsaturated species, as was shown by Madsen et al.[4] 
Undecylbenzene is often reported as side product and potential coke 
precursor.[4, 22] The influence of potential coke precursors on the deoxy-
genation activity was investigated by the addition of undecylbenzene, 
tetracene and pyrene to the reaction mixture. As shown in figure 4.5, 
undecylbenzene has no effect on the deoxygenation activity while the 
presence of the polycyclic aromatic compounds (i.e. tetracene and 
pyrene) significantly decrease the TON. Thus, although coke precursors 
could indead have detrimental effects on the deoxygenation activity, 

[ FIGURE 4.4 ] 
Reaction compo-
sition after stearic 
acid deoxygenation 
over Pd/SiO2 with 1.3 
mmol (a) pentade-
cene, (b) oleic acid, 
(c) linoleic acid and 
(d) linolenic acid 
present as inhibition 
agent. Catalytic 
experiments per-
formed under N2 at-
mosphere (20 h), H2 
atmosphere (20 h), 
and switching from 
N2 to H2 atmosphere 
(N2:H2 sequence, 2 × 
20 h).
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undecylbenzene is apparently stable and shows no significant inhibi-
tion.

Note that the mass balances are not complete when either linoleic or 
linolenic acid are added to the reaction mixture (figure 4.4–c,d). Since 
the mass balance appears independent of the reaction atmosphere 
(N2 or H2) and reaction time (20 or 40 h), the loss in mass is presumably 
caused by adsorption on the catalyst surface. A monolayer of fatty 
acids on the SiO2 surface would already contain up to 12 mol% feed.[37] 
Chemisorption and physisorption on the catalyst surface could thus 
possibly account for the observed apparent mass loss. 

Although soxhlet extraction of the spent Pd/SiO2 catalyst removed 
part of the adsorbed species, chemisorbed organic deposits remained 
present on the catalyst surface, shown by thermogravimetric analysis 
(TGA). The amount of organic deposition increases when more unsatu-
rations are present in the feed; from 27 mg / gcat in case of stearic acid 
up to 64 mg / gcat when using linolenic acid as feed (table 4.2). Compa-
rable amounts of organic depositions were present after reaction with 
oleic acid or pentadecene as feed, confirming the correlation between 
organic deposition and the presence of C=C double bonds. The organic 
deposition is clearly not solely present on the palladium active sites 
since the maximum amount of chemisorbed feed on the palladium 
metal surface would be between 0.2 – 2 mg / gcat, depending on the co-
ordination to the palladium surface. [37] However, as mentioned earlier, 
a monolayer of fatty acids on the SiO2 surface contains up to 240 mg 
feed per gram catalyst, which could indeed be the case for these spent 

[ FIGURE 4.5 ] The 
effect of undecylb-
enzene, pyrene and 
tetracene on the 
turnover number 
during stearic acid 
deoxygenation over 
Pd/SiO2. 
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Before reaction 

Stearic acid 

Oleic acid 

Linoleic acid 

Linolenic acid 

Pentadecene 

2500 2700 2900 3100 3300 3500 

cm-1 

1400 1500 1600 1700 1800 1900 

cm-1 

catalysts (table 4.2). 
IR spectroscopy was performed to investigate the nature of the 

chemisorbed organic deposits on the spent catalysts. The fresh catalyst 
(before reaction) shows H2O bending vibrations at 1638 cm–1 (O–H scis-
sors) and a broad O–H stretch band around 3300 cm–1, which can both 
be assigned to adsorbed H2O on the catalyst surface (figure 4.6). After 
reaction with pentadecene or stearic acid as feed, also C–H stretch 
vibrations at 3005 cm–1 (from C=C–H) and vibrations around 2924 and 

[ TABLE 4.2 ] Organ-
ic deposition on Pd/
SiO2 after catalytic 
deoxygenation 
reaction of different 
fatty acid sources

[ FIGURE 4.6 ] 
Details of the IR 
spectra of the fresh 
Pd/SiO2 catalyst (be-
fore reaction) and 
the spent catalysts 

using stearic acid, 
oleic acid, linoleic 
acid and linolenic 
acid as feed.

feed

Stearic acid

Pentadecene

Oleic acid

Linoleic acid

Linolenic acid

organic deposits[a]

(wt%)

1.9

3.6

3.5

4.6

6.4

amount of deposits
(mg / gcat)

19

36

35

47

64

[a]  total organic content on spent catalysts estimated from the 
weight loss between 150 and 800 °C



94     CHAPTER FOUR

2854 cm–1 (respectively CH2 asymmetric and CH2 symmetric stretch) are 
visible. The adsorbed unsaturated species could be product related 
when stearic acid was used as feed, since olefins are indeed produced 
during the reaction (figure 4.1) and are shown to inhibit deoxygena-
tion activity by adsorption on the catalyst surface (figure 4.2–b). The 
presence of a small vibration around 1710 cm–1 (C=O stretch vibrations) 
could also indicate feed related species on the catalyst surface.[41, 42] The 
C=O stretch vibrations at 1710 cm–1 appeared more clear in the spectra 
after reaction with unsaturated fatty acids, confirming the presence 
of feed related adsorbates. Combined with the absence of symmetric 
and asymmetric COO– 

 bands (1410 and 1556 cm–1) this could indicate 
that fatty acids are not chemisorbed as a carboxylate onto the catalyst 
surface but instead mainly interact with the surface by means of the 
carboxylic acid group.[41–43] 

The IR data confirm the adsorption of olefinic adsorbates after 
reaction with stearic acid. Feed related unsaturated adsorbates ap-
peared present after reaction with unsaturated feeds. It should how-
ever be noted that these spectroscopic data indicate the presence of 
chemisorbed molecules on the support surface and not on the palladi-
um active sites, as was also concluded from TGA. 

Although the palladium surface is active in the deoxygenation of fat-
ty acids, the support material is known to greatly affect the deoxygen-
ation activity.[17, 32] The influence of the support material on the deoxy-
genation activity is indeed confirmed by measuring the deoxygenation 
activities for several supported palladium catalysts, shown in table 4.3. 
It is for that reason expected that the inhibition process is also affected 
by the type of support material.

To test this hypothesis, catalytic reactions were performed over Pd/
SiO2, Pd/Al2O3 and Pd/C using pentadecene and oleic acid as inhibition 
agents. The TON without inhibition agent was set at unity to correct for 
the differences in deoxygenation activity. 

In figure 4.7 it is shown that comparable inhibition is observed for 
the different catalysts when plotting the relative TON as function of 
the amount of inhibition agent. Thus, although deoxygenation activity 

[ TABLE 4.3 ] Initial 
turnover frequen-
cies (TOF) for the 
supported palladi-
um catalysts.

catalyst

Pd/SiO2

Pd/Al2O3

Pd/C

TOF (× 10–4 mol C17 × mol 
Pdsurf

–1 × s–1)

40

8

58
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is dependent on the catalyst support, there is no correlation between 
support material characteristics and catalyst inhibition. Differences in 
for instance the coordination of the feed and products to the support 
material or differences in metal–support interaction apparently do not 
significantly contribute to the inhibition process. Instead, these results 
indicate that inhibition is predominantly caused by the adsorption of 
unsaturated compounds on the active palladium surface, independent 
of the support material used.

In summary, we report the significant influence of small amounts of 
unsaturated species on the deoxygenation activity in the absence of 
added H2. Although in literature the formation of hard–coke was sug-
gested by several authors as reason for the catalyst deactivation, this 
chapter shows that the reversible adsorption of unsaturated species 
(soft–coke) on palladium is the initial and main reason for the inhibition 
of deoxygenation activity. 

When comparing our results with the work presented by Ping et al., 
possibly not the abundantly present saturated compounds caused the 
catalyst deactivation, but instead small amounts of unsaturated com-
pounds that could be formed during the reaction.[20] Ping et al. reported 
the removal of the organic deposits with more severe washing steps 
and showed subsequent restored catalyst activity, which confirms our 
results in this chapter showing the reversibility of the inhibition.  

[ FIGURE 4.7 ] Rela-
tive TON as function 
of the amount of 
inhibition agent 
when using Pd/SiO2, 
Pd/Al2O3 and Pd/C as 
catalyst. The TON 
without inhibition 
agent was set at 
unity. Pentadecene 
(C15:1, diamonds) 
and oleic acid (OA, 
triangles) were used 
as inhibition agent.
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The inhibition during H2–free deoxygenation of fatty acids over sup-
ported palladium catalysts is highly dependent on the presence of 
unsaturated compounds. Significant feed and product inhibition occurs 
when containing unsaturations, even when present in relatively low 
concentrations. The reversibility of the inhibition under H2 atmosphere 
indicates that hard–coke formation does not significantly contributes 
to the initial deactivation process. Instead, adsorption on the support 
with the C=C double bond was inferred. The nature of the support 
material does not contribute to the inhibition process. This could be 
explained by the adsorption of the unsaturations on the palladium sur-
face as main inhibition process.

Overall, this chapter shows that the reversible adsorption of unsatu-
rated molecules with the C=C double bond on the palladium active sites 
significantly contributes to catalyst inhibition. The presence of H2 is 
therefore essential to retain catalytic deoxygenation activity.
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CatChem. I also want to thank Herman de Beukelaer and Marinella 
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chemisorption and Nazila Masoud for the N2–physisorption measure-
ments.
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C H A P T E R  5

Hydrothermal 
deoxygenation of 
triglycerides over 
Pd/C aided by in situ 
H2 production from 
glycerol reforming
A one–pot catalytic hydrolysis–deoxygenation reaction for the 
conversion of unsaturated triglycerides and free fatty acids to linear 
paraffins and olefins is reported. The hydrothermal deoxygenation 
reactions are performed in hot compressed water at 250 °C over a 
Pd/C catalyst in the absence of external H2. We show that aqueous–
phase reforming (APR) of glycerol and subsequent water–gas–
shift reaction result in the in situ formation of H2. While this has a 
significant positive effect on the deoxygenation activity, the product 
selectivity towards high–value, long–chain olefins remains high.
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The reliance on fossil feedstocks for 
the production of fuels and chemicals 
and the environmental concerns con-
nected to this reliance spur the use 
of alternative resources. Potential 
renewable feedstocks for the produc-
tion of high–performance fuels and 
value–added chemicals are natural 
fats and oils, which consist of triglyc-
erides and fatty acids. These fats and 
oils are promising as renewable feed-
stocks because deoxygenation yields 
hydrocarbons that are compatible 
with the existing petroleum–derived 
transportation fuels and distribution 
infrastructure. Additionally, fats and 
oils are interesting for the produc-
tion of value–added chemicals such 
as α–olefins.[1]

For the design of a robust and 
sustainable process, several param-
eters should be considered careful-
ly. Because competition with food 
production should be avoided, the 
focus should be on the utilization of 
agroresidues (e.g. tall–oil), non–edi-
ble oils (e.g. algae and jatropha) and 
waste frying/cooking oil and fats. 
An additional advantage is that the 
feedstock price is often lower than 
for most refined vegetable oils. Also, 
the use of (non–renewable) H2 is to 
be avoided because this has consid-
erable impact on costs and environ-
mental aspects. Furthermore, the 
catalytic process should run under 
mild conditions using an environmen-
tally benign nontoxic solvent, with 
efficient downstream processing.

Impurities present in non–edible or 
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waste feedstocks, such as water and 
significant amounts of free fatty ac-
ids (FFA), are a challenge for further 
chemical upgrading by, for example, 
hydrodeoxygenation (HDO).[2] A 
possible solution is complete aque-
ous hydrolysis to the FFAs.[3] The FFAs 
can subsequently be deoxygenated 
to yield alkanes that are directly 
applicable as high performance fuels 
or value–added chemicals. However, 
rather than removing the water after 
hydrolysis, it would be more effective 
to also conduct the deoxygenation 
reaction under aqueous conditions 
(i.e. hydrothermally) to produce the 
desired hydrocarbon fuel. Additional-
ly, water is a nontoxic, nonflammable 
green solvent and the hydrocarbon 
products can be easily separated 
from the solvent, which reduces 
downstream processing costs.

Although most research on the 
catalytic deoxygenation of fat– and 
oil–based feedstocks has been 
performed using organic reaction 
media,[4, 5] the use of water as solvent 
has been briefly described for myris-
tic acid (saturated C14–fatty acid) over 
Pd/C at 250 °C.[6] No other feedstocks 
were compared under these reaction 
conditions and also the state of the 
catalyst and its regeneration capabili-
ty after hydrothermal deoxygenation 
at 250 °C has not yet been reported in 
literature.

Except for this paper by Matsubara 
et al., only two other scientific papers 
describe the hydrothermal deoxygen-
ation of saturated and unsaturated 

fatty acids over Pd/C and Pt/C, but at 
considerably higher temperatures 
(330 – 374 °C).[7, 8] Although these con-
tributions reported that the catalyst 
could be reused without significant 
loss in activity, the dispersion was 
shown to decrease dramatically 
during catalytic reactions, suggesting 
dissolution of the active metal during 
reaction. The selective hydrother-
mal deoxygenation of triglycerides 
has, to the best of our knowledge, 
also not been reported. This is in 
particular interesting for designing a 
one–pot hydrolysis–deoxygenation 
reaction of non–edible or waste fats 
and oils.

In this chapter we report the hydro-
thermal deoxygenation of tristearin, 
triolein, and their respective fatty 
acids, being most common in non–
edible and waste fat and oil sources. 
Similar mild reaction conditions were 
used as–described by Matsubara et 
al. using Pd/C as catalyst at 250 °C 
without additional H2 present.



104     CHAPTER FIVE

Catalytic testing
All hydrothermal deoxygenation reactions were performed in a non–
stirred batch reactor system with PTFE lining (Parr 4744; volume 45 mL; 
height 89 mm; radius 11 mm). A cross–section of the reactor is shown 
in figure 5.1. The PTFE cup was charged with 1.2 mmol triglyceride feed, 
1.2 mmol tetradecane internal standard (Sigma–Aldrich, olefin free, ≥ 
99.0 %), 0.250 g Pd/C (Strem Chemicals, Inc.,  5 wt% on activated car-
bon, reduced, dry powder), and 25 mL demineralized water. The batch 
reactor was placed in a preheated oven at 250 °C for 20 h. After the de-
sired time, the reactor was taken out of the oven and cooled to room 
temperature by forced air cooling. The advantages of this experimental 
set–up are the absence of large temperature gradients over the reactor 
and the absence of dead volume in reactor conduits. 

The aqueous–phase reforming reactions of glycerol were performed 
in a multiple reactor system (Parr MRS5000) containing 75 mL vessels 
with magnetic stirring. Pressure and temperature were monitored con-
tinuously during catalytic tests using this setup. After the desired time 
the reactor was cooled to room temperature by forced air cooling. 

Catalyst characterization
 X–ray powder diffraction (XRD) patterns were obtained by a Bruker–
AXS D2 Phaser powder X–ray diffractometer using Co Kα1,2 with k = 
1.79026 . Measurements were carried out between 10 and 100 °2θ using 
a step size of 0.09 2θ and a scan speed of 1 s.

TEM analysis was performed using a FEI TECNAI20F Transmission 
Electron Microscope operated at 200 keV. The sample was dispersed in 

[  E X P E R I M E N T A L  S E C T I O N  ]

[ FIGURE 5.1 ] 
Cross–section of the 
reactor system with 
PTFE lining (Parr 
4744; volume 45 
mL; height 89 mm; 
radius 11 mm)
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ethanol and treated in an ultrasonic bath for several minutes. One drop 
of the ethanol was brought onto a thin holey carbon film on a copper 
grid, followed by the evaporation of the ethanol. The instrument is pro-
vided with a Schottky Field Emission Gun and a Twin Objective lens. The 
magnification range is 25 kx – 700 kx, the point to point resolution was 
0.27 nm and the lattice image resolution of 0.14 nm. The images were 
made with a Megaview II digital camera.

Product analysis
The reactor is rinsed with chloroform after reaction and cooling down 
until all products are removed, resulting in a two–layer suspension. The 
suspension is filtered over a glass filter por. size 2 containing a paper 
filter to collect the catalyst. The chloroform layer is subsequently sepa-
rated and the water layer is extracted three times with chloroform. The 
combined chloroform layers are concentrated in vacuo using a rotary 
evaporator, yielding a yellowish oil. A sample was subsequently taken 
from the mixture and methylated by mixing with trimethylsulfonium 
hydroxide (TMSH, purum, ≈ 0.25 M in methanol, Aldrich), an in situ 
esterification reagent to derivatise carboxylic acids for accurate GLC 
quantification.  

Analysis of low molecular weight (up to approx. 350 g × mol–1) prod-
ucts was performed on a Thermo Focus Gas Chromatograph (GC) 
equipped with an automatic injection system (AS3000 autosampler). 
The following parameters/settings were used: Injection volume 1 μl, 
Split ratio 1:20, column pressure 150 kPa helium, GC column: Varian 
CP–FFAP, 25 m × 0.32 mm × 0.30 μm, detector: FID at 280 °C, injection 
port temperature 250 °C. GC program: Hold 1 min at 50 °C, ramp 7 °C × 
min-1 to 150 °C, then ramp 4 °C × min-1 to 250 °C and hold at 250 °C for 20 
minutes. 

Analysis of high boiling point substrates (e.g. stearyl stearate and 
mono– di, and triglycerides) was performed on a Hewlett–Packard 
5890 Series II Gas Chromatograph equipped with an automatic injec-
tion system (HP7673 GC/SFC Injector and Controller). Injection volume 
1 μl, split ratio 1:20, column pressure 150 kPa Helium, GC column: Varian 
Select Biodiesel for Glycerides, 15 m x 0.32 mm x 0.45 μm, detector: FID 
at 280 °C, injection port temperature 380 °C. GC program: Hold 1 min at 
50 °C, ramp 7 °C × min-1 to 150 °C, then ramp 4 °C × min-1 to 240 °C, then 
ramp 9 °C × min-1 to 380 °C and hold 1 min at 380 °C. 

GC–MS analyses were performed on an Interscience TraceGC Ultra GC 
with AS3000 II autosampler. He carrier gas, flow 1 mL × min-1, split flow 
20 mL × min-1, Restek GC column Rxi–5ms 30 m × 0.25 mm × 0.25 μm. 
GC program hold 1 min at 50 °C, ramp 7 °C × min-1 to 150 °C, then ramp 4 
°C × min-1 to 340 °C and hold at 340 °C for 20 minutes. The GC column is 
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connected to an Interscience TraceDSQ II XL quadrupole mass selective 
detector (EI, mass range 35 – 500 Dalton, 150 ms sample speed).

HPLC was used to identify glycerol and its intermediates during 
reforming. Analyses were performed on a Waters HPLC instrument 
equipped with a Shodex–Ionpak KC–811 (30 cm length) column main-
tained at 85 °C using H2SO4 (3 mM) in ultra–pure water as the eluent 
with a flow rate of 1 ml × min−1. The components were identified using a 
UV (210 nm) detector. 

Gas–phase GC was used for the identification of gasses after glycerol 
reforming reaction. A Shimadzu GC 2010 with thermo conductivity de-
tector (TCD) was used for the analysis of methane, carbondioxide and 
oxygen. Parallel column; Porabond Q (50 m × 0.53 mm × 10 μm) and 
Molsieve 5A (25 m × 0.53 mm × 50 μm). Column T 75 oC, injector T 150 
oC (50 μL injection). Helium (5.0) with 1 bar pressure was used as carri-
ergas. Analysis of hydrogen, oxygen and methane was performed with 
an Agilent 5890 GC with TCD. Molsieve 5A (30 m × 0.53 mm × 25 μm) 
column with column T of 40 oC, injector T of 120 oC (100 μL injection) 
and detector T of 150 oC. Argon (5.0) with 220 kPa pressure was used 
as carriergas. A HP6890 GC with flame ionization detector was used for 
the analysis of alkanes. Porabond–Q column (25 m × 0.53 mm × 10 μm), 
injection T of 250 oC (50 μL injection), column T 100 oC, detector T of 
200 oC. Helium (5.0) with 1 bar pressure was used as carriergas.

The hydrothermal deoxygenation of stearic acid resulted in the forma-
tion of heptadecane, indicative of selective decarboxylation (table 5.1; 
entry 3). When using tristearin as feed, full conversion to stearic acid 
and heptadecane was obtained. Following the reaction composition 
over time we observed that full triglyceride hydrolysis occurs at reac-
tion conditions within 4 h for both triolein and tristearin (shown for tri-
olein in figure 5.2). The amount of the respective fatty acids decreased 
again after 3 h reaction time, indicating the intermediate character of 
this compound (figure 5.2). Note that no deoxygenation products are 
formed without catalyst present (table 5.1; entries 1 – 2), confirming the 
necessity of the catalyst at current reaction conditions. A blank exper-
iment with triolein shows that the thermal hydrolysis of triolein does 
occur at current reaction conditions (entry 2).

Small fractions of oxygenates were observed after catalytic reactions 
with unsaturated feeds (table 5.1; entries 2, 5), indicative of reactions 
with the unsaturation in the backbone of these compounds, for exam-
ple, double bond hydration and esterification. Also the intramolecular 
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[ TABLE 5.1 ] 
Conversion and 
product selectivity 
of the hydrothermal 
deoxygenation of 
triglycerides and 
fatty acids.[a]

[ FIGURE 5.2 ] The 
reaction composi-
tion during the first 
5 hours of hydro-
thermal deoxygen-
ation of triolein 
at 250 oC, feed to 
catalyst molar ratio 
of 10.3.

entry

1[d]

2[d]

3

4

5

6

7

8

9

10 

11

OA

–

91

–

–

59

37

14

21

2

5

2

SA

99

3

87

82

26

36

40

46

55

42

37

oxy.

1

6

0

0

2

10

9

12

8

9

0

 n-C17

0

0

13

18

5

7

16

9

17

34

59

C17unsat

0

0

0

0

3

7

20

7

16

6

0

C17total

0

0

13

18

8

14

36

16

33

40

59

TOF

0

0

2.2

3.1

1.8

2.4

6.1

2.9

5.7

7.0

10.3

feed

Stearic acid

Triolein

Stearic acid

Tristearin

Oleic acid

Oleic acid + glycerol

Oleic acid + glycerol 

Triolein

Triolein + glycerol

Oleic acid + MeOH[f]

Triolein + MeOH[f]

feed 
(mmol)

3.4

1.2

3.5

1.3

3.5

3.4

3.4

1.2

1.2

1.2

1.2

molar 
balance 
(mol%)

100

100

100

100

95

97
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95
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96
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glycerol 
(mmol)

0

1.2[e]

0

1.3[e]

0

1.2

12.0

1.2[e]

12.0

0

1.2[e]

glycerol

–

21

–

56

–

51
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54

15

–

60

feed

0

100

13

100

41
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100

100

95

100

reaction composition (mol%)[b]

[a] Reaction conditions: 0.25 g Pd/C (0.1 mmol Pd), 25 mL H2O, 250 oC, autogenous pressure, 
20 h reaction time [b] OA = oleic acid, SA = stearic  acid, oxy. = oxygenates, n-C17 = 
heptadecane, C17unsat = heptadecenes [c] TOF = × 10–4 mol HC’s × mol Pdsurf

–1 × s–1 [d] blank 
experiments, no catalyst present [e] glycerol present after hydrolysis of the feed [f] 2.8 
mmol methanol; resulting in identical H2 yield after reforming as 1.2 mmol glycerol 
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cyclization of oleic acid is observed after double bond migration to the 
4– or 5–position on the fatty acid backbone, resulting in respectively γ–
stearolactone and δ–stearolactone.

Unsaturated hydrocarbons are the expected decarboxylation prod-
ucts when using oleic acid as feed. However, also saturated products 
were formed suggesting transfer hydrogenation and/or zipper dehy-
drogenation during the hydrothermal deoxygenation (table 5.1, entry 
5). Note that part of the saturated products are explained by impurities 
within the feed (~10 % stearic acid). 

The turn–over frequency (TOF) increased when comparing the hydro-
thermal deoxygenation of tristearin and triolein with the respective fat-
ty acids, while the presence of glycerol was in fact the only difference 
during the reaction. To investigate if this activity increase was indeed 
caused by the presence of glycerol, a reaction with oleic acid and glyc-
erol was performed. This reaction indeed showed an increased TOF 
compared to a reaction without additional glycerol (table 5.1; entries 
5 – 6). Comparable glycerol conversion is observed for the experiments 
with triglycerides and the experiment with oleic acid + glycerol (entries 
4, 6, 8), confirming the fast hydrolysis of the triglyceride. The presence 
of an excess of glycerol (entry 7) resulted in 2.4 times as much glycerol 
converted and concurrently also increased the deoxygenation activity 
by a factor of 2.4. This suggests a relation between converted glycer-
ol and deoxygenation activity. Deoxygenation activity also increased 
when glycerol was added to the hydrothermal deoxygenation of tri-
olein (entry 9).

Blank experiments with glycerol (12 mmol) in H2O in presence and 
absence of catalyst were performed in a batch reactor at 250 °C with 
pressure monitoring during runs (Parr MRS5000). While no pressure 
build–up is visible for the experiment without catalyst, the pressure 
increases gradually over time when Pd/C was present and was still in-
creasing after 20 h (figure 5.3). After cooling, the reactor with catalyst 
present had an overpressure of 6 bar.

[ TABLE 5.2 ] 
Identification of 
gasses after glycerol 
reforming reaction 
(using the Shimadzu 
GC 2010, the Agilent 
5890 GC and the 
HP6890 GC).

gas sample

Blanco N2

Glycerol in H2O

Glycerol in H2O + Pd/C

O2 (%)

1

1

1

CH4 (%)

0

0

6

CO2(%)

0

0.2

10

H2 (%)

0

0.3

29

others[b] (%)

< 1

1.5

9

N2
[a] (%)

> 98

97

45

[a] Nitrogen was used to dilute the gas samples. The same amount of N2 was used for 
each sample [b] the amount of other gasses consist of ethane and propane (of which 
the presence was shown with the HP6890 GC)

reaction composition (mol%)[b]
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Analysis of the gas phase (by GC) showed that H2 and CO2 were the 
main gaseous compounds present after the hydrothermal reaction of 
glycerol with Pd/C (table 5.2). A decrease in pH was observed in the 
solution after reaction of glycerol over Pd/C, which could be explained 
by dissolved CO2. Small amounts of lower alkanes were also present; 
methane in the highest fraction, followed by traces of ethane and pro-
pane. The gas–phase analysis of the blank experiment of glycerol in wa-
ter only showed traces of H2, CO2 and lower alkanes (table 5.2).

The most probable source of H2 during the hydrothermal deoxygen-
ation is glycerol reforming (scheme 5.1). Aqueous–phase reforming 
(APR) of glycerol is reported to occur under hydrothermal reaction con-
ditions using various (mainly Pt– or Ru–based) catalysts.[9–11] Also pal-
ladium has been shown to be effective in H2 production from glycerol 
under hydrothermal reaction conditions.[12, 13] The carbon monoxide that 
is formed during APR is subsequently converted to carbon dioxide and 
H2 via the water–gas–shift (WGS) reaction, yielding up to seven moles 
of H2 per mole of glycerol (scheme 5.1).

[ FIGURE 5.3 ]  
Pressure build–up 
during a reaction 
of glycerol in H2O 
at 250 oC with and 
without catalyst 
present.

[ SCHEME 5.1 ]  
Reaction scheme of 
the aqueous phase 
reforming of glycer-
ol with subsequent 
water–gas–shift 
reaction.
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The in situ H2 formation during the hydrothermal deoxygenation of 
triglycerides explains the positive effect of additional glycerol on the 
fatty acid deoxygenation. The positive effect of H2 atmosphere on the 
deoxygenation has also been reported in literature numerous times 
when additional H2 pressure was applied during catalytic experiments.
[5, 14–17] The advantage of the hydrothermal approach is that the use of 
(non–renewable) H2 is avoided. Instead H2 is formed in situ to enhance 
the deoxygenation activity. Additionally, the presence of H2 does not 
diminish the formation of olefins, which is desirable for the production 
of value–added chemicals (table 5.1; entries 6, 7, 9).

It should be noted that, except for glycerol reforming, also alternate 
reaction pathways could occur, including the dehydration reaction to 
acetol, acetaldehyde, and others.[10, 18] HPLC analysis of the liquid phase 
after reaction was performed to investigate if liquid intermediates 
or products were present after the reaction of glycerol in water. The 
experiment without catalyst showed that only glycerol was present in 
solution (figure 5.4a). The solution after reaction of glycerol with Pd/C 
showed ethanol in solution (figure 5.4b), which is indeed a known side 

[ FIGURE 5.4 ] HPLC 
chromatogram of 
reaction mixture af-
ter reaction of glyc-
erol in water at 250 
oC without (a) and 
with Pd/C (b). Only 
glycerol (squares) 
and ethanol/chlo-
roform (triangle) 
are detected in the 
water layer after the 
reaction in presence 
of catalyst.
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product during aqueous–phase reforming of glycerol.[18] However, this 
peak can also be ascribed to chloroform, which was used to extract the 
water layer during work–up. For that reason we conclude that, except 
for the possible presence of ethanol, no other side products are pres-
ent after glycerol reforming over Pd/C. Instead, mainly H2 and CO2 were 
formed.

The observed glycerol reforming to mainly H2 and CO2, the relation-
ship between converted glycerol and deoxygenation activity, and the 
increased hydrogenation activity in the presence of glycerol, indicate 
that in situ H2 formation from glycerol reforming affects the hydrogena-
tion and deoxygenation activity. To confirm this positive effect of in situ 
formed H2 on the hydrothermal deoxygenation activity, we performed 
hydrothermal deoxygenation with additional methanol present. Meth-
anol is known to reform efficiently at 250 °C to H2 and CO2 over various 
palladium catalysts.[19–22] In table 5.1 (entries 10 – 11) it can be seen that 
the presence of additional methanol has a significant effect on the 
hydrogenation and deoxygenation activity. This confirms the positive 
effect of in situ formed H2 and indicates that the hydrothermal deox-
ygenation activity of triglycerides could be optimized with increasing 
glycerol reforming activity.

The presence of glycerol itself could possibly affect the deoxygena-
tion activity, not as a source of H2 alone, but also as a surfactant modi-
fying the solubility of fatty acids in water. The hydrothermal deoxygen-
ation reaction of oleic acid with and without glycerol was performed 
in a semibatch autoclave equipped with quartz windows (Parr 2430) to 
investigate the effect of glycerol on the fatty acid solubility. The reactor 
had to be filled with 200 mL H2O to investigate phase separation. Com-
parable proportions of catalyst, feed, and water were used as during a 
regular hydrothermal deoxygenation reaction. 

It was observed that for a water / oleic acid / catalyst mixture, phase 
separation occurs under typical reaction conditions between the aque-
ous phase and a relatively thin organic layer, which consists of oleic 
acid and the hydrophobic catalyst (figure 5.5). No significant changes 
in phase separation or organic layer size occurred with the addition of 
glycerol, indicating no significant effect of glycerol on the fatty acid 
solubility. 

Although the catalyst is present in the organic phase due to its hydro-
phobic character, glycerol reforming is still possible, as can be seen in 
figure 5.3. According to literature, the solubility of glycerol in an oleic 
acid containing organic phase is 5 wt% at 170 oC (which increases further 
with increasing temperature).[23] Hence,  interaction of glycerol with the 
catalyst surface is possible under our reactions conditions. 
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[ FIGURE 5.5 ] 
Cross–section of the 
Parr 2430 showing 
phase separation 
of the reaction 
mixture at reaction 
conditions (250 oC, 
40 bar) without (a) 
and with glycerol 
added (b). Note: the 
photograph was tak-
en after mechanical 
overhead stirring 
was stopped. 

a. b. 

[ TABLE 5.3 ] Inves-
tigation of mass 
transfer limitations 
by performing deox-
ygenation reactions 
with and without 
stirring.[a]

[ TABLE 5.4 ] Cal-
culation of internal 
mass transfer by 
means of the Weisz–
Prater criterion

stirred / 
non–stirred

non–stirred

stirred

non–stirred

stirred

non–stirred

stirred

OA 

51

47

19

4

11

8

SA

27

33

33

45

39

45

oxy.

6

4

11

13

7

8

C17total

14

14

36

37

37

35

molar 
balance (%)

97

98

99

99

94

96

TOF[b}

2.2

2.1

6.3

6.4

6.6

6.3

[a] Reaction conditions: 0.25 g Pd/C, 3.5 mmol feed, 25 mL H2O, 250 oC, autogenous 
pressure, 20h reaction time. [b] TOF = × 10–4 mol HC’s × mol Pdsurf

–1 × s–1 

reaction composition (mol%)

feed

triolein

oleic acid +

glycerol

oleic acid +

MeOH

Φ = x < 0.15
n + 1

2

ρp x robs x dp
2

36 x De x Cs

w,p

a

 mol × kgcat
–1 × s–1

 m

 m2 × s–1

 mol × m–3

 

 < 0.15

1.0 × 103 

5.2 × 10–5

2.5 × 10–5   

3.5 × 10–8 [24, 25]

1.1 × 10–2 [26]

1

2.3 × 10–4

a

r

dp

De

Cs

n

Φ

particle density  

specific reaction rate

mean particle diameter

effective H2 diffusion coefficient

molar concentration

reaction order

Weisz–Prater criterion

vapour 
cap

organic 
layer

water 
layer
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Mass transfer limitation 
Note that the absence of external mass transfer limitations has to be 
shown to justify the use of this non–stirred reaction setup. To investi-
gate the occurrence of external mass transfer limitation, we designed a 
reactor setup in which we could simultaneously heat and magnetically 
stir the reaction mixture (using the Parr 4744 reactor). The reaction 
mixture was stirred at 600 rpm which resulted in the most optimal mix-
ing. 

The deoxygenation experiments performed using this reaction setup 
with heating mantle with magnetic stirrer did not result in increased 
deoxygenation activities (table 5.3). These results confirm the absence 
of significant external mass transfer limitations during non–stirred re-
action conditions. Although slight variations were observed in reaction 
composition between the set–up with heating mantle (table 5.3) and 
the reactions performed in the preheated oven (table 5.1), discrepan-
cies in C17 yield and deoxygenation activity are minor. 

Evaluation of potential internal mass transfer limitations by means 
of the Weisz–Prater criterion further showed that internal H2 diffusion 
limitation is negligible (table 5.4).

Catalyst reuse 
As mentioned earlier, Fu et al. reported the total loss of metal disper-
sion after a catalytic run at 370 °C, suggesting dissolution of the metal 
during reaction.[8] To investigate metal dispersion, we measured X–ray 
diffraction (XRD) and transmission electron microscopy (TEM) on the 
catalyst after multiple runs with triolein as feedstock at 250 °C to inves-
tigate the metal particle size and dispersion. The spent catalyst was 
collected after each 20 h run and adsorbents were removed via Soxhlet 
extraction with a CHCl3/MeOH mixture (2:1). After XRD and TEM analy-
sis, the catalyst was reduced for 2 h at 150 °C after which the next deox-
ygenation run was performed.

The XRD diffractogram shows a shift in the palladium diffraction from 
Pd0 for the fresh catalyst to PdH0.6 for the spent catalysts (figure 5.6). 
This confirms the presence of H2 during the catalytic reaction due to 
glycerol reforming. The average palladium particle size did increase 
slightly after the first run (figure 5.7). After the subsequent runs no 
significant changes were observed with XRD and TEM except for the 
slightly larger standard deviation (figure 5.6). Identical diffractograms 
were obtained for the spent catalysts after hydrothermal reactions 
with stearic acid, tristearate, or oleic acid + glycerol as feed, which sug-
gests that neither feed nor additional glycerol affects palladium sinter-
ing.

Atomic absorption spectrometry (AAS) additionally showed that 
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no palladium was present in the aqueous solutions after the catalytic 
experiments with triolein. Together with the stable metal particle size 
from XRD and TEM, it is suggested that heterogeneous catalyzed deox-
ygenation appears under current reaction conditions.

The significant difference in particle size as compared to what was 
reported by Fu et al. could possibly be explained by the large difference 
in reaction temperature (370 °C, as opposed to 250 °C in this work). 
However, also the significant differences in reactor dimensions and 
feed–to–catalyst ratio could play a role: Fu et al. used a 1.67 mL mini–
batch reactor with a feed–to–catalyst ratio of 2.1 (0.19 mmol feed and 
0.09 mmol Pd) where we conducted our experiments in a 45 mL batch 
reactor with a feed to catalyst molar ratio of 10.3.[8]

Although the metal particle size appeared rather stable after the first 
run, the molar balance also decreased form 95 mol % after the first run 
to 83 mol% after the third run (figure 5.8). The amount of unidentified 
(and hence unquantified) compounds increased after the 2nd and 3rd run 
with subsequently decreasing molar balance. Those peaks were espe-
cially present in the region of the fatty acid alcohols but also at lower 
retention times, in the region of C16–methylesters (figure 5.9). These 
compounds are most likely formed by double–bond hydration, isomeri-
zation, and possibly also cyclization reactions. No increase in high–boil-
ing–point products (e.g., stearone, stearylstearate, or mono–, di–, and 
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tograms of the cata-
lyst before and after 
subsequent runs 
with the calculated 
crystallite size from 
XRD and TEM. 



 Hydrothermal deoxygenation of triglycerides over Pd/C aided by in situ H2 production from glycerol reforming    115

[ FIGURE 5.7 ] Parti-
cle size distribution 
of the fresh catalyst 
and after the first 
catalytic run, meas-
ured with TEM.
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[ FIGURE 5.8 ] 
Comparison of the 
reaction compo-
sition after three 
hydrothermal deox-
ygenation runs with 
triolein as feed.

triglycerides) was observed. In table 5.1 (entries 5 – 7) it is shown that 
the use of additional glycerol during the hydrothermal deoxygenation 
of oleic acid has a positive effect on the molar balance. Thus except for 
the increase in deoxygenation activity, additional glycerol could also be 
a solution to increase catalyst stability.

The deoxygenation activities obtained in this work are competitive 
with the H2–free deoxygenation of fatty acids and triglycerides in or-
ganic solvents, with activities reported between 0.3 – 30 × 10–4 mol HC’s 
× mol metal–1 × s–1 using mainly saturated fatty acids and operating at 
reaction temperatures between 300 – 360 °C.[16, 17, 27–29] However, the 
obtained activities are not yet competing with the hydrodeoxygenation 
process, reporting activities up to 200 × 10–4 mol HC’s × mol metal–1 × s–1.
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[14, 16, 17, 27–33] Further development and optimization of the current pro-
cess is required for industrial application. This process, however, shows 
potential to deoxygenate a wide range of non–edible and waste fats 
and oils without the necessity to remove impurities such as water and 
FFAs, and without the use of additional (non–renewable) H2.

We present the hydrothermal deoxygenation of saturated and un-
saturated triglycerides for the first time. Pd/C is used as catalyst at 250 
°C which results in selective deoxygenation to Cn–1 hydrocarbons. It 
appears that fast hydrolysis of triglycerides occurs during the reaction 
after which in situ H2 production was observed by the aqueous–phase 
reforming of glycerol. This in situ formed H2 is shown to enhance the 
deoxygenation activity of the feed, which was also confirmed by the 
use of additional glycerol during catalytic runs. Furthermore, the in situ 
H2 formation did not diminish the formation of olefins during hydro-
thermal deoxygenation, which is especially desirable for the production 
of value–added chemicals. Additionally, XRD and TEM showed that the 
palladium particle size was retained when the catalyst was exposed to 
a 2nd and 3rd catalytic run. This proof–of–principle could be the first step 
towards a one–pot hydrolysis–deoxygenation reaction aided by in situ 
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H2 production from glycerol reforming towards high–performance fuels 
or value–added chemicals.
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C H A P T E R  6

Comparison of 
tungsten and 
molybdenum carbide 
catalysts for the 
hydrodeoxygenation 
of oleic acid
Group 6 (W, Mo) metal carbide catalysts are promising alternatives 
for hydrodesulfurization (NiMo, CoMo) catalysts and group 10 
(Pd) type catalysts in the deoxygenation of fats and oils. In this 
chapter, we report a comparison of carbon nanofiber–supported 
W2C and Mo2C catalysts on activity, selectivity, and stability for the 
hydrodeoxygenation of oleic acid to evaluate the catalytic potential 
for the upgrading of fat/oil feeds. W2C/CNF was more selective toward 
olefins, whereas Mo2C/CNF was more selective toward paraffins. 
This is related to the hydrogenation activities of the respective metal 
carbides. Mo2C/CNF showed higher activity and stability compared 
with W2C/CNF.
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Fats and oils consist of triglycerides 
and free fatty acids (mainly present in 
non–edible or waste feedstocks) and 
are a potential renewable feedstock for 
transportation fuels since the hydro-
carbon chains of these fats and oils are 
typically in the diesel range. The use of 
non–edible resources is preferred as 
feedstock to avoid diverting vegetable 
fats and oils from food production to 
biodiesel production; this is generally 
known as the food vs. fuel debate.

Non–edible resources for vegetable 
oils are algae[1] and jatropha oil[2] and 
waste fats and oils.[3] The relatively 
high oxygen content and acidity of 
these feedstocks compared to fossil 
fuels, however, gives rise to several 
drawbacks as a fuel, such as corrosive 
properties and higher viscosity. Deoxy-
genation of the vegetable oils is a well–
known upgrading process to arrive at 
hydrocarbons in the diesel range to 
reduce engine compatibility issues. The 
hydrocarbons produced via this process 
could even outperform fossil–based 
fuels with cetane numbers ranging 
from 85 to 99, compared with 45 – 55 
for petroleum diesel.[4] 

In addition, deoxygenation of fats 
and oils is an interesting route to arrive 
at (higher value) chemicals by tuning 
selectivity toward the production of 
olefins or alcohols.[5] Fats and oils can 
thus be regarded as promising renew-
able feedstocks for the production of 
both fuels and chemicals.
Deoxygenation of triglycerides (in the 
presence of hydrogen) occurs mainly 
via β–elimination with subsequent 
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deoxygenation of the intermediate 
fatty acids, as was comprehensively 
described in our earlier work.[6] The 
deoxygenation can occur via three 
different pathways: decarbonylation, 
decarboxylation, and hydrodeoxy-
genation, as shown in scheme 6.1. 
Mainly two classes of catalysts are 
studied for the deoxygenation of fats 
and oils and their model compounds: 
hydrodesulfurization (HDS) catalysts 
(e.g., sulfided CoMo or NiMo oxides) 
and group 10 type catalysts.[3, 6–12] HDS 
type catalysts are selective to hydro-
deoxygenation (HDO), and group 
10 metal catalysts, in particular Pd, 
are selective to decarbonylation or 
decarboxylation (DCO).

The main disadvantage of using 
noble metals such as Pd is their scar-
city and, therefore, high costs. HDS 
type catalysts are less expensive but 
require activation, that is, a sulfida-
tion treatment. This might lead to 
sulfur leaching, which deactivates the 
catalyst and results in sulfur contami-
nation of the products.[13–14] 

Mo2C–[15] and W2C–based[16] cata-
lysts have recently been reported as 
promising deoxygenation catalysts. 
A direct comparison of the perfor-
mance of these catalysts is, however, 
difficult because the experimental 

data on these studies have not been 
obtained under identical conditions. 
Moreover, the reports on W2C–based 
catalysts describe only the use of 
saturated feeds. It is, however, 
necessary to investigate the poten-
tial of the W2C/CNF (CNF = carbon 
nanofibers) catalyst for unsaturated 
fatty acids, as well, because these 
acids comprise the major part of the 
naturally abundant fat and oil based 
feeds.

In this chapter, we present the 
application and comparison of 
molybdenum and tungsten carbide 
catalysts supported on CNF for the 
HDO of oleic acid. These catalysts are 
for the first time compared under the 
same conditions on deoxygenation 
activity, selectivity and catalyst sta-
bility. Furthermore, deoxygenation 
pathways are suggested based on 
a study of the reactivity of interme-
diate products observed during the 
reaction. CNF is used as a support 
material because of its high specific 
surface area and mesoporosity. Cata-
lyst characterization is performed by 
N2–physisorption, X–ray diffraction 
(XRD), and X–ray photoelectron spec-
troscopy (XPS).

[ SCHEME 6.1 ] Possi-
ble reaction pathways 
for the deoxygenation 
of fatty acids.
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Catalyst synthesis 
A 5 wt% Ni/SiO2 growth catalyst was prepared by homogeneous deposi-
tion precipitation as reported earlier[17] using 30 g of SiO2 (Aerosol 300, 
Degussa), 7.9 g of Ni(NO3)2 (Acros Organics), and 4.85 g of urea (Acros 
Organics) at 90 °C for 18 h in 1.5 L of demineralized water. A 5 g portion 
of Ni/SiO2 was subsequently reduced at 700 °C (ramp 5 °C × min in N2 / 
H2 flow) in a H2 / N2 flow for 2 h. Fishbone type CNFs were obtained by 
flowing a CO / H2 / N2 mixture (266 / 102 / 450 mL × min-1) at an overpres-
sure of 3 bar over this catalyst at 550 °C (ramp 5 °C × min-1 in N2 / H2 flow) 
for 24 h.

The crude product, ~35 g, was collected and refluxed three times for 
1 h in 0.4 L of boiling 1.0 M KOH (Acros) to remove SiO2. The product 
was washed with deionized water between the refluxing cycles. Sub-
sequently, the fibers were treated with 0.4 L of boiling, concentrated 
HNO3 (65 %, Merck) for 1.5 h to remove exposed nickel and introduce 
oxygen–containing groups. It should be noted that some Ni can still be 
present after the HNO3 treatment, as has been reported earlier.[18] This 
is encapsulated Ni and cannot be removed by a HNO3 treatment, but 
as such, it is unlikely to play a role in catalysis. The acid–treated fibers 
were finally washed with demineralized water until the pH of the fil-
trate was neutral.

The CNF were dried under vacuum at 80 °C for 4 h prior to impregna-
tion. For the tungsten–based catalysts, the support was impregnated 
using ammonium metatungstate (66.5 wt% W, Aldrich) by pore volume 
impregnation (0.7 mL × g-1, determined by water uptake) to arrive at a 
15 wt% W loading (0.8 mmol W / gcat). After impregnation, the sample 
was kept under vacuum at 80 °C for 24 h. A heat treatment was sub-
sequently applied for 3 h at 1000 °C (5 °C × min-1) under N2 flow to yield 
W2C/CNF. Mo2C/CNF was also prepared by pore volume impregnation 
using an ammonium molybdate (> 99 %, Acros) solution to arrive at a 
7.5 wt% Mo loading (0.8 mmol Mo / gcat), followed by a heat treatment 
at 900 °C for 3 h under N2 flow.

Catalyst characterization 
N2–physisorption isotherms were recorded with a Micromeritics Tristar 
3000 at −196 oC. Prior to performing the measurement, the samples 
were dried for at least 16 h at 200 oC in an N2 flow. The surface area was 
determined using the Brunauer–Emmett–Teller (BET) theory.[19] The 
total pore volume was defined as the single–point pore volume at p/p0 
= 0.95.

XRD patterns were obtained with a Bruker–AXS D2 Phaser powder X–
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ray diffractometer using Co Kα1,2 with λ = 1.79026 Å, operated at 30 kV, 
10 mA. Measurements were carried out between 10° and 100° 2θ using a 
step size of 0.09° 2θ and a scan speed of 1 s/step.

Imaging of the sample was done through transmission electron mi-
croscopy (TEM), performed using an FEI TECNAI20F transmission elec-
tron microscope operated at 200 keV. The instrument is equipped with 
a Schottky field emission gun and a twin objective lens. The magnifica-
tion range is 25 – 700 kx, the point–to–point resolution was 0.27 nm, 
and the lattice image resolution was 0.14 nm. The images were made 
with a Megaview II digital camera. The samples were suspended in 
ethanol using an ultrasonic treatment and brought onto a holey carbon 
film on a copper grid.

X–ray photoelectron spectroscopy (XPS) characterization was per-
formed using a JPS–9200 photoelectron spectrometer (JEOL, Japan). 
Spectra were collected using Al Kα X–ray radiation at 10 kV and 20 mA 
with an analyzer pass energy of 50 eV for wide scans and 10 eV for nar-
row scans. Analysis of XPS data was performed using CasaXPS software 
(Casa Software Ltd., Teignmouth, UK).

Catalytic testing 
Catalytic experiments were carried out in a 100 mL EZE Autoclave En-
gineer Batch reactor. The reactor was loaded with 0.25 g of catalyst, 
2.00 g of oleic acid (Aldrich, 90 %, also contains stearic acid and linoleic 
acid), 1.00 g of tetradecane (internal standard, Aldrich, 99 %), and 50 
mL of dodecane (Acros, 99.9 %) as solvent. Subsequently, the reactor 
was pressurized with hydrogen (50 bar at reaction temperature) and 
heated to 350 °C (5 °C × min-1). The reaction mixture was stirred with 
an overhead mechanical stirrer during the reaction: 600 rpm during 
heating and 1000 rpm during reaction. Sampling was performed during 
the catalytic experiments via a preheated dip tube. The sampling pro-
cedure did not affect the catalysis, confirmed by comparing a catalytic 
experiment with and without intermediate sampling, which resulted in 
comparable catalyst activity and product selectivity. The reactor was 
quenched with an ice–water bath after the desired reaction time.

Product analysis 
Reaction mixture work–up after reaction and cooling was performed 
with a CHCl3 / MeOH (2:1) mixture that was heated to 40 °C to ensure 
complete dissolution of the fatty acid. A sample was subsequently 
taken from the mixture and methylated by mixing with trimethylsulfo-
nium hydroxide (TMSH, purum, ~0.25 M in methanol, Aldrich), an in situ 
esterification reagent to derivatize carboxylic acids for accurate GLC 
quantification.
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Analysis of low–molecular–weight (up to ~350 g × mol–1) products was 
performed on a Theromo Focus gas chromatograph (GC) equipped 
with an automatic injection system (AS3000 autosampler). The follow-
ing parameters/settings were used: injection volume, 1 μL; split ratio, 
1:20; column pressure, 150 kPa helium; GC column, Varian CP–FFAP (free 
fatty acids), 25 m × 0.32 mm × 0.30 μm; detector, FID at 280 °C; injection 
port temperature, 250 °C. GC program: hold 1 min at 50 °C, ramp 7 °C × 
min to 150 °C, ramp 4 °C × min to 250 °C, and hold at 250 °C for 20 min.

Analysis of fatty acid esters and other relatively large molecules was 
performed on a Hewlett–Packard 5890 Series II gas chromatograph 
equipped with an automatic injection system (HP7673 GC/SFC injector 
and controller). Injection volume, 1 μL; split ratio, 1:20; column pres-
sure, 150 kPa Helium; GC column, Varian Select Biodiesel for Glycerides, 
15 m × 0.32 mm × 0.45 μm; detector, FID at 280 °C; injection port tem-
perature, 380 °C. GC program: hold 1 min at 50 °C, ramp 7 °C × min-1 to 
150 °C, ramp 4 °C × min-1 to 240 °C, ramp 9 °C × min-1 to 380 °C, and hold 1 
min at 380 °C.

GC–MS analyses were performed on an Interscience TraceGC Ultra 
GC with AS3000 II autosampler. He carrier gas; flow 1 mL × min-1; split 
flow, 20 mL × min-1; Restek GC column Rxi–5 ms, 30 m × 0.25 mm × 0.25 
μm. GC program: hold 1 min at 50 °C, ramp 7 °C × min-1 to 150 °C, ramp 4 
°C × min-1 to 340 °C, and hold at 340 °C for 20 min. The GC column is con-
nected to an Interscience TraceDSQ II XL quadrupole mass–selective 
detector (EI, mass range 35 – 500 Da, 150 ms sample speed).

Catalyst characterization 
XRD analysis was performed to analyze the catalyst phases. The diffrac-
tograms of the fresh W2C/CNF and Mo2C/CNF catalysts after impregna-
tion and heat treatment and bare CNF are shown in figure 6.1. Bare CNF 
shows typical diffraction lines at 31° and 51° 2θ representing graphite 
like carbon. The introduction of Mo2C and W2C onto the CNF results in 
peaks at 40, 44, and 46° 2θ, which correspond to the (110), (002), and 
(111) carbide–phase diffraction lines.[20] These occur at identical angles 
for Mo2C and W2C because of their identical crystal structures and ionic 
radii. The diffraction peak at 43° 2θ indicates the presence of an oxide 
phase, either WOx or MoOx (2 < x < 3). The existence of these phases 
can be explained by either incomplete carburization of the catalysts or 
partial oxidation of the carbide phase due to exposure to air when the 
sample is transferred to the XRD equipment.

Next to XRD, which is a bulk characterization technique, X–ray pho-
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toelectron spectroscopy (XPS) is used for catalyst characterization. Fig-
ure 6.2 shows the XPS spectra of the Mo2C/CNF and W2C/CNF catalysts, 
which were stored under argon after their preparation. Short contact 
time with air, however, could not be excluded when preparing the sam-
ples for XPS. Both samples display carbide peaks: at 228 and 231 eV for 
Mo2C/CNF (figure 6.2a) and at 32 and 34 eV for W2C/CNF (figure 6.2b).[21] 
The existence of the carbide phase is thus also confirmed at the (sub)
surface of both catalysts.

For Mo2C/CNF, the peaks at 232 and 235 eV can be attributed to MoO3 
(figure 6.2a), whereas WO3 peaks are visible at 35 and 37 eV for the 
W2C/CNF sample (figure 6.2b). The appearance of these oxides can be 
explained by partial oxidation of the carbide surface by contact with 

[ FIGURE 6.1 ] XRD 
diffractogram 
overview and zoom 
of CNF, W2C/CNF, 
and Mo2C/CNF. 
Diffraction lines are 
given for graphitic 
carbon (circles), XOx 
(squares), and X2C 
(triangles), with X = 
W, Mo.
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[ FIGURE 6.2 ] XPS 
spectra of (a) Mo2C/
CNF and (b) W2C/
CNF, stored under 
argon atmosphere. 
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air. A comparison of the oxide peak areas relative to the carbide peaks 
shows a higher content of oxide species relative to the carbide con-
tribution for the tungsten–based catalyst. It should be noted that the 
different metal carbide catalysts can be (qualitatively) compared only 
at similar dispersions (which is the case here; see table 6.1) and at a 
similar inelastic mean free path (imfp) of the photoelectron via XPS. 
Calculations of the latter using the QUASES–IMFP–TPP2M program 
reveal a difference in imfp between tungsten– and molybdenum–
based catalysts of ~10 %. This cannot, however, explain the differences 
in oxide content of the metal carbide catalysts in figure 6.2 because 
these are much larger than 10 %. The differences in oxide content could 
indicate that the tungsten–based catalyst is more prone to oxidation. 
Alternatively, the higher oxide content for the tungsten–based cata-
lyst can also be related to incomplete carburization.

The oxide peaks increase when the catalysts are exposed to air for 
24 h before XPS analysis (figure 6.3), showing that oxidation does oc-
cur for both catalysts. However, carbide peaks are still present. W2C/
CNF again shows a higher oxide content relative to the carbide phase 
as compared to Mo2C/CNF, confirming that the former catalyst is more 
sensitive to oxidation.

[ TABLE 6.1 ] Physic-
ochemical charac-
teristics of the CNF–
supported metal 
carbide catalysts 
under study.

CNF

Mo2C/CNF

W2C/CNF

pore volume
(cm3 × g -1)

0.40

0.34

0.30

particle size
(nm)

–

5

5

TEM

particle size
(nm)

–

4

4

XRD

BET surface
(area m2 × g -1)

190

120

111

N2–physisorption

[ FIGURE 6.3 ] XPS 
spectra of (a) Mo2C/
CNF and (b) W2C/
CNF, exposed to air 
for 24 h. Dashed 
lines are used for 
the oxide peaks, and 
round dots, for the 
carbide peaks.
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The samples that were exposed to air for 24 h were also characterized 
by XRD. For both catalysts, similar diffractograms were obtained, as 
compared with the fresh catalysts. This illustrates that the bulk of the 
materials is still in their carbidic form. It can thus be concluded that 
mainly (sub)surface oxidation occurs, albeit to a larger extent for tung-
sten carbide.

Further physicochemical characterization of the carbide catalysts was 
performed with XRD and TEM to determine the metal particle size (ta-
ble 6.1). The metal particle size was calculated via XRD using the Scher-
rer equation and particle size histograms from TEM images.[22] These 
calculations resulted in an average particle size of 4 – 5 nm for both cat-
alysts (Table 6.1). As such, qualitative comparison between both metal 
carbide catalysts can be made.

N2 physisorption was also performed on the bare support material 
and the two metal carbide catalysts to compare the BET surface area 
and pore volume. As shown in table 6.1, both the BET surface area and 
the pore volume decrease as a result of impregnation because the met-
al carbide particles occupy part of the carbon surface. In addition, some 
pore blocking could also have occurred during impregnation.

Catalytic tests 
The catalytic experiments were performed at 350 °C under 50 bar H2 
pressure. Identical reaction conditions were used for both catalysts for 
comparison, and the reaction temperature of 350 °C was chosen be-
cause W2C/CNF was reported to be active at this reaction temperature.
[16] For a comparison of the two carbide catalysts, it is also important to 
exclude possible effects of pressure–differences due to gas consump-
tion during catalytic experiments. For this reason, a 50 bar H2 was used 
during the catalytic experiments.

Figure 6.4 shows the product yields for the W2C/CNF catalyst as a 
function of time using oleic acid as the feed. Full conversion of oleic 
acid was attained within 2 h. Stearic acid and other oxygenates (e.g. 
C18 alcohols and aldehydes) were already present in the reaction mix-
ture at t = 0 (when the reaction mixture reached 350 °C after 65 min). 
Octadecenol isomers were observed with varying positions of the C=C 
double bond, indicating that isomerization of the C=C double bond oc-
curs under the applied conditions. Octadecanal, octadecenol, and octa-
decanol are known intermediates for the hydrodeoxygenation of fatty 
acids.[6, 13, 16, 23] Esters (formed by esterification of fatty acid with fatty 
acid alcohol) were present after a short inhibition period, as expected 
for a secondary product. The intermediate character of the different 
oxygenates is also shown in figure 6.4 by the initial increase, followed 
by a decrease at higher oleic acid conversion. The decrease in esters 
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can be attributed to the esterification equilibrium, which shifts toward 
hydrolysis upon the deoxygenation of C18 alcohols to yield octadecene 
/ octadecane and water.

The formation of unsaturated C18 hydrocarbons (C18unsat) increased 
during the first 2 h of the reaction, after which it decreased as a re-
sult of hydrogenation to octadecane (n-C18), of which the amount 
increased up to 60 mol% after 5 h of reaction time. The molar balance 
is stable over time (between 85 and 90 %), indicating the absence of 
heavy product formation and cracking reactions over time. The loss in 
mass balance could be due to adsorption of feeds or products on the 
catalyst surface; for instance, via the C=C double bond of unsaturations.
[24] Furthermore, catalyst coking could also occur, especially because 
unsaturations are reported to be susceptible to coke reactions.[6, 25–27] 
However, the sampling and workup procedure could also affect the 
mass balance slightly.

Figure 6.5 shows that full conversion of oleic acid was already at-
tained at t = 0.75 h over Mo2C/CNF. In addition, at t = 0, only 50 mol% 
of the initial amount of oleic acid was left. The high conversion at t = 0 
indicates that conversion of oleic acid already occurred during the heat 
up (heat up time 0.3 h from 250 °C, no activity below 250 °C). Simul-
taneously, the formation of mainly stearic acid and other oxygenates 
(consisting mainly of alcohols) also occurred during the heating stage, 
which subsequently decreased again at high conversion levels. Negligi-
ble ester formation was observed, whereas the yield of other oxygen-
ates was already 10 mol% at t = 0. It should be noted that the content of 
intermediate oxygenates was significantly lower as compared with the 
reaction over W2C/CNF. The unsaturated C18 content decreased rapidly, 
followed by the formation of octadecane, which showed a stable prod-
uct yield around 80 mol% after t = 3 h.

[ FIGURE 6.4 ] Com-
position of reaction 
mixture over time 
for W2C/CNF. Reac-
tion conditions: T = 
350 °C, p = 50 bar H2, 
t = 5 h, moleic acid = 2 g, 
mcat = 0.25 g, mdodecane 
= 36 g.
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Thus, on the basis of the relatively fast hydrogenation of oleic acid to 
stearic acid combined with the low olefinic product content, it must be 
concluded that Mo2C/CNF is a more active hydrogenation catalyst than 
W2C/CNF. In addition, Figures 6.4 and 6.5 show that the initial formation 
of hydrocarbon products, that is, both saturated and unsaturated, was 
higher for Mo2C/CNF than for W2C/CNF. The initial formation of stearic 
acid (up to 50 mol%) over Mo2C/CNF indicates that the double bond of 
oleic acid was hydrogenated before deoxygenation occurred. This con-
firms the higher hydrogenating activity of Mo2C. It should be noted that 
direct deoxygenation of oleic acid to hydrocarbons, which has been 
proposed before, cannot be excluded.[6]

After the formation of stearic acid by hydrogenation, it has been 
claimed that the next step is the formation of an aldehyde that is in 
equilibrium with its enol form (see scheme 6.2).[16, 23] This explains the 
observed formation of aldehydes and alcohols. The unsaturated C18 

alcohol can then be further hydrogenated to a saturated alcohol; de-
hydrated to an alkene; and finally, hydrogenated to a saturated hydro-
carbon (scheme 6.2). For W2C/CNF, it has already been shown that the 
reaction yields mainly the unsaturated hydrocarbon.[15–16] Significantly 

[ FIGURE 6.5 ] Com-
position of reaction 
mixture over time 
for Mo2C/CNF. Reac-
tion conditions: T = 
350 °C, p = 50 bar H2, 
t = 5 h, moleic acid = 2 g, 
mcat = 0.25 g, mdodecane 
= 36 g.

!"

#!"

$!"

%!"

&!"

'!"

(!"

)!"

*!"

+!"

#!!"

!" #" $" %" &" '"

,-
.
/-

01
21-

3"
4.

-5
67
"

81.9"4:7"

-2:;"-<=>93?290"
,#*@30?2"

!A,#*"

-591B"?B1C"

,#)"D,E0"

029?F1B"?B1C"

"

"

[ SCHEME 6.2 ] 
Fatty acid conver-
sion pathways, with 
observed interme-
diates, catalysed by 
tungsten and molyb-
denum carbide

R = C15H31 stearic acid
R = C15H29 oleic acid
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lower amounts of unsaturated hydrocarbons and oxygenates were 
observed for the Mo2C/CNF–catalysed deoxygenation of oleic acid, con-
firming its higher hydrogenation properties as compared with W2C/CNF.

Higher molar balances (95 – 100 %) were obtained for Mo2C/CNF com-
pared to W2C/CNF (85 – 90 %). In addition, here, the molar balance re-
mained stable during the experiment. The difference in molar balance 
is suggested to be related to the fast hydrogenation of unsaturations 
over Mo2C/CNF, resulting in a decreased concentration of reactive com-
pounds, which are known to be coke precursors.[28–29] Comparable ob-
servations were made by Berenblyum et al. for the decarbonylation of 
stearic acid over Pd, Pt, Ni, and Cu supported on Al2O3.

[30] For Cu, a high 
selectivity to undesired side reactions was obtained, whereas this was 
not the case for the other (hydrogenation) catalysts, which showed 
higher heptadecane selectivities.

It should be noted that both catalysts also showed the formation of 
C17 hydrocarbon products (C17 HC’s), which are DCO products (scheme 
6.1). This can be attributed to the presence of surface WOx species in 
the case of W2C/CNF, as has been reported previously.[16] Similar catalyt-
ic behaviour of the oxide can be expected for the molybdenum–based 
catalyst. Mo2C/CNF showed lower C17 product formation compared 
to W2C/CNF (7 mol% vs. 15 mol%), thereby confirming the higher sta-
bility toward oxidation of this carbide, which was also suggested by 
XPS results (figures 6.2 and 6.3). Regarding the DCO products, it was 
observed that Mo2C/CNF showed the formation of only heptadecane, 
whereas a parallel evolution of heptadecane and heptadecene was ob-
tained for W2C/CNF, confirming again the higher hydrogenation activity 
of the former.

A comparison of the catalytic activities and selectivities of the met-
al carbide catalysts with the already studied metal sulfide and group 
10 catalysts is difficult because of the different reaction conditions 
applied. However, the high deoxygenation selectivities, at full con-
version, obtained with W2C/CNF (89 mol%) and Mo2C/CNF (90 mol%) 
are comparable to group 10 metal catalysts for the deoxygenation of 
stearic acid, Pd/C (91 mol%)[12], Ni/C (81 mol%)[12], Ni/H–β (98 mol%)[31], and 
Ni–ZrO2 (92 mol%).[10] In addition, the average productivity (calculated 
at 90 mol% conversion of fatty acids) is an order of magnitude higher 
for the metal carbides, i.e. in the order of 1 × 10–3 compared to 1 × 10–4 
mol hydrocarbon products × mol metal–1 × s–1. It should be noted that 
these experiments, with Pd and Ni catalysts, were performed at lower 
temperatures (260 – 300 °C), which strongly affects the catalytic activ-
ity. However, these results indicate that these metal carbide catalysts 
show promising activities and productivities for the deoxygenation of 
fatty acid feeds at the operated reaction conditions.
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Catalyst reuse 
Except for catalyst activity and selectivity, catalyst stability was also 
investigated in comparing the carbide catalysts. Catalyst stability was 
studied by two methods: washing and washing/recarburization. First, a 
catalytic test at 350 °C for 1 h and 50 bar H2 was performed using oleic 
acid as reactant (run 1). The spent catalyst was then rinsed at ambient 
conditions with CHCl3/MeOH (2:1) and reused in a catalytic test (run 2). 
Thereafter, the spent catalyst of run 2 was rinsed at ambient conditions 
with CHCl3/MeOH (2:1), recarburized as described in the experimental 
section, and again reused for the deoxygenation of oleic acid (run 3). 
From XRD line–broadening measurements between the runs, particle 
sizes and catalyst phases were established. The stability runs were 
performed using only 0.1 g of catalyst (instead of the 0.25 g of catalyst 
used in earlier experiments) and a reaction time of 1 h to ensure incom-
plete oleic acid conversion. This was done because catalyst stability 
cannot be examined at full conversion since a catalyst can deactivate 
but still show 100% conversion after a second run.

The catalytic data of the W2C/CNF recycle and regeneration tests are 
compiled in table 6.2. It is shown that the conversion drops from 70 to 
48 mol% after 1 run, suggesting significant deactivation. The regenera-
tion treatment resulted in an increase in both the oleic acid conversion 
and selectivity to intermediates and hydrocarbon products (run 3); 
however, the obtained conversion of 52 mol% and hydrocarbon selec-
tivity of 15 % were still lower compared to those obtained using the 
fresh catalyst, which resulted in 70 mol% conversion and 26 % hydrocar-
bon selectivity. The mass balance was similar for the three runs, indicat-
ing that the occurrence of unwanted side reactions did not increase for 
reactions with the reused and recarburized catalyst. Note that in these 
studies, relatively low deoxygenation selectivities (< 30 %) and high se-
lectivities to intermediate products (> 70 %) were obtained as a result of 
the low catalyst amount and reaction time used.

The fresh tungsten–based catalyst shows typical diffraction peaks 
for the W2C phase at 40, 44, and 46° 2θ (figure 6.6). A clear increase 

[ TABLE 6.2 ] Recy-
cle and regeneration 
of W2C/CNF and 
Mo2C/CNFa

conversion (mol%)

intermediates selectivity (%)[b]

hydrocarbon selectivity (%)

run 1

70

74

26

run 1

82

87

13

run 2

48

88

12

run 2

73

93

7

run 3

52

85

15

run 3

67

93

7

[a] Reaction conditions: T = 350 °C, p = 50 bar H2, t = 1 h, moleic acid = 2 g, mcat = 0.1 g, mdodecane = 
36 g [b] Selectivity to stearic acid, esters, alcohols, and other oxygenates

W2C/CNF Mo2C/CNF
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in the peak at 43° 2θ is visible after run 1, corresponding to the forma-
tion of a WOx phase. A subsequent test on the spent catalyst (run 2) 
shows a further increase in the intensity of this peak. In addition, the 
peak becomes sharper, as well, which is indicative of bigger particles. It 
can thus be concluded that oxidation and subsequent sintering of the 
carbide phase occurs under the present reaction conditions. A carbide 
phase, however, is still present after the runs as well.

Figure 6.6 shows the formation of an oxide phase and sintering of 
these oxide particles during the reaction. Previous research on the re-
usability of W2C/CNF for the deoxygenation of stearic acid also showed 
the formation of oxide particles during the reaction but did not result 
in significant deactivation of the catalyst.[16] This indicates that the for-
mation of an oxide phase could not be the main reason for the catalyst 
deactivation. Instead, the unsaturated feed (as well as the increased 
amount of unsaturations in the product mixture) mainly contributes 
to catalyst deactivation, most likely by the formation of coke deposits, 
which has been proposed to be an issue when using unsaturated feeds 
under the applied conditions.[32] 

A subsequent heat treatment at 1000 °C of the catalyst after run 
2 was shown to be effective to carburize the oxide species and ob-
tain mainly W2C/CNF (figure 6.6). It should be noted that the average 
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[ FIGURE 6.6 ] XRD 
diffractogram of 
W2C/CNF upon dif-
ferent recycle tests. 
Diffraction lines are 
given for graphitic 
carbon (circles), 
WOx (squares), and 
W2C (triangles).



Comparison of tungsten and molybdenum carbide catalysts for the hydrodeoxygenation of oleic acid     135

particle size during this treatment also increased to about 8 nm. This 
explains the lower conversion and deoxygenation selectivity of run 3 
(table 6.2). This third catalytic test subsequently again resulted in the 
increase of the peak at 43° 2θ, indicative of a WOx contribution.

Similar recycle tests were also performed for Mo2C/CNF. The cata-
lytic data for the different runs over the molybdenum–based catalyst 
are presented in table 6.2. A decrease in conversion level from 82 to 
73 mol% was observed going from run 1 to run 2. Simultaneously, a de-
crease in the deoxygenation selectivity was observed. Nevertheless, 
the decrease in activity is significantly less pronounced for Mo2C/CNF as 
compared with W2C/CNF.

XRD diffraction patterns of the fresh, spent, and regenerated catalyst 
show no significant changes for different catalytic tests and a regener-
ation treatment (diffractogram comparable to Mo2C/CNF in figure 6.1); 
however, deactivation also occurred for Mo2C/CNF, although no differ-
ence in the catalyst phase was observed by XRD. In addition, here, the 
unsaturated feed and products are suggested to cause the reported 
deactivation. This also explains the less pronounced decrease in activity 
for Mo2C/CNF compared with W2C/CNF because the former showed sig-
nificantly faster hydrogenation of unsaturations over the course of the 
reaction (Figure 6.4 and 6.5).

Comparing Mo2C/CNF and W2C/CNF, it can be concluded that the 
carbide phase in the tungsten–based catalyst is more prone to oxida-
tion and sintering compared with the Mo2C phase. Deactivation is also 
shown to be more severe for W2C/CNF, which is attributed to the lower 
hydrogenation rate of this catalyst.

As mentioned before, the recycle experiments were performed at 
low deoxygenation selectivity and relatively high concentrations of ox-
ygenated intermediates. For that reason, similar recycle tests were per-
formed at 100 mol% conversion for both catalysts (0.25 g of catalyst, 5 h 
reaction time) to investigate if the composition of the reaction mixture 
affects the catalyst phase and particle size. These recycle tests resulted 
in similar XRD patterns, confirming that the reported effects on the cat-
alyst phase and particle size upon catalyst recycling are independent of 
the conversion level.

Metal carbide catalysts show promising catalytic properties for the hy-
drodeoxygenation of unsaturated fatty acids with high selectivities to 
paraffins or olefins, which are of particular interest for the production 
of either fuels or chemicals from fats and oils.

[  C O N C L U S I O N S  ] 
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A study on the hydrodeoxygenation of oleic acid over W2C/CNF and 
Mo2C/CNF showed a difference in catalytic behaviour between the two 
carbide catalysts, which was related to the differences in hydrogena-
tion activity. Catalytic experiments over W2C/CNF showed more olefinic 
products compared with Mo2C/CNF, which resulted in a higher deac-
tivation rate of the tungsten based catalyst. This is attributed to the 
higher hydrogenation rate over Mo2C/CNF, resulting in less olefins and, 
thus, in a lower concentration of coke precursors. In addition, W2C/CNF 
appeared more sensitive to oxidation compared with Mo2C/CNF.

W2C/CNF is shown to be more suitable for the production of high–val-
ue olefinic products. Mo2C/CNF, on the other hand, shows increased 
activity and catalyst stability in comparison with W2C/CNF. A trade–off 
between activity and selectivity has thus to be made regarding the pro-
duction of olefinic products. Mo2C/CNF is the preferred catalyst when 
paraffins for fuels are desired.
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At the start of the 19th century there were about 1 billion people. Now, 
only 200 years later, the world counts 7 billion inhabitants and that is 
expected to increase to 10 billion within the next 100 year. The growing 
population is putting much pressure on the world’s resources. Addi-
tionally, the economic growth and increase in wealth even further in-
creases the energy needs of the world. 

Fossil fuels (i.e. coal, gas, oil) currently cover over 80 % of the world’s 
energy demand. The use of alternative resources for the production of 
fuels and chemicals has been an important research area over the last 
decade. This was not only stimulated by the declining fossil feedstock 
resources and consequently increasing oil prices, but also the desire 
for energy independence and growing awareness of the effects of the 
increasing greenhouse gas concentrations stimulates the use of alter-
native renewable resources. Overall, awareness is growing that alterna-
tive energy sources should be investigated and implemented to reduce 
the pressure on the world’s resources and to keep on supplying energy. 

Many renewable feedstocks show potential for replacing part of the 
fossil fuels. Solar energy, wind power, hydropower, geothermal energy 
and biomass could all contribute to the transition from fossil to renew-
able energy. This thesis focusses on fats and oils as potential renewable 
feedstocks for the production of fuels and chemicals. Especially the use 
of waste fats and oils and other non-edible sources are of interest as 
this will not interfere with food production. Fats and oils consist of tri-
glycerides and fatty acids. The deoxygenation of fats and oils is a prom-
ising route for the production of fuels and chemicals since this process 
yields aliphatic paraffins and olefins in the diesel-range (figure 7.1). 

The use of model compounds for the deoxygenation of fat– and oil–
based feeds is often preferred to ease product analysis for the investi-
gation of reaction pathways and product selectivities. Although model 
compounds are supposed to react similarly to the actual fat and oil 
feedstocks, it is important to also investigate the suitability of the mod-

[  S U M M A R Y  ] 

[ FIGURE 7.1 ] 
Schematic rep-
resentation of the 
deoxygenation 
of (non-edible or 
waste) fats and 
oils to paraffins 
and olefins for the 
production of fuels 
and chemicals.
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el compounds for this reaction. In chapter 2 it is shown that the choice 
of model compounds should be done with care. Fatty acids, fatty acid 
esters, and specific triglycerides are shown to be appropriate model 
compounds for deoxygenation  reactions performed under H2 gas at-
mosphere. However, the use of fatty acids and fatty acid esters under 
inert gas atmosphere is not straightforward because of large differenc-
es in activity and selectivity as compared to the deoxygenation of prac-
tical feeds. In this case, we recommend the use of specific triglycerides 
as model compounds. 

The impact of the reaction conditions, and nature of the catalyst and 
its support on the deoxygenation reaction pathways are also discussed 
in chapter 2. For instance the type of catalyst has a significant effect on 
the deoxygenation  pathway, i.e. group 10 metal catalysts are active in 
the decarboxylation and decarbonylation whereas metal-sulphide cata-
lysts are more selective to hydrodeoxygenation products. 

One example of activity and selectivity differences during H2-free 
deoxygenation is discussed in chapter 3. Here it is shown that the 
product selectivity of stearic acid deoxygenation over Pd/γ-Al2O3 is 
strongly dependent on the feed concentration. Although selective 
decarboxylation proceeds at the low end, selectivity towards decar-
bonylation and ketonization products is shown to increase at higher 
feed concentrations. We have provided evidence that this dependence 
is caused by the presence of stearic anhydride as reactive intermediate 
in the decarbonylation and ketonization reaction. The observations of 
variable product selectivity as a function of feed concentration are in 
accordance with the anhydride intermediate since the high feed con-
centration promotes anhydride formation. This fundamental insight is 
valuable for optimizing deoxygenation activity and tuning the selectivi-
ty towards selective paraffin or olefin production. 

It should however be noted that the use of H2 appears necessary to 
avoid low deoxygenation selectivities and high selectivities to unde-
sired reactions when switching to realistic feedstocks. The reason for 
the necessity of H2 during catalytic deoxygenation of fat– and oil–based 
feedstocks is presented in chapter 4. In this chapter we show that 
strong inhibition of the deoxygenation activity occurs when unsaturat-
ed feeds or products are present in the reaction mixture. The inhibition 
is suggested to occur via strong adsorption of the C=C double bond on 
the metal active sites (figure 7.2). Dramatic effects on the deoxygen-
ation  activity were observed already with the introduction of small 
quantities of unsaturated compounds to the reaction mixture. The in-
hibition was shown to be reversible in H2 atmosphere, which indicates 
that hard coke formation does not contribute significantly to the deox-
ygenation  inhibition. This chapter confirms that addition of H2 is essen-
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tial for the catalytic deoxygenation of fat– and oil–based feeds.
The use of additional H2 during the deoxygenation process is howev-
er preferentially avoided since H2 is currently produced mostly from 
non-renewable feedstocks, which has considerable impact on costs 

and environmental aspects. In chapter 5 we introduce a method to 
hydrothermally deoxygenate saturated and unsaturated triglycerides 
over Pd/C at 250 oC in absence of additional H2. Here it is shown that the 
hydrolysis of triglycerides and subsequent aqueous-phase reforming 
of glycerol results in the in situ formation of H2 (figure 7.3). This in situ 
formed H2 is shown to enhance the deoxygenation  activity of the feed 
and leads to an effective deoxygenation method of unsaturated triglyc-
erides, yielding aliphatic paraffins and olefins. 

The main disadvantage of using noble metals such as Pd (as de-
scribed in chapter 3, 4 and 5) is their scarcity and therefore high costs. 
Possible alternative are the hydrodesulfurization type catalysts since 
these are much less expensive. However, these catalysts require a 
sulphidation treatment which might lead to sulphur leaching and sub-

[ FIGURE 7.2 ] 
Schematic rep-
resentation of the 
inhibition during 
H2 free deoxygen-
ation reactions via 
adsorption of the 
C=C double bonds 
on the metal 
active sites.
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sequent catalyst deactivation and product contamination. In chapter 
6 novel carbide catalysts for the deoxygenation of oleic acid are inves-
tigated and compared. The Mo2C and W2C-based carbide catalysts are 
promising in the hydrodeoxygenation of oleic acid at 350 oC under H2 
atmosphere. Differences in stability and product selectivity are ascribed 
to differences in hydrogenation activity (figure 7.4). Note that, al-
though both carbide catalysts show considerable potential and are less 
expensive than the earlier described Pd-based catalysts, the Mo2C and 
W2C-base carbide catalysts are not active under inert atmosphere.

Based on the work presented in this thesis, it is safe to conclude that 
the presence of H2 appears essential to obtain high deoxygenation 
activities and selectivities for realistic fat and oil feeds and their (un-
saturated) model compounds. Although saturated compounds are se-
lectively converted to hydrocarbons under inert atmosphere,  the pres-
ence of unsaturations in the feed or products was shown to inhibit the 
deoxygenation activity tremendously. The reversibility of the inhibition 
in H2 atmosphere indeed confirms the necessity of H2 to retain catalytic 
deoxygenation activity. 

This thesis presents two deoxygenation methods with potential in 
the deoxygenation of fat and oil feeds. The first method is the novel 
one-pot hydrothermal deoxygenation of triglycerides over Pd/C. The 
in situ H2 generation via glycerol reforming avoids inhibition by the un-
saturated feed and products. Moreover, the use of additional glycerol 
is presented as a sustainable H2 source to increase the deoxygenation 
activity and avoid catalyst deactivation. 

The second method describes and compares the novel Mo2C and 
W2C-based carbide catalysts. These group 6 metal carbides are shown 
to be promising catalysts for the deoxygenation of unsaturated fatty 
acids and represent a less expensive alternative for the group 10 no-
ble metals. The different hydrogenation activities of the catalysts also 
changes the potential applicability; W2C/CNF being most suitable for 
the production of high-value olefinic products and Mo2C/CNF being the 

[ FIGURE 7.4 ] 
Schematic rep-
resentation of the 
catalytic hydrodeox-
ygenation of oleic 
acid over tungsten 
and molybenum 
based carbide 
catalysts 
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preferred catalyst when paraffins are desired.
Although further development and optimization of the presented 

processes are required for industrial implementation, both deoxy-
genation processes show potential as renewable alternative for the 
production of fuels and chemicals. It should not be forgotten that the 
petrochemical processes that are used for the production of fuels and 
chemicals were also developed and optimized over several decades be-
fore arriving at the current efficiencies. 

The awareness of industry and governments for the necessity of re-
newable alternatives will lead to further developments in this field and 
hopefully results in the further implementation of sustainable process-
es for the production of fuels and chemicals, not only based on fats and 
oils but also from other renewable alternatives.
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De noodzaak van hernieuwbare alternatieven
Aan het begin van de 19e eeuw telde de wereldbevolking ongeveer 1 
miljard mensen. Nu, slechts 200 jaar later, is dit aantal gegroeid tot 7 
miljard.  Verwacht wordt dat dit binnen de komende 100 jaar verder zal 
stijgen tot 10 miljard inwoners. Deze groeiende wereldbevolking vraagt 
veel van de beschikbare natuurlijke hulpbronnen en bovendien zal de 
economische groei en de toenemende welvaart de energiebehoefte 
nog verder verhogen. In figuur 1 is te zien dat de energiebehoefte naar 
verwachting 50 % gestegen zal zijn in 2040 tot ongeveer 800 × 1015 Btu 
per jaar.[1] Hierbij zal de meeste groei plaatsvinden in de ontwikkelings-
landen buiten de Organisatie voor Economische Samenwerking en Ont-
wikkeling (niet–OESO).[2]

Fossiele grondstoffen (d.w.z. steenkool, aardgas en aardolie) leveren 
wereldwijd meer dan 80% van de huidige vraag naar energie.[1] Vloei-
bare brandstoffen worden momenteel zelfs bijna volledig verkregen 
uit aardolie. Onder andere de afnemende voorraden en toenemende 
brandstofprijzen verhogen de vraag naar een alternatieve brandstoffen 
uit hernieuwbare hulpbronnen. Bovendien veroorzaakt het verbranden 
van fossiele brandstoffen een verhoging van de CO2 concentratie in 
de atmosfeer. CO2 is een broeikasgas dat infrarode straling (warmte-
straling) kan opnemen dat anders zou verdwijnen in de ruimte, wat 
kan bijdragen aan een geleidelijke toename van de gemiddelde tem-

[ FIGUUR 1 ] 
Weergave van het 
energieverbruik per 
jaar in de wereld 
en de verdeling 
tussen de OESO en 
niet–OESO landen 
(gebaseerd op data 
uit de ‘internation-
al energy oulook 
2013’[1]). 1 Britisch 
thermal unit (Btu) is 
ongeveer gelijk aan 
1.055 kilojoules (kJ).
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peratuur op aarde (het broeikaseffect).[3] Een dergelijke stijging van 
de temperatuur verlaagt vervolgens ook de oplosbaarheid van CO2 in 
water met ongeveer 3 % per oC temperatuurverhoging. Dit versterkt het 
broeikaseffect aanzienlijk aangezien 98 % van de CO2 is opgelost in de 
oceanen.[3] Hoewel er veel gespeculeerd wordt over de mate waarin de 
stijgende temperatuur een effect heeft op het klimaat, is het duidelijk 
dat de stijgende emissies van broeikasgassen een potentiële bedreiging 
vormen voor de economische activiteit en agrarische productie.

Bijna 60 % van de wereldwijd gebruikte vloeibare brandstoffen wor-
den momenteel gebruikt voor transport, wat naar verwachting nog 
verder zal toenemen zoals weergegeven in figuur 2. Duurzame alter-
natieven voor deze sector zijn het gebruik van biomassa–gebaseerde 
brandstoffen of elektrische auto’s (zoals bijvoorbeeld de hybride of 
aangedreven via H2 brandstofcellen of zonnepanelen). Om de overgang 

naar duurzame alternatieven te versnellen heeft de Europese Com-
missie een richtlijn opgesteld (2012 – 0288) ter bevordering van het 
gebruik van energie uit hernieuwbare bronnen. Hierin staat dat 10 % van 
alle energie in de transportsector verkregen moet zijn uit hernieuwba-
re brandstoffen in 2020.[4] Door de vervanging van aardolie naar her-
nieuwbare brandstoffen zal er op lange termijn waarschijnlijk een meer 
gevarieerde energiemix ontstaan waarbij meerdere energiebronnen 
gebruikt zullen worden.

De ontwikkelingen op het gebied van elektrische en waterstofauto’s 
verkeren momenteel nog in een vroeg stadium en vereisen daarnaast 
ook aanzienlijke aanpassingen in de infrastructuur.[6–7] Hoewel er bij-

[ FIGUUR 2 ] Huid-
ige en verwachte 
verbruik per jaar 
van vloeibare brand-
stoffen per sector 
(gebaseerd op de 
‘international ener-
gy outlook 2011’[5]). 
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voorbeeld al veelbelovende prototypes zijn gepresenteerd van voertui-
gen aangedreven door zonne–energie of waterstof, is de noodzakelijke 
elektriciteit of waterstof vaak nog afkomstig van fossiele bronnen.
[8] Het eigenlijke probleem wordt hiermee enkel verschoven zolang 
de primaire energiebron niet ook hernieuwbaar is. Bovendien is het 
onwaarschijnlijk dat deze alternatieven de vloeibare brandstoffen snel 
kunnen vervangen voor het vrachtvervoer, in de scheepvaart en bij de 
luchtvaart, aangezien hier hoge motorvermogens en een hoge ener-
giedichtheid vereist zijn. Vloeibare biomassa–gebaseerde brandstoffen 
met een hoge energiedichtheid kunnen wel aan deze eisen voldoen en 
zijn daardoor extra interessant; zeker aangezien deze sectoren samen 
zo’n 60  % van de wereldwijde energievraag voor transport omvatten 
(figuur 3).

Biomassa als hernieuwbare alternatief
Het gebruik van biomassa als duurzame grondstof voor brandstoffen 
vermindert de uitstoot van broeikasgassen door de relatief snelle her-
opname van CO2 tijdens de groei van biomassa, zoals weergegeven in 
figuur 4. Hierbij moet wel de kanttekening geplaatst worden dat het 
productieproces zelf ook bijdraagt aan de uitstoot van CO2.

[10] Daar-
naast draagt de CO2–uitstoot van biomassa–gebaseerde brandstoffen   
ook bij aan de klimaatverandering door de verblijftijd van extra CO2 in 
de atmosfeer alvorens het opgenomen wordt bij de groei van biomas-
sa.[11] Hoewel deze factoren de voordelen van biomassa–gebaseerde 
brandstoffen en chemicaliën niet volledig teniet doen, blijft het wel be-
langrijk om onderzoek naar biomassa gebaseerde brandstoffen te rich-

[ FIGUUR 3 ] 
Wereldwijde vraag 
naar energie per 
jaar voor transport 
per sector (geba-
seerd op data van 
ExxonMobil 2009[9]). 
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ten op volledig CO2–neutrale productieprocessen (van wieg tot graf).
Biomassa gebaseerde vloeibare brandstoffen kunnen bijvoorbeeld 

worden verkregen uit vetten en oliën. Deze zijn met name onder de 
aandacht gekomen als duurzame bron vanwege hun hoge energie-
dichtheid en structurele gelijkenis met ruwe aardolie. Deze structurele 
gelijkenis heeft tot gevolg dat de implementatiesnelheid flink groter is 
in vergelijking met elektrische of waterstof aangedreven voertuigen, 
aangezien de huidige brandstof infrastructuur en interne verbrandings-
motoren minder ingrijpend aangepast hoeven te worden. 

Vetten en oliën als hernieuwbare grondstof
Dit proefschrift richt zich op het gebruik van vetten en oliën als 
grondstof voor de productie van brandstoffen en chemicaliën. De sa-
menstelling van vetten en oliën is grotendeels afhankelijk van de oor-
sprong. Chemisch gesproken zijn plantaardige oliën en dierlijke vetten 
carbonzuur esters afgeleid van glycerol met drie (on)verzadigde vet-
zuurgroepen (schema 1a ) die bekend staan als triglyceriden (schema 
1b). De lengte van de vetzuren kan variëren en is ook afhankelijk van 
de oorsprong. De vijf meest voorkomende vetzuren zijn stearinezuur 
(C18:0, het eerste getal geeft de hoeveelheid koolstof atomen in de de 
keten aan en het tweede getal het aantal onverzadigdheden), oliezuur 
(C18:1), linolzuur (C18:2), linoleenzuur (C18:3) en palmitinezuur (C16:0). 
Vetten en oliën bevatten vaak ook vrije vetzuren waarvan de hoeveel-
heid ook afhankelijk is van de bron en meestal varieert tussen de 1 – 10 
%. Het NREL rapport van Van Gerpen et al.[12] en de review van Atabani 
et al.[13] bevatten meer gedetailleerde analyses over de samenstelling 
van verschillende vetten en oliën.

Het gebruik van plantaardige oliën voor brandstof is geen nieuwe 
ontwikkeling: al bij de wereldtentoonstelling in 1900 in Parijs werden er 
dieselmotoren gepresenteerd die reden op arachide (pinda) olie.[14–17] 

FOSSIELE BRANDSTOFFEN BIO-BRANDSTOFFEN

bioraffinage

atmosfeer

CO2

CO2

CO2

[ FIGUUR 4 ] Ver-
eenvoudigde weer-
gave van het één–
richtings–proces bij 
de verbranding van 
fossiele brandstoff-
en en van de relatief 
korte CO2–cyclus 
bij gebruik van bio-
massa gebaseerde 
brandstoffen. 
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Het gebruik van plantaardige oliën veroorzaakte echter verschillende 
problemen in de verbrandingsmotor.[18] De hoge beschikbaarheid en 
dus lage prijs van fossiele brandstoffen zorgde ervoor dat de plantaar-
dige brandstoffen na de eerste wereldoorlog niet meer gebruikt wer-
den als brandstof. De huidige zoektocht naar alternatieve grondstoffen 
heeft echter gezorgd voor een hernieuwde interesse voor het gebruik 
van vetten en oliën voor de productie van brandstoffen en chemicaliën.

Een mogelijk nadeel van het gebruik van plantaardige en dierlijke vet-
ten en oliën voor brandstof en chemicaliën is dat de meeste geschikt 
zijn voor gebruik in voedsel en diervoeding. Het grootschalige gebruik 
van zulke vetten en oliën voor niet–voedsel doeleinden kan ethisch niet 
gerechtvaardigd worden met wereldwijd bijna 870 miljoen chronisch 
ondervoede mensen.[19] Bio–ethanol is om die reden sterk bekritiseerd 
als brandstof aangezien het geproduceerd wordt door de fermentatie 
van suikers uit eetbare grondstoffen zoals maïs, tarwe en suikerbieten.

Om de productie van de zogenaamde ‘eerste generatie biobrand-
stoffen’ (dwz; brandstoffen uit eetbare bronnen) tegen te gaan heeft 
de Europese Commissie in oktober 2012 aangegeven dat de hoeveel-
heid eerste generatie biobrandstoffen beperkt moet worden tot een 
maximum van 5 % in 2020.[4] Met betrekking tot de eerder genoemde 
richtlijn 2012 – 0288 van de Europese Commissie betekent dit dat mini-
maal 5 % van alle transportbrandstoffen moet worden geproduceerd uit 
grondstoffen die niet concurreren met de voedselketen en niet zorgen 
voor een extra vraag naar landbouwgrond (de zogenaamde tweede 
of derde generatie biobrandstoffen). In het debat rond voedsel versus 
brandstof moet rekening gehouden worden met meer aspecten zoals 
bijvoorbeeld de beschikbaarheid van de grondstof, het  indirect gebruik 

[ SCHEMA 1] 
Chemische 
structuren van (a) 
stearinezuur, een 
C18 vetzuur (C18:0); 
(b) triglyceriden af-
geleid van glycerol 
met stearinezuur 
(C18:0), oliezuur (C18:1) 
en linolzuur (C18:2).
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van landbouwgrond en het gebruik van kunstmest. Voor een grondige 
analyse over dit onderwerp verwijzen we naar recente rapporten over 
dit onderwerp.[20–21] 

Er bestaan gelukkig ook diverse soorten niet–eetbare vetten en oliën. 
Een uitgebreide beschrijving van de verschillende niet–eetbare grond-
stoffen, waaronder de uitdagingen in de teelt, winning en conversie 
van oliegewassen tot biodiesel werd gemaakt door Atabani et al.[13] 
Veelbelovende resultaten zijn bijvoorbeeld verkregen bij de productie 
van plantaardige oliën uit algen.[22–25] De olieopbrengsten uit microal-
gen zijn tot 25 keer hoger dan de meer traditionele gewassen zoals 
palmolie.[23] Echter zijn er ook nog veel uitdagingen in de teelt en het 
oogsten van microalgen om de kosten en het energieverbruik te beper-
ken.[13, 24] Ook de hoeveelheid afvalwater (die stikstof en fosfor bevat) is 
aanzienlijk en zou moeten worden hergebruikt om negatieve gevolgen 
voor het milieu te voorkomen.[26] Als het mogelijk is om de investerings-
kosten en de productiekosten van microalgen te verlagen heeft dit pro-
ces zeker potentie als alternatief voor de fossiele brandstoffen.

Afvalvetten en –oliën kunnen ook dienen als (goedkoop) alternatief 
voor fossiele brandstoffen. Bijvoorbeeld yellow grease (oa. gebruikt fri-
tuurvet), trap grease (vetten en oliën verzameld door rioolwater zuive-
ringsinstallaties), soap stock (basis van zeep) of dierlijke vetten kunnen 
een bron zijn voor biodiesel productie.[27–33] Dergelijke alternatieven zijn 
echter slechts deel–oplossingen vanwege hun beperkte beschikbaar-
heid. Zo zou theoretisch gezien maximaal 1 % van de wereldwijde ener-
gievraag voor transport vervangen kunnen worden door biobrandstof-
fen op basis van gerecycleerde frituurolie.[34]

Vetten en oliën moeten in het algemeen niet beschouwd worden als 
een volwaardig alternatief voor fossiele brandstoffen door de beperkte 
beschikbaarheid. Zij kunnen uiteraard wel bijdragen in de overgang 
van fossiele naar hernieuwbare energie, welke naar verwachting ook 
uit meerdere energiebronnen zal bestaan. De beschikbare hoeveelheid 
vetten en oliën is echter wel significant voor de productie van (bulk) 
chemicaliën. Het is om die reden van essentieel belang om onderzoek 
naar duurzame alternatieven niet uitsluitend te richten op de productie 
van brandstoffen maar om daarnaast ook te zoeken naar mogelijke toe-
passingen voor de productie van chemicaliën.

Het opwaarderen van vetten en oliën
Zoals eerder vermeld is het directe gebruik van vetten en oliën in ver-
brandingsmotoren niet wenselijk. Er zijn daarom verschillende proces-
sen ontwikkeld om vetten en oliën om te zetten in hernieuwbare diesel 
die toe te passen is in de huidige verbrandingsmotoren en infrastruc-
tuur. Deze processen kunnen worden onderverdeeld in drie  
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categorieën: kraken, verestering en katalytische deoxygenering (figuur 
5), zoals beschreven in het review van Murzin et al.[18, 35]

De katalytische (hydro)deoxygenering van vetten en oliën resulteert 
in (zuurstof–vrije) alkanen en alkenen die volledig geschikt zijn voor 
het gebruik in de huidige dieselmotoren en zelfs een hoger cetaangetal 
hebben dan de fossiele brandstoffen.[35–36] De katalytische deoxygene-
ring van vetten en oliën kan ook worden gebruikt voor de productie 
van bulkchemicaliën zoals bijvoorbeeld lineaire alfa–olefinen (LAO).[37] 
Dit maakt de katalytische deoxygenering een interessant proces voor 
de productie van zowel brandstoffen als chemicaliën.

De industriële relevantie van de deoxygenering wordt onder andere 
getoond door het gecommercialiseerde hydrodeoxygeneringproces 
van Neste Oil voor de productie van NExBTL.[36] Een nadeel van dit 
proces is het gebruik van grote hoeveelheden waterstof (H2) dat mo-
menteel nog voornamelijk verkregen worden uit niet–hernieuwbare 
grondstoffen zoals aardgas. Het gebruik van H2 resulteert bovendien in 
de hydrogenering van onverzadigde producten die waardevol zijn voor 
de productie van hoogwaardige chemicaliën. Ook de hydrogenering 
van glycerol verbruikt veel hoogwaardig H2 onder de vorming van laag-
waardig propaangas. 

Vetzuren en vetzuuresters kunnen ook H2–vrij gedeoxygeneerd wor-
den, zoals beschreven in de review van Santillan–Jimenez et al.[38]. In dit 
proefschrift wordt de heterogeen gekatalyseerde deoxygenering van 
vetten, oliën en derivaten beschreven als duurzaam alternatief voor de 
productie van brandstoffen en chemicaliën. 

Vaak worden modelverbindingen gebruikt om de deoxygenering 
van vetten en oliën te onderzoeken aangezien dit de productanalyse 
minder complex maakt. Hoewel wordt verondersteld dat modelver-
bindingen vergelijkbaar reageren als de componenten in realistische 
grondstoffen zoals bijvoorbeeld koolzaadolie, is het belangrijk om de 
geschiktheid van de gebruikte modelverbindingen te onderzoeken. In 
hoofdstuk 2 wordt aangetoond dat model verbindingen niet onder alle 

[ FIGUUR 5 ] De 
processen om 
vetten en oliën te 
opwaarderen. vetten en oliën

kraken

verestering

deoxygenering

C1 - C14 alkanen / alkenen

C12 - C18 n-alkanen

alkyl esters (bio-diesel)

[  O V E R Z I C H T  V A N  R E S U L T A T E N  ] 
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condities bruikbare resultaten opleveren. Vetzuren, vetzuuresters, en 
triglyceriden blijken geschikte modelverbindingen voor de deoxygene-
ring in H2 atmosfeer. Echter, het gebruik van vetzuren en vetzuuresters 
onder inert condities (o.a. stikstof atmosfeer) is niet aanbevolen van-
wege grote verschillen in activiteit en selectiviteit in vergelijking met de 
deoxygenering van triglyceriden en realistische grondstoffen. Om die 
reden is het raadzaam om onder inerte condities te kiezen voor trigly-
ceriden als model verbindingen.

De invloed van de reactiecondities, katalysator en drager op de ver-
schillende deoxygenering reactiepaden is ook besproken in hoofdstuk 
2. Het soort katalysator heeft bijvoorbeeld een groot effect op de 
deoxygenering route; groep 10 metaal katalysatoren zijn actief in de de-
carboxylering en decarbonylering terwijl metaal–sulfide katalysatoren 
voornamelijk selectief zijn in hydrodeoxygeneringsreacties (schema 2).

Een voorbeeld van de verschillen in activiteit en productselectiviteit 
die optreden onder H2–vrije deoxygenering wordt besproken in hoofd-
stuk 3. Hier wordt aangetoond dat de selectiviteit afhankelijk is van de 
reactantconcentratie bij het deoxygeneren van stearinezuur over een 
Pd/γ–Al2O3 katalysator, met selectieve decarboxylering bij lage concen-
traties en decarbonylering en ketonisatie bij hogere concentraties van 
de reactant. In dit hoofdstuk wordt aangetoond dat deze afhankelijk-
heid wordt veroorzaakt door de vorming van stearinezuuranhydride 
als reactief tussenproduct. Dit fundamentele inzicht is van waarde bij 
bijvoorbeeld de ontwikkeling van een selectief productieproces voor 
paraffines of olefines. 

Het blijkt echter dat het gebruik van H2 noodzakelijk is om te voor-
komen dat de deoxygeneringselectiviteit daalt bij het gebruik van rea-
listische grondstoffen. In hoofdstuk 4 wordt namelijk aangetoond dat 
sterke inhibitie (remming) van de deoxygeneringsactiviteit plaatsvindt 
als onverzadigde reactanten of producten aanwezig zijn in het reactie-
mengsel. Deze inhibitie wordt veroorzaakt door sterke adsorptie via 
de C=C dubbele binding op het oppervlak van het actieve metaal (in dit 
geval palladium) (figuur 6). Deze effecten worden al waargenomen bij 
de toevoeging van kleine hoeveelheden van onverzadigde reactanten 
of producten aan het reactiemengsel. De mate van inhibitie bleek on-
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afhankelijk van het gebruikte dragermateriaal. De inhibitie bleek echter 
wel omkeerbaar door introductie van H2, wat resulteerde in hydroge-
nering van de onverzadigdheden. Dit geeft aan dat  koolvorming geen 
significante rol speelt bij de initiële inhibitie van de deoxygenering.

Het gebruik van H2 tijdens het deoxygeneringsproces wordt bij 
voorkeur vermeden omdat H2, zoals in de introductie vermeldt, nog 
voornamelijk wordt geproduceerd uit niet–hernieuwbare grondstoffen. 
In hoofdstuk 5 wordt een methode gepresenteerd waarbij verzadigde 
en onverzadigde triglyceriden in water bij hoge temperatuur en druk 
(hydrothermaal) worden gedeoxygeneerd over een Pd/C katalysator  
zonder toevoeging van H2. Hier wordt aangetoond dat H2 tijdens de 
reactie (in situ) wordt gevormd via de hydrolyse van triglyceriden en 
daaropvolgende reforming (aqueous phase reforming) van de waterige 
fase van glycerol (figuur 7). In dit hoofdstuk is aangetoond dat deze in 
situ gevormde H2 de deoxygeneringsactiviteit vergroot. Deze methode 
blijkt een effectieve manier om onverzadigde triglyceriden te deoxyge-
neren tot paraffines en olefines in een één–pots hydrothermale reactie.

Pd Pd Pd Pd
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[ FIGUUR 6 ] 
schematische 
voorstelling van de 
inhibitie tijdens H2–
vrije deoxygenering 
reacties.

[ FIGUUR 7 ]  
schematische 
voorstelling van 
de hydrothermale 
één–pots hydro-
lyse–deoxygen-
ering reactie van 
triglyceriden en 
vrije vetzuren
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Een mogelijk nadeel van het gebruik van edelmetalen zoals Pd (zoals 
beschreven in hoofdstuk 3, 4 en 5) is de schaarste aan deze metalen en 
dus de hoge kosten. Mogelijk alternatief is het gebruik van hydrodesul-
furiseringskatalysatoren aangezien deze minder duur zijn. Echter, deze 
katalysatoren vereisen een sulfideringsbehandeling die zou kunnen 
leiden tot zwaveluitloging met als gevolg deactivering van de katalysa-
tor en vervuiling van het product. In hoofdstuk 6 worden wolfraam en 
molybdeen gebaseerde carbidekatalysatoren beschreven en vergele-
ken als goedkoper alternatief voor palladium in de deoxygenering van 
vetzuren. De Mo2C en W2C–gebaseerde carbidekatalysatoren zijn veel-
belovend in de hydrodeoxygenering van oliezuur onder H2–atmosfeer. 
Verschillen in de stabiliteit en selectiviteit zijn hierbij toegeschreven aan 
verschillen in hydrogeneringsactiviteit (figuur 8). Hoewel de carbideka-
talysatoren zeker potentie tonen als katalysator voor de productie van 
brandstoffen en chemicaliën zijn beide katalysatoren alleen actief in 
aanwezigheid van H2. 

Gebaseerd op de resultaten in dit proefschrift kunnen we concluderen 
dat de aanwezigheid van H2 essentieel lijkt voor een hoge activiteit en 
selectiviteit in de deoxygenering van vetten en oliën en gerelateerde 
modelverbindingen. Hoewel verzadigde vetzuren en triglyceriden vaak 
nog wel selectief omgezet kunnen worden naar alkanen onder inerte 
atmosfeer, blijkt de aanwezigheid van onverzadigdheden in reactanten 
of  producten de deoxygeneringsactiviteit enorm te remmen. De rever-
sibiliteit van deze inhibitie in H2 atmosfeer bevestigt de noodzaak voor 
het gebruik van H2 om de activiteit te behouden tijdens de katalytische 
deoxygenering van (onverzadigde) vetten en oliën. 

In dit proefschrift worden twee methodes beschreven met potentie 
in de deoxygenering van vetten en oliën. De eerste methode is de één–
pots hydrothermale deoxygenering van triglyceriden over Pd/C. De in 
situ H2 generatie via conversie van glycerol (reforming) voorkomt de 
inhibitie door onverzadigde reactanten en producten. Bovendien zou 
het gebruik van extra glycerol een duurzame H2 bron kunnen zijn om de 

[ FIGUUR 8 ] 
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deoxygenering activiteit te verhogen en deactivering van de katalysa-
tor te voorkomen.

De tweede methode beschrijft en vergelijkt de Mo2C en W2C geba-
seerde carbidekatalysatoren. Deze groep 6 metaalcarbiden blijken veel-
belovende katalysatoren voor de deoxygenering van onverzadigde vet-
zuren en zijn een goedkoper alternatief voor de groep 10 edelmetalen. 
Het verschil in hydrogenering activiteit van de katalysatoren verandert 
ook de potentiële toepassingen; waar W2C het meest geschikt blijkt 
voor de productie van olefines zal Mo2C voornamelijk gebruikt kunnen 
worden voor de productie van paraffines. 

Verdere ontwikkeling en optimalisatie van de gepresenteerde proces-
sen zijn noodzakelijk om te komen tot daadwerkelijke industriële toe-
passing. Hierbij moet niet worden vergeten dat de huidige petrochemi-
sche processen voor de productie van brandstoffen en chemicaliën ook 
ontwikkeld en geoptimaliseerd zijn gedurende vele decennia. 

Het bewustzijn van de industrie en de overheid dat het noodzakelijk 
is om duurzame alternatieven te ontwikkelingen op dit gebied resul-
teert hopelijk in verdere implementatie van duurzame processen voor 
de productie van brandstoffen en chemicaliën, niet alleen op basis van 
vetten en oliën maar ook vanuit diverse andere duurzame alternatie-
ven.
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AAS  atomic absorbance spectroscopy
AC  activated carbon
APR  aqueous phase reforming
ATR  attenuated total reflectance
BET  Brunauer–Emmett–Teller
BtL  biomass to liquid
C17unsat heptadecenes
C18unsat octadecenes
CHCL3 chloroform
CNF  carbon nanofibers
CNT  carbon nanotubes
D50  log-normal distribution mass  

 median diameter
DCO decarboxylation/decarbonylation
DO  deoxygenation
DTGS deuterated triglycine sulphate
FA  fatty acid
FAE  fatty acid ester
FAEE fatty acid ethyl ester
FAME fatty acid methyl ester
FFA  free fatty acid
FID  flame ionization detector
FT–IR fourier transform infrared  
GC  gas chromatography
GC–MS gas chromatography – mass 
  spectrometry
HAADF high-angle annular dark-field
HC’s  hydrocarbons
HDO hydrodeoxygenation
HDPE high density polyethylene
HDS  hydrodesulfurization
HPLC high–performance liquid 
  chromotography
ICP–MS inductively coupled plasma mass 
  spectrometry
ID   inner diameter

LAO  linear alfa olefin
LL  linoleic acid
LLN  linolenic acid
LLDPE linear low density polyethylene
MeOH methanol
MCM mesoporous molecular sieve
n-C17 heptadecane
n-C18 octadecane
NMR nuclear magnetic resonance
NREL  national renewable energy  

 laboratory
OA  oleic acid
OECD organization for economic  

 cooperation and development
OMA organized mesoporous alumina
oxy.  oxygenates
PTFE polytetrafluoroethylene
rpm  rate per minute
SA  stearic acid
SE  secondary electron
SEM scanning electron microscopy
STEM scanning transmission electron 
  microscopy
TEM transmission electron microscopy
TGA  thermogravimetric analysis
TMSH trimethyl sulfonium hydroxide
TOF  turnover frequency
TON  turnover number
UDGE unsaturated glycol difatty acid  

 ester
WGS water-gas-shift reaction
wt%  weight percentage
XPS  X-ray photoelectron spectroscopy
XRD  X-ray diffraction
ZSM–5 Zeolite Socony Mobil–5
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En dan is het volbracht: gepromoveerd. Wat een mooie, leerzame 
maar ook intensieve en soms zware tijd was het. Iets wat me zonder 
hulp nooit gelukt was. Zoals al aan het eind van elk hoofdstuk te zien 
is, zijn de verschillende hoofdstukken en bijhorende publicaties niet 
zonder hulp tot stand gekomen. Echter is dit niet het enige waarvoor 
ik mensen wil bedanken. De hulp van minder wetenschappelijke aard is 
namelijk net zo belangrijk geweest de afgelopen jaren. Gelukkig is dit 
dankwoord er, om hier uitgebreid op terug te komen. 

Dit dankwoord wil ik beginnen met het bedanken van Daan van Es, 
de co-promotor van dit proefschrift. Daan, zonder jouw onuitputtelijke 
positivisme en ideeën-generator weet ik niet of ik dit traject afgemaakt 
zou hebben. Na twee jaar zonder veel noemenswaardige resultaten 
bleef jij positief terwijl ik soms redelijk uit het veld geslagen was. En 
toen opeens kwam het en bleef het komen (zoals jij ook steeds voor-
speld had). En uiteindelijk kwam het zelfs tot een punt waarbij we 
dingen links moesten laten liggen aangezien er meer resultaten waren 
dan dat er tijd was om het uit te werken. Dat had ik twee jaar geleden 
niet durven dromen. Bedankt voor al je hulp hierin en voor de prettige, 
gezellige en bovenal erg goede begeleiding. 

Daarnaast wil ik mijn promotor Krijn de Jong bedanken voor de op-
bouwende meetings tijdens de afgelopen jaren. Omdat ik voornamelijk 
in Wageningen gestationeerd was spraken we elkaar wellicht minder 
vaak dan we zouden willen. Toch wist u elke meeting weer goed het 
overzicht te krijgen en behield het onderzoek de focus die het nodig 
had. Uw hulp bij de verschillende meetings en bij de totstandkoming 
van de publicaties bracht het geheel tot een hoger niveau, bedankt 
daarvoor. 

Er zijn twee collega’s die ik graag even apart wil bedanken: Rob Gos-
selink en Frits van der Klis. Rob, wat een top-idee was dat; na het stude-
ren ook samen promoveren op hetzelfde onderzoek. Jij in Utrecht, ik in 
Wageningen. Het heeft behalve twee gezamenlijke publicaties ook een 
nog sterkere vriendschap opgeleverd. Samen op het lab (wat zeker niet 
twee keer zo snel ging), het heen en weer rijden naar Wageningen, het 
toepen in de pauzes (wat mij heel wat euroknallers heeft gekost), de 
vele whiskey-avondjes als er weer een publicatie geaccepteerd was, de 
summerschool in Lyon, en zo kan ik nog wel even doorgaan. Tegelijker-
tijd was je een enorme steun en toeverlaat bij weer eens zo’n dag waar 
alles net niet loopt zoals je hoopt. Bedankt!
En dan Frits; tijdens het promotietraject hebben we moeten verhuizen 
van lab en twee keer van kantoor maar gelukkig eindigden we steeds 
weer bij elkaar. Al waren je uren voor dit onderzoek volgens mij al na 
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één jaar op, tot op het laatste moment ben je enorm betrokken gewe-
est bij het onderzoek. En behalve je hulp bij het onderzoek, werd het 
werken op kantoor altijd stukken leuker, en hervond ik door jou vaak 
mijn enthousiasme voor het labwerk, wat zeker niet mijn grootste 
hobby was (behalve als ik weer in Marijke mocht). En niet te vergeten 
de hilarische momenten buiten de muren van het Atrium, waarvan 
Glasgow toch wel het hoogtepunt was denk ik. Rob en Frits, bedankt 
voor al jullie hulp en de mooie tijd. Ik ben dan ook heel blij dat jullie mijn 
paranimfen willen zijn. 

Er zijn nog veel andere collega’s die het werken en ontspannen op en 
rondom de werkplek in Wageningen tot een succes gemaakt hebben. 
Niet alleen op kantoor, op het lab en in de pauzes mocht ik genieten 
van jullie goede gezelschap; ook de groepsuitjes, de WeDay-sportda-
gen, etentjes, borrels en BBQs waren altijd een succes. Natuurlijk zag ik 
de ene collega vaker dan de andere, maar kenmerkend vind ik wel de 
hechte groep waar ik mij vanaf het begin thuis heb gevoeld. Daarvoor 
wil ik jullie allemaal heel erg bedanken: Linda, Willem, Jan, Marinella, 
Guus, Wouter, Herman, Rutger, Remco, Rajeesh, Shanmugan, Frans, Ge-
rald, Maarten, Ralf, Arie, Ben, Carmen, Christiaan, Jacco, Karin, Martijn, 
Rianne, Richard en Rolf. 

Ook in Utrecht was het altijd prettig werken. Al was ik er enkel spora-
disch, toch voelde ik me ook hier onderdeel van de groep, mede door 
Joe, Daniël, Annelie, Fouad, Dimitrije, Elena, Carlo, Jovana, Ilona, Dilek, To-
mas, Wenhao, Fiona, Thomas, Arjan, Hendrik, Arjen, Anne Mette, Zoran, 
Ad en Marjan. Bedankt daarvoor. 
Dymph en Monique, bedankt voor het geregel rondom mijn promotie 
en werkplek in Utrecht. Door de ietwat vreemde constructie was dit 
wellicht soms wat lastiger dan gebruikelijk.
Harry, ook jou wil ik nog even extra bedanken voor je hulp in de afge-
lopen vier jaar. Als promotor van Rob ben je altijd erg betrokken gewe-
est bij het onderzoek, maar ook toen Rob klaar was bleef je erg geïn-
teresseerd en kon ik altijd bij je binnenlopen met vragen (later zelfs in 
Wageningen). En ook buiten het onderzoek waren natuurlijk de nodige 
mooie momenten op conferenties en bijvoorbeeld bij het oerend harde 
concert van Normaal. 

Ik wil hierbij ook CatchBio en de industriële partners bedanken die het 
project altijd van waardevolle industriële input hebben voorzien.  
Daarnaast wil ik de ondernemingsraad van AFSG bedanken voor de leu-
ke en leerzame afleiding van mijn dagelijkse bezigheden. Als je 5 dagen 
in de week met hetzelfde project bezig bent is het erg prettig om je 
aandacht soms even ergens anders op te kunnen richten. En al liepen 
de gemoederen soms hoog op, het was voor mij een fijne afleiding en 
leerzame tijd waar ik jullie – Simone, Cees, Judith, Herman, Seth, Phillipe, 
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Paul, Frank en Ellen – erg dankbaar voor ben. 
Ook wil ik wat mensen bedanken die ervoor hebben gezorgd dat ik 

mij in de avonden, weekenden en vakanties niet hoefde te vervelen. 
Neutronen plus aanhang – David, Esther, Goss, Hans, Maurits, Nik, Par-
cival, Thomas, Ilona, Marrith, Claire, Lieneke en Valeria – bedankt voor 
de vrimibo’s, whiskey/kaas/wijn/shoarma/stap-avonden, kerstdiners en 
wintersport. 
Sloerig – Moons, Jopie, Leon, Marcel, Reinko – bedankt voor de mooie 
en ontspannen avonden waar ik mijn tactische skills heb kunnen opvij-
zelen tijdens de ontelbare bordspellen, en voor de geniale vakanties 
van de afgelopen jaren; op naar ons tweede lustrum. 
Aurelius Kokomo – #1 tot 35 – bedankt dat ik door jullie nog twee onver-
getelijke jaren bij mijn studententijd mocht optellen. En jullie zijn nog 
lang niet van me af, echter voortaan wel als aurelumni. 
Jalal, al was ik nog zo moe, jij gaf me elke maandagavond weer genoeg 
positieve energie om de week door te komen. 

Bijna tot slot wil ik mijn broer en ouders bedanken. Richard, papa, 
mama, bedankt voor jullie interesse voor waar ik mee bezig was. Al be-
grepen jullie er natuurlijk nooit onwijs veel van, jullie enthousiasme was 
er niet minder om. En pap en mam, heel erg bedankt voor de onvoor-
waardelijke liefde, vertrouwen en de steun (moreel en materieël) die 
jullie me gaven waardoor ik altijd kon doen wat ik wilde.

En tenslotte: Mariette, van begin tot eind kon ik al mijn mooie en 
minder leuke momenten met jou delen waardoor ik er nooit alleen voor 
stond. En dankzij jou is dit boekje mooier geworden dan ik ooit voor 
mogelijk had gehouden. Bedankt voor alles!
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