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Over the past decades, impending oil shortages combined
with petroleum market instability have prompted a search for
a new source of both transportation fuels and bulk chemicals.
Renewable bio-based feedstocks such as sugars, grains, and
seeds are assumed to be capable of contributing to a signifi-
cant extent as fuel and bulk chemical sources.[1] However,
utilization of these new types of high-oxygen-content feeds as
either fuels or bulk chemical precursors is not trivial.
Triglyceride or fatty acid feeds have the potential to be used
as fuel because of their structural resemblance to diesel-type
hydrocarbons, but further processing is required to reduce
their high-oxygen content and related acidity.[2] This goal is
typically achieved by hydroprocessing, thus resulting in
deoxygenation (DO) of the triglyceride/fatty acid feed and
yielding either saturated hydrocarbons suitable for diesel fuel,
or linear olefins suitable for bulk chemical precursors.

Although extensive studies have been done on deoxyge-
nation of biomass-related feeds,[2, 3] catalyst research has so far
been limited to supported noble-metal catalysts known for
their hydrogenation activity and standard hydrodesulfuriza-
tion (HDS) catalysts. The use of HDS catalysts can be
problematic since catalyst deactivation resulting from sulfur
leaching will result in contamination of the product stream.[4]

The major drawback of noble-metal catalysts is their limited
availability. Herein we demonstrate the use of tungsten-based
catalysts for the deoxygenation of triglyceride-based feed-
stocks. Changes in a (pre)treatment procedure are shown to
control catalyst selectivity, thus allowing high yields of
unsaturated products even in the presence of hydrogen.

Deoxygenation of biomass-derived glyceride feeds can
occur by different pathways depending on reaction conditions
and the type of catalyst used. The different pathways for the
deoxygenation of fatty acids are given in Scheme 1. Decar-
bonylation and decarboxylation [DCO, Equations (1) and
(2)] yield hydrocarbon chains with one carbon atom less as

compared to the reactant. Decarbonylation yields olefins and
decarboxylation produces paraffins. Hydrodeoxygenation
[HDO, Equation (3)] results in hydrocarbons with the same
chain length as the starting compound.[3, 5]

Aiming to develop a catalyst that provides the means to
achieve better control over the various competing reactions in
the deoxygenation process, we have studied the deoxygena-
tion of several model compounds (stearic acid, methyl
stearate, and tristearin) over carbon-supported tungsten-
based catalysts.

Tungsten-based materials are known to be versatile
catalysts with various applications ranging from acid catalysis
by tungsten oxides[6] to hydrogenation by tungsten carbides.[7]

Carbon-supported (sulfided) tungsten oxide was reported to
be a potent catalyst in the HDS process.[8, 9] Bulk tungsten
monocarbide (WC) showed hydrodenitrogenation (HDN)
activities comparable to that of a commercial sulfided NiMo/
Al2O3 catalyst.[8] Although the performance of tungsten-
based catalysts in the HDS and HDN processes is promising,
so far these catalysts have not yet been able to achieve similar
success in deoxygenation reactions. As the electronic struc-
ture and reactivity of tungsten-based catalysts is highly
susceptible to minor phase changes,[10] controlling these
phase transitions is likely to be an essential part of tung-
sten-based catalyst design.[11–13]

To facilitate synthetic control over the tungsten phase, all
catalysts in our work were supported on carbon and prepared
by carbothermal reduction.[14] Carbon nanofibers (CNFs)
were used as the support. CNFs are eminently suitable for
such a purpose because of their high surface area and
mesoporosity.[15, 16] Several W-oxide- and W-carbide-based
deoxygenation catalysts were prepared by incipient wetness
impregnation of the CNF support with aqueous ammonium
metatungstate. Next, a heat treatment under an inert atmos-
phere was applied at temperatures ranging from 600 to
1000 8C to obtain the desired tungsten phase. Characteristics
of the catalysts used in this work are summarized in Table 1
and discussed below.

Scheme 1. Pathways for the deoxygenation of fatty acids.
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The XRD results shown in Figure S1 and Table S1 of the
Supporting Information indicate that tungsten trioxide for-
mation starts at 600 8C, after which partial reduction and
carburization of the WO3 crystallites by the CNF support
occurs at 700–1000 8C. The tungsten carbide phase becomes
dominant at 900 8C and eventually phase-pure supported W2C
is formed at 1000 8C. This reduction/carburization pathway is
consistent with previous studies on the carbothermal reduc-
tion of tungsten oxide by carbon supports under an inert
atmosphere.[17–19] XRD and TEM data indicate that the
average crystallite size was approximately 4 nm for all
samples. Typical TEM images for supported tungsten oxide
(W-600) and supported tungsten carbide (W-1000) are shown
in Figure S2 of the Supporting Information. With increasing
heat treatment temperature, an increase in particle size is
typically expected because of sintering effects, but this is not
observed in this case. It appears that the sintering of tungsten
oxide crystallites is negated by the break-up of larger
crystallites by partial reduction and subsequent carburization
in a competing process.

The samples were further analyzed with Raman spectros-
copy (see Figure S3 in the Supporting Information). The
presence of various tungsten oxides in the W-600 and W-700
catalysts was observed, and was in agreement with the XRD
results shown above. Also, the near constant ratio of the D,G
peaks at 1340 and 1570 cm�1 show that the graphitic structure
of the CNF was retained even under carburizing conditions
(W-900 and W-1000).

The tungsten-based catalysts were initially tested for the
deoxygenation of stearic acid (Figure 1). The deoxygenation
product yields (n-C17 and n-C18) are plotted together with
other products formed in side reactions such as cracking and
formation of oxygenates, which are known to occur under
these reaction conditions.[3] A more detailed overview of the
product selectivities can be found in Table S2 and Figure S4 in
the Supporting Information. Bare CNFs have a negligible
deoxygenation yield (< 5 %). The tungsten-oxide-based cata-
lysts (W-600, W-700) show high selectivity for n-C17 hydro-
carbons, which are formed by DCO (Scheme 1). The tung-
sten-carbide-based catalysts (W-900 and W-1000) are highly
selective for n-C18 hydrocarbons, which are formed by the
HDO mechanism (Scheme 1). The W-800 catalyst, containing
both tungsten oxide and tungsten carbide phases, shows
comparable n-C17 and n-C18 hydrocarbon selectivity. The
selectivity of the catalysts in the deoxygenation of stearic acid

appears closely correlated to the dominant tungsten phase
present. This correlation was further confirmed in experi-
ments with bulk WO3 and W2C catalysts (see Table S3 in the
Supporting Information), where similar trends in selectivity
were observed, that is, WO3 is selective for n-C17 products
and W2C is selective for n-C18 products.

The versatility of the CNF-supported tungsten catalysts is
illustrated by recycle tests of the catalysts (see Figure S5 in the
Supporting Information). When the spent W-600, selective for
DCO, was regenerated at 1000 8C (forming W2C phase) and
retested, a full switch in product selectivity to HDO was
observed. The spent catalyst from this second experiment
could again be regenerated (forming WO3) to revert to the
original W-600-product selectivity. This series of experiments
shows that catalyst selectivity can be varied as desired upon
heat treatment. Reusability tests (see Table S5 in the Sup-
porting Information) without intermediate switching of the
tungsten phase show a slight loss in activity for the W-600
catalyst resulting from sintering of the active phase, whereas
the W-1000 catalyst could be reused without loss of activity.

To gain more insight into the sequence of product
formation during the deoxygenation process, the evolution
of products over W-600 and W-1000 as a function of time was
investigated. The product yields are shown in Figure 2. For W-
600 (Figure 2A) a simultaneous evolution of heptadecane
(decarboxylation product) and heptadecene (decarbonylation
product) was observed, thus indicating that both reactions
occur in parallel. Initially the concentration of heptadecene is
higher than that of heptadecane, thereby indicating the
decarbonylation pathway is preferred. At longer reaction
times the heptadecene yield gradually decreases while
heptadecane becomes the main product. This can be
explained by hydrogenation of the unsaturated hydrocarbon
products occurring alongside the decarboxylation and decar-
bonylation processes. Trace amounts (< 2%) of the n-C18
hydrocarbon HDO products were also detected in the W-600-
catalyzed reaction (see also Table S2). For W-1000 (Fig-
ure 2B) a high selectivity toward the unsaturated HDO
product octadecene was initially observed, while the octade-
cane content was negligible. However, at long reaction times
octadecane is observed as the only n-C18 product, thus
pointing to a sequential reaction mechanism in which the
alkene is the initial reaction product, which is then hydro-

Table 1: Characteristics of tungsten/CNF-based catalysts.

Sample[a] T[a] [8C] Tungsten phase[b] Particle size
[nm][c]

BET
[m2 g�1]

W-600 600 WO3 3.8 144
W-700 700 WO3 + WOx

[e] 4.6 140
W-800 800 WOx

[e] + WO2 + W2C 4.4 135
W-900 900 WO2 + W2C 4.1 129
W-1000 1000 W2C 4.0 118
CNF 120 – – 180

[a] Heat treatment temperature. [b] From XRD. [c] Average from XRD
(from Scherrer equation) confirmed with TEM. [d] From N2 physisorp-
tion. [e] 2< x<3. Figure 1. Composition of the reaction mixture after the deoxygenation

of stearic acid by various tungsten-based catalysts. Bare CNFs are
included as a reference. Reaction conditions: T = 350 8C, p= 50 bar H2,
t = 5 h, mstearic acid = 2 g, mcat = 0.25 g, mdodecane = 36 g.
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genated in a slower second step. This is in accordance with
a mechanism previously proposed for the HDO of methyl-
dodecanoate to dodecane by NiMo/Al2O3, in which 1-
dodecene was observed as a primary product and hydro-
genation of the double bond was regarded as the rate-limiting
step.[5] It should be noted that small amounts (< 10%) of n-
C17 hydrocarbons were also obtained, thus indicating the
presence of surface WOx species formed by partial oxidation
of the tungsten carbide surface upon contact with air.[11–13]

The catalytic deoxygenation of stearic acid with W-1000
also revealed trace amounts (< 2%) of stearyl alcohol and
octadecanal in the product mixture. These products were not
observed in the W-600-catalyzed reaction. Based on this
observation we performed reactivity studies with these
potential intermediates under the reaction conditions using

both our tungsten-oxide- and tungsten-carbide-based cata-
lysts to gain more information on the role of these tungsten
phases in catalysis.

The results are shown in Scheme 2 and Table S4 in the
Supporting Information. We propose that acidic tungsten
oxide surface sites promote dehydration to 2 and decarbox-
ylation to 3, whereas the reported ability of tungsten carbide
sites to chemisorb hydrogen promotes the hydrodeoxygena-
tion process (4–8).[11, 20] The intermediates 4 and 7 do not
appear in the WO3/CNF-catalyzed deoxygenation of stearic
acid.

The tungsten-based catalysts were also tested for the
deoxygenation of other fat/oil model compounds, methyl-
stearate and tristearin. The results of these experiments are
compiled in Table 2. W-600 shows similar reactant conversion

levels for the three model compounds, that is, 40–45%. Since
DO selectivity is below 100%, it must be concluded that other
side reactions occur as well. As shown in Table S6 in the
Supporting Information, these side reactions can be attrib-
uted to cracking, which is known to occur under these
reaction conditions.[3] The tendency to form undesired side
products is significantly reduced for W-1000, and is in
accordance with the stearic acid deoxygenation results on
W-600 and W-1000 (Figure 2 and Table S2). Large differences
in HDO to DCO selectivities are once again observed for the
two tungsten-based catalysts. The W2C phase catalyzes the

HDO pathway whereas DCO
products are highly dominant for
the WO3 catalyst. The data in
Table 2 also show that W-600
mainly produces olefins, whereas
the W-1000 catalyst tends to yield
paraffins because of the high con-
version at the chosen reaction
times. The olefin products are
dominant at shorter reaction
times (results not shown), and is
similar to the results found for
stearic acid (Figure 2B). Finally,
a mixture of the fat/oil model

Figure 2. n-C17 and n-C18 hydrocarbon yields over time for W-600 (A)
and W-1000 (B): Heptadecane (red), heptadecene (blue), octadecane
(green), and octadecene (purple). Reaction conditions: T = 350 8C,
p =50 bar H2, mstearic acid = 2 g, mcat =0.25 g, mdodecane =36 g.

Scheme 2. Stearic acid conversion pathways catalyzed by tungsten oxide and tungsten carbide.

Table 2: The catalytic activity for the (hydro)deoxygenation of various
model compounds. Reaction conditions: T = 350 8C, p = 50 bar H2,
p = 5 h, preactant = 2 g, pcat = 0.25 g, pdodecane = 36 g.

Feed[a] Catalyst Conv. [%] DO Selectivity[b] HDO/DCO[c]

SA W-600 38 80 9:91
SA W-1000 81 83 85:15
MS W-600 42 60 11:89
MS W-1000 100 96 97:3
TS W-600 47 54 10:90
TS W-1000 100 90 86:14
MM W-600 45 59 12:88
MM W-1000 100 84 91:9

[a] SA = stearic acid; MS = methyl stearate; TS = tristearin; MM=Model
Mix (5% tristearin, 20% stearic acid, 5% methyl stearate). [b] Selectivity
for deoxygenation products. [c] Ratios of hydrodeoxygenation and
decarboxylation/decarbonylation products.
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compounds was also tested in a ratio comparable to vegetable
oils. The expected selectivities for both W-600 and W-1000
were obtained, that is, mainly DCO products for WO3/CNF
and HDO products for the W2C/CNF catalyst.

In summary, carbon-supported tungsten-based materials
are presented as a novel catalyst for the deoxygenation of
biomass-derived glyceride feeds. Supported tungsten oxides
were shown to be selective toward decarboxylation/decar-
bonylation products, whereas supported tungsten carbide was
selective towards hydrodeoxygenation products. In both cases
high yields of unsaturated hydrocarbons could be obtained
from a glyceride feed with saturated hydrocarbon chains, thus
allowing an upgrade of the feed to higher-value products,
even in the presence of H2.

Experimental Section
CNFs were prepared according to literature.[21] The support was then
impregnated using ammonium metatungstate (Aldrich) by pore
volume (0.7 mLg�1 determined by water uptake) impregnation and
dried under vacuum at 80 8C for 24 h to obtain a 15 wt% W.
Subsequently heat treatments were applied at different temperatures
(600–10008C) under N2 atmosphere based on the desired tungsten
phase for 3 h. The samples are denoted as W-x, where x is the
temperature.

N2-physisorption isotherms were recorded with a Micromeritics
Tristar 3000 at 77 K. The surface area was determined using the
Brunauer-Emmett-Teller (BET) theory.[22] X-ray powder diffraction
(XRD) patterns were obtained by a Bruker-AXS D2 Phaser powder
X-ray diffractometer using Co Ka1,2 with k = 1.79026. Measurements
were carried out between 10 and 10082q using a step size of 0.09 2q

and a scan speed of 1 s.
Raman spectroscopy was performed using a Kaiser Optical

Systems Inc. Raman Spectrometer equipped with a 532 nm laser.
Measurements were done at 50 mW with an exposure time of 7 s and
11 accumulations using Holograms 4.0 software.

TEM analysis was performed using a FEI TECNAI20F Trans-
mission.

Electron microscope operated at 200 keV. Catalytic experiments
were carried out in a 100 mL EZE Autoclave Engineer Batch reactor.
After loading of the reactor with 0.25 g catalyst, 2 g reactant, 1 g
tetradecane (internal standard) and 50 mL of dodecane as solvent, the
reactor was pressurized with 50 bar H2 and reaction was subsequently
run at 350 8C whilst stirring with 1000 rpm. The reaction was
quenched after the desired reaction time with an ice bath. Reaction
mixture work up was performed with a CHCl3/MeOH (2:1) mixture
that was heated to 40 8C to ensure complete dissolution of the stearic
acid. A sample was subsequently taken from the mixture and
methylated using trimethylsulfonium hydroxide for GC analysis.[23]
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[38] M. Sn�re, I. Kubičkov�, P. M�ki-Arvela, D. Chichova, K.

Eranen, D. Y. Murzin, Fuel 2008, 87, 933 – 945.

.Angewandte
Zuschriften

5196 www.angewandte.de � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2013, 125, 5193 –5196

http://dx.doi.org/10.1021/cr068360d
http://dx.doi.org/10.1021/cr068360d
http://dx.doi.org/10.1016/S0926-860X(99)00555-4
http://dx.doi.org/10.1021/ie060334i
http://dx.doi.org/10.1007/s11244-008-9159-z
http://dx.doi.org/10.1007/s11244-008-9159-z
http://dx.doi.org/10.1023/A:1019126708945
http://dx.doi.org/10.1126/science.181.4099.547
http://dx.doi.org/10.1016/S0926-860X(00)00605-0
http://dx.doi.org/10.1021/j100044a025
http://dx.doi.org/10.1021/j100044a025
http://dx.doi.org/10.1016/0038-1098(85)90532-0
http://dx.doi.org/10.1016/0038-1098(85)90532-0
http://dx.doi.org/10.1016/0920-5861(92)80181-L
http://dx.doi.org/10.1016/0920-5861(92)80181-L
http://dx.doi.org/10.1016/0021-9517(91)90094-K
http://dx.doi.org/10.1016/0021-9517(91)90131-M
http://dx.doi.org/10.1016/0021-9517(91)90131-M
http://dx.doi.org/10.1039/c0jm00492h
http://dx.doi.org/10.1081/CR-100101954
http://dx.doi.org/10.1016/0040-6031(95)02814-5
http://dx.doi.org/10.1016/0040-6031(95)02814-5
http://dx.doi.org/10.1016/0040-6031(96)02813-4
http://dx.doi.org/10.1016/0040-6031(96)02813-4
http://dx.doi.org/10.1021/es034964c
http://dx.doi.org/10.1021/es034964c
http://dx.doi.org/10.1002/adsc.201100217
http://dx.doi.org/10.1002/adsc.201100217
http://dx.doi.org/10.1021/jp0313472
http://dx.doi.org/10.1021/jp0313472
http://dx.doi.org/10.1021/ja01269a023
http://dx.doi.org/10.1021/ja01269a023
http://dx.doi.org/10.1016/0021-9517(84)90096-4
http://dx.doi.org/10.1016/0021-9517(84)90096-4
http://dx.doi.org/10.1016/0021-9517(84)90096-4
http://dx.doi.org/10.1016/0920-5861(95)00203-0
http://dx.doi.org/10.1021/jp074219c
http://dx.doi.org/10.1021/jp074219c
http://dx.doi.org/10.1021/jp983555d
http://dx.doi.org/10.1021/jp983555d
http://dx.doi.org/10.1016/0021-9517(85)90231-3
http://dx.doi.org/10.1016/0021-9517(85)90231-3
http://dx.doi.org/10.1016/j.carbon.2005.02.018
http://dx.doi.org/10.1002/ange.201106243
http://dx.doi.org/10.1002/ange.201106243
http://dx.doi.org/10.1002/anie.201106243
http://dx.doi.org/10.1039/dc9817200317
http://dx.doi.org/10.1039/dc9817200317
http://dx.doi.org/10.1016/S1387-1811(99)00205-X
http://dx.doi.org/10.1016/S1387-1811(99)00205-X
http://dx.doi.org/10.1021/ja302436q
http://dx.doi.org/10.1021/ja302436q
http://dx.doi.org/10.1016/j.cej.2007.03.064
http://dx.doi.org/10.1016/j.fuel.2007.06.006
http://www.angewandte.de

