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ABSTRACT: Group 6 (W, Mo) metal carbide catalysts are promising alternatives to hydrodesulfurization (NiMo, CoMo)
catalysts and group 10 (Pd) type catalysts in the deoxygenation of vegetable fats/oils. Herein, we report a comparison of carbon
nanofiber-supported W,C and Mo,C catalysts on activity, selectivity, and stability for the hydrodeoxygenation of oleic acid to
evaluate the catalytic potential for the upgrading of fat/oil feeds. W,C/CNF was more selective toward olefins, whereas Mo,C/
CNF was more selective toward paraffins. This was related to the hydrogenation activities of the respective metal carbides.
Mo,C/CNF showed higher activity and stability compared with W,C/CNEF.
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Bl INTRODUCTION

Fats and oils consist of triglycerides and free fatty acids (FFAs;
mainly present in nonedible or waste feedstocks) and are a
potential renewable feedstock for transportation fuels since the
hydrocarbon chains of these fats and oils are typically in the
diesel range. The use of nonedible resources is preferred as
feedstock to avoid diverting vegetable fats/oils from food
production to biodiesel production; this is generally known as
the food vs fuel debate.

Nonedible resources for vegetable oils are algae' and jatropha
oil” and waste fats and oils.” The relatively high oxygen content
and acidity of this feedstock compared with fossil fuels,
however, gives rise to several drawbacks as a fuel, such as
corrosive properties and higher viscosity. Deoxygenation (DO)
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—5S for
petroleum diesel.*

In addition, deoxygenation of vegetable fats and oils is an
interesting route to arrive at (higher value) chemicals by tuning
selectivity toward the production of olefins or alcohols.
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Vegetable fats and oils can thus be regarded as promising
renewable feedstocks for the production of both fuels and
chemicals.

Deoxygenation of triglycerides (in the presence of hydrogen)
occurs mainly via f-elimination with subsequent deoxygenation
of the intermediate fatty acids, as was comprehensively
described in our earlier work.® The deoxygenation can occur
via three different pathways: decarbonylation, decarboxylation,
and hydrodeoxygenation, as shown in Scheme 1. Mainly two
classes of catalysts are studied for the DO of vegetable fats/oils
and their model compounds: hydrodesulfurization (HDS)
catalysts (e.g., sulfided CoMo or NiMo oxides) and group 10
type catalysts.”*"'> HDS type catalysts are selective to
hydrodeoxygenation (HDO), and group 10 metal catalysts, in
particular Pd, are selective to decarbonylation or decarbox-
ylation (DCO).

The main disadvantage of using noble metals such as Pd is
their scarcity and, therefore, high costs. HDS type catalysts are
less expensive but require activation, that is, a sulfidation
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Scheme 1. Pathways for the Deoxygenation (DO) of Fatty Acids
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treatment. This might lead to sulfur leaching, which deactivates
the catalyst and results in sulfur contamination of the
products.">"*

Mo,C-"* and W,C-based'® catalysts have recently been
reported as promising materials for deoxygenation catalysts. A
direct comparison of the performance of these catalysts is,
however, difficult because the experimental data on these
studies are not obtained under identical conditions. Moreover,
the reports on W,C-based catalysts describe only the use of
saturated feeds. It is, however, necessary to investigate the
potential of the W,C/CNF (CNF = carbon nanofibers) catalyst
for unsaturated fatty acids, as well, because these acids comprise
the major part of the naturally abundant vegetable fat-/oil-
based feeds.

In this work, we report on 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 in deoxygenation activity,
selectivity, and stability of unsaturated fatty acids. Furthermore,
deoxygenation pathways are suggested by a study of the
reactivity of intermediate products observed during the
reaction. CNF is used as a support material because of its
high specific surface area and mesoporosity. Catalyst character-
ization is performed by N,-physisorption, X-ray diffraction
(XRD), and X-ray photoelectron spectroscopy (XPS).

B EXPERIMENTAL SECTION

Catalyst Synthesis. A 5 wt % Ni/SiO, growth catalyst was
prepared by homogeneous deposition precipitation as reported
earlier’” using 30 g of SiO, (Aerosol 300, Degussa), 7.9 g of
Ni(NO;), (Acros Organics), and 4.85 g of urea (Acros
Organics) at 90 °C for 18 hin 1.5 L of demineralized water. A §
g portion of Ni/SiO, was subsequently reduced at 700 °C
(ramp § °C/min in N,/H, flow) in a H,/N, flow for 2 h.
Fishbone type CNFs were obtained by flowing a CO/H,/N,
mixture (266/102/450 mL/min) at an overpressure of 3 bar
over this catalyst at 550 °C (ramp S °C/min in N,/H, 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
SiO,. The product was washed with deionized water between
the refluxing cycles. Subsequently, the fibers were treated with
0.4 L of boiling, concentrated HNO; (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 HNOj, treatment, as has been reported earlier.'® This
is encapsulated Ni and cannot be removed by a HNO;
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 filtrate was neutral.
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The CNF were dried under vacuum at 80 °C for 4 h prior to
impregnation. 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, determined
by water uptake) to arrive at a 15 wt % W loading. After
impregnation, the sample was kept under vacuum at 80 °C for
24 h. A heat treatment was subsequently applied for 3 h at 1000
°C (5 °C/min) under N, flow to yield W,C/CNF. Mo,C/CNF
was also prepared by pore volume impregnation using an
ammonium molybdate (>99%, Acros) solution to arrive at a 7.5
wt % Mo loading, followed by a heat treatment at 900 °C for 3
h under N, flow.

Catalyst Characterization. N,-physisorption isotherms
were recorded with a Micromeritics Tristar 3000 at 77 K.
Prior to performing the measurement, the samples were dried
for at least 16 h at 473 K in an N, flow. The surface area was
determined using the Brunauer—Emmett—Teller (BET)
theory.'” The total pore volume was defined as the single-
point pore volume at p/p, = 0.95.

XRD patterns were obtained with a Bruker-AXS D2 Phaser
powder X-ray diffractometer using Co Ka,, with 4 = 1.79026
A, operated at 30 kV, 10 mA. Measurements were carried out
between 10° and 100° 26 using a step size of 0.09° 260 and a
scan speed of 1 s/step.

Imaging of the sample was done through transmission
electron microscopy (TEM), performed using an FEI
TECNAI20F transmission electron microscope operated at
200 keV. The instrument is equipped with a Schottky field
emission gun and a twin objective lens. The magnification
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 performed using a JPS-9200 photoelectron spectrometer
(JEOL, Japan). Spectra were collected using Al Ka X-ray
radiation at 10 kV and 20 mA with an analyzer pass energy of
50 eV for wide scans and 10 eV for narrow 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 Engineer 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 SO0 mL
of dodecane (Acros, 99.9%) as solvent. Subsequently, the
reactor was pressurized with hydrogen (S0 bar at reaction
temperature) and heated to 350 °C (S °C/min). The reaction
mixture was stirred with an overhead mechanical stirrer during
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Figure 1. XRD diffractogram overview and zoom of CNF, W,C/CNF, and Mo,C/CNF. Diffraction lines are given for graphitic carbon (@), XO,

(M), and X,C (A), with X = W, Mo.
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Figure 2. XPS spectra of (a) Mo,C/CNF and (b) W,C/CNF, stored
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the reaction: 600 rpm during heating and 1000 rpm during
reaction. Sampling was performed during the catalytic experi-
ments via a preheated dip tube. The sampling procedure 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 CHCl;/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 trimethylsul-
fonium hydroxide (TMSH, purum, x0.25 M in methanol,
Aldrich), an in situ esterification reagent to derivatize carboxylic
acids for accurate GLC quantification.

Analysis of low-molecular-weight (up to ~350 g mol™")
products was performed on a Theromo Focus gas chromato-
graph (GC) equipped with an automatic injection system
(AS3000 autosampler). The following parameters/settings
were used: injection volume, 1 uL; split ratio, 1:20; column
pressure, 150 kPa helium; GC column, Varian CP-FFAP (free
fatty acids), 25 m X 0.32 mm X 0.30 um; 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
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II gas chromatograph equipped with an automatic injection
system (HP7673 GC/SFC injector and controller). Injection
volume, 1 uL; split ratio, 1:20; column pressure, 150 kPa
Helium; GC column, Varian Select Biodiesel for Glycerides, 15
m X 0.32 mm X 045 pm; detector, FID at 280 °C; injection
port temperature, 380 °C. GC program: hold 1 min at 50 °C,
ramp 7 °C/min to 150 °C, ramp 4 °C/min to 240 °C, ramp 9
°C/min 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; split flow, 20 mL/min; Restek GC column
Rxi-5 ms, 30 m X 0.25 mm X 0.25 ym. GC program: hold 1
min at 50 °C, ramp 7 °C/min to 150 °C, ramp 4 °C/min to
340 °C, and hold at 340 °C for 20 min. The GC column is
connected to an Interscience TraceDSQ II XL quadrupole
mass-selective detector (EI, mass range 35—500 Da, 150 ms
sample speed).

B RESULTS

Catalyst Characterization. XRD analysis was performed
to analyze the catalyst phases. The diffractograms of the fresh
W,C/CNF and Mo,C/CNF catalysts after impregnation and
heat treatment and bare CNF are shown in Figure 1. Bare CNF
shows typical diffraction lines at 31° and 51° 26 representing
graphite like carbon. The introduction of Mo,C and W,C onto
the CNF results in peaks at 40, 44, and 46° 26, which
correspond to the (110), (002), and (111) carbide-phase
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diffraction lines.”® These occur at identical angles for Mo,C and
W, C because of their identical crystal structures and ionic radii.
The diffraction peak at 43° 26 indicates the presence of an
oxide phase, either WO, or MoO,, (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 photoelectron spectroscopy (XPS) is used for catalyst
characterization. Figure 2 shows the XPS spectra of the Mo,C/
CNF and W,C/CNF catalysts, which were stored under argon
after their preparation. Short contact time with air, however,
could not be excluded when preparing the samples for XPS.
Both samples display carbide peaks: at 228 and 231 eV for
Mo,C/CNF (Figure 2a) and at 32 and 34 eV for W,C/CNF
(Figure 2b).>! The existence of the carbide phase is thus also
confirmed at the (sub)surface of both catalysts.

For Mo,C/CNF, the peaks at 232 and 235 eV can be
attributed to MoO; (Figure 2a), whereas WO, peaks are visible
at 35 and 37 eV for the W,C/CNF sample (Figure 2b). The
appearance of these oxides can be explained by partial oxidation
of the carbide surface by contact with air. A comparison of the
oxide peak areas relative to the carbide peaks shows a higher
content of oxide species relative to the carbide contribution 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 1) and at

Table 1. Physicochemical Characteristics of the CNF-
Supported Metal Carbide Catalysts under Study

particle size

(nm) N, physisorption

BET surface area Pore volume

TEM XRD (m?/g) (ecm’/g)
CNF 190 0.40
Mo,C/CNFE N 4 120 0.34
W,C/CNE 5§ 4 111 0.30

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 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. Alter-
natively, the higher oxide content for the tungsten-based
catalyst 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 3), showing that
oxidation does occur for both catalysts. However, carbide peaks
are still present. W,C/CNF again shows a higher oxide content
relative to the carbide phase as compared with Mo,C/CNF,
confirming that this catalyst is more sensitive to oxidation.

The samples that were exposed to air for 24 h were also
characterized by XRD (not shown). For both catalysts, similar
diffractograms were obtained, as compared with the fresh
catalysts (Figure 1). 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 tungsten carbide.

Further physicochemical characterization of the carbide
catalysts was performed with XRD and TEM to determine
the metal particle size (Table 1). The metal particle size was
calculated via XRD using the Scherrer equation and particle size
histograms from TEM images.”> These calculations resulted in
an average particle size of 4—5 nm for both catalysts (Table 1).
As such, qualitative comparison between both metal carbide
catalysts can be made.

N, 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 1, both
the BET surface area and the pore volume decrease as a result
of impregnation because the metal 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 H, pressure. Identical reaction
conditions were used for both catalysts for comparison, and the
reaction temperature of 350 °C was chosen because W,C/CNF
was reported to be active at this reaction temperature.'® For a
comparison of the two carbide catalysts, it is also important to
exclude possible effects of pressure-differences due to gas
consumption during catalytic experiments. For this reason, a 50
bar H, was used during the catalytic experiments.

MoO;

Mo,C

WO,
4f7

4fs,

240 235 230

Binding Energy (eV)

225

45

40 35

Binding Energy (eV)

30 25

Figure 3. XPS spectra of (a) Mo,C/CNF and (b) W,C/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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Figure 4 shows the product yields for the W,C/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 (other HC’s) were already present in the
reaction mixture at t = 0 (when the reaction mixture reached
350 °C). Octadecenol isomers were observed with varying
positions of the C=C double bond, indicating that isomer-
ization of the C=C double bond occurs under the applied
conditions. Octadecanal, octadecenol, and octadecanol are
known intermediates for the hydrodeoxygenation of fatty
acids.®"*#'%** 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
4 by the initial increase, followed by a decrease at higher oleic
acid conversion. The decrease in esters 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 (C18
unsat) increased during the first 2 h of the reaction, after which
it decreased as a result of hydrogenation to octadecane
(C18:0), of which the amount increased up to 60 mol %
after S h of reaction time. The molar balance is stable over time
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(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 cis C—C double bond of
unsaturations.>* Furthermore, catalyst coking could also occur,
especially because unsaturations are reported to be prone to
coke reactions.*>*">” However, the sampling and workup
procedure could also affect the mass balance slightly.

Figure S shows that full conversion of oleic acid was already
attained at £ = 0.75 h over Mo,C/CNF. In addition, at t = 0,
only 50 mol % of the initial amount of oleic acid was left. The
high conversion at ¢ = 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). Simultaneously, the
formation of mainly stearic acid and alcohols also occurred
during the heating stage, which subsequently decreased again at
high conversion levels. Negligible ester formation was observed,
whereas the yield of other oxygenates (consisting of mainly
alcohols) was already 10 mol % at ¢ = 0. It should be noted that
the content of intermediate oxygenates was significantly lower
as compared with the reaction over W,C/CNF. The
unsaturated C18 content decreased rapidly, followed by the
formation of octadecane, which showed a stable product yield
around 80 mol % after t = 3 h.

dx.doi.org/10.1021/cs400744y | ACS Catal. 2013, 3, 2837—-2844
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Scheme 2. Fatty Acid Conversion Pathways, With Observed Intermediates, Catalysed by Tungsten and Molybdenum Carbide
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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 Mo,C/CNF is a more active
hydrogenation catalyst than W,C/CNF. In addition, Figures 4
and S show that the initial formation of hydrocarbon products,
that is, both saturated and unsaturated, was higher for Mo,C/
CNF than for W,C/CNF. The initial formation of stearic acid
(up to 50 mol %) over Mo,C/CNF indicates that the double
bond of oleic acid was hydrogenated before deoxygenation
occurred. This confirms the higher hydrogenating activity of
Mo,C. It should be noted that direct DO of oleic acid to
hydrocarbons, which has been proposed before, cannot be
excluded.®

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 2).'%**
This explains the observed formation of aldehydes and alcohols.
The unsaturated C18 alcohol can then be further hydrogenated
to a saturated alcohol; dehydrated to an alkene; and finally,
hydrogenated to a saturated hydrocarbon (Scheme 2). For
W,C/CNE, it has already been shown that the reaction yields
mainly the unsaturated hydrocarbon.">'® Significantly lower
amounts of unsaturated hydrocarbons and oxygenates were
observed for the Mo,C/CNF-catalyzed deoxygenation of oleic
acid, confirming its higher hydrogenation properties as
compared with W,C/CNF.

Higher molar balances (95—100%) were obtained for Mo,C/
CNF compared with W,C/CNF (85—90%). In addition, here,
the molar balance remained stable during the experiment. The
difference in molar balance is suggested to be related to the fast
hydrogenation of unsaturations over Mo,C/CNF, resulting in a
decreased concentration of reactive compounds, which are
known to be coke precursors.”**’ Comparable observations
were made by Berenblyum et al. for the decarbonylation of
stearic acid over Pd, Pt, Ni, and Cu supported on A1203.30 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 other hydrocarbon products (other HC'’s), which
mainly consists of DCO products, that is, heptadecane and
heptadecenes. This can be attributed to the presence of surface
WO, species in the case of W,C/CNF, as has been reported
previously.'® Similar catalytic behavior of the oxide can be
expected for the molybdenum-based catalyst. Mo,C/CNF
showed lower C17 product formation compared with W,C/
CNF (7 mol % vs 1S mol %), thereby confirming the higher
stability toward oxidation of this carbide, which was also
suggested by XPS results (Figures 2 and 3). Regarding the
DCO products, it was observed that Mo,C/CNF showed the
formation of only heptadecane, whereas a parallel evolution of
heptadecane and heptadecene was obtained for W,C/CNF,
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confirming again the higher hydrogenation activity of the
former.

A comparison of the catalytic activities and selectivities of the
metal carbide catalysts with the already studied metal sulfide
and group 10 catalysts is difficult because of the different
reaction conditions applied. However, the high DO selectivities,
at full conversion, obtained with W,C/CNF (89 mol %) and
Mo,C/CNF (90 mol %) are comparable to group 10 metal
catalysts for the DO of stearic acid, Pd/C (91 mol %),"* Ni/C
(81 mol %),"* Ni/H-f (98 mol %),*" and Ni—ZrO, (92 mol
%).'" In addition, the average productivity (calculated at 90 mol
% conversion of fatty acids) is an order of magnitude higher for
the metal carbides, that is, on the order of 1073 compared with
10™* mol DO product X mol metal ™" s™". 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 activity. However, these results
indicate that these metal carbide catalysts show promising
activities and productivities for the DO of fatty acid feeds at the
operated reaction conditions.

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 H, was performed using oleic acid as
reactant (run 1). The spent catalyst was then rinsed at ambient
conditions with CHCL;/MeOH (2:1) and reused in a catalytic
test (run 2). Thereafter, the spent catalyst of run 2 was rinsed at
ambient conditions with CHCl;/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 incomplete oleic acid conversion. This was done
because catalyst stability cannot be examined at full conversion
because a catalyst can deactivate but still show 100% conversion
after a second run.

The catalytic data of the W,C/CNF recycle and regeneration
tests are compiled in Table 2. It is shown that the conversion
drops from 70 to 48 mol % after 1 run, suggesting significant
deactivation. The regeneration 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
selectivity of 15% were still lower compared with those over
the fresh catalyst of 70 mol % conversion and 26% hydrocarbon
selectivity. The mass balance was similar for the three runs,
indicating that the occurrence of unwanted side reactions did
not increase for reactions with the reused and recarburized
catalyst.

dx.doi.org/10.1021/cs400744y | ACS Catal. 2013, 3, 2837—-2844
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Table 2. Recycle and Regeneration of W,C/CNF and Mo,C/
CNF“

W,C/CNF Mo,C/CNE
runl run2 run3 runl run2 run3
conversion (mol %) 70 48 52 82 73 67
intermediates selectivity (%)b 74 88 85 87 93 93
hydrocarbon selectivity (%) 26 12 15 13 7 7

“Reaction conditions: T = 350 °C, p = 50 bar H,, t = 1 h, meic aiq = 2
g My = 0.1 g Myggecane = 36 & bSelectivity to stearic acid, esters,
alcohols, and other oxygenates.

Note that in these studies, relatively low DO selectivities
(<30%) and high selectivities 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 W,C phase at 40, 44, and 46° 20 (Figure 6). A
clear increase in the peak at 43° 20 is visible after run 1,
corresponding to the formation of a WO, 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 shows the formation of an oxide phase and sintering
of these oxide particles during the reaction. Previous research
on the reusability of W,C/CNF for the DO of stearic acid also
showed the formation of oxide particles during the reaction but
did not result in significant deactivation of the catalyst.'® This
indicates that the formation 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.*”

A subsequent heat treatment at 1000 °C of the catalyst after
run 2 was shown to be effective to carburize the oxide species
and obtain mainly W,C/CNF (Figure 6). The average particle
size during this treatment also increased to ~8 nm. This

explains the lower conversion and DO selectivity of run 3
(Table 2). This third catalytic test subsequently again resulted
in the increase of the peak at 43° 26, indicative of a WO,
contribution.

Similar recycle tests were also performed for Mo,C/CNF.
The catalytic data for the different runs over the molybdenum-
based catalyst are presented in Table 2. A decrease in
conversion level from 82 to 73 mol % was observed going
from run 1 to run 2. Simultaneously, a decrease in the DO
selectivity was observed. Nevertheless, the decrease in activity is
significantly less pronounced for Mo,C/CNF as compared with
W,C/CNEF.

XRD diffraction patterns of the fresh, spent, and regenerated
catalyst show no significant changes for different catalytic tests
and a regeneration treatment (diffractogram comparable to
Mo,C/CNF in Figure 1); however, deactivation also occurred
for Mo,C/CNF, although no difference 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
Mo,C/CNF compared with W,C/CNF because the former
showed significantly faster hydrogenation of unsaturations in
the course of the reaction (Figure 4 and $).

Comparing Mo,C/CNF and W,C/CNEF, it can be concluded
that the carbide phase in the tungsten-based catalyst is more
prone to oxidation and sintering compared with the Mo,C
phase. Deactivation is also shown to be more severe for W,C/
CNF, which is attributed to the lower hydrogenation rate of
this catalyst.

As mentioned before, the recycle experiments were
performed at low DO selectivity and relatively high
concentrations of oxygenated intermediates. For that reason,
similar recycle tests were performed at 100 mol % conversion
for both catalysts (0.25 g of catalyst, S 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 catalyst phase and particle size upon catalyst recycling are
independent of the conversion level.

b.
[
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Regenerated

Run 2 /»\'\A
Run 1 /\\‘\4
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Figure 6. XRD diffractogram of W,C/CNF upon different recycle tests. Diffraction lines are given for graphitic carbon (@), WO, (M), and W,C

(A).
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B CONCLUSION

Metal carbide catalysts show promising catalytic properties for
the hydrodeoxygenation 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
vegetable fats/oils.

A study on the hydrodeoxygenation of oleic acid over W,C/
CNF and Mo,C/CNEF showed a difference in catalytic behavior
between the two carbide catalysts, which was related to the
differences in hydrogenation activity. Catalytic experiments
over W,C/CNF showed more olefinic products compared with
Mo,C/CNF, which resulted in a higher deactivation rate of the
tungsten based catalyst. This is attributed to the higher
hydrogenation rate over Mo,C/CNF, resulting in less olefins
and, thus, in a lower concentration of coke precursors. In
addition, W,C/CNF appeared more sensitive to oxidation
compared with Mo,C/CNF.

W,C/CNEF is shown to be more suitable for the production
of high-value olefinic products. Mo,C/CNF, on the other hand,
shows increased activity and catalyst stability in comparison
with W,C/CNF. A trade-off between activity and selectivity has
thus to be made regarding the production of olefinic products.
Mo,C/CNEF is the preferred catalyst when paraffins for fuels are
desired.
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