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The development of catalysts for simultaneous hydrodeoxygenation (HDO) and hydrodenitrogenation (HDN) is
relevant for the production of renewable fuels. In this work, the activity of CeO2-ZrO supported Pt, Co, PtCo, Cu,
PtCu, Ni, PtNi, Ru and RuNi catalysts was studied in the hydrotreatment of n-hexadecanamide at 300 °C and 80
bar Hs. The bimetallic catalysts differed from the corresponding monometallic catalysts in terms of activity and
selectivity. PtCu was less active than the monometallic Pt catalyst, as the addition of Cu suppressed the activity

for hydrogenolysis reactions. Pt and PtCo showed a similar activity but a remarkably different selectivity, with Pt
favoring n-hexadecane and PtCo favoring n-pentadecane. The RuNi and PtNi catalysts exhibited a higher ni-
trogen removal and an improved selectivity for n-pentadecane compared to the corresponding monometallic
catalysts, emphasizing the potential of catalysts containing Ni and a noble metal. Furthermore, the formation of
C32 compounds was limited on RuNi.

1. Introduction

Nitrogen-containing compounds, such as fatty amides, are present in
feedstocks that can be upgraded to renewable fuels via hydrotreating [1,
2]. These feedstocks include, e.g., animal fats and algal biocrudes [1,2].
Published research on simultaneous hydrodeoxygenation (HDO) and
hydrodenitrogenation (HDN) of molecules which include both oxygen
and nitrogen is, nevertheless, limited [3-8]. The hydrotreatment of
n-hexadecanamide (C16 amide) on Pt catalysts supported on different
metal oxides, and on various metals supported on ZrO,, was studied in
recent articles by Verkama et al. [7,8] The catalyst support had an
impact on the pathway selectivity for the initial conversion of the C16
amide to oxygen-containing and nitrogen-containing intermediate
products, and on the activity for the HDO of the oxygen containing in-
termediate products. The Pt/CeOy-ZrO;, catalyst exhibited a high ac-
tivity, particularly in HDO reactions, which was attributed to the weak
Lewis acid sites on the CeO,-ZrO4 support [7]. The active metal, in turn,
influenced the preference for condensation reactions and the C-C, C-O
and C-N bond cleavage routes in the formation of paraffins [8]. Pt and
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Ru, which favored the formation of the C16 and C15 n-paraffins,
respectively, were identified as promising active metals for the hydro-
treatment of the C16 amide [8]. The overall activity was, however,
limited by the activity for the HDN of the nitrogen-containing inter-
mediate products, and in the case of Pt, the formation of C32 conden-
sation products [3,7,8]. The activity of supported Pt and Ru catalysts has
additionally been widely demonstrated in, e.g., the HDO of vegetable
oils and fatty acids [9-12].

Bimetallic catalysts can exhibit an enhanced activity, selectivity and
stability compared to corresponding monometallic systems [13-25].
The formation of heteroatom bonds alters the electronic environment
and geometry of bimetallic surfaces compared to the monometallic
counterparts, which influences the adsorption strength and the adsorp-
tion mode of reactants and intermediates [13-15]. The catalytic prop-
erties of bimetallic particles can also be related to synergistic effects,
where both metals participate in the bonding with the reaction in-
termediates or transition states, or to bifunctional effects, where the
metals are responsible for different functions in the reaction mechanism
[14,15]. The structure of supported bimetallic particles can be complex,
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which makes the formulation of structure-activity relationships chal-
lenging [15].

Promising results have been reported for the activity of bimetallic
catalysts, such as PtNi, PtCo and RuNi, in HDO reactions [17-23,26] and
in the hydrogenation of nitriles and amides to amines [24,25,27,28]. For
example, Do et al. [18] studied the HDO of meta-cresol on y-Al,O3
supported Pt, Co, PtCo, Ni and PtNi catalysts. The bimetallic catalysts
showed a higher HDO activity and a different selectivity compared to
the corresponding monometallic catalysts, which resulted from an
enhanced hydrogenation activity and the formation of active sites for
the dehydration of alcohols [18]. Particularly, the reaction rate of PtCo
substantially exceeded the sum of the reaction rates of the monometallic
Pt and Co catalysts [18]. Li et al. [20] reported that a bimetallic RuN-
i/8i02-ZrO4 catalyst showed a high activity in the HDO of guaiacol,
which could be related to electron transfer from Ru to Ni promoting the
adsorption and activation of hydrogen and the reactant. Electronic in-
teractions between the active metals in bimetallic PdPt and PtNi cata-
lysts have also been suggested to improve the resistance to deactivation
via sulfur poisoning and coking, compared to corresponding mono-
metallic catalysts [13,23,29]. Considering the performance of mono-
metallic Pt and Ru catalysts in the hydrotreatment of the C16 amide [7,
8], and the activity of bimetallic Pt and Ru based catalysts in HDO re-
actions [17-23,26], it can be hypothesized that bimetallic Pt and Ru
based catalysts could exhibit a high activity and paraffin selectivity in
the hydrotreatment of fatty amides.

To our knowledge, the activity of reduced bimetallic catalysts has not
been previously studied for the HDO and HDN of fatty amides to n-
paraffins. Therefore, the purpose of this work was to assess bimetallic
effects in CeOy-ZrO; supported PtCu, PtCo, PtNi and RuNi catalysts in
the hydrotreatment of the C16 amide. The CeOy-ZrO, support was
chosen based on the results of a previous work by Verkama et al. [7]
Herein, we demonstrate the activity and paraffin selectivity of bimetallic
catalysts supported on CeO3-ZrOy in the hydrotreatment of primary
amides to n-paraffins. This work emphasizes the potential of bimetallic
catalysts for the simultaneous HDO and HDN of renewable feedstocks to
fuels.

2. Experimental
2.1. Materials

Cerium-zirconium oxide (CeO3-ZrO,) with 17 wt% CeO, (MEL
Chemicals, XZO 1289) was used as the catalyst support. The metal
precursors were platinum(IV) nitrate solution (15 wt% Pt) and ruthe-
nium(III) nitrosyl nitrate (31.78 wt% Ru) from Alfa Aesar, nickel(Il)
nitrate hexahydrate (99.999%) and copper(Il) nitrate trihydrate
(98.0-103%) from Aldrich, and cobalt(II) nitrate hexahydrate (>99%)
from Merck.

The following chemicals were used without further purification for
the reactor experiments and calibrations: n-hexadecanamide (>95%,
Tokyo Chemical Industry), 1-hexadecylamine (>95%, Tokyo Chemical
Industry), n-pentadecane (>99%, Aldrich), n-hexadecane (>99%, Sigma
Aldrich), n-hexadecanal (>97%, Tokyo Chemical Industry), 1-hexadeca-
nol (96%, Acros Organics), palmitic acid (>98%, Riedel de Haén), n-
pentadecanonitrile (>95%, Tokyo Chemical Industry), n-heptadecano-
nitrile (>95%, Tokyo Chemical Industry), decalin (decahydronaph-
thalene, cis + trans, 98%, Thermo Scientific), n-dodecane (>99%,
Merck) and 2-propanol (>99%, Riedel de Haén). The pyridine that was
used for acid site characterization was obtained from Sigma Aldrich
(anhydrous, 99.8%).

The helium (99.999%) and synthetic air (99.999%) that were used in
the pyridine FTIR measurements were from Linde. The hydrogen, ni-
trogen, helium, synthetic air, argon and oxygen that were used for the
reactor experiments, product analysis and for the other catalyst char-
acterization methods were of purity 99.999% and purchased from
Woikoski. The 2 vol% Hy/Ar (99.999%/,/99.999%), 5.2 vol% COy/He
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(99.999%/,/99.999%) and the 10 vol% CO/He (99.999%,/99.999%) gas
mixtures were likewise acquired from Woikoski.

2.2. Catalyst preparation

The CeO,-ZrO, support was sieved to a particle size of 0.25-0.42 mm
and calcined at 450 °C in ambient air in a static muffle furnace for 10 h
prior to impregnation. The catalysts were prepared by incipient wetness
impregnation, targeting metal loadings of 0.5 wt% for Pt and Ru, and
1.5 wt% for Cu, Co and Ni. The metals were co-impregnated in case of
the bimetallic catalysts. The metal precursor solutions were prepared
with Type 1 ultrapure water, with a volume that matched the pore
volume of the support. The impregnation solution was introduced
dropwise to the support, stirring vigorously between the additions. The
catalysts were aged at room temperature overnight and dried in an oven
for 5 h at 120 °C. The catalysts were calcined in a flow through calci-
nation oven under a 100 ml/min flow of synthetic air at 450 °C for 2 h,
using a 1 °C/min heating rate.

2.3. Catalyst characterization

The catalysts were characterized with N, physisorption, CO pulse
titration measurements, scanning transmission electron microscopy
(STEM), X-ray fluorescence (XRF), X-ray diffraction (XRD), hydrogen
temperature-programmed reduction (Hy-TPR), Fourier transform
infrared spectroscopy (FTIR), temperature programmed desorption of
CO2 (CO2-TPD) and X-ray photoelectron spectroscopy (XPS), as
described in detail in previous works by Verkama et al. [7,8] The
method descriptions are repeated below for clarity.

Isothermal Ny physisorption measurements were performed in a
Surfer equipment from Thermo Scientific. The analysis was conducted at
— 196 °C for 100 mg samples of the calcined catalysts, using liquid ni-
trogen as a coolant. Prior to the measurements, the samples were
degassed in vacuum at 350 °C for 180 min, using a 5 °C/min heating
rate, with the aim of removing moisture and other adsorbed compounds.
Dead volume calibrations were carried out with He for every measure-
ment. The specific surface area (Sggr, mz/g) of the samples was calcu-
lated from the adsorption isotherms with the Brunauer-Emmett-Teller
method [30], while the Barrett-Joyner-Halenda method [31] was used
to calculate the pore size distribution, mean pore diameter (dpore, means
nm) and pore volume (Vyore, cmS/g) from the desorption branch.

CO pulse titrations were carried out for 100 mg catalyst samples. The
measurements were done in an AMI-200R flow through equipment from
Altamira Instruments, which was connected to a Pfeiffer OmniStar
GSD320 mass spectrometer (MS). Prior to the titration, the samples were
dried at 200 °C in He for 120 min, reduced at 350 °C in 2 vol% H,/Ar for
60 min, cooled down to 30 °C and held in He for 60 min. Next, 30 pulses
of 2 vol% or 5 vol% CO/He (0.505 ml, 30 °C) were introduced to the
samples with 5-min intervals, while monitoring the composition of the
gas flow with the MS (m/z 28 for CO, 44 for CO2, and 18 for Hy0). The
carrier gas flow was maintained at 50 ml/min (STP) throughout the
measurement.

High angle annular dark-field (HAADF) STEM images were taken of
the calcined catalysts, using a JEOL JEM-2200FS aberration corrected
high resolution electron microscope operating at 200 kV acceleration
voltage. The microscope is coupled with an X-ray energy-dispersive
spectrometer (EDS) for elemental mapping analysis. For the micro-
scopy measurements, the samples were drop-casted with acetone on
copper grids coated with ultrathin carbon film.

The active metal loading was measured semi-quantitatively with
XRF, using a wavelength dispersive PANalytical Axios mAx equipment.
The measurements were conducted in He for approximately 250 mg
catalyst samples of the ground, calcined catalysts. For the measure-
ments, the loose powder samples were placed in Chemplex 1330-SE
sample cups covered with a 3.6 um mylar film. The data of the pow-
der XRF measurements is semi-quantitative due to matrix effects [32].
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The results can be used to compare the content of a given element be-
tween samples, but not necessarily the content of different elements.

XRD was used to study the crystallographic phases of ground samples
of the calcined catalysts. A PANalytical X'Pert PRO MPD Alpha-1 X-ray
diffractometer with Cu Kal radiation (45 kV, 40 mA) was used and the
measurements were performed for a 20 scanning range from 5° to 100°,
using a step size of 0.026°. The HighScore software was used to identify
the crystallographic phases of the samples (ICDD PDF-4 + 2023
database).

The reducibility of the catalysts was qualitatively studied with Hy-
TPR. The measurements were done in the AMI-200R equipment for 100
mg samples of the calcined catalysts. The samples were first heated from
room temperature to 200 °C in He flow with a heating rate of 10 °C/min
and held for 120 min. Afterwards, the samples were cooled down to
30 °Cin 50 ml/min He and flushed in Ar for 30 min. A flow of 2 vol% Hy/
Ar was then introduced to the samples, and the temperature was
elevated from 30 °C to 600 °C with a heating rate of 5 °C/min. The total
flowrate was maintained constant throughout the measurement (50 ml/
min STP). To monitor the Hy consumption, m/z 2 was followed with the
Pfeiffer OmniStar GSD320 MS. Additionally, m/z 4 (He), m/z 18 (H20),
m/z 28 (No/CO), m/z 32 (05) and m/z 40 (Ar) were followed.

Transmission FTIR measurements using pyridine as the probe
molecule were carried out to quantify the acidity of the catalysts. The
measurements were performed with a Thermo Scientific Nicolet iS10
spectrometer, which was equipped with an in-situ transmission FTIR cell
by Harrick Scientific Products Inc (customized from the HTC-3 model), a
liquid-Ny cooled Mercury-Cadmium-Telluride (MCT) detector and a
HeNe laser. The spectra range was 4000-650 cm™!, and the spectral
resolution was 0.24 cm ™', Approximately 25 mg samples of the calcined
catalysts were ground and pressed into self-supported pellets with a
diameter of 1.1 cm. The samples were heated to 90 °C in vacuum with a
heating rate of 5 °C/min, and maintained at 90 °C for 30 min. Then, the
temperature was elevated to 450 °C with a rate of 20 °C/min and kept at
450 °C for 60 min. Next, the temperature was lowered to 170 °C, where
it was held for 10 min, after of which the spectra of the clean samples
were collected. The samples were then saturated with pyridine for 10
min, using an atmospheric saturator, which was followed by evacuation
and a 15 min hold. The spectra that were used to quantify the acidity
were then collected. The background and the spectra of the clean sam-
ples were subtracted from the spectra of the pyridine-saturated samples,
and a stepwise linear baseline correction was carried out and the peak
areas were integrated using the Omnic 9.11 software. The data was
deconvoluted using OriginPro. Table S1 of the Supplementary Materials
displays the deconvolution details. The concentration of Lewis and
Brgnsted acid sites were estimated from the corresponding peak areas
and the sample weight, as outlined by Emeis [33].

The CO2-TPD measurements were conducted for the catalysts to
quantify their overall basicity. The measurements were done with the
AMI-200R equipment. The sample amount was 100 mg. The samples
were dried in He for 2 h at 180 °C, using a heating rate of 10 °C/min.
Then, the samples were reduced for 2 h at 350 °C in 2 vol% Hy/Ar. After
the reduction, the samples were cooled down in He to 50 °C and further
held for 30 min. Next, a 0.52 vol% CO,/He flow was directed to the
samples at 50 °C and maintained for 60 min, after of which the samples
were flushed in He for 60 min. Then, the samples were heated to 800 °C
in He with a heating rate of 10 °C/min, which was followed by an
isothermal hold at 800 °C for 30 min before cooling down. A 50 ml/min
(STP) gas flow was maintained throughout the entire measurement. A
one-step calibration was carried out for the m/z 44 signal of the Pfeiffer
OmniStar GSD320 MS to quantify the amount of desorbed CO». The data
was deconvoluted using OriginPro. Table S2 of the Supplementary
Materials shows the deconvolution details.

The chemical state of the catalyst surface was studied by XPS. Before
the measurements, the samples were reduced ex-situ in 2 vol% Hj at
350 °C for 60 min. The samples were transferred to the equipment
exposed to atmosphere. The measurements were performed with a
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Kratos AXIS Ultra DLD X-ray photoelectron spectrometer using a mon-
ochromated Alg, X-ray source (1486.7 eV) run at 100 W, as described
previously [7]. For the survey spectra, a pass energy of 80 eV and a step
size of 1.0 eV were used, while a pass energy of 20 eV and a step size of
0.1 eV were used for the high-resolution spectra. Photoelectrons were
collected at a 90° take-off angle under ultra-high vacuum conditions,
with a base pressure below 1 x 10~° Torr. The diameter of the beam spot
from the X-ray was 1 mm, and the area of analysis was 300 pm x 700 pm.
Both survey and high-resolution spectra were collected from three
different spots the samples. The spectra were charge-corrected relative
to the position of C-C bonding of carbon at 284.8 eV.

The C 1s spectra were fitted with four Gaussian components ac-
cording to standard tabulated chemical shifts, with peak positions at
284.8 eV (C-C), 286.5 eV (C-0), 287.8 eV (C=0), and 288.9 eV
(0O-C=0). The Zr 3d spectra were fitted with two doublets, with the 3ds,
2 peaks located at 181.8 eV and 183.0 eV. The lower binding energy
component corresponds to ZrO,, while the higher binding energy
component most likely is related to a mixed oxide state with a slightly
lower electron density surrounding the Zr ions. For the Ce 3d spectra, a
fitting scheme similar to that of Béche et al. [34] was used to differen-
tiate between Ce(III) and Ce(IV) oxides. The O 1s spectra was decon-
voluted using three Gaussian components, related to lattice oxygen,
surface hydroxyls (+1.5 eV) and to oxygen bound to organic contami-
nants (+2.75 eV).

The Pt 4f spectra were fitted using five doublets, for metallic Pt(0), Pt
(D), Pt(ID), Pt(IV), and for a mixed state located between Pt(I) and Pt(II),
with binding energies for the Pt 4f;,» component located at approxi-
mately 71.0 eV, 72.2 eV, 73.5 eV, 74.5 eV, and 72.7 eV, respectively.
The Ru 3d components were deconvoluted together with the C 1s
components. Two doublets with the 3ds/» energies at 279.8 eV and
280.9 eV were used for Ru(0) and Ru(IV), respectively. The Ni 2p spectra
were deconvoluted using three components, with the 2p3/5 peaks at
energies of 852.8 eV, 853.9 eV, and 856.6 eV, attributed to Ni(0), Ni(II)
and Ni(III), respectively. Each main peak was coupled to a corre-
sponding satellite peak, with a fixed area ratio and energy difference
compared to the main peak. The Co 2p spectra were fitted with multiple
peaks as outlined by Biesinger et al. [35]. The sharp peak at approxi-
mately 932.1 eV of the Cu 2p3, spectra was attributed to Cu(I), but due
to the similarity in binding energy, the presence of metallic Cu(0) cannot
be entirely excluded. A broadening of the peak and a satellite at around
942 eV, associated with Cu(Il), was also present.

2.4. Catalytic activity tests and product analysis

The catalytic activity tests were carried out in a 100 ml Hastelloy
high-pressure batch reactor by Parr Instrument Company, using n-hex-
adecanamide (100 ppm N) as a model compound and decalin as a sol-
vent (30 ml). Before the activity tests, the catalysts (20 mg) were first
dried at 180 °C in 10 bar N5 for 60 min, and reduced at 350 °C in 20 bar
Hy for 60 min. The reactions were done at 300 °C and 80 bar Hj, as
described in a previous work by Verkama et al. [7] Reaction times be-
tween 15 and 300 min were studied, and the 60 min experiments were
used as a basis for the activity comparison. For the most active catalysts,
the reactions were stopped after the total paraffin yield exceeded 80%
(90 min for RuNi and 180 min for PtNi). The experiments with different
reaction times were visualized with respect to the batch residence time
(T, 8cath/8amide), as defined in Eq. (1), in order to account for variations
in the catalyst amount and model compound concentration.

= Mot &
mp

Here, mc,; is the mass of catalyst (g), t is the reaction time (h) and my
is the mass of reactant at the start of the reaction (g).

The reaction products were quantified using gas chromatography
with flame ionization detection (GC-FID) and the total nitrogen content
was measured with a total nitrogen content analyzer [3,7]. The reactant
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conversion (Xa, %), product yields (Yp, %) and oxygen removal
(O-removal, %) were derived from the GC-FID analysis results, while the
nitrogen removal (N-removal, %) was calculated from the total nitrogen
content analysis, as described previously [3,7].

3. Results and discussion
3.1. Catalyst characterization

The target metal loading and semi-quantitative metal loading from
XRF measurements, the specific surface area, pore volume and mean
pore diameter from Ny physisorption measurements, and the CO
adsorption capacity from CO pulse titration measurements are presented
in Table 1 for the catalysts. Table 1 additionally contains the desorbed
amount of CO5 from CO»-TPD measurements, which is used as a measure
of the total basicity, and the amount of pyridine adsorbed on Brgnsted
acid sites (BAS) and Lewis acid sites (LAS) from the pyridine FTIR
measurements.

The semi-quantitative elemental analysis indicated that the metal
content of the bimetallic catalysts was comparable to the sum of the
metal contents of the corresponding monometallic catalysts (Table 1).
The specific surface area (78-88 mz/g), pore volume (0.17-0.21 cms/g)
and mean pore size (7.8-8.5 nm) of the catalysts were similar. The X-ray
diffractograms of the calcined catalysts only contained reflections
characteristic for tetragonal Ce;3ZrggyO2 (ICDD 04-026-5667), which
may suggest that the metals were well dispersed before the reduction
(Fig. S1, Supplementary Materials) [36].

The Lewis acid site concentration of the catalysts was higher
compared to the bare CeO,-ZrO, support, except in the case of Pt and Ru
(Table 1). Particularly the presence of Ni and Cu increased the Lewis
acid site concentration. Fig. S2 of the Supplementary Materials displays
the FTIR spectra of the pyridine saturated catalysts. No major shifts were
observed for the location of the vibration bands characteristic for pyri-
dine adsorbed on Lewis acid sites (~1442 cm ') which indicates that

Table 1
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the Lewis acid site strength of the catalysts was similar (Table S1, Sup-
plementary Materials). Brgnsted acid sites were only detected on the Ni-
containing catalysts (15-30 umol/g). The weak Lewis acid sites on the
CeO2-ZrO, support catalyze the initial conversion of primary amides via
bimolecular deammoniation, promote the conversion of primary amides
via hemiaminal routes, and enhance the activity for HDO of the oxygen-
containing intermediate products in the reaction network, as elaborated
previously by Verkama et al. [7].

The studied catalysts exhibited a higher concentration of basic sites
than the CeO3-ZrO, support (Table 1). The CO, desorption profiles are
presented in Fig. 1. The CO,-TPD profiles of the samples contained a

=
N}

s

cat

-1

Desorbed CO, (umolg

Ce0,-Zr0,
600

300 400 500

T (°C)

100 200

Fig. 1. CO»-TPD profiles of the catalysts and the CeO,-ZrO, support. The
samples were reduced in H at 350 °C before the CO»-TPD measurements.

Catalyst properties based on characterization via semi-quantitative XRF, No-physisorption, CO pulse titration, CO.-TPD and pyridine FTIR measurements.

Catalyst Metal loading N,-Physisorption® Cco CO,-TPD and pyridine FTIR
adsorption”

Target (wt  Semi-quantitative XRF®  Spgr (m%/ Vpore (€m®/  dpore, mean (umol/ gear) Total basicity"™* BAS>® (umol/  LAS™° (umol/
%) (wt%) 8eat) cat) (nm) (umol/ gear) cat) cat)

CeO,- 87 0.19 8.2 130 60

ZrO,

Pt 0.5 wt% Pt 0.3 wt% Pt 85 0.21 7.9 16 160 40

Ru 0.5 wt% 1.0 wt% Ru 87 0.20 8.1 78 170 50
Ru

Ni 1.5 wt% 1.2 wt% Ni 78 0.19 8.1 8 200 15 140
Ni

Co 1.5 wt% 1.2 wt% Co 83 0.18 8.1 220 80
Co

Cu 1.5 wt% 1.1 wt% Cu 83 0.20 8.1 170 250
Cu

RuNi 0.5 wt% 0.8 wt% Ru 81 0.18 8.5 148 160 30 160
Ru 1.1 wt% Ni
1.5 wt%
Ni

PtNi 0.5wt% Pt 0.3 wt% Pt 81 0.17 8.3 60 210 15 130
1.5 wt% 1.2 wt% Ni
Ni

PtCo 0.5wt% Pt 0.3 wt% Pt 88 0.21 7.8 24 180 920
1.5 wt% 1.2 wt% Co
Co

PtCu 0.5wt% Pt 0.3 wt% Pt 83 0.20 7.9 15 160 220
1.5 wt% 1.2 wt% Cu
Cu

# The analysis was carried out for the calcined catalysts.

b The samples were reduced in Hy at 350 °C before the measurements.
¢ Amount of desorbed CO, from CO,-TPD.

4 pyridine adsorbed on Brgnsted acid sites (1550 cm™1).

¢ Pyridine adsorbed on Lewis acid sites (1442 em™ Y.



E. Verkama et al.

broad peak between approximately 70 and 450 °C, which is likely
related to the desorption of CO5 that had been adsorbed on Lewis basic
sites, Brgnsted basic sites and on Lewis acid-basic site pairs [37,38]. The
CO4, desorption peak of the catalysts could be deconvoluted using four
Gaussian components centered at 109-115 °C, 130-147 °C, 172-196 °C
and 253-276 °C (Table S2, Supplementary Materials). The COq
desorption peak of the bare CeO5-ZrO, support, in turn, was deconvo-
luted with three Gaussian components centered at 110 °C, 149 °C and
212 °C. Considering the higher desorption temperature, the CO,
adsorption was somewhat stronger on the metal catalysts than on the
bare support, but the adsorption strength also differed between the
catalysts (Table S2, Supplementary Materials). The PtNi, Ni and Co
catalysts had the highest concentration of the strong Lewis or Brgnsted
basic sites, or Lewis acid-basic site pairs. The CO, desorption peak of the
measurement on the RuNi catalyst was also shifted to a relatively high
temperature, as indicated by the location of the Gaussian components
that were used to deconvolute the data (113, 138, 193 and 269 °C).

The reducibility of the calcined catalysts was qualitatively studied
through Hy-TPR measurements. The Hy-TPR profiles of the bimetallic
catalysts deviated from the superposition of the Hy-TPR profiles of the
corresponding monometallic catalysts, as seen from Fig. 2. The noble
metals (Pt, Ru) enhanced the reducibility of the base metals (Co, Ni, Cu),
potentially due to hydrogen spillover or alloy formation [17,18,24].
Based on the Hy-TPR profiles of the bimetallic catalysts, it is possible
that the base metals delayed the reduction of the noble metals. This
might be related to interactions between the metals or an enhanced
interaction between the noble metal and the support [17,18]. Alterna-
tively, this could reflect competitive adsorption of the metals to the
support during the catalyst preparation [17,18]. The bare CeO2-ZrOy
support exhibited a reduction peak at 550 °C, likely attributed to the
reduction of Ce*t to Ce3 [39,40]. The active metals lowered the
reduction temperature of the CeO2-ZrO5 support and the reduction of
the support may have occurred concurrently with the metals [39,40].
The peaks of the reduction profiles could therefore not be reliably
assigned to specific metal species. In the case of the monometallic Pt
catalyst, the reduction peak at approximately 325 °C is most likely
related to the Pt-assisted reduction of CeOy [7,39,40]. The H,-TPR
profiles of the monometallic Ni and Co catalysts showed broad reduction
peaks between approximately 150 and 450 °C, likely indicative of strong
interactions between the Ni and Co oxides and the CeO,-ZrO5 support. It
is therefore possible, that Ni and Co oxides were present on the mono-
metallic Ni and Co catalysts after the reduction treatment that was used
for the activity tests (350 °C, 20 bar Hp). Otherwise, the H,-TPR mea-
surements suggested that the active metals were in their metallic state in
the activity tests.
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Fig. 2. H,-TPR profiles of the calcined catalysts and the CeO,-ZrO, support.
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A selection of HAADF-STEM images with elemental EDS mappings is
presented in Fig. 3. The analysis was carried out for the calcined cata-
lysts. It was hard to reliably estimate the particle size distribution due to
the weak contrast between the active metals and the CeO,-ZrO4 support.
However, relatively large Co clusters (>15 nm) were clearly displayed
in the elemental EDS mappings of the Co-containing catalysts, whereas
the Ni appeared to be moderately better dispersed.

As seen from Table 1, the CO adsorption capacity of the bimetallic
RuNi (148 ymol/gcs) and PtNi (60 pmol/g.t) catalysts considerably
exceeded the CO adsorption capacity of the monometallic Ni (8 umol/
8cat), RU (78 umol/gc,) and Pt (16 pmol/gc,) catalysts. The increased
CO adsorption capacity of the bimetallic catalysts may hint towards an
increased metal dispersion, or reflect the increased reducibility of Ni
(Fig. 2) [17,18]. However, as the adsorption stoichiometry of CO on the
metals likely differed, the CO adsorption capacity should not be taken as
a direct measure of the number of surface metal sites. The CO adsorption
capacity of the monometallic Co catalyst was negligible, whereas the
bimetallic PtCo catalyst (24 pmol/gc,) only adsorbed slightly more CO
compared to the monometallic Pt catalyst. This may suggest that the Co
dispersion was poor, as could be expected from the STEM-EDS analysis
of the calcined catalysts (Fig. 3), where large Co clusters were observed
on both Co and PtCo [41]. Considering the relatively high reduction
temperature (Fig. 2), it is also possible that the negligible CO adsorption
capacity of the monometallic Co catalyst partly reflected an incomplete
reduction of Co. However, the adsorption stoichiometry of CO on Co
varies depending on the catalyst composition, which brings further
uncertainty to the analysis [42,43]. Low Co dispersions are often
encountered in catalysts prepared by incipient wetness impregnation
[41-43]. As reduced Cu does not chemisorb CO, the similar CO
adsorption capacity of PtCu (15 umol/gc,) and the monometallic Pt
suggests that the Pt dispersion was not affected by Cu [44].

XPS measurements were carried out to study the chemical state of the
catalyst surface. The samples were reduced ex-situ in Hy at 350 °C for
60 min and transferred to the equipment in atmosphere. The survey
spectra and high-resolution spectra are available the Supplementary
Materials (Fig. S3, Fig. S4). Table 2 presents the active metal surface
concentration, atomic ratio of the active metals calculated from the
surface composition and from the nominal loadings, and the atomic ratio
of active metal to the total amount of Ce and Zr on the catalyst surface.
Table 2 additionally displays the amount of cerium as Ce>" and the
amount Zr in a higher binding energy state compared to ZrOs, relative to
the total amounts of Ce and Zr, respectively. The share of surface O as
OH species is included as well.

The co-impregnation decreased the surface concentration of Pt by 1/
3-1/2, but increased the surface concentration of the base metals by a
factor of 4-7 compared to the monometallic catalysts (Table 2), even
though the bulk metal loadings were comparable for the bimetallic and
monometallic catalysts (Table 1). In the case of RuNi, the surface con-
centration of Ru and Ni did not markedly change from the monometallic
catalysts. The atomic ratio between the noble metal and the base metal
was 5-9 times higher on the surface compared to the nominal bulk ratio,
reflecting the relative enrichment of Pt and Ru on the surface of the
catalysts. The atomic ratio of active metal(s) to the sum of Ce and Zr was
considerably higher on the surface of the Pt-containing catalysts than on
the other samples.

The XPS analysis indicated that the majority (63-75%) of the Pt on
the surface was metallic, while the other metals were mainly oxidic
(Table S2, Supplementary Materials). Surface oxidation may have
occurred during the exposure to atmosphere during the sample transfer
to the equipment, particularly in the case of the base metals (Fig. 2) [20,
22]. The Ho-TPR measurements are therefore more reliable for the
assessment of the reducibility of the active metals. Approximately 40%
of the surface Ce atoms of the CeO,-ZrO, support were present as Ce>*
on most catalysts, with Pt (51%) and PtCo (32%) deviating from the
other materials slightly. The highest amounts (22-32%) of Zr in the
higher binding energy state compared to ZrO, were found on Co, Ni,
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c— 20 nm Ni K

Fig. 3. STEM-HAADF images and corresponding EDS mappings of the calcined (a) PtCo, (b) PtNi, (c) Co, (d) Pt and (e) Ni catalysts. Note that the images differ

in scale.

Table 2

The XPS-derived surface concentration of active metal, atomic ratio of the active metals on the surface, the nominal atomic bulk ratio of the metals, the ratio of active
metals to Ce and Zr, and the relative amounts of Ce as Ce®>" and Zr in the higher binding energy state, and of O as OH species. M; = Pt or Ru, M, = Ni, Co or Cu.

Catalyst" Surface concentration of M; and M, (at M;/M, ratio, M;/M, ratio, (M; +My) / ce3*/ Ce,tot Zrhigher B.E./ ZI,t0t OH/ Oyt
%)" XPS nominal (Ce+Zr) (%) (%) (%)

CeO,- 37% 15% 22%

ZrO,

Pt 5.0 at% 0.17 51% 13% 20%

Ru 1.2 at% 0.04 40% 14% 20%

Ni 0.6 at% 0.02 39% 26% 25%

Co 0.9 at% 0.03 41% 22% 23%

Cu 0.5 at% - - 0.01 36% 16% 21%

RuNi 1.1 at% Ru 1.15 0.19 0.07 39% 32% 26%
0.9 at% Ni

PtNi 2.5 at% Pt 0.59 0.10 0.24 38% 24% 28%
4.2 at% Ni

PtCo 3.0 at% Pt 0.91 0.10 0.24 32% 16% 24%
3.3 at% Co

PtCu 2.0 at% Pt 0.59 0.11 0.19 43% 14% 22%
3.4 at% Cu

# The samples were reduced ex-situ in H, at 350 °C before the measurements and transferred to the equipment through air.

b Includes adventitious carbon contamination.

PtNi and RuNi. The higher binding energy state component of Zr may be
related to, e.g., the surface OH groups and other defects. The Ni, PtNi
and RuNi catalysts likewise contained a slightly higher share of surface
O in OH groups (25-28%) than the other samples.

The electron density of the active metal affects the bonding of re-
actants and products and can thus significantly influence the catalytic
activity and selectivity [20,45,46]. The electron density of Pt, Co and Cu
differed between the bimetallic and monometallic catalysts, as sug-
gested by binding energy shifts in the XPS (Fig. S4, Supplementary
Materials). This could indicate electron transfer between the active
metals. Compared to the monometallic Pt catalyst (and PtCu), the Pt
4f; /5 component of Pt(0) was shifted to a 0.4 and 0.2 eV higher binding
energy on PtCo and PtNi, respectively. The peaks associated with CoO
were shifted to a 0.3-0.4 eV lower binding energy in the Co 2p spectra of
PtCo compared to the monometallic Co, while the binding energy of the
peak related to CuO was 0.4 eV higher in the Cu 2p spectra of PtCu than
in the Cu 2p spectra of the monometallic Cu. No significant binding

energy shifts were observed in the Ni 2p and Ru 3d spectra (Fig. S4,
Supplementary Materials). However, considering the sample transfer
related surface oxidation of the active metals, the uncertainty should be
regarded significant (Table S2, Supplementary Materials).

3.2. Catalytic hydrotreatment of n-hexadecanamide

The product distribution of the n-hexadecanamide (C16 amide)
hydrotreating experiments are presented in Fig. 4 for the catalysts
(300 °C, 80 bar Hy, 60 min). The nitrogen removal obtained from the
total nitrogen content analysis and the oxygen removal derived from the
product distribution, have also been indicated in Fig. 4. The main
products of the C16 amide hydrotreating experiments were n-pentade-
cane (C15 paraffin), n-hexadecane (C16 paraffin), n-hexadecanal (C16
aldehyde), 1-hexadecylamine (C16 amine), 1-hexadecanol (C16
alcohol), n-hexadecanonitrile (C16 nitrile), palmitic acid (C16 acid),
dipentadecylketone (C31 ketone), dihexadecylamine (C32 amine) and
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Fig. 4. Product distribution, nitrogen removal and oxygen removal of the C16 amide hydrotreating experiments. The nitrogen removal was obtained from the total
nitrogen content analysis, while the oxygen removal was derived from the product distribution. Reaction conditions: 300 °C, 80 bar Hy, 60 min, 100 ppm N.

n-hexadecyl hexadecanamide (C32 amide). The conversion, nitrogen
removal, total paraffin yield and molar C15 to C16 paraffin ratio of the
experiments are displayed in Table 3.

A proposed reaction network for the hydrotreatment of the C16
amide is presented in Scheme 1. The reaction network is based on the
previous works by Verkama et al., [7,8] where the reactions and active
sites have been elaborated further.

The catalysts differed from each other markedly in terms of the ni-
trogen removal (30-76%), oxygen removal (50-90%), paraffin yield
(1-69%), C32 compound yield (2-17%) and selectivity between the C15
and C16 paraffins (0.5-16.5 molc15 paraffin/mOolc16 paraftin), @s can be seen
from Table 3 and Fig. 4. The RuNi, PtNi and Ru catalysts exhibited the
highest nitrogen removal and paraffin yield, while the Co and Cu cata-
lysts only were marginally more active than the bare CeO2-ZrO5 support.
The activity and selectivity of the bimetallic catalysts deviated from the
corresponding monometallic catalysts, which is emphasized further in
Fig. 5, where the product distributions of the Pt (a), PtCo (b), Co (c), Ni
(d), RuNi (e), Ru (f) and PtNi (g) catalysts are presented as a function of

Table 3
Conversion, nitrogen removal, total paraffin yield, total C32 compound yield
and molar C15 to C16 paraffin ratio of the catalysts (300 °C, 80 bar H,, 60 min).

Catalyst Conversion Nitrogen Paraffin C32 C15to C16
(%) removal yield (%) compound paraffin

(%) yield (%) ratio (mol/
mol)
CeO,- 69% 33% 1% <1%" 1.9

ZrOy

Pt 90% 52% 12% 12% 0.5
Ru 80% 58% 43% 5% 6.3
Ni 81% 50% 31% 8% 12.3
Co 69% 30% 2% 14% 1.0
Cu 70% 31% 1% 14% 1.0
RuNi 93% 76% 69% 2% 16.5
PtNi 92% 60% 46% 10% 7.2
PtCo 90% 49% 19% 17% 2.6
PtCu 83% 45% 2% 9% 0.8

# Product sample contained 6% of the C31 ketone.

batch residence time. The Cu and PtCu catalysts were not studied
further, as the addition of Cu impeded the hydrogenolysis and hydro-
genation activity of Pt. This could be observed from the low paraffin and
C16 amine yields on the PtCu catalyst. Analogous results have been
reported for the hydrogenation of nitriles on Pt and PtCu catalysts [24].

Some general trends were observed in the product distribution of the
Ce0,-ZrO4 supported catalysts (Fig. 4). The support influenced the
initial C16 amide conversion route, as can be seen from the similar yields
of oxygen-containing and nitrogen-containing intermediate products in
the product samples of the catalysts at the first batch residence time
points (Fig. 5) [7]. The active metal(s) determined the activity and
selectivity for the further conversion of the intermediate products via
condensation reactions and the C-C, C-O and C-N bond cleavage routes,
as reflected by significant variation in the yields of the C32 amine, the
C15 paraffin and the C16 paraffin [8]. HDO proceeded more efficiently
than HDN, and the C16 and C32 amines were the last intermediate
products to be converted on the studied catalysts, regardless of the
overall activity. The following paragraphs discuss the activity and
product distribution of the different monometallic and bimetallic
catalysts.

The monometallic Pt catalyst favored the formation of the C16
paraffin via HDO of the C16 alcohol and HDN of the C16 and C32 amines
(Scheme 1, Fig. 4, Fig. 5a), as elaborated previously [7]. The low-activity
monometallic Co catalyst only produced traces of the paraffins and
strongly favored the formation of the C32 amine (Fig. 5¢). Consequently,
the maximum C32 amine yield of the monometallic Co catalyst (54%)
was almost 30 percentage points higher than on the other studied
catalysts.

Similarly to the monometallic Pt catalyst, PtCo gave significant in-
termediate yields (>20%) of the C16 alcohol, C16 amine and C32 amine
(Fig. 5b). However, PtCo was more selective for the formation of the C15
paraffin than the C16 paraffin, which indicates that PtCo could catalyze
the conversion of the C16 alcohol, C16 amine and possibly the C32
amine to the C15 paraffin. The conversion of the C16 alcohol to the C15
paraffin may have proceeded via dehydrogenation of the C16 alcohol to
the C16 aldehyde on the metal sites, followed by decarbonylation to the
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Scheme 1. Proposed reaction network for the hydrotreatment of n-hexadecanamide (C16 amide). Indicated compounds: 1 C16 amide, 2 C32 isoimide, 3 C16 nitrile,
4 C16 acid, 5 C16 hemiaminal, 6 C16 imine, 7 C16 amine, 8 C16 aldehyde, 9 C16 alcohol, 10 C32 amide, 11 C32 amine, 12 C15 paraffin, 13 C16 paraffin, 14 C31
ketone. The bimolecular deammoniation (BDA), direct dehydration (DHY), hydrogenation (HYD) and hydrolysis (HYDR) of the C16 amide, and the condensation
(COND), hydrodeoxygenation (HDO) and hydrodenitrogenation (HDN) reactions of the intermediates have been indicated. The bimolecular ketonization of the C16
acid (KET) only occurred on the bare CeO,-ZrO, support. Note that the C15 paraffin (12) is indicated twice in the reaction network. The reaction network has been
adapted from a previous work by Verkama et al. [7] with permission from the Royal Society of Chemistry.

C15 paraffin (Scheme 1) [47]. Some C16 paraffin was formed on PtCo as
well. PtCo also exhibited a higher activity for the hydrogenation of the
C16 nitrile to the C16 amine than the monometallic Pt and Co catalysts.
It is possible that the enhanced C-C bond cleavage and nitrile hydro-
genation activity of PtCo were a consequence of the electronic in-
teractions between the active metals, which could be observed from the
decreased electron density of Pt and increased electron density of Co in
the XPS analysis (Fig. S4, Supplementary Materials) [18,24,45,48,49].
Nevertheless, the total paraffin yield of PtCo did not exceed the total
paraffin yield of the monometallic Pt catalyst at batch residence times
above 0.75 gcath/gamide-

The monometallic Ni catalyst formed the C15 paraffin via C-C bond
cleavage of C16 alcohol and the C16 amine intermediates (Fig. 5d).
Furthermore, the decomposition of the C32 amine on the Ni catalyst was
accompanied by an increase in the C15 paraffin yield, while the yields of
the other compounds either decreased, or in the case of the C16 paraffin,
remained stable. The monometallic Ni catalyst therefore appeared to
show activity for the conversion of the C32 amine to the C15 paraffin,
but the conversion route could not be deduced from the experimental
data. The decomposition of the C32 amine to the C15 paraffin was
likewise observed on the PtNi catalyst (Fig. 5g).

The activity of PtNi exceeded the activity of the monometallic Pt and
Ni catalysts (Fig. 4, Fig. 5). The product distribution of PtNi resembled
the monometallic Ni more than Pt, which might be related to nickel-rich
surface (Table 2). The relatively high yields of the C16 amine and C16
alcohol at batch residence times below 1 gcath/gamide Suggest that the
PtNi catalyst favored the initial conversion of the C16 amide via the
hemiaminal routes and BDA. The high hydrogenation activity of PtNi
may have facilitated the formation of the hemiaminal intermediate [50].
PtNi catalysts have been proposed to catalyze HDO reactions via a
bifunctional mechanism involving the hydrogenation of reaction in-
termediates on Pt sites followed by hydrogenolysis on Ni sites [26,51],

and an analogous synergy between Pt and Ni could be possible in the
hydrotreatment of the C16 amide. As with PtCo, electronic interactions
between Pt and Ni (Fig. 2 and Fig. S4, Supplementary Materials) may
have further contributed towards the enhanced C-C bond cleavage ac-
tivity of the PtNi catalyst [45,48].

The monometallic Ru and bimetallic RuNi catalysts were highly
active and selective for the formation of the C15 paraffin (Fig. 4, Fig. 5).
The activity of the monometallic Ru catalyst was similar to PtNi, while
RuNi exhibited the highest activity for the formation of the C15 paraffin
out of all studied catalysts. At a reaction time of 60 min, the paraffin
yield and nitrogen removal of RuNi were 26% and 18 percentage points
higher, respectively, compared to the monometallic Ru catalyst
(Table 3). Less C16 compounds and less C32 amine were present in the
product samples of Ru and RuNi compared to the other catalysts, indi-
cating that these products were not formed or that Ru and RuNi were
highly active for their conversion to the C15 paraffin (Fig. 5d-f). It is
possible that a direct C-C bond cleavage route of the C16 amide was
favored on the Ru and RuNi catalysts. Out of the intermediate products,
the C16 amine was present in the highest concentration, with a
maximum yield of 15%. In a previous work by Verkama et al., [8] the
formation of the C32 amine was suppressed on Ru/ZrO, and favored on
Pt/ZrOy and Ni/ZrOj. The relatively low C32 amine yield on the
monometallic Ru/CeO3-ZrO, catalyst (<9%) was therefore expected.
The C32 amine yield on the RuNi/CeO3-ZrO; catalyst (<2%) was the
lowest out of all studied catalysts, which is remarkable considering the
significant C32 amine yield on the monometallic Ni/CeO,-ZrO catalyst
(~=20%).

From the nitrogen removal, oxygen removal and product distribution
of the RuNi catalyst (Fig. 4), it is evident that doping with Ni enhanced
the hydrogenolysis activity compared to the Ru catalyst. The product
distribution of RuNi resembled the monometallic Ru catalyst more than
the monometallic Ni catalyst due to the low yields of the oxygen-
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Fig. 5. Product distribution for the hydrotreatment of the C16 amide at 300 °C and 80 bar H; as a function of batch residence time for the CeO,-ZrO, supported (a)
Pt, (b) PtCo, (c) Co, (d) Ni, (e) RuNi, (f) Ru and (g) PtNi catalysts. The 60 min experiments of Fig. 4 correspond to a batch residence time of 0.37 gcach/gamide- The

trendlines have been added to guide the eye.

containing and nitrogen-containing intermediate products (Fig. 5d-f),
which might reflect the slightly higher concentration of Ru than Ni on
the catalyst surface (Table 2). Despite the high activity, the synergistic
effect between the active metals was less pronounced for RuNi compared
to PtNi and PtCo, for which the monometallic catalysts exhibited
markedly different product distributions. The enhanced hydrogenolysis
activity of bimetallic RuNi catalysts has been suggested to stem from
electronic interactions between the metals, which promotes the activa-
tion of reactants and hydrogen [20,21].

As discussed above, the catalytic properties of the bimetallic cata-
lysts differed from the corresponding monometallic catalysts, with the
combination of Ni with Pt and Ru emerging as particularly active for the
hydrotreatment of the C16 amide (Fig. 4, Fig. 5). Interactions between
the active metals, as indicated by the H,-TPR and XPS analysis, provide
one reason for the observed differences in the activity and selectivity.
Furthermore, the CO adsorption capacity and Lewis acid site concen-
tration of the catalysts emerged as important properties, as illustrated in
Fig. 6.

There was a positive correlation between the total paraffin yield and
the CO adsorption capacity (Fig. 6a), and between the total paraffin
yield and the Lewis acid site concentration of the catalysts (Fig. 6b).
Both metal sites and Lewis acid sites of the support are mechanistically

involved in the hydrogenolysis mechanisms, and the Lewis acid sites
that are located near the perimeter of the metal particles have been
proposed to be critical for the activity [12,45,53,54]. The enhanced
hydrogenolysis activity of the RuNi and PtNi catalysts can thus also be
related to the increased number of surface metal sites and Lewis acid
sites compared to the monometallic counterparts. Meanwhile, the rela-
tively low activity of the PtCo catalyst may be due to a lower concen-
tration of surface metal sites and Lewis acid sites. The Cu and PtCu
catalysts deviated from the trend due to the poor hydrogenolysis activity
of Cu, which may be related to the weak adsorption of the intermediate
products on Cu sites [24,55].

The nitrogen removal increased with an increasing CO adsorption
capacity (Fig. 6¢), but there was no significant correlation between the
Lewis acid site concentration and nitrogen removal (Fig. 6d). While
metal sites are required for the formation of paraffins, the CeOy-ZrO,
support removed nitrogen on its own via bimolecular deammoniation of
the C16 amide (Scheme 1), which accounts for the higher nitrogen
removal than paraffin yield on the studied catalysts (Table 3) [7,52].

It cannot be excluded that the Brgnsted acid sites on PtNi and RuNi
(Table 1) further enhanced the dehydration, HDO and HDN activity of
the catalysts [4,10,47]. It is also possible that the strong basic sites on
the Ni-containing catalysts (Fig. 1) contributed to their activity,
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concentration. Reaction conditions: 300 °C, 80 bar H,, 60 min.

considering that strong Lewis basic sites have been proposed to benefit
HDO activity by facilitating the adsorption of carbonyl compounds [10,
56]. The differences in the reducibility of the CeO2-ZrO, support were
relatively small between the catalysts (Table 2) and did not account for
the differences in the catalytic activity.

4. Conclusions

The HDO and HDN of the C16 amide (n-hexadecanamide) was
studied on Pt, Co, PtCo, Cu, PtCu, Ni, PtNi, Ru and RuNi catalysts sup-
ported on CeO2-ZrO». The studied bimetallic catalysts exhibited syner-
gistic effects between the active metals, which could be observed from
differences in the activity and selectivity compared to the corresponding
monometallic catalysts (Figs. 4-6). Catalyst characterization via Hj-
TPR, XPS and CO pulse titration measurements likewise indicated in-
teractions between the active metals.

The PtCo catalyst clearly deviated from the monometallic Pt and Co
catalysts by favoring the formation of the C15 paraffin, compared to the
formation of the C16 paraffin on the monometallic Pt and the C32 amine
on the monometallic Co. Characterization by XPS suggested that the
selectivity of PtCo may have been related to electronic interactions be-
tween Pt and Co. Despite a different selectivity, PtCo was not markedly
more active than the monometallic Pt catalyst, which may have been
due to a small difference in their number of surface metal sites. The
addition of Cu impeded the hydrogenation and hydrogenolysis activity

10

of Pt. Consequently, the PtCu catalyst exhibited a lower activity and
paraffin yield than the monometallic Pt catalyst.

The combination of Ni with Ru and Pt was found to be particularly
beneficial for the catalytic activity, and the RuNi and PtNi catalysts
exhibited a high activity and selectivity for the formation of the C15
paraffin via C-C bond cleavage routes. The activity of the RuNi and PtNi
catalysts may have been due to electronic interactions between the
metals and an increased number of surface metal sites and Lewis acid
sites. Overall, this work emphasized the potential of bimetallic catalysts
for the simultaneous HDO and HDN of renewable feedstocks to fuels.
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