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Abstract 

Active catalysts for simultaneous hydrodeoxygenation (HDO) and hydrodenitrogenation (HDN) enable the 

production of fuels from renewable feedstocks. In this work, zirconia-supported nickel, ruthenium, 

rhodium, palladium and platinum catalysts were evaluated in the HDO and HDN of n-hexadecanamide 

(C16 amide). The HDN of 1-hexadecylamine (C16 amine) was studied separately to assess the HDN activity 

and preference between C–C and C–N bond cleavage routes without the interference of HDO. The 

differences in the catalytic activity were mainly attributed to the metal identity. Pt/ZrO2 and Ru/ZrO2 

exhibited the highest activity towards the conversion of both model compounds. The C16 amide was 

converted more efficiently than the C16 amine over the studied catalysts, and a high HDO activity did not 

translate to a high activity in HDN, which was particularly evident in the case of Rh/ZrO2. The active metal 

strongly influenced the preferred reaction routes, as observed from differences in the yields of C15 and 

C16 n-paraffins and C32 condensation products. Ni/ZrO2 and Pd/ZrO2 exhibited the lowest activity and 

paraffin selectivity in the hydrotreatment of both model compounds. Ru/ZrO2 and Rh/ZrO2 favored the 

formation of n-pentadecane from both the C16 amine and C16 amide, whereas Pt/ZrO2 produced n-

hexadecane and high intermediate yields of the C32 condensation products.  
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1. Introduction 

Renewable fuels enable mitigating the CO2 emissions of the heavy-duty transport sector and the aviation 

industry. Major research efforts have consequently been devoted to the hydrotreatment of biobased 

feedstocks to renewable fuels, with a focus on hydrodeoxygenation (HDO), due to the significant oxygen 

content of biomass.1–8 Some renewable feedstocks, such as animal fats and biocrudes obtained via 

hydrothermal liquefaction (HTL) of algae and sewage sludge, contain nitrogen in addition to oxygen.9–14 

Reducing the nitrogen content of such feedstocks via hydrodenitrogenation (HDN) is important, in parallel 

with HDO, as nitrogen-containing compounds poison catalysts in downstream processing units and 

negatively impact the fuel stability.15 While a complete oxygen removal can be obtained in the 

hydrotreatment of HTL biocrudes, HDN has been found to be more challenging, with the nitrogen removal 

often ranging between 50 and 80%.16–19 There is, thus, a need to develop catalysts that are active for both 

HDO and HDN. Nevertheless, research on the HDN and HDO of molecules which contain both oxygen and 

nitrogen is limited,20,21 despite the abundance of, e.g., fatty amides in renewable feedstocks.  

 

Supported noble metal catalysts activate hydrogen in relatively mild conditions and are highly active for 

HDO reactions, especially via decarbonylation and decarboxylation routes.5,22,23 Noble metal catalysts also 

exhibit activity towards C–N bond hydrogenolysis and are therefore an alternative to commercially used 

transition metal sulfide catalysts for the hydrotreatment of renewable, sulfur-free feedstocks.24–26 The 

HDO and HDN of n-hexadecanamide (C16 amide, C16H33NO) to n-paraffins was recently studied on a series 

of supported Pt catalysts by Verkama et al.27 The Lewis acid properties of the support markedly influenced 

the HDO activity and the selectivity towards the initial conversion route, but the HDN of the nitrogen-

containing intermediate products and significant formation of secondary amines and amides limited the 

overall activity of the catalysts.27 An inhibition of HDN by preferential HDO and condensation product 

formation has similarly been observed in the co-hydrotreatment of palmitic acid and 1-tetradecylamine 

over Pt/ZrO2.28 

 

In the hydrotreatment of fatty amides, the active metal can be expected to markedly influence the 

conversion of the amine intermediates.25,29–33 The activity and selectivity between HDN and condensation 

of alkyl amines strongly depends on the active metal, which suggests that an appropriately chosen active 

metal could enhance the paraffin yield and mitigate the formation of condensation products.25,29–32  For 
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example, Rh has been found to favor the formation of hydrocarbons in the hydrotreatment of 

methylamine, while secondary and tertiary amines readily are formed on Pd.25,29–32 The metal identity also 

influences the activity and selectivity for the HDO of fatty acids and alcohols, i.e., the oxygen-containing 

compounds that are formed as intermediate products in the hydrotreatment of amides.25,34 Here, Ru, Rh, 

Pd and Ni typically favor decarbonylation and decarboxylation routes, whereas Pt may favor C–O bond 

hydrogenolysis pathways, particularly if paired with a Lewis acidic support.5,22,23,34–37 Considering the 

impact of the metal identity on the activity for HDN and HDO individually, it is of interest to investigate 

the effect of the active metal in the hydrotreatment of molecules that contain both oxygen and 

nitrogen.27,28 

 

In this work, ZrO2-supported Pt, Pd, Rh, Ru and Ni catalysts were studied in the hydrotreatment of the C16 

amide and 1-hexadecylamine (C16 amine, C16H35N). The C16 amide was chosen as a model compound due 

to the presence of fatty amides in various renewable feedstocks, while the C16 amine was used to assess 

the HDN activity of the catalysts without the interference of simultaneous HDO.9–11,24,38 The purpose of 

this work was to describe the impact of the active metal on the activity, selectivity and reaction routes in 

the hydrotreatment of fatty amides and amines, which to the best of our knowledge, has not been 

addressed before. 
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2. Experimental 

2.1 Materials. Monoclinic zirconia (ZrO2) from Saint-Gobain Norpro (SZ 31164) was used as the 

catalyst support. The metal precursors were platinum(IV) nitrate solution (15 wt. % Pt), palladium(II) 

nitrate solution (12-16 wt. % Pd) and ruthenium(III) nitrosyl nitrate (31.78 wt. % Ru) from Alfa Aesar,  as 

well as rhodium(III) nitrate solution (10 wt. % Rh) and nickel(II) nitrate hexahydrate (99.999% trace metals 

basis) from Aldrich. 

 

For the reactor experiments and calibrations, the following chemicals were used: 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-

hexadecanol (96%, Acros Organics), palmitic acid (>98%, Riedel de Haën), n-pentadecanonitrile (>95%, 

Tokyo Chemical Industry), n-heptadecanonitrile (>95%, Tokyo Chemical Industry), palmityl palmitate 

(>99%, Sigma Aldrich), decalin (decahydronaphthalene, anhydrous, mixture of cis and trans, >99%, Sigma 

Aldrich), n-dodecane (>99%, Merck) and 2-propanol (>99%, Riedel de Haën). The pyridine used for acid 

site characterization was obtained from Sigma Aldrich (anhydrous, 99.8%). The chemicals were used 

without further purification. 

 

The hydrogen (99.995%) that was used in the reactor experiments and the nitrogen (99.999%), helium 

(99.999%), 2 vol. % H2/Ar gas mixture (99.999%/99.999%) and 10 vol. % CO2/He (99.999%/99.999%) gas 

mixture which were used for catalyst characterization, were purchased from Oy AGA Ab. The 10 vol. %  

CO/He gas mixture (99.999%/99.999%) was from Woikoski, and the helium (99.999%) and synthetic air 

(99.999%) used in the pyridine FTIR measurements were from Linde. The gases used for the product 

analysis; synthetic air (99.999%), helium (99.999%), hydrogen (99.999%), argon (99.999%) and oxygen 

(99.999%) were from Oy AGA Ab and Woikoski.  

 

2.2 Catalyst Preparation. The catalysts were prepared with a vacuum impregnation method 

using a small excess of impregnation solution, targeting a 1 wt. % active metal loading. The ZrO2-support 

was first crushed and sieved to a particle size of 0.25-0.42 mm, and calcined in ambient air at 600 °C in a 

static muffle furnace for 10 h. The impregnation was done as described previously.28 The catalysts were 

calcined in a flow through calcination oven under a 100 ml/min flow of synthetic air. The Ru, Rh, Pd and 

Ni catalysts were calcined at 450 °C for 2 h using a 1 °C/min heating ramp, whereas the Pt catalyst was 

calcined at 450 °C for 1 h using a 2 °C/min heating ramp. 
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2.3 Catalyst Characterization. Isothermal N2-physisorption measurements were carried out at -

196 °C for 200 mg samples of the calcined catalysts and the ZrO2 support, using a Surfer equipment from 

Thermo Scientific. Liquid nitrogen was used as a coolant. Prior to analysis, the samples were degassed in 

vacuum at 350 °C for 180 min, using a 5 °C/min heating rate, in order to remove moisture and other 

adsorbed compounds. A dead volume calibration was carried out with He after every measurement. The 

Brunauer-Emmett-Teller (BET) method was used to calculate the specific surface area SBET (m2/g) of each 

sample from the adsorption isotherm, while the Barrett-Joyner-Halenda (BJH) method was used for 

calculating the pore size distribution, mean pore diameter dpore, (nm) and pore volume Vpore (cm3/g) from 

the desorption branch.39,40 

 

The active metal loading (wt. %) was measured semi-quantitatively with X-ray fluorescence (XRF). The 

measurements were conducted with a wavelength dispersive PANalytical Axios mAx equipment. 

Approximately 200 mg samples of the calcined catalysts were ground for the analysis and measured as 

loose powders in He, using Chemplex 1330-SE sample cups covered with a 3.6 µm mylar film. 

 

The crystallographic phase of the catalysts was identified with X-ray diffraction (XRD) measurements, 

using a PANalytical X’Pert PRO MPD Alpha-1 X-ray diffractometer, with Cu Kα1 radiation (45 kV, 40 mA). 

The 2θ scanning range was from 5° to 100°, and a step size of 0.026° was used. The analysis was done for 

ground samples of the calcined catalysts. The HighScore software was used for phase identification (ICDD 

PDF-4+ 2023 database).  

  

Scanning transmission electron microscopy (STEM) images were taken of the calcined catalysts, using a 

JEOL JEM-2200FS aberration corrected high resolution electron microscope operating at a 200 kV 

acceleration voltage. For the microscopy measurements, the samples were drop-casted with acetone on 

copper grids and coated with ultrathin carbon film. Elemental mappings were carried out with an X-ray 

energy-dispersive spectrometer (EDS), which was coupled to the microscope. For the Rh and Pt catalysts, 

the diameter of approximately 100 metal particles were measured using the ImageJ software to estimate 

the particle size distribution and the mean Pt and Rh particle size.  

 

Pulse chemisorption measurements were carried out for 100 mg catalyst samples to estimate the mean 

metal particle size and dispersion. CO was used as a probe molecule for Ru/ZrO2, Pt/ZrO2 and Pd/ZrO2, 
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whereas H2 was used for Ni/ZrO2 and Rh/ZrO2. The measurements were done in an AMI-200R  flow 

through equipment (Altamira Instruments), connected to an OmniStar GSD320 mass spectrometer (MS) 

(Pfeiffer Vacuum).  

 

Prior to the pulse chemisorption, the samples of the calcined catalysts were dried at 200 °C in He for 

120 min, reduced at 350 °C in 2 vol. % H2/Ar for 60 min, cooled down to 50 °C and flushed for 60 min in 

He. Next, in case of CO pulse chemisorption, 25 pulses (0.505 ml) of 5 vol. % CO/He, 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 H2O). In the case of H2 pulse chemisorption, 15 pulses (0.505 ml) of 4 vol. % 

H2 were introduced to the samples with 10 min intervals, while monitoring m/z 2 for H2. The temperature 

of the pulse loop was 100 °C during the CO pulse chemisorption measurements, and 30 °C during the H2 

pulse chemisorption measurements. The carrier gas flow was maintained at 50 ml/min (STP) throughout 

the measurement. The relations presented in the Handbook of Heterogeneous Catalysis were used to 

estimate the dispersion D (%) and mean particle size dm (nm) from the adsorbed amount of probe gas.41 

An adsorption stoichiometry of 1 was assumed for CO, whereas the adsorption stoichiometry for H2 was 

assumed to be 2. 

 

Hydrogen temperature-programmed reduction (H2-TPR) was carried out for 120 mg samples of the 

calcined catalysts to study the reduction temperatures of the metals. The measurements were done in 

the AMI-200R equipment connected to the OmniStar GSD320 MS. The samples were heated from room 

temperature to 200 °C in He flow with a heating rate of 10 °C/min, and maintained there for 120 min, in 

order to remove moisture. Afterwards, the samples were cooled down to 30°C in He flow. At 30 °C, the 

samples were flushed in Ar for 30 min. Next, a flow of 2 vol. % H2/Ar was introduced to the reactor, and 

the temperature was elevated from 30 °C to 600 °C with a heating rate of 5°C/min. The total flowrate was 

maintained at 50 ml/min (STP) throughout the measurement. The data between 30 and 50 °C was 

disregarded in the data treatment and visualization, due to signal fluctuations attributed to stabilization 

of the flowrates. To m/z 2 was followed with the MS in order to monitor the H2 consumption. Additionally, 

m/z 4 (He), 18 (H2O), 28 (N2/CO), 32 (O2) and 40 (Ar) were followed. 

 

X-ray photoelectron spectroscopy (XPS) measurements were performed for the catalysts with a Kratos 

AXIS Ultra DLD X-ray photoelectron spectrometer using a monochromated AlKα X-ray source (1486.7 eV) 

run at 100 W. A pass energy of 80 eV and a step size of 1.0 eV were used for the survey spectra, while a 
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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 typically 

below 1 x 10-9 Torr. The diameter of the beam spot from the X-ray was 1 mm, and the area of analysis for 

these measurements was 300 µm x 700 µm. Both survey and high-resolution spectra were collected from 

three different spots on each sample surface in order to check for homogeneity and surface charge effects. 

The spectra were charge-corrected relative to the position of C–C bonding of carbon at 284.8 eV. Data 

analysis was carried out with the CasaXPS software. The catalyst samples were reduced ex situ at 350 °C 

in 2 vol. % H2/Ar for 60 min before the measurements and transferred to the equipment exposed to air. 

 

The Zr 3d spectra were fitted with two doublets, with the 3d5/2 peaks located at 181.8 eV and 183.0 eV. 

The lower binding energy component corresponds to a pure metal oxide, while the higher binding energy 

component was assigned to a mixed oxide state with a slightly lower electron density surrounding the Zr 

ions. The O 1s spectra were deconvoluted using three Gaussian components with equal full width at half 

maximum (FWHM). The most prevalent component corresponds to lattice oxygen of the support, 

followed by a component attributed to surface hydroxyls at a slightly higher binding energy (+1.5 eV). 

Furthermore, a minor component at higher binding energies (approximately 533.3 eV) was used, most 

likely attributed to oxygen bound to organic contaminants. The C 1s spectra were fitted with four Gaussian 

components according to standard tabulated chemical shifts, with peak positions at 284.8 eV (C–C), 286.5 

eV (C–O), 287.8 eV (C=O), and 288.9 eV (O–C=O), corresponding to adventitious carbon. For the Ru/ZrO2 

catalyst, a deconvolution of the C 1s components was done together with the Ru 3d components, due to 

the overlap in the binding energy for these photoelectrons.  

 

The Pt 4f spectrum of the Pt/ZrO2 catalyst was fit using five doublets, for metallic Pt(0), Pt (I), Pt(II), Pt(IV), 

and for a mixed state located between Pt(I) and Pt(II). The binding energies for the Pt 4f7/2 of these 

components were located at 70.9 eV, 72.1 eV, 73.4 eV, 74.4 eV, and 72.4 eV, respectively. The Pd 3d 

spectrum of the Pd/ZrO2 catalyst was fit with two doublets at 3d5/2 energies at 335.3 eV and 336.8 eV, 

corresponding to metallic Pd(0) and Pd(II). The Pd 3d spectrum overlaps with the Zr 3p spectrum, but the 

Pd 3d1/2 component was clearly visible between the peaks for the Zr 3p doublet, thereby allowing for the 

deconvolution of the smaller palladium components. The Ni 2p spectrum of the Ni/ZrO2 catalyst was 

deconvoluted using three components corresponding to Ni(0), Ni(II) and Ni(III), with the 2p3/2 peaks at 

energies 852.8 eV, 853.9 eV, and 856.3 eV, respectively. Two doublets were used to deconvolute the Rh 

3d spectrum of the Rh/ZrO2 catalyst, at 3d5/2 energies of 307.2 eV and 308.8 eV, corresponding to Rh(0) 
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and Rh(III). The deconvolution of the Ru 3d spectrum of the Ru/ZrO2 catalyst was complicated by the 

overlap with the C 1s spectrum. Two doublets with the 3d5/2 energies at 279.8 eV and 280.9 eV were used, 

corresponding to Ru(0) and Ru(IV), respectively. The binding energies of the transition metals components 

were in agreement with values given for similar components in the NIST database.42 

 

The overall basicity of the calcined catalysts and the ZrO2 support was characterized through temperature-

programmed desorption of CO2 (CO2-TPD). The measurements were done with the AMI-200R equipment 

connected to the OmniStar GSD320 MS, for 150 mg catalyst samples. A 50 ml/min (STP) flow was 

maintained throughout the experiment. The samples were dried in He for 2 hours at 180 °C, using a 

heating ramp of 10 °C/min. The samples were then cooled down to 50 °C in He and further held for 30 min. 

Next, a 1 vol. % CO2/He flow was directed through the samples at 50 °C for 30 min, which was followed 

by a He flush for 60 min. Then, the samples were heated to 800 °C in He with a heating rate of 10 °C/min, 

and kept at 800 °C for 30 min before cooling down. The MS was used for data acquisition, following m/z 

44 for CO2. Additionally, m/z 28 (CO), 18 (H2O), 32 (O2) and 4 (He) were followed. 

 

Acid site characterization was carried out for the calcined catalysts with Fourier transform infrared 

spectroscopy (FTIR), using pyridine as the probe molecule. A Thermo Scientific Nicolet iS10 spectrometer, 

equipped with an in situ transmission FTIR cell by Harrick Scientific Products Inc (customized from the 

HTC-3 model), a liquid-N2 cooled Mercury-Cadmium-Telluride (MCT) detector and HeNe laser was used 

for the measurements. The spectra range was 4000-650 cm-1 and a spectral resolution of 0.24 cm-1 was 

used.  

 

The catalyst samples (25 mg) were pressed into self-supported pellets, 1.1 cm in diameter, with a hydraulic 

press. The samples were heated in vacuum to 90 °C with a 5 °C/min heating ramp, and maintained there 

for 30 min. Next, the temperature was elevated to 450 °C with a 20 °C/min ramp and kept there for 60 

min. The temperature was then lowered to 170 °C and held for 10 min, after of which the spectra of the 

clean samples were recorded. Next, the samples were saturated with pyridine for 10 min, using an 

atmospheric saturator, which was followed by evacuation and a 15 min hold. After that, the spectra that 

were used to quantify the acidity were recorded.   

 

The Omnic 9.11 software was used to subtract the background and the spectra of the clean sample from 

the pyridine-saturated sample. Peak integration and deconvolution were carried out with Omnic 9.11 and 
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OriginPro. The concentration of Lewis and Brønsted acid sites was estimated from the peak areas and 

sample weight, using the relations presented by Emeis.43 

 

2.4 Catalytic Activity Tests. The catalytic activity tests were carried out in a 100 ml Hastelloy 

high-pressure batch reactor by Parr Instrument Company, which was equipped with a heated feed vessel. 

The experimental conditions were similar as in previous works by Verkama et al.27,28 

 

A 20 mg catalyst sample was first dried in situ at 180 °C under 10 bar of N2 for 60 min, and then reduced 

at 350 °C under 20 bar of H2 for 60 min. The feed mixtures were prepared by dissolving 56.5 mg of n-

hexadecanamide or 53.5 mg of 1-hexadecylamine to 31 ml of decalin under heating, targeting an initial 

nitrogen concentration of 100 ppm. A 1 ml zero-sample was taken for analysis, and the feed mixture was 

transferred to the heated feed vessel attached to the reactor. The reactor was heated to 300 °C, and the 

feed mixture was released to the reactor from the feed vessel. The rector was then pressurized to 80 bar 

H2, and stirring at 600 rpm was initiated, which marked the onset of the reaction time. The reaction was 

quenched with ice and the stirring was stopped, once the reaction time (15-300 min) had elapsed. A 

reference reaction time of 60 min was used for the comparison of the catalysts and model compounds. 

The reactions with different reaction times were visualized as a function of batch residence time τ 

(gcath/gamide), as defined in Equation (1), to account for variations in the initial amounts of catalyst and 

reactant. 

 

𝜏 =
𝑚cat𝑡

𝑚A
           (1) 

 

Here, mcat is the mass of catalyst (g), t is the reaction time (h) and mA is the mass of reactant at the start 

of the reaction (g). 

 

Thermal tests and experiments with the bare ZrO2 support were done for both model compounds. A set 

of control experiments, described and reported in a previous work by Verkama et al.,27 were carried out 

for the Pt/ZrO2 catalyst.  
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2.5 Analysis of the Liquid Reaction Products. A second solvent (2-propanol) and an internal 

standard (n-dodecane) were added to the samples prior to analysis. The second solvent was needed to 

prevent precipitation of the reactant and the products.  

 

A Shimadzu QP2010SE gas chromatograph-mass spectrometer (GC-MS) with EI ionization and an Optic 4 

injector was used to identify the products. The GC-MS was equipped with an Agilent J&W HP5-MS column 

(30 m × 0.25 mm × 0.25 µm), and the NIST2017 library was used to match the fragmentation patterns.  

 

Quantification of the liquid products was carried out with an Agilent 7890 gas chromatograph (GC), 

equipped with an Agilent J&W HP5-MS column (30 m × 0.25 mm × 0.25 µm), with the outlet split to a 

flame ionization detector (FID) and a nitrogen phosphorus detector (NPD). The inlet of the GC was at 

325 °C, as was the temperature of both the FID and the NPD. An injection volume of 2 µl and a split ratio 

of 5:1 was used. The analysis program started with a 3 min hold at 40 °C, from where the temperature 

first was elevated to 100 °C with a ramp of 20 °C/min and held there for 3 min. The temperature was next 

elevated to 150 °C with a ramp of 5 °C/min, and from there to 325°C with a ramp of 10 °C/min, where a 

final 12 min hold took place.  

 

Weight-based FID response factors, relative to the internal standard n-dodecane, were determined 

experimentally for n-pentadecane, n-hexadecane, 1-hexadecylamine, 1-hexadecanol, palmitic acid, n-

hexadecanamide, n-pentadecanonitrile and n-heptadecanonitrile. The response factors for n-

pentadecanonitrile and n-heptadecanonitrile were averaged to obtain an estimate for the response factor 

of n-hexadecanonitrile. The response factors for n-hexadecanal, n-hexadecyl hexadecylamine, n-

hexadecyl hexadecanamide, dipentadecyl ketone, palmityl palmitate and propyl hexadecylamine were 

estimated using their combustion enthalpy, according to the procedure presented by de Saint Laumer et 

al.44  

 

The reactant conversion XA (%) was calculated with Equation (2), 

 

𝑋A =
𝑛A,0− 𝑛A

𝑛A,0
⋅ 100%,          (2) 

 

where nA,0 is the initial amount of reactant (mol) and nA is the amount of unreacted reactant in the product 

sample (mol). 
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The yield for each product YP (%) was calculated with Equation (3), 

 

𝑌P =
𝜇P𝑛P

𝑛A,0
⋅ 100%,          (3) 

 

where µP is a stoichiometric factor (2 for the C32 compounds and 1 for the other products) and nP is the 

amount of product P in the product sample (mol). 

 

The oxygen removal (O-removal, %) of the C16 amide experiments was estimated from the product 

distribution, according to Equation (4), 

 

𝑂‐ 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 =
𝑐O,products

𝑐O,feed
⋅ 100%,         (4) 

 

where cO, products (ppm) and cO, feed (ppm) are the oxygen contents of the product sample and feed mixture, 

respectively, based on the amounts of oxygen-containing compounds that were detected from the GC-

FID analysis. 

 

The molar carbon balance closure BC was calculated using Equation (5), 

 

𝐵C =
𝑛C,products

𝑛C,feed
⋅ 100%,          (5) 

 

where  nC, products is the amount of carbon quantified from the product mixture (mol) and nC, feed is the 

amount of carbon quantified from the feed mixture (mol). The molar carbon balance closure was generally 

above 90%. 

 

The total nitrogen content of the liquid samples was analyzed with an AntekPAC ElemeNtS analyzer, 

calibrated for nitrogen contents between 0 and 1000 ppm with standard calibration solutions (AC 

Analytical Controls BV). The nitrogen removal (N-removal, %) was calculated using Equation (6), 

 

𝑁‐ 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 =
𝑐N,products

𝑐N,feed
⋅ 100%,         (6) 

 

https://doi.org/10.26434/chemrxiv-2023-4x2kn ORCID: https://orcid.org/0000-0002-2726-9611 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-4x2kn
https://orcid.org/0000-0002-2726-9611
https://creativecommons.org/licenses/by-nc-nd/4.0/


12 
 

where cN, products is the nitrogen content of the product sample (ppm) and cN, feed is the nitrogen content of 

the feed mixture (ppm). 

 

2.6 Gas Phase Analysis. A gas phase sample was collected to a bomb after the reactor had cooled 

down. The gas phase was qualitatively analyzed with an Agilent 6890 permanent gas GC. Non-condensable 

gases were separated with HP-PLOT and HP-Molesieve columns, using Ar as the carrier gas, and were 

detected with a TCD. The hydrocarbons were separated with a HP-AL/KCL column using He as the carrier 

gas and detected with an FID. Each sample was analyzed three times.
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3. Results and Discussion 

3.1 Catalyst Characterization. Table 1 displays the BET specific surface area, pore volume and 

mean pore diameter obtained from N2-physisorption measurements of the calcined catalysts, and the CO 

or H2 adsorption capacity, mean metal particle size and dispersion obtained from pulse chemisorption 

measurements of the reduced catalysts. 

 

Table 1. Properties of the catalysts based on N2-physisorption measurements and pulse chemisorption 
measurements 

Catalyst 

N2-physisorptiona Pulse chemisorptionb 

SBET 

(m2/g) 
Vpore (cm3/g) dpore (nm) CO/H2 ads. 

capacity  
(µmol/gcat) 

dm  
(nm) 

D  
(%) 

ZrO2 47 0.25 20 - n.a. n.a. 

Ni/ZrO2 48 0.23 20 3d 30d 4%d 

Pd/ZrO2 50 0.27 19 36c 2.9c 38%c 

Pt/ZrO2 42 0.25 19 30c 1.9c 59%c 

Rh/ZrO2 45 0.23 20 25d 2.2d 50%d 

Ru/ZrO2 48 0.26 20 61c 2.1c 61%c 
a)The measurements carried out for the calcined catalysts 
b)The catalysts were reduced at 350 °C in H2 before the measurements 
c)Based on CO pulse chemisorption 
d)Based on H2 pulse chemisorption 
n.a. = not applicable 

 

The semi-quantitative XRF measurements indicated a metal loading of 0.6 wt. % for Pd/ZrO2 and Pt/ZrO2, 

and a metal loading of 0.7 wt. % for Ni/ZrO2, Rh/ZrO2 and Ru/ZrO2. These values were within the 

measurement uncertainty of each other. The catalysts displayed IUPAC Type IV(a) N2-physisorption 

isotherms, with a Type H2(b) hysteresis loop.45 The BET specific surface area (42-50 m2/g), pore volume 

(0.23-0.27 cm3/g) and mean pore diameter (19-20 nm) of the catalysts and the bare support were similar, 

indicating that impregnation of the active metal did not alter the morphology significantly (Table 1). The 

N2-physisorption isotherms and BJH pore size distribution of the catalysts and the support are displayed 

in Figure S1 and Figure S2 of the Supporting Information. The X-ray diffractograms of the calcined catalysts 

only contained reflections related to monoclinic ZrO2 (ICDD 00-007-0343), suggesting that the active 

metals were well dispersed before reduction.46 The X-ray diffractograms of the calcined catalysts and the 

ZrO2 support are available in Figure S3 of the Supporting Information. 
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The reduction temperatures of the active metals were studied via H2-TPR measurements of the calcined 

catalysts. The H2-TPR profiles of the catalysts and the ZrO2 support are presented in Figure 1. 

 

Figure 1. H2-TPR profiles of the calcined catalysts and the ZrO2 support. The data has been vertically shifted 
for clarity. 

 

No reducible species were detected on the bare ZrO2 support (Figure 1). The H2-TPR profile of Ni/ZrO2 had 

three major reduction peaks. The first and second peaks reached their maximum intensity at 237 °C and 

257 °C, respectively. The third broad and shallow reduction peak reached its maximum intensity at 425 °C, 

i.e., above the reduction temperature that was used for the activity tests (350 °C). The first reduction 

peaks were likely related to the reduction of NiO particles with relatively weak interactions with the ZrO2 

support.37,47–49 The higher temperature peak may have involved the reduction of NiO particles interacting 

more strongly with the ZrO2 support, or the reduction of Ni2+ species in the ZrO2 lattice.37,47–49 It is possible 

that a part of the Ni remained oxidic at the end of the H2-TPR measurement.50 

 

The H2-TPR profile of Pd/ZrO2 did not contain any major reduction peaks, but the H2 consumption signal 

was elevated from the start of the ramp until approximately 100 °C (Figure 1). This could suggest that the 

PdO got reduced immediately upon the introduction of H2, or that the Pd was in its reduced state already 

after calcination.51 The H2-TPR profile of Pt/ZrO2 contained a broad and shallow reduction peak around 

140 °C, which probably involved the reduction of PtO2 to metallic Pt.52,53 

 

Multiple reduction peaks were present in the H2-TPR profile of Rh/ZrO2 (Figure 1). The reduction of Rh2O3 

particles to metallic Rh mainly occurred below 130 °C, as observed from the major reduction peaks at 75 

and 98 °C.54–58 The two smaller reduction peaks at 140 and 230 °C may have been attributed to reduction 
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of larger Rh2O3 particles, Rh2O3 particles interacting more strongly with the support, or to Rh-assisted 

partial reduction of the ZrO2 support.54–58  

 

The H2-TPR profile of Ru/ZrO2 contained reduction peaks at 90 and 130 °C, and no H2 consumption was 

observed at temperatures above 150 °C (Figure 1). Similar H2-TPR profiles have been reported for Ru/ZrO2 

catalysts in the literature.59–61 The first peak has been explained by the reduction of RuO2 particles to 

metallic Ru, whereas the second peak has been proposed to involve the reduction of RuO2 particles with 

stronger interactions with ZrO2.59–61 The H2-TPR measurements therefore indicated that the Ru, Rh, Pt and 

Pd got reduced during the reduction treatment that was used before the activity tests, whereas part of 

the Ni possibly remained oxidic.  

 

Based on the pulse chemisorption measurements, the mean metal particle size ranged between 1.9 and 

2.9 nm for Pt/ZrO2, Pd/ZrO2, Ru/ZrO2 and Rh/ZrO2, whereas the dispersions varied from 38 to 61% 

(Table 1). Due to the uncertainty of the semi-quantitative elemental analysis, the dispersion and mean 

particle size were calculated based on the nominal metal loading (1 wt. %), which implies that the 

dispersion and mean particle size of the Pt, Pd, Ru and Rh catalysts are within the measurement accuracy 

of each other. Based on the H2 pulse chemisorption measurement, the mean particle size (30 nm) and 

dispersion (4%) of Ni/ZrO2 deviated from the noble metals significantly. Considering the relatively high 

reduction temperature (Figure 1) and the absence of Ni-related reflections in the X-ray diffractogram of 

the calcined Ni/ZrO2 catalyst, it is possible that the low H2 adsorption capacity partly was related to an 

incomplete reduction of Ni. A selection of representative STEM images with elemental EDS mappings is 

available in Figure S4 of the Supporting Information. The mean metal particle size derived from the STEM 

images was 2.1 nm for both Pt/ZrO2 and Rh/ZrO2, which is in good agreement with the pulse 

chemisorption results (Table S1, Supporting Information). Due to an insufficient contrast between the 

active metal and the support, the active metal particle size distribution could not be reliably estimated 

from the STEM images of the Ru, Pd and Ni catalysts.  

 

XPS measurements were carried out for the catalysts and the bare ZrO2 support to study the chemical 

state of the active metals and their interactions with the support. The catalyst samples were reduced ex 

situ in H2 at 350 °C before the measurements and transferred to the equipment exposed to air. The XPS 

survey spectra of the samples are available in Figure S5 of the Supporting Information. Figure 2 presents 

high-resolution XP spectra of the Ni 2p (a), Pd 3d (b), Pt 4f (c), Rh 3d (d) and Ru 3d (e) regions of the 
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Ni/ZrO2, Pd/ZrO2, Pt/ZrO2, Rh/ZrO2 and Ru/ZrO2 catalysts, respectively. Table 2 summarizes the surface 

composition of the catalysts, and the relative amounts of active metal in reduced and oxide states.  

 

 

Figure 2. High-resolution X-ray photoelectron spectra of (a) the Ni 2p region of Ni/ZrO2, (b) the Pd 3d / Zr 
2p region of Pd/ZrO2, (c) the Pt 4f region of Pt/ZrO2, (d) the Rh 3d region of Rh/ZrO2 and (e) Ru 3d / C 1s 
region of Ru/ZrO2. The samples were reduced ex situ in H2 at 350 °C before the XPS measurements and 
transferred to the equipment exposed to air. 

 

Table 2. XPS-derived atomic surface composition and relative amounts of active metal M in reduced state 
M(0) and in oxidic states M(ox.) 

Catalysta 
Atomic surface composition b Oxidation states 

M (at. %) Zr (at. %) O (at. %) C (at. %) M(0) (%) M(ox.) (%) 

ZrO2 - 30.1 46.4 22.3 - - 

Ni/ZrO2 0.7 33.0 52.7 12.3 13.5% 86.5% 

Pd/ZrO2 1.1 29.6 51.6 16.8 74.0% 26.0% 

Pt/ZrO2 4.9 30.4 52.3 12.5 71.9% 28.1% 

Rh/ZrO2 0.8 33.1 53.9 8.0 74.5% 25.5% 
Ru/ZrO2 3.0 28.8 51.8 15.5 14.1% 86.0% 

a)The samples were reduced ex situ in H2 at 350 °C before the XPS measurements and transferred to the equipment in atmosphere. 
b)The XPS measurement indicated that the Rh/ZrO2 catalyst also contained 2.8 at. % potassium. 

 

The catalysts showed differences in the surface concentration of active metal and in their oxidation states 

(Table 2). Pt/ZrO2 and Ru/ZrO2 had the highest metal surface concentration, with 4.9 at. % Pt and 3.0 at. % 

Ru. The surface concentration of active metal was lower for Pd/ZrO2, Rh/ZrO2 and Ni/ZrO2, 1.1, 0.8 and 
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0.7 at. %, respectively. Over 70% of the Pt, Pd and Rh was reduced, while more than 85% of the Ru and Ni 

was oxidic (Table 2, Figure 2). Considering the H2-TPR profiles (Figure 1), where the Pt, Pd, Rh and Ru-

related reduction peaks were located below 350 °C, i.e., the temperature that was used for the ex situ 

sample reduction, the partial surface oxidation of the noble metals may be related to the exposure to air 

during the sample transfer to the XPS. The high degree of oxidation of Ru therefore suggests that the 

metal got oxidized easier than the other noble metals, reflecting the intrinsic redox potential of Ru. Similar 

results have been reported for supported Ru catalysts elsewhere.62 Based on H2-TPR, the relatively high 

degree of oxidation of Ni/ZrO2, i.e. the only base metal catalyst, was expected.  

 

The catalysts exhibited some differences in the state of the ZrO2 support and in the Zr 3d and O 1s binding 

energies, potentially reflecting electron transfer between the active metals and the support. Notably, the 

Zr 3d and O 1s binding energies on Rh/ZrO2 were approximately 0.3 eV lower compared to the bare ZrO2 

support, which may indicate electron transfer from Rh to the support. Table S2 of the Supporting 

Information displays the oxidation states of ZrO2, while Figures S6a and S6b of the Supporting Information 

present the high resolution XPS spectra of the Zr 3d and O 1s regions, respectively. 

 

Basic and acid site characterization were carried out via CO2-TPD measurements and FTIR spectroscopy of 

pyridine adsorption, respectively. Figure 3a displays the CO2-TPD profiles, while the transmission FTIR 

spectra of the pyridine-saturated catalysts (170 °C) with the spectra of the clean samples and the 

background subtracted are presented in Figure 3b.  

 

Figure 3. Analysis of the calcined catalysts via (a) CO2-TPD and (b) transmission FTIR of adsorbed pyridine. 
The spectra of the clean samples and the background have been subtracted from the spectra of the 
pyridine-saturated samples. The vertical lines indicate the vibration bands characteristic for pyridine 
adsorbed on Lewis acid sites (1442 cm-1) and Brønsted acid sites (1548 and 1555 cm-1). The data has been 
vertically shifted for clarity. 
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Based on the CO2 desorption profiles (Figure 3a), the CO2 adsorption strength and CO2 adsorption capacity 

were similar for the bare ZrO2 support (36 µmol/g), Pd/ZrO2 (36 µmol/g) and Pt/ZrO2 (30 µmol/g). This 

suggests that the adsorption of CO2 on Pt/ZrO2 and Pd/ZrO2 mainly occurred on the support. The CO2 

desorption profiles contained a broad peak with maximum intensity at 120 °C and a shoulder at 

approximately 150 °C. The CO2 may have adsorbed as bicarbonate species on Brønsted basic OH groups, 

as monodentate carbonate species on Lewis basic O2- centers and as bidentate carbonate species on Lewis 

acid–base (Zr4+-O2-) pairs.47,63 The bidentate carbonate species likely accounted for the shoulder at 

150 °C.63 The CO2 adsorption capacity of the Ru/ZrO2 catalyst (16 µmol/g) was less than half compared to 

the bare ZrO2 support, and the desorption peak did not contain the shoulder at 150 °C, indicating that the 

impregnation of Ru suppressed the amount of the strongest basic sites or acid–basic site pairs of the ZrO2 

support.  

 

The CO2 adsorption capacity of Ni/ZrO2 (63 µmol/g) and Rh/ZrO2 (66 µmol/g) was approximately 

30 µmol/g higher compared to the bare ZrO2 support, which suggests that the CO2 partly adsorbed on the 

active metals or the interface between the active metal and the support (Table 1). The CO2 desorption 

peak of Ni/ZrO2 was in a similar temperature range as for the ZrO2 support, but a relatively larger share of 

the CO2 desorption occurred above 150 °C (Figure 3a). The CO2 desorption profile of Rh/ZrO2 contained 

both the peak around 120 °C, related to CO2 adsorbed on ZrO2, and a broad peak which reached maximum 

intensity around 300 °C. The high-temperature peak may be related to CO2 that was adsorbed on Rh, but 

might also be related to the K on the catalyst surface (Table 2).64 Based on the desorption temperature, 

the basic sites on the Rh/ZrO2 catalyst were considerably stronger compared to the other catalysts.  

 

As described previously, Lewis and Brønsted acid sites are mechanistically involved in several reactions of 

the amide hydrotreatment reaction network.27 The total acid site concentration was 80 µmol/g or lower 

for the studied catalysts, and the vibration bands characteristic for pyridine adsorbed on Lewis acid sites 

and Brønsted acid sites were located at 1442 cm-1 and 1548 cm-1, respectively (Figure 3b). Therefore, the 

ZrO2-supported catalysts had a relatively low acid site concentration, and the acid sites were weak 

compared to catalysts supported on other inorganic oxides, such as ɣ-Al2O3, SiO2-Al2O3 and TiO2.65,66 The 

bare ZrO2 support had 40 µmol/g Brønsted acid sites and 30 µmol/g Lewis acid sites. The impregnation of 

Pt, Pd, Ni and Ru suppressed the Brønsted acid site concentration to less than 20 µmol/g, whereas the 

Lewis acid site concentration was unaffected for Pt/ZrO2 and increased to 60-70 µmol/g for Pd/ZrO2, 
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Ni/ZrO2, and Ru/ZrO2. The differences in the acidity of these catalysts fell within the measurement 

uncertainty and are not expected to have a significant influence on the catalytic activity.   

 

Rh/ZrO2 was the only catalyst where the concentration of Brønsted acid sites (40 µmol/g) exceeded the 

concentration of Lewis acid sites (20 µmol/g). It is possible that the K on the catalyst surface (Table 2) 

suppressed the Lewis acidity of the catalyst.67 The acid–base properties of Rh/ZrO2 therefore deviated 

from the other catalysts. 

 

3.2 Catalytic Hydrotreatment of n-Hexadecanamide. Hydrotreatment experiments were 

carried out at 300 °C and 80 bar H2, using n-hexadecanamide (C16 amide) as the model compound and a 

reaction time of 60 min. The main products of the C16 amide hydrotreatment experiments were n-

pentadecane (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), dipentadecyl ketone (31 ketone), n-hexadecyl hexadecylamine (C32 amine), palmityl palmitate 

(C32 ester) and n-hexadecyl hexadecanamide (C32 amide). Figure 4 displays the product distribution, 

conversion, nitrogen removal and oxygen removal of the C16 amide hydrotreatment experiments. The 

nitrogen removal was obtained from the total nitrogen content analysis, while the oxygen removal was 

derived from the GC data. 
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Figure 4. Product distribution, conversion, nitrogen removal () and oxygen removal () in the 
hydrotreatment of the C16 amide. The experiments were carried out at 300 °C and 80 bar H2 for 60 min, 
stirring 600 rpm and using an initial nitrogen content of 100 ppm. The nitrogen removal was obtained 
from the total nitrogen content analysis, while the oxygen removal was derived from the product 
distribution. 

 

The studied catalysts and the bare ZrO2 support exhibited activity for the conversion of the C16 amide 

(Figure 4). The nitrogen removal of the 60 min reference experiments increased in the order of ZrO2 (28%), 

Pd (29%), Ni (31%) << Rh (41%) < Pt (46%) < Ru (53%). Based on the product distribution, the oxygen 

removal increased in the order of ZrO2 < Pd < Ni << Rh < Pt ≈ Ru, reaching approximately 60% on the most 

active catalysts. The oxygen removal exceeded the nitrogen removal on the studied catalysts. Scheme 1 

displays a proposed reaction network for the hydrotreatment of the C16 amide. The reaction network has 

been adapted and extended from previous works by Verkama et al.,27,28 by the addition of the reaction 

pathway for the conversion of the C16 amine to the C15 paraffin.  
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Scheme 1. Proposed reaction network for the hydrotreatment of n-hexadecanamide, including the 
reaction network for the hydrotreatment of 1-hexadecylamine. 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 C32 ester, 13 C15 paraffin, 14 C16 paraffin, 15 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 disproportionation of the C16 amine is 
included in the condensation reactions. The bimolecular ketonization of the C16 acid (KET) only occurred 
on the bare support. Note that the C15 paraffin (13) is indicated in two locations. The reaction network 
has been adapted and extended from previous works by Verkama et al.27,28  

 

Hydrotreatment experiments with different batch residence times were conducted for the two most 

active catalysts, Pt/ZrO2 and Ru/ZrO2. Figure 5 displays the product distribution of Pt/ZrO2 (a) and Ru/ZrO2 

(b) in the hydrotreatment of the C16 amide, as a function of batch residence time. The experiments were 

carried out at 300 °C and 80 bar H2, using 20 mg catalyst and an initial nitrogen content of 100 ppm. The 

60 min reference experiments of Figure 4 correspond to the batch residence time 0.37 gcath/gamide. The 

product distribution of the different catalysts is discussed in the following paragraphs. 
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Figure 5. Product distribution as a function of batch residence time for (a) Pt/ZrO2 and (b) Ru/ZrO2 in the 
hydrotreatment of the C16 amide. The experiments were carried out at 300 °C, 80 bar H2, using 20 mg of 
catalyst and an initial nitrogen content of 100 ppm. The trendlines have been added to guide the eye. 

 

The bare ZrO2 support exhibited activity for the conversion of the C16 amide to the C16 nitrile and C16 

acid (Figure 4) via bimolecular deammoniation (BDA, Scheme 1). The reaction pathway has been described 

by Davidson and Karten.68 The C16 amide may additionally have been converted to the C16 nitrile via 

dehydration and to the C16 acid via hydrolysis.69 In line with literature, the BDA and dehydration of the 

C16 amide also occurred thermally, but with an approximately 90% lower activity compared to the ZrO2 

support.68 Furthermore, the bare ZrO2 support was active for the conversion of the C16 acid to the C16 

aldehyde and the bimolecular ketonization of the C16 acid to the C31 ketone.70–72 A part of the C16 

aldehyde was further converted to the C16 alcohol. The C31 ketone and the reactive C16 aldehyde were 

not present in the product samples of the metal catalysts.71 The activity of the ZrO2 support and the active 

sites for the aforementioned reactions have been elaborated further previously.27  

 

In line with a previous work by Verkama et al.,27 the product distribution and conversion of the C16 amide 

on the different catalysts (Figure 4) indicated that the initial C16 amide conversion route was significantly 

influenced by the ZrO2 support (Scheme 1). This was particularly evident in the case of Pd/ZrO2 and 

Ni/ZrO2, which exhibited a similar activity and selectivity as the bare ZrO2 support in the hydrotreatment 
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of the C16 amide. Meanwhile, the active metal was decisive for the activity and pathway selectivity for 

the conversion of the intermediate products via the hydrogenation and hydrogenolysis routes.  

 

The main difference between the bare support and Pd/ZrO2 was that Pd/ZrO2 showed activity towards 

decarbonylation of the C16 aldehyde and/or decarboxylation of the C16 acid, resulting in a 7% C15 paraffin 

yield, and produced C16 alcohol and C16 amine through hydrogenation of the C16 aldehyde and C16 

nitrile, respectively (Figure 4). The C16 amine and C16 alcohol yields were both 6% on Pd/ZrO2, whereas 

only 1% of the C16 paraffin was formed. The amounts of CO and CO2 were below the detection limit of 

the gas phase analysis, due to the low initial concentration of the model compound.  

 

Ni/ZrO2 showed a higher hydrogenation activity than Pd/ZrO2, as indicated by the C16 amine and C16 

alcohol yields of 13% and 9%, respectively (Figure 4). Similarly to Pd/ZrO2, Ni/ZrO2 only gave 1% of the C16 

paraffin, but produced less C15 paraffin (4%). Ni/ZrO2 produced more C32 amine compared to Pd/ZrO2 

(6% vs 1%), whereas the C32 amide yields were similar (3-4%). The molar carbon balance closure of the 

C16 amide experiments on Pd/ZrO2 and Ni/ZrO2 (~85%) was lower than for the other catalysts (>90%), 

potentially hinting towards the formation of heavy, nonvolatile products that could not be detected by 

GC-FID. For example, the formation of trihexadecylamine (C48 amine) may have occurred.73–76 The low 

activity of the Ni catalyst may have been related to the relatively low number of surface Ni sites (Table 1). 

Considering the low price of Ni compared to noble metals, it could be viable to increase the Ni loading in 

order to improve the catalytic activity.23,77,78 

 

The activity of Pt/ZrO2 markedly exceeded the activity of Ni/ZrO2 and Pd/ZrO2, but the product distribution 

shared some similarities. Pt/ZrO2 provided the highest conversion (87%) out of the studied catalysts in the 

hydrotreatment of the C16 amide (Figure 4). The hydrogenation activity of Pt/ZrO2 was superior to the 

other catalysts, as suggested by the relatively low C16 nitrile yield (6%) in the 60 min reference 

experiment, and high yields of the C16 amine (22%), C16 alcohol (22%) and C16 paraffin (12%). Pt/ZrO2 

was, consequently, the only catalyst that was more selective towards the C16 paraffin than the C15 

paraffin in the tested conditions (Figure 5a).  

 

The product sample of the 60 min reference experiment on Pt/ZrO2 (Figure 4) additionally contained the 

C32 amine (9%), the C32 amide (7%) and the C32 ester (2%), which were converted to the C16 paraffin at 

higher batch residence times (Scheme 1, Figure 5a). The condensation reactions and competitive HDN and 
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HDO of the C16 amine and C16 alcohol characterized the reaction network of Pt/ZrO2, as elaborated 

previously.27,28 Up to 10% of the C15 paraffin was formed via decarboxylation and decarbonylation routes 

on Pt/ZrO2, but based on the batch residence time series (Figure 5a), the C–C bond hydrogenolysis of the 

C16 alcohol to the C15 paraffin was not favored. The pathway may have been more prominent on the 

metals which bind CHx species stronger, such as Ru, Rh and Ni, as the selectivity between the C–O and C–

C bond hydrogenolysis of alcohols has been found to depend on the relative ability of the metal to activate 

CHx species.33,34,79–81 Lewis acid sites on the support (Figure 3b) and high H2 pressures can inhibit 

decarbonylation reactions, which may have further contributed to why the conversion of the C16 alcohol 

to the C15 paraffin was not favorable on Pt/ZrO2.5,81 

 

The enhanced C–O bond hydrogenolysis selectivity of Pt compared to Pd has been reported before and 

can be attributed to the metal properties, as Pd favors alkyl chain adsorption, while Pt may preferentially 

interact with carbonyl and hydroxyl functionalities.5,79,82–85 Stronger interactions between the active metal 

and the carbonyl group of the C16 amide may likewise explain why the C16 amide conversion was higher 

on Pt/ZrO2 than on Pd/ZrO2. However, a contribution of the differences in the surface composition and 

possibly the dispersion of the catalysts cannot be entirely excluded (Table 1, Table 2). 

  

The product distribution of Ru/ZrO2 and Rh/ZrO2 shared similarities with each other and deviated from 

Ni/ZrO2, Pd/ZrO2 and Pt/ZrO2. The highest paraffin yields in the hydrotreatment of the C16 amide were 

obtained on the Ru and Rh catalysts (Figure 4). Both catalysts readily produced the C15 paraffin, with 

yields of 39% and 30% for Ru/ZrO2 and Rh/ZrO2, respectively. With a conversion of 69%, Ru/ZrO2 was more 

active than Rh/ZrO2, which converted 59% of the C16 amide.  

 

The product sample of the C16 amide hydrotreatment experiment on Rh/ZrO2 did not contain C16 

paraffin, and the total yield of the oxygen-containing intermediate products was only 3% (Figure 4). 

Together with the C15 paraffin yield, this highlights that Rh/ZrO2 was highly active and selective for oxygen 

removal via C–C bond cleavage routes (Scheme 1). The enhanced Brønsted acid site concentration on 

Rh/ZrO2 (Figure 3b) was thus not reflected in the product distribution, as Brønsted acid sites promote C–

O and C–N hydrogenolysis routes.5,86 It is possible that the strong Lewis basic sites on the Rh catalyst 

(Figure 3a) facilitated the adsorption of carbonyl compounds, and thus enhanced the deoxygenation 

activity.5,87 Only traces of the C32 condensation products were found in the product sample of Rh/ZrO2.  
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The C15 paraffin dominated the product distribution of Ru/ZrO2 in the hydrotreatment of the C16 amide, 

but some C16 paraffin was formed additionally (Figure 5b). The C16 intermediates and the C32 

condensation products were not formed on Ru/ZrO2 to the same extent as on Pt/ZrO2 (Figure 5a). 

Therefore, in sharp contrast to Pt/ZrO2, the HDN and HDO of the C16 amide on Ru/ZrO2 appeared to occur 

simultaneously or consecutively without significant desorption of the intermediates between the HDN 

and HDO steps (Figure 5b). Methane was found in the qualitative analysis of the gas phase sample of both 

Ru/ZrO2 and Rh/ZrO2, indicating methanation of the C1 compounds that were formed in parallel with the 

C15 paraffin.88,89 The formation of Cn-1 paraffins out of Cn fatty acids has been proposed to occur through 

the splitting of a formic acid species on supported Pd catalysts.83,90 Similarly, the formation of the C15 

paraffin through scission of a formamide type species from the C16 amide might be a possibility for 

Ru/ZrO2 and Rh/ZrO2. Due to the high deoxygenation activity of the catalysts and the thermal instability 

of formamide in the studied conditions, the favored C–C bond cleavage route could not be deduced from 

the activity test data.  

 

The C–C bond cleavage activity of supported Ru and Rh catalysts has been demonstrated in the 

hydrotreatment of vegetable oils, fatty acids and alcohols,23,78,79 but to our knowledge, the selective C–C 

bond cleavage of fatty amides has not been reported before. Furthermore, with most amine 

hydrotreatment studies focusing on methylamine, information on the preference between C–C and C–N 

bond cleavage routes on reduced metal catalysts is limited. The hydrotreatment of the C16 amine was 

therefore studied separately. 

  

3.3 Catalytic Hydrotreatment of 1-Hexadecylamine. Hydrotreatment experiments were 

carried out for the catalysts using the C16 amine as a model compound, in order to evaluate the HDN 

activity and the preference for C–N and C–C bond cleavage routes without the interference of 

simultaneous HDO. The experiments were carried out at 300 °C and 80 bar H2, using a reaction time of 

60 min. The products of the C16 amine hydrotreatment experiments were the C15 paraffin, the C16 

paraffin, the C32 amine and traces of the C16 nitrile and the C16 alcohol. The product samples additionally 

contained isopropyl hexadecylamine (C19 amine), which likely was formed via a reaction between the C16 

amine and acetone residues in the system (acetone was used to wash the reactor lines between the 

experiments). The C19 amine is not considered to be a true part of the C16 amine HDN reaction network 

and is therefore not discussed further. The product distribution, conversion and nitrogen removal of the 
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C16 amine experiments is shown in Figure 6. The reaction network for the hydrotreatment of the C16 

amine is a part of the reaction network of the C16 amide (Scheme 1). 

 

 

Figure 6. Product distribution, conversion and nitrogen removal () in the hydrotreatment of the C16 
amine. The experiments were carried out at 300 °C and 80 bar H2 for 60 min, stirring 600 rpm and using 
an initial nitrogen content of 100 ppm. The nitrogen removal was obtained from the total nitrogen content 
analysis. 

 

The nitrogen removal in the 60 min C16 amine hydrotreatment experiments (Figure 6) increased in the 

order of ZrO2 (1%) < Ni (7%) < Rh (11%), Pd (12%) << Pt (27%) << Ru (45%). A partly different ranking by 

HDN activity was thus obtained, and the variation in the nitrogen removal was considerably larger 

compared to the C16 amide hydrotreatment experiments (Figure 4) where the difference between the 

nitrogen removal of the most active and least active material was 25 percentage points. While all studied 

catalysts showed a lower activity in the hydrotreatment of the C16 amine than in the hydrotreatment of 

the C16 amide, the difference was particularly pronounced on Rh/ZrO2, which removed 30 percentage 

points less nitrogen in the C16 amine experiment. 
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Batch residence time series experiments were carried out on the two most active catalysts, Pt/ZrO2 and 

Ru/ZrO2. Figure 7 displays the product distribution of Pt/ZrO2 (a) and Ru/ZrO2 (b) in the hydrotreatment 

of the C16 amine at 300 °C and 80 bar H2, using 20 mg catalyst and an initial nitrogen content of 100 ppm. 

The 60 min reference experiments of Figure 6 correspond to the batch residence time 0.39 gcath/gamine. 

The following paragraphs discuss the activity and product distribution of the C16 amine hydrotreatment 

experiments on the catalysts. 

 

 

Figure 7. Product distribution as a function of batch residence time for (a) Pt/ZrO2 and (b) Ru/ZrO2 in the 
hydrotreatment of the C16 amine. The experiments were carried out at 300 °C, 80 bar H2, using 20 mg of 
catalyst and an initial nitrogen content of 100 ppm. The trendlines have been added to guide the eye. 

 

In contrast to the C16 amide hydrotreatment experiment (Figure 4), the ZrO2 support showed a negligible 

nitrogen removal in the HDN of the C16 amine (Figure 6). The sites of ZrO2 were therefore unable to 

catalyze reactions of the C16 amine in the tested conditions, which accounts for the lower conversion and 

nitrogen removal of the metal catalysts compared to the C16 amide experiments, where the support alone 

removed 28% nitrogen via BDA (Scheme 1). No thermal activity was recorded in the hydrotreatment of 

the C16 amine. 

 

The C32 amine dominated the product distribution of Ni/ZrO2 and Pd/ZrO2 in the hydrotreatment of the 

C16 amine, with yields of 13% and 24%, respectively (Figure 6). The catalysts were therefore mainly active 

for the disproportionation of the C16 amine (Scheme 1).25 The total paraffin yield of the C16 amine 
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experiments was less than 2% on Ni/ZrO2 and 3% on Pd/ZrO2, with Ni favoring the C15 paraffin and Pd 

favoring the C16 paraffin. The majority of the paraffins that were formed in the C16 amide experiments 

over Ni/ZrO2 and Pd/ZrO2 (Figure 4) therefore appeared to originate from the C16 acid, the C16 aldehyde 

or the C16 alcohol.  

 

As with the C16 amide experiments (Figure 4), Pt/ZrO2 exhibited the highest C16 paraffin yield (19%) out 

of the tested catalysts in the C16 amine hydrotreatment experiments (Figure 6). The C16 paraffin could 

be formed as a primary product in the hydrotreatment of the C16 amine on Pt/ZrO2, which initially was 

reflected in higher C16 paraffin yields compared to a similar batch residence time with the C16 amide, 

despite a lower model compound conversion. The C16 to C15 paraffin ratio at the highest studied batch 

residence time was significantly higher in the hydrotreatment of the C16 amine (21.0 mol/mol, Figure 7a) 

compared to the hydrotreatment of the C16 amide (6.1 mol/mol, Figure 5a). The C–C bond cleavage of 

the C16 amine to the C15 paraffin did therefore not significantly occur on Pt/ZrO2. This indicates that the 

C15 paraffin that was formed on Pt/ZrO2 in the C16 amide experiments originated from decarbonylation 

and decarboxylation pathways (Scheme 1). The C16 paraffin and C32 amine yields were similar until batch 

residence time 0.39 gcath/gamine.  

 

Similar results have been reported previously for the activity of Pt and Pd in HDN. In their computational 

study, Almithn and Hibbis33 found Pt to be more active than Pd for the C–N bond hydrogenolysis of 

methylamine, while Meitzner et al.25 found that Pd was more selective for the disproportionation of 

methylamine to dimethylamine than Pt. In the 60 min C16 amine hydrotreatment experiments on Pd/ZrO2 

and Pt/ZrO2, we obtained C32 amine to C16 paraffin ratios of 5 mol/mol and 0.4 mol/mol, respectively 

(Figure 6), which considering the higher reaction temperature and conversion level, aligns with the 

observations by Meitzner et al.25 On the other hand, Ni has been predicted to be more active in C–N bond 

hydrogenolysis than both Pd and Pt.33 It is possible that the low HDN activity of Ni/ZrO2 was due to the 

poor Ni dispersion (Table 1) or incomplete reduction of Ni (Figure 1). 

 

Interestingly, up to 2% of the C16 alcohol was found in the product samples of the C16 amine 

hydrotreatment experiments on Pt/ZrO2 and Pd/ZrO2 (Figure 6). The compound may have been formed 

using oxygen from the ZrO2 surface. In a previous work by Verkama et al.,28 the formation of alcohols from 

amines was observed on Pt/ZrO2 in similar reaction conditions. Therefore, the conversion of the C16 

amine to the C16 alcohol, and vice versa, likely occurred in the C16 amide experiments as well.91  
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The C15 paraffin was obtained as the main product in the C16 amine hydrotreatment experiments on 

Ru/ZrO2 and Rh/ZrO2, with yields of 31% and 10%, respectively (Figure 6). This confirms that Ru/ZrO2 and 

Rh/ZrO2 are active for the C–C bond cleavage of primary alkyl amines. Methane was found in the 

qualitative gas-phase analysis, but the absence of n-tetradecane (C14 paraffin) and other shorter chain 

paraffins in the product samples indicate that the C–C bond cleavage of the C16 amine to the C15 paraffin 

is more likely than cracking of the C16 paraffin to the C15 paraffin and methane. This is also supported by 

the batch residence time series experiments (Figure 5, Figure 7), where the paraffin yields did not decay 

over time. Di et al.79 similarly found that Ru/TiO2 catalyzed both the C–C and C–N bond hydrogenolysis of 

the C16 amine, and obtained methane as the exclusive carbon-containing gaseous product. The C32 amine 

yields were below 5% on both Ru/ZrO2 and Rh/ZrO2, in contrast to Pt/ZrO2, Pd/ZrO2 and Ni/ZrO2, which 

favored the formation of the C32 amine. 

 

Ru/ZrO2 produced a C16 paraffin yield of 11% in the C16 amine experiment (Figure 6), which is higher than 

the C16 paraffin yield in the C16 amide experiments (Figure 4). This was also reflected in the batch 

residence time series experiments on Ru/ZrO2, where C16 to C15 paraffin ratios of 0.4 mol/mol and 

0.2 mol/mol were obtained at the highest batch residence time points for the C16 amine (Figure 7b) and 

C16 amide (Figure 5b), respectively. Ru/ZrO2 was therefore less selective for the C-C bond cleavage of the 

C16 amine than for the C-C bond cleavage of the oxygen-containing compounds in the C16 amide reaction 

network (Scheme 1). 

 

The product sample of the C16 amine hydrotreatment experiment on Rh/ZrO2 did not contain C16 

paraffin, which implies that Rh/ZrO2 was the most selective catalyst for the C–C bond cleavage routes, 

regardless of its relatively low activity. Rh has been reported to exhibit a high activity for the C–N bond 

hydrogenolysis of methylamine to methane, which makes the low C16 amine conversion and complete 

lack of C16 paraffin in the C16 amine HDN experiments on Rh/ZrO2 surprising, particularly considering 

that the C–C bond dissociation energy is higher than the C–N bond dissociation energy.25,29,33 Preferential 

interaction between the Rh sites and the alkyl chain, preventing the adsorption of the C16 amine in a 

favorable mode for C-N bond hydrogenolysis and stabilizing the transition states for the C–C bond 

cleavage route, might explain the selectivity of Rh/ZrO2 in the hydrotreatment of the C16 amine. It is also 

possible that the relatively low concentration of Lewis acid sites (Figure 3b), strong basic sites (Figure 3a) 
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and electronic interactions between Rh and the support (Table S2, Supporting Information) influenced the 

catalytic properties of Rh/ZrO2 in this context.  

 

The mechanism for the formation of the C15 paraffin, the C16 paraffin and the C32 amine from the C16 

amine cannot be confirmed from the experimental data, but it is likely that the reactions were initiated 

by the dissociative adsorption of the C16 amine as a hydrogen-deficient surface intermediate  

C15H31CHxNHy, and followed by a sequence of dehydrogenation, hydrogenation and C–C or C–N bond 

cleavage steps on the metal sites.25,29–34,80,92–94 The active metal influences the adsorption strength, 

preferred adsorption mode and transition states in the reaction mechanism, which can explain the 

differences in the activity and selectivity towards the different reaction pathways.25,29–34,80,92–94  

 

The activity of the metals of the groups 8-11 has been found to decrease from left to right in the periodic 

table, both in the case of C–C and C–N bond hydrogenolysis.25,29,33,95 While the amine group affects the 

reactivity of the adjacent C–C bond, the periodic trend for the activity towards C–C bond cleavage is 

reflected in the product distribution of the C16 amine experiments (Figure 6).33,95,96 In contrast, the 

periodic trend for the activity towards C–N bond cleavage only holds in the case of Pt/ZrO2 and 

Pd/ZrO2.25,33 This could indicate that the relative ability of the metals to activate CHx species influenced 

the preference between C–C and C–N bond cleavage, similarly to what has been found in the 

hydrotreatment of alcohols.81  

 

3.4 Comparison of the model compounds. Figure 8 presents the heteroatom removal in the 

hydrotreatment of the C16 amide and the C16 amine as a function of conversion for the catalysts and the 

ZrO2 support. The data is from the 60 min reference experiments at 300 °C and 80 bar H2 (Figure 4, 

Figure 6). 
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Figure 8. Heteroatom removal as a function of conversion in the hydrotreatment of the C16 amide and 
the C16 amine on the catalysts and the bare ZrO2 support. Reaction conditions: 300 °C, 80 bar H2, 60 min, 
100 ppm initial N content, 20 mg catalyst. 

 

The catalysts showed a higher conversion and nitrogen removal in the C16 amide hydrotreatment 

experiments than in the C16 amine hydrotreatment experiments (Figure 8), which can be explained by 

the activity of the ZrO2 support for the conversion of the C16 amide via BDA (Scheme 1). Ru/ZrO2 and 

Pt/ZrO2 were the most active catalysts in terms of conversion and heteroatom removal in the 

hydrotreatment of both model compounds, but the order of activity varied for the other catalysts. While 

the initial conversion of the C16 amide to oxygen-containing and nitrogen-containing intermediate 

products proceeded efficiently, the further HDN of the nitrogen-containing intermediates was inhibited 

by the competitive HDO of the oxygen-containing intermediates.28 The preference for HDO was reflected 

in a higher oxygen removal than nitrogen removal on the catalysts (Figure 4), and could also be observed 

from the product distribution of the batch residence time series experiments (Figure 5).  

 

The interference of HDO may explain why the ranking of the catalysts by HDN activity differed in the C16 

amide experiments and the C16 amine experiments (Figure 8). For example, the nitrogen removal of 

Pd/ZrO2 was similar to the nitrogen removal of the bare ZrO2 in the hydrotreatment of the C16 amide, 

even though Pd/ZrO2 removed 11 percentage points more nitrogen than the bare ZrO2 in the 

hydrotreatment of the C16 amine. The activity and preference for HDO was reflected in the product 

distribution, which indicated that Pd/ZrO2 preferentially converted the oxygen-containing intermediates. 

The findings emphasize the relative complexity of the C16 amide reaction network and the interference 
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of competitive HDO and HDN reactions in the hydrotreatment of molecules which contain both oxygen 

and nitrogen.  

 

The tested catalysts exhibited activity for the formation of the C15 paraffin via the decarboxylation and 

decarbonylation routes in the C16 amide reaction network (Scheme 1, Figure 4). Even Pt/ZrO2, which was 

the least selective catalyst for C–C bond cleavage, produced 10% of the C15 paraffin at full conversion 

(Figure 5a). In contrast, only Ru/ZrO2 and Rh/ZrO2 displayed a significant activity for the C–C bond cleavage 

of the C16 amine (Figure 6, Figure 7b), and the C15 paraffin yields were lower than in the C16 amide 

experiments. The C–C bond cleavage of the oxygen-containing compounds in the reaction network 

therefore appeared to be more favorable than the C–C bond cleavage of the C16 amine on the studied 

catalysts, which aligns with the findings by Di et al.79 
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4. Conclusions 

In this work, ZrO2-supported Pt, Pd, Rh, Ru and Ni catalysts were studied in the hydrotreatment of the C16 

amide (n-hexadecanamide) and the C16 amine (1-hexadecylamine). Ru/ZrO2 and Pt/ZrO2 were the most 

active catalysts for the formation of n-paraffins from both model compounds, while Pd/ZrO2 and Ni/ZrO2 

only displayed a modest activity at the studied reaction conditions.  

 

The hydrotreatment of the C16 amide proceeded more efficiently than the hydrotreatment of the C16 

amine on the studied catalysts, which was due to the activity of the ZrO2 support for the conversion of the 

C16 amide. A high HDO activity was not always reflected in a high HDN activity. For example, Rh/ZrO2 was 

highly active for oxygen removal via C–C bond cleavage routes in the C16 amide experiments, but only 

showed a low conversion and nitrogen removal in the HDN of the C16 amine.  

 

The reaction network of the C16 amide was influenced both by the support and the activity and selectivity 

of the metals for the conversion of the oxygen-containing and nitrogen-containing intermediate products. 

The metal catalysts mainly differed in their tendency to catalyze condensation reactions and in their 

preference for C–C, C–O and C–N bond cleavage routes in the formation of the paraffins, which was 

reflected in the yields of the C32 condensation products, the C15 paraffin and the C16 paraffin. 

Characterization by CO and H2 pulse chemisorption, XRD, XRF, CO2-TPD, pyridine FTIR and N2-

physisorption could not explain the differences in the product distribution of the noble metal catalysts, 

which indicates that the metal identity and its influence on the adsorption strength, adsorption mode and 

transition states of the reactants and intermediate products accounted for the observed differences in 

the activity and selectivity. The low activity of the Ni/ZrO2 catalyst may, however, have been due to the 

poor dispersion and/or incomplete reduction of Ni.  

 

Ru/ZrO2 and Rh/ZrO2 were highly active for C–C bond cleavage routes and selectively formed the C15 

paraffin in both the C16 amide and C16 amine hydrotreatment experiments. In case of the C16 amide, the 

C–C bond cleavage partly occurred from the oxygen-containing and nitrogen-containing intermediate 

products, but may also have occurred directly from the C16 amide. Pt/ZrO2 was the only catalyst that was 

more selective for the formation of the C16 paraffin than the C15 paraffin from both model compounds, 

and the formation and decomposition of the C32 condensation products played an important role in 

reaction pathway towards the C16 paraffin. The C32 condensation products were likewise readily 
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produced by the low-activity Pd/ZrO2 and Ni/ZrO2 catalysts, whereas their formation was not preferred 

on Ru/ZrO2 and Rh/ZrO2, highlighting the mechanistic differences between the catalysts.  

 

To our knowledge, the selective formation of Cn-1 normal paraffins via C–C bond cleavage routes has not 

been reported before in the hydrotreatment of fatty amides and amines. The finding aligns with recent 

HDO studies over supported noble metal catalysts and emphasizes the influence of the active metal on 

the activity and selectivity of different supported noble metal catalysts.  
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N2-Physisorption Isotherms and Pore Size Distribution 

Figure S1 displays the N2-physisorption isotherms of the catalysts and the bare ZrO2 support. 

 
Figure S1. N2-physisorpotion isotherms of (a) the bare ZrO2 support and the calcined (b) Ni/ZrO2, (c) 

Pd/ZrO2, (d) Pt/ZrO2, (e) Rh/ZrO2 and (f) Ru/ZrO2 catalysts. 
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Figure S2 displays the Barrett-Joyner-Halenda (BJH) pore size distribution of the catalysts and the bare 

ZrO2 support. 

 

 

Figure S2. BJH pore size distribution of (a) the bare ZrO2 support and the calcined (b) Ni/ZrO2, (c) 

Pd/ZrO2, (d) Pt/ZrO2, (e) Rh/ZrO2 and (f) Ru/ZrO2 catalysts. 
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X-ray Diffraction 

The X-ray diffractograms of the calcined catalysts are presented in Figure S3. 

 

Figure S3. X-ray diffractograms of the calcined catalysts and the bare ZrO2 support. The marked 

reflections () correspond to monoclinic ZrO2 (ICDD 04-004-4339). 
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Scanning Transmission Electron Microscopy 

A selection of representative STEM images of the calcined catalysts, with corresponding elemental EDS 

mappings, is presented in Figure S4. 

 

Figure S4. Representative STEM images and corresponding EDS mappings of the calcined (a) Ni/ZrO2, (b) 
Pd/ZrO2, (c) Pt/ZrO2, (d) Rh/ZrO2 and (e) Ru/ZrO2 catalysts. 

 

Table S1 presents the mean particle size and standard deviation of the mean particle size for the Pt/ZrO2 

and Rh/ZrO2 catalysts, derived from STEM images. The particle size could not be reliably estimated from 

STEM images of the Ru/ZrO2, Pd/ZrO2 and Ni/ZrO2 catalysts, due to an insufficient contrast between the 

active metal and the support.    

 

Table S1. The mean metal particle size of the calcined Pt and Rh catalysts, derived from STEM images 
Catalyst dm, STEM (nm) Standard deviation, dm, STEM (nm) 

Pt/ZrO2 2.1 0.9 

Rh/ZrO2 2.1 0.4 
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X-ray Photoelectron Spectroscopy 

The XPS survey spectra of the samples are presented in Figure S5. The samples were reduced ex situ at 

350 °C in H2 before the measurements and transferred to the equipment in atmosphere. 

 

Figure S5. XPS survey spectra of the catalysts and the ZrO2 support. The samples were reduced ex situ at 

350 °C in H2 before the measurements and transferred to the equipment in atmosphere. 

 

The catalysts exhibited differences in the oxidation state of the ZrO2 support and in the Zr 3d and O 1s 

binding energies, both relative to each other and to the bare ZrO2. Table S2 presents the relative amounts 

of Zr in ZrO2 and in a higher binding energy state. The higher binding energy component of Zr is herein 

referred to as the mixed state Zr oxide. Figure S6a displays the high resolution X-ray photoelectron spectra 

of the Zr 3d region for all catalysts and the ZrO2 support, while the O 1s region is presented in Figure S6b.  
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Table S2. Relative amounts of Zr as ZrO2 and in the mixed state Zr oxide, based on the XPS measurements 

Catalysta ZrO2 (%) Zr, mixed (%) 

ZrO2 96 6 

Ni/ZrO2 78 22 

Pd/ZrO2 87 13 

Pt/ZrO2 84 16 

Rh/ZrO2 85 15 

Ru/ZrO2 88 12 
a)The samples were reduced ex situ in H2 at 350 °C before the XPS measurements and transferred to the equipment in atmosphere. 

 

 
Figure S6. High resolution X-ray photoelectron spectra of the (a) Zr 3d and (b) O 1s regions. The binding 

energy of the main components of the bare ZrO2 support have been indicated with vertical lines. The 

samples were reduced ex situ in H2 at 350 °C before the XPS measurements and transferred to the 

equipment in atmosphere. 

 

The Zr 3d and O 1s binding energies of the ZrO2 support, Ru/ZrO2 and Ni/ZrO2 were similar (Figure S6). 

Meanwhile, the Zr 3d and O 1s binding energies of Pt/ZrO2 and Pd/ZrO2 were similar to each other and 

approximately 0.2 eV higher compared to the ZrO2 support, suggesting that Pt and Pd may have 

withdrawn some electron density from the ZrO2. Rh/ZrO2 displayed approximately 0.3 eV lower Zr 3d and 

O 1s binding energies compared to the bare ZrO2. Electron transfer from Rh to ZrO2 may therefore have 

occurred, but it is also possible that the K present on the surface of Rh/ZrO2 caused the shift. As seen from 

Table S2, the amount of the mixed state Zr oxide was considerably lower on the bare support (6.2%) 

compared to the catalysts (11.5-21.8%). The mixed state Zr oxide may be related to surface defects and 

to Zr bound to hydroxyl groups (Figure S6). Out of the catalysts, Ni/ZrO2 had the highest relative amount 

of ZrO2 in the mixed oxide state. The Zr 3d and O 1s binding energy shifts did not correlate with the relative 

amounts of Zr in the mixed oxide state in the samples.   
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