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1. General aspects of catalysts
Catalysts are at the heart of industrial chemical transformations and 

approximately 90% of all chemical industry products require a catalytic step [1]. 

In 2014, the global demand of catalysts was about US$ 33.5 billion and a steady 

increase in this demand is expected in the next years [2]. To meet this growing 

market demand, both governments and catalyst producers are investing in research 

and development of new catalysts, products, processes and technologies [2].

Catalyst technologies can be grouped into three main areas of relevant 

economical interest: petroleum refining to fuels or to chemicals and environmental 

catalysis [3]. Petroleum refining includes several processes, such as catalytic 

reforming, fluid catalytic cracking, hydrocracking and hydrotreating. Chemicals 

manufacturing is commonly defined according to reaction type, for example 

hydrogenation, polymerization and oxidation. Finally, environmental catalysis is 

often related to cleaning off gases or to the conversion of bio-based sources into 

marketable products.

To advance the catalysis field it is essential to understand the relationship 

between catalyst properties and performance [4]. For example, it has been shown 

that catalyst properties like particle size, acidity and support can significantly 

influence catalyst performance [5 – 7]. Hence, the steering of such properties is 

essential to improve the performance of catalysts making their use attainable in 

the industry. For instance, an interesting new group of catalysts that would be 

benefited by this understanding of catalyst properties–performance relationship is 

the transition metal carbides and phosphides, which are the catalysts under study 

in this thesis. These catalysts are potential substitutes of the limited available noble 

metals.

For several reactions, it has been shown that carbide and phosphide based 

catalysts can display similar or even better catalytic performance than noble metal 

catalysts [8 – 13]. Since the seminal work of Levy and Boudart [14] on water 

formation from H2 and O2 at room temperature over W-carbide, it became clear 

that transition metal carbides are efficient catalysts for reactions that involve 

hydrogen activation, such as ammonia synthesis and decomposition, hydrogenation, 

hydrogenolysis, hydro-isomerization, methanation and hydroprocessing [4]. Metal 

phosphides are also active catalysts in hydrotreatment reactions (Li et al. [15]), 

thus transition metal carbides and phosphides hold great potential as they are more 

available and can be at least equally active as compared to noble metals.

In this thesis this group of non-noble metal catalysts – the transition metal 

carbides and phosphides – will be investigated and we will focus on the study of 

catalyst properties-performance relations and the influence of synthesis conditions 
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on the catalyst properties. For that, we apply transition metal carbides and 

phosphides for the deoxygenation of vegetable oil. The deoxygenation of vegetable 

oils can yield different products such as aldehydes, alcohols, olefins and paraffins, 

which are relevant for industry as chemical building blocks or as fuels [16]. The use 

of biobased renewable feedstock in the production of chemical building blocks and 

fuels is essential to ensure a more sustainable future.

2. Some challenges for the biobased economy

A biobased economy can be defined as an economy where renewable 

biomass (organic matter) instead of fossil resources (i.e. gas, oil and coal) is at the 

base of the production chain [17]. The interest in the use of biomass as feedstock 

increased significantly in the past few years to compensate the expected decrease in 

easily accessible oil availability and the need to decrease greenhouse gas emissions 

[18]. 

2.1 Crude oil for fuel and chemicals production

Currently the worlds’ demand for crude oil is about 90 million barrels per day 

[19]. Figure 1 displays an overview of the oil demand per sector. The transportation 

sector is responsible for 57% of the total oil demand, divided in road transportation 

(44%), aviation (6%), marine bunkers (5%) and rail and domestic waterways (2%). 

The non-transportation sectors, ‘other industry’, which primarily comprises iron, 

steel, glass and cement production, construction and mining, accounts for 15% of 

total oil demand, followed by petrochemicals (11% of total demand), residential/

commercial/agriculture (10% of total demand) and electricity generation (7% of 

total demand) [19].

Currently crude oil is the dominant energy carrier (Figure 2). From a total 

of 1.3x104 million tonnes oil equivalent in 2015, the consumption of primary energy 

worldwide was more than 85% fossil fuel (oil, coal and natural gas), followed by 7% 

hydropower, 4% nuclear energy and 3% renewables [20].
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Figure 1. Global oil demand per sector in 2014 [19].

Figure 2. Regional consumption of energy carriers in 2015 [20].

In addition, crude oil is also a feedstock to produce diverse chemicals. 

According to the review by Eneh [21], the production of chemicals from petroleum 

has increased since World War II and Table 1 displays examples of the petrochemicals 

and their products.

Table 1. Petrochemicals and their products [21 – 24].

Petrochemical Products

Methane Carbon black, ethyne, synthesis gas, 
halogenmethanes, hydrogen cyanide

Ethyne Chloroethene compounds, ethanol
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Chloroethene compounds Polymers, e.g. poly(chloroethane)

Synthesis gas Methanol, ammonia

Methanol Methanal

Ethene Poly(ethene), ethylbenzene, epoxyethane, 
ethanol, 1,2-dichloroethane

Ethylbenzene Phenylethene

Epoxyethane Ethane-1,2-diol

Ethanol Ethanal

1,2-dichloroethane Chloroethene

Phenylethene Poly(phenylethane)

Chloroethene Poly(chloroethene)

Propene
Polypropene, propenontrile, propan-2-ol, 

1-(methylethyl)benzene, propane-1,2,3-triol, 
methylbuta-1,3-diene

Propenontrile Acrylnitrile-based polymers

Propan-2-ol Propanone

Propanone Perspex

1-(methylethyl)benzene Phenol

Phenol Bakelite-type resins

Propane-1,2,3-triol Alkyd resins

Methylbuta-1,3-diene Artificial rubbers

But-1-ene, But-2-ene Buta-1,3-diene, poly(butene)

2-Methylpropene 2-methylpropan-2-ol

Buta-1,3-diene Butadiene-based polymers

Benzene Phenylethene, cyclobenzene, phenol, 
phenylamine

Methylbenzene Benzene, caprolactam

1,4-Dimethylbenzene Benzene-1,4-dicarboxylic acid
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Phenylamine Aniline dyes

Caprolactam Nylon

Benzene-1,4-dicarboxylic 
acid Terylene

This large amount of fossil resources used for fuel and chemicals production 

has a number of implications for the future. For example, i. the growing energy 

demand and limited resources of fossil fuel put pressure on the energy security in 

the future and ii. the use of fossil resources have a negative environmental impact 

[25].

i. Growing oil demand and its limited resources

According to Abas et al. [26], from 1965 to 2014, the rise rate of oil 

consumption was 1.4 million barrel per year (Mb/yr) while the rise rate of oil 

production versus oil consumption was 0.56 Mb/yr [26] indicating that consumption 

increased approximately two times faster than oil production.

Altogether the world energy consumption increased from 430 million tonnes 

oil equivalent in 1860 to 10318 million tonnes oil equivalent in 2010 [25]. At the 

same time, while the world’s population increased six times during the twentieth 

century, energy consumption increased by a factor of 80 [27].

The growing energy demand and oil consumption rates become an issue 

because crude oil is a limited resource and it is the main component of primary 

energy worldwide. Oil reservoirs need three conditions to develop; i. a rich source of 

rock; ii. a migration conduit and; iii. a trap that forms the reservoirs. The reservoirs 

are considered not to be replenishable (i.e. the abiogenic replenishment is negligible) 

and the availability of oil is often described by the Hubbert peak theory [28]. This 

theory relates the long-term rate of production of conventional oil and other fossil 

fuel to its consumption and predicts that world oil production will reach a peak and 

then decline as the reserves are exhausted. In the eminence of this scenario, it 

becomes important to consider oil substitutes to supply for the world’s oil demand 

and to produce energy carriers and chemicals in the future.

ii. Environment impact

According to Züttel et al. [25], the combination of consumption of fossil 

resources and deforestation is responsible for the emission of 7 x 1012 kg yr-1 of 
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carbon as CO2. At the same time, the plants and the ocean can naturally sink 

around 2 x 1012 kg yr-1 of CO2 each, via photosynthesis and dissolution, respectively 

[25]. Thus, according to these estimates, the human activity is responsible for the 

liberation of an excess of approximately 3 x 1012 kg yr-1 of carbon in the form of CO2.

In fact, CO2 emissions has increased over time [26] and since CO2 is a 

greenhouse gas (GHG) and its emission to the atmosphere is related to the raising 

of Earth average temperature [29], the abundant use of crude oil is linked to a 

phenomenon named global warming.

To tackle global warming, during the Paris Agreement in 2015, 144 countries 

agreed that severe measures related to energy use efficiency and sources should be 

taken. Such measures are meant to deaccelerate global warming and keep it well-

below 2°C. To reach that goal, scaled-up action in energy efficiency and especially 

the use of renewable energy/resources is critical [30] and will be probably one of the 

most relevant topics of this century.

3. Biomass as alternative of fossil resources
Biomass (for example wood) was the main energy carrier before the 

discovery of oil in the nineteenth century [31]. Furthermore, biomass was used 

throughout recorded history to yield valuable products such as medicines, flavours 

and fragrances [18]. With the discovery of oil as a cheap energy carrier with a 

high energy density and as a source for chemicals, the use of biomass was soon 

abandoned [18, 31]. However, biomass has regained attention in the last years since 

it is renewable on a reasonable timescale and the search for fossil oil substitutes has 

increased.

According to Europe Biomass Industry Association (EUBIA), Europe, Africa 

and Latin American are able to produce 8.9, 21.4 and 19.9 EJ (1018 Joule) from 

residual biomass per year, with an energy equivalence of 196, 490 and 448 million 

tonnes oil equivalent, respectively [31]. It represents 25% of world oil consumption 

as primary energy [20].

Although many types of renewable sources are available to produce 

sustainable electricity and heat, such as the sun, the wind and hydroelectric, 

biomass is the only renewable source that can produce products that can be used in 

the current infrastructure as fuel or chemical because biomass contains carbon [32]. 

Biomass processing to obtain multiple bio-based products such as biofuel 

and chemicals is the concept of a biorefinery [33]. Figure 3 illustrates the ideal fully 

integrated biomass cycle considering a biorefinery as the processing tool to convert 

feedstock into several bio-based products [34].
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Figure 3. Fully integrated biomass cycle to obtain biofuel, biomaterials and biopower. 
(From [34]. Reprinted with permission from AAAS.)

Among many biomass products, such as terpenes, fats, oils, lignin and 

sugars, fats and oils are promising compounds which can be used in industry as fuel 

or chemicals in the near future [18, 35]. In general, the main chemical difference 

between biomass based feedstocks and crude oil is the higher oxygen content of the 

former. Therefore, deoxygenation is a key conversion technology to make chemicals/

fuels from biomass which are compatible with the current industrial infrastructure. 

In that way the so called drop-in chemicals can be made from biomass [16, 36]. 

4. Deoxygenation of vegetable oil
Vegetable oil fraction, mainly triglycerides, will be the focus in this thesis, 

which correspond, together with proteins, extractives and ash typically 15 – 20% 

of biomass composition by weight [37]. For that fraction deoxygenation is needed 

to produce olefins and paraffins, which can be used as fuel or building blocks of 

different chemicals like surfactants and lubricants [16, 36]. 

Many researches employ fatty acid as model molecule of vegetable oil. To 

evaluate the differences of vegetable oil and fatty acid as feedstock in deoxygenation 

reaction, Peng et al. [38] and Santillan-Jimenez et al. [39] compared activity and 

selectivity of several catalysts using two different feedstocks: triglycerides and 

stearic acid (Table 2). Their results indicate that although the rate of stearic acid 

conversion are higher than that obtained with triglycerides, those rates are in a similar 

range. Furthermore, selectivity for C17 and C18 hydrocarbons was comparable for 

both feedstocks. As conclusion, fatty acids are considered as representative model 

molecules of vegetable oil in deoxygenation reaction.
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Table 2. Comparison of deoxygenation (DO) average activity between triglycerides 
and fatty acid feedstocks.

Catalyst Feedstock Reaction 
conditions

Average activity

(10-1 molDO mol-1
metal s-1)

Ni/H-β [38]
Microalgae oil

Stearic acid
260 oC, 40 bar H2

0,38

0,33

Pd/C [39]
Triesterin

Stearic acid
300 oC, 9 bar H2

0,42

0,60

The three main reactions (Figure 4) during fatty acid deoxygenation are: 

(i) decarbonylation i.e. the removal of oxygen as CO and water with the formation 

of alkene; (ii) decarboxylation i.e. the removal of oxygen as CO2 with the formation 

of alkane; and (iii) hydrodeoxygenation i.e. the removal of oxygen as water via 

participation of hydrogen with the formation of an alkane with the same number of 

carbon as the original fatty acid [16].

Figure 4. Overview of possible fatty acid deoxygenation reactions [16].

Metal sulfides and noble metals are the most studied catalysts for 

deoxygenation reactions [40]. Recently, transition metal carbides and phosphides 

also appeared as potential catalysts for these reactions and triggered the interest 

on this new class of catalysts [41 – 44]. Next, we describe those catalysts and their 

application for HDO reactions.
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5. Catalysts for hydrodeoxygenation reactions

5.1 Metal sulfides
Conventional catalysts for hydrodesulfurization and hydrodenitrogenation 

reactions, such as the alumina supported sulfides of NiMo and CoMo are often 

employed in hydrodeoxygenation reactions [45 – 48]. Ni acts as Mo promoter in 

catalysts for deoxygenation of vegetable oil. For example, rapeseed oil deoxygenation 

occurs at 260 oC and 3.5 MPa H2 and resulted in 92% conversion over sulfided 

NiMo/Al2O3 catalyst, while the same reaction over sulfided Mo/Al2O3 and sulfided 

Ni/Al2O3 catalysts reached 60 and 38% of conversion, respectively thus indicating 

the beneficial effect of having both components [49]. Furthermore, when sulfided 

Ni/Al2O3 and Mo/Al2O3 are used separately in deoxygenation reactions, Ni favors 

the decarbonylation/decarboxylation route while Mo favors the hydrodeoxygenation 

one. On the other hand, sulfided NiMo/Al2O3 are active for both the decarbonylation/

decarboxylation and the hydrodeoxygenation pathways [49].

Metal sulfides are active for deoxygenation reactions, however they 

deactivate due to sulfur removal from their active sites to form H2S [50]. This 

disadvantage can be partially overcome by the addition of sulfur components, such 

as dymethylsulfide to the feed (0.5 wt%). However, the presence of H2S will decrease 

the HDO/DCO ratio decreasing the production of hydrocarbons with higher energy 

content. Furthermore, the presence of sulfur on the products stream is undesired, 

specially for environmental reasons [50].

5.2 Metals
Metals are also active for the deoxygenation of vegetable based feedstocks 

[51 – 56]. For example, Morgan et al. [51] used 20 wt% Ni/C, 5 wt% Pd/C and 

1 wt% Pt/C for the deoxygenation of triglycerides under inert atmosphere. The 

authors observed that although all catalysts performed deoxygenation, as shown in 

Table 3, Ni catalyst perfomed cracking as side reaction in higher extension compared 

to Pd and Pt catalysts. However, weigth based activities were reported instead of 

turn over frequencies which makes it difficult to make a fair comparison between the 

activity of the evaluated catalysts.
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Table 3. Conversion of 20 g triglicerides over 0.22 g of Pt/C, Pd/C and Ni/C catalysts 
at 350 oC and 7 bar N2 [51].

Conversion to hydrocarbons (%)

Tristearin Triolein Soybean oil

1% Pt/C 42 24 23

5% Pd/C 29 47 30

20% Ni/C 85 81 92

Noble metals are often used as catalysts for deoxygenation reactions 

because of their good stability (Table 4). However, their limited availability and to 

a certain extent their high prices spurs research towards more readily available 

metals. For instance, the total amount of the world resources of platinum group 

metal, which includes platinum and palladium – common noble metals used as 

catalyst for deoxygenation processes – are more restricted compared to the total 

world resources of nickel and molybdenum, which are common transition metals 

used in phosphides and carbides (Table 5).

Table 4. Examples of studies employing metal as catalyst for deoxygenation 
reactions.

Catalyst Feedstock
Reaction conditions

(P, T, reactor, atmosphere)

[53] Pd/C

Stearic acid

Ethyl stearate

Triesterin

17 – 40 bar

300 – 360 oC

Semi-batch

He, H2, 5% H2/He

[54] Pt/Al2O3
Methyl octanoate

Methyl stearate

6.9 bar

300 – 350 oC

Semi-bacth

He, H2

[51] Ni/C

Pd/C

Pt/C

Triesterin

Triolein

Soybean oil

6.9 bar

350 oC

Batch

N2
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[55] Pt/Al2O3

Pt/SiO2

PtSn/SiO2

PtSnK/SiO2

Methyl octanoate

Methyl laurate

3.2 and 5.2 bar

320 – 350 oC

Semi-batch

He

[56] Pd/SiO2

Pd/Al2O3

Pd/C

Stearic acid

Lauric acid

Capric acid

15.2 bar

300 oC

Semi-batch

5% H2/He

Table 5. Estimated total amount of metal world resources [57].

Metal World resources (kilograms)

Platinum group metal 100x106

Nickel 130x109

Molybdenum 19.4x109

5.3 Transition metal carbides and phosphides
Transition metal carbides can have simple crystalline structure, with metal 

atoms at the vertex of face centered cubic (fcc), hexagonal closed packed (hcp) 

and simple hexagonal (hex) structures. Non-metallic atoms (carbon) are located 

between the metallic atoms, forming octaedric sites on fcc and hcp structures and 

trigonal prism sites on hex structure (Figure 5) [4]. These materials are able to 

adsorb and to transfer hydrogen to reactant molecules, making them promising 

catalysts for hydrotreating reactions [58]. 

Figure 5. Common crystal structures of carbides and nitrides, where black circles are 

non metal atoms (C, N) and white circles are metal atoms [4].
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Recent studies have shown that transition metal carbides are active and 

stable for deoxygenation reactions. Sousa et al. [41], for example, used β-Mo2C/

Al2O3 in sunflower oil hydrodeoxygenation at 360 oC and 5 MPa and concluded that 

the oil is transformed into saturated hydrocarbons in two steps. In the first step 

triglycerides undergo thermal cracking to form free fatty acids and in the second 

step the free fatty acids are hydrogenated to form n-alkanes. Gosselink et al. [42] 

found similar result when they used tungsten-carbide based catalysts in stearic acid 

deoxygenation. However, when the carbide was converted to an oxide the reaction 

pathway shifted from hydrodeoxygenation to decarboxylation/decarbonylation.

Besides transition metal carbides, transition metal phosphides are also 

potential catalysts for hydrotreating reactions [12, 13, 43, 44, 59 – 65]. When 

comparing the structures of carbides and phosphides, the main differences are the 

result of the larger size of P compared to C. While the carbon atoms occupy the 

interstices between the metallic atoms to form simple structures in the carbides, 

the phosphorus atoms cannot ocuppy the same position in the phosphides. Instead, 

metal atoms form triagular prisms around the phosphorus atoms on phosphides 

(Figure 6). This phosphides structure enable reactant molecules to access active 

sites located on the surface edges of crystalline structure [66].

Figure 6. Crystal structures of metal rich phosphides [66].
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Based on the metal/phosphorus ratio on the phosphides structure, they are 

described as metal rich or as phosphorus rich. While metal rich phosphides have 

metallic properties, phosphorus rich phosphides are semiconductors and less stable 

than the former. Metal rich transition metal phosphides, in turn, combine properties 

of metallic and ceramic materials. They are good heat and electricity conducters, 

hard, resistant and thermally and chemically stable [66].

Transition metal phosphides are active for hydrodesulfurization and 

hydrodenitrogenation reactions [59 – 62], and also for hydrodeoxygenation 

reactions [12, 13, 42, 43, 63 – 65]. Yang et al. [64] and Oyama et al. [44], for 

example, showed that transition metal phosphides can have even higher activity for 

deoxygenation reactions than metals and commercial sulfides. 

Transition metal phosphides catalysts can show different activity and 

selectivity depending on the transition metal employed and on their synthesis 

histrory. For example, for deoxygenation of methyl laurate (a C12 ester) at 300 
oC and 2 MPa, while Ni, Co and Fe phosphides presented C11 hydrocarbons as the 

main products (decarbonylation/decarboxylation pathway), Mo and W phoshphides 

produced predominantly C12 hydrocarbons (hydrodeoxygenation pathway). This 

difference on reaction pathways was attributed to the electron density of the metal 

sites. Catalysts with lower electron density of metal site favored C12 hydrocarbons 

products because positive charge in metal site increases its electrophilicity. As 

consequence, they may preferentially adsorb the oxygen atom of the group C=O, 

resulting in the activation of C=O group and its hydrogenation to produce C12 

(hydrodeoxygenation pathway). Moreover, Ni2P/SiO2 was the most active catalyst, 

which was attributed to Ni2P high superficial site density, high electronic density and 

Brønsted acidity [63].

Although transition metal carbides and phosphides are potential catalysts 

for hydrodeoxygenation reactions, they are still not widely used for commercial 

applications most likely due to limited control and understanding of the relation 

between their structure and physico-chemical properties and their catalytic 

performance. In this chapter we showed many works employing transition metal 

carbides and phosphides for deoxygenation ractions. However, the understanding 

of the relation between specific transition metal carbides and phosphides properties 

and their activity in lipid deoxygenation is unknown. 

In this thesis I report my investigations on the relation between some 

essential transition metal carbides (Mo2C and W2C) and phosphides (Ni2P) catalyst 

properties such as nature of the support and loading as function of their synthesis 

history and relate that to their performance in stearic acid deoxygenation. I also 

compared catalytic performance of carbides and phosphides on deoxygenation of 
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stearic acid at the same reaction conditions, which was still not tested and absent 

from the current literature.

In addition to the present Introduction chapter, this thesis is divided in 7 

chapters. 

Chapter 2 is a minireview on the stability of transition metal carbides in liquid 

phase reactions. In this chapter we discuss the relation between the deactivation 

routes and specific catalyst properties. For example, we show that carbon based 

supports are likelly a good choice for carbides in coke-sensitive reactions. Moreover, 

carbides with larger particle size seems to be more resistent to oxidation. This 

chapter provides information to avoid carbide deactivation by controlling catalyst 

properties and reaction conditions. In chapter 3 we explore the role of different 

carbon based supports – activated carbon (AC), carbon nanofibers (CNF) and carbon-

covered alumina (CCA) – on the activity and selectivity of supported W2C catalysts 

for hydrodeoxygenation of stearic acid. Our results demonstrate that the support did 

not have a significant influence on the catalytic acitivity of carbides but it influenced 

the product distribution, what was attributed to differences in the support pore size 

and acidity. For instance, the larger pore size of W2C/CNF favoured the production 

of C18-unsaturated at conversion rates below 30% while the higher acidity of W2C/

CCA favoured the production of C18-unsaturated at conversion rates above 50%. In 

chapter 4, we compared, for the first time, the catalytic performance of transition 

metal carbide (Mo2C/CNF) and phosphide (Ni2P/CNF) in the hydrodeoxygenation 

of stearic acid. While Mo2C/CNF favored the hydrodeoxygenation (HDO) pathway 

with C18 hydrocarbon as the main product, Ni2P/CNF favored the hydrogenation 

of carboxilic acid followed by the decarbonylation of aldehyde (HDCO pathway), 

resulting in C17 hydrocarbon as the main product. Density-functional-theory (DFT) 

calculations were performed to provide information about the activation energy of 

the C-C and/or C-OH bonds involved in the reaction. In chapter 5, in turn, we 

focus on synthesis method effects on molybdenum carbide phase and their activity 

and selectivity in stearic acid HDO. We show that the formation of alpha or beta 

molybdenum carbide depends on the Mo/C ratio employed during the catalyst 

synthesis. Furthermore we show that α-MoC1-x/CNF presented a better catalytic 

performance (in weight basis) than β-Mo2C/CNF due to the α-MoC1-x/CNF lower site 

density, what makes the Mo atoms more accessible for large reactant molecules 

such as stearic acid. In chapter 6, we investigate the influence of loading and 

particle size of Ni2P/AC in stearic acid HDO. Although particle size had no influence 

on catalytic activity, it influenced product distribution, with small particles favouring 

the HDCO pathway (hydrogenation of carboxilic acid followed by the decarbonylation 
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of aldehyde) and big particles favouring the decarbonylation/decarboxylation (DCO) 

pathway. We suggest that the difference in product distribution and consequently 

in the reaction pathways over nickel phosphide with different particle size is related 

to differences in concentration of Ni(1) and Ni(2) type sites in the catalysts. In 

chapter 7 we investigated the decrease of nickel phosphide synthesis temperature 

by addition of small amounts of different noble metals. By the addition of 1% Pd, Rh 

or Pt, the synthesis temperature of Ni2P/SiO2 decreased around 200 oC, via hydrogen 

spillover. Finally, in chapter 8 we discuss our main findings and present arguments 

to support Mo/W-carbides and Ni-phosphides as potential substitutes of noble metals 

in vegetable oil deoxygenation reactions.

Figure 7 presents a schematic overview of this thesis with the main subjects 

studied in each chapter.

Figure 7. Schematic overview of the thesis.
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1. Introduction
Before the petroleum era in the XIXth century, biomass was the most 

prominent feedstock used to satisfy society’s needs for food, feed, energy, and 

materials. However, in mid XXth century petroleum arose as a cheap energy carrier and 

versatile feedstock for materials, which facilitated industrialization and improved the 

quality of life [1]. In recent years, however, it has been realized that fossil resources 

besides contributing to environmental pollution are not renewable therefore use of 

biomass as energy carrier has regained in interest. In addition to being renewable, 

biomass holds several advantages such as decreasing our dependency on limited 

fossil resources, diversification of resources, increased sustainability and potential 

for regional and rural development [2].

To convert feedstocks currently 85% of all industrial processes use one or 

more catalytic steps [3]. Therefore catalysis and catalyst development is a crucial 

element in developing industrial processes. With the shift from fossil resources to 

biomass based resources new challenges arise for catalysis. These challenges relate 

to the different nature of the feedstock. A general comparison between the elemental 

composition of different types of biomass and crude oil is given in Table 1. The most 

important difference is the higher oxygen content in biomass and the presence of 

water in biomass. Therefore, to arrive at ‘drop-in’ molecules i.e., molecules which 

are the same or very similar to those which are currently used, deoxygenation is an 

important reaction as well as processing under aqueous conditions. Both possess 

challenges for current catalytic conversion. Since heterogeneous catalysts are easier 

to separate from a reaction mixture and have, in general, a high thermal stability [4], 

we will focus in this mini review on the use of heterogeneous catalysts. Specifically 

we will focus on metal (Mo, W) carbide based catalysts. 

Up to now often, though not exclusively, noble metal based catalysts 

are used to process biomass-based feedstock. The main reason for that is the 

stability of noble metals under the demanding conditions needed for the biomass-

based conversions especially acidic, basic and aqueous conditions [5]. However, 

noble metals are scarce and replacing them by more readily available metals will 

decrease the dependency on a limited number of metal resources. Non-noble 

metals such as Fe, Co, Ni, Cu and transition metal carbides are able to replace 

noble metals (see below for some examples). Levy and Boudart [6] showed that 

W-carbide and Pt have similarities in electronic structure and in catalytic behaviour 

in the formation of water from hydrogen and oxygen as well as in isomerization of 

2,2-dimethylpropane to 2-methylbutane. Later, Oyama et al. [7] showed that group 

6 metal carbides were active for a series of reactions such as ammonia synthesis 

and cyclohexene hydrogenation. Iglesia et al. showed that W-carbides can replace 
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Pt in hydro-isomerization reactions [8, 9, 10] and found out that the performance of 

the carbides depended strongly on their pre-treatment. W-carbide resembled Pt but 

its performance depended crucially on the presence of oxygen-containing species on 

the surface, i.e., oxides and/or oxy-carbides.

Only recently transition metal carbides were shown to be active for biobased 

conversions [5, 11-21]. Thus, transition metal carbides can replace noble metals in 

biomass-based conversion and sometimes they even outperform the noble metals, for 

example with respect to selectivity for hydrodeoxygenation of biobased conversion. 

The carbides are highly selective in HDO of vegetable oils to hydrocarbons where 

they selectively cleave C – O bonds scissions without C – C bond cleavage [16, 22]. 

Furthermore, Gosselink et al. [23, 24] showed when using carbides for HDO high 

yields of (valuable) unsaturated compounds could be obtained, even in the presence 

of high pressures of H2. When noble metals were employed as catalyst for that 

reaction, only saturated products were obtained.

Though activity of transition metal carbide has been described in literature, 

the stability of this type of catalysts which is crucial for industrial implementation 

gained less attention. Therefore this mini review focuses on the stability of transition 

metal carbides, especially W and Mo carbide, which are the most used as potential 

replacements of noble metals.

To set the mind on the type of reactions we highlight here some relevant results for 

the use of noble and non-noble metals in biomass-based conversions are given first.

Table 1. Elemental composition of some biomass sources and crude oil.

Alfafa 
stems

Wheat 
straw

Rice 
hulls

Switch 
grass

Sugar 
cane 

bagasse

Willow 
wood

Crude 
oil

(wt % dry mass) [25]
(wt %) 

[5]

Carbon 47.2 44.9 38.8 46.7 48.6 49.9 85.2

Hydrogen 6.0 5.5 4.8 5.8 5.9 5.9 12.8

Oxygen 38.2 41.8 35.5 37.4 42.8 41.8 0.1

Nitrogen 2.7 0.4 0.5 0.77 0.2 0.6 0.1

Sulphur 0.2 0.2 < 0.1 0.2 < 0.1 0.1 1.8

Chlorine 0.5 0.2 0.1 0.2 < 0.1 < 0.1 -

Ash 5.2 7.0 20.3 8.9 2.5 1.7 -

Total 100 100 100 100 100 100 100
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Many authors employed noble metals as active phase in hydrodeoxygenation 

reactions of fatty acids [26-29] and triglycerides [30, 31] achieving high conversion 

and selectivity. Both the active phase (metal) and support properties define the 

reaction pathway i.e., decarbonylation (removal of oxygen as CO with the concomitant 

formation of an alkene), decarboxylation (removal of oxygen as CO2 with the 

formation of an alkane) or hydrodeoxygenation (removal of oxygen as water with 

the use of hydrogen) [see [24] and the references therein for a review on this topic]. 

Peng et al. [32, 33] reported differences in selectivity when Ni/H-β and Ni/ZrO2 were 

used for deoxygenation of microalgae oil. Whilst over the former catalyst mainly 

hydrodeoxygenation products were formed, over the later mainly decarbonylation/

decarboxylation products were obtained. The authors suggested that the difference 

in acidic properties of supports was the main cause for the difference in selectivity. 

The presence of Brønsted acid sites in zeolites may facilitate the dehydration step in 

hydrodeoxygenation, thus favouring this route over decarbonylation/decarboxylation 

when Ni/H-β was employed as catalyst. Gao et al. [34] studied deoxygenation of 

guaiacol, a model compound for lignin, and showed that the nature of the metal 

(Pt, Pd, Ru, Ru) supported on carbon has a significant influence on the selectivity 

of the deoxygenation reaction (Figure 1). The most pronounced difference was the 

formation of phenol over Pd, Rh and Ru while when Pt was used besides phenol 

also a significant amount of cyclopentanone was produced. This result remains an 

enigma up to now.

Figure 1. Distribution of major products in deoxygenation of guaiacol using carbon 
supported noble metal catalysts (Reprinted with permission from [34]. Copyright 2018 
American Chemical Society).

Non-noble metals, e.g. Ni, were also shown to be active for deoxygenation 

reactions. Zhao et al. [35], for example, used RANEY® Ni combined with Nafion/SiO2 

as catalyst for hydrodeoxygenation of bio-derived phenols to hydrocarbons. In this 
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reaction, RANEY® Ni acted as hydrogenation catalyst whilst Nafion/SiO2 acted as a 

solid Brønsted acid catalyst for hydrolysis and dehydration, facilitating elimination 

of water in the hydrodeoxygenation reaction. The authors obtained 100% of 

conversion and 99% of selectivity to cycloalkane at 273 oC and 40 bar H2, however, 

no information about stability was provided.

In a number of cases catalyst deactivation has been observed though. For 

example, Mäki-Arvela et al. [28] observed deactivation of Pd/C in deoxygenation of 

lauric acid in the first hour of reaction at 270 oC and 10 bar. This deactivation was 

attributed to poisoning by product gases (CO and CO2) and coke deposition.

Conventional hydroprocessing catalysts, such as sulphided CoMo/Al2O3 

and NiMo/Al2O3, are also being used [36-41] for deoxygenation reactions of either 

lipid based feedstocks [36, 38, 39] and lignin based feedstocks [37, 40, see 41 

and the references therein for a review on this topic]. A prime industrial example 

of deoxygenation is the production of biodiesel by hydrogenation from lipid based 

feedstocks by Neste Oil [42]. The stability of these (sulphided) catalysts remains 

a point of concern. Deactivation of these catalysts can be caused by active site 

poisoning by strongly adsorbing species, pore mouth constriction and blockage, and 

sintering of active phase [43]. Furthermore, the sulphides can deactivate due to 

sulphur loss from the active sites. In the latter case their activity can be stabilized 

by adding sulphur containing compounds in the feedstock however leached sulphur 

can end up in the end product which is highly undesired [44].

For the carbide based catalysts, the topic of this mini review, the role of 

active phase [14], support [20] and crystallite size [21] on activity and selectivity in 

hydrodeoxygenation reactions has been described before. However the role of these 

parameters on the stability of metal carbides is not well-studied. Therefore, in this 

short review we will provide an overview on the stability of metal carbides in liquid 

phase reactions. We will focus on the influence of catalyst properties such as type of 

support and active phase and reaction parameters such as temperature and solvent 

on the pathway of catalyst deactivation.

There are four important pathways for catalyst deactivation [43, 45] i.e., 

•	 coke deposition

•	 crystallite growth (sintering and Ostwald ripening)

•	 leaching

•	 oxidation

In the next sections we will discuss the influence of these four issues on the 

overall performance of transition metal carbide based catalysts when they are used 

in liquid phase transformation of biomass-based molecules.
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2 Mechanisms of deactivation
2.1 Coke deposition

Coke is defined as a product of decomposition or condensation of a carbon-

based material on a catalyst surface. Coke formation can negatively influence the 

activity of a catalyst in two ways either via chemical modification of active site or 

by physically blocking the active site. When coke chemisorbs on a catalyst surface 

it acts as a catalyst poison due its strong interaction with the active sites making it 

inaccessible for the reactants. For physical blocking the coke does not necessarily 

interact with the active site. In that case coke can block part of the catalyst thus 

preventing the reactants to reach the active site e.g. blocking pores or covering the 

surface of catalyst (Figure 2) [45].

Figure 2. Scheme of ways of coke deposition on catalyst surface: chemical 
modification and physical blocking.

Coke deposition can be responsible for a decrease in catalytic activity for 

some types of reaction, classified as coke-sensitive reactions. Examples of this class 

of reactions are catalytic cracking [46] and hydrogenolysis [47]. On the other hand, 

in coke-insensitive reactions, the amount of coke is not very important for catalyst 

activity. In that class of reactions the active site is kept clean by hydrogenating 

the formed coke species mainly to methane which then desorbs from the catalyst 

surface [48]. Some reactions can change from coke-sensitive to coke-insensitive 

depending on reaction conditions (the examples given first are for gas-phase 

reactions). Pham-Huu et al. [49], for example, showed that Mo2C deactivated when 

the hydrogenolysis of methylcyclopentane (MCP) was performed at 6 bar and 350 
oC due to coke deposition. However, when the pressure was increased to 18 bar 

catalyst deactivation was much less pronounced, showing that pressure is a key 

parameter on catalyst stability for this reaction. Ribeiro et al. [10] synthesized WC 

and β-W2C by carburization of WO3 and used the carbides as catalysts for alkane 

hydrogenolysis. These catalysts deactivated rapidly by strong adsorption of carbon 

fragments formed from alkanes however that resulted in a high selectivity to 
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hydrogenolysis product. A subtle treatment of the carbide surface with oxygen lead 

to a decrease in hydrogenolysis and deactivation rates. Oxygen-exposed carbides 

catalyzed n-hexane and n-heptane isomerization with high selectivity i.e. the 

selectivity changed from hydrogenolysis for the carbides to isomerization for the 

oxygen treated carbides.

Bartholomew et al. [50, 51] evaluated the influence of the support on coke 

formation for both carbon monoxide and carbon dioxide hydrogenation reactions 

using nickel as active phase. They concluded that the decreasing order for coke 

deposition rate was Ni/TiO2 > Ni/Al2O3 > Ni > Ni/SiO2. This trend was attributed 

to changes in electronic properties of Ni due to strong interaction with support, 

migration of suboxide species from support onto the metal and differences in nickel 

crystallite sizes.

To the best of our knowledge there are two cases where coke formation was 

claimed to be the primary cause of deactivation for carbide catalysts in liquid phase 

(Table 2). Zhang et al. [52] studied the catalytic activity of NiMo carbide supported 

on silica for the hydrodeoxygenation of ethyl benzoate, acetone and acetaldehyde 

(T= 300 oC, p= 50 bar). Temperature Programmed Oxidation (TPO) experiments 

were performed with fresh and spent catalysts to investigate coke formation (Figure 

3). A weight loss up to 150 oC was observed which was ascribed to the desorption 

of water from carbide surface (circle remark in graph). Above 150 oC, a weight 

increase was observed for Mo and NiMo carbides profiles, which was attributed to 

the oxidation of lattice carbon resulting in WO3 and CO2 (rectangle remark in graph). 

For the passivated Mo-carbide also a weight loss was observed at 600 oC (rounded 

rectangle remark in graph), which was ascribed to oxidation of carbon residues 

present on the catalyst surface after catalyst synthesis (the catalyst was synthesized 

by carburization with of methane). For used NiMo-carbide, the same weight loss 

between 150 and 390 oC (rectangle remark in graph) was observed as for the fresh 

NiMo-carbide catalsyts, indicating the maintenance of the basic carbide structure. 

However for the spent catalysts also a clear weight loss was observed above 600 oC 

(rounded rectangle remark in graph) which has been assigned to the oxidation of 

coke species formed during reaction. 
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Figure 3. TPO profiles of (a) passivated Mo carbide, (b) passivated NiMo carbide, and 
(c) used NiMo carbide used for hydrodeoxygenation of ethyl benzoate. (Reprinted (adapted) 
with permission from [52]. Copyright 2018 American Chemical Society).

The catalysts described up to now are silica supported carbides which 

are applied in liquid phase reactions. The number of studies on the role of coke 

formation on carbon supported carbide catalysts seems to be limited. The paper 

from Jongerius et al. [53] is, to the best of our knowledge, the only one that used 

carbon supported carbide which suggested that coke formation could be the reason 

of catalyst deactivation. In that paper, the authors describe the use of Mo2C/CNF 

for hydrodeoxygenation of guaiacol (350 oC and 50 bar H2). After use, XRD did 

not show reflections related to Mo-oxide therefore the observed deactivation could 

not be ascribed to oxidation of the catalyst. Therefore, despite the fact that some 

amorphous oxide species could have been formed on the catalyst surface the authors 

suggested that deactivation occurred due another reason. Though the main reason 

for deactivation was suggested to be sintering (see below) it was also suggested 

that coke formation or encapsulation of carbide particles in the carbon contributed 

to deactivation although proof is limited. 

As carbon is a stable support under relevant reaction conditions for 

biomass-based conversion it is worth to study carbon supported carbides in more 

detail. A major drawback of carbon based catalysts is, however, that once catalysts 

deactivated by coke formation, regeneration can be cumbersome since oxidative 

regeneration might result in support degradation (oxidation). Regeneration under 

reducing conditions (hydrogenation) has been shown to be successful though [49].
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Table 2. Description of works that reported coke formation as the main cause of 
catalyst (carbides) deactivation in liquid phase reactions.

Reaction Catalyst Conversion Degree of 
deactivation Reference

HDO of ethyl 
benzoate NiMoC/SiO2 99 % (initial) 32.3 % (72 h) [52]

HDO of 
guaiacol Mo2C/CNF 68 % (2 run) 25 % (3 run) [53]

2.2 Crystallite growth
During crystallite growth the active surface area of the catalyst is lost due 

to an increase in the crystallite size. Two major routes of crystallite growth exist: 

1. coalescence i.e. the merger of two smaller crystallites to a bigger one or 

via species moving over the surface of the support. This process is often referred to 

as sintering; 

2. Ostwald ripening, where smaller particles and species dissolve into 

solution or evaporate to the gas phase followed by precipitation on larger particles 

[54].

 For both mechanisms the driving force is the lower surface energy of 

larger particles thus these particles are thermodynamically more stable. These main 

mechanisms of crystallite growth have been reviewed [45, 55]. Once crystallite 

growth is difficult to revert its prevention is much easier than its cure.

Some key parameters of the catalyst and reaction conditions have been 

identified to influence crystallite growth of supported metal nanoparticles such as 

temperature, atmosphere, metal type, support surface area, texture and porosity 

[45]. Besides these characteristics, rate of sintering is also influenced by factors like 

presence of water vapour, low Tamman temperature of metals and strength of metal-

support interaction. Fuentes [56], Baker et al. [57] and Bartholomew et al. [58, 59] 

showed that it is possible to quantitatively determine the effects of temperature, 

atmosphere, metal, promoter and support by fitting the sintering kinetic data to the 

general power law expression (GPLE).

The activity of a catalyst expressed as moles of feedstock converted per mol 

of accessible site per unit of time (Turn Over Frequency or TOF) can either increase, 

decrease or remain unaffected as function of increasing particle size [56]. The 

former two classes are classified as structure sensitive while the latter is classified 

as a structure insensitive reaction. Thus, crystallite growth can be an important 

mechanism of catalyst deactivation in structure sensitive reactions. 

Some authors identified sintering as one of the reasons of catalyst 
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deactivation. Li et al. [60] used Ni-Mo2C/SiO2 and Ni-W2C/SiO2 for alkane production 

with 2-methylfuran and mesityl oxide from lignocellulose. An alkylation reaction 

between 2-methylfuran and mesityl oxide was performed and, subsequently, HDO 

of the alkylation products was carried out at 300 oC. TEM images (Figure 4) showed 

that particles of Ni-Mo2C/SiO2 and Ni-W2C/SiO2 slightly increased after reaction from 

8.2 to 9.3 nm (Ni-Mo2C/SiO2) and from 5.8 to 6.3 nm (Ni-W2C/SiO2), which was 

attributed to particle agglomeration. However, authors identified the occurrence of 

oxidation of carbides after reaction by XPS analysis, thus the increasing in particle 

size can be related to this change in active phase instead of to the sintering of 

carbides particles. Despite the fact that Li et al. [60] observed particle growth, no 

direct relation with activity could be established in this case.

Figure 4. TEM images of (a) fresh Ni-Mo2C/SiO2, (b) used Ni-Mo2C/SiO2, (c) fresh Ni-
W2C/SiO2 and (d) used Ni-W2C/SiO2 [60].
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Jongerius et al. [53] also identified sintering as a reason for catalyst 

deactivation in liquid phase reaction. Authors used W2C/CNF for hydrodeoxygenation 

of guaiacol (350 oC and 50 bar H2) and tested catalyst stability reusing it after re-

carburation process. They observed an increasing in particle size from 4 nm for the 

fresh catalyst to 9 nm for re-carburized sample and attributed sintering to the loss 

in activity (from 66% in the first run to 48% in the run after re-carburation).

2.3 Leaching
Leaching is the process of dissolution of part of the catalysts active phase. 

This can lead to loss of active material or to homogeneous catalysed reactions. Li et 

al. [61] studied the leaching of Ni and W from Ni-W2C/AC during the hydrocracking 

of woody biomass at 235 oC and 60 bar H2. ICP (inductively coupled plasma) was 

used to identify the amount of leached material. The authors observed that after 

the third recycle, total Ni and W leaching reached 19,5% and 11,2% of the initial 

amount, respectively. Ji et al. [62] studied the leaching of Ni and W from Ni-W2C/

AC used for the conversion of cellulose into ethylene glycol. After the third run, ICP 

analysis indicated that the amount of Ni and W in liquid products was 58,1 and 123,2 

ppm, representing a loss of 18,9 %Ni and 10,9 %W. At the same time the ethylene 

glycol yield decreased from 73 to 57,8% indicating that leaching was an important 

reason for catalyst deactivation.

We noted that all papers describing the deactivation by leaching of the 

carbides used catalysts based on carbon supports (Table 3) and water as solvent. A 

strong interaction between carbide phase and the carbon support is not guaranteed. 

This in combination with the polar solvent can be a reason for the observed leaching.

Table 3. Articles reporting leaching as the main cause of catalyst (carbides) 
deactivation in liquid phase reactions.

Reaction1 Catalyst Solvent Conversion
Degree of 

deactivation 
after 2nd run

Ref

Cellulose 
conversion 
to ethylene 

glycol

T = 245 oC

P = 60 bar

Ni-W2C/
AC Water 73 % 15.1 % [62]
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Hydrocracking 
of raw woody

T = 235 oC

P = 60 bar

Ni-W2C/
AC Water 50 % 14 % [61]

1Only reference [61] mentioned average catalyst particle size, which was 9,7 nm.

2.4 Oxidation
Carbides are stable catalysts for many kinds of gas phase reactions such 

as HDS [63-64]. However, because of their pyrophoric character, their contact with 

oxygen should be prevented in order to avoid the loss of active phase due to oxidation 

and burning of pyrolytic carbon deposited on its surface during their synthesis.

In oxidizing conditions metal oxides are more stable compared to the 

carbides. Calculations of ΔG (free Gibbs energy) for the oxidation of Mo2C in both 

oxygen and water were done by Ruddy et al. [65]. For all concentrations of O2 the 

ΔG of Mo-carbide oxidation was strongly negative (ΔG varied from -1077 to -1545 

kJ mol-1 depending on O2 concentration ranging from 2,5 to 4 mols of O2 per mol of 

Mo2C). For oxidation of Mo2C by water the ΔG of oxidation becomes negative (ΔG 

= -17 kJ mol-1) above stoichiometric amounts of water. Thus, oxidation is always a 

risk for this type of catalysts. The driving force for oxidation in aqueous conditions 

(without oxygen) is obviously lower than in air though oxidation in water can still 

be expected. Please note that the thermodynamic data is based on bulk compounds 

at 300 oC. Smaller particles might be easier to oxidize [21] and oxidation of W2C is 

more favourable than of Mo2C surface [53].

Table 4 gives an overview of studies reporting oxidation of Mo,W-carbides 

as main reason for catalyst deactivation in liquid phase. The reactions range from 

hydrodeoxygenation of guaiacol, oleic acid, 2-methylfuran and mixture of phenol 

and 1-octanol and mesityl oxide to hydrocracking of raw woody to deoxygenation of 

stearic acid.

 Jongerius et al. [53] and Hollak et al. [23] used W2C/CNF for the 

hydrodeoxygenation of guaiacol and oleic acid, respectively (350 oC and 50 bar H2). 

The catalysts were characterized after reaction and XRD results showed diffractions 

representative of a WOx phase when samples were reused without treatment with 

hydrogen. When re-carburation was done after reaction [53] the carbide phase was 

recovered (Figure 5) although an increase in particle size caused by sintering was 

observed. Li et al. [61] also observed diffraction lines related to WOx phase in XRD 

after use of Ni-W2C/AC for hydrocracking of raw woody biomass at 235 oC and 

60 bar H2 with water as solvent. Therefore oxidation was indicated as a reason 
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of catalyst deactivation though together with leaching (analysed by ICP). Li et al. 

[60] used Ni-Mo2C/SiO2 and Ni-W2C/SiO2 as catalysts for HDO of products from 

alkylation of 2-methylfuran and mesityl oxide. XPS spectra showed that the ratio 

of oxide to carbide on the surface of catalysts increased after reaction from 0,71 to 

0,98 for Ni-Mo2C/SiO2 and from 5,86 to 10,14 for Ni-W2C/SiO2, which was attributed 

to oxidation of Mo2C and W2C by water generated during HDO. Mortensen et al. 

[66] used Mo2C/ZrO2 in hydrodeoxygenation of 1-octanol and phenol at 320 oC and 

100 bar and observed a deactivation of catalyst over 76 hours of reaction, with 

conversion decreasing from 70% to 37% for 1-octanol and from 37% to 19% for 

phenol. In situ XRD showed the Mo2C was transformed to MoO2 during reaction due 

to formation of water in HDO process.

Figure 5. (a) full X-ray diffraction patterns and (b) zoomed in X-ray diffraction 
patterns of fresh W2C/CNF (fresh), spent W2C/CNF (run 1), reused W2C/CNF (run 2), spent 
W2C/CNF after reactivation at 1000 oC (regenerated), and spent reactivated W2C/CNF (run 3). 
Reflections are given for graphitic carbon (●), XO2 (■), and X2C (▲), with X = W or Mo [53].

All works described in this section used catalysts with crystallite size lower 

than 20 nm (Li et al. [60] and Mortensen et al. [66] didn’t give information about 

crystallite size) however a clear relation between particle size and oxidation rate has 

not been studied. However, recently, Stellwagen et al. [21] studied the activity and 

stability of tungsten and molybdenum carbide in stearic acid deoxygenation at 350 
oC and 30 bar of hydrogen using both 2 and 10 nm carbide particles supported on 

carbon. These authors showed that 10 nm particles were more active as a result of 

the lower oxidation degree of the particles. Even though the reaction was performed 

without oxygen the small particles were still oxidized to a significant extent (Figure 

6). 
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Figure 6. Fresh and spent W2C/CNF catalysts. (a) sample with crystallite size of 2 
nm. New peaks in the spent catalysts (*) can be identified as WO2 and WO2.72 crystallites. The 
original W2C phase (Δ) disappears upon recycle. (b) sample with crystallite size 10-12 nm. 
The carbide structure (Δ) is observed in all diffractograms. Peaks related to trace WO2 (*) can 
also be observed [21].

Table 4. Description of works that reported oxidation as the main cause of catalyst 
(carbides) deactivation in liquid phase reactions.

Reaction Catalyst Crystallite 
size Conversion

1Degree of 
deactivation Ref

HDO of 
guaiacol W2C/CNF 4 nm 66 % 27.3 (3 run) [53]

HDO of oleic 
acid W2C/CNF 5 nm 70 % 31.4 (2 run) [23]

Hydrocracking 
of raw woody

Ni-W2C/
AC - 50 % 14 (2 run) [61]

HDO of 
products of 
alkylation of 

2-methylfuran 
and mesityl 

oxide

Ni-Mo2C/
SiO2

Ni-W2C/
SiO2

-
70 %

20 %

-

-
[60]

HDO of phenol Mo2C/ZrO2 - 37% 49 (76h) [66]

HDO of 
1-octanol Mo2C/ZrO2 - 70% 47 (76h) [66]

Deoxygenation 
of stearic acid

Mo2C/CNF

W2C/CNF

2 nm

2 nm

85 %

85 %

30 (5 h)

~50 (5h)
[21]

Deoxygenation 
of stearic acid

Mo2C/CNF

W2C/CNF

10 nm

10 nm

85 %

85 %

0 (5h)

0 (5h)
[21]

1 Degree of deactivation was calculated in two ways: by difference between catalyst activity on 
first run and second or third run divided by activity of catalyst in first run for reactions in batch system; 
and by the difference between catalyst activity on the beginning of reaction (time = 0) and final reaction 
time divided by activity of catalyst in the beginning of reaction for continuous system.

- Information not provided.
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3. Conclusions and research opportunities
Transition metal carbides are potential candidates to replace noble metal 

catalysts in liquid phase reactions. Especially for deoxygenation of biomass-

based feedstock they hold great potential. However, their stability is not a well-

studied topic until now. Only a limited number of studies explored this issue in 

catalysts performance although stability is a very important parameter in catalysts 

evaluation. This mini review shows that transition metal carbides can deactivate in 

liquid phase reactions by coke formation, sintering, leaching and oxidation. We have 

demonstrated that although there are no studies relating catalysts and reaction 

characteristics with each kind of deactivation route, there are some trends based 

on works that analysed carbides deactivation. The nature of support can influence 

catalyst deactivation by coke deposition and leaching. While carbon based supports 

seem to be a good choice for carbides in coke-sensitive reactions, once a strong 

interaction between these supports and carbides active phases is not guaranteed, 

deactivation by leaching is facilitated when carbon based materials are employed. 

Catalyst crystallite size can be related to catalyst deactivation by oxidation, once all 

works that reported catalyst deactivation by oxidation used samples with crystallite 

size smaller than 20 nm and it was shown that bigger crystallite size (10 nm) of 

carbides have more resistance to oxidation than smaller particles (2 nm). Since the 

application of carbides for biobased conversion has been increasing in the last years, 

many aspects of this catalyst can be understood for biomass conversion, especially 

in liquid phase reaction. As a consequence of carbides being a new class of catalyst 

to be employed on biomass conversion, there are not many reports regarding their 

stability in liquid phase reaction and about reactivating them. Thus, it is a subject for 

future studies, especially regarding the route of carbides deactivation. Furthermore, 

considering that phosphides are catalysts with different structure compared to 

carbides but with similar catalytic properties, the study of biomass conversion with 

phosphides as catalysts is also promising to the community. Some groups have 

already started to study phosphides as catalyst for biomass conversion in liquid 

phase reactions and have observed the same routes of deactivation as for carbides, 

such as coke deposition, leaching and oxidation [67-69]. Thus, the deeper study 

about deactivation of phosphides also seems to be valuable to community.
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Chapter 3

Activated carbon, carbon 
nanofibers and carbon-covered 
alumina as support for W2C in 

stearic acid hydrodeoxygenation

Co-authors of this chapter are V. Teixeira da Silva and H. Bitter (manuscript in 
preparation)
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Abstract
Deoxygenation reactions to enable the creation of fuels and chemicals from 

vegetable oils require the use of catalysts, but conventional hydrotreating catalysts 

and noble metal catalysts have drawbacks. This paper reports on an investigation of 

tungsten carbide (W2C) on three types of carbon support, namely activated carbon 

(AC), carbon nanofibers (CNFs) and carbon-covered alumina (CCA). We evaluated 

their activity and selectivity in stearic acid hydrodeoxygenation at 350 ºC and 30 

bar H2. Although all three W2C catalysts displayed similar intrinsic catalytic activities, 

the support did influence product distribution. At low conversions (< 5%), W2C/

AC yielded the highest amount of oxygenates relative to W2C/CNF and W2C/CCA. 

This suggests that the conversion of oxygenates into hydrocarbons is more difficult 

over W2C/AC than over W2C/CNF and W2C/CCA, which we relate to the lower acidity 

and smaller pore size of W2C/AC. The support also had an influence on the C18-

unsaturated/C18-saturated ratio. At conversions below 30%, W2C/CNF presented 

the highest C18-unsaturated/C18-saturated ratio in product distribution, which we 

attribute to the higher mesopore volume of CNF. However, at higher conversions 

(> 50%), W2C/CCA presented the highest C18-unsaturated/C18-saturated ratio in 

product distribution, which appears to be linked to W2C/CCA having the highest ratio 

of acid/metallic sites.
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1. Introduction
Fossil resources like oil, gas and coal have been the main sources for the 

production of chemicals and fuels in the last 150 years. However, for political and 

environmental reasons, biomass is gaining attention as an alternative source [1]. 

Vegetable oils are especially interesting since their chemical structure and properties 

are close to those of the fuel that we currently make from crude oil. There are also 

important differences such as the higher viscosity and flash point as result of the 

higher oxygen content of vegetable oil. Therefore, vegetable oils need treatment 

before they can be turned into fuel-like substances. One such conversion route 

is microemulsification, in which the viscosity of vegetable oil is decreased by the 

formation of micelles with short-chain alcohols. This method results in a vegetable oil 

with similar combustion properties as fossil fuel [2 – 5]. Other methods to improve 

the combustion properties of vegetable oils are pyrolysis (in which vegetable oil is 

thermally decomposed leading to a mixture of olefins, paraffins, carboxylic alcohols 

and aldehydes) [6 – 10], transesterification (in which vegetable oil is transformed to 

biodiesel) [11 – 15] and deoxygenation (in which oxygen atoms of vegetable oil are 

removed, yielding hydrocarbons) [16 – 20].

Conventional hydrotreating catalysts (metal sulfides) are active for 

deoxygenation reactions, but can become deactivated due to the loss of sulfur. Their 

activity can be retained by adding sulfur compounds to the feed; however, this can 

result in traces of unwanted sulfur in the final products [19]. It is possible to avoid 

this drawback by using noble metals as active catalyst phase [21]. Many researchers 

have therefore studied deoxygenation reactions using noble metals as the active 

catalyst phase [22 – 26], but noble metals are scarce and their low availability 

makes their industrial use costly. 

Transition metal carbides are potential alternatives for use in deoxygenation 

reactions since they have similar electronic properties as noble metal catalysts [27 – 

31]. During deoxygenation of triglycerides/fatty acids in the presence of hydrogen, 

they promote mainly hydrodeoxygenation although products of decarbonylation/

decarboxylation are also observed in lower amounts [32 – 35].

In general, the support plays an important role in catalytic activity and 

selectivity as the support can influence the electronic structure of the active phase 

by changing its density of states [36 – 38] or its dispersion [26]. In addition, 

support acidity may affect product distribution in several reactions by affecting the 

orientation of molecule adsorption [39], while physical properties of the support 

(e.g. pore size) may influence the diffusion of reactant and product molecules to and 

from the active sites [40].

Activated carbon (AC) is widely used as catalyst support [41 – 43]. Activated 
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carbon supports contain layers of graphene with curved sections and pronounced 

cross-linking. After the activation process, the carbon has micropores and, depending 

on the precursor, may also have mesopores and macropores [44]. Activated carbon 

presents several advantages as a support for catalysts, such as low synthesis cost, 

high specific surface area, resistance to acidic and alkaline environments, easy 

control of textural properties (pore volume and pore size distribution) and thermal 

stability. On the other hand, activated carbon presents low mechanical strength and, 

because it is mostly microporous, may impose mass transfer limitations [45]. Other 

carbon materials, such as carbon nanofibers, have larger pores than microporous 

activated carbon and consequently are less associated with mass transfer limitations.

Carbon nanofiber (CNF) supports contain organized graphene sheets in 

their structure and have properties of both activated carbon and graphite. As a 

consequence, carbon nanofibers have desirable characteristics for use as catalyst 

support, such as high specific surface area, purity, inertness and, due to their large 

diameter, carbon nanofibers allow easy diffusion of reactant and product molecules 

[46]. Carbon nanofibers have been used as catalyst support for different reactions, 

such as cinnamaldehyde hydrogenation [39, 47] and deoxygenation of triglycerides 

[48 – 50].

Another promising carbon-based material for use as catalyst support is carbon-

covered alumina (CCA). Alumina (aluminum oxide) already is a widely used material 

as catalyst support because of its mechanical and textural properties; however, it 

has some drawbacks such as its strong interaction with metals. To overcome this 

drawback, alumina can be covered with a thin carbon layer. As a consequence, 

CCA combines the mechanical and textural properties of alumina with the surface 

chemistry of carbon [51]. The first time CCA was used as catalyst support, CCA was 

synthesized via cyclohexane or ethene pyrolysis over the γ-Al2O3 surface and cobalt 

sulfide was used as active phase for the thiophene hydrodesulfurization reaction 

[45]. Although X-ray photoelectron spectroscopy results showed that alumina was 

not fully covered by carbon, the catalyst supported on CCA was three times more 

active than the catalyst supported on γ-Al2O3 [45], making CCA a promising material 

in the catalysis field.

Although AC, CNF and CCA are effective supports for various catalysts and 

reactions, these three carbon-based materials have never been directly compared 

in the same reaction conditions and with the same active phase, as far as we know. 

In this paper, we report on an evaluation of the effects of these three different 

carbon-based supports (activated carbon, carbon nanofibers and carbon-covered 

alumina) on the structure and deoxygenation performance of tungsten carbide. 

We characterized the catalysts by means of N2 sorption, X-ray diffraction, CO 
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chemisorption as well as temperature-programmed desorption of NH3 and we used 

the deoxygenation of stearic acid to evaluate catalyst performance. We analyzed 

the effect of the support on tungsten carbide activity and selectivity in stearic acid 

deoxygenation by correlating catalyst performance with structure.

2. Experimental
Synthesis of supports

Carbon nanofibers (CNFs) were synthesized using a reduced 5 wt% Ni/SiO2 

growth catalyst (5 g) and a mixture of hydrogen (102 mL min-1), nitrogen (450 mL 

min-1) and carbon monoxide (266 mL min-1) at 550 ºC and 3.8 bar for 24 hours, as 

previously reported [52]. After synthesis, the CNF was refluxed in 400 mL 1M KOH 

for 1 hour to remove the SiO2, followed by decanting and washing of the residue with 

200 mL 1M KOH. This treatment was repeated three times. After the final reflux, 

the material was washed with demi water. Subsequently, the solid was treated by 

refluxing it in 400 mL 65% HNO3 for 1.5 hours to remove exposed nickel and to add 

oxygen-containing groups on the surface of the CNF. Finally, the CNF was washed 

with demi water to a neutral pH of the washing water.

Carbon-covered alumina (CCA) was synthesized as follows. A sucrose 

solution was added to alumina (BASF) via incipient wetness impregnation (weight 

sucrose/alumina = 0.624). A calcination step was carried out under He flow at 700 ºC 

for 2 hours to form two monolayers of carbon covering the alumina. The procedure 

was repeated to add another carbon monolayer (weight sucrose/alumina = 0.380) 

over the previous two layers. 

Catalyst synthesis 

15 wt% W2C catalysts were synthesized via incipient wetness impregnation 

of (NH4)6H2W12O40.xH2O (Sigma-Aldrich) solution on the supports – AC (Activated 

charcoal Norit®, Sigma-Aldrich), CNF and CCA – and the catalysts were activated 

under argon flow from 25 ºC to 900 ºC (β = 5 ºC min-1) for 6 hours. Between 

impregnations, the impregnated materials were dried at 120 ºC for 1 hour in static 

air.

Catalyst characterization

We explored the crystalline structures of the catalysts with X-ray diffraction 

(XRD). Supported W2C catalysts were analyzed in a Rigaku Miniflex instrument with 

copper radiation (CuKα). The diffraction angle was varied from 10º to 90º, with steps 

of 1 degree min-1 and counting at 2 s step-1.

We used nitrogen physisorption to assess the textural properties of the 
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catalysts. We recorded nitrogen adsorption/desorption isotherms at liquid nitrogen 

temperature with the use of a Micromeritics TriStar. Samples were pretreated under 

a vacuum at 400 ºC for 20 hours (Micromeritics VacPrep 061).

Chemisorbed CO was measured in situ to quantify potential active sites. 

After synthesis, we flushed the catalyst samples with 50 mL min-1 helium at 30 ºC 

for 30 minutes. CO-pulse chemisorption measurements were performed using a 

custom-made multipurpose machine by pulsing calibrated volumes of a 20% (v/v) 

CO/He gas mixture over the catalyst. Mass spectrometry (Pfeiffer Vacuum, model 

D-35614 Asslar) was used to assess the CO uptake.

 Temperature-programmed desorption (TPD) of CO was performed after the 

CO chemisorption to explore the nature of the active sites. Samples were heated 

from 30 ºC to 1000 ºC under He flow (100 mL min-1 and β = 15 ºC min-1) and the 

ion signal of m/z = 28 was followed in a mass spectrometer (Pfeiffer Vacuum, model 

D-35614 Asslar).

Transmission electron microscopy (TEM) was used to analyze particle size 

and particle size distribution. We mounted the samples on a 200 mesh copper grid 

covered with a pure carbon film, by dusting them onto the surface of the grid. TEM 

was performed in a JEOL JEM2100 transmission electron microscope operated at 200 

kV, and images (4k x 4k) were taken with a Gatan US4000 camera.

Temperature-programmed desorption (TPD) of NH3 was performed to explore 

the acidity of catalysts. The total acid sites of catalysts were quantified by adsorption 

of a 4% (v/v) NH3/He gas mixture at room temperature, performed in a custom-

made machine, where the ion signals m/z = 17 was followed in a mass spectrometer 

(Pfeiffer Vacuum, model D-35614 Asslar). After purging the synthesized carbides 

with He (60 mL min-1), 4% (v/v) NH3/He (60 mL min-1) gas mixture was added to the 

system resulting in a negative peak (A1) in the ion signal m/z = 17, corresponding 

to chemisorbed NH3 + physisorbed NH3 + NH3 in the system dead volume. After 

the ion signal m/z = 17 returned to the baseline, He was flushed into the system to 

remove the physisorbed NH3 from the catalyst surface and the NH3 present in the 

system dead volume. 4% (v/v) NH3/He (60 mL min-1) gas mixture was, thus, flushed 

again into the system resulting in another negative peak (A2) in the ion signal m/z 

= 17, representing the physisorbed NH3 and the NH3 present in the system dead 

volume. Therefore, the amount of chemisorbed NH3 on the catalysts was calculated 

via the subtraction of the areas A1 – A2.

To explore the efficiency of the carbon cover in CCA, we carried out 

Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) in an 

infrared spectrometer (Nicolet NEXUS 470 FT-IR) equipped with diffuse reflectance 

accessories and heating chamber (MCT-A detector, cooled with liquid nitrogen and 
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with ZnSe windows). Prior to analysis, samples were heated to 500 ºC for 1 hour 

under He flow and cooled to room temperature. Samples were then saturated 

with CO2, the chamber was cleaned with He to remove non-adsorbed CO2, and the 

spectrum was taken in the range of 4000 cm-1 to 500 cm-1 with a resolution of 4 cm-1 

and 150 scans.

HDO reaction

Reactions were performed in a 100 mL stainless steel Parr autoclave reactor 

(4590 Micro Bench Top Reactors). The reactor was filled with 2 g of stearic acid 

(Sigma-Aldrich, ≥ 95%, FCC, FG), 1 g of tetradecane (internal standard, Sigma-

Aldrich, ≥ 99%), 0.25 g of catalyst and 50 mL of dodecane as solvent (Sigma-Aldrich, 

ReagentPlus®, ≥ 99%). After purging with argon, stirring at 800 rpm was started 

and the reactor was heated to 350 ºC. At this temperature, the total pressure was 

10 bar. Subsequently, 30 bar H2 was added to the system, reaching a final pressure 

of around 40 bar. Samples of 1 mL were taken during the 6-hour reaction after 0, 

20, 40, 60, 120, 180, 240, 300 and 360 minutes.

Gas chromatography (GC) was used to analyze the reaction mixture 

(Shimadzu 2014, equipped with CP-FFAP column and photoionization detector). 

We used the following column temperature program: 50 ºC for 1 minute, heating 

to 170 ºC (β=7 ºC min-1), dwell time 1 minute, ramp to 240 ºC (β=4 ºC min-1), 

dwell time 15 minutes. Prior to GC, we diluted the samples in CH3Cl:MeOH (2:1 

v/v). Trimethylsulphonium hydroxide (Sigma-Aldrich, ~ 0.25 M in methanol, for GC 

derivatization) was added to methylate free acids. The injected volume was 1µL for 

all analysis.

3. Results and discussion
Table 1 displays textural properties of the pure supports (activated carbon – 

AC, carbon- covered alumina – CCA and carbon nanofiber – CNFs) and of the three 

supported W2C catalysts as inferred from nitrogen physisorption. Figure A1 in the 

Appendix A shows nitrogen adsorption/desorption isotherms for the pure supports 

and the supported W2C catalysts.
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Table 1. Textural properties of AC, CCA, CNF supports and supported W2C carbide 
catalysts. SBET = specific Brunauer-Emmett-Teller (BET) surface area.

Sample
SBET

(m² g-1)

Micropore 
area

(m² g-1)

Micropore 
volume

(m³ g-1)    
x 10-9

Total pore 
volume

(m³ g-1)     
x 10-9

Average 
pore size

(nm)

AC 823 394 200 500 8.7

CCA 193 44 20 370 9.3

CNF 171 20 9 450 15.1

W2C/AC 696 335 170 430 8.3

W2C/CCA 161 39 20 310 9.4

W2C/CNF 124 7 3 370 15.1

AC presented a higher specific surface area (823 m2 g-1) compared with 

CCA (193 m2 g-1) and CNF (180 m2 g-1). AC also showed a higher micropore area 

and volume (394 m2 g-1 and 200 x 10-9 m3 g-1) than the other supports (CCA: 44 

m2 g-1 and 20 x 10-9 m3 g-1 and CNF: 20 m2 g-1 and 9 x 10-9 m3 g-1, respectively). On 

the other hand, CNF had a larger pore size than AC and CCA (CNF: 13.6 nm, AC: 

8.7 nm and CCA: 9.3 nm). These results indicate that the supports had significant 

differences in textural properties, especially regarding surface area and pore size.

The specific Brunauer-Emmett-Teller (BET) surface area of W2C/AC and W2C/

CCA was around 15% lower than for the pure supports. Since these catalysts were 

synthesized with a 15 wt% loading, a decrease of up to 15% of the surface area can 

be attributed to the carbide addition to the support. Thus, W2C/AC and W2C/CCA 

presented similar textural surface areas as the respective pure supports.

On the other hand, the specific surface area, micropore area and micropore 

volume values of W2C/CNF (124 m2 g-1, 7 m2 g-1 and 3 x 10-9 m3 g-1) are smaller 

than for pure CNF (171 m2 g-1, 20 m2 g-1 and 9 x 10-9 m3 g-1), even when considering 

that 15% of active phase had been added to the support. These results suggest 

that some micropores of the CNF were blocked during W2C/CNF synthesis. However, 

since total pore volume and pore average size of W2C/CNF (370 x 10-9 m3 g-1 and 

15.1 nm) were similar to those of the pure CNF (450 x 10-9 m3 g-1 and 15.1 nm), 

taking a margin of 15% into account, we conclude that although micropores might 

be blocked during W2C/CNF synthesis, larger pores in the support were still present 

in the catalyst structure.

To investigate the crystalline structure of the catalysts, we used X-ray 

diffraction (XRD). Figure 1(A – C) presents the diffractograms of W2C supported on 
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AC, CCA and CNF, with the respective precursors and pure supports.

Figure 1. XRD diffractograms of pure support, supported tungsten oxide precursor 
and tungsten carbide supported by (A) AC, (B) CCA and (C) CNF, ● C ▲ W2(C,O) ■ W2C.

The diffractograms of W2C supported on AC, CNF and CCA show peaks at 

2θ values of 36.8º and 42.7º, which corresponds to the oxy-carbide W2(C,O) phase 

(PDF#22-0959), indicated by the green triangles, as well as peaks at a 2θ of 39.6º, 

61.7º and 72.7o, which corresponds to the W2C phase (PDF#20-1315), indicated by 

the red squares. Since the catalysts were passivated with 0.5 (v/v) % O2/N2 (50 mL 

min-1) at 25 ºC for 24 hours before XRD analysis to avoid their complete oxidation 

when exposed to air, we attribute the presence of the oxy-carbide phase to partial 

oxidation of catalyst during the passivation treatment.

To analyze the particle size of the carbide, high-resolution transmission 

electron microscopy (HR-TEM) was performed. Figure 2 displays representative 

HR-TEM images of tungsten carbide supported on AC, CCA and CNF. Black spots 

represent the active phase carbide (indicated with the red arrows) and the dark grey 

area is the support. 

Figure 2. HR-TEM images of A) W2C/AC, B) W2C/CCA and C) W2C/CNF.
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We estimated the average particle size based on 250 to 400 particles for 

each catalyst. Table 2 shows the average particle sizes and Figure 3 displays the 

particle size distributions.

Table 2. Average particle size of supported W2C catalysts.

Catalyst
Average particle size

(nm)

Standard deviation

(nm)

W2C/AC 6 3

W2C/CCA 2 1.5

W2C/CNF 3 2

Figure 3. Particle size distribution for tungsten carbide supported on AC, CCA and 
CNF.

The average particle size of W2C/AC, W2C/CCA and W2C/CNF was 6, 2 and 

3 nm, respectively. Although the W2C/AC catalyst presented a higher particle size 

average than W2C/CCA and W2C/CNF, Figure 3 shows that the largest particles of 

W2C/CCA and W2C/CNF catalysts have a diameter of 10 nm, while the diameter of 

the largest particles of W2C/AC is 20 nm. The presence of a few larger particles (> 

10 nm) in the W2C/AC catalyst accounts for its higher average particle size. Since 

large particles present a high volume-to-surface ratio, those particles likely did not 

make a significant contribution to the overall weight-based activity. Furthermore, 

most particles of the three catalysts had an average diameter of less than 6 nm. We 

therefore concluded that differences in average particle size of the catalysts were 

not a significant factor.

To enable a fair comparison between the catalytic performance of W2C/AC, 

W2C/CNF and W2C/CCA, we used CO chemisorption to quantify potential active sites. 

Table 3 displays the CO chemisorption results for the three catalysts. CO uptake for 

tungsten carbide catalysts follows the order W2C/CCA (80 μmol g-1) > W2C/AC (60 

μmol g-1) > W2C/CNF (34 μmol g-1). The CO uptake value is related to the number of 

accessible sites that can interact with CO molecules, which means that the catalyst 
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that presents the highest CO uptake value may have more accessible sites available 

for reaction according to Lee et al. [53].

CO uptake for the AC, CCA and CNF supports was 0, 0 and 1 μmol g-1, 

respectively. This result indicates that the CO uptake values of supported catalysts 

are exclusively related to the active phase.

Table 3. CO uptake for AC, CCA, CNF supports and for supported tungsten carbides.

Support CO uptake  
(μmol g-1) Catalyst CO uptake  

(μmol g-1)

AC 0 W2C/AC 61

CCA 0 W2C/CCA 80

CNF 1 W2C/CNF 34

Although CO chemisorption provides information about the density of 

potential active sites, it does not inform about the nature of these sites. We therefore 

performed CO TPD analysis, which enabled us to compare the nature of the active 

sites through the CO-binding strength. Active sites of a different nature bind CO with 

a different strength, which is indicated by the temperature of the peaks in the CO 

TPD profile. Stronger bonds result in higher temperatures of CO desorption. Figure 

4 displays the CO TPD results of the supported tungsten carbide catalysts, each 

showing three peaks at 90, 150 and 200 ºC, indicated by the red squares in the 

figure. These results suggest that although the catalysts are supported by different 

materials (AC, CCA and CNF), the nature of their active sites is the same.

Figure 4. Temperature-programmed desorption of CO from tungsten carbide 
supported on AC, CCA and CNF.
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NH3 TPD was performed to analyze the acidity of the catalysts. Table 4 

displays the density of the catalysts’ acidic sites. W2C/CCA had the highest density 

of acidic sites (217 μmol g-1) compared with W2C/AC and W2C/CNF (44 and 46 μmol 

g-1, respectively).

Table 4. Acidity of the catalyst as measured via NH3 temperature-programmed 

desorption.

Catalyst
Acidic sites

(μmol g-1)

W2C/AC 44

W2C/CCA 217

W2C/CNF 46

The higher acidity of tungsten carbide supported on carbon-covered alumina 

may be attributed to the acidity of alumina. Although the alumina was completely 

covered by carbon, as shown by CO2 Diffuse Reflectance Infrared Fourier Transform 

Spectroscopy (DRIFTS) analysis (Figure A2), the higher amount of desorbed NH3 

(Table 4) suggests that the porosity of carbon enables the alumina to be available for 

interaction with external molecules, such as ammonia during NH3 TPD.

Stearic acid hydrodeoxygenation was performed over supported tungsten 

carbide catalysts at 350 ºC and 30 bar H2. Figure 5 displays the stearic acid 

conversion over time.

 

Figure 5. Stearic acid conversion over tungsten carbide supported on AC, CNF and 
CCA (250 mg catalyst, 2 g stearic acid, 50 mL solvent, 30 bar H2, 350 ºC).

W2C supported on CCA presented the lowest stearic acid conversion relative 

to W2C supported on AC and CNF (although W2C/CCA showed the highest CO uptake 
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value). We propose that this result can be explained by the textural properties. The 

combination of a lower surface area (161 m2 g-1) with a smaller pore size (9.4 nm) of 

the CCA-supported catalyst limits the access of stearic acid to active sites, resulting 

in a lower stearic acid conversion. 

The conversion over the W2C/AC and W2C/CNF catalysts was similar and 

reached the maximum value of 85% at 360 min. W2C/AC presented a higher CO 

uptake value (61 µmol g-1), higher specific surface area (696 m2 g-1) and smaller pore 

size (8.3 nm) than W2C/CNF (34 µmol g-1, 124 m2 g-1 and 15.1 nm, respectively). 

While the higher specific surface area favors the interaction of stearic acid molecules 

with the catalyst surface, the smaller pore size may limit it. Thus, a balance between 

pore size and surface area may explain that the stearic acid conversion over the 

W2C/AC and W2C/CNF catalysts was similar. Note that the reaction is not limited by 

mass transfer limitations (see Figure A3).

To investigate the intrinsic activity of the catalysts, the turnover frequency 

(TOF) was calculated based on initial reaction rate. Table 5 lists the results. All three 

catalysts presented a similar TOF for stearic acid HDO reaction at 350 ºC and 30 bar 

H2, which indicates that the catalysts have the same intrinsic activity. This result is 

in accordance with the CO TPD profiles (Figure 5), which shows that the nature of 

the active sites on the three catalysts was the same.

Table 5. Turnover frequency (TOF) of W2C supported on AC, CNF and CCA.

Catalyst TOF (s-1)

W2C/AC 2

W2C/CNF 3

W2C/CCA 1

Figure 6 displays the product distribution for supported tungsten carbide 

catalysts for different conversion percentages, to explore the influence of the 

supports’ pore size and acidity on the product distribution in stearic acid HDO.



62

Figure 6. Product distribution for tungsten carbide on A) AC, B) CNF and C) CCA 

during stearic acid HDO (250 mg catalyst, 2 g stearic acid, 50 mL solvent, 30 bar H2, 350 ºC).

Figure 6 shows a number of differences between the performance of the 

catalysts, such as the following, which we will discuss subsequently:

- The selectivity towards oxygenates was higher over W2C/AC 

compared with W2C/CNF and W2C/CCA at low conversion rates (< 5%). 

- The ratio octadecene (C18 unsat) to octadecane (C18 sat) was 

higher over W2C/CCA than over W2C/CNF and W2C/AC. Only for W2C/CNF at lower 

conversion rates (< 30%), the selectivity towards octadecene surpassed that of 

octadecane.

The selectivity towards oxygenates was higher over W2C/AC than over W2C/

CNF and W2C/CCA at low conversion (< 5%).

Oxygenates (octadecanal and octadecanol) were the primary products over 

all three catalysts, which matches observations by other researchers [54]. However, 

at conversion below 5%, oxygenates represented 70% (mol) of all products over 

the W2C/AC catalyst while they represented only 40% (mol) over the W2C/CNF and 

W2C/CCA catalysts. 

According to Kim et al. [55], a carbon-based support with a large pore 
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size facilitates the transport of reactants during hydrodeoxygenation. In addition, 

Schaidle et al. [54] concluded via experimental and theoretical calculations that 

acid catalysts favor dehydration of oxygenates in the hydrodeoxygenation reaction. 

Figure 7 summarizes the effect of pore size (A) and acidity (B) on the oxygenates 

selectivity at 3% conversion of stearic acid HDO.

Figure 7. Effect of catalyst pore size (A) and acidity (B) on oxygenates selectivity at 
3% conversion in stearic acid HDO (250 mg catalyst, 2 g stearic acid, 50 mL solvent, 30 bar 

H2, 350 ºC).

Clearly, neither the pore size nor the acidity related directly to the selectivity. 

Therefore, we believe that the combination of acidity and porosity determined the 

performance of the catalysts. However, the exact contribution of each parameter 

currently remains an enigma.

The ratio C18-unsat:C18-sat was higher over W2C/CCA than over W2C/CNF 

and W2C/AC. Only for W2C/CNF at lower conversion rates (< 30%), the selectivity 

towards C18-unsat surpassed that of C18-sat.

At conversions below 30%, W2C/CNF produced compounds resulting in 

a C18-unsat:C18-sat rate greater than 1 while W2C/AC and W2C/CCA produced 

compounds resulting in a C18-unsat:C18-sat rate of less than 1. Apparently, the 

highest amounts of the unsaturated octadecene were initially formed over the 

support with the greatest mesopore volume (CNF), which indicates that the alkene 

was released more easily from CNF than from AC and CCA. 

 Figure 8 summarizes the influence of pore size on the C18-unsat:C18-sat 

selectivity for 25% conversion.
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Figure 8. Effect of catalyst pore size on the C18-unsat:C18-sat ration at 25% 
conversion on stearic acid HDO (250 mg catalyst, 2 g stearic acid, 50 mL solvent, 30 bar H2, 
350 ºC).

At higher conversions, i.e. above 50%, the C18-unsat:C18-sat ratio over the 

W2C/CCA catalyst was higher than over the W2C/AC and W2C/CNF catalysts. According 

to Schaidle et al. [54], the relative extents of hydrogenation and dehydration of 

oxygenates (aldehyde and alcohol) is related to the ratio between metallic and 

acidic sites on the carbide surface. Since C18-unsat is produced via dehydration of 

oxygenates and C18-sat is produced via hydrogenation of C18-unsat, it is expected 

that catalysts with a higher ratio of acid to metallic sites favor C18-unsat production 

and catalysts with a lower acid:metallic site ratio favor C18-sat production. 

The combination of CO chemisorption (metallic sites) and NH3 TPD (acid 

sites) analysis indicates that the W2C/CCA catalyst had a higher ratio of acid:metallic 

sites (2.7) than the W2C/AC (0.7) and W2C/CNF (1.3) catalysts. This explains why 

the W2C/CCA catalyst had the highest C18-unsat:C18-sat ratio (0.87) relative to 

W2C/AC (0.3) and W2C/CNF (0.4) for conversions above 50%.

 Figure 9 summarizes the effect of acidity on the C18-unsat:C18-sat rate at 

60% conversion of stearic acid HDO.
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Figure 9. Effect of the acid/metallic site ratio on the C18-unsat:C18-sat ratio at 60% 
conversion during stearic acid HDO (250 mg catalyst, 2 g stearic acid, 50 mL solvent, 30 bar 
H2, 350 ºC).

4. Conclusions
In our study, activated carbon, carbon nanofiber and carbon-covered alumina 

supports did not appear to influence the nature of the active sites of tungsten carbide 

catalysts. As a consequence, W2C/AC, W2C/CCA and W2C/CNF presented the same 

intrinsic activity (TOF) for stearic acid HDO. However, differences in support acidity 

and pore size did appear to influence stearic acid product distribution. While the 

larger pore size of W2C/CNF favored the conversion of oxygenates into hydrocarbons 

and the production of C18-unsat at low conversions (< 30%), the higher acidity of 

W2C/CCA favored the conversion of oxygenates at low conversions (< 30%) and 

the higher production of C18-unsat at high conversions (> 50%). For a complete 

understanding of catalyst pore size and acidity effects on the product distribution 

of stearic acid HDO, further studies might be performed with catalysts with similar 

acidity but different pore size and catalysts with similar pore size but different acidity.
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Abstract
For the first time a direct comparison of the performance of Mo2C/CNF and 

Ni2P/CNF for the deoxygenation of stearic acid at identical conditions (350 oC and 30 

bar H2) was performed. Ni2P/CNF (TOF 179 s-1) is intrinsically more active than Mo2C/

CNF (TOF 1 s-1 ). In addition, the use of Ni2P/CNF resulted in heptadecane as the main 

final product while the use of Mo2C/CNF resulted in octadecane as the predominant 

product. Those findings suggest that Ni2P/CNF favors either the decarbonylation/

decarboxylation (DCO) or the hydrogenation followed by decarbonylation (HDCO) 

pathway while Mo2C/CNF favors the hydrodeoxygenation (HDO) pathway. DFT 

studies indicated that the activation energy for the (O)C-OH bond cleavage over 

Ni2P and butyric acid is 12.9 kcal mol-1 while the activation energy for C-COOH bond 

cleavage is 39.7 kcal mol-1. This indicates that the HDO or HDCO pathway is more 

favored over Ni2P/CNF than the DCO pathway. Since heptadecane was the main 

product over Ni2P/CNF, it was concluded that HDCO is the predominant pathway over 

Ni2P/CNF during stearic acid deoxygenation.
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1. Introduction
When using biomass as renewable feedstock and when aiming for drop-

in molecules from that biomass, deoxygenation is an essential reaction. Here we 

studied the deoxygenation of stearic acid as model reaction for the deoxygenation of 

vegetable oil based triglycerides. The products from that deoxygenation are relevant 

as chemical building blocks or fuels [1]. Stearic acid deoxygenation mainly occurs 

via three pathways: i. Decarbonylation – removal of the oxygen as CO and H2O and 

producing an unsaturated hydrocarbon; ii. Decarboxylation – removal of oxygen as 

CO2 with the production of a saturated hydrocarbon; and iii. Hydrodeoxygenation 

– removal of oxygen as water via the hydrogenation of the carboxylic group with 

the formation of a saturated hydrocarbon [1]. The predominant reaction pathway 

depends on both reaction conditions and catalyst used.

Conventional hydrotreating catalysts, such as alumina supported NiMo and 

CoMo sulfides hold a great potential as deoxygenation catalysts [2 – 6]. Although 

they are active and promote all reaction pathways decarbonylation/decarboxylation 

(DCO) and hydrodeoxygenation (HDO) [7], they deactivate due to sulfur loss, as 

H2S, from the active sites. The catalytic activity can be maintained by the addition of 

small amounts of sulfur-containing compounds to the feed. However, the presence 

of H2S in the reaction mixture promotes the DCO pathway at the expense of the HDO 

pathway. Moreover, the presence of sulfur in the product stream is undesired [8]. 

Noble metal based catalysts are also active for hydrogenation [9 – 12] and 

deoxygenation reactions [13 – 17]. However, their limited availability and high price 

are incentives to look for alternative catalysts. Moreover, the similarities in electronic 

properties between noble metals, Mo-carbides and Ni-phosphides [18] and the 

higher availability of the latter two make Mo-carbides and Ni-phosphides potential 

catalysts for deoxygenation reactions [19 – 25].

Although Mo-carbides and Ni-phosphides share similar electronic properties, 

they have structural differences. In Mo-carbides, the Mo atoms are ordered in a 

face centered cubic (fcc) form, a hexagonal closed packed (hcp) form or in simple 

hexagonal (hex) form [19]. In the metal phosphides, the metal atoms form a 

triangular prism around the large phosphorus atoms [20]. 

The differences in crystalline structures between Mo-carbides and Ni-

phosphides might be responsible for the differences in their catalytic performance 

and it has been claimed that metal (W, Mo) carbides favor hydrodeoxygenation 

pathway in several deoxygenation reactions like in the stearic acid deoxygenation at 

350 oC and 30 bar H2 [26] and in the acetone deoxygenation at 96 oC and 0.54 bar 

H2 [27]. On the other hand, metal (Ni, Co, Fe) phosphides favor decarbonylation/

decarboxylation, e. g. in palmitic acid deoxygenation at 270 oC and 12 bar H2 [28] 
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and in methyl laurate deoxygenation at 300 oC and 20 bar H2 [29] which indicates 

a difference in the predominant path for Mo/W-carbides and Ni/Co/Fe-phosphides

Although these results indicate a difference in the predominant path for 

Mo/W-carbides and Ni/Co/Fe-phosphides, it is difficult to compare the performance 

of those materials directly because of the different reaction conditions used. 

Therefore, the goal of the present work is to evaluate, for the first time, the catalytic 

performance (activity and selectivity) of carbon nanofibers supported Mo-carbide 

and Ni-phosphide in the stearic acid deoxygenation at same reaction conditions (350 
oC and 30 bar H2).

2. Experimental
Catalyst synthesis

Carbon nanofibers (CNF) were synthesized using a reduced 5 wt% Ni/SiO2 

catalyst (5 g) and a mixture of hydrogen (102 mL min-1), nitrogen (450 mL min-

1) and carbon monoxide (266 mL min-1) at 550 oC and 3.8 bar for 24 hours, as 

previously reported [26]. The obtained CNF were refluxed in 400 mL 1M KOH for 

1 hour to remove the SiO2, followed by decanting and washing of the residue with 

200 mL 1M KOH. This treatment was repeated three times. After the final reflux, 

the material was washed with demi water. Subsequently, the solid was treated by 

refluxing it in 400 mL 65% HNO3 for 1.5 hours to remove exposed Ni and to add O2-

containing groups to the surface of the CNF. Finally, the CNF were washed with demi 

water to a neutral pH (measured with pH testing strips) of the washing water. 

Supported molybdenum oxide was prepared by impregnating 5 g of the 

oxidized CNF for four times with in total 7 mL of a 0.63 M solution of (NH4)2MoO4 

(Sigma-Aldrich, 99.98% trace metals basis) using incipient wetness impregnation. 

Between impregnations, the impregnated material was dried in static air at 120 oC 

for 1 hour. The pore volume of CNF is 0.43 mL g-1 (BET analysis). This procedure 

resulted in a catalyst 7.5 wt% Mo.

The supported oxide (0.4 g) was transformed to carbide via the carbothermal 

method. The oxide precursor was heated from 20 oC to 800 oC (β=5 oC min-1) and 

kept at that temperature for 6 hours under an argon flow of 100 mL min-1.

 Supported nickel-phosphorus oxide were prepared by impregnating 

5 g of oxidized CNF in four times with in total 5 ml of a aqueous solution containing 

2 mL (3.75 M) of Ni(NO3)2.6H2O (Sigma-Aldrich, 99.999% trace metals basis), 2 mL 

(3.04 M) of (NH4)2HPO4 (Sigma-Aldrich, ACS reagent, ≥98%) and 1 mL concentrated 

HNO3 (VWR Chemicals, 68%) using incipient wetness impregnation. Between 

impregnations, the impregnated material was dried in static air at 120 oC for 1 hour. 

The pore volume of CNF is 0.43 mL g-1 (BET analysis). This procedure resulted in 10 
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wt% Ni2P.

The supported oxide (0.4 g) was transformed to phosphide via the TPR 

method. The oxide precursor was heated from 20 oC to 650 oC (β=1 oC min-1) under 

an H2 flow of 100 mL min-1.

Catalysts characterization

X-Ray diffraction (XRD) of the supported Mo2C catalyst was performed 

using a Rigaku Miniflex with a copper radiation (CuKα). X-Ray diffraction (XRD) of 

supported Ni2P catalyst was performed with a D2 Phaser diffractometer (Bruker) 

with Kα radiation of cobalt (CoKα). Diffraction patterns were measured from 2θ = 

20o to 2θ = 80o with a scan rate of 2o min-1. The crystalline phases were identified 

with the aid of the Powder Diffraction File, a database of X-ray powder diffraction 

patterns maintained by the International Center for Diffraction Data (ICDD). This 

database is part of the used JADE 5.0 software.

Nitrogen physisorption (BET) was used to assess the textural properties 

of the samples. Nitrogen adsorption/desorption isotherms were recorded at liquid 

nitrogen temperature using a Micromeritics TriStar. Before measurement the samples 

were pretreated in a vacuum at 400 oC for 20 hours.

Chemisorbed CO was used to quantify potential active sites. After synthesis, 

the samples were flushed with 50 mL min-1 helium at 30 ºC for 30 minutes. CO-pulse 

chemisorption measurements were performed using a custom-made multipurpose 

machine by pulsing calibrated volumes of a 20% (v/v) CO/He gas mixture over the 

catalyst. Mass spectrometry (Pfeiffer Vacuum, model D-35614 Asslar) was used to 

assess the CO uptake.

The turnover frequency (TOF) was calculated by: 

, in which  is the initial reaction 

rate (mmol g-1 s-1),  is the initial amount of stearic acid (mmol),  is the 

derivative of stearic acid conversion at time zero (s-1) and  is the amount of 

catalyst (g).

Transmission electron microscopy (TEM) was used to analyze particle size 

and size distribution. The sample was mounted on a 200-mesh copper grid covered 

with a pure carbon film. Samples were dusted onto the surface of the grid and 

any excess was removed. Analysis was performed in a JEOL JEM2100 transmission 

electron microscope operated at 200 kV. Images were taken (4k x 4k) with a Gatan 

US4000 camera. Average particle sizes were established using the ImageJ software 

by counting 250 to 350 particles.
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Hydrodeoxygenation reaction

Hydrodeoxygenation (HDO) reactions were performed in a 100-mL stainless 

steel Parr autoclave reactor (4590 Micro Reactor). The reactor was filled with 2 g of 

stearic acid (Sigma-Aldrich, ≥ 95%, FCC, FG), 1 g of tetradecane (internal standard, 

Aldrich Chemistry, ≥ 99%), 0.25 g of catalyst and 50 mL of dodecane as solvent 

(Sigma-Aldrich, ReagentPlus ®, ≥ 99%). After purging with argon, stirring at 800 

rpm was started and the reactor was heated to 350 oC. At this temperature, the total 

pressure was 10 bar. Subsequently, 30 bar H2 was added to the system, resulting in 

a final pressure of 40 bar. Samples of 1 mL were taken during the 6-hour reaction 

after 0, 20, 40, 60, 120, 180, 240, 300 and 360 minutes.

Gas chromatography (GC) was used to analyze the reaction mixture 

(Shimadzu 2014, equipped with CP-FFAP column and photoionization detector). 

We used the following column temperature program: 50 oC for 1 minute, heating 

to 170 oC (β=7 oC min-1), dwell time 1 minute, ramp to 240 oC (β=4 oC min-1), 

dwell time 15 minutes. Prior to GC, we diluted the samples in CH3Cl:MeOH (2:1 

v/v). Trimethylsulphonium hydroxide (Sigma-Aldrich, ~ 0.25 M in methanol, for GC 

derivatization) was added to methylate free acids. The injected volume was 1µL for 

all analyses.

Theoretical calculations

Density functional theory (DFT) calculations were performed with PBE 

exchange-correlation functional [30], periodic boundary condition (PBC) and plane 

waves basis set (energy cutoff for Ni2P = 440 eV). Integration in the first Brillouin 

zone was performed using Monkhorst-Pack method [31] with several different 

k-points mesh. Projector augmented wave approximation [32] was employed and 

occupation was treated by Methfessel-Paxton cold smearing technique [33] with 

0.02 Ry smearing parameter. All calculations were performed in Vienna Ab Initio 

Simulation Package (VASP) [34].

According to Moon et al. [35] and to Suetin et al. [36], the most stable phase 

of Ni2P is the hexagonal one. Super cells were constructed for modeling the principal 

crystallographic plane (001). A vacuum layer of about 20 Å was inserted for all super 

cells. After that, geometry optimizations were done with fixed cell parameters for 

surface relaxation. For hexagonal Ni2P structure, the (001) crystallographic plane 

was considered [35] and the surface was considered by expanding (2 x 2 x 2) the 

unitary cell with vacuum layer in the (001) direction.

Activation energies for (O)C-OH and C-COOH bonds cleavage for butyric acid 

over the (001) Ni2P surface were obtained with the climbing-image Nudged Elastic 

Band method [37, 38] with one image between reactants and products structures. 
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This choice was made because the aim is to obtain only the transition state and the 

activation energy for comparison between the reaction paths.

3. Results and Discussion
Figure 1 displays XRD diffractograms of CNF, Mo2C/CNF and Ni2P/CNF. The 

diffraction lines representing the CNF are indicated by blue circles. The diffractions 

at about 2θ = 28o and 2θ = 43o represent the (002) and (101) reflections of the 

CNF [39]. The diffraction lines representing Mo2C (PDF#35-0708) (red squares) 

indicate the formation of the hexagonal phase of molybdenum carbide (β-Mo2C). 

The diffraction lines representing nickel phosphide (PDF#03-0653) (green triangles) 

indicate the formation of the Ni2P phase.

Figure 1. XRD diffractogram for ● CNF (using copper radiation), ■ Mo2C/CNF (using 
copper radiation) and ▲ Ni2P/CNF (using cobalt radiation). Due to the use of different sources 
the peaks appear at different positions for the same phase (most clearly seen for CNF).

Table 1 lists the textural properties of CNF, Mo2C/CNF and Ni2P/CNF. The 

parent CNF had a surface area of 180 m² g-1, which is comparable to the values 

reported in the literature for CNF made via the same synthesis protocol [40, 41].
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Table 1. Textural properties of CNF, Mo2C/CNF and Ni2P/CNF.

Surface area

m2 g-1

Micropore 
volume

cm3 g-1

Total pores 
volume

cm3 g-1

Pores average 
size

nm

CNF 180 0.009 0.43 13.6

Mo2C/CNF 130 0.001 0.40 15.5

Ni2P/CNF 205 0.0 0.34 6.7

Mo2C/CNF had a lower surface area (130 m2 g-1) than the parent CNF (180 

m2 g-1). Since the molybdenum carbide precursor (MoO3) is non-porous [42], the 

lower surface area of Mo2C/CNF can be partially explained by loading of the support 

with the non-porous carbide. 

Ni2P/CNF displayed lower total pore volume (0.34 cm3 g-1) than the parent 

CNF (0.43 cm3 g-1), suggesting that CNF pores were partially blocked during Ni2P/

CNF synthesis. However, contrary to Mo2C/CNF, Ni2P/CNF showed a higher surface 

area (205 m2 g-1) than the parent CNF (180 m2 g-1). We suggest that part of the Ni-

phosphide was not in contact with the support but rather had formed isolated Ni2P 

particles, which are porous.

Figure 2 displays representative HR-TEM images of Mo2C/CNF and Ni2P/CNF 

catalysts. The black spots (indicated with an arrow) are most likely the active phase 

while the dark grey area is the CNF. Figure 3 presents histograms of the particle size 

distribution of the Mo2C/CNF and Ni2P/CNF catalysts. We found an average particle 

size of 6 nm (s = 9 nm) for the Mo2C/CNF and of 9 nm (s = 7 nm) for the Ni2P/

CNF. Both samples have next to small particles also a number of large particles. 

For the Mo-carbide this is a clear bimodal distribution while for the Ni-phosphide 

the particles tail more towards larger particles. In any case this results in a large 

standard deviation.
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Figure 2. HR-TEM images of A) Mo2C/CNF and B) Ni2P/CNF.

Figure 3. Particle size distribution of A) Mo2C/CNF and B) Ni2P/CNF.

To determine the number of potential active sites, pulse CO chemisorption 

was used. Table 2 displays the CO uptake of CNF, Mo2C/CNF and Ni2P/CNF. The 

uptake by Mo2C/CNF (56 µmol gcat
-1) was higher than the uptake by Ni2P/CNF (5 µmol 

gcat
-1), meaning that Mo2C/CNF has more sites accessible for CO than Ni2P/CNF. The 

CO chemisorption capacity of the CNF was negligible (1 µmol gcat
-1).

Table 2. CO chemisorption uptake for CNF, Mo2C/CNF and Ni2P/CNF.

Sample CO uptake (μmol gcat
-1)

CNF 1

Mo2C/CNF 56

Ni2P/CNF 5

Figure 4 shows the catalytic activity (stearic acid conversion) of Mo2C/CNF 

and Ni2P/CNF during 6 hours of reaction. Ni2P/CNF reached 90% conversion at 180 
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minutes of reaction while Mo2C/CNF only reached that conversion level after 360 

minutes. Since the same amount of catalyst was employed during reaction, we 

conclude that, on a weight basis, the Ni2P/CNF catalyst is more active than the Mo2C/

CNF catalyst. In fact, when the activity is normalized to the total number of binding 

sites (Table 2) as determined by CO uptake, the TOF for Ni2P/CNF is 179 s-1 and 1 

s-1 for Mo2C/CNF. This indicates that Ni2P/CNF is intrinsically more active than Mo2C/

CNF.

Figure 4. Stearic acid conversion over Mo2C/CNF and Ni2P/CNF (250 mg catalyst, 2 g 
stearic acid, 50 mL solvent, 30 bar H2, T = 350 oC).

Figure 5 depicts the product distribution over time using the Mo2C/CNF 

and Ni2P/CNF for 360 minutes of reaction. For Mo2C/CNF the major product was 

octadecane over irrespective of the conversion while heptadecane was the major 

product over Ni2P/CNF. This result suggests that Mo2C/CNF and Ni2P/CNF conducted 

the stearic acid deoxygenation via different reaction pathways.

Figure 5. Stearic acid and products concentration (%mol) over time for A) Mo2C/CNF 
and B) Ni2P/CNF for stearic acid HDO (250 mg catalyst, 2 g stearic acid, 50 mL solvent, 30 
bar H2, T = 350 oC).
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Figure 6 summarizes the potential pathways for stearic acid deoxygenation 

[40, 43]. In the DCO pathway, oxygen is removed as CO2 (decarboxylation) or as CO 

and H2O (decarbonylation) followed by hydrogenation resulting in heptadecane as 

final product. In the HDO pathway, oxygen is removed as H2O producing aldehyde 

as the first intermediate. The aldehyde is further dehydrated and hydrogenated 

resulting in octadecane as final product [1]. A third reaction pathway, called HDCO, 

can be considered when the aldehyde (formed via hydrogenation of stearic acid) is 

decarbonylated, resulting in heptadecane as final product.

Figure 6. Pathways for deoxygenation of fatty acids.

From the catalytic data represented in Figure 5, we suggest that Mo2C/

CNF favors the HDO pathway – octadecane as the main final product – and Ni2P/

CNF favors DCO or HDCO pathway – heptadecane as the main final product. This 

is in accordance with literature [44, 45]. Although heptadecane is the main final 

product over Ni2P/CNF, oxygenates (octadecanal and octadecanol) were formed as 

intermediate products suggesting that the stearic acid was first hydrogenated forming 

aldehyde over this catalyst. Therefore, we suggest that HDCO is the predominant 

pathway over nickel phosphide: first, stearic acid is hydrogenated producing aldehyde 

(octadecanal) and then, the aldehyde is decarbonylated producing heptadecane. 

In accordance, recent studies have reported that nickel phosphide conducted the 

palmitic acid deoxygenation via hydrogenation followed by decarbonylation, when 

the reaction was carried out at 240 oC and 40 bar H2 over bulk catalyst [46].

To investigate whether indeed the HDCO pathways is easier over Ni2P than 

the decarboxylation (DCO) pathway (both pathways form the same final product), 

DFT calculations were used to establish the activation energy of the first steps in 

both paths i.e. the activation energies for (O)C-OH splitting was compared to the 

C-COOH splitting. For simplicity, butyric acid was used as model compound here.

Figure 7 and Table 4 display the activation energy of (O)C-OH and C-COOH 

bond cleavage of butyric acid over Ni2P/CNF catalyst. The activation energy of C-OH 

bond cleavage of butyric acid (12.9 kcal mol-1) is significantly lower than that of 
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C-COOH (39.7 kcal mol-1), suggesting that hydrogenation of fatty acid is the first 

step in the deoxygenation of stearic acid. Consequently, HDO (or HDCO) pathway 

is indeed more favorable to occur over Ni-phosphide catalysts in the stearic acid 

deoxygenation than the DCO pathway. Note that to assess which pathway HDO or 

HDCO is predominant over Ni-phosphide, the activation energy of C-OH and C-COH 

bonds cleavage of aldehyde (butanal) should also be calculated (ongoing). However, 

since heptadecane is the main final product over Ni-phosphide and it cannot be 

produced via HDO pathway, we hypothesize that stearic acid deoxygenation occurs 

mainly via HDCO pathway over Ni-phosphide.

Figure 7. Activation energy and transition states during C-OH (black dashed lines) 
and C-COOH (red dashed lines) bonds cleavage of butyric acid over Ni2P.

Table 4. Activation energy of C-OH and C-COO bonds cleavage for butyric acid over 
Ni2P.

Butyric acid

Ea (kcal mol-1)

C-OH

Ea (kcal mol-1)

C-COOH

Ni2P 12.9 39.7

4. Conclusion
In the present work we compared, for the first time, the catalytic performance 

of Mo2C/CNF and Ni2P/CNF in the stearic acid deoxygenation under identical 

conditions. Ni2P/CNF is intrinsically more active than Mo2C/CNF and the reaction 

pathways are different. Mo2C/CNF conducts the reaction mainly via HDO, resulting 

in octadecane as the main product while Ni2P/CNF conducts the reaction mainly 
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via HDCO pathway, resulting in heptadecane as the main product. Preliminary DFT 

calculations in combination with selectivity data indicate that the HDCO pathway is 

indeed favored over Ni-phosphide catalysts.
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Chapter 5

Influence of synthesis method 
on molybdenum carbide 

crystal structure and catalytic 
performance in stearic acid 

hydrodeoxygenation

This chapter was published in adapted form as:
L. Souza Macedo, R. R. Oliveira Jr., T. van Haasterecht, V. Teixeira da Silva, H. 
Bitter, Influence of synthesis method on molybdenum carbide crystal structure and 
catalytic performance in stearic acid hydrodeoxygenation, Applied Catalysis B: 
Environmental, 241, 2019, 81 – 88.
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Abstract
The role of the synthesis method of molybdenum carbide nanoparticle 

catalysts supported on carbon nanofibers on crystal structure and on catalytic 

performance in hydrodeoxygenation of stearic acid was investigated. We obtained the 

cubic phase of molybdenum carbide (α-MoC1-x) by impregnating carbon nanofibers 

with a solution of (NH4)2MoO4, then exposing them to 20% CH4/H2 at 650 oC for 

2 hours. When increasing the Mo loading from 7.5 wt% to 20 wt% or using the 

carbothermal reduction method, i.e. using carbon from the support to reduce the 

(NH4)2MoO4 precursor at 800 oC for 6 hours, the hexagonal phase (β-Mo2C) resulted.

Experiments with stearic acid hydrodeoxygenation showed that both phases 

(7.5 wt% Mo) displayed similar intrinsic activities. However, α-MoC1-x/CNF reached 

80% stearic acid conversion after 240 minutes while the β-Mo2C/CNF catalyst 

attained the same conversion after 360 minutes. CO chemisorption results showed 

that α-MoC1-x/CNF and β-Mo2C/CNF have a similar number of potential active sites (66 

and 56 µmol g-1, respectively). We attribute the difference in catalytic performance 

between α-MoC1-x/CNF and β-Mo2C/CNF to differences in the catalyst’s crystal 

structure, more specifically, the associated site density. The face-centered cubic 

α-MoC1-x/CNF has a lower site density (0.1096 Mo atoms Å-²) than the hexagonal 

close-packed β-Mo2C/CNF (0.1402 Mo atoms Å-²), making the Mo atoms at the 

surface of the α-MoC1-x phase more accessible for large reactant molecules such as 

stearic acid thus allowing its conversion in shorter times.
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1. Introduction
Noble metals are widely used in catalysis, amongst others, for reactions such 

as (de)hydrogenation, hydrogenolysis and Fischer-Tropsch synthesis [1]. However, 

noble metals are scarce, hence expensive, which makes it desirable to find more 

abundant alternatives. 

Since the seminal work of Levy and Boudart [2], it has become clear 

that transition metal carbides are efficient catalysts for reactions that involve the 

transfer of hydrogen, such as ammonia synthesis, hydrogenation, hydrogenolysis, 

isomerization, methanation and hydroprocessing [3]. Lately, W and C carbides have 

gained interest as active catalysts for biomass conversion, e.g. in the conversion of 

lignin, hemicellulose and cellulose [4 – 7] or in the conversion of triglycerides [8, 9]. 

Recently, we showed that Mo and W carbide catalysts are also active for biomass-

related conversions such as deoxygenation stearic and oleic acids [10 – 12] and 

gamma-valerolactone production via levulinic acid hydrogenation [13].

For a number of reactions, transition metal carbides display similar or even 

better catalytic performance than noble metal catalysts. For example, Dhandapani 

et al. [14] found that Mo2C is more active than Pt/γ-Al2O3 for cumene hydrogenation 

and Li et al. [15], Claridge et al. [16] and Choi et al. [17] reported that the catalytic 

activity of the transition metal carbides Ni-W2C, Mo2C and W2C can compete with 

that of noble metal catalysts in wood lignin degradation, conversion of methane to 

synthesis gas and benzene hydrogenation, respectively.

A typical method to synthesize transition metal carbides, especially 

molybdenum and tungsten carbides, is the temperature-programmed reaction 

(TPR) method [3]. First, a support is impregnated with a soluble oxidic precursor 

and then the sample is calcined forming a supported oxide. In the next step, the 

oxide is heated in a carbon-containing atmosphere such as methane or butane ([10, 

18]), which converts the oxide into the carbide. Depending on the carburizing gas 

composition during TPR, different crystallographic structures of the final catalyst 

result. For example, Xiao et al. [18] produced the face-centered-cubic form of 

molybdenum carbide after synthesis with 5% C4H10 and 95% H2 as carburizing gas, 

while Sousa et al. [10] created hexagonal molybdenum carbide after synthesis with 

20 % CH4 and 80% H2 as carburizing gas, both at 650 oC for 2 hours and using 

supported molybdenum trioxide as precursor.

Another method used to synthesize transition metal carbides is carbothermal 

reduction [19]. A carbon-based support impregnated with an oxidic precursor is 

heated in a carbon-free atmosphere. The carbide forms by reaction of the oxide 

with carbon from the support [11, 12, 19 – 23]. This method has the advantage of 

avoiding carbon deposition on the catalyst surface, which commonly occurs with the 
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TPR method due to methane (or hydrocarbon) decomposition [3].

Despite the increasing number of reports that show the potential of 

transition metal carbides as catalysts for various reactions, they are not widely used 

in commercial applications. Here, we try to understand the property-performance 

relationship for the carbides to advance that field [3, 24 – 26].

Controlling the crystal structure of the carbides is important because it 

can have a significant influence on catalytic performance, although there are cases 

in which crystal structure does not influence catalytic performance. For example, 

α-MoC1-x and β-Mo2C phases displayed a similar catalytic activity for isopropanol 

dehydration at 140 oC in an inert He/Ar atmosphere as well as in 13 kPa O2 [27]. 

On the other hand, for dehydrogenation of benzyl alcohol [28], steam reforming of 

methanol [29] and hydrogenation of toluene [30], β-Mo2C was more active than 

α-MoC1-x while α-MoC1-x was more active than β-Mo2C for CO hydrogenation to 

produce methane [31]. 

Various ways exist to control the crystal structure of the carbide, such as 

by temperature, nature of the oxidic precursor, percentage of weight-loading and 

carburizing atmosphere composition [27 – 29, 31 – 34]. For example, the combination 

of a low temperature (250 to 400 oC) with an H2 atmosphere seems to favor the 

formation of a molybdenum bronze phase (HxMoO3, [35]) which is then topotactically 

transformed into the cubic molybdenum carbide phase, even in the case of a low 

carbon content (supplied C/Mo molar ratio = 0.6) [30]. The cubic phase also forms 

in the absence of H2 at a high temperature (800 oC) and a supplied C/Mo ratio of 

6.3 [30]. However, using a supplied C/Mo ratio of 2, no H2 and a high temperature 

(800 oC) yields the hexagonal phase form [30]. Frank et al. [29] compared the TPR 

and carbothermal reduction methods for carbon-nanotube-supported molybdenum 

carbides and found that TPR of (NH4)6Mo7O24.4H2O in 20% CH4/H2 results in 2-nm 

crystallites of cubic α-MoC1-x whereas TPR in pure H2 and using the carbothermal 

method with He yields larger (8 to 10 nm) particles of hexagonal β-Mo2C. Li et al. 

[28] showed that carburization of a bulk α-MoO3 precursor in 20% CH4/H2 at 850 
oC for 4 hours results in the hexagonal β-Mo2C phase, while α-MoC1-x phase forms 

during TPR with 5% n-C4H10/H2 at 700 oC for 4 hours.

Though a consistent picture of the role of crystal structure on catalytic 

performance is still lacking, explanations have been put forward for the differences in 

the catalytic properties of these two molybdenum carbide forms, including differences 

in the reactant’s adsorption energy [31] and differences in the (inadvertent) coverage 

of Mo atoms by carbon as occurs with the TPR method [28, 30]. 

Comparisons of the catalytic performance of both forms in reactions involving 

lipid-based biomass, such as used in the production of olefins and paraffins, are 
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still lacking. In this paper, we report on an investigation into the influence that 

the synthesis history of α-MoC1-x or β-Mo2C supported on carbon nanofibers has on 

their characteristics and performance as catalysts for the hydrodeoxygenation of 

stearic acid. We tested the catalysts under identical conditions to gain insight in the 

structure-performance relationship.

2. Experimental
Synthesis

Carbon nanofibers (CNF) were synthesized from a reduced 5 wt% Ni/SiO2 

catalyst (5 g) and a mixture of hydrogen (102 mL min-1), nitrogen (450 mL min-1) and 

carbon monoxide (266 mL min-1) at 550 oC and 3.8 bar for 24 hours, as previously 

reported [12]. Next, the CNF were refluxed in 400 mL 1M KOH for 1 hour to remove 

the SiO2, followed by decanting and washing of the residue with 200 mL 1M KOH. 

This treatment was repeated three times. After the final reflux, the material was 

washed with demi water. Subsequently, the solid was treated by refluxing it in 400 

mL 65% HNO3 for 1.5 hours to remove exposed Ni and to add O2-containing groups 

to the surface of the CNF. Finally, the CNF were washed with demi water to a neutral 

pH (measured with pH testing strips) of the washing water.

Supported oxides were prepared by impregnating 5 g of CNF four times with 

7 mL of a 0.63 M solution of (NH4)2MoO4 (Sigma-Aldrich, 99.98% trace metals basis) 

using incipient wetness impregnation. Between impregnations, the impregnated 

materials were dried in static air at 120 oC for 1 hour. The pore volume of CNF is 

0.43 mL g-1 (B.E.T analysis). This procedure resulted in a catalyst loading of 7.5 wt% 

Mo. For a Mo loading of 20 wt%, 5 g of CNF were impregnated ten times with in total 

20 mL of a 1.86 M solution of (NH4)2MoO4. 

The supported oxides (0.4 g) were transformed to carbides in two different 

ways, namely via the TPR method and via the carbothermal reduction method. In 

the TPR method, the precursor was exposed to 20% CH4/H2 (CH4 = 20 mL min-1 

and H2 = 80 mL min-1). The temperature was increased from room temperature (20 
oC) to 650 oC (β=2.5 oC min-1) and maintained at that temperature for 2 hours. For 

carbothermal reduction, the precursor was heated from 20 oC to 800 oC (β=5 oC min-

1) and kept at that temperature for 6 hours under an argon flow of 100 mL min-1. 

Characterization

In-situ X-ray diffraction (XRD) was performed with a Rigaku DMax 2200 

equipped with an Anton Paar XRK-900 reaction chamber, a Cu Kα tube and a graphite 

monochromator. Diffraction patterns were measured from 2θ = 20o to 2θ = 80o with 

a scan rate of 2o min-1.



96

Samples were carburized in situ by using either 100 mL min-1 20% CH4/H2 

(TPR method) or argon (carbothermal reduction). The phase changes were followed 

by recording diffractograms at different temperatures. Between measurements, the 

sample was heated to the next temperature at 2.5 and 5 oC min-1 for TPR and 

carbothermal reduction, respectively.

The crystalline phase was identified with the aid of the Powder Diffraction 

File, a database of X-ray powder diffraction patterns maintained by the International 

Center for Diffraction Data (ICDD). This database is part of the JADE 5.0 software.

Nitrogen physisorption was used to assess the textural properties of the 

samples. Nitrogen adsorption/desorption isotherms were recorded at liquid nitrogen 

temperature using a Micromeritics TriStar. Before measurement the samples were 

pretreated in a vacuum at 400 oC for 20 hours.

To assess the number of (potentially) active sites, we used CO chemisorption. 

Supported oxides (0.1 g) were first pretreated with 50 mL min-1 He at 500 oC for 

30 minutes. Then the temperature was lowered and the catalyst was activated via 

carburization (20 mL min-1 CH4 and 80 mL min-1 H2) or carbothermal reduction (100 

mL min-1 He). Samples were cooled down to 30 oC and flushed with He (50 mL min-

1) for 30 minutes. CO-pulse chemisorption measurements were performed using a 

custom-made multipurpose instrument by pulsing calibrated volumes of a 20% (v/v) 

CO/He gas mixture over the catalyst. Mass spectrometry (Prisma, equipped with a 

Pfeiffer vacuum pump, model D-35614) was used to assess the CO uptake.

As shown in the Suplementary Information, we calculated turnover frequency 

(TOF) with the equation:

 , in which  is the initial reaction 

rate (mmol g-1 s-1),  is the initial amount of stearic acid (mmol),  is the 

derivative of stearic acid conversion at time zero (s-1) and  is the amount of 

catalyst (g).

Temperature-programmed desorption (TPD) of CO was carried out after CO 

chemisorption. Samples were heated from 20 oC to 1000 oC under He flow (100 mL 

min-1 and β = 15 oC min-1) and the signal of ion m/z = 28 was followed in the mass 

spectrometer.

Transmission electron microscopy (TEM) was used to analyze particle size 

and size distribution. We mounted the samples on a 200-mesh copper grid covered 

with a pure carbon film. Samples were dusted onto the surface of the grid and 

any excess was removed. Analysis was performed in a JEOL JEM2100 transmission 

electron microscope operated at 200 kV. We took images (4k x 4k) with a Gatan 

US4000 camera. We calculated average particle sizes with ImageJ software, on the
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basis of 250 to 350 particles.

Hydrodeoxygenation 

Hydrodeoxygenation (HDO) reactions were performed in a 100-mL stainless 

steel Parr autoclave reactor (4590 Micro Reactor). The reactor was filled with 2 g of 

stearic acid (Sigma-Aldrich, ≥ 95%, FCC, FG), 1 g of tetradecane (internal standard, 

Aldrich Chemistry, ≥ 99%), 0.25 g of catalyst (they were transferred directly from 

the synthesis equipment to the reactor by exposing them shortly to air) and 50 mL 

of dodecane as solvent (Sigma-Aldrich, ReagentPlus ®, ≥ 99%). After purging with 

argon, stirring at 800 rpm was started and the reactor was heated to 350 oC. At 

this temperature, the total pressure was 10 bar. Subsequently, 30 bar H2 was added 

to the system, resulting in a final pressure of 40 bar. Samples of 1 mL were taken 

during the 6-hour reaction after 0, 20, 40, 60, 120, 180, 240, 300 and 360 minutes.

Gas chromatography (GC) was used to analyze the reaction mixture 

(Shimadzu 2014, equipped with CP-FFAP column and photoionization detector). 

We used the following column temperature program: 50 oC for 1 minute, heating 

to 170 oC (β=7 oC min-1), dwell time 1 minute, ramp to 240 oC (β=4 oC min-1), 

dwell time 15 minutes. Prior to GC, we diluted the samples in CH3Cl:MeOH (2:1 

v/v). Trimethylsulphonium hydroxide (Sigma-Aldrich, ~ 0.25 M in methanol, for GC 

derivatization) was added to methylate free acids. The injected volume was 1µL for 

all analyses.

3. Results and discussion
3.1 Synthesis

Figure 1 displays the in-situ XRD diffractograms of an impregnated, 

supported 7.5 wt% Mo precursor during its transformation via the carbothermal 

reduction method. The relevant phases are the MoO2 phase (indicated by the purple 

triangles) and the hexagonal β-Mo2C phase (indicated by the red squares).

The diffractions at about 2θ = 28o and 2θ = 43o represent the (002) and 

(101) reflections of the CNF [36]. Up to 500 oC, no other reflections were visible, 

indicating that the impregnated oxidic phase either consisted of very small crystallites 

or was amorphous. In the temperature range of 500 to 700 oC, diffraction lines 

representing MoO2 (PDF# 32-0671) became visible. At 800 oC, these reflections 

started to disappear again and the reflection representing β-Mo2C (PDF#35-0708) 

appeared. The β-Mo2C reflections sharpened when the catalyst was held at 800 oC 

for a prolonged time (up to 6 hours). Please note that the intensity of the CNF peak 

decreased during the experiment. We tentatively attribute this to the absorption of 

the X-rays by the large molybdenum carbide particles formed during the synthesis, 
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as has previously been shown for Mo/ZSM-5 [37].

Figure 1. In-situ XRD diffractogram for 7.5 wt% Mo2C/CNF synthesized via 
carbothermal reduction with argon (with ■ indicating hexagonal β-Mo2C and ▲ MoO2).

Figure 2 displays the diffractograms of an impregnated, supported 7.5 wt% 

Mo precursor during its transformation when using the TPR method with 20% CH4/H2 

as carburization gas mixture. The blue rhombi indicate the reflections representing 

the cubic α-MoC1-x phase.

Figure. 2. In-situ XRD diffractogram for 7.5 wt% Mo2C/CNF synthesized via 
carburization with 20% CH4/H2 gas mixture (♦ indicates cubic α-MoC1-x).
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The signals at about 2θ = 28o and 2θ = 43o represent the (002) and (101) 

reflections of the CNF [36]. Up to 500 oC, no other reflections were visible, which 

indicates that the impregnated oxidic phase either consisted of very small crystallites 

or was amorphous. In the temperature range of 500 oC to 650 oC, diffraction lines 

(blue rhombus) representing the α-MoC1-x phase (PDF#15-0457) became visible. The 

diffraction lines of α-MoC1-x were too broad and their intensity was too low to allow 

calculation of the crystallite size. In fact, Sebakhy et al. [38] found similar results 

when synthesizing cubic and hexagonal molybdenum carbides. The bulk β-Mo2C 

(hexagonal) presented a defined XRD diffractogram with narrow signals and average 

particle size of 37 nm and, on the other hand, the bulk α-MoC1-x (cubic) presented 

broad signal on the XRD diffractogram and an average particle size of 2 nm.

To summarize, synthesis via carbothermal reduction resulted in the 

hexagonal β-Mo2C phase while synthesis via TPR method in 20% CH4/H2 produced 

cubic α-MoC1-x.

Previous research has shown that the α-MoC1-x phase forms at higher C/

Mo ratios and the β-Mo2C phase at lower C/Mo ratios [28, 30]. Therefore, we also 

prepared a 20 wt% Mo sample (C/Mo molar ratio = 746, see Appendix B) under the 

same synthesis conditions as for the 7.5 wt% Mo (C/Mo molar ratio = 1989). XRD 

patterns of 20 wt% Mo supported molybdenum carbide synthesized via TPR with 

20% CH4/H2 at 650 oC for 2 hours shows that using the lower C/Mo ratio resulted in 

β-Mo2C (Figure B2), in line with what others have reported.

3.2 Characterization

From now on, we will only consider the 7.5 wt% Mo samples because we 

are interested in comparing the α-MoC1-x/CNF and β-Mo2C/CNF catalysts on a weight 

basis. Table 1 lists the textural properties of CNF, α-MoC1-x/CNF and β-Mo2C/CNF. 

The parent CNF had a surface area of 180 m² g-1, which is comparable to the values 

reported in the literature for CNF made via the same synthesis protocol [11, 39]. 

Cubic α-MoC1-x/CNF and hexagonal β-Mo2C/CNF showed a similar surface area, of 140 

m² g-1 and 130 m² g-1, respectively, which is lower than that of the parent CNF. Since 

molybdenum carbide precursor (MoO3) is non-porous [10], the lower surface area of 

the supported catalysts can be partially explained by loading of the support with the 

carbides. However, this cannot fully explain the decrease in surface area, since only 

7.5 wt% Mo was loaded. This suggests that part of the pores of the support were 

blocked by the carbides. This idea is supported by the significant decrease (higher 

than the 7.5% from the added MoO3) we found in the micropore area of the catalysts 

(from 20 m² g-1 to 2 and 4 m² g-1 for α-MoC1-x/CNF and β-Mo2C/CNF, respectively) 

and the micropore volume (from 0.009 cm3 g-1 to 0 and 0.001 cm3 g-1 for α-MoC1-x/
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CNF and β-Mo2C/CNF, respectively) relative to the pure CNF. We tentatively explain 

the smaller pore area of α-MoC1-x/CNF by the presence of carbonaceous deposits on 

that sample formed due to methane decomposition. Since that sample was prepared 

by the TPR method, deposits could have formed from decomposition of the carbon 

source (CH4) during synthesis [3].

Table 1. Textural properties of CNF, α-MoC1-x/CNF and β-Mo2C/CNF (7.5 wt% Mo).

Surface 
Area

(m² g-1)

Micropore 
Area

(m² g-1)

Micropore

Volume

(cm³ g-1)

Pore 
volume 

(cm³ g-1)

Pores 
average 
size (Ӑ)

CNF 180 20 0.009 0.43 136

α-MoC1-x/CNF 140 2 0 0.31 100

β-Mo2C/CNF 130 4 0.001 0.40 155

Figure 3 displays representative HR-TEM images of α-MoC1-x/CNF and 

β-Mo2C/CNF. Black spots indicate the presence of the carbide or partly oxidized 

carbide (indicated with the red arrows) and the dark grey area is the CNF. Figure 4 

presents histograms of the particle size distribution of the α-MoC1-x/CNF and β-Mo2C/

CNF catalysts. We found an average particle size of 2 nm (s = 1.4 nm) for the 

α-MoC1-x/CNF and of 6 nm (s = 9 nm) for the β-Mo2C/CNF. The latter sample has 

a bimodal distribution with a few very large particles, resulting in a large standard 

deviation. The smaller particle size node appears similar to that of α-MoC1-x/CNF 

particles (Figure 4A), what can implicate that the smaller particles in Figure 4B 

begin as α-MoC1-x and larger particles convert into the β-Mo2C. XRD diffractograms in 

Figure 2 show that the formation of α-MoC1-x phase is connected to the peaks at 2θ = 

37.8o and 43o, but the peak at 2θ = 43o is also connected to the CNF support. Thus, 

we only can associate the formation of α-MoC1-x phase to the diffractogram peak at 

2θ = 37.8o. Since we cannot clearly see a shoulder/peak at 2θ = 37.8o in Figure 1 

(β-Mo2C/CNF), we cannot exclude that some α-MoC1-x is present in the β-Mo2C/CNF 

catalyst. Note that the comparison of catalytic performance between α-MoC1-x/CNF 

and β-Mo2C/CNF catalysts will not be compromised even if some α-MoC1-x is present 

in the β-Mo2C/CNF catalyst because the performance of the pure α-MoC1-x phase is 

obtained by α-MoC1-x/CNF catalyst. Therefore, any difference in the performance of 

β-Mo2C/CNF catalyst must be attributed to the β-Mo2C phase.
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Figure 3. HR-TEM images of A) α-MoC1-x/CNF and B) β-Mo2C/CNF.

Figure 4. Particle size distribution of A) α-MoC1-x/CNF and B) β-Mo2C/CNF. Secondary 
graphs represents a detail up to 5 nm.

To determine the number of potential active sites, pulse CO chemisorption 

was used. Table 2 shows the CO chemisorption uptakes of CNF, α-MoC1-x/CNF and 

β-Mo2C/CNF. CO chemisorption uptake by α-MoC1-x/CNF (66 µmol gcat
-1) was slightly 

higher than CO chemisorption uptake by β-Mo2C/CNF (56 µmol gcat
-1), meaning 

that α-MoC1-x/CNF has more sites accessible for CO than β-Mo2C/CNF. The CO 

chemisorption capacity of the CNF was negligible (1 µmol gcat
-1).

In line with other studies [17, 40 – 42], we used the CO chemisorption 

uptake to determine the number of potential active sites. However, this is not 

undisputed. For example, Clair et al. [43] argued that only 14% of the total number 

of surface Mo atoms is titrated via CO chemisorption over hexagonal molybdenum 

carbide (0001). For the sake of completeness and comparison, we therefore also 

report the particles size as calculated via TEM and XRD analysis (Table B1).
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Table 2. CO chemisorption uptake for CNF, α-MoC1-x/CNF and β-Mo2C/CNF.

CO uptake (µmol g-1)

CNF 1

α-MoC1-x/CNF 66  3.3

β-Mo2C/CNF 56  2.8

Though pulse chemisorption provides information on the number of available 

sites, it does not reveal anything about the nature of the sites (CO binding strength). 

We assessed the latter by performing CO temperature-programmed desorption (TPD) 

after the chemisorption experiment. Figure 5 displays the CO TPD trace for α-MoC1-x/

CNF and β-Mo2C/CNF. α-MoC1-x/CNF presented a defined CO desorption peak in the 

temperature region of 50 °C to 200 °C with a maximum at 85 °C and β-Mo2C/CNF 

presented a clear CO desorption peak at 90 oC and a second peak at 150 oC. Frank et 

al. [29], Nagai et al. [44] and Shi et al. [45] have attributed these different binding 

strengths to CO bonds at the Mo sites (desorption at 85 °C to 90 oC) and at the C 

sites (desorption at 150 oC). 

Figure 5. Temperature-programmed desorption of CO for α-MoC1-x/CNF and β-Mo2C/
CNF.

3.3 Catalytic activity

Figure 6 shows the catalytic activity (stearic acid conversion) of α-MoC1-x/

CNF and β-Mo2C/CNF during 6 hours of reaction. Since both catalysts contain the 

same amount of carbide, the conclusion is that on a weight basis, the catalyst 

containing the α-MoC1-x phase is more active than the catalyst with the β-Mo2C 
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phase. However, when the activity is normalized to the total number of binding 

sites (Table 2) as determined by CO uptake, the TOF is 3 s-1 for α-MoC1-x and 1s-1 for 

β-Mo2C. This indicates that both catalysts have a similar intrinsic activity. We also 

carried out a reaction in which we used the pure CNF support. As Figure 6 shows, 

the activity of CNF alone was an order of magnitude lower than that of the catalysts.

Figure 6. Stearic acid conversion over α-MoC1-x/CNF and β-Mo2C/CNF (250 mg 
catalyst, 2 g stearic acid, 50 mL solvent, 30 bar H2, T = 350 oC). The lines are added to guide 

the eyes.

Figure 7 depicts the product distribution of α-MoC1-x/CNF (7A) and β-Mo2C/

CNF (7B) for 360 minutes of reaction. Both catalysts yielded heptadecane, 

heptadecene, octadecane, octadecene, octadecanol and octadecanal as intermediates 

or final products, indicating that the reaction pathway is probably the same for both 

catalysts. However, the intermediate compounds were produced and consumed at 

different times.

Figure 7. Product concentration (%mol) over time for A) α-MoC1-x/CNF and B) 
β-Mo2C/CNF for stearic acid HDO (250 mg catalyst, 2 g stearic acid, 50 mL solvent, 30 bar H2, 
T = 350 oC). The lines are added to guide the eyes.
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To analyze the production and consumption of intermediate compounds 

over the α-MoC1-x/CNF and β-Mo2C/CNF catalysts, we looked at the evolution of 

heptadecene, octadecene, octadecanal and octadecanol over time (Figure 8). 

Octadecanal and octadecanol were formed and consumed at different rates over the 

two catalysts. Over α-MoC1-x/CNF, the intermediates were completely consumed after 

240 minutes, while they were not fully consumed yet after 300 minutes over β-Mo2C/

CNF. Moreover, octadecene reached a maximum concentration at 120 minutes over 

the α-MoC1-x/CNF catalyst while that point was only reached after 300 minutes for 

β-Mo2C/CNF. This confirms in greater detail that although the reaction pathway is 

the same and the same intermediates (heptadecene, octadecene, octadecanal and 

octadecanol) were present during stearic acid HDO over α-MoC1-x/CNF and β-Mo2C/

CNF, they were produced and consumed at different times.

Figure 8. Detail of intermediate product concentration (%mol) over time for A) 
α-MoC1-x/CNF and B) β-Mo2C/CNF during stearic acid HDO (250 mg catalyst, 2 g stearic acid, 

50 mL solvent, 30 bar H2, T = 350 oC). The lines are added to guide the eyes.

Figure 9 presents the selectivities of both catalysts at the same conversion 

of 3.5 % (Figure 9A) and 37% (Figure 9B), to enable a fair comparison. Clearly, both 

phases resulted in similar product distributions at those conversion. While oxygenates 

(octadecanal + octadecanol) are the main product at 3.5% conversion octadecane 

is the main product at 37% conversion. This indicates that the hydrodeoxygenation 

(HDO) pathway, although not exclusive, is dominant over both catalysts. 
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Figure 9. Product distribution of α-MoC1-x/CNF and β-Mo2C/CNF catalysts for stearic 
acid HDO (250 mg catalyst, 2 g stearic acid, 50 mL solvent, 30 bar H2, T = 350 oC) at 
isoconversion of A) 3.5% and B) 37%.

During HDO, stearic acid is first hydrogenated to form octadecanal. 

Octadecanal can be either dehydrogenated and decarbonylated to form heptadecane 

or hydrogenated to form octadecanol. Octadecanol is dehydrated to form octadecene, 

which is hydrogenated to octadecane [10 – 12, 46]. Though HDO is the major 

pathway some heptadecane is formed which indicates that also decarbonylation/

hydrogenation and/or decarboxylation (DCO) plays a small role as shown before 

[11, 12]. Figure 10 illustrates the reaction pathways in stearic acid deoxygenation. 

The predominant pathway over the Mo carbides (HDO) is indicated by red arrows.

Figure 10. Scheme of reaction pathways in deoxygenation of stearic acid, red arrow 
indicate the dominant pathway over Mo-carbides.

Since we found similar TOF values and selectivities for α-MoC1-x/CNF and 

β-Mo2C/CNF in the stearic acid HDO, we concluded that the same catalytic sites were 

involved in this reaction. However, α-MoC1-x/CNF provided faster hydrodeoxygenation 

(on a weight basis) than β-Mo2C/CNF, which may be attributed to either carbide 

particle size or active site density. However, we showed before [12] by comparing 

beta Mo2C/CNF with small (2 nm) and large carbide particles (11 nm) that the 
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smaller particles were less active. In contrast, here the catalyst with the smaller 

particle size (α-MoC1-x/CNF) is more active than the catalyst with larger particle size 

(β-Mo2C/CNF). Therefore, we attribute the difference in activity to difference in the 

crystal phase of the carbide. To gain some insight in the influence of site density 

on HDO, we calculated (Table 3) the site density for α-MoC1-x/CNF and β-Mo2C/CNF 

based on their crystallographic structures. Figure 11 shows the unit cells and the 

atom configuration of specific planes for the face-centered cubic (fcc) and hexagonal 

close-packed (hcp) molybdenum carbide structures.

Figure 11. A) Unit cell of fcc structure; B) Atomic configuration for (001) plane of 
fcc structure; C) Unit cell of hcp structure and D) Atomic configuration for (100) plane of hcp 
structure. Blue atoms are Mo, yellow atoms are C and green atoms are exposed Mo.

Table 3 contains the lattice parameters (a, b and c) and site densities for 

cubic α-MoC1-x and hexagonal β-Mo2C based on literature data [47]. The α-MoC1-x 

catalyst has a site density of 0.1096 Mo atoms Å-² and β-Mo2C has a site density 

of 0.1402 Mo atoms Å-². Although higher site density is usually linked to better 

catalytic performance for several reactions [17, 48], we observed that the catalyst 

with the lowest site density (α-MoC1-x/CNF) provided faster hydrodeoxygenation (on 

a weight basis) than the catalyst with the higher site density (β-Mo2C/CNF). We 

suggest that the lower site density of α-MoC1-x/CNF resulted in more space around 

the Mo atoms in the α-MoC1-x phase, making the Mo atoms more accessible for the 

large reactant molecule in our experiments (stearic acid).
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Table 3. Lattice parameters and site density of bulk cubic (fcc) α-MoC1-x and the 
hexagonal (hcp) β-Mo2C based on literature data [47].

Lattice parameters Site density 
(Mo atoms Å-1)

a/pm b/pm c/pm

α-MoC1-x –– 437.3* –– 0.1096

β-Mo2C –– 582.7* 283.8* 0.1402
*ref [47]

4. Conclusions
In our experiments, we first created 7.5 wt% molybdenum carbide catalysts 

on carbon nanofiber supports. Carbothermal reduction synthesis in an inert 

atmosphere resulted in hexagonal β-Mo2C/CNF, while TPR synthesis in a 20% CH4/H2 

atmosphere yielded cubic α-MoC1-x/CNF. When we increased Mo loading from 7.5 to 

20 wt% and performed TPR in the same CH4/H2 atmosphere, hexagonal β-Mo2C/CNF 

formed. We conclude that the proportion of carbon/molybdenum available during 

synthesis appears to influence which crystalline phase forms. 

Furthermore, although both catalysts displayed similar intrinsic activities 

(a TOF of 3 s-1 and 1 s-1 for α-MoC1-x/CNF and β-Mo2C/CNF, respectively), the 7.5 

wt% α-MoC1-x/CNF catalyst had a better weight-based catalytic performance than 

7.5 wt% β-Mo2C/CNF. We attribute this difference in catalytic performance to the 

difference in the crystal structure and suggest that the lower site density makes the 

Mo atoms more accessible for large reactant molecules.

To confirm this hypothesis, further experiments should be performed 

applying reactants with different carbon chain size (e.g. C3 to C20 carboxylic acids) 

and using 7.5 wt% α-MoC1-x/CNF and 7.5 wt% β-Mo2C/CNF as catalysts. In that way, 

we will be able to identify the role of site density in reactions with small and large 

reactant molecules.
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Chapter 6

Particle size effects in nickel 
phosphide supported on 

activated carbon as catalyst for 
stearic acid deoxygenation

Co-authors of this chapter are M. A. S. Baldanza, V. Teixeira da Silva and H. Bitter 
(manuscript in preparation).
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Abstract
We evaluated the influence of particle size of Ni2P supported on activated 

carbon on activity and product distribution during stearic acid hydrodeoxygenation 

at 350 °C and 30 bar H2. Catalysts with loadings of 10, 20 and 30 wt% Ni2P were 

synthesized by incipient wetness impregnation leading to average particle sizes 

of around 8, 12 and greater than 30 nm, respectively. The particle size had no 

influence on intrinsic catalytic activity (turn over frequency), but did influence 

product distribution. Heptadecane was the main final product over all catalysts 

at higher conversions, but the pathway of heptadecane formation depended on 

catalyst particle size. At conversion levels below 10%, oxygenates (octadecanal 

and/or octadecanol) formed over 10 wt% Ni2P/AC, while heptadecane and/or 

heptadecene were the major products over 20 and 30 wt% Ni2P/AC. These results 

indicate that heptadecane formed by partial hydrogenation of stearic acid followed 

by decarbonylation of aldehyde over small phosphide particles (8 nm), while it 

formed by direct stearic acid decarbonylation/decarboxylation over larger phosphide 

particles (12 and > 30 nm). We suggest that the difference in product distribution 

(hence pathway) over different catalyst particle sizes is related to differences in the 

concentrations of Ni(1) and Ni(2) sites in the catalysts.
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1. Introduction
Transition metal phosphides are potential catalysts for deoxygenation 

reactions as their high activity and stability are comparable to those of noble metal 

and sulfide catalysts [1 – 3]. Ni2P is the most extensively studied transition metal 

phosphide in hydrodeoxygenation reactions [4 – 6]. Among various Co, Fe, W and 

Ni phosphides supported on silica, Ni2P presented the best catalytic performance for 

the deoxygenation of methyl laurate at 300 °C and 2 MPa [4]. This reveals that the 

nature of the phosphide plays a fundamental role in the activity in deoxygenation 

reactions.

Chen et al. [4] have shown that the nature of the phosphide also influences 

the pathway of the deoxygenation reaction. For example, while Ni2P, Co2P and Fe2P-

FeP favor the decarboxylation pathway, MoP and WP favor the hydrodeoxygenation 

pathway, which is attributed to the difference in electron density of the catalysts’ 

metal sites. Besides the nature of the phosphide itself, various physical chemistry 

properties may also influence activity and selectivity in deoxygenation reactions, 

such as the nature of the support [7, 8] and the catalyst’s particle size [9, 10].

Over the years, several studies have suggested that particle size directly 

affects the electronic structure and/or geometry of the active phase [9 – 13]. In 

several reactions, catalytic performance is influenced by particle size [9], although 

other reactions have revealed themselves as structure-insensitive [14].

Although sensitivity to structure usually is related to particles smaller than 5 

nm, several researchers have observed particle size effects with larger particles (up 

to 25 nm) [9, 15 – 19]. For example, da Silva et al. [19] studied the influence of the 

particle size of cobalt supported on carbon nanofibers on ethanol steam reforming, 

by using catalysts with particle sizes ranging from 2.6 to 16 nm, and observed that 

catalytic activity increases with decreasing particle size. Fang et al. [15] used Ni/CNT 

catalysts with particle sizes from 9 to 16 nm on guaiacol hydrodeoxygenation and 

observed that catalytic activity increases with the decrease of metal particle size.

As reported in the literature, particle size influences the activity for CO 

hydrogenation [20] as well as for reactions involving either C – C bond breaking or 

formation [21]. Therefore, studying the effect of the particle size of nickel phosphide 

catalysts on the activity or selectivity for deoxygenation reactions is important 

because breaking C – C and/or C – O bonds is crucial in this type of reaction. 

Although deoxygenation of fatty acids has gained attention in recent years because 

of their potential to be converted into long-chain, diesel-like hydrocarbons, the effect 

of the catalyst’s particle size on these reactions has not been properly studied yet, 

to our knowledge [22].

Depending on the feed, the nature of the support, the reaction conditions 
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and especially the catalyst, deoxygenation reactions are either dependent on the 

catalyst’s particle size or not. For example, the hydrodeoxygenation of 4-methylphenol 

carried out at 350 °C and 4 MPa of H2 over a MoP catalyst is considered particle-size-

independent [23] while the hydrodeoxygenation of phenol (275 °C and 10 MPa) [9] 

and of guaiacol (300 °C and 3 MPa) [15] with Ni/SiO2 and Ni-Fe/CNT as catalysts, 

respectively, are particle-size-dependent. Thus, without a sufficient number of 

studies using many different catalysts, it is difficult to assess if a specific reaction is 

particle-size-dependent or not. 

The few studies dealing with the effects of particle size, active phase loading 

or dispersion in deoxygenation reaction mainly used noble or transition metals as 

catalysts [9, 10, 15, 25, 24 – 26]. Only a few researchers evaluated these effects 

with transition metal phosphide catalysts in their studies of deoxygenation [17, 

23]. Whiffen et al. [23], for instance, investigated the influence of the particle size 

of MoP on the hydrodeoxygenation of 4-methylphenol at 350 °C and 4.4 MPa of 

H2 and concluded that both the initial turnover frequency (TOF) and the ratio of 

hydrogenation to direct deoxygenation of 4-methylphenol were independent of MoP 

particle size. On the other hand, Zhang et al. [17] evaluated the influence of the 

particle size of nickel phosphides (Ni3P, Ni12P5 and Ni2P) on a γ-Al2O3 support in the 

deoxygenation of methyl laurate at 300 – 340 °C and 3 MPa H2 and concluded that 

the TOF was influenced by the nickel phosphide phase, catalyst acidity and also the 

phosphide’s particle size. 

In the present paper, we report on a study of the influence of particle size 

on the activity and selectivity in the hydrodeoxygenation reaction of stearic acid, in 

which we varied the loading (10, 20 and 30 wt%) of nickel phosphide supported on 

activated carbon (Ni2P/AC). 

2. Experimental
Catalyst synthesis

Ni2P/AC with different loadings (10, 20 and 30 wt%) were synthesized by 

incipient wetness impregnation as previously described in the literature [27]. Briefly, 

the appropriate amounts of Ni(NO3)2.6H2O (Sigma-Aldrich, 99.999% trace metals 

basis) and (NH4)2HPO4 (Sigma-Aldrich, ACS reagent, ≥98%) solutions were mixed 

and HNO3 (VWR Chemicals, 68%) was added to the final solution to dissolve the 

formed precipitate. Due to the fact that the volume of the final solution was higher 

than that of the activated carbon support (AC – Sigma-Aldrich Norit®), multiple 

impregnations had to be done, with intermediate drying steps at 120 °C for 1 hour. 

After the entire solution was incorporated into the support, the samples were calcined 

under argon flow at 500 °C for 6 hours (heating rate of 10 °C min-1). Catalysts were 
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synthesized by temperature-programmed reduction (TPR) with pure hydrogen at a 

heating rate of 1 °C min-1 from 25 °C to 650 °C as described elsewhere [27].

Catalyst characterizations

X-ray diffraction (XRD) was performed with a D2 Phaser diffractometer from 

Bruker with Kα radiation of cobalt (CoKα). The diffractograms were obtained with a 

continuous variation of the Bragg angle between 10° and 90°, with steps of 1° min-1 

and counting at 2 s step-1. We identified the crystalline phase with the aid of the 

Powder Diffraction File, a database of X-ray powder diffraction patterns maintained 

by the International Center for Diffraction Data. This database is part of the JADE 

5.0 software.

Nitrogen physisorption was used to assess the textural properties of the 

samples. Nitrogen adsorption/desorption isotherms were recorded at liquid nitrogen 

temperature by using a Micromeritics TriStar. Before analysis, samples were pre-

treated under a vacuum at 400 °C for 20 h.

CO chemisorption was used to estimate the available number of active 

sites, and to calculate the turnover frequency values. CO-pulsed chemisorption 

measurements were performed using custom-made multipurpose equipment by 

pulsing calibrated volumes of a 5% (v/v) CO/He gas mixture over the catalyst 

reduced in situ, as previously described in the literature [27]. Prior to the analysis, 

the samples (0.1 g) were pretreated with 50 mL min-1 helium at 500 °C for 30 min 

followed by in situ activation by TPR (100 mL min-1 H2). After reduction, samples 

were cooled down to 30 °C and flushed with He (50 mL min-1) for 30 min. Mass 

spectrometry (Pfeiffer Vacuum, model D-35614 Asslar) was used to assess the CO 

uptake.

We calculated the TOF by using the following equation:

  

in which  is the initial reaction rate (mmol g-1 s-1),  is the initial 

amount of stearic acid (mmol),  is the derivative of stearic acid conversion at 

time zero (s-1) and  is the amount of catalyst (g).

Temperature-programmed desorption (TPD) of CO was carried out after CO 

chemisorption. Samples were heated from 20 °C to 1000 °C under He flow (100 mL 

min-1 and β = 15 °C min-1) and the signal of ion m/z = 28 was followed in the mass 

spectrometer.

Transmission electron microscopy (TEM) was performed in a JEOL JEM2100 

transmission electron microscope operated at 200 kV to analyze particle size and 

size distribution. We dusted the samples onto a 200-mesh copper grid covered with 
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a pure carbon film and removed any excess. We took images (4k x 4k) with a Gatan 

US4000 camera and calculated average particle sizes with ImageJ software, on the 

basis of 250 to 350 particles.

Stearic acid hydrodeoxygenation

Hydrodeoxygenation (HDO) reactions were performed in a 100-mL stainless 

steel Parr autoclave reactor (4590 Micro Bench Top Reactors). The reactor was filled 

with 2 g of stearic acid (Sigma-Aldrich, ≥ 95%, FCC, FG), 1 g of tetradecane (internal 

standard, Sigma-Aldrich, ≥ 99%), 0.25 g of catalyst and 50 mL of dodecane as 

solvent (Sigma-Aldrich, ReagentPlus ®, ≥ 99%). After purging with argon, stirring 

at 800 rpm was started and the reactor was heated to 350 °C. At this temperature, 

the total pressure was 10 bar. Subsequently, 30 bar H2 was added to the system, 

resulting in a final pressure of 40 bar. Samples of 1 mL were taken during the 6-hour 

reaction after 0, 20, 40, 60, 120, 180, 240, 300 and 360 minutes.

Gas chromatography (GC) was used to analyze the reaction mixture 

(Shimadzu 2014, equipped with CP-FFAP column and photoionization detector). 

We used the following column temperature program: 50 °C for 1 minute, heating 

to 170 °C (β=7 °C min-1), dwell time 1 minute, ramp to 240 °C (β=4 °C min-1), 

dwell time 15 minutes. Prior to GC, we diluted the samples in CH3Cl:MeOH (2:1 

v/v). Trimethylsulphonium hydroxide (Sigma-Aldrich, ~ 0.25 M in methanol, for GC 

derivatization) was added to methylate free acids. The injected volume was 1µL for 

all analyses.

3. Results and discussion
Catalyst characterizations

Figure 1 shows the XRD diffractograms for 10, 20 and 30 wt% Ni2P/AC 

catalysts. For all samples, it is possible to identify the characteristic diffractions 

of the Ni2P phase (PDF#03-0953) located at 2θ values of 47.8, 52.3, 55.5, 63.9, 

64.8, 78.7 and 86.9°, indicated by squares. As in other work [18, 27 – 30], our TPR 

experiments (Figure C1, Appendix C) revealed the presence of a water formation 

peak between 300 °C and 550 °C, which is in accordance with pure Ni2P formation.

Nitrogen physisorption was performed to obtain information about the 

catalysts’ textural properties. Figure 2 shows the isotherms of pure AC and 10, 20 

and 30 wt% Ni2P/AC catalysts. All samples present a combination of type I and IV 

isotherms with H4 type hysteresis. For low P/P0 values, the isotherms are typically 

type I which is characteristic for microporous solids. For higher values of P/P0, the 

isotherms present characteristics of type IV isotherm represented by a hysteresis 

loop, what is associated with capillary condensation in a mesoporous material. The 
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hysteresis loop is of an H4 type indicating the presence of narrow slit-like pores [31]. 

Thus, Ni2P/AC catalysts with different loading have a combination of micropores 

and mesopores with a narrow slit-like shape, which is also the case for the pure AC 

support.

Figure 1. X-ray diffractograms of 10, 20 and 30 wt% Ni2P/AC.

Figure 2. Isotherms of pure AC and 10, 20 and 30 wt% Ni2P/AC.
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Table 1 lists some of the textural properties of the support (AC) and the 

10, 20 and 30 wt% Ni2P/AC catalysts. The pure support had a specific surface area 

of 823 m² g-1. When nickel phosphide was incorporated to the support, the specific 

surface area decreased which was most likely due to the partial blockage of the 

pores of the support by the phosphide. Surprisingly, the specific surface area of the 

30 wt% Ni2P/AC (388 m2 g-1) catalyst was higher than the specific surface area of 

the 20 wt% Ni2P/AC (291 m2 g-1). This can be explained when the total pore volume 

of these two catalysts are analyzed. 20 wt% Ni2P/AC and 30 wt% Ni2P/AC had the 

same total pore volume (0.2 m³ g-1), which is not surprisingly lower than that of 

the pure support (0.5 m³ g-1) and of the 10 wt% Ni2P/AC (0.4 m³ g-1). The higher 

specific surface area of 30 wt% Ni2P relative to 20 wt% Ni2P in combination with the 

similar pore volume suggests that part of the 30 wt% phosphide was not in contact 

with the support but rather had formed isolated Ni2P particles.

Table 1. Textural properties of pure AC support and of the 10, 20 and 30 wt% Ni2P/
AC catalysts.

Specific surface 
area

(m² g-1)

Total pore 
volume

(m³ g-1)

Average pore 
size

(nm)

AC 823 0.5 8.7

10 wt% Ni2P/AC 493 0.4 6.0

20 wt% Ni2P/AC 291 0.2 4.4

30 wt% Ni2P/AC 388 0.2 4.1

To determine particle size, all samples were analyzed by TEM. Figure 3 

presents representative TEM images of the 10, 20 and 30 wt% Ni2P/AC catalysts, 

in which the black spots indicated by arrows are the active phase and the grey 

blurry areas are the support. The 10, 20 and 30 wt% Ni2P/AC catalysts had an 

average particle size of 8 nm (s = 4 nm), 12 nm (s = 6 nm) and greater than 30 

nm, respectively (Table 2). While the Ni2P particles were small and well-dispersed 

over the support for the 10% Ni2P/AC, the catalyst particle size increased and 

consequently the dispersion decreased for the 20 wt% and 30 wt% Ni2P/AC. It is 

likely that some Ni2P particles formed outside the pores of the support which is in 

line with the explanation of the total pore volume of samples 20 wt% and 30 wt% 

Ni2P/AC. Note that in the TEM image of 30 wt% Ni2P/AC, it is difficult to differentiate 

between AC-supported nickel phosphide particles and Ni2P particles that were not in 

contact with the support. Nevertheless, the TEM images enable us to confirm that 
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the particles of 30 wt% Ni2P/AC were much larger than the particles of the 10 and 

20 wt% Ni2P/AC catalysts.

Figure 3. TEM images of A) 10 wt% Ni2P/AC B) 20 wt% Ni2P/AC and C) 30 wt% Ni2P/
AC; black spots indicated by arrows are the active phase and the grey blurry areas are the 
activated carbon support.

Table 2. Average particle size calculated from TEM analysis for the 10, 20 and 30 
wt% Ni2P/AC catalysts.

10 wt% Ni2P/AC 20 wt% Ni2P/AC 30 wt% Ni2P/AC

Average  
particle size

8 nm 12 nm > 30 nm

Standard 
deviation

4 nm 6 nm -

Figure 4 shows the particle size distribution for the 10, 20 and 30 wt% Ni2P/

AC catalysts. The presence of few large particles on the 10 and 20 wt% Ni2P /AC 

catalysts and few smaller particles on 30 wt% Ni2P/AC explains the high standard 

deviation for all samples.
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Figure 4. Particle size distribution of 10, 20 and 30 wt% Ni2P/AC.

Stearic acid HDO

The catalysts were tested in stearic acid HDO at 350 °C and 30 bar H2 for 

6 hours. Figure 5 displays the kinetic curves for the 10, 20 and 30 wt% Ni2P/AC 

catalysts. The activity (per weight of catalyst) increased in the order 30 wt% Ni2P/

AC > 20 wt% Ni2P/AC > 10 wt% Ni2P/AC. 

Figure 5. Conversion over time for 10, 20 and 30 wt% Ni2P/AC catalysts in stearic 
acid HDO at 350 °C and 30 bar H2, 2g stearic acid, 50 mL dodecane and 0.25 g catalyst.
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To obtain information on the potential active sites on the catalysts, CO 

chemisorption and TPD were performed. Table 3 presents the CO chemisorption 

uptake values, the initial specific reaction rates and the TOF for the 10, 20 and 30 

wt% Ni2P/AC catalysts. Independent of the nickel phosphide loading, the CO uptake 

values were practically the same, varying between 8 and 12 µmol g-1. The initial 

specific reaction rates of 10, 20 and 30 wt% Ni2P/AC are 1117, 1477 and 3175 

mmol g-1 h-1, which translates in TOF values of 4.0 x 101, 4.7 x 101 and 7.5 x 101 

s-1, respectively. Though these TOF values are different, they are in the same order 

of magnitude. In other words, all catalysts demonstrated similar intrinsic activities 

despite the differences in particle size.

Table 3. CO uptake, initial specific reaction rate and TOF of the 10, 20 and 30 wt% 

Ni2P/AC catalysts for stearic acid HDO at 350 °C and 30 bar H2.

CO uptake

(µmol g-1)

Initial specific 
reaction rate

(mmol g-1 h-1)

TOF

(s-1)

10 wt% Ni2P/AC 8 1117 4.0 x 101

20 wt% Ni2P/AC 9 1477 4.7 x 101

30 wt% Ni2P/AC 12 3175 7.5 x 101

Since there is no significant difference in the TOF values, we conclude that 

the higher conversion of 30 wt% Ni2P/AC catalyst was due to the higher loading of 

the active phase and that the catalyst’s particle size had no influence on catalytic 

activity for stearic acid HDO. Whiffen et al. [23] obtained a similar result, namely 

that MoP with different particle sizes had the same TOF for hydrodeoxygenation 

of 4-methylphenol, and the authors concluded that the reaction was structure-

insensitive.

While CO chemisorption (Table 3) provides information on the concentration 

of the catalysts’ potential active sites, CO TPD (Figure 6) informs about the nature 

of these sites. Although the CO TPD profiles for all samples is noisy due to the 

low CO uptake values, we observed subtle differences which can be translated into 

variations of the nature of the predominant active sites in the catalysts. Although the 

CO TPD profile of 10 wt% Ni2P/AC presented a peak with a maximum at 146 °C, the 

CO TPD profiles of both 20 and 30 wt% Ni2P/AC catalysts presented peaks with the 

maximum located at lower temperatures, namely around 107 to 110 °C.
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Figure 6. CO TPD profiles for the 10, 20 and 30 wt% Ni2P/AC catalysts.

It is known that Ni2P adopts a hexagonal structure, in which Ni atoms form 

two types of 9-fold arrangements around each P atom [32 – 34]. As shown in Figure 

7, the Ni(1) site is quasi-tetrahedral surrounded by 4 nearest-neighbor P atoms 

and 8 second-nearest neighbor Ni atoms, while the Ni(2) site is square pyramidal 

surrounded by 5 nearest-neighbor P atoms and 6 next nearest-neighbor Ni atoms 

[18]. According to Feitosa et al. [27], the peak with the maximum at about 107 °C is 

related to Ni(1) sites and the maximum at 146 °C is related to Ni(2) sites. Thus, the 

CO TPD results indicate that 10 wt% Ni2P/AC had predominantly Ni(2) sites and 20 

and 30 wt% Ni2P/AC had predominantly Ni(1) sites.

Figure 7. Ni(1) and Ni(2) sites in Ni2P [18].
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To investigate the influence of nickel phosphide particle size (i.e., active 

phase loading) on product selectivity in stearic acid HDO, we analyzed the product 

distribution at various conversion values for all catalysts (Figure 8). All samples 

produced heptadecene and/or oxygenates (octadecanol and octadecanal) as 

intermediates and heptadecane and octadecane as final products. At high conversion 

values (> 75%), heptadecane and octadecane represented 80% and 20% of the 

products for all catalysts. However, at low conversions (< 10%), we observed 

different product distributions over catalysts with different particle sizes. Over 10 

wt% Ni2P/AC, oxygenates were the major products (about 60 to 70%), followed by 

heptadecane (around 30%). Over 20 and 30 wt% Ni2P/AC, on the other hand, C17 

(heptadecane and heptadecene) were the main products, followed by oxygenates.

Note that over the 10 wt% Ni2P/AC catalyst, oxygenates were converted into 

both C17 and octadecane products while over the 20 and 30 wt% Ni2P/AC catalysts, 

oxygenates were fully converted into octadecane.

Figure 8. Product distribution as a function of conversion for stearic acid HDO at 350 
°C and 30 bar H2 over the 10, 20 and 30 wt% Ni2P/AC catalysts.

Deoxygenation of stearic acid proceeds mainly by two possible routes, 

namely decarbonylation/decarboxylation (DCO) or hydrodeoxygenation (HDO), 
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as shown in Figure 9 [35, 36]. In the DCO route, the C – C bond of carboxyl/

carbonyl group is broken to form C17 hydrocarbons, while two different pathways 

are possible in the HDO route. In the first pathway, the C – O bond is hydrogenated 

twice to form first an aldehyde and then an alcohol. Subsequently, the alcohol is 

dehydrated to form C18 hydrocarbons, which we call the HDO route in this paper. 

In the second pathway, the C – O bond is hydrogenated once to form an aldehyde, 

which is decarbonylated to form C17 hydrocarbons, and we call this the HDCO route 

in this paper.

Figure 9. Scheme of possible reaction pathways for stearic acid hydrodeoxygenation 
over nickel phosphide catalysts, adapted from [35, 36].

Although the phosphide particle size had no influence on catalytic activity in 

our study, the results presented in Figure 8 suggest that particle size did influence 

product selectivity. Over small Ni2P/AC particles, the HDCO route was favored 

since we observed oxygenates as the main products, at low conversion rates and 

heptadecane as the main product at high conversion rates. We attributed this to 

the higher number of Ni(2) sites on small particles. In nickel phosphides, the Ni 

sites bear small positive charges (δ+) due to the charge transfer from nickel to 

phosphorus [37].

In recent work, Oyama et al. [18] synthesized supported Ni2P with different 

particle sizes (3.8 to 10.1 nm) and used EXAFS and elemental analysis to study the 

type of sites and the amount of P in the catalysts. The elemental analysis results 

showed that catalysts with smaller particle sizes contained higher amounts of P in the 

structure. EXAFS results, in turn, revealed that catalysts with smaller particle sizes 

have more Ni(2) sites, which means that nickel has a more electrophilic character in 

smaller crystallites than in the larger particles’ N(1) sites.

According to Yang et al. [16] and Zhang et al. [17], the electron density 

on a metal site plays an important role in selectivity during HDO reactions. A lower 

electron density (higher positive charge) increases the electrophilicity and therefore 

enhances the interaction with the free electron pairs of oxygen in the C – O bond. As 
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a consequence, the C – O bond weakens and dissociates resulting in a transformation 

through the HDO (or HDCO) route. On the other hand, a higher electron density on a 

metal site (smaller positive charge) is associated with less interaction between metal 

site and C – O bond, resulting in a preference for the DCO route.

When the information about the structure of supported Ni2P and the 

relationship between a metal site’s electronic density with product distribution in 

HDO is combined, we can positively conclude that smaller particles have more Ni(2) 

sites, which are more electrophilic. Consequently, catalysts with a smaller particle 

size favor the HDCO route, thus explaining the higher amount of oxygenates for 

the 10 wt% Ni2P/AC catalyst at low conversions (< 10%). On the other hand, the 

HDO (or HDCO) route is less favored over bigger particles (20 and 30 wt% Ni2P/

AC) because they have predominantly Ni(1) sites on their structure, which are less 

electrophilic than Ni(2) sites. Therefore, instead of oxygenates, products with 17 

carbon atoms are predominant over 20 and 30 wt% Ni2P/AC catalysts even at low 

conversions.

Since we observed that smaller Ni2P/AC particles favored the HDO route, 

controlling the Ni2P/AC particle size during synthesis might be a promising strategy 

to control the predominant reaction pathway of stearic acid HDO.

4. Conclusions
In our study, Ni2P/AC particle size had no influence on the intrinsic catalytic 

activity for stearic acid hydrodeoxygenation at 350 °C and 30 bar H2 but it did 

influence product selectivity. Although both heptadecane and octadecane were 

the final products for all catalysts, the reaction pathway whereby heptadecane 

is formed differed for catalysts with different particle sizes. The HDCO route was 

favored over small Ni2P/AC particles due to the higher concentration of Ni(2) sites 

in those catalysts, facilitating interaction with the C – O bond and its dissociation, 

producing oxygenates as the first intermediate. In contrast, the DCO route was 

favored over larger Ni2P/AC particles due to the lower concentration of Ni(2) sites 

in those catalysts. Our findings suggest that controlling Ni2P/AC particle size is a 

potential strategy to control the reaction pathway during stearic acid deoxygenation.
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Chapter 7

On the role of different noble 
metals in the synthesis of nickel 

phosphides and their use in 
thiophene hydrodesulfurization

Co-authors of this chapter are C. B. Rodella, G. S. A. Jorge, V. Teixeira da Silva and 
H. Bitter (manuscript in preparation)



132



133

Abstract
Adding small amounts (1 wt. %) of noble metals (palladium, rhodium and 

platinum) to a nickel phosphate catalyst precursor (NixPyOz/SiO2) resulted in a 

lowering of the synthesis temperature of nickel phosphide (Ni2P/SiO2) catalysts via 

phosphate reduction. Temperature-programmed reduction (TPR) showed that, for all 

three noble metals studied, the synthesis temperature decreased from 803 to 643 K, 

which is attributed to hydrogen activation and spillover. Additional TPR experiments 

using different bed configurations (NixPyOz/SiO2 on top of PdO/SiO2, PdO/SiO2 on 

top of NixPyOz/SiO2 or a physical mixture of NixPyOz/SiO2 and PdO/SiO2) indicated 

that the noble metal has to be in close contact with the nickel phosphate to achieve 

a decrease in the synthesis temperature. The prepared catalysts were tested with 

hydrodesulphurization of thiophene at 593 K and 1 atm. Samples impregnated with 

noble metals (NM-Ni2P/SiO2) were 2 to 3 times more active than the non-promoted 

Ni2P/SiO2 sample. Low energy ion scattering revealed that the noble metal was not 

present on the surface of the catalyst and this observation led to the conclusion that 

the observed activity enhancement was associated with changes in the Ni-phosphide 

phase itself. It is important to notice that X-ray photoelectron spectroscopy did show 

some noble metal in the catalyst sub-surface. However, since the selectivity over 

all catalysts was the same irrespective of the addition of a noble metal, the noble 

metals did not appear to participate in the reaction.
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1. Introduction
Transition metal phosphides are potential catalysts for hydrotreatment 

reactions [1 – 9]. Fang et al. [8] and Oyama [9] have shown that metal phosphides 

can have similar or even higher activities for hydrodesulphurization (HDS) and 

hydrodenitrogenation (HDN) reactions relative to commercial metal sulphide 

catalysts (NiMo and CoMo).

Of the studied bulk and silica-supported transition metal phosphides (Fe2P, 

Ni2P, CoP, MoP, WP), Ni2P showed the highest intrinsic activity for simultaneous 

dibenzothiophene HDS and quinoline HDN at 3.1 MPa and 643 K [10, 11]. These 

promising results induced many follow-up studies focusing on the Ni/P ratio [12], 

comparison between bulk and supported Ni2P [10], influence of the nature of support 

[13] and influence of the weight-loading of the active phase [14, 15] on a series 

of hydrotreatment processes. However, although nickel phosphide is a promising 

catalyst, its high synthesis temperature (around 923 K) is still an issue and lowering 

it would be beneficial.

Several synthesis methods for the preparation of nickel phosphide exist, 

such as organometallic synthesis and reduction of phosphine or (hypo)phosphite. 

However, reduction of phosphates to phosphides is the most used method [16]. 

During nickel phosphide synthesis via reduction of phosphates, the precursor 

(metal oxide + ammonium phosphate, metal salt + ammonium phosphate, or metal 

phosphate) is transformed into phosphide under hydrogen flow at high temperature 

[16], as Scheme 1 shows.

Scheme 1. Preparation of supported nickel phosphide via temperature-programmed 
reduction of a supported oxidic precursor prepared from nickel nitrate and ammonium 
phosphate with drying (393 K) and calcination (at 773 K) steps. Adapted from [16].

According to Prins and Bussell [16], the P-O bond in the phosphate (P2O5) 

is very strong and needs high temperatures to be broken. It is well accepted [16] 

that when the first metal particles are formed from oxide reduction, they are capable 

of dissociating dihydrogen into atomic hydrogen (activation of hydrogen), which 

reduces the phosphorus of phosphate into phosphine. The formed phosphine reacts 

with the metal to produce metal phosphide. Scheme 2 illustrates this process.
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Scheme 2. Illustration of reduction mechanism during preparation of supported 
nickel phosphide via temperature-programmed reduction of a supported oxidic precursor 
prepared from nickel nitrate and ammonium phosphate.

Several studies have focused on methodologies to lower the Ni2P synthesis 

temperature [17 – 23]. Teixeira da Silva et al. [18] proposed the incorporation of 

small amounts (0.1, 0.5 and 1 wt. %) of palladium oxide in the nickel phosphate 

to decrease the synthesis temperature of Ni2P/SiO2. The idea behind that proposal 

is that the noble metal (Pd) is able to promote hydrogen spillover [24] and that 

the palladium oxide is reduced at lower temperatures than the phosphate [18]. 

Thus, the formation of palladium metal at low temperature would activate hydrogen, 

facilitating nickel phosphate reduction by hydrogen spillover. The researchers showed 

that when 1% Pd is incorporated in nickel phosphate, the synthesis temperature of 

Ni2P/SiO2 can be reduced by 200 K. In the same work, the authors also evaluated 

the product distribution in HDS and observed that the butane selectivity of both 

non-promoted Ni2P/SiO2 and 1% Pd Ni2P/SiO2 was 2%, whereas it was 10% for 1% 

Pd/SiO2. Based on these results, the authors suggested that palladium does not 

participate in the reaction and they speculated that during the reduction step, Pd is 

either covered by Ni2P or migrates into the bulk of the phosphide [18].

The current paper expands on the idea of Teixeira da Silva et al. [18] by 

investigating how the addition of other noble metal oxides (Rh2O3 and PtO) to NixPyOz/

SiO2 influences the Ni2P/SiO2 synthesis temperature. 

2. Experimental
2.1 Synthesis of precursors

Hereafter, we will refer to the phosphate obtained after the calcination step 

as ‘precursor’. Thus, the precursors of bulk Ni2P, Ni2P/SiO2, Rh-Ni2P/SiO2, Pd-Ni2P/

SiO2 and Pt-Ni2P/SiO2 are NixPyOz, NixPyOz/SiO2, Rh2O3-NixPyOz/SiO2, PdO-NixPyOz/SiO2 

and PtO-NixPyOz/SiO2, respectively.

Bulk NixPyOz was synthesized by mixing 7.13 g (NH4)2HPO4 (Vetec Química 

Fina, 98%) in 20 mL water with a solution of 20.66 g Ni(NO3)2.6H2O (Vetec Química 

Fina, 97%) in 20 mL water, under agitation. This formed a light green precipitate. 

To that precipitate, 4.5 mL of HNO3 (Vetec Química Fina, 65%) was added, which 

resulted in the dissolution of the precipitate. The final solution was put into a 

thermostatic bath at 363 K to evaporate the water. The obtained solid was dried 

under static air at 433 K for 12 hours followed by calcination step at 773 K in static 

air for 6 hours.
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NixPyOz/SiO2 was synthesized via incipient wetness impregnation of a pre-

prepared solution of Ni-nitrate and diammonium hydrogen phosphate to 4.9 g of 

the support (Silica Cab-O-Sil M-5, Cabot). This solution was prepared by mixing 

3.04 g (NH4)2HPO4 (Vetec Química Fina, 98%) in 9 mL water with a solution of 

8.15 g Ni(NO3)2.6H2O (Vetec Química Fina, 97%) in 8 mL water under agitation. 

This formed a light green precipitate. To that precipitate, 2.9 mL of HNO3 (Vetec 

Química Fina, 65%) was added, which resulted in the dissolution of the precipitate. 

The amounts of the reactants were calculated to produce 30 wt. % Ni2P/SiO2 with a 

molar Ni/P proportion of 2:1.6. Due to the fact that the volume of the final solution 

containing Ni and P was higher than the pore volume of the support, we carried out 

multiple impregnations, each time with an intermediate drying step at 393 K for 1 

hour. After the final impregnation, the sample was calcined under static air at 773 K 

for 6 hours, yielding NixPyOz/SiO2.

PdO-NixPyOz/SiO2 was produced as follows. A palladium solution was prepared 

to be impregnated on NixPyOz/SiO2 as follows. 2.6 mL of HCl (Vetec Química Fina) 

was added to 0.0842 g of PdCl2 (Sigma-Aldrich, 99,999%) and dried on a heating 

plate at 393 K two times (for the second time, 0.74 mL of HCl was added), followed 

by addition of 5 mL of deionized water and drying. Next, 8 mL of deionized water was 

added to the solid and the final solution was impregnated on the precursor NixPyOz/

SiO2 (6.2 g) via incipient wetness impregnation. As the volume of the final solution 

containing Pd was higher than the pore volume of the support, we had to carry out 

multiple impregnations, with intermediate drying steps at 393 K for 1 hour. After the 

final impregnation, the sample was calcined under static air at 773 K for 2 hours, 

producing PdO-NixPyOz/SiO2.

Rh2O3-NixPyOz/SiO2 was created as follows. A rhodium solution was prepared 

via dissolution of 0.1027 g of RhCl3 (Acros Organics) in 8 mL of deionized water. This 

solution was impregnated on NixPyOz/SiO2 via incipient wetness impregnation in the 

same way as described for palladium. The sample was calcined at 773 K for 2 hours, 

resulting in producing Rh2O3-NixPyOz/SiO2.

PtO-NixPyOz/SiO2 was produced as follows. A platinum solution was made via 

dissolution of 1 g of H2PtCl6.6H2O (Aldrich, 99,995%) in 25 mL of deionized water. 

After that, 8 mL of deionized water was added to 3.35 mL of the first solution. The 

final platinum solution was then impregnated on NixPyOz/SiO2 via incipient wetness 

impregnation in the same way as described in the previous paragraphs. As the 

volume of the final solution containing Pt was higher than the support pore volume, 

we had to carry out multiple impregnations, each with an intermediate drying step at 

393 K for 1 hour. After the final impregnation, the sample was calcined under static 

air at 773 K for 2 hours, producing PtO-NixPyOz/SiO2.
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In all cases, the amount of noble metal (NM) was such that 1 wt. % NM 30 

wt. % Ni2P/SiO2 was obtained after the calcination step.

Precursor of 1 wt. % Pd6P/SiO2 (PdxPyOz/SiO2) was synthesized via 

impregnation of a solution prepared by mixing 0.0113 g of (NH4)2HPO4 in 4 mL of 

water with 4 mL of a solution containing 0.0834 g PdCl2 prepared as previously 

described for the preparation of PdO-NixPyOz/SiO2 precursor. The resulting solution 

was impregnated on the silica support, and the sample was dried at 393 K for 1 hour 

between impregnations. After impregnation, the sample was calcined at 773 K for 4 

hours. Note that this sample was synthesized only to prove that the Pd-P phase does 

not form during PdO-NixPyOz/SiO2 reduction via TPR.

2.2 Synthesis of catalysts

TPR was used to reduce the precursors to obtain the final phosphide 

catalysts. Before TPR, the samples (100 mg) were pre-treated under helium flow 

(50 mL min-1) at 773 K (heating rate 10 K min-1) for 30 minutes to remove water 

and other physisorbed species. After this step, the samples were cooled to room 

temperature and reheated to 1273 K under pure hydrogen flow (100 mL min-1) at 

a heating rate of 1 K min-1. The effluent gas was analyzed using an in-line mass 

spectrometer (Pfeiffer vacuum, model D-35614 Asslar). The water formation (m/z = 

18) was measured to investigate the reduction process.

2.3 Characterizations

For ex-situ characterization (XRD and LEIS; see hereafter), the catalysts 

were passivated after their synthesis to avoid bulk oxidation. Passivation was done 

using a 0.5 % (v/v) O2/N2 gas mixture, which was fed through the reactor at room 

temperature (~298K) for 5 hours. When samples were characterized in situ (XPS 

and CO chemisorptions; see hereafter), the reactor temperature was decreased to 

298 K before analysis.

X-ray diffraction (XRD) was performed with a Rigaku Miniflex diffractometer 

using CuKα radiation and a nickel filter. The diffractograms were obtained by scanning 

over Bragg angles between 10o and 90o, with steps of 1o min-1 and a counting time 

of 2 s per step.

Low energy ion scattering (LEIS) was performed in a Qtac 100 instrument 

(IONTOF), with normal incidence of noble gas ions and ion scattering at angle 145o. 

The atomic oxygen treatment took place at room temperature and 1x10-5 mbar. We 

used a SPECS MPS-ECR source and an atomic oxygen flux of about 1x1015 atoms 

cm-2 s-1.

X-ray photoelectron spectroscopy (XPS) was carried out using a SPECS, 
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model Phoibos 150 machine that uses a HSA 3500 power supply. Al Kα (1486.61 

eV) radiation and a pass energy of 20 eV was used. Data was collected for 14 hours. 

After synthesis, catalysts were transferred without exposure to air into n-hexane, 

which had been degassed to avoid contamination with oxygen. Prior to analysis, 

samples were deposited on a carbon tape, dried under vacuum (10-9 mbar) at 298 

K at the pre-chamber. After 48 hours at the pre-chamber, samples were transferred 

to the analysis chamber and XPS analysis was carried out under vacuum (pressure 

below 10-8 mbar).

The density of potential active sites of the catalysts was determined by pulse 

CO chemisorption. Known amounts of CO (2.4 mL of 20% (v/v) CO/He) were pulsed 

over the sample. The effluent was led into a mass spectrometer and the signal 

indicating CO (m/z = 28) was followed. The density of potential active sites (COTOTAL 

– mol g-1) via CO chemisorption was calculated as follows:

in which  is the amount of CO in the loop (mol),  is the catalyst weight (g), 

 is the number of pulse injections,  is the peak area “i” and  is the average 

of constant area of peaks when saturation is achieved.

2.4	Catalytic	bed	configurations

To investigate the role of the noble metal in decreasing the nickel phosphide 

synthesis temperature, three bed configurations were prepared by using PdO/SiO2 

and NixPyOz/SiO2 samples. In all configurations, a downward H2 flow was used. These 

configurations contained either a double bed in which NixPyOz/SiO2 was deposited 

above PdO/SiO2 (Figure 1A) or PdO/SiO2 over NixPyOz/SiO2 (Figure 1B) or a bed with 

a physical mixture of both materials (Figure 1C). In the configurations of Figures 1A 

and 1B, the reactor beds were separated by a thin quartz wool layer.

Figure 1. Schematic representation of reactor configurations used to study the role 
of noble metals on nickel phosphate reduction.
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2.5 Catalytic evaluation

Prior to reaction, the catalysts (100 mg) were activated in situ via TPR 

under pure hydrogen flow (100 mL min-1). While Ni2P/SiO2 was reduced at 923 K, 

as concluded from TPR, the samples containing noble metals were reduced at 723 

K for 1 hour, and Pd6P/SiO2 was reduced at 773 K. In all cases, a heating rate of 1 K 

min-1 was used. After the reduction step, the samples were cooled to 593 K under He 

flow (100 mL min-1). Next, the reactor was by-passed and hydrogen (30 mL min-1) 

was fed through a saturator that was kept at 293 K and contained thiophene. The 

thiophene was saturated with hydrogen for 1 hour. After saturation, the total gas 

flow (hydrogen + thiophene) was adjusted to 30 mL min-1 and the feed composition 

(3.19% mol/mol C4H4S/H2) was stabilized (1 hour). This mixture was led to the 

reactor and HDS was performed at 593 K for 50 hours. Samples were analyzed every 

15 minutes using an in-line Shimadzu gas chromatograph (GC-2014).

Conversions were kept below 10% and the catalytic activity was expressed 

as turnover frequency (TOF) according to Equation (1) [25]:

    Equation (1)

Here,  is the molar rate of thiophene fed into the reactor (μmol s-1), W is the 

catalyst weight (g), COuptake is the uptake of chemisorbed CO (μmol g-1), and XA 

is the thiophene conversion (%). Note that the reaction settings were chosen to 

obtain differential conditions and absence of mass transfer limitations (internal and 

external).

3. Results and discussion
3.1 Synthesis of catalysts

Figure 2 contains the TPR profiles of the precursors to Ni2P/SiO2 and NM-

Ni2P/SiO2. The TPR profile of NixPyOz/SiO2 displays one peak at 802 K and the TPR 

profiles of NM-NixPyOz/SiO2 catalysts each show one peak between 633 and 640 K. 

Thus, most likely, phosphides formed from the phosphate precursor in one step, as 

claimed before [16]. Moreover, it is clear that adding 1 wt. % noble metal decreased 

the reduction temperature by about 160 K irrespective of the noble metal used. This 

suggests that hydrogen activation was enhanced over the noble metals and that in 

all materials, the rate-determining step was the same, most likely the activation of 

the P–O bond. These results can be explained by the hydrogen spillover mechanism 

[18, 24], i.e. hydrogen is activated (split into atomic hydrogen) at low temperature 

over the reduced noble metal and in a following step, facilitates the reduction of the 

phosphate.
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Figure 2. Water formation profiles during TPR of Ni2P/SiO2, Pd Ni2P/SiO2, Rh Ni2P/
SiO2 and Pt Ni2P/SiO2. 

To investigate to which extent close contact between the noble metal and 

phosphate is required for decreasing the reduction temperature of Ni2P/SiO2, we 

performed an experiment with three different bed configurations using NixPyOz/SiO2 

on top of PdO/SiO2, PdO/SiO2 on top of NixPyOz/SiO2, and a mixture of NixPyOz/SiO2 

and PdO/SiO2 (Figure 1).

Figure 3 presents the TPR profiles of NixPyOz/SiO2 (or PdO-NixPyOz/SiO2) using 

the three different configurations. Figures 3A and 3B show the reduction profiles for 

the first two configurations, i.e. with NixPyOz/SiO2 on top and with PdO/SiO2 on top. 

These reduction profiles are the same as for pure NixPyOz/SiO2 (Figure 2), i.e. the 

noble metal had no effect on the synthesis temperature of Ni2P/SiO2. On the other 

hand, when PdO/SiO2 and NixPyOz/SiO2 were mixed (Figure 3C), the water formation 

profile presented two peaks with maxima at 681 K and 819 K indicating that when 

the noble metal is close to the phosphate phase, it facilitates phosphate reduction.
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Figure 3. Water formation profiles during TPR of the samples in A) the configuration 
with NixPyOz/SiO2 on top of PdO/SiO2, B) the configuration with PdO/SiO2 on top of NixPyOz/SiO2 
and C) the configuration containing a mixture of NixPyOz/SiO2 and PdO/SiO2.

When comparing the TPR profiles of PdO-NixPyOz/SiO2 (Figure 2) and of 

the physical mixture of PdO/SiO2 + NixPyOz/SiO2 (Figure 3C), it is clear that in the 

case of the physical mixture, the higher temperature reduction peak (819 K) is still 

present, i.e. this configuration was only partially successful. On the other hand, 

for the impregnated samples, only the low temperature reduction peak (640 K) is 

visible. Thus, the contact between the palladium and phosphate particles has to be 

close enough to enable the decrease of the synthesis temperature of Ni2P/SiO2 via 

hydrogen spillover, as shown in Scheme 3.

Scheme 3. Hydrogen spillover phenomena when a) PdO is impregnated on NixPyOz/
SiO2 and b) PdO and NixPyOz/SiO2 are physically mixed.
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Figure 4 displays the XRD diffractograms of Ni2P/SiO2 (after reduction of its 

precursor at 923 K) and NM-Ni2P/SiO2 (after reduction of its precursor at 723 K). All 

diffractograms show only peaks characteristic of the silica support (2θ = 22o) and 

of the Ni2P phase (2θ = 40.8o, 44.8o, 47.6o and 54.4o; JCPDS no. 74-1385). This 

result reinforces the conclusion that the addition of small amounts of noble metal to 

Ni2P/SiO2 facilitated the reduction of the phosphate. When NixPyOz/SiO2 was reduced 

at 723 K, the Ni2P phase did not form (Figure D1, Appendix D), which again is an 

indication that the noble metal facilitated the formation of the phosphide at lower 

temperatures.

Figure 4. XRD diffractograms for Ni2P, Ni2P/SiO2, Pd Ni2P/SiO2, Rh Ni2P/SiO2 and Pt 
Ni2P/SiO2.

To determine the density of potential active sites, we use pulse CO 

chemisorption. Table 1 shows the CO chemisorption uptakes of Ni2P/SiO2 and NM-

Ni2P/SiO2. CO chemisorption uptake by Ni2P/SiO2 (47 µmol gcat
-1) was higher than CO 

chemisorption uptake by Pd-Ni2P/SiO2, Rh-Ni2P/SiO2 and Pt-Ni2P/SiO2 (17, 18 and 16 

µmol gcat
-1, respectively), meaning that Ni2P/SiO2 had more sites accessible for CO 

than NM-Ni2P/SiO2.
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Table 1. CO chemisorption uptake for Ni2P/SiO2, Pd Ni2P/SiO2, Rh Ni2P/SiO2 and Pt 
Ni2P/SiO2.

Sample CO uptake (µmol g-1)

30% Ni2P/SiO2 47

1% Pd 30% Ni2P/SiO2 17

1% Rh 30% Ni2P/SiO2 18

1% Pt 30% Ni2P/SiO2 16

Teixeira da Silva et al. [18] have shown before, based on an XAS/XANES 

study, that even when TPR indicates that the reduction of a precursor appears to be 

completed at a given temperature, the samples may not be fully reduced. In analogy 

with that, we speculate that the higher CO uptake of the unpromoted sample was 

due to the higher Ni reduction degree of that sample.

3.2 Thiophene HDS

The Ni2P/SiO2 and NM-Ni2P/SiO2 catalysts were tested for thiophene HDS 

at 593 K and 1 atm for 50 hours. Figure 5 displays the intrinsic catalytic activity 

(TOF) of the catalysts over 50 hours of reaction. The TOF of Ni2P/SiO2 was around 

2.5 times lower than the TOF of all NM-Ni2P/SiO2 catalysts. The difference in activity 

between non-promoted Ni2P/SiO2 and NM-Ni2P/SiO2 might be related to the ease 

with which the Ni3PS phase, which is more active than Ni2P, can be formed during 

reaction. During HDS reactions, phosphorus from Ni2P is partially substituted by 

sulphur, resulting in the active Ni3PS phase [12, 14, 26]. Some authors [15, 27] 

have shown that the incorporation of sulphur in the precursor (NixPyOz/SiO2) is easier 

than in the reduced phosphide (Ni2P/SiO2). Therefore, the formation of Ni3PS was 

facilitated over the NM-Ni2P/SiO2 samples, which had a lower reduction degree than 

Ni2P/SiO2. Furthermore, all samples showed an increase in TOF in the first few hours 

of reaction and achieved a stable performance after 10 hours. This increase of the 

TOF value in the first hours of the reaction might be related to a restructuring of the 

samples by the incorporation of sulphur [15, 26, 28, 29]. According to Oyama et 

al. [12, 14], the phosphosulphide phase that forms via the incorporation of sulphur 

in the Ni2P structure is the real active phase for HDS reactions. Nelson et al. [26] 

supported this hypothesis using density functional theory calculations.
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Figure 5. Catalytic activity of 30% Ni2P/SiO2 (■), 1% Pd 30% Ni2P/SiO2 (●), 1% Rh 
30% Ni2P/SiO2 (▲) and 1% Pt 30% Ni2P/SiO2 (▼).

Figure 6 presents the product distributions for thiophene HDS over Ni2P/SiO2 

and NM-Ni2P/SiO2. In general, the selectivity of the different catalysts was similar 

irrespective of the presence or absence of a noble metal. This indicates that the role 

of the noble metal during the reaction was insignificant and that the noble metal did 

not participate in the reaction. The fact that butane selectivity was very low (< 2%) 

suggests that Pd was not on the catalyst surface [28] and that no Pd6P formed since 

those phases would have resulted in a greater butane selectivity, namely greater 

than 10% for Pd [28] as well as for Pd6P (Figure 7).

Figure 6. Selectivity for 30% Ni2P/SiO2, 1% Pd 30% Ni2P/SiO2, 1% Rh 30% Ni2P/SiO2 
and 1% Pt 30% Ni2P/SiO2.
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Figure 7. Product distribution for Pd6P/SiO2 in thiophene HDS at 593 K and 1 atm: 
Butane (light blue), 1-butene (green), trans-2-butene (red) and cis-2-butene (dark blue).

This 2% butane selectivity observed for NM-Ni2P/SiO2 catalysts raises the 

question about the location of the noble metal after the reduction process and during 

reaction. To investigate that, we carried out XPS and LEIS. 

Figure 8A displays the XPS spectra and the peak deconvolutions of NixPyOz/

SiO2 and of reduced Ni2P/SiO2. In the Ni 2p spectrum of NixPyOz/SiO2, nickel in the 

oxidic form (Ni2+), presents peaks around 857, 862, 875 and 883 eV, characteristic 

for spin-orbit splitting related to Ni 2p3/2 and Ni 2p1/2 [30 – 32]. In the P 2p spectrum, 

in turn, oxidized phosphorus (P5+) presents only one peak with a maximum at 133.3 

eV [30].

For the reduced Ni2P/SiO2, in addition to the peaks related to oxidized nickel 

and phosphorus, the XPS spectrum for the Ni 2p region presents two new peaks at 

853.1 and 870.2 eV, characteristic for nickel phosphide [31]. In the P 2p spectrum, 

a new peak is present at 129.5 eV, which is characteristic for the phosphorus in the 

nickel phosphide [32]. The presence of the peaks related to nickel and phosphorus 

oxides in the XPS spectra of Ni2P/SiO2 suggests that either catalyst reduction was 

not complete during synthesis or that the catalyst was partially oxidized during the 

protection process prior to XPS analysis.

Figures 8B, 8C and 8D display XPS spectra with deconvolution curves for 

precursor NM-NixPyOz/SiO2 and for reduced NM-Ni2P/SiO2. The XPS spectra in the Ni 

2p and P 2p regions have already been discussed in the preceding paragraphs. In 

addition, all precursors and reduced samples display a similar XPS spectrum in the 

noble metal region (Pd 3d, Rh 3d and Pt 4d), suggesting that noble metal particles 

are located at the catalyst surface after reduction. However, since the product 

distribution results suggest that the noble metals did not participate in the HDS 

reaction, and it is known that XPS is able to identify compounds present in the upper 
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4 to 5 sub-layers of the catalyst, we conclude that after migration from the surface, 

the noble metals were located in the first sub-layers of the NM-Ni2P/SiO2 catalysts 

but not in the first layer.

Figure 8. XPS spectra of A) Ni 2p and P 2p of 30% Ni2P/SiO2 (and NixPyOz/SiO2), B) 
Ni 2p, P 2p and Pd 3d of 1% Pd 30% Ni2P/SiO2 (and PdO NixPyOz/SiO2), C) Ni 2p, P 2p and Rh 
3d of 1% Rh 30% Ni2P/SiO2 (and Rh2O3 NixPyOz/SiO2) and D) Ni 2p, P 2p and Pt 4d of 1% Pt 
30% Ni2P/SiO2 (and PtO NixPyOz/SiO2). 



148

To analyze the composition of the outermost layer of the nickel phosphide 

surface, we performed LEIS on the precursor and on reduced Pd-Ni2P/SiO2 (Figures 

9 and 10). 

Figure 9 shows that, while a peak related to palladium is visible for the 

precursor sample, it is absent for the reduced catalyst, indicating that palladium was 

not present in the outermost layer after reduction. This supports the suggestion that 

palladium is covered by Ni2P or migrated into the catalyst bulk during Pd-Ni2P/SiO2 

synthesis. 

Figure 9. LEIS spectra of oxidized and reduced Pd-Ni2P/SiO2 using Ne as a primary 

ion source. 

When the ion dose is increased during LEIS analysis, it is expected that 

more particles are released from the material. Figure 10 shows that, for Ni particles, 

the amount of ejected metal indeed increased for both precursor and reduced 

sample when we increased the He ion dose. Thus, we can conclude that Ni was 

present at the surface of Pd-Ni2P/SiO2. On the other hand, for Pd particles, the 

amount of ejected metal only increased for the precursor sample. For the reduced 

catalyst, the amount of ejected metal remained the same and close to zero even 

when the He ion dose was increased. This again confirms that palladium was not 

present at the surface of Pd-Ni2P/SiO2 and the combination of the LEIS and product 

distribution results suggests that the noble metals were indeed covered by nickel 

phosphide during the synthesis of NM-Ni2P/SiO2 catalyst and did not participate in 

the thiophene HDS reaction.
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Figure 10. LEIS spectra of ratio of a) Ni/Si and b) Pd/Si versus dose of He ions for a 
fresh and reduced sample of Pd-Ni2P/SiO2.

4. Conclusions
When small amounts of noble metals (1 wt. % Pd, Rh and Pt) were added 

to NixPyOz/SiO2 via incipient wetness impregnation, this caused a decrease of 160 

K in nickel phosphide’s synthesis temperature. The most likely mechanism behind 

this is spillover of hydrogen atoms formed on the noble metal. We found that this 

only occurred when the noble metals and phosphate were in close contact, provided 

by the impregnation of noble metal on NixPyOz/SiO2. A physical mixture between 

noble metal and phosphate did not provide enough contact to achieve a decrease in 

synthesis temperature.

The NM-Ni2P/SiO2 catalysts showed a higher catalytic activity for thiophene 

HDS than the non-promoted Ni2P/SiO2 catalyst, which may be related to the ease of 

Ni3PS formation during reaction due to the lower reduction degree of the NM-Ni2P/

SiO2 catalysts. All materials showed the same selectivity irrespective of the presence 

of a noble metal indicating that the noble metal did not participate in the reaction. 

Finally, LEIS also indicated that the noble metal was not present in the outer layer 

of the catalyst, further confirming our findings.
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Over 400 billion metric tons of carbon have been released to (and remained 

in) the atmosphere from the consumption of fossil fuels and cement production 

since 1751 [1]. Half of these fossil-fuel CO2 emissions occurred after the industrial 

revolution (Figure 1) and without any mitigation measures, a further increase of CO2 

emissions from 38 billion metric tons/year in 2015 to 75 billion metric tons/year by 

2035 is expected [2].

Figure 1. Annual global fossil-fuel carbon emission [Adapted from 1].

It is common knowledge that CO2 is a greenhouse gas and there is piling 

evidence that its accumulation in the atmosphere is causing an increase in temperature 

on earth [3]. This temperature increase relates to changes in the climate and is seen 

as an urgent issue that needs to be solved. To battle this problem, 144 countries, in 

the so called Paris agreement, agreed to take measures to keep the global warming 

well-below 2°C. To address this challenge, energy efficiency measures and the use 

of renewable resources for energy and materials production is essential and several 

actions are already undertaken. China, for example, was the world’s number one 

investor in renewable energy in 2014 [4] and committed itself to increase the share 

of non-fossil fuels used in its primary energy consumption to about 20% by 2030 [5]. 

In parallel, India has set several targets to increase its renewable energy capacity 

and, for example, India aims to increase the use of solar and wind power from 4 and 

23.76 gigawatts to 100 and 60 gigawatts by 2022, respectively. In addition, India is 

also committed to increase the use of non-fossil fuel energy sources to 40% by 2030 

[6]. In South America, Brazil aims to increase its share of renewables other than 

hydropower to 28 – 33% of its total energy matrix by 2030 [7, 8]. Furthermore, due 

to governmental actions, the rate of deforestation in the Brazilian Amazon forest 

has dropped by 70% compared to the previous decade, preventing 3.2 billion metric 

tons of CO2 emissions to the atmosphere [9]. Finally, the European Union, which 

is leading the discourse on CO2 emission reduction, aims to increase the share of 
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renewable energy in its energy consumption matrix to at least 27% and to increase 

its energy efficiency by 30% by 2030 [5].

Overall, to achieve the demands of the Paris Agreement, a number of 

countries is committed to revisit their energy matrix aiming at increasing the use of 

renewable sources like wind, solar, hydropower, geothermal or biomass. Amongst 

all these resources, biomass is the only one that is carbon based. Therefore, in 

addition to producing energy carriers (fuel), biomass can also be used to produce 

(bio)chemicals. To produce these (bio)chemicals, the implementation of efficient 

biorefineries is essential.

In a biorefinery, a biomass-based feedstock – which is derived from the 

reaction between CO2, water, nutrients and sunlight, via photosynthesis, to produce 

the building blocks of biomass – is converted into a range of products (Figure 2) 

[10]. The processes that happen in a biorefinery are similar to the ones undertaken 

in a traditional oil refinery excepting that fossil-based feedstocks are used in oil 

refineries whereas biomass-based feedstocks are used in the biorefineries. 

Figure 2. Concept of closed CO2/materials cycles including the use of biorefinery 
[10]. Reprinted with permission from AAAS.

 

The research described in this thesis focuses on the use of vegetable oil based 

feedstocks to produce drop-in alkanes and alkenes, which is a relevant approach for 

biorefineries. In this thesis, stearic acid was used as bio-based feedstock since it is 

regarded as a model compound for studies related to vegetable oil deoxygenation 

[11 – 13].

Catalytic vegetable oil deoxygenation has been widely explored and the most 

employed catalysts on this reaction are (noble) metals [11, 12, 14 – 18] or metal-

sulfides [19 – 23]. Though all these catalysts are applied with some success they 

also have their drawbacks. Sulfides need continuous sulfur addition during reaction 
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to avoid their deactivation [24, 25]. Consequently, undesirable traces of sulfur can be 

present in the product stream [24, 25]. Metals (noble and non-noble), on the other 

hand, do not need sulfur addition. However, non-noble metals, such as Ni, favor 

cracking during triglycerides deoxygenation due to their strong C – C hydrogenolysis 

ability [11, 16] and have lower activities as compared to noble metals [11]. Noble 

metals, on the other hand, are scarce, hence expensive. For instance, noble metals 

such as Ru, Rh, Pd and Pt are around 1,000 times less available than non-noble metals 

used in industry such as Ni and Mo [26]. Since Ni-phosphides and Mo-carbides have 

similar electronical properties as noble metals and are more available, Mo-carbides 

and Ni-phosphides are potential replacements of noble metals for deoxygenation 

reactions [27 – 32]. Therefore, the understanding of the property-performance 

relationships for stearic acid deoxygenation (decarboxylation, decarbonylation and 

hydrodeoxygenation) using metal-carbides and metal-phosphides catalysts is highly 

desired and was explored in this thesis.

In this chapter, we will argue why transition metal carbides (Mo/W-carbides) 

and phosphides (Ni-phosphide) should be considered as potential catalysts for 

deoxygenation processes. The reasons to be discussed are:

1.  Mo/W-carbides and Ni-phosphide are active catalysts for deoxygenation 

reactions;

2. Mo/W-carbides and Ni-phosphide enable tunable product distribution; 

3. α-MoC1-x/CNF and β-Mo2C/CNF are efficient catalysts for stearic acid 

deoxygenation: the crystal phase depends on the synthesis route of the 

carbide;

4. Transition metal carbides and phosphides are stable/potentially stable in 

deoxygenation process.

1. Mo/W-carbides and Ni-phosphide are active catalysts for 
deoxygenation reactions
One of the aspects to consider for a new catalyst is its activity compared 

to existing catalysts. Different ways of reporting activities are available such as 

turnover number (TON) – total number of feedstock molecules converted in the 

life time of the catalyst; turnover frequency (TOF) – moles of feedstock converted 

per accessible site per second; reaction rates – moles of feedstock converted per 

weight of catalyst (or volume of catalyst) per second; and feedstock conversion – 

percentage of feedstock converted. Though the latter is often used (and will also 

be used here), it is only meaningful when catalyst loading and reaction conditions 

(concentration, time) are given to allow a fair comparison between catalysts. Since 
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TOF gives information on the intrinsic activity of an accessible site, that unit will be 

used first to make an initial comparison between reported catalysts.

Many authors have used carbides and phosphides as catalysts for 

deoxygenation reactions (Table 1). Though table 1 gives an indication on the reported 

activities, it is difficult to compare the catalytic performances directly because the 

applied reaction conditions vary widely. Therefore, we performed deoxygenation 

studies over the carbide and phosphide based catalysts under identical reaction 

conditions. In chapter 4, a comparison of the performance of nickel phosphide and 

tungsten carbide is presented.

Table 1. Examples of literature using transition metal carbides and phosphides as 
catalysts for deoxygenation reactions.

Catalyst Feedstock Reaction Conditions Reference

Ni2P/AC

Mo2C/CNF

W2C/CNF

Stearic acid 350 oC and 3 MPa H2 This thesis

Ni2P/SiO2 Anisole 300 oC and 1.5 MPa H2 [33]

Mo2C/TiO2 Phenol 350 oC and 2.5 MPa H2 [34]

Mo2C/CNT Guaiacol 300 oC and 4 MPa H2 [35]

Mo2C/ZrO2 Phenol 300 oC and 10 MPa H2 [36]

W2C/CNF

Mo2C/CNF

Oleic acid 350 oC and 5 MPa H2 [37]

Ni2P/SiO2 Methyl Palmitate 310 oC and 3 MPa H2 [38]

Ni2P/MCM-41 Gamma-valerolactone 350 oC and 0.5 MPa H2 [39]

Ni2P/MCM-41 Methyl Palmitate 350 oC and 3 MPa H2 [40]

Mo2C/MC Methyl stearate 270 oC and 6 MPa H2 [41]

Ni2P/SiO2 Soybean oil 370 oC and 3 MPa H2 [42]

β-Mo2C/Al2O3 Sunflower oil 360 oC and 5 MPa H2 [43]

Ni2P/SBA-15 Methyl oleate 340 oC and 3 MPa H2 [44]

Ni2P/SiO2 Dibenzofuran 275 oC and 3 MPa H2 [45]

α-MoC1-x/AC Guaiacol 340 oC and 0MPa N2 [46]

Ru2P/SiO2 Furan 400 oC and 8.2 mol% 
furan/H2 mixture [47]
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In chapter 4 we show that the deoxygenation of stearic acid over Mo-carbide 

supported on carbon nanofibers (in a batch reactor) predominantly followed the 

hydrodeoxygenation pathway which resulted in octadecane as main product. On the 

other hand, when the reaction was performed over the Ni-phosphide, hydrogenation 

of the fatty acid to the aldehyde/alcohol followed by the decarbonylation of that 

aldehyde/alcohol resulting in heptadecane was predominant. The latter pathway will 

be called here the hydrogenation/decarbonylation (HDCO) pathway.

Mo2C/CNF and Ni2P/CNF presented a turnover frequency (TOF) of 1 and 179 

s-1, respectively, while the TOF of noble metals and sulfides are up to three orders 

of magnitude lower compared to the phosphides [39, 47]. Thus by using the same 

reaction conditions to test the different catalysts we concluded that Ni2P/CNF and 

Mo2C/CNF are active catalysts for the deoxygenation of stearic acid and that they 

can compete, activity wise, with noble metals and metal-sulfides.

2. Mo/W-carbides and Ni-phosphide enable tunable product distribution
Traditionally, deoxygenation of fatty acids is said to occur through two 

pathways: decarbonylation/decarboxylation (DCO) and/or hydrodeoxygenation 

(HDO). DCO results in olefins and paraffins in which the product contains one 

carbon atom less than the starting reactant. HDO results in aldehydes as primary 

products which can be further converted to alcohols, olefins and paraffins with the 

same carbon number as the starting material (Figure 3 [37, 48]). When looking 

more closely into the HDO pathway, it becomes clear that, based on intermediates 

formed, the reaction route consists of two pathways i.e. the HDO pathway and 

HDCO (hydrogenation/decarbonylation) pathway (Figure 3 [48]). Both pathways 

start with the hydrogenation of the acid to the aldehyde but after that the pathways 

diverge. In HDO, the aldehyde is hydrogenated to the alcohol and further converted 

to olefin and finally paraffin by dehydration/hydrogenation. In de HDCO pathway, 

the initially formed aldehyde is further converted by decarbonylation/hydrogenation 

to a paraffin (which is one carbon atom shorter compared to the starting acid). The 

different end products and intermediates (when possible to isolate) have several 

applications, which are summarized in Table 2.
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Figure 3. Pathways for deoxygenation of fatty acids.

Table 2. Summary of application for alcohols, aldehydes, olefins and paraffins.

Component Application Reference

Alcohol Fuel or as part of cosmetics, pharmaceutical 
products, detergents and solvents [49]

Aldehydes
Disinfectant, food flavor, in perfumes and in 
pathological, biological, microbiological and 

dissecting laboratories
[50]

Olefins Building blocks for plastics and fibers [51]

Paraffins
Detergent alcohol, solvent and lubrificants 

markets in addition to the use as diesel-like 
biofuel when having long carbon chain.

[52]

It has been shown that selectivity depends on the catalyst properties. 

For example, for Ni-phosphides, catalysts with a lower electron density on the Ni 

sites (Ni2P compared to Ni12P5 and Ni3P) or catalysts with a higher support acidity 

(Ni2P/SAPO-11 and Ni2P-Ni12P5/HY) favor hydrodeoxygenation (HDO) over the 

decarbonylation (DCO) pathway for the deoxygenation of methyl laurate at 300 – 

340 oC and 2 MPa H2 [53]. In other words, Ni-phosphides with low electron density 

on the Ni sites or with an acidic support will result in the aldehyde as primary product 

(alcohols, olefins and paraffins will be formed from them) while Ni-phosphides with 

a high electron density or low acidic supports will produce only olefins and paraffins. 

In addition to the electron density of the Ni sites and acidity of the support, 

other catalyst properties can also influence selectivity in deoxygenation reactions. In 

this thesis, the influence of the following properties on the selectivity during stearic 

acid deoxygenation has been investigated:

a) Nature of active phase (Ni-phosphide vs Mo-carbide)

b) Size of active phase

c) Nature of support
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Nature of active phase

It was already discussed above and in Chapter 4 that under the reaction 

conditions (identical) applied in our research, Mo-carbide favored hydrodeoxygenation 

(HDO) while Ni-phosphide favored the hydrogenation/decarbonylation (HDCO) 

pathway. Furthermore, when deoxygenation was carried out over Mo/W-carbides, 

olefins were observed as intermediates. For example, Figure 4 shows the product 

distribution for the stearic acid deoxygenation over W2C/AC catalyst during 6 hours 

of reaction in a batch reactor. Olefins (green and blue lines) were the main products 

between 60 and 240 min of reaction, whereas they were completely absent after 

300 min of reaction. After that time, mainly paraffins (black and red lines) were 

obtained. Therefore, when olefins are desired as product, the reaction should be 

carried out for shorter times while, when paraffins are desired, the reaction time 

should be prolonged. This holds for a batch process, as described here. When 

the reaction is performed in a continuous system, the weight hour space velocity 

(WHSV), i.e. contact time, is the relevant parameter to control. Thus, understanding 

the reaction pathway and therefore the formation of primary, secondary and final 

products enable us to control production of olefins or paraffins using Mo/W-carbides 

as catalyst simply controlling the reaction time (batch system) or the contact time 

(continuous system).

Figure 4. Product distribution of W2C/AC for stearic acid deoxygenation (250 mg 
catalyst, 2 g stearic acid, 50 mL solvent, 30 bar H2, T = 350 oC).

To gain more insight on the prevailing pathways over the carbides and 

phosphides, the activation energy for the possible reaction pathways was calculated. 

Over Ni-phosphide, the activation energy for the hydrogenation of stearic acid (54 

kJ mol-1) to the aldehyde was significantly lower than for the direct decarboxylation 

(166 kJ mol-1), indicating that HDO or HDCO is more favorable to occur than DCO 

over Ni-phosphide catalysts in the stearic acid deoxygenation. Since heptadecane 
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was the main final product over Ni-phosphide (Figure 5) and it cannot be produced 

via HDO pathway, we hypothesize that stearic acid deoxygenation occurs mainly via 

HDCO pathway over Ni-phosphide.

Figure 5. Stearic acid and products concentration (%mol) over time for Ni2P/CNF for 
stearic acid deoxygenation (250 mg catalyst, 2 g stearic acid, 50 mL solvent, 30 bar H2, T = 
350 oC).

Regarding Mo-carbide, Shi et al. [54] calculated, using density functional 

theory, the full potential energy surface of the hydrogenation of a fatty acid (butyric 

acid) to a hydrocarbon (butane) over this catalyst. The steps with the lowest 

potential energy surface were associated with the predominant pathway. The authors 

concluded that first, the aldehyde (butanal) is formed from a fatty acid (butyric 

acid) hydrogenation. Then, the aldehyde is hydrogenated into the alcohol (butanol), 

which is further hydrogenated into the hydrocarbon (butane). This is in line with our 

findings which indicate that the HDO pathway is favored over Mo-carbide catalysts. 

Size of active phase

In chapter 6, we investigated the influence of the Ni-phosphide particle size 

on the selectivity of stearic acid deoxygenation. As argued above, the HDCO pathway 

was the main reaction pathway over nickel phosphide. However, the particle size 

influenced the predominant reaction pathway. C18 oxygenates (octadecanal and 

octadecanol, i.e. HDCO products) were the major products over 10 wt% Ni2P/AC, with 

8 nm phosphide particles, while C17 hydrocarbons (heptadecane and heptadecene, 

i.e. DCO products) were the major products over 20 wt% (12 nm particles) and 30 

wt% ( > 30 nm particles) Ni2P/AC at low conversion (< 10%). This indicates that 

the hydrogenation of stearic acid (HDCO route) is more facile over smaller particles 

than over larger particles (12 and > 30 nm). This finding is interesting because when 

small particles Ni2P/AC are used in the stearic acid deoxygenation, primary products 
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such as oxygenates (aldehydes and alcohol) can be obtained, what is not possible 

when larger particles Ni2P/AC are employed.

Nature of support

Another catalyst property studied in this thesis that influenced reaction 

selectivity was the support. Although all analyzed supports in chapter 3 were carbon 

based, they had differences in their properties such as pore size and acidity. These 

differences were responsible for distinct product distribution during 6 hours of stearic 

acid deoxygenation reaction over W-carbides. Oxygenates, i.e. hydrogenation 

products of the carboxylic acid, were initially formed over all catalysts (W2C/AC, 

W2C/CNF and W2C/CCA), however, the selectivity towards oxygenates was higher 

over W2C/AC compared to W2C/CNF and W2C/CCA at conversions below 5%. This 

suggests that the conversion of oxygenates into hydrocarbons was more difficult 

over W2C/AC than over W2C/CNF and W2C/CCA, which we related to the lower acidity 

and smaller pore size of W2C/AC. The support also had an influence on the C18-

unsaturated/C18-saturated ratio. At conversions below 30%, W2C/CNF resulted in 

the highest C18-unsaturated/C18-saturated ratio in product distribution, which is 

apparently related to the higher mesopore volume of CNF, which may facilitate the 

release of unsaturated products during reaction. However, at higher conversions 

(> 50%), W2C/CCA resulted in the highest C18-unsaturated/C18-saturated ratio in 

product distribution, which appeared to be linked to W2C/CCA having the highest 

ratio of acid/metallic sites. Whereas metallic sites are associated with hydrogenation 

of C18-unsaturated into C18-saturated, the acid sites are related to the formation of 

C18-unsaturated via dehydration of oxygenates.

Those differences in product distribution observed in chapter 3 confirmed 

that we can also tune the product distribution by changing the supports. However, a 

deeper study is required to enable us to completely understand the role of catalyst 

pore size and acidity in the stearic acid deoxygenation. To sum up, Mo/W-carbides 

and Ni-phosphide are potential catalysts for fatty acid deoxygenation reactions and 

the selectivity can be tuned by particle size, support and reaction time. This is 

summarized in Figure 6. Mo/W-carbides favored the olefins formation (octadecene) 

at short reaction times when supported either on CNF at low conversions or on 

CCA at high conversions. When supported on AC, instead, W-carbides favored the 

formation of oxygenates as reaction intermediates. At longer reactions times, on the 

other hand, those catalysts favored the formation of C18-paraffins (octadecane). Ni-

phosphides, in turn, favored the formation of oxygenates as intermediate products 

when small particle size was used (8 nm), whereas formation of C17-paraffins 

(heptadecane) was favored when bigger particles were employed (> 12 nm).
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Figure 6. Schematic overview of the influence of catalyst properties in selectivity of 
stearic acid deoxygenation.

Note that the findings of this thesis summarized in Figure 6 might be restricted 

to the specific applied reaction conditions (350 oC and 30 bar H2). Other reaction 

conditions may influence the results since reaction pressure and temperature are 

known to influence deoxygenation selectivity [36, 43].

3. α-MoC1-x/CNF and β-Mo2C/CNF are efficient catalysts for stearic acid 
deoxygenation: the crystal phase depends on the synthesis route of 
the carbide
The properties of a catalyst can also depend on the conditions applied during 

its synthesis. In chapter 5, we focused on the synthesis method of Mo-carbides 

and we compared the characteristics and performance of Mo-carbides supported 

on CNF as prepared via temperature programmed carburization and via the 

carbothermal reduction process. First, it was shown that the ratio between carbon 

and molybdenum atoms during the catalyst synthesis was a crucial parameter in 

making carbide based catalysts. Synthesis via the carburization method with 20% 

CH4/H2 resulted in α-MoC1-x while synthesis via carbothermal method with argon 

resulted in β-Mo2C. Both catalysts α-MoC1-x/CNF and β-Mo2C/CNF were applied in the 
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stearic acid deoxygenation and the alpha phase resulted in a higher weight based 

activity compared to the beta phase. It is argued in chapter 5 that the higher weight 

based activity of α-MoC1-x/CNF was due to the catalyst site density. The α-MoC1-x 

catalyst had a lower site density than the β-Mo2C. However, although a higher site 

density is usually linked to better catalytic performance (per unit weight) for several 

reactions, the lower site density of α-MoC1-x/CNF resulted in more space around the 

Mo atoms in the α-MoC1-x phase, making the Mo atoms more accessible for the large 

reactant molecule in our experiments (stearic acid), resulting in its better weight 

based catalyst activity.

Another issue related to transition metal carbides and phosphides is their 

high synthesis temperature compared to that of noble metals. While noble metals are 

activated between 200 and 360 oC [11], especially metal phosphides usually need 

temperatures over 650 oC to be activated [55]. It would be beneficial if this synthesis 

temperature could be lowered. A method to decrease the synthesis temperature 

of Ni-phosphide has been described in chapter 7. It was shown that adding small 

amounts (1 wt%) of noble metal did decrease the temperatures needed to effectively 

make supported Ni-phosphides. The regular method to synthesize supported nickel 

phosphide is the temperature-programmed reduction, which consists on reducing 

the catalyst under hydrogen flow from room temperature to 650 oC [55]. We showed 

that this final synthesis temperature decreased to 450 oC when 1 % of noble metal 

(Rh, Pt or Pd) was added to the catalyst.

4. Transition metal carbides and phosphides are stable/potentially 
stable in hydrodeoxygenation process 
When a catalyst is evaluated to be used in any process, one aspect is 

paramount for its good performance: stability. Many reports classify transition metal 

carbides and phosphides as stable catalysts for deoxygenation reactions [27, 56 

– 66]. However, in chapter 2 we showed that, depending on catalyst properties, 

these catalysts can deactivate during triglyceride’s deoxygenation under specific 

reaction conditions. We inferred from the literature that transition metal carbides 

can deactivate in liquid phase reactions by coke formation, sintering, leaching and 

oxidation. For example, the nature of support can influence catalyst deactivation by 

leaching. Since a strong interaction between carbon based supports and carbides 

active phases is not guaranteed, deactivation by leaching is facilitated when those 

supports are employed. 

The crystallite size of the active phase is another important parameter for 

stability. It has been reported that smaller carbide particles (< 20 nm) are easier 

to oxidize. Therefore, especially with small nanoparticles, deactivation by oxidation 
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needs to be considered. 

To conclude, Mo/W-carbides and Ni-phosphide are interesting catalysts for 

deoxygenation reactions due to their similar or higher catalytic activity compared 

to noble metals and metal sulfides. However, a few issues about those catalysts 

remain for discussion, such as their stability and synthesis temperature. In this 

thesis I brought insights in the connection between deactivation routes and catalyst 

properties (Chapter 2) and some solutions to decrease their synthesis temperature 

(Chapter 7). Moreover, I also brought insights in the relation between specific 

catalyst properties, such as support (Chapter 3), active phase (Chapter 4), synthesis 

method (Chapter 5) and particle size (Chapter 6), and selectivity, what contributes 

to a better understanding of Mo/W-carbides and Ni-phosphide performance in 

deoxygenation reactions. Note that most studies performed in this thesis and in the 

cited literature were carried out in a batch system although many industrial plants 

use continuous operation system. Therefore, further studies should be performed in 

continuous operation system to broaden the understanding and usability of Mo/W-

carbides and Ni-phosphide as commercial catalysts for deoxygenation reactions.

The results of this thesis contribute to a deeper understanding about a 

potential substitute of noble metal catalysts and to the development of the biomass 

conversion field, more specifically, triglycerides deoxygenation. Hence, those findings 

contribute to the renewable energy field and can be used to assist countries to strike 

the global warming issue and to reach the demands of the Paris Agreement.
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A.1 Nitrogen adsorption/desorption isotherms 
Figure A1 displays the nitrogen adsorption/desorption isotherm curves of the pure 

supports and the three supported W2C catalysts.

Figure A1. Nitrogen adsorption/desorption isotherms for AC, CCA, CNF and for the 

three supported W2C catalysts.
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A.2 CO2 Diffuse Reflectance Infrared Fourier Transform Spectroscopy (CO2 
DRIFTS)
To confirm that alumina was completely covered by carbon monolayers (CCA 

support), we performed CO2 DRIFTS analysis. Figure A2 shows the results.

Figure A2. CO2 DRIFTS spectra for the region 2000 cm-1 to 1000 cm-1 of γ-Al2O3 and 

CCA after CO2 adsorption.

The spectrum for alumina shows infrared bands at 1665, 1440 and 1225 cm-1. These 

bands are related to symmetric and asymmetric stretching of OCO bonds and to 

the deformation modes of COH from adsorbed bicarbonates species. Bicarbonates 

species are formed by interaction between CO2 and alumina’s nucleophilic centers 

[1]. Since there are no bands that refer to bicarbonates on CCA profile, we conclude 

that alumina is fully covered by carbon over the support.
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A.3 Internal and external mass transfer limitation analysis
We carried out two groups of experiments to analyze the presence of internal and 

external mass transfer limitations during reaction. 

Figure A3. Evaluation of A) internal mass transfer limitations and B) external mass 

transfer limitations (250 mg catalyst, 2 g stearic acid, 50 mL solvent, 30 bar H2, 350 ºC).

Figure A3(A) depicts the performance of W2C/CNF catalysts with different 

granulometries, defined by siefting, evaluated to analyze internal mass transfer 

limitations (250 mg catalyst, 2 g stearic acid, 50 mL solvent, 30 bar H2, 350 ºC). As 

Figure A3(A) makes clear, W2C/CNF with different granulometries (< 90 μm, 90 to 

212 μm, 212 to 425 μm) obtained the same conversion over time. This confirms that 

the reaction was not limited by internal mass transfer. 

Figure A3(B) displays the performance of W2C/AC at different mixing intensities 

(600, 800 and 1000 rpm), evaluated to analyze external mass transfer limitations 

(250 mg catalyst, 2 g stearic acid, 50 mL solvent, 30 bar H2, 350 ºC). W2C/AC 

achieved the same conversion over time for different mixing intensities (600, 800 

and 1000 rpm). This result confirms that the reaction was not limited by external 

mass transfer.

References
[1] C. G. Visconti, L. Lietti, E. Tronconi, P. Forzatti, R. Zennaro, E. Finocchio, Appl. Catal. A: 
Gen., Fischer-Tropsch synthesis on Co/Al2O3 catalyst with CO2 containing syngas (2009), v. 
355, 1 – 2, 61 – 68.
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B.1 Formulas used to evaluate catalyst performance
• Conversion:

• 

 = concentration of stearic acid (g L-1)

• Turnover frequency (TOF):

• 

 = reaction rate (mmol g-1 h-1), as follows:

 = moles of stearic acid

 = mass of catalyst (g)

 = time (h)

• Selectivity

• 
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B.2 XRD diffractograms

Figure B1. XRD diffractogram for 7.5 wt% Mo2C/CNF synthesized via carbothermal 
reduction with argon (■ indicates hexagonal β-Mo2C; a.u. stands for arbitrary units).

Figure B2. In-situ XRD diffractogram for 20 wt% Mo2C/CNF synthesized via 
carburization with 20% CH4/H2 gas mixture (■ indicates hexagonal β-Mo2C).
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B.3 Calculation of C/Mo molar ratio for catalysts with 7.5 and 20 wt% Mo 
loading synthesized via carburization method
During the catalyst synthesis for XRD characterization, 0.2 g of catalyst was 

carburized in situ using 100 mL min-1 20% CH4/H2 from 20 to 650 oC (heating rate = 

2.5 oC min-1) and maintained at that temperature for 2 hours. Thus, the amount of 

carbon from the methane can be calculated as follows:

where:

Variables Description Value

Mol of CH4 Calculated = 0.3108 mol

Mass of CH4 Calculated = 4.9856 g

CH4 molecular weight 16.04 g mol-1

CH4 density 0.656 kg m-3 = 0.656 g dm-3

Volume of CH4 7600 mL = 7.6 L = 7.6 dm3

Volume flow of CH4 20 mL min-1

Carburization time 380 min

Calculation of carbon and molybdenum amounts for catalyst with 7.5 wt% Mo 

loading:

where:

Variables Description Value

Mol of molybdenum Calculated = 0.000156 mol

Mass of molybdenum Calculated = 0.015 g

Molybdenum molecular 
weight 94.95 g mol-1

Mass of total sample 0.2 g
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Total amount of Mo = 

Total amount of C = 

Finally,

Calculation of carbon and molybdenum amounts for catalyst with 20 wt% Mo loading:

where:

Variables Description Value

Mol of molybdenum Calculated = 0.000147 mol

Mass of molybdenum Calculated = 0.04 g

Molybdenum molecular 
weight 94.95 g mol-1

Mass of total sample 0.2 g

Total amount of Mo = 

Total amount of C = 
Finally,

B.4 Calculation of carbide reactivity using TEM and XRD results
The carbide reactivities were calculated on the basis of the particle size obtained via 

TEM (~250 particles) and XRD of the α-MoC1-x/CNF and β-Mo2C/CNF catalysts (Table 

B1). The following equations were employed:

Particle surface area: ;

Particle volume: ;

Particle mass: ;

In the above,  is particle diameter (m) and  is particle density.
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Table B1. Number-average, volume-average and surface-average particle size of 
α-MoC1-x/CNF and β-Mo2C/CNF catalysts calculated from TEM results.

α-MoC1-x/CNF β-Mo2C/CNF

Number-average particle size (nm) 2 6

Volume-average particle size (nm) 3 14

Surface-average particle size (nm) 2 11

Table B1 displays the number-average, volume-average and surface-average 

particle size of the α-MoC1-x/CNF and β-Mo2C/CNF catalysts as calculated from the 

TEM results. For α-MoC1-x/CNF, this calculation resulted in the same particle size for 

number, volume and surface average. However, the number-average particle size 

of β-Mo2C/CNF is smaller (6 nm) than the volume-average and surface-average 

particle sizes (14 and 11 nm, respectively).

As Figure 5 (Chapter 5) shows, α-MoC1-x/CNF presented a monomodal particle 

size distribution, while β-Mo2C/CNF presented a bimodal distribution. This bimodal 

distribution of β-Mo2C/CNF influences the number-average, volume-average and 

surface-average particle size and this is responsible for the observed differences. 

The bimodal distribution also makes it difficult to measure accurate particle sizes 

based on XRD (we obtained a volume average particle size of 13 nm for β-Mo2C/

CNF) because the volume-average particle size is calculated mostly on the basis on 

the larger particles. 

On the other hand, the particle size is not relevant for the calculation of catalyst 

reactivity via CO chemisorption since this technique measures the number of active 

sites independently of catalyst particle size. This makes CO chemisorption the 

technique of choice for measuring catalyst activity when a bimodal particle size 

distribution is present.
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Figure C1 exhibits water formation profiles for 10, 20 and 30 wt% Ni2P/AC during 

the reduction of the catalysts. In that step the adsorbed phosphate is converted to 

the phosphide with the concomitant release of water. All TPR profiles present two 

peaks with maxima around 350 and 460 °C. According to Feitosa et al. [1], the peak 

at 350 °C is related to a surface reduction of nickel phosphate particles forming a 

layer of partially reduced nickel phosphate. This layer slows down the hydrogen 

diffusion towards the bulk, resulting in the second reduction peak (460 °C) to form 

nickel phosphide.

Figure C1. Water TPR profiles for the 10, 20 and 30 wt% Ni2P/AC catalysts.

References
[1] L.F. Feitosa, G. Berhault, D. Laurenti, T.E. Davies, V. Teixeira da Silva, J. Catal. 340 
(2016) 154–165.
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D.1 Influence of reduction temperature of Ni2P/SiO2 in thiophene HDS 
reaction
Samples of NixPyOz/SiO2 were reduced at different temperatures by TPR from room 

temperature to 723 – 1023 K with heating rate at 1 K min-1 and identified as follows:

Sample codes synthesized at different temperatures.

Sample Description

P723 Ni2P/SiO2 with reduction temperature of 723 K

P773 Ni2P/SiO2 with reduction temperature of 773 K

P823 Ni2P/SiO2 with reduction temperature of 823 K

P873 Ni2P/SiO2 with reduction temperature of 873 K

P923 Ni2P/SiO2 with reduction temperature of 923 K

P973 Ni2P/SiO2 with reduction temperature of 973 K

P1023 Ni2P/SiO2 with reduction temperature of 1023 K

Figure D1 displays the XRD diffractograms of the above mentioned samples.

Figure D1. XRD diffractograms of samples SiO2 (brown), P723 (green), P773 (pink), 
P823 (blue), P873 (orange), P923 (purple), P973 (black) and P1023 (yellow).
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Renewable resources are indispensable to secure our planet for future 

generations. While wind, solar and hydropower can provide the energy (electricity) 

we need, they cannot provide the chemical molecules we need. For that, biomass is 

the only renewable option. Biomass has the potential to be a source of renewable 

chemical building blocks and liquid fuels. However conversion of biomass into 

molecules is needed to make the desired chemical building blocks.

In this thesis, the deoxygenation of stearic acid was used as model reaction 

for the deoxygenation of biobased oils such as (non-edible) vegetable oils and 

waste cooking oils. Currently, for these deoxygenation reactions, mainly noble 

metal based catalyst and non-noble metal sulfides are used as catalysts. Both have 

their drawbacks. For noble metals, their availability is an issue and for the sulfides, 

the loss of sulfur, which end up in the products, is a major drawback. Therefore, 

I studied Ni-phosphide and Mo/W-carbides as potential catalyst since they have 

similar electronic structures as noble metals, thus a similar reactivity is expected, 

and are more available.

Although lately Ni-phosphide and Mo/W-carbides have been studied as 

potential catalysts for deoxygenation reactions, there are still unsolved issues 

regarding activity, selectivity and stability of these catalysts. In this thesis, I first 

performed a review study about deactivation routes of carbides in liquid phases 

reactions. Based on the literature reports, I brought insights in the connection 

between deactivation routes and carbide properties. For example, the use of carbon 

based supports might lead to deactivation by leaching.

In the thesis I developed further insights in the catalyst properties that 

determine the performance of Ni-phosphide and Mo/W-carbides. I showed that 

the nature of active phase (Mo2C/CNF vs Ni2P/CNF), support (W2C/AC vs W2C/CNF 

vs W2C/CCA), particle size (10, 20 and 30 wt% Ni2P/AC) and synthesis method 

(carburization vs carbothermal reduction of Mo2C/CNF) had an influence on the 

catalyst performance. I found that synthesis via carburization method lead to the 

α-MoC1-x phase while synthesis via carbothermal method lead to the β-Mo2C phase. 

The former was more active (in a weight basis) due to its lower site density which
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allowed an easier access of the reactants to the catalytic active site. 

I also found that Mo/W-carbides favored the hydrodeoxygenation (HDO) 

pathway whereas Ni-phosphide favored the hydrogenation/decarbonylation (HDCO). 

Moreover, the HDCO pathway was more facile over smaller Ni-phosphide particles (8 

nm) than over larger particles (12 and > 30 nm). Over the latter the decarbonylation/

decarboxylation (DCO) pathway was predominant.

 With this understanding it is now possible to steer the selectivity of 

deoxygenation of fatty acids to specific products such as aldehyde, alcohols, alkanes 

and alkenes. These molecules are desired by the chemical industry to be used in 

products such as cosmetics, disinfectant, plastics, solvents and pharmaceutical 

products. Thus with this thesis I contributed to the further development of a biobased 

economy.
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