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RÉSUMÉ 

La production d'additifs pour les carburants, d’indices d'octane élevés, à partir des 

molécules biosourcées telles que le 5-hydroxyméthylfurfural (HMF) est le sujet de 

nombreuses études. Les catalyseurs à base de Pt, de Pd et de Ru sont décrits comme 

particulièrement actifs dans la réaction de conversion du HMF en 2,5-diméthylfurane (DMF) 

et en 2,5-diméthyltétrahydrofurane (DMTHF). Cependant leur substitution dans les 

formulations catalytiques est souhaitable compte tenu de leur coût élevé et de leur faible 

disponibilité. Les éléments de substitution peuvent être certains métaux de transition (par 

exemple Cu ou Ni), plus abondants, mais généralement moins actifs. Mes travaux de 

recherche ont donc portés sur la préparation de catalyseurs, à base de métaux de transition, 

actifs et sélectifs pour l'hydrogénation du HMF en des molécules pouvant être incorporées 

dans les carburants. Les phases actives étudiées au cours de mon doctorat reposent sur les 

métaux de transition Ni et Cu. Ces phases actives ont été supportées sur des silices 

mésoporeuses de type SBA-15. L'étude est divisée en deux parties distinctes, en fonction du 

métal étudié.  

La première partie du doctorat présente les résultats obtenus avec des catalyseurs 

monométalliques Ni supportés. Dans un premier temps, l'optimisation des paramètres de 

réaction pour l'hydroconversion sélective du HMF en DMF et en DMTHF a été réalisée en 

utilisant un catalyseur préparé par la méthode d'imprégnation à humidité naissante d’une 

solution du précurseur nitrate (Chapitre 3). Les paramètres de réaction optimisés incluent la 

température de réaction, la pression de dihydrogène, le rapport molaire HMF/Ni et le temps 

de réaction. Une étude cinétique préliminaire a également été réalisée. L’effet de la dispersion 

et de la taille des particules métalliques de Ni sur les performances catalytiques des 

catalyseurs Ni/SBA-15 a été étudié sur des matériaux préparés par la méthode d’infiltration à 

l'état fondu des précurseurs nitrates (Chapitre 4). Le niveau de dispersion du nickel a été 

modifié en utilisant des supports SBA-15 contenant des porosités d’interconnexion 

différentes et obtenues à différentes températures de synthèse. Les résultats montent que le 

catalyseur Ni/SBA-15, préparé par la méthode simple IWI, permet d’atteindre des 

rendements élevés en DMF et DMTHF dans des conditions réactionnelles optimales. Le 

niveau de dispersion du Ni, tel qu’observé à partir des matériaux obtenus par infiltration des 

sels fondus, a quant à lui un effet significatif sur l'activité catalytique du catalyseur.  
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La deuxième partie de mes travaux de recherche porte sur les propriétés catalytiques des 

catalyseurs monométalliques à base de Cu/SBA-15 préparés par différentes méthodes, et 

présentant des états de division de la phase Cu différents (Chapitre 5). Les modes de synthèse 

appliqués incluent la méthode d’imprégnation à humidité naissante (IWI), la méthode 

d'autocombustion in situ (ISAC) et la méthode de déposition par précipitation (DP). La 

première partie de l’étude a donc portée sur l'optimisation des conditions de réaction pour 

l'hydroconversion sélective du HMF en DMF (avec le catalyseur Cu/SBA-15 préparé par la 

méthode ISAC). Les paramètres de réaction optimisés, comme dans le cadre de l’étude avec 

Ni/SBA-15, ont été la température de réaction, la pression de dihydrogène, le rapport molaire 

HMF/Cu et le temps de réaction. La réutilisation du catalyseur a également été étudiée, et une 

étude cinétique de la transformation du HMF sur Cu menée. Cette partie démontre que 

l’activité du Cu pour la conversion sélective du HMF en DMF dépend principalement de 

l’état de dispersion du Cu. L'utilisation de la méthode DP a conduit à un catalyseur Cu/SBA-

15 hautement divisé, ce qui a permis d’atteindre des rendements élevs en DMF. 

Mot clé : métaux de transition, imprégnation, hydrogénation, biomasse, mésoporeux, HMF 
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ABSTRACT 

The production of fuel additives, having high octane numbers, from biosourced molecules 

such as 5-hydroxymethylfurfural (HMF), is the subject of many studies. The Pt, Pd and Ru-

based catalysts are described as particularly active in the conversion reaction of HMF to 2,5-

dimethylfuran (DMF) and to 2,5-dimethyltetrahydrofuran (DMTHF). However, their 

substitutions in the catalytic formulations are desirable in view of their high cost and low 

availability. The substitution elements can be transition metals (for example Cu or Ni), which 

are more abundant, but generally less active. My research has focused on the preparation of 

catalysts, based on transition metals, active and selective for the hydrogenation of HMF into 

molecules that can be incorporated into fuels. The active phases studied during my Ph.D. are 

based on Ni and Cu transition metals. These active phases were supported on mesoporous 

silica of SBA-15 type. The study is divided into two distinct parts, depending on the metal 

studied. 

The first part of the Ph.D. presents the results obtained with Ni supported monometallic 

catalysts. In a first step, the optimization of the reaction parameters for the selective 

hydroconversion of HMF to DMF and DMTHF was carried out using a catalyst prepared by 

the incipient wetness impregnation (IWI) of the nitrate precursor solution (Chapter 3). 

Optimized reaction parameters include reaction temperature, hydrogen pressure, HMF/Ni 

molar ratio, and reaction time. A preliminary kinetic study was also performed. The effect of 

the dispersion and size of Ni metal particles on the catalytic performance of Ni/SBA-15 

catalysts was studied on materials prepared by the melt infiltration (MI) method of nitrate 

precursors (Chapter 4). The level of dispersion of the nickel was modified using SBA-15 

supports containing different interconnection porosities, obtained at different synthesis 

temperatures. The results show that the Ni/SBA-15 catalyst, prepared by the simple IWI 

method, achieves high yields of DMF and DMTHF under optimal reaction conditions. The 

level of Ni dispersion, as observed from the materials obtained by infiltration of molten salts, 

has a significant effect on the catalytic activity of the catalyst. 

The second part of my research focuses on the catalytic properties of Cu/SBA-15 

monometallic catalysts prepared by different methods, and having different Cu phase division 

degree (Chapter 5). The methods of preparation applied include the IWI method, the in situ 

autocombustion method (ISAC) and the deposition-precipitation method (DP). The first part 

of the study therefore focused on the optimization of the reaction conditions for the selective 
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hydroconversion of HMF to DMF (over the Cu/SBA-15 catalyst prepared by the ISAC 

method). Optimized reaction parameters, as for Ni/SBA-15, were reaction temperature, 

hydrogen pressure, HMF/Cu molar ratio, and reaction time. The reuse of the catalyst was also 

studied, and a kinetic study of the transformation of HMF on Cu/SBA-15 conducted. This 

part demonstrates that the activity of Cu for the selective conversion of HMF to DMF 

depends mainly on the state of dispersion of Cu. The use of the DP method led to a highly 

divided Cu/SBA-15 catalyst, which made it possible to achieve high yields of DMF. 

Keywords: transition metal, impregnation, hydrogenation, biomass, mesoporous, HMF 
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Fossil resources - petroleum, natural gas, coal - have been the main source for the 

production of transportation fuels and chemicals in the past century, and have thus played a 

crucial role in accelerating economic growth.
1,2

 However, these resources are limited, and the 

associated release of CO2 in the atmosphere has been the source of climate change and global 

warming.
3,4

 For these reasons, abundant non-edible biomass such as lignocellulose has 

attracted attention in the last decades as a renewable alternative.
5
 Conversion of biomass can 

take place by pyrolysis, liquefaction or gasification under relatively harsh conditions,
6,7

 but a 

more appealing route is based on the hydrolysis of cellulose and hemicellulose, that can be 

transformed into platform molecules, and ultimately to second-generation biofuels.
2,4

 One of 

these platform molecules, 5-hydroxymethylfurfural (HMF) plays an important role in 

connecting biomass resources and the biofuel and chemicals industries.  

At room temperature, HMF appears as a white or light yellow solid. It is highly soluble in 

water and in organic solvents. Table 1 provides an overview of its physicochemical 

properties. It is generally synthesized by dehydration of glucose or fructose, or by 

hydrolysis/dehydration of cellulose in the presence of acid catalysts (e.g., mineral 

acid/organic acid/solid acid).
9–14

 HMF was first reported at the end of the nineteenth century 

when, for the first time, Dull et al. produced it by heating inulin in a solution of oxalic acid 

under pressure.
15

 In the following decades, several new synthesis methods were reported in 

aqueous media, using either homogeneous or heterogeneous acid catalysts.
16,17

 A typical 

production route is shown in Scheme 1: cellulose is first converted into glucose/fructose by 

hydrolysis, and they are further transformed to HMF by dehydration. Currently, the 

production of HMF is at the stage of the pilot scale. The bottleneck for a scaled-up 

production is the manufacturing cost, about 2.0 $/kg,
18–21 

twice the cost required to be 

competitive in large-scale applications compared to fossil resources.
22

 The production of 

HMF-derived molecules will become competitive if the plant size can be extended to over 

100 kton/year. 

 

 

Scheme 1 Production route of 5-hydroxymethylfurfural (HMF)8 
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Table 1 Chemical and physical properties of 5-hydroxymethylfurfural (HMF) 

Chemical abstract name 5-(hydroxymethyl)-2-furaldehyde 

Chemical formula C6H6O3 

Synonyms 5-hydroxymethylfurfural, 5-(hydroxymethyl)-2-furaldehyde,  

HMF, 5-(hydroxymethyl)-2-furancarbonal, 5-(hydroxymethyl)-2-furfural, 5-

oxymethylfurfurole, 5-hydroxymethyl-2-formylfuran, hydroxymethyl furfuraldehyde 

Molecular structure 

 

Description colorless to light yellow powder22 

Boiling point 114-116 °C at 1  10-4 MPa22 

Melting point 31.5 °C23 

Solubility freely soluble in water, methanol, ethanol, acetone, ethyl acetate, dimethylformamide; 

soluble in ether, benzene, chloroform; less soluble in carbon tetrachloride; sparingly 

soluble in petroleum ether23 

UV-vis absorption 

maximum 

282 nm24 

 

 

Scheme 2 HMF as a platform molecule 
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A summary of various derivatives from HMF, used as a platform molecule, is shown in 

Scheme 2. Chemically speaking, HMF is a heteroaromatic molecule with a pending aldehyde 

function and a hydroxymethyl group. The transformations of HMF derive from these 

functionalities. The typical reactions that the aldehyde group can undergo are: reduction to 

alcohols by H2 or by hydrogen transfer (Meerwein-Ponndorf-Verley - MPV - reduction); 

decarbonylation; reductive amination to amines; oxidation to carboxylic acid; acetalisation; 

aldol and Knoevenagel condensations; acylation; and Grignard reactions. The hydroxyl group 

can undergo a hydrogenolysis of the C-O bond, oxidation to aldehyde or acid, etherification, 

acetalisation, esterification and halogenation reactions. The furan ring can be transformed by 

hydrogenation, ring-opening (by hydrogenolysis of the C-O-C bonds), alkylation, oxidation, 

halogenation, and nitration reactions.  

As an oxygen-rich platform molecule, HMF is easily activated and transformed into 

valuable chemicals. But a high content of oxygen is a disadvantage when chemicals are used 

to produce fuels, as it means a lower heat capacity: a further step to decrease their oxygen 

content is needed. From HMF, this can be obtained by decarbonylation/decarboxylation, 

dehydration, or hydroconversion.
22,25

 Reductive transformations such as hydrogenation or 

hydrogenolysis are thus among the key routes for the conversion of HMF to fuels, and are 

routes in which heterogeneous catalysis plays a central role. However, HMF being a 

multifunctional compound, a wide variety of chemicals can be produced by reaction with H2, 

as summarized in Scheme 3,
26–29

 and undesired reactions can occur during catalytic 

conversion. Therefore, it is crucial to design active, selective, and stable catalysts to orient the 

transformation of HMF towards the desired compounds. 

Catalytic formulations for hydroconversion processes are based on noble metals, non-noble 

metals, or the combination of both. Noble metals such as ruthenium, palladium, platinum, 

gold and rhodium exhibit high intrinsic activities. But they suffer from high and fluctuating 

costs, and their resources are limited: some of them are expected to be depleted in the next 

twenty years. In contrast, non-noble metals such as copper, nickel, cobalt, iron and 

molybdenum are less active while possessing the advantages of a larger abundance and a 

lower price, and, for some of them, of a low toxicity.  
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Scheme 3 Summary of value-added chemicals and biofuels derived from HMF via hydroconversion8 

Because of their lower activity, and in order to improve their selectivity and stability, non-

noble metals are usually employed in combination with specific supports (TiO2, Fe-

containing supports) or with additives that modify the catalytic properties of the metal. 

Monometallic catalysts based on Ni or Cu, for example, are seldom reported as active or 

selective toward HMF hydroconversion reactions. However, one parameter is often not 

discussed in the literature: the dispersion of the non-noble metal particles. In fact, Ni or Cu 

particles are difficult to disperse efficiently on supports such as silica or alumina, especially 

when the preparation is carried out by the most common procedure, impregnation. One can 

thus wonder to what improvements to the catalytic properties a better control of the metal 

dispersion would lead, in the absence of further modifications of the catalyst. 

This dissertation is divided into eight chapters. Chapter 1 describes the state of the art on 

the HMF catalytic hydroconversion, with a focus on catalytic formulations involving non-

noble metals. Chapter 2 presents the experimental techniques and procedures used. Chapter 3 

is devoted to the results obtained with the use of the high-surface area mesoporous SBA-15 
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silica support for Ni nanoparticles, prepared by an incipient wetness impregnation method. 

The reaction conditions for the conversion of HMF to alternative biofuels, 2,5-dimethylfuran 

(DMF) and 2,5-dimethyltetrahydrofuran (DMTHF), on this Ni/SBA-15 catalyst will be 

discussed. Chapter 4 further examines the properties and performances of another Ni/SBA-15 

catalysts, here prepared by melting infiltration, and the effects of the dispersion of Ni NPs on 

the catalytic performances in HMF hydroconversion. Chapter 5 discusses the reaction 

condition optimization, the effects of dispersion of Cu nanoparticles (NPs) and the reaction 

mechanism of monometallic Cu/SBA-15 catalysts prepared by different methods (i.e. 

incipient wetness impregnation, in-situ auto-combustion, and deposition-precipitation). The 

manuscript will end with general conclusions and an outlook in this field. In the appendix 

chapter, additional research about the influence of basic sites in Cu/SBA-15 on the catalyst 

performances, and research on the preparation of mesoporous carbon materials and 

mesoporous carbon-supported monometallic Cu catalysts will be presented.  
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In the last decades, a substantial amount of publications has promoted the potential of 

replacing noble metal-based catalysts by non-noble metal-based catalysts for the 

hydroconversion of furanic compounds such as HMF. Nonetheless, the development of 

optimized catalytic formulations, especially based on non-noble metal-based catalysts, is 

complex. The development of original catalytic formulations and the enhancement of existing 

ones involve the study of a number of different impacts: the active metal(s); the support; the 

presence of metal additives or co-catalysts; the preparation procedure; the interplay between 

the catalyst and the solvent; the ability of the active phase to withstand the presence of 

poisons. The exploration of these parameters will be the subject of this chapter. 

1.1 Adsorption chemistry of furanic compounds on metal surfaces 

This section summarizes the knowledge on the adsorption chemistry of furanic compounds 

over different metal surfaces to reveal, to some extent, the nature of different active metals in 

the hydroconversion processes of HMF. 

 

Figure 1.1 Preferential adsorption configurations of furfural over different surfaces, based on DFT calculations1 

The adsorption mode of furanic compounds onto the active metal determines to a large 

extent the pathway followed during its reductive transformation, and thus the product 

distribution. Most existing reports focus on the adsorption modes of furfural (FFR), a sister 

molecule of HMF, and of its hydrogenation/hydrogenolysis products: furfuryl alcohol (FOL), 

2-methylfuran (MeF) and furan. Few reports are currently available on the adsorption of 

HMF on metals. The knowledge about the adsorption chemistry of FFR should help to 

understand the adsorption behaviors of HMF over different metal surfaces.  



 

17 
 

Density functional theory (DFT) calculations and surface science measurements have 

evidenced that multifunctional furanic compounds can adsorb onto a metal surface either via 

the furan ring, via the oxygenated pendant functions, or through multiple binding. The 

adsorption mode of furanic compounds is highly dependent on the nature of metals. Three 

typical adsorption modes have been proposed over metals active in the hydrogenation of 

FFR, as shown in Figure 1.1. 

The interaction of FFR with a Cu surface involves the η
1
-(O) adsorption mode via the 

aldehyde function, as shown in Figure 1.1a. A tilted η
1
-(O) configuration is more stable than a 

perpendicular one.
2,3

 The strong repulsion of the furan ring with the Cu (111) surface results 

from the partial overlap of the 3d band of the Cu atoms with the anti-bonding orbitals of the 

furan ring.
4,5

 The flat adsorption mode of FFR on the Cu surface is thus not stable, and 

generally does not exist. A similar tilted adsorption mode of furanic compounds has also been 

reported on Ag (110).
2
 The aldehyde function thus more likely reacts with adsorbed H atoms, 

and this adsorption mode limits the conversion of the furan ring, with consequently a less 

preferential formation of ring-hydrogenation or ring-opening products. Compared to Pt (111), 

Pd (111), Ni (111) and Ni/Cu (111), the binding energy of the furan ring on the Cu (111) 

surface is indeed low, indicating a lower hydrogenation ability of Cu-based catalysts for the 

furan ring hydrogenation.
3,6

 This all accounts for the high selectivity of Cu-based catalysts to 

alcohol products. The adsorption of FOL onto RuO2 also adopts the tilted η
1
-(O)-aldehyde 

configuration, with the oxygen from the -OH group binding to a Ru coordinately unsaturated 

site. The interaction between the furan ring and the RuO2 (110) surface is weak (-1.76 eV vs. 

-1.0 eV for FOL on metallic Pd).
7
 The stability of FOL on the RuO2 (110) surface is attributed 

to the hydrogen bond formed between the -OH function from HMF and a neighboring O site. 

The Lewis basicity of the O site can improve the deprotonation of FOL on the way to MeF, 

giving to the RuO2 phase a hydrogenolysis activity. 

Unlike Cu, the furan ring can readily adsorb on Pt, Pd and Ni, because of a strong 

interaction between the metal and the π bonds in the molecule, originating from a sp
2
-to-sp

3
 

rehybridisation.
2,8

 On these metals, FFR tends to adopt an η
2
-(C,O)-aldehyde adsorption 

mode in which the furan ring lies onto the metal surface with both the C atom and the O atom 

of the carbonyl group also bonded to the surface (Figure 1.4b).
9,10

 The interaction strength of 

FFR with Ni, Pd, Pt and Cu follows the trend Ni > Pd > Pt >> Cu.
11,12

 Once FOL has been 

formed by hydrogenation of furfural, the hydroxymethyl group further favors the planar 
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adsorption on Ni, especially when surfaces are rough and exhibit edges or corner sites.
13

 

Additionally, when the temperature increases, the η
2
-(C,O)-aldehyde adsorption mode 

converts into a η
1
-(C)-acyl species (Figure 1.1b). 

Because in the η
2
-(C,O)-aldehyde adsorption mode, both the furan ring and the formyl 

group interact with the metal, hydrogenation reactions involve both the furan ring and the 

side function: hydrogenation of the furan ring to tetrahydrofuran (THF), hydrogenation of -

CHO to -CH2OH, or hydrogenation/hydrogenolysis of -CHO to -CH3, even ring opening 

reactions. The η
1
-(C)-acyl species is rather the precursor for the decarbonylation of FFR to 

furan. 

Like FFR, the differences in interaction strength between the different functional groups 

(e.g., the furan ring, the aldehyde group and the hydroxymethyl group) also lead to different 

adsorption geometries of HMF depending on the metal, as has been revealed by recent 

experimental and theoretical research.  

 

Figure 1.2 Proposed adsorption configurations of HMF on Ni, Pd and Cu metal surfaces14 

In 2015, Duarte et al. reported an effect of the adsorption mode of HMF over alumina-

supported Ni, Pd and Cu catalysts on the activity and selectivity in HMF 

hydrodeoxygenation.
15

 Adsorption geometries based on experimental data are presented in 

Figure 1.2. On Ni/alumina, FOL was the main product owing to the decarbonylation reaction 

of HMF through the η
1
-(C)-acyl intermediate (Figure 1.2a). On Pd/Al2O3 catalyst, the η

2
-(C, 
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O)-HMF configuration was preferred (Figure 1.2b), which led to a high activity both for 

decarbonylation and furan ring hydrogenation. On Cu/Al2O3 catalyst, HMF tended to adsorb 

in the η
1
-(O)-HMF configuration (Figure 1.2c), which allowed to abstract hydrogen from the 

hydroxyl group to give an adsorbed furoxy intermediate (Figure 1.2d). A later work by Luo et 

al. on the transformation of HMF over Pt3Co2, Pt3Co, and Pt provided a theoretical insight 

into the catalyst composition effects on the adsorption mode of the molecule.
16

 The absence 

of covalent bonding of the ring with the metal surface (Pt3Co2) is critical to selectively favor 

the hydrogenolysis of the CH2OH group and suppress ring-hydrogenation and ring-opening 

side reactions. In contrast, the strong interaction between the ring and Pt in both Pt and Pt3Co 

nanocrystals promotes ring hydrogenation and ring opening, with barriers which are lower 

than for hydrogenolysis. 

In conclusion, there tends to be a strong interaction between HMF, and Pt-group metal and 

Ni surfaces, especially through the furanic ring of the molecule, and a weaker interaction with 

Cu surfaces, on which the adsorption mode is limited to the side group, which leads to 

obvious differences in the products distribution. 

1.2 The catalytic production of value-added chemicals from HMF: general trends 

BHMF is the product of hydrogenation of the C=O bond of HMF. It is generally used as a 

six-carbon monomer for the synthesis of polymers: polyurethane foams, resins, artificial 

fibers.
17,18

 A wide series of heterogeneous catalysts (i.e., Pd-, Pt-, Ru-, Ir-, Au-, Cu-, Co-based 

catalysts and solid acid-base catalysts) have exhibited activities for BHMF production, as 

shown in Table 1.1. Relatively mild reaction conditions have been selected in order to avoid 

over-hydrogenation, especially for noble-metal based catalysts (T ≤ 130 °C and P ≤ 6 MPa 

for noble metal-based catalysts; T ≤ 220 °C and P < 7 MPa for non-noble metal-based 

catalysts).
1
 Pd-based catalysts are too active to exclusively form BHMF, even under very 

mild reaction conditions (e.g. T ≤ 60 °C and P ≤ 1 MPa). Monometallic Pt- and Ru-based 

catalysts are more appropriate when the reaction conditions are properly controlled (T ≤ 

70 °C and P < 2 MPa for Pt-based catalysts; T ≤ 130 °C and P < 3 MPa for Ru-based 

catalysts). Au-based catalysts are intrinsically selective for C=O hydrogenation over C=C 

hydrogenation, which makes them potential candidates for the production of BHMF. Highly 

active Au catalysts have been supported on carriers with basic properties (e.g. La2O3 and 

CeO2) and prepared with a good control of the particle size of Au clusters, obtained by 
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modulating the calcination conditions or by modifying the support surfaces (e.g., with FeOx 

species). The hydrogenation ability of monometallic Ir-based catalysts is very limited, and 

ReOx species have been used as promoters which, however, may face leaching problems in 

the reaction medium. Ni-based catalysts are considered to be too active in hydrogenation for 

the selective production of BHMF.  

Table 1.1 Metals and reaction conditions generally used for the synthesis of the main HMF-derived chemicals 

catalysts 

BHMF BHMTHF DMF 

T 

(˚C) 

P 

(MPa) 
promoters 

T 

(˚C) 

P 

(MPa) 
promoters 

T 

(˚C) 

P 

(MPa) 
promoters 

Pd-based 15-60 0.1-0.8 - 2-50 6-8 Ni, Ir 60-200 0.1-3 Au, Zn 

Ru-based 25-130 0.5-2.8 Mg 130 2-4 Mg 150-220 0.7-2 Fe, Cu, Zn, 

MoOx 

Pt-based 35-70 0.8-2 Sn - - - 120-200 1-3.3 Co, Cu, Zn, 

Ni 

Rh-based - - - - - - - - - 

Ir-based 30-50 0.8-6 ReOx - - - - - - 

Au-based 80-120 3-6.5 Fe - - - - - - 

Cu-based 100-220 1.5-5 Ru - - - 180-220 1.5-6.8 Cr, Ru, Zn, 

Co, Ni 

Ni-based - - - 40-

120 

0.4-9 Fe, Co 130-230 1.2-4 W2C, Fe, 

Zn 

Co-based 60-160 3-4 - 120 4 - 130-210 1-5 Ni, Cu, Zn, 

Ag, NGr 

Fe-based - - - - - - 240 1-4 N 

Acid cat. 150 0.1 - - - - - - - 

Among non-noble metals, attention has been paid to the use of Cu- and Co-based catalysts, 

which exhibit high selectivities to BHMF, with hydrogenation activities that are relatively 

lower than those of noble metal-based catalysts. High metal loadings (≥ 15 wt %) and 

relatively higher reaction temperatures and H2 pressures (> 100 °C and 1.5-5 MPa for Cu-

based catalysts; 60-160 °C and 3-4 MPa for Co-based catalysts) are generally required to 

attain high hydrogenation activities. Besides, deactivation is still a tough problem troubling 

non-noble metal based catalysts. For example, Kumalaputri and co-workers reported a 

hydrotalcite-derived Cu and CuRu catalyst which afforded excellent activities, achieving near 

100% BHMF yields. However, these catalysts experienced a severe loss of selectivity to 

BHMF (> 30%) due to the deposition of carbon species onto the catalyst surface.
19,20
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The formation of BHMTHF results from the total hydrogenation of HMF (Scheme 3). As 

compared with the BHMF synthesis, higher reaction pressure and/or longer reaction time are 

generally needed. The high hydrogenation activity of Ni-based catalysts makes them the first 

choice for BHMTHF production.
1
 Commercial Raney Ni and Ni-Al-based catalysts have 

exhibited excellent catalytic performances under a wide range of reaction conditions (0.4-9 

MPa and 60-120 °C). However, their efficiency is generally based on high Ni loadings (over 

40 wt.%), and in some cases is troubled by deactivation caused by Ni leaching and carbon 

deposition. One potential method to decrease the Ni loading and at the same time to increase 

the catalyst stability may lie in the preparation of finely dispersed Ni NPs or in the use of 

bimetallic Ni-based catalysts (e.g., NiFe, NiCo). Co-based catalysts are another potential 

choice for BHMTHF production.
21

 Ru- and Pd- based catalysts generally exhibit a higher 

stability and can be selective if the support bears basic sites or if a second metal is added 

(e.g., Ni and Ir).
22,23

 

Linear aldehydes (1-hydroxyhexane-2,5-dione, HHD) and alcohols (1,6-hexanediol (1,6-

HD) and 1,2,6-hexanetriol (1,2,6-HT)) can be produced from HMF and from its derivatives 

(BHMF, BHMTHF) via ring-opening reactions in reductive conditions. Bifunctional catalysts 

bear both the active metal sites catalyzing the hydrogenation of the C=O function, and the 

Brønsted acidic sites promoting the hydrolytic ring opening. Water is the most efficient 

reaction medium. A balance between the acidity and the hydrogenation activity should be 

found, since a too strong acidity may cause the degradation of HMF and of the reaction 

intermediates. Efficient systems include acidic M-M’Ox catalysts (M = Rh or Ir; M’ = Re) 

which generally catalyze the conversion of BHMTHF as starting reactant or intermediate, and 

some noble metal-based catalysts (Pd-, Pt- and Au-based catalysts) displaying Brønsted 

acidity, or combined with Brønsted acids. Recent progress in this field highlights the 

application of non-noble metal based catalysts, with a breakthrough made with Ni-Co-Al 

mixed metal oxides. But it is crucial for the large-scale industrialized production of HHD, 

1,6-HD and 1,2,6-HT to enhance the catalyst stability in aqueous solution.
1
 

The reductive ring-rearrangement of HMF in aqueous phase affords 3-

hydroxymethylcyclopentanone (HCPN) and 3-hydroxymethylcyclopentanol (HCPL). Typical 

catalytic systems include Pt supported on metal oxides (e.g., Ta2O5, ZrO2 and Nb2O5), 

Pt/SiO2 combined with metal oxides additives, and Ni-Co-Cu-Al2O3 mixed oxides. The acid-

base properties of the catalyst must be moderate in order to facilitate intermediate steps of 
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aldolization and dehydration. The role of the metal sites in the ring-opening/closing steps, 

and the effect of the basic sites in the aldol-condensation reaction is still not completely clear. 

Furthermore, the reusability of non-noble metal based catalysts is currently limited by the 

catalyst deactivation caused by carbon deposition, the instability of the support (formation of 

hydrated boehmite AlO(OH) from Al2O3), and the transformation of the active phase 

(formation of Co3O4 from metallic cobalt). Catalysts presenting a high activity for the furan 

ring hydrogenation and for hydrogenolysis should be avoided, as they make it difficult to 

selectively produce the key intermediate, BHMF, and then target HCPN and HCPL.
1
 

The transformation of HMF to dimethylfuran (DMF) will be specifically presented in the 

next section. 

1.3 The production of DMF from HMF 

Table 1.2 Comparison of the physicochemical properties of DMF, bioethanol, gasoline and diesel 17,24,25 

Properties DMF bioethanol gasoline diesel 

molecular formula C6H8O C2H6O C4-C12 C8-C25 

oxygen content (%) 16.67 34.78 0 0 

energy density(MJ/L) 31.5 23 35 35.8 

research octane number 119 110 95.8 - 

latent heat vaporization (kJ/kg, 25 °C) 389.1 919.6 351 270-301 

relative vapor density 3.31 1.59 3-4 - 

water solubility (wt.%, 20 °C) 0.26 miscible negligible - 

boiling point (˚C, 101 kPa) 92-94 78.4 27-225 180-370 

liquid density (kg/m3, 20 °C) 889.7 790.9 744.6 820 

kinematic viscosity (cSt, 20 °C) 0.57 1.5 0.37-0.44 - 

Among the HMF-derived products, 2,5-dimethylfuran (DMF) is especially valuable is 

increasingly gaining attention. On the one hand, DMF is considered as a promising 

alternative fuel of new generation, which has the potential to relieve the global fossil fuel 

shortage and air pollution problems. As shown in Table 1.2, despite potential issues such as a 

lower energy density than gasoline and diesel,
26

 DMF is attractive because of a higher energy 

density than bioethanol, higher octane number than bioethanol and gasoline, and lower 

volatility than gasoline and diesel. Besides, as compared with bioethanol, it is more difficult 

for DMF to absorb water from air.
77

 DMF also exhibits good performances for direct-

injection, spark-ignition type engines.
27,28

 On the other hand, DMF can directly serve as a 

solvent in the perfume and pharmaceutical industries.  
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Figure 1.3 Reaction network for the transformation of HMF to DMF and possible side-reactions (dashed arrows)29,30 

The formation of DMF from HMF involves the hydrogenation and hydrogenolysis of both 

side groups of HMF. Two reaction routes have been well-established in the literature, both in 

the liquid phase.29,30 One starts with the hydrogenation of -CHO, first giving BHMF as 

intermediate, while the other one starts with the hydrogenolysis of -CH2OH, first giving 5-

methylfurfural (MFFR) as intermediate, both to be transformed to 5-methylfurfuryl alcohol 

(MFOL) by hydrogenolysis and hydrogenation respectively. MFOL is further converted to 

DMF through further hydrogenolysis of -CH2OH. To achieve high DMF selectivities, one 

should thus target catalysts that are active both for the hydrogenation/hydrogenolysis of the -

CHO and -CH2OH functions, and at the same time inactive for reactions transforming DMF, 

in particular the furanic ring. Besides, reaction temperature is a key parameter for the 

selective formation of DMF. In most cases, this process requires high-temperature conditions, 

which unfortunately often induce undesired reactions (e.g., decarbonylation, ring 

hydrogenation, ring-opening reactions and condensation reactions), as shown in Figure 1.3. 

At low reaction temperatures, especially for non-noble metal based catalysts, the 

transformation of HMF may mainly stop at the formation of BHMF, while the 

hydrogenolysis activity may not be adequate to form DMF.
31
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Most of the catalyst formulations screened for the hydrogenolysis of HMF to DMF during 

the last decades are based on noble metals.
22,32

 Palladium, platinum and ruthenium exhibit 

high intrinsic hydrogenation activities. Non-noble metals such as copper, nickel, cobalt and 

iron stand as promising alternatives provided that their activity, selectivity and stability are 

efficiently improved. Optimization of non-noble metal-based systems can be performed 

through combination with other metals, and through the choice of proper support, and/or co-

catalysts (e.g., mineral acids). As a consequence, the preparation of active and stable non-

noble metal catalysts has been highly sought-after in the selective hydrogenolysis of HMF to 

DMF, where the dispersion of non-noble metal NPs and the interaction between the metal and 

the support could act as key factors. The following sections will summarize the current 

progress on heterogeneous catalysis for the production of DMF from HMF. The different 

catalysts characteristics (especially of non-noble metals) and the strategies to improve the 

selectivity will be highlighted. 

 

1.3.1 Catalytic performances of noble metal-based catalysts 

For noble metal-based catalysts, the relatively strong interaction between the furan ring, 

the aldehyde group, the hydroxymethyl group, and the metal surface, leads to a broad 

distribution of products. In order to increase the yield of DMF, strategies involve the use of 

proper metal additives and supports.  

Ru has been playing an important role, either as an additive or as the active metal, in the 

hydrogenolysis of HMF to DMF. Table 1.3 summarizes the performances of Ru-based catalysts for the 

DMF synthesis from HMF and fructose. Reaction temperatures vary from 50 to 260 °C and reaction 

pressures range between 0.8 and 6 MPa. The Dumesic group used CuRu/C as a catalyst in a 

pioneering work on the two-step conversion of fructose to DMF (71% yield), with HMF as an 

intermediate (Table 1.3, Entry 1).
33

 Later, Saha et al. reported on a Ru/C catalyst giving a maximum of 

32% DMF yield in 1 h from fructose (Table 1.3, Entry 7).37 However, formic acid and sulfuric acid 

were required as hydrogen source and deoxygenating agent. The Ru/C catalyst used by Hu et al. gave 

a DMF yield of 95% at complete conversion of HMF at 180 °C under 2 MPa of H2, but experienced 

deactivation after 3 cycles (Table 1.3, Entry 2). 29 Back to bimetallic systems, a recent work by Yang et 

al. showed that bi-functional 5wt.%Ru-MoOx/C afforded a DMF yield of 79.5% at complete 

conversion at 180 °C under 1.5 MPa. Ru species acted as hydrogenation sites, while MoOx assisted 

hydrogenolysis (Table 1.3, Entry 5). 35 
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Table 1.3 Catalytic performances of Ru-based catalysts for the conversion of HMF and fructose to DMF 

Entry Catalyst Feed condition 
P  

(MPa) 

T 

(˚C) 

t 

(h) 

conv. 

(%) 

yield 

(%) 
ref 

1 CuRu/C 5 wt.% HMF in 1-butanol 6.8 220 10 100 71 33 

2 Ru/C 3.6 mmol HMF; 20 mL THF 2 180 2 100 95 29 

3 40 wt% Ru/Co3O4 2 mmol HMF; 10 mL THF; 0.1 g 

catalyst 

0.7 130 24 99 93.4 34 

4 Ru-doped 

hydrotalcite 

1 mmol HMF; 25 mL 2-propanol; 0.05 g 

catalyst  

1 220 4 100 58 35 

5 Ru-MoOx/C 4 mmol HMF; 40 mL n-butyl alcohol; 

0.1 g catalyst 

1.5 180 1 100 79.5 35 

6 Ru/CoFe-LDO 2 mmol HMF; 10 mL THF; 0.1 g 

catalyst 

1 180 6 100 98.2 36 

7 Ru/C step 1: 4 mmol fructose, 2 mL formic 

acid, 150 ˚C, 2 h; step 2: 8 mL THF, 

0.028 mL concentrated H2SO4, 0.8 g 

Ru/C, 75 ˚C, 15 h 

- - - - 30 37 

a: hydrogen titration gives 0.01475 mol/g substrate; b: two-step DMF synthesis from fructose with HMF as an intermediate. 

 

Apart from carbon, Ru has been loaded on a variety of supports that contribute to the conversion of 

HMF to DMF. Zu et al. reported that Ru/Co3O4, prepared by co-precipitation, achieved a DMF yield 

of 93.4% at a conversion of over 99% HMF at 130 °C under 0.7 MPa of H2 (Table 1.3, Entry 3). 34 

This catalyst could be recycled 5 times without loss of activity. It was proposed that Ru was 

responsible for hydrogenation while CoOx allowed the adsorption of the hydrogenated intermediate 

and the subsequent C-O bond cleavage. Nagpure showed that a 0.56 wt.% Ru-containing hydrotalcite-

derived catalyst, prepared by co-precipitation, provided a DMF yield of 58% at complete conversion 

at 220 °C in 2-propanol under 1 MPa after 4 h (Table 1.3, Entry 4). 
35 The performances were retained 

after five cycles. A higher metal loading (1-1.7 wt.%) led to a lower yield of DMF due to a decreasing 

dispersion of Ru particles. A very recent work by Li et al. showed that a 5 wt.% Ru catalyst supported 

on a CoFe layered double oxide (CoFe-LDO) afforded a DMF yield of 98.2% at complete conversion 

in THF at 180 °C under 1 MPa after 6 h (Table 1.3, Entry 6). 36
 The catalyst could be recycled three 

times without loss of activity. The size of Ru particles was less than 3 nm. The catalytic performance 

was attributed to the cooperation between the metallic Ru sites and the CoO-Fe2O3 composite phase.  
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Table 1.4 Catalytic performances of Pt-based catalysts for the conversion of HMF to DMF 

Entry Catalyst Feed Conditions 
P  

(MPa) 

T 

(˚C) 

t 

(h) 

conv. 

(%) 

yield 

(%) 
ref 

1 Pt/C 1 wt.% HMF in 1-propanol; 0.05 g catalyst 3.3 180 0.5 100 27.2 39 

2 Pt/C 8 mmol HMF; 100 mL 1-propanol; W/F = 25 

g·min/g 

3.3 180 - 83.4 53.1 
31 

3 Pt/C 8 mmol HMF; 100 mL ethanol; W/F = 50 

g·min/g 

3.3 180 - 95.3 68.5 
40 

4 Pt3Co2/C 8 mmol HMF; 100 mL 1-propanol; W/F = 1.0 

g·min/g 

3.3 160 - 100 98 
41 

5 Pt3Ni/C 8 mmol HMF; 100 mL 1-propanol; W/F = 1.0 

g·min/g 

3.3 200 - 100 98 
42 

6 Pt2Zn/C 8 mmol HMF; 100 mL 1-propanol; W/F = 1.0 

g·min/g 

3.3 200 - 100 98 
42 

7 PtCu/C 8 mmol HMF; 100 mL 1-propanol; W/F = 1.0 

g·min/g 

3.3 200 - 100 96 
42 

8 PtCo@H

CS 

2 mmol HMF; 5.9 mL 1-butanol; 0.05 g 

catalyst 

1 180 2 100 98 
39 

9 Pt/AC 2 mmol HMF; 12 mL 1-butanol; 0.088 g 

catalyst 

3 120 2 67.4 32.6 
43 

10 Pt/rGO 2 mmol HMF; 12 mL 1-butanol; 0.08 g catalyst 3 120 2 100 73.2 
43 

11 Pt/OMD1
a 

2 mmol HMF; 20 mL water; 0.05 g catalyst 3 200 6 99 62.3 44 

a: Pt-OMD1, Pt supported on mesoporous nitrogen-rich carbon, prepared by organic matrix deposition method. 

 

The catalytic performance of Pt/C systems in the synthesis of DMF from HMF is summarized in 

Table 1.4. Compared to pure active carbon, the incorporation of nitrogen atoms to the surface of 

carbon not only enhances its conductivity, polarity and basicity, but also increases the strength of the 

carbon-metal interaction.
45,46

 In the aqueous phase, Pt supported on a nitrogen-rich carbon material 

(Pt/OMD1) synthesized using SBA-15 as a hard template, afforded a DMF yield of 62.3% at 99% 

conversion (Table 1.4, Entry 11).44 rGO can also contribute to the catalytic efficiency of Pt on four 

aspects: (i) the dispersion of Pt particles is improved, as both sides of rGO sheets are accessible to Pt 

particles and a strong interaction prevents their aggregation;
47

 (ii) oxo-functional groups on the 

surface of rGO may accelerate the catalytic reaction;
48

 (iii) the micropore-free structure of rGO favors 

the diffusion of HMF molecules; (iv) the selective adsorption of HMF may be favored.
43

 Shi et al. 

reported that a Pt/rGO catalyst afforded a DMF yield of 73.2% at complete conversion of HMF in 1-

butanol (Table 1.4, Entry 10).
 43 Finally, the combination of hollow carbon spheres and of a metal 

additive brings the catalytic performance of Pt-based catalysts to a higher level. Wang et al. 

encapsulated Pt NPs in hollow polymer spheres using a soft-templating method, followed by 

introduction of cobalt ions into the polymer shells through ion-exchange with carboxylate groups.39 

Small, homogeneously alloyed PtCo NPs (3.6 ± 0.7 nm) were formed in the system pyrolyzed at 

500 °C. Elemental mapping showed that PtCo NPs were located both in the hollow core and in the 
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carbon shell. The resulting catalyst afforded a DMF yield of 98% at complete conversion of HMF at 

180 °C and 1 MPa in butanol after 2 h (Table 1.4, Entry 8). 

Another strategy consists of performing the reaction in a flow reactor instead of a batch reactor. 

Luo et al. reported that the highest yield of DMF (27.2%) at full HMF conversion was reached within 

30 min over Pt/C in a batch reactor (Table 1.4, Entry 1), but with the formation of several side-

products, most of which originating from the over-hydrogenation of DMF.39 When the reaction was 

performed in a flow reactor, the selectivity to DMF significantly increased due to the shorter contact 

time between the catalyst and the reactants (Table 1.4, Entry 2).31 A higher yield (68.5% DMF at 

95.3% conversion) was obtained in the same conditions of temperature and pressure with a 

comparable catalyst (Table 1.4, Entry 3). 40 Recently, the same group reported a series of highly 

efficient Pt alloy catalysts. A yield of DMF as high as 98% was achieved over Pt3Co2/C, Pt3Ni/C, 

Pt2Zn/C and PtCu/C under flow conditions (Table 1.4, Entry 4-7).
 41, 42 It was proposed that alloying 

the metals modified the bonding of DMF so as to prevent the furan ring from lying down on the 

catalyst surface, suppressing the over-hydrogenation of DMF. Bimetallic catalysts also presented a 

higher stability. 

Table 1.5 Catalytic performances of Pd-based catalysts for the conversion of HMF to DMF 

Entry Catalyst Feed conditions 
P 

(MPa) 

T 

(˚C) 

t 

(h) 

conv. 

(%) 

yield 

(%) 
ref 

1 Pd/C 1 mL water; Pd/HMF, 1/5 molar ratio 1a 80 2 100 100 49 

2 Pd/C 1 mmol HMF; 1.5 mL acetonitrile; 3 g EMIMCl; 

0.002 g catalyst 

6.2 120 1 47 16 38 

3 Pd/C 0.5 mmol HMF; 10 mL THF; 0.06 g catalyst 0.1 60 6 99 99 50 

4 PdAu/C 1 mmol HMF; 10 mL THF; 0.03 g catalyst 0.1 60 6 99 99 50 

5 Pd/C 2 mmol HMF; 20 mL THF; 0.4 g catalyst 1.0 90 2 96 38 51 

6c Pd/C 2 mmol HMF; 10 mL THF; 0.4 g catalyst 0.1 70 15 100 95 52 

7 Pd/C 1 mmol HMF; 5 mL dioxane; 10 mmol formic 

acid; 0.1 g catalyst 

0.1(air) 120 20 95 95 53 

8 Pd/C 4 mmol HMF; 30 mL 1-propanol; 0.25 g catalyst 0.1 60 2.5 100 35.7 54 

9d Pd/Al2O3 4 mmol HMF; 30 mL 1-propanol; 0.25 g catalyst 0.1 60 2.5 100 28.3 54 

a: PH2 = 1 MPa, PCO2 = 10 MPa; b: Pd-OMD1, Pd supported on mesoporous nitrogen-rich carbon, prepared by organic matrix 

deposition method c: formic acid and H2SO4 used as co-catalysts; d: 6 μL HCl added.  

 The production of DMF from HMF over Pd-based catalysts has been widely studied. Table 

1.5 summarizes the catalytic performances of typical Pd-based catalysts reported in the 

literature. Temperatures vary between 60 and 220 °C, while pressures range from 

atmospheric pressure to 6.2 MPa. The best performance was obtained with a Pd/C catalyst 

under supercritical conditions, achieving a total conversion of HMF to DMF in water at 
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80 °C, under 10 MPa CO2 and 1 MPa H2 after 2 h (Table 1.5, Entry 1). In such conditions, 

noble metals such as Pt and Ru, considered as highly active in hydrogenation, exhibit 

extremely low catalytic activities. Pd generally favors decarbonylation, ring hydrogenation 

and ring hydrogenolysis of HMF.
1
 Different strategies have been attempted to suppress these 

side-reactions, such as using co-catalysts, metal additives, alloys, specific supports or 

solvents, or tuning the experimental conditions. 

Acids such as HCOOH, HCl, and H2SO4 have proved to be effective co-catalysts to improve the 

yield of DMF from HMF with Pd-based catalysts in CTH processes. 52, 53, 54
 With HCOOH and H2SO4 

in the reaction medium, a DMF yield of 95% was obtained from HMF with Pd/C in THF under mild 

experimental conditions (Table 1.5, Entry 6). Formic acid played three roles: (i) hydrogen source for 

the formation of BHMF as the intermediate (Figure 46); (ii) reagent for the deoxygenation of 

furanylmethanols; (iii) inhibitor to the decarbonylation and furan ring hydrogenation routes.
 52, 53 

H2SO4 was used to catalyze the etherification reaction of the intermediate products, which improved 

the efficiency of the hydrogenolysis steps. HCl also prevented the undesired furan ring hydrogenation, 

and enhanced the hydrogenolysis steps through a nucleophilic substitution of Cl
-
 onto the hydroxyl 

groups, forming a reactive chlorinated intermediate:
 54 

both the strong acidity of HCl and the presence 

of chloride ions were thus necessary to orientate the conversion of HMF to DMF with high efficiency. 

CH3COOH, CO2/H2O and dimethyldicarbonate ([CH3OC(O)]2O) also exhibited co-catalytic effects.
 53 

However, acid co-catalysts cause the corrosion of the equipment and environmental pollution, which 

may restrict their practical applications. 

In contrast to acidic co-catalysts discussed above, the use of the acidic supports led to negative 

effects for this transformation. Carbon is the most used support for Pd phase in the production of 

DMF from HMF (Table 1.5). Pd supported on SiO2, β-zeolite, Amberlyst-15 and α-Al2O3 afforded no 

more than a DMF yield of 40% from HMF (1.0 mmol HMF, 10 mL THF, 0.17 mmol HCl, 31.3 mg 

catalyst, Pd = 0.47 mmol/g, 0.1 MPa H2, 60 °C, 12 h), while a DMF yield of 66% could be obtained 

with Pd/C.50 The support acidity could induce side-reactions such as the furan ring opening.
 
Besides, 

when the conversion of HMF was performed in water, the hydrophobic/hydrophilic nature of the 

support also affected the catalytic performance. Pd loaded over hydrophilic supports, such as Al2O3 

and MCM-41, exhibited lower catalytic activities than Pd/C. 49 

The nature of the solvent has an important influence on the properties of Pd-based catalysts. The 

most commonly used solvent for the synthesis of DMF from HMF is THF. Water, alcohols, ionic 

liquids and dioxane have also been tried. The low solubility of H2 in EMIMCl (an ionic liquid) was 

proposed to be responsible for the low conversion of HMF over Pd/C (Table 1.5, Entry 2). 38 Solvation 

influences the adsorption behavior of the substrates and intermediates. In non-polar solvents, polar 
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reactants tend to be less strongly solvated and thus adsorb more strongly onto the surface of the 

catalyst.
55

As BHMF is a more polar compound than DMF, less polar solvents such as THF and 1,4-

dioxane favor its strong adsorption, and a higher selectivity in DMF is obtained than in more polar 

solvents such as n-butanol. 51 

However, the cost and availability of noble metals may limit their large-scale applications. Non-

noble metal-based catalysts, such as Cu-, Ni- and Co- based catalysts, are more appealing, though 

harsher experimental conditions are generally required and a durability problem often occurs.  

1.3.2 Catalytic performances of non-noble metal based catalysts 

Monometallic Cu-based catalysts minimize side reactions of decarbonylation and ring 

hydrogenation, but suffer from a low activity for H2 activation and from stronger interactions with 

BHMF than with DMF, which makes the second step of the conversion of HMF to DMF slow.
1
 Under 

optimized reaction conditions (e.g., temperature, pressure and solvent), bimetallic Cu-based catalysts 

and active/modified carriers have been proposed to overcome this problem. Reaction temperatures 

generally range between 180 and 260 °C, and pressures span from 1.5 to 6.8 MPa. Solvents 

commonly used include alcohols (e.g., methanol, ethanol, 2-propanol, 1-butanol) and ethers (e.g. 

THF, CPME, 1,4-dioxane). The influence of solvents is mainly reflected in the product 

distribution.
19,57,65

 When methanol was used as solvent with a basic catalyst, large amounts of 

etherification products were observed.
19

 When water was the solvent or was present as impurity, the 

selectivity shifted from DMF to BHMF over Cu/γ-Al2O3, due to the coverage by water of sites active 

for hydrogenolysis.
65

 

Common bimetallic combinations used for HMF hydrogenolysis include Cu-Ru, Cu-Zn, and Cu-

Ni. Kumalaputri et al. reported that the addition of a small amount of Ru in copper-doped porous 

metal oxides (PMO) was beneficial to the yield of DMF, because of the high hydrogenolysis ability of 

Ru.
19

 However, the promoting effect was limited to high-temperature conditions (220 °C), and low 

reaction temperatures (100-140 °C) only led to BHMF as the main product, with the same yield of 

DMF as the unpromoted Cu catalyst. Later, the same group reported a higher catalytic performance of 

a commercially available Cu-Zn nanoalloy catalyst, which gave a combined yield of DMF and 

DMTHF of 94% (DMF/DMTHF = 18:1) at complete conversion in cyclopentyl methyl ether (CPME) 

at 200 °C under 2 MPa after 6 h.
20

 Recycling tests showed that the CuZn nanoalloy was stable for the 

first and second cycles, and then deactivated due to morphological and element distribution changes, 

in addition to deposition of organics. The structural changes depended on the solvent used. In CPME, 

homogeneous Cu-Zn nanoalloys transformed into a core-shell structure in which Zn covered copper-

rich cores, whereas acicular particles formed in methyl isobutyl carbinol. The activity of the catalyst 

could be recovered by calcination, suggesting that the structural changes were reversible. In a very 
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recent work, Guo et al. demonstrated that the combination of Cu with Co and graphene could achieve 

a high selectivity for DMF synthesis.
58

 A CuCo catalyst, prepared from acetate and 1,10-

phenanthroline precursors on N-doped reduced graphene oxide (NGr) supported on alumina, gave a 

near complete conversion of HMF to DMF in THF at 180 °C under 2 MPa after 16 h (Table 1.6, Entry 

10). No Cu-Co alloy was detected in the catalyst, but a synergistic effect between Cu, Co and 

pyrrolic-N species over the NGr/α-Al2O3 support was believed to explain the high activity of the 

catalyst. However, this catalyst was troubled with deactivation since a 13% decrease of DMF yield 

started from the second run. 

 

  Table 1.6 Catalytic performances of Cu-based catalysts for the conversion of HMF to DMF 

Entry Catalyst Feed conditions 
P  

(MPa) 

T 

(˚C) 

t 

(h) 

conv. 

(%) 

yield 

(%) 
ref 

1 CuCrO4 5 wt.% HMF in 1-butanol 6.8 220 10 100 61 33 

2 CuRu/C 5 wt.% HMF in 1-butanol 6.8 220 10 100 71 33 

3 CuRu/C 10 wt.% HMF in 1-butanol; 1 g catalyst; H2 

flow rate equals to 19 mL(STP)/min 

1.7 220 -a 100 79 33 

4 Cu20-PMO b 4 mmol HMF; 20 mL ethanol; 0.1 g catalyst 5 220 12 100 51.7 19 

5 Cu20-Ru2-PMO c 4 mmol HMF; 20 mL ethanol; 0.1 g catalyst 5 220 6 100 61 19 

6 d Cu/AlOx 0.2 mol/L HMF; 0.6 mol/L 1,4-butanediol;  

1.5 g catalyst 

1.6 220 0.5 100 72 56 

7 CuZn nanoalloy 13.6 mmol HMF; 20 mL CPME; 0.2 g 

catalyst 

2 200 6 100 89.1 20 

8 Cu/ZnO 11.9 mmol HMF; 35 mL 1,4-dioxane; 0.5 g 

catalyst 

1.5 220 5 100 91.8 57 

9 CuZrOx 0.7 wt.% HMF in 1-butanol 1.5 200 2 99 60.6 30 

10 CuCo®/NGr/αAl2

O3 

1 mmol HMF; 2 mL THF; 0.1 g catalyst 2 180 16 >99 >99 58 

11 CuNi/Al2O3 1.6 mmol HMF; 20 mL THF; 0.5 g catalyst 3 200 6 100 56 59 

12 Cu3Ni/C 8 mmol HMF;100 mL 1-propanol; 0.05 g 

catalyst 

3.3 180 -a 100 98.7 60 

13 CuNi/TiO2 4 mmol HMF; 25 mL 1,4-dioxane; 0.3 g 

catalyst 

2.5 200 8 100 84.3 61 

14 Raney Cu 12 mmol HMF; 35 mL 1,4-dioxane; 0.5 g 

catalyst 

1.5 180 15 25.1 10.5 62 

15 e Cu/PMO  0.8 mmol HMF; 3 mL methanol; 0.1 mg 

catalyst 

- 260 3 100 48 63 

16 ―Cu3Al‖ oxide 1.2 mmol HMF; 15 mL methanol; 0.1 g 

catalyst 

1(N2) 240 1.5 >99 96.7 64 

  a: continuous flow; b: Cu0.59Mg2.34Al1.00O4.5;
 c: Cu0.61Mg2.33Al0.98Ru0.02O4.84; 

d: combined 1,4-butanediol lactonization and 

transfer hydrogenation/hydrogenolysis of HMF under continuous flow conditions; e: CTH conversion of HMF by 

supercritical methanol, Cu/PMO represents Cu-doped Mg-Al oxides. 
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CuNi catalysts prepared by impregnation display a low selectivity due to the presence of Ni-rich 

particles providing over-hydrogenation.
59,60

 Recent strategies have relied on innovative preparation 

methods or SMSI effects. Luo et al. showed that bimetallic carbon-supported NiCu3 nanocrystals 

prepared by a solvothermal method, and consisting of a Cu-rich core and a 1:1 molar Ni:Cu shell, led 

to an excellent DMF yield of 98.7% at complete conversion at 180 °C under 3.3 MPa in a continuous 

flow reactor.
60

 The homogeneity of the particles surface was considered as the key factor for high 

catalytic efficiency. Seemala et al. used TiO2 as support to selectively form strong Ni-TiO2 

interactions in Cu-Ni/TiO2, which resulted in a deficit of Ni at the particle surface and a promotion of 

Cu hydrogenation activity without compromising selectivity.
61

 As a result, Cu-Ni/TiO2 gave a DMF 

yield of 84.3% at complete conversion at 200 °C under 2.5 MPa in 1,4-dioxane after 8 h. Besides, the 

strong Ni-TiO2 interactions stabilized the bimetallic particles on the support, which improved the 

catalyst stability. In contrast, monometallic Cu or Ni, or bimetallic CuNi/Al2O3 showed inferior 

catalytic performances and poor stability.  

As is the case for Cu-based catalysts, the product distribution of HMF hydrogenation over Ni-based 

catalysts is highly temperature-dependent. Increasing the reaction temperature (generally to 130-

230 °C) shifts the reaction from BHMF to DMF. However, Ni alone does not provide a high 

selectivity to DMF due to its high hydrogenation ability, which induces the formation of by-products 

such as FOL, MFOL, DMTHF and BHMTHF.
14,66

 Three strategies have been reported so far to 

improve the selectivity of Ni to DMF.  

Table 1.7 Catalytic performances of Ni-based catalysts for the conversion of HMF to DMF 

Entry Catalyst Feed conditions 
P  

(MPa) 

T 

(˚C) 

t 

(h) 

conv. 

(%) 

yield 

(%) 
ref 

1 Raney Ni 12 mmol HMF; 35 mL 1,4-dioxane; 0.5 g 

catalyst 

1.5 180 15 100 88.5 62 

2 Ni-W2C/AC 1 mmol HMF; 12 mL THF; 0.12 g catalyst 4 180 3 100 96 67 

3 NiAl-850 12 mmol HMF; 35 mL 1,4-dioxane; 0.1 g 

catalyst 

1.2 180 4 100 91.5 68 

4 Ni2-Fe1/CNTs 4 mmol HMF; 20 mL n-butanol; 0.05 g 

catalyst 

3 200 3 100 91.3 69 

5 NiSi-PSa 12 mmol HMF; 38 mL 1,4-dioxane; 0.08 g 

catalyst  

1.5 130 3 100 72.9 70 

6 NiSi-IMP-20 12 mmol HMF; 38 mL 1,4-dioxane; 0.08 g 

catalyst prepared by impregnation 

1.5 130 3 50.9 9 70 

7 Ni-OMD3b 2 mmol HMF; 20 mL water; 0.05 g catalyst 3 200 6 >99.9 >98.6 44 

8 LaFeO3 

supported Ni 

1 mmol HMF; 12 mL ethanol; 0.1 g 

catalyst 

5 230 6 >99 98.3 71 

9 Ni/C 8 mmol HMF; 100 mL 1-propanol; W/F = 

2 g⸱min/mL 

3.3 180 - c 92 53 31 

10 NiZnAl metal 

oxides 

12 mmol HMF; 34 mL dioxane; 0.15 g 

catalyst; Ni/Zn molar ratio 1 

1.5 180 15 100 93.6 72 

a: Ni NPs from nickel phyllosilicate; b: Ni-OMD3, Ni supported on mesoporous nitrogen-rich carbon, prepared by organic 

matrix deposition (OMD) method; c: continuous process 
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The first one consists of introducing a proper amount of Lewis acidic sites onto the catalyst surface 

as promoters for C-O hydrogenolysis. Huang et al. showed that a 7 wt.% Ni-30 wt.% W2C/AC 

catalyst afforded a DMF yield as high as 96% at complete conversion of HMF at 180 °C under 4 MPa 

after 3 h in THF (Table 1.7, Entry 2).
67

 The synergy between W2C and Ni was the key to the success 

of this bifunctional catalyst, where W2C acted as the source of Lewis acidity, offering deoxygenation 

sites while Ni offered the hydrogenation function. A slight deactivation attributed to the deposition of 

carbonaceous species on the metal sites occurred after 4 cycles. A modification of the catalyst 

preparation parameters could also supply acidic sites. Kong et al. reported on a Ni-Al mixed oxide 

catalyst (NiAl-850, Ni/Al atomic ratio = 3), with which a DMF yield of 91.5% at complete conversion 

of HMF was obtained in 1,4-dioxane at 180 °C under 1.2 MPa after 4 h.
68

 Surface acidic sites were 

formed by dehydration of the hydrotalcite precursor during the calcination process. The key to the 

high selectivity of DMF was the use of a high calcination temperature (850 °C) followed by reduction 

at 500 °C for 2 h, resulting in a proper balance between hydrogenolysis (through surface acidic sites) 

and hydrogenation (on metallic Ni). When the reaction time was prolonged to 20 h, a DMTHF yield 

of 97.4% at complete HMF conversion could be obtained over NiAl-850 in the same reaction 

conditions. Finally, Kong et al. reported that there was a synergy between Ni NPs arising from nickel 

phyllosilicate reduction (average size = 3.3 nm) and Lewis acidity from coordinately unsaturated, 

unreduced Ni (II) sites.
70

 This synergy was beneficial to hydrogenolysis at low temperature. The total 

yield of DMF and DMTHF was 83-90% (DMF: 64-73%) at a complete conversion of HMF at 130-

150 °C under 1.5 M Pa in 1,4-dioxane after 3 h. It was proposed that during hydrogenolysis, the C=O 

bond of HMF simultaneously adsorbed to a metallic Ni site via the C atom and to an acidic site via the 

O atom, forming the CH2OH-(C4H3O)-CH= intermediate, which was then hydrogenated and 

hydrogenolyzed into DMF and DMTHF. As compared to phyllosilicate-derived Ni catalysts, using 

commercial silica sol, Al2O3 or ZrO2 as support resulted in inferior catalytic performances due to the 

inadequate distance between metallic and acidic sites. 

  The second strategy is based on bimetallic catalysts. The addition of oxophilic Fe to form a Ni-Fe 

alloy favors the selective cleavage of the CH2-OH bond.
73

 Yu et al. showed that Ni-Fe alloys with a 

controlled Ni/Fe atomic ratio could be formed on the surface of carbon nanotubes by co-impregnation. 

This led to a high selectivity to DMF.
69

 A NiFe/CNT catalyst (10 wt.% Ni, Ni/Fe atomic ratio = 2) 

afforded a DMF yield of 91.3% at complete conversion of HMF at 200 °C under 3 MPa in n-butanol 

after 3 h. The catalyst experienced a gradual loss of selectivity to DMF, though the conversion of 

HMF was maintained. This was explained by the deposition of carbonaceous species on the active 

centers.   
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Table 1.8 Catalytic performances of Co-based catalysts for the conversion of HMF to DMF 

Entry Catalyst Feed conditions 
P  

(MPa) 

T 

(˚C) 

t 

(h) 

conv. 

(%) 

yield 

(%) 
ref 

1 Raney Co 12 mmol HMF; 35 mL 1,4-dioxane; 0.5 g 

catalyst 

1.5 180 15 94.3 78.5 62 

2 Co3O4 2 mmol HMF; 10 mL THF; 0.1 g catalyst 1 130 24 >99 70 74 

3 Ni-Co oxides 2 mmol HMF; 10 mL THF; 0.1 g catalyst 1 130 24 >99 76 74 

4 Co/C 8 mmol HMF; 100 mL 1-propanol; W/F = 

2 g·min/mL 

3.3 180 - 98 54 31 

5 Co@C 2 mmol HMF; 10 mL ethanol; 0.02 g 

catalyst 

5 180 8 100 91.9 75 

6 CoCu@C 2 mmol HMF; 10 mL ethanol; 0.02 g 

catalyst; Co/Cu molar ratio 3 

5 180 8 100 99.4 75 

7 CoNi@C 2 mmol HMF; 10 mL ethanol; 0.02 g 

catalyst; Co/Ni molar ratio 3 

5 180 8 100 97.8 75 

8 CoZn@C 2 mmol HMF; 10 mL ethanol; 0.02 g 

catalyst; Co/Zn molar ratio 3 

5 180 8 100 91.5 75 

9 CoAg@C 2 mmol HMF; 10 mL ethanol; 0.02 g 

catalyst; Co/Ag molar ratio 3 

5 180 8 100 96.2 75 

10 Co/NGr/α-Al2O3 1 mmol HMF; 2 mL THF; 0.1 g catalyst 2 180 16 97 65.5 58 

11 CoCu/NGr/α-

Al2O3 

1 mmol HMF; 2 mL THF; 0.1 g catalyst;  

Cu/Co molar ratio 1 

2 180 16 >99 >99 58 

12 CoNi/C 2 mmol HMF; 10 mL THF; 0.2 g catalyst; 

2 wt.% Ni; 20 wt.% Co 

1.5 210 24 99 61 76 

13 CoNi/C 2 mmol HMF; 10 mL THF; 20 mmol 

formic acid;  

0.2 g catalyst; 2 wt.% Ni; 20 wt.% Co 

-  210 24 99 90 76 

 

The third strategy focuses on supports displaying strong interactions with Ni. Goyal et al. showed 

that a nitrogen-rich mesoporous carbon support helped to disperse Ni NPs (< 5 nm) and to stabilize 

them during the reaction.
44

 The catalyst (Ni/OMD3, 3 wt.% Ni over N-containing carbon) gave a 

DMF yield of 98.6% at near complete conversion of HMF at 200 °C under 3 MPa in water after 6 h. 

Perovskite-type functional materials also exhibited good potential for the HMF hydrogenolysis 

process. In a very recent work by Chen et al., a LaFeO3-supported Ni catalyst (20 wt.% Ni), prepared 

by a one-step citric acid-complexing method, provided a DMF yield of 98.3% at near complete 

conversion of HMF at 230 °C under 5 MPa in ethanol after 6 h.
71

 The DMF yield was maintained 

above 90% after 5 cycles. 
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Cobalt catalysts generally exhibit higher selectivities to DMF than Ni and higher hydrogenation 

activities than Cu. Successful Co-based catalysts feature bimetallic compositions (e.g., Co-Cu, Co-Ni, 

Co-Zn and Co-Ag) or the promoting effect of the support. Metal additives, Ni, Cu, and Ag, are used to 

enhance the hydrogenolysis activity of Co-based catalysts. A Ni-Co metal oxide catalyst prepared by a 

hydrothermal method could afford a DMF yield of 76% at near complete conversion of HMF under 

mild reaction conditions (130 °C, 1 MPa) in THF after 24 h. This catalyst could be recycled 6 times 

without loss of activity and selectivity.
70

 Guo et al. showed that an N-graphene-modified α-Al2O3 

supported Co catalyst (Co/NGr/α-Al2O3) gave a DMF yield of 65.5% at 97.3% conversion of HMF at 

180 °C under 2 MPa in THF after 16 h (Table 1.5, Entry 10).
52

 The addition of Cu (CuCo/NGr/ α-

Al2O3) increased the DMF yield to almost 100%. The high efficiency of bimetallic Cu-Co catalysts 

was confirmed by Chen et al. in a very recent work, in which carbon-coated Cu-Co NPs (Cu-Co@C) 

afforded a DMF yield of 99.4% at 100% conversion of HMF at 180 °C under 5 MPa in ethanol after 8 

h.
71

 Polyetheneglycol acted both as the carbon source and as the reductant for metal species. The high 

reactivity of Cu-Co@C was attributed to the high hydrogenolysis activity of Co@C and to a 

synergistic effect between metallic copper sites, Co
0
 and cobalt oxide species. The catalyst protected 

from oxidation by carbon layers was recycled for 6 runs, but the abrasion of the carbon coating 

resulted in a gradual deactivation of the catalysts in the next runs. Besides, it was shown that the 

addition of Ni and Ag could also improve the yield of DMF to 96-98%, as compared with 

monometallic cobalt catalyst. 

Table 1.9 Catalytic performances of Fe-based catalysts for the conversion of HMF to DMF 

Entry Catalyst Feed conditions 
P  

(MPa) 

T 

(˚C) 

t 

(h) 

conv. 

(%) 

yield 

(%) 
ref 

1 5 wt.% Fe-L1/C-800a 0.5 mmol HMF; 20 mL n-butanol; 

0.1 g catalyst 

4 240 5 100 86 77 

2 20 wt.% Fe-N/C  0.5 mmol HMF; 20 mL n-butanol; 

0.1 g catalyst 

4 240 6 100 86 78 

3 5 wt.% Fe-L1/C-800a 0.5 mmol HMF; 20 mL n-butanol; 

0.1 g catalyst 

1(N2) 240 12 100 67 77 

a: L1 represents 1,10-phenanthroline (nitrogen precursor), 800 is the pyrolysis temperature (˚C).  

Fe alone displays very limited hydrogenation/hydrogenolysis activity. For example, a BHMF yield 

of 96% and a DMF yield of 91% could be obtained with a bimetallic Ni-Fe/CNT catalyst at 110 °C 

and 200 °C respectively, while only very small amounts of HMF were converted over Fe/CNT in the 

same reaction conditions.
69

 But with the help of additives and/or functional supports, the 

hydrogenation reactivity of Fe-based catalysts can be significantly improved.  
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The production of DMF over Fe-based catalysts has been realized at high reaction temperatures 

(i.e., 240 °C) using either H2 or alcohols as hydrogen donor. The first example was reported recently 

by Li et al.
77

 A Fe-based catalyst (Fe-L1/C-800) was prepared by simultaneous pyrolysis of Fe (II) 

acetate and 1,10-phenanthroline (L1) on activated carbon at 800 °C, leading to the formation of FeNx 

species proposed as the active phase. The catalytic performance was sensitive to the nature of the 

nitrogen precursor, pyrolysis temperature and Fe/N molar ratio. A DMF yield of 67% at complete 

catalytic transfer hydrogenation (CTH) of HMF was obtained at 240 °C under 1 MPa N2 in n-butanol 

after 12 h (Table 1.9, Entry 3). A H2 pressure of 4 MPa further increased the DMF yield up to 86% 

(Table 1.9, Entry 1) and prevented a loss of activity and selectivity after 5 cycles. However, this Fe-

based catalyst was troubled with a low carbon balance during the reaction (< 80 %), explained by the 

polymerization of furanic compounds on the Lewis acidic sites of the catalyst. A later publication by 

the same group reported on a similarly active Fe-based catalyst (Fe-N/C) prepared from a different 

iron precursor (Fe(III) acetylacetonate) and a different nitrogen precursor (melamine) (Table 1.9, 

Entry 2).
78

 Iron particles appeared as encapsulated in nitrogen-doped carbon shells, which were 

considered to be crucial for the hydrogenolysis of HMF to DMF. Unfortunately, limited catalyst 

stability was observed. A gradual loss of activity was attributed to Fe leaching, iron oxidation to 

Fe3O4, and changes of the textural properties. 

 

1.4 The production of DMTHF from HMF 

The further hydrogenation of DMF gives DMTHF. DMTHF is similar to DMF in terms of energy 

density (3.2  10
6
 J/L), volatility (boiling point 90-92 ˚C), and solubility (immiscible in water).

79
 

Besides, because DMTHF is a saturated molecule, it has good storage and transportation stability and 

is a better candidate for liquid fuel. Moreover, DMTHF is also a valuable organic solvent.  

 

 

Figure 1.4 Production of DMTHF from carbohydrates and cellulosic biomass 
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The production of DMTHF is a newly-developing research field, with only a few works reported so 

far. Nevertheless, the synthesis of DMTHF using both biomass and HMF as reactants has been 

disclosed. A recent work by Sen and co-workers firstly revealed the feasibility to produce DMTHF 

from biomass-derived carbohydrates, cellulose and raw lignocellulose in one step with dual 

homogeneous catalyst system (Figure 1.7.).
79,80

 In their work, a homogeneous catalytic system 

composed of rhodium chloride and an acid under hydrogen atmosphere was applied, which could 

afford over 80% yield of DMTHF. However, the use of an expensive rhodium salt and the potentially 

corrosive acid clearly makes the process unsustainable. The production of DMTHF from fructose with 

heterogeneous catalysts was firstly explored by Jackson et al.
81

 In their work, a sulfur-modified Pt/C 

catalyst afforded a DMTHF yield of nearly 50% in a stirred reactor at 10.3 MPa H2 and 175 ˚C in 

ethanol solution. However, the catalyst lost sulfur during the reaction and could not be reused.  

Using HMF as reactant, Luo and co-workers tested the catalytic performances of a series of metal-

based catalysts supported on activated carbon (i.e., Pd, Pt, Ir, Ru, Ni, Co) under flow reaction 

conditions (180 °C, 33 bar, space time in range of 0.25-10 g·min·mL
-1

).
31

 Their work showed that it 

was easier for noble metal-based catalysts (i.e. Pd/C, Ir/C, Pt/C) to catalyze the formation of DMTHF 

especially at high space time (W/F = 1-4 g·min·mL
-1

). Pd/C was the most active catalyst, affording a 

DMTHF yield of 55% at a space time of 4 g·min·mL
-1

. In contrast, with non-noble metal-based 

catalysts (i.e., Ni/C, Co/C), DMTHF was much less apt to be produced, giving DMTHF yields lower 

than 10% even at high space time (i.e. W/F = 8 g·min·mL
-1

). Bottari et al. reported work on 

commercial CuZn powder, which afforded a DMTHF yield of 25% (220 °C, 20 bar H2, 0.5 g HMF, 

0.1 g CuZn, 20 mL CPME in batch reactor) with DMF as the primary product.
20

 Their study also 

showed that the nature of the solvent has a significant impact on the formation of DMTHF. The 

DMTHF yield increased as follows under the same reaction conditions: ethanol < isopropanol < 

methyl isobutyl carbinol (MIBC) < 2-methyltetrahydrofuran < cyclopentyl methyl ether (CPME). 

Ni-based catalysts appear to be the most interesting non-noble metal-based catalysts for the 

production of DMTHF from HMF. Work by Kong et al. showed that a nickel catalyst supported on 

silica prepared by the ammonia evaporation method afforded a DMTHF yield of 26.1% (150 °C, 15 

bar, 3 h, 1.5 g HMF, 38 mL 1,4-dioxane).
70

 A breakthrough in highly efficient production of DMTHF 

was reported by the same group. 
68

 In their work, a Ni-Al mixed oxide catalyst (derived from a 

hydrotalcite-like precursor after calcination at 850 °C, Ni/Al atomic ratio = 3) was able to afford a 

DMTHF yield of 97.4% at complete conversion of HMF at 180 °C under 12 bar H2 after 20 h. As 

mentioned in the former section, the key to the high selectivity to DMTHF was the use of a high 

calcination temperature (850 °C), followed by reduction at 500 °C for 2 h, resulting in a proper 

balance between hydrogenolysis aided by surface acidic sites and hydrogenation on metallic Ni, as 

well as of a long reaction time, as short reaction time led to the selective formation of DMF. However, 



 

37 
 

this catalyst was not stable during the stability tests, losing around 40% HMF conversion after 7 runs 

due to the deposition of carbon species on the active sites. 

However, on the whole, the research in the production of DMTHF is still at its infancy at present. A 

more thorough exploration is expected in this field. 

1.5 Conclusion 

HMF plays an important role as a platform molecule in the valorization of lignocellulosic biomass 

into valuable chemicals and liquid fuels. Heterogeneous catalysis, based on both noble and non-noble 

metal-based catalysts, is central in reaching this objective. Due to advantages in terms of reserves and 

prices, the application of non-noble metal-based catalysts is increasingly attracting attention. Among 

the non-noble metal-based catalysts, bimetallic Cu-based and Ni-based catalysts, or catalysts based on 

functional supports, have shown great potential as alternatives to noble metal-based catalysts for the 

hydroconversion of HMF to valuable chemicals, in particular BHMF, DMF and DMTHF. However, at 

present, the exploration of these non-noble metal-based catalysts in HMF hydroconversion is still at 

an early stage, and a series of open problems still exist.  

A more complete understanding of the fundamental aspects of the reaction, including kinetic 

modeling and the determination of the active sites and of the intermediates, is far from being 

reasonably accomplished for the production of most of the chemicals from HMF. Furthermore, 

avoiding side-reactions is still a complex issue, especially with monometallic systems that do not 

benefit from the introduction of additives, or from the adsorptive or acid-base properties of the 

support. On the one hand, the activity of non-noble metal based catalysts generally requires harsher 

reaction conditions than noble metals. On the other hand, the selectivity to the target product is highly 

sensitive to the reaction conditions (e.g., temperature, pressure, contact time and solvent). 

Overhydrogenation or polymerization reactions can be caused by a high reaction temperature.  

Actually, in these conditions, a striking problem is the deactivation of the catalyst due to structure 

degradation (metal sintering), leaching, valence change of the metals, or carbon deposition. 

Deactivation by deposition of heavy by-products is a problem for most of the catalysts described 

herein. This is especially true for the transformation of HMF whose boiling point is high, making it 

difficult to devise gas-phase conversion. Polymerization and self-etherification reactions in the case of 

HMF hydroconversion have often been reported, when the mechanism involves steps catalyzed by 

acidic sites and when experimental conditions are severe. The mechanisms underlying the 

deterioration of the catalysts performances are still not fully understood. 
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Besides, the control and tunability of the chemical composition of non-noble bimetallic 

nanoparticles are still limited when catalysts are prepared with traditional methods such as co-

precipitation or co-impregnation of metal nitrates. These procedures often result in a poor control of 

the average size and of the distribution of the particle sizes. It has been shown that the dispersion of 

the active NPs, and the chemical order within bimetallic NPs (alloys, core-shell), could have 

significant influences on the catalytic performances. However, research on the effects of the active 

metal NPs dispersion is still rare in the literature, both for monometallic and bimetallic systems. 

Studying the influence of the preparation method and of the particle size distribution on the catalytic 

performances is thus of prime importance to achieve optimized catalytic performances, before 

optimizing the local composition of multimetallic formulations.  

In the current project, and because of the lack of systematic information on these systems, we have 

chosen to focus on the study of the impact of the dispersion of monometallic Ni and Cu NPs prepared 

on mesoporous supports, chosen for their high surface area. The preparation procedure of these 

monometallic Ni- and Cu-based catalysts was varied in order to change the metal particle size, 

provide different metal dispersion, and ultimately to: 

1/ Evaluate their catalytic performances in the hydroconversion of HMF to DMF and DMTHF, and 

compare Ni and Cu-based catalysts; 

2/ For a given metal, investigate the effects of the size and of the localization of the active metal 

NPs on the catalytic performances in the selective hydrogenation reactions; 

3/ Reveal the sequence of reactions involved in the hydroconversion of HMF to DMF/DMTHF on 

Ni and Cu monometallic catalysts. 
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2.1 Introduction 

  Throughout this chapter, the materials, equipment and methods involved in the catalyst 

preparation, characterization and catalysis test are described. The first section is dedicated to 

the preparation of the support materials, including the preparation of SBA-15 silica. The 

second section focuses on the dispersion of the different metals (i.e., Ni, Co and Cu) on the 

support materials. The third section describes the instruments used for material 

characterizations. The last section involves description of the instruments used for the 

catalysis tests, and is followed by the building-up of the product analysis methods and the 

detailed setting parameters of the product analysis. 

2.2. Catalyst preparation 

2.2.1. Preparation of the SBA-15 mesoporous silica support 

SBA-15 was prepared according to classical procedure, using Pluronic P123 Pluronic P123 

(poly(ethyleneoxide)-block-poly(propyleneoxide)-blockpoly(ethyleneoxide)-block), 

PEO20PPO70PEO20, molecular weight of 5800, BASF Corp.) as the template agent and 

tetraethylorthosilicate (Si(OC2H5)4, TEOS, 98%, Sigma-Aldrich) as the source of silica. To 

obtain 2.4 g of SBA-15, 4 g of P123 was dissolved in 150 mL of hydrochloric acid (HCl, 

37%, Sigma-Aldrich) aqueous solution (1.6 M). The mixture was kept under stirring at 40 °C 

for 24 h before adding 8.5 g TEOS. The suspension was transferred into a Teflon-lined 

autoclave, and aged at 100 °C for 48 h. After the synthesis, the resulting white solids was 

filtered, washed with distilled water and dried at 80 °C for 24 h. Finally, the sample was 

calcined at 550 °C for 6 h (heating rate: 1.5 °C/min) to remove the organic template.  

Dried SBA-15 materials, aged at different temperatures (i.e. 60, 100 and 140 °C), were 

used for the melt infiltration procedure described in Chapter 4. The calcined SBA-15 material 

aged at 100 °C was used as support in all other studies (Cu-based catalysts in Chapter 5 and 

Ni/SBA-15 catalyst prepared by in-situ auto-combustion in Chapter 3).  
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2.2.2. Preparation of Cu/SBA-15 catalysts 

Cu/SBA-15 catalysts were prepared by three different methods, namely, incipient wetness 

impregnation – mild drying (IWI-MD), in-situ automatic combustion (ISAC) and deposition-

precipitation (DP). The metal loading for all the catalysts was fixed at 15 wt.%.  

IWI-MD procedure: to prepare 1 g of Cu/SBA-15 catalyst, 1.02 mL of a copper nitrate 

aqueous solution (2.35 mmol/mL; Cu(NO3)2·2.5H2O, 98%, Sigma-Aldrich) was dropped into 

0.85 g of SBA-15 powder (pore volume: 1.2 mL/g) and then mixed homogeneously. The wet 

mixture was put in an oven set at 25 °C and aged in static air conditions for five days. The 

calcination was thereafter performed at 500 °C for 6 h with a ramp of 1.5 °C/min. The 

calcined Cu/SBA-15 sample is denoted as 15Cu/SBA-15_IWIMD.  

ISAC procedure: for the preparation of 1 g of 15 wt.% Cu/SBA-15, 50 mL of a copper 

nitrate aqueous solution (0.048 mmol/mL; Cu(NO3)2·2.5H2O, 98%, Sigma-Aldrich) and 50 

mL of a glycine aqueous solution (0.448 mmol/mL; NH2CH2COOH, 99%, Sigma-Aldrich) 

were mixed together and stirring for 12 h at room temperature. The resulting solution was 

added dropwise to 0.85 g of SBA-15 powder, and then aged for 12 h. The blue gel was heated 

at 100 °C until water was evaporated. A white solid was obtained and combusted at 300 °C 

for 30 min in an open vessel in an oven under static air conditions. Finally, the sample was 

calcined at 500 °C for 6 h under static air conditions (temperature increase rate = 1 °C/min). 

The calcined catalyst is noted 15Cu/SBA-15_ISAC. 

DP procedure: for the preparation of 1 g of 15 wt.% Cu/SBA-15, 0.85 g SBA-15 was 

added in 70 mL distilled water and stirred intensely to disperse the support. 35 mL of copper 

nitrate aqueous solution (0.069 mmol/mL; Cu(NO3)2·2.5H2O, 98%, Sigma-Aldrich) was 

added into the SBA-15 suspension. If necessary, few drops of nitric acid were added to adjust 

the pH value of the solution to 2.0. The temperature of the reactor was increased to 90 °C. 

Then, 35 mL of urea (0.8 mmol/mL; CO(NH2)2, 99%, Sigma-Aldrich) with the mass ratio of 

urea/copper nitrate equaling to 3 was added to the slurry solution. The slurry was stirred for 

24 h, cooled down to room temperature, filtered and washed. The precipitates were dried at 

80 °C overnight and then calcined at 500 °C for 6 h with a ramp of 1.5 °C/min. The as-made 

catalyst before calcination is noted 15Cu/SBA-15_DP_am. The calcined catalyst is noted 

15Cu/SBA-15_DP.  
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2.2.3. Preparation of Ni/SBA-15 catalysts 

Monometallic Ni-based catalysts were prepared using two different methods: IWI-MD, as 

previously described, and melt infiltration (MI).  

IWI-MD procedure: to prepare 10 g of 15 wt.% Ni/SBA-15, 9.435 mL of an aqueous 

solution of nickel nitrate (2.77 mmol/mL; Ni(NO3)2·6H2O, 98% purity, Sigma-Aldrich) was 

dropped into 8.5 g of SBA-15 powder (pore volume = 1.1 mL/g) and then mixed 

homogeneously. The wet mixture was put in an oven set at 25 °C and aged under static 

conditions for five days. A calcination under static air was finally performed at 500 °C for 6 h 

with a ramp of 1.5 °C/min. The calcined Ni/SBA-15 sample is denoted as 15Ni/SBA-

15_IWI-MD. 

MI procedure: to prepare of 1 g catalyst, 0.5 g of nickel nitrate (Ni(NO3)2∙6H2O, 99%, 

Sigma-Aldrich) was ground and mixed with 0.9 g of dried SBA-15. The mixture was heat-

treated at 57 °C in an autoclave for 4 days in order to ensure the complete diffusion of the 

molten phase into the support porosity.
3
 Once the diffusion step was completed, the solid was 

calcined under static conditions at 500 °C for 5 h, using a heating rate of 1.5 °C/min
-1

. The 

calcined materials (NiO/SBA-15) prepared using the different dried SBA-15 supports were 

named Ni_T, where T was the temperature at which the support was aged (60, 100 or 

140 °C). 

2.3. Catalyst characterization 

2.3.1. Nitrogen physisorption 

Textural properties of catalysts were determined by nitrogen physisorption at 77 K on a 

Micromeritics TriStar II Plus automated gas sorption system. The different samples were 

pretreated under vacuum (Micrometitics Vacprep 061) before physisorption experiments. 

SBA-15 supported samples were degassed at 90 °C for 15 min and then 350 °C for 3 h. The 

adsorption/desorption isotherms were obtained at -196 °C by allowing 4 min for equilibration 

between each successive point. 

The specific areas of the catalysts were determined by the Brunauer-Emmett-Teller (BET) 

model. For SBA-15 and SBA-15 supported catalysts, the calculation of the surface area was 
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done using the adsorption-desorption points in the range of 0.05-0.3 P/P0. For all of the 

catalysts, the pore size distribution was calculated from the desorption branches of the 

isotherms using the Barrett-Joyner-Halenda (BJH) model. The total pore volume was 

calculated by converting the adsorbed gaseous nitrogen quantity into liquid volume at a 

relative pressure of 0.99. The t-plot method was applied to quantitatively determine the 

micropore volume and to assess the micropore surface area.  

2.3.2. X-ray diffraction 

 X-ray powder diffraction (XRD) was used to identify the crystalline phases and determine 

the crystallite size. The XRD patterns of all the calcined catalysts were recorded by a Bruker 

D8 Advance X-ray diffractometer, using a Cu Kα radiation (λ = 1.54184 Å) as X-ray source. 

For the reduced catalysts, a Co radiation was used as X-ray source (λ = 1.788965 Å). High 

angle XRD record was carried out in the 2θ range of 10° to 80°. Low angle XRD scanning 

was carried out in the 2θ range of 0.5° to 5°. Both were recorded with 0.05° step size and 2 s 

step time. Crystallite phases were determined by comparing the diffraction patterns with 

those in the standard powder XRD files (JCPDS) published by the International Center for 

Diffraction Data (ICDD). The average crystallite size of CuO and NiO crystals were 

calculated according to the Scherrer equation (Equation 2-1). 

                                                     d = 0.89γ/βcosθ                                         Equation 2.1 

where d is the average crystallite diameter, γ is the X-ray wavelength, β is the line broadening 

at half the maximum intensity after correction for instrumental broadening (FWHM), θ is the 

Bragg angle. 

According to the position of the diffraction peaks in the low angle pattern, the interplanar 

distance of d100 was calculated by the Bragg Law: 

                                                      d100 = λ/2sinθ                                          Equation 2.2 
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where d100 is interplanar distance of (100) plane, γ is the X-ray wavelength, θ is the Bragg 

angle. 

Then the cell parameter a0 was determined by:  

                                                              a0 = 2 d100/√3                                  Equation 2.3 

2.3.3. Hydrogen temperature-programmed reduction (H2-TPR) 

H2-TPR was used to measure the reducibility of active phases. H2-TPR was performed on 

an Autochem analyzer (Micromeritics) equipped with a quartz U-shaped microreactor. Prior 

to reduction, the samples were pretreated under air flow (30 mL/min) at 500 °C for 1 h 

(heating ramp of 5 °C/min). Thereafter, 60 mg of sample was reduced under 5 vol.% H2/Ar 

flow (50 mL/min) from RT to 900 °C (heating ramp of 5 °C/min). The practical 

hydrogenation consumptions of Cu and Ni oxides during the reduction processes were 

checked using the following equations. 

 

 Cu(II)O + H2 → Cu(0) + H2O   Equation 2.4 

 n(H2)consumed = n(Cu)reduced     Equation 2.5 

  

Ni(II)O + H2 → Ni(0) + H2O 

 

   Equation  2.6 

 n(H2)consumed = n(Ni)reduced  Equation 2.7 

Where n(H2)consumed represents the quantity of H2 consumed (mol) during the transition 

metal reduction, n(Ni)reduced represents the quantity of Ni
2+

 (mol) reduced to metal, 

n(Cu)reduced represents the quantity of Cu
2+

 (mol) reduced to metal. 
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2.3.4. High-resolution transmission electronic microscopy (HRTEM) 

High-resolution transmission electronic microscopy (HRTEM) was used to characterize 

catalyst morphology and particle size distribution. A JEOL 2100 instrument with Filament 

LaB6 having an acceleration voltage of 200 kV and equipped with a Gatan 832 CCD camera 

was used for visualizing the catalyst. Before analysis, the sample was included in a resin and 

cut into ∼100 nm width samples using ultramicrotomy. The particle size distribution was 

measured by manual analysis of micrographs using Image J software. 

2.3.5. Fourier transform infrared resonance   

The functional groups of copper catalysts prepared by DP method were identified by an 

infrared spectrometer with total attenuation (IR-ATR) of Thermo scientific IS50. The spectra 

are recorded at room temperature in a wavenumber range of 4000-800 cm
-1

 using a triglycine 

sulfate pyro-electric detector (DTGS). The samples are directly pressed between the detector 

window and a diamond tip.  

2.4. Catalysis test 

2.4.1. Catalyst activation 

Before catalytic test, the samples were firstly reduced under H2. The reduction conditions 

were determined according to the H2-TPR results. For the Cu-based catalysts, reduction was 

performed at 300 °C for 2 h under pure H2 flow condition. For the Ni-based catalysts, the 

catalyst reduction was performed at 550 °C for 2 h under the same conditions. These 

conditions ensure complete reduction of the Cu / Ni phases. 

2.4.2. Catalysis test 

2.4.2.1 Catalysis test for HMF hydro-conversion 

The catalysis tests were performed using two different setups. The optimization of the 

reaction conditions for both Cu-based catalysts and Ni-based catalysts was performed on an 
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Autoplant-Chemspeed instrument available at the REALCAT platform in UCCS Laboratory. 

The Autoplant robot is equipped with 8 high-pressure batch reactors (100 mL) and is 

controlled using a dedicated software affording a control over the reaction parameters. Each 

reactor is equipped with a heater, a pressure regulator, a reflux system, a temperature probe 

and a mechanic stirrer. The Autoplant robot offers the possibility of working with 8 reactors 

under different temperature and pressure conditions in parallel. For a typical test, the required 

amounts of pre-reduced catalysts were put into reactors in glove box environment (to avoid 

the exposure of the catalyst to oxygen). 25 mL of HMF solution in 1,4-dioxane (0.15 

mmol/mL) then was added to the reactor allowing to completely immerse the catalysts. The 

reactors were hermetically closed, moved out of the glove box and connected to the 

Autoplant robot. The Autoplant robot started running according to the pre-written program: 

(1) the reactors were purged under nitrogen (1 time) and with hydrogen (3 times), and the 

hydrogen pressure was stabilized at a specified hydrogen pressure (lower than the reaction 

pressure, e.g. 10 of 15 bar) at ambient temperature; (2)  reactor temperatures were 

subsequently increased to the setting values; (3) the hydrogen pressures in each reactor were 

increased to the target values, this step corresponding to the zero time of the reaction. The 

reaction was performed for 8 h with mechanic stirring set at 700 rpm. When the reaction in 

each reactor was achieved, the reflux system in each reactor started to cool down the reactor 

to the room temperature. The H2 pressure inside each reactor was decreased and the reactors 

were purged with N2 gas. Finally, the samples, which contained both the liquid reaction 

mixture and the solid catalyst, were collected from the opened reactors and filtered. 

The kinetic profiles of the selected Cu/SBA-15 and Ni/SBA-15 catalysts were performed 

in a 45 mL Parr reactor in IC2MP in University Poitiers. The detailed procedure is given 

taking the tests performed over Cu/SBA-15 catalysts (i.e. 15Cu/SBA-15_ISAC and 

15Cu/SBA-15_DP) as example. 0.085 g catalyst was placed in the reactor and reduced at 

300 °C under 10 bar of hydrogen pressure for 2 h. The reactor was opened after the reactor 

was cooled down to the room temperature. Then, 12.5 mL of 0.15 mmol/mL HMF solution in 

1,4-dioxane was added to the reactor. The reactor was closed and purged with hydrogen gas 

for several times. A pressure of 6 bar of H2 was applied, in order to obtain 15 bar of H2 under 

the reaction condition (T = 210 °C). The pressure was monitored using a gauge connected to 

the reactor. The reactor was settled in the oven and heated to the target temperature (210 °C) 

and magnetic agitation was started. Samples of reaction medium were taken off at selected 

reaction times: 5 min, 10 min, 20 min, 30 min, 1 h, 2 h, 4 h, 6 h, 8 h and 10 h. When the 

reaction time was over, the reactor was put into ice to rapidly cool down the reactor and stop 
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the reaction. Then the reactor was opened and the sample was collected and filtered. The 

cycling tests were performed in a comparable Parr reactor in UCCS in University Lille. The 

manipulation details were comparable with the catalysis tests previously performed, except 

for: (1) 0.135 g catalyst and 25 mL of 0.15 mmol/mL HMF solution in 1,4-dioxane was 

added to the reactor; (2) the reactions were stopped after 3 h. After the reaction, the solution 

was separated from the spent catalyst by centrifugation. Between two successive runs, the 

spent catalyst was regenerated by calcination and reduction under the same conditions with 

the fresh catalysts. 

2.4.2.2 Catalysis test for cinnamaldehyde hydro-conversion 

The catalytic performances of Ni_T materials in the cinnamaldehyde (CNA) hydrogenation 

reaction were assessed in a Parr reactor in Laboratory of Chemical Engineering in Technical 

University of Iasi (RO). Catalyst is first activated at 500 °C for 10 h under H2 flow. A series 

of preliminary tests were performed with different granulometric fractions, stirring rates and 

catalyst loadings, to determine conditions under which no diffusional limitations would 

occur: grain size lower than 0.126 mm, stirring rate of 750 rpm minimum, and 0.066 - 0.265 

g catalyst are selected. A blank experiment was conducted under N2 pressure (instead of H2), 

in order to confirm the absence of hydrogenation product by hydrogen-transfer reaction with 

the solvent after 6 h of reaction. Finally, a blank experiment with calcined SBA-15_100 

sample was performed to determine the support presence effect on the cinnamaldehyde 

concentration in solution. No modification of the concentration was observed after 6 h of 

reaction, leading to conclude on a low adsorption capacity of the silica support under the 

conditions of test. The catalytic experiments were performed at 60 °C under 10 bar H2 with 

0.133 g catalyst in 40 mL CNA solution in 2-propanol (0.2 mmol/mL). 
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2.4.3. Products identification and quantification 

 

Fig. 2.1 Column oven temperature program of GC analysis in UCCS in University Lille 

 

Fig. 2.2 Column oven temperature program of GC analysis in IC2MP in University Poitiers 
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After the reaction, the mixture of the products was collected from the reactor, diluted if 

necessary and analysed. For the catalysis tests performed in UCCS in University of Lille, the 

samples were analysed by GC (Shimadzu 2010 Plus) equipped with ZB-WAX Plus capillary 

column (30.0 m × 0.25 mm × 0.25 µm) and a flame ionization detector (FID). The analytical 

methods were adjusted for the product mixtures depending on the boiling point and polarity 

of the different compounds. The key analysis parameters deciding the residence time and the 

peak shape include the column oven temperature program, the split ratio and the flow rate of 

the carrier gas (H2), the injector temperature, the detector temperature and the injection 

volume. The column oven temperature was programmed as shown in Fig. 2.1: the initial 

column temperature of 30 ˚C was held for 2 min, and then, the temperature was ramped at 

5 °C/min until 100 °C was reached and held for 2 min; after that, the temperature was ramped 

at 50 °C/min until 250 °C was reached and held for 2 min. The injection volume was 1 μL, 

the injector temperature was 250 °C, the detector temperature was 270 °C, the carrier gas was 

H2 with a split ratio of 100 and a flow rate of 1.7 mL/min.  

For the catalysis tests performed in IC2MP in University of Poitiers, the samples were 

analyzed by a Varian Bruker 450 GC equipped with a flame ionization detector (FID) and a 

HP-5MS column (30.0 m × 0.25 mm × 0.25 µm). The oven temperature was programmed as 

shown in Fig. 2.2: the initial column temperature of 50 °C was held for 2 min, and then, the 

temperature was ramped at 5 °C/min until 100 °C was reached and held for 2 min; after that, 

the temperature was ramped at 50 °C/min until 250 °C was reached and held for 2 min. The 

injection volume was 2 μL, the injector temperature was 250 °C, the detector temperature 

was 300 °C, and the flow rate of carrier gas was 1.0 mL/min. 

Identification of the unknown products was conducted using gas chromatography–mass 

spectrometry (GC-MS), which combines the features of gas chromatography and mass 

spectrometry. The analysis was carried out in UCCS in University of Lille on a Shimadzu 

QP2010 Ultra EI system equipped with a ZB-1XT capillary column (15.0 m × 0.53 mm × 

0.25 µm) and a FID detector. The conditions used for separation were identical to those 

previously described for gas chromatography analysis.  
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2.4.4. General calculation methods 

The conversion of the reactants and product yields were calculated using the following 

equations: 

                                            Conversion = (1- nr/n0)  100%                      Equation 2.8 

                                                    Yield = (ni/n0)  100%                            Equation 2.9 

                                            Carbon balance = (ni + nr)/n0  100%           Equation 2.10 

Where nr is the remaining molar amount of reactant after reaction, n0 is the initial molar 

amount of reactant, ni is the molar amount of product i obtained after reaction, ni is the sum 

of the molar amount of all the known products. 
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3.1 Introduction 

When supported on high-surface-area materials (e.g. mesoporous silica SBA, KIT, MCM, 

FDU and MSU families), non-noble metal NPs should be prepared as well-dispersed in order 

to favor the catalytic activity and/or the selectivity. Previous research indicates that the 

reactivity of metal NPs basically depends on: (i) the properties of the metal NPs; (ii) the 

properties of the host structure (i.e., pore architecture, surface area, surface properties); and 

(iii) the properties of particle/host system (i.e., loading, spatial distribution of NPs, and 

strength of interactions between the support and NPs).
1,2

 It is thus crucial to select suitable 

metals and supporting materials, and especially to choose proper preparation parameters to 

moderate these properties in order to obtain efficient catalysts for the targeted 

transformations. 

There is a large diversity of methods for the preparation of supported non-noble metal NPs 

into the porosity of mesoporous supports, such as impregnation, sol-gel process, 

sonochemical methods, in situ glycine combustion, deposition-precipitation, chemical vapor 

deposition and one-pot processes (e.g. one-pot block-copolymer self-assembly strategy). 

Among them, impregnation (wet impregnation – WI, and incipient wetness impregnation – 

IWI) is by far the most used method, due to its simplicity, to the small amount of required 

solvent, to the availability of commercial metal precursors and to limited production of 

waste.
3
 An impregnation procedure generally involves several successive steps:

4
 (i) 

impregnation itself, putting into contact the porous support with the solution of metal 

precursors, such as nitrates, chlorides and acetates; (ii) maturation and solvent evaporation by 

drying of the impregnate, (iii) thermal decomposition of the precursor and stabilization of the 

material, and (iv) activation of the catalyst for the specific application. Each step has to be 

carefully optimized (concentration of precursor in the initial impregnation solution, 

temperature and duration of drying, heating rate and gas atmosphere for the 

stabilization/activation, etc.). It is noteworthy that the drying step is particularly important in 

order to reach a homogeneous repartition of metal NPs throughout the support surface. 

During drying the liquid solution is transported by capillary flow and diffusion, and the metal 

precursor may be redistributed by adsorption/desorption phenomena. Fast drying at high 

temperatures often result in poor redistribution of the metal precursors on the support surface 

and sintering of metal particles during the following calcination process.
5,6

 In contrast, mild 

drying condition facilitates good dispersion of metal particles.
8
 For example, when 
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performing the drying step at room temperature, a high and stable dispersion of NiO particles 

in the mesopores of SBA-15 via IWI method can be achieved.
6
 The stabilization of NPs in 

the mesopores of SBA-15 by confinement, and the strong interaction between NiO and silica 

via nickel phyllosilicate phases, play important roles in this result.  

Beside the effect of the drying or calcination conditions after IWI preparations, the nature 

of support is another factor which matters for the control of the properties of supported metal 

(oxide) NPs. Ordered mesoporous silicas such as MCM-41 and SBA-15 are ideal host 

materials for guest NPs thanks to their large specific surface areas and well defined pore 

structures. Particularly interesting are the large-pore mesoporous SBA-15-type silica 

materials prepared using triblock copolymers (i.e. Pluronic P123) as structural directing 

agents.
7,8

 As compared to MCM-41, SBA-15 materials have improved framework cross-

linking and thicker walls which results in a higher thermal and hydrothermal stability.
9
   

Concerning the non-noble metals used for the hydroconversion of HMF, Ni-based catalysts 

are known for their excellent hydrogenation abilities, and also for some activity in the 

cracking of the C-O bonds under relatively mild conditions.
10

 Actually, efforts have been 

made for years to explore efficient Ni-based catalysts for the hydroconversion of HMF to 

biofuels. On one hand, successes have mostly been achieved with multifunctional catalysts 

bearing both hydrogenation and deoxygenation properties, e.g. Ni-W2C/C, Ni-Fe/CNTs 

(carbon nanotubes), and Ni/LaFeO3, which rely on the use of promoters and/or functional 

supports to increase activity/selectivity. On the other hand, the study of more simple 

monometallic Ni-based catalysts, which have been indicated as potential for the production of 

DMF as well as DMTHF by few reports as summarized in Chapter 1, is still lacking at 

present. In the literature, the high reactivity of monometallic Ni-based catalysts (e.g. Raney 

Ni, hydrotalcite-derived NiAl oxides) relied on the high Ni content. It’s more appealing to use 

the dispersed monometallic Ni-based catalyst with less Ni loading. However, no related work 

in this field has been reported yet at present. 

The topic of this chapter is thus to study the catalytic performances of the monometallic 

Ni/SBA-15 catalyst prepared by the simple IWI method, in the hydroconversion of HMF. The 

purpose is to explore the suitable reaction conditions for achieving high yields of DMF and 

DMTHF with this catalyst, and to identify intermediate products on the way to the formation 

of DMF and DMTHF. The catalyst was first studied by different characterization techniques, 

namely, nitrogen physisorption, X-ray diffraction (XRD), temperature programmed reduction 
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by hydrogen (H2-TPR) and transmission electron microscopy (TEM), in order to determine 

its structural properties. The catalytic performances were evaluated under varying reaction 

conditions (i.e., temperature, pressure, reaction time, HMF/Ni molar ratio) in order to 

determine optimum ranges of reaction parameters. A kinetic study was then performed to 

investigate the reaction routes. Reusability tests were performed to see the potential of the 

catalyst for the practical application. 

3.2. Catalyst preparation 

10 gram of 15 wt.% Ni/SBA-15 was prepared by the incipient wetness impregnation-mild 

drying (IWI-MD) method according to the following procedure: 9.435 mL nickel nitrate 

(7.59 g Ni(NO3)2·6H2O, 98% purity, Sigma-Aldrich) aqueous solution was dropped into 8.5 g 

SBA-15 powder (pore volume: 1.11 mL/g) and then mixed homogeneously. The wet mixture 

was put in an oven set at 25 °C and aged for five days. Thereafter, the calcination was 

performed at 500 °C for 6 h with a ramp of 1.5 °C/min to decompose the nickel nitrate into 

nickel oxide (NiO). The calcined Ni/SBA-15 sample is denoted as 15Ni/SBA-15_IWI-MD. 

Before the catalysis tests, the 15Ni/SBA-15_IWI-MD sample was reduced in a flow of pure 

H2 at 550 °C for 2 h to obtain metallic Ni. 
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3.3. Results and discussion 

3.3.1 Characterization of the calcined 15Ni/SBA-15_IWI-MD  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                  

                                                                                                 

 

 

 
Fig. 3.2 High angle XRD patterns for SBA-15 and 15Ni/SBA-15_IWI-MD 
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Fig. 3.1 Low angle XRD patterns for SBA-15 and 15Ni/SBA-15_IWI-MD 
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Fig. 3.1 depicts the low angle X-ray diffraction domain for 15Ni/SBA-15_IWI-MD. Both 

the catalyst and the support exhibit one intense diffraction peak and four less intense 

diffraction peaks, indexed to the (100), (110), (200), (210) and (300) planes respectively, 

which indicate that the ordered hexagonal 2D structure of p6mm symmetry in SBA-15 is well 

preserved after the formation of nickel oxide. Besides, the decrease of the diffraction peak 

intensity may also be explained by pore filling. The speciation of nickel was checked by 

high-angle XRD (10-80˚), as depicted in Fig. 3.2.  The diffraction peaks at 37.2˚, 43.3˚, 62.9˚, 

75.4˚ and 79.4˚ indicate the presence of NiO particles (cubic symmetry, JCPDS 047-1049). 

The shape of the diffraction peaks with broad onsets topped by sharper lines suggests that 

both small and large NiO crystals exist in the catalyst. Accordingly, the crystal size calculated 

with the Scherrer equation at mid-height, in the sharper part of the peak, is 16.5 nm.  

 

 

Fig. 3.3 Representative TEM images recorded for 15Ni/SBA-15_IWI-MD 
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The dispersion of nickel particles in the catalyst was further characterized by transmission 

electron microscopy. Representative TEM images taken on ultramicrotomed slices are shown 

in Fig. 3.3. The support shows the typical hexagonal SBA-15 mesoporous structure, with an 

excellent long-range order confirming the results obtained by XRD at low angles. Besides, 

both empty and full mesopores exist in the structure. Two kinds of metal oxide NPs with 

different morphologies can be observed. Part of the nickel oxide phase forms aggregates at 

the edge of the SBA-15 grains or recrystallized out of the support porosity (Fig. 3.3 a-c), and 

part is confined within the pores, generating nanorods (Fig. 3.3 d-f). The size of the NiO 

particles outside the pores is quite large, around 30-75 nm. The mean diameter of the NiO 

nanorods is 7.6 nm, which is close to the pore size of SBA-15, while their length varies from 

14 to 115 nm. A careful observation shows that they actually consist of aggregates of small 

NiO particles. The existence of large particles explains the sharp diffraction peaks with small 

full width at half maxima as observed in the high angle XRD patterns. 

   

 

 

 

 

 

 

 

The textural properties of 15Ni/SBA-15_IWI-MD were determined by nitrogen 

physisorption. The nitrogen adsorption/desorption isotherms are presented in Fig. 3.4. The 

following features can be deduced: (1) the isotherm of type Ⅳ confirms the typical 

mesoporous SBA-15 structure; (2) a shift down along y-axis of the volume adsorbed in the 

P/P0 range of 0.02-0.25 and of the volume adsorbed in the whole P/P0 range indicates a 
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decrease of the pore volume of 15Ni/SBA-15_IWI-MD (as compared to SBA-15), as shown 

in Table 3.1, suggesting the partial filling of the mesopores by NiO particles, which is 

consistent with the XRD and TEM results; (3) the steep capillary condensation indicates that 

the mesopores have a uniform diameter; (4) the two-step desorption branch with a delayed 

closure at lower relative pressures (P/P0 = 0.46 vs. 0.61) indicates that some pore have been 

partially blocked.
11,12

 In conclusion, the adsorption-desorption properties of 15Ni/SBA-

15_IWI-MD reveal that the catalyst contains both open and blocked cylindrical mesopores, as 

shown by the TEM images. Fig. 3.5 displays the pore size distribution of the support and the 

catalyst. For 15Ni/SBA-15_IWI-MD, another kind of pore of 5.2 nm appeared and the 

diameter of the primary mesopores decreased to 6.6 nm as compared to the bare SBA-15 

support, which could be ascribed to the fact that partial nickel loading into the cylindrical 

pores of SBA-15 decreased the pore size. 
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Fig. 3.5 Pore size distribution curves calculated using the desorption branch 
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Table 3.1 Physico-chemical properties of 15Ni/SBA-15_IWI-MD 

Samples SBET,a m2/g Vt,
b cm3/g Dp, nm 

SBA-15 841 1.1 6.8 

15Ni/SBA-15_IWI-MD 519 0.7 5.2, 6.6 

a: B.E.T. surface area per gram of SBA-15 support; b: total pore volume per gram of SBA-15 support. 

 

Fig. 3.6 H2-TPR profile for calcined 15Ni/SBA-15_IWI-MD 

The reducibility and characteristics of NiO species were investigated by H2-TPR, as shown 

in Fig. 3.6. The H2-TPR profile of 15Ni/SBA-15_IWI-MD presents two main peaks at 389 ˚C 

and 495 ˚C and one shoulder at around 300 ˚C. According to the literature, the reduction of 

bulk NiO generally takes place at temperatures below 420 ˚C.
13,14

 The reduction peak at 300 - 

389 ˚C is associated to NiO NPs behaving like bulk NiO; and the peak at 495 ˚C to smaller, 

more difficult-to-reduce NiO NPs, in stronger interaction with the silica support.
15

  

0 100 200 300 400 500 600 700 800 900

300

495

389

 

 

T
C

D
 s

ig
n
a
l 
(a

.u
.)

Temperature (degree)



 

71 
 

3.3.2 Characterization of reduced 15Ni/SBA-15_IWI-MD 

 

Fig. 3.7 High angle XRD pattern of reduced 15Ni/SBA-15_IWI-MD (Co-resource) 

 (Reduction condition: 550 ˚C for 2 h in pure hydrogen atmosphere at 50 mL min-1) 

The speciation of nickel after reduction (550 ˚C, 2 h) was determined using high-angle 

XRD as depicted in Fig. 3.7. The diffraction peaks at 52.2˚ and 61.0˚ as well as the 

corresponding interplanar spacing values (d111 = 0.2035 nm, d200 = 0.1763 nm) indicate the 

presence of the metallic nickel crystals (JCPDS 04-0850). The shape of these diffraction 

peaks is similar to that seen for calcined 15Ni/SBA-15_IWI-MD (see the especially sharp 

ends), implying the existence of both large and small Ni crystals in the catalyst. The mean 

crystal size calculated according to Scherrer equation is 15.5 nm, which is slightly lower than 

that of the oxide 15Ni/SBA-15_IWI-MD due to the removal of oxygen by reduction. As with 

the calcined sample, the value derives from the larger particles that provide the narrower 

component of the diffraction peaks. 

Ni JCPDS-04-0850 
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Fig. 3.8 Representative TEM images of the reduced 15Ni/SBA-15_IWI-MD 

 

Fig. 3.9 NiO particle size distribution in the reduced 15Ni/SBA-15_IWI-MD 
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TEM images (Fig. 3.8 (a-f)) show that the pore system of the reduced catalyst is similar to 

that of the calcined catalyst, and that the dispersion of nickel particles in the support is non-

uniform. Two types of nickel particles are always observed: large nickel particles 

recrystallized out of the support porosity (Fig. 3.8 a, b); small nickel nanoparticles confined 

within the support channels (Fig. 3.8 c-f). The size of the observed particles ranges from 5 to 

50 nm. The value deduced from high-angle XRD lies in the middle of this range. As shown in 

the histogram of the particle size distribution of the reduced Ni NPs in Fig. 3.9, the size of 

most of the Ni particles were in the range of 10-15 nm. Notably, there exists a large 

population (~ 24%) of small Ni particles with a size less than 10 nm.  

3.3.3 Catalytic performances of 15Ni/SBA-15_IWI-MD for HMF hydroconversion 

15Ni/SBA-15_IWI-MD was used to determine reaction conditions that would lead to a 

significant production of DMF and DMTHF from HMF. The catalysis tests were performed 

in autoclaves in an Autoplant-Chemspeed instrument as described in Chapter 2. 1,4-Dioxane, 

a stable solvent under the hydrogenation reaction conditions, was selected as the reaction 

medium in order to avoid the solvent conversion which is normal when using other 

commonly used solvents (e.g. ethanol and 2-propanol).
16

 However, attention should be paid 

to safety during the operation with 1,4-dioxane due to its toxicity.  

In order to find the proper reaction parameters for high DMF/DMTHF yield over 

15Ni/SBA-15_IWI-MD, a set of orthogonal experiments were designed. The process 

parameters (i.e., reaction temperature, H2 pressure and HMF/Ni molar ratio) and their values 

were selected on the basis of preliminary studies.
17–19

 According to the literature, when the 

temperature is lower than 180 °C, the hydrogenolysis of the C-O bond leading to 

DMF/DMTHF becomes difficult. 180 °C was thus selected as the minimum temperature. The 

selectivity to DMF/DMTHF generally decreases with an increase of temperature, owing to 

the formation of by-products. When the temperature is above 240 °C, it has little influence on 

the yield of DMF/DMTHF. Hence, the reaction temperature was set in the range of 180-210-

240 °C. The hydrogen pressure was chosen in the range 15-30-45 bar, considering that 

increasing hydrogen pressure increases the solubility of hydrogen in the solvent, which may 

benefit the conversion. Maximum DMF/DMTHF yields were obtained below 50 bar in the 

literature.
20

 Hence, 45 bar was selected as the maximum pressure level. Besides, since the 
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conversion of HMF is directly proportional to the amount of active sites available in the 

reduced catalysts, the HMF/Ni molar ratio was varied in the range of 3-15-30, covering the 

range of the HMF/Ni molar ratios mentioned in the literature. Once reaction parameters 

determined, a L9 (3 (levels) ^ 3 (factors: T, P, HMF/Ni molar ratio)) orthogonal array was 

constructed according to Taguchi method using software Minitab 17. The corresponding 

parameters are presented in Table 3.2. Then catalysis experiments were then performed 

accordingly following an identical procedure as described in Chapter 2. The catalysis results 

of HMF conversion and distribution of main products under different reaction conditions in 

each catalysis test are summarized in Table 3.2.   

Table 3.2 Catalysis conditions and corresponding conversions and product distributionsa 

Expt. No. T/°C 
P/ba

r 

HMF/Ni  

molar 

ratio 

cat./g conv./% 

 yield/% Carbon 

balance

/% 
DMF DMTHF MFFR MFOL 

1 180  15 30 0.052 7.4 1.2 0 1.0 2.4 97 

2 180 30 3 0.522 100 0.9 81.4 1.0 1.5 85 

3 180 45 15 0.104 33.9 11.5 0 2.0 10.3 90 

4 210 15 3 0.522 100 0.8 72.4 1.1 1.2 76 

5 210 30 15 0.104 43.8 40.6 1.0 2.1 0 100 

6 210 45 30 0.052 21.3 16.8 1.0 1.4 2.1 100 

7 240 15 15 0.104 32.0 21.1 2.6 8.2 0 100 

8 240 30 30 0.052 11.4 7.1 1.0 1.4 1.9 100 

9 240 45 3 0.522 100 0 54.7 1.3 1.1 58 

a: all the catalysis tests were performed in autoclaves in a Autoplant-Chemspeed instrument with 0.15 mmol/mL HMF in 25 

mL 1,4-dioxane solution in each reactor for 8 h. 

The catalysis experimental results show that: (1) DMF, DMTHF, MFFR and MFOL were 

detected after reaction for 8 h over 15Ni/SBA-15_IWI-MD with DMTHF and/or DMF as the 

major products and MFFR and MFOL as the minor products in each test, indicating that the 

hydrogenolysis of C-OH and/or the furan ring hydrogenation are favored by 15Ni/SBA-

15_IWI-MD; (2) low HMF/Ni molar ratios (≤ 15) or large catalyst quantity (≥ 0.052 g) is 

required for efficient conversion of HMF, indicating the limited activity of 15Ni/SBA-

15_IWI-MD; (3) hydrogen pressure in the selected range (15-45 bar) shows weaker influence 

on the catalytic reactivity as compared to the HMF/Ni molar ratio and the reaction 

temperature; (4) poor carbon balance occurred on low HMF/Ni molar ratios at high reaction 

temperatures (Table 3.3, Entry 4 and 9) possibly due to the polymerization of the intermediate 

products (e.g. BHMF and MFOL).
17
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  Two test results out of the nine tests are worthy of noting. In Expt. No. 5, a DMF yield of 

40.6% at 43.8% HMF conversion was obtained at 210 °C under 30 bar H2 with a HMF/Ni 

molar ratio of 15, giving a maximum DMF selectivity (93%) among the selected range of 

reaction conditions. However, the conversion of HMF is low under this reaction condition 

due to the low catalyst quantity. Increasing the catalyst quantity can promote the HMF 

conversion but may also result in decreasing of DMF selectivity at the same time. In Expt. 

No. 2, a DMTHF yield as high as 81.4% was achieved at 180 °C under 30 bar H2 with a 

HMF/Ni molar ratio of 3, suggesting that this reaction condition is suitable for the selective 

production of DMTHF over 15Ni/SBA-15_IWI-MD. This is a quite interesting result 

considering that only one report in the literature exhibited similarly high DMTHF yield 

obtained with Ni-based catalysts.
21

 Moreover, the high DMTHF yield obtained here also 

indicates the possibility to achieve high yield of DMF under this reaction condition with 

decreased reaction time, which has not been explored as an affecting factor on HMF 

conversion and products distributions so far, considering that DMTHF is derived from the 

furan ring hydrogenation of DMF. Herein, in the next stage of catalysis study, the effect of 

reaction time on the catalytic performances of 15Ni/SBA-15_IWI-MD was explored. 

 

 

Fig. 3.9 Effect of reaction time on the conversion of HMF (reaction conditions: 0.144 mmol/mL HMF in 12.5 mL 1,4-

dioxane, P(H2) = 30 bar, T = 180 ˚C, HMF/Ni molar ratio of 3 (corresponding to 0.261 g catalyst))  
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The time course of HMF hydrogenation over 15Ni/SBA-15_IWI-MD at 180 °C under 30 

bar H2 with a HMF/Ni molar ratio of 3 was performed in a Parr batch reactor. Since the Parr 

reactor used here has a volume half of the batch reactor used in previous tests for reaction 

condition screening, the reactant solution volume was decreased by half to 12.5 mL 

correspondingly while keeping the other parameters unchanged. The detailed procedure of 

the catalysis tests is described in Chapter 2.  

 

 

Scheme 3.1 Possible reaction pathways for the formation of DMF from HMF 

  

  The evolution of the product distribution with reaction time is shown in Fig. 3.9. It shows 

that at short reaction time (0.5 h), HMF was primarily converted into DMF (70.5% yield) in a 

fast way and the yield of DMTHF was just 12.2%. BHMF and MFOL were detected with a 

yield of 4.9% and a yield of 4.0%, respectively. Almost no MFFR was detected (only 0.8% 

MFFR yield). Since BHMF could be converted into MFOL and DMF through the selective 

cleavage of the C-O bond (Scheme 3.1), the conversion of BHMF to MFOL and the 

hydrogenolysis of MFOL to DMF were the dominating processes during this period. The 

other possible route for DMF formation via MFFR and MFOL (-CH2OH hydrogenolysis 

before -CHO hydrogenation) is negligible. This DMF yield obtained at t = 0.5 h is quite 

comparable to the results obtained over monometallic Ni-based catalysts reported in the 

literature, especially considering that most catalytic performances rely on the use of 

functional supports (Table 3.3, Line 4-5). This suggests that the 15Ni/SBA-15_IWI-MD 

catalyst simply prepared by mild-drying IWI using an inert SBA-15 support does own 

properties of fast hydrogenolysis, selectively forming DMF at short reaction time. 
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       Table 3.4. Catalytic performances of Ni-based catalysts for the conversion of HMF to DMF 

Entry Catalyst Feed conditions 
P 

(MPa) 

T 

(˚C) 

t 

(h) 

conv. 

(%) 

yield 

(%) 
ref 

1 Raney Ni 
12 mmol HMF; 35 mL 1,4-dioxane; 

 0.5 g catalyst 
1.5 180 15 100 88.5 22 

2 NiSi-PSa 
12 mmol HMF; 38 mL 1,4-dioxane; 

 0.08 g catalyst  
1.5 130 3 100 72.9 23 

3 NiSi-IMP-20b 
12 mmol HMF; 38 mL 1,4-dioxane; 

 0.08 g catalyst  
1.5 130 3 50.9 9 23 

4 Ni/CNb 
2 mmol HMF; 20 mL water;  

0.05 g catalyst 
3 200 6 >99.9 >98.6 24 

5 Ni/LaFeO3  
1 mmol HMF; 12 mL ethanol;  

0.1 g catalyst 
5 230 6 >99 98.3 25 

6 Ni/C 
8 mmol HMF; 100 mL 1-propanol;  
W/F = 2 g⸱min/mL 

3.3 180 - d 92 53 26 

7 15Ni_IWI-MD 

1.9 mmol HMF; 12.5 mL 1,4-

dioxane;  

0.052 g catalyst  

3 210 8 43.8 40.6 this 

work 

8 15Ni_IWI-MD 
1.8 mmol HMF; 12.5 mL 1,4-

dioxane; 0.261 g catalyst 
3 180 0.5 92.8 70.5 

a: Ni NPs from nickel phyllosilicate; b: catalyst prepared by impregnation; c: Ni/CN, Ni supported on mesoporous nitrogen-

rich carbon; d: continuous process.  

 

Prolonging the reaction time to 1 h led to fast decrease of the yield of DMF to 57% and 

fast increase of the yield of DMTHF to 32.1%. The concentration of BHMF and MFOL had 

decreased to a negligible level (yields less than 2%). During this period, the main 

transformation process was shifted to the hydrogenation of the furan ring of DMF to 

DMTHF. When reaction time was extended to 10 h, the yield of DMTHF continuously 

increased, reaching 96.6% at complete HMF conversion, at the cost of DMF yield though the 

reaction rate was slower. Overall, HMF was fast converted into DMF via hydrogenolysis with 

BHMF and MFOL as main intermediate products, followed by gradual furan ring 

hydrogenation of DMF to DMTHF. As compared to the reports in the literature, the DMTHF 

yield afforded here by the 15Ni/SBA-15_IWI-MD catalyst reaches to the top level.
20

 Only 

one work reported by Kong et al. in the literature achieved similar result: a bifunctional Ni-

Al2O3 catalyst (derived from the calcination of hydrotalcite-like precursor at high temperature 

(850 °C)) afforded a DMTHF yield of 97% at 180 °C under 12 bar with a HMF/Ni molar 

ratio of 11.
21

 However, the catalytic performance of their catalyst relied on a much longer 

reaction time (20 h). In total, our sample associating both fast hydrogenolysis of the C-O 

bonds and full hydrogenation of the furan ring can serve as a simple and efficient catalyst for 

the selective production of DMTHF from HMF, which is quite comparable with the best 

catalyst reported in the literature. 
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3.3.4 Kinetic study 

In order to provide a more quantitative analysis of the kinetic curves, a simplified kinetic 

model was defined, lying on the following hypotheses: 

(1) Order with respect to the organic molecules 

Based on the related studies in the literature, we will suppose a first order with respect to 

the concentration of each reactant, and that all reactions are unidirectional.
26,27

 It is also 

supposed that no inhibition term involving adsorption constants is present in the rate laws.  

(2) Order with respect to hydrogen  

Madon et al. stated that if the rate-determining step involves the dissociative adsorption of 

H2, the rate is first-order with respect to the H2 concentration in the liquid phase.
52

 On the 

other hand, if the rate-determining step involves reactant species adsorbed on the catalyst 

surface, the rate should be half-order with respect to the partial pressure of H2 in the gas 

phase. In fact, it has generally been supposed that the reaction rate is not expected to be 

dependent on the liquid-phase H2 concentration, implying the existence of a zero-order.
48

 In 

any case, H2 was always in excess in the selected reaction conditions. The change of the H2 

pressure before and after reaction was measured as small, indicating that H2 concentration in 

solution should not vary either. Even though the order is not 0, we will thus consider that the 

H2 pressure term is constant and appears as included in the apparent rate constants. 

If we suppose that the adsorption of each reactant is described by a Langmuir isotherm, 

and if the product between the adsorption constant K and of the concentration is small in 

front of 1, each reaction rate can thus be expressed as r = kapp [reactant], with kapp an apparent 

rate constant being the product of the adsorption constant K, of the true kinetic constant k, 

and, if the reaction order with respect to H2 is not 0, of a term containing the constant 

concentration [H2]. 

Finally, the Weisz-Prater number (NW-P) was estimated to confirm that the reaction was not 

affected by pore diffusion limitations. The Weisz-Prater criterion is given by Equation 3.1: 
28
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                                                        𝑁𝑊;𝑃 = 
Ɍ𝑅𝑃

2

𝐷𝑒𝑓𝑓𝐶𝑠
 ≤ 0.3                          Equation 3.1 

Where Ɍ represents the reaction observed rate (per unit volume of catalyst, 1  10
-3

 mmol 

mL
-1

 s
-1

), RP is the catalyst particle radius (< 150 µm),
29

 Cs is the reactant concentration at 

the external surface of the particle (0.144 mmol/mL), supposed to be equal to the 

concentration in solution, and Deff is the effective diffusivity in the pore. Deff was estimated to 

be around 1  10
-6

 m
2
s

-1
 which was derived from the pore diameter of the catalyst.

27
 The 

Weisz-Prater number was calculated to be less than 1  10
-4

, which was much smaller than 

0.3 therefore verifying the absence of pore diffusion limitations. 

 

Scheme 3.2 Kinetic scheme of the DMTHF production from HMF 

The transformation of HMF to DMF and DMTHF is based on the formation of MFOL as 

an intermediate (Scheme 3.2). It is supposed that the two hydrogenolysis steps take place 

sequentially, and that the hydrogenolysis of the aldehyde group requires an initial step of 

hydrogenation to -CH2OH.
30

 MFOL itself can be produced following two routes: 

(1) Hydrogenolysis of HMF to MFFR, followed by the hydrogenation of the aldehyde 

function of MFFR to MFOL. 

(2) Hydrogenation of the aldehyde function of HMF to BHMF, followed by the 

hydrogenolysis of BHMF to MFOL. 
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As DMTHF appears in the last stage, once DMF has been produced, we will suppose that 

the hydrogenation of the furan ring does not take place to a large extent on the minor 

intermediate products. 

When 15Ni/SBA-15_IWIMD is tested at 180 °C, both MFFR and BHMF are detected in 

small amounts at short reaction times. MFOL appears in parallel to BHMF, and not in a 

second stage as would be the case if it was produced only from BHMF. It is thus not possible 

to eliminate one of these two routes a priori.  

A fitting of the kinetic curve was performed by least-square minimization, according to the 

following steps: 

(1) HMF consumption was fitted using a first-rate law of rate constant (k1 app + k2 app):  

   

                              [HMF] = [𝐻𝑀𝐹]0exp (−((𝑘1𝑎𝑝𝑝 + 𝑘2𝑎𝑝𝑝)𝑡)                      Equation 3.2 

(2) As a primary intermediate product, MFFR neat production rate was defined as the 

difference between the production rate k1app [HMF] (HMF being consumed by paths 1 and 2) 

and the consumption rate k3 app [MFFR], leading to 

 

[MFFR] =
𝑘1𝑎𝑝𝑝[𝐻𝑀𝐹]0

𝑘3𝑎𝑝𝑝; (𝑘1𝑎𝑝𝑝:𝑘2𝑎𝑝𝑝)
[exp(−((𝑘1𝑎𝑝𝑝 + 𝑘2𝑎𝑝𝑝)𝑡) − exp(−𝑘3𝑎𝑝𝑝𝑡)]  Equation 3.3 

(3) As a primary intermediate product, BHMF neat production rate was defined as the 

difference between the production rate k2app [HMF] and the consumption rate k4 app [BHMF], 

leading to: 

[BHMF] =
𝑘2𝑎𝑝𝑝[𝐻𝑀𝐹]0

𝑘4𝑎𝑝𝑝; (𝑘1𝑎𝑝𝑝:𝑘2𝑎𝑝𝑝)
[exp(−((𝑘1𝑎𝑝𝑝 + 𝑘2𝑎𝑝𝑝)𝑡) − exp(−𝑘4𝑎𝑝𝑝𝑡)]   Equation 3.4 
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  A first fitting of HMF consumption, and of MFFR and BHMF neat productions, led to the 

determination of the 4 first apparent rate constants, from k1 app to k4 app, and to the calculation 

of v1 to v4. It appeared that v1 = 10 v2, and that v3 was larger than v4 by a factor 20 to 40. The 

main production path to MFOL was thus identified as the one involving MFFR. 

(4) As a consequence, the neat production of the secondary intermediate, MFOL, was 

based on the HMF  MFFR  MFOL pathway, of rate constants k1 app and k3 app, for the 

production rate, and k5 app for the consumption rate, leading to the equation: 

[MFOL] = (𝑘1𝑎𝑝𝑝𝑘3𝑎𝑝𝑝)[𝐻𝑀𝐹]0[
exp(;𝑘1𝑎𝑝𝑝𝑡)

(𝑘3𝑎𝑝𝑝;𝑘1𝑎𝑝𝑝)(𝑘5𝑎𝑝𝑝;𝑘1𝑎𝑝𝑝)
−  

exp(;𝑘3𝑎𝑝𝑝𝑡)

(𝑘1𝑎𝑝𝑝;𝑘3𝑎𝑝𝑝)(𝑘5𝑎𝑝𝑝;𝑘3𝑎𝑝𝑝)
+

 
exp(;𝑘5𝑎𝑝𝑝𝑡)

(𝑘𝑎𝑝𝑝;𝑘5𝑎𝑝𝑝)(𝑘3𝑎𝑝𝑝;𝑘5𝑎𝑝𝑝)
]                                                                                      Equation 3.5 

and to the fitting of constant k5 app along with k1 app – 4 app.  

(5) As DMF is not the final product of reaction, it is not possible to model its production 

just by subtracting the concentrations of HMF, BHMF, MFFR and MFOL from [HMF]0. 

However, BHMF, MFFR and MFOL being formed in very low amounts with respect to DMF 

and DMTHF, it can be attempted to apply the steady state approximation to these 

intermediates, and consider that the production rate of DMF is close to the consumption rate 

of HMF. DMF thus becomes an intermediate between HMF and DMTHF, and its 

concentration follows the law: 

  [DMF] =
(𝑘1𝑎𝑝𝑝:𝑘2𝑎𝑝𝑝[𝐻𝑀𝐹]0

𝑘6𝑎𝑝𝑝; (𝑘1𝑎𝑝𝑝:𝑘2𝑎𝑝𝑝)
[exp(−((𝑘1𝑎𝑝𝑝 + 𝑘2𝑎𝑝𝑝)𝑡) − exp(−𝑘6𝑎𝑝𝑝𝑡)]    Equation 3.6 

making it possible to fit k6 app with the other constants. 

(6) Finally, DMTHF is calculated as the difference between [HMF]0, and the 

concentrations of all the other products, including the unknown ones (implicitly supposing 

that they derive from the last stages of the global reaction). 
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Fig. 3.9 Kinetic patterns of HMF conversion over 15Ni/SBA-15_IWI-MD simulated using KaleidaGraph software, 

reaction conditions: 0.144 mmol/mL HMF in 12.5 mL 1,4-dioxane, P(H2) = 30 bar, T = 180 ˚C, HMF/Ni molar ratio of 3, 

data points and solid lines represent experimental data and model, respectively 

 

Fig. 3.10 Simulated kinetic patterns based on simplified kinetic model over 15Ni/SBA-15_IWI-MD reaction conditions: 

0.144 mmol/mL HMF in 12.5 mL 1,4-dioxane, P(H2) = 30 bar, T = 180 ˚C, HMF/Ni molar ratio of 3, data points and solid 

lines represent experimental data and model, respectively 
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After least-square minimization, the values of the six apparent reaction constants are 

determined as: 

k1 app = 3.6 h
-1

 (hydrogenolysis of –CH2OH in HMF) 

k2 app = 0.4 h
-1

 (hydrogenation of –CHO in HMF) 

k3 app = 326.9 h
-1

 (hydrogenation of –CHO in MFFR) 

k4 app = 2.4 h
-1

 (hydrogenolysis of –CH2OH in BHMF) 

k5 app = 82.8 h
-1

 (hydrogenolysis of –CH2OH in MFOL) 

k6 app = 0.5 h
-1

 (hydrogenation of the furan ring of DMF) 

The stability of the complete model was tested on a simplified model based on the sole 

reactions HMF  DMF  DMTHF, in which only two rate constants, kHMF app (= k1 app + k2 

app) and k6 app were fitted. The values obtained (kHMF app = 4.1 h
-1

 and k6 app = 0.4 h
-1

) are in 

good agreement with those found in the more complex model. 

A graphical comparison between the experimental and the modeled concentrations (Fig. 

3.10 and 3.11) raises the following comments: 

(1) HMF consumption, MFFR production and BHMF production are correctly modeled, in 

particular the position of the maximum of production of MFFR and BHMF. 

(2) In contrast, the production of MFOL is poorly reproduced, as its consumption starts too 

early. Decreasing k5 app shifts the maximum of production to longer times, but also increases 

considerably the amount of MFOL formed, which means that k3 app would also need to be 

better adjusted. There is thus a large uncertainty on the values of k3 app and k5 app obtained by 

this model. A new fitting based only on the concentrations of the minor species led to a 

decrease of the two rate constants, but at the expense of the quality of the fitting for BHMF. 

In any case, k3 app and k5 app were still large compared to k2 app and k4 app. 

(3) The fits for DMF and DMTHF follow the same tendency as the experimental data, 

though at longer times the consumption of DMF and the production of DMTHF are 

overestimated. Some inhibition phenomena not taken into account in the model can be 

postulated. 



 

84 
 

In summary, this probably over-simplified model shows that, globally speaking, both C=O 

hydrogenation and hydrogenolysis steps are fast compared to the hydrogenation of the furan 

ring. C-O hydrogenolysis and C=O hydrogenation reactions are in competition. The MFFR 

route seems to be predominant, confirming the hydrogenolysis properties of Ni. The apparent 

rate constants of the hydrogenation and hydrogenolysis steps involving intermediates 

containing a methyl group (MFFR, MFOL) are found to be much larger than the others, 

suggesting a preferential adsorption of these molecules. However, uncertainties are large 

concerning the intermediates detected in low amounts and the larger values of kapp, so this 

conclusion should be confirmed by building a more precise kinetic model. 

3.4 Conclusion  

The use of the IWI-MD method resulted a monometallic 15(wt.%)Ni/SBA-15 catalyst 

bearing both external and a large population of mesopore-confined NiO particles. Despite the 

existence of the aggregated metal particles (10-50 nm) as well as some pore blocking by 

confined particles, the 15Ni/SBA-15_IWI-MD sample after activation is able to afford a 

DMF yield of 70.5% at short reaction time (0.5 h) and a DMTHF yield of 96.6% at long 

reaction time (10 h) under optimized reaction conditions (180 ˚C, 30 bar), exhibiting a fast 

hydrogenolysis ability and a high ability of the furan ring hydrogenation. The kinetic study 

implied that HMF was probably converted via the route with MFFR as an intermediate 

product. The competitive reactions, i.e. C-O hydrogenolysis and C=O hydrogenation, are fast 

as compared to the furan ring hydrogenation.  
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CHAPTER 4: TUNING THE DISPERSION 

AND CATALYTIC PERFORMANCES OF Ni 

PARTICLES BY CHANGING THE SECONDARY 

POROSITY OF SBA-15  
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4.1 Introduction 

In order to prepare highly efficient and stable non-noble metal-based catalysts, one must 

pay attention to the dispersion of metal NPs and to their interaction with the supports. One of 

the most efficient and direct strategies to improve dispersion and thermal stability of NPs is 

to confine them inside the pore channels of mesoporous scaffolds, in order to mitigate 

particle growth.
1,2

 The mesoporous materials act as: (i) nanoreactors to spatially confine NPs 

and suppress their growth; (ii) modulators of the metal (oxide)-support interactions to 

suppress sintering. Such catalysts are renowned as superior catalytic systems regarding their 

catalytic activity, selectivity and reusability.
3–5

 This goal can be achieved via common 

catalyst preparation procedures, such as the impregnation method.
6–8

 However, as seen in the 

previous chapter, there are some limits when using impregnation: (i) NPs are still relatively 

large, because the size is close to the mesopore diameter (~8 nm in the case of SBA-15); (ii) 

some pore plugging occurs, that could result in inaccessible catalytic centers, decreased 

activity and significant mass-transfer resistances; (iii) in some cases, large aggregates are 

formed outside the mesopores, leading to a dispersion of metal particles poorer than 

expected.  

Less often used for the preparation of pore-confined non-noble metal NPs is melt 

infiltration (MI).
9
 In contrast with impregnation, for which a solution of precursor is used and 

the solvent (usually water) can diffuse out of the porosity during drying, MI consists of 

blending the support and the precursor(s) in solid form, followed by a heating of the mixture 

in a closed vessel, during which the molten precursor diffuses into the porosity of the 

support.
9,10,11–15

 It is a solvent-free, green synthesis procedure, and MI is followed by 

calcination without the need for an intermediate drying step. The control of the final 

dispersion for MI-derived materials can be achieved by changing several parameters, such as 

the nature and structure of the support and the duration of infiltration.
16

 Ordered mesoporous 

silica scaffolds have been used as supports for MI (MCM-41, KIT-6, SBA-15), based on their 

high surface area and abundant surface silanol groups, which favor an improved wettability 

of the support by the molten phase.
17–20

  

Nevertheless, when confined in mesopores, the size of non-noble metal NPs remains close 

to that of the support pore diameter.
21–23

 In contrast, the dispersion of non-noble metal NPs 

can be significantly improved when the infiltration is performed on the uncalcined SBA-15 

support still containing the surfactant porogen in the pores (i.e. Pluronic P123 copolymer), 
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which reduces the available space inside the mesopores and forces the metal precursor to 

diffuse along the silica pore walls and to migrate into the microporosity.
23

 Based on this 

strategy, homogeneously dispersed NiO particles could be formed in an uncalcined SBA-15 

support, with a particle size lower than 2 nm.
16

 On the other hand, the infiltration of the 

molten phase is more difficult and slower into micropores/intra-wall pores than into large 

mesopores, which makes the infiltration time another important factor affecting the 

dispersion of the metal NPs. Long infiltration time will facilitate the complete infiltration of 

the molten phase into the intra-wall pores, and thus will increase the dispersion of metal 

particles.
16

 

Indeed, one of the remarkable properties of SBA-15-type supports is the existence of a 

hierarchical microporous-mesoporous architecture, and the possibility to control the 

secondary intra-wall porosity (IWP) generated by the removal of ethyleneoxide segments 

from the Pluronic P123 surfactant, simply by changing the hydrothermal (aging) temperature, 

or by using swelling agents.
24–28

 In particular, playing on the temperature of aging is an 

effective way to change the secondary porosity from ultramicroporosity (pore size < 1 nm) to 

secondary mesoporosity, as well as the degree of pore interconnectivity.
24–27

 The IWP can 

significantly contribute to the total pore volume of the host material and provide a unique, yet 

incompletely explored, confinement space for encapsulating NPs of a very small size. In 

principle, interconnected micro-mesoporous channels in SBA-15 should facilitate the mass-

transfer of molten precursors to the support internal surface, and of reactants toward the metal 

particles, and suppress the growth of metal particles during the thermal steps. In summary, 

IWP could thus determine: (i) the final dispersion of the metal phase, (ii) its thermal 

resistance to sintering, and as consequence (iii) the catalytic properties for hydrogenation 

reactions.  

In this chapter, we investigate the impact of the secondary porosity of SBA-15 on the 

infiltration efficiency of molten nickel precursor in the pores occluded with the Pluronic P123 

surfactant, and thus on the Ni dispersion over the SBA-15 supports bearing different 

secondary porosities due to different aging times of SBA-15. The purpose of this chapter is to 

obtain well-dispersed Ni/SBA-15 catalysts compared with the catalyst described in the 

former chapter, to correlate the properties of the secondary porosity of SBA-15 with Ni 

dispersion, and to study the application potential of the resulting monometallic Ni/SBA-15 

catalysts in typical hydroconversion reactions. Three types of SBA-15 silica were synthesized 

in order to obtain different degrees of interconnectivity between the main mesopores. The 
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impact of the SBA-15 pore characteristics, i.e., the interconnectivity of the pores, or the 

presence of a secondary intra-wall porosity, on the final nickel (oxide) NPs size and 

localization, has been investigated via various characterization methods such as nitrogen 

physisorption, X-ray diffraction (XRD), temperature programmed reduction by hydrogen 

(H2-TPR) and transmission electron microscopy (TEM). The obtained materials were tested, 

after reduction, in the hydrogenation of cinnamaldehyde (CNA) and HMF.   

4.2. Catalyst preparation 

Three supports were synthesized according to a classical procedure.
29

 The aging 

temperature was varied in order to reach different secondary porosities.
24,25

 4 g Pluronic P123 

were dissolved into a 1.6 M solution of HCl at 40 °C, followed by adding 8.5 g of TEOS 

dropwise to the solution. The solution was then stirred for 24 h. The resulting gel was 

submitted for 48 h to hydrothermal aging, at 60, 100 or 140 °C. After recovering by filtration, 

the SBA-15 samples were washed with water, and dried at 100 °C for 24 h. The dried SBA-15 

samples were the materials used for the melt infiltration procedure. However, for 

characterization purpose, parts of the different supports were calcined at 550 °C for 6 h in a 

muffle furnace, using a heating ramp of 1.5 °C∙min
-1

. The calcined supports were named 

SBA-15_T (T, aging temperature = 60, 100 or 140 °C). 

The nickel catalysts were prepared by melt infiltration. In a typical preparation of 1 g 

catalyst, 0.5 g of nickel nitrate Ni(NO3)2∙6H2O (99%, Sigma-Aldrich) (mass calculated to 

obtain 10 wt.% of Ni in the final material) was ground and mixed with 0.9 g dried SBA-15. 

The mixture was heat-treated at 57 °C in a Teflon autoclave for 4 days in order to ensure the 

complete diffusion of the molten phase into the secondary porosity.
16

 Once the diffusion step 

was completed, the solid was calcined under static conditions at 500 °C for 5 h, using a 

heating rate of 1.5 °C∙min
-1

. The calcined materials (NiO/SBA-15) prepared using the 

different dried SBA-15 supports were named Ni_T, where T was the temperature at which the 

support was aged (60, 100 or 140 °C). 
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Fig. 4.1 Low-angle XRD patterns recorded for SBA-15_T supports and Ni_T materials in a calcined form (Cu K source): 

SBA-15_T, SBA-15 aged at T = 60, 100, 140 °C; Ni_T – calcined NiO/SBA-15 using supports aged at T = 60, 100, 140 °C 

4.3. Results and discussion 

4.3.1 Pore periodicity in SBA-15 supports and NiO/SBA-15 materials 

The low angle XRD patterns recorded for the SBA-15_T calcined supports are presented in 

Fig. 4.1. The three diffractograms show the main peaks associated to the (100), (110) and 

(200) lattice reflections of an ordered hexagonal pore structure with P6mm symmetry. This 

indicates a regular mesostructure ordering for the three supports.
30–32

 The presence of (210) 

and (300) reflections at 2 > 2°, for materials synthesized at aging temperature above 100 °C, 

are evidence of an excellent textural uniformity in SBA-15_100 and SBA-15_140.  

The evolution of the mesostructure geometric characteristics is directly reflected by the 

changes in the reflection positions, from which one can identify the modification of 

interplanar spacing “d”, of the cell parameter “a” = 2d/√3, and of the wall thickness and 

main mesopore diameter. When the aging temperature was increased from 60 to 140 °C, the 

(100) reflection shifted to lower values of 2θ, giving a cell parameter increasing from 10.2 to 

11.4 nm (Table 4.1). This increase mostly comes from the P123 micelle size dilatation with 

the increasing temperature of aging.
24
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Fig. 4.2 N2 physisorption isotherms recorded for SBA-15_T supports and Ni_T materials in calcined form: SBA-15_T, 

SBA-15 aged at T = 60, 100, 140 °C; Ni_T - calcined NiO/SBA-15 using supports aged at T = 60, 100, 140 °C 

After introduction of the nickel oxide phase (Ni_T samples), only few modifications are 

visible on the diffractograms (Fig. 4.1). As a first remark, the persistence of the three major 

reflections confirms the maintaining of the pore ordering after melt infiltration and thermal 

decomposition of the precursor to form NiO. A decrease in the reflection intensities is 

observed, which could be explained by the specific localization of the NiO NPs inside the 

support pores that become filled, thus reducing the electron density contrast between the 

pores and silica walls. 
33

 Very small changes in cell parameter values are also measured 

between the calcined support and the corresponding calcined NiO material (Table 4.1). In 

fact, the ± 0.3 nm fluctuation of the values is in the experimental error range, which suggests 

that no significant modification of the hexagonal cell occurs when the MI procedure is 

performed, and that the materials prepared by the MI process possess structures comparable 

with those of the pristine SBA-15 supports. 

 

4.3.2 Textural properties of SBA-15 supports and evolution in NiO/SBA-15 materials 

The textural properties extracted from nitrogen physisorption experiments are gathered in 

Table 4.1, while the isotherms are presented in Fig. 4.2.  



 

94 
 

Table 4.1. Textural and structural properties of the synthesized materials 

a: B.E.T. surface area per gram of SBA-15 support; b: microporous surface area per gram of SBA-15 support; c: total pore 

volume per gram of SBA-15 support; d: micropore volume per gram of SBA-15 support; e: B.J.H. mean pore size; f: unit cell 

parameter; n.d.: not detectable; g: the average particle size is difficult to obtain since particles appear as aggregated. 

For all samples, N2 adsorption-desorption isotherms recorded on supports, as well as 

NiO/SBA-15 systems (Ni_T materials), are of type IV (Fig. 4.2), already described in the 

section dedicated to 15Ni/SBA-15_IWIMD (Chapter 3, Section 3.2.1). For the bare supports, 

the hysteresis position is significantly affected by the aging temperature: an increase from 60 

to 140 °C leads to a marked shift of the hysteresis position to higher relative pressures (P/P0). 

This evolution indicates a significant change in the pore diameter, as it can be confirmed 

following the evolution of the B.J.H. pore diameter (DP, Table 4.1), which increases from 5.4 

(SBA-15_60) to 14.0 nm (SBA-15_140). Comparing these values with those obtained for 

Ni_T materials, it appears that the MI process has very limited effect on the mesopore size, 

confirming data issued from low-angle XRD. A hysteresis of H1-type (parallel and vertical 

adsorption and desorption branches, Fig. 4.2) is still present between the adsorption and the 

desorption branches of the isotherms. Consequently, after MI and further calcination for NiO 

formation, the supports retain their ordered structure, whatever the aging temperature.  

Besides the pore diameter, B.E.T. surface area, microporous surface area, and total pore 

volume are also significantly affected by the aging temperature (Table 4.1). As can be 

expected from the pore diameter increase at increased aging temperature, the pore volume 

also increases (from 0.71 to 1.10 cm
3
.g

-1
), while the surface area decreases (from 765 to 

361 m
2
/g). At the same time, some fluctuations of the microporous characteristics of the 

materials are observed, reflecting the changes in the properties of the secondary porosity. 

Sample SBET/a 

m2.g-1 

S/
b 

m2.g-1 

Vp/
c 

cm3.g-1 

V/
d 

cm3.g-1 

Dp/
e 

nm 

a0/
f 

nm 

dNiO / nm 

XRD TEM 

SBA-15_60 765 291 0.71 0.128 5.4 10.2 - - 

Ni_60 483 151 0.50 0.067 5.4 9.9 8.5 -g 

SBA-15_100 673 116 0.91 0.050 6.8 10.6 - - 

Ni_100 589 59 0.82 0.020 6.3 10.9 n.d. 2.1 

SBA-15_140 361 68 1.10 0.030 14.0 11.4 - - 

Ni_140 315 58 0.92 0.027 13.7 11.1 3.5 3.1 
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Scheme 4.1 Porosity of SBA-15 supports aged: (a) at 60 °C; (b) at 100 °C; (c) at 140 °C34 

At low aging temperature (60 °C), a significant proportion of micropore forms, with a S of 

291 m
2
/g and a V of 0.128 cm

3
/g. At this aging temperature, it was previously reported that 

SBA-15 presents small mesopores and thick walls (comparable to the distance between 

consecutive hydrated micelles in water, ~ 4 nm), and ultramicropores as well (see Scheme 4.1 

(a)).
35,36

 The wall thickness obtained by comparing DP and a (between 4.5 and 5 nm) is thus 

consistent with the values from the literature. As the silica walls may replicate the topology of 

the hydration shells of the PEO chains in water, at a temperature of aging of 60 °C, no 

micropores bridging the main mesopores are expected.
24

  

After aging at 100 °C, the P123 mesophase is modified since the temperature exceeds the 

cloud point of the surfactant (~ 90 
o
C).

37
 Under such conditions, a decrease in the strength of 

interaction between the surfactant and the inorganic matter results in the densification of the 

walls. The resulting SBA-15_100 consequently presents larger mesopores and thinner silica 

walls (see Scheme 4.1 (b)). The wall thickness obtained by comparing DP and a in Table 4.1 

(between 3.8 and 4.5 nm) is smaller than the one calculated for the systems aged at 60 °C. 

The presence of a secondary porosity is the result of the collapse of the ultramicropores 

(decrease of S and V, Table 4.1). In this case, micropores and small mesopores connecting 

the adjacent mesopores are expected, with sizes in the range of 1.5-4 nm. 
24,25

  

Finally, when the aging temperature is increased to 140 °C, the destabilization of the 

corona of PEO due to the loss of hydration H2O at high temperature results in a decreased 

micelle surface/silica interaction.
37

 Equally, densification of the silica walls brings about an 

important decrease in the wall thickness and microporous volume (Table 4.1 and Scheme 4.1 

(c)). SBA-15_140 presents therefore large mesopores (in our case, 14.0 nm), separated by 

2 nm-thick silica walls, and being crossed by a secondary porosity spanning from 1.5 to 

5 nm.
24

 The fact that the pore diameter appears as larger than the unit cell parameter in Table 

4.1 may be due to uncertainties in the determination of a and does not allow calculating a 

wall thickness. 

(a) No interconnectivity (b) Microporous interconnectivity (c) Secondary mesopores interconnectivity 

5 nm 7 nm 14 nm 
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After the MI process, the NiO-containing materials exhibit slightly different textural 

properties. The most important differences are noticed between SBA-15_60 and Ni_60, with 

decreases of SBET (-37%) and Vp (-30%), associated with important decreases in microporous 

surface area (-48%) and volume (-48%). Remarkably, in the case of the Ni_100 and Ni_140 

samples, the variations of surface area and pore volume are overall below 10%. Only an 

important decrease of the microporous surface is measured between SBA-15_100 and 

Ni_100, of around 49 % (Table 4.1). 

4.3.3. Support morphology, localization and size of NiO NPs 

Representative micrographs obtained for Ni_60 are presented in Fig. 4.3. It is evident that 

most of the NiO NPs appear located around the silica grains (Fig. 4.3(a)), in the form of large 

aggregates of smaller particles (Fig. 4.3(c)). Analysis of the images allows one to plot a 

particle size histogram (Fig. 4.3(d)). Elementary particles constituting the external aggregates 

are of large size, most of them being larger than 10 nm. High magnification observation on 

the silica grain evidences the formation of some small NPs located inside the pores, with a 

size below 5 nm (Fig. 4.3(b) and (c)). The fraction of this small-size particle population 

amounts to approximately 15%, confirming that most of NiO is present as external phases. 

Consequently, these results show that melt infiltration does not allow obtaining NPs 

homogeneously dispersed inside the silica grains when the SBA-15_60 support is used. 

Low magnification images of the Ni_100 sample (Fig. 4.4(a)-(c)) are completely different 

from those acquired on Ni_60. Indeed, no extra-porous oxide phases can be detected, despite 

the similar nickel loading. Increasing the magnification allows distinguishing the mesopores 

(Fig. 4.4(b), (c)) which are free of NPs, as usually observed when classical IWI or MI 

procedures are applied for the preparation (see the former chapter, 10 nm in size, and cited 

references). 
16,17,33,38,39

 Remarkably, very small NPs are observed inside the silica walls (Fig. 

4.4(b), (c)). The statistical measurements (Fig. 4.4(d)) show that NiO particles are exclusively 

below 3 nm in size, 90 % of them being 2 nm large (average size of 2.1 nm, Table 4.1). 

Consequently, for the support obtained at 100 °C, the MI approach is highly efficient to 

encapsulate small NiO NPs inside the pores of SBA-15, with a very homogeneous 

distribution, in contrast with SBA-15_60. 
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Fig. 4.3 (a)-(c): Selected TEM images obtained for Ni-60 (Ni_60, calcined NiO/SBA-15 using supports aged at 60 °C); 

(d): NiO Particle size distribution in Ni_60 
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Fig. 4.4 (a)-(c): Selected TEM images for Ni_100 (Ni_100, calcined NiO/SBA-15 using supports aged at 100 °C); 

(d) NiO Particle size distribution in Ni_100 
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Fig. 4.5 Selected TEM images for Ni_140 materials (calcined NiO/SBA-15 using supports aged at 140 °C); 

(d) NiO Particle size distribution in Ni_140 
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Finally, Fig. 4.5 shows the results obtained for Ni_140. Low magnification image (Fig. 

4.5(a)) and high magnification images (Fig. 4.5(b), (c)) evidence a morphology comparable 

with that of Ni_100: (i) absence of external NiO NPs, (ii) absence of plugging by mesopore-

confined NiO NPs, and (iii) formation of small NPs with a size largely below the main 

mesopore size, and relatively homogenously distributed throughout the silica grains. The 

main difference between Ni_140 and Ni_100 resides in the size of the NPs produced, which 

are observed to be non-uniform (Fig. 4.5(d), with an average size measured at 3.1 nm (Table 

4.1). It can be concluded that, similarly to SBA-15_100, the MI approach is efficient to 

disperse NiO in SBA-15_140 support, and that the particle size is essentially controlled by 

the intra-wall pore dimensions. 

These results clearly show the lack of dispersion efficiency in the case of SBA-15_60, and 

the difference in NiO NPs size obtained over SBA_100 and SBA_140 supports. They can be 

rationalized by taking into consideration the different textural properties and pore 

architectures for the distinct SBA-15 host materials. SBA-15_60 is the only support in the 

series showing non-interconnected mesoporosity,
40

 and we have observed that the diffusion 

of the molten precursor is not efficient. Such problem is not encountered for the other two 

SBA-15 supports synthesized at higher aging temperature, which display interconnected 

mesoporosity. In these cases, the infiltration of the molten phase inside the pores of the 

scaffolds is efficient and complete (Ni_100 and Ni_140, Fig. 4.4 and 4.5).  
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Fig. 4.7 Wide-angle X-ray diffraction patterns obtained for Ni_T materials (Ni_T, calcined NiO/SBA-15 using supports 

aged at T = 60, 100, 140 °C; Bottom: NiO, JCPDS file n°47-1049)  

At the same time, as the support of Ni_140 was aged at a higher temperature than Ni_100, 

the secondary pores have increased in size, and evolved from micropores to small mesopores. 

The parallel evolution of the mean NiO NPs size deduced from Fig. 4.7 (high-angle X-ray 

diffraction) follows this trend, which is in line with the fact that NiO NPs are confined inside 

the intra-wall porosity. Reflections ascribed to the NiO phase are only observed for Ni_60 

and Ni_140. The average crystal domain size calculated by the Scherrer equation is 8.5 and 

3.5 nm, respectively. For Ni_100, NiO is not detected by XRD, yet some fluctuations in the 

baseline are observed at positions corresponding to NiO. This might confirm that in this case 

NPs are highly dispersed, in agreement with TEM analysis (Fig. 4.4). 
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Fig. 4.8 H2-TPR profiles recorded for the MI-derived materials (Ni_T, calcined NiO/SBA-15 using supports aged at T = 

60, 100, 140 °C) 

4.3.4. Activation of the catalyst 

Considering the application in hydrogenation reactions, the reducibility of the nickel oxide 

phases in the different materials was investigated by H2-TPR (Fig. 4.8). First, the hydrogen 

consumed during the H2-TPR process was evaluated to correspond to the theoretical quantity 

necessary to fully reduce NiO into Ni
0
 (8.7 mmol/g for Ni_60, 8.5 mmol/g for Ni_100 and 

9.2 mmol/g for Ni_140, ±5 % of the theoretical value). These data indicate the accessibility 

of the NiO NPs to hydrogen, even if they are located in the intra-wall pores. 

Reduction of NiO in Ni_60 occurs in two distinct steps: (1) first hydrogen consumption, 

being the major step, centered at 308 °C; (2) second hydrogen consumption centered at 

478 °C. For the other two materials, Ni-100 and Ni_140, the first hydrogen consumption is 

significantly depressed and most of the hydrogen consumption (> 90%) occurs during the 

second step, with the reduction maximum at 490 °C. 
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In light of previous discussions concerning the size and distribution of NiO NPs, it seems 

reasonable to assume that: (1) the reduction of bulk NiO, located at the external surface of the 

silica (observed only for Ni_60) occurs at the lowest temperatures, Tmax ≈ 310 °C; (2) the 

reduction of smaller NiO particles, located in the intra-wall porosity of the mesoporous host, 

occurs at a higher temperature, Tmax ≈ 485 °C.
17,37

 The presence of minor hydrogen 

consumptions at T ~ 310 °C for Ni_100 and Ni_140, the proportion of which for Ni_100 is 

approximately 6% and for Ni_140 being 19%, suggests the presence of a low fraction of NiO 

external particles in these two materials, whereas not found on TEM micrographs. The H2-

TPR profile of 15Ni/SBA-15_IWIMD as discussed in the previous chapter exhibited three 

reduction peaks centered at 300, 389 (main peak) and 495 °C, respectively. As compared to 

the Ni_T materials, the majority of the hydrogen consumption (> 60%) for 15Ni/SBA-

15_IWIMD occurred during the second step, indicating that the dispersion of NiO NPs is at 

an intermediate level between Ni_60 and Ni_140. 

Always in view of possible practical applications, the stability of the materials under 

reducing atmosphere was evaluated by TEM for Ni_100 and Ni_140, in order to determine if 

Ni NPs are thermally stable or suffer from sintering during activation under hydrogen at 

900 °C. Representative images are presented in Fig. 4.9. 

For Ni_100, no visible modification of the NPs size takes place upon activation under 

reducing conditions at high temperature (Fig. 4.9a). Ni
0
 NPs exhibit sizes always below or 

equal to 3 nm, close to what was observed for NiO before activation. This result supports our 

previous interpretation consisting in a selective localization of the NPs inside the intra-wall 

pores of the support, and confirms their stabilization. A completely different behavior is 

obtained over Ni_140 materials. The NPs population is centered at 4-5 nm, with an average 

NPs size calculated at 5.1 nm, but some Ni
0
 NPs are much larger than the initial NiO NPs 

(11 nm) (Fig. 4.9 b, c). Considering the textural features of the support synthesized at 140 °C, 

the thin silica walls have not been robust enough to withstand this severe thermal treatment, 

resulting in the destruction of the pore network periodicity (Fig. 4.9b) and to some visible Ni 

NPs sintering. 
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Fig. 4.9 TEM images obtained for Ni_T materials reduced ex-situ at 900 °C: a) Ni_100; b) Ni_140; c) particle size 

distribution of Ni_140 
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Scheme 4.2 Reaction pathways for the hydrogenation of cinnamaldehyde43 

4.3.5. Catalytic properties of Ni/SBA-15 materials for hydroconversion reactions 

For a first evaluation, Ni_T catalysts were tested in a reaction in the liquid phase that was 

studied on similar MI-derived systems, the hydrogenation of cinnamaldehyde (CNA), under 

mild reaction temperature conditions.
16,17

 CNA is an unsaturated aldehyde, which can 

undergo hydrogenation of both the C=C and C=O bonds (Scheme 4.2). Over Ni-based 

catalysts, only hydrocinnamaldehyde (HCNA, by C=C bond hydrogenation) and 

hydrocinnamyl alcohol (HCNOL, by hydrogenation of HCNA) are usually formed, with a 

selectivity towards HCNA higher than 80 % at all conversion levels. 
16

  

The catalytic performances of Ni_T materials in CNA hydrogenation were assessed at the 

Gheorghe Asachi Technical University of Iasi, in a Parr reactor, after an activation step at 

500 °C for 10 h under H2 flow. The reaction was performed under the following conditions: 1 

mL CNA , 0.133 g catalyst, 40 mL 2-propanol, 60 °C, 10 bar H2. Preliminary tests were 

performed with different granulometric fractions, stirring rates and catalyst loadings, to 

determine conditions under which no diffusional limitations would occur: grain size lower 

than 0.126 mm, stirring rate of 750 rpm, 0.066 - 0.265 g catalyst. In addition, a blank 

experiment was conducted under N2 pressure instead of H2, in order to confirm the absence of 

hydrogenation product by hydrogen-transfer after 6 h of reaction. Finally, a blank experiment 

with calcined SBA-15_100 sample was performed to determine the support impact on the 

cinnamaldehyde concentration in solution. No modification of the concentration was 

observed after 6 h of reaction. 
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Fig. 4.10 CNA conversion evolution with reaction time (a), and initial reaction rate as a function of Ni surface area 

exposed per gram of catalyst (calculated using the particle size histogram data from TEM) for the MI-derived materials (b). 

Reaction conditions: 1 mL CNA, 0.133 g catalyst, 40 mL 2-propanol, P(H2) = 10 bar, T = 60 °C, stirring rate = 750 rpm 
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Table 4.2 CAN hydrogenation rate, fraction of exposed Ni atoms and Ni surface area 

Sample 
hydrogenation ratea, 

mmolCNA gcata.
−1h−1 

% atoms exposed on the NPs 

surfaceb 

Ni surface areac, 

m2 gcat
-1 

Ni_60 37.5 13 8 

Ni_100 122.8 57 37 

Ni_140 82.2 45 29 

a: calculated on the initial slope of the conversion curve, at CNA conversion < 40%; b: % of atoms exposed on the surface, 

calculated using the particle sizes determined by TEM statistical analysis, considering that dNi = dNiO × 0.84 based on 

differences of molar mass and density, and that for each particle, Ni dispersion (%) = 97.1/dNi (nm);41 c: using the fraction of 

Ni atoms exposed at the NPs surface and assuming that one Ni atom occupies 6.3 × 10-2 nm2.42 

 

The three Ni_T materials exhibited the same selectivity ≥ 98% to HCNA. The difference in 

the catalytic performances mainly lied in the catalytic activity. The evolutions of the 

conversion of CNA with reaction time, obtained for Ni_60, Ni_100 and Ni_140 catalysts, are 

presented in Fig. 4.10a. For Ni_60 (large particle size - Fig. 4.3), the complete CNA 

conversion was not achieved after 360 min, and a hydrogenation initial rate of 

37.5 mmolCNA gcat
−1

h
−1

 was measured (Fig. 4.10b). Ni_140 sample showed a nearly 

complete CNA conversion after 240 min and an initial reaction rate of 82.2 mmolCNA gcat
−1 

h
−1

. In contrast, when small Ni NPs were highly dispersed on the silica support and presented 

a high dispersion (Ni_100), the complete CNA conversion was obtained within 90 min, with 

an initial reaction rate of 122.8 mmol CNAgcat
−1

h
−1

, which is the highest reaction rate in the 

series. Ni_100 thus shows a superior catalytic activity, which is about 1.5 times higher than 

that of Ni_140 and 3 times higher than that of Ni_60. In addition, as compared with the 

reaction rate afforded by Ni-based catalysts from the literature (Table 4.3), the monometallic 

Ni_100 catalyst also exhibited a catalytic activity at the top level and at a lower reaction 

temperature, indicating the high catalytic efficiency of this catalyst for the selective 

hydrogenation of CNA to HCNA.  

 

 

 



 

108 
 

Table 4.3 Catalytic performances of nickel-based catalysts for the conversion of CNA to HCNA 

Entry Catalyst Feed conditions 
P 

(bar) 

T 

(˚C) 

t 

(h) 

conv. 

(%) 

yield 

(%) 

reactio

n ratea 
ref 

1 Ni/TiO2 
3 mmol CNA; 10 mL 2-propanol; 

0.05 g catalyst 
20 80 1 66 65 40 43 

2 Ni-Ir/TiO2 
3 mmol CNA; 10 mL 2-propanol; 

0.05 g catalyst 
20 80 0.3 98 93 175 43 

3 
NiCu/SBA-

15 

8 mmol CNA; 25 mL propylene 

carbonate; 0.265 g catalyst 
- 150 3 99 89 9.9 33 

4 Ni/SBA-15 
8 mmol CNA; 25 mL propylene 

carbonate; 0.265 g catalyst 
- 150 3 86 81 8.6 33 

5 Ni/TiO2 
9 mmol CNA; 16 mL methanol; 

0.15 g catalyst 
1 100 1 73 39 44.2 44 

6 NiCo/TiO2 
9 mmol CNA; 19 mL 2-propanol + 

1.65 mL water; 0.15 g catalyst 
20 120 1 84 83 50 45 

7 Ni/SBA-15 
7 mmol CNA; 40 mL isopropanol; 

0.265 g catalyst  
10 60 0.7 100 100 131 46 

8 Ni_100 
7 mmol CNA; 40 mL isopropanol; 

0.133 g catalyst 10 60 1.5 100 99 122.8 
this 

work 

a: unit, mmolCNA gcat
−1h−1. 

 

  Hydrogenation rates have been plotted in Fig 4.10b as a function of the Ni surface area 

exposed per gram of catalyst, deduced from TEM measurements (see Table 4.2). The 

calculated reaction rate correlates well with the Ni surface area exposed per gram of catalyst. 

For Ni_60, the existence of a high proportion of relatively large particles (Fig. 4.3), which 

contributes to a low extent to the metallic surface area, led to a lower reaction rate. In 

contrast, the highly-dispersed Ni_100 catalyst exposed the largest Ni surface area and thus 

afforded the highest reaction rate among the three catalysts. This reflects the significant effect 

of the aging temperature of SBA-15 on the catalyst preparation (Ni NPs dispersion and 

accessibility to the surface active sites) and thus on the catalyst activity. Remembering the 

confining of small particles in the walls of Ni_100, it also shows that CNA can access surface 

active sites without encountering significant internal diffusion limitations. Consequently, 

confining Ni NPs in secondary pores (micropores and small mesopores) ensures a large 

amount of accessible active sites due to a high dispersion of Ni NPs, and at the same time 

maintains the mesopores open for the effective diffusion of the reactants.
17,46
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Scheme 4.3 Reaction pathway for the hydroconversion of HMF to value-added chemicals (BHMF, BHMTHF) and 

biofuels (DMF, DMTHF) 

 

Figure 4.11 HMF conversion and product distributions over the MI-derived materials. Reaction conditions: 0.03 g HMF, 

21.1 mg catalyst, 1.5 mL 1,4-dioxane, P(H2) = 15 bar, T = 130 °C, reaction time = 1 h, stirring rate = 700 rpm. 
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Given the outstanding performance of the Ni_T catalysts in CNA hydrogenation, 

exploration of the efficiency of these MI-derived materials in the hydroconversion of HMF 

was also attempted. The evaluation of the catalytic performances of the Ni_T materials was 

performed in a SPR instrument at the Realcat platform in Lille. Considering the very high 

activity of these catalysts in the hydrogenation of CNA, a low reaction temperature (130 °C) 

and short reaction time (1 h) (as compared to the corresponding experimental parameters 

used for 15Ni/SBA-15_IWIMD in the previous chapter) were applied here in order to obtain 

differences in reactivity between the Ni_T materials. The results obtained here thus cannot be 

directly compared with the results obtained with 15Ni/SBA-15_IWIMD and presented in the 

previous chapter. 

It has been well-established that the partial hydrogenation of HMF leads to the formation 

of BHMF, while the full hydrogenation gives BHMTHF (2,5-

bis(hydroxymethyl)tetrahydrofuran) (Scheme 4.3), both of which are value-added chemicals 

serving as polymer precursors and solvents.
47,48

 The formation of BHMTHF involves the 

reduction of the furan ring, which generally requires relatively a high hydrogenation activity 

of the catalyst.
49

 As seen in the previous chapter, the hydrogenolysis of the pendant groups 

leads to a valuable biofuel - DMF.
50

 

The conversions and product distributions obtained with Ni_60, Ni_100 and Ni_140 are 

reported in Fig. 4.11. Among the three MI-derived catalysts, Ni_100 exhibited the highest 

hydrogenation activity, affording a nearly complete conversion of HMF (98.5%). BHMF and 

BHMTHF were obtained as the main products, giving a combined yield of 75%. The heavily 

induced full hydrogenation of HMF over Ni_100 resulted in the formation of BHMTHF as 

the main product (39.1% yield). Notably, DMF (17% yield) and MFOL (3.5%) were also 

formed, suggesting some hydrogenolysis ability of this catalyst in these experimental 

conditions. The high combined yield of BHMF and BHMTHF, and the limited yield of 

MFFR indicate that the hydrogenation of HMF over Ni should primarily follow the route (1) 

(black line, HMF → BHMF → MFOL → DMF) (Scheme 4.3).  

The limited hydrogenation activity of Ni_60 was reflected by the slower transformation of 

HMF along route (1), giving at a HMF conversion of 87 %, a higher BHMF yield (54.3%), a 

higher MFOL yield (11.9%), a much lower DMF yield (0.9%) and a lower BHMTHF yield 

(12.3%). With a higher dispersion of Ni NPs than Ni_60, Ni_140 exhibited an activity at an 

intermediate level between that of Ni_60 and Ni_100, leading to an increase of HMF 
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conversion up to 95 %, a BHMF yield of 64%, a MFOL yield of 9.7%, a DMF yield of 4.4% 

and a BHMTHF yield of 14.3%. Prolonging the reaction time and increasing conversion may 

lead to higher selectivities of the full hydrogenation product (BHMTHF) and of the fully 

hydrogenolyzed product (DMF) at the same levels as Ni_100.  

The products distribution obtained here from the Ni_T materials (primarily producing 

BHMF and BHMTHF) is significantly different with that afforded by 15Ni/SBA-15_IWIMD 

(predominantly giving DMF and DMTHF). This can be attributed to the markedly different 

reaction conditions, especially the reaction temperature, which as aforementioned makes the 

comparison difficult. Indeed, the reaction temperature used here is relatively low (130 °C) 

and could hardly promote efficiently the hydrogenolysis of HMF over Ni_T catalysts. High 

reaction temperatures (≥ 180 °C) are generally required for Ni-based catalysts to afford high 

yields of DMF and DMTHF.
51

 Nevertheless, the results obtained here confirm the efficiency 

of the IWP-confined Ni NPs to reach high hydrogenation activities, and at the same time, 

indicate the potential of the Ni_T catalysts for the efficient production of valuable BHMF and 

BHMTHF from HMF, though the reaction conditions remain to be further optimized. 

4.4 Conclusion  

The secondary pore network of SBA-15 host materials plays an important role in 

determining the Ni(0) NPs size and localization when nickel is introduced by melt 

infiltration. The absence of a connection between adjacent pores through intra-wall porosity 

results in a poor diffusion of the precursor melt, which thus forms large extra-porous 

aggregates. Increasing the diameter of the IWP by increasing the aging temperature of SBA-

15, and the presence of interconnected pores, both facilitate the formation of very small, 

pore-encapsulated Ni(0) NPs (around 2 nm in size for Ni_100). The catalytic activity of Ni 

MI-derived materials in the liquid-phase hydrogenation of cinnamaldehyde is shown to 

significantly increase when very small nickel particles are located in the silica intra-wall 

pores. Besides, MI-derived catalysts with finely dispersed nickel particles show a high 

potential in the reductive transformation of HMF to value-added BHMF and BHMTHF. This 

work provides new insight into how the microenvironment existing between the pore-

occluded polymer and inorganic walls can be explored to stabilize highly dispersed metal 

(oxide) NPs, in fine, to produce excellent catalysts for hydrogenation reactions. 
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5.1 Introduction 

Chapters 3 and 4 have confirmed the performances of Ni-based catalysts in the 

hydrogenation of C=C and C=O bonds and in hydrogenolysis reactions. As shown in chapter 

1, other common non-noble metals, e.g. Co, Fe and Cu, are also potential candidates for the 

selective hydroconversion of HMF. Among them, Cu-based catalysts stand out as a better 

choice, considering that Co is more expensive, whereas the activity of Fe is much lower than 

that of Cu and Co.
1
  

Concerning the hydroconversion of furanic compounds (i.e., HMF and furfural), Cu-based 

catalysts are generally characterized by: (i) a mild hydrogenation activity, derived from a 

relatively low activity for H2 activation; (ii) the selective hydrogenation/hydrogenolysis of 

the pendant groups, due to the preferential vertical/tilted adsorption mode of furanic 

compounds. This enables Cu to minimize side transformations of HMF, such as 

decarbonylation and furan ring hydrogenation, while making Cu-based catalysts an ideal 

choice for the selective hydrogenation and hydrogenolysis of HMF to BHMF and DMF, as 

detailed in Chapter 1. However, on the one hand, it is rather bimetallic Cu-based catalysts 

that have been proposed in the literature as the main strategy to achieve high hydrogenation 

activities. 2,3 Various formulations have been proposed, such as Cu-Pd, Cu-Ru, Cu-Zn, Cu-Fe, 

Cu-Co and Cu-Ni, to increase activity and/or selectivity, while undoubtedly increasing the 

cost and complexity of catalyst, especially when noble metals are added. 4, 5, 6, 7,8  On the other 

hand, a systematical study of the catalytic performances of monometallic Cu-based catalysts 

in the hydroconversion of HMF is still lacking.  

Monometallic Cu-based catalysts prepared on an inert support could serve as an ideal 

system for fundamental study. An appealing inert support, as introduced in the previous 

chapters, is siliceous SBA-15 due to its high surface area, ordered mesoporous structure and 

high thermal stability. Like Ni-based catalysts, the catalytic properties of monometallic Cu-

based catalysts also highly rely on the size of the metal particles, in other terms the dispersion 

of Cu NPs, which is strongly affected by the choice of the catalyst preparation procedure.
9–16

 

For example, through classical impregnation it is generally difficult to disperse Cu NPs on 

SBA-15, because of the high mobility of copper precursors in the nanochannels of SBA-15 

support during drying.
17

 The previous chapter shows that the melt infiltration method 
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facilitates the dispersion of Ni NPs in the SBA-15 support. This method could also afford 

well-dispersed Cu NPs on SBA-15 if the SBA-15 support was carefully prepared to be rich in 

surface silanol groups, or in residual Pluronic P123 (e.g. obtained by ethanol extraction).
18,19

 

However, as compared to Ni/SBA-15 catalysts preparation, it is more difficult to apply this 

method to Cu/SBA-15 catalysts (especially with high Cu loadings) due to the lower water 

content in copper nitrates (maximum three moles of water per mole of copper nitrate, much 

lower than that of nickel nitrate hexahydrate) and a higher melting point of copper nitrate 

(114 ˚C of Cu(NO3)2∙3H2O vs. 56.7 ˚C of Ni(NO3)2∙6H2O).  

In contrast, the literature shows that the in-situ auto-combustion (ISAC) method could 

serve as a simple and efficient procedure to synthesize homogeneous and confined non-noble 

metal nanoparticles. 
20–23

 This method is also based on impregnation, but it involves a non-

mobile glycine-nitrate complex as a precursor. Impregnation is followed by heating the 

reactive solution continuously to 100 ˚C at which the evaporation of water (as solvent) takes 

place. Further heating of formed viscous gels to a critical temperature leads to vigorous 

initiation of the reactions (Equation 5.1) between metal nitrates (acting as oxidizers) and a 

fuel (glycine) along the whole volume of the media
24

:  

M𝑣(𝑁𝑂3)𝑣 + (
5

9
𝑣𝜑) 𝐶2𝐻5𝑁𝑂2 +

5

4
𝑣(𝜑 − 1)𝑂2 →  M𝑣𝑂𝑣/2(𝑠) +  

10

9
𝑣𝜑𝐶𝑂2(𝑔) +  

25

18
𝑣𝜑𝐻2𝑂(𝑔) + 𝑣(

5𝜑:9

18
)𝑁2(𝑔)     

                                                                                                                                                           Equation 5.1 

where ν is the metal valence and φ, a tunable parameter, is the fuel-to-oxidizer ratio (φ = 1 

implies that all oxygen required for complete combustion of fuel derives from the oxidizer, 

while φ > 1 , or < 1, implies fuel-rich, or lean, conditions).  

It has been shown that the combustion of glycine by a metal nitrate at near stoichiometric 

and fuel-lean conditions (φ ≤ 1) indeed facilitates the production of fine oxide powders, 

whereas an excess of glycine (φ > 1) leads to the formation of pure metal or alloy. The 

combustion reaction is completed within a short time, on the order of seconds, with 

maximum local temperatures reaching ~1500 ˚C. Such high temperatures facilitate the 

formation of crystalline phases. More importantly, the mixing of precursors at the molecular 

level and release of large quantities of gases (carbon dioxide, water, nitrogen, as shown in 

Equation (5.1)) result in the formation of nanoscale metal oxides and finely dispersed metal 

particles when inert supports are present (e.g., carbon nanotubes and SBA-15). 
23,25

 In the 
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literature, the ISAC method has been applied to the synthesis of silica-supported catalysts, 

such as Fe/SBA-15 and LaCoO3/SBA-15.
22,26

 However, the preparation of Cu/SBA-15 

catalysts by the ISAC method has been rarely reported so far. In the only published work by 

Zhong et al., a series of Cu/SBA-15 catalysts with a Cu loading of 4 - 10 wt.% was prepared 

using this method, which successfully afforded SBA-15 mesopore confined Cu NPs in a 

particle size range of 6-11 nm (depending on the pore size of the SBA-15 support selected), 

suggesting the effectiveness of this method for the preparation of confined Cu/SBA-15 NPs.
20

  

 

Scheme 5.1 Representation of the structure of bulk chrysocolla
27

 

Another preparative procedure known for the synthesis of highly-dispersed catalysts is 

deposition-precipitation (DP).
28

 In the DP method, the metal precursor is added to an aqueous 

suspension of the support and subsequently precipitated as a hydroxide or as a mixed phase 

(phyllosilicate, hydrotalcite) by raising the pH value. The surface of the support acts as a 

nucleating agent. The precipitation of copper ions on silica leads to the primary formation of 

chrysocolla, depicted in Scheme 5.1.
29–32

 Chrysocolla is a copper silicate with a lamellar 

structure consisting of SiO4 tetrahedra-based layers sandwiched between discontinuous CuO6 

octahedra-based layers.
27

 The key factor of the DP method is to prevent the precipitation 

away from the support surface. The DP method developed by Geus et al. using urea 

(CO(NH2)2) as the precipitating base permits the gradual and homogeneous production of 

hydroxide ions throughout the whole solution via the following reaction carried out at 90 °C, 

CO(NH2)2 + 3H2O → 2NH4
+
 + HCO3

- + OH-, and avoids a local increase of the pH value and 

the precipitation of metal hydroxide in solution.
33

 In the literature, DP has been successfully 
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applied to a variety of well-dispersed catalysts, such as silica-supported Cu/Ni/Co catalysts 

and titania-supported Au/Cu catalysts.
34–38

 Finely dispersed Cu/SBA-15 NPs prepared by DP 

have been applied to the hydroconversion of HMF to 2,5-bis(hydroxymethyl)furan (BHMF) 

showing high catalytic selectivities.
39

 However, no application of such catalysts in the 

production of DMF from HMF has been reported in the literature so far. 

In this chapter, we apply the IWI (as a reference preparation method), ISAC and DP 

methods to prepare monometallic Cu/SBA-15 catalysts with a metal loading of 15 wt.% 

(denoted as 15Cu/SBA-15_IWI, 15Cu/SBA-15_ISAC and 15Cu/SBA-15_DP, respectively). 

We wish, for the first time, to check the catalytic performances of the resulting non-promoted 

15Cu/SBA-15_ISAC and 15Cu/SBA-15_DP catalysts in the hydrogenolysis of HMF to DMF, 

and to study the effect of the Cu dispersion on HMF conversion as well as on DMF 

selectivity and yield. On the one hand, the catalyst structure will be characterized with 

different techniques such as nitrogen physisorption, X-ray diffraction (XRD), temperature 

programmed reduction by hydrogen (H2-TPR) and transmission electron microscopy (TEM). 

On the other hand, the effects of different reaction parameters (i.e., reaction temperature, 

reaction time, HMF/Cu molar ratio) on the catalyst reactivity will be studied, the reaction 

conditions will be optimized, and a kinetic study of the reaction will be proposed.  

5.2. Catalyst preparation 

The mesoporous SBA-15 support was prepared using the procedure described in Chapter 

2. A reference Cu(15 wt.%)/SBA-15 catalyst was prepared by the same method as 

15Ni/SBA-15_IWIMD as described in Chapter 3 and denoted as 15Cu/SBA-15_IWIMD.  

For a typical ISAC preparation of 1 g of 15(wt.%)Cu/SBA-15, 50 mL of a copper nitrate 

aqueous solution ((0.048 mmol/mL Cu(NO3)2·2.5H2O, 98%, Sigma-Aldrich)) and 50 mL of a 

glycine aqueous solution (0.448 mmol/mL NH2CH2COOH, 99%, Sigma-Aldrich) were 

prepared separately, and then mixed together by stirring for 12 h at room temperature. The 

resulting solution was dropwisely added and mixed to 0.85 g SBA-15 powder, and then aged 

for 12 h. The blue gel was heated at 100 °C until water was thoroughly evaporated. A white 

solid was obtained and combusted at 300 °C (with a fast ramp) for half an hour in an open 

vessel, in an oven, in static air conditions. Then the sample was calcined at 500 °C for 6 h in 

an open vessel in static air conditions (temperature increase rate = 1 °C min
-1

). The calcined 

catalyst is noted as 15Cu/SBA-15_ISAC. 
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Fig. 5.1 pH evolution during the DP process for 15Cu/SBA-15 at 90 °C 

For a typical DP preparation of 1 g of 15(wt.%)Cu/SBA-15, 0.85 g SBA-15 was added into 

70 mL distilled water and stirred vigorously to disperse the support completely. 35 mL of 

copper nitrate aqueous solution (0.069 mmol/mL Cu(NO3)2·2.5H2O) was added into the 

SBA-15 suspension dropwisely. Then the temperature was increased to 90 °C. If necessary a 

few drops of nitric acid was added to tune the initial pH value of the solution to 2.0. Then 35 

mL of urea (0.8 mmol/mL CO(NH2)2, 99%, Sigma-Aldrich) with a molar ratio of urea/copper 

nitrate equal to 3 was added to the slurry solution as a precipitating agent. The slurry was 

stirred for 24 h, cooled, filtered and washed. The precipitates were dried at 80 °C overnight 

and then calcined at 500 °C for 6 h with a ramp of 1.5 °C min
-1

. The as-made catalysts 

(before calcination) are noted as 15Cu/SBA-15_DP_am. The calcined catalysts are noted as 

15Cu/SBA-15_DP. 

The deposition precipitation of copper onto the suspended SBA-15 support was monitored 

by pH-metry. As shown in Fig. 5.1, an initially rapid increase of pH occurred during the first 

hour, which was caused by the neutralization of nitric acid by the hydroxide ions generated 

by the hydrolysis of urea. Then at more elevated pH value (4-5), the rate of pH increase 

dropped for a number of reasons, such as the evaporation of ammonia, the CO2 buffering 

effect, the ionization of silanol groups, the interaction between the precipitating Cu species 
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and the support, and the partial dissolution of SBA-15.
40–43

 The precipitation started from pH 

4-5 and was completed at a pH value of 7.3 for 15Cu/SBA-15_DP. After calcination, the 

color of 15Cu/SBA-15_DP changed from bright blue to olive green. The bright blue color 

indicates the presence of hydrated octahedral Cu
2+

 ions in the as-made catalyst while the 

olive green color is usually attributed to the decomposed copper phyllosilicates.
44,45

 

 

5.3. Results and discussion 

5.3.1 Characterization of the calcined catalysts 

The XRD pattern at low angles for 15Cu/SBA-15_ISAC is depicted in Fig. 5.2. 

Diffractions in-between 0.5-2˚ indicates that despite the exothermic ISAC reaction, the 

organized pore structure is preserved. Additionally, the presence of the (210) and (300) 

reflections suggests an excellent long range ordering of the porosity. The decrease of the 

diffraction peak intensity may be related to the pore filling by CuO NPs which reduces the 

electron density contrast between the pores and silica walls as aforementioned in previous 

chapters.
46

 Very small shifts of diffraction peak positions imply tiny changes in cell parameter 

values, which could be assigned to the fluctuation of experimental error. Nevertheless, the 

auto-combustion process does not result in the pore structure collapse of the SBA-15 support. 

A significant difference in the low-angle X-ray diffraction pattern is observed for 

15Cu/SBA-15_DP, as compared to 15Cu/SBA-15_ISAC and the SBA-15 support (Fig. 5.3). 

The (110), (200), (210) and (300) reflections disappear, suggesting a significant alteration of 

the ordered mesopore structure at long range and a poor uniformity for 15Cu/SBA-15_DP. 

The change in the meso-structural regularity could be assigned to the partial collapse of the 

ordered mesoporous structure of SBA-15 support due to the dissolution of silica walls by the 

harsh conditions, i.e. high pH value and high temperature, in the deposition precipitation 

process.
42,47,48

 The dissolution of SBA-15 in the basic medium and the reprecipitation of the 

silicate is the basis for the formation of the copper phyllosilicates, which at the same time 

also leads to a significant change in the structural characteristics of SBA-15, as indicated by 

the low-angle XRD characterization. 
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Fig. 5.2 Low angle XRD patterns for SBA-15 and 15Cu/SBA-15_ISAC 

 

Fig. 5.3 Low angle XRD patterns for SBA-15 and 15Cu/SBA-15_DP sample 
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Fig. 5.4 High angle XRD pattern of the reference catalyst 15Cu/SBA-15_IWIMD 

  

Fig. 5.5 High angle XRD patterns for SBA-15 and 15Cu/SBA-15_ISAC  

 

10 20 30 40 50 60 70 80

In
te

n
s
it
y
 (

a
.u

.)

 

 

 

2Theta (degree)

SBA-15

(111)

(022)

CuO 

 15Cu/SBA-15_IWIMD 

10 20 30 40 50 60 70 80

CuO

15Cu/SBA-15_ISAC

SBA-15

 

2theta(degree)

In
te

n
s
it
y
 (

a
.u

.)

 

 

(022) 

(111) 



 

128 
 

 

Fig. 5.6 High angle XRD patterns for SBA-15 and 15Cu/SBA-15_DP  

The high-angle XRD patterns of 15Cu/SBA-15 catalysts are given in Fig. 5.4-5.6, with 

15Cu/SBA-15_IWIMD used a reference. The diffraction peaks at 35.4˚, 38.7˚, 38.9˚, 48.8˚, 

61.6˚, 66.2˚, 68.1˚, recorded for 15Cu/SBA-15_IWIMD catalyst and 15Cu/SBA-15_ISAC, 

evidence the formation of crystalline CuO phases (JCPDS 056-0661). For 15Cu/SBA-

15_IWIMD (Fig. 5.4), the sharp diffraction peaks indicate a large crystal size. The average 

size of CuO crystals calculated by the Scherrer equation is 64 nm. For 15Cu/SBA-15_ISAC 

(Fig. 5.5), the sharp end and the broad onset of the diffraction peaks indicate that both small 

and large CuO crystals may coexist in the sample. The average size of CuO crystals is thus 

smaller, which is 12.4 nm calculated by Scherrer equation, as compared to the reference 

catalyst. In contrast to 15Cu/SBA-15_IWIMD and for 15Cu/SBA-15_ISAC, no sharp 

diffraction peaks can be observed for 15Cu/SBA-15_DP (Fig. 5.6). Instead, a group of weak 

and broad diffraction peaks which could be indexed to copper phyllosilicate (chrysocolla, 

JCPDS 027-0188) is observed, implying that part of copper phyllosilicate formed during the 

DP process remains in the catalyst after the calcination process. However, it is difficult to 

calculate the size of the copper phyllosilicate crystals due to the low intensity and broadness 

of these peaks. In addition, in contrast to 15Cu/SBA-15_ISAC, CuO is not detected by XRD 

for 15Cu/SBA-15_DP. This might imply that CuO crystals, if existing, are highly dispersed 

over 15Cu/SBA-15_DP. 
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Fig. 5.7 IR spectra for 15Cu/SBA-15_DP and 15Cu/SBA-15_DP_am 

The presence of the copper phyllosilicates in 15Cu/SBA-15_DP_am and 15Cu/SBA-

15_DP was further checked by IR spectroscopy. Chrysocolla is characterized by the δSiO band 

of SiO4 tetrahedra at 1024-1040 cm
-1

, the υOH band of structural OH at 3620 cm
-1

, and the δOH 

band of OH groups linked to 3 Cu
2+

 ions at 670-675 cm
-1

.
43,30,49

 The absorption of SiO4 

tetrahedra is usually disturbed by the intense absorption peak of the υSiO band of amorphous 

silica at 1100-1000 cm
-1

.
50

 On Fig. 5.7, the broad bands at 3431-3434 cm
-1

 and 1631-1634 

cm
-1

 are due to the H-O-H vibrations of adsorbed water, the absorption bands near 3745 and 

966 cm
-1

 are assigned to the stretching and bending vibration of Si-OH; the bands near 1035-

1058 cm
-1

 and 800-803 cm
-1

 are related to the Si-O bonds of amorphous silica.
50–53

 Compared 

to SBA-15, three changes can be observed for the DP solids. First, the disappearance of the 

Si-OH absorption bands near 3747 cm
-1

 and of the Si-OH absorption bands at 966 cm
-1

 for 

15Cu/SBA-15_DP implies the consumption of the silanol groups by the formation of copper 

phyllosilicate. Second, an obvious red shift of the absorption band of SiO4 tetrahedra from 

1058 to 1040 cm
-1

 (for 15Cu/SBA-15_DP_am) implies that there is a relatively strong 

interaction between copper species and silica.
49

 Third, in line with XRD, the absorption bands 

near 3620 cm
-1

 and 672-674 cm
-1

 observed for the two DP solids directly indicates the 

existence of copper phyllosilicates before and after calcination. Besides, the intensity of the 

absorption bands near 3620 and 672-674 cm
-1

 for the calcined sample is weaker than those of 

the as-made sample, which implies that some of the copper phyllosilicates are decomposed 

during calcination.  
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Fig. 5.8 Representative TEM images recorded for 15Cu/SBA-15_ISAC 
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Fig. 5.9 Representative TEM images recorded for 15Cu/SBA-15_DP 

 

The catalyst morphology was characterized by TEM. The microscopy images give direct 

evidence of the broad distribution of CuO particle sizes in 15Cu/SBA-15_ISAC as shown in 

Fig. 5.8. The solid shows the typical hexagonal SBA-15 mesoporous structure with a long-

range order, confirming the results obtained by XRD at low angles. Besides, both open 

mesopores and blocked mesopores exist in the structure. Two types of metal oxide NPs with 

different morphologies can be observed. Part of copper oxide forms large aggregates at the 

mesopore openings at the edge of the SBA-15 grains, recrystallized out of the support 
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porosity (Fig. 5.8 a, c). Their size is quite large, up to 120 nm. Part of copper oxide is 

confined within the channels, generating nanorods (Fig. 5.8 b, d-f). Their diameter is about 

8.0 nm, which is close to the pore size of the support, while their length is up to 50 nm. In 

some cases, the rod-like NPs have grown into adjacent mesopores and appear to be 

interconnected by the secondary porosity (Fig. 5.8 e). A careful observation reveals that the 

nanorods are actually aggregates of smaller CuO particles (Fig. 5.8 b). The microscopy 

characterization thus shows that the ISAC preparative procedure led to the formation of both 

external CuO aggregates and mesopore-confined smaller CuO particles. 

As for 15Cu/SBA-15_DP, a very different catalyst morphology is observed as shown in 

Fig. 5.9. First, the typical long-range order of the mesoporous structure of SBA-15 cannot be 

observed any more. Instead, silica residues appear as full of irregular holes (Fig. 5.9 b), 

though the typical morphology of SBA-15 is partially preserved in some areas (Fig. 5.9 a). 

These results directly confirm the severe dissolution of the SBA-15 support during the DP 

process. Additionally, two types of nanoparticles with different morphologies can be 

observed. On the one hand, under high resolution conditions, very small and dark spots could 

be recognized in the dissolved silica zones (Fig. 5.9 c, d), which may be copper oxide 

particles issued from the partial decomposition of the Cu silicates during calcination. These 

particles are homogeneously and densely dispersed on the catalyst surface (Fig. 5.9 c) and are 

too small to be detected by XRD as supposed above. On the other hand, filamentous particles 

could also be observed (Fig. 5.9 a, inset). Most of these species exist as a single sheets and 

few of them as double sheets, which corresponds to the filamentous copper silicates. These 

results confirm that the deposition precipitation route leads to the stabilization of the 

transition metal in silicate phases, and to the formation of highly-dispersed CuO particles 

after calcination, which is consistent with the IR and XRD results.  
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Fig. 5.10 N2 physisorption isotherms for SBA-15 and 15Cu/SBA-15_ISAC 

 

Fig. 5.11 Pore size distribution curves of SBA-15 and 15Cu/SBA-15_ISAC calculated using the B.J.H. model applied to 

the desorption branch 
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Fig. 5.12 N2 physisorption isotherms for SBA-15 and 15Cu/SBA-15_DP 

 

Fig. 5.13 Pore size distribution curves of SBA-15 and 15Cu/SBA-15_DP calculated using the B.J.H. model applied to the 

desorption branch 
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Table 5.1 Physico-chemical properties of 15Cu/SBA-15_ISAC and 15Cu/SBA-15_DP 

Samples SBET, a m2/g  Vt,
 b cm3/g Dp, nm 

SBA-15 732  1.2 8.3 

15Cu/SBA-15_ISAC 632  0.9 6.8 

15Cu/SBA-15_DP 331  0.9 3.2, 15.1 

a: B.E.T. surface area per gram of SBA-15 support; b: total pore volume per gram of SBA-15 support. 

The textural properties of the support and of the 15Cu/SBA-15_ISAC and 15Cu/SBA-

15_DP materials extracted from nitrogen physisorption experiments are gathered in Table 5.1 

while the isotherms are presented in Fig 5.10-5.13. As for 15Cu/SBA-15_ISAC, the isotherm 

is of type Ⅳ with H1-type hysteresis loops (Fig. 5.10), which is typical of a mesoporous 

SBA-15 structure with a narrow pore size distribution of the cylindrical pores as 

aforementioned in previous chapters. The isotherm curve is observed to shift down along the 

y-axis, indicating a decrease of the pore volume, as shown in Table 5.1. This evolution arises 

as a result of the partial blocking of the primary mesopores with confined rod-like copper 

particles, which is consistent with the low-angle XRD and TEM results. As compared to the 

SBA-15 support, the closing of the hysteresis loop extends to a lower relative pressure value 

(from 0.67 to 0.54) due to the delayed capillary effect on the desorption branch, indicating the 

forming of ink-bottle mesopores. The B.J.H. pore diameter (Table 5.1) as well as the pore 

size distribution (as shown in Fig. 5.11) indeed displays a slight shift of the pore size to lower 

values after the introduction of CuO particles. In conclusion, after formation of copper oxide 

NPs by the ISAC method, the main characteristics of SBA-15 are retained while the 

confinement of the rod-like Cu NPs inside the porosity leads to the decrease of the surface 

area and of the pore volume. 
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For 15Cu/SBA-15_DP, the structure change caused by the deposition precipitation process 

is reflected by the nitrogen physisorption. As shown in Fig. 5.12, 15Cu/SBA-15_DP exhibits 

a type Ⅳ adsorption/desorption isotherm, but several significant difference could be observed 

between 15Cu/SBA-15_DP and SBA-15: (i) a marked shift of the hysteresis position to 

higher relative pressure (P/P0), which indicates an increase in pore diameter; (ii) the delay in 

the closing of the desorption branch to 0.4 indicates the generation of small mesopores; (iii) a 

transformation of the hysteresis loop from H1 type (for SBA-15, massive uptake or 

desorption of N2 at a given pressure) to H2 type-like, implying the lesser regularity of the 

catalyst structure, as well as the formation of slit-like pores, which is consistent with the 

formation of disordered, lamellar structures as reported in the literature.
27,44,45

 The lesser 

uniformity of the pores is directly reflected by the pore size distribution curve as shown in 

Fig. 5.13: a very wide pore size distribution with two visible maxima for 15Cu/SBA-15_DP, 

indicating that two distinct families of pores contribute to the overall pore volume. The first 

one shows up at 3.2 nm. The presence of this peak could be attributed to the formation of the 

slit-like pores. Similar features have also been observed by other authors in the pore size 

distribution of Cu/SBA-15 prepared by DP.
31,42,54–56

 The second one as the main peak shows 

up at 15.1 nm, which is larger than for SBA-15 at 8.3 nm. The shift of the most probable pore 

sizes of 15Cu/SBA-15_DP samples to higher values could be attributed to the formation of 

the larger pores generated by the dissolution of SBA-15 support. In summary, the porosity 

analysis suggests that the DP process resulted in a complete degradation of the structure of 

silica upon dissolution of SBA-15 and formation of lamellar phases, which led to lower 

surface area and larger (in average) and less uniform pores of 15Cu/SBA-15_DP as compared 

to the SBA-15 support as well as to 15Cu/SBA-15_ISAC. 
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Fig. 5.14 H2-TPR profile for calcined 15Cu/SBA-15 catalysts 

 

The reducibility and speciation of the generated oxidic phases have been investigated by 

H2-TPR, as shown in Fig. 5.14. Unsupported bulk CuO presents a broad reduction peak with 

a primary peak at 237 °C and a shoulder peak at 294 °C. According to the literature, the 

reduction temperature of CuO is highly dependent on the particle size, lower reduction 

temperatures being associated to smaller particles while higher reduction temperatures are 

related to large particles.
57–59

 Thus the broad reduction peak of bulk CuO is probably caused 

by a wide distribution of the particle sizes, with different kinetics of reduction. The reference 

catalyst 15Cu/SBA-15_IWIMD showed a reduction peak at 279 °C. In contrast, 15Cu/SBA-

15_ISAC and 15Cu/SBA-15_DP were reduced at much lower temperatures (241 and 237 °C, 

respectively), implying a better dispersion of copper species in this two catalysts than the 

reference catalyst, which is consistent with the XRD and TEM results.  
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5.3.2 Characterization of the reduced catalysts 

The existing state of copper species after reduction (300 ˚C, 2 h) and exposure to air was 

checked by high-angle XRD, as depicted in Fig. 5.15. For the reference 15Cu/SBA-

15_IWIMD catalyst, the intense diffraction peaks at 50.7, 59.3 and 88.8˚, corresponding to 

the reflection of the (111), (200) and (220) planes, respectively, indicated the presence of 

metallic copper crystals (JCPDS 04-0836). The sharp shape of these peaks implied a very 

large size of Cu NPs, which was evaluated as 60 nm through the Scherrer equation. For 

15Cu/SBA-15_ISAC, diffraction by metallic Cu crystals was also detected. Peaks also 

exhibited shapes with sharp ends and broad onsets like the calcined sample, implying the 

existence of both large and small Cu NPs in the catalyst. The average size of the metallic Cu 

crystals was calculated as 23.9 nm. Besides, the diffraction peaks at 42.6 and 72.7˚, indexed 

to the reflections of (111) and (220) planes, respectively, suggested the presence of Cu2O 

(JCPDS 78-2076). The other characteristic peaks of Cu2O at 34.5, 49.6 and 88.1˚ are 

superimposed with the diffraction peaks of silica and of metallic copper. The mean size of 

Cu2O crystals given from the broad peaks by the Scherrer equation is 4.7 nm, much smaller 

than the metallic Cu crystals. According to the TPR profile of 15Cu/SBA-15_ISAC, CuO 

should be completely reduced at 280 ˚C after 2 h. It is thus likely that the smaller metallic Cu 

particles are easily oxidized once exposed to air during XRD characterization, and this group 

of Cu particles formed the Cu2O phases. For 15Cu/SBA-15_DP, the broad diffraction peaks 

all corresponded to Cu2O crystals. The average size of the Cu2O crystals was 5 nm, which 

was close to the size of the Cu2O crystals in 15Cu/SBA-15_ISAC. The Cu2O crystals in 

15Cu/SBA-15_DP should also derive from the exposure of small metallic Cu crystals to air 

during XRD characterization. 

The morphology of reduced 15Cu/SBA-15 samples was characterized by TEM (Fig. 5.16-

5.18). As expected, Cu particles in the reference 15Cu/SBA-15_IWIMD catalyst existed in 

large aggregates (Fig. 5.16). 
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Fig. 5.15 High-angle XRD patterns of 15Cu/SBA-15 catalysts, reduced at 300 °C (Co K source) 

 

 

Fig. 5.16 Representative TEM images of reduced 15Cu/SBA-15_IWI 
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Fig. 5.17 Representative TEM images of reduced 15Cu/SBA-15_ISAC 
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Fig. 5.18 Representative TEM images of reduced 15Cu/SBA-15_DP 
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Fig. 5.19 Particle size distribution in 15Cu/SBA-15_ISAC 

 

 

Fig. 5.20 Particle size distribution in 15Cu/SBA-15_DP 
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For 15Cu/SBA-15_ISAC, the catalyst morphology is similar to that of the calcined sample 

(Fig. 5.17). Three types of copper particles (Cu
0
 and Cu2O) remain in the catalyst: large Cu 

particles recrystallized out of the support porosity (Fig. 5.17 a, c); medium-sized Cu 

aggregates at the mesopore openings at the edge of the SBA-15 grains (Fig. 5.17 a, d); small 

copper particles, probably oxidized in air, confined within the support channels (Fig. 5.17 c-

f). As indicated above, the mesopore-confined small particles should be Cu2O particles. The 

particle size ranges from 3 to 50 nm, and around 40% of the particles (< 10 nm) are confined 

in the mesopores (Fig. 5.19). For 15Cu/SBA-15_DP, the catalyst reduction leads to the 

formation of small and homogeneously dispersed Cu2O particles on the catalyst surface (Fig. 

5.18). The filamentous particles observed in the clichés of the calcined sample are hardly 

observed here. The particle size histogram of 15Cu/SBA-15_DP in Fig. 5.20 shows that over 

40% of the particles have a particle size smaller than 5 nm, and over 50% range between 5 

and 10 nm. As compared to 15Cu/SBA-15_ISAC, applying the DP method leads to a marked 

enhancement of the dispersion of copper particles. 

 

5.3.3 Preliminary exploration of reaction conditions 

Due to its intermediate metal dispersion level among the three catalysts, anticipated to lead 

to an intermediate reactivity, 15Cu/SBA-15_ISAC was used to determine the reaction 

conditions that would lead to a significant production of DMF from HMF. The catalytic tests 

from a set of orthogonal experiments were performed in autoclaves from an Autoplant-

Chemspeed instrument at the Realcat platform in Lille, as described in Chapter 2. 1,4-

Dioxane was selected as the reaction medium, like in the previous chapters. The process 

parameters (i.e., reaction temperature, H2 pressure and HMF/Cu molar ratio) and their values 

were selected on the basis of preliminary studies.
1
 The same temperature (180-210-240 °C) 

and H2 pressure range (15-30-45 bar) were chosen compared with 15Ni/SBA-15_IWIMD 

(section 3.2.3), but the HMF/Cu molar ratio was different, ranging from 5 to 100, covering 

the range of the ratios found in the literature. Once reaction parameters were determined, the 

design of experiments involving a L9 orthogonal array (3 levels ^ 3 factors: P, HMF/Cu 

molar ratio) was constructed in the same way as described in Chapter 3. The corresponding 

parameters, the catalytic results of HMF conversion and distribution of main products under 

the varying reaction conditions are summarized in Table 5.2. 
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   Table 5.2 L9 orthogonal design for process parameters, and corresponding conversions and product distributions a 

Expt. 

no 
T/°C P/bar 

HMF/Cu 

molar 

ratio 

cat./g conv./% 

yield/% carbon 

balance/

% DMF BHMF MFOL MFFR 

1 180 15 100 0.016 4.2 0.8 0.0 0.7 0.0 97 

2 180 30 5 0.338 94.7 43.1 5.3 11.3 0.7 54 

3 180 45 50 0.034 33.0 4.5 8.0 0.0 0.9 80 

4 210 15 5 0.338 100.0 59 0.0 1.2 1.6 61 

5 210 30 50 0.034 44.8 5.4 10.0 0.0 1.1 72 

6 210 45 100 0.016 37.1 4.6 23.5 0.0 1.8 90 

7 240 15 50 0.034 83.0 12.5 58.0 0.0 3.4 89 

8 240 30 100 0.016 21.8 1.6 10 2.1 0.0 92 

9 240 45 5 0.338 100.0 54.5 0.0 0.0 1.2 56 

a: all the catalytic tests were performed in autoclaves from an Autoplant-Chemspeed instrument with 0.15 mmol/mL HMF 

in 25 mL 1,4-dioxane solution for 8 h. 

 

These results show that: (i) DMF, BHMF, MFFR and MFOL were detected as products in 

these tests, with DMF and/or BHMF as the major products, and MFFR and MFOL as the 

minor products: both hydrogenation and hydrogenolysis of the C-OH bond can be favored by 

15Cu/SBA-15_ISAC; (ii) low HMF/Cu molar ratios (≤ 50), in other terms large catalyst 

quantities (≥ 0.017 g), are required for an efficient conversion of HMF, indicating the limited 

activity of 15Cu/SBA-15_ISAC; (iii) however, a poor carbon balance occurred for low 

HMF/Cu molar ratios at each temperature level (Table 5.2, Entries 2, 4 and 9), possibly due 

to the polymerization of the intermediate products; (iv) HMF/Cu molar ratio (in other terms 

catalyst quantity) and temperature are the main factors influencing HMF conversion and the 

formation of BHMF and DMF, while H2 pressure has a minor effect. As compared with 

15Ni/SBA-15_IWIMD: (i) 15Cu/SBA-15_ISAC preferably catalyzes the hydrogenation/ 

hydrogenolysis of the pendant groups of HMF; (ii) 15Cu/SBA-15_ISAC shows limited furan 

ring hydrogenation ability (no DMTHF detected).  

One out of the nine tests is noteworthy. In Expt. No. 4, a DMF yield of 59% at 100% HMF 

conversion was obtained at 210 °C under 15 bar H2 with a HMF/Cu molar ratio of 5, giving a 

maximum DMF selectivity (59%) among the selected range of reaction conditions, though 

the carbon balance under these reaction conditions is low. This test result reveals that the 

efficient hydrogenolysis of HMF over 15Cu/SBA-15_ISAC requires a relatively high 



 

145 
 

reaction temperature (210 °C) due to the high activation energy for C-O bond cleavage.
60

 

Besides, the low HMF/Cu molar ratio (5) used here indicates that a relatively high catalyst 

loading (0.338 g catalyst) is required for high DMF yields due to the low intrinsic activity of 

Cu. Nevertheless, this is an interesting result considering that there is neither active promoter 

nor active support used in the monometallic 15Cu/SBA-15_ISAC sample. 

 

5.3.4 Effect of the HMF/Cu molar ratio 

The effects of the HMF/Cu ratio on the catalytic reactivity of the 15Cu/SBA-15_ISAC 

sample were further studied in a Parr batch reactor at IC2MP, Poitiers. Since the reactor used 

here has a volume of half that of the batch reactor used in the previous tests, the solution 

volume was decreased to 12.5 mL, while keeping the other parameters unchanged. The 

detailed procedure of the catalytic tests is described in Chapter 2. The results are given in Fig. 

5.21 (a-c).  

Setting the HMF/Cu ratio to 5 (Fig. 5.21 (a)), HMF was completely converted in the first 

half hour, giving BHMF as the main product (52% yield) and the two products of successive 

hydrogenolysis, MFOL (18% yield) and DMF (26% yield) as secondary products. Only a 

slight amount of MFFR was detected. This indicated that during this period the selective 

hydrogenation of the C=O bond was the primary reaction. Prolonging the reaction time to 2 h 

resulted in the gradual decrease of BHMF yield to 23.1% and the increase of DMF yield and 

MFOL yield to 44.1% and 27%, respectively. Since BHMF could be converted into MFOL 

and DMF through selective cleavage of the C-O bond (as described in Scheme 3.1 in Chapter 

3), the successive hydrogenolysis of BHMF to MFOL and of MFOL to DMF were dominant 

during this period. Further extending the reaction time to 6 h led to continuous decrease of 

BHMF yield to 5.6% and continuous increase of DMF yield to 68% and a decrease of MFOL 

yield to 9%. When the reaction time was extended to 8 h, the yields of the intermediate 

products further decreased, the carbon balance based on the identified products decreased, 

while a falling down of DMF yield occurred, suggesting that side reactions forming heavy 

products from BHMF and MFOL, as well as the ring opening of DMF, became the primary 

process during this process.
61,62
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Fig. 5.21 Evolution of the product distributions with reaction time over 15Cu/SBA-15_ISAC using different HMF/Cu 

ratios (210 °C, 15 bar, 0.15 mmol/mL HMF in 12.5 mL 1,4-dioxane): (a) HMF/Cu ratio of 5; (b) HMF/Cu ratio of 10; (c) 

HMF/Cu ratio of 14 

(c) 

(b) 

(a) 
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When increasing the HMF/Cu ratio to 10, the evolution of HMF conversion and the 

product distribution were similar to those obtained for a HMF/Cu ratio of 5 (Fig. 5.21 (b)). It 

is noteworthy that the yield of DMF at 6 h increased to 72.8% in this case, higher than that 

obtained for a HMF/Cu ratio of 5, indicating that changing the substrate loading could lead to 

a slight improvement. In addition, when the reaction time was prolonged to 8 h, the yield of 

DMF remained the same while the yields of unknown products were lower than those 

observed for a HMF/Cu ratio of 5, implying that during this period DMF was continuously 

produced from BHMF and MFOL though part of DMF was over-hydrogenated and part of 

BHMF and MFOL polymerized.  

When further increasing the HMF/Cu ratio to 14, a marked change of the evolution of 

HMF conversion as well as product distribution was observed (Fig. 5.21 (c)). On the one 

hand, the conversion of HMF was lower than those for HMF/Cu ratios of 5 and of 10, only 

giving 96% even after 8 h, revealing that the catalyst quantity used here was not enough to 

support full HMF conversion. On the other hand, BHMF remained the primary product 

during the first 4 h and then its yield significantly decreased from 55.4% to 6.4% in the 

following 4 h, while the yields of DMF were kept low during the whole process (0-22% 

yield) and the carbon balance became very poor, demonstrating that a severe polymerization 

of BHMF occurred before its conversion to DMF due to the inadequate catalyst quantity. 

Herein, the optimum HMF/Cu molar ratio (10 in this case) and reaction time (6 h in this 

case) are essential to obtain the maximum yield of DMF. In the subsequent experiments the 

HMF/Cu molar ratio was set to 10. 

 

5.3.5 Effect of reaction temperature 

With this HMF/Cu molar ratio fixed, the effect of another key parameter, the reaction 

temperature, on the catalytic reactivity of 15Cu/SBA-15_ISAC was investigated.  
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Fig. 5.22 Evolution of the product distributions with reaction time over 15Cu/SBA-15_ISAC at different temperatures (15 

bar, HMF/Cu molar ratio of 10, 0.085 g catalyst, 0.15 mmol/mL HMF, 12.5 mL 1,4-dioxane): 

 (a) 180 °C; (b) 210 °C; (c) 220 °C 

 

(a) 

(b) 

(c) 
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Fig. 5.22 summarizes the evolutions of HMF conversion and product distributions with 

time over 15Cu/SBA-15_ISAC at three different reaction temperatures (180, 210 and 

220 °C). It could be confirmed that the hydrogenolysis activity was quite low at low reaction 

temperature (180 °C, Fig. 5.22 (a)): although the conversion of HMF reached 97.7%, the 

DMF yield was only 7.7%. Instead, BHMF was mainly produced, with a maximum yield of 

80% reached at 1 h. The decrease of the carbon balance based on identified products may 

reveal a severe polymerization of BHMF at long reaction time, before it is converted to DMF. 

When the temperature was increased to 210 °C (Fig. 5.22 (b)), high yields of BHMF and 

DMF were produced at short and long reaction times, giving a BHMF yield of 75.8% at 

95.2% HMF conversion at 15 min, and a DMF yield of 72.9% at full HMF conversion at 8 h, 

respectively. HMF conversion and products formation with time change as follows. After the 

shortest possible time of reaction using this catalytic device (5 min), the concentration of 

HMF rapidly decreased. It was almost exclusively converted to BHMF, giving a yield of 

34.8% at 38% HMF conversion. The primary step of HMF conversion thus started with the 

partial hydrogenation of the side chain of -CHO to form -CH2OH. Prolonging the reaction 

time to 15 min led to a gradual increase of concentrations of BHMF, MFOL and DMF and a 

continuously fast decrease of HMF concentration. BHMF yield of 75.8%, MFOL yield of 

4.5% and DMF yield of 9.4% are obtained at 95.2% HMF conversion, which implied that the 

hydrogenation of the -CHO group remains the primary process during this period. Extending 

the reaction time to 0.5 h, DMF and MFOL were continuously produced at the cost of BHMF 

yield and the HMF concentration continuously decreased, giving a DMF yield of 22.1%, a 

MFOL yield of 13.1% and a BHMF yield of 58.7% at complete HMF conversion. The 

cleavage of the -CH2OH groups of BHMF to MFOL and DMF started to dominate. Extending 

the reaction time to 2 h, the MFOL concentration reached its maximum value (19.1%) and 

started to decrease in the following hours, indicating that the hydrogenolysis of the second -

CH2OH group started to dominate. In the following hours, BHMF and MFOL were 

continuously consumed to produce DMF, giving a maximum DMF yield of 72.9% at 8 h. 

Extending the reaction time to 10 h resulted in over-hydrogenation of DMF and likely 

polymerization of the remaining BHMF and MFOL, leading to a decrease of DMF, BHMF 

and MFOL selectivities. During the whole process, only a small amount of MFFR was 

detected, indicating the transformation route with MFFR as an intermediate product was less 

favored. Moreover, it should be noted that the formation of DMF started at the very 

beginning of the reaction, indicating the high hydrogenolysis activity at this temperature. 
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 Table 5.3 Catalytic performances of typical Cu-containing catalysts in the literature and in this work 

Entry Catalyst Feed conditions 
P  

(MPa) 

T 

(˚C) 
t(h) 

Conv. 

(%) 

Yield 

(%) 
ref 

1 CuRu/C 5 wt.% HMF in 1-butanol 6.8 220 10 100 71 4 

3 Cu20-PMO
a

 
4 mmol HMF; 20 mL ethanol; 0.1 g 

catalyst 
5 220 12 100 51.7 63 

4
b

 Cu/AlOx 
0.2 mol/L HMF; 0.6 mol/L 1,4-

butanediol; 1.5 g catalyst 
1.6 220 0.5 100 72 64 

5 CuZn nanoalloy 
13.6 mmol HMF; 20 mL CPME; 0.2 

g catalyst 
2 200 6 100 89.1 5 

6 Cu/ZnO 
11.9 mmol HMF; 35 mL 1,4-dioxane; 

0.5 g catalyst 
1.5 220 5 100 91.8 65 

7 CuCo/NGr/αA2O3 
1 mmol HMF; 2 mL THF; 0.1 g 

catalyst 
2 180 16 >99 >99 6 

8 CuNi/A2O3 
1.6 mmol HMF; 20 mL THF; 0.5 g 

catalyst 
3 200 6 100 56 66 

9 CuNi/TiO2 
4 mmol HMF; 25 mL 1,4-dioxane; 

0.3 g catalyst 
2.5 200 8 100 84.3 67 

10 Cu3Al oxide 
1.2 mmol HMF; 15 mL methanol; 0.1 

g catalyst 0.1
c

 240 1.5 >99 96.7 68 

11 Raney Cu 
11.9 mmol HMF; 35 mL 1,4-dioxane; 

0.5 g catalyst 
1.5 180 15 25 10.5 2 

12 
Cu/PMO 0.8 mmol HMF; 3 mL methanol; 0.1 

mg catalyst 

- 260 3 100 48 3 

13 CuZrOx 0.7 wt.% HMF in 1-butanol 1.5 200 2 99 60.6  69 

14 
15Cu/SBA-

15_IWIMD 

3.75 mmol HMF; 12.5 ml 1,4-

dioxane; 0.085 g catalyst 
1.5 210 8 4.5 - 

refere

-nce 

cataly

-st 

15 
15Cu/SBA-

15_ISAC 

3.75 mmol HMF; 12.5 ml 1,4-

dioxane; 0.085 g catalyst 
1.5 210 8 100 72.9 

this 

work 

a: Cu20-PMO, Cu0.59Mg2.34Al1.00;
 b: combined 1,4-butanediol lactonization and transfer hydrogenation/hydrogenolysis of 

HMF under continuous flow conditions; c: CTH conversion of HMF from methanol under N2 atmosphere. 

When further increasing the temperature to 220 °C (Fig. 5.22 (c)), it is observed that the 

evolution of HMF conversion and product distribution are similar to those observed at 210 °C 

in the first 2 h. However, at longer reaction time (after 4 h) the carbon balance started to 

decrease due to the over-hydrogenation of the intermediate products as well as DMF, giving a 

slate of ring opening products (e.g., 2-hexanol, 1-butanol, 1,2-hexanediol, 1,2,6-hexanetriol) 

and ring hydrogenation products (e.g., 2-methyl-5-hydroxymethyl tetrahydrofuran, 2,5-

dimethyltetrahydrofuran (DMTHF)).
1
 On the one hand, this shows that 15Cu/SBA-15_ISAC 

is a potential catalyst to produce valuable ring opening products at high reaction temperature. 

On the other hand, it suggests that a temperature of 220 °C is too high for the selective 

formation of DMF. The investigation on the reaction temperature indicates that, within this 

limited range of 40 °C, temperature has an important impact on the product distribution, and 

a proper temperature (210 °C in this case) is necessary to afford the highest selectivity of 

DMF.  
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In conclusion, the catalytic study above suggests that the most suitable reaction conditions 

for the selective conversion of HMF to DMF on Cu could be set at 210 °C under 15 bar with 

a HMF/Cu molar ratio of 10. Under these reaction parameters, the 15Cu/SBA-15_ISAC 

sample could afford a DMF yield up to 72.9% at complete HMF conversion, while it was 

found that the reference 15Cu/SBA-15_IWIMD catalyst almost exhibited no activity (only 

4.5% HMF conversion). In the literature, the most efficient Cu-based catalysts reported for 

the selective production of DMF from HMF are generally highly-dependent on the addition 

of other active elements (e.g. Ru, Zn, Ni, Co) or on the use of active supports (e.g. TiO2, ZnO 

and NGr/Al2O3), as summarized in Table 5.3. Pure Cu-based catalysts scarcely afford high 

DMF yields (Table 5.3, Entry 11-13). Besides, no work has been reported so far on 

monometallic copper catalysts supported on an inert siliceous material for the conversion of 

HMF to DMF. We show here that the monometallic 15Cu/SBA-15_ISAC catalyst prepared 

by the simple ISAC method is able to give an activity comparable with the monometallic Cu-

based catalysts reported in the literature. The relatively high hydrogenolysis reactivity of 

15Cu/SBA-15_ISAC could be attributed to the existence of a population of well-confined Cu 

NPs (as confirmed by the characterization) and the advantageous structure of SBA-15 (i.e., 

high surface area and ordered mesopores).  

5.3.6 Effect of metal dispersion on catalytic reactivity 

Once the suitable reaction parameters determined, the catalytic performance of the highly 

dispersed 15Cu/SBA-15_DP catalyst was then investigated. 

The evolution of HMF conversion and product distribution with reaction time over 

15Cu/SBA-15_DP is depicted in Fig. 5.23. BHMF, MFOL, DMF and only a very small 

amount of MFFR were detected in the products, with BHMF and DMF as the main products 

at short and long reaction time, respectively, which is similar to what was observed over 

15Cu/SBA-15_ISAC. A likewise product evolution with reaction time was also observed. At 

the initial time of the reaction (i.e., in the first 20 min), HMF predominantly experienced the 

partial hydrogenation reaction of the side chain, producing BHMF, whose yield gradually 

increased up to 89.1% at almost complete HMF conversion at 20 min. During this period, 

DMF and MFOL were only detected in small amounts, yielding 5.7 and 3.5%, respectively. 

Subsequently, BHMF was gradually converted to MFOL and DMF via the successive 

hydrogenolysis of the -CH2OH groups. The DMF yield reached a maximum value, 95.4%, 

after 10 h.  
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Fig. 5.23 Evolution of the product distribution with reaction time over 15Cu/SBA-15_DP  

Reaction conditions: 210 °C, 15 bar, HMF/Cu ratio of 10, 0.084 g catalyst, 0.15 mmol/mL HMF in 12.5 mL 1,4-dioxane 

  

As compared to 15Cu/SBA-15_IWIMD and 15Cu/SBA-15_ISAC, 15Cu/SBA-15_DP 

exhibited better catalytic performances for the selective production of DMF from HMF: a 

higher DMF yield with a higher carbon balance. The superior catalytic performance of 

15Cu/SBA-15_DP could be primarily attributed to the higher dispersion of Cu NPs in this 

catalyst. In fact, according to the particle size histogram data, the fraction of exposed surface 

Cu atoms in 15Cu/SBA-15_DP is 31%, higher than that in 15Cu/SBA-15_ISAC (16%). As 

compared to the literature (Table 5.3), the DMF yield achieved by 15Cu/SBA-15_DP is at the 

top level among monometallic Cu-based catalysts, and is comparable to the best results 

obtained by bimetallic Cu-based catalysts, confirming the outstanding reactivity of this 

catalyst for the selective conversion of HMF to DMF.  
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5.3.6 Kinetic study 

5.3.6.1 Kinetic modeling  

In order to provide a more quantitative analysis of the catalysis results, a simplified kinetic 

model was defined, lying on the same hypotheses as described in Chapter 3. 

 

Scheme 5.2 Simplified mechanism for the hydrogenolysis of HMF 

As indicated above, MFFR is barely detected on 15Cu/SBA-15_ISAC, BHMF is detected 

in large amounts, and no DMTHF is formed, confirming the poor activity of Cu for the 

hydrogenation of furanic rings at 210 °C. On Cu, the hydro-deoxygenation of HMF to DMF 

primarily proceeds through the partial hydrogenation of the -CHO chain to form BHMF, 

which then experiences C-O hydrogenolysis to give MFOL and DMF. However, minor 

products that have not been identified may arise from the etherification of the alcohols, from 

the subsequent ring hydrogenation or from the ring opening of DMF. The direct formation of 

DMF from BHMF is possible but in most cases in the literature the stepwise route with 

MFOL as an intermediate is considered to be dominant.
4,67,70–72

 The sequence of reactions 

chosen for the kinetic model is depicted in Scheme 5.2, with three apparent rate constants to 

be optimized, respectively k1app, k2app and k3app (Equations 5.2-5.6) and the rate laws for the 

conversion/production of the reactant/products are presented in Equations 5.7-5.10. It should 

be pointed out that, as proposed in Chapter 3, in this model, kapp contains three contributions, 

one corresponding to the adsorption of the reactant, one being the true kinetic constant and 

one related to a term containing the constant concentration of hydrogen (if the reaction order 

with respect to hydrogen is not 0). 
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                                                                                    Equation 5.2 

                                                          Equation 5.3 

                                                   Equation 5.4 

                                  Equation 5.5 

                                 Equation 5.6 

Where SM represents the surface active metal sites.  

𝑟𝐻𝑀𝐹 =  −𝑘1𝑎𝑝𝑝[𝐻𝑀𝐹]                                                                                       Equation 5.7 

𝑟𝐵𝐻𝑀𝐹 =  𝑘1𝑎𝑝𝑝[𝐻𝑀𝐹] −  𝑘2𝑎𝑝𝑝[𝐵𝐻𝑀𝐹]                                                           Equation 5.8 

𝑟𝑀𝐹𝑂𝐿 =  𝑘2𝑎𝑝𝑝[𝐵𝐻𝑀𝐹] −   𝑘3𝑎𝑝𝑝[𝑀𝐹𝑂𝐿]                                                         Equation 5.9 

𝑟𝐷𝑀𝐹 =  𝑘3𝑎𝑝𝑝[𝑀𝐹𝑂𝐿]                                                                                       Equation 5.10 

Where ri represents the rate of the consumption of species i, [i] is the concentration of species 

i, and kx (x = 1, 2, 3) is the apparent reaction rate constants for the corresponding reaction 

steps in Equation 5.4-5.6. Integrating Equation 5.7-5.10 using initial conditions, [HMF] = 

[HMF]0 at t = 0 and [BHMF] = [MFOL] = [DMF] = 0 at t = 0, the analytical expressions for 

the temporal variation of the concentrations of HMF, BHMF, MFOL and DMF are obtained 

as Equation 5.11-5.14:  
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[HMF] = [𝐻𝑀𝐹]0exp (−𝑘1𝑎𝑝𝑝𝑡)                                                                        Equation 5.11 

[BHMF] =
𝑘1𝑎𝑝𝑝[𝐻𝑀𝐹]0

𝑘2𝑎𝑝𝑝; 𝑘1𝑎𝑝𝑝
[exp(−𝑘1𝑎𝑝𝑝𝑡) − exp(−𝑘2𝑎𝑝𝑝𝑡)]                                 Equation 5.12 

[MFOL] = (𝑘1𝑎𝑝𝑝 + 𝑘2𝑎𝑝𝑝)[𝐻𝑀𝐹]0[
exp(−𝑘1𝑎𝑝𝑝𝑡)

(𝑘2𝑎𝑝𝑝 − 𝑘1𝑎𝑝𝑝)(𝑘3𝑎𝑝𝑝 − 𝑘1𝑎𝑝𝑝)

−  
exp(−𝑘2𝑎𝑝𝑝𝑡)

(𝑘2𝑎𝑝𝑝 − 𝑘1𝑎𝑝𝑝)(𝑘3𝑎𝑝𝑝 − 𝑘2𝑎𝑝𝑝)
+  

exp(−𝑘3𝑎𝑝𝑝𝑡)

(𝑘3𝑎𝑝𝑝 − 𝑘1𝑎𝑝𝑝)(𝑘3𝑎𝑝𝑝 − 𝑘2𝑎𝑝𝑝)
] 

                                                                                                                            Equation 5.13 

[𝐷𝑀𝐹] =
[𝐻𝑀𝐹]0𝑘2𝑎𝑝𝑝𝑘3𝑎𝑝𝑝

((𝑘2𝑎𝑝𝑝;𝑘1𝑎𝑝𝑝)(𝑘3𝑎𝑝𝑝;𝑘1𝑎𝑝𝑝)
(1 − 𝑒𝑥𝑝(−𝑘1𝑎𝑝𝑝𝑡)) + 

[𝐻𝑀𝐹]0𝑘1𝑎𝑝𝑝𝑘3𝑎𝑝𝑝

((𝑘1𝑎𝑝𝑝;𝑘2𝑎𝑝𝑝)(𝑘3𝑎𝑝𝑝;𝑘2𝑎𝑝𝑝)
(1 −

𝑒𝑥𝑝(−𝑘2𝑎𝑝𝑝𝑡)) +
[𝐻𝑀𝐹]0𝑘1𝑎𝑝𝑝𝑘2𝑎𝑝𝑝

((𝑘1𝑎𝑝𝑝;𝑘3𝑎𝑝𝑝)(𝑘2𝑎𝑝𝑝;𝑘3𝑎𝑝𝑝)
(1 − 𝑒𝑥𝑝(−𝑘3𝑎𝑝𝑝𝑡)) − [𝑢𝑛𝑘𝑛𝑜𝑤𝑠]    

                                                                                                                              Equation 5.14 

As was done for the Ni catalyst in Chapter 3 to increase the quality of the fit, the 

production of DMF is fitted after subtraction of the concentrations of unknown products 

(Equation 5.14), deduced from the calculation of the carbon balance. This rough 

approximation implies that the unknown products are formed in the later stages of the 

reaction, by consumption of MFOL or DMF. 
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Fig. 5.24 Kinetic patterns of HMF conversion simulated using the Excel solver: (a) 15Cu/SBA-15_ISAC at 180 °C; (b) 

15Cu/SBA-15_ISAC at 210 °C; (c) 15Cu/SBA-15_DP at 210 °C. Reaction conditions: 15 bar, HMF/Cu molar ratio of 10, 

0.085 g catalyst, 0.15 mmol/mL HMF, 12.5 mL 1,4-dioxane.  

Data points and solid lines represent experimental data and model, respectively 
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Table 5.4 Optimized apparent rate constants (kapp) for the modelling of HMF hydroconversion 

T (°C), catalyst k1app (h-1) k2app (h-1) k3app (h-1) 

180, 15Cu/SBA-15_ISAC 2.2 0.1 0.5 

210, 15Cu/SBA-15_ISAC 7.8 0.8 2.4 

210, Cu/SBA-15_DP 12.6 0.6 2.6 

   The fit by least-squares minimization was performed for 15Cu/SBA-15_ISAC catalyst 

tested at 180 and 210 °C (at 220 °C the production of unknown products is not negligible 

even at short reaction times, compromising the quality of the fit), and for the 15Cu/SBA-

15_DP catalyst tested at 210 °C. The fitting curves are depicted in Fig. 5.24 (a-c). 

The fits allow reproducing the consumption of HMF and the neat production of BHMF 

satisfactorily, even for longer reaction times. This should confirm that no inhibition term is 

required in the writing of the related rate equations, and that the unidentified products do not 

derive from the first stages of the reaction. But because of the rough correction carried out in 

the fit of DMF, modeled values for DMF exhibit more noise, though they appear in the 

correct order of magnitude at longer reaction times. Removing this correction leads to an 

even larger overestimation of the production of DMF. Probably for the same reason, the 

consumption of MFOL is overestimated at longer reaction times, especially for 15Cu/SBA-

15_ISAC tested at 210 °C. Fits carried out for 15Cu/SBA-15_ISAC shows an increase of the 

three rate constants with reaction temperature (Table 5.4). In the three cases, and unlike the 

Ni catalyst, Cu systems primarily appear as hydrogenation catalysts. The rate constants 

associated to the hydrogenolysis steps are significantly lower than that those associated to 

C=O hydrogenation. The DP catalyst exhibits the highest value of k1 app, which can be linked 

to the largest number of surface Cu sites. However, the values of the two other rate constants 

are quite similar when one compares the ISAC and the DP catalysts at 210 °C. As was noted 

for Ni, the hydrogenolysis of MFOL presents a higher rate constant than that of BHMF. 

However, it must be recalled that the values of k3app are probably overestimated, making any 

firm conclusion difficult. 
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Fig. 5.25 HMF conversion and product yields as a function of the number of catalytic cycles for 15Cu/SBA-15_ISAC, 

without intermediate regeneration, reaction conditions: 3 h, 210 °C, 15 bar, HMF/Cu molar ratio of 10, 0.135 g catalyst, 0.15 

mmol/mL HMF, 20 mL 1,4-dioxane.  

  

Fig. 5.26 HMF conversion and product yields as a function of the number of catalytic cycles for 15Cu/SBA-15_ISAC, 

with intermediate regeneration by calcination (500 °C for 6 h) and reduction (300 °C for 2 h), reaction conditions: 3 h, 

210 °C, 15 bar, HMF/Cu molar ratio of 10, 0.135 g catalyst, 0.15 mmol/mL HMF, 20 mL 1,4-dioxane.  
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5.3.7 Recycling study 

A limit previously identified in the literature for the application of Cu-based catalysts to 

HMF hydroconversion is the potential catalyst deactivation under the reaction 

conditions.
1,63,65

 Without regeneration processing between catalytic cycles, the  15Cu/SBA-

15_ISAC catalyst was also troubled by a heavy deactivation problem, showing a considerable 

activity loss from 100% to 13.6%, as shown in Fig. 5.25. The possible causes for catalyst 

deactivation include Cu sintering, carbon deposition, Cu oxidation (the catalyst was exposed 

to air during the recovering process) and Cu leaching.
1
 In order to improve the catalytic 

performance of the spent catalyst, a regeneration process was performed between the 

different cycles. The spent catalyst was calcined at 500 °C for 6 h and then reduced at 300 °C 

before the next use. The regeneration process was designed predominantly remove the 

carbonaceous deposits and reduce the copper oxides to metallic copper. As shown in Fig. 

5.26, after two cycles, the HMF conversion decreased from 100 to 87%. At the same time, the 

DMF yield decreased by 25.5%, the MFOL yield decreased by 6.8% but the BHMF yield 

increased by 15.3%, indicating a loss of hydrogenolysis activity of the catalyst. After 3 

cycles, the catalyst activity and the DMF yield continuously decreased, giving a DMF yield 

of 20.2% at 65% HMF conversion. As compared to the recycling tests without regeneration 

processing, the catalyst re-calcination and re-reduction marked improved the catalyst 

recyclability, suggesting that carbon deposition and Cu oxidation were causes of catalyst 

deactivation. The deactivation after regeneration was possibly caused by Cu sintering and Cu 

leaching. The characterization of the spent catalysts is currently been done in order to 

evidence the possible causes of catalyst deactivation. 

5.4 Conclusion 

A monometallic 15Cu/SBA-15_ISAC catalyst was prepared by the simple in-situ auto-

combustion method involving glycine, and was able to present a promising reactivity (72.9% 

DMF yield) under optimized reaction conditions (210 °C, 15 bar, HMF/Cu molar ratio of 10, 

8 h). A high HMF/Cu molar ratio (> 50) leads to a lower catalytic activity while a higher 

reaction temperature (≥ 210 °C) is necessary for the efficient cleavage of C-O bond. The use 

of the deposition-precipitation method led to a higher dispersion of copper NPs despite the 

destruction of the SBA-15 support, and a higher reactivity, giving a DMF yield of 95.4% after 
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10 h, which is at the top level in the literature reported for monometallic Cu-based catalysts. 

This result shows that it is possible to prepare monometallic Cu-based catalysts efficient for 

the selective conversion of HMF to DMF provided that Cu nanoparticles exhibit a high 

dispersion. The kinetic study showed that the formation of DMF from HMF primarily 

proceeded through the ―HMF → BHMF → MFOL → DMF‖ route with the hydrogenolysis 

of the first C-O bond of BHMF as exhibiting the lowest value of apparent rate constant. The 

catalyst stability tests showed that the 15Cu/SBA-15_ISAC catalyst is not stable upon 

cycling. A significant part of the total deactivation originates from the reoxidation of copper 

between successive cycles. Appling a recovery process, involving intermediate 

calcination/reduction, leads to better stability, even if a decrease in hydrogenolysis activity is 

always observed. 
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The depletion of fossil carbon resources, huge energy demands, and environmental 

deterioration have encouraged the valorization of renewable biomass resources toward fuels 

and fine chemicals. 2,5-Dimethylfuran (DMF) and 2,5-dimethyltetrahydrofuran (DMTHF) 

have been identified as highly interesting biomass-derived liquid fuels with high energy 

densities and octane numbers, holding great potential as substitutes for petroleum-based 

gasoline. Production of DMF and DMTHF by hydroconversion of a biomass-derived 

platform molecule, 5-hydroxymethylfurfural (HMF), is a sustainable route. However, as a 

multifunctional compound, various other products, such as 2,5-bis(hydroxymethyl)furan 

(BHMF), 2,5-bis(hydroxymethyl)tetrahydrofuran (BHMTHF), 5-methylfurfural (MFFR), 5-

methylfurfuryl alcohol (MFOL), linear C6 alcohols, and heavy polymers, can be formed from 

HMF during catalytic conversion under H2. Achieving high selectivities to DMF and 

DMTHF from HMF is still a substantial challenge.  

A number of noble metal-based catalysts (e.g. Ru, Pd, Pt and Au) have been designed to 

orient the HMF hydroconversion to DMF/DMTHF. They have exhibited a high intrinsic 

activity but suffer from a poor selectivity. Moreover, noble metals are limited resources and 

their cost is high and fluctuating. The development of alternative catalysts based on the first-

row of transition metals, such as Ni and Cu, is of importance because of their relatively low 

cost. However, the catalytic performances of Ni- and Cu-based catalysts generally rely on the 

use of metal additives and/or active supports.  In contrast, monometallic Ni- or Cu-based 

catalysts have been seldom reported as active and selective for the transformation of HMF, 

and the effect of the dispersion of Ni or Cu particles is not often discussed in the literature. In 

this context, the main focus of this thesis was to develop highly active and selective 

monometallic Ni- and Cu-based catalysts by controlling the dispersion of metal particles. 

The following Ni- and Cu-based catalysts were prepared and tested in the hydroconversion 

of HMF to DMF or DMTHF: 

- Monometallic Ni/SBA-15 catalysts prepared by the incipient wetness impregnation – 

mild drying (IWI-MD) method and by the melt infiltration (MI) method. The dispersion 

of Ni nanoparticles (NPs) was controlled by using a mesoporous siliceous SBA-15 

support with different properties of intra-wall porosity. 
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- Monometallic Cu/SBA-15 catalysts prepared by the IWI-MD method, by the in-situ 

auto-combustion (ISAC) method and by the deposition-precipitation (DP) method. The 

dispersion of Cu NPs was controlled by using different preparative procedures. 

The monometallic 15Ni/SBA-15_IWI-MD catalyst prepared by the IWI-MD method 

exhibited a wide distribution of nickel particle sizes (5-50 nm), bearing both aggregated 

nickel particles and a population of mesopore-confined nickel particles (~ 24%), giving an 

average particle size of 15 nm. A significant improvement of the dispersion of nickel particles 

was realized by controlling the secondary pore network of the SBA-15 host materials and by 

introducing nickel via the MI method. SBA-15 aged at 60°C lacked a connection between 

adjacent pores through intra-wall porosity. It resulted in a poor diffusion of the molten nickel 

precursor and thus in the formation of extra-porous metal aggregates. SBA-15 aged at higher 

temperatures (100, 140 °C) presented a larger diameter of the intra-wall pores and 

interconnected porosity which facilitated the formation of finely dispersed nickel particles 

(2.1, and 3.1 nm, respectively), indicating the important role of the secondary pore network 

of SBA-15 host materials in determining the nickel particle size when nickel is introduced by 

the MI method. 

The effect of the dispersion of nickel particles was directly reflected by the catalytic 

reactivity for the hydroconversion of cinnamaldehyde (CNA) and HMF. The Ni/SBA-15 

catalyst presenting the highest Ni surface area (particles confined in the intra-wall porosity) 

exhibited the highest hydrogenation rate for CNA hydroconversion. A complete conversion of 

CNA to hydrocinnamaldehyde (HCNA) was achieved in 1.5 h with an initial hydrogenation 

rate of 122.8 mmolCNA gcat.
−1

h
−1

, which is at the top level as compared to the results in the 

literature. It also led to a faster HMF hydroconversion under mild reaction conditions 

(130 °C, 15 bar, near complete HMF conversion at 1 h), and facilitated the full hydrogenation 

and hydrogenolysis of HMF (high yields of BHMTHF and DMF). Besides, the existence of a 

large population of mesopore-confined Ni particles was considered to be crucial for the fast 

hydrogenolysis and furan ring hydrogenation of HMF on 15Ni/SBA-15_IWI-MD under 

optimized reaction conditions (180 °C, 30 bar, HMF/Ni molar ratio of 3). A DMF yield of 

70.5% was achieved after 0.5 h and a DMTHF yield of 96.6% after 10 h, which is one of the 

best results obtained with monometallic Ni-based catalysts reported in the literature. 

The dispersion of Cu particles in monometallic Cu/SBA-15 catalysts is also a key factor 

affecting the catalyst reactivity, and was shown to be highly dependent on the preparative 
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procedures. Cu is a metal that is difficult to efficiently disperse by impregnation or melt 

infiltration, and the use of the classic IWI-MD method resulted in a poor dispersion of Cu 

particles (average particle size of 60 nm). In contrast, 15Cu/SBA-15_ISAC prepared by in-

situ auto-combustion involving glycine displayed a higher Cu dispersion with a population of 

mesopore-confined Cu particles (< 5 nm in particle size). The use of the deposition-

precipitation (DP) method allowed further enhancement of the Cu dispersion with an average 

Cu particle size of 5 nm, at the cost of severe destruction of the SBA-15 structure. 

The dispersion of the Cu particles determined the catalytic performances of the catalyst. 

15Cu/SBA-15_IWIMD showed almost no activity (4.5% HMF conversion). In contrast, the 

better dispersed particles of 15Cu/SBA-15_ISAC exhibited a much higher hydrogenation 

activity, giving a DMF yield of 66% at complete HMF conversion under optimized reaction 

conditions (210 °C, 15 bar, HMF/Cu molar ratio of 10, 10 h). The 15Cu/SBA-15_DP catalyst 

presenting the highest Cu dispersion showed excellent catalytic activity and selectivity, 

achieving a BHMF yield of 89.1% at near complete HMF conversion after 20 min and a 

DMF yield as high as 95% at full HMF conversion after 10 h under the same reaction 

conditions. The DMF yield obtained by 15Cu/SBA-15_DP is at the top level among the Cu-

based catalysts reported in the literature.  

A kinetic study built on a simple model (order 1 with respect to the organic reactant and 

intermediates, no inhibition term) revealed differences between Ni and Cu. The 15Ni/SBA-

15_IWI-MD catalyst primarily appeared as a hydrogenolysis catalyst at 180°C. Both C=O 

hydrogenation and hydrogenolysis steps are fast compared to the hydrogenation of the furan 

ring. The conversion of HMF to DMTHF on Ni predominantly progressed via the ―HMF → 

MFFR → MFOL → DMF → DMTHF‖ route. Unlike the Ni catalyst, a kinetic study based 

on the catalytic data of 15Cu/SBA-15_ISAC and 15Cu/SBA-15_DP obtained at 180 and 

210°C showed that Cu systems primarily appear as hydrogenation catalysts, which preferably 

catalyze the C=O hydrogenation step compared to the hydrogenolysis steps, and are not able 

to catalyse the furan ring hydrogenation. The conversion of HMF to DMF on Cu 

predominantly progressed via the ―HMF → BHMF → MFOL → DMF‖ route. 

To summarize, this research work shows that controlling the metal dispersion through the 

pore characteristics of a mesoporous SBA-15 support, or through the suitable preparative 

procedure, can be the keys for the synthesis of non-precious monometallic Ni/SBA-15 and 
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Cu/SBA-15 catalysts that are both active and selective for the production of valuable DMF or 

DMTHF biofuels from the hydroconversion of HMF.  

Based on the results obtained in this thesis, some perspectives can be proposed for future 

investigation on this project. 

- Verifying the reusability of the Ni/SBA-15 and Cu/SBA-15 catalysts, identifying the 

causes for deactivation, and optimizing the regeneration procedures are necessary steps 

before moving to practical applications; 

- The kinetic models built in this thesis could be further improved by using more 

comprehensive catalytic data in order to provide more precise results, and determining 

true kinetic constants through a micro kinetic model; 

- The exploration of alternative supports such as mesoporous carbon materials, due to 

their exceptional textural characteristics and chemical stability, in replacement to SBA-

15 will be interesting; 

-  The literature suggests that supports with basic functions potentially facilitate the 

active and selective transformation of furanic compounds, which also deserves more 

research interest;  

- The study of solvent effects and the use of greener solvents such as alcohols will be 

interesting. 
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