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ABSTRACT 13 

The sustainable production of environmentally-friendly alternative fuels from renewable 14 

resources is one of the worldwide high-prospect strategies for future biorefinery schemes. 2-15 

methyltetrahydrofuran (2-MTHF) that can be obtained from renewable sources such as 16 

lignocellulosic biomass is considered as an ideal green fuel competitive to benchmarks products 17 

due to high-value properties like high energy density. In our work we showed that bimetallic 18 

Ni-Co/g-Al2O3 catalysts with an appropriate amount of Ni are worth robust, reusable and cheap 19 

earth-abundant non-noble metals-based catalysts enabling the high yield production of 2-20 

MTHF. The factors allowing the activity to be strongly boosted compared to the monometallic 21 

counterparts while keeping a high selectivity to the targeted 2-MTHF product were identified 22 

and discussed. Among the key factors we identified the role of the Ni-Co interaction allowing 23 

the Ni availability at the surface of the catalyst to be enhanced. Additionally, the surface acidity 24 

was recognized as another important factor. Silica supported catalysts were selective towards 25 



the 1,4-pentanediol (1,4-PDO) intermediate obtained by GVL dehydration, while more acidic 26 

g-Al2O3 was pushing the reaction further towards 2-MTHF. The synthesis parameters were 27 

optimized in terms of reduction temperature (500°C) and Ni:Co ratio (1:4) on the most active 28 

g-Al2O3 supported catalyst. 29 

 30 
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1. INTRODUCTION 33 

The sustainable production of environmentally-friendly alternative fuels out of renewable 34 

bioresources is one of the high-prospect strategies for future biorefinery schemes. In this 35 

respect, 2-methyltetrahydrofuran (2-MTHF) can be considered as an ideal green fuel alternative 36 

of high value, as it can be obtained from renewable sources such as lignocellulosic biomass and 37 

shows advanced applications in fuel industry [1,2]. It is a promising sustainable fuel, 38 

competitive with benchmarks products like ethanol or bio-derived  g-valerolactone (GVL), due 39 

to its high energy density and very low water solubility [3], while it can be easily blended with 40 

gasoline up to 70% [4]. Additionally, it is considered as a bio-derived solvent with low 41 

miscibility with water, excellent stability, high boiling point and easy biodegradability which 42 

makes it a very attractive and competitive sustainable product for fuel industry [5,6,7].   43 

 44 

 45 

Scheme 1. Overall reaction pathways of the stepwise hydrodeoxygenation of GVL into 2-46 

MTHF 47 



 48 

2-MTHF is derived from lignocellulosic biomass via a multi-step sequential process, 49 

consisting first in the hydrolysis of cellulose towards levulinic acid (LA), and its subsequent 50 

hydrogenation towards GVL, that can occur easily even in mild reaction conditions [8,9]. The 51 

production of GVL from biomass-derived levulinic acid is already a well-studied step with 52 

optimized catalysts [8,9]. Therefore it is highly worth to investigate the following step in the 53 

biomass-value chain towards biofuels, that is usually more demanding. It corresponds to the 54 

hydrogenolysis of the GVL ester bond to form the 1,4-pentanediol (1,4-PDO) intermediate, that 55 

can be further dehydrated into 2-MTHF (scheme 1) [10]. The endergonic nature (ΔG0 = 70 kJ 56 

mol-1 at 250°C) of the GVL conversion into 1,4-PDO usually requests severe reaction 57 

conditions such as high temperature and pressure [11]. Chemically-speaking, this first 58 

hydrogenation step requires breaking the C–O bond, and hydrogenating the cyclic ester. This 59 

two-step sequence of cyclic ester bond hydrogenolysis and further cyclisation is part of a 60 

complex reaction network with multiple competing side steps. A suited catalyst design is 61 

therefore crucial, and the catalysts should possess well-balanced surface sites combining the 62 

opening of the GVL ring with both hydrogenation and dehydration functions for achieving high 63 

MTHF yields while maintaining high selectivity features, notably by avoiding further 64 

hydrogenation of the 1,4-PDO intermediate towards diols (like 1-PeOH, 2-PeOH or 2-BuOH). 65 

Table S1 summarizes some recent representative works from the literature. 66 

The use of earth-abundant non-noble metals as substitutes to noble metals as catalysts is 67 

now a current global strategy resulting from the vital necessity of lowering the environmental 68 

impacts and of considering global resource sustainability aspects. Among them, Cu was often 69 

highlighted as an efficient metal allowing high selectivity to 2-MTHF or 1,4-PDO to be 70 

achieved in relatively mild conditions. However high metal loadings were usually required [12].  71 



An elegant approach allowing the properties of the catalysts to be tuned in order to boost 72 

its performances is based on the use of dopants or of bimetallic systems. Ni-Cu catalysts 73 

supported on Al2O3 were shown in the work of Obregón et al. to give a high yield 2-MTHF of 74 

64% at 230°C and an H2 pressure of 50 bar [13]. Despite a promising activity, the catalysts 75 

deactivated during reusability cycling tests due to carbon deposition.  76 

Much lower interest has been given to other transition metals such as Co, as monometallic 77 

or bimetallic catalysts. However, suited reaction conditions (temperature and H2 pressure) 78 

allowed Novodárszki et al. [14] to use recently Co/SiO2 catalysts for performing selectively the 79 

solvent-free hydrodeoxygenation of levulinic acid into 2-MTHF with maximum yield of 70% 80 

for a Co loading of 8%, the activity being strongly influenced by the temperature. Lastly, we 81 

showed that the activity of Co/TiO2 catalysts is highly depending on the features of the TiO2 82 

support in the hydrogenation of GVL into 2-MTHF [15]. We demonstrated the beneficial co-83 

presence of both anatase and rutile crystalline phases within the TiO2 support, and we proposed 84 

that the crystalline phase nature is not only influencing key-factors such as the Co particle size 85 

and the catalyst acidity, but also allows the SMSI effect to be tuned for achieving optimum 86 

performances in the synthesis of 2-MTHF. 87 

Among bimetallic Co-based systems, supported Ni-Co catalysts are receiving a growing 88 

interest for various reactions, and in particular for hydrogenation reactions from biomass-89 

derived substrates [16,17]. 2%Ni-20%Co/C catalyst allowed notably a high-yield of 90 

dimethylfuran production (95%) to be obtained from hydroxymethylfurfural under mild 91 

conditions (130°C, 1 MPa H2) [18]. The high activity and stability reported were proposed to 92 

originate from the synergistic effect between Ni and CoOx species, and from a stabilizing effect 93 

of Ni on CoOx, respectively. Li et al. attributed the high yield to tetrahydrofurfuryl alcohol 94 

obtained from furfural substrate to a synergistic effect between Ni0, CoO and spinel NiCo2O4 95 

phases [17]. They suggested that the NiCo2O4 spinel in appropriate amount enhanced 96 



reducibility of Ni catalysts in the presence of Co, and favored an even and high dispersion of 97 

both Ni0 and CoO active sites by inhibiting the crystallite growth over the short-channeled SBA-98 

15 used as support. On another hand, Kondeboina et al. suggested that the formation of a surface  99 

alloy was responsible for both the enhanced coke resistance capacity and the high activity of a 100 

NiCo/γ-Al2O3 catalyst in the C=O hydrogenation reaction from ethyl levulinate to GVL, which 101 

makes it a very promising catalyst [19].  102 

Therefore, the aim of the current work was to investigate the ability of novel supported 103 

NiCo catalysts to boost performances in the production of the furanic 2-MTHF biofuel. To this 104 

end, the potential of NiCo catalysts supported on a selection of metal oxide supports of interest, 105 

namely TiO2, g-Al2O3 and SiO2, was demonstrated. We studied to which extent the 2-MTHF 106 

production was influenced by the main physico-chemical properties of a novel supported NiCo 107 

catalysts for deriving the key-factors responsible for the catalyst performances. 108 

 109 

2. EXPERIMENTAL 110 

 111 

2.1.Material and Chemicals 112 

Ni(NO3)2x6H2O (100% pure, Chempur, Poland) and Co(NO3)2x6H2O (99.9%, Eurochem, 113 

Poland) were used as received, as well as g-valerolactone (99%, Sigma Aldrich) and 1,4-114 

dioxane (98% pure, POCH, Poland). Anatase-rutile mixed phase Aeroxide© TiO2 (P25) was 115 

delivered by Evonik-Degussa (Germany). SiO2 (silica gel 60) and γ-Al2O3 (type 507 C Neutral) 116 

were purchased from Merck (Germany) and Fluka (Switzerland), respectively. 117 

 118 

2.2. Catalyst preparation 119 

Bimetallic 1%Ni-4%Co catalysts were prepared on the different supports following the wet 120 

impregnation method using Ni(NO3)2•6H2O and Co(NO3)2•6H2O as metal precursors in water. 121 



After the solvent evaporation, the catalysts were dried at 120°C for 2 h, calcined at 500°C for 122 

5 h under a flow of air with a temperature ramp rate of 5°C/min. The samples were cooled down 123 

to room temperature and further reduced under H2 flow for 1 h at 500°C (25°C/min).  124 

 125 

2.3.Characterization techniques  126 

Temperature-programmed reduction (TPR)  127 

Temperature-Programmed Reduction (TPR) was carried out on the AMI1 system (Altamira 128 

Instr., Pittsburgh, PA, USA) using a thermal conductivity detector for studying the catalyst 129 

reducibility. TPR was performed on the samples after the calcination step. The TPR profiles 130 

were recorded with a 10°C/min heating rate, using a mixture of 5 vol.% H2 and 95 vol.% Ar at 131 

a space velocity of 3.1 x 10-9 g s-1 cm-3. 132 

Temperature-Programmed Desorption (TPD) of NH3 was performed for studying the 133 

catalyst acidity. The NH3-TPD experiments were implemented in a home-made quartz-based 134 

flow micro-reactor. Before all experiments, the surface of the catalyst was cleaned under He 135 

flow for 30 min at 500°C. The catalyst was then cooled down to 100°C, and NH3 was adsorbed 136 

on the surface of the catalyst for 15 min at 100°C. Prior to measurement, physically-adsorbed 137 

NH3 was removed from the surface of the catalyst by He flow cleaning for 15 min before 138 

cooling down the sample to the ambient temperature. The NH3-TPD experiment was performed 139 

from room temperature to 500°C with a 25°C/min heating rate. 140 

X-ray diffraction (XRD) measurements were performed on a PANalyticalX’Pert Pro MPD 141 

diffractometer (Malvern PANalytical, Malvern, United Kingdom), using a Cu long-fine focus 142 

XRD tube working at 30 mA and 40 kV as an X-ray source. Data were recorded in the 2θ mode 143 

with a 0.0167° step. Crystalline phases were identified by referring to the ICDD PDF-2 database 144 

(version 2004). 145 



Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) measurements were carried 146 

out in a TOF-SIMS IV instrument (ION-TOF GmbH) equipped with a 25 kV pulsed Bi3+ 147 

primary ion gun in static mode. The analyzed area of the sample surface was 500 µm x 500 µm. 148 

During the analysis, a pulsed low-energy electron flood gun was used for charge neutralization. 149 

The number of counts of selected ions from the mass spectra was normalized on the basis of 150 

the total ion count for allowing semi-quantitative analysis. 151 

X-Ray Photoelectron Spectroscopy (XPS) characterization was performed on a ThermoVG 152 

MultilabESCA3000 spectrometer equipped with an Al Kα anode (hλ = 1486.6 eV). The energy 153 

shift due to electrostatic charging was subtracted using the contamination sp2 carbon C 1s band 154 

at 284.6 eV. Contributions with Doniach–Sunjic shape [20] and a S-shaped Shirley type 155 

background [21] were used. The surface atomic ratios were obtained using the appropriate 156 

experimental sensitivity factors, as determined by Scofield [22]. 157 

 158 

2.4.Catalytic tests 159 

The catalysts were tested in the γ-valerolactone (GVL) hydrogenation in high pressure 160 

reaction conditions. The activity tests were performed in liquid phase using 1,4-dioxane as 161 

solvent within a 100 mL stainless-steel reactor (Parr, Germany). The reactions were carried out 162 

with 1 g of GVL, 0.6 g of catalyst and 30 mL of 1,4-dioxane. The reactor was flushed with 163 

hydrogen to remove air and the reactor was pressurized with hydrogen to 50 bar before the 164 

reaction was performed at 230°C for 5 h with a stirring rate of 800 rpm. The reaction conditions 165 

were chosen for obtaining conversion levels allowing for a valid comparison of the catalyst 166 

performances, in agreement with the literature. The reactor was further cooled down and the 167 

pressure was released. The obtained reaction mixture was centrifuged to separate the catalyst 168 

from the solution. The liquid products were analyzed using an external standard on an Agilent 169 



7820A GC instrument equipped with a CP-Wax 52 CB capillary column and a flame ionization 170 

detector.  171 

GVL elimination, GVL conversion and product yields were calculated as follows: 172 

!"#$#%&'#(%	(+,-) = %0123 − %0125
%0123

× 100% 173 

:#;"<	(=>(<) = %?5@A
%0123

× 100% 174 

B(%C;>D#(%	(+,-) = ∑%?5@A
%0123

× 100% 175 

nGVLi and nGVLr being the number of moles of GVL molecules before and after the reaction, 176 

respectively, and nprod being the number of moles of a given product in the reaction mixture. 177 

For recycling tests, the catalyst was washed with dioxane before use in the next cycle. 178 

 179 

3. RESULTS AND DISCUSSION 180 

 181 
3.1. Characterization of the Ni-Co catalysts 182 

 183 

The main physico-chemical properties of the TiO2, SiO2 and Al2O3 supported Ni-Co 184 

catalysts are summarized in Table 1, and the XRD patterns of the catalysts are shown in Figure 185 

1. The characteristic signature of the TiO2, Al2O3 and SiO2 supports was recorded. All the 186 

reflexes were indexed in the I41/amd and P42/mnm tetragonal unit cells of the anatase and 187 

rutile TiO2 polymorphs or corresponded to the main diffraction peaks at 2θ 37.54° (311), 45.67° 188 

(400) and 66.60° (440) of γ-Al2O3, while only the broad peak 2θ = 22° characteristic  of silica 189 

was observed. Only for the SiO2-based catalyst, a broad low-intensity reflex was observed at 190 

2θ=44.35° that corresponds to (111) crystal plane of the metallic Co phase in the Fm-3m cubic 191 

unit cell (JCPDS Card No. 15–0806) [23]. Performing structural refinement did not provide 192 

information on the metal size due to the high dispersion of the metallic phases at the surface of 193 

the support. 194 



 195 
Table 1. The main physico-chemical properties of the Ni-Co catalysts (reduced at 500°C). 196 
 197 

Catalyst BET surface 
area [m2/g] 

Pore volume 
[cm3/g]  

Average pore 
size [nm] 

Acidity 
[µmol/g] 

1%Ni-4%Co/TiO2 40 0.36 15.1 256 
1%Ni-4%Co/SiO2 374 0.80 2.9 110 
1%Ni-4%Co/Al2O3 145 0.22 2.5 663 

4%Co/Al2O3 138 0.23 2.5 511 
1%Ni/Al2O3 135 0.25 2.6 315 

 198 
 199 

 200 

 201 

Figure 1. Powder XRD patterns of Ni-Co catalysts supported on a) TiO2, b) SiO2 and c) Al2O3 202 

after the reduction step at 500°C. The asterisk marks the main peak attributed to metallic Co. 203 

 204 

The catalysts differ in terms of specific surface area as well as of both size and volume of 205 

pores, surface acidity and reducibility of the supported metallic active phase. The Ni-Co/SiO2 206 

catalyst exhibited the highest specific surface area (374 m2/g), while the catalysts based on g-207 

Al2O3 and TiO2 displayed lower surface areas at 135-145 m2/g and 40 m2/g, respectively. The 208 



SiO2-based catalyst had the highest pore volume, associated to its highest specific surface area, 209 

while the Al2O3-based catalysts displayed the lowest pore volume among the investigated 210 

systems, both having similar mean pore sizes of 2-3 nm, in agreement with the literature 211 

[24,25]. The TiO2-based catalyst exhibited a relatively high pore volume in view of its low 212 

surface area of 40 m2/g, what is classically related to the inter-particle mesoporosity within 213 

particle agglomerates, with a large pore size of 15 nm [26,27], TiO2 P25 being a non-porous 214 

material.  215 

The number of surface acid sites present in the Ni-Co catalysts on the different supports 216 

was determined through NH3-TPD analysis (Figure S1). It is worth noting that the analysis of 217 

the acidity of the catalysts comprises and includes as well that of the acidity of the supports 218 

themselves. According to the literature data, both TiO2 and Al2O3 supports, exhibit a similar 219 

number of Lewis acid sites at the surface. However, TiO2 and Al2O3 differ as being 220 

characterized by weak and strong Lewis acid sites, respectively [28,29]. In the case of TiO2, 221 

Lewis acidity is related to the presence of Ti4+ ions at the support surface, while it results from 222 

the presence of Al3+ sites in octahedral and tetrahedral symmetries for Al2O3 [30]. With regards 223 

to SiO2, the Lewis acidity remains negligible [31]. It should be mentioned that both Al2O3 and 224 

SiO2 supports are exposing Bronsted acid sites on their surface, which are related to the 225 

presence of surface hydroxyl groups. However, the high-temperature treatment applied upon 226 

the measurement dehydrates the surface, with the condensation of neighboring surface hydroxyl 227 

groups therefore decreasing the contribution of Bronsted acidity. The presence of strong acid 228 

sites of Lewis and Bronsted on the surface of catalysts is an important factor influencing 229 

catalytic activity. However, the strength of the acid sites can be strongly influenced by the 230 

presence of other species or catalysts preparation conditions. 231 

The addition of transition metals to the above-mentioned supports influenced the acidity 232 

of the catalysts. The lowest acidity was observed for the Ni-Co catalyst based on SiO2 (110 233 



µmol/g), and the highest one for the catalyst based on Al2O3 (663 µmol/g), while the Ni-234 

Co/TiO2 catalyst displayed an intermediate acidity at 256 µmol/g. It is worth adding that 235 

additional acid sites can be created as a result of metal-support interactions [24]. The presence 236 

of Ni or Co may cause an increase in acidity through to the creation of weak Bronsted acid sites 237 

[32,33]. Bridging hydroxyl groups can be created between the cation and the support surface 238 

[31]. In the case of Ni/Al2O3 and Co/Al2O3 catalysts, the presence of a strong metal-support 239 

interaction or the formation of a spinel may lead to an increase in acidity and acid strength. It 240 

is associated with an increase in the positive net charge or coordination of the unsaturated sites 241 

on the surface [32,33,34]. Also, the synergistic interaction between these two metals can 242 

significantly influence the distribution of acid sites in the bimetallic catalyst, as it is noteworthy 243 

that the acidity of the Ni-Co catalyst exceeded that of both monometallic counterparts. 244 

The TPR profiles of the different catalysts after the calcination step are illustrated in 245 

Figure 2. The profile recorded for the monometallic Co/Al2O3 catalyst showed a first reduction 246 

peak between 300°C and 470°C and a second broad peak over the 500-700°C range, 247 

corresponding to the reduction of Co3O4 to CoO and CoO to Co0 respectively [18,35]. The high 248 

temperature reduction effect could be also associated with the presence of interfacial CoAl2O4 249 

phase. No clear reduction peak was observed for the monometallic nickel catalyst due to the 250 

low metal content. Ni is known to strong interact with the Al2O3 support and the NiOx reduction 251 

might occur with the formation of a spinel interfacial phase [36]  which usually is hardly visible 252 

during the TPR measurements, especially a low metal loading [36]. In regard of the Ni-Co 253 

bimetallic catalysts, the nature of the supports strongly impact the TPR profiles. It is worth 254 

noting that the bimetallic Ni-Co catalysts supported on Al2O3 exhibited a TPR profile analogous 255 

to that of the monometallic Co catalyst. A slight shift towards lower temperature was however 256 

observed for the low-temperature peak, that can be related the existence of strong Ni-Co 257 

interactions whereas effects at high temperature (450-700°C) could be related with Co or Ni 258 



strong interaction with the support with possible formation of intermetallic species [37,38,39]. 259 

For the other bimetallic catalysts, the nickel and cobalt species were completely reduced at the 260 

temperature of 500°C. On the TiO2 support, two broad and overlapping reduction peaks were 261 

recorded in the temperature range of 250-500°C. These peaks can be attributed to the 262 

simultaneous (multi-step) reduction of Co3O4 and NiO [40,41]. On SiO2, three clear reduction 263 

peaks were observed at relatively low temperature in comparison to those recorded on both 264 

TiO2 and Al2O3 counterparts, which suggests a limited interaction of the supported metallic 265 

phase with the support. The first effect at low temperature (180-250°C) could be related to the 266 

reduction of Co3O4 to CoO, while both second and third reduction peaks within the 250-400°C 267 

temperature range can be attributed to the simultaneous reduction of NiO and CoO [42]. .  268 

 269 

  270 

 271 

Figure 2. TPR profiles of the Ni-Co catalysts supported on TiO2, SiO2 and Al2O3 after the 272 

oxidation step at 500°C. The profiles of the Ni and Co monometallic counterparts on the Al2O3 273 

support are reported for comparison.  274 

 275 



 XPS and time-of-flight secondary ion mass spectrometry (ToF-SIMS) analyses were 276 

performed for getting information about the catalyst surface and for identifying what kind of 277 

surface species were present, as well as their effect on the interactions between the metal(s) and 278 

the support (Tables 2 and 3). In regards to the XPS analysis, it must be said that metallic Co 279 

and Ni are known to undergo surface oxidation very easily when exposed to air, so that the XPS 280 

spectra of the Co 2p3/2 and Ni 2p3/2 orbitals exhibited only a broad envelope assigned to the 281 

core level peaks of Co or Ni species in oxidized state and to the usual shake-up satellite peak at 282 

higher binding energy, characteristic of Co or Ni species in oxidized states (not shown). 283 

However, surface atomic ratios were by far more informative. Comparing the catalysts on Al2O3 284 

reduced at 500°C, the presence of Co favored a better dispersion of the Ni atoms at the support 285 

surface in the bimetallic NiCo catalyst in comparison to its monometallic counterpart, as 286 

evidenced by a higher Ni/Al surface atomic ratio of 0.050 vs. 0.025. Taking into account the 287 

high Ni/Co surface atomic ratio of 0.79 largely overcoming the bulk (nominal) value of 0.25 288 

(1%Ni-4%Co), this might suggest an over-concentration of Ni at the surface of the NiCo 289 

nanoparticles, in agreement with the slight decrease in the Co/Al surface atomic ratio from 290 

0.078 to 0.063. By contrast lower Ni/Co surface atomic ratios were obtained for NiCo catalysts 291 

on SiO2 and TiO2, suggesting that no Ni overconcentration was observed. 292 

 293 

Table 2. Ni/Al, Co/Al and Ni/Co surface atomic ratios derived from XPS for the mono- and bi-294 
metallic catalysts reduced at 500°C, except when directly specified. 295 

Catalyst Ni/Al Co/Al  Ni/Co 
1%Ni-4%Co/TiO2  - - 0.20 
1%Ni-4%Co/SiO2  - - 0.12 

4%Co/Al2O3  - 0.078 - 
1%Ni/Al2O3  0.025 - - 

1%Ni-4%Co/Al2O3 (red. 300°C) 0.028 0.082 0.33 
1%Ni-4%Co/Al2O3 (red. 500°C) 0.050 0.063 0.79 
1%Ni-4%Co/Al2O3 (red. 650°C) 0.013 0.072 0.19 

 296 

 297 



Table 3. Normalized intensity of selected ions identified on the surface of the 1%Ni-4%Co 298 
catalysts and of the monometallic counterparts based on Al2O3 (reduced at 500°C). 299 
 300 

 Selected ions Identified on the catalyst surface 

Catalyst Ni+ /total x10-3 Co+ /total x10-2 NiCoO3H- /total x 10-4 Ni+/Co+ 
Ni-Co/TiO2 0.93 1.17 4.56 0.81 
Ni-Co/SiO2 2.47 2.50 18.02 0.99 

Ni-Co/Al2O3 6.30 1.42 5.29 4.44 
Co/Al2O3 - 11.18 - - 
Ni/Al2O3 0.63 - - - 

 301 

Those results were confirmed by ToF-SIMS analysis. The intensity of the Ni+ ion was the 302 

highest for the NiCo catalyst supported on Al2O3 among the different supports. Also the 303 

bimetallic NiCo/Al2O3 catalyst exhibited a Ni+ ion intensity higher by an order of magnitude 304 

(6.3 vs. 0.63) compared to the monometallic Ni counterpart, what was in agreement with a high 305 

dispersion of this metal on the catalyst surface, overcoming that of the monometallic catalyst. 306 

Also the bimetallic catalyst on Al2O3 exhibited the highest intensity for the Ni+/Co+ ratio, in 307 

agreement with an over-concentration of Ni at the surface of NiCo nanoparticles on Al2O3. By 308 

contrast, the Co+ ion intensity was strongly lower in the case of the bimetallic NiCo catalyst on 309 

Al2O3 compared to its monometallic counterpart, what can correlate with a surface Ni 310 

overconcentration, and can also result from the emergence of the NiCoO3H- ion, which 311 

indicates a significant interaction between the two metals. Similar Ni-Co interaction was 312 

observed in NiCo on TiO2, but the highest intensity of the NiCoO3H- ion was observed on SiO2, 313 

what suggests either a stronger interaction or that the majority of Ni and Co atoms are in 314 

interaction.   315 

 316 

3.2.Catalytic activity  317 

 318 

Table 4 shows the performances of the different Ni-Co catalysts in the GVL 319 

hydrogenation reaction. The Ni-Co catalyst supported on Al2O3 clearly outperformed its 320 



counterparts based on TiO2 and SiO2, in terms of both conversion and selectivity to 2-MTHF, 321 

and therefore of 2-MTHF yield. In the case of the catalysts supported on TiO2 and Al2O3, the 322 

main reaction product was 2-MTHF. The highest yield to 2-MTHF (80%) was obtained with 323 

the 1%Ni-4%Co/Al2O3 catalyst, which was twice as high that on its TiO2. In supported 324 

counterpart, together with the highest GVL conversion at 86%, vs. 53% on TiO2. By contrast, 325 

the 1%Ni-4%Co/SiO2 catalyst, led to the lowest selectivity to 2-MTHF, both 1,4-pentanediol 326 

and 2-MTHF reaction products were obtained , with the highest yield to 1,4-PDO of 43% and 327 

an intermediate conversion of 67%. 328 

 329 

Table 4. Activity of the Ni-Co catalysts supported on TiO2, SiO2, Al2O3 (reduced at 500°C) in 330 
the GVL hydrogenation in terms of yields to the different products, GVL elimination, GVL 331 
conversion and carbon imbalance. 332 

 333 

In order to assess the influence of individual metals on the catalytic performances, the 334 

activity of the monometallic counterparts are also reported in Table 2 in the case of the Al2O3 335 

support. The Ni catalyst showed no activity, while the Co catalyst was selective for 2-MTHF, 336 

Catalyst 
Product yield [%] GVL 

elimination 
[%] 

GVL 
conversion 

[%] a 

Carbon 
imbalance 

[%] b 2-
MTHF 

 
BuOH 

2-
PeOH 

1-
PeOH 

 
VA 

1,4-
PDO 

1%Ni-
4%Co/TiO2 

43 0 0 3 1 5 89 52 37 

1%Ni-
4%Co/SiO2 20 3 0 0 1 43 73 67 6 

1%Ni-
4%Co/Al2O3 

80 6 0 0 0 0 93 86 7 

4%Co/Al2O3 46 1 1 3 0 1 84 52 32 

1%Ni/Al2O3 0 1 0 0 1 1 31 3 28 

 

Reaction conditions: 230°C; 5h; 0.6 g of catalyst, 1 g GVL; 30 ml 1,4-dioxane and 50 bar H2 

a the GVL conversion is expressed as the sum of the different yields 
b calculated as the difference between the GVL elimination and the sum of the different 

product yields 



but with a GVL conversion of 52% being by far lower than that obtained with the Ni-Co system, 337 

giving a 46% 2-MTHF yield. 338 

It is worth noting that a carbon imbalance was observed whatever the catalyst tested, as 339 

the sum of yields was not matching with the observed deficit in the GVL substrate (non-closure 340 

of the carbon balance). Indeed, the sum of the different product yields remained lower than the 341 

level of GVL elimination, with mismatch values ranging from 6% to 37% depending on the 342 

catalyst. Among the catalysts, the greatest carbon imbalances were observed for the catalyst 343 

based on titanium oxide and for monometallic catalysts. The smallest mismatch was obtained 344 

for the alumina-based catalyst giving the highest yield to MTHF and for the silica-based catalyst 345 

giving the highest yield to 1,4-PDO. 346 

This carbon imbalance observed with different extents depending on the catalyst, was 347 

proposed to result from the adsorption of non-reacted GVL substrate at the catalyst surface, 348 

rather than the storage of reaction intermediates bound to the catalyst surface. Indeed, after 349 

cleaning the surface of the tested catalysts by dioxane, only traces of the GVL reactant were 350 

detected by HPLC analysis. Further, our previous works on Co/TiO2 demonstrated that this 351 

carbon imbalance can be reduced by prolonging the reaction time with the consequent increase 352 

in the yield to 2-MTHF [15]. 353 

To this end, Table 5 and related Figure 3 summarize the influence of the reaction time on 354 

the activity of the 1%Ni-4%Co/Al2O3. Regardless the reaction time, the progress of the reaction 355 

was characterized by its selectivity to 2-MTHF as main product. It is worth noting that already 356 

after 2 h of reaction almost complete GVL elimination was observed (90%), but associated to 357 

a high carbon imbalance. Prolonging the reaction time till 6 h reduced gradually the carbon 358 

imbalance observed and favours the further conversion of adsorbed (non-reacted) GVL into 2-359 

MTHF, in consequence increasing the GVL conversion while keeping the same GVL 360 



elimination. An almost complete conversion of the substrate was therefore obtained for a 361 

reaction time of 5-6 h, with a carbon imbalance close to zero.  362 

 363 
Table 5. Influence of the reaction time on the catalytic activity of the 1%Ni-4%Co/Al2O3 364 
catalyst in the GVL hydrogenation in terms of yields to the different products, GVL elimination 365 
and carbon imbalance. 366 

 367 
 368 

Figure 3. Influence of the time reaction on the GVL elimination, the GVL conversion, the yield 369 

to 2-MTHF and the carbon imbalance obtained with the 1%Ni-4%Co/Al2O3 catalyst. 370 

Reaction 
time [h] 

Product yield [%] GVL 
elimination 

[%] 

GVL 
conversion 

[%] a 

Carbon 
imbalance 

[%] b 2-
MTHF 

 
BuOH 

2-
PeOH 

1-
PeOH 

 
VA 

1,4-
PDO 

1 10 1 0 0 1 2 47 14 33 
2 43 1 0 2 0 4 90 50 40 
3 53 1 0 3 0 4 90 61 29 
4 55 5 0 6 0 10 92 76 16 
5 80 6 0 0 0 0 93 86 7 
6 78 2 1 5 0 5 93 91 2 

 

Reaction conditions: 230°C; 5 h; 0.6 g of catalyst, 1 g GVL; 30 ml 1,4-dioxane and 50 bar H2; reduction 
temperature: 500°C 

a the GVL conversion is expressed as the sum of the different yields 
b calculated as the difference between the GVL elimination and the sum of the different yields 



 371 

This was also in line with the findings of Huang et al. [43] which found that the adsorption 372 

of the GVL substrate in the presence of a nonpolar solvent of the hydrocarbon type, occurs 373 

mainly on the oxide support and not on the metal sites in the case of a Ni-Cu/Al2O3 catalyst. 374 

They showed further that the 2-MTHF product was less prone to adsorb than the GVL reactant 375 

due to polarities and structural differences, in agreement with DFT calculations. They proposed 376 

that the stabilization of the hydrogen bond interaction between the hydroxyl H atom of the 377 

Al2O3 surface and the carbon oxygen atom of GVL contributes to the highest adsorption energy 378 

of GVL. 379 

The differences observed in terms of carbon imbalance can in consequence be explained 380 

by differences in terms of the GVL adsorption rate on the surface of the catalysts that exhibited 381 

different surface properties. 382 

This substantiates why the GVL conversion is expressed preferably as the sum of the 383 

yields to the different products. The decrease in GVL observed in our reaction conditions cannot 384 

be fully ascribed to the GVL conversion, and was labelled as GVL elimination, as it also 385 

comprises the GVL that remained adsorbed at the support surface. 386 

 387 

3.3.Influence of synthesis parameters  388 

 389 

XPS and ToF-SIMS were used to get information on the influence of the reduction 390 

temperature (300-650°C) on the surface features of the 1%Ni-4%Co/Al2O3 catalyst (Tables 2 391 

and 6). These temperatures were selected on the basis of the TPR profiles (shown in Figure 2). 392 

Surface atomic ratio analysis revealed that low reduction temperature of 300°C did not change 393 

the surface availability of both Ni and Co species, with values similar to the corresponding 394 

monometallic catalysts, and a Ni/Co surface ratio close to the bulk nominal value. At the high 395 

temperature of 650°C, the Ni/Al surface ratio strongly dropped down from 0.050 for the catalyst 396 



reduced at 500°C with surface over-concentration of Ni, to 0.013. This was accompanied by a 397 

strong decrease in the Ni/Co surface ratio from 0.79 to 0.19. This suggested a strongly lower 398 

availability of the Ni species at the surface of the bimetallic NiCo catalyst. 399 

 400 

Table 6. Normalized intensity of selected ions identified on the surface of the 1%Ni-401 
4%Co/Al2O3 catalysts as a function of the reduction temperature. 402 
 403 

 404 

In regards of ToF-SIMS, the intensity of the nickel ion on the surface decreased, as well 405 

as that of Ni+/Co+, while the intensity of Co+ ions showed a volcano-like pattern. This 406 

decreasing trend does not reflect the over-concentration of Ni at the surface of the NiCo catalyst 407 

when increasing the reduction temperature to 500°C, as simultaneously was observed an 408 

increase in the intensity of the NiCoO3H- ion, that materialized the interaction between both 409 

metals. The low value obtained at the high temperature reduction of 650°C for both Ni+ and 410 

Co+ ion intensities can be explained by the formation of a strong interaction between the two 411 

metals. In agreement with the increase in the intensity of the NiCoO3H- ion. 412 

Table 7 and the associated Figure 4 show the effect of the reduction temperature on the 413 

activity of the 1%Ni-4%Co/Al2O3 catalyst. For comparison the catalyst was also tested without 414 

reduction under H2, i.e. only after the calcination step, but it did not show any significant 415 

activity. Therefore, the reduction step is a pre-treatment necessary for the activation of the metal 416 

on the support. Independently of the reduction temperature the reaction was highly selective 417 

and the main reaction product was 2-MTHF. A volcano-like relationship was observed for the 418 

Reduction 
temperature 

Ions Identified on the catalyst surface 

Ni+ /total x10-3 Co+ /total x10-2 NiCoO3H- /total x 10-4 Ni+/Co+ 

300 7.00 0.92 3.76 7.61 

400 6.93 1.16 5.05 5.97 

500 6.30 1.42 5.29 4.44 

650 2.71 0.68 7.68 3.99 



catalyst performances in respect of the reduction temperature. When using a reduction 419 

temperature of 400°C and 500°C, relatively similar product yields were obtained, 76% and 420 

80%, respectively, with a GVL conversion of 86%. Using a lower or higher reduction 421 

temperature resulted in lower conversions and 2-MTHF yields, the more pronounced decrease 422 

being observed at the high temperature of 650°C, giving a low yield to 2-MTHF of 34%. This 423 

could be due to lack of availability of Ni species, as well as sintering and extensive formation 424 

of Ni-Co interaction.  425 

 426 

Table 7. Influence of the reduction temperature on the catalytic activity of the 1%Ni-427 
4%Co/Al2O3 catalyst in the GVL hydrogenation expressed in terms of GVL conversion and 428 
product yields.  429 

 430 

Temperature of 
reduction [°C] 

Product yield [%] GVL 
conversion 

[%] a 2-
MTHF 

 
BuOH 

 
2-PeOH 

 
1-PeOH 

 
VA 

1,4-
PDO 

- 1 0 0 0 1 2 4 
300 60 2 0 4 0 4 70 
400 76 5 0 5 0 0 86 
500 80 6 0 0 0 0 86 
650 34 1 0 1 2 5 43 

Reaction conditions: 230°C; 5h; 0.6 g of catalyst, 1 g GVL; 30 ml 1,4-dioxane and 50 bar H2 

a the GVL conversion is expressed as the sum of the different yields 



 431 
 432 

Figure 4. Influence of the reduction temperature on the GVL conversion and the yield to 2-433 

MTHF obtained with the 1%Ni-4%Co/Al2O3 catalyst. 434 

 435 

The Ni-Co ratio was the next parameter of interest to evaluate, while keeping constant at 436 

5% the overall Ni-Co metal content. The results are summarized in Table 8. The 1%Ni-4%Co 437 

catalyst showed the highest GVL conversion and yield to 2-MTHF (80%). For other Ni and Co 438 

contents, strongly lower conversion and 2-MTHF yields were achieved, and similar yields to 439 

both main products (2-MTHF and 1,4-PDO) were obtained. Both GVL conversion and 2-440 

MTHF yield showed a volcano-type relationship in respect of the Ni:Co ratio. In particular for 441 

monometallic 4%Ni nearly no activity was shown. It can be also observed that the presence of 442 

Co is favoring the selectivity to 2-MTHF. The addition of a small amount of Ni to Co is helping 443 

to boost the activity, while however a too high Ni content is negative to conversion and is 444 

orientating the selectivity of the reaction to 1,4-PDO. 445 

 446 
 447 
 448 



Table 8. Influence of the Ni-Co metal ratio on the catalytic activity of the Ni-Co/Al2O3 catalyst 449 
in the GVL hydrogenation in terms of GVL conversion and product yields. 450 

 451 

3.4. Catalyst reusability 452 

Reusability experiments were performed with the 1%Ni-4%Co/Al2O3 catalyst reduced at 453 

500°C. The results are shown in Table S2 and Figure 5. After the first cycle, there was a slight 454 

decrease for both GVL conversion and yield to 2-MTHF, which dropped from 86% and 80% 455 

to 76% and 65% respectively. In the following cycles, the catalyst was stable until the fifth 456 

reaction cycle ant the yield to 2-MTHF remained constant over 60%. Additionally, no leaching 457 

of neither Co nor Ni was observed to the rection mixture. It is worth noting that the reuse of the 458 

catalyst did not require any additional high-temperature treatment. 459 

 460 

 461 

Catalysts 
Product yield [%] GVL 

conversion 
[%] a 2-

MTHF 
 

BuOH 
 

2-PeOH 
 

1-PeOH 
 

VA 
1,4-

PDO 
4%Co 46 1 1 3 0 1 52 

1%Ni-4%Co 80 6 0 0 0 0 86 
2.5%Ni-2.5%Co 18 2 0 0 2 16 38 

4%Ni-1%Co 6 0 0 0 3 6 15 
4%Ni 0 2 0 0 2 2 6 
Reaction conditions: 230°C; 5 h; 0.6 g of catalyst, 1 g GVL; 30 ml 1,4-dioxane and 50 bar H2 

a the GVL conversion is expressed as the sum of the different yields 



 462 
 463 
Figure 5. The recycling results for the 1%Ni-4%Co/Al2O3 catalyst (reduced at 500°C). 464 
Between each test cycle, the spent catalyst was washed in dioxane. Reaction conditions: 230°C; 465 
5h; 0.6 g of catalyst, 1 g GVL; 30 ml 1,4-dioxane and 50 bar H2. 466 
 467 
 468 

3.5. Discussion 469 

 470 

Our previous work showed the ability of earth-abundant non-noble metal Co catalysts to 471 

be used efficiently for the synthesis of MTHF from GVL [15]. Here, the activity of Ni-Co 472 

catalysts in the GVL hydrogenation reaction can be optimized through the use of an appropriate 473 

support, a suited Ni:Co ratio, as well as the selection of an adapted reduction temperature. We 474 

identified several key factors playing a role in the MTHF synthesis by Ni-Co catalysts. 475 

The rate-determining reaction step in MTHF synthesis is the initial ring-opening of GVL 476 

hydrogenation that forms 1,4-PDO [44]. For this step, metal sites are necessary. The role of the 477 

metal can be discussed when comparing the performances of the catalysts on the same support, 478 

i.e. g-Al2O3 catalyst, the activity of the bimetallic catalysts being much higher that obtained 479 

with their monometallic counterparts. Nearly no activity was even observed with the 480 

monometallic Ni catalyst. For the most active 1%Ni-4%Co/Al2O3 catalyst, the highest 481 

availability of Ni at the catalyst surface was observed while the existence of a Ni-Co interaction 482 

was demonstrated. We believe that both factors are of importance. 483 



Although Ni alone is not showing any activity in the reaction, the addition Ni in 484 

appropriate amount to the Co catalyst allows the activity to be strongly boosted without any 485 

change in the selectivity to the targeted 2-MTHF product. We suggest that associating Ni in 486 

interaction with Co leads Ni to develop modified properties. We showed previously that the 487 

strong chemisorption of hydrogen taking place on pure Ni is significantly limiting the yield of 488 

hydrogenation reactions, whereas it was demonstrated that its alloying, for instance with Au, 489 

facilitates the hydrogenation by lowering the hydrogen poisoning effect [45]. This is also in 490 

agreement with the work of Dong et al. who reported a Ni-Co interaction under the form of a 491 

Ni-Co nanoalloy exhibiting a higher electron density that in consequence can promote the 492 

hydrogen activation and therefore facilitate the hydrogenation reaction in the case of d-glucose 493 

[16]. However, it must be said that optimal performances rely on an optimal reduction 494 

temperature. A minimum reduction temperature is necessary (>400-500°C), first to get 495 

complete reduction of the Ni species into metallic Ni, and second to involve large amount of 496 

Ni into the Ni-Co interaction. Indeed, although Ni is available in reasonable amount at the 497 

surface, low activity was observed. By contrast, a high reduction temperature boosted strongly 498 

the involvement of Ni atoms in Ni-Co interaction, but simultaneously limited the availability 499 

of Ni atoms at the surface. 500 

Also the highest dispersion and therefore availability of Ni at the surface can be related 501 

with the existence of Ni-Co interactions. This was proposed by Li et al. [17] to be directly 502 

related to the formation of a spinel NiCo2O4 phase, that in appropriate amount can enhance the 503 

reducibility of Ni in the presence of Co, and favor the dispersion of both Ni and Co sites by 504 

inhibiting the crystallite growth at the support surface phases. In another work, this high 505 

dispersion was explained by the formation of a NiCo nanoalloy which was preventing 506 

nanoparticles to agglomerate [16]. 507 



We can also propose that the presence of adjacent nickel atoms in the Ni-Co systems 508 

might prevent the potential deposition of carbon over the cobalt sites as mentioned by Gonzalez 509 

de la Cruz et al. using Ni-Co/ZrO2 catalysts [46]. This phenomena might be additionally 510 

strongly influenced by the Ni:Co ratio in the formed alloy [47]. 511 

The subsequent conversion of PDO towards MTHF is possible thanks to presence of acid 512 

sites, as they can catalyze the dehydration of the 1,4-PDO intermediate to 2-MTFH [48]. 513 

Therefore the presence of the acid sites can be considered as another crucial parameter. Indeed, 514 

in the case of NiCo catalysts supported on SiO2 which are possessing the lowest acidity, a very 515 

low 2-MTHF production was observed, simultaneously to a significant yield to the 1,4-PDO 516 

intermediate. By contrast, nearly no 1,4-PDO production was observed using the catalyst 517 

supported on Al2O3, suggesting that the number of acid sites was sufficient for fastly converting 518 

the 1,4-PDO intermediate into 2-MTHF.  519 

For Al2O3-based catalysts, that have an acidity within the 300-700 µmol/g range, a direct 520 

relationship was established, namely higher the acidity, higher the GVL conversion and yield 521 

to 2-MTHF (Figure 6). The weak and medium acid sites that most likely occur on Ni-Co/Al2O3 522 

act as active sites and contribute to the hydrogenolysis of the C–O bond. This suggests that the 523 

acidity could be one of the limiting factors of the hydrogenation of GVL to 2-MTHF, in 524 

agreement with the literature [13].  525 

 526 



 527 
 528 
 529 

Figure 6. Influence of the surface acidity on both GVL conversion and yield to 2-MTHF 530 

obtained with the catalysts supported on g-Al2O3. 531 

 532 

We can further propose that a suited tuning of the features of the catalytic surface (e.g. 533 

availability of Ni and Co phases, potential interfacial spinel phase or NiCo nanoalloy, etc.) – 534 

that can be obtained by the modification of the synthesis parameters (notably reduction 535 

temperature and Ni:Co ratio) – might be an elegant way to influence directly the surface acidity 536 

of the catalyst, shown to be a key-factor necessary for achieving high performances. 537 

 538 

 539 
4. CONCLUSIONS 540 

In our work we demonstrated the ability of robust bimetallic Ni-Co catalysts to be active 541 

and selective towards 2-methyltetrahydrofuran which is considered as green fuel alternative. 542 

We investigated the influence of support, active phase composition and catalyst preparation 543 

conditions on the catalytic performances, as well as the catalyst reusability. Much higher yields 544 

to MTHF can be obtained on bimetallic Ni-Co catalysts than on the monometallic counterparts, 545 

the performance being however strongly depending on the ratio of the metals on the surface. 546 



Monometallic Ni is nearly not active in the process, but its addition in appropriate amount to 547 

the Co catalyst strongly boosted the activity with high selectivity to the targeted 2-MTHF 548 

product. The Ni/Co surface ratio can be tuned by the reduction temperature which strongly 549 

influences the Ni dispersion and availability at the surface, with in consequence a remarkable 550 

enhancement of the catalytic performance. For optimum activity, reduction at 400-500°C is 551 

necessary to provide metallic Ni species, and to involve large amount of Ni into a beneficial 552 

Ni-Co interaction. Additionally, the acid sites have an important role to favor the dehydration 553 

of the 1,4-PDO intermediate to 2-MTFH. Only catalysts supported on alumina possessing acid 554 

sites in sufficient amount enabled to reach high yield 2-MTHF production.  555 

 556 
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Figure S1 
 
 

 
 

Figure S1. TPD-NH3 profiles obtained for the investigated catalysts (reduced at 500°C).  
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Catalyst Reaction Reaction conditions MTHF Yield 
[%] 

Ref. 

5%Ru/C The reactions 
were performed in 
batch autoclave 
reactor. 

GVL (3 g, 29.9mmol), 
5%Ru/C (150 mg, 0.07 
mmol of Ru), solvent 
free, pressure 100 bar H2, 
temperature 190°C 
reaction time 24 h. 

43 [1] 

5%Ru/C, 
10%Re/C 
catalysts, and 
zeolite HY as 
acid co-catalyst. 

The reactions 
were carried out 
in a stainless steel, 
batch, 
mechanically 
stirred Parr 
autoclave. 

GVL: 1.68 g; Ru: 2 mg 
(GVL/Ru: 847.63 
mol/mol); NBP 500 mg,  
H2O: 40 mL; PH2 : 9.0 
MPa; temperature 
200°C; reaction time 3 h. 

35.7 [2] 

5%Ru/C, 
10%Re/C 
catalysts, and  
niobium 
phosphate as acid 
co-catalyst. 

The reactions 
were carried out 
in a stainless steel, 
batch, 
mechanically 
stirred Parr 
autoclave. 

GVL: 1.68 g; Ru: 2 mg 
(GVL/Ru: 847.63 
mol/mol); HY zeolite: 
500 mg, solvent -H2O: 
40 mL; PH2 : 9.0 MPa, 
temperature 200°C 
reaction time 3 h. 

64.9 [2] 

Ni-Cu/Al2O3 Activity tests were 
carried out in 
Hastelloy 
autoclaves with a 
magnetic stirrer 
and a glass liner. 

temperature 230◦C, 50 
bar H2 pressure, GVL-to-
Cat. weight ratio of 10, 5 
wt% GVL in 2-butanol 
as solvent, and 5 h 
reaction time. 

55 [3] 



 
 
 
 
Table S2. The recycling results for the 1%Ni-4%Co/Al2O3 catalyst (reduced at 500°C). 

 
 
 
 
Table S3. Relative intensity of the chosen ions identified on the 1%Ni-4%Co/Al2O3 catalysts 
surface by ToF-SIMS 
 

1%Ni-4%Co/Al2O3 

 

Relative intensity of the chosen ions identified on the catalysts 
surface to total ions observed. 

 
Ni+ x 10-3 Co+ x 10-2 CoO2

- x 10-3 Al+ x 10-1 

Fresh (reduced at 500°C) 6.3 1.4 2.8 1.04 

After reaction (5h)  7.1 2.0 3.0 1.05 

 
The relative intensity of the signals associated to Ni and Co species slightly increased after the 
reaction in comparison to the fresh catalyst. This effect was observed for both metals, so that it 
most probably resulted from the cleaning of the surface from some precursor residue in the 
reactional environment. 
Another possible reason could be related to the surface migration of the metals in hydrothermal 
conditions under hydrogen pressure. However, this alternative explanation was discarded, as 
this phenomena is often associated with leaching, that was demonstrated not to occur in our 
reaction conditions

4%RhMo/SiO2 
The molar ratio 
of Mo/Rh was 
0.5 

The reaction was 
conducted in a 
stainless steel 
autoclave 

Reaction conditions: 
GVL, catalyst, solvent- 
heptane and H2 pressure 
4.5 MPa, temperature 
120°C, reaction time 6 h, 

65 [4] 

Number 
of cycle 

Product yield [%] GVL 
conversion 

[%] a 2-MTHF BuOH 2-PeOH 1-PeOH VA PDO 
1 80 6 0 0 0 0 86 
2 65 5 0 4 0 2 76 
3 62 6 0 4 0 2 74 
4 60 5 0 4 0 1 70 
5 59 5 0 5 0 2 71 

 

Reaction conditions: 230°C; 5h; 0.6 g of catalyst, 1 g GVL; 30 ml 1,4-dioxane and 50 bar H2, 
between each test cycle, the spent catalyst was washed in dioxane 

a the GVL conversion is expressed as the sum of the different yields 
b calculated as the difference between the GVL elimination and the sum of the different yields 


