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 28 

 29 

Abstract 30 

 31 

 5-Hydroxymethyl furfural (HMF) is a biobased platform chemical that can be valorized 32 

into a spectrum of valuable products. In this report, supported Ir, Ir-Co, Ir-Ni and Ir-Ru 33 

catalysts were investigated for this purpose. Only hydrogenation of HMF to 2,5-bis-34 

(hydroxymethyl)furan (BHMF) occurred over all catalysts. The effect of the second metal 35 

(Co, Ni and Ru) on Ir/SiO2 was reflected by the kinetic constants being in the order Ir-36 

Ni/SiO2 > Ir-Co/SiO2 > Ir-Ru/SiO2. The oxophilic nature of the secondary metal improved 37 

the catalytic performance of the bimetallic catalysts compared to the monometallic iridium 38 

catalyst (Ir/SiO2). Addition of HCOOH and H2SO4 as co-catalysts is a strategy to reach 39 

one-pot conversion of HMF to 2,5-di-methylfuran (DMF). Over-hydrogenolysis products 40 

such as DMTHF (2,5-dimethyltetrahydrofuran) were formed when only H2SO4 was added 41 

giving higher activity compared to addition of HCOOH. Simultaneous presence of acids 42 

gave the highest HMF conversion promoting esterification to 5-formyloxymethylfurfural 43 

(FMF) and allowing the one-pot transformations of HMF to DMF. Thermodynamic 44 

analysis of HMF transformations revealed that both hydrogenation and dehydration steps 45 

are feasible. 46 

 47 

Keywords: catalyst, bimetallic, oxophilic, hydrogenation, HMF, thermodynamic analysis 48 
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1. Introduction 50 

 Conversion of biomass as a strategy to replace fossil resources is gaining a growing 51 

interest [1]. A need for efficient processes to convert biomass feedstocks to value added 52 

chemicals is mainly because of environmental and economic concerns associated with the 53 

depletion of petroleum reserves. Catalytic approaches have emerged as a potential strategy 54 

for biomass transformations [2]. One of the key precursors for the production of chemicals 55 

is the platform molecule 5-hydroxymethylfurfural (HMF) [3]. This appealing interest 56 

towards HMF is due to its reactive structure comprising an aldehyde group, a hydroxyl 57 

group and a furan ring which can further be converted into value added chemicals. 58 

Chemical derivatives from HMF catalytic hydrogenation (Scheme 1) are: 2,5-di-59 

methylfuran (DMF); 2,5-(dimethyl)tetrahydrofuran (DMTHF), 2,5-bis-60 

(hydroxymethyl)furan (BHMF) and 2-hydroxymethyl-5-methylfuran (MFA) [4-6].   61 
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O
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62 
 63 

Scheme 1.  Overall reaction pathways for conversion of HMF. 64 

 65 

 BHMF is widely used as an intermediate for the synthesis of resins [7], fibers [8], 66 

foams [9], drugs [10], polymers [11] and crown ethers [12]. Efforts have been devoted to 67 

develop appropriate catalytic systems that are able to effectively and selectively 68 

hydrogenate HMF to BHMF. BHMF can be produced by selective hydrogenation of the 69 

aldehyde group with the aid of a chemical reducing agent such as sodium borohydride 70 

(NaBH4) [13]. This route has some problems exhibiting difficulties in handling of the 71 
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reducing agent. Catalytic hydrogenation of HMF to BHMF has been extensively studied in 72 

the past. Various catalyst systems have been reported including Pt/C at 14 bar of H2 in 73 

ethanol at 296 K [14]; Au/Al2O3 under 65 bar of H2 in water at 393 K [15]; Ru/ZrO2-SiO2 74 

at 5 bar of H2 in water at 298 K [16]; Pt/MCM-41 under 8 bar of H2 in water at 308 K [17]; 75 

Ni-Fe/CNT with 30 bar of H2 in butanol medium at 1383 K [18]; Ir/TiO2 under 60 bar of 76 

H2 in water at 323 K [19] and Cp*Ir(NHCPh2C6H14) in tetrahydrofuran using formic acid as 77 

a hydrogen donor at 313 K [20] to name a few. Molecular hydrogen is mainly employed as 78 

a reducing agent in selective hydrogenation of HMF to BHMF [14, 19, 21]. Previous works 79 

have also used formic acid or isopropanol as hydrogen donors or alternatively 80 

electrochemical hydrogenation of HMF to BHMF was reported [20]. Interestingly 81 

hydrogenation of HMF to BHMF showed a clear correlation with the hydrogen evolution in 82 

neutral or acidic medium, regardless of whether hydrogen donor was water or hydrogen 83 

proton [10].   84 

Hydrodeoxygenation (HDO) or hydrogenolysis of 5-hydroxymethylfurfural (HMF) 85 

to 2,5-dimethylfuran (DMF) is also an important strategy in the biomass conversion [22]. 86 

DMF is considered an ideal renewable and sustainable substitute or additive of the 87 

conventional gasoline due to its high energy density [23]. HDO involves different pathways 88 

in which dehydration and hydrogenation reactions are predominant [24]. There are 89 

significant differences in the reported selectivity of DMF from HDO of HMF even for 90 

almost the same catalysts and reaction conditions. For example, Hu et al. [5] reported 91 

yields of DMF as high as 95% in HDO of HMF under H2 using Ru/C as a catalyst in 92 

tetrahydrofuran (THF), whereas Saha et al. [25] achieved only 3% DMF yield using a 93 

similar catalyst and the same solvent. Selective hydrogenation of HMF to DMF has been 94 
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reported over various catalysts including mainly such as Cu [26], Ni [27], Ru [5], Pt [28], 95 

Co [29] and Pd [30].  96 

Iridium catalysts have also been used with formic acid in HMF transformations to 97 

DMF [31]. For this reaction besides heterogeneous acid catalysts also Lewis or Brønsted 98 

homogeneous acids, such as hydrochloric, formic or sulphuric acids were applied 32. 99 

Brønsted acid catalysts are commonly employed in hydrogenolysis of HMF to DMF. 100 

Nishimura et al. 33 reported 96% of DMF yield in the selective hydrogenation of HMF 101 

over the carbon-supported Pd-Au/C in the presence of mineral acids under atmospheric 102 

hydrogen pressure. Rauchfuss et al. explored the selective hydrogenation of HMF using 103 

formic acid (FA) as hydrogen donor together with Pd/C and H2SO4 catalysts, reaching an 104 

outstanding DMF yield 34. De et al. 35 reported the one pot conversion of 105 

lignocellulosic and algal biomass to DMF with Ru/C together with H2SO4 as catalysts and 106 

FA as hydrogen donor, obtaining a yield of 32%. 107 

 Development of stable selective hydrogenation catalysts is still a challenging task. 108 

A typical method to improve performance of such catalysts is addition of a second metal to 109 

the catalytically active metal [36-38]. Because of high costs of noble metals, research on 110 

either precious-metal-free catalysts or bimetallic catalysts which can effectively convert 111 

HMF is needed [39]. Bimetallic catalysts have received significant attention in the context 112 

of selectivity improvements [40]. Preparation of highly dispersed bimetallic catalysts and 113 

their catalytic performance have been addressed in the literature [40]. The oxophilic nature 114 

of the metals may facilitate the C=O bond hydrogenation and C-O activation of furanic 115 

compounds 41. The source of the reactivity of the Lewis acids in reactions involving 116 

carbonyls groups is derived from the oxophilic nature of the Lewis acid sites. It is believed 117 
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that the activation of the carbonyl oxygen towards a nucleophilic attack comes from the 118 

participation of the Lewis acid sites 42.  119 

In the present study Ir was selected as an active component because of its high HMF 120 

hydrogenation activity [20]. The present work focuses on the effect of a second metal 121 

(nickel, cobalt, ruthenium) on the catalytic performance of iridium-based catalysts in 122 

hydrogenation of HMF. Importantly, in our previous work [43] it was observed that silica 123 

support plays a vital role in the dispersion of iridium species, possessing good thermal 124 

stability. In addition, SiO2 is inert and not harmful to the environment. Oxophilic metals 125 

such as Co, Ni and Ru have been reported to promote the coordination of the -CHO 126 

function of furanic compounds onto metal surfaces 44 whereas metal sites are responsible 127 

for hydrogen adsorption needed in HMF hydrogenation. The aim of the present work is to 128 

assess the effect of a secondary metal over iridium-based catalysts and provide new insights 129 

on the role of iridium in the transformation of HMF with Ir/SiO2, Ir-Ni/SiO2, Ir-Co/SiO2 130 

and Ir-Ru/SiO2 either in the absence or presence of homogeneous acidic co-catalysts, i.e. 131 

formic and sulphuric acids. The catalysts were characterized by a range of methods, 132 

including N2 sorption isotherms, X-ray diffraction (XRD), temperature–programmed 133 

reduction (TPR), transmission electron microscopy (TEM-HRTEM), Scanning Electron 134 

Microscopy/Energy Dispersive X-Ray Spectroscopy (SEM/EDS), Inductively Coupled 135 

Plasma Optical Emission spectroscopy (ICP-OES) and X-ray photoelectron spectroscopy 136 

(XPS) and evaluated in the titled reaction. In addition to kinetic analysis also 137 

thermodynamic analysis of HMF transformations in the presence of hydrogen was 138 

performed for the first time. In this analysis the Gibbs free energy for formation of different 139 

products as a function of temperature was calculated based on the Gibbs-Helmholtz 140 



7 
 

equation [45] and using Joback’s approach [46-48]. The reaction stoichiometry in the liquid 141 

phase was taken into account. 142 

 143 

2. Experimental  144 

2.1 Chemicals  145 

 All solvents were previously purified by traditional distillation methods and the 146 

catalyst synthesis was performed in an inert media. Iridium (III) acetylacetonate 147 

(Ir(C5H7O3)3, (Ir(acac)3), ≥99 %), ruthenium (III) acetylacetonate (Ru(C5H7O3)3, 148 

(Ru(acac)3), ≥97%), cobalt (II) acetylacetonate (Co(C5H7O3)2, (Co(acac)2), ≥97%), nickel 149 

(II) nitrate hexahydrate (Ni(NO3)2 x 6H2O, ≥98.5%),  and 5-hydroxymethylfurfural (≥98%) 150 

as a substrate were purchased from Sigma-Aldrich and used as received. 151 

Tetrahydrofuran (≥99%), n-hexane (≥99%), formic acid (≥99 %) and sulfuric acid 152 

(98%) were supplied by Merck. Nitrogen and hydrogen, both of 99.999% purity, were 153 

supplied by Linde/AGA. Commercial SiO2 (293 m2 g-1, 0.789 cm3 g-1, 10.9 nm, [43]) was 154 

supplied by BASF. 155 

2.2 Catalysis synthesis 156 

 Monometallic Ir/SiO2 catalyst was synthesized from Ir(acac)3 and SiO2 (100–120 157 

μm) in THF using the evaporation-impregnation method [43]. Addition of a second metal 158 

to Ir/SiO2 was carried out by successive impregnation prior to the catalyst reduction. 159 

Addition of Ru, Co and Ni to Ir/SiO2 was performed dissolving the precursors Ru(acac)3, 160 

Co(acac)2 and Ni(NO3)2  6H2O respectively in 80 mL of THF. The solution was 161 

subsequently mixed at 348 K followed by the solvent removal under low pressure. This 162 

procedure allowed to obtain the Ir-Ru/SiO2, Ir-Co/SiO2 and Ir-Ni/SiO2 bimetallic catalysts. 163 
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Monometallic Ru, Co and Ni catalysts were prepared by the same procedure as Ir/SiO2. 164 

Metal loading in catalysts was 1 wt% for Ir, 3 wt% for Ru and 5 wt% in the case of Co and 165 

Ni. 166 

 Catalysts were dried and activated by reduction under H2 (30 mL min−1) for 2 h at 167 

773 K and finally passivated under nitrogen flow prior each catalytic test. The reduction 168 

temperature was selected based on the iridium monometallic TPR profile.  169 

 170 

2.3 Catalyst characterization 171 

 Nitrogen adsorption measurements were carried out at 77 K in a Micromeritics 172 

TriStar 3020 equipment. The samples were first out gassed at 423 K overnight. Calculation 173 

of the surface area and the pore volume was carried out using Brunauer-Emmett-Teller 174 

(B.E.T) and Barrett, Joyner and Halenda (BJH) methods, respectively.  175 

XRD analysis was performed on a Bruker diffractometer model D4Endeavor 176 

equipped with a Nickel filter and a Cu-Kα X-ray source. The analysis conditions were 40 177 

kV and 20 mA. The diffractograms were recorded in a range of Bragg angles (2θ) between 178 

2 ° and 90 ° at 0.02 counts per second. All catalysts were reduced for 2 h at 773 K prior to 179 

XRD analyses. 180 

Transmission electron microscopy analysis was performed in a Jeol Model JEM-181 

1200 EXII equipment analyzing more than 1000 metallic particles in each sample. High-182 

Resolution Transmission Electron Microscopy (HRTEM) images were obtained at 200 kV 183 

using a FEI Tecnai F20 microscope equipped with a field emission source, with a point-to-184 

point resolution of 0.19 nm. Samples were prepared by depositing a drop of a suspension of 185 

the sample in methanol on a holey carbon-coated copper grid and allowed to dry. 186 
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Catalysts were reduced under H2 (30 mL min-1) for 2 h at 773 K and finally 187 

passivated prior to TEM analysis. The samples were dispersed in an alcohol suspension and 188 

a drop of the suspension was placed over a grid with holey-carbon film. Energy Dispersive 189 

Spectroscopy (EDS) was done with a FEI Tecnai F20 equipped with a field emission 190 

electron gun and was operating at 200 kV.  191 

TPR analysis was carried out on a TPR/TPD 2900 Micromeritics apparatus 192 

equipped with a thermal conductivity detector. The carrier gas was 5%H2/Ar with a flow of 193 

40 mL min-1 and a heating rate of 10 K min-1 from room temperature to 873 K. 194 

The XPS analysis was performed on a Fisons Escalab 200R spectrometer, with a 195 

hemispheric analyzer of Mg Kα X-rays radiation source (hv = 1253.6 eV), operated at 10 196 

mA and 12 kV. All catalysts were reduced under H2 (30 mL min−1) for 2 h at 773 K and 197 

finally passivated under N2 flow prior to XPS analysis. Finally, the samples were pretreated 198 

in situ in a high pressure cell under H2 flow at room temperature for 30 minutes prior to 199 

XPS analysis. The binding energies of the XPS spectra were referred to the C1s component 200 

(BE = 284.8 eV) and internal Si2p reference (BE = 103.4 eV).  201 

The chemisorption analysis was performed in a Micromeritics ASAP 2020 202 

instrument. The samples were heated in He flow at 400 K for 1 h; then the He flow was 203 

replaced by H2 flow and the temperature was increased to 773 K for the catalyst reduction. 204 

The catalysts were reduced for 2 h and subsequently out-gassed for 30 min. Finally, the 205 

iridium samples were cooled to 310 K and evacuated at 310 K for 30 min. The hydrogen 206 

adsorption isotherm was recorded at 310 K. After evacuation at 310 K for 30 minutes, a 207 

second H2 isotherm was obtained. The chemisorbed H2 uptake was calculated back sorption 208 

(by the double isotherm) method.  209 
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The acid properties of catalysts were measured by temperature programmed 210 

desorption of ammonia. These measurements were carried out using a TPR/TPD 2900 211 

Micromeritics apparatus, equipped with a thermal conductivity detector. All catalysts (ca. 212 

100 mg) were reduced under H2 (30 mL min−1) for 2 h at 773 K prior to the TPD. Before 213 

carrying out ammonia desorption the catalysts were treated with helium using a flow of 25 214 

mL/min at 473 K for 30 minutes. After the system was cooled down to 313 K, the 215 

physisorbed ammonia from the catalyst surface was removed via flushing it with He flow 216 

for 10 minutes. Acidity of each catalyst was calculated from the amount of NH3 desorbed 217 

from room temperature to 1100 K at 10 K min-1. 218 

The elemental contents of metal on catalysts were measured by Inductively Coupled 219 

Plasma Optical Emission spectroscopy (ICP-OES). Samples were dissolved in HCl and HF 220 

and analyzed in a ICP instrument Perkin Elmer, optima 5300 DV. Ru sample was not fully 221 

dissolved (even with HClO4 and H2SO4), in this case, the result was not informed (n.d). 222 

Standards and acids (suprapur grade) were from Ultra Scientific and Merck, respectively. 223 

 224 

2.4 Catalytic tests 225 

 Reactions were carried out in a batch glass-lined stainless-steel reactor with a 226 

volume of 250 mL which was equipped with a heating jacket, a gas inlet, a sampling line 227 

and a temperature controller [43].  228 

Transformations of HMF were carried out under constant pressure of H2 (10 bar) in 229 

80 mL of tetrahydrofuran at 333 K, using a molar ratio HMF/metal of 100/1 and the stirring 230 

rate of 800 rpm. Some experiments were performed with addition of small amounts of 231 

formic acid (FA) with the molar ratio of HMF/FA of 101, sulphuric acid (SA) with the 232 
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HMF/SA ratio of 10 and both with sulphuric and formic acids with the HMF/SA and 233 

HMF/FA ratios of 100 and 101, respectively. The experiments performed with addition of 234 

acids were also carried under 10 bar of H2. 235 

The samples from the reactor were withdrawn at different time intervals and 236 

analyzed with a GC-MS Clarus 680 and SQ8T-headspace Perkin Elmer equipped with a β-237 

dex column (30 m, 225 μm, 0.25 μm). Helium was used as a carrier gas. 238 

For characterization of the products formed during HMF hydrogenation CG/MS analysis 239 

was performed comparing the retention times and the corresponding patterns with the 240 

standards.  241 

GC response factors were determined for the substrate and products by analyzing 242 

solutions with known concentrations. BHT impurity present in THF solvent was used also 243 

as an internal standard in the GC analysis. Mass spectrometry allowed to compare the mass 244 

spectral patterns (m/z) of the reaction compounds [43].  245 

The temperature of the GC injector was fixed at 513 K with the column detector at 246 

533 K. The oven temperature was set at 363 K for 6 min followed by heating (10 K min-1) 247 

up to 443 K and finally this temperature was kept for 30 minutes.  248 

Activity was analyzed in terms of conversion and rate constants. Conversion (X) 249 

was defined as (C0,HMF-CHMF)/C0,HMF *100%, where C0,HMF and CHMF denote the initial 250 

reactant concentration and the concentration of HMF at time t, respectively. The rate 251 

constants have been obtaining from the slope (k, s-1) of log(1-X) versus time dependences, 252 

(where X is relative conversion up to 35 min).  253 

Selectivity (S) was defined as Cy/ΣCProd *100%, where Cy denote the concentration 254 

of Y product and ΣCProd the total concentration of products obtained on the HMF 255 

conversion at time t. 256 
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3. Results and Discussion  257 

 258 

3.1 Catalyst Characterization  259 

The Brunauer-Emmett-Teller surface area values of monometallic and bimetallic 260 

iridium catalysts are shown in Table 1. Ir/SiO2 and Ir-Ru/SiO2 exhibited surface areas of 261 

295 m2 g-1 and 298 m2 g-1 respectively. A slight decrease is observed for the specific surface 262 

area of Ir-Co/SiO2 and Ir-Ni/SiO2 catalysts compared with the monometallic Ir counterpart. 263 

According to the IUPAC classification the adsorption isotherms (Figure S.1) isotherms are 264 

of type IV implying that the catalysts have a mesoporous structure.  265 

The pore volume of the bimetallic samples decreased compared with the 266 

monometallic iridium (Table 1). This can be promoted by a more marked partial filling of 267 

the pores in the bimetallic samples. On the other hand, the corresponding average pore 268 

diameter of the bimetallic materials increased in comparison with Ir/SiO2. Such behavior 269 

can be explained by considering some partial blocking particularly for the micropores of 270 

the silica 49, 50. Thus, N2 accessibility inside the small pores is difficulted during the 271 

physisorption analysis. This is mirrored in an apparent increase of the average pore 272 

diameter as noticed in Table 1. In addition, this feature can also be tentatively attributed to 273 

the metal insertion in the pore walls of SiO2. 274 

 275 

 276 

 277 

 278 

 279 
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Table 1. Physical chemical properties of iridium-based catalysts  280 

Parameter                    Catalyst Ir/SiO2 Ir-Ni/SiO2 Ir-Co/SiO2 Ir-Ru/SiO2 

SBET (m2 g-1) 295 249 274 298 

Vp (cm3 g-1) 0.801 0.660 0.745 0.784 

dp (nm)a 9.7 10.6 10.9 10.8 

dTEM (nm)b 1.6 + 0.8 
3.6 + 2.9 

7.7 + 3.7 

2.6 + 0.9  

12.1 + 4.7 

3.0 + 0.8  

4.5 + 1.1 

%DTEM
c 58 26, 7c1 35, 5c2 31, 24c3 

dHRTEM (nm) 1.5 
3.0 

8.0 

3.0 

10.0 
3.0 

(Ir/Si)at ratiod 0.0011 0.0010 0.0038 0.0009 

(M/Si)at
e - 0.0202 0.0273 0.0123 

B.E of Ir (%)f 
61.1 (56) 

62.8 (44) 

60.9 (72) 

62.8 (28) 

60.8 (48) 

62.8 (52) 

61.0 (50) 

62.3 (50) 

B.E of M (%)g - 

853.0 (11) 

856.1 (89) 

777.4 (52) 

780.0 (48) 

278.7 (63) 

280.7 (37) 

853.0 (5)* 

855.9 (95)* 

777.9 (5)* 

782.1 (95)* 
280.0 (65)* 

280.7 (35)* 

Chemisorbed H2 

 (mol  gcat
-1)h 

13.1 17.5 22.2 37.5 

NH3-TPD (mol  gcat
-1) 94.1 134.7 249.7 202.5 

Acid density (µmol 

NH3/m
2) 

0.32 0.54 0.91 0.68 

 ICP-OES (w% metal) 0.9 (Ir) 
0.8(Ir) 

5.0(Ni) 

0.8(Ir) 

4.6(Co) 

0.8(Ir) 

 n.di (Ru) 

a pore diameter, b metal diameter by TEM, c Ir metal dispersion by TEM: c1, c2, c3 associated to Ni, Co and Ru 281 

respectively, d Surface atomic ratio determined by XPS. e ratio by XPS, where M: Ru, Co and Ni. f Binding 282 

Energy by XPS of Ir (4f7/2) and Ir°/Irδ+ (4f5/2), percentage in catalysts, g Binding Energy by XPS of M: Ru, Co 283 

and Ni (2p3/2/3d5/2), percentage in catalysts, *Binding Energy by XPS of M: Ru, Co and Ni (2p3/2/3d5/2), 284 

percentage in monometallic catalysts, h Determined by H2 chemisorption, i not determined by ICP-OES. 285 

 286 

Absence of the characteristic lines of Ir oxide in the diffractogram of Ir/SiO2 287 

indicates that presence of highly dispersed Ir particles and/or low Ir loadings (Figure S.2). 288 

Only a broad peak in the 2𝜃 range of 15-30° for Ir/SiO2 sample was observed which is 289 



14 
 

assigned to SiO2. The XRD pattern of Ni/SiO2 confirms reflections at 2 𝜃 =37.28°, 43.3°, 290 

62.8° and 75.3° which are attributed to NiO phase (ICSD 01-1239) [51]. The metallic 291 

nickel phase is also distinguished by the reflections at 2 𝜃 = 44.2°, 51.7°, 76.4°. X-ray 292 

diffraction of the bimetallic Ir-Ni/SiO2 catalyst revealed only the diffraction peak of 293 

metallic nickel. In the XRD pattern of Co/SiO2 only the SiO2 phase was seen. Considering 294 

the bimetallic Ir-Co/SiO2 catalyst, the peaks at 2 𝜃  = 44.8°, 47.8°, 77.2° are ascribed to the 295 

face-centered cubic metal Co phase (JCPDS 15-0806). The detected XRD peak 296 

corresponding to Co3O4 phase could not be adequately assigned. XRD pattern of Ru/SiO2 297 

reveals a broad intense reflection at 2 𝜃 ca. 22 which is due to the amorphous SiO2 support. 298 

Minor peaks at 2 𝜃  of ca. 42 and 44° were assigned as (002) and (101) reflections of 299 

hexagonal Ru (06-0663) [52]. Ruthenium peaks are very broad suggesting that Ru particles 300 

are highly dispersed. On the other hand, the bimetallic catalyst Ir-Ru/SiO2 exhibited only 301 

reflection ascribed to SiO2. The determination of crystallite sizes of metals identified in the 302 

diffractograms are not reliable through XRD analysis. Other techniques as TEM-HRTEM 303 

allowed to verify the dispersion and metal diameter.  304 

TEM in Figure 1a showed that the iridium nanoparticles on Ir/SiO2 catalyst were 305 

well dispersed on the support with the average size of Ir being ca. 1.6 nm. The TEM image 306 

of Ir-Ni/SiO2 (Figure 1b) revealed a broad and bimodal metal particle size distribution on 307 

the support with the average size between of 3.6 and 7.7 nm. An even more prominent 308 

bimodal distribution was noticed for Ir-Co/SiO2 with the average metal particle size in the 309 

range at ca. 2.6 and 12.1 nm (Figure 1c). The bimodal distributions observed for the 310 

bimetallic Ir-Co/SiO2 and Ir-Ni/SiO2 catalysts suggest that the secondary metal and iridium 311 

particles are isolated from each other on the silica surface. 312 



15 
 

Highly dispersed metal particles were distinguished for Ir-Ru/SiO2 which exhibits 313 

an average metal particle size in the range 3.0 to 4.5 nm (Figure 1d). The corresponding 314 

energy dispersive X-ray (EDS) performed for iridium-based catalysts (Figure 2) confirmed 315 

the presence of metal species. It should be mentioned that the metal particle size of 316 

Ni/SiO2, Co/SiO2 and Ru/SiO2 determined by TEM correlated well with the corresponding 317 

data from HRTEM in Figure 3. 318 

  319 
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Figure 1. Electron microscopy. TEM images and histograms of a) Ir/SiO2, b) Ir-Ni/SiO2, c) 320 

Ir-Co/SiO2, and d) Ir-Ru/SiO2. 321 
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 323 

Figure 2.  Representative Scanning Electron Microscopy/Energy Dispersive X-Ray 324 

Spectroscopy (SEM/EDS). Image and spectra of a) Ir/SiO2, b) Ir-Ni/SiO2, c) Ir-Co/SiO2, 325 

and d) Ir-Ru/SiO2. 326 

 327 

 328 

Figure 3 a shows a general view of the Ir/SiO2 sample under HAADF-STEM, where the Ir 329 

nanoparticles appear as bright dots because they have a higher atomic number. An HRTEM 330 

image of this sample is shown in Figure 3 b. The Ir nanoparticles are so small (about 1.5 331 

nm) and the SiO2 support is so thick and amorphous that it is not possible to obtain lattice 332 

fringes for the Ir nanoparticles. For that reason, a selected-area electron diffraction (SAED) 333 

pattern is shown in the inset of Figure 3 b. The ring appearing at 2.22 Å corresponds to the 334 

most intense (111) signal from metallic Ir nanoparticles. 335 

a) b) 

c) d) 
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A general HAADF-STEM image of the Ir-Ni/SiO2 sample is shown in Figure 3 c and a 336 

representative HRTEM image is shown in Figure 3 d. A bimodal distribution of sizes is 337 

observed at about 3 and 8 nm. A careful analysis of the lattice fringes of these particles 338 

reveal that the small ones correspond to Ir nanoparticles, which show the characteristic 339 

(111) spacing at 2.2 Å (see the inset in Figure 3 b and the corresponding Fourier Transform 340 

image). On the other hand, the large particles exhibit lattice fringes corresponding to Ni. As 341 

an example, the FT image in the inset in Figure 3 d shows a large particle with spacings at 342 

2.0 and 1.8 Å, which are ascribed to the (111) and (200) crystallographic planes of Ni. 343 

A general HAADF-STEM image of the Ir-Co/SiO2 sample is shown in Figure 3 e and a 344 

representative HRTEM image is shown in Figure 3 f. The sample shows a bimodal 345 

distribution of sizes at about 3 and 10 nm. The lattice fringes of the small particles show a 346 

spacing of Ir (111) planes at 2.2 Å, whereas the large particles show lattice fringes at 2.0 Å, 347 

which correspond well to the (111) crystallographic planes of Co (see inset in Figure 3 g). 348 

A general HAADF-STEM image of the Ir-Ru/SiO2 sample is shown in Figure 3 h and a 349 

representative HRTEM image is shown in Figure 3 i. A homogeneous size distribution of 350 

about 3 nm is observed. In Figure 3 j, the two insets correspond to FT images recorded on 351 

two separate particles of the sample, as indicated. One of the FT images show spots at 2.2 352 

Å, which are ascribed to (111) crystallographic planes of Ir. Another FT image shows spots 353 

at 2.1 Å, which correspond well to the (101) or (002) planes of Ru. 354 

 355 
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Figure 3.  High Resolution Transmission Electron Microscopy (HRTEM) images of 357 

iridium-based catalysts. a)-b) Ir/SiO2, c)-d) Ir-Ni/SiO2, e)-f)-g) Ir-Co/SiO2 and h)-i)-j) Ir-358 

Ru/SiO2. 359 

 360 

The H2-TPR profiles of the monometallic and bimetallic catalysts are displayed in 361 

Figure 4. Ir/SiO2 catalyst exhibited two characteristic reduction peaks, with the first one at 362 

around 473 K. This peak is attributed to the reduction of IrO2 species while the peak at 623 363 

K is attributed to the reduction of highly dispersed iridium species due to the presence of 364 

iridium species acting as anchoring sites at the interface of the iridium metal nanoparticle 365 

with SiO2 support [53].  366 

TPR profile of Ni/SiO2 catalyst shows one main broad reduction peak ascribed to 367 

the reduction of bulk NiO species which occurs at ca. 673 K and 773 K [54, 55]. For 368 

Co/SiO2 catalyst a broad band at ca. 673 K is observed. This peak is assigned to the 369 

reduction of Co+2 to Co0 [56]. It must be added that usually a TPR profile of Co/SiO2 370 

catalyst has two peaks that correspond to the reduction in two steps of Co3O4 to CoO and 371 

CoO to metallic Co. In the previous work 57 it was reported that TPR of Co/SiO2 catalyst 372 

exhibited overlapping peaks at 592-600 K and 640-670 K which can be assigned to 373 

reduction of Co3O4 to CoO and CoO to Co metal. Since the diffractograms did not reveal 374 

the presence of the lines corresponding to Co3O4, it is possible that this high temperature 375 

peak (640-670 K) is due to the reduction of small CoO particles, which could not be 376 

detected on the diffractogram. In this respect, it must be added that the broad peak observed 377 

at ca. 673 K is a contribution of overlapping reduction peaks suggesting that not all the 378 

cobalt species are reduced simultaneously 58.  379 
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Ru/SiO2 catalyst also displayed two main reduction peaks, the first one close to 383 380 

K which corresponds to the reduction of ruthenium oxide species to metallic ones (Ru+4 to 381 

Ru0) in clusters with weaker interactions with the support [59]. Reduction of Ru/SiO2 382 

catalyst at a higher temperature points out on stronger interactions between the support and 383 

ruthenium species.   384 

TPR of Ir-Ni/SiO2 suggests that isolated Ni and Ir particles are dispersed on the 385 

silica surface which agrees with the bimodal particle size distribution obtained for Ir-386 

Ni/SiO2 catalyst by TEM analysis. The same feature was obtained for the TPR profile of 387 

Co-Ir and Ru-Ir catalysts. The TPR profile of bimetallic samples is the sum of the TPR 388 

profile of the corresponding monometallic catalyst. These results suggest that there is no 389 

direct contact between respectively Co and Ir, Ni and Ir or Ir and Ru particles.  390 
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Figure 4. TPR profiles of the Ir-based catalysts. 392 
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The XPS results of the Ir 4f levels for the reduced monometallic Ir/SiO2 are shown 393 

in Table 1 and Figure 5. Spectrum deconvolution was done for the 4f doublet with four 394 

components (two for 4f5/2 plus two for 4f7/2). For bulk materials, 4f7/2 core level for metallic 395 

Ir species appears at 60-61 eV while the oxidized iridium species appears at higher 396 

energies. Previously binding energies of 60.9 eV in the 4f7/2 region were ascribed to iridium 397 

metallic species while binding energies of 61.5 eV and 62.2 eV were considered as iridium 398 

oxide species 60. Based on the results of Table 1 the binding energies values of Ir4f7/2 of 399 

61.1 eV and 62.8 eV are close to the values ascribed to metallic and oxide iridium species, 400 

respectively. The surface atomic ratio of Ir/Si was 0.0011. 401 

Ni 2p spectra of Ni/SiO2 catalyst exhibited two states of Ni, the metallic nickel at 402 

the binding energy (BE) of 853 eV and oxidized nickel species at the BE value of 856 eV 403 

(Table 1). These values are similar to the reported previously for the metallic nickel and 404 

oxidized nickel species (i.e. 852.9 eV and 856 eV, respectively) [61, 62]. The Ni2p 405 

spectrum can be deconvoluted to three species including Ni0, Ni+2 and Ni+3 as shown 406 

Figure 5. The presence of nickel oxide and metallic nickel species suggests that Ni/SiO2 407 

was only partially reduced during the reduction treatment. The Ni/Si surface atomic ratio 408 

was 0.0202 as shown Table 1. 409 

The peak of Ru 3d3/2 can overlay the peaks of C 1s at about 285.0 eV in the XPS 410 

spectra of Ru/SiO2 catalyst. Therefore, Ru 3d5/2 peaks are discussed below. In the previous 411 

work [63] it was reported that Ru0 species are centered at 280.1 eV – 279.7 eV, while 412 

features at 281.8 – 282.2 eV are attributed to electron deficient ruthenium species (Ru+). 413 

Here, XPS results of Ru/SiO2 indicate presence of Ru 3d5/2 peaks at 280.0 eV and 280.7 eV 414 



24 
 

which can be assigned to metallic and electron deficient ruthenium species, respectively. 415 

The Ru/Si surface atomic ratio was 0.0123 as shown Table 1. 416 

Deconvolution of XPS data for Co 2p3/2 for the monometallic reduced Co/SiO2 417 

catalyst revealed BE values of 777.9 eV and 782.1 eV, which are ascribed to metallic cobalt 418 

species and cobalt oxide species, respectively (Table 1). The low energy Co 2p3/2 419 

component at 777.9 eV is attributed to metallic species. These BE values are also in good 420 

agreement with the ones reported in the literature [64]. The high energy component at 778.2 421 

eV is attributed to CoO species [65]. The Co/Si surface atomic ratio was 0.0273 as shown 422 

in Table 1. 423 

  XPS results for Ir-Ni/SiO2 catalyst (Table 1, Figure 5) revealed that Ir 4f peak can 424 

be deconvoluted into two components; one corresponding to the metallic iridium species at 425 

60.9 eV and the other one attributed to partially oxidized iridium species at 62.8 eV. On the 426 

other hand, the binding energies of 853.0 and 856.1 eV can be indexed to metallic and 427 

nickel oxide species, respectively. The TPR profile of Ir-Ni/SiO2 is the sum of the TPR 428 

profile of Ni/SiO2 and Ir/SiO2 indicating that isolated Ni and Ir particles are dispersed on 429 

the silica surface. These results are also in close agreement with the bimodal particle size 430 

distribution noticed by TEM for the Ir-Ni/SiO2 catalyst. This suggests that Ir and Ni 431 

particles are distributed on the catalyst surface may not have a direct contact. 432 

In the case of Ir-Ru/SiO2 it must be stressed that the BE of Ir 4f7/2 for the Ir0 species 433 

is 61.0 eV and for iridium oxide species is 62.3 eV. Ru 3d5/2 peak of the metallic ruthenium 434 

species is observed at 278.7 eV and the binding energy of 280.7 eV is ascribed to 435 

ruthenium oxide species. The peak observed at 278.7 eV could be assigned to electron-436 

enriched ruthenium species by electron transfer (Ruδ-, 3d5/2) as proposed by previous report 437 

66. The current data do not give a possibility to differentiate if a completely uniform alloy 438 
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phase was formed or there is some heterogeneity in the composition of Ir-Ru particles in 439 

the Ir-Ru/SiO2 catalyst. 440 

XPS analysis of Ir-Co/SiO2 indicated that the deconvoluted Ir 4f appears at binding 441 

energies values of 60.8 eV and 62.8 eV which are typical values of Ir0 and iridium oxide 442 

species, respectively. Based on the results in Table 1, the percentage of metallic Ir species 443 

for the monometallic Ir/SiO2 catalyst was 56% whereas for Ir-Co/SiO2 it was 48%. On the 444 

other hand, deconvolution of XPS data for Co 2p3/2 for the bimetallic Ir-Co/SiO2 catalyst 445 

revealed BE values of 777.4 eV and 780.0 eV, which are ascribed to metallic cobalt species 446 

and cobalt oxide species, respectively (Table 1). 447 

TEM, HRTEM, TPR and XPS provided evidences of the presence of isolated Ir and 448 

secondary metal (Co, Ni and Ru) particles. In addition, an increase in the amount of 449 

chemisorbed hydrogen on the bimetallic catalysts in comparison to the monometallic 450 

Ir/SiO2 is probably due to a higher amount of metal in the bimetallic catalyst. Other 451 

evidences are provided by the degree of reduction of each metal in the monometallic and 452 

bimetallic catalysts. For instance, the percentage of metallic Ir is: 56% (Ir); 72% (IrNi); 453 

48% (IrCo); 50% (IrRu). Except for IrNi catalyst, the percentage of metallic Ir in the 454 

monometallic sample was close to the bimetallic catalysts. In this respect, the observed 455 

results suggest that the secondary metal may not affect the reduction of Ir species. 456 

  457 
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Figure 5. XPS of the monometallic and bimetallic iridium containing catalysts. 460 
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Hydrogen chemisorption results revealed an increase in the amount of chemisorbed 462 

hydrogen for the bimetallic samples compared with the monometallic iridium catalyst. Ir-463 

Ru/SiO2 exhibited the highest quantity of chemisorbed hydrogen with a value of 37.5 µmol 464 

gcat 
-1 (Table 1). This increase in the H2 uptake is likely due to the higher amount of metal in 465 

the bimetallic catalysts. 466 

NH3-TPD of the reduced monometallic iridium catalyst and the reduced bimetallic 467 

ones (Figure 6, Table 1) revealed that the total quantity of acid sites was higher for the 468 

bimetallic samples. Considerably higher amount of NH3 desorbed from bimetallic catalysts 469 

compared to the monometallic iridium indicate a strong influence of the second metal (Ru, 470 

Co and Ni) on NH3 adsorption. It was observed that the TPD profile of Ir/SiO2 catalyst is 471 

characterized by the presence of desorption peaks at ca. 450 K and 700 K. In addition, an 472 

intense broad asymmetric tail which extends to temperatures higher than 1000 K is 473 

observed. NH3-TPD desorption peaks of the reduced bimetallic samples are shifted towards 474 

lower temperatures and the higher total quantity of acid sites is mainly related to the weaker 475 

sites compared to the monometallic samples. According to XPS results (Table 1) there was 476 

a content of oxidized metal species which can be related to a higher amount of the surface 477 

acid sites in particular for bimetallic samples compared with Ir/SiO2.    478 

  479 
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Figure 6. NH3-TPD of the monometallic and bimetallic iridium- based catalysts: a) Co, b) 482 

Ru and c) Ni. 483 

  484 
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3.2. Thermodynamic analysis of HMF transformation in the presence of hydrogen 485 

Enthalpy (ΔH0
r) and Gibbs free energy (ΔG0

r) at standard conditions were 486 

calculated by following a thermodynamic approach [45], starting from the standard 487 

enthalpy (ΔH0
f) and Gibbs free energy (ΔG0

f) of formation from the elements estimated 488 

with the Joback approach [46-48]: 489 

 =
j ifjijr HH 0

,,

0

,           (1) 490 

 =
j ifjijr GG 0

,,

0

,           (2) 491 

The equilibrium constant of each reaction was calculated from its definition: 492 
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The dependency of the reaction free Gibbs energy with temperature was included by 494 

implementing the Gibbs-Helmholtz equation valid at P=1bar (ΔGΦ
r,j): 495 
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The calculated enthalpy and Gibbs free energy formation for each component (i) are 497 

reported in Table 3. The stoichiometric matrix (Table 2) was built based on the reaction 498 

scheme given in Scheme 1. 499 

 500 
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Table 2. Enthalpy and Gibbs free energy formation for each component (i) and 501 

stochiometric matrix for component i for reaction j. 502 

Component 
ΔH0

f 

[kJ/mol] 

ΔG0
f 

[kJ/mol] 
i/j 1 2 3 4 

HMF -363.54 -237.90 1 -1 0 0 0 

BHMF -430.19 -275.20 2 1 -1 0 0 

MFA -277.96 -138.38 3 0 1 -1 0 

DMF -125.73 -1.56 4 0 0 1 -1 

DMTHF -259.03 -57.64 5 0 0 0 1 

water -241.83 -228.44 6 0 1 1 0 

hydrogen 0.00 0.00 7 -1 -1 -1 -2 

 503 

Starting from these values, the enthalpy and Gibbs free energy for each reaction (j) 504 

at standard conditions, equilibrium constants at standard conditions (K0
j), the equilibrium 505 

constants (Kj) at different temperatures and pressure were calculated. A temperature range 506 

was investigated (Tmin=300 K, Tmax=500 K). The results of the calculations are shown in 507 

Table 3 and Figure 7. 508 

  509 
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 510 

Table 3. Enthalpy and Gibbs free energy for each reaction (j) at standard conditions, 511 

equilibrium constants at standard conditions (K0
j). 512 

j 
ΔH0

r,j 

[kJ/mol] 

ΔG0
r,j 

[kJ/mol] 
K0

j 

1 -66.65 -37.30 3.43·106 

2 -89.60 -91.62 1.12·1016 

3 -89.60 -91.62 1.12·1016 

4 -133.30 -56.08 6.68·109 

 513 

  514 

Figure 7. Gibbs free energy for each reaction (j) as a function of temperature. 515 
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As revealed, all the reactions are thermodynamically favored in the chosen 517 

conditions. The most probable are reactions 2 and 3 (dehydration and hydrogenation 518 

reactions), showing a rather flat profile of the changes in the Gibbs free energy. The same 519 

behavior for both cases is a result of identical reactions involving molecules with the same 520 

functional groups. Both HMF and DMF conversion show an increase of ΔGr with 521 

temperature, even if the values were negative, at least below 500 K. It is interesting to 522 

observe that two reactions are characterized by different slopes, and at temperatures larger 523 

than 420 K transformations of HMF are becoming more favorable than for DMF. 524 

 525 

3.3 HMF hydrogenation 526 

3.3.1. HMF transformation over iridium-based catalysts  527 

 A blank reaction without a catalyst did not show any conversion of HMF. A molar 528 

ratio HMF/metal of 100/1 was used in the catalytic transformations of HMF. The Ni, Ru 529 

and Co monometallic samples exhibited negligible activity. 530 

Catalytic tests in HMF transformations with Ir/SiO2 and with three bimetallic Ir-531 

catalysts were investigated in HMF transformation. The initial reaction rates are given in 532 

Table 4 and the HMF conversion over different catalyst is shown in Figure 8.  533 

It was observed that Ir-Co/SiO2 is more active than the monometallic iridium 534 

catalyst (Ir/SiO2) having an apparent first order kinetic constant of 0.66 x10-4 s-1 (Table 4) 535 

whereas Ir/SiO2 exhibited an apparent kinetic constant value of 0.4x10-4 s-1. The metallic 536 

species of iridium-based catalyst may provide active sites for the dissociation of molecular 537 

hydrogen providing active hydrogen species in hydrogenation of HMF 67. In addition, 538 
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considering the XPS results (Table 1), both iridium and the secondary metal were present in 539 

metallic and oxide states. In this respect, according to the XPS measurements an additional 540 

important feature that emerges is the presence of metal oxide species of both Co and Ir 541 

together with the corresponding metallic species (Table 1). It is recognized that oxophilic 542 

metal sites such as the partially reduced Co species may favor their interactions with 543 

oxygen of the carbonyl group in biomass derived furanic compounds [44]. Thus, some 544 

influence of the presence of cobalt oxide species (CoO and Co3O4) as evidenced by XRD 545 

(Figure S.2) cannot be discarded in HMF hydrogenation to BHMF. Metallic species on the 546 

iridium catalyst may dissociate molecular hydrogen which is then active in HMF 547 

hydrogenation, while iridium oxide and cobalt oxide species are involved in the 548 

polarization of the carbonyl group of HMF. Such metal oxide species in the vicinity of 549 

metallic iridium may act as Lewis sites, interacting with the lone electron pair of oxygen 550 

atom of the C=O group favoring its hydrogenation. The oxophilic sites must be attributed to 551 

the presence of unreduced metal species. The oxophilic sites may favor activation of the 552 

C=O bond and the chemoselective C=O bond hydrogenation. The presence of the oxophilic 553 

metal may reduce the energy barrier for C-O scission due to the interactions of the 554 

oxophilic species with the oxygen of the carbonyl group of HMF 68. There are several 555 

experimental and theoretical studies in the literature showing the important role of the 556 

oxophlic sites in the activation of the carbonyl group. A previous study 41 concluded that 557 

an oxophilic metal and reducible oxide supports may facilitate the -C=O bond 558 

hydrogenation and C-O activation in hydrodeoxygenation of phenolic compounds. Kagan 559 

et. al 69 reported that oxophilicity is a property which can be helpful for the activation of 560 

oxygenated organic functions. The origin of Lewis acids catalyzed activation of carbonyls 561 
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is believed to be the high electrophilicity and oxophilicity of Lewis acids 42. Another 562 

important feature of Ir-Co/SiO2 catalyst emerges from the increase in the total quantity of 563 

chemisorbed hydrogen for the bimetallic sample. Ir-Co catalyst shows an uptake of 564 

adsorbed hydrogen of 22.2 µmol gcat
-1 whereas the Ir monometallic catalyst exhibited a 565 

value of 13.1 µmol gcat
-1. In addition, a contribution of the higher amount of adsorbed H2 566 

and a possible positive spillover effect must be also considered in explaining the observed 567 

higher kinetic constant for the Ir-Co bimetallic catalyst compared to the monometallic 568 

Ir/SiO2 catalyst. It cannot be ruled out that the higher hydrogen uptake may also facilitate 569 

hydrogenation of HMF to BHMF. 570 

The catalytic activity of Ir-Ni/SiO2 can also be linked to the oxophilic properties of 571 

the iridium-nickel clusters. In this respect, based on the XPS results (Table 1) it is noticed 572 

that Ir-Ni/SiO2 sample contains 28% of iridium oxide species and 89% of nickel oxide 573 

species. In particular Ir-Ni/SiO2 catalyst exhibited an apparent kinetic constant value of 574 

2.77x10-4 s-1 (Table 4). In addition, from TEM (Figure 1) the metal particle size distribution 575 

is in the range of 1 to 10 nm, predominantly below 6 nm for Ir-Ni/SiO2 whereas the metal 576 

particle size for Ir-Co/SiO2 is in the range 1 to 20 nm. In this respect, more dispersed 577 

clusters of Ir-Ni particles have more sites available for adsorption of hydrogen and HMF. 578 

The hydrogenation of the carbonyl group can be facilitated by the presence of the oxophilic 579 

species together with metallic state species as argued in the previous work [70]. The effect 580 

of the localized properties of metal surface sites should be also considered to explain the 581 

catalytic activity. In this respect, although nickel is miscible with iridium at all proportions 582 

[71], based on the binding energies of XPS, HRTEM and TPR results it is suggested that 583 
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there is no contact between iridium and nickel species. Thus, a formation of completely 584 

uniform alloy phase of Ir-Ni in the current work can be totally discarded.  585 

Thus, catalytic tests for Ir-Co/SiO2 and Ir-Ni/SiO2 without the assistance of acids 586 

should be interpreted considering synergy between oxophilic species with the metallic 587 

species. This synergy may influence the adsorption of HMF and hydrogen. The metallic 588 

species may provide active sites for the dissociation of the molecular hydrogen whereas the 589 

oxide species may be involved in the polarization of the HMF molecule. It is recognized 590 

that Ir-based catalysts exhibit a remarkable selectivity in hydrogenation of the HMF 591 

carbonyl group, while particularly the secondary metal in oxide form may improve the 592 

catalytic activity acting as a Lewis acid sites to polarize the carbonyl group 20. HMF has 593 

two C=C bonds and one C=O bond in the same plane. It must be added that the aromatic 594 

nature of the furan ring may diminish the C=C reactivity to improve selectivity in C=O 595 

hydrogenation [72]. Favorable interactions between the C=O via one of the oxygen lone 596 

pairs and the Lewis acid sites of the catalyst surface may inhibit an electrophilic addition to 597 

the C=C bond preserving the HMF ring intact. 598 
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 599 

Figure 8. Conversion of HMF on time over bimetallic iridium-based catalysts.  600 

 601 

Based on the results stated above, it can be tentatively postulated that the positive 602 

effect of the oxophilic nature of the secondary metal species particularly for cobalt and 603 

nickel species on the iridium-based catalyst leads to an improved ability of the catalyst to 604 

hydrogenate the HMF carbonyl group. Ir-Co/SiO2 and Ir-Ni/SiO2 exhibited higher values of 605 

apparent first order constant compared with the monometallic Ir/SiO2 (Table 4). This is a 606 

sign that Ni and Co have an activation effect on iridium. Otherwise, hydrogenation activity 607 

per iridium atom would remain at least constant when cobalt or nickel is incorporated in the 608 

catalysts. This expectation is based on the fact that the activity of cobalt and nickel for 609 

HMF hydrogenation was negligible compared to that of iridium.  610 

For Ir-Ru/SiO2 the lowest observed apparent kinetic constant (0.18x10-4 s-1, Table 4) 611 

can be in part attributed to a change of the HMF adsorption mode which can be induced by 612 
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the presence of iridium and ruthenium species. The effect of ruthenium on HMF 613 

hydrogenation activity of iridium was different from that observed for nickel and cobalt 614 

species. It is important to emphasize that Ru alone had no action for formation of BHMF. 615 

As noticed from Table 4 the apparent kinetic constant of HMF hydrogenation over 616 

bimetallic Ir-Ru/SiO2 catalyst is lower than for the monometallic Ir/SiO2. A previous work 617 

has reported that the adsorption of furfuryl alcohol onto RuO2 adopts the tilted 1-(O)-618 

aldehyde configuration with the oxygen from the -OH group binding to a ruthenium atom 619 

which hinders conversion of the furan ring 73. On the other hand, another study 74 620 

reported that furanic compounds lie onto the surface with both the C atom and the O atom 621 

of the carbonyl group adopting an 2-(C,O)-aldehyde adsorption mode over Ni and Co 622 

atoms. A stronger interction between the oxygen of the carbonyl group of HMF and the 623 

oxyphilic Ni or Co atoms makes the 2-(C,O) species more stable on the bimetallic samples 624 

(Ir-Ni/SiO2 or Ir-Co/SiO2) than those on pure monometallic Ni/SiO2, resulting in a selective 625 

hydrogenation of HMF to BHMF. Once BHMF is selectively formed from 2-(C,O)-626 

aldehyde adsorption mode, the BHMF can be adsorbed again in two different modes for the 627 

subsequent hydrogenation step: parallel or tilted 75. The parallel adsorption mode would 628 

lead complete BHMF hydrogenation leading to the formation of DMTHF. On the other 629 

hand the tilted adsorption mode would lead a BHMF ring opening.    630 

In light of the stated above, the presence of ruthenium species may change the HMF 631 

adsorption mode. Previous work proposed that the interaction of furanic compounds with a 632 

Ru surface involves a 1-(O)-aldehyde configuration with the oxygen from the -OH group 633 

binding to ruthenium species. Thus, a flat adsorption mode of HMF is avoided on 634 

ruthenium species. Tilted 1-(O) configuration is more stable than a perpendicular one 76  635 
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It must be added that a recent computational investigation by Wang et al. on furfural 636 

hydrogenation reported that an increase in the hydrogen coverage may cause a 637 

conformational change of furfural from being flat at low coverage to a tilted mode at higher 638 

hydrogen coverage 77. It is important to remark that Ir-Ru/SiO2 exhibited a high 639 

hydrogen chemisorption capacity of 37.5 𝜇 mol gcat. Indeed, based on TEM results Ir-640 

Ru/SiO2 exhibited the most dispersed metal particles with an average particle size in the 641 

range 3.0 to 4.5 nm (Figure 1d). Thus, the highest quantity of co-adsorbed hydrogen may 642 

compete with the adsorption of HMF molecules for the same sites. A site consisting of a 643 

multiplet of active metals is required to accommodate adsorption of HMF through the furan 644 

ring. The highest coverage of the co-adsorbed hydrogen species on Ir-Ru bimetallic surface 645 

may contribute to hinder the adsorption through the HMF furan ring. This may destabilize 646 

the hydrogenation of carbonyl group of HMF in Ir-Ru/SiO2 catalyst. In this respect, HMF 647 

hydrogenation is becoming more difficult.  648 

 649 

Table 4. Catalytic data for mono- and bimetallic Ir-catalysts for HMF transformation.   650 

Catalyst 

No acid Formic acid  

Initial rate (10 -4 s-1) 
Conversion 

(%) 
Initial rate (10-4 s-1) 

Conversion 

(%) 

Ir/SiO2 0.40 90 0.0 90 

Ir-Ni/SiO2 2.77 100 0.03 8 

Ir-Co/SiO2 0.66 59 0.17 23 

Ir-Ru/SiO2 0.18 47 0.18 25 

 651 
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The incorporation of the oxophilic metal to active metals such as Ir for hydrogenation 652 

promotes the hydrodeoxygenation by reducing the C-O bond cleavage barrier and retards 653 

the C-C bond ruptures of furfural 78-79. Comparison of activation energy (Ea) for 654 

hydrogenation of furfural between bimetallic catalysts of Co-Cu/SBA-15 and monometallic 655 

Cu/SiO2 revealed an activation energy of 38.7 kJ/mol for the bimetallic sample against 49.4 656 

kJ/mol value observed for monometallic copper sample (Cu/SiO2). Hydrogenation of 5-657 

hydroxymethylfurfural to BHMF was investigated by Tamura et al. 80 with Ir-ReOx/SiO2. 658 

They found a BHMF yield of 100% under the reaction conditions of 303 K. The high 659 

catalytic performance was ascribed to the cooperative effect between the iridium and ReOx 660 

species. The bimetallic system Ir-ReOx exhibited high-efficiency in the reduction of 661 

polarized double bonds, promoting the adsorption of H2 onto the catalyst and making it 662 

easier to dissociate. In the case of Pt-Ir bimetallic catalysts, previous work reported that the 663 

bimetallic system promotes the adsorption of C=O and thereby improves the catalytic 664 

activity 81.  665 

 666 

3.3.2. HMF transformation over Ir based catalysts assisted by HCOOH 667 

 Catalytic transformations of HMF to valuable chemicals such as 2,5-dimethylfuran 668 

(DMF) were performed over Ir-based catalysts in the presence of formic acid (FA) to 669 

evaluate the effectiveness of formic acid as a hydrogen donor. The observed activity was 670 

very low for all catalysts (Figure 9, Table 4). This might be due to decomposition of formic 671 

acid either by dehydrogenation (HCOOH(g)  →  H2(g) + CO2(g)) or by dehydration 672 

(HCOOH(g) → H2O(g) + CO(g)). It is also reported in [82, 83] that at higher reaction 673 

temperatures (T= 623 K), production of formaldehyde may also take place to a certain 674 
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extent (2HCOOH →  CO2 + H2O + HCHO) which is negligible under experimental 675 

conditions of the current work (T=333 K). Previous studies [82, 83] for hydrogen 676 

production from formic acid dehydrogenation at temperatures above 323 K on bimetallic 677 

Pd-Au/C catalysts reported that CO was generated, and that the catalyst was inactive at low 678 

temperature. CO may act as a poison which blocks the surface of the iridium-based 679 

catalysts. Rapid catalyst deactivation and concomitant CO production from dehydration of 680 

formic acid were generally reported for core-shell Pd/Au/C catalysts [34]. HMF is believed 681 

to be first hydrogenated into bis(hydroxymethyl)-furan (BHMF), which is consecutively 682 

dehydrated and hydrogenated to DMF. The reaction can proceed through the formation of 683 

2-hydroxymethyl-5-methylfuran (MFA) as an intermediate. In this study hydrogenation of 684 

HMF assisted by FA gave only BHMF as a product. Based on the previous work [82, 83] 685 

catalyst deactivation by CO formed via decarbonylation of formic acid can be suggested as 686 

a reason for poor catalytic performance in the presence of this acid.     687 

 688 
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 689 

Figure 9. Conversion of HMF with time over bimetallic iridium-based catalysts assisted by 690 

formic acid.  691 

 692 

 693 

Recent studies have shown that metal oxides catalyze both dehydrogenation 694 

(HCOOH →H2 +CO2) and dehydration (HCOOH→ H2O + CO) [84]. For Ir-Co/SiO2 the 695 

presence of CoO or Co2O3 species as revealed by XRD can promote decomposition of FA 696 

to CO. CO may poison the iridium-based catalysts which can explain poor catalytic 697 

performance in hydrogenation of HMF in the presence of FA. It has been reported that 698 

early-transition-metal oxides such as CoOx can effectively split C-O and O-H bonds in 699 

HMF [23]. Thus, a combination of Ir-Co/SiO2 could therefore be effective in the production 700 

of DMF and BHMF. The same singularity of only BHMF formation as a product in FA 701 

assisted hydrogenation was observed for Ir-Ni/SiO2 and Ir-Ru/SiO2 catalysts.  702 

 703 
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3.3.3. HMF transformation over iridium-based catalysts assisted by H2SO4 704 

 HMF transformation was investigated over Ir/SiO2 and three bimetallic Ir catalysts 705 

in the presence of sulphuric acid. The initial rate was the highest for the most acidic catalyst 706 

Ir-Co/SiO2, while the lowest initial rate was obtained for a mildly acidic Ir/SiO2, which, 707 

however, exhibited the smallest metal particles (Table 5). 708 

Conversion of HMF in presence of H2SO4 is illustrated in Figure 10 for 709 

monometallic and bimetallic iridium catalysts. Much higher conversion of HMF in the 710 

presence of the acid points out on activation of the carbonyl group by electron withdrawing 711 

Brønsted acid as reported previously for the carbonyl group hydrogenation [85, 86]. Ir-712 

Co/SiO2 gave the highest conversion of HMF among the studied catalysts. However, over 713 

this catalyst conversion increased rapidly up to 150 min, after which it remained constant 714 

indicating catalyst deactivation. This catalyst exhibited the highest acidity and second 715 

smallest metal particle size (Table 1). Noteworthy is that the lowest conversion was 716 

obtained with Ir/SiO2 exhibiting the smallest metal particles. 717 
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 718 
Figure 10. Conversion of HMF in the presence of sulphuric acid.  719 

 720 

For the product formation it is important to analyze the initial rates for formation of 721 

BMHF and DMF (Table 5). The ratio between the initial rates for formation of DMF to 722 

BMHF in the presence of sulphuric acid increased with increasing catalyst acidity, except 723 

Ir-Co/SiO2, which exhibited the highest acidity (compare Table 1 and 4). This might 724 

indicate that Ir-Co/SiO2 has too high acidity resulting in more rapid deactivation, because it 725 

is known that hydrogenolysis also requires acidity [86].   726 

The concentration profiles as a function of time for different catalysts in HMF 727 

transformation in the presence of sulphuric acid (Figure 11) show that the lowest 728 

concentration of BMHF was obtained after 300 min over Ir-Ru/SiO2, which gave the 729 

highest concentration of DMF (Figure 11d). DMF formation increased with increasing time 730 

for all other catalysts, apart from the most acidic catalyst, Ir-Co/SiO2, for which a rapid 731 
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formation of DMF was already observed after 10 minutes, after which its concentration 732 

remained constant. It should, however, be pointed out that for this catalyst HMF 733 

hydrogenation to BHMF still occurred indicating that metallic species were still active. On 734 

the other hand, for monometallic Ir/SiO2 even hydrogenation of HMF to BHMF was 735 

inhibited after 230 min indicating deactivation of Ir species (Figure 11a). Hydrogenation of 736 

the furan ring and formation of DMTHF was observed for both Ir-Ni/SiO2 and Ir-Co/SiO2 737 

(Figure 11b and c). 738 

  739 
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Figure 11. Concentration profiles in HMF transformation in the presence of sulphuric acid 740 

for a) Ir/SiO2, b) Ir-Co/SiO2, c) Ir-Ni/SiO2 and d) Ir-Ru/SiO2.          741 
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Table 5. Catalytic results for different catalysts in the absence of any acids, in the presence of sulphuric acid (SA) and both sulphuric 

and formic acids (SA+FA) in HMF transformation.  

 

a at conversion 68%, b at conversion 69 %

Catalyst 

Without acid SA SA+FA 

Conversion 
(%) 

Initial rate 

(s-1) 
Conversion 

(%) 

Initial rate 
(s-1) 

r0,DMF/r0,BMHF 
SBMHF 
at 80 % 

conversion 

SDMF 
at 80% 

conversion 

SDMTHF 
at 80% 

conversion 

Conversion 
(%) 

Initial rate 
(s-1) 

r0,DMF/r0,BMHF 
SBMHF 
at 80 % 

conversion 

SDMF 
at 80% 

conversion 

SDMTHF 
at 80% 

conversion 

Ir-SiO2 60 0.40 80 0.45 0.2 81 19 0 78 0.92 0.69 16 14 13 

Ir-Co/SiO2 89 0.66 90 1.35 1.75 69 22 0 91 1.63 0.77 52 18 18 

Ir-Ni/SiO2 100 2.77 86 0.73 1.04 69 28 0 68 0.73 1.13 32a 34a 2a 

Ir-Ru/SiO2 43 0.18 89 0.60 2.46 58 41 4 69 0.60 1.88 31b 36b <1b 
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Selectivity to BMHF remains constant as a function of conversion over a mildly 742 

acidic Ir/SiO2 in the presence of sulphuric acid indicating that hydrogenolysis of BMHF 743 

was rather slow after prolonged reaction times (Figure 12a). For all other catalysts, i.e. for 744 

Ir-Ru/SiO2, Ir-Ni/SiO2 and Ir-Co/SiO2 the selectivity of BHMF increased with increasing 745 

conversion indicating that hydrogenation of HMF still proceeds, however, selectivity DMF 746 

decreased suggesting deactivation (Figure 12a). Selectivity to BMHF in HMF 747 

transformation in the presence of sulphuric acid decreased at 50% conversion in the 748 

following order: Ir/SiO2 > Ir-Ru/SiO2 > Ir-Ni/SiO2 = Ir-Co/SiO2 and the corresponding 749 

DMHF selectivity decreased as: Ir-Ru/SiO2 > Ir-Co/SiO2 >Ir-Ni/SiO2 >> Ir/SiO2. For the 750 

most acidic catalyst, Ir-Co/SiO2 selectivity to BMHF increased with increasing conversion 751 

and at the same time DMF selectivity decreased. This indicates fast deactivation of acidic 752 

sites. Even lower selectivity to BMHF was obtained over Ir-Ru/SiO2 in comparison to Ir-753 

Co/SiO2 when conversion was higher than 50 % conversion. An optimum catalyst acidity 754 

for Ir-Ru/SiO2 gave the highest selectivity to DMF at 60% conversion (Figure 12b). 755 

  756 



49 
 

a) 757 

0 20 40 60 80 100

0

20

40

60

80

100

S
el

ec
ti

v
it

y
 /

 %

Conversion / %

 758 

b) 759 

0 50 100 150 200 250

0

10

20

30

40

50

60

70

80

S
el

ec
ti

v
it

y
 /

 %

Concentration of acid sites / mol g-1
cat

 760 



50 
 

Figure 12. Selectivity of BMHF (open symbol) and DMF (solid symbol) as a function of a) 761 

conversion in HMF transformation for different catalysts in the presence of sulphuric acid. 762 

Notation: Ir/SiO2 (■), Ir-Ru/SiO2 (♦), Ir-Co/SiO2 (▲), Ir-Ni/SiO2 (●), b) catalyst acidity at 763 

60% HMF conversion in the presence of sulphuric acid over Ir/SiO2 and Ir-Co/SiO2, while 764 

for Ir-Co/SiO2 at conversion level of 77% (the lowest one recorded for this catalyst). 765 

 766 

The selectivity curves for DMF as a function of conversion decreased for Ir/SiO2 767 

and Ir-Co/SiO2 and then started to increase again. This result is due to the transformation of 768 

ester to DMF (Figure 12a), analogously to reported in [34]. Over-hydrogenolysis products 769 

such as 2,5-dimethyltetrahydrofuran (DMTHF) are usually promoted by strong acidic sites 770 

(Scheme 1, Table 4). Formation of DMTHF was observed for monometallic Ir and 771 

bimetallic Ir-Co/SiO2 and Ir-Ni/SiO2 catalyst using H2SO4. It has been argued [87] that 772 

interactions of the 𝜋-bonds in the furan ring with the d-orbitals of VIII group may also 773 

favor some hydrogenation of the ring promoting the route towards DMTHF formation. It 774 

has been previously reported that iridium atoms on the surface were found to promote the 775 

adsorption at C=O site, whereas Pd surface strongly interacts with the furan ring [88]. 776 

 777 

3.3.4. HMF transformation assisted by the presence of formic and sulphuric acids 778 

 HMF transformation was also investigated in the presence of both formic and 779 

sulphuric acid. The initial reaction rate was the highest for Ir-Co/SiO2 catalyst exhibiting 780 

the highest acidity (Table 5), while the lowest initial rate was obtained for Ir-Ru/SiO2.  781 

At present formic acid is produced by the hydrogenation of CO2. Transforming CO2 into 782 

useful feedstock chemicals and fuels represents another crucial approach that not only 783 
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reduces CO2 from the atmosphere, but also diminishes reliance on petrochemicals 89. 784 

Formic acid (FA) is also produced as a by-product from degradation of biomass 90. This 785 

makes FA molecule of important interest in the green chemistry. Formic acid is recognized 786 

as a hydrogen donor and a deoxygenating agent which implies in the improvement of the 787 

hydrogenation of HMF. On the other hand, H2SO4 acts as Brønsted acid activating the 788 

carbonyl-group in HMF complementing the role of the formic acid. It is recognized that the 789 

carbonyl group of the HMF is activated by the presence of Brønsted acid species such as 790 

H2SO4. 791 

Conversion of HMF in the presence of formic acid (FA) and H2SO4 as a function of 792 

time (Figure 13) was the highest for Ir-Co/SiO2 followed by Ir/SiO2, while only 68-69% 793 

conversion was obtained for Ir-Ni/SiO2 and Ir-Ru/SiO2. Ir-Co bimetallic catalyst exhibited 794 

the highest amount of acid sites determined by NH3-TPD (Table 4). Brønsted acids such as 795 

H2SO4 may activate the carbonyl-group in HMF.  796 

 797 
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 798 

Figure 13. Conversion of HMF in the presence of both sulphuric and formic acid.  799 

 800 

HMF transformation in the presence of both formic and sulphuric acids resulted in 801 

esterification of HMF (Fig. 13). Analogous results, i.e. formation of 5-formyloxy-methyl-802 

furfural (FMF) along with DMF, BHMF and DMTHF were obtained in [91] indicating 803 

formic acid involvement in esterification of HMF (Scheme 2).  804 

 805 

 806 

 807 

 808 

Scheme 2. Esterification of HMF with formic acid. 809 
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Formic acid has a multiple role acting as an acid catalyst, a source of hydrogen and 811 

a reactant in esterification. It was reported in [64] that esterification of HMF with formic 812 

acid occurred in the presence of a small amount of sulphuric acid using Pd/C as a catalyst 813 

in THF at 339 K. In addition, FMF was quantitatively transformed to DMF using sulphuric 814 

acid and Pd/C as catalysts under the same conditions. Furthermore, Rauchfuss and co-815 

workers succeeded in reaching 95% yield of DMF through hydrogenation of HMF in the 816 

presence of Pd/C, sulfuric acid and formic acid in refluxing tetrahydrofuran [88, 91]. 817 

For the product formation the ratio between the initial rates for formation of DMF to 818 

BHMF decreased as follows: Ir-Co/SiO2 > Ir/SiO2 > Ir-Ni/SiO2 > Ir-Ru/SiO2 (Table 5) 819 

showing clearly that the most acidic catalyst exhibited the highest initial rate of formation 820 

of DMF. Concentration profiles of HMF and the formed products as a function of time in 821 

the presence of sulphuric and formic acids showed clearly that the formed FMF ester is also 822 

consumed after prolonged reaction times (Figure 14).  823 

In addition, when the concentration of ester is plotted as a function of the primary 824 

product (BMHF) concentration it can be clearly seen that the ester concentration decreased 825 

with increasing time (Figure 15). Over Ir/SiO2, however, the ester concentration remained 826 

quite high even after 300 min (Figure 15a) due to low catalyst acidity. For all other 827 

catalysts the ester concentration decreased and at the same time BMHF concentration 828 

increased. This result indicates that simultaneously with hydrogenation of HMF to BMHF 829 

the ester, FMF, reacted via a consecutive pathway to DMF (Figure 15b). Ester 830 

concentration decreased with increasing DMF concentration. The DMF concentrations 831 

obtained after 300 min reaction time were quite the same for Ir-Co/SiO2, Ir-Ru/SiO2 and Ir-832 
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Ni/SiO2, while a much lower concentration of DMF was obtained over mildly acidic 833 

Ir/SiO2 catalyst.    834 
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Figure 14. Concentration profiles in HMF transformation in the presence of sulphuric and 835 

formic acids over a) Ir/SiO2, b) Ir-Co/SiO2, c) Ir-Ni/SiO2 and d) Ir-Ru/SiO2. 836 

 837 
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Figure 15. Concentration of FMF as a function of the concentration of a) BHMF and b) 842 

DMF in HMF transformation in the presence of sulphuric and formic acid. Notation: 843 

Ir/SiO2 (■), Ir-Ru/SiO2 (♦), Ir-Co/SiO2 (▲), Ir-Ni/SiO2 (●). 844 

 845 

The observed FMF concentrations are in agreement with the conclusions drawn by 846 

early work [34] which suggests that HMF hydrogenation towards DMF proceeds through 847 

such intermediates as FMF, 5-formyloxy-methyl-furfural. It may be also assumed that some 848 

interactions of the 𝜋-bonds of HMF with the d orbitals of the metal atoms should be 849 

considered to explain selectivity towards DMTHF especially for Ir-Co/SiO2 and Ir-Ni/SiO2 850 

in the hydrogenation of HMF in the presence of both HCOOH and H2SO4. Ir-Ru/SiO2 851 

exhibited a high hydrogen chemisorption capacity of 37.5 𝜇mol gcat. The highest quantity of 852 

co-adsorbed hydrogen may change the HMF adsorption behavior avoiding hydrogenation 853 

of the furan ring and DMTHF formation. Hydrogenation of the C=O group may prevail due 854 

to a high coverage of the co-adsorbed hydrogen species on bimetallic Ir-Ru catalyst surface. 855 

At the same time HMF adsorption by the C=O group is promoted not requiring a large 856 

ensemble of metal sites, and thus enhancing selectivity towards C=O hydrogenation. The 857 

co-adsorbed hydrogen may prevent adsorption of HMF through the furan ring and in this 858 

case DMTHF is not formed.  859 

It is important to reemphasize that surface science measurements and DFT 860 

calculations have proposed that adsorption of furanic compounds on a metal surface is 861 

highly dependent on the nature of the metals. As mentioned previously furanic compounds 862 

lie on the surface with both C and O atoms of the carbonyl group adopting an 2-(C,O)-863 

aldehyde adsorption mode especially over Ni, Ir and Ir-Co 73, 74, 92. On the other hand it 864 
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has been pointed out that the adsorption of furanic compound adopts the tilted 1-(C,O)-865 

aldehyde, which occurs on ruthenium atom species. In this regard the hydrogenation of the 866 

furan ring is avoided especially on the ruthenium species. This can explain the absence of 867 

DMTHF in the catalytic experiments over Ir-Ru/SiO2 catalyst.  868 

Selectivity to BMHF and DMF as a function of conversion (Figure 16a) shows that 869 

DMF selectivity is the lowest for Ir/SiO2 catalyst exhibiting the lowest acidity (Figure 16b). 870 

On the other hand, selectivity to DMF was always higher than for BMHF for Ir-Ru/SiO2 871 

catalyst, while for Ir-Ni/SiO2 and Ir-Co/SiO2 selectivity to BMHF was typically higher than 872 

towards DMF indicating catalyst deactivation with increasing conversion. Especially for 873 

the most acidic catalyst, Ir-Co/SiO2 the increase of BMHF selectivity was very steep with 874 

increasing conversion (Figure 16a). 875 
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Figure 16. Selectivity of BMHF (open symbol) and DMF (solid symbol) as a function of a) 883 

conversion in HMF transformation for different catalysts in the presence of sulphuric acid 884 

and formic acid, notation: Ir/SiO2 (■), Ir-Ru/SiO2 (♦), Ir-Co/SiO2 (▲), Ir-Ni/SiO2 (●) and 885 

b) catalyst acidity at 60% HMF conversion for Ir/SiO2, Ir-Ni/SiO2, and Ir-Ru/SiO2, while 886 

for Ir-Co/SiO2 the conversion level is 78% (the lowest one recorded for this catalyst). 887 

 888 

 889 
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  891 



59 
 

4. Conclusions 892 

Transformations of 5-hydroxymethylfurfural (HMF) were investigated over 893 

bimetallic Ir-supported catalysts under 10 bar hydrogen at 333 K in tetrahydrofuran as a 894 

solvent either in the absence or presence of homogeneous acid catalysts, e.g. formic and 895 

sulphuric acids. Thermodynamic analysis of HMF transformations using the Gibbs-896 

Helmholtz equation and the Joback’s approach in the absence of acidic co-catalysts showed 897 

feasibility of both hydrogenation and dehydration steps.  898 

The effectiveness of the secondary metal in HMF hydrogenation over iridium-based 899 

catalysts can be attributed to the synergy between oxophilic nature of the secondary metal 900 

species (Co, Ni and Ru) and the metallic state species on the iridium-based catalysts. XPS, 901 

HRTEM and TPR results suggested that both iridium and secondary metal are not in direct 902 

contact with each other. In addition, XPS results revealed the presence of metallic and 903 

oxide states of both iridium and secondary metal species. The metallic species facilitate 904 

dissociation of molecular hydrogen needed in hydrogenation. On the other hand, the oxide 905 

metal species may act as Lewis acid sites. Finally, a synergetic behavior of the metal and 906 

metal oxide species is involved in selective hydrogenation of HMF. Negligible activity was 907 

observed for the monometallic cobalt, nickel and ruthenium catalysts and 2,5-bis-908 

(hydroxymethyl)furan (BHMF) was the only product in the catalytic tests in the absence of 909 

acids.  910 

The highest HMF conversion was obtained in the presence of both formic and 911 

sulphuric acids, which also facilitated esterification of HMF to 5-formyloxy-methylfurfural 912 

(FMF) in addition to formation of 2,5-dimethylfuran (DMF). It should, however, be pointed 913 

out that FMF reacted further to DMF, especially over highly acidic Ir-Co/SiO2. 2,5-Bis-914 
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(hydroxymethyl)furan (BHMF) and 2,5-(dimethyl)tetrahydrofuran (DMTHF) were also 915 

observed, especially formation of DMTHF was prominent for Ir-Co/SiO2 and Ir-Ni/SiO2 916 

catalysts. Ir-Ru/SiO2 catalyst displayed the highest hydrogen chemisorption capacity 917 

compared with the other materials. In particular for Ir-Ru/SiO2 hydrogenation of the furan 918 

ring was avoided and DMTHF was not formed. Higher coverage of the co-adsorbed 919 

hydrogen may prevent adsorption of HMF through the furan ring. 920 

 921 

 922 
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List of symbols 937 

Kj   Equilibrium constant for reaction j 938 

K0
j   Equilibrium constant at standard conditions for reaction j 939 

n   Moles, mol 940 

P   Pressure, bar 941 

P0   Standard pressure, bar 942 

R   Ideal gas constant, J/K/mol 943 

T   Absolute temperature, K 944 

T0   Absolute standard temperature, K 945 

 946 

Greek symbols 947 

ΔG0
f   Gibbs free energy of formation at standard conditions, kJ/mol 948 

ΔG0
r   Gibbs free energy of reaction at standard conditions, kJ/mol 949 

ΔGΦ
r,j   Gibbs free energy of reaction at 1bar and a chosen temperature, 950 

kJ/mol 951 

ΔH0
f   Enthalpy of formation at standard conditions, kJ/mol 952 

ΔH0
r   Enthalpy of reaction at standard conditions, kJ/mol 953 

νi,j   Stoichiometric matrix composed by i components and j reactions, - 954 

  955 
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