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Abstract: This study reports the selective obtaining of butanediols 

(BDO), widely used in the polymer and synthetic rubber industry, by 

C-O hydrogenolysis of erythritol. The effect of the support on 

catalytic activity and selectivity to BDO was exhaustively studied 

using Ir/ReOx catalysts supported on SiO2, Al2O3, activated carbon, 

CeO2, TiO2 and ZrO2. The catalysts were thoroughly characterized 

and it was found that the physicochemical, redox and acidic 

properties of the supports notably influenced the metal dispersion, 

reducibility of the species and particle sizes. The most active and 

selective catalyst was Ir/ReOx/TiO2 (maximum BDO yield of 53%), 

favoring C-O hydrogenolysis and minimizing C-C scissions and 

dehydration reactions. This superior performance was attributed to 

the formation of small clusters with an intimate contact between Ir 

and partially oxidized Re species (mainly Re
+IV

) that favors the 

appropriate adsorption of erythritol on ReO2 and the further 

interaction with H2 adsorbed on Ir
0
 to render BDO. 

Introduction 

The synthesis of chemical intermediaries and fuels, traditionally 

obtained from non-renewable sources of fossil origin, is being 

replaced by new processes involving biomass, which has 

several advantages over fossil fuels, such as: limiting the impact 

of dioxide of carbon on global warming and have a cycle of 

regeneration in the order of years and not millions of years. 

Therefore, new routes starting from biomass-derivate reactants 

are absolutely essential in order to produce useful chemicals 

and fuels[1–3]. However, usually biomass-related materials 

present higher oxygen content (O/C ratio) than most of the 

commodity and valuable chemicals, thus the development of 

catalytic routes to deoxygenation of such substrates is greatly 

desired. Among the deoxygenation methods, selective 

hydrogenolysis of C-O bond is an important strategy to remove 

the hydroxyl groups of oxygenated biomass-derived molecules. 

Erythritol (ERY) is a polyol of chemical formula C4H10O4 that is 

commercially produced through fermentation[4–7] of glucose and 

sucrose from chemically and enzymatically hydrolyzed wheat 

and corn starches[8,9]; it is used as low-calorie sweetener and as 

a functional sugar substitute for people with diabetes and 

obesity[4]. Due to the high yield and productivity in the industrial 

scale of production, erythritol serves as starting material for the 

production of other sugars and because of its high functionality it 

is suitable of being transformed into valuable intermediates. [10]  

C-O hydrogenolysis of ERY allows to obtain butanediols (BDO), 

which are valuable chemicals used in the industry of synthetic 

rubber and polymers as intermediates in the production of 

tetrahydrofuran, polytetramethylene-ethylene glycol, 

polybutylene terephthalate and polyurethane, among others[11]. 

C4-diols can also be considered as versatile chemical building 

blocks, useful for coating applications[12] or for producing 

butadiene[13,14]. There are four butanediols: 1,4-butanediol 

(1,4BDO), 1,3-butanediol (1,3BDO), 1,2-butanediol (1,2BDO) 

and 2,3-butanediol (2,3BDO). 1,4BDO is widely used in industry, 

particularly in the production of polyurethanes and polybutylene 

terephthalate (PBT) as well as in the production of ɣ-

butyrolactone (GBL) and tetrahydrofuran (THF)[15]. Currently, 

1,4BDO is mainly produced through the hydrogenation of maleic 

anhydride obtained from butane oxidation[16]. 1,3BDO is used in 

the food flavorings industry as organic solvent and is a raw 

material for production of polyurethane and polyester resins. 

1,3BDO is produced via aldol condensation of acetaldehyde[17] 

which is produced by the Wacker oxidation of ethylene. 1,2BDO 

is generated as a by-product during the fabrication of 1,4BDO 

and is a precursor for the production of low viscous polyester 

and plasticizers[18]. 2,3BDO is used as a raw material for printing 

inks, perfumes, pharmaceuticals and fumigants and it is 

obtained from the microbial fermentation of monosaccharides[11]. 

Polyol hydrogenolysis has been widely studied, particularly 

using glycerol as reactant in aqueous solution to produce 1,2-

propanediol[19] and 1,3-propanediol[20–22]. However, many times 

the rupture of C-C bonds, together with C-O cleavages, is also 

desired in order to produce compounds with lower number of C 

atoms as for example ethylene glycol. Typically, metal/support 

catalysts are used to catalyze hydrogenolysis reactions being 

the noble metal the most active and frequently used catalysts. 

Silica-supported Pt, Ru, Rh, and Ir catalysts were investigated 

for the hydrogenolysis of glycerol[7,23–25]. Ruthenium is well 

known to be active in the hydrogenolysis of polyols such as 

glycerol[23,26,27], xylitol and sorbitol[28,29] but unfortunately, could 

promote excessive C–C cleavage[23]. Ir, Rh and Pt are also 

recognized as a catalyst for glycerol hydrogenolysis[30–34] but it 

was reported that Pt is typically less active than Ru or Ir. The 

combination of an oxophilic promoter (Re, Mo or W) with the 

highly reducible noble metal (Ru, Ir, Rh or Pt) improved the 

selective C-O bond hydrogenolysis of polyols and even, cyclic 

ethers such as tetrahydrofurfuryl alcohol[35–39] avoiding the C-C 

cleavage.   

Despite the rather comprehensive study of the hydrogenolysis of 

other polyols, such as glycerol, there are few papers that use 

erythritol as raw material. The first study about hydrogenolysis of 

ERY was carried out by Montassier et al.[26] over Ru/C catalysts 

who reported a fast epimerization to ERY isomer, threitol and 

the obtaining of a complex mixture of products at 513 K and 40 

bar of H2 whereas the poisoning with sulphur, produced an 
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increment in the initial selectivity towards butanetriols (BTO) + 

BDO with 1,2BDO as the main isomer followed by 2,3BDO; 

however, no yield or conversion values were reported.  

Additionally, the use of noble metals such as Rh or Ir (3.5-4%) 

combined with a promoter like Re, W or Mo (4%) has been 

studied in the conversion of an aqueous solution of ERY.  Yields 

of BDO and BTO of 29.6 and 23.2% respectively, have been 

reached using 3.7% Rh/3.5% ReOx/ZrO2 at 473 K and 120 bar 

H2
[39] whereas 25% of BDO yield was recently achieved on 4% 

Ir/ReOx/TiO2 (rutile) at 373 K and 80 bar H2
[40]. The maximum 

yield towards BDO reported to date was 34.7% (24.4% 1,4BDO, 

8.9% 1,3BDO, 0.7% 2,3BDO and 1,2BDO) obtained after 24 h of 

reaction using Ir/ReOx/SiO2 at 373 K and 80 bar H2
[41]. These 

results show that the hydrogenolysis of erythritol requires high 

temperature, H2 pressure and concentration of metal in the 

catalyst, and a prolonged reaction time. Furthermore, these 

reports and previous studies using glycerol, suggest the 

convenience to use a multifunctional catalyst that includes 

metallic sites (Ir, Rh, Pt, Pd, Ru) and partially oxidized species of 

another metal such as Re, W or Mo. It is important to remark 

that SiO2, despite its low hydrothermal stability[42], has been the 

solid mostly used as support. According to our best knowledge, 

there are no studies evaluating the role of the support during 

erythritol hydrogenolysis to yield butanediols. However, some 

studies on sorbitol hydrogenolysis using Ru supported on Al2O3, 

SiO2, TiO2 and ZrO2
[28] showed that the support has an effect on 

the physicochemical properties of the supported Ru particles 

and, consequently, in its catalytic activity. The purpose of this 

work is to evaluate the effect of the support on catalytic activity 

and selectivity towards the desired products (BDO) of catalysts 

based on Ir (⁓2%) and Re (⁓2%) supported on solids of 

different nature (SiO2, Al2O3, ZrO2, CeO2, activated carbon and 

TiO2). 

Results and Discussion 

Catalysts characterization 

 

Structural and acid characterization 

 

The physicochemical properties of the prepared catalysts 

(chemical composition determined by ICP and BET surface 

area) are presented in Table 1. The Ir and Re loadings ranged 

between 1.6-2.4 wt.% and 1.4-2.8 wt.%, respectively. The 

nominal Ir/Re molar ratio was 1 for the six catalysts; however, 

the actual Ir/Re ratio on Ir/ReOx supported on Al2O3, AC, CeO2 

and TiO2 was 0.70-0.83 whereas this ratio was about 1.3 for 

Ir/ReOx/SiO2 and Ir/ReOx/ZrO2. Nevertheless, it was previously 

reported for several polyols [41,43,44] that the Ir/Re molar ratio only 

modified the catalyst activity not noticing a substantial influence 

on product selectivities. The sequential impregnations and 

subsequent thermal treatments of the supports did not cause 

significantly change in the BET surface as can be noticed in 

Table 1. Ir/ReOx/AC displayed the highest surface area in good 

agreement with results usually informed for this type of 

microporous material[45], Ir/ReOx/SiO2 and Ir/ReOx/Al2O3 

presented surface areas of 269 and 218 m2/g whereas the SBET 

for the rest of the catalysts were lower than 85 m2/g. DRX 

spectra of Ir/ReOx/support catalysts shown in Figure 1 indicate 

that no other phase different from the corresponding to the 

support was detected. Indeed, neither peaks around 2 = 40.5º 

and 2 = 28.0º assigned at Ir metal and a IrO2 phase 

respectively nor diffraction peaks attributed to ReOx or Re0 (2 = 

34.9º for Re0, 2 = 24.3º for ReO2,  2  =  29.1º  for  ReO3  and  

2 =  24.6º  for  Re2O7)
[43]  were detected by DRX. 

Table 1. Physicochemical characterization 

Catalyst wt% Ir wt% 

Re 

Ir/Re 

molar 

SBET
[a]

 

(m
2
/g) 

TPD NH3 

(μmol/g) 

Ir/ReOx/SiO2 1.87 1.44 1.26 269 (269) 32.6 

Ir/ReOx/Al2O3 1.70 2.10 0.78 218 (220) 353.1 

Ir/ReOx/AC 1.88 2.60 0.70 747 (861) 252.1 

Ir/ReOx/CeO2 1.60 1.96 0.79 41 (45) 116.6 

Ir/ReOx/TiO2 2.36 2.77 0.83 44 (50) 85.0 

Ir/ReOx/ZrO2 2.23 1.67 1.29 82 (93) 84.9 

[a]
 Support surface area in parentheses. 

 

Figure 1. Sample characterization by X-ray diffraction: XRD diffractograms of 

bimetallic catalysts (full lines) and supports (dotted lines). a) Ir/ReOx/SiO2, b) 

SiO2, c) Ir/ReOx/Al2O3, d) Al2O3, e) Ir/ReOx/AC, f) AC, g) Ir/ReOx/CeO2, h) 

CeO2, i) Ir/ReOx/TiO2, j) TiO2, k) Ir/ReOx/ZrO2, l) ZrO2. 

The acid sites density was calculated by integration of NH3 TPD 

profile displayed in Figure S1, Supporting Information and the 

µmol NH3/g catalyst are listed in Table 1. Ir/ReOx/Al2O3 exhibited 

the highest concentration of acid sites followed by Ir/ReOx/AC; in 

addition, this last catalyst presented the strongest acid sites 

according to the high temperature of the ammonia desorption 

peak (Figure S1, Supporting Information). Ir/ReOx/TiO2 and 

Ir/ReOx/ZrO2 displayed similar density of acid sites (85 μmol/g) 

whereas Ir/ReOx/SiO2 was the least acidic catalysts as expected. 

It was previously demonstrated that the Re species, with Re not 

totally reduced, could generate Lewis acid sites on the catalyst 

surface[46]. Thus, the contribution of Re species to the acidity of 

the catalysts, studied by comparing the amount of acid sites on 

the bimetallic samples and the bare supports, is displayed in 

Table S1 and Figure S2 of Supporting Information. The acidity 

attributed to the metal addition on the support ranged between 

25 and 42 μmol/g. In the case of Ir/ReOx/SiO2, the metal addition 

was responsible of the almost the total amount of acid sites in 
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the catalysts whereas the acidity of alumina clearly 

predominated in the case of Ir/ReOx/Al2O3. Regarding 

Ir/ReOx/TiO2, a similar amount of acid sites came from the 

support and the addition of metal Re species. 

 

Metallic phase characterization 

 

Metallic phase of catalysts was studied by temperature 

programmed reduction (TPR), CO chemisorption, TEM and XPS. 

Figure 2 (A-F) shows the TPR profiles for monometallic 

Ir/support and ReOx/support as well as for bimetallic 

Ir/ReOx/support catalysts. The reduction profiles of Ir/support 

catalysts evidenced two reduction peaks attributable to the 

progressive reduction of different oxidized Ir species to Ir0 whose 

shape and position seems to be affected by the Ir interaction 

with the support. The first peak, probably due to Ir+IV to Ir+III 

reduction, arise at low temperatures (398-463 K) and the second 

peak, accounting for the further reduction to metallic state, at 

about 513-553 K[47]. The reduction of Ir species was completed 

at 573 K since a H2/Ir ratio closed to the stoichiometric ratio 

(H2/Ir = 2) was calculated except in the case of Ir/CeO2 (Table 2). 

The H2 consumption for Ir/CeO2 greatly exceeded the theoretical 

required for the sole reduction of the Ir oxides probable due to 

some ceria reduction[48,49]. Actually, bare ceria is reduced 

between 600-900 K (Figure S.2 Supporting Information) but the 

presence of a metal able to adsorb and dissociate H2, as Ir, can 

strongly shift to lower temperature the reduction of the ceria in 

the vicinity of Ir. Likewise, the TPR profile of Ir/AC displayed a 

high H2 consumption at temperatures higher than 673 K that can 

be ascribed to reduction of the support[45]; also some reduction 

of TiO2 could be evidenced at temperatures higher than 873 K 

on Ir/TiO2
[50].  

The reduction profiles of ReOx/support catalysts presented in 

Figure 2 revealed that the reducibility of ReOx species is greatly 

affected by the support. Thus, one or two peaks were detected 

in the range of 533-723 K similarly to other TPR profiles reported 

in literature[51]. The reduction of supported Re oxides has been 

interpreted as an autocatalytic process[52] where the reduction of 

more reactive ReOx surface species (first H2 consumption peak) 

induces the reduction of the less reactive ReOx species (second 

peak). An in situ investigation using Raman, FTIR and TPR 

experiments for ReOx (1-6 wt.% Re) on Al2O3, SiO2, ZrO2 and 

TiO2 revealed that the rhenium oxide possesses a similar 

structure on all supports studied, with three Re=O and one Re-

O-support bonds[51]. The H2/Re ratio estimated from TPR profiles 

ranged 2.9-3.2 (Table 2), lower than the stoichiometric value 

(3.5) considering the full reduction of Re+VII to Re0 except for 

ReOx/CeO2 since the partial reduction of the support could 

probably provoke an increase of this H2/Re ratio above the 

theoretical. This intermediate oxidation state for ReOx species 

was previously reported in literature for similar bimetallic 

catalysts[53]. 

TPR profiles of Ir/ReOx/support displayed at least two reduction 

peaks (Figure 2); the first peak presented a maximum at 

temperatures lower than 483 K whereas the high temperature 

peak was observed at 478-566 K. Activated carbon and, in less 

extent, reducible supports such as TiO2, also showed a peak 

assigned to the partial support reduction; as previously 

discussed, CeO2 was also reduced in some extent, although its 

reduction peak in Ir/ReOx/CeO2 profile was overlapped to the Ir 

and ReOx reduction. 

 
Figure 2. TPR profiles for catalysts supported on (A) SiO2, (B) Al2O3, (C) AC, (D) CeO2, (E) TiO2 and (F) ZrO2. 
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Table 2. Catalysts characterization by TPR. 

Catalyst H2/Ir Catalyst H2/Re Catalyst H2/Total Metal Peak 1 (H2/Ir) Peak 2 (H2/Re) 

Ir/SiO2 1.8 ReOx/SiO2 3.0 Ir/ReOx/SiO2 2.62 1.32 4.25 

Ir/Al2O3 1.7 ReOx/Al2O3 3.2 Ir/ReOx/Al2O3 2.20 1.19 5.15 

Ir/AC 1.8 ReOx/AC 2.9 Ir/ReOx/AC 2.99 1.99 3.68 

Ir/CeO2 7.2 ReOx/CeO2 3.9 Ir/ReOx/CeO2 3.82 4.85 3.01 

Ir/TiO2 2.3 ReOx/TiO2 2.9 Ir/ReOx/TiO2 2.67 1.17 4.18 

Ir/ZrO2 1.8 ReOx/ZrO2 2.9 Ir/ReOx/ZrO2 2.28 1.30 3.55 

 

Since the H2 consumption of the first peak was lower than the 

theoretical total reduction of Ir (except for ceria) and the second 

peak was greater than the total reduction of rhenium (Table 2), 

the first reduction peak would be attributed to the partial 

reduction of Ir+IV and probably, some ReOx species easily 

reducible due to close contact with Ir particles, whereas the 

second peak assigned to ReOx species reduction could also 

include the reduction of some Ir. In fact, the proximity of the 

peaks attributed to Ir and ReOx reduction that can be measured 

as the difference of their maximum (TTPR), would evidence the 

interaction between the two metals. The low surface area of 

CeO2, TiO2 and ZrO2, would facilitate the intimate contact 

between Ir and ReOx particles evidenced by a low difference in 

the maximum of the peaks (TTPR 60 K) whereas a TTPR ≈ 100 

K for Ir/ReOx/AC suggests less interaction between both metals. 

In addition, the shoulder at about 673 K on Ir/ReOx/AC, which is 

coincident to the second peak in ReOx/AC, would indicate the 

existence of some segregated ReOx clusters. Overall, TPR 

profiles denoted the existence of different interactions between 

both the support and metals oxides and between Ir and ReOx. 

Finally, the temperature of the first reduction peak was selected 

as the optimal temperature to treat the catalyst before reaction in 

order to reduce iridium to Ir0 while Re remains partially oxidized 

(Ir/ReOx/SiO2: 403 K, Ir/ReOx/Al2O3: 483 K, Ir/ReOx/AC: 423 K 

Ir/ReOx/CeO2: 468 K, Ir/ReOx/TiO2: 418 K and Ir/ReOx/ZrO2: 443 

K).  

Table 3. CO chemisorption results and particle size. 

Catalyst Dispersion 

(DCO, %) 

Particle size 

(dP CO, nm) 

Particle size 

(dP TEM, nm) 

Ir/ReOx/SiO2 14 7.8 3.1 

Ir/ReOx/Al2O3 40 2.7 3.2 

Ir/ReOx/AC 50 2.1 1.7 

Ir/ReOx/CeO2 76 1.4 1.2 

Ir/ReOx/TiO2 56 1.9 1.6 

Ir/ReOx/ZrO2 18 6.0 4.0 

 

Figure 3. Representative TEM image, size distribution and EDS mapping 

associated with Ir/ReOx/TiO2. 

 

Metal dispersion (DCO) and particle size were estimated from CO 

chemisorption measurements and reported in Table 3. 

Ir/ReOx/TiO2 and Ir/ReOx/CeO2 presented the highest Ir 

dispersion (56 and 76 %) and accordingly, the smallest particle 

diameter (1.9 and 1.4 nm). Small particles sizes were also 

calculated on Ir/ReOx supported on AC and Al2O3 (2.1-2.7 nm) 

corresponding to a dispersion of about 40-50%, while 

Ir/ReOx/SiO2 and Ir/ReOx/ZrO2 displayed the lowest Ir dispersion 

(14 and 18 % respectively) and their particle sizes from CO 

chemisorption were higher than 5 nm. Transmission electron 

microscopy (TEM) images of Ir/ReOx/support catalysts were 

acquired and particle diameters were also estimated and 

included in Table 3. Figure 3 shows the high-resolution image, 
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the size histogram for Ir/ReOx/TiO2; the mean particle size was 

1.6 nm in accordance to the value estimated from CO 

chemisorption. Similar particle sizes determined by TEM were 

reported by other authors on Rh/ReOx/TiO2
[39,54,55] and 

Ir/ReOx/rutile[40]; it was also informed[39] that Rh/ReOx particles 

on ZrO2 support were larger than on TiO2 similarly to results in 

Table 3 for Ir-based catalysts. Both the particle size from CO 

chemisorption and the estimated from TEM were similar for all 

catalysts except for Ir/ReOx/SiO2 (𝑑𝑝 𝑇𝐸𝑀 = 3.1 nm, less than half 

the  𝑑𝑝 𝐶𝑂 ). This discrepancy can be attributed to a partial 

coverage of Ir metal particles with ReOx clusters becoming part 

of Ir inaccessible to CO. A similar proposal has   been   also  

enunciated  by  Amada et al.[56]  who had fully characterized 

Ir/ReOx/SiO2 catalyst (⁓ 4wt.% of both Ir and Re) using DRX, 

TEM,  Ir and Re L3-edge extended X-ray absorption fine 

structure (EXAFS), XPS and FTIR of adsorbed CO and 

proposed that the structure of the reduced Ir/ReOx/SiO2 had 

small Ir metal particles of about 2 nm partially covered by 3D 

clusters of ReOx. Energy-dispersive X-ray spectroscopy (EDS) 

was performed over several randomly selected images of 

Ir/ReOx/TiO2 (Figure 3) and the average Re/Ir atomic ratio was 

1.1, which is similar to the bulk relationship between both metals 

and also agrees with the surface Re/Ir ratio estimated from XPS 

as it will be discuss next.  

The nature of the surface species was studied by XPS; samples 

were previously treated in pure hydrogen at the temperature of 

the first reduction peak determined by TPR for Ir/ReOx/support 

catalysts. In addition, the samples were treated in situ using 

5%H2/Ar at the same temperature in the XPS unit. Figure 4 and 

5 show the XPS spectra in the Ir 4f and Re 4f regions 

respectively and a remarkable difference in the oxidation states 

of both metals when changing the support can be appreciated. 

Figure 4 reveals the presence of three oxidation states of Ir on 

the surfaces: Ir0, Ir+III or Ir+IV; the binding energy for 4f7/2 for Ir0, 

Ir+III and Ir+IV widely accepted in literature are 60.6 eV, 61 eV and 

62.5 eV, respectively[57]. The analysis of the spectra 

corresponding to the Re 4f signals (Figure 5), displayed five 

doublets (4f7/2 and 4f5/2), where each doublet corresponds to a 

Re species between Re+VII and Re0. The characteristic binding 

energies as reported in bibliography[58,59] are  40 eV (Re0),  42 

eV (Re+IV),  43.5 eV (Re+V), 44.8 eV (Re+VI) and 46.5 eV (Re+VII). 

Regarding the support, the XPS regions Si2p for Ir/ReOx/SiO2, 

Al2p for Ir/ReOx/Al2O3, Ce3d for Ir/ReOx/CeO2, Ti2p for 

Ir/ReOx/TiO2 and Zr3d for Ir/ReOx/ZrO2 are shown in Figure S.3 

(Supporting Information). The only catalyst that exhibited some 

modification of the support with catalyst pretreatment was 

Ir/ReOx/CeO2. Actually, both oxides can be detected in the XPS 

spectrum: CeO2 (Ce+IV) and Ce2O3 (Ce+III) thereby endorsing the 

reduction of some ceria in good agreement with the TPR results 

in Figure 2 and Table 2.  

The spectra were processed in order to obtain the distribution of 

species of Ir and Re on each catalyst surface and the results are 

shown in Table 4. Ir was mainly in metallic state for all the 

catalysts; the Ir0 content ranged between 57% (Ir/ReOx/TiO2) 

and ≈ 80 % (Ir/ReOx/SiO2 and Ir/ReOx/AC). All the solids 

displayed some Ir+III species whereas Ir+IV was only detected on 

reducible supports. In good agreement to TPR results, the 

distribution of Re species was different depending on the 

support used. Some Re0 was identified when using non-

reducible supports (between 20 and 37% of Re0 on SiO2, Al2O3 

and AC); however, Re+V was the predominant species on 

Ir/ReOx/AC and Re+VI on Ir/ReOx supported on SiO2 and Al2O3. 

On the contrary, the Re0 content was low on reducible supports; 

the predominant surface species of rhenium on Ir/ReOx/TiO2 

was Re+IV, while in the case of Ir/ReOx/ZrO2 the predominant 

species were Re+V. 

     

Figure 4. XPS spectra of Ir4f región of (A) Ir/ReOx/SiO2, (B) Ir/ReOx/Al2O3, (C) Ir/ReOx/AC, (D) Ir/ReOx/CeO2, (E) Ir/ReOx/TiO2 and (F) Ir/ReOx/ZrO2. 
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The presence of Re species partially reduced is in good 

agreement with the stabilization of rhenium species at 

intermediate oxidation states in bimetallic catalysts as previously 

reported[60]. Moreover, redox support such as ceria, zirconia or 

titania are able to avoid the over-reduction of Re species by the 

interaction  between  Re  species  and  the  CeO2,  ZrO2  or  

TiO2 surface[61]. Summarizing, the nature of support and the 

reduction temperature of the samples strongly influence on the 

preponderant oxidation state of both the Ir and Re surface 

species and therefore, the six catalysts prepared in this work 

displayed different surface properties.  

Table 4 also shows the molar ratio between Re and Ir in the bulk 

(𝑅𝑒 𝐼𝑟⁄ )𝑏𝑢𝑙𝑘  and in the surface (𝑅𝑒 𝐼𝑟⁄ )𝑠𝑢𝑟𝑓𝑎𝑐𝑒 calculated from the 

chemical composition in Table 1 and XPS measurements, 

respectively. (𝑅𝑒 𝐼𝑟⁄ )𝑠𝑢𝑟𝑓𝑎𝑐𝑒 /(𝑅𝑒 𝐼𝑟⁄ ) 𝑏𝑢𝑙𝑘  was higher than 1 on 

Ir/ReOx supported on Al2O3, SiO2 and ZrO2, close to 1 when 

using TiO2 and CeO2 and lower than 1 in the case of Ir/ReOx/AC.  

      

Figure 5. XPS spectra of Re4f región of (A) Ir/ReOx/SiO2, (B) Ir/ReOx/Al2O3, (C) Ir/ReOx/AC, (D) Ir/ReOx/CeO2, (E) Ir/ReOx/TiO2 y (F) Ir/ReOx/ZrO2.

Table 4. XPS results. 

Catalyst Ir species (%)  Re species (%)  Bulk Surface Coverage
[a]

 

 Ir
0
 Ir

+III
 Ir

+IV
  Re

0
 Re

+IV
 Re

+V
 Re

+VI
 Re

+VII
  (Re/Ir)B (Re/Ir)S (%) 

Ir/ReOx/SiO2 80 20 0  37 8 3 32 20  0.8 1.2 68 

Ir/ReOx/Al2O3 62 38 0  20 2 4 74 0  1.0 1.6 41 

Ir/ReOx/AC 79 21 0  29 10 61 0 0  1.4 0.6 39 

Ir/ReOx/CeO2 74 11 15  0 7 32 56 5  1.2 0.9 38 

Ir/ReOx/TiO2 57 29 14  3 79 18 0 0  1.2 1.2 42 

Ir/ReOx/ZrO2 75 4 21  7 20 48 15 10  0.8 1.6 51 

[a] Surface coverage of ReOx on Ir metal = % coverage =  (1 −
𝐷𝐶𝑂 × 𝐼𝑟0

1.1

𝑑𝑝 𝑇𝐸𝑀

) ∙ 100. 
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The surface coverage ratio of ReOx on Ir metal surface was also 

estimated according to literature[22] as % coverage = [1 −

(𝐷𝐶𝑂  ×  𝐼𝑟0)/(1.1/𝑑𝑝 𝑇𝐸𝑀)] ∙ 100%   and values are reported in 

Table 4. The coverage ratio was 38-42% for Ir/ReOx supported 

on Al2O3, AC, CeO2 and TiO2 whereas it was 51% and 68% for 

Ir/ReOx/ZrO2 and Ir/ReOx/SiO2 respectively. Thus, the high 

coverage value reported for Ir/ReOx/SiO2 would be in good 

agreement with the presence of ReOx clusters on Ir metal 

particles proposed from CO chemisorption results in conjunction 

with TEM results showing that part of Ir was inaccessible to CO. 

 

Proposal of surface models 

 

The different surface properties of Ir/ReOx supported on solids 

with well-differentiated characteristics can be explained taking 

into account the catalysts surface area, (𝑅𝑒 𝐼𝑟⁄ )𝑏𝑢𝑙𝑘 vs 

(𝑅𝑒 𝐼𝑟⁄ )𝑠𝑢𝑟𝑓𝑎𝑐𝑒 , Ir dispersion, physicochemical properties of the 

support and the oxidation state of both Ir and Re. Scheme 1 

proposes a model of the Ir and ReOx distribution on the six 

supports considering the results of the characterization 

techniques discussed previously and information from 

literature[22,56,62]. Ir/ReOx/SiO2, Ir/ReOx/Al2O3 and Ir/ReOx/AC 

displayed moderate-high surface area (269, 218 and 692 g/m2 

respectively) while the surface area was lower than 85 m2/g for 

catalysts based on CeO2, TiO2 and ZrO2. Results from XPS 

suggested that some catalysts surfaces were enriched with Re 

such as Ir/ReOx on Al2O3, SiO2 and ZrO2 while the 

(𝑅𝑒 𝐼𝑟⁄ )𝑏𝑢𝑙𝑘 was similar to (𝑅𝑒 𝐼𝑟⁄ )𝑠𝑢𝑟𝑓𝑎𝑐𝑒 when using TiO2 and 

CeO2 but higher in the case of Ir/ReOx/AC (Table 4). Therefore, 

if (𝑅𝑒 𝐼𝑟⁄ )𝑠𝑢𝑟𝑓𝑎𝑐𝑒 /(𝑅𝑒 𝐼𝑟⁄ )𝑏𝑢𝑙𝑘 > 1, some Re clusters [63,64] would 

be probably covering the Ir clusters (coverage > 50%, catalysts 

supported on SiO2 and ZrO2); in contrast, some segregated 

clusters of Re species would cause 

(𝑅𝑒 𝐼𝑟⁄ )𝑠𝑢𝑟𝑓𝑎𝑐𝑒 /(𝑅𝑒 𝐼𝑟⁄ )𝑏𝑢𝑙𝑘 < 1 as in the case of Ir/ReOx/AC in 

good agreement with TPR profile for this solid (TTPR≈100 K) . 

Furthermore, results from XPS measurements also indicated 

that Re species were found as Re0 only when using non 

reducible supports (SiO2, Al2O3 and AC) while Re+IV, Re+V and 

Re+VI prevailed on Ir/ReOx supported on  TiO2, ZrO2 and CeO2, 

respectively. The close contact of both Ir and ReOx species on 

CeO2, TiO2 and ZrO2 can be also deduced from the proximity of 

their assigned peaks of reduction in TPR profiles (TTPR 60 K). 

On the other hand, results from CO chemisorption and TEM 

showed the highest Ir dispersion and, in consequence, the 

lowest particle diameter on Ir/ReOx/CeO2; particles lower than 2 

nm were detected for Ir/ReOx on TiO2, Al2O3 and AC while 

particles were higher than 3 nm for Ir/ReOx/SiO2 and 

Ir/ReOx/ZrO2. The difference between the particle diameters 

estimated by CO chemisorption and TEM for Ir/ReOx/SiO2 and 

the high coverage of Ir with ReOx clusters (Table 4) strongly 

suggests that some Ir was not accessible to CO probably 

because it was covered by ReOx. 

 

Scheme 1. Schematic illustration of the surfaces of the different catalysts (blue: Ir, red: Re). 

 

10.1002/cctc.202100797

A
cc

ep
te

d 
M

an
us

cr
ip

t

ChemCatChem

This article is protected by copyright. All rights reserved.



FULL PAPER    

8 

 

  

Scheme 2. Reaction network for erythritol under hydrogenolysis conditions. 

Catalytic tests 

 

Reaction network for erythritol under hydrogenolysis 

conditions and preliminary catalytic results 

 

Erythritol reacts in the presence of H2 and a metal/support 

catalyst to give numerous products as shown in Scheme 2. The 

primary routes involve the formation of: 1,4 anhydroerythritol 

(1,4AE) by dehydration, glycerol (GLY) and ethylene glycol (EG) 

by C-C cleavage, butanetriols (BTO) by C-O scission and finally, 

ERY may isomerize to threitol (TRE). A subsequent C-O 

hydrogenolysis of BTO allows obtaining butanediols (BDO) and 

butanols (BuOH, including n-butanol and isobutanol) which by 

further dehydration and hydrogenation or C-O hydrogenolysis 

produce butane and isobutane. On the other hand, the loss of 

hydroxyl groups of 1,4AE lead to formation of 3-

hydroxytetrahydrofuran (3OTHF) and tetrahydrofuran (THF) 

whereas consecutive hydrogenolysis of ethylene glycol and 

glycerol may form ethanol (EtOH) and C3 products such as 1,3 

propanediol (13PDO), 1,2-propanediol (12PDO), propanol 

(PrOH) and isopropanol (IPA), respectively. 

The first C-O hydrogenolysis of ERY produces 1,2,3BTO and 

1,2,4BTO and subsequent C-O cleavage of these products 

yields the four butanediol isomers (1,2BDO, 1,3BDO, 2,3BDO 

and 1,4BDO). It is important to note here that 1,4BDO and 

2,3BDO only come from 1,2,4BTO and 1,2,3BTO, respectively, 

whereas 1,2-BDO and 1,3BDO may be produced from both BTO. 

Other authors have suggested that butanediols can also be 

formed directly from ERY by a double C-O hydrogenolysis over 

Rh-based catalysts[39] or by simultaneous hydrodeoxygenation 

which removes two vicinal OH groups on Pd-ReOx/CeO2
[65]. 

 

 

Scheme 3. Butanediols formation from 1,4AE. ( ) Simple C-O 

Hydrogenolysis, ( ) Double C-O Hydrogenolysis and ( ) Ring 

Opening. 

Additionally, 1,2BDO, 2,3BDO and 1,3BDO can be generated 

from 14AE according to Scheme 3[39,66]. 

Preliminary reactions without solid catalysts or H2SO4, with 

minimal amount of H2SO4 or using only the support were 

conducted at 473 K, 25 bar H2 and erythritol initial concentration 

(C0
ERY) of 0.4 M. In absence of catalyst and acid, the erythritol 

conversion (XERY) was null and no products were detected, the 

carbon balance was 99% after 6 h of reaction. ERY was, 

however, transformed into 1,4AE (C1,4AE=55 mM) reaching a 
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XERY14 % when a minimal amount of H2SO4 was added (1.5 µl 

for 40 cm3 of liquid).  Experiments using SiO2, Al2O3, AC, CeO2, 

TiO2 and ZrO2 (Ccat=0.0125 g/cm3) were performed during 6 h 

and ERY conversion lower than 6 % was achieved except for 

CeO2 and AC (XERY14 and 50% respectively at 6 h). 1,4AE was 

the only liquid product formed and gaseous products were not 

detected. The carbon balance (CB) was close to 100%, except 

for CeO2 and AC (CB  88 and 50% respectively). These low CB 

value for AC (support with highest SBET according to Table 1) 

and in less extent on CeO2, can be explained by a strong 

adsorption of ERY. 

 

 

Effect of the support on erythritol conversion and products 

distribution 

 

Catalytic tests were performed using the six Ir/ReOx supported 

catalysts at 473 K, 25 bar of H2, C0
ERY = 0.4 M, Ccat = 0.0125 

g/cm3 and 1.5 μL of H2SO4. Since, it is well known that some of 

rhenium oxides such as Re2O7 and ReO3 are soluble in water[54] 

the Re content was analyzed in the liquid recovered from 

reactions verifying that Re leaching was no significant for these 

reactions conditions. Indeed, inductively coupled plasma (ICP) 

analysis of the reaction solution showed an undetected leaching 

of both Ir and Re (<0.01 % for each metal). 

 

 

Figure 6. Erythritol conversion and products concentrations as a function of reaction time. (A) Ir/ReOx/SiO2, (B) Ir/ReOx/Al2O3, (C) Ir/ReOx/AC, (D) Ir/ReOx/CeO2, 

(E) Ir/ReOx/TiO2, (F) Ir/ReOx/ZrO2. (■) XERY, ( ) BTO, (▲) BDO, (►) BuOH, ( ) Cycles, ( ) C3+C2, (●) TRE [473K, PH2=25bar, C
0
ERY=0.4 M, Ccat=0.0125 g/cm

3
, 

Wcat =0.5 g]. 
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The temporal evolution of ERY conversion and product 

concentrations shown in Figure 6 A-F indicated that XERY was at 

least 70% after 15 h reaction and higher than 85% at 30 h 

reaction. Almost total conversion was achieved on Ir/ReOx/Al2O3, 

Ir/ReOx/CeO2 and Ir/ReOx/TiO2 at 30 h. The product distribution 

significantly varied when changing the support (Figure 6). It is 

important to note that the total liquid products concentrations on 

Ir/ReOx/TiO2, Ir/ReOx/ZrO2, Ir/ReOx/AC and Ir/ReOx/Al2O3 were 

higher than on Ir/ReOx/CeO2 and Ir/ReOx/SiO2 (see Y-axis scale 

on Figure 6). We will first analyze the results on Ir/ReOx/SiO2 

catalyst considering the SiO2 as the most inert support used 

here since it has no redox properties and very low acidity 

according the results in Table 1. The main products observed 

during the first 20 h of reaction using Ir/ReOx/SiO2 (Figure 6A) 

were threitol (erythritol isomer), cyclic products, BTO and BDO. 

Threitol was formed directly from ERY and its concentration 

reached a maximum and then decreased suggesting that this C4 

polyol could isomerize to ERY motivated by the high consume of 

the reactant considering the low reactivity of TRE as it was 

informed previously [39] and therefore its conversion to other 

products could be discarded. Products from dehydration 

reactions (cycles) were also significantly formed on this catalyst, 

the cycles concentration ( 𝐶𝑐𝑦𝑐𝑙𝑒𝑠)  curve went through a 

maximum at 20 h and included almost exclusively 1,4AE formed 

by direct dehydration of the reactant (Figure S.4., Supporting 

Information). BTO were formed as primary products by the first 

C-O hydrogenolysis of ERY and then were transformed into 

BDO, as suggested by the maximum in its curve at 22 h of 

reaction, by a further C-O hydrogenolysis in good agreement 

with the reaction network proposed in Scheme 2. BDO 

concentration monotonically increased with time to reach the 

highest concentration at the end of reaction (30 h). Since 

1,2BDO, 1,3BDO and 2,3BDO could also come from 14AE 

(Scheme 3), results from Figure 6A did not allow distinguishing 

the mechanism for BDO formation at this point. The curve 

corresponding to the BDO concentration (𝐶𝐵𝐷𝑂) for Ir/ReOx/SiO2 

did not reach a maximum during the 30 h reaction; however, 

butanols, the products of a triple C-O hydrogenolysis of ERY, 

were formed, although, in low proportion. Finally, some products 

from the scission of C-C bonds (grouped as C2+C3) such as 

GLY, EG and 13PDO, were also formed in low concentrations. 

Ir/ReOx/TiO2 was the most active catalyst between the solids 

tested in this work as evidenced by the high liquid products 

formation at low reaction time and BDO were the most abundant 

products during all the 30 h of reaction (Figure 6 E). A maximum 

BTO concentration of 44 mM (BTO yield: ηBTO = 9.6%) was 

reached at 6 h of reaction and at this time the curve of BDO also 

presented an inflection point. Unlike Ir/ReOx/SiO2, the formation 

of BDO was clearly predominant on Ir/ReOx/TiO2 reaching a 

maximum concentration of BDO of 212 mM after 24 h of reaction 

which remained almost constant until 30 h. This corresponds to 

the highest yield to BDO reported until now (ηBDO=53 The 𝐶𝐵𝐷𝑂  

vs time curve seems to have positive slope at 𝑡 = 0, in fact, 

𝐶𝐵𝐷𝑂  during the first 5 h of reaction were higher than 𝐶𝐵𝑇𝑂 even 

for 𝑋𝐸𝑅𝑌 < 20%  suggesting some probable contribution of the 

direct formation route of this products from ERY. As described 

above, BDO can be formed: i) from BTO (Scheme 4A) or ii) from 

ERY direct via a double C-O hydrogenolysis[39] or 

hydrodeoxygenation (Scheme 4B). Since hydrodeoxygenation 

on Re species is not usually reported in the aqueous phase 

some experiments using monometallic ReOx/supports were 

performed to get insight on the possibility of BDO formation by 

this pathway. The catalytic results are informed in Table S2, 

Supporting Information. Significant amounts of 1,2BDO and 

1,4BDO, that are the isomers that can be formed by the 

elimination of two vicinal OH group, were only formed on 

ReOx/TiO2 whereas BTO were not detected. Thus, 

hydrodeoxygenation could take place on ReOx/TiO2 although it 

was almost null for the other five supports at the reactions 

condition used. However, the 1,4BDO concentration was very 

low when using bimetallic catalyst, as it is shown in the next 

section, and therefore the hydrodeoxygention would proceed at 

low rates when comparing to the other routes from ERY 

suggesting that this mechanism would not be the preponderant 

route for BDO formation from aqueous solution of ERY on 

bimetallic samples. The concentration of butanols reached a 

maximum of 39 mM after 30 h of reaction while the formation of 

threitol, C2+C3 products as well as 14AE was low on 

Ir/ReOx/TiO2. 

 

Scheme 4. Butanediols formation via butanetriols (A) or directly from erythritol 

(B). 

The main products formed on Ir/ReOx/Al2O3, Ir/ReOx/AC and 

Ir/ReOx/ZrO2 catalysts (Figure 6B, C and F) were those grouped 

as cycles (1,4AE, 3OTHF and THF) from dehydration of ERY 

and further C-O scissions. It is well known that acid sites 

promotes dehydration reactions and results of NH3 TPD shown 

in Table 1 proved that Ir/ReOx/Al2O3 and Ir/ReOx/AC were the 

most acidic catalysts (353 and 252 µmol NH3/g respectively) 

whereas Ir/ReOx/ZrO2 displayed moderate acidity (84.9 µmol 

NH3/g). 
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1,4AE was the most abundant product within this group for all 

the catalysts, and the 𝐶14𝐴𝐸  curves obtained on the three 

catalysts (Figure S.5., Supporting Information) passed through a 

maximum indicating that 1,4AE was consecutively transformed 

into other more volatile products that eventually go to gas phase 

such as 3OTHF and THF. The 𝐶𝑐𝑦𝑐𝑙𝑒𝑠
𝑚𝑎𝑥  were 75 mM for 

Ir/ReOx/Al2O3 and Ir/ReOx/AC and 112 mM for Ir/ReOx/ZrO2. The 

formation of BTO and BDO was also observed; 𝐶𝐵𝐷𝑂 was higher 

than the 𝐶𝐵𝑇𝑂 on the three catalysts; the maximum 

corresponding to the 𝐶𝐵𝑇𝑂 𝑣𝑠 𝑡𝑖𝑚𝑒 curve was achieved 

approximately at about 15 h for Ir/ReOx/Al2O3, Ir/ReOx/ZrO2 and 

Ir/ReOx/AC. The BDO formation route from 1,4AE would not be 

discarded due to the high 𝐶1,4𝐴𝐸 on these catalysts (Scheme 3). 

Products formed by C-C cleavage, threitol and butanols were 

also detected but at low concentrations. Finally, Ir/ReOx/CeO2 

mainly formed products from C-C cleavage including glycerol, 

propanediols and ethylene glycol at reaction times lower than 

18h and then, the BDO formation predominated. Similarly to 

other catalysts, the concentration of threitol curve went through 

a maximum and became zero after 20 h. 

Table 5 shows the carbon balance (CB) at 30 h for the reactions 

informed in Figure 6 calculated considering the liquid products 

quantified by HPLC; the ERY conversion and products 

concentrations at that time are also included. The CB ranged 

between 60-80%, excepting Ir/ReOx/CeO2 and Ir/ReOx/SiO2 

whose carbon balances were higher than 80% during the first 6 

hours and then rapidly decreased up to ≈ 20% after 30 h 

reaction. Similar values for carbon balance were previously 

informed in literature for H2 pressure close to that used in this 

work (30 bar) [39]. The formation of gaseous products during ERY 

reaction cannot be ignored specially when ERY conversion was 

high (at long reaction times) and significant amounts of volatile 

products can be formed. The gaseous products distribution for 

three catalysts with acid and redox properties well-differentiate 

(Ir/ReOx/Al2O3, Ir/ReOx/CeO2 and Ir/ReOx/TiO2) is informed in 

Figure S.5. Supporting Information. Methane and butanol 

formation were about 30-40% and 20-30%, respectively, of the 

total gaseous products whereas THF was formed in low 

concentration. As expected, a 20% of butane was detected on 

TiO2 and Al2O3 but in minority proportion on CeO2; products from 

C-C scission such as propanol were only significant on 

Ir/ReOx/CeO2. In spite of some gaseous products formation, the 

ERY strong adsorption on the catalyst surface should not be 

discarded as the cause of low CB. The strength of this 

interaction depends on the nature and properties of catalysts 

surface since ERY could interact with the support or ReOx 

species. 

The liquid product distribution at similar erythritol conversion 

(65%) is compared in Figure 7 to better understand the influence 

of the nature of the support on the selective butanediol 

production. 

The dehydration reaction to form mainly 1,4AE was promoted on 

Ir/ReOx/Al2O3, Ir/ReOx/ZrO2 and Ir/ReOx/AC (the % of cyclic 

products within liquid products was 47, 50 and 34% respectively) 

whereas the C-C hydrogenolysis to yield C2+C3 products was 

favored on Ir/ReOx/CeO2 but lower than 10% for the rest of the 

catalysts. The threitol formation was significant for all the solids; 

nevertheless, its concentration was very low at high ERY 

conversion. Ir/ReOx/TiO2 was the most promising solid to 

selectively improve the C-O hydrogenolysis route showing the 

highest BTO and BDO formation. Indeed, the amounts of BTO, 

BDO and butanols within liquid products were 26.6, 43.1 and 

4.3%, respectively on Ir/ReOx/TiO2 (Figure 7). Even though BDO 

proportion within liquid products was also high when using 

Ir/ReOx/CeO2, the carbon balance at 65% ERY conversion was 

very low (CB = 36%); therefore, the yield to BDO+BTO was only 

ηBTO+BDO = 4.4 % compared with ηBTO+BDO = 21.6 % for TiO2. 

Table 5. Erythritol conversion, products concentrations and carbon balance after 30 h reaction. XERY: ERY Conversion, CB: Carbon Balance. [30 h reaction, 473 

K, PH2=25 bar, C
0
ERY=0.4 M, Ccat= 0.0125 g/cm

3
, Wcat =0.5 g] 

Catalyst XERY (%) BTO [mmol/L] BDO [mmol/L] BuOH 

[mmol/L] 

Cycles 

[mmol/L] 

C3+C2 

[mmol/L] 

TRE [mmol/L] CB (%) 

Ir/ReOx/SiO2 89.6 4.9 17.1 3.1 7.1 3.7 7.5 21 

Ir/ReOx/Al2O3 96.7 23.8 49.9 97.2 27.1 37.5 5.7 80 

Ir/ReOx/AC 86.9 26.4 52.8 19.4 52.7 18.2 23.6 62 

Ir/ReOx/CeO2 97.9 0 34.6 1.6 1.3 15.5 0.3 20 

Ir/ReOx/TiO2 99.6 3.8 211.0 39.0 10.2 18.6 0.4 71 

Ir/ReOx/ZrO2 93.7 4.9 71.1 3.1 7.1 3.7 7.5 73 
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Figure 7. Liquid products distribution and carbon balance for 65 % of erythritol conversion [473 K, PH2=25 bar, C
0
ERY=0.4 M, Ccat=0.0125 g/cm

3
, Wcat =0.5 g]. 

Table 6. Turnover frequency for erythritol reactions on Ir/ReOx/support 

catalysts. C-O: C-O Hydrogenolysis, C-C: C-C Hydrogenolysis. [473 K, PH2=25 

bar, C
0
ERY=0.4 M, Ccat= 0.0125 g/cm

3
, Wcat =0.5 g] 

Catalyst  TOF (mmol/mmolIrS min) 

  TOFC-O TOFC-C TOFC-O/ / TOFC-C 

Ir/ReOx/SiO2  226.5 58.0 3.9 

Ir/ReOx/Al2O3  432.2 20.0 21.6 

Ir/ReOx/AC  190.8 16.0 11.9 

Ir/ReOx/CeO2  39.4 43.0 0.9 

Ir/ReOx/TiO2  499.1 29.5 16.9 

Ir/ReOx/ZrO2  573.2 133.7 4.3 

 

On Ir/ReOx/SiO2 the carbon balance was also poor (CB = 47%) 

whereas ranged between 72 and 87 % for the other catalysts. 

The initial turnover frequency (expressed as mmol i product/molIr 

Sup.min) for the reactions catalyzed by Ir, i.e. C-O (𝑇𝑂𝐹𝐶−𝑂) and 

C-C hydrogenolysis (𝑇𝑂𝐹𝐶−𝐶) are informed in Table 6. The route 

involving C-O scissions was clearly promoted on Ir/ReOx 

supported on ZrO2, TiO2 and Al2O3 (𝑇𝑂𝐹𝐶−𝑂  = 573.2, 499.1 and 

432.2 mmol/molIrSup.min respectively). Ir/ReOx/ZrO2 displayed 

the highest 𝑇𝑂𝐹  for reactions involving C-C scissions (133.7 

mmol/molIrSup.min). The C-O/C-C hydrogenolysis ratios (𝑇𝑂𝐹𝐶−𝑂/

𝑇𝑂𝐹𝐶−𝐶 ) were also reported in Table 6; this ratio was especially 

high on Ir/ReOx/TiO2 and Ir/ReOx/Al2O3 (16.9 and 21.6 

respectively) whereas it was lower than 1 on Ir/ReOx/CeO2 

indicating the preferential C-C scissions route on this catalyst. 

 

BTO and BDO isomers distribution 

 

The temporal evolution of BTO and BDO isomers concentrations 

are displayed in Figure 8 (A-F). 1,2,3BTO and 1,2,4BTO curves 

were similar for any time when using Ir/ReOx supported on SiO2, 

Al2O3, AC and ZrO2 while the formation of 1,2,4BTO was 

significantly higher than the 1,2,3BTO on TiO2 and CeO2. 

However, the initial formation rate of both BTO isomers was 

almost identical ( 𝑟1,2,4𝐵𝑇𝑂
0 /𝑟1,2,3𝐵𝑇𝑂

0 ≈ 1 ) for Ir/ReOx/TiO2 

suggesting that there is not preferential removing of the primary 

or secondary OH group of ERY as previously informed using 

Rh/ReOx/TiO2
[39]. The BTO concentration curves went through a 

maximum (see also Figure 6 E) indicating their further 

conversion to BDO. The time to reach this maximum was always 

lower for the 1,2,3BTO curve than for 1,2,4BTO that would 

probably indicate the highest reactivity of 1,2,3BTO towards C-O 

hydrogenolysis. However, experiments using both triols as 

reactants on Rh/ReOx/TiO2 at 473 K and 80 bar H2
[39] and 

Ir/ReOx/SiO2 at 373-393 K and 120 bar H2
[41] indicated that 

1,2,4BTO hydrogenolysis proceeded more rapidly than the 

reaction of 1,2,3BTO under the same conditions and it was 

attributed to the ability of 1,2,4BTO to form cyclic ethers such as 

3OTHF and THF while 1,2,3BTO cannot be dehydrated to form  

that cycles[39]. Nevertheless, cyclic ethers were not formed in 

significant proportions on the catalysts at the reaction conditions 

reported here. 

Regarding BDO isomers, it can be appreciated that 1,2BDO was 

predominantly formed followed by 2,3BDO, while 1,3BDO and 

1,4BDO concentrations were always low except on Ir/ReOx/TiO2. 

Actually, the 2,3BDO formation was promoted on TiO2 based 

catalyst and also significant amount of 1,2BDO and 1,3BDO 

were detected. Similarly, both 1,2BDO and 2,3BDO were the 

main diols formed on sulfur-modified ruthenium catalysts at 513 

K and 40 bar H2
[26] and when using Rh/ReOx/TiO2 at 473 K and 

80 bar H2
[39] while only a minimal amount of the other isomers 

were detected. However, Tomishige et al. have recently 

reported[40] the preferential formation of 1,4BDO and to a lesser 

extent 1,3BDO on Ir/ReOx/rutile at 373 K and 80 bar H2; the 

discrepancy in the isomers distribution could be related to the 

different reaction temperature[39].  
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The temporal evolution of the concentration curves displayed in 

Figure 8 would indicate that the 1,2BDO initial formation rate 

was null for Ir/ReOx on SiO2, Al2O3 and AC and therefore, it 

would be formed from 1,2,3BTO or 1,2,4BTO. Actually, 

1,2,4BTO can yield 1,2, 1,3 and 1,4BDO isomers but, according 

to the catalytic results, 1,2BDO would be the most favored 

isomer in good agreement with results previously reported 

proving the superior reactivity of the OH group in the 4-position 

that has less steric hindrance[39]. On the contrary, 1,2BDO was 

rapidly formed from the beginning of reaction on Ir/ReOx 

supported on CeO2, TiO2 and ZrO2 suggesting some contribution 

of a direct route from ERY (Scheme 4 B) as it will be discussed 

later. In addition, some contribution to 1,2BDO formation from 

1,4AE according the Scheme 3 could not be discarded on 

catalysts that significantly formed this dehydration product from 

ERY (Al2O3, AC and ZrO2). 

The 2,3BDO formation was also significant on all the solids; 

however, its initial formation rate was null for all the catalyst 

except Ir/ReOx/TiO2.  Since reactivity of terminal OH group in the 

1-position of 1,2,3BTO has been claimed to be higher than that 

of the secondary OH group[39], 2,3 BDO would be the main 

product from 1,2,3BTO. Even though, in the case of Ir/ReOx 

supported on TiO2, considering that 2,3BDO cannot be formed 

from 1,2,4BTO, the low concentration of 1,2,3BTO observed and 

the nonzero slope a t=0 of the 𝐶2,3𝐵𝐷𝑂 vs time curve, a direct 

route from ERY should also be considered. 

 

Figure 8. BTOs and BDOs concentrations as a function of reaction time. (A) Ir/ReOx/SiO2, (B) Ir/ReOx/Al2O3, (C) Ir/ReOx/AC, (D) Ir/ReOx/CeO2, (E) Ir/ReOx/TiO2, 

(F) Ir/ReOx/ZrO2, ( ) 1,2,3BTO, ( ) 1,2,4BTO, ( ) 1,2BDO, ( ) 1,3BDO, ( ) 1,4BDO, ( ) 2,3BDO, [473 K, PH2=25 bar, C
0
ERY=0.4 M, Ccat=0.0125 g/cm

3
, 

Wcat =0.5 g]. 
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1,3BDO formation was only noticeable on Ir/ReOx/TiO2; 1,3BDO 

concentration curve on this solid showed a zero initial slope and 

an inflection point when 1,2,4BTO curve reached the maximum 

concentration indicating that 1,3BDO would be mainly formed 

from the elimination of a primary OH group in C1 of 1,2,4BTO. 

1,4BDO was the least abundant isomer on all the catalysts 

probably because its formation would involve the less favored 

elimination of a secondary OH group of 1,2,4BTO. The 1,3BDO 

and 1,4BDO formation pathways proposed here are consistent 

with catalytic results on Rh/ReOx/TiO2 at 473 K[39] but differ from 

previously results over Ir/ReOx/SiO2 at 373 K[41] and 

Ir/ReOx/rutile at 353 K[40] since low reaction temperature seems 

to favor preferential formation of 1,3BDO and 1,4BDO from 

1,2,3BTO and 1,2,4BTO respectively. 

 

Relationship between catalyst surface properties and 

catalytic activity 

 

The different catalytic behavior of Ir/ReOx supported catalysts 

with well-differentiated characteristics can be explained taking 

into account the surface models proposed in Scheme 1. The 

supports of Ir/ReOx/Al2O3 and Ir/ReOx/AC displayed high surface 

area and density of acid sites that being mostly exposed would 

promote the dehydration of ERY (Figure 6B and C)[67]. 

Furthermore, ReOx species could increase the acidity of the 

support as previously reported for ReOx supported on Al2O3; 

rhenium oxide would deposit preferentially on the weak Lewis 

sites and this deposition turns them into stronger Lewis sites[68]. 

Moreover, Brønsted acidity has  been  attributed  to  Re-OH  

sites  near  to  noble  metal  on bimetallic catalyst[69]. Thus, the 

1,4AE formation could take place on acid sites from both the 

support and Re species. Ir/ReOx/ZrO2 also selectively promoted 

the dehydration reaction as shown in Figure 6F and Figure 7. 

Although, Ir/ReOx/ZrO2 and Ir/ReOx/TiO2 have similar acid sites 

concentration, the difference in surface area and Ir dispersion 

(Table 1 and Table 3) suggest that acid sites of ZrO2 or acidic 

Re species would be more accessible than on TiO2 (Scheme 1) 

favoring dehydration reactions. The higher formation of C2+C3 

products on Ir/ReOx/ZrO2 when it is compared to Ir/ReOx/TiO2 

could be related to the highest particle size for Ir/ReOx/ZrO2 

(Table 3) that would favor the structure-sensitive C-C 

hydrogenolysis reaction[70,71]. Although it is well known that Ir0 is 

necessary for activating H2 involved in the C-O hydrogenolysis, 

high Ir clusters would be not appropriate to selectively produce 

BDO since the undesirable C-C scission would be favored. The 

low liquid products concentrations achieved on Ir/ReOx/SiO2 and 

Ir/ReOx/CeO2 could be also explained considering the strong 

adsorption of ERY on ReOx clusters or the support, mainly on 

CeO2, and the hydrogenolysis to gaseous products (Figure S6 

Supporting Information) resulting in a poor carbon balance for 

high reaction times (Table 5).  

The most active and selective catalyst towards BDO formation 

was Ir/ReOx/TiO2 (maximum BDO yield = 53% at 24 h) and this 

particular behavior would be attributed to the moderate acidity 

and surface area of TiO2 and the close contact between Ir0 and 

ReOx species with Re partially oxidized, mainly present as Re+IV 

(Table 4). These results along with previous papers dealing with 

the role of ReOx in this type of catalysts[22] lets conclude that the 

formation of BDO requires the presence of Ir0, but it is also 

necessary that the Re be partially oxidized in intimate contact 

with  Ir clusters. Metallic Re or more oxidized Re species did not 

selectively lead to the desired route, as is the case of CeO2, 

SiO2, AC and Al2O3. 

It is worth mentioning that 2,3BDO and 1,2BDO were the main 
isomers formed on the six catalysts tested in this work in 
accordance with results on Rh based catalysts at the same 
reaction temperature[42]. In fact, after 24 h of reaction at 473 K 
on Ir/ReOx/TiO2, the yield to each individual BDO isomers were 
2,3BDO: 22.3%, 1,2BDO: 17.5%, 1,3BDO: 11.1% and 1,4BDO: 
2.1% whereas on Rh/ReOx catalysts the maximum yields 
reported were 12.3% 1,2BDO, 14.1% 2,3BDO, 2.6% 1,4BDO 
and 0% 1,3BDO[42]. On the contrary, Gu et al.[40], reported that at  
373 K and H2 pressure of 80 bar over 4%wt Ir/1%wt ReOx/TiO2 
the main BDO obtained was 1,4BDO, reaching after 24 h of 
reaction a maximum yield of 23 % (total BDO yield of 25%). 
Furthermore, the maximum productivity informed for 4%wt. 
Ir/1%wt.ReOx/TiO2 at the mentioned conditions was 25.5 
mmol/gIr h at 4 h of reaction (1,4BDO productivity: 20 mmol 
1,4BDO/gIr h)[40], while the maximum productivity reported here 
was 60 mmol BDO/gIr h at 5 h of reaction (24.6 mmol 
1,2BDO/gIr.h, 28.2 mmol 2,3BDO/gIr.h, 4.2 mmol 1,4BDO/gIr.h 
and 3 mmol 1,4BDO/gIr.h). 

 

 

Mechanism of BDO formation via C-O hydrogenolysis on 

Ir/ReOx/TiO2 

 

Studies of hydrogenolysis of polyols, mainly glycerol, on 

Ir/ReOx/SiO2
[72] and Rh/ReOx/TiO2

[39] catalysts have reported a 

synergetic effect of Ir or Rh and ReOx clusters suggesting that 

hydrogen is activated on Ir metal and then attacks the alkoxide 

formed by polyol adsorbed on ReOx clusters. Thus, erythritol 

could be adsorbed on the surface of the ReOx clusters at the 

terminal position or through a secondary OH group as previously 

discussed on other polyols molecules such as glycerol[72] and 

propanediols[44] and its further interaction with the H2 activated 

on a close Ir atom determines which BTO isomer would be 

formed.  A simple C-O hydrogenolysis of either 1,2,3BTO or 

1,2,4BTO would produce BDO although some BDO isomers 

would also form directly from ERY. Indeed, 2,3BDO, the main 

product formed on Ir/ReOx/TiO2, could proceed from the rapidly 

transformation of 1,2,3BTO highly favored on this catalysts or 

from a double C-O hydrogenolysis of ERY as it was previously 

proposed on bimetallic/support catalyst[39] and in good 

agreement with the non-zero initial slope of 2,3BDO 

concentration curve as a function of time (Figure 8 E). Similarly, 

1,2BDO, that was the second most abundant BDO isomer on 

Ir/ReOx/TiO2, could be formed by a C-O hydrogenolysis of either 

1,2,3BTO or 1,2,4BTO and directly from ERY by a double C-O 

hydrogenolysis similarly to 2,3BDO formation or via 

hydrodeoxygenation. The reaction mechanism of 

hydrodeoxygenation (which implicates a deoxydehydration and 

further hydrogenation in only one step)  would involve the 

coordination of vicinal OH groups of ERY to active Re+IV 

species[73] as diolate; a further hydrogenation catalyzed by Ir 

would form 1,2BDO, although in aqueous phase on bimetallic 

Ir/ReOx/support catalysts it would take place at low rate under 

the reaction conditions used. Finally, the C-O hydrogenolysis of 

1,2,4BTO adsorbed through a primary or secondary OH group 

would render 1,4BDO and 1,3BDO respectively. Scheme 5 

shows both the simple and double C-O hydrogenolysis routes 

specially for 1,2BDO formation even though they can be 

adapted for the other BDO isomers. All the C-O hydrogenolysis 

reactions proposed here on Ir/ReOx/TiO2 involve an H2 molecule 

activated on Ir metallic sites together with ERY adsorbed on 
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partially reduced Re species to form the corresponding alkoxide. 

In this sense, the role of the redox support, especially when 

using TiO2, would be to prevent the overreduction of Re species 

by the interaction between Re species and the TiO2 surface 

favoring therefore the appropriate adsorption of ERY and the 

further C-O hydrogenolysis. 

 

Scheme 5. Proposed pathways for 1,2BDO formation on Ir/ReOx/TiO2. (A) 

Simple C-O Hydrogenolysis and (B) Double C-O Hydrogenolysis. 

 

Spent catalyst characterization  

 

Ir/ReOx/TiO2 catalyst used during 30 h erythritol reaction was 

recovered by filtration, thoroughly washed with deionized water, 

dried at 373 K overnight (spent catalyst) and characterized by 

temperature programmed oxidation (TPO), ICP analysis, TEM, 

DRX and Raman. Experimental details about characterization of 

spent and spent-reduced (treated in H2 flow at the same 

temperature than fresh sample) catalysts and their comparison 

with fresh Ir/ReOx/TiO2 is informed in Section S.7, Supporting 

Information.  

The TPO profile for spent Ir/ReOx/TiO2 (Figure S7, Supporting 

Information) displayed two main peaks assigned to two different 

type of coke on catalyst surface. The amount of coke, 

determined by deconvolution and integration of TPO profile, was 

1.6% C, i.e. 1.6 g of C per 100 g of catalyst.  

Spent and spent-reduced samples were further characterized by 

X-ray diffraction and Raman spectroscopy. Both fresh and spent 

XRD diffractograms, displayed in in Figure S8, Supporting 

Information, are identical. DRX diffractograms show that the 

peaks attributed to anatase (~85%) and rutile (~15%) remain 

invariant when comparing fresh and spent catalysts. The peaks 

corresponding to Ir or Re oxides, 28° (IrO2), 24.3° (ReO2), 29.1° 

(ReO3) and 24.6° (Re2O7), were not observed. 

The Raman spectra for fresh, spent and spent-reduced 

Ir/ReOx/TiO2 samples for the 100–1200 cm−1 region are shown 

in Figures S9 and S10 of Supporting Information. The bands 

attributed to anatase were clearly detected in concordance with 

DRX results indicating that anatase is the main phase of TiO2. It 

was previously reported that the spectrum of Ir/SiO2 displayed 

two peaks at 708 and 548 cm-1 attributed to the IrO2 phase[74]. 

None of these peaks were detected in the fresh and spent-

reduced Ir/ReOx/TiO2 spectra and only a very small peak at 

about 705 cm-1 and a shoulder at 544 cm-1 were observed for 

spent Ir/ReOx/TiO2. This finding corroborates that Ir oxide is not 

formed on both fresh and spent-reduced catalysts but probably 

small amounts of IrO2 are present on spent catalyst before 

treatment with H2 flow. The spectrum for fresh Ir/ReOx/TiO2 

displayed a small band at about 980 cm−1 due to Re species 

with partially oxidized Re[75] that remained almost identical in 

spent and spent-reduced catalysts; in addition a very small band 

at 1040 cm-1 was observed for spent catalyst probably 

suggesting a slight modification of some Re oxides species. 

Nevertheless, there are no structural differences in Re species 

between fresh and spent-reduced Ir/ReOx/TiO2 according to 

Raman and DRX results. Finally, no bands in the Raman region 

between 1100 and 1800 cm-1, which corresponds to the coke 

bands, were detected in the spent or spent-reduced catalysts 

(Figure S11, Supporting Information) in good agreement with the 

very low coke content according to TPO results. 

Spent-reduced Ir/ReOx/TiO2 sample was also characterized by 

transmission electron microscopy; a representative TEM image 

and the size distribution histogram are shown in Figure 9. The 

mean particle size was 1.75 nm which is very similar to that for 

the fresh catalyst. 

 

 

Figure 9. Representative TEM image and size distribution associated with 

Ir/ReOx/TiO2 spent-reduced catalyst. 

 

Catalyst reusability 

 

Two consecutive reactions were conducted to study the catalyst 

reusability. Thus, Ir/ReOx/TiO2 catalyst used during 30 h 

erythritol reaction was recovered, thoroughly washed with 

deionized water, dried at 373 K overnight and reduced at the 

same temperature than fresh catalyst. The spent-reduced 

Ir/ReOx/TiO2 sample was tested in a second 30 h reaction cycle 

under the same reaction conditions and results are informed in 

Figure 9. The ERY conversion curve as a function of time was 

very similar during both reactions while the liquid products 

distribution was slightly different. Thus, the BTO concentration 

increased whereas both the BDO and BuOH concentrations 

decreased; the concentration of products from C-C 

hydrogenolysis and threitol increased while the formation of 
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dehydration products decreased. These results suggest that 

small changes on catalyst surface took place even when 

characterization of spent-reduced catalyst are almost identical 

than the fresh one.  

 

Figure 10. Catalytic results after Ir/ReOx/TiO2 re-use [473K, PH2=25bar, 

C
0
ERY=0.4 M, Ccat=0.0125 g/cm

3
]. 

Conclusion 

The hydrogenolysis of an aqueous solution of erythritol on 

Ir/ReOx supported (2 wt. % Ir, Re/Ir molar ratio  1) on solids of 

different nature was studied. All the catalysts were thoroughly 

characterized using several techniques (such as N2 

physisorption, NH3 TPD, TPR, TEM microscopy, CO 

chemisorption and XPS) that allowed proposing different surface 

models for Ir and ReOx species on each support. The 

physicochemical, redox and acidic properties of the supports 

notably influenced on the metal dispersion, reducibility of the 

species and particle sizes and consequently, the catalytic 

performance was also affected. It was demonstrated that the 

acidity of the support catalyzes dehydration reactions and 

therefore, high concentration of 1,4AE was achieved on Ir/ReOx 

supported on Al2O3, AC and ZrO2. Ir/ReOx/TiO2 selectively 

promoted the C-O hydrogenolysis over the other competitive 

pathways including C-C scissions and dehydrations and a 

maximum yield to butanediols of 53 % at 24 h of reaction was 

reached.   Actually, XPS, TPR and CO chemisorption results 

allowed explaining the catalytic results by determining that the 

small particle size, the accessibility to the metallic Ir atoms and 

the intimate contact between Ir and ReOx species, with Re 

mainly as Re+IV, on Ir/ReOx/TiO2 selectively promoted the C-O 

hydrogenolysis pathways. Thus, the role of the redox support, 

especially when using TiO2, would be to prevent the 

overreduction of Re species by the interaction between ReOx 

and the TiO2 surface favoring therefore the adsorption of ERY 

on ReOx species in close contact to metallic Ir and the further C-

O scission.  

1,2BDO was the predominant BDO isomer formed except on 

Ir/ReOx/TiO2 that favored the 2,3BDO formation followed by 1,2 

BDO and 1,3BDO; 1,4BDO concentrations were low on all the 

catalysts. Catalytic results using Ir/ReOx/TiO2 suggested that 

2,3BDO can be formed by the rapidly C-O hydrogenolysis of the 

primary product 1,2,3BTO highly favored on this catalyst or 

directly from ERY by a double C-O hydrogenolysis. Instead, 

1,2BDO can be produced by C-O scissions of both 1,2,3BTO 

and 1,2,4BTO and also directly from reactant either by double C-

O hydrogenolysis (similarly to 2,3BDO) or, in less extent, by 

hydrodeoxygenation. 1,3BDO and 1,4BDO were formed by two 

successive C-O hydrogenolysis with butanetriols as intermediate 

compounds. In addition, some contribution to 1,2BDO, 1,3BDO 

and 2,3BDO formation from 1,4AE may take place on catalysts 

supported on Al2O3, AC and ZrO2 that significantly formed this 

dehydration product from ERY. 

Overall, Ir/ReOx/TiO2 allowed obtaining a maximum BDO 

productivity of 60 mmol/gIr.h (24.6 mmol 1,2BDO/gIr.h, 28.2 

mmol 2,3BDO/gIr.h, 4.2 mmol 1,4BDO/gIr.h and 3 mmol 

1,4BDO/gIr.h), which is three times higher than the values 

reported for traditionally SiO2 based bimetallic catalysts because 

of the combination of appropriate noble metal (Ir), oxophilic 

promoter (Re) and a support with reduced surface area and 

redox characteristic like TiO2. Finally, Ir/ReOx/TiO2 can be re-

used preserving its original activity.  

Experimental Section 

Catalysts preparation 

Six solids with different acidic and textural properties were employed as 

support of Ir/ReOx catalysts: CeO2 prepared in our laboratory and 

commercial supports such as SiO2 (Sigma Aldrich Grade 62), Al2O3 (CK-

300), ZrO2 (Daiichi Kigenso RC-100), TiO2 (Evonik P25) and activated 

carbon (AC, Degussa). CeO2 was synthesized by precipitation according 

to methods previously reported[76]. An aqueous solution of NH4OH (28%) 

was added dropwise to a 0.7 M solution of Ce(NO3)3.6H20 (Aldrich) in a 

stirred batch reactor at 333 K until pH=9. The precipitate was maintained 

at pH=9 and aged for 1 h at 333 K. The solid was filtered, washed 

thoroughly with deionized water at 333 K, dried at 373 K overnight and 

treated in air flow at 673 K for 4 h. Ir/ReOx catalysts were prepared by 

consecutive incipient wetness impregnation technique. Prior to 

impregnation, the supports were treated 2 h in air flow (48 cm3/min. 

gcatalyst) at 723 K, except the AC, whose thermal treatment was carried 

out in flowing N2. Successive impregnations were conducted by first 

incorporating the Ir using an aqueous solution of H2IrCl6 (Sigma, 99.98%), 

and then Re from a solution of NH4ReO4 (Sigma Aldrich, 99%); these 

solids were dried at 373 K for 12 h after each impregnation. Finally, the 

prepared catalysts were treated in the same way as the supports in air or 

N2 flow. 

Catalysts characterization 

The surface areas (SBET) were determined by physisorption of N2 at 77 K 

in a Micromeritics Model ASAP 2020 sorptometer. Prior to N2 

physisorption, samples were degassed for 3 h at 573 K. The structure of 

the supports and catalysts were corroborated by XRD using a X-ray 

diffractometer XD-D1 with monochromatic Cu radiation Kα filtered with Ni. 

The metal content (Ir and Re) of the catalysts was determined by 

inductively coupled plasma atomic emission spectroscopy ICP-AES 

(Perkin Elmer, Optima 2100 DV).  

Catalysts acidity was studied by temperature programmed desorption 

(TPD) of NH3 preadsorbed at 373 K as described elsewhere[77]. Samples 

(0.1 g) were treated in flowing He (60 cm3/min) at 723 K for 2 h and then 

exposed to a 1% NH3/He stream for 40 min at 373 K. Weakly adsorbed 
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NH3 was removed by flowing He at 373 K for 1 h; then the temperature 

was increased (10 K/min) and the NH3 concentration in the effluent was 

measured by mass spectrometry in a Baltzers Omnistar unit. 

The reducibility of the catalysts was determined by reduction at 

programmed temperature (TPR) in a flow equipment coupled to a mass 

spectrometer Baltzers Omnistar unit using 60 cm3/min of 5% H2/Ar and a 

heating rate of 10 K/min from 298 to 1023 K. The reduction temperature 

of the first peak of TPR profiles was selected to ensure that Ir was found 

as Ir0 and Re as partially reduced species. Thus, these temperatures 

were used to pretreatments before reaction or characterization 

techniques such as XPS and TEM measurements. 

The Ir dispersion (DCO) of the catalysts was determined by CO 

chemisorption, using the double isotherm method in a volumetric 

adsorption experiment, and considering that CO is not adsorbed on 

rhenium oxides[39]. Catalysts (0.1-0.5 g) were reduced using H2 at 

specific temperature for 1 h before adsorption measurements and then 

evacuated (1.3 10-5 mbar) at the same temperature during 1 h. The CO 

adsorption was carried out at room temperature and the first isotherm 

was obtained accounting for the total CO uptake. Subsequently, the 

sample was evacuated for 15 min at room temperature and a second 

isotherm was conducted to determine the amount of weakly adsorbed 

CO. From the subtraction of the two isotherms, the quantity of strongly 

bound CO was determined. 

Transmission electron microscope (TEM) images were acquired with 

JEOL 2100 plus instrument. The samples were dispersed in ethanol 

using ultrasound and supported on Cu grids. More than 200 particles 

were measured to estimate the particle size distribution and average 

particle size (𝑑𝑝 𝑇𝐸𝑀 ) defined as: 𝑑𝑝 𝑇𝐸𝑀 =
∑ 𝑛𝑖 .  𝑑𝑖

3

∑ 𝑛𝑖 .  𝑑𝑖
2 where 𝑛𝑖 is the number 

of particles with 𝑑𝑖 diameter. 

XPS analysis was performed on a Specs Multitechnical instrument 

equipped with a dual Al/Mg X-ray source and a PHOIBOS 150 

hemispheric analyzer in fixed analyzer transmission mode (FAT). The 

spectra were obtained with step energy of 30 eV with an anode of Mg 

operated at 200 W. The pressure during the measurement was less than 

1.10-9 mbar. The samples were supported on sample holders of the 

instrument and treated in 5% H2/Ar flow during 30 minutes at the 

temperature determined from TPR experiments, and then evacuated in 

ultra-high vacuum for 2 h before reading. 

Catalytic tests 

Catalytic tests were carried out in a batch reactor (Parr 4565). Catalysts 

were previously reduced ex-situ in H2 flow (50 cm3/min. gcatalyst) at the 

reduction temperature of the Ir, determined by TPR, and then transferred 

to the reactor. Prior reaction, the catalyst was subjected to a second 

reduction inside the reactor following a previously reported procedure[41]. 

In standard conditions, 34 cm3 of deionized water and 0.5 g of catalyst 

were added into the reactor (catalyst concentration = Ccat = 0.0125 

g/cm3) and the air was eliminated by purged with N2. Afterwards, the 

reactor was pressurized with H2, heated to the set temperature and 

remained at this value for 1 h to conduct the in situ reduction. Then, the 

reactor was cooled at 363 K and an ERY solution (calculated for reaching 

an ERY concentration of 0.4 M inside the reactor) was introduced 

together with 1.5 μL of H2SO4 (Sigma, 96%). The total volume of liquid 

inside the reactor was 40 cm3. It was reported[41,72] that the addition of 

this small amount of H2SO4 prevents the Ir and Re leaching in the 

reaction media. Once the reaction temperature has been reached, 25 bar 

of H2 are added, considering this moment as the initial time. The analysis 

of the liquid phase was carried out in a Shimadzu 20A HPLC 

Chromatograph with IR detector (RID-20A), using a Bio-Rad Aminex 

HPX-87H column at 328 K, with a flow rate of mobile phase (H2SO4 

5mM) of 0.6 cm3/min.  

The erythritol conversion (𝑋𝐸𝑅𝑌) was calculated as: 

𝑋𝐸𝑅𝑌(%) =
𝐶𝐸𝑅𝑌

0 −𝐶𝐸𝑅𝑌
𝑡

𝐶𝐸𝑅𝑌
0 ∙ 100       (1) 

where 𝐶𝐸𝑅𝑌
0  is the initial ERY concentration in the reactor and 𝐶𝐸𝑅𝑌

𝑡  is the 

ERY concentration at a time t of reaction. 

The yield to j product (𝜂𝑗
𝑡): 

𝜂𝑗
𝑡 =

𝐶𝑗
𝑡∙𝑛𝑗

𝐶𝐸𝑅𝑌
0 ∙𝑛𝐸𝑅𝑌

∙ 100        (2) 

where 𝐶𝑗
𝑡  is the j product concentration at a time t of reaction, 𝑛𝑗  is 

number of carbon atoms in j product and 𝑛𝐸𝑅𝑌 is number of carbon atoms 

in ERY (𝑛𝐸𝑅𝑌=4). 

The carbon mass balance (𝐶𝐵𝑡) was calculated considering erythritol and 

all the products as: 

𝐶𝐵𝑡 =
𝑡𝑜𝑡𝑎𝑙 𝑐𝑎𝑟𝑏𝑜𝑛 𝑎𝑡𝑜𝑚𝑠 𝑎𝑡 𝑡 𝑡𝑖𝑚𝑒

𝑡𝑜𝑡𝑎𝑙 𝑐𝑎𝑟𝑏𝑜𝑛 𝑎𝑡𝑜𝑚𝑠 𝑎𝑡 𝑡=0
=

∑ 𝐶𝑗
𝑡∙𝑛𝑗+𝐶𝐸𝑅𝑌

𝑡 ∙𝑛𝐸𝑅𝑌
𝑛
𝑗=1

𝐶𝐸𝑅𝑌
0 ∙𝑛𝐸𝑅𝑌

   (3) 
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Ir/ReOx/TiO2 favors C-O hydrogenolysis and minimizes C-C scissions and dehydration reactions due to the intimate contact between 

Ir and ReOx on this support (small particle size) and the presence of Ir mostly in metallic state and partially oxidized Re species 

(mainly Re+IV). 
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