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Highlights 

Commercial Cr-free catalysts have shown excellent behavior in the furfural 

hydrogenation. 

Strong interaction between Cu and ZnO particles leads to a higher activity and stability 

along the TOS. 

ZnO has an electronic promoter effect on the Cu0, while Al2O3 stabilizes the Cu 

particles. 

The presence of Lewis acid sites (Cu+) favors the formation of carbonaceous deposits. 

Metal-sites are involved in the hydrogenation reaction, while acid sites influence in the 

hydrogenolysis reaction. 

Highlights (for review)



Scheme 1. Scheme of furfural hydrogenation. 
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Scheme 2. Mechanism of the furfural hydrogenation. 
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Figure 1. H2-TPR of commercial catalysts. 

Figure 2. X-ray diffractograms of reduced catalysts and after 24 h of TOS. 

(Experimental conditions: 30 μmol active sites, temperature: 190 ºC, H2 flow: 10 mL 

min-1, feed flow: 2.3 mmolFUR h-1) 

Figure 3. (A) Cu 2p core level and (B) Auger CuLMM spectra of reduced catalysts. 

Figure 4. Catalytic performance of commercial catalysts at different reaction 

temperatures, as a function of time on stream (TOS). (Experimental conditions: 30 μmol 

active sites g-1, H2 flow: 10 mL min-1, feed flow: 2.3 mmolFUR h-1, H2:FUR : 11.5 and 

WHSV: 1.5 h-1). 

Figure 5. MF yield using FUR or FOL in the feed after 1 h and 5 h of TOS for 

commercial catalysts. (Experimental conditions: 30 μmol active sites, temperature: 190 

ºC, H2 flow: 10 mL min-1, feed flow: 2.3 mmolFUR or FOL h-1, H2:FUR : 11.5 and WHSV: 

1.5 h-1) 

Figure 6. FUR conversion (A), FOL yield (B) and MF yield (C) as a function of TOS 

over commercial catalysts. (Experimental conditions: 30 μmol active sites, temperature: 

190 ºC, H2 flow: 10 mL min-1, feed flow: 2.3 mmolFUR h-1, H2:FUR : 11.5 and WHSV: 

1.5 h-1) 

Figure 7. (A) Cu 2p core level and (B) Auger CuLMM spectra of commercial catalysts 

after 24 h of TOS. (Experimental conditions: 30 μmol active sites, temperature: 190 ºC, 

H2 flow: 10 mL min-1, feed flow: 2.3 mmolFUR h-1, H2:FUR : 11.5 and WHSV: 1.5 h-1) 
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Figure 7 



Table 1. Atomic concentration data of catalyst precursors, fresh and spent catalysts, estimated 

by XPS analysis (In parentheses, bulk data obtained from XRF, balanced with oxygen). 

                          Atomic concentration (%) or atomic ratio 

Sample C O Cu Cr Al Zn Cu/Cr Cu/Zn Cu/Al Cu/(Zn+Al) 

Catalyst Precursors 

Prec CuCr 18.8 51.6 

(60.1) 

13.7 

(21.7) 

16.4 

(18.2) 

- - 0.84 

(1.19) 

- - - 

Prec R120 31.0 29.4 

(57.5) 

7.6 

(27.1) 

- 27.6 

(5.2) 

5.0 

(10.2) 

- 1.52 

(2.66) 

0.28 

(5.21) 

0.23 

(1.76) 

Prec W220 36.3 33.9 

(57.2) 

8.4 

(19.7) 

- 33.3 

(11.6) 

7.9 

(11.5) 

- 1.06 

(1.71) 

0.25 

(1.70) 

0.20 

(0.85) 

Fresh Catalysts 

CuCr 29.1 39.3 6.7 25.0 - - 0.27 - - - 

R120 15.6 36.8 10.1 - 27.6 10.0 - 1.01 0.37 0.27 

W220 22.7 26.1 11.0 - 33.6 7.0 - 1.57 0.33 0.27 

Spent catalysts (after 24 h of TOS) 

s-CuCr 56.7 31.3 1.7 10.3 - - 0.16 - - - 

s-R120 38.7 31.1 2.7 - 19.9 6.9 - 0.39 0.14 0.10 

s-W220 54.2 23.2 2.1 - 17.5 3.1 - 0.68 0.12 0.10 
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Table 2. Textural and acid/base properties of the reduced catalysts. 

Sample 
SBET 

(m2 g-1) 

Pore 

volume 

(cm3 g-1) 

Average 

pore size 

(nm) 

Acid sites 

(μmol g-1) 

Basic sites 

(μmol g-1) 

CuCr 55 0.128 16.7 264 15 

R120 93 0.224 10.2 78 29 

W220 103 0.194 7.0 65 41 

 



 

Table 3. Dispersion, Cu particle size and metallic surface of the reduced commercial catalysts 

(estimated by N2O titration, XRD and CO isotherms). 

Sample 
Dispersiona 

(%) 

Particle size (nm) 
Metallic surfacea 

SCu+
b 

(m2 g--1) (m2
Cu gCu

-1) (m2
Cu gcat

-1) N2O XRD CO 

CuCr 27.0 3.7 20.0 44.4 174.1 85.6 1.8 

R120 5.6 18.8 12.5 37.9 35.8 16.4 0.5 

W220 4.7 22.3 9.3 38.3 30.2 22.4 2.3 

a Determined by N2O titration 
b Surface area of Cu+ estimated from the irreversible CO isotherms 
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Abstract 

Traditionally, copper chromite has been used in furfural hydrogenation to obtain 

valuable products, like furfuryl alcohol. However, the presence of Cr poses serious 

environmental issues, in such a way that different Cr-free catalysts has been proposed as 

alternative. In this work, two commercial Cu-based catalysts without Cr, currently used 

in alcohol reforming (R120) and water-gas shift (W220), have been successfully 

evaluated in FUR hydrogenation to produce selectively furfuryl alcohol. Both R120 and 

W220 catalysts were characterized, with special emphasis on the elucidation of metallic 

properties, dispersion and oxidation states of Cu species, and compared to copper 

chromite. The R120 catalyst attained the best catalytic performance and stability over 

time, reaching a turnover frequency (TOF) of 0.31 s-1 at 190 °C, after 1 h of reaction. 

The catalytic results reported that these Cr-free commercial catalysts have high potential 

to replace copper chromite as shown the stability test for 24h. 
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1. Introduction 

Currently, bioethanol and furfural are the two main products obtained from the sugar 

platform with an annual production of 280000 metric tons. Furfural has attracted the 

interest of both academic and industrial research groups, since it is considered a 

versatile molecule for the synthesis of a wide variety of high value-added chemicals 

[1,2]. This is because the furfural molecule is highly reactive, that is, prone to 

experience a diversity of reactions. Considering only hydrogenation processes, furfural 

(FUR) can be transformed into valuable products, such as furfuryl alcohol (FOL), 

tetrahydrofurfuryl alcohol (THFOL), 2-methylfuran (2-MF), 2-methyltetrahydrofuran 

(2-MTHF), furan, tetrahydrofuran, or even aliphatic alcohols [3] (Scheme 1). These 

catalytic processes can be performed in both vapor and liquid phase, requiring 

hydrogenation catalysts [4–7]. The gas-phase hydrogenation of FUR is the preferred 

industrial process for FOL production. However, this has some drawbacks associated to 

the high reaction temperature, as well as the use of non-environmentally friendly 

catalysts (chromium chromite in industrial hydrogenation of furfural). Moreover, in 

most cases, metal-based catalysts are prone to deactivation. Nevertheless, the liquid-

phase batchwise operation process is less suitable for large-scale applications, because 

the expensive equipment required for working at high pressure and temperature 

conditions, and the time delay between successive batch reactions. 

On the other hand, the reduction of FUR can take place through direct hydrogenation on 

metal-based catalysts, by interaction of its carbonyl group or furan ring with metal sites 

[8] or through catalytic transfer hydrogenation (CTH), where an alcohol acts as H-donor 

to reduce the carbonyl group of an aldehyde or ketone by a six-membered intermediate 

[9]. 
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Among metal active phases, Cu is preferred if both furfuryl alcohol or 2-methylfuran 

are considered the target hydrogenated products [8,10–16], due to its ability to 

hydrogenate the carbonyl group, or selectively break the C-O bond, without affecting 

furan ring or C-C bonds. This selectivity is being used to produce bio-renewable 

chemicals or biofuels from biomass, thus allowing the upgrading of compounds derived 

from lignocellulosic carbohydrates, such as furfural and 5-hydroxymethylfurfural. 

Nowadays, the commercial catalyst used for the reduction of FUR to FOL is copper 

chromite [17–19], which is not environmentally friendly because of the concerns related 

to chromium species, or safe disposal of the spent catalyst.  

In general, the catalytic hydrogenation of furfural yields FOL as main product and 2-

MF as by-product. Moreover, the formation of 2-MF, resulting from the hydrogenolysis 

of the C-O bond of FOL [10,19], is favored with the reaction temperature [10,20,21]. 

There is a general agreement that the maximum yield of FOL depends on the metallic 

surface area of copper particles [22,23]. Dong et al. [21] found a relationship between 

2-MF yield and the acidity of Cu/SiO2 catalysts, being promoted the FOL 

hydrogenolysis by superficial Cu+ species. Yang et al. [23] showed that the modulation 

of the interaction between Cu particles and ZnO affected the catalytic performance, 

being favored the C-O cleavage for catalysts with a high concentration of strong acid 

sites, whereas a high dispersion of copper improved the selectivity towards FOL. 

However, Deutsh et al. [24] did not observe a clear correlation between the amount of 

acid sites and superficial Cu+ species, as they could not relate the hydrogenolysis of the 

C-O bond of 5-methylfurfuryl alcohol with the presence of Cu+ in copper chromite 

catalysts. 

Rao et al. [25] also studied the hydrogenation of FUR with copper chromite, concluding 

that Cu+ should play a key role, being necessary the presence of both Cu+ and Cu0 for 
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attaining the maximum activity. This fact was corroborated by these authors in the study 

of catalysts based on metallic Cu deposited on different types of carbonaceous supports 

[26], as they observed that the TOF (intrinsic activity) decreased when the Cu0 content 

increased. In both types of catalysts, the activation of hydrogen took place on the 

metallic copper surface. Nagaraja et al. [11] also showed the necessary presence of Cu+, 

when copper was supported on MgO, to reach the highest furfural conversion. On the 

other hand, Liu et al. [19], by means of XAFS and AES analyses, demonstrated that Cu0 

was the unique active species in copper chromite, being irrelevant the presence of 

oxidized copper species for explaining the catalytic behavior. In general it has been 

reported that weakly acidic (SiO2) [14,27], amphoteric (ZnO, CeO2) [12,13] or basic 

(MgO) [11] supports weaken this interaction in comparison with strong acid supports, 

which are more susceptible to deactivation. The use of catalysts with lower acidity leads 

to more labile interaction, so the desorption of FUR and/or the obtained products is 

more favorable. In this way, several author have pointed out that Cu0 sites are involved 

in the homolytic cleavage of hydrogen molecules, favoring the adsorption of FUR by 

the carbonyl group to form FOL [16], while hydrogenolysis of FOL to MF usually 

requires a small amount of acid sites [21]. 

Considering that Cu-based catalysts are highly selective to high value-added chemicals, 

such as FOL and 2-MF [3], the present research envisions to evaluate the catalytic 

activity in the hydrogenation of FUR of two commercial Cu/ZnO-Al2O3 catalysts used 

for the methanol synthesis and hydrogen production. One of the roles ascribed to ZnO 

and Al2O3 is to act as physical spacer, thus improving the copper dispersion during the 

catalyst synthesis [28,29]. Moreover, the sintering resistance of Cu and ZnO 

nanoparticles can also be ascribed to the strong Cu-ZnO interaction, which would limit 

the growth of Cu0 crystallites. That could mean that the intimate contact between copper 
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and ZnO particles generates an interface where zinc could be partially reduced and 

copper partially oxidized [30]. In this sense, previous authors have reported that the 

strong interactions Cu-ZnO generate an interface were Zn2+ can be partially reduced and 

Cu0 partially oxidized improving the catalytic behavior [29,31]. This data could confirm 

the formation of a solid solution of Cu+ in the lattice of ZnO (wurtzite) during the 

reduction treatment [32–34], which can provide interstitial cations, or oxygen vacancies 

[35,36]. On the other hand, the solubility is limited by the required electroneutrality. 

The charge deficiency can also be compensated by the presence of trivalent cations, like 

Al3+ [34]. 

Other authors have pointed out that Cu+ and ZnO can form a partial solid solution 

[30,32,37]. In addition, Al3+ species can also have a beneficial effect on the catalytic 

activity [36], since these species contribute to facilitate the reducibility of ZnO, 

increasing the number of O vacancies. The partial reduction of Cu, leads to 

hydrogenation sites Cu0 and Lewis acid sites (Cu+), which plays an important role and 

many hydrogenation reaction such as furfural [11,12], dimethyl malonate [38], citral 

[39], crotonaldehyde [40] and dimethyl oxalate[41–43]. 

The study of superficial composition and its influence on the catalytic performance, in 

terms of furfural conversion and selectivity towards FOL and 2-MF, and catalyst 

stability, as well, was studied. Bearing in mind that the commercial catalyst for FOL 

production is copper chromite, this will also be evaluated for comparison purposes. 

Finally, this research puts special emphasis on the optimization of catalytic parameters 

to minimize deactivation, which is an important drawback in the gas-phase FUR 

hydrogenation, mainly due to copper sintering, the oxidation of the active phase and the 

formation of carbonaceous deposits [14,19,25]. 

2. Materials and methods 
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2.1. Reagents. 

Commercial copper chromite (CuCr2O4·. CuO) was supplied by Aldrich, methanol 

reforming (HiFUEL® R120) and low temperature water gas shift (HiFUEL® W220) 

copper-based catalysts were purchased from Alfa Aesar. Chemicals employed in 

furfural hydrogenation were furfural (Sigma-Aldrich, 99%), cyclopentyl methyl ether 

(Sigma-Aldrich, 99.9%) as solvent, and o-xylene (Sigma- Aldrich, 99.9%) as internal 

standard. The gases were He (Air Liquide 99.99%), H2 (Air Liquide 99.999%), N2 (Air 

Liquide 99.9999%), He/N2O (5% vol. in N2O, Air Liquide 99.99%) and H2/Ar (10% 

vol. in H2, Air Liquide 99.99%). 

2.2. Characterization of catalysts 

Powder X-ray diffraction (XRD) patterns were obtained in a PAN analytical X´Pert Pro 

automated diffractometer, in Bragg–Brentano reflection configuration, by using a Ge 

(111) primary monochromator (Cu Kα1) and the X´Celerator detector with a step size of 

0.017° (2θ), between 10° and 70° in 2θ with an equivalent counting time of 712 s step-1. 

The crystallite size (D) was calculated by using the Williamson-Hall equation [44], B 

cos θ = (K λ/D) + (2 ε sin θ), where θ is the Bragg angle, B is the full width at half 

maximum (FWHM) of the XRD peaks, K is the Scherrer constant, λ is the wavelength 

of the X ray and ε the lattice strain [44]. 

Elemental bulk composition was determined by X-Ray Fluorescence with wavelength 

disperse X-ray fluorescence spectrometer (ARL ADVANTXP) and a UNIQUANT 

software. The X-ray tube was set at 60 kV. 

Hydrogen temperature-programmed reduction (H2-TPR) experiments were carried out 

by using 0.08 g of catalyst precursor, previously treated with a He flow (35 mL min-1) at 

100 °C for 30 min. After cooling to room temperature, the H2 consumption was 

monitored between 50 and 350 °C, by using an Ar/H2 flow (48 mL min-1, 10 vol.% H2) 
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with a heating rate of 10 °C min-1. Water formed in the reduction process was trapped 

by passing the outcoming flow through a cold finger, immersed into a solid N2-

liquid/isopropanol bath (-80 °C). The H2 quantification was performed with an on-line 

Thermal Conductivity Detector (TCD). 

Metal surface area and dispersion were evaluated by N2O titration, by using 0.080 g of 

catalyst [12,13]. This method is based on the formation of a monolayer of Cu2O by 

oxidation of superficial Cu0 with a N2O flow, according to the reaction: 2Cu0 + N2O → 

Cu2O + N2. Before analysis, the CuO phase is reduced under a 10 vol.% H2/Ar flow (48 

mL min-1) and a rate of 5 ºC min-1 during 1 h. Then, samples were purged under a He 

flow and cooled down to 60 ºC. The oxidation of Cu0 to Cu+ is carried out by 

chemisorption of N2O (5 vol.% N2O/He) at 60 ºC during 1 h. Later, the catalyst was 

again purged with a He flow and cooled to room temperature. After this, the reduction 

of Cu2O to Cu(0) was done by raising the temperature under a 10 vol.% H2/Ar flow (48 

mL min-1). 

Textural parameters were evaluated from N2 adsorption-desorption isotherms at -196 °C 

(automatic ASAP 2020 Micromeritics apparatus). Prior to measurements, samples were 

outgassed at 200 °C and 10−4 mbar overnight. Specific surface areas (SBET) were 

determined by using the Brunauer–Emmett–Teller (BET) equation considering a 

nitrogen molecule cross section of 16.2 Å2. Density functional theory (DFT) was used 

to deduce pore size distribution plots. 

The basicity of catalysts was studied by temperature-programmed desorption of CO2, 

where approximately 0.1 g of sample was pretreated under a helium flow (60 mL min-1) 

at 500 ºC for 30 min (heating rate of 10 ºC min-1). The reaction temperature was 

lowered to 80 ºC and a pure CO2 stream (60 mL min-1) was subsequently introduced 

into the reactor for 30 min. The CO2-TPD was conducted between 100 and 800 ºC 
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under a He flow (10 ºC min-1 and 30 mL min-1) and the amount of CO2 evolved was 

analyzed using a thermal conductivity detector. The water formed in the reduction 

reaction was trapped by passing the exit flow through a cold finger immersed in ice-salt.  

The amount of acid sites was determined by temperature-programmed desorption of 

ammonia (NH3-TPD). 0.08 g of catalyst was previously pre-treated under a He flow (40 

mL min-1) from room temperature to 550 °C, with a heating rate of 10 °C min-1, and 

then was cooled using the same gas until 100 °C. After that, the catalyst was saturated 

with NH3 for 5 min. Then, a He flow (40 mL min-1) was passed to eliminate the 

physisorbed ammonia. Finally, temperature-programmed desorption was carried out by 

heating the samples from 100 to 550 °C, at a heating rate of 10 °C min-1. The desorbed 

ammonia was quantified by a thermal conductivity detector (TCD). 

The X-ray photoelectron spectra were obtained with a Physical Electronics PHI 5700 

spectrometer with non-monochromatic Mg Kα radiation (300 W, 15 kV, 1253.6 eV) 

with a multichannel detector. The spectra were recorded in the constant-pass energy 

mode at 29.35 eV with a 720 m diameter analysis area. Charge referencing was 

measured against adventitious carbon (C 1s at BE: 284.8 eV). The PHI ACCESS 

ESCA-V6.0 F software package was used for the acquisition and data analysis. A 

Shirley-type background was subtracted from the signals. All of the recorded spectra 

were fitted with Gaussian-Lorentzian curves to determine more accurately the binding 

energies of the different element core levels. All samples were stored in sealed vials 

with an inert solvent to avoid oxidation. The samples were prepared in a dry box under 

a N2 flow and analyzed directly without previous treatment, and the solvent was 

evaporated before the introduction of samples into the analysis chamber. 

2.3. Catalytic tests 
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The vapor phase hydrogenation of FUR was carried out at atmospheric pressure in a ¼’’ 

quartz reactor. For each experiment, an amount of catalyst equivalent to 30 μmol of Cu 

active sites, as determined by N2O, was pelletized with a sieve range between 325-400 

m, so the quantities of 0.0286 mg of CuCr, 0.1500 mg of Prec R120 and 0.1091 mg of 

Prec W220 were mixed with silicon carbide (SiC) and loaded in the reactor to obtain a 

catalytic bed of 1.5 cm of length. Each sample was placed in the middle of the reactor 

between two layers of glass beads and quartz wool. Prior to the catalytic tests, catalysts 

were reduced in-situ according to their H2-TPR profiles, using a H2 flow of 60 mL min-1 

for 1 h to ensure a total reduction of Cu2+. Then, catalysts were cooled down to the 

selected reaction temperature. Once this temperature was reached, a flow (3.87 mL h-1) 

of a FUR solution in CPME (5 vol.%), to prevent blockage of reactor lines, was injected 

continuously with a Gilson 307SC piston pump (model 10SC) to obtain a WHSV of 1.5 

h-1 (referred to FUR fed) using a H2 flow in the range of 10-60 mL min-1 as carrier gas. 

CPME was selected as solvent due to it is considered an environmental friendly solvent, 

which is employed in several biomass valorization processes, like the selective 

dehydration of lignocellulosic pentoses to FUR [45]. 

The stability of the cyclopentyl methyl ether (CPME) was evaluated under similar 

catalytic conditions to those used in the gas-phase furfural hydrogenation, confirming 

that CPME was inert regardless the catalyst used. 

Both furfural and reaction products were analyzed using a Shimadzu GC-14A gas 

chromatograph equipped with a flame ionization detector and a CP-Wax 52CB capillary 

column. The furfural conversion and selectivity were calculated and defined as follows: 
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FUR, FOL and MF were calibrated using commercial reagents. The non-detected 

products were determined from: 

 

Considering that mass transfer limitations can occur, the Weisz-Prater criterion (CWP) 

was applied to determine if diffusion in the pores is limiting the reaction. Internal mass 

transfer can be neglected if the CWP is lower than 0.3. This analysis has been performed 

for all the experiments, and the parameters used are summarized in the Supplementary 

Information. The CWP values are in all cases lower than 0.3, so the mass transfer 

limitations can be ruled out under the reaction conditions tested and, therefore, the 

catalysts are working under kinetic regime. 

3. Results and Discussion 

The bulk and surface atomic concentrations of catalyst precursors (before reduction) 

have been determined by X-ray fluorescence (XRF) and X-ray photoelectron 

spectroscopy (XPS), respectively (Table 1). Copper chromite displays the highest 

surface Cu content (13.7 at%), while R120 and W220 present close values, 8.4 and 7.6 

at%, respectively. However, the bulk and surface compositions are quite different, 

although copper is the main element contributing to the bulk composition for the three 

precursors. It is striking that XPS data revealed a higher Al content for R120 and W220 

than those obtained by XRF, which would suggest a high proportion of aluminum on 

the catalyst surface. 

As regards the XRD study, broad diffraction peaks point out low crystallinity or small 

crystallite sizes in all precursors (Fig. S1). Prec R120 and Prec W220 show similar 
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diffraction patterns, with peaks at 2θ (º)= 32.3, 35.7, 38.9, 58.2 and 61.5, which can be 

ascribed to a tenorite CuO phase (ICDD: 00-041-0254), whereas those at 2θ (º)= 31.7, 

47.5, 56.7, 66.2 and 68.1 correspond to the hexagonal wurtzite ZnO structure (ICDD: 

04-007-1614). Moreover, the broadening of peaks resulted in overlapping, thus 

rendering difficult the assignation to a particular crystalline CuO and ZnO phase. 

Finally, a diffraction peak attributed to a AlOOH phase (ICDD: 01-074-2901) can 

also be observed at 2θ (º)= 14.5 for Prec R120 and Prec W220. The diffractogram of 

Prec CuCr exhibits peaks at 2θ (º)= 30.4, 35.5, 37.2, 38.7, 43.1, 57.2 and 63.3, 

characteristic of copper chromite, CuCr2O4 (ICDD: 00-034-0424). Taking into account 

that pure copper chromite contains a bulk Cu2+:Cr3+ molar ratio of 1:2, XRF data would 

point out that commercial Prec CuCr is not a pure phase, consisting of CuO·and 

CuCr2O4, since the Cu:Cr molar ratio is close to 1:1. However, the diffraction signals of 

CuO are indistinguishable due to broad and intense peaks of copper chromite, and, 

accordingly, it should be as well dispersed nanoparticles in copper chromite. 

H2-TPR profiles reveal that copper chromite is more easily reducible, being copper 

species completely reduced at 225 ºC, while R120 and W220 require reduction 

temperatures of 250 and 275 ºC, respectively (Fig. 1). These temperatures were selected 

to reduce catalyst precursors, and for ensuring the total reduction of active phase, 

precursors were maintained at the reduction temperature for 1 h. The H2 consumption 

starts at lower temperature for copper chromite than for Cr-free catalysts, which can be 

explained by a combination of two factors: a stronger interaction between CuO particles 

and ZnO-Al2O3 phases [39,46] and the presence of smaller particles in the case of 

copper chromite, even undetected by XRD. The higher reduction temperature needed 

for Prec W220 could be due to its higher surface concentration of aluminum, since the 

effect of aluminum species on CuO reduction has been reported by several research 
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groups. Thus, Yang et al. [22] observed that aluminum species can overcoated the 

interface of CuO/ZnO, raising the reduction temperature of CuO/ZnO-Al2O3 catalysts. 

However, Hu et al. [47] concluded that Al2O3 can retard the reduction of Cu2+ to Cu0, 

due to the stabilization of Cu+ phases.  

The reduction of the Cr-free precursors led to the formation of metallic copper 

nanoparticles, being the unique crystalline phase, along with ZnO, detected by XRD 

(Fig. 2). Thus, the diffraction peaks at 2θ (º) = 43.4 and 50.5 were ascribed to metallic 

copper, Cu0 (ICDD: 04-0836), and those at 2θ (º) = 31.8, 34.7, 36.4, 56.9, 63.0 and 68.0 

to hexagonal wurtzite ZnO crystallites (ICDD: 01-070-2551). It is striking that 

diffraction peaks assigned to Al species were not observed in reduced catalysts. After 

reduction of Prec CuCr, diffraction peaks of the copper chromite phase disappear and 

new peaks appear at 2θ (º) = 43.6 and 50.7, due to metallic copper (PDF 01-077-3038), 

and the presence of cuprous chromite (CuCrO2) is also detected at 2θ (º) = 36.5 and 62.4 

(PDF 00-39-0247), although the intensity of these peaks was very low and noisy 

[24,31,48,49]. Cr-free catalysts showed smaller Cu crystallite sizes (12.5 and 9.3 nm for 

R120 and W220, respectively), similar to that observed for ZnO nanoparticles (11.1 and 

6.7 nm, respectively). Nevertheless, for CuCr, Cu crystallites were bigger (20 nm), 

although the presence of smaller nanoparticles could be inferred by H2–TPR. In any 

case, it is noteworthy that, after reduction, despite the high copper loadings, metallic 

copper is highly dispersed as nanoparticles smaller than 20 nm. 

To evaluate the surface chemical composition of catalysts, XPS data were acquired. The 

Cu 2p core level spectra of all catalysts (Fig. 3A) display a similar profile, with a band 

at 932 eV in the Cu 2p3/2 region, which is assigned to reduced Cu species [50]. The 

absence of the shake-up satellite of Cu2+would confirm its absence. However, from the 

Cu 2p core level spectra, it is not possible to discern between both reduced Cu species 
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(Cu0/+), and the Auger CuLMM line must be analyzed to determine their contribution 

(Fig. 3B) [12,14], considering that the kinetic energy of their corresponding Auger 

electrons differs by about 2 eV [24]. In all cases, the coexistence of both reduced copper 

species was detected, which would indicate the partial reduction of Cu2+ species on the 

catalyst surface. These data do not totally agree with those inferred from H2-TPR, where 

the reduction of Cu2+ species seemed to be almost total. Nevertheless, the partial 

superficial oxidation of Cu0 to Cu+ could be ascribed to sample handling before XPS 

analysis. The presence of Cu+ species can also be attributed to the incorporation of a 

small fraction of Cu species within the ZnO structure, thus rendering Cu species less 

reducible. In the same way, the presence of Cu+ species in CuCr catalyst could be 

ascribed to the formation of a CuCrO2 phase, although this phase was hardly detected in 

the corresponding XRD pattern (Fig. 2). 

The deconvolution of Auger CuLMM bands reveals that Cu0 (Table S1) is the main 

contribution for R120 (peak at ca. 919 eV), whereas the CuCr and W220 catalysts 

showed a major contribution of partially reduced Cu+ species. 

Concerning XPS data of Zn for R120, Zn 2p3/2 core level spectra, the Auger ZnLMN band 

and modified Auger parameter would confirm the absence of modifications during the 

reduction process, being Zn2+ present in all cases (Table S1) [51]. Therefore, there are 

no spectroscopic evidences for the partial reduction of Zn2+, as set down by other 

authors [52,53]. In the case of W220, the Zn 2p peak shifts by 0.8 eV toward lower BE 

after reduction, which could be explained by the existence of electron-rich Zn2+ cations, 

as for example in a Zn+ state, where  is lower than 2, as was reported by other authors 

previously [31]. These data agree with its higher reduction temperature observed in the 

H2-TPR study (Fig. 1). It has been previously demonstrated that the coexistence of 
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ZnOx layers and Cu+ in catalysts can play an important role in methanol synthesis [54–

56]. 

Regarding the O 1s core level, it can be deconvoluted into two bands, ascribed to 

hydroxyl (higher BE) and oxidic (lower BE) species. The contribution at higher BE 

shows a marked decrease after reduction, being more noticeable for CuCr (Table S1). 

In the case of Cr-free catalysts, the decrease in the hydroxyl band is lesser pronounced, 

which would suggest some modification of the electronic interaction in the Cu-ZnO 

interface, as was reported by other authors [23,57]. 

Concerning atomic concentration values, CuCr suffers a diminution of the Cu/Cr atomic 

ratio after reduction, thus revealing a superficial Cr-enrichment. However, the Cu/Zn 

atomic ratio for the Cr-free catalysts were not varied significantly (Table 1). 

Textural properties were estimated by N2 adsorption-desorption at -196 ºC (Fig. S2). 

According to the IUPAC classification, the isotherm of CuCr can be classified as Type 

II, typical of non-porous or macroporous solids, while those of R120 and, mainly, W220 

catalysts resemble to that of mesoporous solids (Type IVa) [58]. The CuCr catalyst 

displays a Type H3 loop, which is associated to non-rigid aggregates of plate-like 

particles, or macropores that are not completely filled with pore condensate, as inferred 

from the N2 adsorption increase at high relative pressures [58]. The hysteresis loops of 

R120 and W220 are Type H2b, ascribed to structures with partially or totally closed 

pores [58]. The specific surface area (SBET), reported in Table 2, indicates that CuCr is 

the catalyst with the lowest SBET, only 55 m2g-1, while R120 and W220 display higher 

values (93 and 103 m2 g-1, respectively). Regarding pore volume, the CuCr catalyst 

again displays the lowest value (0.128 cm3 g-1), while R120 and W220 catalysts have 

0.224 and 0.194 cm3 g-1, respectively. Likely, Al species with a small particle size can 
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also contribute to the specific surface area of Cr-free catalysts, improving their textural 

properties. 

The pore size distribution profiles, determined by the DFT method (Fig. 2SB) [59], 

show a heterogeneous range of pore sizes for the CuCr catalyst, being the catalyst with 

the highest proportion of macropores. In the case of R120 catalyst, the pore size 

distribution is more homogeneous, being in the range of 1-50 nm, while the W220 

catalyst exhibits the narrowest pore width distribution (1-30 nm). 

From these textural data, it can be concluded that porosity could be mainly attributed to 

interparticle voids, since larger particles, as deduced from XRD in the case of the CuCr 

catalyst (Fig. 2), led to lower surface area and pore volume. On the contrary, the smaller 

crystallite sizes of R120 and W220 lead to improved textural properties (Table 2). 

The acidity was evaluated from temperature-programmed desorption of ammonia (Fig. 

S3A and Table 2). Despite Cr-free catalysts possess higher surface area and pore 

volume, these catalysts display a low concentration of acid sites (78 and 65 μmol g-1 for 

R120 and W220, respectively), which are weak according to their low desorption 

temperatures. This low acidity is ascribed to the amphoteric behavior of ZnO and 

AlOOH, which, in turn, has an acidity lower than that shown by Al2O3. In the case of 

the CuCr catalyst, the amount of acid sites is considerably higher (264 μmol g-1), which 

should be attributed to the presence of CuCrO2 or Cr2O3, as shown by XRD and XPS, in 

which the Cu+ and Cr3+ may act as a Lewis acid sites, increasing the acidity. In this 

sense, the Auger LMM lines revealed that W220 catalyst also displays a high proportion 

of Cu+ species (Fig. 3), although the NH3-TPD reported low acidity in the same range 

of R120 catalyst. Thus, Cr3+ species should exhibit a higher Lewis acidity than Cu+ 

ones. 



16 

 

The concentration of basic sites was evaluated by CO2-TPD (Fig. S3B). These catalysts 

display a low amount of basic sites, although the Cr-free catalysts present higher values 

also due to their amphoteric character [60] (Table 2). In the case of CuCr, the number 

of basic sites is much lower due to CuCrO2 or Cr2O3 hardly display basic character. 

N2O titration is a well-known methodology to determine the amount of surface metallic 

sites (Cu0) [23,61,62], while the irreversible CO adsorption isotherm provides a 

measurement of Cu+ ions and the total CO uptake could be considered approximately 

the surface concentration of copper in all oxidation states [40,63]. 

CuCr catalyst displays the highest dispersion of Cu0 species (27%), the highest metallic 

surface area and the lowest metal crystallite sizes. As it was mentioned, the Prec CuCr 

catalyst showed segregated CuO particles that were not detected by XRD analysis, 

which would imply the existence of an amorphous state or tiny particles. Moreover, H2-

TPR analysis demonstrated that Cu2+ species were more easily reduced, which was 

ascribed to both copper in copper chromite and small CuO nanoparticles. Therefore, 

these results seem reasonable, though they might disagree with XRD data, but it should 

be noticed that XRD analysis provides average values based on the peak width at half 

height. Nevertheless, both CO isotherm and N2O titration allow to obtain average values 

of Cu+ and Cu0 particle sizes, so it seems logical that different results may appear. The 

high reducibility and small crystallite size of Cu particles in the CuCr catalyst could 

cause an over-oxidation in the N2O oxidation step. From this fact, it can be expected a 

higher metallic surface and a smaller particle size in comparison to data obtained from 

XRD using the Williamson-Hall equation. 

For R120 catalyst, the particle size determined by XRD and N2O are roughly similar, 

considering experimental errors of both analytical methods. In contrast, the W220 

catalyst shows larger particle sizes from N2O titration than by XRD, which should 
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imply a lower copper dispersion. In this sense, XPS analysis reported that W220 

catalyst, after reduction, exhibits an interface with intimate contact between Cu and 

ZnO particles, leading to the formation of interfacial Zn+ and Cu+ species. Cu+ is not 

able to react with N2O, i.e. the consumption of N2O is lower than expected. Moreover, 

as Cu+ species are stabilized by ZnO [32], even preventing its reduction, the second 

reduction step of surface Cu+ leads to a lower hydrogen consumption, and, 

consequently, underestimates the values for W220 by N2O titration. 

However, considering data obtained from total CO adsorption, similar results can be 

found for the three catalysts, in terms of particle size and metal dispersion (Table 3). 

The surface area associated to Cu+ obtained from the irreversible CO isotherms could be 

due to Cu+ in cuprous chromite, detected by XRD, and the presence of Cu+ in Cr-free 

catalysts detected by Auger analysis. In this case, although both Cr-free catalysts 

showed higher CO adsorption, which is agreement with the higher concentration of Cu+ 

species detected by XPS analysis (Table 1).  

The analysis of the cell parameters for ZnO, Prec R120 and Prec W220 shows 

modification of the cell parameters (Table S3). Considering that Cu2+ in a tetrahedral 

environment (0.57 Å) is slightly smaller than Zn2+ (0.60 Å), the partial substitution 

could cause a contraction of the lattice parameter and hence to a decrease in the c 

parameter [35,64], mainly in the case of Prec W220. The stronger interaction of the 

Cu2+ species located inside wurtzite structure would lead to its partial reduction. These 

data are in agreement with the CO irreversible adsorption, where a clear interaction 

between Cu+ species and CO could be inferred, since Cu2+ species were not detected 

from XPS and Cu0 species do not interact with CO molecules. In the case of Prec R120, 

the lattice parameters are closer to the wurtzite structure. This implies that the inclusion 
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of Cu2+ species into the ZnO structure is less favorable, in such a way that the 

reducibility of Cu2+ species is easier, leading to a higher proportion of metal Cu species. 

4. Catalytic tests 

The experimental conditions (temperature, H2 flow, H2:FUR molar ratio or WHSV) 

were selected according to previous research, being the optimal conditions to reach the 

maximum conversion and yield values [12,14]. Concerning to the commercial catalysts 

reported in the present study, it can be observed how these catalysts are very active in 

gas-phase hydrogenation of furfural, in the temperature range of 170-230ºC (Fig. 4). 

The Cr-free catalysts attained the highest catalytic performance between 190-210 ºC, 

whereas the decline of furfural conversion with time-on-stream (TOS) depended on 

both the nature of catalyst and reaction temperature. In this sense, it is noteworthy that 

R120 hardly suffered deactivation, with a FUR conversion of 95% after 5 h of TOS, at 

190 ºC. The deactivation of Cu-based catalysts is a well-known drawback of gas-phase 

FUR hydrogenation, already reported in the case of CuCr [19,25] and Cu/ZnO/Al2O3 

[22] catalysts. A higher reaction temperature (230°C) did not improve FUR conversion, 

because FUR is prone to polymerize, causing a blockage of active sites involved in FUR 

hydrogenation [12,19]. Catalyst deactivation can also be due to the strong interaction of 

FUR and/or FOL with the active phase, hindering the access of new FUR molecules to 

be reduced [10,14]. The physico-chemical characterization of catalysts has 

demonstrated both the low acidity of R120 and W220, with a small concentration of 

acid sites, which seem to provide them a higher stability along TOS. 

The turnover frequency (TOF), a measure of the catalytic activity per active site, i.e. 

intrinsic reactivity of a catalyst [65], was calculated from the equation: 
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where F is the molar rate of furfural (mol s-1), W is the catalyst weight (g), M is the 

number of the loaded active sites calculated from N2O titration (mol g-1) and X is the 

conversion of furfural. However, FUR conversions were close to 100% and therefore far 

from differential conditions, so an integral analysis was used [66]. This equation 

assumes a pseudo first-order, which could be justified by the large excess of hydrogen 

and that the active phase is superficial Cu0. The profiles of TOF data at 190 ºC as a 

function of TOS (Fig. S4) would point out that this might be influenced by the 

adsorption of products on active sites, thus diminishing those available for another 

catalytic cycle, mainly when the catalyst works at high furfural conversion. Thus, it is 

observed that TOF reaches its highest value for R120. 

Considering that the reactivity studies have been carried out loading the same number of 

active sites (30 mol), the activity cannot only be explained in terms of metallic Cu0 

surface area. In the case of CuCr, the XPS analysis have shown that the reduction 

treatment provoked a superficial enrichment in chromium and, furthermore, the Cu+/Cu0 

ratio was above unity in CuCr, in the same range to those found for Cr-free catalysts 

(Table S2), confirming the presence of CuCrO2 in CuCr. Therefore, this phase, formed 

as the expense of copper chromite, CuCr2O4, should be partially covering Cu0 particles, 

thus decreasing the number of active sites, demonstrating that chromium species are not 

active in this reaction, as Liu et al. previously pointed out [19]. Thus, the role of 

cuprous chromite in the catalytic performance should be less beneficial than the 

presence of ZnO and/or Al2O3 for Cr-free catalysts since the incorporation of Cu favors 

the formation of slightly reduced Zn species (Znδ+) and O vacancies, which can provide 

adsorbed hydrogen to copper nanoparticles [33,51,67]. 

The analysis of selectivity patterns has revealed that an increase in the reaction 

temperature causes a progressive rise of the MF selectivity, in agreement with previous 
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works pointing out that hydrogenolysis of FOL to MF is favored at higher temperature 

[8,19]. However, CuCr was not so selective towards either reaction product (Fig. 4), 

although the hydrogenation of FUR to FOL was favored, obtaining a selectivity about 

70% after 5 h of TOS, at temperatures between 170 and 210 ºC. At the highest reaction 

temperature (230ºC), FOL and MF yields were very similar (between 40-45%), since 

the formation of MF is favored [8], which is also prompted by the presence of acid sites 

in CuCr (Table 2). On the other hand, both R120 and W220 catalysts were more 

selective to FOL. It is also noticeable that R120 is slightly more selective to MF than 

W220, mainly at higher temperatures, in spite of both catalysts are based on a 

Cu/ZnO/Al2O3 phase. From the catalytic data, it can be inferred the great potential of 

these Cr-free commercial catalysts, employed in other catalytic processes such as 

methanol reforming and water gas shift, in furfural hydrogenation, achieving higher 

FOL yields in comparison to copper chromite, which is the commercial catalyst 

employed in the gas-phase furfural hydrogenation. 

Although the beneficial interaction (electronic, SMSI effect) between Cu0 and metal 

oxides has been largely demonstrated in several catalytic processes, the role of Cu+ is 

still debatable in hydrogenation processes. In this sense, it has been proposed a 

synergistic effect between Cu0 and Cu+, being the former responsible of H2 dissociation, 

whereas Cu+ interacts with the C=O bond of reactants, as was indicated in the CO 

chemisorption, acting as an electrophilic center [43,68]. In the case of furfural 

hydrogenation, Nagaraja et al. [11] proposed the necessity of both Cu0 and Cu+ species 

for attaining an optimal performance, although they did not indicate which was such 

optimal ratio. Rao et al. [26] affirmed that Cu+ was involved in the catalytic process and 

TOF decreased as the Cu0/(Cu0+Cu+) ratio approached unity. By means of operando 

EXAFS studies, Zhang et al. [69] demonstrated that copper chromite can be stabilized 
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by a thin layer of alumina, and Cu+ was reduced to Cu0 under reaction conditions, and 

both species appeared as active phases, though a low Cu+ concentration reduced the 

furfural hydrogenation activity. On the other hand, Liu et al. [19] discarded the 

participation of Cu+ species in the catalytic activity, and metallic copper was the only 

species involved as active site, whereas Liu et al. [70] attributed the high performance 

of a Cu/MgO catalyst to the synergistic effect between Cu0 and Lewis basic sites, 

without the involvement of Cu+. These results reflect that such influence, synergism or 

cooperation depends on the catalyst studied, and it is not possible to depict a unique 

image of the catalytic process. Concerning the catalysts tested in the present work, the 

role of Cu+ remains ambiguous and not clear due to oxidation state of Cu species can 

evolve along the reaction, since Cu+ species can be reduced in the reaction medium, 

while Cu0 species can be oxidized by the presence of H2O generated as by-product in 

the hydrogenolysis reaction of FOL to MF (Table S1 and Table S2). In addition, it is 

expected that other parameters, such as the acidity can also affect to the catalytic 

behavior, so both Cu+ and Cu0 species must change along the reaction. 

On the other hand, the effect of feeding FUR or FOL on the MF formation was 

evaluated (Fig. 5). The use of FOL in the feed does not improve the selectivity towards 

MF, obtaining values relatively close to those reached when FUR was fed. This fact 

implies that the reaction follows the following route FUR → FOL → MF. The 

discrepancy between the MF yields depending on the feed may be due to the different 

enthalpy of adsorption of FUR and FOL on the catalyst surface [10]. According to the 

proposed Langmuir-Hinshelwood mechanism [71], after adsorption of FOL on the 

catalyst surface, it is reduced with the H2 activated on Cu0 sites, so these data point out 

that the adsorption of FOL should be more energetically favored on CuCr and R120 

catalysts than on W220. It is noticeable that the catalytic performance of R120 
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resembles more that of CuCr than that of W220, although R120 and W220 possess a 

similar chemical composition and totally differ from CuCr. Despite the similar behavior 

in terms of 2-MF yield, R120 and CuCr have important differences in terms of surface 

Cu+ content. If these Cu+ species were involved in MF production, the highest yield 

would be attained for CuCr. However, this trend is not observed for all catalysts, since 

W220 catalyst, with a high concentration of surface Cu+ sites (Table S2), displays a 

poor 2-MF yield, with a very similar behavior regardless of the feed used. From the 

obtained data, it can be inferred that the hydrogenolysis reaction of C-OH bond is 

directly related to the amount of acid sites [21,23], where acidity of CuCr is three times 

higher than that of Cr-free catalysts. Therefore, it is expected that Cu0 should be 

involved in the hydrogenation reaction of the carbonyl group of FUR but rather these 

sites must be involved in the activation of H2 and in the adsorption of FUR, as shown by 

the mechanism proposed by Rao et al. [25] and Sitthisa et al. [10]. These authors 

indicate that the hydrogenolysis of the C-OH groups may be due to the presence of 

active sites with a high hydrogenation capacity. In the case of the W220 catalyst, the 

presence of active sites with lower hydrogenating capacity, like Cu, and the low 

proportion of acid sites makes this catalyst to have a lower hydrogenolysis activity than 

those existing in R120 and mainly CuCr (Fig. 4). Similar results came from Deutsch et 

al. [24], who studied the activity of copper chromite in the hydrogenolysis of 5-

methylfurfuryl alcohol, observing a linear relationship between catalytic activity and 

density of Cu0 sites. In the case of the Cu+ sites, from CO chemisorption data, it could 

be inferred that these are dissolved in the ZnO structure, which could chemisorb FUR 

molecules through the carbonyl group (on-top adsorption), activating it for its 

subsequent hydrogenation to FOL. 
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In the next study, a long-term stability test was carried out during 24 h of TOS at 190ºC 

(Fig. 6). The catalytic results show that CuCr undergoes a progressive deactivation, 

reaching a FUR conversion of only 29%, after 24 of TOS. This deactivation could be 

ascribed to its highest acidity and high proportion of Cu+ species, which strongly 

interact with FUR and/or FOL molecules. In the case of the Cr-free catalysts, these are 

more resistant to deactivation, maintaining conversion values of 93 and 79% for R120 

and W220, respectively. The lower deactivation could be due to their lower amount of 

acid sites. Thus, the higher acidity of CuCr, with a high proportion of strong acid sites 

(roughly 60%), can play a detrimental effect on the catalyst stability due to the 

progressive coverage of active sites by carbonaceous deposits due to their strong 

interaction of FUR and/or FOL, as was previously demonstrated from TPO experiments 

[13]. Regarding FOL and MF yields (Fig. 6B-C), both gradually decrease for CuCr 

along the TOS, with values of 13 and 9%, respectively, after 24 h. However, the two Cr-

free catalysts showed a steady selectivity towards FOL, leading to a yield of 70% after 

24 h of TOS. However, the MF yield suffers a fast decrease in the first hours of TOS, 

confirming that these catalysts are more prone to suffer deactivation by the formation of 

carbonaceous deposits. After the first hours, MF yield remains below 13% in both 

cases. On the other hand, the catalytic results suggest that the hydrogenation sites only 

involved in the FUR→FOL process seem to be less prone to deactivate, which could be 

inferred from the stable FOL yield and the concomitant decrease in the MF yield after 

the first hours of reaction. 

In order to elucidate the modifications that the catalysts undergo throughout the furfural 

hydrogenation after 24 h of reaction at 190ºC, they were recovered and stored in an inert 

solvent, to prevent oxidation, and analyzed by XRD and XPS. X-ray diffraction patterns 

of spent catalysts (Fig. 2) are similar to those of fresh ones, discarding the formation of 



24 

 

new crystalline phases. In this sense, the low selectivity towards MF could limit the 

formation of water as by-product, which could oxidize Cu0 to form Cu2O crystals. 

However, these new diffraction peaks were not observed. The analysis of Cu crystallite 

sizes by the Williamson-Hall method reveals that the spent CuCr catalyst preserves the 

size (around 20 nm). This is in agreement with data reported by Lui et al. [19], who 

showed that Cu particle size of copper chromite did not significantly increase, even at 

temperatures above 300ºC. The crystallite size of the W220 catalyst raises slightly from 

9.3 to 11.8 nm, while the growth is more pronounced for R120 (from 12.5 to 18.5 nm), 

which could be explained by the stronger interaction between Cu and ZnO in W220, 

minimizing sintering. In any case, this loss of active sites by sintering would be limited, 

since a high catalytic stability is maintained over R120 and W220 catalysts, so the 

deactivation by sintering could be discarded in all catalysts. 

The composition of the spent catalyst surface was studied by XPS (Fig. 7). In all cases, 

the Cu 2p core level spectra evidences a unique contribution at 932.5 eV, which 

together with the absence of the typical shake-up satellite of Cu2+ species, would discard 

the existence of divalent copper presence. Moreover, in all cases, a detailed analysis of 

Auger CuLMM spectra shows an increase in the Cu+ contribution (at 917 eV), as the 

higher Cu+/Cu0 ratio demonstrates (Table S4). Those Cu+ species were not detected by 

XRD (Fig. 2), so the oxidation must occur on the catalyst surface, leading to low 

crystallinity phases, whose formation could be favored by H2O generated in the 

hydrogenolysis process. The increase in the amount of Cu+ species can favor the strong 

interaction with FUR and FOL, leading to the formation of carbonaceous deposits on 

active sites (Table 1). In the case of CuCr, a marked decrease in the superficial Cr 

content is observed, so Cr3+ acid sites clearly contribute to the deactivation process. 

Despite Cr content decreases on the surface of CuCr, the Cu/Cr molar ratio was lower 
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after the catalytic test, suggesting that carbonaceous species are preferentially deposited 

on surface copper sites. Concerning R120 and W220 catalysts, the decrease in surface 

Cu concentration is quite similar, 61 and 57% of the initial amount, respectively. 

However, R120 maintained FUR conversion for 24 h, whereas it was partially reduced 

for W220. Cu/Zn and Cu/Al molar ratios (Table 1) display a clear decrease after the 

catalytic process. However, the Al/Zn molar ratio slightly increases after the reaction, 

which could indicate that regions of intimate contact between Cu and ZnO are more 

prone to the deposition of carbonaceous species, but also confirming that these sites 

would be the most active, although they are deactivated more quickly. The Auger 

CuLMM study reveals that R120 displays the highest concentration of metal Cu0 sites, 

being the most active and stable catalyst. A higher proportion of Cu0 sites seems to 

difficult the formation of carbonaceous deposits, as indicated the XPS data (Table 1), 

resulting in a longer catalyst life. In this way, it can be concluded that R120 catalyst 

would present the best structure-activity relationship, in which a high proportion of 

metal Cu0 species are well-dispersed on ZnO and Al2O3 leading to a catalyst with lower 

proportion of acid sites, thus avoiding its deactivation.  

Conclusions 

Commercial Cu/ZnO/Al2O3 catalysts are more active and stable than copper chromite in 

gas-phase FUR hydrogenation, being very selective to FOL. However, it does not exit a 

clear relationship between metallic surface area and catalytic activity, i.e., the most 

active catalyst does not possess the highest metallic surface area, as determined from 

N2O titration, probably due to a possible over-oxidation of the reduced copper chromite 

(CuCr) with N2O. An intimate and strong interaction between Cu and ZnO particles 

leads to a higher activity and stability over time. Al2O3 and, mainly, ZnO could play an 

important role in the activation of Cu sites, thus avoiding metal particles sintering. Cu+ 
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sites can also chemisorb FUR molecules through the carbonyl group, but, in the case of 

CuCr, these Cu+ sites seem to have a lower ability to activate this carbonyl group. In 

fact, Cu+ sites could serve as electrophilic centers, where FUR and/or FOL can be 

adsorbed leading to the generation of carbonaceous deposits, which can block the active 

sites along the TOS, being the main reason of the catalyst deactivation. 
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