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ABSTRACT: Biomass is the only renewable carbon source capable of replacing conventional production of chemicals and 
fuels derived from non-renewable resources. The cellulose monomers derived from lignocellulosic biomass can be trans-
formed into 5-hydroxymethylfurfural (HMF), which can be further converted into 2,5-dimethylfuran (DMF) and 2,5-dime-
thyltetrahydrofuran (DMTHF). These products can be used as substitutes for standard gasoline or as additives. This study 
has shown that by using Ni-Cu catalysts supported on ZrO2, DMF can be obtained with a yield of 70 % after 25 hours on 
stream. Experiments were carried out in a continuous fixed-bed reactor, and complete HMF conversion was achieved by 
the formation of Ni-Cu species. The importance of Ni active sites in the hydrogenation of DMF to obtain DMTHF was 
shown, observing how the progressive Ni oxidation phenomenon during the reaction favors DMF production to the detri-
ment of DMTHF. Catalyst evolution was corroborated by different characterization techniques after carrying out several 
experiments with different durations. 
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INTRODUCTION 
Research into new renewable and sustainable resources 

is called for due to the depletion of fossil fuel reserves, rise 
of anthropogenic CO2 emissions, and increase in energy 
demand.1–3 Accordingly, lignocellulosic biomass has re-
ceived increased interest as a potential energy source due 
to its possible conversion into high value-added biofuels 
and chemicals, which can have a low (potentially zero) car-
bon footprint.1 Among all the products/intermediates that 
can be obtained from lignocellulosic biomass, 5-hy-
droxymethylfurfural (HMF) is an interesting target prod-
uct; this compound is included within the “Top 10+4” bi-
obased building block products listed by Bozell and Pe-
tersen.4 This molecule is obtained from C6 carbohydrates, 
and can be transformed into a versatile range of products, 
such as ethoxymethylfurfural (EMF), 2,5-furandicaboxylic 
acid (FDCA), furfuryl alcohol (FFA), formic acid (FA), 2,5-
diformylfuran (DFF), and 2,5-dimethylfuran (DMF).5–7 
Among these furan derivatives, DMF and 2,5-dimethyltet-
rahydrofuran (DMTHF) are considered to be good candi-
dates for replacing conventional fuels due to their high oc-
tane number and energy density, elevated boiling point, 
and low solubility in water.8–12 

Extensive research has been carried out to develop a suit-
able catalytic system for producing DMF from lignocellu-
losic biomass. Most studies have focused on discontinuous 

processes using noble and non-noble metal-based catalysts 
in batch-type reactors. Priecel et al.13 have synthetized a 
complex ruthenium-based catalyst supported on carbon 
nanotubes, optimizing the DMF yield to 83.5 % after 1 h of 
reaction time at 150 ˚C and 20 bar of H2. To avoid the use 
of noble metals, Li et al.14 have employed a bifunctional Co-
CoOx catalyst, where Co acts as the metal, while CoOx pro-
vides the required acidity. Use of this catalyst led to a DMF 
yield of 83.3 % at 170 ˚C after 12 h of reaction time. The use 
of an iridium and platinum-based bimetallic catalyst has 
been investigated by Ledesma and colleagues.15 The high 
dispersion of bimetallic nanoparticles and the neutral na-
ture of the support are critical aspects for the efficient pro-
duction of DMF (86 % yield) after 4 h of reaction time at 
120 ˚C and 15.2 bar of H2 pressure.  

The catalytic production of DMTHF has gained more at-
tention in recent years. As in the case of DMF, most studies 
have been performed in discontinuous systems. Xiao et al.16 
have developed a complex catalytic system based on Ni na-
noparticles inlayed into Ni phyllosilicate. The synergy be-
tween the nanoparticles and Ni phyllosilicate structure 
produces high DMF and DMTHF yields. Kumalaputri et 
al.17 have used a Cu- and ruthenium-based catalyst for re-
alizing an 80 % yield for both DMF and DMTHF at 220 ˚C 
and 50 bar of H2 pressure. Recently, Li and co-workers11 
have investigated a biphasic tandem catalytic process to 
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obtain DMTHF from fructose. On the one hand, the aque-
ous phase contains H2SO4 as a Brønsted acid homogeneous 
catalyst, and, on the other hand, the organic phase con-
tains a Pd/AC heterogeneous catalyst for optimizing the 
production of DMTHF. A maximum DMTHF yield of 70 % 
was obtained after 12 h of reaction time at 220 ˚C using di-
ethyl ether as organic solvent. 

According to this background and considering the lack 
of research data for continuous systems, this study focuses 
on the production of DMF and DMTHF using a continuous 
fixed-bed reactor for a prolonged time on stream 
(25 hours). This type of continuous process provides higher 
efficiencies, lower production costs,18 and is preferable for 
use on an industrial scale. Moreover, non-noble 
metal-based catalysts have been studied to minimize pro-
duction costs. Furthermore, bimetallic catalysts have been 
synthetized to optimize the production of the desired 
products by exploiting the possible interaction between 
the two metals. Thus, apart from the activity of the differ-
ent catalysts, this study reveals their stability, providing a 
more realistic view of the behavior of catalytic systems in 
HMF hydrogenolysis for obtaining biofuels such as DMF 
and DMTHF. 

EXPERIMENTAL  
DMF and DMTHF production 
The production of DMF and DMTHF was carried out in 

a continuous fixed-bed reactor in the vapor phase, operat-
ing under a H2 atmosphere of 15 bar and a temperature of 
275 ˚C. The catalyst was reduced before the beginning of 
the reaction, while working up to the reaction operating 
conditions.19 Synthetic HMF (Sigma-Aldrich, 99 %) diluted 
in 1-butanol (1.5 wt%) was fed into the reactor by a HPLC 
pump. The weight hour space velocity (WHSV) 
(g HMF/g cat h) in this reaction was 0.15 h-1. 

Activity results are explained by HMF conversion and 
the DMF/DMTHF yield, which are defined as follows: 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (%) =  
𝑁𝑁𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖 − 𝑁𝑁𝐻𝐻𝐻𝐻𝐻𝐻𝑜𝑜𝑜𝑜𝑜𝑜

𝑁𝑁𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖 · 100           (1) 

𝑌𝑌𝐶𝐶𝐶𝐶𝑌𝑌𝑌𝑌 (%) =  
𝑁𝑁𝐷𝐷𝐻𝐻𝐻𝐻/𝐷𝐷𝐻𝐻𝐷𝐷𝐻𝐻𝐻𝐻
𝑜𝑜𝑜𝑜𝑜𝑜

𝑁𝑁𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖 · 100                           (2) 

where N is the molar flow rate given as mol/min. 
Analysis of liquid streams 
Liquid and gas chromatography was employed to ana-

lyze the feed and the liquid product streams, respectively. 
More specifically, a high-performance liquid chromato-
graph (HPLC 1260 Infinity equipped with a Hi-Plex H col-
umn and infrared detector) was used to analyze HMF, 
while DMF, DMTHF and the other byproducts were deter-
mined by a gas chromatograph (Agilent 6804 GC equipped 
with a flame ionization detector (FID) and using a Su-
praWax 280 capillary column). 

Catalyst preparation 
Bimetallic catalysts supported on ZrO2 were prepared by 

wetness impregnation. ZrO(NO3)·H2O (Sigma-Aldrich, 

99 %), Cu(NO3)2·H2O (Alfa Aesar, 98 %), and 
Ni(NO3)2·6H2O (Sigma-Aldrich, 99.999 %) were used as 
reagents. 

The impregnation method was conducted in two differ-
ent ways: i) co-impregnation of both metals, Ni and Cu, in 
a single step that involved mixing together Zr, Ni and Cu 
nitrates, and ii) two-step impregnation of the metals. In the 
first case, both metals were impregnated in the same step, 
and then the catalyst was dried and calcined in air at 250 ˚C 
for 2 h. In the second case, an initial drying and calcination 
step was carried out after the first metal impregnation (un-
der the same conditions as above), and, then, the second 
metal was impregnated. After the second impregnation, 
the catalyst was dried and calcined under the same condi-
tions. In this last procedure, the catalyst was calcined 
twice. 

The co-impregnated catalysts are YNiXCuZr, where Y 
and X refer to the nominal weight of Ni and Cu, respec-
tively. On the other hand, the catalysts prepared in two 
steps are YNi-XCuZr, where Cu is first impregnated, and 
XCu-YNiZr, where Ni is impregnated first. 

Finally, the ZrO2 support was synthetized for its charac-
terization. Zr nitrates were calcined at 250 ⁰C for 2 h. 

Catalyst characterization 
The textural and physico-chemical properties of the pre-

pared bimetallic catalysts were determined by different 
characterization techniques: N2 physisorption (BET 
method to determine the surface area), Inductively Cou-
pled Plasma Optical Emission Spectroscopy (ICP-OES), 
Temperature Programmed Reduction with hydrogen (H2-
TPR), Temperature Programmed Desorption with ammo-
nia (NH3-TPD), X-ray Diffraction (XRD), Scanning Trans-
mission Electron Microscopy (STEM) and X-ray Photoelec-
tron Spectroscopy (XPS).  

Textural properties 
N2 adsorption-desorption isotherms were obtained at -

198 ˚C after outgassing the calcined samples at 150 ˚C using 
an Autosorb®-1-C/TCD (Quantachrome, USA). The iso-
therms obtained were used to measure the BET surface 
area, pore volume, and average pore diameter. 

Inductively Coupled Plasma Optical Emission Spectros-
copy (ICP-OES) 

The calcined catalysts were first dissolved in an acid so-
lution (75 % HCl and 25 % HNO3, in volume) using an 
ETHOS 1, a Milestone microwave digestion system. The 
metal content was then determined by ICP-OES (Perkin-
Elmer Optima 3300DV). 

Temperature Programmed Reduction with hydrogen 
(H2-TPR) 

The reducibility of the catalysts was studied by an Au-
toChem II Instrument (Micromeritics, USA) equipped with 
a TCD detector. The calcined catalysts were pretreated in 
situ, heating the sample to 200 ˚C with He to desorb the 
physisorbed impurities. The samples were then cooled to 
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50 ˚C, and again heated to 850 ˚C at a rate of 10 ˚C/min by 
flowing a reducing gas (5 % v/v H2 diluted in Ar).  

Temperature Programmed Desorption with ammonia 
(NH3-TPD) 

Catalyst acidity was examined by an AutoChem II Instru-
ment (Micromeritics, USA) equipped with a TCD detector. 
The calcined samples were reduced by flushing H2 (5 % v/v 
H2 diluted in Ar) at 275 ˚C for 1 h at the same temperature, 
and the physisorbed impurities were desorbed by flowing 
He for 30 min. The catalysts were then cooled to 100 ˚C, 
and NH3 (10 % v/v NH3 diluted in He) was fed to the sample 
for 30 min. The physisorbed NH3 was subsequently re-
moved by increasing the sample temperature to 150 ˚C 
with He for 60 min. Finally, the chemisorbed NH3 was de-
tected by the TCD by heating the samples to 850 ˚C with 
He at a rate of 10 ˚C/min. 

X-ray Diffraction (XRD) 
X-ray diffraction patterns for the fresh-reduced and used 

catalysts were obtained by using a Seifert XRD 3000 dif-
fractometer equipped with a PW 2200 Bragg-Brentano 
u/2u goniometer, bent graphite monochromator, and au-
tomatic slit, using Cu K radiation (0.15418 nm) and 0.028˚ 
steps for scanning. The average crystallite size was calcu-
lated using the Scherrer equation. 

Scanning Transmission Electron Microscopy (STEM) 
Elemental maps for the reduced samples were obtained 

to calculate the mean particle size of the catalysts. On the 
one hand, a FEI Titan Cubed G2 60-300 transmission elec-
tron microscope at 300 kV was used, equipped with a 
Schottky X-FEG field emission electron gun, a mono-
chromator, and a CEOS GmbH spherical aberration (Cs) 
corrector on the image side. On the other hand, a Super-X 

EDX system was used under a high-angle annular dark-
field (HAADF) detector for Z contrast imaging under 
STEM conditions (camera length of 115 mm) using a pixel 
size of 2 nm, a dwell time of 900 s, and an image size of 512 
x 512 pixels. The TEM samples were prepared by dispersion 
into an ethanol solvent and maintaining the suspension in 
an ultrasonic bath for 15 min. A drop of suspension was 
then spread onto a TEM Cu grid (300 Mesh) covered by a 
perforated carbon film, followed by drying under vacuum. 
In addition, EDX microanalyses were carried out with a Su-
per-X EDX system, using a probe current of 240 pA and a 
semi-convergence angle of 10 mrad. HAADF STEM images 
were collected with an inner detector radius of 63.5 mrad. 

X-ray Photoelectron Spectroscopy (XPS) 
Reduced and used catalysts were studied by this charac-

terization technique to analyze the surface (oxidation 
state, atomic ratios, and interactions of the species formed) 
using a VG Escalab 200R spectrometer equipped with a 
hemispherical electron analyzer and an Al K1 (h = 1486.6) 
120 W X-ray source. A stainless-steel sample holder was 
used to deposit the samples. First, the samples were de-
gassed at 300 ˚C in a pre-treatment chamber. The spec-
trometer base pressure was typically 9-10 torr (0.0133 bar). 
The spectra were collected with a pass energy of 20 eV, 
which is usually considered a high-resolution condition.  

RESULTS AND DISCUSSION 
Catalysts characterization results 
Chemical and textural properties 
Table 1 summarizes the textural properties and metal 

loading for the prepared catalysts determined from the N2 
adsorption-desorption and ICP-OES characterization 
techniques, respectively.

 

Table 1: Chemical and textural properties for the calcined support and catalysts 

a Obtained from N2-physisorption b from ICP-OES  

The calcined ZrO2 support showed the highest BET sur-
face area and pore volume. These values decreased when 
Ni and/or Cu were impregnated because the porous struc-
ture of the support was blocked by metal deposition.20–22 
Comparing the monometallic catalysts, the 15NiZr catalyst 

showed a smaller surface area than the 15CuZr, which can 
be attributed to the blocking of the pores by the metallic 
Ni clusters present on the surface. In turn, this can be as-
sociated with the low dispersion of the metal.21 Meanwhile, 

Group Catalyst BETa 
(m2/g) 

Pore volumea 

(cm3/g) 
Average pore 
diametera (nm) 

Cub  

(%) 
Nib  
(%) 

Support ZrO2 137.6 0.267 7.2 - - 

Monometallic 
15CuZr 35.1 0.094 10.7 13.0 - 
15NiZr 5.0 0.033 25.3 - 10.8 

Bimetallic  
(one-step impregnation) 

7Ni7CuZr 5.5 0.048 32.1 5.3 5.9 
15Ni7CuZr 18.3 0.034 7.4 4.1 10.0 
15Ni15CuZr 18.1 0.034 7.7 12.4 13.2 
30Ni15CuZr 77.0 0.042 3.8 8.4 18.7 

Bimetallic (two-step im-
pregnation) 

15Cu-15NiZr 18.5 0.134 29.6 10.8 8.5 
15Ni-15CuZr 12.3 0.031 10.0 8.0 11.5 
15Cu-30NiZr 30.0 0.024 4.2 18.3 22.0 
30Ni-15CuZr 18.0 0.017 5.2 11.8 30.2 
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in the case of the Cu monometallic catalyst, the metal spe-
cies can be more dispersed in the support. In the case of 
bimetallic catalysts, the alternative method of impregnat-
ing first with Ni and then Cu provided a higher surface 
area, suggesting a better dispersion for the metals. 

Regarding the metal loading of the catalysts, the experi-
mental value was found to be lower than the nominal con-
tent in most cases, and this difference became greater as 
the metal loading was increased. For bimetallic catalysts 
prepared by one-step impregnation, the incorporation of 
higher Ni loading (keeping the nominal Cu loading con-
stant) meant lower Cu loadings. In the case of bimetallic 
catalysts impregnated in two steps, the second metal was 
better impregnated than the first, leading to a higher Cu 
loading when Ni was impregnated first, and a higher Ni 
loading when Cu was impregnated first. In these catalysts, 
in contrast to one-step impregnated catalysts, impregnat-
ing higher Ni loadings (keeping the nominal Cu loading 
constant) provided higher Cu loadings. Finally, it should 
be noted that the average pore diameter was higher than 
that in the support in some cases, especially for the 
7Ni7CuZr and 15Cu-15NiZr catalysts. This suggests that the 
smaller pores were filled by the incorporated metals, in-
volving an increase in the average pore diameter.23 

Reducibility 
The H2-TPR profiles and their deconvolution for the 

monometallic and bimetallic catalysts are summarized in 
Figure 1 and Figure 2, respectively. The monometallic 
15CuZr catalyst recorded three different peaks at tempera-
tures of 195 ˚C, 205 ˚C and 240 ˚C. Similarly, monometallic 
15NiZr registered different peaks at higher temperatures 
(270 ˚C, 300 ˚C and 380 ˚C). Reports in the literature indi-
cate that highly dispersed particles and those particles in-
teracting weakly with the support record lower reduction 
temperatures. In contrast, bulk NiO and CuO and particles 
interact strongly with the support, recording high reduc-
tion temperatures.18,24,25 

The H2-TPR profiles for the bimetallic catalysts can also 
be also deconvoluted into three reduction peaks (see Fig-
ure 2). When compared to the monometallic 15NiZr cata-
lyst, all of the peas are shifted to lower temperatures. This 
observation seems to indicate that Cu facilitates the reduc-
ibility of Ni.26–28 According to the literature,20 the first peak 
is related to the reduction of the Cu+2 species, and the last 
peak to Ni+2 reduction, while the intermediate peak (in 
blue) could be associated with the reduction of Ni-Cu spe-
cies. Table 2 presents a summary of the peak temperature 
and contribution obtained from the deconvolution. 

Based on the results presented in Figure 2 and Table 2, 
the bimetallic catalysts impregnated in one step generally 
recorded a lower contribution for Ni-Cu reduction com-
pared to samples prepared by the two-step method. This 
suggests that impregnating metals in sequential steps can 
promote higher interaction between Ni and Cu species. 
Furthermore, in the case of the one-step impregnation of 

bimetallic catalysts, it seems that an increase in metal load-
ing leads to a better reducibility for the catalyst (see Figure 
2). The 7Ni7CuZr catalyst recorded the highest tempera-
ture peak at 335 ˚C, while, for the 30Ni15CuZr catalyst, this 
temperature peak decreased to 250 ˚C. The difference in 
the reduction temperature can be attributed to a weaker 
metal support interaction in the latter catalyst, leading to 
lower reduction temperatures when metal loading is in-
creased.18,29 

Interesting results were found when analyzing the 
H2-TPR profiles for those catalysts impregnated in two 
steps; the reduction temperature differs depending on the 
impregnation sequence for the metals. Specifically, a better 
reducibility was observed when Ni was impregnated in a 
second step (highest temperature peak: 215 ˚C for the 15Ni-
15CuZr catalyst, and 235 ˚C for the 30Ni-15CuZr catalyst) 
(see Figure 2), while a higher reduction temperature was 
detected when Ni was impregnated first (250 ˚C for the 
15Cu-15NiZr catalyst and 310 ˚C for the 15Cu-30NiZr cata-
lyst). According to the literature,30 the metal impregnated 
in the first step records a stronger interaction with the sup-
port. When impregnating Ni first, there is a higher interac-
tion between Ni and ZrO2, resulting in a higher reduction 
temperature. Moreover, impregnating Ni in the second 
step meant a higher contribution, and, therefore, higher 
interaction between both metals. Finally, higher Ni loading 
also involved higher interaction between Ni and Cu. 
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Figure 1: H2-TPR profiles for the monometallic catalysts 
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Acidic properties 
The acidic properties were studied by NH3-TPD. Some 

authors have reported that high acidity favors C–C bond 
cleavage, leading to the formation of degradation and/or 
ring-opening products.31,32 This phenomenon needs to be 
avoided in this reaction. Table 3 shows that the ZrO2 sup-
port had low acidity, with a value of 0.39 mmol NH3/gcat. In 
the case of monometallic catalysts, acidity decreased when 
Cu was loaded onto the support. The incorporated Cu par-
ticles could be partially covering acid sites on the support, 
thus decreasing the catalyst’s total acidity.33,34 However, 
the addition of Ni considerably increased this acidity. It 
seems that the high acidity detected for the monometallic 
15NiZr catalyst was related to the presence of Lewis acid 
sites associated with the presence of Ni2+.35 This is in good 
agreement with the H2-TPR results, where higher temper-
atures are needed to reduce this catalyst, involving the for-
mation of Ni+2 species with stronger interaction with the 
support that can also act as Lewis acid sites. 

The acidity calculated for the bimetallic catalysts was 
similar to or lower than that of the support, except for the 
7Ni7CuZr catalyst. In this last case, a similar effect to that 
found for the monometallic Ni catalyst may be taking 
place. The harder reducibility of this sample, as observed 
from the H2-TPR profiles, can be explained by the for-
mation of Ni+2 species that strongly interact with the sup-
port and act as Lewis acid sites.36 This fact is also in good 
agreement with the XPS results, where the Ni⁰/Ni+2 for the 
fresh-reduced catalyst is low when compared to the other 
bimetallic catalysts. The remaining bimetallic catalyst pre-
pared in a single step recorded comparable or slightly 
lower acidity values compared to the support. In the case 
of the bimetallic catalyst impregnated in two steps, the 
acidity was found to be even lower, except for the 15Cu-
15NiZr catalyst. The double calcination of these latter cat-
alysts can obviously favor a decrease in the number of acid 
sites. 

 

 

Figure 2: H2-TPR profiles for the bimetallic catalysts 
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Table 2: Deconvolution of H2-TPR profiles (maximum temperature of the reduction peaks and contribution in area %) 

 
Table 3: Amount of NH3 desorbed in NH3-TPD (mmol NH3 

/gcatalyst) 

X-ray diffraction characterization of the catalysts 
The XRD patterns for the fresh-reduced and used cata-

lysts are shown in Figures S1, S2 and S3. The reflections de-
tected in these diffraction patterns correspond to Cu⁰ (2θ 
= 43.4˚, 50.5˚ and 74.2˚) and Ni⁰ (2θ = 44.7˚, 52.1˚ and 
76.3˚). Diffraction peaks ascribed to carbon were detected 
in the used catalysts (2θ = 35.8˚, and 60.1˚), which may be 
related to coke formation under reaction conditions.33,37–39 
A high peak at 2θ = 35.9˚ was observed in some used cata-
lysts. This peak was attributed to CSi, which was used to fix 
the catalytic bed. Moreover, the average Ni and Cu crystal-
lite sizes for these catalysts were calculated by the Scherrer 
equation, and these data are summarized in Table S1, S2 
and S3. 

Concerning monometallic catalysts (see Figure S1), the 
fresh-reduced 15CuZr catalyst registered defined peaks as-
sociated with metallic Cu crystallites with a size of 50 nm. 
After the reaction, they were transformed into small crys-
tallites that could hardly be detected by XRD. A barely no-
ticeable peak can be discerned in the XRD pattern for the 
freshly reduced 15NiZr catalyst, which can be ascribed to 
an amorphous structure. Moreover, peaks related to car-
bon deposition were observed in the used catalyst. 

The reduced and used bimetallic 7Ni7CuZr catalyst im-
pregnated in one step did not record any peaks related to 
Ni⁰ or Cu⁰. This means that this catalyst was composed 

mainly of small crystallites before the reaction, and that 
these crystallites did not recrystallize during the reaction. 
Similarly, the 15Ni7CuZr catalyst showed a small peak (2θ 
= 44.7˚) that may be related to metallic Ni crystallites with 
an average size of 20 nm. After the reaction, Ni crystallites 
were not detectable by XRD (crystallite size < 5 nm). The 
interaction between Ni and Cu crystallites could not be ob-
served in any of these cases. In contrast, the 15Ni15CuZr 
catalyst registered a double-peak in both the fresh-reduced 
and used catalysts at two different positions 2θ= 43 - 44˚ 
and at 2θ˚= 51˚, which may be related to Ni-Cu crystallites. 
A comparison of crystallite size before and after the reac-
tion showed that the size of the Cu-enriched crystallites 
decreased, while the size of those enriched in Ni increased. 
This finding suggests that a rearrangement of the crystal-
lites occurred during the reaction, leading to smaller Cu-
enriched crystallites and larger Ni-enriched crystallites. Fi-
nally, the crystallites observed in the 30Ni15CuZr catalyst 
were enriched in Ni, decreasing in size from 15 nm to 10 nm 
after hydrogenolysis reaction. Cu crystallites were not de-
tectable. 

The bimetallic 15Cu-15NiZr and 15Ni-15CuZr catalysts im-
pregnated in two steps recorded highly intensive signals 
ascribed to a Ni-Cu combination. The crystallite size in-
creased slightly in the case of 15Cu-15NiZr, probably due to 
the sintering of the metallic sites. When adding a higher Ni 
loading, i.e., 15Cu-30NiZr, the catalyst recorded a similar 
crystallite size before and after the reaction. This means 
that the crystallite structure was kept stable during the re-
action. In contrast, the crystallites in the 30Ni-15CuZr cat-
alyst grew, probably because of a sintering effect. 

To understand the difference in the crystal composition 
between pure Ni and Cu and bimetallic Ni-Cu, an enlarged 
graph for the fresh catalysts is reported in Figure S4. The 
monometallic Cu and Ni registered a diffraction peak at 2θ 
= 43.4˚ and 2θ = 44.7˚, respectively. The bimetallic catalysts 
recorded a reflection angle between these two limits, 
meaning that the crystallites were formed by both Ni and 
Cu metals. In the case of bimetallic catalysts impregnated 
in two steps, adding Cu in a first step produced crystallites 
enriched in Ni. Moreover, impregnating Ni in a first step 

Group Catalyst 
Cu Ni-Cu Ni 
T 
(⁰C) 

Contribution  
(%) 

T 
(⁰C) 

Contribution 
(%) 

T 
(⁰C) 

Contribution  
(%) 

Bimetallic  
(one-step  
impregnation) 

7Ni7CuZr 225 18 275 9 335 74 
15Ni7CuZr 250 52 270 24 340 24 
15Ni15CuZr 200 52 265 45 320 4 
30Ni15CuZr 250 84 270 12 320 5 

Bimetallic (two-
step  
impregnation) 

15Cu-15NiZr 220 37 250 47 325 16 
15Ni-15CuZr 140 19 215 61 250 19 
15Cu-30NiZr 250 17 310 69 355 14 
30Ni-15CuZr 200 4 235 86 290 10 

Group Catalyst mmol NH3/gcat 

Support ZrO2 0.39 

Monometallic 
15CuZr 0.18 
15NiZr 1.09 

Bimetallic  
(one-step  
impregnation) 

7Ni7CuZr 1.12 
15Ni7CuZr 0.41 
15Ni15CuZr 0.35 
30Ni15CuZr 0.38 

Bimetallic  
(two-step  
impregnation) 

15Cu-15NiZr 0.38 
15Ni-15CuZr 0.11 
15Cu-30NiZr 0.16 
30Ni-15CuZr 0.17 
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provided Cu-enriched crystals. This is consistent with the 
Ni and Cu loadings measured by ICP-OES. 

Morphological characteristics 
The elemental maps for the most interesting bimetallic 

catalysts were obtained by Scanning Transmission Elec-
tron Microscopy, which was used to calculate the average 
size of the metallic particles. The maps for the fresh-re-
duced catalysts and the value of the average particle size 
are shown in the Supporting information (Figure S5) and 
Table 4, respectively. The elemental maps reflected the in-
teraction between Ni and Cu ascribed to bimetallic parti-
cles. Moreover, an optimal dispersion of these particles in 
the support was observed. Regarding the mean particle 
size, the bimetallic catalysts impregnated in one step rec-
orded a higher particle size than the catalysts impregnated 
in two steps, and, in this sense, lower particle sizes gener-
ally lead to a higher dispersion of active sites. However, the 
15Cu-15NiZr catalyst did not follow this tendency; in spite 
of being synthetized in two steps, it showed similar particle 
sizes compared to those catalysts prepared in a single im-
pregnation step. 
Table 4: Mean particle size for the bimetallic catalysts 

Surface properties 
The oxidation state of the species formed after catalyst 

preparation and their atomic ratios were studied by XPS 
for fresh-reduced and used catalysts. The results are sum-
marized in Table 5. The ratios between the metallic Cu and 
Ni and their ions were calculated to understand whether 
the species underwent oxidation or reduction during the 
reaction. The Ni⁰/Zr ratio was also calculated due to the 
importance of surface metallic Ni content in the product 
distribution. Moreover, the deconvolution of the main cat-
alysts is outlined in Figure S6. 

A comparison of the monometallic catalysts showed that 
the 15CuZr catalyst recorded a higher metal-to-Zr ratio 
than the 15NiZr catalyst, suggesting that a higher amount 
of surface metal was available in the 15CuZr catalyst. More-
over, the monometallic Cu catalyst recorded a slight de-
crease in the Cu/Zr ratio after being used in the reaction, 
presumably owing to the coke deposition on the active 
sites and/or metal sintering. Coke formation was con-
firmed by the C/Zr ratio, which was observed to increase 
after the reaction for all the prepared catalysts. In the case 
of the monometallic Ni catalyst, the decrease in the metal-

to-support ratio (probably caused by the sintering of Ni 
particles) and the increase in the C/Zr ratio after hydrogen-
olysis were more notable, as well as their observation in the 
XRD results. It is important to note the low Ni⁰/Ni+2 ratio 
for the fresh-reduced Ni monometallic catalyst, which was 
consistent with the H2-TPR results, where a high reduction 
temperature was observed. Coke deposition can also be as-
sociated with the high acidity40 ascribed to the presence of 
Ni+2 Lewis acid sites (as shown by the NH3-TPD results). 

The catalysts prepared by one-step impregnation be-
haved differently depending on the Ni and Cu loading. 
Both the 7Ni7CuZr catalyst and the 15NiZr catalyst rec-
orded a low Ni⁰/Ni+2 ratio in the fresh-reduced state. This 
finding closely matches the H2-TPR and NH3-TPD results, 
whereby these catalysts presented higher reduction tem-
peratures and higher acidities. The used 15NiZr catalyst 
was completely covered by carbon, according to the high 
acidity observed in its NH3-TDP. A high carbon deposition 
was also observed for the 15Ni7CuZr catalyst. In addition, 
note should be taken of the high Ni⁰/Zr ratio of the 
15Ni15CuZr catalyst, which decreased after the reaction, in-
dicating that Ni was oxidized during the reaction. In this 
sense, the butanol or water produced as a byproduct dur-
ing the hydrogenolysis reaction could oxidize the Ni spe-
cies to NiO during the reaction, as reported previously.41–43 
The high Cu/Zr ratio detected in the fresh-reduced catalyst 
fell sharply after the reaction. Finally, the 30Ni15CuZr cat-
alyst recorded lower metal-to-support ratios, and a de-
crease in these ratios after the reaction, probably because 
of the inaccessibility of the metallic sites after being par-
tially covered by carbon deposits. Indeed, a high C/Zr ratio 
was observed for this catalyst after reaction, which was as-
cribed to a high coke deposition on its surface. 

Concerning the bimetallic catalysts synthetized in two 
steps, the 15Cu-15NiZr catalyst recorded the highest carbon 
deposition, which was consistent with its higher acidity 
(see Table 3). Moreover, this catalyst recorded low metal-
to-support ratios before the reaction, which increased after 
25 h on stream; this could be explained by the carbon dep-
osition on the catalyst support, implying that less support 
was accessible after the reaction. A similar effect was ob-
served for the 15Ni-15CuZr catalyst, where higher metal-to-
support ratios were obtained in the used catalysts. Moreo-
ver, metals were reduced during the reaction. When im-
pregnating a higher amount of Ni (for the 15Cu-30NiZr and 
30Ni-15CuZr catalysts), higher Ni/Zr ratios were obtained, 
which in turn slightly decreased after the reaction. In the 
case of the reduced 30Ni-15CuZr catalyst, the metal-to-sup-
port ratio was higher than that of the 15Cu-30NiZr catalyst. 
In both cases, Ni⁰/Zr was high at the beginning of the re-
action, but Ni was partially oxidized during the reaction, 
and, therefore, a lower ratio was recorded after the reac-
tion. As explained before, either the solvent or the water 
produced during the reaction could be the agents respon-
sible for metallic Ni oxidation.

Group Catalyst 
Mean particle 
size (nm) 

Bimetallic  
(one-step  
impregnation) 

15Ni15CuZr 55.5 

30Ni15CuZr 48.6 

Bimetallic  
(two-step  
impregnation) 

15Cu-15NiZr 44.7 

15Ni-15CuZr 22.9 

15Cu-30NiZr 26.9 

30Ni-15CuZr 20.9 
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Table 5: XPS results for the monometallic and bimetallic catalysts 

* Used catalyst operating conditions: T = 275 ⁰C; PH2 = 15 bar; time on stream: a 10 h; b 24 h; c 25 h 

Activity results 
Monometallic catalysts 
The activity results for the monometallic catalysts are 

summarized in Figure 3. The 15CuZr catalyst underwent a 
complete HMF conversion, whereas the monometallic Ni 
catalyst recorded a conversion of over 90 %. The 15CuZr 
catalyst recorded a DMF yield of approximately 30 %, and 
was found to be stable after 10 h on stream. In contrast, the 
15NiZr catalyst reached a maximum yield of 20 % after 4 h 
time on stream, but decreased to 10 % after 10 h reaction 

time. In both cases, no DMTHF was detected. The better 
performance of the 15CuZr catalyst could be related to its 
greater BET area and its better reducibility providing a 
higher HMF conversion and DMF yield. Moreover, the 
higher acidity of the 15NiZr catalyst can favor C–C cleavage, 
producing ring-opening products.44 The deactivation of 
this catalyst could be caused by the coke deposition on the 
active sites (determined by XPS and XRD characterization 
techniques) and/or by possible particle sintering (as ob-
served from the data derived from XPS). 

 

Figure 3: Conversion and yield for the monometallic catalysts (  HMF conversion,  DMF yield and  DMTHF yield) 

Group Catalyst Cu/Zr Cu0/ 
(Cu+1 + Cu+2) Ni/Zr Ni0/Ni+2 Ni0/Zr C/Zr 

Monometallic 
15CuZr 

Reduced 0.37 1.64    1.12 
Useda 0.25 1.28    10.80 

15NiZr 
Reduced   0.15 0.20 0.03 4.96 
Useda   0.07 0.32 0.02 35.68 

Bimetallic 
(one-step 
impregnation) 

7Ni7CuZr 
Reduced 0.22 0.39 0.04 0.37 0.01 6.63 
Useda - - - - - Only C 

15Ni7CuZr 
Reduced 0.27 0.38 0.58 0.79 0.26 63.09 
Useda 0.62 0.74 0.35 0.43 0.11 261.68 

15Ni15CuZr 
Reduced 1.59 0.33 1.35 0.46 0.42 7.20 
Usedb 0.28 1.95 1.32 0.32 0.32 20.67 

30Ni15CuZr 
Reduced 0.51 0.44 0.44 0.78 0.19 4.19 
Usedb 0.43 1.08 0.23 0.40 0.07 78.92 

Bimetallic  
(two-step 
impregnation) 

15Cu-15NiZr 
Reduced 0.43 1.32 0.05 0.56 0.02 38.39 
Usedc 2.56 1.45 0.48 0.55 0.17 126.18 

15Ni-15CuZr 
Reduced 0.57 0.43 0.54 0.71 0.23 4.28 
Usedc 0.77 1.07 0.79 0.92 0.38 51.48 

15Cu-30NiZr 
Reduced 1.26 0.93 1.35 1.13 0.71 11.44 
Usedc 0.61 1.44 1.32 0.39 0.37 18.97 

30Ni-15CuZr 
Reduced 1.46 1.07 1.46 1.19 0.79 5.15 
Usedc 1.20 2.77 1.26 0.40 0.36 49.04 
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Bimetallic catalysts impregnated in one step 
The activity results for bimetallic catalysts impregnated 

in one step are summarized in Figure 4. For the 7Ni7CuZr 
and 15Ni7CuZr catalysts, the reaction was stopped after 
10 h due to the poor total yield and the observed deactiva-
tion after 7 h on stream. In both cases, a small amount of 
DMTHF was detected in the first reaction hours. The high 
carbon deposition may cover the active metal sites, and, 
thus, result in the deactivation of the catalysts. In contrast, 
impregnating higher amounts of Ni and Cu (15Ni15CuZr 
and 30Ni15CuZr catalysts) provided higher yields for the 
desired products during 24 h of reaction time (the figures 
for the conversion and yields at 23 h are the averages for 
the overall production during the night). The good perfor-
mance of these catalysts can be attributed to their higher 
interaction between Cu and Ni metals, as observed in the 
XRD results. Therefore, there seems to be a close relation-
ship between the DMTHF and DMF yield obtained and the 

Ni-Cu interaction formed in each catalyst (Figure 6). The 
high DMTHF production associated with the 15Ni15CuZr 
catalyst at the beginning of the reaction (40 % yield of 
DMTHF at 4 h of reaction time) can be linked to the high 
metallic Ni content on the surface of the catalyst detected 
by XPS, which has a high hydrogenation capacity. After the 
reaction, the catalyst showed some Ni oxidation, which 
may be responsible for the decrease in the production of 
DMTHF, which seems to take place through DMF hydro-
genation. Finally, the 30Ni15CuZr catalyst recorded a max-
imum DMF yield of 25 %, which remained almost constant 
after 24 h of reaction. As regards the aforementioned cata-
lyst, a small production of DMTHF was observed at the be-
ginning of the reaction. This may be due to the smaller 
amount of metallic Ni observed by XPS and the lower dis-
persion of the metals due to larger crystallites, compared 
to the 15Ni15CuZr catalyst. 

 

Figure 4: Conversion and yield for the bimetallic catalysts impregnated in one step (  HMF conversion,  DMF yield and 
DMTHF yield)
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Bimetallic catalysts impregnated in two steps 
Figure 5 shows the activity results for the bimetallic cat-

alysts impregnated in two steps. The high production of 
DMF and DMTHF is probably related to the interaction of 
Ni and Cu (Figure 6). Moreover, the yields for the desired 
products are higher than that found for the bimetallic cat-
alysts impregnated in one step. This can be ascribed to the 
lower particle size of these catalysts. The 15Cu-15NiZr cat-
alyst reached a maximum DMF yield of 50 % after 8 h of 
time on stream, which then fell to 10 % after 25 h, probably 
due to the sintering of metal particles and/or coke deposi-
tion on the active sites. Furthermore, this catalyst hardly 
produced any DMTHF. In contrast, the 15Ni-15CuZr cata-
lyst recorded a lower deactivation after 25 h time on 
stream; reaching a maximum DMF yield of 70 % after 8 h. 
The higher yield observed in this catalyst may be related to 
its smaller bimetallic Ni-Cu particles with higher disper-
sion. In addition, the higher metal-to-support ratio ob-
served by XPS may enhance the production of the desired 
products. 

The 15Cu-30NiZr and 30Ni-15CuZr catalysts recorded 
high yields of DMTHF. The higher metallic Ni surface con-
tent observed by XPS produces higher DMTHF due to the 

hydrogenating capacity of Ni.45 Both catalysts showed a 
similar tendency, achieving high DMTHF yields at the first 
stage of the reaction, and high DMF yields after 23 h of 
time on stream. As indicated by the results obtained from 
XPS (see Table 5), Ni was partially oxidized during the re-
action, presumably suppressing its DMF hydrogenation ca-
pacity and producing DMF instead of DMTHF. However, 
the 15Cu-30NiZr catalyst recorded a lower DMTHF yield 
during the reaction. This can be ascribed to the lower Ni/Zr 
and Cu/Zr ratios observed in XPS; with higher Ni loading 
implying lower particle size, which resulted in a better dis-
persion for the catalyst. Additionally, the interaction of 
Ni-Cu observed in the H2-TPR profiles became stronger 
when the Ni loading was increased. These two considera-
tions can explain the better performance of the catalysts 
with higher Ni loadings. 

As noted, there seems to be a close relationship between 
the Ni-Cu interactions observed in H2-TPR deconvolution 
profiles and the maximum yield obtained (the sum of DMF 
and DMTHF production)

Figure 5: Conversion and yield for the bimetallic catalysts impregnated in two steps (  HMF conversion,  DMF yield and 
DMTHF yield)
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Study of the evolution of the catalytic system over the 
reaction 

 

Figure 6: Relation between % Ni-Cu and maximum yield 

As discussed above, some catalysts produced DMTHF at 
the beginning of the reaction, probably due to the presence 
of Ni metal active sites. However, the lower Ni°/Ni2+ ratio 
observed in the used catalysts suggests a progressive Ni ox-
idation process during the reaction, which decreases the 
hydrogenation capacity. To confirm these results, different 
activity tests were carried out by using the 15Cu-30NiZr 
catalyst for different on stream times (see Table 6). The 
used catalyst at these different reaction times was then 
characterized by XRD and XPS techniques to observe the 
evolution of the catalyst properties. 
Table 6: XRD results for the 15Cu-30NiZr catalyst tested 

at different reaction times 

The XRD results summarized in Table 6 show that the 
Ni and Cu crystallites followed a similar pattern during the 
first 10 hours of reaction time, showing a slight decrease in 
the contribution of the Ni crystallites. This suggests that 
some Ni crystallites lose some crystallinity during the reac-
tion. After 25 h of reaction time, this decline became more 
significant. In addition, this trend is comparable to the 
DMTHF yield profile observed during the activity tests. 
Specifically, a higher DMTHF yield was observed at the be-
ginning of the reaction, where Ni crystallites remained al-
most stable, and DMTHF production decreased while Ni 
crystallites became less crystalline. 

Finally, the XPS technique was used to understand the 
change in the oxidation state of metallic species during the 
reaction, and the results are summarized in Table 7. In gen-
eral, a difference is found between the Cu and Ni oxida-
tion-reduction trends. Cu was reduced during the reaction 
due to the H2 atmosphere inside the reactor. However, Ni 
underwent an oxidation process during the reaction, which 
could be observed from the decrease in the Ni0/Zr ratio 
during the reaction, and may be the reason for the ob-
served decrease in DMTHF production. In fact, when the 
metallic Ni on the surface was oxidized, its hydrogenating 
capacity was reduced, which means the hydrogenation 
process for DMF to produce DMTHF was limited. 
Table 7: XPS results for the 15Cu-30NiZr catalyst tested at 
different reaction times 

 
CONCLUSIONS 
The catalytic conversion of DMF and DMTHF from HMF 

was carried out in a continuous fixed-bed reactor. Accord-
ingly, monometallic and bimetallic catalysts were prepared 
in one or two impregnation steps and then synthetized. 
The impregnation steps, which were responsible for pro-
ducing different textural and physico-chemical properties 
for the bimetallic catalysts, were crucial for the selective 
hydrogenolysis of HMF to produce DMF or DMTHF. 

In general, bimetallic catalysts recorded a better perfor-
mance and stability than their monometallic counterparts. 
This is probably due to the presence of the Ni-Cu interac-
tion. In addition, impregnating Ni and Cu metals in se-
quential steps was found to lead to higher Ni-Cu interac-
tion, smaller particle sizes, and lower acidity. These lower 
acidity values possibly prevented C–C cleavage and 
avoided the production of ring-opening products. Moreo-
ver, the lower acidity involved less coke deposition, which 
resulted in lower catalyst deactivation. Another important 
conclusion is that metallic Ni deposited onto the surface of 
the catalyst was responsible for DMTHF production. This 
Ni was partially oxidized during the reaction, leading to a 
loss in hydrogenating capacity, which limited the hydro-
genation step of DMF to DMTHF. Finally, impregnating Ni 
in a second step involved better reducibility and enhanced 
dispersion for the metals. Furthermore, higher Ni loading 
implied a stronger Ni-Cu interaction and better metal dis-
persion. The 30Ni-15CuZr catalyst, therefore, recorded the 
best performance, with DMF and DMTHF yields of above 
75 %. 
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1.26 0.93 1.35 1.13 0.71 

3 h 1.22 1.01 1.34 0.86 0.62 

6 h 1.21 0.96 1.26 0.67 0.50 

10 h 0.71 0.96 1.22 0.52 0.41 

25 h 0.61 1.44 1.02 0.39 0.37 
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Cu Ni Cu Ni 
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30 10 16 84 

3 h 25 10 15 85 
6 h 30 10 20 80 
10 h 25 10 22 78 
25 h 25 15 44 56 
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The oxidation of metallic Ni is the limiting step in the hydrogenation of DMF to DMTHF, which are green biofuels that 
have the potential to replace conventional gasoline. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

O OH 
O O 

HMF DMF DMTHF 

Limiting step 
Ni ⁰ Ni ⁺² 

BIOFUELS 

O 




