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ABSTRACT: Glucose dehydration to HMF and its hydro- genolysis to DMF, a suitable biofuel, have been 
studied using the same catalysts for both processes. The 10CuZr catalyst shows the highest HMF yield 
(25.6%) with an acceptable glucose conversion (75.8%) after 1.5 h on stream. By increasing the time on 
stream from 1.5 to 5.5 h the HMF yield (33.2%) and glucose conversion (94.5%) are improved. In the case 
of DMF production, the 15CuZr catalyst shows the highest DMF yield (30%). This behavior is notably 
improved when Ru is added to the 15CuZr catalyst, reaching a DMF yield of 45.6%. These activity results 
could be related to the higher amount of Cu0 species exposed on the catalyst surface and the increase of 
coke resistance. Finally, the 1Ru15CuZr catalyst is used in DMF production using glucose derived HMF as 
raw material, and a DMF yield and HMF conversion of 16.4% and 77.5% are achieved, respectively. 

1. Introduction

Petroleum, coal, and natural gas still represent the most important resources in the current energy 
system, 80% of the primary energy consumption.1,2 The oil production increases year by year, and the 
carbon proportion in the world electricity mix has increased in the last years.3,4 However, these energy 
sources are fossil fuels, and there are serious concerns about their depletion in the following decades.2,5−7 
Apart from all these data, there is evidence that the climate of the planet is changing due to the global 
warning. The temperature of the earth is increasing, and the ice of the poles is beginning to melt; all these 
changes are attributed to the Greenhouse Effect produced by the CO2 emissions coming from the 
combustion of fossil fuels.5,8  

Petroleum not only plays an important role in the transportation sector, where the main fuels and 
additives  have a nonrenewable petroleum-derived origin, but also in the chemical industry. It must be 
taken into account that some oil- derived chemicals are the base or platform products in the production 
of a wide variety of products like plastics, carpets, cloths, wall paints, perfumes, hairsprays, etc.9 Thus, 
research and development in sustainable and environmentally friendly alternatives has become one of 
the technological goals of the near future. 
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The biorefinery can be a good alternative to cover the current needs of energy, fine chemicals, and 
unconventional fuels.1,10 Regarding biodiesel and bioethanol generated from first generation biomass, it 
must be said that they had a great contribution on the transportation sector, but they came into conflict 
with the food industry.11,12 Moreover, due to the drawbacks presented by this first generation biofuels in 
their use in transportation motors, the efforts are leading to the development of second generation 
biofuels and bioadditives,11,13 which can be produced from nonfood residual lignocellulosic biomass 
(sugars).7,12,13  

According to the literature,14 the top seven chemical building blocks can be produced from sugars using a 
chemical route: levulinic acid, glucaric acid, sorbitol, arabitol, xylitol, furfural, and 5-
hydroxymethylfurfural (HMF). HMF is an aromatic aldehyde, and it is believed as an outstanding platform 
chemical due to its many advantages. It is considered as a bridge between biomass resources and 
biochemicals.15 HMF production has the great advantage that it can be produced from different sugars 
like glucose, fructose, and sucrose, and afterward, it can be converted into biofuels, such as 2,5-
dimethylfuran (DMF), and some other fine chemical molecules like levulinic acid (LA), 2,5-
furandicarboxylic acid (FDCA), or ethyl levulinate (EL).1,6,10,15−17 The present paper focuses on the use of 
lignocellulosic biomass in the production of HMF and its posterior conversion into DMF. 

HMF used to be separated from the reaction mixture of fructose, sucrose, and oxalic acid.17 Nowadays, 
the most extended reaction to produce HMF is dehydration of the aforementioned carbohydrates over acid, 
homogeneous, or heterogeneous catalysts.1,10,16,17 The most used carbohydrate is fructose rather than 
glucose and sucrose due to its higher reactivity toward HMF. However, in the last years the research is 
focused on the use of glucose, which can be obtained from cellulose hydrolysis, as raw material for HMF 
production.18−21 DMF is considered as a high-quality fuel, as ethanol, an ideal renewable and sustainable 
substitute or additive of conventional gasoline.2,15 It presents a high energy density, similar to that of 
gasoline and higher than ethanol,6,13 and high octane number, higher than gasoline.1 Moreover, DMF 
shows very low solubility in water, and therefore it can be used as a blender in transportation fuels.13,22 In 
this sense, some literature reports the good performance of the DMF as a fuel on direct injection spark 
ignition (DISI) type engines6,8 without any important modifications of the engine and also in compression 
engines.23 Other authors like Jezak et al.24 conclude that DMF could be an additive to petroleum-based 
fuels but taking into consideration pressure and temperature conditions. Moreover, DMF reduces 
significantly the amount of large particles produced, reducing the total mass of particles emitted, although 
it is not able to reduce significantly the number of particles smaller than 10 nm.25 DMF can be produced 
from hydrogenolysis, also called selective hydrogenation, of HMF13 using non-noble and noble metal 
catalysts according to the last findings published recently in the open literature.1,2 This reaction involves 
different pathways1,13,26 in which dehydration and hydrogenation reactions are predominant. Figure 1 
shows a simplified reaction scheme of DMF production from biomass. 

As reported in the recent literature about this topic, DMF production from HMF catalytic hydrogenolysis 
is mainly carried out by batch systems,1,6,16,22,26,31 using synthetic HMF as reactant and noble, such as 
Pd, Pt, Ru, Rh, and Au,1,2,22,31−33 and non-noble, such as Cu, Co,  Ni,  and  Fe,6,34,35 metal-based catalysts. 
Only a few research works report information about hydrogenolysis of HMF over continuous 
systems10,33,36 using real feed of HMF.11,16,36 

Based on this background and the results obtained in our previous research,11 which concluded that the 
neutral nature supports, such as ZrO2, seem to be promising materials, the present work deals with the 
production of DMF (via HMF) using synthetic glucose as feedstock using a continuous reactor and different 
Cu/ZrO2 catalysts. In order to achieve this objective, the experiments were carried out in two steps: 

I. HMF production from glucose in a batch reactor. The obtained HMF was denoted “low grade 
HMF”. 
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II. Conversion of HMF into DMF in a continuous fix bed catalytic reactor. This second step was carried 
out also in two different steps: 

II.a) Optimization of reaction conditions using syn- thetic HMF, which was named “high grade HMF”. 

II.b) DMF production from “low grade HMF. 

 

 

Figure 1. Desirable production route of DMF via HMF from biomass. Adapted from refs 11, 18−21, and 27−30. 

 

2. Experimental procedure 

2.1. HMF and DMF production 

Synthetic glucose (Sigma-Aldrich, ≥99%) was used to produce “low grade HMF”. Different supports 
and catalysts were tested using a stirred 50 mL autoclave reactor where the temperature is controlled 
by an external thermocouple placed inside the reaction mixture. Single-phase and biphasic reactor 
systems were studied adding different quantities of 1-butanol (Sigma- Aldrich, ≥99%) into the aqueous 
reactant mixture. 1-Butanol is one of the most used polar protic solvent agents in DMF 
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production.16,22,31,36 However, some other supercritical com- pounds and ionic liquids are also used as 
solvents as report Bhanja and Bhaumik in their review article.37 Once the reactant solution (2.5 wt % 
of glucose, 26 wt % of water, and 71.5 wt % of 1-butanol) was incorporated into the batch reactor, the 
production of HMF was carried out under 1.5 MPa of N2 and 200 °C. The reactor was maintained under 
these conditions during a certain period of time, in which it was not possible to withdraw samples, and 
after it the reactor was cooled down, and the reaction products were analyzed by GC-FID and HPLC. 

In order to produce DMF “high grade HMF” (Sigma- Aldrich, 99%) diluted in 1-butanol was used as a first 
step. For this purpose a continuous bench-scale fixed bed reactor in which 0.5 g of catalyst was diluted 
with inert SiC (catalyst/SiC=  1:9  wt),  corresponding  to  WHSV  (g  HMF/(g  cat·h)), a value of 0.15 h−1 was 
used. Prior to the hydrogenolysis reaction, all tested catalysts were activated in situ under 100 N mL/min 
of H2 at 0.1 MPa and 400 °C for 2 h. The activity tests were carried out at 200 °C and 15 bar of H2. The feed 
and output liquid streams were collected and analyzed by an HPLC and by GC-FID. After the optimization 
of the DMF production process using “high grade HMF”, the “low grade HMF” was used as feed in this 
second step. 

For a better understanding of catalytic activity and product distribution, parameters such as glucose 
conversion and HMF yield (%) in the first step and HMF conversion (%) and DMF yield (%) are used in this 
work: 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (%) =  
𝑁𝑁𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔/𝐻𝐻𝐻𝐻𝐻𝐻
𝑖𝑖𝑖𝑖 (𝑚𝑚𝐶𝐶𝑚𝑚/𝑚𝑚𝐶𝐶𝐶𝐶) − 𝑁𝑁𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔/𝐻𝐻𝐻𝐻𝐻𝐻

𝑔𝑔𝑔𝑔𝑜𝑜 (𝑚𝑚𝐶𝐶𝑚𝑚/𝑚𝑚𝐶𝐶𝐶𝐶)
𝑁𝑁𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔/𝐻𝐻𝐻𝐻𝐻𝐻
𝑖𝑖𝑖𝑖 (𝑚𝑚𝐶𝐶𝑚𝑚/𝑚𝑚𝐶𝐶𝐶𝐶)

𝑥𝑥100 

 

 

𝑌𝑌𝐶𝐶𝐶𝐶𝑚𝑚𝑒𝑒 (%) =  
𝑁𝑁𝐻𝐻𝐻𝐻𝐻𝐻/𝐷𝐷𝐻𝐻𝐻𝐻
𝑔𝑔𝑔𝑔𝑜𝑜 (𝑚𝑚𝐶𝐶𝑚𝑚/𝑚𝑚𝐶𝐶𝐶𝐶)

𝑁𝑁𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔/𝐻𝐻𝐻𝐻𝐻𝐻
𝑖𝑖𝑖𝑖 (𝑚𝑚𝐶𝐶𝑚𝑚/𝑚𝑚𝐶𝐶𝐶𝐶)

𝑥𝑥100 

 

2.2. Analysis. 

Both the reactants (glucose and HMF) and the reaction products (HMF and DMF) were analyzed by 
chromatography. HMF quantity on feed and liquid product stream was analyzed by an Agilent HPLC 
chromatograph (1260 Infinity) equipped with Hi-Plex H column and infrared detector; DMF and other 
products in the liquid product stream were quantified using a Hewlet Packard GC using a flame ionization 
detector (FID) equipped with a Suprawax 280 capillary column. 

2.3. Catalyst preparation. 

For these experiments Cu and Ru−Cu catalysts supported on commercial ZrO2 (Alfa Aesar, ZrO2 99%), 
designed as ZrO2, were prepared by the wetness impregnation method. RuCl3 (Johnson Matthey, metallic 
base Ru 40%) and Cu(NO3)2·3H2O (Alfa Aesar, 98%) salts were used as ruthenium and copper precursors, 
respectively. The monometallic Cu catalysts, designed as 2.5CuZr, 10CuZr, 15CuZr, and 20CuZr in which 
the numerical factor belongs to nominal wt % of copper, were prepared by a single step impregnation. 
Conversely the bimetallic catalyst, designed as 1Ru15CuZr (also in nominal weight), was carried out by 
impregnation of the 15CuZr catalyst with a ruthenium precursor solution. After impregnation and drying, 
the samples,  including ZrO2 support designed as ZrO2 cal, were calcined in air at 250 °C for 2 h. 

2.4. Catalyst characterization. 

The catalysts were characterized by several physicochemical techniques such as plasma atomic emission 
spectroscopy (ICP-AES), surface area (BET method), temperature-programmed reduction (TPR), 
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temperature-programmed desorption with ammonia (TPD), in order to measure the acidity of the 
catalysts, X-ray photo- electron spectroscopy (XPS), CO chemisorption (CO-TPD), and transmission 
electron microscopy (TEM). 

2.4.1. Plasma Atomic Emission Spectroscopy 

Metal contents were determined by ICP-AES, using a PerkinElmer Optima 3300DV apparatus, previous 
dissolution of the ground samples in acid solutions (37.5% HNO3, 37.5% HF, and 25% HCl, in volume). 

2.4.2. Textural properties.  

BET  surface  area  and  pore characteristics of the calcined fresh catalysts were evaluated from  the N2  
adsorption−desorption  isotherms  obtained  at −198 °C over the whole range of relative pressures. In the 
case of the CuZr, RuCuZr, and Zr catalysts, these samples were characterized using Autosorb-1-C/TCD 
(Quantachrome, USA) after outgassing solid samples at 150 °C for 24 h. Average pore sizes were 
determined by using the BJH method 

2.4.3. H2-TPR analysis 

This technique was used to study the reducibility of the calcined catalysts. The measurements were carried 
out using an AutoChem II Instrument (Micro- meritics, USA) equipped with a TCD detector. TPR profiles 
were obtained by heating the samples from room temperature to 900 °C at a linearly programmed rate 
of 10 °C/min, while 50 mL/min of reduction gas (5% v/v H2 diluted in Ar) was passed through the sample. 
The temperature was increased from room temperature to 1000 °C at a rate of 10 C/min. The samples 
were previously outgassed at 200 °C for 30 min. 

2.4.4. X-ray photoelectron spectroscopy (XPS) 

This technique was used to evaluate the surface characteristics (oxidation state of the species formed, 
interactions, atomic ratios, etc.) of the samples. The measurements were carried out with a VG Escalab 
200R spectrometer equipped with a hemispherical electron analyzer and an Al K1 (h = 1486.6 eV) 120W 
X-ray source. The powdered samples were deposited on a stainless steel sample holder, placed in the 
pretreatment chamber, and degassed at 300 °C. The spectrometer base pressure was typically 10−9 Torr 
(0.00133 MPa). The spectra were collected at a pass energy of 20 eV, which is typical of high resolution 
conditions. Both fresh and spent catalysts were analyzed with this technique. 

2.4.5. Temperature-programmed desorption with ammonia (NH3-TPD) 

Temperature-programmed desorption of NH3 was used in order to know the acid characteristics of the 
calcined samples. The used equipment was an AutoChem II instrument. First of all, samples were flushed 
by He at 250 °C for 30 min, followed by a reduction step with a 5%H2/He mixture, followed by a cooling 
step at 40 °C, and loading of NH3 for 30 min. Then the physically absorbed NH3 was removed using He at 
85 °C until no further desorption was recorded. Finally, the release of chemically adsorbed NH3 was 
collected increasing temperature from 85 to 800 °C at a rate of 10 °C/min. The samples were previously 
outgassed at 200 °C for 30 min 

2.4.6. Transmission electron spectroscopy analysis 

TEM work was performed on a Philips SuperTwin CM200 operated at 200 kV and equipped with LaB6 
filament and an EDAX EDS microanalysis system. The samples for the fresh-reduced TEM were prepared 
by dispersion into isopropyl alcohol solvent and keeping the suspension in an ultrasonic bath for 15 min, 
after a drop of suspension was spread onto a TEM Ni grid (300 mesh) covered by a holey carbon film 
followed by drying under vacuum. 

2.4.7. Temperature-programmed desorption with CO (CO-TPD) 



Temperature-programmed desorption of CO was used in order to know the dispersion of the fresh 
reduced catalysts. The used equipment was AutoChem II instrument. First of all, samples were reduced 
by a 5%H2/He mixture at 523 K for 60 min, followed by a cooling step at 313 K, and loading of CO in 
different pulses of CO for 30 min. The samples were previously outgassed at 200 °C for 30 min. 2.4.8. 
Diffuse reflectance infrared fourier transform (DRIFT) Diffuse reflectance infrared Fourier transform, 
DRIFT, was used to distinguish Lewis and Brönsted acid sites of the catalysts under study in the present 
paper. A VERTEX 70 spectrometer coupled with an external sample chamber that enables measurements 
under vacuum and a mercury cadmium telluride (MCT) detector was used (Bruker, Germany). The 
samples were pretreated in situ under vacuum for 1 h at 250 °C and later cooled down to 40 °C in order 
to record the background spectra. The main measurement features were a spectral range from 1800 to 

1200 cm−1, 200 scans, and a resolution of 4 cm−1. After the pretreatment, the catalysts were kept in 
contact with pyridine vapor at 40 °C for 15 min. Afterward measurements were carried out at 40 °C after 
heating the sample up to 150 and 200 °C (reaction temperature), for 15 min, respectively. 

3. Results and discussion 

3.1. Catalyst characterization results 

3.1.1. Chemical and textural properties 

The nomenclature of the different prepared catalysts, their real copper and ruthenium contents 
determined by ICP-AES, and values of the textural properties are presented in Table 1. It can be observed 
that all of the prepared catalyst show a chemical composition close to the theorical one. With regards to 
the surface are and pore volume, the commercial Zr support presents low surface area and pore volume. 
Moreover, when the copper is added to the support, the surface area is even lower for all the prepared 
catalysts, indicating that copper species are preferentially deposited in the pore structure of the support.  

The incorporation of the lowest quantity of copper slightly reduces the pore volume of the catalyst, but 
when the higher copper amounts are added, this value falls down significantly. These results could be 
related to the progressive increase of metal content, with the 20CuZr exception, which produces the 
blocking of smallest pores and ends blocking the largest ones.38 

The incorporation of a small quantity of ruthenium to the 15CuZr catalyst does not influence neither on 
the surface area nor in the pore volume since the values are quite similar. The data presented for average 
pore size parameter corroborate that the 15CuZr catalyst shows a higher average pore size than the 
calcined support, suggesting that pore size distribution is moving to larger pore size because of the filling 
of the smallest pores.39 However, the rest of the catalysts present lower pore size than the support, 
reaching the lowest average pore size for the 10CuZr catalyst. 

Table 1. Nomenclature, Metal Loading, and Textural Properties for Calcined Pure Support and Cu and 
RuCu Catalysts 

Catalyst 
Metal content SBET  Pore volume  Av pore size  

Cu (%) Ru (%) (m2/g) (cm3/g) (nm) 

ZrO2 cala   15 0.0125 3.66 

2.5CuZr 3  12 0.0110 3.15 

10CuZr 11  10.5 0.0083 3.13 

15CuZr 17  9.4 0.0074 3.71 

20CuZr 23  9.6 0.0078 3.20 

https://upvehueus-my.sharepoint.com/personal/nerea_viar_ehu_eus/Documents/05%20PAPELEO/03%20SEXENIOS/Documentos%20repertorio/01%20Previo%20a%20la%20tesis/3-%20Previo%20a%20tesis.docx#_bookmark8


1Ru15CuZr 17 1 9.5 0.0076 3.25 

acal = calcined 

3.1.2. Reducibility 

The calcined catalysts were characterized by the TPR technique, and the obtained profiles are shown in 
Figure 2, except for the case of the 2.5CuZr catalyst, which did not present any reduction peak. This 
observation could be due to the low amount of Cu, which strongly interacts with the support.40 The 
reduction profiles suggest that all of the catalysts show a broad reduction range in which peaks are 
overlapped. Concretely, the supported Cu catalysts present the highest reduction peak in the temperature 
range that goes from 100 °C to around 300 °C, and they present another peak between 300 and 550 °C. 
According to the literature11,41 this observation suggests the presence of CuOx species with different 
interaction with the support. Concretely, species detected at low temperature range are ascribed to 
heterogeneous distributed well dispersed CuO species, while peaks  registered at a higher temperature 
range are associated with bulk or strongly Cu species interacting with the support.41−43 Although the 
15CuZr and 1Ru15CuZr catalyst’s deconvolution profiles are only presented as examples (Figure 3), all 
supported Cu catalysts show a contribution of two peaks for the lowest temperature peak. This fact could 

be suggested that a contribution of sequential reduction of CuO species from Cu2+ to Cu1+ and from Cu1+ 

to Cu0 11 of non-uniform distributed Cu species.44,45 On the other hand, those Cu species that strongly 
interact with the support seem to be more important for the 15CuZr catalyst than for the rest of the Cu 
catalysts. 

When Ru is added to the 15CuZr catalyst, reduction peaks are moved to lower temperatures (below 300 
°C), which indicates that the presence of Ru improves the Cu reduction capacity and modifies the 
interaction of Cu with the support. When RuCl3 is used as the precursor salt, an interaction between 
support and the metallic salt is generated.46 This interaction among the precursor salts can modify the 
metal’s reduction; in this case it was observed a shift in reduction temperature that may be caused by 
interphase hydrogen adsorption, which favors Cu reduction.46 However, the improvement in Cu 
reducibility could be also due to the presence of a second noble metal47−49 which facilitates the spillover 
from Ru atoms. Moreover, as Figure 3 indicates, the detected reduction peak presents a contribution of 
reduction of Cu species, as explained above, and reduction of Ru species. In this last case, according to 
the literature,50 the Ru species correspond to well dispersed RuOx and RuO2. 

  

Figure 2. TPR profiles of the ZrO2 supported Cu and RuCu catalysts 
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Figure 3. Deconvolution of 15CuZr and 1Ru15CuZr catalysts profiles 

3.1.3. Acidic properties 

Acidic properties of the catalyst, which are determined by the TPD-NH3 characterization technique, play 
an important role in dehydration of glucose  to HMF. On the other hand, it is important to understand 
these characteristics because a very acid catalyst could cause the HMF ring opening, reducing DMF yield. 
TPD-NH3 profiles of the prepared samples are included in Figure 4,    and total acidity is reflected in Table 
2. 

With regards to the acid properties of the catalysts, the NH3 desorption temperature indicates the acid 
sites strength on the catalytic surface. In this sense, the desorption signals lowerthan 200 °C, between 
200 and 450 °C, and higher than 450 °C are attributed to weak, medium, and strong acid sites, respectively. 
As Figure 4 shows, the pure and calcined ZrO2 supports present mainly low-weak acidic sites, with a total 
amount of desorbed NH3 of 0.08 and 0.09 mmol of NH3/g of catalyst (see Table 2), respectively. Supports 
present a similar NH3 desorption profile, but the calcined one presents a little bit more acidity than the 
fresh one. Some authors explain that this slight difference between the two supports is probably due to 
the presence of zirconium sites acting as Lewis acid sites besides the formation of H+ as a Brönsted acid 
from the calcination processes51 and/or due to the change of the ZrO2 phase.52 The acidity of the ZrO2 is 
slightly changed when the fraction of the tetragonal phase is increased,53 and this phase change occurs 
when the calcination temperature is maintained at 450 °C during different times. The FTIR results indicate 
(see Figure S3) that there are not Brönsted sites; therefore, the higher acidity of the calcined support may 
be due to the change of the ZrO2 phase. 

 

Figure 4. NH3-TPD profiles of pure support and Cu and CuRu catalysts 
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Table 2. Results obtained from NH3-TPD and TEM characterization techniques for pure support and 
Cu and CuRu catalysts 

Catalyst mmol NH3/gcatb 
Cu particle size (nm) c 

Ru particle 
size (nm)c 

dp internal av dp 

ZrO2 0.08    

ZrO2 cala 0.09    

2.5CuZr 0.15    

10CuZr 0.13 < 1500 500-700  

15CuZr 0.14 100-1000 500-700  

20CuZr 0.15 100-1000 300-400  

1Ru15CuZr 0.14 100-1000 500-700 5-10 

acal = calcined 

It can be also observed in Table 2 that the incorporation of Cu to the calcined support increases the total 
acidity of the catalysts. This behavior could be due to the formation of copper crystallites on oxide 
form.40,54 However, the acidity keeps almost constant when Cu loading is increased. Chary et al.55 suggest 
that the increment in the copper crystallinity may provide more surface available for dehydration activity. 
This crystallinity was observed in the high crystal size of the copper determinated by TEM and CO 
chemisorption analyses; this high crystallinity is related to the high particle size of the Cu particles (more 
than 500 nm as it is presented in Table 2). Moreover, a slight difference in the acidity strength was 
observed  for  Zr-supported  Cu  catalysts,  whose TPD-NH3 profiles present an additional peak at 200 
°C, indicating the aforementioned formation of additional acidity. Nevertheless, this new peak is located 
in the range of the lowest acid strength. 

The addition of Ru to 15CuZr catalyst has no significant effect on the acidity of the catalyst (see Figure 
4 and Table 2).  

FTIR measurements were also performed in order to analyze the Lewis/Brönstend acid sites ratio (see 
Figures S3 and S4). The main conclusions of these analyses were that all the acidity of ZrO2 support and 
CuZr and RuCuZr catalysts was due to the Lewis acid sites, being that these acid sites are weak and 
medium. As it is previously mentioned, the support calcination can create Brönsted acid sites, but 
according to Lee et al., temperatures around 600 °C are required to create these Brönsted acid sites;56 in 
the present case, the calcination temperature was 250 °C; therefore, no Brönsted acid sites were expected 
to be formed during the calcination process. FTIR profiles, which were registered at 40, 80, 150, and 
200 °C, suggest that all of the prepared catalyst samples present only very low intensity peaks associated 
with Lewis acid sites. Concretely at the highest temperature (the reaction temper- ature), at 200 °C, 
no peak of acid Lewis sites was detected. These results, together with ammonia TPD measurements, are 
indicative that these catalysts present low acidity strength. 

3.1.4. Surface properties 

Surface properties, such as surface atomic ratios and amount of different species, obtained from the XPS 
characterization technique, are reflected in Table 3. As it is observed, the Cu/Zr surface atomic ratio of fresh 
reduced monometallic catalysts increases when more Cu is added. However, this improvement is not 
detected when Cu loading is increased from 15 to 20 wt %, being the Cu/Zr atomic ratio value of 0.408 for 
both 15CuZr and 20CuZr catalysts. This fact could suggest that Cu species probably also suffer from 
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sintering phenomena.  

The Cu/Zr bulk ratio was also determined in order to compare to Cu/Zr measured by XPS. It can be 
observed that all the catalysts, except for the 20CuZr catalyst, present a higher ratio than the bulk one. 
This fact indicates that all the copper was incorporated on the surface of ZrO2 support. This is a good 
agreement with the TEM and BET results. 

In the case of the fresh reduced 1Ru15CuZr catalyst, an increase of Cu/Zr surface atomic ratio is observed 
when compared with its monometallic counterpart, indicating that the number of Cu species exposed on 
the surface is increased. As it is aforementioned, the addition of a low amount of a noble metal leads also 
to a higher metal dispersion, and therefore a higher metallic surface area, and a higher reduction degree, 
as the TPR profile of 1Ru15CuZr suggests. According to the literature,49,57 the presence of a noble metal 
to a non- noble monometallic catalyst seems to generate an intimate contact and a synergy effect between 
both metals, resulting in a better surface exposure, reduction capacity, metal dispersion, and metal surface 
area. 

The detected Cu species on the exposed surface are Cu0, Cu+, and Cu2+, being the predominant metallic 
one on the fresh reduced catalysts, except for 2.5CuZr and bimetallic catalysts. According to the 
literature,58 Cu0 and Cu+ have the same Cu 2p binding energy (932.6 eV) but different CuLMM peaks, 225.0 
and 337.4 eV, respectively. Taking into account this fact, the CuLMM binding energy was also analyzed in 
order to register the presence of the two copper phases in all fresh-reduced and used catalysts (see Figure 
S1). However, when the monometallic and bimetallic catalysts are used in the HMF hydrogenolysis, the 
surface exposure of Cu species decreases in all of the cases, and the Cu0 species suffer an oxidation 
phenomenon, resulting in a lower Cu0/(Cu2+ + Cu+) ratio than when compared with fresh reduced catalysts. 
This last observation (see Figure S1) did not happen in the bimetallic catalyst, for which the Cu0/(Cu2+ + 
Cu+) ratio increased after its use in the reaction. This fact could be related to the better reducibility of the 
15CuZr catalyst improved by the Ru presence, corroborated with the TPR profiles. Moreover, this 
reduction capacity can be related with the lowest amount of coke on the catalytic surface. It seems that 
the incorporation of the little amount of Ru on the catalysts, whose dispersion remained almost constant 
after reaction (see Table 3), improves the metal reduction during the reaction, improving the stability of 
the catalysts and limiting the coke formation,59,60 as the C/Zr ratio suggests. Unlike the 1Ru15CuZr 
catalyst, the use of Cu-supported catalysts in the hydrogenolysis reaction provokes the formation of great 
quantities of coke. 

Table 3. Results of surface atomic ratios and qualitative proportion of different species determined 
by XPS characterization techniquea 

Catalyst Cu/Zr Cu/ZrICP Ru/Zr Cu0/(Cu++Cu2+) C/Zr 

2.5 CuZr 
0.235 0.043  40/62 1.40 

0.101   38/62 57.20 

10CuZr 
0.280 0.175  70/30 1.21 

0.216   60/40 31.4 

15CuZr 
0.408 0.303  69.8/30.2 1.37 

0.277   67/33 32.4 

20CuZr 
0.408 0.505  74/26 1.37 

0.201   47.5/52.5 38.2 
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1Ru15CuZr 
1.400 0.310 0.047 27.5/72.5 3.70 

0.190  0.045 51.4/48.6 9.20 

a Bold text: fresh reduced catalyst; non bold text; catalysts in HMF hydrogenolysis 

3.1.5. Morphological characteristics 

Derived results of TEM measurements, which were performed with fresh reduced catalysts, are reported 
in Table 2 and Figure 5. Black color represents the copper particles, and the more transparent particles 
correspond to the ZrO2 particles. In the case of the 1Ru15CuZr catalyst, the ruthenium particles are also 
in black color. The identification of the different species was developed by energy dispersive spectroscopy. 
In Figure 5, it can be observed large copper particles indicating that Cu dispersion on ZrO2 is very low. In 
fact, it is possible that the zirconia can be dispersed on copper. 

Most of the TEM pictures show that the Cu particles present a large particles size (1000−1500 nm), being 
the average particle size around 400−500 nm, while the ZrO2 particle size is around 30−60 nm. Therefore, 
as aforemen- tioned, it seems that instead of having Cu dispersed on ZrO2, it is ZrO2 which is dispersed on 
Cu. The 20CuZr catalyst shows some areas with sintered ZrO2 and no Cu. This evidence is even more 
evident with the 2.5CuZr catalyst, where some pictures show only Cu but most of them show the presence 
of sintered ZrO2 particles without any Cu particle; this behavior could explain the nonexisting reduction 
peak observed in TPR for the 2.5 CuZr catalyst. Concerning the 1Ru15CuZr catalyst, similar Cu and ZrO2 
particle sizes are observed. However, in this case, Ru is well dispersed with particle size of 5−10 nm. The 
ruthenium particles are spheres, and they are dispersed on the ZrO2 as well as on the copper particles. 

 

Figure 5.  TEM images of fresh reduced 2.5CuZr, 15CuZr, 20CuZr and 1Ru15CuZr catalysts 

Complementary to TEM pictures  CO chemisorption  was performed to determinate the copper 
dispersion. As it can be observed in Table S1, the determined metal dispersion by CO chemisorption for 
the fresh-reduced catalysts was very low, as it was also observed by TEM. All the catalysts present a metal 
dispersion lower than 1%. The metallic surface area was also very low for all the catalysts due to the high 
metal particle size. The 1Ru15CuZr catalysts reached the highest metallic surface area. This catalyst 
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presents more metallic dispersion than the monometallic 15CuZr catalyst. This effect could be corrobo- 
rated by the aforementioned XPS results. Thus, the presence of a noble metal to a non-noble monometallic 
catalyst seems to generate an intimate contact and a synergy effect between both metals, resulting in a 
better surface exposure, reduction capacity, metal dispersion, and a higher metal surface area.  Regarding 
the monometallic catalysts, all of them present similar metallic surface areas, following this order: 
2.5CuZr, 15CuZr, 10CuZr, and 20CuZr. 

3.2. Activity results 

Two activity tests were carried out: (i) dehydration of glucose to produce HMF and (ii) the hydrogenolysis 
of HMF to produce DMF. 

3.2.1. HMF production 

Aqueous (10 wt % of glucose and 90 wt % of water), organic (10 wt % of glucose and 90 wt % of 1-butanol), 
and biphasic (2.5 wt % of glucose, 26 wt % of water, and 71.5 wt % of 1-butanol) mediums, without 
catalyst, were used in order to study the influence of those on HMF production from glucose. The glucose 
conversion and HMF yield data obtained in the mentioned process are summarized in Table 4. As it can be 
concluded, the use of a biphasic system provided a good glucose conversion and it improved HMF yield. 
In most of the cases, the presence of organic solvents in water (i) improves the dissolution of reactants,29 
(ii) facilitates the extraction of the desired or target products,29 and (iii) prevents side reactions, such 
as rehydration and polymerization reactions to yield byproducts (levulinic acid, formic acid, and 
humins).19,61 

After concluding that the presence of the 1-butanol improves the glucose conversion and HMF yield, the 
activity of ZrO2 and γ-Al2O3 were tested using the biphasic reaction system and the same operation 
conditions. The obtained activity results are presented in Table 4. 

Table 4. Glucose conversion and HMF yield obtained measured at 1.5 MPa of N2 and 200 °C for 1.5 h 
for different reaction variables 

Reaction variable 
Reaction 
medium 

Glucose 
conversion (%) 

HMF yield 
(%) 

Medium  

(without catalyst) 

Aqueous 66.8 12.2 

Biphasic 82.8 14.3 

organic 90.7 1.9 

Support (in 
biphasic medium) 

Al2O3 96.8 5.9 

ZrO2 cal 91.9 23.4 

Catalyst (in 
biphasic medium) 

CuCr2O3 95.9 11.7 

2.5CuZr 86.9 23.4 

10CuZr 75.8 25.6 

15CuZr 85.8 19.2 

20CuZr 81.9 19.0 

Although both catalytic materials provide a high glucose conversion, the ZrO2 support shows more 
capacity to transform glucose into the target product, the HMF. Probably, the acid nature of the Al2O3 
support11 could favor the presence of the acidic conditions, which are responsible for the side  reactions 
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suffered from HMF. Yan et al.62 tested ZrO2 and ZrO2−Al2O3 type solid catalysts, and they report that the 
catalyst with moderate acid and basic properties is more appropriate to favor the HMF formation using 
glucose as a raw material. 

 

Figure 6.  Evolution of glucose conversion and HMF yield with the reaction time for the 10CuZr catalyst 
obtained at 200 °C and 1.5 MPa of N2. 

Afterward, the ZrO2 material was used as support of different quantities of Cu for its use in HMF 
production. 

Different metal cations,63,64 such as Cu2+, can be used as modifiers of the acidic properties of supports. 
They can work as oxidation and hydrogenation catalysts, and they are applied to a wide range of reactions. 
Apart from CuZr catalysts, the commercial CuCr2O3 catalyst was also used in the dehydration reaction of 
glucose, in order to compare its activity with the CuZr ones. Table 4 shows the activity results obtained, 
indicating that the CuCr2O3 catalyst provided lower HMF yield than Zr-supported ones. 

Although the Zr-supported Cu catalysts show a slightly lower glucose conversion than the ZrO2 calcined 
support, some of them provide a higher HMF yield. The value of this last parameter changes with the Cu 
loading, reaching the highest HMF yield for the 10CuZr catalyst and the lowest glucose conversion. 
Meanwhile, the 2.5CuZr and 15CuZr catalysts provide higher glucose conversion and a HMF yield slightly 
lower than the obtained one by the 10CuZr catalyst. The 20CuZr catalyst presents the lowest glucose 
conversion and HMF yield. Marianou et al.18 obtained similar HMF yields, between 2.5 and 25%, for 
glucose conversions around 60−100% under softer operating conditions using Sn oxide supported 
catalysts. They associated these low HMF yields to the existence of many active Lewis acid sites which are 
promoters of lactic acid, levulinic acid,65 and other byproducts. The presented results in this work are in a 
good agreement with the Marioanouśresults. The presence of low and moderated Lewis acid sites 
measured by TPD-NH3 explains the low HMF yield obtained. All of the prepared Zr-supported Cu catalysts 
present low glucose conversion, which can be ascribed to the strength of the Lewis acid sites. Moreover, 
it seems that Bronsted acid sites coming from Zr species are necessary to increase the HMF yield. Shahangi 
et al.20 and Jiang et al.66 obtained HMF yields, above 34%, using silica-alumina and zirconium based 
catalyst at 170 °C and in biphasic-systems. In the last case, the good performance of the zirconium based 
catalyst was ascribed to the well dispersion of ZrO2 nanoparticles and the presence of multicoordinated 
Zr4+ species. In addition Xia et al.67 registered an HMF yield of 61% at 120 °C and 5 bar of pressure using 
a β-zeolite supported Fe catalyst; they associated this behavior to the synergetic effect between Lewis 
and Bronsted acid sites. According to the literature,29 low pore size catalysts facilitate the formation of 
platform molecules, hindering diffusion of raw material into the pores and therefore limiting side 
reactions. Although it seems to be a relationship between low pore size and HMF yield, in these cases, the 
possible correlation of textural data and HMF yield is a little bit weak because the difference of pore size 
values could be within the experimental error. 
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Taking into account the activity results for Cu-supported catalysts, the glucose dehydration was carried 
out for longer reaction times with the 10CuZr catalyst. As Figure 6 suggests, the conversion and HMF yield 
increases with the reaction time and reaches the stationary state and the optimum HMF yield after 3.5 h 
of reaction time. Concretely a 33% HMF yield is obtained for a 90% glucose conversion. At 5.5 h of reaction 
time the glucose conversion increased a little bit, but the HMF yield remained almost constant. Based on 
the data presented in Figure 6, the higher HMF after 3.5 h of reaction time. Concretely a 33% HMF yield 
is obtained for a 90% glucose conversion. At 5.5 h of reaction time the glucose conversion increased a 
little bit, but the HMF yield remained almost constant. Based on the data presented in Figure 6, the higher 
HMF yield is probably related with the higher glucose conversion. 

3.2.2. DMF production 

The same catalysts and Zr support used in glucose dehydration were employed for “high grade HMF” 
hydrogenolysis to produce DMF. In this process, a fixed bed reactor was used under the same temperature 
and pressure conditions as the glucose dehydration process. However, in this case, as a hydrogen donor 
is required for the hydro- genolysis reaction, H2 was used instead of N2. In most of the latest 
developments, the hydrogenolysis of HMF to produce DMF has been carried out in batch reactors, and few 
works are published using fixed bed reactors. For instance, in batch reactor systems some authors like 
Srivastava et al.68 reached 78% of DMF selectivity and complete HMF conversion at 220 °C and 30 bar of 
hydrogen with a Cu−Co bimetallic catalyst supported on Al2O3. These researchers attribute the good 
catalytic performance to the presence of mixed copper−cobalt species on porous Al2O3. Li et al.69 obtained 
83.3% of DMF selectivity at complete HMF conversion using Co3O4 catalyst. They relate this high yield to 
the bifunctional behavior of the catalyst, where Co acts as the active site metal and CoOx activates the 
C−O bonds as Lewis acid sites. Higher DMF yield (90%) was obtained by Yang et al. 70 using a bimetallic 
catalyst of Ni−Co supported on carbon with formic acid as hydrogen donor. The presence of Cu also 
activates the C−O bonds cleavage69,71−73 as Lewis acid sites, that is why in this work the copper catalysts 
present some DMF yield and the ZrO2 calcined support does not. The activity results reflected in Table 5 
indicate that only the Zr-supported catalysts are able to convert completely HMF with considerable DMF 
yields. 

Table 5. HMF conversion and DMF yield obtained for different ZrO2 supported Cu catalyst at 1.5 MPa 
of H2, 200 °C, and WHSV = 0.15 h-1 for 4h. 

Catalyst HMF conversion 
(%) 

DMF yield 
(%) 

ZrO2 cala 0.0 0.0 

CuCr2O3 100.0 5.6 

2.5CuZr 97.0 18.0 

10CuZr 98.5 27.8 

15CuZr 100.0 30.0 

20CuZr 100.0 26.8 

1Ru15CuZr 100.0 45.6 

All the tested catalysts, except calcined ZrO2 support, are able to convert completely HMF. However, 
among Zr supported monometallic catalysts, the 15CuZr catalyst provides the best results for the DMF 
yield (30%) followed by 10CuZr, 20CuZr, and 2.5CuZr, respectively. Although the results among 10CuZr, 
15CuZr, and 20CuZr catalysts were quite similar, probably due to their similar acidity (see Table 2) and 
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textural properties (see Table 1), the higher HMF yield can be related to the high copper amount on the 
catalytic surface of the 15CuZr catalysts (see Figure 7). There is a clear tendency between the Cu0/Zr of 
the used catalyst and the DMF yield as it can be observed in Figure 7. The higher amount of metallic copper 
on the catalytic surface the higher DMF yield was reached. However, the sintering tendency and coke 
production are quite similar than in 10CuZr and 20CuZr catalysts. Based on these results, a small amount 
of Ru was added to the 15CuZr catalyst with the aim of improving the hydrogenation capacity of it. The 
presence of ruthenium on the 15CuZr catalyst improves the DMF yield from 30% to 45.6% (see Figure 7). 
It seems that the presence of the ruthenium not only improves the amount of copper on the catalytic 
surface but also seems to take part on the catalytic reaction (see Table 3 and XPS and CO chemisorption 
results, Figures S1 and S2, Table S1, and Figure 7 respectively). This is an important factor in the HMF yield 
as it can be observed in Figure 7. It seems to be a correlation between the obtained DMF yield in HMF 
hydrogenolysis and the surface properties measured by the XPS characterization technique.74 According 
to the correlation presented in Figure 7, DMF yield increases with increasing the surface Cu0/Zr ratio 
(associated metallic Cu on the surface) and decreasing the C/Zr ratio (ascribed to coke formation during 
hydrogenolysis reaction) for used catalyst (see Table 3). In this sense, the 15CuZr catalyst  shows the 
highest DMF yield due to its higher Cu0/Zr ratio and lower C/Zr ratio after its use in the reaction. The 
presence of Ru modifies the surface characteristics of 15CuZr catalyst, and it stabilizes the catalysts 
regarding the coke production. Moreover, as it can be observed in Figure 7, the ruthenium could also take 
part in the reaction, since the obtained DMF yield is higher than the corresponding one at the Cu0/Zr ratio 
for used catalyst. With a Cu0/Zr ratio of 0.072 the achieved DMF yield was 45%, while the monometallic 
15Cu/Zr, with a higher Cu0/Zr ratio for used catalyst, presents a lower DMF yield. The low tendency of the 
coke formation is related to the presence of little amounts of ruthenium on the catalysts, which also 
improves the metal reduction (see Figures 2 and 3) during the reaction (see Table 3). This fact improves 
the stability of the catalyst and limits the coke production; the minor presence of Cu2O and CuO on the 
catalytic surface disfavors the coke formation (see Table 3) due to, as previously mentioned, the 
1Ru15CuZr catalyst being the only catalyst that after being used in the reaction shows a higher 
Cu0/(Cu++Cu2+) ratio. 

 

Figure 7.  Correlation between DMF yield and Cu0/Zr ratio measured by XPS technique for different used 
Zr-supported catalysts (◆ 2.5CuZr, ▲ 10 CuZr, ● 15CuZr, ■ 20 CuZr, ○ 1Ru15CuZr). 

Thus, it improves the coke resistance, and it increases the amount of reduced species (related to the better 
reducibility when Ru is added) on the surface of the used 15CuZr catalyst, providing a better behavior 
toward DMF production. 

Following the procedure employed in the glucose dehy-  dration, influence of the time on stream was 
measured for the 1Ru15CuZr catalyst. The results presented in Figure 8 indicate that after 4.5 h the HMF 
conversion increases slightly, remaining almost constant during the following hours, while DMF yield 
decreases from 45.6% to 18%. 
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Figure 8.  Evolution of HMF conversion and DMF yield with the time on stream for the 1Ru15CuZr catalyst 
at 200 °C, 1.5 MPa of H2, and WHSV = 0.15 h-1 

The conversion and DMF yield keep constant after 6 h at values of 95% and 18%, respectively. Therefore, 
the presence of new products or byproduct is clear, even when the DMF yield is the highest one (45.6%). 
This behavior could be due to the loss of structural properties on the catalytic surface related to the 
decrease of Cu species and increase of C/Zr ratio as XPS results show. 

Finally, after the optimization process of the HMF hydrogenolysis reaction to produce DMF, an activity 
test using “low grade HMF” (obtained from glucose dehydration process) was performed using the same 
operation conditions and the 1Ru15CuZr catalyst. The obtained results (see Figure 9) indicate that HMF 
conversion and DMF yield are lower than obtained ones with the synthetic HMF. Concretely, glucose 
derived HMF conversion is around 77%, while for “high grade HMF” conversion it is close to 91% after 4 h 
of time on stream. In the case of DMF yield, the difference is more pronounced, because DMF yield 
obtained for glucose derived HMF is 16.4%, while the DMF yield for “high grade HMF” is 45.6%. The low 
DMF yield obtained from “low grade HMF” conversion could be ascribed to the impurities associated with 
the used feed.11 

 

Figure 9.  “Low grade HMF” conversion and DMF yield for the 1Ru15CuZr catalyst obtained at 200 °C, 1.5 
MPa of H2, WHSV = 0.15 h-1, and 4 h of time on stream 

4. Conclusions 

The main goal of this work was to prepare metallic Cu catalysts supported on ZrO2 material, which offers 
good characteristics for its use in DMF production through HMF hydrogenolysis. Moreover, these catalysts 
were also employed in glucose dehydration reactions to produce HMF. The hydrogenolysis reaction was 
carried out in a continuous fixed bed reactor, while glucose dehydration reactions were carried out in a 
discontinuous batch reactor. The same temperature, 200 °C, and pressure, 1.5 MPa, were selected for 
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both processes. However, to maintain the selected pressure different gases  were used, concretely N2 for 
dehydration and H2 for hydrogenolysis. 

With regards to the glucose dehydration, the results conclude that (i) glucose conversion and HMF yield 
are improved using biphasic systems. These kinds of systems enhance the dissolution of the raw material, 
the extraction of the target product, and, along with the presence of ZrO2 neutral-basic support, hinder 
undesirable side reactions. (ii) Among the Zr-supported catalysts, the 10CuZr catalyst, the one which 
shows the lowest average pore size and adequate Lewis acid sites, provides the highest HMF yield (25.6%); 
and apart from Cu loading, longer reaction times have a positive influence on the conversion and HMF 
yield, reaching values of 90% and 33.5%, respectively, after 5.5 h, probably due to the higher glucose 
conversion. 

In the case of DMF production, there seems to be a close relationship between DMF yield and surface 
characteristics measured by the XPS characterization technique. According to the results, among Zr-
supported Cu catalysts, the 15CuZr catalyst shows the highest DMF yield (30%) due to the highest exposure 
of surface Cu species and the lowest formation of coke after reaction. In this sense, the presence of Ru in 
the 15CuZr catalyst also improves the coke resistant ability and increases the presence of more reduced 
Cu species on the surface, which seems to be related to the enhancement of the catalyst reducibility. In 
addition, it seems that the ruthenium also takes place in the DMF reaction due to the best result reached 
in the DMF yield. These good characteristics confer to the 1Ru15CuZr catalyst the capacity to produce more 
DMF, reaching a yield of 45.6% after 4 h of time on stream when “high grade HMF” is used. Finally, it is 
also concluded that the impurities presented in the “low grade HMF” could be the cause of the lower HMF 
conversion and DMF yield that were obtained. 
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