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A B S T R A C T   

The direct DME synthesis from syngas was studied by using activated carbon-based bifunctional catalytic beds. Two kinds of activated carbons, prepared by physical 
(by CO2 partial gasification) and chemical (with phosphoric acid) activation of olive stones, were used as supports for the preparation of the catalysts. The chemically 
activated carbon presented a considerable amount of thermally and chemically stable surface phosphorus complexes, which played an important role on the catalytic 
performance of the prepared catalysts. A Zr-loaded P-containing activated carbon presented a relatively high activity, selectivity and stability for the production of 
DME from methanol and was used as methanol dehydration catalyst. On the other hand, Cu-Zn was loaded on both P-containing and P-free activated carbon supports 
for the preparation of methanol synthesis catalysts. The presence of surface-phosphorus on the carbon support resulted in a strong metal-support interaction, 
hindering the catalytic activity for the hydrogenation of CO to methanol. However, the catalyst that did not contain phosphorus showed noticeable activity for this 
reaction. The physical mixing of the methanol synthesis and methanol dehydration catalysts resulted in the preparation of carbon-based bifunctional catalytic beds, 
which performed very efficiently in the direct DME synthesis from syngas in a fixed-bed reactor. Different mass ratios of the individual (metallic and acid) catalysts 
were studied. An acid/metallic catalyst mass ratio of 2 provided the catalytic bed with enough acid sites to promote methanol dehydration to its maximum extent and 
make the overall product distribution controlled by the methanol synthesis reaction on the metallic phase.   

1. Introduction 

Dimethyl ether (DME) is a chemically stable, colorless, non-toxic, 
non-carcinogenic, and environmentally friendly compound presenting 
a characteristic odor. The physical and chemical properties, similar to 
liquified petroleum gases (LPG) [1] and conventional diesel [2,3], plus 
the clean combustion achieved when used as fuel [4], make this com
pound being considered as one of the most promising alternatives to 
petroleum derived fuels. Furthermore, DME can be used as intermediate 
for the production of chemicals and light olefins, and thus, its produc
tion is the object of much research [5–9]. 

DME can be produced by two alternative processes; a two-step cat
alytic process (so-called indirect process), which involves a first stage for 
methanol synthesis from syngas that takes place in parallel with the 
water gas shift reaction (WGSR) (Eq. (1), (2) and (4)) on Cu-based cat
alysts [10–12] and a second stage for the selective dehydration of 
methanol to DME (Eq. (3)) on a solid acid catalyst [13–16]; and a one- 
step process (so-called direct process), in which synthesis gas is fed to 
a single reactor containing a bifunctional catalyst, where both methanol 
synthesis, in parallel with the WGSR, and the selective methanol dehy
dration to DME take place [17–23].  

2CO + 4H2 ↔ 2CH3OH (ΔHr
◦ = − 90.8 kJ⋅mol− 1)                               (1)  

CO2 + 3H2 ↔ CH3OH + H2O (ΔHr
◦ = − 49.5 kJ⋅mol− 1)                      (2)  

2CH3OH ↔ CH3OCH3 + H2O (ΔHr
◦ = − 21.3 kJ⋅mol− 1)                      (3)  

H2O + CO ↔ H2 + CO2 (ΔHr
◦ = − 41.1 kJ⋅mol− 1)                              (4) 

Although the industrial DME production is currently carried out by 
the indirect process, the prospects for the development of a DME-based 
economy depends on the feasibility of the direct DME synthesis route 
[24]. The main motivation for using the direct route instead of the 
conventional indirect one relies on the thermodynamic limitations 
affecting the latter. Chemical reactions involved in methanol synthesis 
are reversible and they are limited by thermodynamic equilibrium, 
which is a function of the temperature, pressure and the synthesis gas 
composition. This thermodynamic limitation results in a low synthesis 
gas conversion per-pass, increasing the operating costs related to 
methanol separation and synthesis gas recirculation [25]. The use of the 
direct DME synthesis route, allows for in-situ consuming the generated 
methanol, via dehydration to DME, reducing the equilibrium constrains 
affecting the methanol synthesis in this way. This thermodynamic 
advantage lets working at lower pressure and/or higher temperature 
achieving a higher synthesis gas conversion per pass [19,26]. On the 
other hand, the water generated in the methanol dehydration reaction 
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(Eq. (3)), can be removed from the reaction media by means of the 
WGSR (Eq. (4)), yielding H2 and favoring the methanol dehydration 
reaction. This feature is of high interest when using a CO-enriched 
synthesis gas, which present a low hydrogen concentration, such as 
that obtained via biomass gasification [27–31]. In this sense, the use of 
biomass derived synthesis gas for this process would lead to a consid
erable reduction of greenhouse gasses emissions in this process, pro
moting the transition to an energy system that reduces dependence on 
fossil fuels in a scenario that contemplates, on the one hand, the scarcity 
of fossil fuels and, on the other hand, the growth of global demand and 
the impact of emissions on the environment [32]. Another approach is 
the use of CO2 instead of CO via direct hydrogenation of CO2-to-DME 
(CTD) [33], which is receiving much attention as an strategy for recy
cling CO2 and using DME as circular hydrogen carrier [34–36]. 

The catalysts used for the direct DME synthesis route are composed 
of two active phases, one accounting for the methanol synthesis and 
another one for the methanol dehydration. As a component for methanol 
synthesis, the most commonly used catalytic phase is the Cu/ZnO/Al2O3 
ternary system [10]. Recently the system Cu/ZnO/ZrO2 [6,37] is also 
taking importance. The acid component involved in these catalysts must 
present a moderate acid strength, being enough so as to promote 
methanol dehydration, but not too high, so as to avoid further DME 
dehydration to olefins and higher hydrocarbons (which are related to 
coke formation). The most commonly studied acid functions for 
bifunctional catalysts are γ-Al2O3 [38,39], HZSM-5 [20,40,41], HMCM- 
22 [42], ferrierite [43,44], mordenite [45] and SAPOs [24]. 

In the last decades, activated carbons have been widely investigated 
as catalysts and catalyst supports. These materials present remarkable 
features, such as high thermal and chemical stability, and high specific 
surface area. Moreover, they can be obtained from several kinds of 
lignocellulosic waste [46,47], giving rise to economic advantages. 
Despite the potential they have exhibited, to the best of our knowledge, 
the use of activated carbon-based catalysts for the direct DME synthesis 
has not been reported to date. Only a very limited number of studies 
targeting the individual reaction steps, namely: synthesis of methanol 
using carbon based support [48–51] and the application of activated 
carbons for the methanol dehydration reaction [52–54] can be found in 
the literature. On the other hand, whereas the preparation of catalysts 
reasonable active and stable for the methanol synthesis have shown a 
higher degree of success, achieving an active and stable methanol 
dehydration catalyst has presented more difficulties. In this sense, the 
carbon-based catalysts reported in the literature dealing with methanol 
dehydration presented acid groups with very low thermal stability, 
which resulted in a fast deactivation of the catalysts at the reaction 
temperatures, making them not suitable as acid component for the direct 
DME synthesis operation conditions. On the other hand, the preparation 
of activated carbons by chemical activation with phosphoric acid under 
specific conditions yields carbons materials containing high thermal and 
chemically stable oxygen-phosphorus acid surface groups [55–57]. The 
use of these activated carbons for the methanol dehydration reaction 
showed that, although these materials performed very efficiently under 
air atmosphere, achieving a selectivity to DME higher than 90 % with a 
DME yield of 40 % at 350 ◦C, they were fast deactivated under a non- 
oxidizing atmosphere [58], and thus, their application as acid compo
nent of bifunctional catalytic systems for the direct DME synthesis was 
not feasible neither. 

More recently, we reported that the modification of phosphorus- 
containing activated carbons with zirconium yields carbon materials 
presenting zirconium phosphate species, which presented a remarkable 
efficiency in the selective methanol dehydration to DME reaction under 
non-oxidizing atmosphere [59]. In this sense, high steady-state meth
anol conversion values, keeping a selectivity to DME higher than 97 %, 
were obtained in the whole range of temperatures studied (250–400 ◦C) 
[60], which lays in the range of operation temperature for the direct 
DME synthesis, resulting in DME yields up to 80 %. After this break
through, other combinations of transition metals-carbon functional 

groups, such as W-O-P were explored [61,62], further confirming the 
high stability of carbon based materials presenting P and transition 
metals as active sites for promoting the selective methanol dehydration 
to DME. Therefore, these activated carbon catalysts could be feasibly 
used as the methanol dehydration component in the direct DME syn
thesis from syngas. 

In this work, we explore the direct synthesis of DME using biomass 
waste-derived bifunctional catalytic beds that, to the best of our 
knowledge, has not been reported to date. As for methanol synthesis 
component, different activated carbons were loaded with Cu/Zn, and 
the effect of surface chemistry, especially the presence of heteroatoms 
on the carbon surface, on the catalytic performance of the methanol and 
DME synthesis is thoroughly analyzed. The use of the biomass waste- 
derived catalysts presented here could be also beneficial from the 
environmental and economical point of view. On the one hand, it is 
worth to mention that the catalysts were prepared from an inexpensive 
agri-food industrial waste. Moreover, in the event of these catalyst being 
irreversibly deactivated, they can be further valorized via combustion, 
making energy recovery possible, or via partial gasification with CO2 
(from carbon capture and storage) or water vapor, generating valuable 
syngas; with both approaches providing an inorganic residue (ashes) 
containing the metal phases. In this way, circularity of the Syngas-to- 
DME can be enhanced, reducing the carbon footprint of the process. 

2. Experimental method 

2.1. Preparation of the activated carbon supports 

Two kinds of activated carbons were prepared. On the one hand, an 
activated carbon was prepared by physical activation. For this process, 
15 g of olive stone, an agri-food industry residue, was carbonized and 
then it was partially gasified with CO2. Both stages were carried out in a 
conventional tubular laboratory furnace. In the carbonization step, the 
sample was heated at 10 ◦C/min up to 800 ◦C, keeping this temperature 
for 2 h, under continuous N2 flow (150 cm3/min STP). Afterwards, the 
carbonized sample was partially gasified using a continuous CO2 flow 
(150 cm3/min STP) at the same temperature for 7 h, obtaining a 42 % 
burn-off. The final carbon presented a mass yield of 14 % based on the 
mass of dried olive stone. Finally, this sample was grinded and sieved 
(100–300 μm) and was denoted as ACG. On the other hand, an activated 
carbon was prepared via chemical activation of olive stones, with 
phosphoric acid. For the activation process, 10 g of olive stone was 
impregnated with H3PO4 85 %(w/w) aqueous solution, at room tem
perature and dried for 24 h at 60 ◦C. An impregnation ratio (H3PO4/ 
olive stone mass ratio) value of 2 was used in this work. Once dried, the 
impregnated substrate was activated in a conventional tubular furnace 
under continuous N2 flow (150 cm3/min STP) at 800 ◦C for 2 h. The 
activated sample was cooled down to room temperature inside the 
tubular furnace, keeping the same N2 flow and afterwards it was washed 
with distilled water at 60 ◦C, until achieving a neutral pH and a negative 
phosphate analysis in the eluate [55]. The activated carbon presented a 
final mass yield of 39 % based on the mass of dried olive stone and was 
denoted as ACP. Finally, activated carbon was grinded and sieved 
(100–300 μm). 

2.2. Catalysts preparation 

The activated carbons were loaded with Cu, Zn and Zr salts to pre
pare the carbon-based catalysts used in this work. Fig. 1 shows an 
outline of the procedures and nomenclature used for the preparation of 
the catalysts. 

2.2.1. Methanol dehydration catalyst preparation. Zr loading 
Zr loading was carried out by incipient wetness impregnation at 

room temperature. A 5 %(w/w) of zirconium was loaded on the acti
vated carbon obtained by chemical activation, ACP, using a ZrO(NO3)2 
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in water solution. For the impregnation step, batches of about 1 g was 
used. Once impregnated, the sample was dried overnight at 120 ◦C and 
then calcined at 250 ◦C (heating rate of 10 ◦C/min) for 2 h in a tubular 
furnace under continuous air flow (150 cm3/min STP). This sample was 
denoted as ACPZr. 

2.2.2. Methanol synthesis catalysts preparation. Cu-Zn loading 
Cu-Zn loading was carried out on the two different activated carbons, 

ACG and ACP. In addition, the use of the methanol dehydration catalyst, 
ACPZr, as support for the Cu-Zn metallic phase was addressed. The metal 
loading process was carried out at room temperature by pore-volume 
impregnation of the previously dried samples at 120 ◦C. In this pro
cess, an appropriate amount of Cu(NO3)2⋅3H2O and Zn(NO3)2⋅6H2O was 
previously dissolved in the distilled water and added to a known 
quantity of activated carbon to prepare catalysts with a Cu and Zn 
loading of 10.5 and 5.5 %(w/w), respectively. The impregnated carbons 
were dried at 120 ◦C for 24 h and finally calcined at 300 ◦C for 4 h under 
continuous N2 flow (150 cm3/min STP). The catalyst obtained were 
denoted by adding CuZn to the name of the parent carbon. 

2.2.3. Bifunctional catalytic beds preparation 
The preparation of bifunctional catalytic beds was carried out by 

physical mixing of the corresponding methanol synthesis and methanol 
dehydration components, by using different acid/metallic mass ratios. 
Physical mixtures were denoted as Metallic component name + X Acid 
component name, being X the Acid/metallic mass ratio. 

2.3. Characterization of the carbon catalysts 

The porous texture of the activated carbons and catalysts was char
acterized by N2 adsorption–desorption at − 196 ◦C and by CO2 adsorp
tion at 0 ◦C, performed in an ASAP 2020 equipment (Micromeritics). 
Samples were previously outgassed for 8 h at 150 ◦C. From the N2 
adsorption–desorption isotherm, the apparent surface area (ABET) was 
determined applying the BET equation [63], the micropore volume (Vt 
N2) and the external surface area were calculated using the t-method 
[64] and the mesopore volume (Vmes

N2 ) was determined as the difference 
between the adsorbed volume at a relative pressure of 0.96 and the 
micropore volume of Vt 

N2. The narrow micropore volume (VDR 
CO2) and 

surface area (ADR 
CO2) were calculated by the Dubinin–Radushkevich 

equation [65], applied to the CO2 adsorption isotherm. 
The surface chemistry of the samples was analyzed by X-ray photo

electron spectroscopy (XPS). XPS analyses of the samples were obtained 
using a VersaProbe II ESCA 5701 model Physical Electronics apparatus, 
with Al Kα radiation (1486.6 eV). For the analysis of the XPS peaks, the 
C1s peak position was set at 284.5 eV and used as reference for the other 
peaks [66,67]. 

The reducibility of the Cu species present on the catalysts was 
studied by temperature programmed reduction (H2-TPR). For these 
analyses, 50 mg of dried sample was loaded in a quartz fixed-bed reactor 
and were heated up to 100 ◦C under helium flow. Then the helium flow 
was switched to a 10 %(v/v) H2 in helium stream, and kept for 30 min. 
Finally, the sample was heated up to 350 ◦C at a heating rate of 5 ◦C/ 
min. H2 consumption was monitored by mass spectrometry (Pfeiffer 
Omnistar GCD-301), registering the signal m/z 2. 

The total acidity and acid strength distribution of the methanol 
dehydration catalyst was determined by temperature programmed 
desorption of ammonia (NH3-TPD). In these analyses 100 mg of dried 
sample was heated up to 100 ◦C under helium flow and then it was 
saturated with NH3 (20 %(v/v) in helium) for 15 min at the same tem
perature. Afterwards, the weakly adsorbed NH3 was desorbed in 
continuous helium flow at 100 ◦C until no NH3 was detected in the outlet 
stream. The NH3-TPD experiment was carried out by rising the tem
perature up to 500 ◦C at a heating rate of 10 ◦C/min. The outlet NH3 
concentration was registered using a TCD-detector and by mass 
spectrometry. 

2.4. Catalytic experiments 

The catalytic experiments for the direct DME synthesis from syn
thesis gas were carried out in a PID Eng. & Tech. Microactivity equip
ment, which is provided with a stainless steel fixed-bed reactor (i.d. 9 
mm) and allows for operating at high temperature and pressures. Prior 
to stating the reaction, the catalyst was in-situ reduced at 270 ◦C under 
H2 flow (50 mL/min) for 2 h. After the reduction step, the temperature 
was set to the reaction value, and afterwards, the pressure was slowly 
increased up to the desired value. Finally, the synthesis gas was intro
duced. To prevent the condensation of any compound, all lines were 
heated up to 120 ◦C. The outlet gas concentrations were analyzed by on- 
line gas chromatography (Perkin-Elmer Clarus 500 GC equipped with 
TCD and FID detectors). The used columns were a Permanent gases 
active carbon 80/100 mesh for CO and CO2 analysis and a 1.9 m x 1/8″ x 
2.1 mm Porapak N 80/100 + 0.5 m x 1/8″ x 2.1 mm Porapak Q 80/100 
column for methanol, DME and light hydrocarbons separation. N2 was 
used as internal standard for GC analyses. 

The conversion was defined as the ratio of the amount of reacted CO 
to that of supplied CO to the reactor. The selectivity (in %mol) was 
defined as the ratio of carbon moles in a specific product referred to the 
moles of converted CO into all the products formed. The yield to DME 
was calculated as the product of the CO conversion and the selectivity to 
DME. 

Fig. 1. Schematic diagram of the procedures and nomenclature used for sample preparation of the catalysts and the bifunctional catalytic beds.  
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3. Results and discussion 

3.1. Characterization of the carbon catalysts 

Fig. 2 shows the N2 adsorption–desorption isotherms at − 196 ◦C of 
the different activated carbon materials prepared in this study. Physi
cally activated carbon, ACG, presented a type I a isotherm [68], 
adsorbing almost all N2 volume at low relative pressures, which is 
characteristic of a predominantly microporous texture. Chemically 
activated carbon, ACP, showed a type I b isotherm, associated to the 
presence of a broad range of wider micropores and narrow mesopores. 
The existence of a H4 type hysteresis loop is noticeable, closing at a 
relative pressure value of 0.4, indicative of capillary condensation in 
mesopores [68]. 

After any metal deposition, both activated carbons presented a 
reduction in their porous texture. The methanol dehydration catalyst, 
ACPZr, showed a slight decrease in the volume of N2 adsorbed in the 
range of the low relative pressures, as compared to the parent carbon, 
ACP, indicating a reduction of the wider microporosity, due to Zr 
loading. Cu-Zn loading resulted in a more noticeable porosity reduction, 
due to the higher amount of metal loaded on the carbon supports. In this 
sense, the three samples used as Cu-Zn support, ACG, ACP and ACPZr, 
showed a reduction in the volume of N2 adsorbed, but in this case at a 
very low relative pressures, which indicates a narrow micropore 
reduction or blockage. 

Table 1 shows the textural parameters obtained from N2 adsorp
tion–desorption and CO2 adsorption isotherms. Both activated carbons 
presented a well-developed porous texture and high surface areas. 
Physically activated carbon, ACG, presented an ABET value similar to 
ADR, indicating a microporous texture. The similarity between Vt and 
VDR further confirmed the presence of a narrow microporous texture. 
The chemically activated carbon, ACP, presented a comparable ABET 
value to that obtained for the physically activated carbon, ACG. How
ever, attending to the higher value of ABET as compared to ADR, this 
sample presented a wider microporous texture, as compared to the 
physically activated carbon. Moreover, the high mesopore volume value 
(Vmes) when comparing with the micropore volume one (Vt), together 
with the high external surface area value (At), suggested a high contri
bution to mesoporosity in this material. 

Once metals were loaded on the support, both activated carbons 
showed a decrease in the textural parameters as compared to the parent 
activated carbon. The Zr loaded chemically activated carbon showed a 
slight decrease, in general, in the textural parameters when compared to 
the ones of the parent activated carbon, suggesting that Zr was homo
geneously distributed both on the external and internal surface of the 
activated carbon particles. After Cu-Zn loading a more significant 
decrease in the textural parameters was observed in all the samples. In 
these cases, ABET and ADR decreased in a similar way, indicating a 

reduction in the microporosity of these samples. The decrease in the Vt 
and VDR values suggested the blockage of the narrow micropores due to 
metal deposition. 

X-ray photoelectronic spectroscopy (XPS) analyses were carried out 
to evaluate the surface chemical composition of the carbons. Table 2 
reports the atomic surface composition of the samples. Both activated 
carbon supports, ACG and ACP, were mainly composed by carbon (91.7 
and 89.7 % (w/w), respectively) and oxygen (7.3 and 7.2 % (w/w), 
respectively). In addition, the chemically activated carbon, ACP, pre
sented a considerable amount of phosphorus (3.1 % (w/w)), presumably 
in form of phosphate groups [55]. The presence of phosphorus has been 
attributed to the activation step with phosphoric acid [57], which is 
reported to proceed through the formation of phosphate and poly
phosphate bridges that connect and crosslink biopolymer fragments 
[69]. As a result of this activation mechanism, part of these phosphorus 
complexes remain chemically bonded to the carbon surface, even after 
the washing step [70]. 

After Zr loading on the chemically activated carbon, ACP, an increase 
in both Zr and O was observed. Attending to the surface composition, a 
higher amount of O, when compared to the maximum theoretically 
introduced if Zr were deposited on the carbon surface in form of ZrO2, 
was observed (see ACPZr in Table 2). This fact could be associated to the 
surface oxidation of these activated carbon catalysts during the thermal 
stabilization process (calcination) at 250 ◦C [55]. As expected, the three 
Cu-Zn containing catalysts exhibited the presence of these elements, Cu 
and Zn, on their surface. In addition, as occurred when loading with 
zirconium, the oxygen content increased to a higher extent than that 
expected considering the incorporation of Cu and Zn as oxides (CuO and 
ZnO). In this case, the increase in the oxygen content could be related to 
the metal salts decomposition during thermal treatment, which has been 
reported to yield oxygen groups on the activated carbon surface [71]. 

In order to analyze in depth the surface chemistry of the activated 
carbon catalysts, the XPS spectra were examined. Fig. 3 shows the 
normalized high resolution multiregional XPS spectra for phosphorus, 
zirconium and copper. The P2p spectrum of the chemically activated 
carbon, ACP, showed a main peak at 133.2 eV, associated to the pres
ence of pentavalent tetracoordinated phosphorus, presumably forming 
C-O-PO3 and C- PO3/C2-PO2 surface groups bonded to the carbon sur
face [70,72]. After Zr loading, the P2p spectrum for ACPZr shifted to 
higher binding energy values (133.7 eV), indicating the oxidation the 
phosphorus surface groups, which probably occurred during the calci
nation stage at 250 ◦C (see ACPZr in Fig. 3a) [55]. Cu-Zn loading process 
did not affect the P2p spectra of the samples in a significant extent. The 
normalized Zr3d spectra the two Zr-containing carbons, ACPZr and 
ACPZrCuZn, exhibited the two 3d peaks separated by 2.3 eV, charac
teristic of the of the tetravalent Zr4+. The binding energy at which the 
Zr3d5/2 appeared (183.1 eV), in both cases, was very similar to that 
reported for when analyzing zirconium phosphates [73,74], indicating 

Fig. 2. Nitrogen adsorption–desorption isotherms at − 196 ◦C of the carbon materials.  

J. Palomo et al.                                                                                                                                                                                                                                 



Fuel 365 (2024) 131264

5

the coordination of Zr atoms with a high number of strongly polarized 
oxygen atoms, forming P-O-Zr bonds, and thus suggesting the presence 
of zirconium phosphate species bonded to the activated carbon surface 
[59]. 

The normalized Cu2p3/2 XPS spectra of the catalysts showed appre
ciable differences, which could be associated to the surface chemistry of 
the activated carbon support. On the one hand, the catalyst prepared by 
using the physically activated carbon as support, ACGCuZn, showed a 
binding energy value of 933.8 e.V. for the Cu2p3/2 peak, and the pres
ence of the strong satellite peaks between 940 and 945 eV, which are 
characteristic of Cu2+ in form of CuO [75,76]. On the other hand, when 
analyzing the catalyst prepared by using the chemically activated car
bon as support, ACPCuZn, it could be seen that the Cu2p3/2 peak showed 
a doublet structure and a significant decrease of the satellite peaks be
tween 940 and 945 eV, which suggested the co-existence of non-reduced 
and reduced copper species. Similar observations have been reported 
when analyzing copper phosphate glasses [77,78]. These studies 
claimed that some of the Cu2+ was reduced to Cu+ upon going from CuO 
to Cu phosphate, being this doublet structure in the Cu2p3/2 peak 
associated to the presence of both Cu+ (932.5 eV) and Cu2+ (934 eV) in 
the copper phosphate glass [78]. Given that the chemically activated 
carbon used as support in this study showed the presence of phosphorus, 
in form of phosphate groups, chemically bonded to its surface, the re
sults here obtained suggested that Cu was interacting with P, forming 

copper phosphate species. ACPZrCuZn, also containing phosphorus, 
showed the same doublet structure for the Cu2p3/2 peak. The Cu2p3/2 
peak of the phosphorus-containing samples was deconvoluted into two 
different peaks, associated to Cu+ and Cu2+, at binding energies of 932.5 
and 934 eV, respectively. The results showed that 65 % of the total Cu 
was in form of Cu+ in the sample ACPCuZn, whereas a value of 45 % was 
obtained for ACPZrCuZn. This difference could be justified given that the 
presence of Zr forming zirconium phosphate species on the sample 
ACPZrCuZn partially hindered the formation of copper phosphate spe
cies, remaining a higher amount of the Cu as CuO. 

The reducibility of the Cu species present on the activated carbon 
catalysts was studied by temperature programmed reduction (H2-TPR). 
Fig. 4 shows the H2 consumption as a function of the temperature during 
H2-TPR analysis for the metal-loaded activated carbons. The reduction 
of ZnO and ZrO2 does not occur in a significant extent under the TPR 

Table 1 
Characteristic parameters of the porous texture for the prepared carbon-based materials.   

N2 Isotherm CO2 Isotherm  

ABET Vp Vmes At Vt ADR VDR  

(m2/g)  (cm3/g)  (cm3/g) (m2/g)  (cm3/g) (m2/g)  (cm3/g) 
ACG 1040  0.49  0.11 89  0.38 855  0.34 
ACGCuZn 750  0.43  0.11 87  0.31 595  0.24 
ACP 1260  0.9  0.42 295  0.49 470  0.19 
ACPZr 1190  0.88  0.42 270  0.46 500  0.20 
ACPCuZn 880  0.65  0.30 210  0.35 445  0.18 
ACPZrCuZn 830  0.59  0.27 200  0.32 375  0.15  

Table 2 
Mass surface concentration values obtained by XPS.  

Catalyst Mass surface concentration (%) 

C O Cu Zn P Zr 

ACG  91.7  7.3 – – – – 
ACGCuZn  50.4  17.3 25.5 6.8 – – 
ACP  89.7  7.2 – – 3.1 – 
ACPZr  59.8  19.6 – – 5.7 14.9 
ACPCuZn  36.6  23.3 24.3 11.3 4.5 – 
ACPZrCuZn  36.4  26.6 13.5 7.1 4.4 12.1  

Fig. 3. Normalized XPS spectra for the prepared activated carbon samples. a) P2p, b) Zr3d and c) Cu2p.  

Fig. 4. H2-TPR profile of Cu-Zn loaded activated carbon catalysts.  
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conditions region analyzed [37]. On the other hand, the gasification of 
the activated carbon support has been reported to be very low, only 
being observed small amounts of methane at temperatures above 300 ◦C 
[48]. Therefore, the H2 consumption measured during H2-TPR was 
related to the reduction of the Cu species. ACGCuZn, presented a main 
H2 consumption peak at about 180 ◦C, which was associated to the 
reduction of highly dispersed CuO [37] and a second at about 210 ◦C, 
related to bulk CuO reduction [79]. H2-TPR deconvolution indicated 
that highly dispersed copper species accounted for 63 % of the total H2 
consumption species, whereas remaining 37 % was corresponding to 
bulk CuO reduction. The temperature at which the reduction of the CuO 
species occur depends on their particle size (the bigger particle size, the 
higher reduction temperature) [28] and also on the interaction between 
Cu and the other compounds present in the material [80,81]. The CuO 
reduction temperature for this catalyst was considerably lower than that 
reported for CuO-ZnO-Al2O3-based catalysts (about 300 ◦C) [17,82,83]. 
This fact is attributed to the weak interaction CuO-activated carbon as 
compared to other oxidic supports [48]. The phosphorus-containing 
samples, ACPCuZn and ACPZrCuZn showed a much lower H2 con
sumption as compared to the sample prepared by using the physically 
activated carbon (not containing P) as support. Along this line, ACP
CuZn, showed a negligible H2 consumption, indicating the lack of 
reducibility of the Cu species present on this catalyst, with only a small 
H2 consumption peak at a temperature 230 ◦C. ACPZrCuZn, showed a 
slightly higher H2-consumption, as compared to ACPCuZn. The H2 
consumption profile showed one broad peak, centered at a temperature 
of 190 C. H2-TPR deconvolution was carried out in the same way as in 
the ACGCuZn sample, being obtained that, in this case, 52 % of the total 
H2 consumption was associated with the reduction of highly dispersed 
Cu species. Cu reducibility in the studied samples was also quantified by 
integrating the H2-TPR profiles. The results showed a very low extent of 
reduction for the Cu species in the case of ACPCuZn sample, with just a 4 
% of the Cu reduced upon H2-TPR. This can be attributed to the strong 
interaction between Cu and P species present on the surface of this 
catalyst, in the form of Cu phosphate, which hinders Cu reduction. In the 
case of introducing Zr prior to the further Cu-Zn loading, ACPZrCuZn 
catalyst, the Cu extent of reduction significantly increased, reaching a 
value of 20 %. This is in line XPS findings which evidenced a lower 
amount of Cu phosphate species in the sample, due to the interaction of 
Zr and P forming zirconium phosphate species taking place prior to Cu- 
Zn loading. In the case of the catalyst not containing P on its surface, 
ACGCuZn, the Cu extent of reduction calculations evidenced that 48 % 
of the Cu is reducible under H2-TPR conditions and thus accessible on 
the surface of the activated carbon support. The results shown above 
indicate that only CuO species were reduced, whereas Cu phosphate 
species present on the activated carbon surface were not reducible under 
H2-TPR conditions. 

Fig. 5 presents the NH3-TPD profile obtained for the methanol 
dehydration catalysts used in this study, ACPZr. The temperature at 
which ammonia desorption occurs depends on the strength of the acid 
sites present on the materials, being the weaker centers the ones in 
which ammonia desorption occurs at the lower temperature. The acid 
strength required for efficiently dehydrating methanol to DME must be 
enough so as to promote methanol dehydration, but not too high, so as to 
avoid further DME dehydration to olefins and higher hydrocarbons 
(which are related to coke formation) [84]. The acid catalyst here pre
sented desorbed most of the ammonia at a temperature lower than 
300 ◦C, which highlighted the existence of acid sites presenting a weak/ 
moderate strength. In this line, this weak/moderate acid character, 
related to the presence of Zr-O-P groups on the carbon surface, conferred 
the catalyst a suitable acidity for the selective methanol dehydration to 
DME [59,60]. 

3.2. Catalytic experiments 

The Cu-Zn-containing carbon catalysts, ACGCuZn, ACPCuZn, and 

ACPZrCuZn, were first analyzed in order to stablish the most suitable 
methanol synthesis catalyst for the preparation of the bifunctional cat
alytic beds. Fig. 6 shows the CO conversion and selectivity to the main 
reaction products as a function of the temperature for the carbon cata
lysts (T = 250 – 300 ◦C, GHSV = 36.4 L⋅gCu

-1 ⋅s− 1, P = 45 bar, H2/CO = 3). 
ACGCuZn showed noticeable CO conversion values in the temperature 
range studied. Attending to the selectivity to the main reaction products, 
it can be observed that a high selectivity to methanol (SMeOH = 82 %) 
was obtained at 250 ◦C, which decreased when rising the temperature 
due to the formation of DME and CO2, via methanol dehydration and 
water gas shift reaction, respectively. The dehydration capability of this 
catalyst under syngas to DME conditions was surprising, given that the 
parent activated carbon support, ACG, has been reported to be not active 
for methanol dehydration [59,60] and Cu-based catalysts have been also 
reported to form methanol through CO hydrogenation with a very high 
selectivity [85,86]. Therefore, the methanol dehydration capability of 
this material must be related to the presence of oxygen surface groups 
bonded to the carbon surface, which could have been generated during 
the metal salts decomposition thermal treatment [71] and also during 
CuO carboreduction. In this sense, temperature programmed decom
position analyses (TPD) performed over this sample indicated the 
presence of oxygen surface species that decompose yielding CO2 during 
this thermal treatment (see Figure S1), suggesting the presence of sur
face oxygenated groups with surface acidity. ACPCuZn, showed very low 
CO conversion values, which can be justified based on the lack of 
reducibility of the Cu species presented on the surface of this catalyst 
(See Fig. 4). ACPZrCuZn, showed a higher CO conversion value, as 
compared to the other phosphorus-containing sample, ACPCuZn, due to 
the higher proportion of reducible Cu species in the former. Regarding 
the selectivity to the main reaction products, it could be observed that 
this sample presented the highest dehydration activity amongst the 
prepared catalysts, due to the presence of zirconium phosphate surface 
groups on the carbon surface, which are capable of promoting the se
lective methanol dehydration to DME [59,60]. 

To have a further comparison about the Cu active sites activity and 
how they could be affected by the presence of Zr and P, the turn over 
frequency (TOF) values for CO conversion, calculated as the molCO molCu

- 

1 s− 1, were estimated for the catalysts here analyzed, at a temperature of 
250 ◦C. It should be noted that the presence of P species on the carbon 
surface provided the catalyst with some surface acidity that can promote 
in-situ methanol dehydration, thus, lifting the thermodynamic re
strictions of the methanol synthesis process and favoring the CO con
version. Due to the intrinsic nature of the catalytic materials, TOF values 
comparison could not be made at iso-methanol selectivity values, for the 
same temperature and, thus, these TOF figures should be considered as 

Fig. 5. Ammonia TPD of the acid catalyts, ACPZr.  
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Fig. 6. CO conversion and selectivity to main reaction products (Methanol, DME and CO2 as function of temperature for the Cu-Zn-loaded activated carbon catalysts 
(H2/CO = 3, GHSV = 36.4 L⋅gCu

-1 ⋅s− 1, 45 bar, 3 h on stream). 

Fig. 7. CO conversion and selectivity to main reaction products (Methanol, DME and CO2 as function of temperature for the studied Acid/Metallic components mass 
ratios (H2/CO = 3, GHSV = 36.4 L⋅gCu

-1 ⋅s− 1, 45 bar, 3 h on stream). 
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apparent turn over frequency values. The calculated apparent TOF was 
5.6 • 10-3, 5.1 • 10-3, and 4.2 • 10-3 s− 1, for ACGCuZn, ACPZrCuZn and 
ACPCuZn, respectively. These figures indicated slightly higher values 
with the lower presence (or absence) of copper phosphate species on the 
catalyst surface, even though a thermodynamic relaxation in the 
methanol synthesis step, is occurring for these samples presenting acidic 
character (P-containing samples). 

In the light of the catalytic results shown above, despite the higher 
selectivity to DME value obtained for ACPZrCuZn, as compared to the 
other catalysts here presented, ACGCuZn showed the highest methanol 
and DME yields, with values of 10.8 and 6.3, respectively, and, thus, this 
catalyst was chosen to be used as methanol synthesis component for the 
preparation of bifunctional catalytic beds. This was carried out by 
physically mixing the selected methanol synthesis catalyst (ACGCuZn) 
and the methanol dehydration catalyst (ACPZr), by using different mass 
ratios of the individual catalytic materials. The resulting physical mix
tures were used as bifunctional catalytic beds for the direct synthesis of 
DME from syngas. Fig. 7 presents the CO conversion and selectivity to 
the main reaction products at different temperatures for the studied 
catalytic beds (T = 250 – 300 ◦C, GHSV = 36.4 L⋅gCu

-1 ⋅s− 1, P = 45 bar, H2/ 
CO = 3). As commented above, ACGCuZn presented a high selectivity to 
methanol at 250 ◦C, which dropped when increasing the temperature 
due to the formation of DME and CO2. When analyzing catalytic bed 
prepared keeping an Acid/metallic catalyst mass ratio value of 1, 
ACGCuZn + 1 ACPZr, it could be observed that the carbon-based 
methanol dehydration catalyst, ACPZr, which presents Zr-O-P acid 
sites with suitable catalytic behavior for the selective methanol dehy
dration to DME, was capable promoting the methanol dehydration 
under the syngas to DME reaction conditions, thus achieving a higher 
selectivity to DME value than the isolated methanol synthesis catalyst, 
ACGCuZn. Moreover, as expected, a higher CO conversion value was 
obtained due to the synergic effect achieved when integrating both 
methanol synthesis and dehydration in the same reactor [19,26]. The 
increase of the acid/metallic catalyst mass ratio to a value of 2, ACG
CuZn + 2 ACPZr, resulted in a further increase of the dehydration ac
tivity of the catalytic bed, achieving a higher CO conversion and 
selectivity to DME values as compared to the one obtained keeping an 
acid/metallic catalysts mass ratio of 1, ACGCuZn + 1 ACPZr. Analyzing 
the selectivity to the reaction products obtained for the two acid/ 
metallic catalysts mass ratios studied, it could be observed that the 
products distribution was affected by the reaction temperature in the 
case of ACGCuZn + 1 ACPZr, showing an increase in the selectivity to 
DME and CO2 by increasing the temperature from 250 to 300 ◦C, where 
the same CO conversion and product distribution that the obtained for 
ACGCuZn + 2 ACPZr were achieved. Given that methanol dehydration 
reaction is kinetically faster than methanol synthesis reaction [87], 
these results suggested that in the case of the use of an acid/metallic 
catalysts mass ratio of 1, for low temperatures, the overall formation of 
methanol (methanol production rate) was higher than methanol con
sumption, through its dehydration. This higher methanol production 
than consumption rate indicated that the total number of acid sites was 
not enough, so as to promote methanol dehydration reaction to the 
maximum attainable extent, at low temperatures, in the case of this 
catalytic system. On the other hand, when analyzing the catalytic system 
containing an acid/metallic ratio of 2, ACGCuZn + 2 ACPZr, it was 
observed that the product distribution remained unaltered in the whole 
temperature range. In this case, methanol consumption rate was higher 
than methanol production at all operation conditions, indicating that the 
number of acid sites was in this case sufficient to promote methanol 
dehydration to the maximum attainable extent, making the overall 
product distribution kinetically controlled by the methanol synthesis 
reaction. 

These results, clearly highlight that the direct DME synthesis from 
syngas can be efficiently carried out by exclusively using carbon-based 
catalysts. In this sense, the metallic function showed a good catalytic 
behavior for CO hydrogenation and, on the other hand, the acid function 

exhibited suitable acidic properties for the selective methanol dehy
dration to DME under the syngas to DME reaction conditions. Regarding 
stability of the catalysts, only a slow deactivation with time on stream 
for long operation times, without significantly altering the product 
distribution, was observed. Although a deep understanding of catalyst 
deactivation is out of the scope of the present work, this slow decrease in 
the activity could be related to coke deposition on the metallic sites and/ 
or Cu sintering, which have been reported to be the main responsible 
phenomena for direct DME synthesis catalysts deactivation [7,88]. 

When comparing the catalytic beds here presented with other cata
lytic beds/bifunctional catalysts reported in the literature, it is worth it 
remarking that the catalysts present in this study were prepared from 
inexpensive industrial waste. As regarding the CO conversion obtained, 
it is important to highlight that, in contrast with other inorganic cata
lysts [17,89], in which the whole material can be considered as an active 
phase for the chemical reaction involved, only 5 %(w/w) and 16 % (w/ 
w) of the waste-derived material, for the methanol dehydration and 
methanol synthesis catalysts, respectively, should be considered as an 
active phase for the reactions involved in the syngas to DME process. 
Therefore, the space velocity, with respect to the catalytic active phase, 
used in the present work is considerably higher than that reported for 
other catalysts. Despite this high active phase-based space velocity, the 
catalysts reported in the present study, showed a noticeable catalytic 
activity, making it possible to achieve CO conversion values comparable 
to that reported for other catalysts [5,24,76,85]. The selectivity to DME 
values here obtained were also outstanding, with a value of 58.4 % at 
275 ◦C. Several studies can be found in literature dealing with the 
preparation of inorganic-based catalyst for the direct syngas to DME 
process, in which selectivity values range from 51 to 63 % [90–92]. A 
comparison between the carbon-based catalytic system and these 
inorganic-based catalysts showed that advanced catalytic systems, such 
as core shell or fibrillary structured catalysts slightly outperform the 
present carbon-based catalytic system, which could be related to the 
intimate contact and spatial arrangement of the metallic an acidic 
function in the catalyst bed [91,92]. However, similar or even higher 
selectivity values were achieved in the present study when compared to 
catalytic beds prepared by physically mixing the individual metallic and 
acid components [90,93,94]. 

4. Conclusions 

The direct DME synthesis from syngas was efficiently achieved by 
using activated carbon-based catalysts. Two kinds of activated carbons, 
prepared by physical (by CO2 partial gasification) and chemical (with 
phosphoric acid) activation of olive stones, were used as supports for the 
preparation of the catalysts. The main difference between them was the 
presence of chemically stable phosphorus surface groups, mainly in form 
of C-O-PO3 groups, on the activated carbon prepared via chemical 
activation with phosphoric acid, which demonstrated to play a critical 
role on the performance of the catalysts. 

As for the methanol dehydration catalyst, a Zr-loaded chemically 
activated carbon was used. The zirconium phosphate species, present on 
the carbon surface, exhibited an excellent acid character for the selective 
methanol dehydration to DME under syngas-to-DME process conditions. 
For the methanol synthesis component, the two activated carbons and 
the methanol dehydration catalyst were loaded with Cu-Zn and evalu
ated. The presence of phosphorus groups on the surface of the activated 
carbons played a major role on the catalytic performance of the mate
rials. The results showed strong interactions between the metallic phase 
and the phosphate surface groups, due to the formation Cu phosphate 
species, which were not active for the methanol synthesis reaction. On 
the contrary, the physically activated carbon, not containing phos
phorus, exhibited a fairly good catalytic behavior. 

The preparation of bifunctional catalysts was attempted using the 
methanol dehydration catalyst as support of the metallic phase. By this 
way a higher selectivity to DME compared to the rest of the methanol 
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synthesis catalysts presented here was attained. However, CO conver
sion was reduced due to the detrimental interaction between Cu and the 
phosphate species, which made this preparation strategy unfeasible for 
obtaining relevant DME yields. 

On the other hand, the physical mixing of the methanol synthesis and 
methanol dehydration catalysts resulted in the preparation of carbon- 
based catalytic beds, which avoided the metallic-acid detrimental 
interaction. These carbon-based catalytic beds performed very effi
ciently in the direct DME synthesis from syngas. Different mass ratios of 
the individual catalysts were studied. An acid/metallic catalyst mass 
ratio of 2 provided the catalytic bed with enough acid sites for making 
the overall syngas to DME process kinetically controlled by the methanol 
synthesis reaction. 
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