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A B S T R A C T   

The production of dimethyl ether (DME) as compared to methanol from synthesis gas allows for increased 
conversions in a single pass. A challenge in this process is the combination of methanol synthesis and dehy-
dration functionalities in a single catalyst without mutual negative interference of their performances. Here, we 
studied the use of hydrated niobium pentoxide (Nb2O5⋅nH2O) and niobium phosphate (NbOPO4) in combination 
with a copper-based methanol synthesis catalyst in the direct synthesis of DME, while gamma-alumina (γ-Al2O3) 
was used as a reference material. The three solid acids combined with the copper-based catalyst proved active 
and selective in the production of DME, however all of them showed some degree of deactivation throughout the 
reaction. Characterization of the used catalysts pointed out that while the γ-Al2O3-based mixture deactivated 
most likely due to coke deposition on the alumina and structural changes in the methanol synthesis catalysts, the 
Nb2O5⋅nH2O and NbOPO4-based catalysts lost activity probably as a result of copper migration from the 
methanol synthesis catalyst to the acid component. In view of the high volume-based activity of the Nb-based 
solid acids it is concluded that these are promising components for the direct catalytic conversion of synthesis 
gas to DME.   

1. Introduction 

Synthesis gas, a mixture of hydrogen and carbon monoxide, is a 
versatile feedstock for the production of various chemicals and fuels. 
The conversion of synthesis gas to a desired product relies substantially 
on the catalyst employed. Whereas a primary hydrogenation function, 
typically a late-transition metal, can selectively produce chemicals such 
as alcohols, olefins or paraffins, addition of a second catalyst can be 
employed to couple reactions and expand the diversity of products[1,2]. 
Ideally, both functionalities in a catalyst mixture should result solely in a 
positive synergetic performance, which is feasible by selecting the 
appropriate chemical properties and an optimal degree of intimacy 
[3–6]. However, achieving the ideal composition without negative in-
terferences remains a challenge in these multifunctional catalytic 
systems. 

Dimethyl ether (DME) is commonly utilized in the aerosol industry as 
propellant and in the chemical industry as methylating agent, and it has 
shown potential in the production of bulk chemicals such as olefins, 
aromatics and acetic acid[7–11]. Moreover, DME has attracted interest 
during the last decades as a clean fuel owing to its similar 

physicochemical properties to LPG and low particulate emissions 
[12–16]. DME can be directly produced by coupling the synthesis of 
methanol from synthesis gas with the dehydration of methanol to DME. 
Haldor Topsøe initially recognized the industrial advantages of 
combining both reactions in a single process, showing that the direct 
production of DME from synthesis gas could improve energy efficiencies 
and reduce capital costs[14,15,17]. Fig. 1 shows the relevant reaction 
equations for the synthesis of DME and their corresponding thermody-
namic equilibria. While methanol formation from synthesis gas is an 
equilibrium-limited reaction (Fig. 1, eq. 1), in-situ conversion of meth-
anol towards DME shifts this equilibrium towards higher conversions in 
a single pass, a benefit of combining both reactions (Fig. 1, eq. 2 and 5). 
The additional water formed during the dehydration can bring about the 
water-gas-shift reaction, in which H2O and CO react to form CO2 and H2 
(Fig. 1, eq. 3). This can be beneficial when using hydrogen-deficient 
synthesis gas but also the presence of CO2 can enhance the synthesis 
of methanol[18] (Fig. 1, eq. 4). However, an excess of water can further 
boost the water-gas-shift reaction at the expense of methanol synthesis 
decreasing the DME yield of the catalyst[19]. Water can also lead to 
detrimental effects on the catalysts’ structure, such as sintering or 
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poisoning of active sites, resulting in an accelerated deactivation[19, 
20]. The direct synthesis of DME from synthesis gas is therefore a clear 
example of the advantages and challenges in bifunctional catalysis[21, 
22]. 

Currently, the most efficient methanol synthesis catalysts are copper- 
based and hence widely used in industry[23]. Methanol synthesis is an 
exothermic reaction and it is accompanied with a volumetric contrac-
tion, the preferred reaction conditions are therefore low temperatures 
and high pressures according to Le Chatelier’s principle (Fig. 1, eq. 1). 
Thus, methanol synthesis catalysts are typically operated at pressures 
between 30 – 50 bar and temperatures in the range of 220 – 300 ◦C, such 
conditions result in methanol selectivity greater than 99 % and reduced 
formation of by-products[24,25]. Furthermore, it is well known that 
methanol can be synthetized from CO2-enriched synthesis gas (Fig. 1, eq. 
4), making it a target for research on CO2 utilization[26,27]. Methanol 
dehydration to form DME (Fig. 1, eq. 2) is also an exothermic process 
and can be performed at relatively low temperatures (150 – 300 ◦C). 
Thus, the similarity of the process conditions makes it possible to 
operate methanol synthesis and DME production in a single reactor. The 
synergy generated by introducing the methanol dehydration reaction 
leads to a significant increase in CO conversion per pass (Fig. 1, eq 5), 
this is in marked contrast to the two-step process in which methanol is 
produced separately, stored and further converted to DME. The resulting 
equilibrium composition as a function of temperature for the direct DME 
synthesis is shown in Fig. 2, when considering the presence of CO, H2, 
methanol, DME, CO2 and H2O at 40 bar total pressure. It is possible to 
observe that DME is favored as the main product at temperatures below 
300 ◦C, and the other molecules can be recycled to produce more DME. 

Methanol dehydration can be catalyzed by Brønsted as well as Lewis 
acid sites and the most studied solid acids for this reaction are γ-Al2O3 
and zeolites[21,22,28,29]. Too strong acid sites and high temperatures 
can favor the further dehydration of DME to olefins and hydrocarbons 
[30], compromising the selectivity of the catalyst. This is the case for 
most zeolites, which contain strong acid sites favoring DME dehydration 
at the required temperatures for methanol synthesis[31]. Even though 
various strategies exist to tune the zeolites’ acidity[32,33], their 
microporous structure can restrain the diffusion of methanol, DME and 
hydrocarbons leading to further polymerization reactions and coke 
formation, inactivating and blocking the active sites[34]. γ-Al2O3 on the 
other hand, possesses milder acid sites, mainly of the Lewis type, making 

it more selective for DME and used for industrial catalysts[14,35,36]. 
Nonetheless, competitive adsorption of water as well as crystal phase 
transformation aided by steam make γ-Al2O3 sensitive to the formed 
water during dehydration and thus diminishes its catalytic activity[35, 

Fig. 1. Thermodynamic equilibrium for stoichiometric quantities of reactants for the individual reactions involved in the synthesis of DME. Calculations were 
performed using the HSC software from Outotec, v 7.14 in the temperature range from 250 – 350 ◦C, considering all species in the gas phase and 40 bar total 
pressure. Conversion refers to that of CO (eq. 1, 3 and 5), CO2 (eq. 4) or methanol (eq. 2). 

Fig. 2. Equilibrium composition of species involved in the direct synthesis of 
DME as a function of temperature at 40 bar. The thermodynamic calculation 
was carried out considering all species in the gas phase, a synthesis gas 
composition of H2:CO = 2 v/v and DME, methanol, water and CO2 as possible 
species. The HSC software from Outotec (v 7.14) was used to perform the 
calculation. 
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37,38]. 
Hydrated niobium pentoxide (Nb2O5⋅nH2O) and niobium phosphate 

(NbOPO4) are interesting solid acids, possessing both Brønsted and 
Lewis acid sites, which have shown exceptional catalytic performance 
for various acid-catalyzed reactions[39–41]. Contrary to many solid 
acids, these materials are capable of maintaining high catalytic activity 
and stability when water is involved. This resistance to water poisoning 
has been reported to originate from Lewis acid sites, in this case coor-
dinatively unsaturated Nb5+ cations in NbO4 tetrahedral arrangements, 
capable of forming active NbO4-H2O adducts that preserve an effective 
positive charge[42–44]. Thus, niobium-based materials have raised the 
research interest as stable solid acids for hydration and dehydration 
reactions. Several studies have reported the application of 
niobium-based and niobium-modified materials for the dehydration of 
methanol to form DME[45–47] and for the direct synthesis of DME from 
synthesis gas[48,49]. These studies have shown the potential of 
niobium-based materials as active and selective catalysts for the syn-
thesis of DME, however little attention has been paid to their stability. 

In this research we studied the catalytic performance of Nb2O5⋅nH2O 
and NbOPO4 acting as solid acids in concert with a Cu-based catalyst in 
the direct synthesis of DME from synthesis gas. Particularly, this 
research focused on the stability of such materials under industrially 
relevant conditions (40 bar total pressure and 260 or 280 ◦C) up to 
120 h on stream. For this end, we worked with physical mixtures 
composed of a commercial methanol synthesis catalyst and a solid acid, 
Nb2O5⋅nH2O, NbOPO4 or γ-Al2O3, which was used as reference material. 
The mixtures of the niobium-based solid acids showed comparable ac-
tivity and DME selectivity than the gamma-alumina one, while all cat-
alysts showed deactivation throughout the reaction. Characterization of 
the used materials indicated that migration of copper from the methanol 
synthesis catalyst to the niobium-based materials contributed to the loss 
in methanol and DME production, whereas in the case of the gamma- 
alumina mixtures, coke deposition on the alumina and structural alter-
ation of the copper-based catalyst were the main causes of deactivation. 

2. Experimental 

2.1. Materials 

Hydrated niobium pentoxide (Nb2O5⋅nH2O, HY-340) and niobium 
phosphate (NbOPO4) were provided by Companhia Brasileira de Met-
alurgia e Mineração (CBMM). The gamma-alumina (γ-Al2O3) was ob-
tained from BASF as extrudates (Al-3992E1/8"), which were grinded 
and sieved after thermal treatment. Thermal treatment of the solid acids 
was performed in stagnant air at different temperatures in all cases for 
4 h with a ramp of 5 ◦C min-1. Thereafter, the materials were sieved in a 
38–75 μm fraction. The methanol synthesis catalyst employed was ob-
tained from Alfa Aesar (I06Z036), with a reported composition of 10.1% 
Al2O3, 63.5% CuO, 24.7% ZnO and 1.3% MgO. The catalyst pellets were 
grinded and sieved in a 75 - 150 μm fraction. 

The bulk density of the sieved solid acids and methanol synthesis 
catalyst was determined by using a 200 μL spoon. The corresponding 
mass was measured by weighting the volume of material obtained with 
the spoon. This was repeated for five times and the average of weights 

was used to calculate the density (Table 1). 
The physical mixtures for the direct synthesis of DME were prepared 

by weighting the desired amount of methanol synthesis catalyst and 
solid acid, mixed with ~200 mg of SiC (212–425 μm) and loaded in the 
reactor. For the experiment in stacked-bed configuration, an amount of 
solid acid fixed to have the same amount of acid sites per reactor (6⋅10- 

3mmolNH3 at 260 ◦C and 3⋅10-3mmolNH3 at 280 ◦C from ammonia TPD) 
was mixed with ~ 60 mg SiC (212–425 μm) and placed downstream of 
the methanol synthesis catalyst with ~ 40 mg of SiC (212–425 μm) 
separating both catalysts beds. Around 20 mg of copper-based methanol 
synthesis catalyst were used for the experiments at 260 ◦C and around 
10 mg for the experiments at 280 ◦C, diluted with ~60 mg of SiC 
(212–425 μm). 

2.2. Characterization 

Powder X-ray diffractograms of passivated samples were measured 
using a Bruker-AXS D2 Phaser X-ray diffractometer, Co-Kα radiation (λ 
=1.7903 Å) with a 1.0 mm fixed slit. Reduced Cu-based methanol syn-
thesis catalyst (25 vol% H2/N2 flow, 2 h at 250 ◦C, heating rate of 
5 ◦C min-1) was placed in an air-tight sample holder and diffraction 
patterns were recorded on a Bruker D8 advance, equipped with a vari-
able slit and Co-Kα radiation (λ =1.7903 Å). Patterns were compared 
with the PDF-4+-database. Cu crystallite size was calculated using the 
Scherrer equation (k = 0.94) to the (111) diffraction line at 2θ = 50.7◦, 
with the Fityk 1.3.1 software[50]. 

A micromeritics TriStar 3000 apparatus was used to perform N2- 
physisorption at − 196 ◦C. Prior to analysis the samples were dried at 
200 ◦C for 16 h in N2 flow. Specific surface area was calculated using the 
BET theory for p/p0 = 0.06 – 0.25. The pore size distribution was 
determined using the BJH theory applied to the adsorption branch. The 
specific mesopore volume was calculated using single point at p/ 
p0 = 0.98. 

Thermogravimetric measurements were performed using a Perkin 
Elmer TGA8000, hyphenated with a Hiden HPR-20 mass spectrometer. 
The experiments took place under an oxidizing flow composed of 20 vol. 
% O2/Ar. First, the temperature of the sample was held at 30 ◦C for 
5 min. and thereafter heated to 800 ◦C at 10 ◦C min-1. The mass spec-
trometer was used to monitor carbon dioxide (m/z = 44) and water (m/ 
z = 18) throughout the experiment. 

Ammonia temperature programmed desorption (NH3-TPD) analyses 
were performed using a Micromeritics AutoChem 2990 instrument 
equipped with a TCD detector. Typically, 100 mg of sample were dried 
in a He flow at the corresponding calcination temperature for each 
sample. The samples were then cooled to 100 ◦C in a He flow, followed 
by pulses of 10 vol% NH3/He until saturation was reached. The tem-
perature (100 ◦C) and He flow were maintained for 1 h. Thereafter, the 
sample was heated under He flow to 400 ◦C (Nb2O5⋅nH2O and NbOPO4) 
or 600 ◦C (γ-Al2O3) at a rate of 10 ◦C min-1, the desorption of ammonia 
was monitored by the TCD detector. NH3-TPD profiles can be found in 
Fig. S1. 

FTIR spectroscopy of adsorbed pyridine was carried out using a 
Bruker Vertex 70v spectrometer. Each sample was pressed into a self- 
supporting wafer (diameter 13 mm) and placed in an environmental 

Table 1 
Summary of the properties of the solid acids.  

Solid Acid Bulk density Specific Surface Areaa NH3 uptake b Acid sites surface concentration Lewis/Brønsted acid sites ratio c  

(g⋅mL-1) (m2⋅g-1) (mmolNH3⋅g-1) (mmolNH3⋅mL-1) (mmolNH3⋅m-2) Pre-treated at 300 ◦C Pre-treated at 400 ◦C 

Nb2O5⋅nH2O 0.78 92 0.31 0.24 0.0034 0.9 1.4 
NbOPO4 0.90 238 0.60 0.54 0.0025 0.5 0.7 
γ-Al2O3 0.53 190 0.62 0.33 0.0033 - - 

aDetermined by N2-physisorption. 
bDetermined by NH3-TPD after pretreatment at 400 ◦C for Nb2O5⋅nH2O and NbOPO4 and at 600 ◦C for γ-Al2O3. 
cDetermined by FT-IR with pyridine as probe molecule. 
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transmittance IR cell. Samples were first pre-treated under dynamic 
vacuum (~10-6mbar) at their corresponding calcination temperature 
(300, 400 or 500 ◦C, 10 ◦C min-1), thereafter the sample was cooled 
down to room temperature and exposed to an excess of pyridine. Then, 
dynamic vacuum (~10-6mbar) was applied to the sample and heated to 
150 ◦C for 1 h. Spectra were recorded in the 4000 – 1000 cm-1 range. 
The quantitative determination of Lewis and Brønsted acid sites was 
made using the bands at 1448 and 1540 cm-1 following the procedure 
reported in ref [51]. 

Scanning transmission electron microscopy (STEM) images were 
acquired with a FEI Talos F200X microscope operated at 200 kV 
equipped with 4 energy dispersive X-ray (EDX) detectors, a high-angle 
annular dark-field (HAADF) and a bright field detector. Samples were 
prepared by dipping the Au sample grid into the used catalyst. 

2.3. Catalytic performance 

The catalytic performance was evaluated using an Avantium Flow-
rence 16 parallel, continuous flow, fixed bed reactor system. The cata-
lysts were reduced in-situ at atmospheric pressure in a 25 vol% H2/He 
flow, for 2 h at 250 ◦C (heating rate of 5 ◦C min-1), this in order to 
activate the methanol synthesis catalyst by reducing the copper oxide to 
metallic copper. Thereafter, the gas stream was switched to H2/ 
CO = 2.0 v/v, with different GHSV depending on the catalyst. Reactors 
were slowly pressurized by increasing the pressure by 10 bar increments 
and waiting for 5 min to equilibrate until reaching 40 bar, subsequently 
reactors were heated to reaction temperature 260 or 280 ◦C (1 ◦C min- 

1). A reactor containing only SiC (200 mg) was used as blank experi-
ment. Products were analyzed using an on-line three-channel gas chro-
matograph (GC, Agilent 7890B). Hydrogen, carbon monoxide, helium, 
nitrogen and carbon dioxide were separated on a MolSieve 5A column 
(2.4 m, 1/8 inch inner diameter) and quantified using a thermal con-
ductivity detector. Methanol, dimethyl ether and C1-C4 hydrocarbons 
were separated using a GS-GasPro column (GS-Gaspro 30 m x0.32 mm 
ID) and a HP-Innowax column (6 m, 0.32 mm ID) and analyzed by flame 
ionization detectors. The integrated peak areas were used to determine 
the gas phase composition, with He as the internal standard. Selectivities 
reported here were based on carbon atoms (%C) within hydrocarbons 
formed. In some experiments selectivities did not add up to 100 % 
because of tailing of the methanol peak in the chromatogram and some 
unidentified compounds (likely oxygenates). Gas-Hourly-Space- 
Velocities (GHSV) were defined as total gas flow divided by the total 
catalyst volume (not considering the SiC volume). Thermodynamic 
equilibrium calculations were carried out with the HSC software from 
Outotec (v 7.14), at 260 ◦C or 280 ◦C, considering all species in the gas 
phase (40 bar total pressure), a synthesis gas composition of H2:CO = 2 
v/v and DME, methanol, water and CO2 as possible species. 

3. Results and discussion 

3.1. Structural, textural and acidic properties of the solid acids 

Nb2O5⋅nH2O and NbOPO4 are known to have various crystal struc-
tures and metastable polymorphs depending on the thermal treatment to 
which they have been exposed[52,53]. In general, crystallization in 
these materials occurs around 500 ◦C for Nb2O5⋅nH2O and 800 ◦C for 
NbOPO4, when treated below these temperatures both remain amor-
phous[41,54,55]. Powder X-ray diffraction (XRD) patterns in figure S2 
show that effectively after calcination at 200 or 400 ◦C for Nb2O5⋅nH2O 
and 200, 400 or 600 ◦C for NbOPO4, both materials did not show sharp 
diffraction signals but broad scattered diffraction patterns characteristic 
of a largely amorphous structure. Higher calcination temperatures 
induced crystallization. An increase of the temperature treatment is also 
accompanied by a loss in specific surface area as previously reported for 
niobium pentoxide[55,56]. This was the same case for niobium phos-
phate as shown by the results obtained from N2-physisorption for 

samples calcined at different temperatures (Fig. S3). Previous reports 
have shown that the decrease of surface area occurs together with a 
decrease of the concentration and strength of acid sites, particularly 
when reaching crystallization [43,54,57]. Therefore, in order to main-
tain the acidic properties of both materials and considering the optimal 
reaction temperature for the direct synthesis of DME (250 - 300 ◦C), a 
calcination temperature of 400 ◦C (4 h, 5 ◦C min-1) was selected as 
pre-treatment for both materials. γ-Al2O3 was calcined at 600 ◦C to 
ensure the gamma phase (Fig. S2, C). Table 1 summarizes the 
N2-physisorption, NH3-Temperature Programmed Desorption 
(NH3-TPD) and FT-IR with pyridine as probe molecule characterization 
results for Nb2O5⋅nH2O, NbOPO4 and γ-Al2O3. 

The interaction of pyridine with the surface of the solid acids was 
used to assess the nature of such acid sites. The FT-IR spectra region 
between 1700 – 1400 cm-1 shows the vibrations of pyridine interacting 
with a solid acid[58–61] and employed to determine the ratio of Lewis 
and Brønsted acid sites (Table 1). The corresponding spectra are shown 
in Fig. S4, in which IR bands can be observed at ~1446 and 1606 cm-1 

corresponding to pyridine coordinated to Lewis acid sites (highlighted in 
green), whereas IR bands corresponding to pyridinium ion on Brønsted 
acid sites are observed at ~ 1639 and 1540 cm-1 (highlighted in red). 
Additionally, a common IR band for both sites is observed at 1489 cm-1 

(highlighted in yellow). Nb2O5⋅nH2O and NbOPO4 show bands corre-
sponding to both Lewis and Brønsted acid sites, however NbOPO4 
compared to Nb2O5⋅nH2O shows more intense bands at ~1639 and 
1540 cm-1 (more pyridinium ion on Brønsted acid sites) and a lower 
ratio of Lewis to Brønsted acid sites. The γ-Al2O3 sample displayed only 
bands at ~1446 and 1606 cm-1 and not at ~1639 and 1540 cm-1, an 
indication that mainly Lewis acid sites are present on the surface of the 
alumina and no strong Brønsted acid sites to form pyridinium ions. 
Spectra for Nb2O5⋅nH2O and NbOPO4 pretreated at 300 ◦C are also 
included in Fig. S4. For both materials it can be observed that an 
increment of the pre-treatment temperature from 300 to 400 ◦C 
increased the relative intensity of the band at ~1446 cm-1 and decreased 
the one at ~1540 cm-1, therefore the Lewis to Brønsted acid sites ratio 
increased which is consistent with previous reports[54,56,62]. The in-
crease in Lewis acid sites has been ascribed to removal of surface water 
by the heat treatment, exposing more Lewis acid sites [54]. This shows 
that the two niobium-based solid acids presented both Lewis and 
Brønsted acid sites, NbOPO4 with more Brønsted acid sites compared to 
Nb2O5⋅nH2O, while γ-Al2O3 showed mainly Lewis acid sites. Both types 
of acids can catalyze the dehydration of methanol, however differences 
in their catalytic performance can be expected due to their distinct 
mechanisms for DME formation[63–65]. Moreover, due to the high 
steam pressures during DME synthesis, it is likely that the in-situ gen-
eration of Brønsted acid sites affects the performance of the solid acids. 

3.2. Catalytic performance 

The catalytic performance of the three solid acids was evaluated by 
preparing physical mixtures with a copper-based methanol synthesis 
catalyst. These physical mixtures were made by mechanically mixing the 
20 mg of copper-based methanol synthesis catalyst (sieve fraction 75 - 
150 μm) and ~ 0.2 mL of the solid acid (sieve fraction 38 - 75 μm), 1:13 
v/v Cu-based catalyst to solid acid. Therefore, each reactor contained 
similar volumes of catalyst and hence similar Gas-Hourly-Space- 
Velocities (GHSV). A summary of the exact compositions and the cor-
responding results of the catalytic performance for all physical mixtures 
can be found in Table 2. 

DME synthesis was carried out with an H2 to CO ratio of 2, at 40 bar 
and for 120 h. The performance was evaluated at 260 or 280 ◦C, since it 
has been reported[66] that water poisoning on γ-Al2O3 was avoided by 
raising the reaction temperature above 270 ◦C. A reaction temperature 
of 280 ◦C might then diminish the detrimental effects of water on the 
solid acids. The physical mixtures in all cases triple the CO conversion 
for both temperatures compared to the Cu-based catalyst only (Fig. 3 A 
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and B). This increase in conversion by the addition of the solid acid to 
the copper-based catalyst originates by two effects: first, the conversion 
of methanol to form DME shifts the equilibrium to higher CO conver-
sions and second, water formed from the DME synthesis enables the 
water-gas-shift reaction, producing CO2 (observed as one of the prod-
ucts) which accelerates methanol production as shown in Fig. 1. The 
change in CO conversion throughout the experiment was different for 
each solid acid as shown in Fig. 3 A and B. Despite a similar initial CO 
conversion within catalysts at 260 ◦C, the γ-Al2O3 mixture lost ~40 % of 
the conversion after 120 h on stream whereas the NbOPO4 mixture lost 
~30 % and the Nb2O5⋅nH2O mixture ~15 %. At 280 ◦C, and higher 
initial CO conversions, the activity loss was less pronounced but 
following a similar trend. 

Addition of any of the solid acids to the methanol synthesis catalyst 
effectively changed the selectivity from almost exclusively methanol to 
mainly DME (Table 2). Particularly NbOPO4 and γ-Al2O3 showed the 
highest DME selectivities, the rest of the products consisted of methanol, 
CO2 and a small fraction of C1-C4 hydrocarbons, mainly CH4 and C2H6 
and in a lesser amount C2H4, C3H6, C3H8, C4H8 and C4H10. Fig. 4 pre-
sents the DME, methanol, CO2 and hydrocarbons selectivities for the 
physical mixtures throughout the experiment at 260 ◦C and 280 ◦C, 
40 bar and H2/CO = 2 v/v. At 260 ◦C, all physical mixtures showed a 
decrease in DME selectivity throughout the experiment, as well for the 
CO2 selectivity. Methanol selectivity during the experiment increased 
slightly for the niobium-based solid acids, while for the γ-Al2O3 catalyst 
had a minimum decrease. An increase of methanol together with a 
decrease of DME points to an activity increasingly controlled by the 
methanol dehydration reaction in particular for the niobium-based 
catalysts, while a decrease of both methanol and of DME selectivities 
of the γ-Al2O3 catalyst suggests an activity controlled by the methanol 
synthesis reaction. 

An increase of the reaction temperature from 260 to 280 ◦C 
increased the activity in all cases but also in the case of Nb2O5⋅nH2O 
improved the DME selectivity while decreasing the methanol selectivity. 
An increase in methanol dehydration activity to DME in this tempera-
ture range has been previously observed for Nb2O5⋅nH2O[45], which is 
also observed in this study. For the NbOPO4 and γ-Al2O3 catalysts, the 
increase in reaction temperature had a minimum effect in their selec-
tivities. Volume-based DME productivity was higher for the physical 
mixtures containing niobium-based acids compared to the γ-Al2O3--
based mixtures, due to the high density of the niobium materials. 
Furthermore, the mixtures with Nb2O5⋅nH2O and NbOPO4 also showed a 
higher yield towards DME. 

The relative change in DME yield through time is shown in Fig. 5 for 
the different physical mixtures. NbOPO4 and γ-Al2O3 showed similar 
trends in relative DME yield, losing ~ 30 % at 260 ◦C and ~ 15 % at 
280 ◦C, while Nb2O5⋅nH2O lost ~ 15 % at 260 ◦C and ~ 10 % at 280 ◦C. 
In Table 2, selectivities reported in parenthesis exclude CO2 since in an 
industrial process it can be recycled with the unconverted synthesis gas 
to form more DME. Considering this, DME selectivities can increase in a 
single pass to ~90 %. On the other hand, the formation of hydrocarbons 
constitutes a loss of available carbon to further form methanol or DME 
and thus undesired in this process. 

Hydrocarbon formation constitutes an undesired side reaction in 
methanol and DME synthesis, thus relevant to discuss. The change in 
hydrocarbons selectivity through time is shown in Fig. 4D and H for the 
different physical mixtures, in all cases a slight increase in the selectivity 
to hydrocarbons was observed during the experiment. At a reaction 
temperature of 260 ◦C (Fig. 4D), the mixtures containing NbOPO4 and 
γ-Al2O3 had similar selectivities as the methanol synthesis catalyst 
throughout the experiment (~1 %C), an indication that these products 
might have mainly originated from the copper-based catalyst under 
these conditions. The Nb2O5⋅nH2O-based mixture however showed an 
increased hydrocarbon selectivity compared to the other catalysts, 
particularly at the first hours of the experiment. An increase of the re-
action temperature to 280 ◦C increased also the selectivity to Ta
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hydrocarbons for all catalysts (Fig. 4H), although in different proportion 
for each of them. The methanol synthesis catalysts showed a constant 
selectivity after 20 h on stream resulting in 1.4 %C hydrocarbons at the 
end of the experiment, 0.5 % more than at a reaction temperature of 
260 ◦C. The hydrocarbon selectivities for the physical mixtures con-
taining NbOPO4 and γ-Al2O3 were around 2 %C at the end of the 
experiment, however their increase throughout the experiment was 
markedly different. While the NbOPO4-based catalyst showed a less 
pronounced increase in hydrocarbon selectivity after 20 h on stream, the 
γ-Al2O3-based catalyst showed a continuous increase throughout the 
experiment. The Nb2O5⋅nH2O-based mixture showed also at 280 ◦C the 
highest hydrocarbon selectivity. Hydrocarbon formation at 280 ◦C 
seemed to originate for all physical mixtures not only from the methanol 
synthesis catalysts but also from the addition of the solid acid. 

The catalytic performance of the materials was further evaluated in a 
stacked-bed configuration, with the solid acid downstream of the 
methanol synthesis catalyst, this to further understand the synergy be-
tween the methanol synthesis catalyst and the solid acids. Table 3 
summarizes the results for this experiment, the amount of solid acid was 

adjusted to have same amount of acid sites per reactor. Contrary to the 
physical mixtures, the CO conversion in this case was limited by the 
methanol synthesis catalyst and thus no major differences in conversion 
were observed within reactors (Fig. 3). Throughout the experiment, 
reactors with stacked-bed showed a decrease in activity similar to only 
the methanol synthesis catalyst at both reaction temperatures, implying 
that the activity loss originated mainly from the methanol synthesis 
catalyst and not the solid acids at these reaction conditions. CO2 was not 
detected as a product since the copper-based catalyst was not exposed to 
the water formed from the dehydration of methanol and then the water- 
gas-shift reaction did not take place. However, addition of the solid acid 
downstream of the methanol synthesis catalyst changed the product 
distribution by forming DME at the expense of methanol. At both re-
action temperatures, γ-Al2O3 showed the highest selectivity for DME, 
followed by NbOPO4 and finally Nb2O5⋅nH2O. The differences in DME 
selectivity might be explained by the dissimilar densities and acid sites 
concentrations of each solid acid. Increasing the amount of Nb2O5⋅nH2O, 
the solid acid with the lowest concentration of acid sites per volume, 
indeed resulted in an increase in the DME selectivity (Table 3, second 

Fig. 3. CO conversion as a function of time-on-stream for the physical mixtures (A and B) and the catalysts in stacked-bed configuration with the solid acid 
downstream of the methanol synthesis catalyst (C and D) at 260 ◦C (A and C) or 280 ◦C (B and D). The performance of the methanol synthesis catalyst only is also 
shown (grey diamonds). Reaction conditions: 40 bar, H2/CO = 2 v/v. Under these reaction conditions the thermodynamic equilibrium CO conversion to DME is 94 % 
at 260 ◦C and 89 % at 280 ◦C, for methanol synthesis is 40 % at 260 ◦C and 27 % at 280 ◦C. 
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line). DME and methanol selectivities remained relatively constant 
throughout the experiment. 

In contrast to the physical mixtures, the hydrocarbon selectivities of 
the reactors with solid acid and of only the methanol synthesis catalyst 
were similar throughout the experiment and increased to similar values 
by increasing reaction temperature (Fig. S5). The close contact of the 
methanol synthesis and dehydration functionalities in the physical 
mixtures, contrary to the stacked-bed configuration, could be then 
linked to the additional formation of hydrocarbons. 

3.3. Characterization of the used catalysts 

In order to further understand the reason behind deactivation in the 
physical mixtures, the used catalysts were separated by sieving them 
into the Cu-based methanol synthesis catalyst and the solid acid com-
ponents. XRD patterns of the used solid acids (Fig. S6) did not show 
significant changes in comparison to the diffractograms of the materials 
before reaction. The niobium-based materials maintained an amorphous 
structure while the alumina remained in the gamma phase. Thus, a 
change in the crystal phase of the solid acid did not occur during the 

Fig. 4. Selectivities of the main products as a function of time-on-stream for the physical mixtures at 260 ◦C (A-D) or 280 ◦C (E-H): DME selectivity (A and E), 
methanol selectivity (B and F), CO2 selectivity (C and G) and C1 to C4 hydrocarbon selectivity (D and H). The hydrocarbon selectivity for the methanol synthesis 
catalyst is also shown for comparison. Physical mixtures composed of 20 mg of copper-based methanol synthesis catalyst and ~ 0.2 mL of solid acid and the reaction 
conditions were 40 bar and H2/CO = 2 v/v. Dashed lines indicate the corresponding thermodynamic equilibrium. 

Fig. 5. Normalized DME yield as a function of time-on-stream at 260 ◦C (A) or 280 ◦C (B) for the physical mixtures composed of 20 mg of copper-based methanol 
synthesis catalyst and ~ 0.2 mL of solid acid. Reaction conditions: 40 bar, H2/CO = 2 v/v and initial CO conversion between 61 and 71 % at 260 ◦C and between 79 
and 82 % at 280 ◦C. 
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reaction despite the high water partial pressures and the deactivation of 
the catalysts is not explained by this[38]. XRD characterization of their 
used Cu-based methanol synthesis catalyst showed growth of the Cu 
crystallite size in all cases (Fig. S7 and Table S1), particularly after the 
reaction at 280 ◦C. The actual crystallite size of the used catalysts might 
be slightly larger since these samples were passivated in air and part of 
the exposed copper most likely has been oxidized. Solely the Cu-based 
catalyst without solid acid after reaction showed a Cu crystallite size 
of 7.1 nm at 260 ◦C and of 7.6 nm at 280 ◦C compared to the reduced 
catalyst (6.6 nm). The Cu-based catalyst in the physical mixtures with 
the different solid acids displayed a larger crystallite growth compared 
to the catalyst without solid acid. However, the crystallite size variations 
within them could not be correlated to their deactivation trends. 

Thus, only copper growth cannot explain the differences observed in 
loss of activity for the different physical mixtures. Besides metal growth, 
other structural changes aided by the presence of water could have taken 
place in the catalyst. Phenomena in the methanol synthesis catalyst such 
as re-crystallization of the ZnO or oxidation of the copper surface are 
relevant in the deactivation of the catalyst[67,68]. Here it was not 

possible to clearly observe such fine changes for all catalysts, only the 
Cu-based catalyst in the mixture with γ-Al2O3 after 280 ◦C reaction 
temperature (Fig. S7-J) showed a sharp diffraction peak at 2θ = 40.7◦. 
This diffraction can correspond to the ZnO (002) reflection (PDF 
00-003-0752), characteristic of ZnO nanowires[69,70]. Deterioration of 
the methanol synthesis catalyst during the reaction can then hamper the 
CO conversion and further DME formation. 

The used solid acids were also characterized by thermogravimetric 
analysis in an oxidative atmosphere and monitored by MS in order to 
determine if deactivation might relate to coke deposition (Fig. S8). At 
temperatures below 200 ◦C the weight loss corresponded to the elimi-
nation of adsorbed water. Above 200 ◦C the weight loss was accompa-
nied by the detection of CO2 (m/z = 44, Fig. S8B and C), which most 
likely corresponded to burning of deposited coke. The change in weight 
was therefore normalized to the weight at 200 ◦C and weight loss was 
more pronounced for γ-Al2O3 (~ 4 %w), followed by NbOPO4 (~ 2 %w) 
and Nb2O5⋅nH2O (~ 1 %w). No marked difference in mass loss was 
observed when the catalysts had a reaction temperature at either 260 or 
280 ◦C. Coke formation in solid acids can originate from accumulation 

Table 3 
Summary of the reactor content and catalytic performance results in stacked-bed configuration, with the solid acid downstream of the methanol synthesis catalyst. 
Results of only the methanol synthesis catalysts are shown for comparison. Reaction conditions: 40 bar, H2/CO = 2 v/v, 260 or 280 ◦C and TOS =120 h.   

Reactor content Catalytic performance 

Reaction 
Temperature 
(◦C) 

Solid Acid Mass of 
Methanol 
Synthesis 
Catalyst 
(upstream) (g) 

Mass of Solid 
Acid 
(downstream) 
(g) 

Total 
Amount acid 
sitesa 

(mmolNH3) 

Total 
Volume 
(mL) 

GHSV 
(h-1) 

CO 
Conversion 
(%) 

DME 
Selectivity 
(%C) 

MeOH 
Selectivity 
(%C) 

C1-C4 

Hydrocarbon 
selectivity (%C) 

260 

Nb2O5⋅nH2O 0.015 0.020 0.0063 0.037 6000 9 41 58 1 
0.016 0.030 0.0093 0.049 4500 8 65 34 1 

NbOPO4 0.016 0.010 0.0062 0.023 9600 8 52 47 1 
γ-Al2O3 0.015 0.010 0.0061 0.029 7700 9 81 19 1 
- 0.015 - - 0.011 20100 9 0 99 1 

280 

Nb2O5⋅nH2O 0.010 0.011 0.0034 0.022 10000 8 59 39 2 
NbOPO4 0.010 0.005 0.0030 0.014 16000 7 63 35 2 
γ-Al2O3 0.011 0.006 0.0037 0.019 12000 7 84 14 2 
- 0.010 - - 0.008 28000 7 0 98 2 

aDetermined by NH3-TPD. 

Fig. 6. STEM-EDX characterization results for the used mixtures of copper-based catalyst with Nb2O5⋅nH2O (A-D) or γ-Al2O3 (E-H). A shows the dark-field image for 
the Nb2O5⋅nH2O-based mixture and B the overlap of the EDX-maps for Nb (blue) and Cu (red). The corresponding niobium and copper maps are shown in C and D 
respectively. E shows the dark-field image for the γ-Al2O3-based mixture and F the overlap of the EDX-maps for Al (light blue) and Cu (red). The corresponding 
aluminum and copper maps are shown in G and H respectively. 
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and side reactions of methoxy groups[71] (intermediate species for 
methanol dehydration) and even though weak acid sites typically show 
less tendency of coke formation[31], still constitutes a relevant source of 
deactivation[72,73]. 

Scanning transmission electron microscopy with energy dispersive 
X-ray spectra mapping (STEM-EDX) was used to characterize the used 
mixtures and the used solid acids after reaction at 260 ◦C. Fig. 6 shows 
the dark-field images and EDX elemental maps for the mixtures 
composed of the Cu-based catalyst and Nb2O5⋅nH2O (left) or γ-Al2O3 
(right). The EDX maps show the signal for Nb in dark blue, for Al in light 
blue and for Cu in red, Zn in all cases was found together with Cu so its 
EDX maps are not presented here for simplicity. In the case of 
Nb2O5⋅nH2O is possible to observe that Nb and Cu in some areas are very 
close together and even showing some overlap. On the left side of the 
EDX maps it seems that Cu is dispersed on the niobium oxide and on the 
right side the big copper particle seems to be covered with some niobium 
oxide. For γ-Al2O3, the areas corresponding to Al and Cu are also close 
together but they seem to be more localized, is possible to observe an 
overlap in the particle on the right side of the Cu with Al because the 
methanol synthesis catalyst also contains alumina, however the big 
particles with Al which correspond to γ-Al2O3 do not show an overlap 
with the Cu signal. It has been previously shown that migration of ions in 
bifunctional systems occurs, leading to a deterioration of the catalytic 
performance with time[4]. The overlap in Cu and Nb signal might be an 
indication that metals from the methanol synthesis catalyst might have 
migrated to the Nb2O5⋅nH2O during the reaction, compromising the 
performance of both the methanol synthesis catalyst and the solid acid. 
Moreover, this close contact of the copper and acid functionality might 
have had a relationship with the increased hydrocarbon selectivity of 
the physical mixtures via methoxy migration and decomposition[74, 
75]. The differences in hydrocarbon selectivities within solid acids 
might relate to the extent of copper migration to the solid acid. 

EDX maps of only the used solid acids (Fig. S9) showed a uniform 
overlap of Cu and Nb for NbOPO4 and Nb2O5⋅nH2O, an indication that 
the copper might be homogenously distributed over the surface of these 
solid acids after reaction. The Cu-Kα signal of the corresponding spectra 
was more intense for NbOPO4 than for Nb2O5⋅nH2O or γ-Al2O3. 
Furthermore, the niobium-based materials had a green grayish color 
after reaction, an indication of a copper compound on their surface, 
whereas the alumina remained white. Migration of copper to the surface 
of the niobium-based materials could have been aided by the presence of 
Brønsted acid sites, which alumina did not show, via an ion exchange 
aided transport. Further research into the exact mechanism is needed to 
thoroughly understand the phenomenon. 

4. Conclusions 

In this study we investigated the catalytic performance of hydrated 
niobium pentoxide and niobium phosphate as solid acids combined with 
a copper-based methanol synthesis catalyst for the direct synthesis of 
DME from synthesis gas. Gamma-alumina, a commonly used solid acid 
for this reaction, was investigated as a reference material. The solid 
acids were physically mixed with the copper-based methanol synthesis 
catalyst and their catalytic performance was evaluated at 40 bar, H2/ 
CO = 2 v/v and two different reaction temperatures (260 or 280 ◦C) for 
120 h on stream. The mixing of the methanol synthesis catalyst and the 
solid acid led to increased CO conversions, compared to the methanol 
synthesis catalyst without solid acid or arranged in stacked-bed 
configuration with the solid acid downstream of the methanol synthe-
sis catalyst. All physical mixtures showed excellent activity and DME 
selectivity. Particularly, niobium phosphate performed as good as 
gamma-alumina, with improved DME productivity per unit volume due 
to its high density and acid site concentration. However, the close 
contact between both functionalities in all mixtures also led to a slight 
increase in C1-C4 hydrocarbon selectivities. Furthermore, the stabilities 
of all mixtures differed depending on the nature of the solid acid, 

indicative of different deactivation mechanisms. The used catalysts were 
characterized in order to understand the main cause of deactivation. 
XRD results showed that the solid acids maintained their initial crystal 
structures after the reaction, therefore a major structural rearrangement 
in the solid acids was not the cause of deactivation under the reaction 
conditions used here. Cu crystallite size of the methanol synthesis 
catalyst grew during reaction conditions, but their growth was similar 
within the different mixtures so deactivation could not be solely 
explained by the loss of copper surface area. However, other structural 
changes in the Cu-based catalyst could not be completely excluded, one 
of the Cu-based catalysts in a mixture with γ-Al2O3 after reaction showed 
an extra diffraction peak corresponding to ZnO nanostructure, an indi-
cation that the methanol catalyst could be susceptible to structural 
changes during DME synthesis. Thermogravimetric analysis of the used 
solid acids showed that γ-Al2O3 accumulated more coke compared to the 
niobium-based materials, which might partially explain the loss in DME 
production particularly for γ-Al2O3. EDX analysis of STEM images of the 
used catalysts revealed that the niobium-based solid acids and not the 
alumina one ended up with some copper on their surface after reaction. 
This might be an indication of ion migration from the copper-based 
methanol synthesis catalyst to the surface of the solid acids, and most 
likely compromising the performance of both the methanol synthesis 
catalyst and the acid sites. Nb2O5⋅nH2O and NbOPO4 showed Lewis and 
Brønsted acid sites, while γ-Al2O3 showed only Lewis acid sites, this 
might explain the susceptibility of Cu migration in the case of the 
niobium-based materials. To summarize, the catalytic performance and 
characterization results point out that deactivation of the physical 
mixtures originated mainly from structural changes in the methanol 
synthesis catalysts. In the case of Nb2O5⋅nH2O and NbOPO4, the deac-
tivation might relate mainly to the migration of copper from the meth-
anol synthesis catalyst to the Brønsted acid sites of these materials, while 
in the case of γ-Al2O3 deactivation might have generated from crystallite 
reconstruction of the ZnO in the methanol synthesis catalyst and coke 
deposition on the acid sites. 
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