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Abstract: Dimethyl ether (DME) is considered an alternative hydrogen carrier with potential use
in fuel cells and automotive and domestic applications. Dimethyl ether hydrolysis to methanol is
a thermodynamically limited reaction catalyzed by solid-acid catalysts, mainly Al,O3 and zeolites.
Moreover, it is the rate-limiting step of the DME steam reforming reaction, which is employed
for the production of hydrogen fuel for fuel cell feeding. In the present study, the performance
of WO3/Al,O5 catalysts (0-44% wt. WO3) was tested in DME hydrolysis reaction. The catalysts
were characterized by means of N,-physisorption, XRD, Raman spectroscopy, XPS, NH3-TPD and
2,6-di-tert-butylpyridine adsorption experiments. The reaction rate of DME hydrolysis exhibited
a volcanic trend as a function of tungsten surface density, while the best-performing catalyst was
37WO;/Al,O3, with a tungsten surface density of 7.4 W/nm?, noting that the theoretical monolayer
coverage for the specific system is 4-5 W/nm?. Brensted acidity was directly associated with the
catalytic activity, following the same volcanic trend as a function of tungsten surface density. Blocking
of Bronsted acid sites with 2,6-di-tert-butylpyridine led to a dramatic decrease in hydrolysis rates by
40 times, proving that Bronsted acid sites are primarily responsible for the catalytic activity. Thus,
the type and strength rather than the concentration of acid sites are the key factors influencing the
catalytic activity.

Keywords: dimethyl ether; hydrolysis; tungsten oxide; alumina; WO3/Al,O3

1. Introduction

In recent years, the utilization of dimethyl ether (DME) as an alternative vessel for
energy storage and automotive and residential applications is gaining ground. DME has
been considered as an ideal candidate fuel in fuel cells due to the fact its high hydrogen-
to-carbon ratio, energy density and ease in transportation and handling [1,2]. Compared
to methanol, DME is non-toxic and non-corrosive. The physical properties of DME are
akin to those of liquified petroleum gas (LPG); thus, the existing infrastructure can be
utilized with minimal alterations for its wide distribution [3-5]. Moreover, automotive
DME-fueled processors demonstrate higher overall efficiencies compared to those with
gasoline, methane or ethanol [6]. It is advantageous that DME does not contain a C-C
bond; therefore, it can be fully oxidized without byproducts. Additionally, DME can be
used as propellant in the cosmetics industry as well as in the production of important
chemicals such as dimethoxymethane (DMM), methyl acetate (MA), formaldehyde and
ethylene [7-13].

DME steam reforming (SR) is regarded as the most effective way to produce high-
quality reformate gas as feed for fuel cells. Reformates can be also produced by employing
partial oxidation (POx) and autothermal reforming (AR) reactions [4]. DME steam reform-
ing (Equation (1)) occurs in the temperature range 250-400 °C and involves two sequential
endothermic reactions: DME hydrolysis to methanol (Equation (2)) and methanol steam
reforming to hydrogen and carbon dioxide (Equation (3)).
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DME Steam Reforming
CH30CH; + 3H,0 = 6H, +2CO,  AH? = +36.6 k] mol ™!, AG,” = +15.9 k mol™! (1)

DME Hydrolysis
CH;0CH; + H,O =2CH;0H  AH =+35kJ mol™}, AG,’ = +15kf mol™!  (2)

Methanol Steam Reforming
CH3;0H + H,0 = 3H, + CO, AH," = +49.1 kI mol ™!, AG,® = —04 kJ mol ! (3)

Methanol steam reforming is a well-documented reaction that takes place over Cu-,
Ni-, Pt- and Pd-based catalysts [14-18]. DME hydrolysis is an equilibrium-limited, acid-
catalyzed reaction and the rate-determining step of the overall DME reforming process [1].
Hence, the development of more efficient acid catalysts for DME hydrolysis in conjunc-
tion with the rapid elimination of methanol via steam reforming will contribute to the
improvement of DME reforming efficiency.

Usually, the DME hydrolysis reaction is investigated along with DME steam reforming,
where most of the attention is focused on the reforming catalyst, whereas the acidic one is
typically Al,Os, being active above 250 °C [19-25]. Due to the fact of their acidic properties,
zeolites have also been employed in DME hydrolysis, where they proved to be particularly
active in the temperature range 150-300 °C [5,26-31]. High reaction temperatures (>300 °C)
are not recommended, especially for ZSM-5 zeolites, since a methanol-to-gasoline (MTG)
reaction is favored due to the fact of its high acidity [29]. Thus, care must be taken in
controlling the amount, type and strength of acid sites of the employed catalysts. Other
catalysts proposed as the acidic component in hybrid catalytic systems for DME steam
reforming have been ZrO, [32], WO3/ZrO; [31,33] and HPA / Al,O5 [34].

WOj3 is known to possess acidic properties; hence, it can be utilized in an effort to
enhance the acidity of the conventional catalysts used in acid-catalyzed reactions [35,36]. In-
deed, many research groups have reported on the catalytic performance of WO-supported
catalysts over alcohol dehydration reactions [37—41]. There is a consensus that the addition
of WO, species leads to the formation of new or additional Brensted acid sites, with suitable
strength, that enhance the dehydration rate. Additionally, although they are less active
than zeolites, they present very good stability, since they do not possess strong acidic sites
that favor the MTG reaction and coke formation, resulting in their degradation. It has been
reported that the activity of WO-supported catalysts over dehydration and isomerization
reactions is dependent on tungsten surface density and the nature of the formed WOy
species [42]. Baertsch et al. studied the dehydration of 2-butanol over WOy /ZrO; catalysts
and concluded that the maximum dehydration rates were attained at intermediate tung-
sten surface densities, above the theoretical monolayer coverage. The improved catalytic
activity was ascribed to the presence of Bronsted acid sites related to more easily reduced
polytungstate species by 2-butanol. The highest reaction rates coincided with the highest
density of Brensted acid sites [43].

Due to the principle of microscopic reversibility, the catalysts employed in methanol
dehydration are potential catalysts for the reverse reaction of DME hydrolysis. To the best
of our knowledge, the hydrolysis of DME over WO3/Al,Os-supported catalysts has not
previously been reported.

In this work, WO3/Al,Os-supported catalysts were synthesized via the incipient
wetness impregnation method with various tungsten loadings (0-44% wt. WO3), and they
were evaluated in the DME hydrolysis reaction. The effect of tungsten surface density on
the catalytic activity of the samples was investigated, and the best-performing catalyst
was identified. The physicochemical characteristics of the catalysts was determined by
means of Ny physisorption, XRD, Raman spectroscopy, XPS, NH3-TPD and 2,6-di-tert-
butylpyridine adsorption experiments. Thus, the correlation between the catalytic activity
and the formation of Brensted acid sites is discussed.
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2. Results
2.1. Catalyst Characterization
2.1.1. Textural and Structural Properties

The specific surface area (Spgt) and pore size distribution of the catalysts were deter-
mined by means of N, sorption measurements. N, adsorption-desorption isotherms and
the pore size distribution of WO3 /Al O3 catalysts are illustrated in Figure 1a,b, respectively.
Blank y-Al,O3 was also included for comparison. All isotherms could be classified as
type IV with H3 hysteresis loops (IUPAC classification) closing at P/Pg = 0.50, indicative of
aggregated plate-like particles forming slit-like pores (Figure 1a). Regarding the pore size
distribution estimated by the BJH method (Figure 1b), all samples were mesoporous with a
mean pore diameter of 3.5-4 nm, whereas the addition of tungsten resulted in narrower
pore size distribution. Table 1 summarizes the textural characteristics as well as the tung-
sten surface density of the supported catalysts expressed as the number of W atoms per
nm? of catalyst. It is apparent that the specific surface area as well as the total pore volume
of the catalysts systematically diminished upon augmentation of the tungsten percentage.
The decrease in specific surface area was mainly caused by the diminution of the pore
volume as tungsten oxo-species were formed and deposited inside the pores of the samples
leading to their gradual blockage. According to the literature, the decrease in specific
surface area was expected upon an increase in tungsten content [41,42,44]. Nevertheless,
Said et al. reported that doping with tungsten (below 10% w/w) resulted in higher specific
surface areas than the support which was attributed to the diffusion of tungsten species in
AlyOs3, leading to alterations in the textural properties of the samples [45].
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Figure 1. N, adsorption—desorption isotherms (a) and pore size distribution (b) of WO3/Al,O3
catalysts. Isotherms in (a) are shifted vertically for clarity.
Table 1. Tungsten surface density, textural properties and number of acid sites, total and Brensted,
determined via NH3-TPD and 2,6-di-tert-butylpyridine adsorption experiments, respectively.
W Surface S v D Total Acid Acid Sites Bronsted Acid
Catalyst Density (szEL) (cm® P 1 (IlIfl) Sites Density Sites
(W/nm?) 8 o8 (umol geat™))  (umolm=2)  (umol gear™ 1)
v-Al,O3 0.0 235 0.49 411 475 2.02 16
10WO3/Al,03 1.2 226 0.39 3.66 480 2.12 57
19WO03/Al, 03 2.8 182 0.36 3.67 470 2.59 nd
28WO03/ AL, 03 5.1 144 0.30 3.65 413 2.86 nd
37WO03/Al,03 7.4 130 0.26 3.66 387 2.98 139
44W03/Al,03 10.1 112 0.22 3.70 351 3.13 98
WO; 2.5 0.002 3.20 n.d. n.d. nd
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The XRD diffractograms of WO3/v-Al,Oj3 catalysts are shown in Figure 2. For the
supported samples up to 19% wt. WO3/Al,O3, the reflections observed at 26 = 37.3, 42.8,
45.8 and 67.1° can be ascribed exclusively to y-Al,O3 support. WO3 phases could not be
detected leading to the conclusion that the tungsten species formed were either amorphous
or highly dispersed on the support. Further increases in tungsten content resulted in the
detection of additional reflections at 20 = 23.5, 26.6, 28.6, 33.6, 41.4, 54.9, 60.4 and 62.4°,
which could be attributed to the monoclinic WOj3 structure (JCPDS 01-083-0950, space
group P21 /n). WO3 reflections became more prominent upon increment in WOj3 loading,
suggesting higher crystallinity of the samples and formation of bulk WO3. The monolayer
coverage was exceeded in samples with 28% wt. WOj3 loading or higher was manifested
by the detection of a crystalline WO3; phase. According to the literature, the monolayer
coverage was attained at a tungsten surface density of 4-5 W atoms/nm? of catalyst, which
is in close agreement with our results, since the tungsten surface density of 28WQO3/Al,O3
was 5.1 W/nm? [41,46-48].
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Figure 2. X-ray diffractograms of WO3/y-Al,Oj3 catalysts.

Raman spectra of the supported catalysts recorded under ambient conditions are
presented in Figure 3. The pure WO3; Raman spectrum w included for comparison. The
only bands detected are associated with tungsten species, whereas there are no additional
Raman vibrations attributed to y-Al,O3. All tungsten-containing samples exhibit a charac-
teristic band in the region 975-986 cm !, which is assigned to the symmetrical stretching
mode (W = O) of tetrahedral monotungstate species. An increase in the intensity of this
band was observed upon an increase in tungsten surface coverage, along with a systematic
shift of its position from 975 (10% wt. WO3) to 986 cm~! (37 and 44% wt. WO3) due to the
polymerization of the amorphous monotungstates to distorted octahedral polytungstates,
leading to less hydrated tungsten species on the catalyst surface [39,48]. Apart from the
mono- and polytungstate species, crystalline WO3; was also detected in the catalysts with
higher tungsten loading (>28% wt.), demonstrated by the appearance of additional bands
at 275,716 and 810 cm ! attributed to the W—-O-W deformation mode and W-O bending
and stretching modes, respectively [49-51]. The higher the tungsten content, the sharper
the bands, indicating the increase in the crystallinity of the samples. Many research groups
have reported on the nature of tungsten species formed on Al,O3 support with the pro-
gressive increment of tungsten surface density. There is a consensus that at low surface
coverage (<5 W/nm?), tetrahedrally coordinated WO,? species coexist with octahedrally
coordinated polymeric ones, being amorphous or finely dispersed on the support. Poly-
tungstates dominate when monolayer coverage is achieved, whereas above monolayer
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coverage, WOj crystallites are additionally formed on top of the monolayer, in which
their size increases upon further increases in the W surface density [41,49]. In the present
study, the Raman results confirmed that the monolayer coverage was attained already
ata 5.1 W/nm? surface density corresponding to 28WQj3/ Al,O3, since the characteristic
bands of crystalline WO3; were present. These findings are consistent with the XRD results
shown in Figure 2, where bulk WO3 was detected at tungsten surface densities equal to or
higher than 5.1 W/ nm?2.
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Figure 3. Raman spectra of WO3/y-Al,Oj3 catalysts.
2.1.2. XPS

The determination of the surface composition of the WO3/Al, O3 catalysts was con-
ducted via XPS measurements (Figure 4). According to the XP survey scan of 37WO3/ Al,O3
shown in Figure 4a, the sample consists of Al, W, O and C. Similar spectra were recorded for
all studied catalysts. Figure 4b presents the W4f XP spectra of 10, 19, 37 and 44WO3/Al,O3
catalysts. W4f XP spectra consist of two main peaks centered at 35.8 & 0.1 and 37.8 £ 0.1 eV
with a spin-orbit splitting of 2 eV, assigned to W4f5,, and W4f;,,, respectively. These
values are characteristic of the hexavalent oxidation state of tungsten (W®*) and subsequent
deconvolution of the spectra confirmed that W was the only oxidation state of tungsten
encountered on the examined samples [52-54]. Figure 4c exhibits the Al2p spectra of the
supported catalysts. Al2p spectra comprise a main peak centered at 74.3 £ 0.1 eV, whereas
no alterations were observed upon increase in tungsten content of the samples [52,53].
The Ols core level spectra of the examined catalysts consist of a main peak centered at
531 + 0.1 eV, attributed to lattice oxygen species [55]. The binding energy values of W4f,
Al2p and Ols peaks, corrected using the Cls peak at 284.5 eV, are listed in Table 2.

Table 2. Bulk and surface compositions determined via XRF and XPS measurements, respectively,
expressed as the atomic ratio of W/ Al and the binding energy values of W4f, Al2p and Ols peaks of
WO3/Al,O3 catalysts.

W/AI Atomic Ratio BE (eV)
Catalyst Waf
XRF XPS Al2 01
4fs5) 4f7) P s
10WO3/ALL, 03 0.02 0.04 37.9 35.8 74.3 531.1
19W0O3/A1,05  0.05 0.05 37.9 35.8 74.3 531.1
37W0O3/Al,05 0.13 0.11 37.8 35.7 74.2 530.9

44W053/A1,053 0.17 0.13 37.8 35.7 74.2 531
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Figure 4. (a) Survey spectra of 37WO3/Al,O3 catalyst; (b) W4f XP spectra; (c) Al2p XP spectra;
(d) O1ls spectra of WO3/Al,O3 catalysts.

The bulk and surface compositions of the catalysts determined via XRF and XPS,
respectively, expressed as the atomic ratio of tungsten to aluminum (W/Al), are illustrated
in Figure 5. It is apparent that at low tungsten coverage, namely, 10WO3/Al; O3, the surface
W /Al atomic ratio was higher than the nominal one, i.e., the W/ Al atomic ratio determined
via XPS was 0.04, whereas the nominal one was 0.02. This deviation can be attributed
to the high dispersion of tungsten species on the surface of the support; thus, there is a
tungsten enrichment of the surface leading to a higher W/ Al atomic ratio. This can also
be deduced from the absence of WOj reflections and the characteristic bands in XRD and
Raman results, respectively. Focusing on the 199WO3/Al,Oj3 catalyst, the bulk and surface
composition were in complete agreement. For the catalysts with higher surface coverages,
37 and 44WQO3/ Al O3, the surface W/ Al ratios were lower than the nominal ones, and it
was observed that upon increase in tungsten content, this deviation was becoming more
noticeable. This can be explained by the fact that the monolayer coverage was well exceeded
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on these catalysts, leading to the formation of bulk WO3, growth of larger crystallites and,
therefore, a decrease in WO3 dispersion as tungsten loading increased. It should be noted
that XPS is a surface-sensitive spectroscopic technique with an analysis depth of ~4-5 nm;
hence, if larger crystallites are present on the catalyst surface, they will not be taken into
account at sizes above 5 nm.
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Figure 5. Surface versus bulk W/ Al atomic ratios determined via XPS and XRF of WO3/Al,O5 catalysts.

2.1.3. Acidity of the Catalysts

The total acidity of WO3/Al,O5 catalysts was investigated by means of NH3-TPD.
The pretreated under He flow catalysts were exposed to a 1.1% NHj/He/ Ar stream up to
equilibration of the adsorption process. Ar was used as an inert tracer, since it does not
adsorb on the catalyst’s surface. The physically adsorbed NH3 at room temperature was
flushed away by subsequent He flow through the TPD cell followed by the TPD run in
the temperature region 30-650 °C. NH3 desorbs molecularly, since it was the only species
detected in the effluent. The NH3-TPD profiles of the supported WO3/Al,Os catalysts
are delineated in Figure 6a. The corresponding profile of y-Al,O3; was also included for
comparison. All TPD profiles consist of a main peak centered at 105-115 °C, which was
extended up to 650 °C. The broad TPD profiles were indicative of the existence of both
weak and intermediate acid sites on the surface of the catalysts. The addition of tungsten
oxo-species did not induce any alterations regarding the strength of acid sites. The amount
of NH; desorbed (in pmol gt 1) during TPD as a function of the tungsten surface density
is depicted in Figure 6b (left axis). At low surface coverages up to 2.8 W/nm?, the amount of
NHj; desorbed and, consequently, the number of acid sites remained practically unchanged.
At higher tungsten surface densities, the number of acid sites gradually decreased, which
was related to the lower specific surface areas of the tungsten-containing samples. Since the
catalysts significantly differed in terms of specific surface area, which plays a crucial role in
the adsorption of NHj3 and, as a consequence, in the determination of the catalyst acidity,
this factor can be eliminated by expressing the acidity on a surface area basis. Hence, the
concentration of acid sites of the supported catalysts as a function of the tungsten surface
density is demonstrated in Figure 6b (right axis). It is apparent that upon an increase in
the tungsten surface coverage, a gradual increase in the density of acid sites was observed.
The values of the amount and concentration of acid sites are listed in Table 1. Our results
at low W surface densities are in accordance with those reported by Soled et al. [56]. They
investigated the acidity of WO3/v-ALL O3 (10% wt.) employing NH3-TPD, IR-pyridine
and high-temperature gravimetric titration of amines and concluded that the addition
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of tungsten at a low loading (10%) did not significantly alter the number and density of
total acid sites between y-Al,O3 and WO3/Al,O3 catalysts but led to the formation of
Brensted at the expense of Lewis acid sites, whereas Al;O3; possessed only Lewis ones.
The monotonic increase in Brensted acid sites upon increase in tungsten surface density
at submonolayer coverage (up to 4.1 W/ nm?) was also observed by Chen et al. [57].
They found a direct correlation between the catalytic activity in 2-propanol reaction and
the evolution of Brensted acid sites, which were mainly linked with the formation of
polytungstate species over WOy /Al O3 catalysts. Zhang et al. investigated the acidity
of 0-30% wt. WO3/Al,Os catalysts employing the colorimetric titration and inverse-gas
chromatography techniques and concluded that in line with previous studies, Brensted acid
sites are introduced upon addition of tungsten, while the ratio of Brensted to Lewis acid
sites is systematically increasing even at high tungsten surface densities. They proposed
that the cause of the Bronsted site formation is the existence of terminal oxygen atoms that
lead to charge delocalization in the support [58].
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Figure 6. (a) NH3-TPD profiles and (b) number (left axis) and concentration (right axis) of total acid
sites of the WO3/Al,O3 catalysts.
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For the determination of Brensted acid sites, 2,6-di-tert-butylpyridine was employed
as a probe molecule. 2,6-Di-tert-butylpyridine is an alkylated pyridine with bulky tert-butyl
substituents serving as hindered base that selectively adsorbs on Brensted acid sites, form-
ing the corresponding pyridinium ion, whereas the Lewis acid sites are inaccessible due to
the steric hindrance phenomena. Many research groups have used 2,6-di-tert-butylpyridine
for the discrimination between Brensted and Lewis acid sites or the determination of
Bronsted acidity on the external surface of zeolites, since the bulky substituted pyridine
cannot enter into the smaller pores of the studied zeolites [37,43,59,60]. Table 1 summarizes
the 2,6-di-tert-butylpyridine uptake over selected WO3/Al,O5 catalysts determined via ad-
sorption experiments at 120 °C followed by desorption of weakly adsorbed molecules at the
same temperature. The uptake and consequently the amount of Bronsted acid sites follow
the order 37WQO3/Al,O3 > 44W0O3/Al,O3 > 10WO3 /AL, O3 > Al,O5. Tungsten addition re-
sults in the development of Brensted acid sites, which increase up to 7.4 W/nm? in surface
coverage while further increases in tungsten content lead to a decrease in Brensted acid
sites, probably linked to the formation of larger WO5 crystallites. Macht et al. reported on
the titration of Brensted acid sites of WOy /Al,Oj3 catalysts using 2,6-di-tert-butylpyridine
during the catalytic tests in 2-butanol dehydration. They concluded that the density of Bren-
sted acid sites reached a maximum at above monolayer coverage (9.8 W/ nmz), whereas
further increases in tungsten loading led to the diminution of the concentration of Brensted
acid sites [37]. The impact of tungsten addition on various supports on the formation
of Brensted acid sites has been reported by many research groups employing various
methods [36,38,39,42,61].

2.2. Catalytic Evaluation in DME Hydrolysis

The supported WO3/Al,O3 catalysts were tested in DME hydrolysis reaction in the
temperature range of 140-300 °C with W/F = 0.5 g s cm 3. The variation in the conversion
as a function of the reaction temperature over the xWQO3/Al,O;3 catalysts is presented in
Figure 7. DME hydrolysis is a thermodynamically limited reaction; hence, the equilibrium
conversion was calculated taking into account the composition of the feed, i.e., 0.09%
DME and 3% H,O vapor, and it is included in Figure 7. In the temperature range studied,
CH3OH was the only product detected. y-Al,O3 is the sample with the poorest catalytic
performance, where the production of CH3OH commenced above 220 °C and reached the
equilibrium value of 300 °C. Tungsten-containing catalysts demonstrated substantially
improved catalytic activity. Upon increases in tungsten content, the activity of the catalysts
towards DME hydrolysis gradually increased up to 37% wt. WO3/Al,O3, whereas higher
tungsten loading (44WO3/Al,O3) led to inferior activity. The best-performing catalyst
was already active at 150 °C and reached equilibrium at 250 °C (Xppmg = 50%). By com-
parison, the temperature at which 10% conversion was achieved (T1g) over y-Al,O3 and
37WO3/Al,O3 was 243 and 183 °C, respectively, which is a significant shift by 60 °C to
lower temperatures.

Figure 8 presents the reaction rates of the WO3/Al,O3 catalysts fresh and poi-
soned with 2,6-di-tert-butylpyridine, measured at 200 °C (left axis) and the 2,6-di-tert-
butylpyridine uptake (right axis) as a function of tungsten surface density. The reaction
rates are expressed on a unit mass basis, and they are measured under differential condi-
tions (Xpmg < 20%). The catalytic activity in terms of reaction rates followed the order:
7.4 W/nm? > 10.1 W/nm? > 5.1 W/nm? > 2.8 W/nm? > 1.2 W/nm? >> y-Al,Os. A direct
comparison between 37WOQO3/Al,O3 and v-Al,O3 cannot be made, since there was no
measurable reaction rate at 200 °C for y-Al,O3, whereas at 225 °C, where y-Al,O3 exhib-
ited catalytic activity, the conditions were not differential for the 37WQO3/Al,Oj3 catalyst
(XpmE = 35%). Thus, the comparison can be made by employing the sample with the lowest
tungsten content, viz., 10WO3/Al,O3. Table 3 summarizes the reaction rates, the specific
reaction rates and Tyg values of the tested samples. The highest reaction rate per catalyst
weight achieved by 37W0O5/ALO; (15.74 x 1073 umol geat ' s71) was 19 times higher than
the corresponding one of 10WO3/Al,O3 (0.82 x 103 pumol gcat_l s~ 1), while in terms of
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WO;3 weight the former exhibited fivefold higher activity than 10WO3;/Al,O3. Regarding
the reaction rates expressed per WO3; weight, it can be concluded that the catalytic activ-
ity increases up to 7.4 W/nm? where tungsten-oxo species and WOj crystallites (where
present) developed beneficially for the hydrolysis reaction, whereas further addition of
tungsten led to the formation of larger crystallites that were less active or even inert towards
DME hydrolysis. The superiority of 37WQO3/Al,O3 was even more pronounced in terms
of intrinsic activity, which was 34 times higher than the specific reaction rate measured at
200 °C over 10WO3/Al,Os. This difference was intensified by the fact that 37WO3 / Al,O3
had almost half the specific surface area of 10WO3/Al,O3, yet was significantly more active
towards DME hydrolysis. At this point, it should be mentioned that the expression of the
reaction rates per specific surface area was not completely appropriate for the supported
catalysts, since the activity of the catalyst was mainly attributed to the supported phase
and not to the entire exposed surface.

100

JwiF=05gscm® —eo—10WO /A0,
90 - —A— T9WO,/ALO,
1 —v—28WOALO,
2o —4—37WO,AL,0,
T 44WOAL,0,
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s |
(72l
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> 4
S 40
S 40-
g 04
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Figure 7. Conversion of DME to CH30H as a function of reaction temperature over WO3/Al,O3

catalysts. The equilibrium conversion is also included. Reaction conditions: 0.09% DME, 3% H,O,
W/F=05gscm™3.
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Table 3. Catalytic performance of WO3/Al,O3 in DME hydrolysis expressed as the temperature at
which 10% conversion was obtained (Tjg) and reaction rates expressed per catalyst weight, WO;
weight and specific surface area, ry, rwo, and r, respectively.

T w Two; r
Catalyst 1o - P - P - o

(@) (x1073 pmol geat 157 1) (x1073 umol gwoz1s™1)  (x10~5 pmol m—2s-1)
v-Al, O3 243 0 n.d. 0
10WO3/ALL,05 213 0.82 8.2 0.36
19WO0;3/ALO; 210 2.02 10.64 111
28WO5/ALO; 199 8.34 29.78 5.77
37WO5/ALO; 192 15.74 4254 1211
44W05/Al,0O53 183 10.92 25.10 9.73

In any case, the activity of the supported WO3/Al,O3 catalysts exhibited a volcanic
trend in DME hydrolysis, and the best-performing catalyst was the one with 7.4 W/nm?.
The same trend was found for the 2,6-di-tert-butlypyridine uptake as shown in Figure 8
(right axis). As previously discussed (Section 2.1.3), 2,6-di-tert-butylpyridine uptake was
directly associated with the number of Brensted acid sites formed on the surface of the
catalysts; thus, it can be concluded that DME hydrolysis occurred primarily on the Bron-
sted acid sites of WO3/Al,O3 catalysts. To further confirm the role of Brensted acid
sites on the catalytic activity of the tungsten-containing catalysts, DME hydrolysis rates
were also measured after blocking the Brensted acid sites of the best-performing samples,
namely, 37WOs3/ Al,O3 and 44WOs3/ Al,O3, with 2,6-di-tert-butylpyridine (Figure 8, left
axis). Prior to catalytic tests at 200 °C, 2,6-di-tert-butylpyridine was adsorbed on the sam-
ples at 120 °C overnight followed by the desorption of weakly bound molecules at the
same temperature. Indeed, the reaction rates obtained over poisoned 37WO3/Al,O3 and
44W03/ Al,03 were 0.39 x 1073 and 0.30 x 103 umol geat ' s~ compared to 15.74 x 103
and 10.92 x 1073 umol geat ! 57! of the fresh samples. Therefore, even though the reaction
took place at 200 °C, Brensted acid sites were blocked by a part of 2,6-di-tert-butylpyridine
that remained strongly chemisorbed on them, resulting in a dramatic decrease in the re-
action rates by 3640 times. Thus, it can be concluded that DME hydrolysis primarily
occurs on Brensted acid sites, whereas the residual reaction rates measured may be at-
tributed to Lewis acid sites on WOy domains that remained unaffected by the addition of
2,6-di-tert-butylpyridine [37].

Since there are no reports in DME hydrolysis over supported WOy catalysts and
because of the principle of microscopic reversibility, we took into consideration the literature
concerning alcohol dehydration reactions. Suwannapichat et al. investigated the direct
synthesis of DME from CO, hydrogenation over hybrid CuO/Zn0O/ZrO, and WO, /Al,O3
catalysts. Methanol dehydration took place over tungsten-supported catalysts varying the
tungsten loading and the pore size of the support. In accordance with our results, they also
observed a volcanic trend in DME production as a function of tungsten surface density,
while the maximum value was obtained above monolayer coverage at 8 W/nm? [41]. The
optimization of the catalytic activity in alcohol dehydration above the theoretical monolayer
coverage over WOx-supported catalysts (i.e., WOx/ZrO, and WOy /TiO,) was reported
by various research groups [37,39,40,62]. It is widely accepted that CH30OH dehydration
as well as the reverse reaction, DME hydrolysis, are acid-catalyzed reactions; hence, the
acidity of the catalysts plays a crucial role in the overall process. However, based on the
NH;3-TPD results (Figure 6b), it can be seen that the most active catalysts in DME hydrolysis
exhibited lower total acidity (per catalyst weight). Adsorption of NHj is a measure of the
total acidity of the catalysts, both Brensted and Lewis; thus, no direct correlation could be
made between the total acidity and the catalytic activity. Therefore, the type and strength
rather than the number of the acid sites are the key factors that drive the catalytic activity.
Indeed, it is generally agreed that mainly Brensted acid sites are responsible for the higher
reaction rates obtained in DME hydrolysis and CH3OH dehydration [5,39,63-66]. y-Al,O3
that possesses only Lewis acid sites has low activity, as water competitively adsorbs on the
same sites with methanol leading to their blockage [64,67]. Macht et al. concluded that the
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enhanced catalytic activity in 2-butanol dehydration over WO3/Al,O3 and WO3/ZrO; is
directly correlated with the development Brensted acidity. Lewis acid sites were constantly
diminishing upon tungsten addition on Al,Os. The dehydration rates increased upon
tungsten surface density increment, reaching the maximum values at 9-10 W/nm?. After
the titration of the Brensted acid sites with 2,6-di-tert-butylpyridine, the dehydration
rates obtained dramatically decreased. The residual reaction rates remained constant upon
increase in tungsten surface density up to 10 W/nm?, while at even higher surface densities,
where large WOj3 crystallites were formed, they diminished further. On the other hand, the
blocking of acid sites with pyridine, which coordinated with both Brensted and Lewis acid
sites, led to the complete loss of the dehydration activity of the catalysts [37]. The results
obtained in the present work regarding the enhanced catalytic activity of the WO3;/Al,O3
catalysts in DME hydrolysis could, therefore, be directly associated with the development of
Brensted acid sites upon tungsten addition on Al,O3 support. A DME molecule adsorbs on
a Bronsted acid site forming a dimethyloxonium ion ((CH3),OH?), whereas its subsequent
hydration leads to the formation of methanol.

3. Materials and Methods
3.1. Catalysts Synthesis

WO3/v-Al,O3 samples with tungsten (VI) oxide loading in the range 0-44% w/w
were prepared via the incipient wetness impregnation method. Prior to impregnation, the
v-Al,O3 (ALCOA DD-2) support was crushed, sieved (90 < dp < 180 um) and calcined
at 500 °C for 4 h at a heating rate of 5 °C min~!. The desired amount of ammonium
metatungstate hydrate ((NH4)¢W12039-xH,O, Sigma Aldrich, Steinheim, Germany), de-
pending on the final percentage of WO3 on the catalyst, was dissolved in triple-distilled
water followed by the impregnation of the support. The suspension was left for equi-
libration under rotation for 1 h at room temperature and atmospheric pressure, while
subsequent evaporation under vacuum at 50 °C led to a slurry which was left to dry at
room temperature overnight. The samples were further dried by gradually increasing the
temperature from 50 to 120 °C with a heating rate of 10 °C h~! and, finally, they were
calcined at 500 °C with a heating rate of 5 °C min~! for 5 h. The resulting catalysts were
nominated as xXWQOj3/Al,O3 (where x refers to the WO; loading by weight percent, i.e., 0,
10, 19, 28, 37, and 44%).

3.2. Catalyst Characterization

The specific surface area (Spgt) and porosity of the catalysts were determined from the
N, sorption-isotherms at —196 °C, using a Quantachrome Autosorb IQ-C-MP apparatus.
Prior to measurements, the samples were degassed at 150 °C in vacuum for 2 h. N
adsorption isotherms were measured at relative pressures (P/Pj, where P is the actual
pressure of Ny, and Py is the saturation pressure of N, at —196 °C) in the range of 0.015 to
0.995. The specific surface area was calculated in the range 0.015 < P/Pj < 0.35, total pore
volume at P/Py = 0.995 and pore size distribution (PSD) using the Barret-Joyner—-Halenda
(BJH) model using the desorption branches of the N, isotherms.

The XRD diffractograms of the catalysts were recorded using a Bruker D8 Advance
X-ray powder diffractometer operated at 40 mA and 40 kV employing a Ni-filtered Cu Ka
radiation (A = 1.5418 A) in the range of 20° < 26 < 80° with a scan step of 0.02° and a scan
speed of 1.5 s/step.

Raman spectra were recorded using a T64000 micro-Raman spectrometer (Horiba
Jobin Yvon, Kyoto, Japan) equipped with a 514.5 nm laser line as the excitation source. The
spot size was ~2-3 um while a microscope objective of 50 x magnification was employed.
The spectra were corrected taking into account the 520 cm~! Raman band of crystalline Si.

The composition of the catalysts was determined via X-ray fluorescence spectroscopy
(XRF) using a S2 PicofoxTM Bruker Nano X-Ray Fluorescence spectrometer equipped with a
metal-ceramic air-cooled molybdenum (Mo) target X-ray tube operating at 50 kV and 0.6 mA.
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X-ray photoelectron spectroscopy (XPS) was performed in a UHV chamber (5 x 10~ '% mbar)
equipped with a SPECS Phoibos 100-1D-DLD hemispherical electron analyzer and a non-
monochromatized dual-anode Mg/ Al X-ray source. Samples were excited using MgKo
at 1253.6 eV photon energy, and the pass energy of the analyzer was 10 eV. Prior to XPS
measurements, the powdered samples were pressed and pelletized, whereas the diameter
of the analyzed area spot was 7 x 15 mm. The spectra were recorded and analyzed using
the commercial software, SpecsLab Prodigy (Specs GmbH, Berlin, Germany). The binding
energy at 284.5 eV corresponding to C 1s of contaminant carbon was used as reference for
the calculation of the binding energies.

The total acidity of the catalysts was determined via temperature-programmed des-
orption of ammonia (NH3-TPD) under atmospheric pressure in a fixed-bed reactor. The
system consisted of two independent gas lines equipped with mass flow controllers (Aera
GmbH, Kirchheim, Germany) and a mass spectrometer (Omnistar/Pfeiffer Vacuum, Asslar,
Germany) for online monitoring of effluent gases. During NH3 adsorption at room temper-
ature, a gas mixture (30 cm? min’l) containing 1.1% NHs, 1% Ar as inert tracer and He as
balance was fed into the TPD cell (100 mg of catalyst) until saturation was attained, marked
by the stabilization of signals in the mass spectrometer. Then, the excess of NH3 was purged
with He until all signals met their baselines. The subsequent TPD run was conducted under
He flow (30 cm® min~1) from 30 to 650 °C with a heating rate of 10 °C min~ L. Prior to NH3
adsorption, the samples were preheated under He flow (30 cm® min—!) up to 500 °C with
a heating rate of 10 °C min~! and soaked at 500 °C for 15 min followed by cooling down
to room temperature under the same flow. The following fragments were recorded in the
mass spectrometer during TPD experiments: m/z = 15, 16 (CHy), 17 (NH3), 18 (H,0), 28
(N2), 44 (CO»), 32 (0Oy), 40 (Ar) and 2 (Hy).

The 2,6-di-tert-butylpyridine (>98%, Merck-Schuchardt, Hohenbrunn, Germany) was
used as probe molecule for the determination of Brensted acid sites of WO3/Al,O3 catalysts
via a static gravimetric method. In brief, vapors of 2,6-di-tert-butylpyridine were left to
adsorb on the powdered samples (dried at 150 °C overnight) enclosed in a sealed glass
vessel at 120 °C overnight with a subsequent desorption at the same temperature to remove
the weakly bound 2,6-di-tert-butylpyridine. After the adsorption and desorption process,
the weight gain and loss, respectively, were measured. The 2,6-di-tert-butylpyridine
uptake is referred to the remaining adsorbed amount of 2,6-di-tert-butylpyridine after the
desorption step.

3.3. Catalyst Evaluation Tests

The catalytic performance of WO3/v-Al,O3 samples in DME hydrolysis was carried
out in a conventional quartz fixed-bed flow reactor at atmospheric pressure whereas the
reaction temperature was in the range of 140-300 °C. In a typical experiment, 0.5 g of
catalyst (crushed and sieved to particle size 90 < dp < 180 um) was introduced in the reactor
and heated under He (30 cm® min~!) at 300 °C for 1 h. Then, the catalyst was exposed
to a reactant feed (60 cm® min~!) containing 900 ppm DME (3.5% DME/He, home-made
mixture in gas cylinder using DME, >99.9% (GC), Sigma Aldrich, Steinheim, Germany),
~3% HO and He (99.999%, Linde Hellas, Athens, Greece) as balance (W/F=0.5gs cm ).
H,O vapor was introduced by flowing He through a saturator containing triple-distilled
water at room temperature. The reactant and product composition were analyzed online
by a gas chromatograph (Shimadzu GC-14B) equipped with a flame ionization detector
(FID). The employed chromatographic column was 0.19% Picric acid / Graphpac-CC 80/100,
7' x 1/8" x 0.085"/SS.

The measurements of the reaction rates over the poisoned catalysts with 2,6-di-tert-
butylpyridine took place at 200 °C with no alterations regarding the reactant feed or
the W/E. Prior to the experiment, the sample was exposed to 2,6-di-tert-butylpyridine
vapors in a sealed vessel at 120 °C overnight followed by the removal of excess 2,6-di-tert-
butylpyridine at the same temperature. Then, the catalyst was loaded in the reactor, and
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the feed stream passed though the reactor at 200 °C. The reaction rate was measured after
steady state was achieved (~1 h).
The conversion (X) of DME was calculated using the following equation:

in _ Cout Cg‘i%OH
Xpume (%) = —2ME_—DME » 100 = —Z— % 100 @)

DME CDME

where CI5\ -, Co8t - and C%‘f%OH are the feed and the outlet concentration of DME and
CH;3O0H, respectively.

For the calculation of the reaction rates on a unit catalyst weight (ry, in pmol gcat’l s’l)
the following equation was used:

_ FpMmEe XpMme
= W )

where: Fpyg is the molar flow of DME (in pmol s™1), Xpyg is the conversion of DME to
CH3OH and W is the catalyst weight (in g).

For the calculation of the reaction rates per WO3; weight (rwo,, in umol gwos s
the following equation was used:

r
rwo, = (6)

where ry is the reaction rate on a unit catalyst weight of DME hydrolysis (in pmol gcafl s7h,
and w is the WO3 weight calculated from the WO5 content of the catalyst (in g).

For the calculation of the specific reaction rates (r, in pumol m~2 s~ 1), the following
equation was used:

rw
— 7

"7 SsA @)
where ryy is the reaction rate on a unit catalyst weight of DME hydrolysis (in pmol ge, ! s71),
and SSA is the specific surface area of the catalysts (in m? ge, ~1).

4. Conclusions

DME hydrolysis is the rate-determining step in steam reforming of DME, which can
be employed in the production of high-quality reformate gas as feed for fuel cells. Hence,
the improvement of DME hydrolysis reaction would lead to the enhanced efficiency of
the overall DME steam reforming process. Acidic Al,O3 and zeolites were mainly used to
catalyze the reaction, with the former being inactive beyond 250 °C and the latter being
active but not stable due to the coke formation resulting from the simultaneous occur-
rence of side reactions such as an MTG reaction. Therefore, the modification of y-Al,O3
focusing on the development of additional acid sites would lead to enhanced catalytic
activity at a lower temperature and, at the same time, its high stability could be retained.
WO;3/Al,Os-supported catalysts with various WO3 loadings (0-44% wt.), prepared by the
incipient wetness impregnation method, were investigated in DME hydrolysis to CHzOH.
According to XRD and Raman results, amorphous and well-dispersed mono- and poly-
tungstate species prevailed on the surface of the catalysts at low tungsten surface densities
(<5.1 W/nm?), whereas monolayer coverage was exceeded at higher surface densities
(>5.1 W/nm?) indicated by the formation of WO; crystallites. XPS measurements further
validated the fine dispersion of tungsten oxo-species at low surface coverage, whereas W6*
was the only oxidation state encountered on the samples. The concentration of acid sites
determined via NH3-TPD experiments as a function of tungsten loading exhibited a mono-
tonic increase, although the amount of total acid sites per catalyst unit weight decreased
due to the specific surface area loss of the samples upon augmentation of tungsten content.
A volcanic trend was observed between the hydrolysis rates and the tungsten surface
density. The number of Brensted acid sites, determined via the selective adsorption of
2,6-di-tert-butylpyridine as a function of tungsten surface density, followed the same trend.
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The most active catalyst was 37WO3/Al,O3 with a tungsten surface density of 7.4 W/ nm?,
which is above the theoretical monolayer coverage. Blocking of Brensted acid sites with
2,6-di-tert-butylpyridine led to a dramatic decrease in hydrolysis rates by 40 times. The
enhanced catalytic activity was attributed to the development of Brensted acid sites at the
expense of Lewis ones upon tungsten addition. Therefore, the type and strength rather
than the number of acid sites have a key role in DME hydrolysis reaction.
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