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Hybrid CuZnAl(CZA)/HZSM-5 catalysts were prepared by three mixing methods in order to analyze the
possible existence of interactions between components and their impact in the STD process, namely: (a)
grinding of powders prior to pelletizing (grinding method), (b) slurrying the two solids in water followed
by drying and pelletizing (slurry method), and (c) physical mixture of pre-pelletized components. The
materials were characterized by ICP-OES, XRD, N, physisorption, Ho-TPR, 2’ Al MAS NMR, FTIR-pyridine,
and EPR spectroscopy. Detrimental interactions producing a drastic reduction in the amount of available
zeolitic Brgnsted acid sites were observed for the hybrids prepared by slurry and grinding methods. Such
interactions involved, on one hand, the partial blockage of micropores by CZA particles and, on the other
hand, an inter-cationic exchange of Cu?* (and possibly also Zn%*) species. The presence of isolated Cu2*
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CuZnAl cations occupying exchange positions in the HZSM-5 zeolite was unambiguously evidenced by EPR spec-
ZSM-5 zeolite troscopy. The decrease in Brensted acidity significantly reduced the activity of the zeolite for dehydrating
Detrimental interactions methanol leading to a much lower efficiency of the corresponding hybrids for DME synthesis at typical
EPR spectroscopy STD conditions as compared to the catalyst obtained by simple mixture of pre-pelletized components.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Dimethyl ether (DME) is an important intermediate for the
production of useful chemicals (i.e. methyl acetate and dimethyl
sulfate) and petrochemicals (light olefins, BTX aromatics) [1,2].
Recently, DME has also been considered as an ideal eco-friendly
substitute for conventional petroleum-derived diesel owing to its
high cetane number (55-60), low auto-ignition temperature, lower
emissions of toxic compounds upon combustion, and reduced noise
[3,4]. DME is traditionally produced by a two-step process involving
first the synthesis of methanol from syngas on a Cu-based cata-
lyst followed by the dehydration of methanol in the presence of a
solid acid catalyst. Though the syngas feeding the methanol synthe-
sis reactor is typically obtained from fossil resources such as coal,
natural gas and crude oil, the production of DME from biomass-
derived syngas (the so-called bioDME) is particularly attractive as
in this case it can be considered as a carbon-neutral fuel from
the viewpoint of CO, emissions thus contributing to restrain the
global warming effect caused by the emission of greenhouse gases.
The increasing interest in using DME (and particularly bioDME)
as an environmentally benign diesel fuel has promoted extensive
research in the so-called STD (syngas-to-DME) process in which
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DME is produced directly from syngas in a single catalytic reac-
tor with the corresponding costs savings [5,6]. A salient advantage
of the STD route is that, by rapidly consuming in situ the formed
methanol, it allows overcoming the thermodynamic constraints of
the methanol synthesis reaction allowing much higher per-pass
CO conversions (and thus DME yields) to be attained as compared
to the conventional two-step process. This can be easily inferred
by looking to the main four reactions involved in the STD process
described by the following Eqs. (1)-(4):

2C0 + 4H, < 2CH;0H (1)
€O, +3H, < CH30H + H,0 2)
2CH30H < CH30CH3 +H,0 3)
H,0 + CO « H,+CO, (4)

According to this set of reactions the product of one reaction is
the reactant for another thus creating a synergistic effect that shifts
the equilibrium of the methanol synthesis reactions (1) and (2) to
the right.

It is clear from the above set of reactions that a suitable STD
catalyst should combine two catalytic functionalities in order to
effectively couple the methanol synthesis and methanol dehy-
dration reactions. Typically, the methanol synthesis function is
provided by a Cu-based catalyst (e.g. CuO/ZnO/Al; O3, abbreviated
as CuZnAl) while the dehydration of methanol to DME is afforded by
a solid acid component such as y-Al,03 or zeolites [7-12]. Among
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the zeolites, most of the studies were focused on the medium-
pore HZSM-5 [7-9,12,13] as the size of its pores prevents extensive
coking without severely hindering the diffusion of the molecules
involved in the DME synthesis, although other zeolitic structures
such as ferrierite [14,15], mordenite [13], and HY [10,15], as well
as SAPO-x zeotypes [16] have also been explored. In general, zeo-
lites are preferred over alumina since the much higher dehydration
activity of the former (owing to a substantially higher acidity)
allows for performing the STD reaction at lower temperatures and
thus under thermodynamically more favorable conditions for the
methanol synthesis step. Higher reaction temperatures do also tend
to favor secondary reactions leading to hydrocarbons in detriment
of DME and to carbon deposits that negatively impact the catalyst
lifetime.

In order to attain a good synergy between the main reactions
involved in the STD process and thus to maximize the DME for-
mation rate, it seems reasonable a priori that the preparation
of the bifunctional STD catalyst should target a close proximity
between the active sites of the two catalytic functions as, in fact,
it has been predicted in a reactor simulation study [17]. However,
while being conceptually correct, earlier studies have clearly shown
that the employment of preparation methodologies favoring a
closer contact between components in hybrid CuO/ZnO/vy-Al,;03
catalysts (where y-Al, O3 provides the methanol dehydration func-
tion) does not necessarily produce the most efficient STD catalysts
[10,11,18]. A similar conclusion was drawn for CuZnAl/SiO,-Al,03
catalysts prepared using different strategies leading to differ-
ent degrees of intimacy between components [19]. It is learned
from these studies that the use of preparation methods, such
as coprecipitation-impregnation, coprecipitation-sedimentation,
sol-gel impregnation, or the simplest (and most widely applied)
physical mixture of the two components, in where the active sites
for the methanol synthesis and methanol dehydration functions
are formed in separated stages, leads to more effective hybrid cat-
alysts than when the active sites are generated from a common
Cu-Zn-Al coprecipitate, even if the last approach is that conduct-
ing to a more intimate contact between components. This behavior
may be accounted for by considering the existence of detrimen-
tal interactions between the two catalytic functions in intimate
contact worsening the overall STD performance. Detrimental inter-
actions between the methanol synthesis and dehydration functions
may not only take place at the catalyst preparation and/or activa-
tion stages, as it is inferred from the above examples, but also they
have been shown to occur during the liquid phase DME synthesis in
slurry-type reactors (LPDME process) [20]. In this later case, based
on SEM-EDS analyses of a spent CuO/Zn0O/v-Al,05 hybrid catalyst
prepared by physical mixture of the individual component pow-
ders, the interaction was suggested to occur by the migration of Cu-
and Zn-containing species from the methanol catalyst to the alu-
mina poisoning the acid sites active for methanol dehydration [20].
Nevertheless, due to the poor signal-to-noise ratio in the SEM-EDS
measurements, a definitive conclusion regarding the inter-catalyst
migration hypothesis as the likely interaction mechanism could not
be made [20].

As mentioned previously, the most extended methodology for
preparing hybrid STD catalysts, particularly for those comprising
zeolites as the dehydration function, is the simple physical mixture
of the individual components. In fact, a significant blockage of the
zeolite micropores by the methanol synthesis component has been
observed in hybrid Cu-Zn(-Al)/H-ferrierite catalysts prepared by
coprecipitation-impregnation or coprecipitation-sedimentation
methods [21,22]. However, even for catalysts prepared by physical
mixture, it appears that detrimental interactions might also occur
depending on the specific mixing method employed. For instance,
Takeguchi et al. [23] reported that a Cu-Zn-Ga/silica-alumina cat-
alyst prepared by mixing the previously pelletized components is

more active for the syngas-to-DME reaction than the equivalent
catalyst obtained by milling (grinding) the two component pow-
ders prior to pelletizing. The authors attributed this fact to the
masking of active sites in the methanol synthesis component by
the silica-—alumina particles at the mixing and tabletting stages of
the grinding approach, though no experimental proofs other than
the different catalytic behaviors were presented.

Despite the above discussions clearly highlight the importance
of the possible existence of detrimental interactions between com-
ponents in hybrid STD catalysts (even in those prepared by the
most common physical mixture approach) no much effort has been
devoted in the previous literature to this issue. To the best of
our knowledge, there are no previous studies aimed at address-
ing interaction effects in hybrid STD catalysts comprising zeolites
as the dehydration component. In the present work we provide, for
the first time, experimental evidences based on EPR characteriza-
tion that such detrimental interactions may take place in hybrid
CuZnAl/HZSM-5 catalysts depending on the mixing method used.
The consequences of such interactions on the activity of the two
catalytic functions are also addressed.

2. Experimental
2.1. Preparation of catalysts

A CuO-Zn0-Al,03 methanol synthesis catalyst precursor with
a nominal Cu:Zn:Al atomic ratio of 6:3:1 was prepared by copre-
cipitation following the optimized procedure reported in [24].
Specifically, an aqueous solution containing the respective metal
nitrates [Cu(NO3); (0.6 M), Zn(NO3 ), (0.3 M), and Al(NO3 )3 (0.1 M)]
and an aqueous solution of Na,CO3 (1 M) as precipitating agent
were simultaneously added at a rate of 5 mL/min to a glass beaker
kept under stirring at 70 °C and a constant pH of 7.0. After the addi-
tion was completed, the suspension was aged for 1h at the above
conditions and the resulting precipitate was then filtered, exhaus-
tively washed with deionized water, dried at 100°C for 12 h, and
finally calcined under a flow of air (25 mL/min) at 300 °C for 3 h. The
methanol synthesis precursor so obtained is denoted here as CZA.

A commercial ZSM-5 zeolite (CBV8020, Zeolyst International,
nominal Si/Al=40) in its protonic form (sample denoted here as
HZ) was used as the methanol dehydration function. Then, three
different mixing methods were adopted in order to prepare the
hybrid CZA/HZ samples: (a) addition of dry powders of the two
components to a beaker containing deionized water at ambient
temperature and stirring of the slurry for 30 min, followed by sepa-
ration of the solid mixture by filtration, drying at 100 °C overnight,
and pelletizing (hereinafter denoted as slurry method); (b) careful
grinding of the individual component powders in an agate mor-
tar for 15 min followed by pelletizing of the formed homogeneous
solid mixture (denoted here as grinding method); and (c) sim-
ple physical mixture of the two pre-pelletized components. In all
cases, catalysts pellets of 0.25-0.42 mm were used for the catalytic
studies. Using the above three methods a series of hybrid CZA:HZ
catalysts with variable mass ratios between components were pro-
duced for different characterization and catalytic purposes, as will
be explained along the work. The hybrid catalysts were designated
as CZA/HZ(x)Y, where x is the CZA:HZ mass ratio and Y is S, G, or
M and refers to the mixing method used, i.e. S = slurry, G = grinding,
and M = mixture of pellets.

In order to address how the mixing method applied affected the
activity of the CZA component for the synthesis of methanol from
syngas, mixtures of CZA with silicalite-1 (the pure silica MFI coun-
terpart, abbreviated as S1) were prepared in a CZA:S1 mass ratio
of 2:1 by the same three methods used for producing the CZA/HZ
hybrids. The CZA/S1 mixtures were denoted as CZA/S1(2:1)Y (Y =S,
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G, or M). The acid-free silicalite-1 sample was hydrothermally
synthesized as reported in [25]. Briefly, a gel with the molar compo-
sition 9TPAOH:0.16NaOH:25Si0,:495H,0:100EtOH was prepared
using TEOS as the silica source, transferred to a Teflon-lined stain-
less steel autoclave and crystallized at 160°C for 48 h in static
conditions. Subsequently, the solid was recovered after several
cycles of centrifuging and washing with deionized water until a
pH of 7 in the washing waters was attained, dried at 100°C in an
oven overnight, and finally calcined at 600 °C for 10 h to remove the
organic material.

2.2. Characterization techniques

The chemical composition of the methanol synthesis compo-
nent (Cu/Zn/Al atomic ratio) and the HZSM-5 zeolite (Si/Al ratio)
was determined by Inductively Coupled Plasma-Optical Emission
Spectroscopy (ICP-OES) in a Varian 715-ES apparatus after disso-
lution of the solids in an acid mixture of HNO3:HF:HCl in a 1:1:3
volume ratio.

The identification of crystalline phases in the calcined CZA pre-
cursor and hybrid CZA/HZ catalysts prepared by different mixing
methods as well as the phase purity of the home-made silicalite-1
sample were ascertained by powder X-ray diffraction (XRD). XRD
patterns were recorded on a PANanalytical Cubix Pro diffractome-
ter equipped with a graphite monochromator operating at 40 kV
and 45 mA using nickel-filtered Cu K, radiation (A =0.1542 nm).
The average crystallite size of the CuO phase in calcined CZA and
CZA[HZ hybrids was estimated by applying the Scherrer’s equation
to the most intense CuO peak at 38.8° (26) corresponding to the
(111) reflection.

Textural properties were determined by N, adsorption at
—-196°C in a Micromeritics ASAP 2000 equipment. The spe-
cific surface area was calculated following the BET method and
the micropore volume using the t-plot approach. Prior to the
adsorption measurements, the samples were degassed at 200°C
(calcined CZA precursor and CZA/HZ hybrids) or 400°C (HZSM-5
and silicalite-1)under vacuum for 24 h. The use of alower degassing
temperature in the case of CZA and CZA/HZ samples is advised
in order to prevent the advent of irreversible structural changes
that may occur in the CZA catalyst when heated at temperatures
above 300°C (in fact, the calcination temperature employed here
to generate the oxides in the CZA precursor) [24].

The acidity of the samples was measured by infrared spec-
troscopy coupled with the adsorption of pyridine in a Nicolet
710 FTIR apparatus. Self-supported wafers of 10 mg/cm? were
previously degassed at 260 °C overnight under dynamic vacuum
(10=4Pa). Then, 1.8 x 103 Pa of pyridine were admitted to the IR
cell and, after equilibration at ambient temperature, the sample
was degassed for 1 hat 250°C, the spectrum recorded at room tem-
perature, and the background subtracted. The amounts of Brensted
and Lewis acid sites were determined from the integrated areas of
the IR pyridine bands at ca. 1545 and 1450 cm ™!, respectively, using
the extinction coefficients reported by Emeis [26].

The reduction behavior of the calcined CZA precursor and
CZA/HZ hybrids (CZA:HZ mass ratio of 2:1) was studied by H,-TPR
inaMicromeritics Autochem 2910 equipment. About 30 mg of sam-
ple were initially flushed with Ar at room temperature for 30 min.
Then, the gas was switched to the reductive mixture of 10 vol% H, in
Ar (flow rate=50mL/min) and the temperature linearly increased
from ambient till 600°C at a heating rate of 10°C/min. Water
formed in the reduction was retained in a 2-propanol /Ny trap and
the H, consumption rate was monitored in a thermal conductivity
detector (TCD) previously calibrated using the reduction of CuO as
a reference.

The 27 Al MAS NMR spectra were recorded at ambient tempera-
ture in a Bruker AV-400 WB spectrometer using a BL4 mm probe, a

magnetic field of 9.4 T, a spinning rate of 10 kHz, and a recycle delay
of 0.5s. 27 Al chemical shifts were referred to AI(NO3)s.

The electron paramagnetic resonance (EPR) spectroscopic mea-
surements were performed in a Bruker EMX-12 equipment at
100K working at the X-band (9.46 GHz), with a field modula-
tion frequency of 100 kHz and modulation amplitude of 1.0 G. The
concentration of paramagnetic species was calculated by double
integration of the first derivative spectra, using copper sulfate as a
calibration standard.

2.3. Catalytic experiments

Different types of catalytic experiments were performed in
order to assess the impact of the mixing method applied in the
preparation of the hybrid CZA/HZ catalysts on the activity of the two
catalytic functions, i.e. methanol synthesis (on the CZA component)
and methanol dehydration (on the zeolite).

2.3.1. Dehydration of pure methanol

The activity for dehydration of anhydrous methanol (99.8%
purity, Sigma-Aldrich) of the HZSM-5 zeolite was determined in a
fixed bed continuous-flow quartz reactor loaded with 15 mg of the
zeolite previously diluted with 2 mL of inert SiC. The dehydration
experiments were performed at 260 °C (that is, the same reaction
temperature applied in the STD runs) and atmospheric pressure by
feeding a gas mixture consisting of 20 mol% MeOH in N, at a total
flow rate of 150 mL/min. The composition of the reactor effluent
was determined at regular time intervals on line in a gas chromato-
graph (HP-GC6890) equipped with a TBR-5 capillary column and a
FID-type detector. The reported reaction rates correspond to the
pseudo-steady state (TOS ca. 2 h).

In order to assess whether or not the mixing method applied
for the preparation of the CZA/HZ hybrids have an influence on the
dehydration activity of the zeolite component, the original HZ sam-
ple was submitted to the following two treatments simulating the
conditions in the slurry and grinding methods. Thus, the conditions
in the slurry method were approached by immersing the zeolite
powder in a beaker containing deionized water and agitation of
the slurry for 30 min at room temperature, followed by filtration
and drying at 100°C (sample denoted as HZS). On the other hand,
the grinding method was simulated by grinding the zeolite powder
in an agate mortar for 15 min, thus producing sample HZG.

2.3.2. Syngas-to-DME (STD) experiments

The STD experiments were carried out in a down-flow fixed
bed stainless-steel reactor. Typically, the reactor was loaded with
0.8 g of catalyst previously diluted with SiC (total bed volume of
10mL). Prior to feeding syngas the catalyst was reduced by flow-
ing 120 mL/min of diluted hydrogen (5 vol% H; in N;) through the
reactor at atmospheric pressure and 245 °C(2 °C/min) for 10 h. Sub-
sequently, the temperature in the catalyst bed was lowered to 85 °C
under the flow of diluted H, and the reductive gas replaced by a
mixture of 90 vol% syngas/10vol% Ar (Ar used as internal standard
for GC analyses) with the syngas having the molar composition of
66%H;/30%C0/4%C0,.0nce the syngas/Ar flow was established, the
reactor pressure was set to 4.0 MPa and the temperature increased
up to the reaction temperature of 260 °C at a rate of 4°C/min. The
reaction was conducted at the above conditions for about 6 h. No
significant deactivation of the catalysts was observed in this period.
The product stream leaving the reactor was depressurized and ana-
lyzed on line at different time intervals in a Varian 450-GC gas
chromatograph equipped with a TCD for the separation and quan-
tification of CO, CO,, and Ar, and a FID for the analysis of oxygenates
(mostly MeOH and DME) and hydrocarbons. The lines connecting
the reactor outlet with the GC injection valve were kept at 180°C
during the run so as to avoid any product condensation. Product
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yields and selectivities are given and on a carbon basis. The cat-
alytic data reported here correspond to a time-on-stream (TOS) of
ca. 3 h as representative of the pseudo-steady state.

Using the above reactor setup and general reaction conditions,
three types of experiments were performed. In one of them the
reactor was loaded with acid-free CZA/S1 mixtures (CZA:S1 mass
ratio of 2:1, see Section 2.1 for further preparation details) with
the aim of determining exclusively the influence of the mixing
method on the methanol synthesis activity of the CZA component.
In this case, the syngas conversion runs were done at a con-
stant gas-hourly-space-velocity (GHSV) of 15.0 Lsyngas Scat ' h~1 in
order to obtain CO conversions below the equilibrium conver-
sion at the studied conditions (Xcg_equil =~ 38%). The second set of
experiments was also aimed at determining the activity of the
CZA component for synthesis of methanol in the acid-containing
CZA[HZ hybrids. For this purpose, the hybrids with a CZA:HZ mass
ratio of 2:1 (thus with “excess” acid sites) were used and the STD
runs were performed at different GHSV values in the range of
1.7-8.5 Loyngas cat_1 h~! so as the overall STD reaction becomes
controlled by the methanol synthesis reaction. The third type of STD
experiments was targeted at addressing the impact of the prepa-
ration method on the zeolite dehydration activity. In this case the
STD experiments were run under methanol dehydration-controlled
conditions (thus, with “defect” of acid sites) using hybrid catalysts
with higher CZA:HZ mass ratios of 3:1 and 6:1. The runs were con-
ducted at a constant GHSV of 1.7 Lsyngas 8cat~' h~1.

3. Results and discussion
3.1. Characterization of materials

The Cu:Zn:Al atomic ratio in the calcined CZA catalyst as deter-
mined by ICP-OES was 6.0Cu:2.9Zn:1.1Al, in very good agreement
with the nominal atomic ratio of 6.0:3.0:1.0 expected from the
metal concentrations used in the respective nitrate precursor solu-
tions. The actual Si/Al ratio in the HZSM-5 sample was 32.3, a
value slightly lower than the nominal ratio of 40 given by the
supplier.

The silicalite-1 sample synthesized in this work exhibited very
high crystallinity and MFI phase purity, as inferred from the XRD
pattern of the calcined material (see Fig. S1 of Supporting infor-
mation). Moreover, the calcined silicalite-1 displayed a BET area
of 385 m?/g and a micropore volume of 0.172 mL/g which are fully
consistent with reported values [25].

The XRD of the calcined CZA precursor is shown in Fig. S2 of Sup-
porting information. There, the reflections characteristic for
ill-crystallized CuO (JCPDS 80-1268) and ZnO (JCPDS 36-1451)
phases displaying some overlapping peaks are clearly perceived.
The absence of reflections related to Al-containing compounds
(including alumina) might be related to the relatively low con-
centration of Al in the CZA catalyst, though their presence as
amorphous material is not discarded [24]. The XRD patterns for
the CZA/HZ hybrids (CZA:HZ mass ratio of 2:1) prepared by the
different mixing methods are presented in Fig. 1. The XRD pat-
tern of the CZA/HZ(2:1)M sample was simulated from the XRD
patterns of the individual CZA and HZ components taking into
account the CZA:HZ mass ratio of 2:1. All the hybrids exhibit the
characteristic reflections of the MFI crystalline phase besides of
those related to the CuO and ZnO phases in the CZA component.
It is noteworthy, however, the presence of a Cu-Zn hydrotalcite-
like phase (Cu,Zn)gAl,(OH);6C03-4H,0 (JCPDS: 38-0487) in the
diffractogram of the hybrid CZA:HZ(2:1)S prepared by the slurry
method. This phase is typically observed in the as-prepared CZA
precursor (before calcination) together with several mixed metal-
hydroxycarbonates such as (Cu,Zn)5(C0O3),(OH)g (aurichalcite) and

+ CuO
= ZnO
* (Cu,Zn)Al(OH),CO,4H,0

Intensity (a.u.)

CZAMHZ(2:1)G

CZAMHZ(2:1)S

10 20 30 40 50 60
26 (degrees)

Fig. 1. XRD patterns of hybrid CZA/HZ(2:1) catalysts prepared by different mixing
methods. The pattern for the CZA/HZ(2:1)M sample (physical mixture of pre-
pelletized components) has been simulated from the individual XRD patterns taking
into account the mass ratio between components.

(Cu,Zn),(0OH),CO3 (zincian-malachite or rosasite) which lead, upon
thermal decomposition, to the dispersed Cu and Zn oxide phases
present in the calcined precursor [27-29]. The contact of the
calcined CZA precursor with water during the preparation of
CZA:HZ(2:1)S is the likely cause for the partial regeneration of
the original Cu-Zn hydrotalcite-like structure (memory effect)
assisted by the presence of remaining carbonate anions due to
incomplete decomposition of the initial hydroxycarbonate phases
during the calcination step. In fact, the same rehydration effect
has been shown to occur during the impregnation of a Cu-Zn-Al
oxide methanol synthesis catalyst with an aqueous solution of Pd
nitrate [29,30]. Besides restoration of the hydrotalcite-like phase,
the CuO reflection at ca. 38.8° in the catalyst prepared by the
slurry method became more intense and narrower as compared
to that in the other two hybrids (Fig. 1), indicating an increase in
the average CuO crystallite size. Indeed, by applying the Scher-
rer’s equation to the 38.8° reflection a mean CuO crystallite size
of 6.5nm was obtained for the CZA/HZ(2:1)S sample while it
was 5.4nm for both the CZA oxide precursor (and hence for the
hybrid CZA/HZ(2:1)M) and CZA/HZ(2:1)G (grinding method) cat-
alysts (Table 1). Such an increase of ca. 20% in the size of CuO
crystallites should lead to a decreased amount of CuP sites (gener-
ally believed to be the active sites for methanol synthesis [31,32])
in the Hy-reduced CZA/HZ(2:1)S catalyst. A similar increase in CuO
particle size was noticed when the calcined CZA component alone
was submitted to the same preparation protocol employed in the
slurry method (sample CZAS in Table 1). The increase in the CuO
crystallite size upon rehydration of a calcined CZA catalyst has
also been reported in the earlier literature to occur in parallel to
the partial regeneration of the hydrotalcite-like phase, although a
plausible interpretation for such phenomenon was not provided
[30].

Table 1 also shows the textural properties of the individual CZA
and HZSM-5 components and those of the hybrids prepared by dif-
ferent mixing methods with a CZA:HZ mass ratio of 2:1. The CZA
methanol synthesis catalyst displayed a BET area of ca. 98 m?/g with
no microporosity which concur with the values reported for CZA
samples prepared by coprecipitation under the same experimen-
tal conditions (90-110 m2/g) [24]. On the other hand, typical BET
and micropore volume values of 400 m2/g and 0.171 mL/g, respec-
tively, were obtained for the commercial HZSM-5 sample (HZ). As
seen in the table, the hybrids prepared by the grinding and slurry
methods presented BET areas (139-146 m?/g) and micropore vol-
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Table 1

Textural properties of the materials derived from the N, adsorption isotherms and CuO crystallite size (from XRD).

Material BET area (m?/g) Micropore area (m?/g) Micropore volume (cm3/g) d(CuO)xgp (Nm)
CZA 98 0 0 54

CZAS? 65 0 0 6.2

HzZ 400 354 0.171 -

CZA/Z(2:1)M 198b 118> 0.057° 54
CZA[Z(2:1)G 139 (30%)° 88 (25%)° 0.042 (26%)° 54
CZA/[Z(2:1)S 146 (26%)° 86 (27%)° 0.041 (28%)° 6.5

@ CZA catalyst submitted to the same experimental protocol employed in the slurry preparation method.
b The values for this hybrid have been calculated from those of the individual CZA and HZ components averaged by their relative mass concentrations.
¢ Values in parenthesis give the % decrease relative to the values calculated for the CZA/HZ(2:1)M catalyst.

umes (0.041-0.042 mL/g) 26-30% lower than those estimated for
the CZA/HZ(2:1)M hybrid considering the values of the individ-
ual components weighted by their respective mass contributions
(BET =198 m2/g, Vipicro = 0.057 mL/g). Since submitting the HZ zeo-
lite alone to the grinding and slurry treatments did not produce
noticeable changes in its textural properties, and given that the zeo-
lite has a much higher contribution (2x) than the CZA component
to the total area of the hybrids, the decrease in BET and microp-
ore volume observed for CZA/HZ(2:1)G and CZA/HZ(2:1)S catalysts
should be mostly attributed to a pore blockage of the zeolite micro-
pores by CZA particles. This fact is supported by the similar relative
decrease in BET and micropore volume obtained for these two
hybrids, despite a decrease of 33 m?/g in BET area was noticed upon
submitting the CZA component alone to the slurry protocol (sam-
ple CZAS) which is consistent with the observed increase in CuO
crystallite size for the CZA/HZ(2:1)S hybrid, as discussed before.
The reduction behavior of the CZA component in the differ-
ent hybrids was studied by H,-TPR. The corresponding reduction
profiles are shown in Fig. 2. The H,-TPR profile of the single CZA
sample (normalized by the mass of CZA in the hybrid) was used
as representative for the reduction behavior of the methanol syn-
thesis component in CZA/HZ(2:1)M since this preparation method
should preserve the properties of the individual components. As
observed in Fig. 2, all three catalysts displayed a similar reduc-
tion profile with a main reduction peak in the narrow range of
180-210°C which is attributed to the reduction of Cu2* to Cu® in
the CZA component [13,24]. It is noteworthy that an easier reduc-
tion of CuO occurs for the CZA/HZ(2:1)G and CZA/HZ(2:1)S hybrids,
particularly for the latter displaying the lowest reduction temper-
ature (183°C). This is somewhat surprising since a higher CuO
crystallite size (as observed for CZA/HZ(2:1)S) should, in principle,
increase its reduction temperature [24]. A facilitated reduction of

1) CZAIHZ(2:1)M
2) CZAHZ(2:1)G
199 3) CZAHZ(2:1)S

H, consumption (a.u.)

50 100 150 200 250 300 350

Temperature (°C)

Fig. 2. H,-TPR profiles for the CZA, CZA/HZ(2:1)S and CZA/HZ(2:1)G samples, nor-
malized to the mass of CZA.

the CuO phase in CZA/zeolite hybrids in comparison to the bare CZA
component has also been observed in previous works and ambigu-
ously attributed to a “synergetic effect” arising from interactions
between the metallic and acidic functions [10,13]. The same effect
could probably explain the slightly lower reduction temperature
in CZA/HZ(2:1)G, although the larger temperature shift observed
for the catalyst prepared by the slurry method might be an indica-
tion of stronger interactions between components in this catalyst.
Nonetheless, the observed differences in CuO reducibility are not
much relevant and all Cu species in the different hybrids should
have been fully reduced after the H, reduction treatment at 245 °C
applied prior to catalysts. In fact, the measured H, consumptions
agreed well, within experimental error, with those expected from
the real Cu contents and the stoichiometric Cu* — Cu® reduction.

The acid property of the zeolite has a strong impact on its
methanol dehydration activity and hence on the overall STD perfor-
mance. Here, the acidity of the zeolite in the different hybrids has
been studied by infrared spectroscopy coupled with the adsorption
of pyridine and desorption at 250 °C. In order to better appraise the
changes in acidity that might have occurred during the preparation
of catalysts, the IR-pyridine experiments were carried out on hybrid
catalysts prepared with a higher zeolite concentration (CZA:HZ
mass ratio of 1:2). The IR spectra in the pyridine vibration region for
the bare HZ zeolite and the hybrids prepared by the grinding and
slurry methods are shown in Fig. 3. For comparison purposes, the
spectra were normalized by weight of zeolite. Thus, the normalized
IR spectrum for HZ may be taken as representative for the zeolite
in the CZA/HZ(1:2)M hybrid for which the original characteristics
of the metallic and acid components should have been retained.
The spectrum of the bare HZ zeolite exhibited the characteristic IR
bands at 1455, 1612,and 1621 cm~! attributed to pyridine interact-
ing with Lewis acid sites, as well as the bands at 1547 and 1636 cm™!
assigned to pyridine chemisorbed on Brgnsted acid sites. The signal
at 1490 cm™! is associated to pyridine retained on both Brensted
and Lewis acid sites [33]. It is remarkable that the intensity of the
signal at 1455 cm~!, which is typically related to Lewis acid sites
associated to extra-framework Al (EFAL) species [34], is very low
in HZ. This fact agrees well with the very minor contribution from
non-framework AIV! and AlY species observed in the 27 Al MAS NMR
spectrum of this commercial zeolite (Fig. S3, Supporting informa-
tion). Interestingly, significant differences in the acid properties of
the zeolite in the hybrids prepared by the grinding and slurry meth-
ods with respect to the bare HZ are evidenced in Fig. 3. Thus, a
large increase in the amount of Lewis acid sites and a significant
reduction in Brensted acidity were noticed for the zeolite in the
two hybrids as compared to the bare HZ sample. The quantitative
acidity data derived from the IR-pyridine measurements are given
in Table 2. As seen there (and also inferred from the respective
spectra in Fig. 3), the reduction in Brensted acidity was more dras-
tic for the zeolite in the hybrid prepared by the slurry approach
while, surprisingly, the Lewis acidity increased to a larger extent
for the zeolite in the hybrid obtained by the grinding method. It is
worth mentioning that a large increase in the amount of Lewis acid
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Fig. 3. IR spectra in the pyridine region for the bare HZSM-5 zeolite (HZ) and
CZA[HZ(1:2)G and CZA/HZ(1:2)S hybrid catalysts. For comparison purposes the
spectra have been normalized to the mass of zeolite.

sites and suppression of Brgnsted acidity has been already observed
by Flores et al. for hybrid CuZn(Al)-ferrierite catalysts prepared by
coprecipitation-sedimentation and coprecipitation-impregnation
methods [21]. According to these authors, the reduction in the
Brensted acidity for the zeolite in the hybrids was attributed to
the partial blockage of acid sites by the methanol synthesis catalyst
while the increase in Lewis acidity was tentatively related to the
creation of new sites by the Al present in the CZA catalyst with-
out giving further insights. In our study, a slight shift of the Lewis
band towards lower wavenumbers (from 1455 to 1452 cm™!) for
the zeolite in the two hybrids as compared to the bare HZ sam-
ple was noticed besides the increase in band intensity (Fig. 3). This
fact might indicate that the newly developed Lewis acid sites in
the hybrids could be different in nature to those associated to EFAL
species in the bare zeolite. At this point we may hypothesize that
the new Lewis acid sites created in the hybrid catalysts as well as
the large reduction in Brgnsted acidity could be originated from the
exchange of zeolite protons with Cu?* and/or Zn?* cations from the
CZA catalyst as a consequence of CZA-zeolite interactions occur-
ring during the catalyst preparations. Indeed, the partial exchange
of H* in HZSM-5 with either Cu?* or Zn2* cations has been shown
to produce new Lewis acid sites characterized by an IR-pyridine
band peaking at 1452 cm~! besides the concomitant reduction in

Table 2
Acidity results for the bare HZ zeolite and the CZA/HZ hybrids normalized by mass
of zeolite, as determined by FTIR-pyridine after desorbing the base probe at 250 °C.

Sample Amount of acid sites (mol/g,eolite )
Brensted Lewis
HZ 174 8
CZA[HZ(1:2)G 52 200
CZA[HZ(1:2)S 22 125

—

A, =144 T
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g,=2.39
A, =137
g, = 2.34

CZAMZ(2:1)G
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Fig.4. EPR spectra for the CZA catalyst and CZA/HZ(2:1)G and CZA/HZ(2:1)S hybrids.

the amount of Brensted acid sites [35,36]. At present, however, we
cannot provide a plausible interpretation for the lower amount of
both Brensted and Lewis acid sites in the hybrid prepared by the
slurry method as compared to that obtained by grinding (Table 2).
The fact that the zeolite in these two hybrids displayed a simi-
lar microporosity (Table 1) rules out differences in the extent of
zeolite pore blockage by the Cu-based catalyst as the origin of the
differences in acidity trends.

In order to support the above hypothesis of inter-cationic
exchange between components (at least for Cu cations) as the likely
cause for the reduction in zeolite Brgnsted acidity and increase in
the concentration of Lewis acid sites, the bare CZA catalyst and the
two hybrids prepared by grinding and slurry methods were char-
acterized by electron paramagnetic resonance (EPR) spectroscopy
as detailed in Section 2. EPR has been extensively applied to
characterize isolated Cu?* species in Cu-exchanged zeolites, and
particularly in Cu-ZSM-5 [37-40]. The EPR spectra for the calcined
CZA precursor and the two hybrids (CZA:HZ mass ratio of 2:1) are
presented in Fig. 4. The spectrum for CZA shows a broad band at
g~2 and AHpp=2000G plus other axially symmetric signal with
resolved hyperfine coupling (g, =2.34 and A, =144G) as it can be
better appraised in Fig. S4 of Supporting information. The broad
band presents no paramagnetic behavior, as the intensity does not
increase when temperature decreases. The axially symmetric sig-
nal is assigned to isolated copper species interacting with close AI3*
ions, as proposed earlier [41]. The amount of such isolated species
was determined to be 1.00% of the total amount of Cu present in
the material, indicating that most of the Cu species in the CZA com-
ponent are EPR-silent as expected from the existence of strong
magneticinteractions between Cu?* ions in CuO crystallites [42,43].

On the other hand, the EPR spectra of hybrid CZA/HZ(2:1)G and
CZA[HZ(2:1)S catalysts mainly consisted of an axially symmetric
signal with well resolved hyperfine coupling in the parallel region,
with parameters g, =2.39 and A, = 137 G (Fig. 4). These parameters
are characteristic of isolated Cu?* species in exchange positions of
hydrated Cu-ZSM-5 zeolites [37,38]. This result, thus, confirms that
the exchange of zeolite H* by Cu?* ions does indeed occurs during
the preparation of the hybrids by the grinding and slurry meth-
ods. In order to estimate the amounts of exchanged isolated Cu2*
species in the two hybrids, quantification of the resolved axially
symmetric signals in the range of 2500-3750 G was performed by
double integration of the respective EPR spectrum after subtraction
of the wide signal from the CZA component as noted above (g~ 2
and AHpp =2000 G). The results revealed that 0.36 and 0.22 wt% of
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the total amount of Cu occupied exchange positions in the zeolite
for the CZAJ/HZ(2:1)S and CZA/HZ(2:1)G samples, respectively, thus
indicating a higher extent of Cu?* exchange for the zeolite in the
hybrid prepared by the slurry method. This result is consistent with
the larger decrease in Brensted acidity observed by IR-pyridine
for the CZA/HZ(1:2)S sample as compared to CZA/HZ(1:2)G. Nev-
ertheless, it has to be kept in mind that the EPR and IR-pyridine
characterizations do not exclude the presence of exchanged Zn2*
species which might also contribute to the acidity trends previously
discussed.

Though a definite mechanistic interpretation for the migration
of cationic species from the CZA component to the zeolite dur-
ing the preparation of the hybrids is not possible at this stage,
it is likely that in the case of the slurry method it would involve
the partial dissolution of the metal cations in water and their fur-
ther exchange by protons in the zeolite when both components are
slurried together. For the grinding method the process could well
proceed through the so-called contact-induced ion exchange mecha-
nism [44-46]. This mechanism was proposed in order to account for
the observed exchange of cationic species between different zeo-
lites upon a simple physical contact between the crystallites [44],
and is believed to be mediated by water filling the micropores in
hydrated zeolite [47]. The contact-induced ion exchange mechanism
was also invoked to explain the exchange of Li* with Na* occurring
upon grinding a mechanical mixture of hydrated NaY zeolite and
crystalline LiCl salt [46].

The presented characterization results clearly showed that
interactions between the CZA and zeolite components take place
during the preparation of the hybrid STD catalysts by the slurry and
grinding methods. Such interactions involve, on one hand, partial
blockage of zeolite micropores by the CZA component and, on the
other hand, migration of Cu?* species (and possibly also Zn%*) from
the CZA catalyst to the zeolite and their exchange with protons.
The consequences of the CZA-zeolite interactions on the methanol
synthesis and methanol dehydration activities in the context of the
direct syngas-to-DME process will be discussed in the next sections.

3.2. Catalytic results

3.2.1. Methanol synthesis reaction

Prior to assessing the impact of the CZA-zeolite interactions
on the activity of the methanol synthesis catalyst, it would be
interesting to evaluate first whether or not the activity of the CZA
catalyst for the methanol synthesis reaction is altered during the
slurry and grinding preparations for hybrids comprising an acid-
free zeolite (thus lacking ion exchange capacity). For this purpose,
CZA/silicalite-1 samples (CZA:S1 mass ratio of 2:1) were obtained
by the same methods applied for preparing the CZA/HZ hybrids, as
detailed in Section 2.

The results of the syngas conversion over the CZA/S1 sam-
ples at the typical STD reaction conditions (260°C, 4 MPa,
15.0 Lsyngas gcat~ h~1) are shown in Table 3. As seen there, nearly
the same CO conversion of ca. 25% was achieved for the samples
prepared by the mixture of individual pellets (CZA/S1(2:1)M) and
by grinding the mixture of powders (CZA/S1(2:1)G). By contrast,
the mixture prepared by the slurry method (CZA/S1(2:1)S) lead to
a lower conversion of ca. 22%, indicating that the CZA component
in this catalyst is slightly less active for methanol synthesis. This
result can be explained by the increase in CuO crystallite size (and
concomitant decrease in surface area) observed when the CZA pre-
cursor was contacted with water in the slurry solution (Table 1)
which obviously lowers the amount of active Cu sites available for
the syngas-to-methanol reaction. Previous studies have also evi-
denced a direct relationship between Cu surface area and methanol
synthesis activity [24,48]. As observed in Table 3, methanol was the
main reaction product for all three CZA/S1 catalysts with 97-98%

selectivity. On the other hand, DME, other oxygenates, and hydro-
carbons were formed in very low amounts with selectivities of 0.1%,
0.4-0.6%, and 0.3-0.4%, respectively, as expected from the lack of
acid sites in these mixtures. In fact, these products were shown
to form in low amounts during the methanol synthesis on Cu-
based catalysts and attributed to the presence of metal impurities
and/or to weak surface acid sites [49,50]. Finally, minor differences
in CO, selectivity are observed for the different samples in Table 3
(1.0-1.9%) suggesting that the method of preparation did not much
alter the WGS activity of the Cu catalyst.

Further, the impact of the preparation method on the methanol
synthesis activity of the CZA component was also assessed using bi-
functional CZA/HZ catalysts with an “excess” of acid sites (CZA:HZ
mass ratio of 2:1) and thus under methanol synthesis-controlled
STD conditions. The influence of GHSV (at 260°C and 4 MPa) on
CO conversion and DME yield is shown in Fig. 5. At the lowest
GHSV value of 1.7 Lsyngas 8car~ ' h~1 all the catalysts display almost
the same CO conversion (89%) close to the predicted thermody-
namic conversion under the studied conditions (ca. 93%). Therefore,
it was necessary to evaluate the activity at higher GHSV so as to
attain conversions well below the thermodynamic value. At GHSV
of 5.1 and 8.5 Leyngas 8cat~' h~! no appreciable differences in activ-
ity were still observed for the CZA/HZ(2:1)M and CZA/HZ(2:1)G
hybrids while a slightly lower CO conversion was attained for the
hybrid prepared by the slurry method (Fig. 5a). Similar trends
were found for the DME yields (Fig. 5b). The catalytic results for
the three hybrid catalysts at variable GHSV are summarized in
Table S1 of Supporting information. As it can be seen there, no major
differences in product selectivity between the hybrids were noticed
at the lowest GHSV of 1.7 Lsyngas 8cat~! h~1. At increasing GHSV
values the catalyst prepared as mixture of pre-pelletized compo-
nents displayed a slightly higher DME selectivity (in detriment of
MeOH).

Therefore, it is concluded from the above two sets of experi-
ments that the methanol synthesis activity of the CZA catalyst is
slightly reduced when the hybrid catalyst is prepared by the slurry
method due to an increase in CuO crystallite size while the grinding
method has practically no effect on the CZA activity. In the fol-
lowing section, the influence of the mixing method on the zeolite
dehydration activity will be analyzed.

3.2.2. Methanol dehydration reaction

In order to evaluate whether the different mixing methods
might have altered the intrinsic dehydration activity of the HZSM-
5 zeolite or not, the parent HZ sample was submitted to the
grinding (sample HZG) and slurry (sample HZS) conditions and
then tested for methanol dehydration at the STD temperature of
260°C using pure methanol as feed, as detailed in Section 2.3.1.
The obtained methanol dehydration rates were 262, 257, and
266 wmolg~1s~1 for the HZ, HZG, and HZS samples, respectively.
These results clearly show that the grinding and slurry conditions
have, by themselves, no affect on the intrinsic dehydration activity
of the HZSM-5 zeolite. Therefore, any change in dehydration activ-
ity that may occur during the STD experiments (under methanol
dehydration-controlled conditions) should be exclusively related
to the interactions between the components arising during the
preparation of the CZA/HZ hybrids.

Due to the high dehydration activity of the HZSM-5 zeolite, rel-
atively high CZA:zeolite mass ratios had to be used in order to run
the STD experiments under methanol dehydration-controlled con-
ditions. In fact, for the typical CZA:HZ mass ratio of 2:1 all the
three hybrid catalysts displayed nearly the same CO conversion
(ca. 89%) and DME yield (ca. 58%) approaching the values dictated
by the thermodynamic equilibrium under the applied conditions
(93% CO conversion and 64% DME yield). Therefore, hybrids with
CZA:HZ mass ratios of 3:1 and 6:1 were prepared. The STD results
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Table 3

Methanol synthesis tests for CZA/S1(2:1)M, CZA/S1(2:1)G, and CZA/S1(2:1)S mixtures comprising acid-free silicalite-1 (S1). Reaction conditions: 260°C, 4.0 MPa,

15.0 Lyyngas geac 1 h~1, TOS=3 h.

Sample CO conv. (%) Selectivity (%C)

MeOH CO, DME Other oxyg.2 HCP
CZA/S1(2:1)M 2438 97.1 1.9 0.1 0.6 0.3
CZA/S1(2:1)G 24.7 97.5 14 0.1 0.6 0.4
CZA/S1(2:1)S 21.7 98.2 1.0 0.1 0.4 03

@ Other oxygenates: mostly EtOH and other higher alcohols in lower amounts.
b HC, hydrocarbons.

Table 4

STD experiments under methanol dehydration-controlled conditions: T=260°C, P=4MPa, GHSV = 1.7 Lyyngas car ' h~!, TOS=3 h.

Catalyst CO conversion (%) Selectivity (%C) DME yield (%C) DME productivity
(8omE/Kgcat 1)
DME MeOH CO, HC

CZA[HZ(3:1)M 89.2 63.6 4.2 319 0.3 56.7 265.3
CZA[HZ(3:1)G 67.2 44.7 28.2 25.5 14 30.0 140.5
CZA[HZ(3:1)S 59.2 39.7 36.5 224 1.2 23.5 109.9
CZA/HZ(6:1)M 87.9 64.1 4.5 31.2 0.2 56.3 263.5
CZA[HZ(6:1)G 51.0 225 53.5 19.6 24 11.5 53.7
CZA/Z(6:1)S 42.6 9.1 733 133 1.9 3.9 18.1
CZA[/HZ(9:1)M 89.4 63.7 44 31.7 0.2 56.9 266.3

Therm. eq.2 929 69.0 4.8 26.1 - 64.1 -

2 Thermodynamic equilibrium values were calculated by Aspen Hysys, using AG of the main reactions involved in the STD process.

for these hybrids are shown in Table 4. As observed, significantly
lower CO conversions and DME yields were attained for the cata-
lysts prepared by grinding and slurry methods as compared to that
obtained by the mixing of individual pellets, for which no interac-
tions between components are expected to occur. The differences
became larger at higher CZA:HZ ratios. Interestingly, the results in
Table 4 show that the activity and selectivity of the latter catalyst
hardly changed with the increase in CZA:HZ mass ratio keeping val-
ues close to the equilibrium even for ratios as high as 9:1. It is also
seen that the catalysts prepared by this simple approach were those
leading to the highest DME productivities (ca. 265 gpmg/Kgcat h).
Moreover, it is also noticed that the hybrid prepared by the slurry
method was less efficient for producing DME from syngas than
that obtained by grinding, particularly at the higher CZA:HZ mass
ratio of 6:1. The decrease in CO conversion as well as the increase
in MeOH selectivity (and concomitant decrease in DME selectiv-
ity) experienced by the catalysts prepared by grinding and slurry
methods are clear consequences of a decreased methanol dehy-
dration ability for the zeolites in these two hybrids and can be well
accounted for by taking into consideration the coupling between
the main reactions involved in the STD process, as discussed in the
Introduction.

a 100~
Thermodynamic equilibrium
§ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
~ —A— CZAHZ(2:1)M
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>
c
8 60t
o
O
40
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GHSV (Lsyngas/gcal-h)

The above trends confirm that for CZA:HZ mass ratios of 3:1 and
higher the overall STD process is indeed controlled by the dehy-
dration of methanol on the zeolite acid sites. By comparing these
results with those of pure methanol dehydration experiments pre-
viously discussed, it can be concluded that the dehydration activity
of the HZSM-5 zeolite was negatively impacted by detrimental
interactions emerging during the preparation of hybrids by the
grinding and, particularly, the slurry methods. According to the
characterization results presented in this study, such detrimental
interactions involve a partial blockage of the zeolitic micropores by
the CZA particles as well as a partial exchange of the zeolite pro-
tons by Cu2* (and possibly Zn%*) cations from the CZA component.
Both kinds of interactions will certainly contribute to the decrease
in the amount of accessible Breonsted acid sites (as detected by
IR-pyridine) and thus to the lower methanol dehydration activity
of the zeolites in the hybrids obtained by the grinding and slurry
methods. Anindirect conclusion from these results is that the newly
created Lewis acid sites associated to the exchanged metal cations
do not significantly contribute to the overall zeolite dehydration
activity. Nevertheless, the existence of other type of interactions
cannot be discarded from the results presented here and will be
worth to be studied in future works.

b,

Thermodynamic equilibrium

60+

(42
[=]
T

DME yield (%)
w S
o o

N
[=]
T

1

1

25 5.0 75 10.0

N
=)
o

GHSV (Lsyngaslgcal-h)

Fig. 5. Change of CO conversion (a) and DME yield (b) with GHSV for CZA/HZ hybrids (CZA:HZ mass ratio of 2:1) under methanol synthesis-controlled conditions: 260°C,

4 MPa.
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4. Conclusions

The catalytic properties of hybrid CZA/HZ catalysts for the one-
step DME synthesis (STD process) became significantly affected by
the particular method applied for preparing the mechanical mix-
tures. Thus, CZA/HZ hybrids obtained by grinding and slurrying
together the respective component powders lead to detrimental
interactions between the components that significantly reduced
their efficiency for the STD reaction as compared to hybrids
obtained by a simple physical mixture of the individual pellets and
thus having no chance for interactions.

In the case of the hybrid prepared by the slurry approach,
the contact of the CZA oxide precursor with water provoked
structural changes (restoration of the original hydrotalcite-like
(Cu,Zn)sAly(OH)16C0O3-4H,0 phase) and an increase in the CuO
crystallite size leading to a lower activity for methanol synthesis.
No major changes in the physicochemical and catalytic proper-
ties of the CZA component occurred for the hybrid prepared by
the grinding method. On the other hand, submitting the HZSM-
5 zeolite (in the absence of the CZA catalyst) to the grinding and
slurry conditions did not alter its intrinsic methanol dehydration
activity, as verified by independent catalytic experiments using
pure methanol as feed. By contrast, the contact of the zeolite
with CZA during the grinding and slurry preparations produced
a significant deterioration in the textural and acidic properties
of the zeolite that negatively impacted its methanol dehydra-
tion activity and consequently the efficiency of the corresponding
CZA:HZ hybrids for the syngas-to-DME reaction. The origin of
such detrimental interactions is twofold. On one hand, the par-
tial blockage of the zeolite micropores by CZA particles and, on
the other hand, the partial exchange of zeolite protons by Cu2*
(and possibly also Zn?*) cations, both factors producing a signif-
icant reduction in the amount of Brensted acid sites available
for dehydrating methanol to DME. The presence of isolated Cu2*
species occupying exchange positions in HZSM-5 zeolite as a con-
sequence of the physical contact between the CZA and zeolite
components was unambiguously evidenced, for the first time,
using EPR spectroscopy. The inter-cation exchange effect was seen
to be more pronounced for the hybrid prepared by the slurry
approach.

Based on previous studies, it can be suggested that in the case
of the catalyst prepared by the slurry method the process prob-
ably occurs through the partial dissolution of the metal cations
in water while for the grinding method the previously reported
contact-induced ion exchange mechanism is likely. Nevertheless, the
possibility for other kinds of interactions arising during the prepa-
ration of hybrid STD catalysts cannot be ruled out. The STD catalytic
results clearly revealed that the most efficient hybrid catalyst is that
prepared by the simple mixing of pre-pelletized components for
which the properties of the two catalytic functions are preserved.
In this way, very active catalysts producing DME yields of ca. 58%
(ca. 90% of the thermodynamic equilibrium yield at the studied
STD conditions), were produced even at CZA:HZSM-5 mass ratios
as high as 9:1.
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