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a  b  s  t  r  a  c  t

Direct  synthesis  of  dimethyl  ether  (DME)  from  syngas  was  investigated  on  a  series of  hybrid
Cu–ZnO–Al2O3/ZSM-5  catalysts  prepared  by  kneading.  It was  found  that the  initial  performance  of the
catalysts  was  a function  of  both  zeolite  crystallite  sizes  and  Si/Al  ratio.  The  activity  of  the hybrid  catalysts
gradually  decreased  with  time  on stream  because  of simultaneous  copper  sintering,  copper  oxidation
and  ion  exchange  with  zeolite  hydroxyl  groups.  Copper  sintering  led to the decrease  in the  number  of
metal  active  sites,  while  ion  exchange  of  Cu2+ ions  with  the hydroxyl  groups  of  the  zeolite  resulted  in
eywords:
ME  synthesis
yngas
eactivation
u–ZnO–Al2O3

lower  concentration  of acid sites for methanol  dehydration.  Copper  sintering  and  ion  exchange  could  be
slowed  down  by  selective  neutralization  of the  acid  sites  on  the zeolite  outer  surface  by  silylation.  Both
catalyst  stability  and  dimethyl  ether  productivity  were  significantly  improved.

© 2014  Elsevier  B.V.  All  rights  reserved.

ilylation
SM-5

. Introduction

Alternative energy sources have recently attracted increasing
ttention with the raise of environmental concerns and higher
rude oil price, which is a consequence of larger worldwide con-
umption and limited fossil resources [1]. Dimethyl ether (DME)
as been considered as a clean alternative diesel fuel because of
igh cetane number, low auto-ignition temperature and reduced
mission of contaminants [2]. Moreover, DME  is also an important
hemical intermediate for the production of many useful chemi-
als, such as methyl sulfate, methyl acetate (a precursor to acetic
cid), light olefins and BTX aromatics [3,4].

DME can be manufactured from syngas using either two-steps
r direct single-step processes. The traditional technology involves

wo-steps synthesis: the first step is methanol synthesis from syn-
as on Cu-ZnO-based catalysts (CO + 2H2 = CH3OH) and the second
tep is methanol dehydration over acid catalyst such as zeolites and

∗ Corresponding author. Tel.: +33 320436953
∗∗ Corresponding author.

E-mail addresses: vitaly.ordomsky@univ-lille1.fr (V.V. Ordomsky),
ndrei.khodakov@univ-lille1.fr (A.Y. Khodakov).

ttp://dx.doi.org/10.1016/j.apcata.2014.08.030
926-860X/© 2014 Elsevier B.V. All rights reserved.
alumina to produce DME  (2CH3OH = CH3-O-CH3 + H2O). In direct
DME  synthesis (also named Syngas-to-DME (STD)), carbon monox-
ide conversion occurs over a bifunctional catalyst in a single reactor.
The bifunctional catalyst for direct DME  synthesis should com-
bine a methanol synthesis catalyst and a methanol dehydration
catalyst. In the two-step DME  synthesis, the maximum syngas con-
version to methanol is limited by thermodynamics [5], especially
at high temperatures. Direct DME  synthesis overcomes these ther-
modynamic constraints. Consequently, a much higher per-pass CO
conversion and higher DME  productivity could be obtained [6]. Cat-
alyst development for STD reaction has been a subject of a number
of publications [7–10].

Copper metal nanoparticles associated with a promoter, i.e.
Zn, are usually considered as active phase for methanol synthe-
sis [11]. The advantages of the Cu/Zn system include low cost and
high selectivity to methanol. Since methanol synthesis over the
Cu–ZnO–Al2O3 catalyst is a well-established and optimized tech-
nology [12,13], most of the researchers use this catalyst prepared
by co-precipitation as one of the components of bifunctional DME

synthesis catalyst.

Methanol dehydration to DME  requires an acid catalyst [14].
It appears that the acid properties of the dehydration compo-
nent could play a major role and often affect the overall reaction

dx.doi.org/10.1016/j.apcata.2014.08.030
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apcata.2014.08.030&domain=pdf
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ammonia was  then desorbed by heating from 50 to 1000 ◦C at a
V.V. Ordomsky et al. / Applied Ca

ate, DME selectivity and catalyst stability. Zeolite based cata-
ysts have several advantages for methanol dehydration to DME
elative to more conventional alumina catalysts. The alumina-
ased catalysts, either pure or doped, are relatively sensitive to
team especially at higher temperatures. A solid acid zeolite-
ype catalyst, such as HZSM-5 with controlled acidic character
xhibits a much higher resistance to steam than alumina [15].
owever, the slow diffusion of DME  through the zeolite crystals
ould lead to secondary reactions and formation of undesirable
y-products and carbonaceous residues. The latter induces plug-
ing of the catalyst’s pores, progressive deactivation and thus
emands more frequent catalyst regeneration. Zeolites like ZSM-

 [16,14,17], FER [18], Y [19], MCM-22 [20] are currently the
referred acidic catalysts for the preparation of hybrid cata-

yst for DME  synthesis due to their high acidity and thermal
tability.

In order to obtain a good synergy between CO hydrogenation
nd dehydration of methanol, methanol synthesis and methanol
ehydration active phases should be in the close proximity to
ach other. However, conventional methods which provide the
ighest degree of mixing between active sites in the compos-

tes like impregnation and co-precipitation could be not very
fficient in this case. This drawback is a consequence of the inter-
ction of metallic copper with acid sites previously observed
n CuO-ZnO/�-Al2O3 [21,6,22] and CuZnAl/SiO2-Al2O3 [23] com-
osites. That was the reason why the most efficient catalysts
or DME  synthesis reported so far, were prepared using physi-
al mixing of the individual compounds. Recently Tsubaki et al.
24,25] has developed an original technique which can weaken
he interaction between methanol synthesis catalyst and zeolite
nd thus, improve the reaction selectivity to DME. It has been
hown [24,25] that core–shell catalyst with Cr/ZnO core and zeolite
hell improves DME  selectivity by suppressing side reaction such
s undesirable hydrocarbon synthesis; C2–C4 alkanes are mostly
roduced.

However, even in the case of the physical mixing or encapsu-
ation method, the interactions of the metals with acid sites could
ead to partial deactivation. Several possible reasons of the DME
ynthesis catalyst deactivation have been reported in the liter-
ture: coke deposition [26,27], Cu sintering [28] or copper and
inc ion exchange with protons of zeolite [15,29]. García-Trenco
t al. [29] showed the presence of isolated Cu2+ cations occupy-
ng exchange positions in the HZSM-5 zeolite by EPR spectroscopy.
he decrease in Brönsted acidity resulted in suppression of the
atalyst activity due to the reduced zeolite activity in methanol
ehydration. The same authors studied the influence of zeolite
orphology in hybrid CuZnAl/zeolite catalysts in DME  synthesis

30]. It was found that the deactivation increased with increas-
ng the external surface area and surface Al concentration of the
eolite co-catalyst. These results confirm that the interactions
etween metals and acid sites are detrimental for the process since
hey cause the deactivation of the catalyst during DME  synthe-
is. They also indicate important role of zeolite outer surface area
n the deactivation of DME  synthesis catalysts. Despite noticeable
eactivation of composite CuZnAl/ZSM-5 catalysts in DME  syn-
hesis, very few works have addressed so far possible strategies
o enhance the catalyst stability. A stable catalyst is indispens-
ble however for the design of efficient processes for direct DME
ynthesis.

In this work, we have investigated influence of Si/Al ratio,
eolite crystallite size and acid sites on the zeolite outer surface
n the structure, catalytic performance and stability of com-

osite Cu–ZnO–Al2O3/ZSM-5 catalysts for DME  synthesis. A new
ethod is proposed to improve the stability of DME  synthesis

atalysts.
 A: General 486 (2014) 266–275 267

2. Experimental

2.1. Catalyst preparation

The chemicals used for the catalyst preparation are
Cu(NO3)2·3H2O (98%, Sigma–Aldrich), Zn(NO3)2·6H2O (98%,
Sigma–Aldrich), Al(NO3)3·9H2O (98.5%, Sigma–Aldrich), Na2CO3
(99%, Janssen Chimica), TEOS (98%, Sigma–Aldrich) and hexane
(99%, SDS).

The CuO–ZnO–Al2O3 catalyst precursor (Cu:Zn:Al = 60:30:10
atomic ratio with the ratio Cu/Zn = 2 and Zn/Al = 3) was
prepared by co-precipitation at constant pH (ca. 7) and con-
stant temperature (70 ◦C). A solution containing metal nitrates
([Cu2+] + [Zn2+] + [Al3+] = 1.0 M)  and a sodium carbonate solution
(1.0 M)  were simultaneously added to the reaction vessel contain-
ing 10 cm3 of deionized water. The suspension was continuously
stirred and kept at the desired pH by adjustment of the relative flow
rates of the two solutions. The final suspension was aged under
stirring at 70 ◦C for 1 h. The precipitate was filtered off, repeat-
edly washed with sufficient amounts of deionized water to remove
residual sodium ions, dried at 110 ◦C overnight and then finally cal-
cined at 350 ◦C in flowing air for 6 h yielding the CuO–ZnO–Al2O3
catalyst (abbreviated as CZA). The catalytic performance of CZA cat-
alyst in methanol synthesis was found in agreement with previous
reports [31].

Three parent ZSM-5 zeolites with different crystallite sizes
and Si/Al ratios were used in this work. ZSM-5-I(13) and ZSM-
5-I(25) zeolites with Si/Al ratio 13 and 25, respectively, were
purchased from Zeolyst. The ZSM-5-II(45) sample with Si/Al ratio
of 45 was kindly offered by Süd-Chemie. The aluminum con-
tent in the zeolites was determined by ICP analysis. The samples
were converted from NH4 into H-form by calcination in air at
550 ◦C for 6 h. The surface modified, silylated samples were pre-
pared by the chemical liquid deposition using TEOS as a silica
source. 5 g of dried zeolite in H-form was added to the solution
of 1 g of TEOS in 50 cm3 of n-hexane and refluxed for 24 h at
50 ◦C. The modified sample was dried at 100 ◦C for 12 h and cal-
cined at 550 ◦C (heating rate: 2 ◦C/min) for 5 h in air. The calcined
silylated zeolites are denoted as SiO2/ZSM-5-I(13) and SiO2/ZSM-
5-II(45).

The hybrid catalysts were prepared according to the follow-
ing procedure. The mixed CZA catalyst with ZSM-5 zeolite was
prepared by kneading of the mixture of powders in an agate
mortar at a mass ratio of 5:3 (w/w) to form homogeneous
hybrid catalyst, followed by pressuring the mixture into tablets
and crushing them to 90–150 mesh size particles before the
reaction.

2.2. Characterization

The BET surface area, pore volume and average pore diameter
were determined by N2 physisorption using a Micromeritics ASAP
2000 automated system. Each sample was degassed under vacuum
at <10 �mHg  in the Micromeritics ASAP 2000 at 300 ◦C for 4 h prior
to N2 physisorption.

NH3-TPD profiles were obtained in an Autochem 2910
equipment (Micromeritics) coupled with a quadrupole mass
spectrometer (OmniStar from Balzers Instruments). Prior to ammo-
nia adsorption, ca. 100 mg  of sample was  pretreated at 500 ◦C
for 60 min  in He. Subsequently, calibrated pulses of NH3 were
introduced at 50 ◦C until saturation of the sample. The chemisorbed
heating rate of 10 ◦C/min. The m/z = 16 signal in the coupled mass
spectrometer was  used to obtain the corresponding NH3 desorption
profiles.
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IR spectra were recorded with a Nicolet Protégé 460 FT-IR spec-
rometer at 4 cm−1 optical resolution. Prior to the measurements,
he catalysts were pressed in self-supporting discs and activated in
he IR cell attached to a vacuum line at 300 ◦C for 4 h. After activa-
ion the samples were reduced in situ with pure hydrogen at 300 ◦C
ith subsequent evacuation of the formed water at the same tem-
erature. Adsorption of CO was carried out in the low-temperature
ell at −173 ◦C. Adsorption of pyridine (Py) was performed at 150 ◦C
or 30 min. The excess of Py was further evacuated at 150 ◦C for 1 h.
ll spectra were normalized by the weight of the pellet.

Scanning electron microscopy (SEM, Philips XL 30 ESEM-FEG)
as used to explore the morphology and size of zeolite crystals.

The TEM analyses were carried out on a Jeol 2100F (field emis-
ion gun) microscope operating at 200 kV equipped with a probe
orrector for the spherical aberrations. The point-to-point resolu-
ion reached was on the order of 2 Å under the parallel TEM mode
nd 1 Å under the STEM mode. For a better chemical resolution, the
icrographs were also acquired in the HAADF mode by using a spot

ize of 1.1 Å with a current density of 0.5 pA Å−1. The energy X-ray
ispersive spectroscopic analyses have been performed by using a
i-Si EDS detector with an energy resolution of 0.03 eV. Prior to the
nalysis, the sample was dispersed by ultrasound in ethanol solu-
ion for 5 min, and a drop of solution was deposited onto a carbon

embrane onto a 300 mesh-copper grid.
Temperature programmed oxidation (TPO) was  used to charac-

erize and quantify the deposited coke on spent catalysts. TPO were
erformed as follows. 50 mg  of catalyst were placed in a plug flow
eactor. The catalyst was first pretreated in He at 150 ◦C for 120 min
ith subsequent temperature increase to 800 ◦C with the ramp of

0 ◦C/min in a He/O2 (10% O2) flow of 50 cm3/min. CO2 (m/e = 44)
rofiles were recorded using a Varian Saturn III mass spectrometer.

.3. Catalytic tests

The DME  synthesis reaction was carried out in a fixed-bed
tainless-steel tubular reactor (dint = 8 mm)  operating at 20 bar. The
atalyst loading was typically 0.5 g. Before reaction, the samples
ere reduced in hydrogen flow with the flow rate of 30 cm3/min.
uring the reduction, the temperature was increased to 290 ◦C with

 ramping rate of 2 ◦C/min and then kept at this temperature for
 h. After reduction, the hydrogen flow was switched to a syn-
as mixture with H2/CO molar ratio of 2. The reaction was carried
ut at 260 ◦C under a pressure of 20 bar maintained using a back
ressure regulator, and the space velocity of 3600 cm3

gas/g−1
cat h−1

WHSV = 1.7 h−1). Carbon monoxide contained 5% nitrogen, which
as used as an internal standard for conversion and selectivity

alculations. The products were sampled from the high pressure
ide and analyzed using an online gas chromatograph with a TCD
N2, CO, CO2 and CH4) and a FID (MeOH, DME  and hydrocarbons)
etectors.

The CO conversion (X) was calculated based on the molar flow

ate of CO in the feed (FCO,in) and in the outlet streams (FCO,out): XCO
%) = (1 − (FCO,out/FCO,in)) × 100. The product selectivity was  deter-

ined on carbon basis and expressed in mol% of carbon converted
o a specific reaction product.

able 1
eolite characterization.

Catalyst Crystallite size Si/Al ratio Al content (mmol/g) 

ZSM-5-I(13) 5–7 �m 13 1.28 

SiO2/ZSM-5-I(13) – 14 1.18 

ZSM-5-I(25) 5–7 �m 25 0.66 

ZSM-5-II(45) 40–100 nm 45 0.37 

SiO2/ZSM-5-II(45) – 48 0.34 
 A: General 486 (2014) 266–275

3. Results and discussion

3.1. Zeolite characterization

The parent zeolite samples had different chemical composi-
tions and also different size and morphology of zeolite crystallites.
ZSM-5-I(13) and ZSM-5-I(25) zeolites have uniform particle size
distribution in the range 5–7 �m (Figure S1). The zeolite particles
consisted of agglomerates of intergrown zeolite crystallites. Again
the zeolite crystallites built the agglomerates of sample ZSM-5-
II(45), however in this case the individual crystallites with the size
ranging between 40 and 100 nm were clearly observed (Figure S1).

Different crystallite sizes of ZSM-5-I(13) and ZSM-5-II(45) result
in different low temperature nitrogen adsorption data (Figure S2).
The adsorption equilibrium isotherm for ZSM-5-I(13) is of type I
in the Brunauer classification and characteristic of microporous
solids. The isotherm of ZSM-5-II(45) exhibits an additional step at
p/p0 ≈ 0.8. The adsorption step in the range of p/p0 = 0.8–1.0 can be
explained by filling the intercrystalline pores between nanocrys-
tallites [32].

The ZSM-5-I(13) and ZSM-5-II(45) samples were silylated by
TEOS. The kinetic diameter of TEOS (8.9 Å) is much larger than the
pore mouth of MFI-type zeolite (5.4–5.6 Å). Thus, only hydroxyl
groups on the outer surface could react with hydrolyzed silicon
species and form Si O Si or Si O Al bonds. The analysis of the
Al content shows only slight changes in the Si/Al ratio after silyla-
tion procedure (Table 1). Previously, silylation with TEOS was  used
to reduce the concentration of acid sites on the external surface
of zeolites [33]. Besides blocking surface activity of zeolite, TEOS
and silica species deposited on the external surface might block
the zeolite pores and impose diffusion limitations [34]. Low tem-
perature nitrogen adsorption (Table 1 and Figure S2) shows only
slight decrease in the total surface area or micropore volume of
zeolite ZSM-5-II(45). Differently to ZSM-5-II(45), the silylated ZSM-
5-I(13) sample demonstrates a significant decrease in the surface
area (from 432 to 350 m2/g) and volume (from 0.17 to 0.14 cm3/g).
Larger crystallite size and higher acidity of ZSM-5-I(13) result in the
higher probability of the pore blockage and decrease in the surface
area and volume during silylation in comparison with ZSM-5-II(45).

The acidity of materials was studied by NH3-TPD (Figure S3,
Table 1). All zeolites exhibit a low-temperature (100–300 ◦C) and
a high-temperature (400–600 ◦C) ammonia desorption peaks. The
high temperature peak is usually assigned to ammonia desorp-
tion from bridging hydroxyl groups of zeolites (Si-OH-Al) [35]. The
identification of the low temperature peak is still controversial.
This peak is usually assigned to desorption of physically adsorbed
ammonia or desorption of ammonia from silanol groups or extra
framework aluminum species [35]. The total amount of acid sites
in ZSM-5-I(13) zeolite is almost three times more significant than in
ZSM-5-II(45) zeolite. The acidity of ZSM-5 zeolite is usually associ-
ated with aluminum content. Thus, higher concentration of acidic
sites in the ZSM-5-I(13) zeolite corresponds to higher aluminum

content in this zeolite (Table 1). NH3-TPD shows that silica deposi-
tion over ZSM-5-I(13) and ZSM-5-II(45) leads respectively to 6 and
16% decrease in the amount of acid sites in comparison with the par-
ent zeolites, while the strength of acid sites is not affected (Figure

S (m2/g) Vmic (cm3/g) Vtot(<350nm) (cm3/g) TPD (NH3) (�mol/g)

432 0.17 0.23 993
350 0.14 0.22 931

– – – –
383 0.16 0.63 360
354 0.15 0.56 303
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Fig. 1. CO conversion in time during DME  synthesis over hybrid catalysts. CZA-
zeolite with zeolites before (ZSM-5-I(13), ZSM-5-I(25), ZSM-5-II(45)) and after
s
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ilylation (SiO2/ZSM-5-I(13), SiO2/ZSM-5-I(45)) (T = 260 ◦C, 3600 cm3
gas/g−1

cat h−1,
2/CO = 2, 20 bar).

3, Table 1). The larger decrease in the amount of acid sites in the
SM-5-II(45) sample is obviously due to the higher outer surface
rea of zeolite nanocrystals. A relatively small drop in the concen-
ration of acid sites after silylation confirms preferential adsorption
f TEOS on the zeolite outer surface. The ZSM-5 structure is consti-
uted by two intersecting channel systems. Partial blockage of the
ores does not affect the total zeolite acidity measured by NH3-TPD
ecause of relatively small size of NH3 molecules and their possible
igration thought the ZSM-5 channel system.

.2. Influence of Si/Al ratio and zeolite crystallite size on the
atalytic performance of CZA-ZSM-5 catalysts

The catalytic activities and selectivities in DME  synthesis of the
ZA-zeolite mixture are shown in Figs. 1–3. The carbon monoxide
onversions and selectivities are strongly affected by the concentra-
ion of acid sites and zeolite crystallite sizes. Note that ZSM-5-I(25)
nd ZSM-5-I(13) have rather similar morphology and relatively
arge crystallite sizes (5–7 �m).  The strength of acid sites deter-
ined by TPD of NH3 for all zeolites is similar (Figure S3). This
uggests that the catalysts principally differ in the concentration of
cid sites and in the size of the crystals.

ig. 2. Selectivity to main products during DME  synthesis over CZA hybrid catalyst
ith ZSM-5-I(25) (TOS 5 h) and with ZSM-5-I(13) before and after silylation (TOS:

,  50 and 100 h) (T = 260 ◦C, 3600 cm3
gas/g−1

cat h−1, H2/CO = 2, 20 bar).
 A: General 486 (2014) 266–275 269

Let us first evaluate the phenomena due to the different con-
centration of Brönsted acid sites. The ZSM-5-I(25) zeolite has a
concentration of Brönsted acid sites twice lower than ZSM-5-I(13),
while the crystallite size is the same for both the zeolites. Interest-
ingly, the activity of the CZA-ZSM-5-I(25) catalyst is much lower
compared to the ZSM-5-I(13) counterpart (Fig. 1). Carbon monox-
ide conversion is about 35% on CZA-ZSM-5(25) in comparison with
65% over CZA-ZSM-5-I(13). In addition, differently to CZA-ZSM-5-
I(13), CZA-ZSM-5-I(25) exhibits much higher methanol selectivity
(Fig. 2). Higher methanol selectivity on CZA-ZSM-5-I(25) indicates
relatively slow kinetics of methanol dehydration which can be due
to lower concentration of Brönsted acid sites in this catalyst. The
same dependence of the activity of the hybrid catalyst in DME
synthesis on Si/Al ratio in zeolites has been observed earlier [36].
Lower carbon monoxide conversion observed on CZA-ZSM-5-I(25)
could be also due to thermodynamic constrains. Indeed, methanol
is one of the major products on this catalyst and the theoretical
equilibrium conversion of CO to methanol is only 20–30% at these
conditions [5].

Higher concentration of acid sites in zeolite could be favorable
for methanol dehydration. Under the same reaction conditions,
CZA-ZSM-5-I(13) with a higher fraction of acid sites exhibits a much
higher DME  selectivity (SDME = 61%) at the conversion of 65%. The
methanol selectivity was only 4% on CZA-ZSM-5-I(13).

In addition to the Brönsted acid sites, zeolite crystallite diameter
also affects the performance of CZA-ZSM-5 catalysts. Fig. 1 shows
that carbon monoxide conversion on the CZA-ZSM-5-II(45) com-
posite catalyst is comparable to that on CZA-ZSM-5-I(13), although,
the number of acid sites in CZA-ZSM-5-II(45) is several times lower
than CZA-ZSM-5-I(13). This fact is most probably due to the differ-
ent crystallite size of these two  samples (Figure S1). Indeed, the
ZSM-5-I(13) zeolite represents intergrown agglomerates of zeo-
lite crystals with size of around 5–7 �m in comparison with the
nanocrystals of ZSM-5-II(45) with size of 40–100 nm.  Smaller crys-
tallite sizes of ZSM-5-II(45) should result in higher accessibility of
Brönsted sites. This could lead to more efficient methanol dehy-
dration in comparison with ZSM-5-I(13). The higher activity and
DME yield during methanol dehydration with decrease in the size of
ZSM-5 crystals has been explained earlier by smaller mass transport
resistance [37].

The ZSM-5-II(45) based catalyst exhibits DME selectivity of 67%
compared to the DME  selectivity of 61% observed over CZA-ZSM-
5-I(13) at carbon monoxide conversion of 60–70% (Figs. 2 and 3).
The ratio of DME  to CO2 selectivities is almost equal to 2:1 over
the catalyst containing ZSM-5-I(13). This indicates almost full con-
sumption of water produced in methanol dehydration in WGS
reaction. Zeolite could possibly play a role in WGS  reaction; the
CO2 selectivity over CZA-ZSM-5-II(45) is significantly lower than
on other zeolites. This observation might be attributed to higher
concentration of acid sites in ZSM-5-I(13) which should result in
the higher water capacity (hold up) in the catalyst. Higher water
concentration would result in deeper WGS  reaction over this sys-
tem. The more hydrophobic ZSM-5-II(45) should lead to the lower
water adsorption and lower probability of the WGS  reaction. In
addition CZA-ZSM-5-I(13) produces some amounts of hydrocar-
bons. The formation of light hydrocarbons over CZA-ZSM-5-I(13)
might be explained by higher concentration of acid sites and thus
by higher probability of methanol and DME  conversion into olefins
in comparison with CZA-ZSM-5-II(45). The presence of saturated
hydrocarbons (ethane, propane, butane) is probably due to subse-
quent hydrogenation of olefins into alkanes over CZA [12]. Methane
formation is most probably a result of CO and CO2 hydrogenation

over CZA catalyst. Indeed, some amounts of methane are usually
observed in syngas conversion on copper catalysts [38]. Hydrocar-
bon production over CZA-ZSM-5 catalyst could be possibly reduced
by selective neutralization of strong zeolite acid sites. Previously it
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of Py adsorption over CZA-ZSM-5-I(13) before and after the cat-
alytic tests. In the range of 1400–1700 cm−1, chemically adsorbed
pyridine exhibited a usual set of bands: two bands at 1545 and
1656 cm−1 assigned to pyridinium ion (PyH+), two  bands at 1450
ig. 3. Selectivity to main products during DME  synthesis over CZA hybrid cat
600  cm3

gas/g−1
cat h−1, H2/CO = 2, 20 bar).

as shown that modification of ZSM-5 by Sb2O3 or MgO  increased
he selectivity to DME  from 55 to 65–69% [12,39]. In addition, higher
ME selectivity can be also favored by smaller zeolite crystallite

izes. Smaller ZSM-5-II(45) crystallite size reduces methanol and
ME residence time inside the zeolite matrix and thus the proba-
ility of secondary reactions (e.g. hydrocarbon formation).

.3. Influence of silylation of zeolite external surface on the
atalyst structure and stability

.3.1. Catalytic properties of catalysts with silylated zeolites
One of the major problems of direct DME  synthesis from syngas

s catalyst deactivation. All studied CZA-ZSM-5 composite catalysts
howed gradual decrease in carbon monoxide conversion with time
n stream (Fig. 1). The CO conversion decreased for the CZA-ZSM-
-I(13) catalyst from 64 to 49% and for CZA-ZSM-5-II(45) from
0 to 56% respectively during the first 100 h of the reaction. The
esults are consistent with previous reports about the stability of
ZA-ZSM-5 catalysts prepared by kneading [15].

The stability of CZA-ZSM-5-I(13) and CZA-ZSM-5-II(45) cata-
ysts was improved in this work using silylation with TEOS. Fig. 1
hows that the conversion on both the silylated zeolites was much
ore stable than on the parent catalysts. For CZA-ZSM-5-I(13)

atalyst silylation also led to the increase in initial carbon monox-
de conversion from 63 to 74%. Higher DME  selectivity was  also
bserved on silylated catalysts. For CZA-ZSM-5-I(13), silylation
eads to the increase in DME  selectivity from 61 to 63% after 5 h of
he reaction, while for CZA-ZSM-5-II(45) the DME  selectivity rises
fter silylation from 67 to 69%. At the same time, the selectivity
o CO2 decreases on both catalysts. Lower CO2 selectivity after

ilylation can be attributed to lower WGS  activity over more
ydrophobic CZA-ZSM-5-II(45) and might be explained again by

 decrease in the concentration of adsorbed water after the inter-
ace between CZA catalyst and zeolite after silylation. In order to
ith ZSM-5-II(45) before and after silylation (TOS: 5, 50 and 100 h) (T = 260 ◦C,

identify the reasons of deactivation and to evaluate the influence on
silylation on the catalyst stability, the parent and silylated hybrid
CZA-zeolite catalysts before and after the catalytic experiments
have been extensively studied by TEM and FTIR spectroscopy.

3.3.2. Physicochemical properties of catalysts before and after
deactivation

Zeolite acidity in the fast deactivating hybrid CZA-ZSM-5-I(13)
has been investigated by Py adsorption. Fig. 4 shows the results
Fig. 4. IR spectra of Py adsorption over the CZA-ZSM-5-I(13) hybrid non silylated
catalyst before (a) and after the reaction (b) and over silylated catalyst before (a)
and after the reaction (b). The catalysts were (re)-reduced prior to Py adsorption.
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Fig. 5. TEM micrographs and corresponding EDX spectra of a representative region within the CZA-ZSM-5-I(13) catalyst before (a) and after reaction (b). The encircled areas
represent a ZSM-5 Si-rich region (blue and green) and Co and Zn-rich area (red) as identified by the EDX analysis. (For interpretation of the references to color in this figure
legend,  the reader is referred to the web version of this article.)

Fig. 6. STEM-HAADF micrographs of the CZA-ZSM-5-I(13) hybrid catalysts before the reaction (a), after the reaction (b) and CZA-SiO2/ZSM-5-I(13) after the reaction (c). The
rectangular areas mark the metal-rich regions, whereas the red arrows point to metallic atomic clusters and/or nanoparticles. (For interpretation of the references to color
in  this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Schematic presentation of copper migration leading simultaneously

nd 1610 cm−1 related to coordinatively adsorbed pyridine on
ewis sites. The band at 1490 cm−1 was attributed to Py species
dsorbed on Lewis and Brönsted sites [40]. The intensity of the band
orresponding to pyridinium ion (PyH+) significantly decreases
fter the catalytic experiment. This corresponds to the decrease
n the number of Brönsted acid sites. The Lewis acidity remains
lmost unchanged for both catalysts before and after the reaction.
n addition to the zeolite Lewis sites, the Lewis acidity in the spent
atalysts seems to be also related to cationic copper species which
oncentration may  increase during the reaction.

In order to find the reasons responsible for the drop in the num-
er of Brönsted acid sites after the reaction, the local elemental
omposition of hybrid CZA-ZSM-5-I(13) catalyst before and after
atalytic experiment was analyzed by TEM-EDX and STEM-HAADF
Fig. 5). Owing to the contrasts in the TEM mode, we were able to
istinguish between the zeolite and metal-rich regions. The chem-

cal composition of these regions was further investigated using
DX. Silicon was  predominant in the zeolite area of the catalysts
efore and after reaction as shown by Fig. 5 (blue and green encir-
led region and spectra), whereas the other regions, which show
ifferent contrasts, appear to be dominated by Cu, Zn and at smaller
xpense Al. The mean size of the zeolite crystals is of several tens of
m,  whereas the CZA grains appear as platelets (ZnO) or needle-like
haped (alumina) with mean sizes of about 20 nm. Catalyst space-
en  were deposited on a carbon membrane supported by a Cu grid.

onsequently, traces of Cu (region 1) could be detected in regions
hat appear to be pure zeolite. Note however, that the signal of Cu
rom the catalyst before reaction (region 3) was significantly lower
n comparison with the signal from the region 1 indicating the pres-
nce of Cu within the zeolite crystal or in the close proximity to
eolite crystal after the reaction. Taking into account the decrease
n the number of Brönsted acid sites in zeolite, this observation

ight be explained by migration of copper during the reaction fol-
owed by ion exchange of copper ions with zeolite hydroxyl groups.
imilar phenomenon was observed earlier by the group of Martínez
29] at higher temperatures with identification of Cu2+ by EPR. The
uthors suggested that interaction between protons and Cu is one
f the main reasons of the catalyst deactivation [29,30].

The metal distribution within the CZA-ZSM-5 catalysts was

tudied by direct analysis of contrasts from the STEM-HAADF
icrographs. Because of higher sensitivity to the Z atomic num-

er, this mode is particularly suitable for the assessment of the
istribution of metallic nanoparticles. The metal distribution in
 exchange with hydroxyl groups of the ZSM-5 zeolite and copper sintering.

CZA-ZSM-5-I(13) zeolite composite with and without the TEOS
treatment has been analyzed before and after reaction (Fig. 6). After
catalyst activation in hydrogen (Fig. 6a), Cu is located exclusively
on the CZA grains, either as NPs with a mean size of 5 nm or as
a thin metallic layer. The thickness of the Cu metallic layer varies
from several nm to 15 nm,  as depicted by Fig. 6a. After the reac-
tion, the morphology of the catalyst changes drastically in terms of
metal distribution. Larger metal NPs with mean sizes superior to
10–15 nm are detected not only on the CZA grains but on the zeo-
lite as well (Fig. 6b). The thin metal layer completely disappeared
from the grains, most probably being assimilated by the larger
neighboring particles during the reaction. This phenomenon can be
interpreted by assuming metal sintering on the surface of the CZA
and subsequent copper diffusion to the zeolite. Such phenomenon
can be responsible for copper migration followed by oxidation, sub-
sequent exchange of Cu2+ ions with zeolite hydroxyl groups. The
outline of the catalyst deactivation processes is shown in Fig. 7.

The spent silylated CZA-SiO2/ZSM-5-I(13) sample shows major
difference in location of copper NPs, relative to the non-silylated
catalyst (Fig. 6). The STEM-HAADF analysis shows a clear separation
of CZA and zeolite phases in spent CZA-SiO2/ZSM-5-I(13) cata-
lyst. Differently to the spent CZA-ZSM-5-I(13) catalyst prepared
without TEOS pretreatment, copper species were not detected in
CZA-SiO2/ZSM-5-I(13) inside the zeolite.

Thus, TEM-EDX and STEM-HAADF have provided valuable infor-
mation on copper localization in the silylated CZA-zeolite prior and
after the reaction. Silylation of zeolite surface by TEOS results in less
significant Cu sintering and ion exchange with zeolite protons. Con-
sequently, the silylated catalyst shows better stability (Fig. 1). Our
results suggest that neutralization of hydroxyl group at the external
surface reduces copper sintering and ion exchange with protons of
zeolites (Fig. 7) which are usually observed on non-silylated cata-
lysts.

Cu sintering in Cu-ZSM-5 catalyst during NO decomposition was
observed previously. Fierro et al. [41] found that migration of Cu
inside of zeolite pores was  facilitated by the presence of water
vapor. Water promotes formation of positively charged mobile
copper clusters. Copper sintering seems to proceed according to
particle migration and coalescence mechanism. Similar mecha-

nism of nanoparticle sintering facilitated by the presence of water
was previously observed for supported nickel and cobalt cata-
lysts [42,43]. In addition to water, hydroxyl groups on the zeolite
outer surface can obviously contribute to higher copper mobility
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Fig. 8. CO conversion in time during DME  synthesis (T = 260 ◦C, 3600 cm3
gas/g−1

cat h−1,
H2/CO = 2, 20 bar) over hybrid catalysts CZA-ZSM-5-I(13) before and after addition
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is more affected by the reaction in non silylated ZSM-5-I(13) cat-
alyst. Mixing with parent zeolite results in significant narrowing
of the band and a low frequency shift of the band at 2164 cm−1.
This fact might be explained by interaction of zeolite [49] with
f  0.2 cm3/h of H2O during 24 h in hydrogen flow (T = 260 ◦C, 1200 cm3
H2

/g−1
cat h−1,

0 bar).

n hybrid catalysts. Water seems to play a major role in copper
intering. To identify the effect of water on copper sintering, we
onducted a specific experiment. In this experiment, water was
dded to the catalyst in a flow of hydrogen in the absence of
arbon monoxide (Fig. 8). The amount of added water roughly
orresponded to water amounts produced under typical reaction
onditions (DME synthesis). Fig. 8 shows that the conversion of CO
ecreases rapidly from 60 to 10% after 24 h of catalyst exposure to
ater and hydrogen at the reaction temperature. This suggests that

ndeed water significantly facilitates the migration of Cu.
The changes in the oxidation state during the reaction were

lso investigated by FTIR spectroscopy using low temperature CO
dsorption. Fig. 9 displays IR spectra of CO adsorption as a function
f coverage over parent CZA-ZSM-5-I(13). At the very low coverage
he most intense band is found at 2115 cm−1. Further addition of
O leads to the appearance of the band at 2170 cm−1 which shifts to
164 cm−1 with the increase in the amount of adsorbed CO. Finally
nother band emerges at 2136 cm−1. The lower frequency band at
115 cm−1 corresponds to the strongest adsorption of CO. In agree-
ent with previous reports [44–46], the band at 2115 cm−1 could

e related to the reduced copper species (Cu0 or Cu+). It is well
nown that copper carbonyls are not very stable. Copper carbonyl
tability could be enhanced when CO adsorbs on well dispersed
anoparticles at low temperature. The band at 2164 cm−1 might
e assigned to CO adsorption over Brönsted acid sites [47]. The
ame band might also have CO adsorbed either to extra framework
ations (Zn2+, Cu2+). The band at 2136 cm−1 is usually assigned to
hysically adsorbed CO. It appears only at relatively higher carbon
onoxide pressures.
Fig. 10 shows IR spectra of adsorbed CO on the pure CZA and

ybrid catalysts prepared using the parent and silylated ZSM-5-
(13) zeolites before and after the reaction. The spectrum of CO
dsorbed over pure CZA shows bands of CO at 2164 and 2115 cm−1.
ixing of CZA with parent and silylated ZSM-5-I(13) zeolites results

n modification of the band shape and intensity. The intensity
f the band at 2164 cm−1 increases for the non-modified zeo-
ite system and almost does not change in the case of silylated
SM-5. Taking into account that Brönsted acidity decreases dur-
ng reaction over CZA-ZSM-5-I(13), the increase in the intensity
f the band at 2164 cm−1 might be possibly explained by high

2+
dsorption of CO over forming cationic Cu sites. In the case of
ilylated sample, the band of CO over metallic Cu is still broad and
hifts to higher wavenumbers similarly to parent CZA. It is indica-
ive of the presence of Cu sites with slightly different electronic
Fig. 9. FTIR spectra of CZA-ZSM-5-I(13) hybrid catalyst after adsorption of CO at low
temperature (−173 ◦C) at gradually increasing pressures. The catalyst was  reduced
prior to CO adsorption.

properties or chemical environment [48]. The position of this band
Fig. 10. IR bands resulting from CO adsorption at −173 ◦C on the CZA catalyst, CZA-
ZSM-5-I(13) hybrid catalyst before (a) and after the reaction (b) and on the CZA-
SiO2/ZSM-5-I(13) hybrid catalyst before (a) and after the reaction (b). The catalysts
were reduced prior to CO adsorption.
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Fig. 11. TPO of the CZA-ZSM-5-I(13), CZA-ZSM-5-II(45) and CZA-SiO2/ZSM-5-I(13)
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References
ybrid catalysts after the reaction with detection of CO2.

ositively charged copper clusters in CZA which may  form in the
atalyst during the pretreatments. It is interesting to note that the
on-silylated catalyst shows a significant decrease in the inten-
ity of the band at 2115 cm−1 after the reaction. Low intensity of
he band at 2115 cm−1 can be assigned to the low concentration of
vailable copper sites in the spent CZA-ZSM-5-I(13) catalyst proba-
ly because of copper sintering, oxidation and ion exchange. At the
ame time, the intensity of the band at 2115 cm−1 attributed to cop-
er metal sites in the silylated catalysts is affected to a much lesser
xtent by the exposure to the reaction conditions. Neutralization
f the acid sites on zeolite outer surface seems to prevent copper
igration with its ion exchange and sintering in SiO2/ZSM-5-I(13).
ur results correlate with the results of the group of Martínez [30]
ho observed the effect of the external surface area and surface Al

oncentration of the zeolite co-catalyst on the catalyst deactivation.
Thus, the pronounced increase in the catalyst stability during

ME synthesis after silylation might be explained by suppression
f Cu migration and ion exchange on the outer surface of zeolite
ue to neutralization of the surface acid sites by TEOS. The pos-
ible alternative explanation of the catalyst deactivation could be
oke formation during reaction. The coke may  form by polymer-
zation of olefins or condensation of reactive oxygenates during
eaction [26,27]. In order to verify this assumption, TPO of the
pent catalysts has been conducted with detection of forming CO2
Fig. 11). The results indicate similar character of the adsorbed coke
pecies for all samples. The amount of forming CO2 is very low
7–8 × 10−6 mmol/g) and comparable for silylated and non silylated
SM-5-I(13) and ZSM-5-II(45) zeolites. These results suggest that
ilylation does not influence to any noticeable extent coke deposi-
ion. The experiment with addition of water (Fig. 8) also supports
his assumption.

Note that silylation can improve not only the catalyst stability
ut also the catalyst initial activity. One might anticipate that cop-
er on the surface of CZA reacts with the protons of non-silylated
SM-5-I(13) already during pretreatment of the catalyst in the reac-
or. It reduces amount of active Cu species for methanol synthesis.
ignificant interaction between ZSM-5 and CZA with ion exchange
f Cu during hybrid catalyst preparation has been observed earlier
29,30]. In the silylated catalyst, the reaction between copper and
rönsted acid sites during activation could be hindered by SiO2 pro-

ective layer on the zeolite outer surface. Thus, the silylated catalyst
an show higher reaction rate compared to non-silylated counter-
art immediately after the exposure to the reaction medium.
 A: General 486 (2014) 266–275

The selectivity slightly evolves with reaction time over both the
parent and silylated catalysts. The selectivity to DME decreases
by 2–3% over parent catalysts with simultaneous very slight
increase in the selectivity to CO2 and methanol (Figs. 2 and 3). A
slight increase in methanol selectivity is related to the continuous
decrease in the concentration of Brönsted acid sites during the reac-
tion and thus slower methanol dehydration rate. The acid sites in
pores of the parent non-silylated zeolites are neutralized by migrat-
ing Cu2+ ions. At the same time, these catalysts can show a higher
activity in WGS  reaction which can be due to easier water disso-
ciation over Cu2+ ions [50]. At the same time, silylation of zeolite
outer surface hinders copper migration into zeolite pores. Thus,
the concentration of zeolite acid sites is reduced to a lesser extent
in the silylated samples during the reaction. Silylation leads to the
increase in the selectivity to DME  by 2% over both catalytic systems.
This corresponds to the highest selectivity to DME  (69%) observed
on SiO2/ZSM-5-II catalyst [39]. The increase in DME  selectivity after
silylation is accompanied by a significant decrease in the selectiv-
ity to CO2 and hydrocarbons. Previously it was shown that DME
selectivity could be improved by the promotion of copper-zeolite
catalysts by metal oxides (ZrO2, MgO, Sb2O3). Indeed, addition of
metal oxides reduces zeolite acidity and hydrocarbon production.
However promotion with metal oxides does not improve the cata-
lyst stability [12,16,39]. Indeed, metal oxides are usually distributed
almost uniformly inside the zeolite lattice. Silylation with TEOS
results in selective neutralization of the acid sites on the zeolite
surface and produces a much more significant effect on the catalyst
stability than the promotion with metal oxides.

4. Conclusion

The catalytic performance of hybrid Cu–ZnO–Al2O3/ZSM-5 pre-
pared by kneading in direct DME  synthesis from syngas depends on
the zeolite crystallite size and Si/Al ratio. Higher concentration of
the zeolite Brönsted acid sites and smaller zeolite crystallite sizes
favor higher DME  productivity.

The decrease in the catalytic performance of hybrid cata-
lysts with time on stream is due to the combination of several
phenomena: copper sintering, copper oxidation, migration and ion
exchange with hydroxyl groups in zeolite pores.

The catalyst stability can be enhanced by selective neutraliza-
tion of acid sites on zeolite outer surface with TEOS. Selective
neutralization of Brönsted acid sites on the outer zeolite surface
slows down copper sintering and migration and results in the better
catalyst stability and slightly higher selectivity to DME. The effect of
silylation on the catalytic performance and stability was  more pro-
nounced for the zeolite with abundant Brönsted acidity and small
outer surface area.
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