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Methanol  synthesis  catalysts  based  on  Cu–Zn–Al  prepared  under  different  precipitation  conditions  with
the  use  of  Zr  or  not  as a  promoter  were  studied  in  the  direct  synthesis  of  dimethyl  ether  (DME)  using  H-
ferrierite  as  a dehydration  component.  Samples  prepared  under  high  supersaturation  conditions  showed
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textural  and structural  changes  without  any  relation  to  the  CO  conversion.  Samples  containing  zirconium
favored  an  increase  of Cu  surface  area,  but  other  factors  were  involved  in  the  improvement  of  the  catalyst
activity.  The  presence  of  aluminum  in  the  methanol  synthesis  catalyst  produced  structural  changes  that
could  be  related  to the  catalytic  activity.

© 2011 Elsevier B.V. All rights reserved.
r
u–Zn–Al catalyst

. Introduction

Dimethyl ether (DME) is an important chemical and has received
ignificant attention as a clean fuel source. DME  can be synthesized
rom natural gas, coal and agricultural residues. The application of
ME  as an alternative to diesel fuel has been proposed because of its

ower NOx emission and its near-zero smoke evolution compared
o traditional diesel fuels [1–4].

Three reactions are involved in DME  production from synthe-
is gas: (i) methanol formation, (ii) the dehydration of methanol
o DME  and water and (iii) the reaction of water with CO to form
O2 and H2 through the water-gas shift (WGS) reaction. The direct
ynthesis of DME  has been presented using a bifunctional catalyst
hat contains two active sites; one site is utilized for the methanol
ynthesis and the other for DME  formation via the dehydration
f methanol [5–9]. Cu-based catalysts have been widely used in
ethanol synthesis. The Cu–ZnO–Al2O3 system in particular has

een studied by many researchers and has shown the best results
10,11].

Acidic components, such as �-Al2O3, H-ZSM-5 or HY zeolites, are

idely used as dehydration components and exhibit similar activ-

ties [12]. In addition, the rate of DME  synthesis has been defined
y the acidic properties of the dehydration component [13]. The
ure acid component was  not expected to show activity toward

∗ Corresponding author. Fax: +55 21 35271323.
E-mail address: isapais@puc-rio.br (M.I.P. Silva).

920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2011.02.063
the direct transformation of the synthesis gas to methanol or DME
[14]. Recently, the superiority of ferrierite over other zeolites has
been demonstrated, primarily due to its acidity, suitable topology
and the facile reducibility of its metal components [15,16].

To enhance methanol production and the DME  yield, highly
active methanol synthesis catalysts have been prepared. The
Cu–Zn–Al oxide-based catalysts are usually prepared by the con-
ventional coprecipitation method with the aim of forming a
hydrotalcite-like precursor [17]. The evolution of the copper parti-
cles depends on the preparation conditions, such as the pH, Cu/Zn
mole ratio, the addition of reagents and heat treatments during
and after the precipitation. The addition of small amounts of tri-
and tetra-valent ions can produce cationic defects in the structure,
which can enrich and stabilize copper on the surface of the catalyst
[18].

Textural, morphological and structural theories have been put
forth to explain the active site responsible for the activity in
methanol synthesis. In general, the Cu surface area is considered
to be primarily responsible for methanol synthesis activity, with
highly dispersed copper providing even higher activity. The role of
ZnO would be to increase this dispersion [19]. According to some
authors, the Cu surface area alone cannot be considered responsi-
ble for the methanol production rates. They proposed that Cu strain

produced by structural defects, incomplete reductions or Cu epitax-
ial orientation due to the ZnO may  modify the Cu surface area and
influence the catalytic activity [20]. Others authors have proposed
that a series of effects, including epitaxial strain, shape dynamics
and Cu–Zn alloy formation that was  created when the Cu/ZnO was

dx.doi.org/10.1016/j.cattod.2011.02.063
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:isapais@puc-rio.br
dx.doi.org/10.1016/j.cattod.2011.02.063
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educed, is responsible for the special metal-supported interaction
f Cu/ZnO [21,22]. The synergy between the Cu and the ZnO is
elieved to be related to the kind of interaction between the metal
nd the support. Conversely, according to Fujita et al. [19], Cu–Zn
lloy formation is related to the ZnO content and its presence could
e directly related to specific activity in methanol synthesis.

Several studies on the influence of metallic promoters on
ethanol catalysts have shown that Zr is the more efficient pro-
oter but its role is still not clear. Zirconium has been found to

mprove Cu dispersion and can lower the Al content on the cata-
yst surface [23], while Cu and Zr have a synergistic interaction that
acilitates the reduction of Cu+2 [24]. Furthermore, the presence of
r or Al can provide a high stability and resistance to redox cycles
25]. The higher activity of the Cu–Zr-based catalysts has also been
ttributed to the stability of Cu2O on the surface of the reduced cat-
lyst during the reaction [26]. Conversely, it has been reported that

 low degree of microstrain in the Cu particles is produced when
he catalyst is supported on ZrO2 [27].

Herein, methanol synthesis catalysts based on Cu–Zn–Al were
repared by the coprecipitation method while varying the tem-
erature and the mixture of reactants. The addition of Zr in place
f Al or as a fourth element in the mixture was also investigated.
hese catalysts were physically mixed with H-ferrierite zeolite for
he direct synthesis of DME  from syngas. The activity of the various

ethanol synthesis catalysts via a single-step DME  synthesis was
nvestigated.

. Experimental

.1. Catalyst preparation

Several methanol synthesis catalysts (MSCs) prepared by dif-
erent methods were physically mixed with ferrierite zeolite. This
eolite (Si/Al = 10) provided by Toyo Soda Manufacturing, serial
umber 720 KOA, was used in its acid form. The ions, Na+ and K+,
ere exchanged using an ammonium acetate solution at 90 ◦C. The

eolite was calcined in air at 500 ◦C (10 ◦C min−1) to produce the
eolite in the acidic form (H-Fer). The most important properties of
his material were the surface area (314 m2 g−1), micropore volume
0.18 cm3 g−1), medium pore diameter (17.4 Å) and Bronsted/Lewis
cid sites (ratio determined by pyridine adsorption of 7.7) [28].

The following preparation methods were used to prepare the
ethanol synthesis catalysts: the coprecipitation was  performed

sing a low supersaturation method (LS-80) based on the slow
30 min) and simultaneous mixture of two solutions, one contain-
ng nitrates of Cu, Zn and Al (1.0 mol  dm−3 and Cu/Zn/Al = 55/30/15
tomic ratio) and another containing Na2CO3 (1.5 mol  dm−3), at
0 ◦C under vigorous stirring at ∼pH 8. The precipitate formed was
ged in the mother solution for 1 h at 80 ◦C, which was  an appro-
riate amount of time to form the crystalline phase precursor [29].

t was then washed with warm water (1 L) to eliminate the Na and
itrate residues, dried for 12 h at 90 ◦C and calcined for 4 h at 400 ◦C

n a N2 atmosphere. The coprecipitation consisted of a fast mixture
few seconds) of the two above solutions using a high supersat-
ration method. Two catalysts were prepared using this method;
ne was prepared using the solutions at 25 ◦C and other with the
olutions warmed to 80 ◦C; the samples were named HS-25 and
S-80, respectively. The precipitates were aged at the same tem-
erature as the mixture and later washed, dried and calcined as
efore. The fourth method utilized, called high pH, consisted of the

low addition of a solution of Cu, Zn and Al nitrates to an aque-
us solution of Na2CO3 warmed at 80 ◦C under intense stirring. The
olid material was then aged, washed, dried and calcined at same
bove conditions. Methanol synthesis catalysts were also prepared
ased on Cu–Zn–Zr and Cu–Zn–Al–Zr by the coprecipitation via
ay 172 (2011) 218– 225 219

the low supersaturation method and were named CZZr and CZAZr
with atomic ratios of 55/30/15 and 50/27/13/10, respectively. A
commercial catalyst used for methanol synthesis (Katalco) was uti-
lized as a comparison and mixed with the H-ferrierite zeolite. The
MSC/zeolite weight ratio used for all catalysts was  4:1.

2.2. Characterization

The BET surface area, pore diameter and pore volume were mea-
sured by the N2-physisorption at −196 ◦C using a Micrometrics
ASAP 2000. Prior to the adsorption-desorption measurements, all
samples were degassed at 250 ◦C.

A Rigaku diffractometer with CuK� radiation and a tension of
40 kV was used for the X-ray measurements of the precursors and
the calcined catalysts. The angle 2� covered was  between 5◦ and
60◦. The quantitative phase content and crystallite sizes were deter-
mined by a multiphase Rietveld refinement using Topas software
and a fundamental parameter approach for modeling the peak
shape. Samples reduced were also analyzed by X-ray diffration
(XRD). The samples were reduced ex situ at 250 ◦C during 1 h using
pure H2 and after passivated with O2/He (3%), at 30 mL min−1 and
25 ◦C during 1 h. After the passivation the samples were manipu-
lated sob inert atmosphere (N2) and analyzed immediately.

The temperature programmed desorption of H2 technique (H2-
TPD) was used to determine the Cu surface area and was  adapted
from Mühler [30]. A TPR/TPD conventional apparatus equipped
with a Baltzer Mass Quadrupole was  used for analysis of the sam-
ples, which were inside a quartz reactor with a thermocouple and a
furnace. The samples were first dried with pure He up to 150 ◦C and
kept at this temperature for 1 h before being reduced with pure H2
(60 mL  dm−3) at 250 ◦C (heating rate of 10 ◦C min−1) for 1 h. After
the sample was  cooled to room temperature, it was cooled to 0 ◦C
using an ice bath and maintained at this temperature for 1 h. The
samples were then cooled to −196 ◦C for 1 h using a liquid nitrogen
bath. Subsequently, the H2 flow was switched to a 50 mL  dm−3 He
flow for 30 min  at this temperature. After the sample was removed
from the bath, it was heated at 50 ◦C min−1 from room tempera-
ture to 350 ◦C. The hydrogen desorption was monitored through
the m/z = 2. H2-TPD profiles presented two overlapping peaks of
desorption; a very large peak was present at approximately 25 ◦C
and the very small peak at lower temperature had no effect on final
result obtained using the total area.

The morphology and structure of the calcined and reduced cata-
lysts were investigated by transmission electron microscopy (TEM)
using a JEOL 2010 operating at 200 kV. Samples were dispersed into
isopropyl alcohol and then deposited over a grid to be observed by
the microscopy.

The temperature programmed reduction experiments (H2-TPR)
were conducted using a gas mixture of 1.53 vol% H2 in Ar. The feed
flow rate was  20 mL  min−1 and the heating rate from room temper-
ature to 600 ◦C was  5 ◦C min−1. The hydrogen concentration was
determined using a thermal conductivity detector.

2.3. Activity evaluation

The reactions in the gaseous phase were performed in a catalytic
test unit equipped with tubular fixed-bed reactor (50 mL  volume).
The reaction products were analyzed on-line with a gas chromato-
graph equipped with a thermal conductivity detector (TCD) and a
PORAPAK-QS packed column (30 m).

The catalysts were pre-treated with a He/H2 (5% H2) mixture

at 30 mL  min−1 for 1 h. The temperature was raised from room
temperature to 250 ◦C at 5 ◦C min−1 under atmospheric pressure.
After the reduction step, the reactor temperature was maintained
at 250 ◦C and a total flow of 24 mL  min−1 of a mixture of 2:1 H2 and
CO was  introduced into the unit, which was  controlled by mass
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Fig. 1. XRD patterns of precursors of the catalysts.

ow controllers. The pressure in the reactor was then increased to
 MPa. To obtain a fair comparison of each of the catalysts used, the
otal mass of each was normalized to 200 mg.  The reactor stream
as analyzed after 170 min  of reaction time, which was  enough to

each a steady state. The selectivity was calculated for both high
nd low conversions.

. Results

.1. Composition, textural and structural properties

The elemental composition of the MSCs is shown in Table 1.
ome differences can be observed in the percentage of metals in the
amples due to the different precipitation conditions; however, the
tomic ratio among the metals was very similar to the planned ratio.
rom the obtained results, it was possible to affirm that under the
recipitation conditions used, the zirconium was precipitated. The
ommercial catalyst showed different copper amounts compared
o the prepared ternary catalysts.

The results of the BET surface area, pore volume, average pore
iameter and copper surface area determined by H2-TPD are also
hown in Table 1. These results corresponded to only the MSC  and
ot to the hybrid catalyst. Clearly, the preparation method had an

nfluence on the textural properties. It is possible that the high
upersaturation conditions produced higher surface areas because
maller particles sizes were formed. The addition of Zr in place of
he Al or as the fourth metal element in the sample also favored
n increased BET surface area. The highest pore volume observed
n the CZAZr sample can be attributed to the different intragrain
tructure of this material due to the small particle sizes. Conversely,

 higher average pore diameter was found in the LS-80 ternary
atalyst.

The XRD pattern of the precursor samples revealed diffraction
ines with hydrotalcite-like structures in all of the ternary sam-

les that were based on Cu–Zn–Al. There was no influence of the
reparation method on the phase formed; however, some reflec-
ions belonging to the zincian–malachite phase were observed in
he samples, as shown in Fig. 1. The presence of a zincian–malachite
hase would be due to Cu+2 ions showing the Jahn–Teller effect,
Angle /

Fig. 2. XRD patterns of the calcined catalysts.

which favors the formation of distorted octahedral structures and
gives rise to the precipitation of malachite phases [31].

The hydrotalcite phase was  not observed in the samples that
were based on Zr. Lines corresponding to the zincian–malachite
phase were observed, and some reflections of the aurichalcite phase
were found in the CZZr sample precursor. These results indicated
that the tetra-valent ion produced structural changes that did not
favor the hydrotalcite formation.

After calcination, the hydrotalcite structure collapsed to form
oxidized phases, as shown in Fig. 2. In this figure, peaks belong-
ing to CuO and ZnO phases can be observed. These peaks were
more intense in the HS-80, CZZr and CZAZr samples, but broader,
less intense and overlapped in the other samples. According to
Guo et al. [32], this finding is a characteristic of nanosized mate-
rial. Kurr et al. [33] also observed an increase of the background
in the 30–37◦ range with the ternary catalyst, which indicated the
presence of either highly nano-crystalline or X-ray amorphous ZnO.
Peaks belonging to the Al or Zr oxidized phases were not observed,
which can be explained by the presence of these oxides in an amor-
phous state or highly dispersed in the catalyst. Zirconium as a third
metallic element or as a tetra-valent promoter in the ternary cata-
lyst did not favor the formation of amorphous-like or less ordered
structures, as determined by Zhao et al. [34].

Table 1 also shows the crystallite sizes obtained from the
Rietveld refinement method of the calcined and reduced samples.
As shown in the table, Zr in place of Al promoted the growth of
CuO crystallites; this finding is in contrast to the results obtained
by Matsumura et al. [35].

When these catalysts were reduced, an increase in the Cu crys-
tallite size was observed in the samples, with the exception of the
HS-80 and CZZr. This increase was  due to a sintering process dur-
ing the reduction. This process was eliminated in the CZZr sample
probably because the ZrO2 stabilized the copper and prevented the
crystallite growth [25]. The crystallite size of the pure CuO without
promoters was 32.7 nm before reduction and 66.2 nm after reduc-

tion. The results indicated that the promoter favored the growth
of Cu during the reduction process. The ZnO crystallite size was
determined to be 4 and 5 nm in the calcined and reduced samples,
respectively.
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Table 1
Chemical composition and textural and structural properties.

Sample Metal (weight %) Area (m2 g−1) Crystallite size (nm) Average pore
diameter (nm)BJH

Pore volume
(cm3/g)

Dispersion (%)

Cu Zn Al Zr BET Cu CuO Cu

High pH 31.4 16.7 8.4 – 110 8.3 5.9 6.8 11.3 0.35 14.6
LS-80 39.5 20 10.5 – 50 9.9 7.5 9.9 22.6 0.26 13.9
HS-25 32.3 17.4 8.5 – 92 3.8 4 10.1 9.6 0.23 6.5
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There is evidence that ZnO is reduced above 500 ◦C [41],
although the partial reduction of surface ZnO, which may lead to
the formation of �-brass (dilute alloy of Zinc in Cu), cannot be com-
pletely discarded. Thermodynamic calculations have shown that
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HS-80 34.1 17.5 8.9 – 133 8.7 

CZZr  37.5 17.5 – 9.9 100 11.1 

CZAZr 47.1 20.4 4.9 5.3 95.3 12.9 

Commercial 40.4 19.7 5.2 – 119 15.3 

Based on the crystalline phase results (Table 2) and the XRD pat-
erns, the ZrO2 species was primarily found in the quasi-amorphous
orm in the calcined samples, which was consistent with results
btained by Sloczynskia and co-workers [36].

.2. Temperature programmed reduction results

The H2-TPR profiles of the calcined catalysts and the quantita-
ive evaluation of their peaks are reported in Fig. 3. The amount of
onsumed hydrogen corresponded to an oxidation state of Cu(II)
n practically all materials. Samples prepared under different pre-
ipitation conditions were reduced at higher temperatures and
xhibited one peak with or without shoulders or two reduction
eaks. The high pH sample showed a broad reduction peak, while
amples based on Zr reduced at lower temperatures and the com-
ercial catalyst exhibited one reduction peak and a small reduction

houlder. Kurr et al. [33] determined that one reduction stage cor-
esponded to a homogeneous size distribution of CuO particles. The
resence of more than one reduction signal in the TPR profiles of
u/ZnO/Al2O3 catalysts was already observed and explained by dif-

erent mechanisms. Some authors have interpreted the different
eduction peaks as different Cu(II) species, such as CuO, CuAl2O4,
nd Cu2+ ions incorporated on the octahedral sites of the Al2O3
hase [37–39].  It has also been suggested that two peak profiles
epresent a two-step reduction: Cu(II) → Cu(I) → Cu(0), [40]. The
wo reduction steps of Cu(II) did not seem to be distinguishable
y the TPR technique when the Cu(II) species were highly concen-
rated. This result could be due to (i) a broadening of the peaks in
he presence of high amounts of Cu(II) or (ii) the large heat release
hat increased the temperature of the sample, which sped up the
econd reduction step [31].

Low reduction temperature indicated small CuO particles and
 high dispersion. These results correlated with the Cu0 surface

rea measurements because they corresponded to the highest areas
ound for these catalysts (Table 1). Catalysts based on Cu–Zn–Al
equired high temperatures for the complete reduction, probably
ecause of a strong interaction between copper and other compo-
ents.

able 2
rystalline phase composition.

Sample Phase composition determined by Rietveld refinement (%)

Calcined Reduced
CuO ZnO ZrO2 Cu ZnO ZrO2

High pH 62.3 37.8 69.7 30.3
LS-80 41.5 58.5 83.5 16.5
HS-25 68.3 31.7 63.0 36.9
HS-80a 65.9 30.3 74.4 25.6
CZZr 60.2 39.8 59.7 33.3 7.0
CZAZra 70.9 26.4 0.4 68.6 30.1 1.4
Commerciala,b 57.7 12.8 52.3 47.7

a Hydroxycarbonated phase 1, HS-80 = 3.7%, CZAZr = 2.3% and Commercial = 7.0%.
b Hydroxycarbonated phase 2, commercial = 22.5%.
12 8.7 0.31 14.2
13.2 10.8 0.28 16.3
15.9 18.9 0.47 19.3

9.1 9.2 0.29 21.0

As described by Agrell et al. [25], large crystallites tend to be
reduced more slowly than smaller ones due to their relatively lower
surface area exposed to H2. Therefore, the sintering of copper may
be expected for catalysts, such as CZZr and CZAZr, due to the pres-
ence of small, reactive particles. However, it appeared that the ZrO2
effectively stabilized the copper and prevented crystallite growth
only in the case of the CZZr sample. Conversely, it seemed that the
Al content influenced the reducibility of CuO because of the lower
crystallinity of CuO in samples with higher Al content from the
XRD results (Fig. 1); these results were in agreement with Velu and
co-workers [37]. It was also possible that surface spinel species,
i.e., CuAl2O4, could be easily formed in samples with higher Al
content. This species would be reduced at relatively higher temper-
atures compared with CuO. These results revealed that a decrease
in the Al content and its substitution by Zr improved the copper
reducibility.
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Fig. 3. TPR profiles of the calcined catalysts.
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atalyst: (a) HS-80, (b) CZZr and (c) CZAZr.
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Fig. 4. TEM pictures of the calcined c

he equilibrium zinc content in a surface �-brass is approximately
% during the catalyst reduction at 300 ◦C [42].

.3. TEM

The TEM micrographs of three calcined catalysts are shown
n Fig. 4. The TEM micrographs revealed agglomerated granular
articles with morphological differences among the samples and
ifferent particle sizes. The largest particles were found in the HS-
0 sample, which showed a regular morphology. The addition of
r promoted a decrease in particle size, as can be seen in Fig. 4b
nd c. Additionally, the morphology of the calcined samples that
ontained Zr was less regular. Some particles presented disk-like
hapes, while others showed irregular shapes, primarily in the
ZAZr sample.

Based on the TEM images, the Zr promoted small particle size
ormation and the morphological changes observed could be a
roduct of structural modifications of the CuO–ZnO matrix.

According to Liu and co-workers [43], a smaller particle size
esulted in the catalyst possessing more edges, corners, defects and
xygen vacancies. For a structure-sensitive reaction, these would
e beneficial to the reaction performance.

.4. Catalytic activity

The experimental results of the CO conversion are shown in
ig. 5. Samples prepared at high supersaturation conditions pre-
ented higher conversions; the highest conversion was  observed
n the HS-80-HFer sample. The lowest activity was  found in the
S-80-HFer catalyst. Zirconium addition under low supersatura-
ion conditions considerably enhanced the activity. This effect was

ore pronounced in the CZAZr-HFer sample in which the Zr inclu-
ion into the ternary catalyst, based on Cu–Zn–Al, favored the CO
onversion. This last result was comparable to the hybrid catalyst
ased on the commercial methanol synthesis catalyst.

Based on the selectivity results, larger amounts of DME  were
roduced in addition to CO2. The low content of methanol observed
or the hybrid catalysts (below 3%), except the commercial based

ethanol synthesis catalyst, demonstrated the high capacity of the
-ferrierite zeolite as a dehydration component in the hybrid cat-
lysts. No hydrocarbon by-products were observed in any of the
eactions. Some variations can be observed in selectivity at low
onversion levels (Fig. 6). The LS-80-H-Fer and Com-HFer catalysts

xhibited a lower selectivity toward DME  and higher selectivity
oward CO2. There were no appreciable differences in DME  selectiv-
ty among the different hybrid catalysts for high conversion levels,
ndicating that the product equilibrium composition had possibly
een reached with the reaction conditions that were utilized.
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The crystalline composition determined by the Rietveld method
showed an absence of the CuO phase and the appearance of a ZrO2
crystalline phase in the CZZr and CZAZr samples. Some differences
were also observed in the intensity and broadness of the peak cor-
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. Discussion

The greatest variation found in the activity results was in the
O conversion, which was directly related to methanol formation
nd, consequently, to the methanol synthesis catalyst. In general,
he activity of a hybrid catalyst for the DME  synthesis from syngas
epended on the dispersion of the metallic copper and the number
f acidic sites. Therefore, it was possible to affirm that the acidic
ites available on the hybrid catalysts were enough to transform
he methanol produced in the first stage to DME.

The changes in the precipitation conditions of the methanol syn-
hesis catalysts affected the textural properties, as shown in Table 1.
espite the changes in the BET surface, pore volume and average
ore diameter, no direct relation with the copper surface area was
ound, which was an important variable involved in the catalytic
ctivity. For instance, the lowest BET surface was  observed in the
S-80 sample; however, this sample presented the highest copper
urface area.

The precipitation method based on varying the pH provided fine
rained crystals with rough surfaces and relatively high surface
reas, whereas the constant-pH method provided larger well-
ormed hexagonal crystals. Precipitation at constant pH involved
ow supersaturation, leading to a relatively small number of nuclei;
hus, the larger crystallites were generally produced. This obser-
ation was consistent compared to the TEM results found for the
S-80 sample. The process of reactant addition took a considerable
mount of time at both varied pH and constant pH; therefore, the
nitially formed nuclei had more time to undergo the aging pro-
ess compared to those formed at the end of the addition process.
n methods occurring at high supersaturation, a higher number of
uclei were formed and the aging took place without perturbation.

From these results, it can be concluded that with the different
recipitation conditions, the Cu surface area was not the principal
ontributing parameter for the higher conversions. In this case, a
tructure-activity phenomenon was likely responsible for the cat-
lytic behavior.

The samples based on Zr showed an increase in the area of cop-
er and higher conversions, which was consistent with the findings
y Agrell et al. [25] and Breen et al. [44]. The ZrO2 could promote the
ynergy between Cu and Zn and possessed oxygen ion vacancies,
hich produced a geometric effect that could influence the disper-

ion and alter the morphology of copper particles [45]. It can also
mprove the dispersion of Cu crystallites and lead to more active
ites in the catalysts after reduction [23].

Based on the relation between the copper surface area and CO
onversion shown in Fig. 7, it was possible to conclude that a
orrelation between these two variables existed; however, the cor-
elation was found to be non-linear in some samples. For instance,
he highest copper surface area observed in the catalysts based on
u–Zn–Al showed the lowest conversion of CO. Conversely, sam-
les based on Zr showed a correlation between CO conversion and
he Cu metal surface determined by the H2-TPD, leading to higher
ME yields. These results demonstrated that it was  necessary to
ave a high copper surface area to achieve higher conversions but
ther factors can influence the activity.

It was evident that the presence of Zr promoted an increase in
he copper surface area; however, this rise was not proportional to
he Zr content. For example, the content of Zr in the CZAZr sample
as lower than in the CZZr sample, which had a lower CO con-

ersion. This finding indicated that the Al also has an important
nfluence on the catalytic properties. Conversely, when compar-

ng the catalysts prepared by the same method with and without
r (LS-80 and CZAZr), the Cu surface area increased from 9.5 to
2.9 m2 g−1, while the CO conversion increased from 14.3% to 37.6%.
his result suggested that other factors were involved in the cat-
lytic activity.
Surface area  coppe r (m
2
/g cat)

Fig. 7. Relation between metallic area vs. CO conversion.

The Zr promoter was not the only cause of the high conver-
sion, as observed with the commercial sample. It was possible
that a combination of properties was responsible for this activity.
The high BET surface, small crystallite size and ease of reducibility
were possible contributing factors. The amount of the hydroxy-
carbonated phase observed is tabulated in Table 2 (commercial
sample). This was due to the memory effect of the hydrotal-
cite precursor, which resulted from the metal oxide phases being
highly dispersed as a result of the high purity of this phase in this
sample.

Fig. 8 shows the XRD patterns of the reduced samples. The
complete reduction of CuO is illustrated by the metallic Cu peaks.
20 25 30 35 40 45 50 55 60 65

Ang le /
o

Fig. 8. XRD pattern of the reduced catalyst.
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Fig. 9. Lattice constant a of Cu versus CO conversion.

esponding to the atomic plane of Cu (1 1 1), which was  probably
ue to structural changes in the Cu matrix.

These structural changes were evident when the variation of the
attice constant a of Cu (1 1 1) was determined, as shown in Fig. 9.
he results can be divided in two groups: the samples with Cu lat-
ice constants above 3.610 Å and those with values below 3.60 Å. It
an be concluded that the samples based on Cu–Zn–Al and prepared
nder different precipitation conditions presented an increase of
he lattice constant under high supersaturation conditions. This
ncrease was not enough to indicate the presence a Cu–Zn alloy
ecause the lattice constant of pure Cu was 3.616 Å. It is important
o mention that the values of the lattice constant obtained from
RD patterns of the reduced samples were not influenced by its
x-situ reduction.

A different interaction between Cu and ZrO2 could be the cause
f the structural changes observed in the samples based on Zr
ecause it was not possible to have Zr in the Cu matrix, as it exhibits

 very low solubility (Fig. 9). This view has been supported by Fisher
nd Bell [46] and other researchers [47–52].  The commercial sam-
le did not contain Zr; however, it showed a higher conversion and
igh Cu surface area. Conversely, the linear dependence of the cat-
lytic activity on the copper surface area was not general and was
haracteristic of a particular group of catalysts, some of which were
btained using similar preparation methods.

The Zr influenced the catalyst activity, but it was not solely
esponsible for the activity increase. The structural changes
bserved in Fig. 9 cannot be attributed to Zn in the Cu matrix
ecause a lattice expansion was not observed, which is character-

stic of Cu–Zn formation.
Some important promoter characteristics have been attributed

o Zr by Sloczynskia and co-workers [36]; this included the addition
f ZrO2 to Cu/ZnO/Al2O3 and the complete replacement of Al2O3 by
rO2, which led to a distinct decrease of H2O adsorption on these
atalysts and an increase in the methanol yield. This effect had

 positive influence on the hybrid catalyst performance because
he presence of water on the surface of the catalyst inhibited the
ynthesis of methanol.

Based on the results observed in Fig. 9, it was possible to affirm

hat a relationship existed between activity and structure. How-
ver, it seemed that more than one factor influenced the structural
hanges observed in the catalysts. There was no evidence explain-
ng why samples with low lattice constants of Cu presented higher
Fig. 10. Al content versus lattice constant of Cu and maximum temperature of
reduction.

conversions; however, it was not due to the formation of a Cu–Zn
alloy.According to Velu and co-workers [53] as well as Breen and
co-workers [44], the activity of a catalyst is directly related to the
reducibility and the content of Al. The catalyst composition had
an important influence on the physicochemical properties, such as
copper reducibility, surface area and dispersion, which in turn influ-
enced the catalyst performance. In this study, the catalytic activity
improved with decreasing Al content. This theory made sense when
the relationship between the Al content (weight %) and both lattice
constant and maximum temperature of the reduction were consid-
ered (Fig. 10). It was  possible to conclude from the results obtained
that there was some degree of structural influence on the catalytic
activity. Beyond the advantages known in the literature, Al could
play a structural role that has not yet been observed.

5. Conclusions

It has been shown that metallic components influence the direct
synthesis of DME  from syngas. The role of this component was
related directly to the CO conversion. The different precipitation
conditions used to prepare the methanol synthesis catalyst influ-
enced its textural and structural properties, but these changes did
not influence the catalytic activity. Further, the Cu surface area
found in the HS-25, HS-80, LS-80 and High pH catalysts had no
direct correlation with the CO conversion. The smaller CO conver-
sions were observed for these samples.

Catalysts based in Zr as the promoter also presented changes
on the textural and structural properties and exhibited an increase
in the metallic area and CO conversion; however, the increase on
the activity was  not proportional to the metallic sites and a syn-
ergetic effect due to structural changes seems to be responsible.
The higher CO conversions were observed on catalysts based on Zr
(CZZr and CZAZr). The CZAZr sample achieved a conversion as high
as commercial sample but a higher selectivity toward DME. The
higher CO conversions were observed on catalysts based on Zr. The
CZAZr sample achieved a conversion comparable to the commercial

sample but with a higher selectivity toward DME. An unexpected
influence of the Al content on the structure of the methanol syn-
thesis catalyst and the reducibility of CuO was  observed and an
important structural and catalytic role for Al should be considered.
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