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Use  of  a water-soluble  niobium  peroxo  complex  allowed  the  preparation  of  niobium-modified  aluminas
containing  up  to 90%  of  the  theoretical  niobia  monolayer  in  one  impregnation  step.  There  was  a maximum
in  the  density  of  surface  Lewis  acid  sites  at 45%  of  the  theoretical  monolayer.  FTIR  of  adsorbed  pyridine
and adsorbed  CO2 suggest  the  vertical  growth  of  the  Nb2O5 layer  for  the  largest  niobium  contents.  The
addition  of  22.5%  of  the  theoretical  monolayer  eliminated  about  80%  of the  basic  surface  hydroxyls,
inhibiting  the  adsorption  of  gas  phase  CO2 by the  samples.  The  niobia/alumina  catalysts  suffered  less
inhibition  by  CO2 than  the  pure  alumina  in  the  methanol  dehydration  reaction,  confirming  that  Nb2O5
lcohol dehydration
imethylether
yngas
iobia
lumina

is  mainly  deposited  on  sites  where  the  CO2 adsorption  is  stronger,  leaving  free  sites  that  are  active  in
catalytic  dehydration  and  less  inhibited  by  CO2, however  none  of the  niobia/aluminas  was  more  active
than  the  pure  alumina.  Nevertheless,  in the  direct  syngas  to DME  conversion  using a mixed  catalyst
system  comprised  of  a CuZnAl  methanol  synthesis  catalyst  and  a methanol  dehydration  component,  the
activity  was  significantly  larger  with  a niobia/alumina  as a  dehydrating  component  than  with the  pure
alumina.
. Introduction

Interest on dimethyl ether (DME) production has grown signifi-
antly in recent years, due to its potential use as an alternative fuel
o LPG (liquefied petroleum gas) and diesel [1–3], or as an important
ntermediate in the production of dimethyl sulfate, methyl acetate
nd light olefins [3].  As a fuel, its use is particularly attractive due
o its high cetane number and storage facility. Diesel motors could
urn DME  after some small modifications, reaching low particu-

ates (soot) and NOx emission, and no sulfur compounds.
Syngas (CO + H2) is the main source for DME  production. This is

n additional attractive feature of DME  utilization, as syngas can be
roduced from both natural gas and biomass. DME  may  be obtained
rom syngas in one or two steps. The usual process goes through
wo steps, where methanol is first produced from syngas (CO + H2)
nd then dehydrated to DME:
O + 2H2 → CH3OH (1)

CH3OH → CH3OCH3 + H2O (2)

∗ Corresponding author. Tel.: +55 21 25627821.
E-mail addresses: farojr@iq.ufrj.br, farojr@gmail.com (A.C. Faro Jr.).

920-5861/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.cattod.2012.02.062
© 2012 Elsevier B.V. All rights reserved.

Methanol synthesis is performed on CuO–ZnO–Al2O3 based
catalysts with high activity and selectivity [4–6], while alcohol
dehydration takes place on acid catalysts [7–9]. �-Alumina is the
traditional catalyst for dehydration of alcohols.

An alternative route is the coupled synthesis of methanol and
DME  from synthesis gas using dual catalyst systems in one step,
the so-called STD (synthesis gas to DME) process. In this system,
the catalysts could be a physical mixture of the methanol synthesis
catalyst and an acid solid or a bi-functional catalyst with activity to
produce methanol, and also dehydrate methanol to DME  and water
[3,10–17]. Besides reactions (1) and (2) above, reaction (3) below,
the water-gas shift (WGS) reaction, also occurs in this system, as the
normally used methanol synthesis catalyst (CuZnAl) is also active
for the WGS  reaction:

CO + H2O → CO2 + H2 (3)

�-Alumina would be a natural choice as a dehydrating compo-
nent in such a dual catalyst system. However, previous work from
our group with alumina-supported niobia in isopropanol dehydra-

tion [18] highlighted the importance of basic sites for this reaction.
In fact, in the case of alumina-supported niobia, a linear correlation
was  found between the specific isopropanol dehydration activity
and basic site density. The fact that carbon dioxide adsorbs strongly

dx.doi.org/10.1016/j.cattod.2012.02.062
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:farojr@iq.ufrj.br
mailto:farojr@gmail.com
dx.doi.org/10.1016/j.cattod.2012.02.062
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n basic sites (it is frequently used as a probe molecule for basic site
itration) is a potential problem for this use of alumina, since con-
iderable amounts of carbon dioxide are produced by reaction (3)
n the STD process.

Previous work has shown that deposition of niobia on the alu-
ina surface leads to the elimination of basic sites [18,19]. On

ne hand, this had a negative effect on the isopropanol dehy-
ration reaction [18] but, on the other, it also inhibited carbon
ioxide adsorption. A balance between these effects could lead to an

mproved performance of niobia–alumina, as a dehydration com-
onent in dual catalyst systems for DME  production, as compared
o pure �-alumina.

In this paper, we report on the effect of supported niobia on the
ctivity and selectivity of �-alumina in DME  production, as a dehy-
ration component in a dual catalyst system for the STD process.
e also present results on the activity of these materials in the gas

hase methanol dehydration reaction and on the inhibitory effects
f carbon dioxide on this activity.

In the preparation of niobia/alumina catalysts, it is difficult to
ntroduce high amounts of niobia in one impregnation step, because
enerally the niobia precursors have low solubility in water. It has
een recently reported that niobium peroxo complexes have a high
ater solubility [20] and appear to be an attractive alternative for

he preparation of supported catalysts with high niobium load-
ngs in a single impregnation step. So we also present results on
he characterization of niobia/aluminas prepared from ammonium
iperoxo-dioxaloniobate.

. Experimental

.1. Catalysts preparation

The �-alumina was obtained by calcination of a commercial
oehmite supplied by Condea Chemie (Pural SB RT04/111) at 823 K
or 3 h. Bulk niobium oxide was prepared by calcination at 773 K for

 h of niobic acid (Nb2O5·nH2O), supplied by CBMM (Araxá, Brazil).
The niobium precursor used was the ammonium diperoxo-

ioxalo niobate complex (NH4)3[Nb(O2)2(C2O4)2], that was
ynthesized in two steps using the method reported by Bayot
t al. [20]. First, the synthesis of ammonium tetraperoxoniobate,
NH4)3[Nb(O2)4], was performed by treatment of 1 g of niobic acid
n 25 mL  of distilled water with 25 mL  of a 30 wt%  solution of H2O2
nd 6 mL  of 25 wt% solution of ammonia. The mixture was  agitated
ntil complete dissolution, when 50 mL  of acetone were added,
ielding a white precipitate, which was filtered off, washed with
cetone and air-dried. This first complex was dissolved in an aque-
us oxalic acid solution. The solution turns rapidly to a bright yellow
olor. Addition of acetone yielded a yellow microcrystalline solid,
he niobium precursor, which was filtered off, washed with acetone
nd air-dried.

Four Nb2O5/Al2O3 catalysts, containing between 22.5 and 90.1%
f the theoretical monolayer (6.3 niobium atoms per nm2 [21])
f niobia on alumina (between 5.9 and 20 wt%), were prepared
y incipient wetness impregnation of a �-alumina obtained from
oehmite by calcination at 823 K with a solution containing the
equired amount of the niobium precursor complex dissolved in
0 wt% aqueous nitric acid. The catalysts were subsequently dried
t 393 K for 2 h and calcined at 723 K for 4 h. In preliminary tests (not
hown here for reasons of space) where the calcination tempera-
ure was varied between 623 and 773 K, a maximum in catalytic
ctivity for methanol dehydration was found for this temperature.

hese samples were named X%NbAl, where X is the niobia content
n wt%.

A commercial methanol synthesis catalyst supplied by John-
on Matthey Catalysts (KATALCO 51-9), named here CuZnAl, was
ay 192 (2012) 104– 111 105

used without modification as the methanol synthesis component
in the mixed catalyst system. A �-Al2O3 calcined at 773 K for 3 h or
11.1%NbAl were used as the dehydration component.

2.2. Characterization

The surface areas and pore volumes of all catalysts were deter-
mined from nitrogen adsorption data at 77 K in an automated
volumetric apparatus, Micromeritics ASAP 2010 C. Before the anal-
yses all samples were treated in situ under vacuum at 673 K. The
catalysts were analyzed by X-ray diffraction in a Rigaku Miniflex
diffractometer, with Cu K� radiation, � = 1.5418 Å, 30 kV and 15 mA.

FTIR measurements were carried-out in a Perkin Elmer Spec-
trum One spectrophotometer, between 4000 and 400 cm−1.
Self-supported wafers of the samples, containing 10 mg  cm−2, were
evacuated at ca. 1.3 mPa  (10−5 Torr) and 723 K for 4 h. After cooling
to room temperature, the spectrum was recorded. For the acid-
ity analysis, the sample at 323 K was  then exposed to 0.133 kPa
(1 Torr) of pyridine vapors at equilibrium and a second spectrum
was  recorded. The same wafer was submitted to evacuation for
10 min  at 323 K and the spectrum was obtained. Subsequent evac-
uation was  performed at 373, 423, 473, 573 and 673 K for 10 min
followed by the spectral acquisitions. The spectra presented were
obtained by subtracting the spectra recorded after from the one
recorded before pyridine introduction. For the basicity analysis,
essentially the same procedure was followed, replacing the pyri-
dine by CO2.

2.3. Methanol dehydration in a recirculation system

Methanol dehydration experiments were performed at 101 kPa
total pressure, 523 K and 8.9 kPa methanol initial partial pressure
(balance helium) in a batch apparatus with external re-circulation
of the gas phase. The re-circulation loop is connected to a vacuum
line that can be evacuated to ca. 1.3 mPa  (10−5 Torr). About 10 mg
of catalyst were used after in situ evacuation at 723 K. In a similar
series of experiments, carbon dioxide was  added to the reactant in
a 1:1 proportion relative to methanol.

The composition of the reaction mixture was measured by
periodically withdrawing samples from the gas phase and inject-
ing them into a gas chromatograph (HP 6890) equipped with a
methyl siloxane capillary column (100.0 m × 250 �m × 0.50 �m)
and a mass-selective detector (MSD HP 5973). Under the applied
reaction conditions, the only observed product was DME. Activities
were calculated from the initial slope of conversion vs. time data.

2.4. Direct synthesis of DME in a batch reactor

The catalytic systems, comprised of a physical mixture of 2 g
of a commercial methanol synthesis catalyst (CuZnAl) and 4 g of
a methanol dehydration catalyst (�-Al2O3 or Nb2O5/Al2O3), was
suspended in n-hexadecane and evaluated in the direct synthesis
of dimethyl ether from syngas (CO/H2 1:2 molar ratio) in a high
pressure batch reactor.

A Parr commercial reactor, model 4560, equipped with a gas
burette, was modified for the catalytic measurements. The catalysts
were pre-treated in situ with 200 mL  min−1 of hydrogen at 5.0 MPa,
533 K for 16 h, with heating rate of 10 K min−1. After reduction, the
reactor was  depressurized, purged with the syngas, the tempera-
ture was  raised to 553 K under agitation of 500 rpm and pressurized
to 5.0 MPa. The gas burette was previously adjusted to keep the
system at 5.0 MPa  during the reaction and the syngas uptake was

obtained by the decrease in pressure in the gas burette.

After consumption of 1.0 MPa  of syngas from the burette, a
gas phase sample was removed from the reactor and analyzed in
the same gas chromatograph described under Section 2.3.  Under
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Table 1
Textural characterization of the alumina and niobia/aluminas.

Catalyst Aa (m2 g−1) Acorr
b (m2 g−1) VP

c (cm3 g−1) Vcorr
d (cm3 g−1) dP

e (nm)

�-Al2O3 199 199 0.58 0.58 11.6
5.9%  NbAl 197 209 0.54 0.57 11.0
11.1%  NbAl 188 211 0.50 0.56 10.6
15.9%  NbAl 186 221 0.47 0.56 10.1
20%  NbAl 184 230 0.43 0.54 9.3

a Surface area per mass of catalyst.
b Surface area per mass of support.
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the ones reported by Burcham et al. [19], except that, here, the peak
at 3770 cm−1, corresponding to the most basic surface hydroxyls,
cannot be discerned already at a niobium content corresponding to
22.5% of the theoretical monolayer (5.9 wt% niobia).
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c Pore volume per mass of catalyst.
d Pore volume per mass of support.
e Average pore diameter from 4VP/A.

he conditions used here, the detectable gas phase products were
ethanol, DME, carbon dioxide and water. The n-hexadecane

hase was also analyzed for the identification of any heavy prod-
cts that might be formed in the reaction, but no products could be
etected.

Activities were obtained from change in pressure vs. time
ata, which were transformed into molar quantities using com-
ressibility factors. Selectivity measurements were performed at

so-conversion by means of the chromatographic analysis. Negligi-
le quantities of ethane were also observed.

. Results and discussion

.1. Identification of the ammonium diperoxo-dioxaloniobate
omplex

The niobium peroxo-oxalate complex used in the synthesis of
ll niobia/alumina was identified by FTIR using KBr wafer. The
pectrum is available as supporting information. The main bands
bserved are assigned in accordance with the proposals of Bayot
t al. [20] for this type of complex. Thus, the asymmetric stretching
requency of the carboxylate groups complexed to niobium appears
s a not well defined band at 1685 cm−1 and a symmetric mode
and appears around 1400 cm−1. The bands at 1707 and 1257 cm−1

re attributed to C O and C O stretching modes. The terminal
b O vibration could be identified by the band at 909 cm−1. Diper-
xo species present bands in the region of 800–880 cm−1.

The obtained complex was calcined at 873 K for 4 h and lost
9.9% of its initial weight, against an expected loss of 30.7% accord-

ng to the reaction expected from decomposition of ammonium
iperoxo-dioxalo niobate:

(NH4)3[Nb(O2)2(C2O4)2] → 6NH3 + 8CO2 + 3H2O + Nb2O5

The solubility of the complex was found to be 0.226 g mL−1

n water (niobium oxide basis) and 0.385 g mL−1 in 10 wt% HNO3
olution (also niobium oxide basis). With these high values of sol-
bility, it was possible to prepare all the niobia/alumina materials
sing only one incipient wetness impregnation step. For compar-

son, the water solubility of ammonium oxaloniobate, commonly
sed as a precursor for aqueous impregnation of niobium, was ca.
.15 g mL−1, niobium basis.

.2. Characterization of niobia/aluminas with varying niobium
ontents

For all alumina-supported niobia catalysts, X-ray diffraction pat-
erns only displayed the characteristic reflections of the �-alumina

upport. Analysis by X-ray fluorescence provided results for the
iobium contents that differed by less than 7% from the theoreti-
al ones. The niobia loadings used here are the ones obtained from
RF, not the nominal ones.
Textural properties (surface areas, pore volumes and average
pore diameters) are shown in Table 1. Surface areas and pore vol-
umes, on a catalyst mass basis, decreased slightly with increasing
niobium loading. Even if pore blockage did not occur, some decrease
in these values is expected simply from the increase in density of
the materials due to niobium incorporation. To correct for this fac-
tor, surface areas per mass of support are also presented in Table 1.
Interestingly it is seen that corrected surface areas actually increase
significantly with increasing niobium content. At the same time,
corrected pore volumes and average pore diameters, calculated
from 4V/A, decrease in the same direction. If a porous amorphous
niobia phase was  formed, separate from the alumina phase, one
would expect an increase, and not the observed decrease in the cor-
rected pore volume. Thus it seems that the supported niobia phase
is deposited inside the pores of the alumina, causing a decrease in
pore volume and in pore diameter, but increasing the surface area
per mass of support, presumably due to a roughening of the surface.

The FTIR spectra of the pure and niobia-modified aluminas
in the OH-stretching region, after evacuation at 723 K for 4 h,
are shown in Fig. 1. Peak maxima are observed with the pure
alumina at 3770, 3730, 3675 and 3587 cm−1. Maxima close to
these wavenumbers have been attributed to hydroxyl groups of
increasing basicity as the wavenumber increases [19,22,23].  The
assignment of these bands has been discussed before [22–25]. With
the niobia-modified aluminas it is clearly seen that the three max-
ima  with the highest wavenumbers decrease pronouncedly as the
niobium content increases. The profiles obtained are very similar to
4000 38 00 360 0 3400 32 00 300 0

Waven umber /  cm
-1

Fig. 1. FTIR spectra in the OH stretching region. (a) �-Al2O3; (b) 5.9%NbAl; (c) 11.1%
NbAl; (d) 15.9%NbAl; (e) 20%NbAl.
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Table 2
Amount of pyridine adsorbed on Lewis acid sites as a function of temperature.

Temperature Catalyst

�-Al2O3 5.9%NbAl 11.1%NbAl 15.9%NbAl 20%NbAl

Pyridine adsorbed on Lewis sites

423a 117 110 134 107 130
473b 84 75 91 85 80
573b 57 28 57 48 37
673b 10 11 15 11 6.8

a Absolute amount in �mol  g−1.
b Amount relative to the one adsorbed at 423 K.

Table 3
Integrated FTIR peak areas for the bands associated with pyridine adsorbed on aluminum (1623 and 1617 cm−1) and niobium (1610 cm−1) Lewis acid sites vs. niobium loading
as  percentage of the theoretical monolayer (evacuation at 423 K for 10 min).

Catalyst Integrated peak areas (a.u.) % T.M.d

A1623 + A1617
a A1610

b % A1610
c

�-Al2O3 1.03 0.00 0.0 0.0%
5.9%Nb/Al 0.57 0.21 26.5 22.5%
11.1%Nb/Al 0.54 0.76 58.4 45.0%
15.9%Nb/Al 0.40 0.57 58.5 67.5%
20%Nb/Al 0.51 0.59 53.6 90.1%

a Added integrated peak areas for the bands at 1623 and 1617 cm−1.
b Integrated peak area for the band at 1610 cm−1.
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c Integrated peak area for the band at 1610 cm−1 relative to the added area of the
d Niobia loading as percentage of the theoretical monolayer (6.3 Nb atoms per nm

The acidities of the materials were studied by FTIR of adsorbed
yridine after evacuation at different temperatures. Spectra
btained after evacuation at 423 K for 10 min  are shown in Fig. 2.
bsorbances were obtained after subtraction of the spectrum from

he dried wafer before pyridine adsorption.
The usual bands attributed to pyridine adsorbed on Lewis

cid sites (LAS) are observed on all catalysts in the region of
600–1625 cm−1 (�8a C C), 1575 cm−1 (�8b C C), 1490 cm−1 (�19a

 N) and 1450 cm−1 (�19b C N). Analyzing the group of bands
ttributed to �8a C C, it is possible to observe differences among
he samples with varying niobia contents. While this band appears
s a doublet around 1617 and 1623 cm−1 in the alumina spectrum,

 band around 1610 cm−1 appears as a shoulder that increases with
he niobia content. This band has already been reported as pyridine
oordinated to co-ordinatively unsaturated Nb5+ sites in niobium
hosphate [26] and niobia/alumina [18].

A small band at 1540 cm−1, attributed to pyridine adsorbed on

rønsted acid sites, is observed only in the spectrum of 20%NbAl.
his result indicates the incipient formation of three-dimensional

ig. 2. FTIR spectra of adsorbed pyridine after evacuation at 423 K on the NbAl
atalysts.
 bands.

particles of niobia dispersed on alumina, in the catalyst with the
highest niobia content.

Quantification of the LAS was  obtained from the spectra of
adsorbed pyridine using the method proposed by Emeis [27].
Table 2 summarizes the results of such quantification. The figures
for the 423 K evacuation temperature correspond to the amount
of pyridine adsorbed on the LAS. For the remaining temperatures,
the figures represent the fraction of pyridine remaining on the LAS
after evacuation at a given temperature. No systematic variation
in total Lewis acidity was  found as a function of niobium loading,
all values lying near to 120 ± 14 �mol  g−1. However, a maximum
acidic strength appears to exist for the catalyst containing 11.1%
niobia (45% of the theoretical monolayer, assuming monolayer cov-
erage to be 6.3 Nb atoms per nm2 [21]), since this catalyst retained
the largest fraction of the LAS-adsorbed pyridine after evacuation
at 673 K. Several studies [28–30] use the concept of cation elec-
tronegativity in order to explain the increase in acid strength of
oxides with addition of a dopant: the acid strength of the oxide
is thought to be increased upon addition of a more electronega-
tive cation, due to inductive effects. Using the method proposed
by Tanaka and Osaki [28] for the calculation of electronegativities,
values of 17.6 and 10.5 are obtained for Nb5+ and Al3+, respectively.
The increase in acid site strength when niobia partially covers the
alumina surface may  therefore be related to the increase in acid
strength of weaker acidic sites on the alumina surface, caused by
the inductive effect of neighboring niobium atoms. The subsequent
decrease may  be due to coverage of these LAS by niobia as suggested
by the growth of the band at 1610 cm−1 with increasing niobium
content.

The group of bands between 1600 and 1625 cm−1 was  decom-
posed, using Lorentzian functions, into three constituent bands, one
of them at ca. 1610 cm−1, assumed to arise from pyridine adsorbed
on niobium LAS, and two others at ca. 1617 and 1623 cm−1, respec-
tively, attributed to pyridine adsorbed on aluminum LAS [18]. Fig. 3

illustrates the results of these decompositions.

The existence of two 8a vibration bands with alumina may
be attributed to pyridine adsorbed on octahedrally (1617 cm−1)
and tetrahedrally (1623 cm−1) coordinated Al3+ ions [31]. The
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Fig. 3. Deconvolution of the FTIR bands of adsorbed pyridine in the range
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to 1415, so these bands are consistent with adsorbed carbonate,
however there is not a general agreement on the assignment of
this band to a specific adsorption mode [32,34]. These bands also
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ntegrated intensities of these bands, per unit catalyst area, after
vacuation at 423 K, are shown in Table 3. The intensities of the
ands at ca. 1617 and 1623 cm−1 were added, in order to obtain

 number proportional to the surface concentration of pyridine
dsorbed on aluminum LAS. Assuming molar extinction coefficients
o be the same for the bands assigned to pyridine adsorbed on alu-

inum sites and the one for pyridine adsorbed on niobium sites,
he proportion of pyridine adsorbed on niobium sites may  be esti-

ated. From the last column in Table 3, it is seen that the percentage
f pyridine adsorbed on niobium LAS follows quite closely the nio-
ium content in terms of percentage relative to the theoretical
onolayer, up to a niobia loading corresponding to nearly 60% of

he theoretical monolayer. This suggests that, up to this point, the
iobia is spread essentially as a monolayer on the surface of the
lumina.

Chemisorption of CO2 has been used as a probe for basic sites
n solid surfaces [32]. While �-Al2O3 is capable to chemisorb this
robe molecule, no chemisorption could be observed for pure nio-
ia, which indicates the absence of basic sites on the niobia surface.
n this paper, carbon dioxide chemisorption on alumina and on the
iobia/aluminas was followed by FTIR spectroscopy. After the ini-
ial evacuation at 673 K, all materials presented strong absorption
ands at 1476 and 1569 cm−1. The small separation between the
eaks and the fact that these bands resist evacuation up to 673 K
uggest that they arise from a bulk carbonate, rather than from
n-removed adsorbed carbon dioxide [32]. All spectra shown after
arbon dioxide chemisorption and subsequent evacuation are dif-
erence spectra relative to each material after evacuation at 673 K
nd before carbon dioxide chemisorption.

Fig. 4 shows the spectra obtained for �-alumina and the nio-
ia/aluminas after carbon dioxide chemisorption and subsequent
vacuation at 323 K for 10 min. In the region of 1100–1900 cm−1,
he most important bands are observed at 1230, 1441 and
650 cm−1. Bands near these values have been assigned by Bal-
rusaitis et al. [33], respectively, to the ı4(COH), �3(OCO)s and
2(OCO)a vibration modes of adsorbed bicarbonate. From isotopic
abeling experiments and quantum mechanical calculations, these
uthors propose that carbon dioxide chemisorption on surface
ydroxyls leads to the formation of a bridge-bonded bicarbonate
pecies. The intensity of these bands decrease strongly, even for
 niobium loading corresponding to only 22.5% of the theoretical
onolayer, confirming that niobia titrates preferentially the basic
Wavenumber /  cm

Fig. 4. FTIR spectra of adsorbed carbon dioxide after evacuation at 323 K.

hydroxyl groups of the alumina surface, as reported before in the
literature [18,19].

Besides these main bicarbonate bands, shoulders can be
observed in the spectrum of the alumina support (cf. Fig. 5) at the
low wavenumber side of the �2 vibration mode and the high wave
number side of the �3 vibration mode. These shoulders may  be
attributed to another type of surface bicarbonate. According to the
calculations of Baltrusaitis et al. [33], the difference in wavenum-
ber between the �2 and �3 vibration modes would be smaller in
a bidentate surface bicarbonate species than for a bridge-bonded
one. Clearly these shoulders become relatively more important as
the niobia loading increases. It is reasonable to expect that, as the
coverage of the alumina surface by niobia increases, the probability
of formation of a bridge-bonded bicarbonate species, that requires
two  aluminum atoms, decreases with respect to the formation of a
bidentate one, that requires a single aluminum atom.

Besides these shoulders, small and broad bands can also be
observed at ca. 1530 and 1350 cm−1, which are especially evi-
dent in the spectrum of the �-alumina support. As discussed by
Lavalley [32], the free carbonate anion has a �3 vibration mode at
1415 cm−1 and loss of the D3h symmetry on adsorption leads to
splitting of these band, producing a doublet symmetrically located
around 1415 cm−1. The average between 1350 and 1530 is close
Fig. 5. Kinetic curves for methanol dehydration (373 K, 8.9 kPa methanol initial
pressure, 10 mg  catalyst). �, �-Al2O3; , 5.9%NbAl; �, 11.1%NbAl; �, 15.9%NbAl;
�,  20%NbAl.
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Table 4
Integrated peak areas for the 1230 cm−1 band (bicarbonate) of adsorbed CO2 normalized by catalyst mass.a

Temperature (K) Catalyst

Alumina 5.9%NbAl 11.1%NbAl 20%NbAl

% Theoretical monolayer

0 22.5 45.0 90.1

(Ads CO2)b 2.82 0.57(0.20) 0.41(0.15) 0.22(0.08)
323c 1.49 0.24 (0.16) 0.15 (0.1) 0.06 (0.04)
373c 0.61 0.07 (0.11) 0.02 (0.04) 0.01 (0.02)
423c 0.24 0.02 (0.08) 0.02 (0.07) 0.003 (0.01)

o that of the pure alumina under the same conditions.
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Table 5
Initial reaction rates for methanol dehydration (373 K, 8.9 kPa methanol initial pres-
sure,  10 mg catalyst).

Catalyst Reaction rates (mmol g−1 min−1) Ratioc

Without CO2
a With CO2

b

�-Al2O3 14.1 5.2 0.37
5.9%NbAl 5.2 3.1 0.60
11.1%NbAl 8.1 4.1 0.51
15.9%NbAl 4.3 3.4 0.71
20%NbAl 3.1 1.6 0.52

a

tion of 5.9 wt%  niobia to the alumina, may  be explained if basic
surface sites other than hydroxyls, such as oxide anions, may  also
participate in the reaction. It should be noticed that bands that can

CH3OH + Al+-OH →   CH3O-Al-OH2
+

CH3O-Al-OH2
+ →  CH3O-Al+ + H2O

CH3O-Al+ + CH3OH---OH- Al+ →  (CH3)2O-- -Al+-OH + Al+-OH 
a Numbers between brackets represent the mass normalized peak area relative t
b In the presence of 0.133 kPa (1 Torr) CO2 at room temperature.
c After evacuation for 10 min  at the specified temperature.

ecrease in intensity as the niobium loading increases, in line with
he expectation that the surface basicity decreases as the coverage
f the alumina surface by niobia increases.

The intensity of the ı4(COH) band at 1230 cm−1 may  be taken as
 measure of the concentration of basic hydroxyl groups at oxide
urfaces [32]. In Table 4 are reported the peak areas per unit sur-
ace area for several catalysts both in the presence of 0.133 kPa
1 Torr) CO2 and after evacuation at different temperatures. For
he niobia/aluminas, the values between brackets represent the
ormalized peak areas as a fraction of the one obtained with
he pure alumina under the same conditions. In the presence of
.133 kPa CO2, the amount adsorbed on the catalysts decrease with

ncreasing niobium loading and, on the catalyst containing a nio-
ia loading corresponding to 22.5% of the theoretical monolayer
5.9%NbAl), the amount of adsorbed CO2 is already only 20% of
he amount adsorbed on the pure alumina, confirming that niobia
itrates preferentially the hydroxyl groups responsible for carbon
ioxide adsorption, i.e., the basic hydroxyl groups. With increasing
vacuation temperature, this effect is intensified, so that after evac-
ation at 423 K, the carbon dioxide amount remaining on 5.9%NbAl

s only 8% of the one remaining on the pure alumina under the same
onditions. A similar effect is observed with the higher niobium
oadings. This shows that the basic hydroxyls remaining on the
ncovered portion of the niobia/alumina surface are not only fewer
ut also weaker than the ones originally present on the alumina.

.3. Gas phase methanol dehydration

The only reaction products observed in methanol dehydration
n alumina and niobia/aluminas were DME  and water up to 573 K
eaction temperature. With the most active catalyst, which was the
ure alumina, at 523 K equilibrium conversion was reached after ca.
0 min  reaction time and no secondary products could be observed
fter 4 h reaction. In order to illustrate the type of data obtained
n this work, Fig. 5 shows kinetic curves for methanol dehydration
btained at 523 K.

The methanol dehydration activities determined from the initial
ates of reaction for all catalysts, both in presence and in the absence
f added carbon dioxide in a 1:1 ratio to methanol, are presented
n Table 5. Without carbon dioxide addition, there is a nearly 60%
ecrease in activity with respect to the pure alumina upon adding
.9% niobia. However, in the series of niobia/aluminas a maximum

n activity occurs with 11.1%NbAl.
The strong decrease in activity upon supporting niobia on the

lumina surface may  be ascribed to titration of the strongest alu-
ina basic sites by niobia, as revealed by the adsorbed CO2 FTIR

pectra. Previously we demonstrated that activity for isopropanol

ehydration correlates linearly with the basic site concentra-
ion of pure and niobia-modified alumina, as measured by CO2
hemisorption. Both olefin and ether formation are influenced in
he same direction, but olefin formation is more affected. Schiffino
Without added CO2.
b CO2 added to the reactant in a 1:1 ratio to methanol.
c Ratio of the two reaction rates.

and Merrill [35] have proposed that methanol dehydration on
alumina may  occur through two paths, one involving reaction
between two  adsorbed methoxides and the other involving the
reaction between an adsorbed methoxide and a methanol molecule
hydrogen-bonded to the surface, with the latter predominating at
temperatures below 553 K. This mechanism may be represented by
Scheme 1 below, where Al+ represents a Lewis acid site and OH  a
basic surface hydroxyl group:

In this mechanism, alkoxide formation requires methanol dis-
sociative chemisorption on an acid–base pair. According to the
results in Table 2, deposition of 5.9% niobia does not strongly affect
concentration or strength of the Lewis acid sites. However, the
results in Table 4 demonstrate that basic hydroxyls are strongly
affected by niobia deposition. The strong decrease in activity par-
allels the decrease in basic hydroxyl concentration. On the other
hand, the results in Table 4 show that, after the 5× decrease upon
the addition of 5.9% niobia, the basicity decreases more slowly with
increasing niobia loading. The fact that the activity decreased by a
factor of about 3, while the concentration of basic hydroxyl groups
decreased by a factor of about 5 (cf. 4th row in Table 4) upon addi-
(CH3)2O---Al+-OH → (C H3)2O + Al+-OH 

Scheme 1.
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Table 6
Rate of carbon monoxide uptake during syngas conversion on single and mixed
catalyst systems (553 K, 5.0 MPa, 2 g methanol synthesis catalyst, 4 g methanol dehy-
dration catalyst).

Dehydration catalyst Consumption ratea

(×103/mol min−1 g−1)

– 0.34
Al2O3 1.02

dioxide by the dehydration component of the system. The smaller
induction period observed with the niobia/alumina catalyst would
then result from the inhibition of water and carbon dioxide adsorp-
tion by the surface niobia.

CO2 + 3H2 → CH3OH + H2O
ig. 6. Carbon monoxide uptake during syngas conversion (553 K, 5.0 MPa, 2 g
ethanol synthesis catalyst, 4 g methanol dehydration catalyst). �, CuZnAl; �, CuZ-

Al  + �-Al2O3; �, CuZnAl + 11.1%NbAl.

e assigned to surface carbonate, i.e., derived from surface oxide
ather than from hydroxide anions, were observed in our FTIR spec-
ra of adsorbed CO2.

The activity maximum observed with 11.1%NbAl appears to be
enuine, since it was also observed in a separate series of exper-
ments carried-out with carbon dioxide addition, as shown in the
hird column in Table 5. This maximum may  be related to the maxi-

um  in the concentration of Lewis acid sites able to retain adsorbed
yridine up to 673 K, as shown in Table 2.

The initial rate results shown in the last column of Table 5 con-
rm the importance of the basic sites in methanol dehydration on
-alumina and the niobia/aluminas, as addition of carbon dioxide

n a 1:1 proportion to methanol strongly inhibited the reaction,
specially on alumina, where the rate in the presence of carbon
ioxide was approximately 1/3 of the rate in its absence. Although
arbon dioxide also inhibited the reaction on the niobia/aluminas,
he extent of inhibition was considerably smaller than in the case
f the pure alumina. This may  be explained by the fact that nio-
ia titrates preferentially the strongest basic sites on the alumina
urface, that adsorb carbon dioxide more strongly.

This is expected to have an important impact in the use of these
atalysts in hybrid catalyst systems for the direct syngas to DME
onversion, as the main overall reaction occurring in this system is
eaction (4) below:

CO + 3H2 → CH3 O CH3 + CO2 (4)

The large amount of carbon dioxide produced may  lead to
trong competition with methanol for the basic sites involved in
ethanol dehydration. It should be noticed, however, that, under

he conditions used here, the smaller inhibition by carbon dioxide
f methanol dehydration on the niobia/aluminas was  not capable
f offsetting the decrease in activity derived from niobia deposition
n the alumina surface.

.4. Direct synthesis of DME

Some preliminary results on the use of a mixed catalyst sys-
em comprised of a commercial methanol synthesis catalyst and
1.1%NbAl, the most active NbAl methanol dehydration catalyst,
re shown in Fig. 6. The curves represent the amount of CO remain-

ng in a gas burette filled with syngas with a 2:1 H2/CO molar ratio
onnected, via a pressure regulator, to the reactor containing the
atalyst system suspended in n-hexadecane, as described in detail
nder Section 2.4.  The amount of remaining CO was calculated
11.1% NbAl 3.01

a Rate obtained considering only the weight of the methanol synthesis catalyst.

from the decrease in pressure in the gas burette, assuming that
the 2:1 H2/CO ratio remained constant in the burette throughout
the experiment.

It is clear from Fig. 6 that, without the dehydration com-
ponent, the rate of syngas consumption initially decreases, but
subsequently attains a nearly steady behavior in terms of syngas
consumption vs. time. When the pure �-alumina was  used as the
dehydration component, an initial induction time is observed dur-
ing which the rate of reaction is very slow, but subsequently it
becomes much larger than the one obtained with the methanol
synthesis catalyst alone. With 11.1%NbAl as the dehydration com-
ponent, the induction period is significantly less pronounced and
the rate of syngas consumption is larger than obtained with �-
alumina as the dehydration component. Furthermore, from the
curvature of the remaining CO vs. time curves, there appears to
be a smaller decrease in the rate of carbon monoxide consumption
as the reaction proceeds.

From the slopes of the linear portion of the remaining CO vs.
time curves, catalyst activities were established and are shown
in Table 6. All of the activity values are referred to the mass of
the methanol synthesis catalyst used in the experiments. It is
found that the overall activity obtained with the niobia/alumina
as the methanol dehydration component is ca. three times the one
obtained with the pure �-alumina.

The induction period observed with the mixed catalyst systems
may  be related to the mechanism of methanol synthesis. Carbon
dioxide has been found to be the main reactant in carbon monoxide
hydrogenation [12,36,37].  Conversion of carbon monoxide actually
occurs mainly through the water gas shift (WGS) reaction, which
allows the maintenance of a steady-state concentration of carbon
dioxide in the system, as shown in Scheme 2 below:

In the absence of added CO2, the shift reaction cannot be the path
for the initial CO2 formation. In this case, some CO could be con-
sumed in a Boudouard reaction (2CO → CO2 + C) to produce CO2,
as proposed previously [38]. This CO2 might be enough to initi-
ate methanol synthesis. Once the synthesis reaction is initiated,
the water produced in carbon dioxide hydrogenation may help to
retard carbon deposition by the Boudouard reaction via a carbon
reforming reaction (reaction (5) below):

H2O + C → CO + H2 (5)

Thus, the induction period observed here with the mixed cata-
lyst systems may  be explained by adsorption of water and carbon
CO + H2O → CO2 + H2

Scheme 2.
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In the direct synthesis of DME  from syngas, the water produced
n the methanol dehydration reaction is responsible to drive the
hift reaction and to maintain a sufficient carbon dioxide concen-
ration level in the system. This explains the much larger overall
ctivity with the mixed catalyst system [12]. Furthermore, removal
f water by the WGS  reaction helps to increase catalyst life [39].

It is interesting that the activity for DME  production of the mixed
ystem CuZnAl plus 11.1NbAl was significantly higher than that
f the one with alumina, even though niobium addition causes a
eduction of the alumina activity for methanol dehydration. This is
ikely due to the smaller inhibition of methanol dehydration by
arbon dioxide adsorption on the niobia/alumina catalysts than
n pure �-alumina, as reported in Table 5. Although in the gas
hase methanol dehydration tests reported here none of the nio-
ia/alumina catalysts was more active than the pure alumina, it

s conceivable that in the liquid phase and at the high pressures
sed in the syngas to methanol experiments the inhibition factor
ecomes more important than the activity factor.

Selectivity to carbon products (DME, methane and CO2) are very
imilar for both mixed systems. Carbon dioxide and DME  were pro-
uced in approximately 1:1 ratio, showing that the predominant
verall reaction is the aforementioned reaction (4).  Methanol con-
titutes 3–4% of the converted carbon monoxide. Therefore, niobia
ddition to the alumina accelerates the whole reaction cycle, i.e.,
ncreased rate of methanol dehydration increases the production
f water, which in its turn increases the WGS  reaction and conse-
uently the methanol synthesis reaction.

. Conclusions

The use of a peroxo-oxalo niobium complex allowed the prepa-
ation of alumina-supported niobium oxide containing up to 90% of

 theoretical monolayer in a single incipient wetness impregnation
tep. The niobia on these materials was well dispersed, probably
s a monolayer at least up to a niobia loading of nearly 60% of the
heoretical monolayer.

No systematic trend in total Lewis acidity could be observed
s a function of niobium loading, but a maximum in Lewis acid
trength was found at a niobia loading around 45% of the theoretical
onolayer. Deposition of niobia resulted in a strong decrease in the

urface concentration of basic hydroxyl groups and the most basic
nes were preferentially eliminated.

Deposition of niobia also resulted in a strong decrease in the
ctivity for methanol dehydration, paralleling the effect on basicity,
ut an activity maximum was found within the series of nio-
ia/aluminas, which may  be related to the Lewis acidity results.
his shows that relatively strong acid–base pairs are required
or methanol dehydration. On the other hand, the elimination of
trongly basic hydroxyls by niobia deposition markedly decreased
he inhibiting effect of carbon dioxide on the methanol dehydration
ctivity.

In the direct production of DME  from a mixture of carbon
onoxide and hydrogen using a mixed system comprised of a
ethanol synthesis CuZnAl component and a dehydration com-

onent, the expected effect of the addition of the dehydration
omponent on activity and selectivity was observed, but the overall
ctivity was significantly larger with a niobia/alumina as the dehy-

ration component than with the pure alumina. This is probably the
esult of the smaller inhibition of methanol dehydration by carbon
ioxide, rendering more efficient the reaction cycle comprised of
ethanol synthesis, methanol dehydration and the WGS  reaction.
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