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ABSTRACT: We report the design and synthesis of
nanosized ZnxZryOz mixed oxides for direct and high-yield
conversion of bio-ethanol to isobutene (∼83%). ZnO is
addded to ZrO2 to selectively passivate zirconia’s strong
Lewis acidic sites and weaken Br€onsted acidic sites, while
simultaneously introducing basicity. As a result, the unde-
sired reactions of bio-ethanol dehydration and acetone
polymerization/coking are suppressed. Instead, a surface
basic site-catalyzed ethanol dehydrogenation to acetalde-
hyde, acetaldehyde to acetone conversion via a complex
pathway including aldol-condensation/dehydrogenation,
and a Br€onsted acidic site-catalyzed acetone-to-isobutene
reaction pathway dominates on the nanosized ZnxZryOz

mixed oxide catalyst, leading to a highly selective process for
direct conversion of bio-ethanol to isobutene.

With increasing demands for energy, concerns about anthro-
pogenically caused global climate change, and depletion of

fossil feedstocks, more attention has been paid to alternative and
renewable sources for fuels and chemicals. Biomass is considered
a CO2 neutral energy carrier and is one of the most abundant
and renewable natural resources. For the past decade, biomass
conversion has attracted increasing research interest to produce
biofuels, with bio-ethanol being a major product.1�3 With
increased availability and reduced cost of bio-ethanol, conversion
of this particular bio-based feedstock to highly valuable fuels and
chemicals has been an especially important research goal.4�6

Currently, research on bio-ethanol conversion to value-added
chemicals focuses mainly on ethanol dehydration to ethylene, or
ethanol dehydrogenation to acetaldehyde and then to acetone via
Aldol-condensations pathways (2CH3CHOf CH3CHOHCH2-

CHO f CH3COCH2CHO + H2O f CH3COCH3 + CO2 +
H2).

5 Research on direct bio-ethanol transformations to other
types of highly valuable fuels and chemicals has not been carried
out. In large part, this is due to the fact that such a process
requires catalysts with multiple functions in order to yield more
valuable chemicals such as isobutene. Isobutene is of special
interest because it is widely used as an intermediate for the
production of a variety of industrially important products. For
example, the trimerization of isobutene produces tri-isobutenes,7

which can be used as a premium (odorless, no aromatics) solvent
and as an additive for jet fuel. Isobutene dimerization and

hydrogenation to produce isooctane is used to increase the
octane number of gasoline,8 and butyl rubber is produced from
isobutene polymerization.9 Isobutene also reacts with alcohols
such as ethanol to form ethyl tert-butyl ether (ETBE), a gasoline
additive.10 Currently, isobutene is obtained from catalytic or
steam cracking of fossil feedstocks.11 With the depletion of fossil
resources and increased demand for the isobutene market, it is
desirable to explore alternative routes to synthesize isobutene
from renewables.

Basic catalysts, such as ZnO-CaO, ZnO-Fe2O3, etc., can be
used to convert ethanol to acetone (eqs 1 and 2),5,12,13 while
selective conversion of acetone to isobutene (eq 3) is efficiently
accomplished with special structured acidic zeolites.14�16 It is
expected that mixed oxide catalysts with balanced acid�base
sites could make a direct conversion of ethanol to isobutene
possible. Unfortunately, there have been no reports on the direct
conversion of ethanol to isobutene (eq 4).

CH3CH2OH f CH3CHO +H2 ð1Þ
2CH3CHO + H2O f CH3COCH3 + CO2 + 2H2 ð2Þ

3CH3COCH3 f 2 i-C4H8 + CO2 + H2O + H2 ð3Þ

3CH3CH2OH + H2O f i-C4H8 + 2CO2 + 6H2 ð4Þ
Herein, in connection with rapid advancement of processes

for biomass conversion to bio-ethanol, we report a new process
for direct conversion of bio-ethanol to isobutene (defined here as
ETIB) by balancing the strength and distribution of both acidic
and basic sites on a nanosized ZnxZryOz mixed oxide catalyst. In
experiments performed to date, isobutene yields as high as 83%
have been reached, with acetone and hydrogen, both being still
valuable, as byproducts.

To incorporate the multiple functionality needed for a cata-
lytic conversion process that directly converts bio-ethanol to
isobutene, a number of zinc/zirconium mixed oxide materials
(ZnxZryOz) were prepared. The physical properties of these
catalyst materials will be described first.

ZrO2, ZnO, and ZnxZryOz mixed oxides with varying Zn/Zr
ratios, unless otherwise noted, were prepared by a modified hard-
template method17 and characterized by XRD, TEM, and surface
area/pore volume measurements. Broad X-ray diffraction peaks
for ZrO2, characteristic of the tetragonal phase, were observed
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(Figure S1). For Zn1Zr10Oz and Zn1Zr4.6Oz, the diffraction
peaks of ZrO2 are further broadened, yet no new diffraction
peaks corresponding to ZnO could be detected, suggesting that
ZnO and ZrO2 are well mixed at such low zinc contents. Only at
very high zinc contents (e.g., Zn1Zr1Oz) can broad shoulder
peaks from the hexagonal phase of ZnO be resolved. For ZnO,
only the hexagonal phase was observed.

TEM/HRTEM results reveal that all ZnxZryOz catalysts are
aggregates of <10 nm-sized particles with a highly crystalline
structure (Figure 1). A typical STEM image and the correspond-
ing elemental mapping of Zn1Zr4.6Oz (Figure S2) further con-
firmed that ZnO is distributed homogeneously on the ZrO2

support at lower zinc contents (Zn/Zr ratio less than 1:4),
consistent with the XRD observations. However, at Zn/Zr ratios
of one or higher, aggregation of a separate ZnO phase could be
observed (Figure S3), in agreement with the XRD results.

Nitrogen physisorption results show that all samples except
ZnO display large hysteresis loops at relative pressures ranging
from 0.9 to 1 (Figure S4), indicating that these mixed oxides have
large mesopores which are generated by the voids within and
between aggregated nanoparticles.18 The average pore size for
ZrO2 and ZnxZryOzmixed oxides calculated from the adsorption
branch is between 21 and 25 nm, and their surface area ranges
from 138 to 89 m2/g, depending on the Zn/Zr ratios (Table S1).
ZnO has a surface area of 35 m2/g.

Figure 2A shows the performance of various mixed oxide
catalysts for the ETIB reaction. All catalysts showed nearly 100%
initial ethanol conversion under the reaction conditions studied.
However, the product distributions vary considerably depending
on the catalyst composition (Figure 2A). Ethylene is the major
product (>95% selectivity) on the pure ZrO2 support, suggesting
that dehydration mainly takes place on the acidic sites of ZrO2.
Conversely, on the basic catalyst, ZnO, acetone is a main product
with a selectivity of 66%, along with other minor products,
acetaldehyde, CO2, and ethylene.Most significantly, a substantial
amount of isobutene (>40% yield) was observed on the
Zn1Zr10Oz mixed oxide material (Figure 2A), indicating that
additional catalytic chemistry is taking place when both acidic
and basic sites are present. To the best of our knowledge, direct
conversion of bio-ethanol to isobutene with a high selectivity has
never been reported. Other catalyst combinations tested here,
including basic CeO2 with acidic ZrO2 or basic ZnO with acidic
ZSM-5, however, do not lead to the formation of a substantial

amount of isobutene, and the product distributions resemble that
of ZrO2 with ethylene being amajor product. These observations
indicate that unique, multifunctional acid�base properties of the
ZnxZryOz catalyst enable the direct conversion of bio-ethanol to
isobutene.

Multiple factors including Zn/Zr ratio, residence time, and
reaction temperature were found to affect isobutene selectivity
on the ZnxZryOz mixed oxide catalysts. In particular, selectivity
to isobutene increases while acetone selectivity decreases with
residence time (Figure 2B), suggesting that acetone is an
intermediate in the conversion of ethanol to isobutene. In
addition, we found that with an increase in zinc content (i.e.,
higher Zn/Zr molar ratios), selectivity to acetone increases
while selectivity to isobutene decreases (Figure S5). The
product distributions were also found to be dependent on
reaction temperature. For example, a relatively small decrease
of reaction temperature from 450 to 400 �C results in a
significant increase in acetone selectivity (from 15% to 58%)
at the expense of isobutene selectivity (Figure S6). At a higher
reaction temperature (480 �C), acetone selectivity decreased
from 15% to 5%, although isobutene selectivity also decreased
while H2 and CO2 selectivities increased significantly, indicating
that ethanol steam reforming dominates at higher temperatures.
Importantly, note that isobutene yields as high as 83% were
obtained under the most optimum reaction conditions tested in
these studies (Figure 2B).

Figure 1. TEM/HRTEM images of (A, B) Zn1Zr10Oz and (C, D)
Zn1Zr4.6Oz.

Figure 2. (A) Performance of various acid�base catalyst combinations
for the ETIB reaction: 0.1 g of catalyst, 1.8 mol % ethanol, steam to
carbon ratio (S/C) = 5, residence time (W/F) = 0.11 s 3 g 3mL�1,
450 �C; (B) Performance of the Zn1Zr10Oz mixed oxide catalyst for the
ETIB reaction as a function of gas flow rate and ethanol concentration:
0.1 g of catalyst, S/C = 5, 450 �C. Isobutene* represents isobutene yield.
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Ethanol conversion to acetone has been widely studied on a
variety of basic catalysts.5,12,13 The reaction mechanism has been
proposed to proceed via ethanol dehydrogenation to acetalde-
hyde (eq 1), followed by a complex aldol-condensation pathway,
to form acetone on the basic sites (for overall reaction, see eq 2).5

The conversion of acetone to isobutene has also been reported
on certain structured acidic zeolites. Both surface acidity and micro-
porous structure were found to be critical to suppress polymerization
side reactions and thus improve isobutene selectivity.14�16 The
detailed reaction mechanism has been investigated using 13C NMR
andwasproposed to involve a complex protonization of acetone by
a Br€onsted acid, followed by condensation and dehydration of
protonated acetone to mesityloxide-like species, which then
decomposed to form isobutene (for overall reaction, see eq 3).16

In the new results described here, both ethanol to acetone and
acetone to isobutene conversions are shown to occur with
high selectivity over nanosized ZnxZryOz mixed oxide catalysts.
We suggest that a delicate balance of acid�base pairs on the
ZnxZryOz mixed oxides provides the acidic sites required to
catalyze acetone conversion to form isobutene while still mini-
mizing the undesirable acid-catalyzed ethanol dehydration reac-
tion that forms ethylene. Furthermore, a specific microporous
environment, suggested to be important in zeolite catalysts for
selectively producing isobutene from acetone, does not appear to
be a critical factor in the ZnxZryOz materials, perhaps due to the
moderated Br€onsted acidity (to be discussed further below) in
these new mixed oxide catalysts.

To unravel the roles of and interplay between ZnO and ZrO2

during the ETIB reactions, an experiment on physically mixed
powders of ZnO and ZrO2 (10 wt % ZnO + 90 wt % ZrO2) was
performed. This catalyst gave rather complex products including
ethylene, propene, acetone, acetic acid, and CO2, with less than
3% yields of isobutene (Figure S7). The carbon balance, calcu-
lated based on the quantification of known products, is less than
70%, indicating that substantial quantities of unknown products
are also formed. The low isobutene yield and unknown product
formation could be due to acetone polymerization and coking
reactions on ZrO2.

19 Apparently, the close coupling and interplay
between zinc and zirconium in the mixed oxide is critical to
achieving a high selectivity toward the target product, isobutene.

CO2 temperature programmed desorption (TPD) and infra-
red spectroscopic analysis of adsorbed pyridine (IR-pyridine)
experiments are widely used to probe the surface acid�base
properties of solid catalysts.20�23 These techniques were used
here to better understand the intrinsic acid�base functionalities
of the ZnxZryOz mixed oxides and correlate them with their
interesting catalytic behavior. CO2-TPD experimental results
(Figure S8) indicate that the addition of ZnO suppresses both
hydroxyls and Lewis acid�base sites on ZrO2 without generating
new acidic�basic sites, consistent with Tanabe’s models.24

Moreover, samples with Zn/Zr ratios of >1/4, i.e. Zn1Zr1Oz,
showed essentially identical CO2 desorption behavior to that of
ZnO (Figure S8), suggesting similar surface properties for both
catalysts as confirmed by their similar catalytic performance
(Figure S5).

Figure 3 shows the diffuse reflectance infrared Fourier trans-
form spectra (DRIFTS) of adsorbed pyridine on ZrO2, ZnO, and
the ZnxZryOz mixed oxides. To avoid any influence of physi-
sorbed pyridine, IR spectra of adsorbed pyridine were compared
at 350 �C. Both strong Lewis and Br€onsted acidic sites (L and B
sites) were observed on the nanosized ZrO2. Based on prior
spectral interpretation of adsorbed pyridine on ZrO2 or

analogues,22 absorbance bands at 1608, 1574, 1490, and 1445 cm�1

can be attributed to pyridine adsorbed on L, L, L+B, and L sites,
respectively, while those at 1641 and 1544 cm�1 are assigned to
protonated pyridine species on B sites. It is worth mentioning
that B sites were not detected on ZrO2 preparedwith a traditional
precipitationmethod.21 The existence of B sites on the nanosized
ZrO2 prepared with the hard template route in this study is likely
due to the decreased particle sizes of ZrO2,

25 as also evidenced in
the TEM images (Figure 1). On ZnO, pyridine bands character-
istic of adsorption on primarily L sites were observed. However, the
intensities of these bands are much lower compared to those on
ZrO2. In addition, all pyridine features on ZnOwere found at higher
frequencies than their counterparts on ZrO2, suggesting the much
weaker acidity of ZnO relative to ZrO2. This was further confirmed
by the IR analysis of adsorbed pyridine at different temperatures
(data not shown). With increasing Zn/Zr molar ratios in the mixed
oxides, the intensities of the IR features characteristic of protonated
pyridine decrease monotonically. Meanwhile, the intensities of
absorbance bands characteristic of pyridine adsorbed on the L sites
of ZnO increase at the expense of those onZrO2.No additional new
bands were observed with the addition of ZnO to ZrO2. These
results suggest that the introduction of ZnO neutralizes both B sites
and the stronger L sites on ZrO2 but does not generate new acidic
sites. Thus, the IR-Pyridine results agree well with the CO2-TPD
observations, where decreased CO2 desorption from both hydroxyl
groups (B sites) and strong Lewis acid�base pairs were found with
the addition of ZnO in ZrO2.

Although both acidic and basic sites are present on the ZrO2,
26

more than 95% of ethanol converts to ethylene (Figure 2A),
indicating that strongly acidic sites play a dominating role on this
material. Moreover, subsequent formation of isobutene from
ethylene was almost unobservable on the pure ZrO2 support.
Therefore, ethylene dimerization/isomerization to form isobu-
tene can likely be excluded as a viable process on these catalysts.
On the other hand, on ZnO, acetone is the major product
accompanied by a small amount of ethylene (<5% selectivity)
(Figure 2A) even though ZnO contains a substantial amount of
weaker Lewis acidic sites. This suggests that a basic site-catalyzed
dehydrogenation�aldol condensation reaction pathway is pre-
dominant on ZnO. It is worth noting that a small amount of
isobutene was also formed (yield is less than 0.5% as shown in
Figure 2A), likely due to the weak acid sites on ZnO. Clearly, the
high isobutene yields on ZnxZryOzmixed oxides (as high as 83%,
Figure 2B) are due to the unique combination and strength of the
basic and acidic sites present on the mixed oxides.

Figure 3. DRIFT spectra of adsorbed pyridine on ZrO2, ZnO, and the
ZnxZryOz mixed oxides. Physisorbed pyridine was removed by flowing
He at 350 �C before IR analysis.
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To summarize the implications of the CO2-TPD and IR-
pyridine characterization results of the ZnxZryOzmixed oxides in
this study, formation of the mixed oxide modifies the original
acid/base properties of the individual oxide. Most importantly,
the modification of surface acid/base properties can be well
correlated to their catalytic performance in bio-ethanol conver-
sion. The key conclusions about these correlations are captured
in Scheme S1. At a high Zn/Zr ratio of 1 (i.e., Zn1Zr1Oz), most of
the stronger L acid sites and B acid sites on ZrO2 are passivated
(Figure 3). Although significant amounts of weak L acid sites are
still present, ethanol dehydration reaction rates on these weak L
acid sites must be much lower compared with basic site-catalyzed
ethanol dehydrogenation and subsequent aldol-condensation
pathways to form acetone,5 as evidenced by the predominant
formation of acetone on ZnO and Zn1Zr1Oz (Figures 2A and
S5). In addition, isobutene selectivity is very low on Zn1Zr1Oz,
suggesting that subsequent conversion of acetone to isobutene
requires B acid sites instead of weaker L acid sites. Consistent
with this proposal, B acid sites are known to play a key role in
the conversion of acetone to isobutene via mesityloxide-like
intermediates.15,16 As the Zn/Zr ratio decreases, the number of
B acid sites increases while passivation of the majority of stronger
L acidic sites is still achieved (Figure 3) and, in this way, the
isobutene selectivity increases. Thus, the B acid sites do play a key
role in the conversion of acetone to isobutene on the ZnxZryOz

mixed oxides as would be expected based on prior studies.15,16

We conclude that only with a properly balanced number of basic
and B acid sites, as well as the passivation of the majority of
stronger L acidic sites, as we found in the Zn1Zr10Ozmixed oxide
catalysts, can isobutene be produced directly from bio-ethanol at
high yields (Figure 2A). Moreover, longer-term durability tests
(not shown) suggest that passivation of the stronger Lewis
acid�base pairs by ZnO on ZnxZryOz mixed oxides is also
essential for the suppression of polymerization/coking reactions19

and thus a factor in further optimization of the novelmultifunctional
nanosized ZnxZryOz mixed oxide catalysts described here.

In conclusion, we report the first example of the direct and
high-yield conversion of bio-ethanol to isobutene, a value-added
intermediate useful for the synthesis of fuels and chemicals, using
a multifunctional ZnxZryOz mixed oxide catalyst. The unique
combination of Zn- and Zr-oxides provides a balance of the
surface acid�base chemistry in the mixed oxides. We find that,
with an appropriate Zn/Zr ratio, most of the stronger Lewis
acidic sites of ZrO2 are selectively passivated and Br€onsted acidic
sites are weakened by the addition of ZnO. Consequently,
undesirable bio-ethanol dehydration reactions are largely sup-
pressed, while the surface basic site-catalyzed ethanol dehydro-
genation and aldol-condensation reactions followed by Br€onsted
acid site-catalyzed acetone to isobutene conversion dominate on
the ZnxZryOz mixed oxides. Passivation of the stronger Lewis
acidic sites by ZnO on the ZnxZryOzmixed oxides also mitigates
the polymerization/coking of acetone. In this way, a highly
selective (as high as 83% yield) process for direct conversion
of bio-ethanol to isobutene on the nanosized ZnxZryOz catalyst
has been achieved.
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