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1. General Introduction

Abstract
The development of new and improved processes for the synthesis of biobased chemicals is one
of the scientific challenges of our time. Such processes are not only important from an environmental
point of view, but also represent an important economic opportunity, provided that the developed
processes are selective and efficient. Bioethanol is currently produced from renewable resources in
large amounts and, in addition to its use as biofuel, holds considerable promise as a building block for
the chemical industry. Indeed, further improvements in production, both in terms of efficiency and
feedstock selection, will guarantee availability at competitive prices. The conversion of bioethanol
into commodity chemicals, in particular direct ‘drop-in’ replacements is, therefore, becoming
increasingly attractive, provided that the appropriate (catalytic) technology is in place. The
production of green and renewable 1,3-butadiene is a clear example of this approach. The Lebedev
process for the one-step catalytic conversion of ethanol to butadiene has been known since the
1930s and has been applied on an industrial scale to produce synthetic rubber. Later, the availability
of low-cost oil made it more convenient to obtain butadiene from petrochemical sources. The desire
to produce bulk chemicals in a sustainable way and the availability of low-cost bioethanol in large
volumes has, however, resulted in a renaissance of this old butadiene production process. This
Chapter reviews the catalytic aspects associated with the synthesis of butadiene via the Lebedev
process, as well as the production of other, mechanistically related bulk chemicals that can be
obtained from (bio)ethanol.
This Chapter is based on the following manuscript: “Chemocatalytic Conversion of Ethanol into Butadiene and
Other Bulk Chemicals” C. Angelici, B. M. Weckhuysen, P. C. A. Bruijnincx, ChemSusChem 2013, 6, 1595-1614.
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1.1.

Towards ’Drop-in’ Renewable-Feedstock-Based Bulk Chemicals

Over the last few decades, growing concerns regarding climate change and the depletion of
petroleum supplies have been a big driving force for the exploration of alternative resources for
energy and chemical production. To accommodate this upcoming energy deficit, many different
options are currently studied to limit our reliance on nonrenewable resources, such as oil, coal, and
natural gas. These alternatives include photosynthetic, wind-based, geothermal, and biomass-based
energy sources. Of these, biomass is generally considered the only renewable resource with the
potential to replace the fossil ones for the production of both fuels and chemicals. Biomass
feedstocks can be obtained from different sources depending on, for instance, geographical location,
but the use of non-edible lignocellulosic biomass is generally preferred to avoid competition with
other human needs, such as food production.
Biomass has a highly variable chemical composition, with lignin, hemicellulose, and cellulose as
the main components of lignocellulosic biomass and their relative amounts varying strongly from
feedstock to feedstock. Cellulose has received the most attention with regard to valorization to
valuable chemicals, but many research groups are currently also working on the development of
synthetic routes for the efficient conversion of the other components.[1–3]
The production of bulk chemicals from renewable resources is important for a number of reasons.
Firstly, it would limit the dependency on oil resources, thus bringing an immediate economic and
strategic benefit. In addition, chemicals produced from biomass can, in principle, be CO2 neutral and
thus contribute to a solution to the important environmental issues that we face. Perhaps most
importantly, as argued by Bozell and Peterson, biorefineries that combine the production of biofuels
with renewable chemicals can help to realize a reduction in nonrenewable fuel consumption while at
the same time providing a financial incentive for the establishment of a robust and competitive
biobased economy.[4] Fuels are high-volume, low-value products, and the development of new routes
to move away from oil-based fuels represents more an energetic and environmental necessity than
an economic opportunity. Nowadays, the chemicals that are produced only account for a few
percent of the total processed fossil feedstocks; they nonetheless represent a great economic
opportunity if convenient synthetic pathways can be developed. From this point of view, ethanol can
be considered as one of the most promising biobased chemicals, mainly because of its broad
potential to become a renewable and versatile platform molecule and its established high-volume
production. Notably, the direct replacement of the current building blocks of the chemical industry
with identical, yet renewable-feedstock-based ones, that is, so-called ’drop-in’ replacements, has the
advantage that existing infrastructure can be used and that existing markets can be served. Such
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drop-in replacements can, therefore, be more easily introduced and hold great promise to become
part of the first wave of renewable bulk chemicals.
One such drop-in replacement that can be produced from bioethanol is 1,3-butadiene (referred to
herein as butadiene), a high-volume, high-value chemical that is used for many different applications
in polymer chemistry. Currently, butadiene is predominantly obtained as a byproduct of ethylene
production by steam cracking. One downside to this production route is the separation of butadiene
from the other products of steam cracking, which is a rather complicated and expensive process. In
addition, increasing oil prices and a recent shift to lighter feedstocks for steam cracking have led to a
noteworthy increase in the price of butadiene on the market.
Recently, the production of shale gas in the United States has dramatically increased, accounting
for 20% of the total gas supplies in 2009 compared to only 1% in 2000. Shale gas is a natural gas that
is trapped inside shale rocks and was previously difficult or uneconomical to extract. Recent
technological developments together with increasing gas prices have made extraction more
profitable and thus led to the advent of this industry. Despite some major drawbacks that are
connected to shale gas production (e.g., deposits spread over wider areas and with a shorter life
time, lower ultimate recovery, and the uncertainty of contamination of subterranean water caused
by the chemicals that are used for extraction), its production is expected to further increase in the
near future, thus causing the natural gas market prices to decrease. All of this will certainly influence
the development of manufacturing plants for the production of bioethylene from low-cost
bioethanol as shale gas can also contain up to 10% ethane, which can be cracked into ethylene. On
the other hand, these recent developments are also expected to lead to a shortage of propylene and
butadiene; therefore, alternative methods of producing butadiene from renewable resources, such
as bioethanol, are highly desirable. It should be noted that shale gas production will have a similar
impact on the price and production of aromatics and, as a result, on the economic feasibility of the
production of renewable aromatic compounds.
In this PhD Thesis, the use of bioethanol as a feedstock for the production of renewable butadiene
with a focus on the catalytic aspects involved is reviewed. Ethanol can also serve as a feedstock for
the production of a plethora of other commodity chemicals, and only those routes relevant for or
mechanistically related to the butadiene process will be discussed. The Chapter starts with a short
overview of the production of bioethanol, followed by a discussion of the synthetic routes that are
used for the manufacture of ethylene, acetaldehyde, ethyl acetate, hydrogen, and butanol from
bioethanol. The third part of the Chapter focuses on the catalytic conversion of ethanol into
butadiene. Special attention is paid to the proposed reaction mechanisms, the thermodynamic
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constraints, as well as the catalytic systems developed for a one- or two-step butadiene synthesis.
The Chapter closes with an outlook on the field and an outline of the Thesis.

1.2.

Bioethanol Production

Ethanol can be produced in two different ways, as outlined in Figure 1.1, with the petrochemical
route becoming less attractive as oil prices continue to rise. Conversely, the production of ethanol
from biomass has become increasingly efficient and competitive, thus leading to a less expensive end
product. Nowadays, 90% of the ethanol on the market is biomass-derived.[5,6] It is remarkable in this
sense that not so long ago, that is, in the 1960s and 1970s, the possibility of producing food and feed
ingredients from ethanol of mainly fossil origin as a fermentation feedstock was studied;[7] this
illustrates how dramatically the situation has changed, particularly with regard to the prices of
petrochemical and agricultural resources.

[8]

Figure 1.1 Overview of ethanol production pathways. Reproduced with permission from Elsevier.

The production of bioethanol (105 billion liters in 2011)[9] has significantly increased over the past
years (Figure 1.2a),[10] which is mainly associated with its mandated use as a transportation fuel to
replace nonrenewable ones (its application as a fuel accounts for around 67% of the total amount of
bioethanol produced).[8] The process for the production of bioethanol has been studied extensively in
countries such as the USA and Brazil (Figure 1.2b), with the first Brazilian use of ethanol as a fuel
dating back to World War I. As of 2005, the USA has surpassed Brazil as the biggest producer of
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ethanol from biomass.[11] Together, the two American countries contribute 88% to the world
production of bioethanol fuel.[11] As a consequence of the large increase in production volume, the
price of bioethanol dropped substantially and was approximately 700 € ton -1 in November 2010 on
the European market.[12]

[10]

Figure 1.2 Billions of liters of ethanol produced: a) worldwide in the last decades
[13]
fuel by country in 2013.

and b) for application as

As the demand for ethanol is expected to further increase in the foreseeable future, it is to be
expected that new and more efficient processes based on different sources of biomass will be
developed for its production. Currently, conventional processes for bioethanol production (1st
generation) utilize easily fermentable sugars.[14,15] Unfortunately, this means that the number of
candidate feedstocks is limited and that their use competes with food supply. For this reason, it is
imperative for research to focus on the conversion of more recalcitrant biomass derivatives for
ethanol production. Indeed, many different options are currently explored to render bioethanol
production from nonedible biomass more efficient, a topic that has been extensively reviewed.[16,17]
New processes (2nd generation) are developed or are already in place for the conversion of nonfermentable sugars or the lignocellulosic fraction of biomass.[18,19] Furthermore, 3rd generation
processes are studied for the conversion of non-terrestrial plants, such as algae and seaweeds, as
they do not need to be grown on land.[20,21] It is expected that technologic and scientific progress will
soon result in 2nd and 3rd generation processes that can compete with established processes thus
providing more efficient and environmentally friendly methods for utilizing biomass.
Regardless of which process will eventually prove to be the most efficient, all efforts will in any
case result in a sustained and low-cost ethanol supply, which can then also be used as a feedstock for
the production of bulk chemicals. Although the developments are currently mainly driven by the use
of bioethanol as a biofuel, any increase in production volume or decrease in price will also make the
more extensive use of bioethanol for the production of higher-value bulk chemicals very attractive
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from an economic point of view, provided that a suitable conversion technology is in place or can be
developed.

1.3.

Ethanol as a Substrate for Bulk Chemicals

The conversion of bioethanol to commodity chemicals can be a chemical or fermentative process.
The only product currently synthesized through ethanol fermentation is acetic acid, but many other
chemicals could be produced by using a one- or two-step fermentation process. Fermentative
ethanol conversion for chemical production has been recently reviewed and will not be further
discussed here.[7]
Rass-Hansen et al. argued that the use of bioethanol for the production of added-value chemicals
would be more economically viable compared to its use in the transportation sector and could also
lead to higher CO2 savings.[22] Furthermore, they argued that the use of biomass as feedstock is more
convenient for oxygenated target molecules, whereas for the production of non-oxygenated
molecules any oxygen that is present in biomass feedstocks has to be removed, thus increasing the
cost of the process (see Figure 1.3). Current developments, such as the impact of shale gas on the
price of non-oxygenated bulk chemicals including butadiene, influence this assessment.

Figure 1.3 Relative price scales for a range of selected chemicals produced from either renewable or fossil
[22]
resources, with the raw materials shown in bold. Reproduced with permission from Wiley.

Bozell and Petersen regarded ethanol as one of the most promising renewable platform
molecules. The recent extensive buildup of knowledge on production and conversion, the possibility
for commercial scale-up, and the existence of commercial biobased processes were listed as the
primary reasons for this.[4] Furthermore, the authors highlighted that in the last few years, new
technologies and strategic partnerships consolidated its potential as a platform molecule: a number
of important bulk chemicals can now be produced from ethanol (Scheme 1.1).
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Scheme 1.1 Some of the most important bulk chemicals that can be obtained from ethanol.

In this Chapter, ethylene (production volume 18.5 106 ton in 2013),[23] acetaldehyde
(approximately 106 ton in 2003),[24] ethyl acetate (1.3 106 ton in 2004),[25] hydrogen (60 106 ton in
2007),[26] and butanol (3 106 ton in 2010),[27] in addition to butadiene (9 106 ton in 2005[28] and
estimated to grow considerably) production are included, because of their commercial importance or
direct involvement in the butadiene production process as intermediates or (by)products. Moreover,
being mechanistically related, the reactions involving these selected ethanol-derived chemicals often
make use of similar catalysts (mostly mixtures of transition-metal oxides of different composition).
Therefore, previous reports regarding these other bulk chemicals bear direct relevance to the issues
regarding catalyst design for the production of butadiene from bioethanol, to which this PhD Thesis
is devoted.

1.3.1. Ethylene production
Ethylene is the most produced organic compound on earth. It is mostly used in the production of
polymers (e.g., polyethylene, polyvinylchloride), ethylene oxide, and ethylene glycol, etc. Ethylene is
typically obtained from petroleum through thermal cracking, a process involving a complex chain of
radical reactions. Recently, ethane dehydrogenation has gained increasing importance as an
alternative route for producing ethylene, as has the production of ethylene from shale gas. Biobased
ethylene, a drop-in replacement, has also established itself as a viable alternative. Braskem recently
completed the construction of a plant for the production of ethylene from ethanol, with other
companies such as Dow planning to do the same (the completion of a Dow plant is expected in
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2017). This should result in an overall increase in the production of biobased polyethylene by
approximately 0.6 106 ton year-1.[29] The ethanol dehydration route has been known for a long time,
but only following the recently increased production of bioethanol has ethanol dehydration become
economically viable. However, it is important to note that it is not possible to produce all of the
required ethylene from renewable sources as the demand for ethylene worldwide is approximately
three times the amount of ethanol that is currently produced. Demand for green ethylene could,
however, be an important reason to further increase bioethanol production.[22]
The gas-phase dehydration of ethanol has been studied over many different solid acids as
catalysts to overcome the main challenge of the approach, that is, undesired selectivity for the
production of diethyl ether. The production of diethyl ether is exothermic, whereas ethylene
synthesis is endothermic at the temperatures commonly used for this process (473-723 K, see Figure
1.4). Therefore, the main challenge is the development of catalysts that are able to manufacture the
target molecule selectively at the lowest possible temperature, even though ethylene production
becomes more favorable with increasing temperature and diethyl ether formation becomes less
favorable. The most used catalysts are HZSM-5[30,31] and γ-alumina,[32] which often serve as the
benchmark catalysts in comparative studies of the process.[31–33] The main advantages of HZSM-5 are
the lower temperatures required in the process (typically 573 K instead of 723 K) and better
selectivity towards the target product in comparison to alumina (95% yield against 80% for the
latter);[31] alumina nonetheless remains the most commonly used catalyst on an industrial scale,
which is attributed to its lower degree of coking and resulting improved catalyst stability, as well as
its relatively low price.

Figure 1.4 Enthalpy values of the two competitive reactions calculated with the HSC7 software package.
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Many other catalytic systems have been tested to achieve a better activity or to lower the
operating temperatures. Chen et al. recently used various types of silicoaluminophosphate (SAPO)
catalysts and compared commercially available SAPO-11 and SAPO-34 with their analogues modified
upon Zn2+ and Mn2+ introduction, achieving a remarkable 97.8% yield of ethylene at 613 K.[34]
Carbon catalysts, modified to improve their acidity, have also been used with yields somewhat
lower than for traditional catalysts.[35,36] Recently, Bedia et al. reported results for a catalyst prepared
by activation of olive stones in phosphoric acid medium, showing excellent selectivity towards the
desired product, but with a total yield that was not comparable to the benchmark catalysts for the
process.[37]
Zhang et al. compared four different catalytic systems for the ethanol-to-ethylene reaction, that
is, Al2O3, HZSM-5, SAPO-34, and NiSAPO-34.[31] For all of these catalysts, the acid properties were
studied by NH3-temperature-programmed desorption (NH3-TPD) to correlate acidity and catalytic
activity. The catalysts were tested under different conditions (573 K for HZSM-5, 623 K for the two
SAPO samples, and 723 K for the Al2O3 catalyst), and the best performances (yield of ethylene higher
than 90%) were achieved with HZSM-5 and NiSAPO-34; the latter two catalysts both had a higher
total amount of acid sites as well as a more favorable distribution of acid site strength, with relatively
more weak acid sites than moderate ones. This indicates that strong acid sites should be avoided to
achieve higher ethylene selectivities.

1.3.2. Acetaldehyde production
Acetaldehyde is a naturally occurring intermediate in the enzymatic degradation of ethanol to
acetic acid and, finally, CO2 (see Scheme 1.2).[38] Acetaldehyde is also an important intermediate in
the synthesis of many bulk chemicals, such as acetic acid, acetic anhydride, ethyl acetate,
crotonaldehyde, and many others.

Scheme 1.2 The complete oxidation of ethanol to form CO2.

Until the 1960s, acetaldehyde was produced commercially from acetylene. The acetylene was first
treated with sulfuric acid and mercuric sulfate, and in a consecutive step oxidized to acetic acid by
molecular oxygen. Later, acetaldehyde was mainly produced from ethylene. For example, hydration
of ethylene followed by partial oxidation with air on a silver gauze catalyst at 723 K and a pressure of
0.3 MPa yields acetaldehyde. Currently, most acetaldehyde is produced by the so-called Wacker
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process through the direct oxidation of ethylene to acetaldehyde with a PdCl2/CuCl2 catalyst in water
in the presence of air or other oxidants.
The advent of the bioethanol industry has made the direct synthesis of acetaldehyde through
ethanol dehydrogenation, with or without oxygen present (see Scheme 1.3), an attractive route. The
catalytic oxidation of ethanol over silver oxide or a silver gauge as the catalyst has been reported; at
a temperature of 753 K conversion levels of 74-82% and a selectivity to acetaldehyde of around 80%
were achieved.[39] Owing to some of the drawbacks associated with this system, that is, high catalyst
price and high reaction temperature, many alternative catalyst systems have been explored, with
most of these focusing on ethanol oxidation or, more rarely, on ethanol dehydrogenation. This can
be attributed to the higher activity that is observed in the presence of oxygen.[40] Of the many
examples reported, a few representative catalytic systems are discussed here with reference to the
differences between the dehydrogenation and oxidation routes.

Scheme 1.3 Acetaldehyde production from ethanol via a) an oxidation or b) a dehydrogenation pathway.

For the dehydrogenation route, Chang et al. prepared copper catalysts supported on rice husk ash
(also denoted as RHA), a byproduct of domestic agriculture containing a particularly high content of
amorphous silica, which after various pretreatment and purification steps can be used as a catalyst
support.[41] The 5.75 wt% Cu/RHA catalysts were prepared by ion exchange and tested at
temperatures ranging from 483 to 548 K. 100% acetaldehyde selectivity could be achieved with the
highest conversion levels (approximately 80%) obtained at 548 K. Finally, Cu/RHA was shown to be
more active than copper supported on silica gel catalysts prepared in a similar way, the difference
being attributed to the lower surface area and larger size of the copper particles in the latter catalyst.
Guan et al. studied partial ethanol oxidation in the presence and absence of oxygen on a gold
catalyst that was supported on ordered mesoporous (SBA-15, SBA-16, MCM-41) and conventional
silicas.[40] The dependence of activity on the size of the gold nanoparticles (mainly caused by the type
of silica support used) was assessed in both reaction regimes, with the reaction proceeding faster in
the presence of oxygen regardless of the gold particle size. More specifically, the activity in the
dehydrogenation reaction passes through a maximum at a gold particle size of approximately 6 nm,
whereas particles with a diameter greater than 10 nm showed the highest activity under oxidative
conditions (turnover frequency, TOF ≈ 1300 h-1; see Figure 1.5). For the reaction performed in the
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absence of oxygen, the selectivity to acetaldehyde for temperatures up to 623 K was close to 100%
and remained above 90% at 673 K for all catalysts with acetal and other oxygenates as the main
byproducts. Throughout this temperature range, the conversion was approximately 95% for the two
best catalyst materials (i.e., Au(4.9)/SBA-15 and Au(5.8)/SBA-16). The best catalyst for the reaction
performed in the presence of oxygen was Au(6.7)/MCM-41, showing 90% selectivity and an ethanol
conversion of around 20% already at 473 K (almost no conversion was observed in the
dehydrogenation reaction at the same temperature). The differences in the optimal particle size for
the two reaction regimes indicate that the reaction mechanisms are different. Indeed, the ratelimiting step during the dehydrogenation reaction has been recognized as the β-H cleavage of the
adsorbed alcoholate, which could be better performed on 6 nm gold particles. Conversely, the
oxidation reaction requires the presence of co-adsorbed oxygen for the C-H cleavage to occur, which
is thought to require larger gold particles.

Figure 1.5 TOF for the oxidation and dehydrogenation pathways versus gold particle diameter. Reproduced
[40]
with permission from Elsevier.

Miller and Wilkins investigated catalysts that were prepared by impregnation of 1.5-9 wt%
vanadium pentoxide on zirconia, silica, and zirconia-silica.[42] Vanadium-pentoxide catalysts
supported on the single oxides showed higher activity, whereas the selectivity to acetaldehyde
formation was observed to be higher for the V/Zr-Si catalyst at full conversion level (at 573 K),
resulting in the production of about 90% acetaldehyde and lower levels of COx, acetic acid, and
ethylene.
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Kim et al. compared vanadium-tungsten mixed oxides prepared with different vanadium/tungsten
ratios to pure vanadium pentoxide.[43] The catalyst containing 95 mol% vanadium resulted in the best
conversion values at all temperatures, with the highest yield of acetaldehyde (90%) at 573 K.
Many groups have studied the complete oxidation of volatile organic carbons (VOCs), for which
the oxidation of ethanol can be studied as a model reaction for the degradation of partially or noncombusted organic substances.[44–46] Delimaris and Ioannides studied the catalytic oxidation of
ethanol by using various CuO-CeO2 catalysts with different copper contents.[47] Interestingly, it was
demonstrated that, when conducted over pure CuO, the only product of ethanol oxidation at
temperatures up to 473 K is acetaldehyde, whereas higher temperatures mainly resulted in the
formation of CO2.

1.3.3. Ethyl acetate production
Ethyl acetate is commonly used as a solvent in chromatography, for extraction processes, and in
glues and cigarettes because of its characteristic sweet smell. Industrially, it is mainly produced by
the esterification of acetic acid with ethanol.
Another possible method to synthesize ethyl acetate is the so-called Tishchenko reaction, which
involves the disproportionation of aldehydes, a process that is catalyzed by a strong base, such as an
alkoxide (Scheme 1.4). Alternatively, a direct one-step conversion of two molecules of ethanol is also
feasible (Scheme 1.4). Both routes can be based on bioethanol if the ethanol is first oxidized to
obtain the aldehyde, which can then be used in ethyl acetate production. If the latter reaction is
performed in the presence of oxygen, two water molecules are generated instead of hydrogen. The
purely dehydrogenative pathway is reported to have two main advantages, that is, the formation of
hydrogen rather than water as the co-product is much more interesting from a commercial point of
view, and no oxygen is required, thus avoiding any possibly explosive mixtures.

Scheme 1.4 Ethyl acetate production from a) acetaldehyde and b) ethanol; c) the mechanism proposed by
[48]
Zonetti et al. for the synthesis of ethyl acetate from ethanol.
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Inui et al. studied the dehydrogenative synthesis of ethyl acetate from ethanol over catalysts
containing different ratios of copper, zinc oxide, zirconia, and alumina prepared by a co-precipitation
procedure.[49] One of the main goals of the study was to reduce methyl ethyl ketone (MEK)
formation, which is produced via 2-butanol and considered a particularly detrimental byproduct in
the process as it forms an azeotropic mixture with ethyl acetate. The best catalyst was demonstrated
to have a Cu/ZnO/ZrO2/Al2O3 molar ratio of 12:1:2:2 and to show a selectivity to ethyl acetate of
around 84% at a conversion level of 66% at 493 K; this catalyst was also shown to reduce MEK
selectivity to < 5%. Zirconia is thought to facilitate ester formation, with zinc oxide (in combination
with zirconia) suppressing byproduct formation. The presence of alumina finally promotes the
formation of copper(II)-oxide-containing solid solutions and decreases the particle size of the copper
species, thus increasing the overall conversion.
Gaspar et al. studied the role of different supports in ethyl acetate synthesis performed with and
without oxygen.[50] Different zirconium oxides (m-ZrO2, t-ZrO2, and a-ZrO2) combined with
Cu/ZnO/Al2O3 were tested as the active phase for the dehydrogenative route, and PdO/m-ZrO2 was
tested for the oxidative route. In both cases, m-ZrO2 and t-ZrO2 showed similar catalytic behavior,
whereas the less basic a-ZrO2 exhibited a lower selectivity towards ethyl acetate. The condensation
steps in the dehydrogenative and oxidative ethyl acetate synthesis were demonstrated to be similar
and shown to occur on the zirconia surface.
More recently, Zonetti and co-workers studied the mechanism of the dehydrogenative route over
a commercial Cu/ZnO/Al2O3 (CZA) catalyst that was physically mixed with zirconia, ceria, alumina,
and silica, respectively.[48] The bare CZA catalyst showed the lowest selectivity (byproducts other than
acetaldehyde are not mentioned) towards ethyl acetate and, at the same time, the lowest ethanol
consumption rate. The CZA catalyst physically mixed with zirconia resulted in the best catalytic
performance, which was linked to the highest amount of basic sites in this system, as determined by
CO2-TPD analysis. Finally, a mechanism was proposed that involves acetaldehyde formation, attack of
ethanol or ethoxide to yield the hemiacetal, and finally dehydrogenation to the ethyl acetate end
product (Scheme 1.4c). Observations linking the basic site density with catalytic performance suggest
that ethoxide formation could be the rate-limiting step.

1.3.4. Hydrogen production
Hydrogen is considered a very promising future energy source, as it has the highest energy
density among all known fuels (i.e., 120.7 kJ g-1), with water being the only byproduct of its
combustion. There are also some drawbacks associated with the use of hydrogen, mainly related to
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its difficult and dangerous storage. In addition to its potential as an energy vector, hydrogen is
needed in large quantities in the chemical industry, for example in hydrocracking and ammonia
production. Currently, hydrogen is mainly produced by steam reforming (SR) of nonrenewable
hydrocarbons, such as methane (Scheme 1.5).

Scheme 1.5 Overall reaction for a) methane and b) ethanol reforming.

SR of renewable chemicals would be more promising from an environmental point of view
provided that efficient catalysts can be developed to ensure the process to be competitive. For this
reason, production of hydrogen from ethanol SR is regarded as a promising and viable way to move
towards renewable energy sources (Scheme 1.5).[51–54]
A 2005 review paper by Haryanto et al. describes the state of the art in ethanol SR.[55] The
coexistence of many parallel reactions, consuming useful substrates and products, is the main
challenge in this process; the most undesirable reactions are the ones that form coke directly or
through C2-C4 intermediates. Ethanol SR is usually coupled with a water-gas-shift step to increase the
amount of hydrogen produced. The SR process is performed at a temperature ranging from 523 to
1073 K. A great number of catalysts have been tested for this reaction, and a few have shown
remarkable catalytic behavior; the most promising bulk-oxide catalyst was zinc oxide, which
demonstrated complete conversion of ethanol and produced 85% of the hydrogen that can
theoretically be obtained from ethanol reforming. However, information on the stability of zinc oxide
in long term runs was not reported.[56] Cobalt supported on zinc oxide was also reported to be of
considerable interest, showing complete ethanol conversion and the production of 92% of the
stoichiometric coefficient of hydrogen;[57] the main drawback of this catalyst lies in the high amount
of carbon deposited during reaction, which could be minimized by the addition of small amounts of
sodium as promoter.[57] Nickel supported on alumina has also been reported to be a good catalyst,
but suffered heavily from deactivation through coke formation;[58] in this case the addition of
lanthanum oxide resulted in excellent stability and a hydrogen selectivity > 90%, even at full
conversion levels if the temperature used was > 873 K. Rh/CeO2 and Rh/Al2O3 are also active in
hydrogen production. Although the Rh/CeO2 catalyst exhibited a lower activity but better yield of
hydrogen and proved to be more stable, it also produced higher amounts of carbon monoxide, which
is particularly detrimental in hydrogen fuel cells because even low amounts of carbon monoxide can
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poison the platinum catalyst used.[59,60] The performance of the Rh/Al2O3 catalyst was strongly
influenced by the metal loading, and 5 wt% proved optimal, yielding 92% of hydrogen at 923 K,
reportedly without producing any coke.[61–63]
Haryanto et al. drew some general conclusions regarding the optimal SR conditions, that is, a
temperature higher than 773 K is needed (at atmospheric pressure) and an excess of water must be
present, with a H2O/C2H5OH molar ratio of 3:1 most commonly used.[55]
Many new catalytic systems have been tested in the SR process, mainly based on nickelcontaining materials. Hernández et al. tested bi-metallic catalysts prepared with 10 and 30 wt%
nickel with a fixed 1 wt% tungsten, supported on alumina.[64] The optimum temperature was shown
to be 873 K, and the best selectivity, achieved with the catalyst containing 30 wt% nickel, was slightly
lower than 70% with a conversion of ethanol around 90%. Deng and co-workers tested a
NiO/ZnO/ZrO catalyst,[65] a combination known for its excellent performance in hydrocarbon SR
reactions.[66–69] The nickel(II) oxide content was fixed to 15 wt%, and the zirconia content optimized
to 31 wt%, the remainder was zinc oxide. The best temperature for this catalytic system was 923 K,
at which full conversion and 74.3% hydrogen selectivity were observed. Furthermore, this catalyst
did not show any deactivation after 60 h of time on stream.
The first report on the use of zeolites in the SR of ethanol appeared only as recent as 2008.[70] A
few years later, Inokawa et al. investigated the use of the Na-Y zeolite with transition metals that are
known to have a good reforming activity, such as nickel and cobalt.[52] The catalysts were prepared in
two different ways. The first series of catalysts was prepared by supporting the metals through
incipient wetness impregnation; alternatively, ion exchange was used to introduce the cations into
the zeolite framework. At 573 K the catalytic activity of Na-Y zeolite was close to zero, whereas the
systems prepared by ion exchange yielded mainly ethylene (through the dehydration of ethanol).
Conversely, the catalysts prepared by impregnation showed enhanced reforming activity and
produced mostly hydrogen and traces of acetaldehyde, which is considered to be a reaction
intermediate.
More recently, aqueous phase reforming (APR) has been introduced by the group of Dumesic with
the same goal of producing hydrogen from renewable oxygenates.[71–73] APR holds considerable
benefits as it uses mild processing conditions and converts the oxygenates into hydrogen in one
single step, thus saving energy and simplifying the reactor requirements compared to SR.
Tokarev et al. argued that APR is generally more suited for highly oxygenated substrates, whereas
SR is preferred for hydrocarbons.[53] C-C bonds in oxygenates are weaker, thus allowing hydrogen
production at the relatively low temperatures used for APR. As hydrocarbons generally have stronger
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C-C bonds, they require higher temperatures. Mono-oxygenated ethanol represents a boundary
situation; hence, both techniques can be used for this chemical. Tokarev et al. used a 5 wt% Pt/Al2O3
catalyst with a 10 wt% ethanol solution at 498 K and observed almost complete conversion and a
good hydrogen yield (efficiency = 1.0). Furthermore, addition of sugar alcohols such as sorbitol to the
ethanol feed resulted in an improved overall yield; the use of ethanol as a promising cosolvent for
the APR of different substrates has indeed been seen more often.[74]
Recently, Roy and co-workers reported on ethanol APR in the temperature range 448-498 K with
different loadings of nickel (2, 5, and 10 wt%) on alumina, prepared in two different ways.[54,75] The
catalysts were prepared either by a sol-gel method or by solution combustion synthesis (SCS, a
technique in which the aluminum-containing precursor is burned together with a specifically chosen
fuel, glycine in this case, to yield alumina), after which nickel was supported through wet
impregnation. The sol-gel catalysts resulted in a higher selectivity and TOF for both hydrogen and
carbon dioxide, and for both series of catalysts higher conversions were observed with higher nickel
loadings.[54] Surprisingly, the hydrogen selectivity of the SCS catalysts was almost the same at all the
nickel loadings, whereas for the sol-gel catalysts lower loadings resulted in a better selectivity
towards hydrogen. The differences in catalytic performances were ascribed to a higher metal
dispersion, smaller metal particle size, and lower coke formation for the catalyst supported on
alumina prepared by SCS.[75] Finally, the SCS alumina was modified by a radio frequency (RF) plasma
treatment, prior to impregnation of nickel. The treatment resulted in higher conversions of ethanol
(at all temperatures) and selectivity to hydrogen (at 473 K approximately 77% vs. 73%), the
difference again being ascribed to a better dispersion and metal-support interaction.
The mechanism of hydrogen production from ethanol, as well as catalyst deactivation, were
recently discussed in detail by Mattos et al., and therefore, will not be discussed here.[76]

1.3.5. Butanol production
Butanol is a commodity chemical used as a solvent and for the production of various esters and
ethers, some of which are important monomers for the polymer industry. It is also well known that
butanol can be used as a fuel, having some advantages over ethanol such as a higher energy density
(29.2 MJ L -1 vs. 19.6 MJ L-1), lower corrosiveness, and being more suitable for distribution through
existing pipelines.[77] On the other hand, butanol cannot be used to enhance the octane number nor
can it be used as a fuel in its pure form because of its high melting temperature (298.5 K), which
would cause it to freeze in winter. The use of butanol also comes with concerns regarding toxicity.[78]
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Butanol is mainly produced by using the so-called oxo process (Scheme 1.6), which consists of
propylene hydroformylation followed by butyraldehyde hydrogenation to yield n-butanol. The fossilfeedstock-based process requires, at least for the original cobalt-based catalyst, relatively high
pressures of approximately 30 MPa and two different catalysts (cobalt or rhodium in the first step
and nickel in the second step). Furthermore, because it is based on a homogeneous catalyst, the
process suffers from drawbacks such as difficult separation of the desired compound, costly catalyst
preparation, and environmental issues that can be attributed to the limited lifetime of the transitionmetal complexes used. Therefore, the development of a heterogeneous catalyst for direct butanol
synthesis appears highly desirable. Indeed, the solid base-catalyzed, one-step conversion of ethanol
to n-butanol could be an attractive alternative, with the first reports for this reaction dating back to
the 1960s-70s.[79,80]

Scheme 1.6 The oxo process for the production of n-butanol.

For instance, Yang and Meng studied the use of lithium and potassium X zeolites, which were
further reacted with rubidium salt solutions.[81] Butanol could be observed only on the rubidiumcontaining catalysts, which were the ones with the highest basicity and no acidity. The optimum
temperature, in terms of butanol selectivity of the best catalytic system (e.g., Rb-LiX), was shown to
be 693 K. At higher temperatures, the selectivity towards the desired molecule began to decline. Two
possible mechanisms, that is, a bimolecular condensation or Guerbet reaction (upper and lower
routes in Scheme 1.7, respectively), were considered. The observation of acetaldehyde as the main
byproduct, an intermediate in both mechanistic pathways (supposing that the condensation occurs
between one ethanol and one acetaldehyde molecule forming butyraldehyde, which is finally
reduced to butanol), did not allow for the elucidation of the true reaction mechanism. Further
experiments proved to be crucial for understanding the mechanistic pathway and showed that
feeding both ethanol and crotonaldehyde did not increase but rather reduced butanol production
and that feeding acetaldehyde resulted in no other products than crotonaldehyde. Based on this
experimental evidence, it was proposed that bimolecular ethanol condensation is the mechanism
operating over basic zeolites; this mechanism is thought to involve two ethanol molecules to form
butanol directly, or an ethanol and an acetaldehyde molecule to produce butyraldehyde, which can
be then reduced to yield butanol. The latter mechanistic pathway involving acetaldehyde is shown in
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Scheme 1.7 and was discarded based on the observation that the addition of acetaldehyde to the
feed mixtures dramatically decreased the amount of butanol produced.

Scheme 1.7 Two proposed mechanisms for the one-step synthesis of n-butanol from ethanol.

Tsuchida and co-workers studied the use of hydroxyapatite-like materials (a naturally occurring
mineral, containing calcium cations and phosphate/biphosphate anions) for the synthesis of nbutanol from ethanol.[82–84] At 573 K, a catalyst with a Ca/P ratio of 1.64 showed 76.3% selectivity to
butanol at a conversion level of approximately 15%. The formation of higher alcohols, all having an
even number of carbon atoms, led to the conclusion that the Guerbet mechanism (lower pathway in
Scheme 1.7) is the most plausible one under the applied conditions.
Ogo et al. also investigated the use of hydroxyapatite-like materials, but with the calcium cations
substituted for Sr2+, and PO43- for VO43-.[85] The P-V substitution led to a worse selectivity towards
butanol, which could be related to increased dehydration activity, most probably as a result of
increased catalyst acidity. On the other hand, the Ca-Sr substitution generated catalysts with a higher
butanol selectivity than the original hydroxyapatite material (e.g., 81.2% against 74.5% at
approximately 7% conversion). Experiments, in which possible intermediates were added, implied
that acetaldehyde, crotonaldehyde, 2-buten-1-ol, and butyraldehyde were all involved in the
reaction mechanism and, thus, the mechanism to be a Guerbet-like condensation.
Based on previous reports,[86,87] Carvalho and co-workers recently reported the use of Mg-Al
mixed oxides for this process, emphasizing the importance of the amount and strength of the basic
sites for a successful and selective butanol synthesis.[88] The mixed oxide with a Mg/Al ratio of 3:1
resulted in slightly better selectivity towards C4 compounds and in particular to butanol compared to
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the catalyst with a Mg/Al ratio of 1:1; however, the results did not exceed the best selectivities of
around 76% that were reported by Tsuchida et al. at a similar ethanol conversion.[81]
Riittonen and co-workers reported a different approach, investigating the one-pot butanol
synthesis from ethanol in the liquid phase.[89] They studied various metals (Ru, Rh, Pd, Pt, Au and Ni)
supported on alumina as the heterogeneous catalyst in the process. A commercial 20 wt% Ni/Al2O3
catalyst showed the best selectivity with 25% ethanol conversion and 80% selectivity to 1-butanol
(among the liquid products) at 523 K. In the presence of water and ethanol, the nickel catalyst is
thought to catalyze a reforming reaction, thus partially removing the formed water and shifting the
equilibrium to the desired products. Also this study points in the direction of the Guerbet mechanism
as only even-numbered alcohols were observed, despite the absence of a promoting effect from
acetaldehyde and considering that no external base was used, which is usually considered as one of
the prerequisites for the Guerbet condensation.
As previously noted, 1-butanol and butadiene can be formed over catalysts of somewhat similar
composition; moreover, their mechanisms of formation are related and these compounds are indeed
often observed as byproducts in the synthesis of the other. These observations highlight the
importance of finely tuning the acid-base properties of the catalyst to maximize the selectivity
towards the desired end product.[90]

1.4.

Butadiene from Ethanol

Butadiene is one of the most important bulk chemicals produced in the petrochemical industry.
Two ways are mainly pursued for its industrial synthesis: isolation from naphtha steam cracker
fractions of paraffinic hydrocarbons for the manufacture of ethylene and its higher homologues, or
the catalytic and oxidative dehydrogenation of n-butane and n-butene.[91] The first route is
undoubtedly the most important, accounting for over 95% of worldwide butadiene production.[28]
The steam cracker product mixture consists mainly of hydrogen, ethylene, propylene, and butadiene.
Butadiene is recovered through various distillation steps. After separation of the C1, C2, and C3
fractions, one or more extractive distillation steps are used to isolate butadiene from the other C4
compounds; this is the most complicated and energy-consuming step as the different C4 products (in
particular butadiene and butenes) have boiling points close to each other. As pointed out previously,
the increased production of shale gas has major consequences for the production of butadiene, as
the resulting changes in ethylene production will involve lower investments in naphtha steam
cracking plants. This shift in feedstock will in turn cause shortages of the longer-chain hydrocarbons
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such as propylene, butadiene, and others. This is expected to result in higher investments related to
methods for the dedicated production of butadiene.
Butadiene is widely used in the production of polymers and polymer intermediates.[92] For
instance, styrene-butadiene rubber (SBR, a synthetic rubber used in the production of car tires) and
polybutadiene synthesis account for more than 50% of the overall use of butadiene. Other important
applications are the synthesis of chloroprene (used for the preparation of the corresponding
polymer), adiponitrile (mainly used after hydrogenation to 1,6-diaminohexane for nylon 6-6
synthesis), and acrylonitrile-butadiene-styrene (ABS) copolymer, amongst others.[90] Butadiene could
also potentially be used for the synthesis of aromatic building blocks, such as styrene, by consecutive
dimerization/aromatization.[93]

1.4.1. Lebedev process for butadiene production
At present, butadiene is mainly obtained from petrochemical sources,[28,91] but the development
of a cheap and sustainable process for its production from biomass-based resources would result in a
reduced reliance on oil resources. Prior to the dominant steam cracking process used nowadays,
butadiene was produced from acetylene or from ethanol. The process to produce butadiene from
ethanol was first developed in Russia at the start of the twentieth century in search of a method to
produce synthetic rubber from low-cost alcohols. At the same time, the conversion of ethanol to
butadiene also attracted the attention of American researchers (see Table 1.1) and, as a
consequence, became an important scientific challenge in both countries. During and immediately
after the Second World War, the need for rubber for military and industrial purposes increased
substantially. This drew great attention to the synthetic rubber supply and especially to ways of
producing it without using petroleum.
Table 1.1 Production of high purity synthetic organic chemicals in the United States in 1944.
Synthetic organic chemicals
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Millions of kg

Butadiene (from ethyl alcohol)

328.3

Acetic anhydride

224.7

Butadiene (from petroleum)

221.8

2-propanol

218.1

Methanol

214.4

Acetone

174.5

Styrene

158.5

[94]
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In 1903, Ipatiev discovered that butadiene was produced in small amounts by passing ethanol
over powdered aluminum.[95] A decade later, Ostromislenskiy noticed that larger quantities of
butadiene could be produced by passing a mixture of ethanol and acetaldehyde over alumina or clay
catalysts (Scheme 1.8).[96]

Scheme 1.8 Two-step butadiene production process developed by Ostromislenskiy.

Later, the work of Lebedev showed that it is possible to produce considerable amounts of
butadiene in a one-step process using only ethanol (see Scheme 1.9).[97–99] The one-step Lebedev
reaction requires a bifunctional catalyst, exhibiting both dehydrating and dehydrogenating activity.
The Lebedev catalyst was guarded by patents, but later studies revealed the catalyst to consist of a
mixture of oxides, most probably silicon and magnesium oxides, with small amounts of other oxides
present as promoters.

Scheme 1.9 The overall reaction for the one-step Lebedev process for the production of butadiene.

Several research groups in the USA, building on Ostromislenskiy’s work, further developed a
process consisting of two consecutive steps, involving ethanol dehydrogenation to acetaldehyde,
followed by reaction of the acetaldehyde with ethanol to yield 1,3-butadiene.[100–103] As a result, the
one-step method has historically been referred to as the Russian process (Lebedev being its
discoverer) and the two-step synthesis of butadiene from ethanol is sometimes called the American
process. When comparing the two processes, supporters of the one-step (Russian) process stressed
the greater simplicity, from an operative point of view, and the fact that it was less expensive to
operate. Advocates of the two-step (American) conversion route claimed higher butadiene yields
with higher purity.
For a long period of time, neither process was generally economically viable because butadiene
was very efficiently produced from petrochemical sources. This lack of competitiveness is illustrated
by the scarcity of recent literature on the topic and by the absence of currently operative industrial
plants, at least in the Western countries.
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A recent study by Patel et al. compared the naphtha-based route with the bioethanol-based
process.[12] An early-stage assessment method has been developed by the authors based on technoeconomic analysis, life-cycle assessment, and green chemistry principles. The comparison of the two
routes considered five different parameters: economic constraints, environmental impact of raw
materials, costs and environmental impact of the process, the Environmental Health and Safety (EHS)
hazard index, and risk aspects. Based on these (weighted) parameters, it was shown that the
biobased process could be a promising substitute for the dominant naphtha-based method (Figure
1.6), as the lower overall index ratio indicates an economically viable and potentially more
sustainable process.

Figure 1.6 Comparison between the bioethanol-based and naphtha-based routes for the production of
butadiene. Lower scores for each parameter and for the overall comparison imply that the considered biobased
[12]
route is more advantageous. Reproduced from Patel et al. with permission.

1.4.2. Proposed reaction mechanisms for butadiene production
The mechanisms for the one-step and two-step processes are generally considered to be the
same, but this still remains to be proven. The mechanism has been a source of contention and
different proposals have been made.
Lebedev initially proposed a mechanism involving radical species (·CH2CH2· and ·CH2CHOH·), which
after a complex sequence of reactions would yield butadiene and other byproducts. Lebedev also
tested the addition of up to 20% ethylene to the feed, without observing any increase in the yield of
butadiene. He explained this behavior by assuming that ethylene could only take part in the reaction
when it was in a so-called activated form (i.e., just formed from ethanol and, therefore, still in its
radical form). The proposal by Lebedev involving radical species is now considered unlikely and can
probably be discarded.
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Ostromislenskiy proposed a mechanism for the two-step process involving the formation of
butane-1,3-diol, derived from the rearrangement of a hemiacetal intermediate (Scheme 1.10).[96] He
also showed that the use of 2-propanol yielded piperylene (1,3-pentadiene). These results indicate a
C-C coupling step at the β position, as the reaction at the α position would yield isoprene instead
(which was not observed, see Scheme 1.11). The mechanism proposed by Ostromislenskiy is also
considered unlikely, as argued by Toussaint et al., who pointed at the improbability of the
rearrangement of the hemiacetal to the glycol.[102]

Scheme 1.10 The mechanism originally proposed by Ostromislenskiy for the synthesis of butadiene with
[96]
ethanol and acetaldehyde as substrates.

Scheme 1.11 Two possible pathways for the reaction between acetaldehyde and 2-propanol to produce a)
piperylene or b) isoprene.

Toussaint and co-workers proposed an alternative mechanism based on the aldol condensation
between two acetaldehyde molecules formed upon ethanol dehydrogenation.[102] The aldol-addition
product 3-hydroxybutanal is proposed to yield crotonaldehyde by dehydration, which is then further
hydrogenated and dehydrated to finally yield butadiene (Scheme 1.12). Although many researchers
have subsequently adopted the general features of this mechanism, different suggestions have been
proposed as to what constitutes the rate-determining step in the reaction.
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Scheme 1.12 The aldol condensation mechanism, as proposed by Toussaint et al.

[102]

Crotonaldehyde formation was proposed by Toussaint et al. as the rate-determining step of the
process, as direct addition of this reagent to the ethanol feed considerably increased the formation
of butadiene, more so than addition of acetaldehyde.[102] The same conclusion was drawn by Corson
et al., who observed that a mixture of ethanol and crotonaldehyde was substantially more effective
in butadiene synthesis than ethanol mixtures with acetaldehyde or acetaldol (i.e., 3hydroxybutanal).[104]
Gorin et al. agreed with the mechanism proposed by Toussaint and co-workers, but not with the
rate-determining step of the process, suggesting the reduction (to crotyl alcohol) to be rate-limiting
and not the formation of crotonaldehyde.[105–107] Bhattacharyya et al., building on the work from
Gorin and Toussaint, thoroughly investigated the possible mechanistic pathways by feeding different
mixtures, and tested ethanol-acetaldehyde, ethanol-crotonaldehyde, and crotonaldehyde-hydrogen
mixtures in addition to ethanol alone.[108] After eliminating acetaldehyde formation as the ratedetermining step, they focused their attention on the reduction of crotonaldehyde with hydrogen
(Scheme 1.13b), which would be produced in situ by ethanol dehydrogenation, or with ethanol
(Scheme 1.13c). Crotonaldehyde reduction with ethanol was considered more likely, which was
supported by the determination of the acetaldehyde balance. As acetaldehyde was detected in larger
amounts than hydrogen, the excess acetaldehyde must have originated from crotonaldehyde
reduction with ethanol, in addition to the aldehyde obtained from ethanol dehydrogenation.
Furthermore, the apparent activation energy for the reaction of crotonaldehyde with hydrogen was
higher than with ethanol. Based on this evidence, together with the observation that the catalyst
used does not contain functionalities able to activate molecular hydrogen, the authors concluded
that crotonaldehyde is reduced by ethanol in a hydrogen-transfer step and not by hydrogen itself.
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Scheme 1.13 a) Dehydrogenation of ethanol to produce acetaldehyde and hydrogen, b) crotonaldehyde
reduction in the presence of hydrogen, and c) crotonaldehyde reduction through the transfer of hydrogen from
ethanol.

Niiyama and co-workers also studied various reactants and mixtures to understand the
mechanism of the process over a silica-magnesia catalyst.[109] They observed that acetaldehyde and
crotonaldehyde alone resulted in only small amounts of butadiene, but when both of them were fed
together with ethanol the amount of butadiene produced was considerably increased, thus
suggesting that both were intermediates of the reaction. Furthermore, combination of
crotonaldehyde or acetaldehyde with 1- and 2-propanol, respectively, resulted in butadiene
formation with the corresponding dehydrogenated product (propanal or acetone), and no acetone
could be identified when feeding just 2-propanol. Accepting the aldol condensation mechanism, a
study of the rate-determining step showed that the addition of acetaldehyde sped up the reaction
substantially, from which it was inferred that aldehyde formation was the rate-limiting step in this
case.
Kvisle et al.[110] again assumed a mechanism similar to the one proposed by Toussaint et al. and
other groups[102,106,108] and, considering the lack of correlation between acetaldehyde and butadiene
formation, proposed that the rate-determining step in the process was the transformation, rather
than the formation, of the aldehyde. Furthermore, they showed that the addition of oxygen
increased the amount of acetaldehyde formed, and therefore, increased the yield in butadiene.
Finally, they suggested that the rate-determining step of the overall process occurs before hydrogen
transfer; this was based on TPD experiments, which demonstrated the accumulation of C2oxygenated entities but not C4-oxygenated compounds.
Fripiat et al. proposed a different route for the direct conversion of ethanol to butadiene based on
their studies with aluminated sepiolite catalysts.[111] Although they confirmed the importance of
acetaldehyde as a precursor for butadiene formation, ethylene was also proposed to be involved as
an intermediate, based on the observation that both butadiene and ethylene selectivity increased as
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the total conversion increased. A mechanism was suggested that involves a Prins-like reaction
between acetaldehyde and ethylene (both derived from ethanol), followed by dehydration to yield
butadiene (Scheme 1.14). The Prins reaction, an important organic reaction for the production of
unsaturated alcohols, glycols, and acetals, has been extensively studied for the C-C condensation of
an aldehyde and an alkene. The process has been reported to require Lewis acid sites, but Brønsted
acid sites can also catalyze the reaction. Related to this, the synthesis of isoprene from formaldehyde
and isobutylene (two substrates that show partial chemical resemblance with acetaldehyde and
ethylene, respectively) was studied by Dumitriu et al. with boralites (a family of crystalline
borosilicates) as catalyst.[112,113] The authors achieved selectivity close to 100%, and it was shown that
the weak-to-medium strength acid sites present in the original catalyst resulted in improved catalytic
performance compared to the strong acid sites, which were generated upon cationic substitution
with iron in the original catalyst. A weakness of the Prins-like mechanism for butadiene synthesis is
the protonation of ethylene, which is an indispensable step in the Prins condensation, as it would
generate a highly unstable primary carbocation.[111]

Scheme 1.14 The Prins condensation mechanism as proposed by Fripiat et al.

[111]

1.4.3. Thermodynamic considerations for butadiene production
The feasibility of butadiene production from bioethanol, and its most favorable operational
window, have been assessed by thermodynamic equilibrium calculations with the HSC7 software
package (Outokumpu).[114] The reaction becomes favorable at temperatures higher than 423 K
(Figure 1.7). The optimal temperature for the different reported examples of this reaction was, to the
best of our knowledge, not higher than 698 K.
Because the mechanism has not yet been unequivocally established, the individual steps for both
the aldol condensation route as well as the Prins reaction were analyzed. Bhattacharyya et al. have
previously reported thermodynamic data for the process. The calculated Gibbs free energies at
different temperatures are summarized in Table 1.2.[107] Literature thermodynamic data for the
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various components were used or, when not available (as for 3-hydroxybutanal, crotonaldehyde,
ethanol and butadiene), calculated with the Hougen and Watson method.[115] As can be seen from
Table 1.2, the second step, that is, the coupling of two acetaldehyde molecules to 3-hydroxybutanal,
is unfavorable, but can be compensated for by the subsequent condensation reaction yielding
crotonaldehyde, which is highly exergonic (for this reason in some papers these two steps are
considered as one). Natta and Rigamonti, in their attempt to disclose the patented Lebedev catalyst,
also reported on the thermodynamics of the intermediate steps for the most likely mechanisms: the
acetaldehyde condensation route (the most generally accepted mechanism) or a mechanism similar
to the Prins condensation route.[116]

Figure 1.7 Overall ΔG values for the production of butadiene from bioethanol, as calculated with the HSC7
software package.

In the acetaldehyde condensation route (Table 1.2 and Table 1.3), crotonaldehyde can either be
reduced by ethanol or by the hydrogen that is generated in the first step. As discussed above, some
tend to exclude hydrogen as a likely reducing agent, considering the observed stoichiometry of
acetaldehyde and hydrogen in the process.[108] Moreover, both Natta and co-worker[116] and
Bhattacharyya et al.[108] reported crotonaldehyde reduction to be more favorable with ethanol than
with hydrogen, with the latter reporting a bigger difference (approximately 10 vs. 3 kJ mol-1).
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Table 1.2 Gibbs free energy changes for the steps proposed for the aldehyde condensation route as reported
[108]
by Bhattacharyya et al.
Step

a

-1

∆G (kJ mol )

Reaction
298 K

653 K

733 K

-

-9.2

-25.1

1

2 CH3CH2OH → 2CH3CHO + 2H2

2

2 CH3CHO → CH3CH(OH)CH2CHO

+10.9

+53.6

+59.8

3

CH3CH(OH)CH2CHO → C3H5CHO + H2O

+4.2

-87.4

-98.3

4a

C3H5CHO + CH3CH2OH → C4H6 + CH3CHO + H2O

+7.1

-30.5

-38.9

4b

CH3CH2OH + H2 → C4H6 + H2O

-

-21.3

-20.9

Overall values for route a

a

+22.2

-73.6

-102.5

Overall values for route b

b

+15.1

-64.4

-84.5

b

Steps 1, 2, 3, and 4a. Steps 1, 2, 3, and 4b.

Table 1.3 Gibbs free energy changes for the steps proposed for the aldehyde condensation route as described
[116]
by Natta and Rigamonti.
Step

a

-1

∆G (kJ mol )

Reaction

673 K

703 K

1

2 CH3CH2OH → 2 CH3CHO + 2 H2

-0.8

-6.7

2

2 CH3CHO → CH3CH(OH)CH2CHO → C3H5CHO + H2O

-19.7

-20.5

3a

C3H5CHO + CH3CH2OH → C3H5CH2OH + CH3CHO

≈0

≈0

3b

C3H5CHO + H2 → C3H5CH2OH

+0.5

+3.2

4

C4H7OH → C4H6 + H2O

-61.9

-92.5

Overall values for route a

a

-82.4

-92.5

Overall values for route b

b

-81.9

-89.3

b

Steps 1, 2, 3a and 4. Steps 1, 2, 3b and 4.

The second route for which thermodynamic data was reported by Natta and Rigamonti[116]
resembles the Prins condensation route, differing only in the single coupling and dehydration step
rather than the two steps proposed by Fripiat and co-workers[111] (cf. Scheme 1.14 and Table 1.4,
step 2). The reported thermodynamic data at temperatures of 673 and 703 K are reproduced in Table
1.4 and are based on the values for the formation of the single species.
To assess the reliability of the thermodynamic data reported in the literature (some of which
dating back to the 1950s), the thermodynamics of the two proposed mechanisms were recalculated
with the HSC7 software package. The Gibbs free energy values were calculated at temperatures of
298, 673, and 698 K.
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Table 1.4 Gibbs free energy changes in the three-step Prins condensation route as described by Natta and
[116]
Rigamonti.
Step
1a

a

1b

a

2

-1

∆G (kJ mol )

Reaction

673 K

703 K

CH3CH2OH → CH3CHO + H2

-0.4

-3.3

CH3CH2OH → C2H4 + H2O

-39.3

-42.7

CH3CHO + C2H4 → C4H6 + H2O

-41.4

-42.3

-81.2

-88.3

Overall values
a

Steps 1a and 1b occur simultaneously.

The results for the acetaldehyde condensation route (Scheme 1.12) are reported in Table 1.5. The
main mechanistic difference to the elementary steps considered elsewhere is that the acetaldehyde
condensation was considered as one step and not as the sum of the aldol reaction (from
acetaldehyde to 3-hydroxybutanal) and further dehydration to crotonaldehyde (Table 1.5, step 2).
Crotonaldehyde was then reduced to crotyl alcohol by ethanol or molecular hydrogen (Table 1.5,
steps 3a and 3b), which was finally dehydrated to yield butadiene (Table 1.5, step 4).
Table 1.5 Gibbs free energy changes for the four steps of the acetaldehyde condensation route and considering
the reduction of crotonaldehyde by ethanol or hydrogen.
Step

a

-1

∆G (kJ mol )

Reaction
298 K

673 K

698 K

+69.3

-20.5

-26.6

1

2 CH3CH2OH → 2 CH3CHO + 2 H2

2

2 CH3CHO → CH3CH(OH)CH2CHO → C3H5CHO + H2O

-2.9

+2.6

+2.8

3a

C3H5CHO + CH3CH2OH → C3H5CH2OH + CH3CHO

+2.2

-1.2

-1.4

3b

C3H5CHO + H2 → C3H5CH2OH

-32.5

+9.0

+11.9

4

C3H5CH2OH → C4H6 + H2O

-5.5

-53.3

-56.6

Overall values for route a

a

+63.1

-72.4

-81.8

Overall values for route b

b

+28.4

-62.2

-68.5

b

Steps 1, 2, 3a, and 4. Steps 1, 2, 3b, and 4.

The second step appears to be slightly energetically unfavorable, whereas the other steps are all
strongly exergonic, at least under the working conditions normally used (T = 673 or 698 K), with the
reduction step with molecular hydrogen being an important exception (see Table 1.5, step 3b). This
observation indicates that the route involving step 3a (i.e., in which crotonaldehyde is reduced by an
ethanol molecule) is more advantageous thermodynamically, which is in agreement with previous
reports.
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The second mechanism that has been recalculated is the Prins condensation route proposed by
Natta and Rigamonti as thermodynamically favorable and advocated by Fripiat and co-workers.[111]
The thermodynamic values refer to the route concerning the direct formation of butadiene from
acetaldehyde and ethylene (Table 1.6). The HSC7 data for the aldol condensation route shows good
agreement with the values reported by Bhattacharyya et al. and differs from the data of Natta and
Rigamonti[116] (Tables 1.2, 1.3 and 1.5). Unexpectedly, the aldol condensation/dehydration step was
observed to be slightly endergonic in our case (Table 1.5, sum of both steps 2 and 3a and 3b).
Conversely, Bhattacharyya et al.[108] and Natta and co-worker[116] reported this step to be highly
exergonic, as shown in Table 1.2 (steps 2 and 3) and Table 1.3 (step 2), respectively.
Table 1.6 Gibbs free energy changes in the three-step Prins condensation route.
Step
1a

a

1b

a

2

298 K

673 K

698 K

CH3CH2OH → CH3CHO + H2

+34.6

-10.2

-13.3

CH3CH2OH → C2H4 + H2O

+7.7

-40.9

-44.1

CH3CHO + C2H4 → C4H6 + H2O

-13.9

-11.1

-11.1

+28.4

-62.2

-68.5

Overall values
a

-1

∆G (kJ mol )

Reaction

Steps 1a and 1b occur simultaneously.

Concerning the Prins condensation route, our calculated data differ substantially from what was
reported by Natta and Rigamonti,[116] in particular the last elementary step (compare Table 1.4, step
2, and Table 1.6, step 2). A comparison of the two investigated routes demonstrates that the
acetaldehyde condensation route is slightly more favorable when reduction of crotonaldehyde by
ethanol is assumed. In addition, at operating temperatures considered optimal, all steps but one
appear to be favorable from a thermodynamic point of view.

1.4.4. Catalytic conversion of ethanol to butadiene
During or immediately after the Second World War, the search for methods to produce rubber
independent of petroleum supply spurred the development of efficient catalysts for the conversion
of ethanol to butadiene. The composition of the catalytic systems used in both the one-step Lebedev
and the two-step Ostromislenskiy processes were carefully guarded by patents, but some interesting
reports based on their work were eventually published by American researchers in the field, reports
which were mainly focused on the two-step process.
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In the 1940s, researchers at Carbide and Carbon Chemicals Corporation, such as Toussaint and coworkers,[100–102] reported on their thorough studies of various catalysts that proved active in the oneand two-step processes; they also investigated the reaction mechanism. As sufficiently active
catalysts were already available for the dehydrogenation of ethanol to acetaldehyde (i.e., the first
step in the two-step process), research was focused on the development of catalytic systems that
were able to convert ethanol and acetaldehyde (in a ratio of approximately 2.5:1) to butadiene. Of
the various catalysts tested, silica doped with 2% tantalum oxide proved to be best, with zirconium-,
niobium-, thorium-, uranium-, and titanium-metal-oxide catalysts also active in the process (listed
here in order of decreasing activity). The one-step, direct conversion of ethanol was also studied by
Toussaint and co-workers. The best catalyst for the two-step process, Ta2O5/SiO2, was doped with
metal oxides that were expected to easily generate acetaldehyde, such as copper and cadmium. The
results obtained with the copper-loaded catalyst proved particularly interesting, as this system
showed improved yield and purity of butadiene.
At around the same time, Natta and Rigamonti[116,117] screened a wide variety of catalytic systems,
as a result of which they claimed to have discovered the composition of the patented Lebedev
catalyst to be a mixture of silicon and magnesium oxide. This claim was supported by the observed
yields, which were similar to the ones reported for the Russian process.[97–99] They also showed that
the addition of chromium(III) oxide, as a promoter for the silica-magnesia catalyst, improved not only
the yield, but also the stability of the catalytic system. More specifically, a yield of 41.9% and a
selectivity of 51% was reported for the SiO2/MgO/Cr2O3 catalyst (ratio 2:3:0.11) at 688 K, observing
ethylene and butenes as the main byproducts. Unfortunately, no details regarding catalyst
preparation were reported.
A few years later, Corson et al. compared many catalytic systems that were thought to be
effective in the one- and two-step processes.[94,103,104,118] Although their attention was mainly focused
on the latter, some interesting results were obtained also for the direct conversion of ethanol.
Similar to the results Natta and Rigamonti reported,[116] the best catalyst again proved to be a ternary
oxide of magnesia, silica and chromium(III) oxide (59:39:2 wt% respectively), showing a 39% yield at
698 K. Tantalum oxide could be used instead of chromium(III) oxide for the one-step process, albeit
at the expense of a slightly lower butadiene yield (34% vs. 39%). With regard to the two-step
reaction, the tests were mainly concerned with the second step, that is, the reaction between
ethanol and acetaldehyde to produce butadiene. An extensive library of catalysts was compared,
showing that mainly fourth- and fifth-group elements were active when combined with silica; the use
of excess acetaldehyde with respect to ethanol was demonstrated to be beneficial for the process
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yield. The most promising results were achieved by using hafnium, zirconium, and especially with
tantalum (which is in agreement with the work of Toussaint et al.), showing 44% yield and 63%
selectivity at 623 K when using a 2:1 acetaldehyde/ethanol ratio in the feed (defined as ultimate yield
in the paper). The best catalyst when using a 2.75:1 acetaldehyde/ethanol ratio in this study was a
ternary oxide consisting of a tantalum-silicon catalyst impregnated with 1.1% CuO, which resulted in
a 40% yield at 623 K.
In the 1960s, Bhattacharyya and co-workers investigated various features of the one-step process
in a series of publications, testing a great number of single, binary, and ternary oxides, varying the
experimental conditions used in the process (temperature, catalyst preparation method, and ethanol
content of the feed), and even the type of reactor used.[119–121] They demonstrated that the optimum
temperature for the process was situated in the range 698-723 K for all of the catalysts tested. In
terms of catalyst preparation, the best method was demonstrated to be precipitation of the metal
ions with aqueous ammonia or ammonium carbonate, thus emphasizing the importance of avoiding
sodium and potassium hydroxides as precipitants, and chloride or sulfate salts as metal precursors,
as such compounds would leave impurities in the catalyst even after many washing cycles, which
would negatively influence catalyst performance. Regarding the feed composition, it was reported
that when the ethanol concentration in the reaction feed dropped below 90%, the butadiene yield
was found to decrease substantially. On the other hand, when a small amount of water was used in
the feed it was demonstrated to favor the catalyst stability; this was attributed to a reduction in the
amount of carbonaceous material deposited on the catalysts. Among the single oxides tested in the
group of Bhattacharyya, the oxides of magnesium, thorium, and zirconium provided the best results,
which was attributed to the fact that these elements generate intrinsically bifunctional oxides. In
addition, it was observed that the binary oxides, prepared by the thermal treatment of the
hydroxides that were obtained by simultaneous precipitation with aqueous ammonia, were more
active than the single and even ternary oxides. As evidence of this, the best results were achieved
with Al2O3/Cr2O3 (60:40), Al2O3/MgO (80:20), and particularly with Al2O3/ZnO (60:40), which resulted
in a yield of 55.8% at 698 K. However, not much information on the byproducts formed was
reported. Finally, Bhattacharyya et al. were the first to report that a considerable increase in yield
could be achieved by using a fluidized-bed rather than a fixed-bed reactor; this increase was
observed for almost all of the catalytic systems tested in their work and particularly for the
Al2O3/ZnO catalyst, which resulted in an impressive 72.8% yield.
In the early 1970s, Niiyama et al. studied a catalytic system consisting of various amounts of silica
and magnesia, mainly focusing on mechanistic aspects of the process rather than on improving the
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activity.[109] The catalysts were all prepared by kneading colloidal silica and magnesium hydroxide;
the obtained gel was dried at 373 K and calcined at 873 K. Higher rates of butadiene production were
observed with increasing amounts of the basic component. More specifically, the catalyst activity
was observed to increase with increasing amounts of magnesia in the catalyst, up to 85 wt%;
however, pure magnesia proved to be inactive in the process. As illustrated by more examples below,
the combination of magnesia and silica often results in a catalyst with remarkable features. Although
magnesia on its own has no or little activity, the combination with even small amounts of silica
results in highly improved butadiene selectivity.[110] Furthermore, the performance of these siliconmagnesium mixed oxides greatly varies with the preparation method.[122]
Almost a decade later, Kitayama and Michishita were the first to study clay materials as catalysts
in the Lebedev process.[123] They used a commercial sepiolite (a fibrous magnesium silicate clay
mineral) sample impregnated with manganese in two different ways. The best results were obtained
by wet impregnation with an aqueous solution of Mn(OAc)2·4H2O, after which the sample was dried
and calcined. The addition of manganese brought about a substantial increase in selectivity and yield
of butadiene. When operating in the temperature range 553-593 K, manganese/sepiolites produced
a maximum yield of butadiene of approximately 33% (stable over a 7 h reaction time) against only a
few percent for pure sepiolites. The presence of manganese also decreased the amount of ethylene
formed, whereas it slightly increased acetaldehyde formation.
A further study conducted in the same group focused on a ternary oxide, nickel magnesium
silicate, prepared by dry-blending silica (Aerosil 380) and magnesium hydroxide, followed by
impregnation with an aqueous solution of nickel(II) nitrate.[124] By optimizing the ratio of
magnesia/silica, which was demonstrated to be MgO:SiO2=31:69 wt% at a fixed amount of nickel(II)
oxide (10% of the total magnesia/silica mixture), the yield of butadiene could be increased to 53%
with a selectivity towards butadiene higher than 90% at 553 K.
Ohnishi and co-workers reported that the catalytic activity in the process strongly depended on
the preparation method of the magnesia-silica catalyst.[125] In particular, they showed that a catalyst
prepared by kneading magnesium hydroxide and silica gel, obtained respectively from magnesium
nitrate and tetraethyl orthosilicate (TEOS), was better than a co-precipitated catalyst prepared from
magnesium chloride and TEOS. Furthermore, they stressed the importance of alkaline metals as
promoters: over a magnesia-silica (1:1) catalyst doped with 0.1 wt% of potassium oxide it was
possible to achieve a 70% yield of butadiene, whereas with 0.1 wt% sodium oxide a 87% yield of
butadiene was observed (with a selectivity of 87% in both cases) at 623 K. This beneficial effect
caused by the presence of alkaline metals is in contrast with that observed by Bhattacharyya for the
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preparation of various single oxides.[119] These remarkable results come with limited experimental
details and should be further confirmed.
Kvisle et al. also focused on the influence of the preparation method and observed differences in
catalytic behavior in the Lebedev process for the two single oxides (silica and magnesia), the
mechanical mixture obtained by blending together the two components in a mortar, and the
chemical mixture obtained by wet-kneading the two oxides.[110] They demonstrated that the chemical
mixture resulted in a much more active catalyst compared to the mechanically formed catalyst and,
expectedly, than the single oxides, thus proving once again the synergistic effect from the
dehydrogenating and dehydrating components. Furthermore, the chemically mixed oxide was more
stable than the single oxides after 90 min on stream.
In the 1990s, Fripiat et al.,[111,126] building on the work by Kitayama and Michischita,[123] used
aluminated sepiolite catalysts for the direct conversion of ethanol. Their results showed that
alumination (the substitution of silicon and magnesium by aluminum in both the tetrahedral and
octahedral layers) improved the thermal stability of the sepiolites used. In addition, the aluminum
insertion increased the Lewis acidity and cation exchange capacity. The activity was further improved
six-fold upon impregnation of the aluminated sepiolites with silver nitrate. The reported yields,
however, were lower than those obtained with the mixed oxides. The authors proposed a
mechanism, similar to that reported by Natta and Rigamonti,[116] involving a Prins condensation step
between ethylene and acetaldehyde, based on their observation that selectivity to butadiene and
ethylene followed a similar trend.
The recent surge in bioethanol production has also revived the interest in the Lebedev reaction.
For example, the recent work of León et al. focused on the use of magnesium-aluminum mixed
oxides (molar ratio 3:1).[86] The hydrotalcite-like catalyst precursors were prepared by coprecipitation of two different concentrations of the magnesium and aluminum nitrate precursors.
One batch was prepared by adding the precursors to an aqueous potassium carbonate solution while
keeping the pH at 10 by drop-wise addition of sodium hydroxide, whereas the more dilute sample
(higher supersaturation) was prepared by adding the same precursors to an aqueous solution
containing sodium hydroxide and sodium carbonate. The two catalysts prepared at different
concentrations were also prepared with or without an additional sonication procedure. The various
catalysts showed similar ethanol conversions; however, the best result in terms of butadiene yield
was achieved with the catalyst precipitated under high supersaturation conditions with sonication.
This result was attributed to the higher number of basic sites present in this catalyst. Ethylene,
acetaldehyde, butanal, and 1-butanol were reported as the main byproducts.

40

General Introduction

A recent investigation by Jones et al. focused on bi- and tri-metallic systems (copper-zinc, cobaltzirconium, cerium-zirconium, zirconium-zinc, and copper-zirconium-zinc, just to mention the ones
that exhibited the highest ethanol conversion) synthesized from a slurry of a water-soluble metal salt
and silica, followed by evaporation of the solvent, and calcination at 573 or 773 K.[127] The authors
observed that silicas with different pore sizes led to different catalytic activities. In particular,
increasing the pore size of the support from 40 to 150 Å substantially improved the butadiene
selectivity, whereas it only slightly decreased the total conversion. Interesting results were obtained
with zirconium-zinc (1.5:0.5 wt%) impregnated on silica, which showed selectivity above 40%
towards butadiene. Ethylene, acetaldehyde, ethyl ether, and 1-butene were observed among the
main byproducts. The most active catalyst of those tested was the copper-zinc-zirconium system
supported on silica with a pore size of 150 Å (conversion 44.6% and selectivity 67.4%). Pyridine-TPD
measurements of the different catalysts indicated a lower amount of acid sites compared with the
same tri-metallic system supported on silica having smaller pores (i.e., 60 Å). Catalysts were typically
run for up to 3 h, and their recyclability was tested by up to three reuse cycles, thus observing a
slightly reduced selectivity towards butadiene in second and third runs. A beneficial effect of the
addition of acetaldehyde to the feed gas was noted, as this led to an increase in selectivity towards
butadiene and also a slight increase in the overall conversion. This is in agreement with previous
findings.[101,108,109]
A recent patent application claimed to demonstrate the conversion of ethanol alone or mixed
with acetaldehyde on catalysts that are comprised of two or more components;[128] in all cases,
magnesia or the oxide of a transition metal (titanium, zirconium, tantalum, niobium, cerium) as well
as a dehydrogenating metal (copper, gold, silver) were supported on silica, resulting in catalyst
systems that are related to those previously described in the work of Jones et al.[127] By investigating
different temperatures and space velocities, the authors reported selectivities as high as 80% at a
40% conversion level. Optimum conditions were demonstrated to be 598 K and 0.3 h-1 Weight Hourly
Space Velocity (WHSV). Ordomskiy et al. studied catalysts consisting of metals (Cu, Ag and Au) and
metal oxides (MgO, ZrO2, TiO2, Ta2O5 and Nb2O5) supported on SiO2; for certain materials small
amounts of SnO2, SbO2, CeO2 and Na2O were used as additional promoters. The one-step conversion
of ethanol and ethanol/acetaldehyde into 1,3-butadiene were both studied, the main focus being on
the latter process (i.e. second step of the two-step Ostromislenskiy process).[129] The best catalyst for
the conversion of ethanol alone was Ag-ZrO2-SiO2 (molar amounts 1:10:500, respectively) with a
selectivity towards butadiene of 72% at conversion of 34% at 598 K. For the conversion of ethanol
and acetaldehyde (ratio 10:1) the best catalyst was Ag-ZrO2-CeO2-SiO2 (molar amounts 1:10:3:500,
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respectively) having selectivity towards butadiene of 81% at a conversion of 41% at 598 K. For the
latter catalyst different process conditions were investigated and the optimum was found to be:
temperature 598 K, WHSV 0.1 h-1 (yielding similar results to 0.3 h-1) and an ethanol/acetaldehyde
ratio of 1/10.
Very recently, Makshina et al.[122] reported on the Lebedev process with magnesia-silica systems
prepared in different ways and doped with various transition metals, which were previously reported
to be beneficial.[103,111,116,123,124] They compared magnesia-silica prepared by mechanical mixing (both
by using magnesia and magnesium hydroxide as the magnesium source), with systems prepared by
wet-kneading in water for 4 h and in ethanol for 8 h at room temperature, and, finally, with a system
prepared by excess solvent impregnation of silica with magnesium nitrate in water. A Mg/Si ratio of 2
was demonstrated to be optimum for their samples, except for the one prepared by wet-kneading in
water, for which the best butadiene yield (approximately 15%) was achieved with an equimolar ratio.
Different catalysts were produced by loading silica-magnesia, prepared by wet-kneading in ethanol,
with chromium, iron, cobalt, nickel, copper, or zinc oxides, or metallic silver; these transition metals
were used with the aim of increasing acetaldehyde formation (see Scheme 1.12), which was
postulated to be the rate-controlling step in the reported mechanism.[109] Upon the introduction of
the transition metal by incipient wetness impregnation (with metal nitrates as precursor in aqueous
solution, except for zinc oxide, for which an additional series was prepared by co-impregnation of Zn
and Mg nitrates), all of the catalysts showed improved butadiene yield and selectivity, and lowered
ethylene and diethyl ether selectivities. The best results were reported for copper(II) oxide, zinc
oxide, and silver (yields above 50%). Two different operating temperatures (i.e., 623 and 673 K) were
also tested, which led to an increase in the butadiene yield, with a slightly decreased selectivity at
the higher temperature. For the doped catalysts, the Mg/Si ratio proved to be more influential than
the amount of transition metal used. Mg/Si ratios other than 2 resulted in a drop in butadiene yield,
whereas samples containing 1-3.7 wt% silver did not show a relevant change in activity under the
explored conditions. Increasing the ethanol concentration in the gaseous feed from 1.5·104 to 5.7·104
ppm had an adverse effect on both conversion and butadiene selectivity for all of the doped catalysts
tested (i.e., those containing copper(II) oxide, zinc oxide, and silver). In a follow-up study, the same
authors investigated a number of parameters for the Lebedev process over Ag/MgO-SiO2, prepared
by dry milling of Mg(OH)2 with SiO2 prior to incipient wetness impregnation (IWI) with an aqueous
AgNO3 solution.[130] An amorphous silica proved more advantageous for catalysis than ordered ones;
this was attributed to a more favorable distribution of basic sites, i.e. more medium strength basic
sites together with less weak and strong ones. Furthermore, the observed (Lewis) acidity of the
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samples was attributed to charged Ag and Mg cations. Additionally, in this study, by means of 29Si
Magic Angle Spinning Nuclear Magnetic Resonance (MAS NMR) and Fourier Transformed Infrared
Spectroscopy (FT-IR), the formation of an amorphous magnesium silicate was observed; no
correlation between the latter and catalyst performance was proposed, however.
Lewandowski et al. tested materials prepared via wet-kneading of MgO and SiO2 and promoted
with both ZrO2 and ZnO.[131] The best performances were achieved at a ratio of 3:1 for the
unpromoted MgO-SiO2 and 95:5 for the promoted one (at a reaction temperature of 598 K, yields
were ~ 15 and 21%, respectively). It should be noted here that different authors using different
preparation methods or precursors observed significantly different optimal ratios for SiO2-MgO
materials. The introduction of promoters in the case of the last study was observed to alter the ratio
leading to the best performing materials. Thus, in addition to the ratio of the two components, other
parameters (e.g., preparation method and promoters) must be taken into account to achieve optimal
performances with SiO2-MgO catalysts.
Ezinkwo et al. studied the ethanol-to-butadiene conversion with the main goal of developing a
process that does not require regeneration of the catalysts employed (usually achieved by burning
off the carbon material deposited on the surface of the catalyst).[132] With catalysts consisting of
Al2O3 and ZnO, similar to a previous study by Bhattacharyya,[120] it was seen that the use of H2O2 as
initiator significantly increased catalyst stability (i.e., no decrease in activity was observed after 120 h
time on stream).
Chae and co-workers studied the conversion of ethanol/acetaldehyde (molar ratio = 2.5) to
butadiene;[133] based on the early observation that tantalum-supported silicas are active for this
process,[102,118,134] they prepared a number of catalysts by supporting Ta2O5 (2 wt%) on ordered
mesoporous silicas (OMS). Doing so, it was shown that the use of OMS in place of commercial silica
gel leads to more active and selective catalysts. In particular, for the best cases, selectivities as high
as 80% with conversions in the range 30-50% were achieved at 623 K after 10 h time on stream.
The catalytic systems, temperatures used, and yields of butadiene obtained for selected key
contributions are listed in Table 1.7. The optimal reaction temperature observed in the reported
papers is in the range 623-698 K, the main exception being the lower temperatures that were used
by Kitayama et al.[123,124] with both the manganese/sepiolites and mixed metal oxides (573 and 553 K,
respectively). It should be noted that the temperatures used in the second ethanol/acetaldehyde-tobutadiene step of the Ostromislenskiy process are generally lower, ranging from 573 to 673 K.
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Table 1.7 Key systems for the one-step ethanol-to-butadiene conversion.
a

Catalyst employed

Authors

MgO-SiO2-Cr2O5 (3:2:0.11)

b

MgO-SiO2-Cr2O3 (59:39:2)
Al2O3-ZnO (60:40)
Al2O3-ZnO (60:40)

c

Mn-sepiolites
NiO-MgO-SiO2

d

MgO-SiO2 (1:1)

b
b

MgO-SiO2 (1:1) , K2O (0.1%)
b

MgO-SiO2 (1:1) , Na2O (0.1%)
MgO-SiO2 (0.83:1)

b

Zr(1.5%), Zn(0.5%)-SiO2
Cu(1%), Zr(1%), Zn(1%), SiO2
Ag-MgO-SiO2 (0.05:2:1)

e

CuO-MgO-SiO2 (0.05:2:1)
1Ag/10Zr/SiO2

f

e

Natta et al.

[116]

Corson et al.

[103]

Temperature (K)

Yield (%)

Year

688

41.9

1947

698

39

1950

Bhattacharyya et al.

[120]

698

55.8

1962

Bhattacharyya et al.

[121]

698

72.8

1963

Kitayama et al.

[123]

573

33.4

1981

Kitayama et al.

[124]

553

53

1996

Ohnishi et al.

[125]

623

42

1985

Ohnishi et al.

[125]

623

70

1985

Ohnishi et al.

[125]

623

87

1985

Kvisle et al.

[110]

623

16

1988

Jones et al.

[127]

648

23.0

2011

Jones et al.

[127]

648

30.1

2011

Makshina et al.

[122]

623

56.3

2012

Makshina et al.

[122]

623

58.2

2012

593

g

2014

Ordomskiy et al.

[129]

65

a

Percentages of catalyst composition are expressed as wt% of the metal oxides, unless differently specified.
c
d
Molar ratios. Experiment conducted in a fluidized-bed reactor. Experiment performed using 31 wt%
e
magnesia and 69 wt% silica with 10 wt% nickel oxide of the sum of the two components. Molar ratio:
f
g
M/Si=0.05 and Mg/Si=2, in which M=Cu, Zn, Ag. The numbers are wt% values. This butadiene yield was
-1
achieved at WHSV = 0.04 h .

b

Almost all studies of the one- and two-step processes are operated under atmospheric pressure.
Corson and co-workers worked under atmospheric pressure for most of their catalytic tests;
however, they observed a somewhat beneficial effect on the butadiene yield (despite a lower overall
conversion) for the two-step process in experiments that utilized pressures greater than 0.1 MPa,
and the optimum pressure was demonstrated to be 0.5 MPa.[93] The main drawback of operating at a
higher pressure was a higher degree of carbonization of the catalyst that was used.
Ordomskiy et al. investigated the process conditions for the conversion of ethanol and
acetaldehyde into butadiene (i.e., similar to the two-step Ostromislenskiy process); in their
investigation they observed the best butadiene yield for an ethanol/acetaldehyde ratio of 10/1 and
WHSV of 0.1 h-1.[128] In a follow-up investigation from the same group, a more systematic study of
reaction temperatures and WHSV for the one-step ethanol-to-butadiene process over a
1Ag/10ZrO2/SiO2 catalyst was performed.[129] Ag and ZrO2 were supported on SiO2 via IWI from the
corresponding nitrates followed by calcination and in situ reduction to achieve metallic silver. The
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authors observed that the best butadiene yield, i.e. 65% is achieved at a rather low WHSV value (0.04
h-1) and temperature of 593 K.
Makshina et al. investigated the process conditions for the Lebedev process over their Ag/SiO2MgO catalysts observing that an increase in reaction temperature from 673-753 K results in higher
butadiene yields from ~ 20 to ~ 40%.[130] Additionally, they showed that increasing the WHSV from
1.2 to 2.4 h-1 (fixed N2 flow rate of 20 mL min-1 while varying ethanol concentration from ~ 12 to 22
mol%) decreased butadiene yield.
The various contributions discussed above and listed in Table 1.7 show that the Lebedev process
holds great potential as a viable route for the dedicated production of green butadiene. Although
good yields are obtained in selected cases, the literature also shows that many questions regarding
optimal catalyst design remain to be answered. In particular, the elucidation of the salient properties
that make mixed oxides, such as alumina-zinc oxide or silica-magnesia (optionally doped with other
components), such excellent catalysts with high activity and selectivity, deserves more attention, as
does the influence of the catalyst preparation method. In other words, structure-activity
relationships need to be established. The complex pathway involved in the bioethanol-to-butadiene
conversion requires a subtle balance between the type and strength of the acid/basic sites, perhaps
complemented with some redox activity. Furthermore, mechanistic studies that have been reported
with different catalysts often propose different rate-determining steps for the process; this also
points at the large influence of the catalyst on the outcome of the reaction and at the selectivity
issues involved. As catalysts of similar composition also perform well for the production of other
chemicals from bioethanol, that is, compounds that are often encountered in the Lebedev process as
either intermediates or byproducts (e.g., ethylene, acetaldehyde and butanol), further efforts should
be aimed at a more fundamental understanding and fine tuning the coexisting acidic, basic, and
redox-active sites that are required to achieve high butadiene selectivity. Notably, data on the
kinetics of the reaction to support the mechanistic studies are largely lacking; rigorous kinetic studies
and modeling experiments are nonetheless required for a better understanding and for optimization
of the process conditions. In addition, there is little information concerning catalyst stability during
long runs or possible deactivation pathways in the literature; this information is essential for the
assessment of the application potential of a catalyst in an industrial process. Detailed catalyst activity
and extensive characterization studies should provide such insights and should also provide
information on the catalyst deactivation pathways. Furthermore, more attention should be paid to all
byproducts that are formed in the bioethanol-to-butadiene process. Indeed, butadiene yield will be
of prime importance, but the amount and type of byproducts, which can be valuable in their own
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right (e.g., ethylene and butanol), will determine, to a large extent, the separation costs involved in
the process. For the butadiene currently produced as a byproduct from naphtha cracking, separation
costs dominate the process. A valuable and well-separable product mixture obtained from
bioethanol should, therefore, be well-placed to compete for efficient butadiene production.

1.5.

Scope and Outline of the PhD Thesis

The abundance and reduced price of bioethanol provide an excellent opportunity for the use of
this renewable platform molecule for the production of value-added chemicals. A large number of
different bulk chemicals can be obtained from ethanol, and technological developments are
expected to result in more efficient valorization processes. This would be a big step forward in the
replacement of nonrenewable chemicals with renewable ones and provide an economic drive for the
development of biorefineries.
Butadiene production from bioethanol provides an excellent opportunity in this respect.
Currently, butadiene is predominantly obtained from the mixture produced by hydrocarbon steam
cracking and the recent, intense exploration of shale gas is likely to disrupt its production. Therefore,
alternative routes for the dedicated production of butadiene need to be sought. The renewed
interest in the Lebedev process for the synthesis of butadiene from ethanol is thus both of economic
and environmental importance and would allow butadiene production from a renewable and thus
inexhaustible resource. The further development of highly active catalysts is now required, with a
particular emphasis on selectivity as the expensive, and time-consuming purification steps that
hamper current butadiene production should be avoided. The development of such a process would
potentially make the Lebedev process a serious competitor to naphtha cracking in the production of
butadiene.
The work presented in this PhD Thesis focuses on the preparation of new and improved SiO2-MgO
catalyst materials for the one-step, gas-phase conversion of ethanol into 1,3-butadiene. Throughout
the various chapters two main goals are pursued: first, the improvement of catalyst performance
with regards to butadiene yield, but also in terms of the type and amount of other, main byproducts
that are formed. To this end SiO2-MgO catalysts were synthesized with different methods; for the
method of choice, wet-kneading, a number of parameters were varied; the use of promoters to
increase the dehydrogenation activity of the materials was also studied and found to be beneficial.
The second main goal was to gain further insight into the structure-activity relationships that govern
butadiene formation; to this end a series of catalysts showing considerably different performance
were synthesized and characterized with a number of techniques paying particular attention to
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structural, morphological and active sites requirements for the ethanol-to-butadiene Lebedev
process.
Chapter 2 focuses on the study of the performance of SiO2-MgO catalysts prepared with wetkneading and co-precipitation methods; materials prepared with both techniques were then
promoted with CuO. Promoted and unpromoted SiO2-MgO materials were studied with regard to
their morphology, crystallinity and structure in general. These studies provided the first indication of
chemical changes that occur upon wet-kneading.
In Chapter 3, a thorough investigation of the acid-base properties of the catalysts prepared in
Chapter 2 was performed by means of Hammett indicator studies, Pyridine- and CDCl3-IR and NH3and CO2-TPD; the nature, amount and strength of acidic and basic sites could thus be correlated with
the performance of the catalysts, providing active site requirements of the Lebedev process.
Chapter 4 aims at the investigation of the nature and amount of carbonate species present on the
(surface of) SiO2-MgO samples. The carbonates are shown to be catalytically relevant as the choice of
pretreatment temperature affects catalyst performance due to a different extent of carbonate
removal.
In Chapter 5 MgO precursor of choice and MgO content are shown to affect catalyst structure and
performance of wet-kneaded SiO2-MgO catalysts dramatically. Moreover, it is shown that the
formation of magnesium silicate phases occurs during wet-kneading and that those are influential for
catalyst performance. Finally, for the best performing catalyst, a range of temperatures and WHSV
values are tested to further improve butadiene yield.
In Chapter 6, the preparation method and order of addition of copper is varied to study the effect
of these parameters on the nature of Cu supported on SiO2-MgO catalysts and in turn on the acidbase properties of these materials and, ultimately, on performance. Analysis of the materials with XRay Diffraction (XRD), Transmission Electron Microscopy (TEM), X-ray Photoelectron Spectroscopy
(XPS) and X-ray Absorption Spectroscopy (XAS) identified key structural features of the copper
species present in the various catalyst materials prepared, including CuxMg1-xO solid solution
formation.
Finally, in Chapter 7, an operando XAS study is presented, allowing the chemical evolution of the
active Cu species during reaction to be monitored, showing the in situ reduction of copper and
providing an explanation of the deactivation pattern observed for the Cu-promoted catalysts.
Chapter 8 summarizes the main findings of this PhD thesis and offers an outlook focused on a
number of features inherent to the catalyst or to the process that should be taken into account in
future investigations.
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2. SiO2-MgO Catalysts for the Lebedev Process:
Effect of Preparation Method and Cu-Promotion

Abstract
Silica-magnesia (Si/Mg = 1:1) catalysts were studied in the one-pot conversion of ethanol to
butadiene. The catalyst synthesis method was found to greatly influence morphology and
performance, with materials prepared via wet-kneading performing best both in terms of ethanol
conversion and butadiene yield. Detailed characterization of the catalysts synthesized via coprecipitation or wet-kneading allowed correlation of activity and selectivity with morphology,
textural properties and crystallinity. The higher yields achieved with the wet-kneaded catalysts are
attributed to a morphology consisting of silica spheres embedded in a thin layer of MgO. Silica
particle size also influenced performance, with catalysts with smaller SiO2 spheres showing higher
activity. Butadiene yields could be further improved by the addition of 1 wt% of CuO as promoter to
give butadiene yields and selectivities as high as 37% and 50% (after 4 h time on stream),
respectively. The copper promoter boosts the production of the acetaldehyde intermediate,
changing the rate determining step of the process. TEM-EDX analyses showed CuO to be present on
both the SiO2 and MgO components. UV-Vis spectra of promoted catalysts in turn pointed at the
presence of cluster-like CuO species, which are proposed to be responsible for the increased
butadiene production.
This Chapter is based on the following manuscript: “Effect of Preparation Method and CuO Promotion in the
Conversion of Ethanol into 1,3-Butadiene over SiO2-MgO Catalysts” C. Angelici, M. E. Z. Velthoen, B. M.
Weckhuysen, P. C. A. Bruijnincx, ChemSusChem 2014, 7, 2505-2515.
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Chapter 2

2.1.

Introduction

It has been advocated that future biorefineries need to produce high-value biobased chemicals in
addition to the lower-value biofuels in order to be economically competitive.[1] The production of
‘drop-in’ renewable chemicals, i.e. direct, molecularly identical yet sustainably-produced
replacements for current oil-derived chemicals is particularly attractive, as efficient production
routes can serve existing markets and make use of existing infrastructure.
Due to its (mandated) use as fuel and fuel additive, bioethanol is currently produced in
increasingly large volumes, leading to decrease in ethanol market prices. Importantly, this future
growth in bioethanol production is expected to mainly result from the utilization of 2nd or 3rd
generation biomass.[2,3] The expected increased availability and shift to non-edible feedstocks will
ensure that low-cost ethanol will not only be available as fuel, but also for the production of
renewable bulk chemicals. Indeed, ethanol can serve as an excellent platform chemical, as many bulk
chemicals currently are or can in principle be produced from ethanol.[1] The bulk chemical 1,3butadiene (from here on simply called butadiene), which finds major application in the polymer
industry, can for instance be produced from ethanol.
Butadiene is currently obtained as by-product of ethylene production in hydrocarbon steam
cracking, with its isolation requiring a number of expensive extractive distillation steps.[4] The
predicted shift towards lighter feeds for steam cracking, as a result of the recent shale gas boom,
threatens butadiene production and is expected to significantly affect its price; efficient on-purpose
production technologies for butadiene are therefore highly desirable.[5]
During the first decades of the twentieth century, two closely related processes were developed
for the synthesis of butadiene from ethanol, i.e. the Ostromislenskiy[6] and Lebedev processes.[7,8] The
first consists of two consecutive steps, i.e. dehydrogenation of ethanol to acetaldehyde, followed by
condensation of acetaldehyde and ethanol to give butadiene; the Lebedev process, on the other
hand, is a one-pot, one-step process used for direct butadiene synthesis from ethanol. The
mechanism of this gas-phase conversion is complex and has not yet been unambiguously
demonstrated. Most commonly a mechanistic pathway is proposed that involves consecutive
dehydrogenation, aldol condensation, reduction and dehydration steps (see Scheme 2.1).[9] The ideal
catalyst for this process thus requires a subtle balance of different active sites (acidic, basic and
redox) to be struck, both in terms of strength as well as number.
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Scheme 2.1 Commonly proposed mechanism for the Lebedev conversion of ethanol into 1,3-butadiene.

[9]

Different classes of catalysts (metal nanoparticles supported on clay materials, on oxides or on
mixed oxides) have been employed in the Lebedev process and the catalytic aspects are discussed in
Chapter 1. (Mixed) metal oxides have been studied most, with silica-magnesia systems, of different
composition and obtained via different preparation procedures, often performing best in terms of
butadiene yield.[10,11] It was previously shown that redox-active promoters can improve performance,
considering that butadiene yields are typically lower than 20% with unpromoted SiO2-MgO
systems,[11,12] the only exception being the results reported by Ohnishi et al. (butadiene yield 42% at
623 K).[13] The same study showed a remarkable sensitivity of catalyst performance to impregnation
of the SiO2-MgO materials with 0.1 wt% of Na2O and K2O (leading to yields of 87 and 70%,
respectively), thus implying that the balance of acidic and basic active sites is subtle, yet critical for
high activity and selectivity.[13] A recent publication by Jones et al. investigated for the first time the
use of bi- and tri-metallic systems supported on various metal oxides again pointing at the
importance of using SiO2.[14] Furthermore, a number of transition metals and metal oxides, such as
CuO,[12,15] ZnO,[16] Cr2O3,[16] NiO[17] were employed as promoters to improve the dehydrogenation
activity of the catalyst and thus the final butadiene yield. In most cases, scarce details on catalyst
structure, product distribution and longer-term activity were provided for the various catalysts
tested and as a result the salient features of these (promoted) silica-magnesia catalysts are not yet
fully understood.
Here, the activity of various SiO2-MgO materials as catalysts for the Lebedev process is reported.
Different preparation methods were employed for the SiO2-MgO catalysts with the aim of
establishing a structure-activity relationship. The significant differences in terms of butadiene yield
observed can indeed be correlated to structural differences, e.g. in crystallinity and morphology. It is
also shown that CuO promotion on the SiO2-MgO systems improves butadiene yield substantially in
all cases. The nature of the supported copper oxide is also shown to have an important effect on
catalysis.
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2.2.

Experimental

2.2.1. Materials
Davicat Si 1404 silica from Grace and Aerosil 300 silica by Degussa were used as-purchased and
without further treatment. Mg(NO3)2∙6H2O (99+%, Acros), Cu(NO3)2∙3H2O (99%, Acros), and
Tetraethyl orthosilicate (TEOS, 98%, Aldrich) were employed for the preparation of the different
oxides NH3 (25%, Merck) and ethanol (100%, Interchema) were used during synthesis.

2.2.2. Catalyst preparation
Six SiO2-MgO (denoted I-VI) catalysts (all with molar ratio 1:1) were prepared in different ways to
investigate the effect of preparation method on catalytic performance. SiO2-MgO (I) is a physical
mixture (PM) prepared by mixing the two calcined individual components, prepared as detailed
below, for 10 min in a mortar. MgO was prepared by dissolution of the nitrate precursor in water,
followed by dropwise addition of a 1 M aqueous ammonia solution to precipitate the corresponding
hydroxide (i.e., Mg(OH)2). The precipitate aged overnight, was washed several times with deionized
water and recovered via centrifugation, dried at 393 K and finally calcined in stagnant air at 773 K for
5 h. A modified Stöber route was used for the preparation of silica. TEOS was hydrolyzed with an
ethanol-ammonia solution (5:1 v/v) at room temperature for 24 h. After washing with ethanol, the
silica was dried and calcined as described for the other oxides.
The samples SiO2-MgO (II-IV) were synthesized by a wet-kneading (WK) technique similar to the
one reported by Kvisle et al.[11] The two uncalcined components were mixed at room temperature for
4 h in water; in all cases Mg(NO3)2∙6H2O was employed as precursor and the corresponding hydroxide
was obtained as described before. For catalyst SiO2-MgO (II), the silica component was prepared with
the modified Stöber route described above. For the SiO2-MgO (III) sample, the silica component was
prepared by addition of the desired amount of TEOS at once to an ethanol-ammonia solution in a
closed vessel, followed by aging at 308 K overnight; the material was subsequently dried in a rotary
evaporator at 328 K. SiO2-MgO (IV) was prepared by wet-kneading using Aerosil 300 silica (Degussa).
The catalysts SiO2-MgO (V-VI) were prepared by co-precipitation (CP) methods: in the case of
SiO2-MgO (V) an EtOH:NH3=5:1 (v/v) solution was added at once to the wanted amount of TEOS.
After 20 min, magnesium nitrate dissolved in ethanol was added to the previous solution. SiO2-MgO
(VI) is prepared via addition of ethanolic ammonia to the two precursors dissolved in ethanol.
For all the SiO2-MgO samples, the precipitate was washed several times with deionized water and
recovered via centrifugation, dried at 393 K then calcined at 773 K for 5 h.
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CuO (1 wt%) was supported on SiO2-MgO (II-VI) by Incipient Wetness Impregnation (IWI): the
desired amount of Cu(NO3)2∙3H2O dissolved in deionized water was added to the support material
(previously dried for 1 h at 353 K) and, once the impregnation was completed, the sample was left
for 1h to equilibrate, then dried for 12 h under vacuum at RT and, finally, calcined at 773 K for 5 h.

2.2.3. Catalyst testing
For all catalytic tests, quartz wool was placed in a U-shaped quartz reactor on top of addition of
0.2 g of catalyst (sieved to 425-90 μm particle size) was added. The desired amount of ethanol was
fed via a Bronkhorst CEM system consisting of three parts: a liquid flow controller to check the
amount of ethanol fed, a gas flow controller for the nitrogen used as carrier gas and, finally, a mixing
chamber kept at 303 K where the gaseous mixture was formed and fed downstream into the reactor.
The total flow used was 100 mL min-1, of which 2 mL min-1 consisted of ethanol in the gas phase.
Reactions were run at 698 K. The analysis of the reaction mixture was performed via GC-FID using a
CP poraplot Q-HT column; quantification of the main components (ethanol, ethylene, acetaldehyde,
butadiene and diethyl ether) was based on calibration curves obtained by feeding known amounts of
the various compounds. The following definitions were used (mol: moles of observed substance):
Ethanol conversion:
𝑋𝐸𝐸𝐸𝐸 (%) = 100 ×

Yields (acetaldehyde, ethylene):

𝑌𝑖 (%) = 100 ×

Yields (butadiene, diethyl ether):

𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑖
𝑚𝑚𝑙𝐸𝐸𝐸𝐸 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝑌𝑖 (%) = 100 × 2 ×

Selectivity of the i-main component:

𝑚𝑚𝑚𝐸𝐸𝐸𝐸 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑚𝑚𝑚𝐸𝐸𝐸𝐸 𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑖
𝑚𝑚𝑚𝐸𝐸𝐸𝐸 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝑆 𝑖 (%) = 100 ×

2.2.4. Catalyst characterization

𝑌𝑖

𝑋𝐸𝐸𝐸𝐸

Transmission electron microscopy (TEM) images of the SiO2-MgO samples were obtained on a
Tecnai 12 apparatus, operated at 120 keV. The catalyst particles were sonicated in ethanol and
deposited on a Cu TEM grid prior to analysis. The CuO-containing catalysts were imaged on a Tecnai
F20 apparatus, operating at 200 keV and equipped with an energy-dispersive X-ray (EDX) detector.
Nickel grids were used for the EDX study of CuO-containing samples.
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Textural properties of the materials were studied by N2 physisorption measurements at 77 K using
a Micromeritics Tristar 3000. Prior to the adsorption measurements the samples were dried at 573 K
for 12 h. The BET method was applied to calculate the total surface area. The t-plot method was
applied to obtain the micropore volume and external surface area. The BJH model was used to
determine the size of the mesopores.
X-ray diffraction (XRD) patterns were obtained by a Bruker-AXS D2 Phaser powder X-ray
diffractometer using Co Kα1,2 with λ = 1.79026 Å, operated at 30 kV. Measurements were carried out
between 10 and 100 2θ ° using a step size of 0.05 2θ ° and a scan speed of 0.5 s.
Diffuse reflectance Ultraviolet-Visible spectroscopy (UV-Vis) spectra were collected using a Varian
Cary 500 UV–Vis-NIR spectrometer equipped with a Diffuse Reflectance Spectroscopy (DRS)
accessory. The spectra were collected between 200 and 800 nm with a data interval of 1 nm and at a
rate of 600 nm min-1.

2.3.

Results and Discussion

2.3.1. Catalytic activity
Combinations of silica and magnesia of different molar ratios have often been reported as
promising catalysts for the Lebedev process.[10,11] Here, we study a series of six differently prepared
SiO2-MgO catalysts, having a nominal 1:1 molar ratio (see Experimental section).
The influence of preparation method on catalytic performance was studied with a physical
mixture (PM, SiO2-MgO (I)), three wet-kneaded catalysts (WK, SiO2-MgO (II-IV)) and two coprecipitated ones (CP, SiO2-MgO (V-VI)) (see Table 2.2 for a summary of the different preparation
methods). These samples show distinct differences in morphology (vide infra) and, as a result, high
variability in catalytic activity. For these catalyst materials, activity and selectivity with 24 h on
stream are reported (Figure 2.1), providing the first data on longer-term catalyst performance in the
Lebedev process. The physical mixture SiO2-MgO (I) showed low ethanol conversion and butadiene
yield. Catalytic testing of the two single oxides under identical conditions (see Chapter 4) showed
that SiO2 was quite inert and gave negligible ethanol conversion and no butadiene, while the use of
MgO resulted in low ethanol conversion and butadiene yield (<1% after 4 h time on stream). Notably,
the physical mixture SiO2-MgO (I) showed a butadiene yield similar to pure MgO, again illustrating
the inertness of isolated SiO2. As expected, all chemically mixed SiO2-MgO catalysts showed higher
ethanol conversions and butadiene yields. The time on stream data furthermore shows that
conversions and butadiene yields are stable in time (Figure 2.1) and no appreciable deactivation can
be observed.
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Figure 2.1 Ethanol conversion (left) and butadiene yield (right) as a function of time on stream over the
different SiO2-MgO catalysts tested. Conditions: 0.2 g of catalyst, reaction temperature of 698 K, ethanol (gas
-1
phase) and nitrogen flow of 2 and 98 mL min , respectively.

At similar conversion levels (50-65%), the catalysts showed significant differences in butadiene
yield with performance increasing in the order: PM < CP < WK (Figure 2.1). The catalysts prepared by
co-precipitation performed poorly, with almost negligible amounts of butadiene being produced with
SiO2-MgO (VI) and a low, yet stable butadiene yield of approximately 6% for SiO2-MgO (V). The
catalysts prepared via wet-kneading (SiO2-MgO (II-IV)) gave significantly higher butadiene yields.
While SiO2-MgO (II) showed the highest ethanol conversion, it gave the lowest butadiene yield of the
wet-kneaded catalysts. SiO2-MgO (III) performed best, yielding ~ 17% butadiene with 33% selectivity,
even after 24 h time on stream. These differences in catalytic activity can be clearly related to
differences in morphology of the materials, as shown below.
Not only the butadiene yield, but also the identity and number of byproducts formed have a large
influence on the ability of the Lebedev process to compete with traditional butadiene routes.[18]
Indeed, as product separation is often costly, an ethanol conversion process that yields a limited
number of products, which are in turn easily separable and individually can find a value-added
application, is highly desired. Any ethylene produced can, for instance, be easily separated by
distillation, while co-produced butenes would make separation of butadiene from the reaction
mixture much more difficult.[4] Other compounds that can be present in the product stream are
diethyl ether, higher alcohols and, of course, process intermediates such as acetaldehyde. To judge
the efficiency of a process, it is therefore important that the whole product composition is reported,
rather than just the butadiene yield. The product distributions for the six SiO2-MgO catalysts at t = 4
h show considerable differences (Figure 2.2). Diethyl ether production, which is undesired as two
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ethanol molecules are consumed upon formation, is ≤ 5% for all catalysts. On the other hand,
substantial amounts of ethylene were observed, in particular over the two CP catalysts.

Figure 2.2 Ethanol conversion and yield of butadiene and the main by-products for the different SiO2-MgO
catalysts after 4 h on stream. Conditions: 0.2 g of catalyst, reaction temperature of 698 K, ethanol (gas phase)
-1
and nitrogen flow of 2 and 98 mL min , respectively.

All WK catalysts, but particularly SiO2-MgO (II), showed a much lower selectivity to ethylene and
diethyl ether, suggesting that the CP catalysts are much more acidic than the WK ones. The amount
of ethylene formed over the WK catalysts varied and, taken as a measure of acidity of the catalyst,
could be correlated with SiO2 particle size (see below).
Acetaldehyde, a key intermediate that can be produced by ethanol dehydrogenation on materials
containing redox sites[19] but also on pure MgO,[20] is formed in too low amounts on the SiO2-MgO
catalyst materials to allow any correlations to be made with catalyst structure. While the mechanism
depicted in Scheme 2.1 is generally accepted, different rate determining steps have been proposed
for butadiene production over SiO2-MgO catalysts.[10,11,21] The fact that quite a low amount of
acetaldehyde is observed for the SiO2-MgO catalysts employed in this study, might suggest that
acetaldehyde formation is rate determining, as previously proposed by Niiyama.[10] Finally, various
amounts of other components, identified to be mainly butenes, 1-butanol and acetone, are formed
over the different catalysts. SiO2-MgO (II), for instance, produces a relatively large amount of other
compounds, at the expense of ethylene and butadiene, for which the yields are the lowest among
the WK catalysts. Notably, SiO2-MgO (IV) shows a remarkably low amount of other components, with
~ 90% of the products being due to unconverted ethanol, ethylene and butadiene. Finally, it should
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be noted that the combined yield of the different butenes (i.e. 1-butene, cis- and trans-2-butene),
already discussed to be critical for purification of butadiene, was well below 5% in all cases.
CuO was added as promoter to the catalysts prepared via wet-kneading and co-precipitation.
Different loadings (0.5, 1 and 2 wt%) as well as various thermal treatments (calcination in stagnant
air, calcination in N2 flow and calcination in N2 flow followed by reduction) were employed for
CuO/SiO2-MgO (II). The CuO loading did not have a strong effect on catalytic activity and selectivity;
thermal treatment did matter and calcination in stagnant air provided the best catalyst (data not
shown). Promotion of the WK SiO2-MgO catalysts with CuO resulted in a strong increase in ethanol
conversion, while the CuO-containing CP catalysts either showed a similar (CuO/SiO2-MgO (V)) or
reduced (CuO/SiO2-MgO (VI) conversion level (cf. Figures 2.1 and 2.3). Most importantly, butadiene
yield was strongly boosted upon addition of CuO: SiO2-MgO catalysts show butadiene yields in the
range 0.3-17% (selectivities 2-36%), while CuO-containing catalysts show 6-36% yields (selectivities
19-50%) after 4 h. Again, WK catalysts showed much higher yields than CP ones.

Figure 2.3 Ethanol conversion (left) and butadiene yield (right) as a function of time over the different CuO (1
wt%)/SiO2-MgO catalysts tested. Conditions: 0.2 g of catalyst, reaction temperature of 698 K, ethanol (gas
-1
phase) and nitrogen flow of 2 and 98 mL min , respectively.

Wet-kneaded catalyst CuO/SiO2-MgO (II) gave moderate, but fairly stable butadiene yields of 2328%. As with the non CuO-containing catalysts, CuO/SiO2-MgO (III) performed best with an initial
yield of approximately 40%, corresponding to a butadiene selectivity of 53%. In contrast to the
unpromoted catalysts, the copper-containing ones did show some deactivation, as evidenced by the
gradual drop in ethanol conversion and butadiene yield with time on stream; based on UV-Vis
analysis this could be ascribed, at least partially, to an increased amount of carbonaceous material
deposited, after reaction, on the promoted catalysts (Appendix, Figure A2) as compared with the
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unpromoted ones (Appendix, Figure A1). See Chapter 6 for a more detailed description of the Cu
catalysts including additional insight regarding their deactivation.
Not only butadiene yield, but also product distribution changed dramatically upon introduction of
CuO (Figure 2.4). Notably, an increase in the amount of acetaldehyde produced was observed for all
catalysts. The fact that butadiene and acetaldehyde yields increase simultaneously for the Cupromoted catalysts, might be explained considering that, for these catalysts, the rate determining
step is not the formation, but rather the transformation of acetaldehyde, as proposed by Kvisle et al.
for SiO2-MgO systems.[11] Furthermore, the selectivity towards ethylene and diethyl ether is highly
reduced in all cases. This suggests that CuO not only introduces redox active sites, but also poisons
the most acidic sites of the SiO2-MgO samples. Alternatively, ethanol is preferentially
dehydrogenated to acetaldehyde in the presence of CuO and, as a consequence, does not get a
chance to undergo dehydration; given the incomplete ethanol conversion, the second hypothesis
seems less likely. Finally, a substantial increase in the amount of other compounds formed was
observed for the CuO-containing catalysts, especially with the WK samples. In addition to the
previously observed butenes, 1-butanol and acetone, C6-oxygenated compounds were now observed
among the main byproducts.

Figure 2.4 Ethanol conversion and yield of butadiene and the main by-products for the different CuO/SiO2-MgO
catalysts after 4 h on stream. Conditions: 0.2 g of catalyst, reaction temperature of 698 K, ethanol (gas phase)
and nitrogen flow of 2 and 98 mL min-1, respectively.
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Table 2.1 Butadiene yield, ethanol conversion and butadiene selectivity observed for the best SiO2-MgO and
CuO(1 wt%)/SiO2-MgO catalysts at 698 K tested at the start of the reaction (0.5 h) and after 4 h on stream.
Catalyst

BD yield (%)

EtOH conversion (%)

BD selectivity (%)

0.5 h

4h

0.5 h

4h

0.5 h

4h

SiO2-MgO (III)

17

16

51

52

33

31

CuO/SiO2-MgO (III)

38

37

80

74

48

50

2.3.2. Catalyst characterization
The large variation in catalytic activity of the (CuO-impregnated) SiO2-MgO catalysts could be
correlated with differences in catalyst structure. XRD patterns also show clear structural differences
as a result of preparation method. As a consequence of, possibly, the low copper loading, the XRD
patterns for the CuO-containing catalysts (Appendix, Figure A3) were identical to the non-promoted
ones (Figure 2.5). An alternative explanation, i.e., higher dispersion of Cu in the samples, is discussed
in Chapter 6. For all catalysts, a halo in the region 20-40 2θ ° was observed due to amorphous
silica.[12,22] Only the WK samples showed peaks that could be attributed to the periclase phase of
MgO,[23] at 42.9, 50.2, 73.8, 89.4 and 94.6 2θ °, with the intensity of the periclase peaks varying for
the different samples.

Figure 2.5 XRD patterns of a) SiO2-MgO (II), b) SiO2-MgO (III), c) SiO2-MgO (IV), d) SiO2-MgO (V) and e) SiO2-MgO
(VI). The diffractograms taken in the range 10-100 2θ ° are offset for clarity.
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The morphology of the various SiO2-MgO materials that have been reported as active catalysts in
the Lebedev process has been little studied. Only Kvisle et al. used TEM to study the morphology of
SiO2-MgO catalysts prepared via wet-kneading.[11] In their case, the single oxides were observed to
consist of leaflets (5-10 nm) of SiO2 and platelets (30-40 nm) of MgO. The wet-kneaded catalysts
were shown to contain substantially bigger SiO2 particles, with the overall morphology consisting of
inhomogeneous leaflets and platelets containing both components.
In our case, TEM analysis proved extremely useful as the observed morphological differences
could be correlated to catalytic performance. In the PM catalyst (Figure 2.6a), the MgO platelets and
monodisperse, smooth silica spheres of approximately 425 nm could be clearly distinguished. The
lack of intimate contact between the two components is believed to be the main reason of its poor
activity. Indeed, both acidic and basic sites are required for a series of elementary steps in the
Lebedev process (Scheme 2.1) and lack of proximity between the different active sites results in the
very limited selectivity to butadiene (for a detailed study of the acid-base properties of the catalysts
see Chapter 3).
The TEM results for samples obtained by WK or CP were quite different. The WK catalysts (II-IV)
show spherical silica particles (as expected for the Stöber-like preparation) of variable size that are to
different extents covered by or embedded in magnesia. SiO2-MgO (II), for instance, was found to
consist of 425 nm silica spheres and islands of thick platelets of magnesia (Figure 2.6b). However,
closer inspection revealed the intimate contact between the phases as a roughening of the surface of
the silica spheres, which are decorated with a thin layer of MgO (Figure 2.6, b1 and b2). The
morphologies of SiO2-MgO (III) and SiO2-MgO (IV) again showed thick platelets of magnesia and MgOembedded silica spheres, but the latter are now much smaller (30-100 nm for III and 20-40 nm for
IV). As a result of the smaller silica particles in these two catalysts, the contrast with the magnesia
component is insufficient to clearly observe MgO layers embedding the silica spheres. Nevertheless,
given the similar preparation method, such layers are expected to play an important role in these
two samples as well. The TEM image of CP SiO2-MgO (V) shows silica spheres completely covered in a
thick MgO layer. The other CP sample SiO2-MgO (VI) displayed an ill-defined morphology in which
neither SiO2 spheres nor MgO platelets could be identified. The structural differences of the samples
are further elaborated on in Chapter 3 and 4. Moreover, in Chapter 5, the formation of magnesium
silicates, indicated here by the observed changes in morphology, is proposed to be of key importance
for the superior performance of WK catalysts.
Good butadiene selectivity can thus be correlated to proper intimate contact between the two
components; too intimate a contact, as in the CP material SiO2-MgO (VI) is detrimental for butadiene
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production, but a (crystalline) MgO layer that embeds the SiO2 particles, as observed for the WK
samples, on the other hand, greatly improves activity and selectivity to butadiene. A thin layer
appears to be more advantageous, implying that the best performance is achieved when SiO2 can still
interact with the substrate, but in a way that is mediated by MgO. Large magnesia-only areas, such
as those observed in SiO2-MgO (II), probably contribute to ethanol conversion, but lower selectivity
to butadiene.

Figure 2.6 Transmission Electron Microscopy (TEM) pictures of A) SiO2-MgO (I), B) SiO2-MgO (II), C) SiO2-MgO
(III), D) SiO2-MgO (IV), E) SiO2-MgO (V) and F) SiO2-MgO (VI). C’) CuO/SiO2-MgO (III), C’1) EDX scan of a SiO2-rich
region of CuO/SiO2-MgO (III) and C’2) EDX scan of a MgO-rich region of CuO/SiO2-MgO (III).
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TEM analysis of the CuO-containing catalysts showed that the typical morphologies shown in
Figure 2.6 for the non-impregnated samples are retained upon addition of copper. No distinct
copper-containing (nano)particles could be seen on any of the samples via Bright Field or Dark Field
TEM nor by High Angle Annular Dark Field Scanning Transmission Electron Microscopy (HAADFSTEM). EDX did show that Cu-containing species can be found at both silica-rich and magnesia-rich
areas, though (Figure 2.6, C’1 and C’2). This lack of preference is repeatedly seen on different
catalysts and at different areas of the same catalyst.
The fact that no CuO nanoparticles are observed by TEM can either point at an intrinsic lack of
contrast with the MgO phase, depending on crystallinity and specific morphology of stacked MgO
platelets, at the absence of nanometer-sized CuO particles or at particles or clusters too small to be
resolved. The lack of crystallinity (Figure 2.5) in the CP samples V and VI seems to discard the former
explanation, but an intrinsic impossibility of observing CuO on MgO cannot be completely excluded.
While metallic Cu particles on MgO have been often studied via TEM, a very limited number of
studies in which the particle size of CuO on MgO was studied via TEM could be found.
Identification of the nature and size of the CuO species is further complicated by the possibility
that chemical structures other than CuO nanoparticles or clusters can be formed. El-Shobaky et al.[24]
suggested that CuxMg1-xO solid solutions are formed in CuO-doped magnesia catalysts, based on the
absence of CuO diffraction peaks in samples containing up to 23 wt% of CuO. Solid solution
formation was attributed to a thermal treatment performed at 673 K, a temperature that is in fact
lower than the one used for calcination of our samples.
To gain further insight into the nature of the CuO species supported on SiO2-MgO, the samples
were also characterized by UV-Vis spectroscopy before and after addition of CuO. The non-promoted
SiO2-MgO catalysts show three characteristic bands at 210, 250 and 290 nm. Coluccia et al.[25,26]
previously assigned two similar bands of MgO at 230 and 274 nm to Ligand to Metal Charge Transfer
(LMCT) between Mg2+ and four and three-coordinated O2- ions, respectively.
The latter absorption band at 274 nm was thus thought to correspond to the more unsaturated
and more reactive sites on MgO. In our case, the two bands are slightly shifted, yet match the
position of the bands measured for pure MgO (data not shown). The 290 nm band is similar for all
catalysts, which therefore all seem to contain only a small amount of these unsaturated sites; on the
other hand, the 4-coordinated oxygen LMCT bands vary both in intensity and position. It is
particularly intense in SiO2-MgO (V) and SiO2-MgO (III), while the intensity is much lower for SiO2MgO (VI). The latter sample is prepared via a pure co-precipitation route and as a result has a lower
amount of O atoms coordinated with Mg2+ only; this again points at the absence of a proper MgO-
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like structure in this catalyst, as also observed via XRD and TEM. For SiO2-MgO (II) and SiO2-MgO (IV)
a shoulder can be observed at approximately 210 nm, while an additional band seems to be centered
at a wavelength lower than 200 nm.
The band located at around 260 nm was also seen by Kvisle et al.[11] for a wet-kneaded SiO2-MgO
catalyst. It was assigned to Mg-O-Si links, based on the observation that the mineral antigorite
(Mg3Si2O5(OH)4) has a band at the same position and is known to be active in the Lebedev process. In
our case, the intensity of the 250 nm band varies in a way consistent with this assignment, i.e. the
wet-kneaded samples show only a weak shoulder at ~ 250 nm, while co-precipitated materials,
expected to contain a much larger amount of Mg-O-Si bonds, show a much higher absorption at this
wavelength. These results again indicate that an optimal catalyst for the Lebedev process requires an
intimate contact between the two components, but not full mixing of the two (see Figure 2.6).

Figure 2.7 UV-Vis spectra of a) SiO2-MgO (II), b) SiO2-MgO (III), c) SiO2-MgO (IV), d) SiO2-MgO (V) and e) SiO2MgO (VI). i) Mg-O based LMCT involving tetra-coordinated oxygen, ii) Mg-O-Si based LMCT links and iii) MgO
based LMCT involving tris-coordinated oxygen.

The UV-Vis spectra of the CuO-containing samples show two additional transitions: i) a LMCT
band in the region 200-550 nm and ii) d-d transitions seen as a broad band around 700-750 nm for
octahedral Cu species and as a weak band at ~ 1380 nm (not shown) for d-d transitions in tetrahedral
Cu species. Neither of these d-d transitions, however, provided further insight into the differences in
catalytic performance and nature of CuO. On the contrary, the LMCT bands associated with the CuO
species proved insightful for correlating structure to activity. Multiple bands are observed in the 200-
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300 nm region, corresponding to O2- to Cu2+ LMCT of isolated copper oxide species.[27–29] The
presence of such CuO species on both components (as shown by EDX) of the catalysts accounts for
the multiple observed features. The position of these LMCT bands is known to depend on the type
and morphology of the supports and the procedure employed to support CuO.[29–31] Kong et al., for
instance, observed variations in the position and intensity of LMCT bands of isolated CuO species for
CuO/SBA-15 and CuO/KIT-6.[32] Bravo-Suárez et al. recently reported two different bands centered at
260 and 360 nm for CuO/MgAlOx mixed oxides.[33] The 260 nm band was assigned to an LMCT of
isolated, octahedral Cu2+-O2- species, while the latter band was attributed to the presence of
oligomers of the type Cu-O-Cu. Derrien and co-workers reported the band at 235 nm for CuO
supported on mesoporous silica spheres,[34] while Shimokawabe et al. reported the same band to be
at 270 nm for CuO supported on silica, which illustrates the additional dependence on
morphology.[28]

Figure 2.8 UV-Vis spectra of a) CuO/SiO2-MgO (II), b) CuO/SiO2-MgO (III), c) CuO/SiO2-MgO (IV), d) CuO/SiO2MgO (V) and e) CuO/SiO2-MgO (VI). i) bands assigned to LMCT transitions and ii) bands assigned to d-d
transitions.

Moreover, the weak shoulder in the region 300-550 nm (Figure 2.8), assigned to LMCT in clusterlike species (Cu-O-Cu), was found to vary strongly for our CuO/SiO2-MgO materials, being highest in
intensity for the WK catalysts, SiO2-MgO (III) and SiO2-MgO (IV) in particular. Only in SiO2-MgO (VI),
which gives the lowest butadiene yield, it is completely absent. The fact that the two WK catalysts
SiO2-MgO (III) and SiO2-MgO (IV) are more active and more selective towards butadiene formation
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suggests that these cluster-like CuO species promote butadiene formation. This is tentatively
explained considering that the formation of acetaldehyde molecules on different sites in close
proximity with each other could make their condensation (proposed by some authors to be the rate
limiting step of the whole process)[11,21] easier than on isolated CuO species, thus leading to the
cascade reactions for the formation of 3-hydroxybutanal, crotonaldehyde and crotyl alcohol, all
known to be key intermediates in the Lebedev process.
Table 2.2 Overview of the different preparations for the SiO2-MgO catalyst materials, SiO2 particle size and BET
surface areas of the chemically prepared SiO2-MgO samples.
SiO2- MgO

Preparation method

a

SiO2 particle size

Sg

Comments

2 -1

(nm)

(m g )

(I)

PM, Y

~ 425

n.a.

Components mixed in a mortar

(II)

WK, Y

~ 425

124

SiO2: add EtOH/NH3 to TEOS

(III)

WK, Y

30-100

139

SiO2: add TEOS to EtOH/NH3

(IV)

WK, Y

6-40

358

SiO2: commercial Aerosil 300

(V)

CP, N

~ 425

156

Add Mg(NO3)2 to TEOS after 20 min

225

Mg(NO3)2, TEOS add together

(VI)

CP, N

-

b

a

PM = physical mixture; WK = wet-kneading; CP = co-precipitation; Y means that the (hydr)oxides were formed
b
when the preparation of the mixed catalyst was started. No silica phase was observed for this catalyst
material.

2.4.

Conclusions

SiO2-MgO mixed oxides have often been reported as most efficient catalyst materials for the onestep conversion of ethanol to butadiene. The reason as to why this combination of oxides is so
selective towards the production of butadiene remains elusive, however. A better understanding of
the influence of preparation method and promotion on activity and selectivity is needed for the
design of better catalysts for the Lebedev process.
In this Chapter a clear effect of the synthesis method of SiO2-MgO on morphology and structural
properties in general was observed. More specifically, all catalyst materials prepared by wetkneading proved more active and selective towards butadiene, which points at the importance of the
thin layer of magnesia embedding the silica spheres that is obtained via this method and the specific
local structure that is obtained via this preparation method. Decreasing the size of these silica
spheres further improved the selectivity towards butadiene production.
In addition, the introduction of a small amount of CuO as promoter was shown to bring about a
significant improvement in both total ethanol conversion and butadiene yield, resulting in a
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butadiene selectivity of around 53%; the added copper oxide increases acetaldehyde production,
effectively shifting the rate determining step of the process.
The different preparation methods lead to significant differences in the structural features of the
various SiO2-MgO materials. UV-Vis studies provided further insights into the nature of the catalyst
materials, i.e. in the extent of intimate mixing of the silica and magnesia phases and into the type of
CuO species deposited and responsible for the increased butadiene yields. While CuO nanoparticles
could not be seen by our TEM analysis, Cu is present on both phases of the catalyst and small clusterlike CuO species are proposed to have a positive impact on butadiene formation. The results
reported here thus provide new insights into the structural characteristics required for a good
catalyst for the Lebedev process.
To further investigate the active site requirements for the ethanol-to-butadiene Lebedev process,
the acid-base properties of the various materials now need to be studied with a number of
characterization techniques, which is the topic of Chapter 3. Additional structural features of the
SiO2-MgO materials synthesized here are reported in Chapter 3 (nature of OH groups) and Chapter 4
(nature and amount of carbonates). Additionally, the reasons for the improved performance of the
wet-kneaded catalysts are further investigated with particular emphasis on the formation of
magnesium silicates and the effect of a number of preparation parameters (Chapter 5).
Finally, the nature, location and geometry of Cu in the promoted SiO2-MgO catalysts as well as the
active species and deativation pattern during reaction are reported in Chapters 6 and 7.
Together with the results presented here, these combined results let to a more complete
structure-activity relationship and ultimately in improved methods for the synthesis of efficient
Lebedev catalysts.
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3. SiO2-MgO Catalysts for the Lebedev Process:
Influence of Acid-Base Properties

Abstract
The Lebedev ethanol-to-butadiene process entails a complex chain of reactions that require catalysts
to possess a subtle balance in the number and strength of acidic and basic sites. SiO2-MgO materials
can be excellent Lebedev catalysts if properly prepared, as catalyst performance has been found to
depend dramatically on the synthesis method. To assess the specific requirements for butadiene
production in terms of active sites and to link their presence to the preparation method applied, five
distinct SiO2-MgO catalysts, prepared by wet-kneading and co-precipitation methods, were
thoroughly characterized with a number of techniques. The amount and strength of the acidic
(Pyridine-IR and NH3-TPD) and basic (CDCl3-IR and CO2-TPD) sites of the materials as well as the
overall acid/base properties in the liquid phase (Hammett indicators) were determined. The number
of acidic and strong basic sites could be correlated with the extent of ethylene and diethyl ether
byproduct formation; furthermore, proximity of acidic and basic sites is proposed to be an important
parameter, as the synthesis of certain (by)products is facilitated by cooperativity between such sites.
The best performing catalysts are those containing a small amount of strong basic sites, combined
with the cooperativity between (an intermediate amount of) acidic sites and weak basic ones. These
results thus provide further insight into the relation between the amount and strength of acidic/basic
sites, preparation method and catalytic performance.
This Chapter is based on the following manuscript: “Influence of Acid-Base Properties on the Lebedev Ethanolto-Butadiene Process Catalyzed by SiO2-MgO Materials” C. Angelici, M. E. Z. Velthoen, B. M. Weckhuysen, P. C.
A. Bruijnincx, Catal. Sci. Technol. 2015, 5, 2869-2879.
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3.1.

Introduction

In 1929, Lebedev discovered that butadiene can be synthesized in a one-pot, one-step process
from ethanol.[1–3] The composition of the catalyst employed by Lebedev was guarded by patents, but
Natta later proposed the Lebedev catalyst to be a mixture of different amounts of SiO2 and MgO.[4]
Various investigations showed (promoted) SiO2-MgO materials to indeed be excellent catalysts for
the one-step ethanol-to-butadiene conversion, yet noted a large influence of the preparation
method on catalytic performance.[4–6] In Chapter 2, it was observed that SiO2-MgO catalysts prepared
via different methods gave remarkably different 1,3-butadiene yields and showed large differences in
catalytic performance in general. This was attributed to the different structural properties that result
from the preparation method employed, i.e. wet-kneading, co-precipitation or physical mixture of
the two components. The morphological and structural differences observed for the various catalysts
point at differences in the number, strength and type of the acidic and basic sites that are needed for
the Lebedev conversion. Indeed, even though the actual mechanism of the Lebedev process is still
being discussed, the overall reaction necessitates a (complex) interplay between acid- and basecatalyzed elementary steps. Gathering insights into what is actually required for a good Lebedev
catalyst in terms of acidity/basicity and to link these requirements to the specific preparation
method is therefore an important goal, as such information might also shed further light on the
mechanism at hand. Various mechanisms have been suggested over the years and these are
discussed in detail in Chapter 1 and recently reviewed by Makshina et al.[7] For example, Gruver and
co-workers suggested the Lebedev reaction to proceed via a Prins-like condensation involving
acetaldehyde and ethylene, based on the observation of a linear correlation between butadiene and
ethylene yields.[8] This mechanism was actually first proposed by Natta et al. and subsequently
discarded by the same authors based on the observation that the addition of up to 20% ethylene in
the feed did not increase butadiene yield.[4] It can indeed be said that this mechanism is unlikely to
operate as it requires the formation of a primary carbocation in the process. Of the other suggested
mechanistic pathways, the one based on aldol condensation of two acetaldehyde molecules (Scheme
3.1, steps 2, 3), followed by crotonaldehyde reduction (step 4) and finally dehydration (step 5) is
currently most widely accepted.[9–11] For various catalysts and process conditions, acetaldehyde
formation,[11] as well as crotonaldehyde formation[9,12] and reduction[10] have all been suggested to be
rate-limiting for this pathway. Interestingly, for the related Guerbet reaction, which entails coupling
of ethanol to butanol, an acetaldehyde aldol condensation-based mechanism was also typically
assumed; however, Scalbert et al. recently proposed direct condensation of two ethanol molecules
to be the main mechanistic pathway to butanol, based on thorough kinetic and thermodynamic
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studies.[13] It should be noted though that Guerbet catalysts, such as the hydroxyapatite used and
considered to be purely basic by Scalbert et al., differ from Lebedev ones, which typically require a
more complex combination of acidity and basicity. That such a combination is required was further
substantiated by Tsuchida et al. who studied ethanol conversion over a number of hydroxyapatites
(with different Ca/P ratio, thus tuning the amount of basic and acidic sites) and observed the highest
butadiene selectivity (13.8%) for the catalyst having a ratio of basic to acidic sites close to 1;
conversely, catalysts with higher basic to acidic site ratios showed low butadiene selectivity (≤ 1%),
yet displayed significantly increased 1-butanol selectivity.[14] León and co-workers also observed the
selectivity to different C4 compounds to depend on the acid-base properties, in this case of Mg-Al
mixed oxides used for ethanol condensation to a mixture of C4 compounds that included butadiene.
Catalysts containing the strongest basic sites were more selective towards butanol, while increased
acidity correlated with improved selectivity towards butadiene.[15] The authors later showed that
replacement of Al with Fe reduced acidity significantly, increasing the selectivity towards
acetaldehyde and 1-butanol at the expense of ethylene and butadiene production.[16] These
examples clearly show the influence the acid-base distribution has on the products obtained upon
ethanol conversion, possibly even altering the dominant mechanistic route.

Scheme 3.1 The commonly reported aldol condensation route for the one-step ethanol to butadiene
conversion.

Little has been reported, though, on the acid-base properties of the SiO2-MgO catalysts used
typically for the Lebedev process. Niiyama et al. already concluded that both acidic and basic sites
are required, based on a study of acidity (measured by titration with Hammett indicators and
gravimetric measurements of adsorbed pyridine) and basicity (by gravimetric measurements of
adsorbed boron trifluoride) of SiO2-MgO catalysts with different Si/Mg ratios.[11] Very recently
Janssens et al. reported on the influence of acidity and basicity of Ag-promoted, dry-milled SiO2-MgO
catalysts on performance in the Lebedev process.[17] Based on Pyridine-IR (acidity), CO2-TPD and CO2IR (basicity), they concluded that either weak basic sites or acid-base pair catalyze the aldol
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condensation step, while acid sites of different nature were proposed to be involved in steps 3, 4 and
5 of the mechanism depicted in Scheme 3.1.
Even though limited systematic studies on basicity/acidity are available for the overall Lebedev
process, structure-activity relations have been reported for the individual steps thought to be
involved in butadiene production. Regardless of the actual mechanism, the stoichiometry of the
process shows that both dehydrogenation and dehydration must occur for butadiene generation.
First, ethanol can be converted into three species: dehydration leads to ethylene and diethyl ether
formation, while dehydrogenation yields acetaldehyde (Scheme 3.2). The latter process is the first
step towards butadiene and is generally considered to be catalyzed, in absence of redox
functionalities, by basic sites in an E1cB-type process (unimolecular elimination via the conjugate
base, Scheme 3.2) resulting in heterolytic elimination of H2.[14,18,19]

Scheme 3.2 Mechanisms of ethanol conversion. Modified from Ono et al.
and strong basic sites, respectively.

[18]

A, B and B represent acidic, basic

The mechanism of alcohol dehydration is more controversial. Generally, dehydration of alcohols
occurs over acid sites,[20,21] but Díez et al. showed that for 2-propanol decomposition over alkalipromoted MgO samples other sites might also be capable of this.[19] They considered three different
routes for propylene formation, including a purely acid-catalyzed E1 mechanism, as well as an E2
mechanism that would involve a cooperative interaction between acidic and basic sites. Finally, as
strongly basic catalysts such as 1 mol% Cs2O/MgO showed significantly increased propylene
selectivity,[22] an E1cB mechanism different from the one leading to the dehydrogenation product
acetaldehyde was considered. In this case, a surface alkoxide is formed first, after which a strong
basic site abstracts a proton in β-position to the O atom; O elimination finally yields the alkene. León
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et al., in turn, ascribed the formation of ethylene during ethanol conversion over hydrotalcite-based
mixed oxides to either strong basic sites or strong acidic ones.[23] It is worth noting that both the E2
and E1cB mechanisms require cooperative action between acidic and basic sites, meaning that not
only active site number and strength, but also proximity is key to selective ethanol conversion.
Finally, ether formation also involves cooperative action of acidic and basic sites and is thought to
proceed via the same E2 mechanism proposed for ethylene formation.[15] It has also been proposed
that (moderate) acid sites alone catalyze the formation of (diisopropyl) ethers over TiO2, ZrO2 and
their mixed oxides.[24]
The next, productive aldol condensation step of the mechanism shown in Scheme 3.1 is usually
reported to be base-catalyzed,[25] but cooperativity between acidic and basic sites has also here been
shown to be beneficial. Zeidan and Davis, for instance, showed this for the cross-aldolization of
acetone and 4-nitrobenzaldehyde by silica functionalized with amines and acidic functional groups.[26]
Climent et al. also reported on the beneficial effect of having both acidic and basic sites in the aldol
condensation of benzaldehyde and heptanal.[27]
A Meerwein-Ponndorf-Verley (MPV) type reduction of crotonaldehyde by ethanol is typically
assumed for step 4.[10,28,29] Sushkevich et al., recently studied the MPV of crotonaldehyde with
ethanol in detail over ZrO2-supported catalysts.[30] They proposed that activity increased with the
amount of Lewis acidic Zr sites, suggesting that these sites are responsible for hydride transfer.
Aramendía et al. also studied MPV of various α,β-unsaturated aldehydes (including crotonaldehyde)
over hydrotalcite(-like) catalysts; they proposed that the substrates could interact only when
adsorbed on acid-base sites, while also noting that the best catalyst (MgO/Al2O3) had the highest
amount of basic sites.[31]
As noted above, little information is available on the acid/base requirements for the Lebedev
reaction. Such studies of the kind and amount of active sites required for selective butadiene
formation are complicated by: 1. the number of steps involved, 2. the absence of agreement on the
rate determining step and 3. the contradictory reports on the active sites needed for each implicated
elementary step. Correlating the acid-base properties with catalytic performance is, nonetheless,
essential for the synthesis of catalysts with improved butadiene selectivity.
In Chapter 2, it was shown that different SiO2-MgO preparation methods (1:1 molar ratio)
resulted in significant structural differences. In particular, Transmission Electron Microscopy (TEM)
analysis showed the morphology of wet-kneaded catalysts to consist of islands of MgO together with
SiO2 spheres thought to be covered by a (thin) MgO layer; SiO2-MgO co-precipitated catalysts showed
an ill-defined morphology, hinting at the formation of a more mixed oxide-like material. The
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structural differences, in turn, resulted in significant differences in butadiene yield and product
distribution (Figure 3.1).

Figure 3.1 Ethanol conversion and yields of the main (by)products for the SiO2-MgO samples after 4 h on
stream (see Chapter 2). Conditions: 0.2 g of catalyst, reaction temperature of 698 K, ethanol (gas phase) and
-1
nitrogen flow of 2 and 98 mL min , respectively.

SiO2-MgO (II-IV) samples prepared via wet-kneading showed significantly higher selectivity
towards butadiene than the co-precipitated SiO2-MgO (V-VI) catalysts (see Table 3.1); furthermore,
the co-precipitated ones were found to produce higher amounts of the byproducts ethylene and
diethyl ether.[8,9] Low butanol yields were observed for all catalysts (< 5%), implying that all SiO2-MgO
materials contain a non-negligible amount of acidic sites. These materials thus provide an excellent
set for a systematic acid/base study.
Table 3.1 Overview of the preparation methods employed for the SiO2-MgO catalysts.

a

d

Sample name

Technique

SiO2 particle size (nm)

EC (%)

BY (%)

SiO2-MgO (II)

Wet-kneading

~ 425

51.1

12.9

SiO2-MgO (III)

Wet-kneading

30-100

51.5

16.3

SiO2-MgO (IV)

Wet-kneading

7-40

43.0

15.6

a

~ 425

46.1

6.4

b

-

c

49.4

1.2

SiO2-MgO (V)

Co-precipitation

SiO2-MgO (VI)

Co-precipitation

b

e

c

MgO precursor added 20 min after SiO2 precursor. MgO and SiO2 precursors added simultaneously. No
d
e
silica phase was observed for this sample. Ethanol conversion and butadiene yield after 4 h time on stream.
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Here, we report on the acid/base properties of five SiO2-MgO catalysts characterized using the
techniques listed in Table 3.2. Physically-mixed SiO2-MgO (I) gives very poor ethanol conversion and
butadiene yield and was therefore not included here. The various techniques used show that strong
basic sites and an excessive amount of acidic sites lead to more dehydration products and poor
selectivity to butadiene. Instead, those catalysts with an intermediate amount of acidic sites and a
low amount of strong basic sites give the best butadiene yields.
Table 3.2 Characterization techniques employed for the study of acid-base properties of SiO2-MgO catalysts
used in the Lebedev process.

3.2.

Technique

Sites studied

Type of information

Hammett indicator

Acidic, basic

Strength, amount

Pyridine-IR

Acidic

Strength, nature, (amount)

NH3-TPD

Acidic

Strength, amount

CDCl3-IR

Basic

Strength, nature, (amount)

CO2-TPD

Basic

Strength, amount

Experimental

3.2.1. Materials
All the precursors and chemicals used for the preparation of SiO2-MgO materials are described in
Chapter 2. For the Hammett indicator study the following chemicals were used: Benzene (Sigma–
Aldrich, ACS reagent 99.0%), bromothymolblue (ABCR), phenolphthalein (Sigma-Aldrich, ACS
reagent), 2,4-dinitroaniline (Acros Organics, 99%), 4-chloro-2-nitroaniline (Sigma-Aldrich, purum, ≥
98% (HPLC)), 4-nitroaniline (Acros Organics, 99%) and 4-chloroaniline (Sigma-Aldrich, 98%). For IR
analysis pyridine (Acros Organics, 99+%, for spectroscopy) and deuterated chloroform (CDCl3,
Cambridge Isotope Laboratories, D, 99.8%) were used as probes.

3.2.2. Catalyst preparation
The five SiO2-MgO catalysts, as well as the SiO2 and MgO single oxides, were prepared according
to the procedure described in Chapter 2. A summary of the differences in preparation for the various
samples is given in Table 3.1.
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3.2.3. Hammett indicator study
All experiments were performed using standard Schlenk techniques. Benzene was dried over
molecular sieves and stored under an Ar atmosphere. A solution of each indicator was prepared by
dissolving 0.025 g of the indicator in 25 mL of dry benzene. The seven indicators used were (in order
of increasing pKa): bromothymolblue (pKa = 7.2), phenolphthalein (pKa = 9.3), 2,4-dinitroaniline (pKa =
15.0), 4-chloro-2-nitroaniline (pKa = 17.2), 4-nitroaniline (pKa = 18.4), 4-chloroaniline (pKa = 26.5) and
diphenylmethane (pKa = 35.0). Before every experiment, 0.1 g of catalyst was dried at 473 K in vacuo.
The flask containing the catalyst was then put under Ar atmosphere, after which 2 mL of dry benzene
were added to the sample under investigation; at this point a few drops of the indicator solution
were added to the suspension of the catalyst in benzene. After a few min, a color change was
observed on the surface of the solid catalyst, indicating that the majority of the indicator molecules,
initially in their neutral form, had been deprotonated. The flask was then stored for 24 h, in order to
confirm the color change (or its absence).
Table 3.3 Name and physicochemical properties of the indicators used in the Hammett indicator study.
Indicator

pKa

Color acidic form

Color basic form

1

Bromothymol blue

7.2

Yellow

Blue

2

Phenolphtalein

9.3

Colorless

Red

3

2,4-dinitroaniline

15.0

Yellow

Violet

4

4-chloro-2-nitroaniline

17.2

Yellow

Orange

5

4-nitroaniline

18.4

Colorless

Orange

6

4-chloroaniline

26.5

Colorless

Pink

7

Diphenylmethane

35.0

Colorless

Yellow/orange

3.2.4. Pyridine- and CDCl3-IR
Fourier Transform Infrared (FT-IR) spectroscopy after pyridine adsorption (Pyridine-IR)
measurements were taken with 25 scans per spectrum on a Perkin Elmer System 2000 with a DTGS
detector and a resolution of 4 cm-1. Approximately 0.015 g of the catalyst were pressed into a pellet
and placed into the pyridine cell. The catalyst was first dried in the cell under vacuum using a
temperature ramp of 5 K min-1 to reach the desired temperature of 823 K. IR spectra were taken
every 25 K in the temperature range 323-823 K. Once 823 K was reached, a spectrum acquired at this
temperature was used to study the OH signals of the various SiO2-MgO samples. This temperature
was kept constant for 30 min, after which the sample was cooled to 323 K.
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At this temperature, pyridine was allowed onto the catalyst. After 20 min of equilibration, the
catalyst was put under vacuum for 30 min to remove physisorbed pyridine. Subsequently,
temperature-programmed desorption was started with a temperature ramp of 5 K min-1 up to 823 K.
After every temperature increase of 25 K, the temperature was kept constant for 5 min. IR spectra
were taken every 25 K to study thermal pyridine desorption.
A similar procedure was used for FT-IR after deuterated chloroform adsorption (CDCl3-IR), with
the main difference being the drying of the catalyst. This was performed by heating the catalystcontaining cell in a constant N2 flow (~ 243 mL min-1) instead of in vacuo for practical reasons (i.e., to
avoid CDCl3 traces to remain as impurities in a setup dedicated to Pyridine-IR analysis). Once 823 K
was reached, this temperature was kept for 60 min after which the sample was cooled to 323 K. At
this temperature, the flow was adjusted to approximately 99 mL min-1 and, subsequently, N2 was
passed through the CDCl3-containing gas bubbler for 30 min, to carry the probe molecule to the IR
cell containing the catalyst. Similar to the Pyridine-IR analysis, a TPD procedure was applied by
heating them with 5 K min-1 up to 823 K. However, the observed darkening of catalyst pellets
(possibly due to the formation of carbonaceous deposits upon thermal treatment, as a result of
decomposition of CDCl3 on basic sites)[32] discouraged the use of the FT-IR spectra acquired above
323 K.

3.2.5. NH3- and CO2-TPD
Adsorbed ammonia Temperature Programmed Desorption (NH3-TPD) measurements were
performed on a Micromeritics ASAP2920 apparatus. 0.2 g of sample dried in-situ in a He flow with a
temperature ramp of 5 K min-1 up to 873 K. Subsequently, the sample was cooled to 373 K; at this
point, NH3 pulses of 25.3 cm3 min-1 were applied. The sample was then heated to 873 K with a ramp
of 5 K min-1 to induce desorption of NH3.
A procedure similar to the one described for NH3-TPD was employed in the case of Adsorbed
carbon dioxide Temperature Programmed Desorption (CO2-TPD), the main difference being the lower
temperature (313 vs 373 K) at which CO2 pulses are fed to the sample. For the calculation of the
number of acidic or basic sites, it was assumed that only one molecule of NH3 or CO2 can adsorb on a
single site.
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3.3.

Results and Discussion

3.3.1. IR Analysis of the OH region
The FT-IR spectra of the wet-kneaded catalyst SiO2-MgO (III) and the single oxides MgO and SiO2
show that significant differences between the samples are present in the OH region (3770-3600 cm-1,
Figure 3.2).

Figure 3.2 IR spectra of a) SiO2-MgO (III), b) SiO2 and c) MgO. The spectra, taken at 823 K, are offset for clarity.

The FT-IR band of the hydroxyl groups on magnesia is reported to vary between 3800-3200 cm-1
depending on its thermal history, coordination and, hydrogen bonding interactions. Knözinger et al.
identified four different OH groups on the surface of MgO, with peaks at around 3750 and 3700 cm-1
being attributed to isolated OH groups (mono- or multicoordinated, respectively).[33] The peak
observed at ~ 3730 cm-1 can thus be ascribed to both kinds of isolated OH groups (a low-intensity
shoulder can be observed at ~ 3750 cm-1).
Silica is reported to show a sharp absorption at ~ 3745 cm-1 for isolated silanols.[34] In our case,
despite having been subjected to a pretreatment temperature as high as 823 K, a rather broad band
centered at around 3700 cm-1 is seen instead for the Stöber-like SiO2 (spheres of 30-100 nm in
diameter), pointing at both isolated and H-bonded silanol groups (Figure 3.2).
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Notably, the FT-IR spectrum of SiO2-MgO (III) shows three, rather than two local maxima. Based
on the above, the peak at 3730 cm-1 was assigned to hydroxyl groups on MgO and the partially
obscured peak at 3700 cm-1 to the stretching of silanol groups.
The third maximum at ~ 3672 cm-1, is not observed in the spectrum of either of the single oxides,
and must thus originate from an interaction between the two components. Notably, antigorite, a
magnesium silicate mineral with formula Mg3Si2O5(OH)4 and a structure consisting of octahedral
Mg(OH)2 layers covalently bonded with tetrahedral silica layers (Figure 3.3), shows one single peak in
the OH region at 3670 cm-1. This vibration is assigned to OH groups in the octahedral Mg layer that
are interacting with silica via H-bonding.[35] Interestingly, antigorite is also reported to be active in the
Lebedev process.[6]

Figure 3.3 Schematic representation of the antigorite structure and IR spectrum obtained from RRUFF
[35]
database.

Based on this and taking into account the TEM morphology of the wet-kneaded catalysts (a thin
MgO layer is seen to be deposited on top of the silica spheres, see Chapter 2), the latter peak was
assigned to brucite-like OH groups H-bonded to SiO2 (Mg-O-H··O-Si). The vibration at 3672 cm-1 could
thus be tentatively assigned to similar species, keeping in mind that a number of other magnesium
silicates also show absorption at a similar spectroscopic position (e.g., talc at 3674 cm-1).[36] A similar
observation, pointing at magnesium silicate formation, has recently been reported.[17]
Significant differences among the various SiO2-MgO catalysts are observed in the OH region of the
FT-IR spectra (Figure 3.4). All catalysts prepared via wet-kneading show the three peaks discussed
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above, albeit with different relative intensities. In particular, the intensity of the central peak (OH
groups on SiO2) decreases upon decreasing the size of the silica (Table 3.1), with the peak at 3672
cm-1 simultaneously increasing in intensity. Indeed, a smaller SiO2 size means that the MgO phase can
interact with a larger portion of the external SiO2 surface, resulting in more Mg-O-H··O-Si groups in
SiO2-MgO (III) and SiO2-MgO (IV).

Figure 3.4 IR spectra of a) SiO2-MgO (II), b) SiO2-MgO (III), c) SiO2-MgO (IV), d) SiO2-MgO (V) and e) SiO2-MgO
-1
(VI).The spectra, taken at 823 K in the region 3770-3600 cm , are offset for clarity.

For the two co-precipitated catalysts (V-VI), the peak at 3672 cm-1 is notably absent. As a result of
the method of precipitation of both components in ethanol, no crystalline MgO phase is formed;
furthermore, the ill-defined morphology observed by TEM for SiO2-MgO (VI) strongly hints at the
formation of an amorphous mixed oxide structure and antigorite-like structures are therefore not
expected as reported in Chapter 2.

3.3.2. Hammett Indicator Study
The Hammett indicator method assesses the overall acidity and basicity of solid materials with a
number of indicators of known pKa and pKb.[18] All indicators used in this study are, initially, in the
protonated form. Before the experiment, the SiO2-MgO catalyst is treated at 473 K overnight (a
temperature lower than those used in FT-IR and TPD analysis; the pretreatment temperature
employed is important as it affects the presence of adsorbates, e.g. H2O and CO2, on the surface of
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the samples). The interaction of the indicator with the catalyst causes the adsorbed indicator
molecules to be deprotonated on the condition that H_ (as defined by Tanabe[37] as a measure of
strength for basic sites of solid materials) of the tested sample is higher than the pKb of the basic
form of the indicator. As the experiments are performed in benzene, the indicator molecules once
deprotonated can interact with any acidic site, if present, of the solid materials and revert back to
their initial form. The observed color therefore probes the contribution of all accessible acidic and
basic sites and their strength (Scheme 3.3). The H_ of a catalyst is then determined as the range
between the pKa of the last indicator showing color change and the pKa of the first indicator that is
not transformed into its deprotonated, basic form.

Scheme 3.3 Interaction of the protonated indicator form with a basic site of the catalyst gives the
deprotonated form causing a color change (top). The deprotonated form of the indicator can then interact with
an acidic site present on the catalyst thus reverting back to the neutral form of the catalyst. The observed color
depends on the relative amounts of the protonated and deprotonated indicator forms.

Table 3.4 shows the results for the color changes for four catalysts and for the single oxides, SiO2
and MgO. SiO2-MgO (V) could not be tested as it showed an intrinsic coloration. As expected, MgO
and SiO2 were observed to be the most and the least basic materials, respectively. Of the SiO2-MgO
catalysts, SiO2-MgO (II) and SiO2-MgO (III) are the most basic, having a H_ in the range 15.0-17.2; the
current set of Hammett indicators does not allow differentiation in basicity of these two samples.
SiO2-MgO (VI) is the least basic, with a H_ value between 9.3 and 15.0. Finally, SiO2-MgO (IV) is more
basic than phenolphthalein but less than 4-chloro-2-nitroaniline (pKa = 9.3 and 17.2, respectively).
When tested against 2,4-dinitroaniline a color between the basic and acidic indicator forms was
observed, suggesting a H_ value of ~ 15.0 for SiO2-MgO (IV). The Hammett indicator study thus
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showed the overall basicity/acidity to follow the order (from the most to the least basic): MgO > SiO2MgO (II) = SiO2-MgO (III) > SiO2-MgO (IV) > SiO2-MgO (VI) > SiO2.
Table 3.4 H_ determined via Hammett indicator study for the various SiO2-MgO catalysts.
a

Sample

H_

MgO

18.4-25.5

SiO2-MgO (II)

15.0-17.2

SiO2-MgO (III)

15.0-17.2

SiO2-MgO (IV)

~ 15.0

SiO2-MgO (V)

n.d.

SiO2-MgO (VI)

9.3-15.0

SiO2

7.2-9.3

b

c

a

The H_ value refers to the strength of solid bases as the pKa range between the last indicator showing color
b
change and the first one for which the color change could not be appreciated. The color observed is in
c
between that of the neutral (protonated) and deprotonated forms of 2,4-dinitroaniline (pKa = 15.0). H_ could
not be determined due to intrinsic coloration of the material.

The overall acidity/basicity order of the SiO2-MgO catalysts coincides with catalyst performance;
in particular, co-precipitated SiO2-MgO (VI) was found to be less basic than all wet-kneaded catalysts,
which agrees well with the highest yields of the ethylene and diethyl ether byproducts that are
observed for this material. While color changes with Hammett indicators are somewhat subjective,
the order given by the Hammett indicator study is confirmed by the Pyridine-IR and NH3-TPD results,
as discussed below.

3.3.3. Acidity
Pyridine is commonly used to probe acidity and to distinguish between Lewis and Brønsted acid
sites.[38,39] Before pyridine-IR analysis, the surface of the samples was cleaned by heating the samples
to 823 K. No FT-IR peaks were detected at 1550 and 1650 cm-1, which would have been indicative of
Brønsted acid sites, for any of the SiO2-MgO catalysts (Figure 3.5) or for the two single oxides.
Janssens et al., similarly, did not observe Brønsted acid sites for the Ag/MgO-SiO2 nor for the
unsupported MgO-SiO2 materials with Pyridine-IR.[17] Surprisingly, they did consider mildly Brønsted
acidic silanol sites, i.e. so weakly acidic that no interaction with pyridine is seen, to be responsible for
the dehydration of crotyl alcohol to butadiene. On the other hand, four bands (1445, 1490, 1577 and
1604 cm-1) attributed to pyridine adsorbed on Lewis acidic sites where observed at the same position
for all the SiO2-MgO catalysts. Similar peaks were also observed for SiO2 and MgO (not shown), albeit
with much lower intensity and thermal stability.
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Figure 3.5 IR spectra of a) SiO2-MgO (II), b) SiO2-MgO (III), c) SiO2-MgO (IV), d) SiO2-MgO (V) and e) SiO2-MgO
-1
(VI) after adsorption of Py. The spectra, taken at 423 K in the region 1650-1400 cm , are offset for clarity.

The intensity of the observed FT-IR bands (especially of the most intense one at around 1445
-1

cm ) can be used to estimate the amount of acidic sites (Figure 3.5), giving the following order: SiO2MgO (VI) > SiO2-MgO (IV) > SiO2-MgO (V) ~ SiO2-MgO (III) > SiO2-MgO (II). The background in the
considered region varies considerably, however; in particular for the co-precipitated catalysts,
carbonate species present on the catalyst surface hamper a more accurate quantification of the
Lewis acid sites (see Chapter 4). After pyridine adsorption, the samples were heated stepwise to 823
K, to probe the strength of the acid sites. The temperatures at which all adsorbed pyridine is lost are:
SiO2-MgO (VI) (748 K) > SiO2-MgO (IV) (723 K) > SiO2-MgO (III) (673 K) > SiO2-MgO (II) (623 K) > SiO2MgO (V) (573 K) > MgO (498 K) > SiO2 (398 K).
The amount of acidic sites of the various materials was further quantified by NH3-TPD with one
broad peak of NH3 desorption being observed for all SiO2-MgO catalysts. The amount of acidic sites is
generally in good agreement with the Pyridine-IR results: SiO2-MgO (VI) > SiO2-MgO (V) > SiO2-MgO
(IV) > SiO2-MgO (III) > SiO2-MgO (II) (Table 3.5).
That SiO2-MgO (V) contains more acidic sites than SiO2-MgO (IV) according to NH3-TPD might be
due to the difference in size of the probes or to the difference in background signal in the FT-IR
spectra. The co-precipitated samples thus possess a higher amount of acidic sites than the wetkneaded ones. This again correlates well with the higher amount of dehydration products (i.e.,
ethylene and diethyl ether) obtained on the former set of catalysts. Furthermore, the wet-kneaded
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catalysts containing smaller silica particles, i.e. SiO2-MgO (III) and SiO2-MgO (IV), possess a higher
amount of acidic sites, again correlating with higher amounts of dehydration products observed.
Table 3.5 Amount of acidic and basic sites for the different SiO2-MgO catalysts calculated via NH3- and CO2-TPD
analysis.

a

-1 a

-1 b

Sample

Number of acidic sites (mmol g )

Number of basic sites (mmol g )

SiO2-MgO (II)

0.145

0.022

SiO2-MgO (III)

0.219

0.018

SiO2-MgO (IV)

0.234

0.015

SiO2-MgO (V)

0.242

0.013

SiO2-MgO (VI)

0.268

0.010

b

Calculated via NH3-TPD. Calculated via CO2-TPD.

Figure 3.6 NH3 temperature programmed-desorption (TPD) profiles for the various SiO2-MgO materials in the
range 373-873 K.

3.3.4. Basicity
CDCl3-IR allows for the study of basic sites of solid materials. CDCl3 is preferred over CHCl3, as the
interaction of the latter with basic sites would result in peaks in the range 3200-2800 cm-1, a region
where the ubiquitous -OH stretching bands are located.[40]
Depending on the kind of basic site CDCl3 is interacting with, different bands are observed; i.e.
bands in the range 2245-2250 cm-1 are ascribed to the interaction with weak basic sites (B1, B2 in
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Scheme 3.4), while peaks at 2210-2220 cm-1 are due to strong basic sites (C). For each of these types
of sites, a shift towards lower wavenumbers implies relatively stronger basic sites.[18]

Scheme 3.4 Schematic representation of the interactions for CDCl3 with basic sites of a solid catalyst. Structures
[18]
1
2
A-C are reported by Ono et al. Stuctures D, E and E are postulated in the present study.

The spectra shown for a selected number of SiO2-MgO catalysts and MgO (Figure 3.7) were
recorded at 323 K. All samples show three similar features at ~ 2264, 2250 and 2213 cm-1. The lowintensity peak observed for all samples at ~ 2264 cm-1 has been seen before for SiO2 probed with
CDCl3. The similarity in peak position to the C-D stretching vibration of gaseous CDCl3 suggests that
CDCl3 interacts through the Cl atom with a OH group of SiO2, thus having a minimally perturbed C-D
bond and behaving as a physisorbed species (A).[40]
All materials show a weak shoulder at approximately 2213 cm-1 attributed to CDCl3 interaction
with strong basic sites. The interpretation of the position and intensity of this spectroscopic feature is
hindered by the intense peak for weak basic sites. Indeed, for all materials, the region 2264-2213
cm-1 is dominated by a broad peak resulting from the interaction of CDCl3 on weak basic sites, with
the peak maxima being a function of the average strength of these weak basic sites as stated above.
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Figure 3.7 IR spectra of a) SiO2-MgO (VI), b) SiO2-MgO (II), c) SiO2-MgO (III), d) SiO2-MgO (IV) and e) MgO after
-1
adsorption of CDCl3. The spectra, taken at 323 K in the region 2300-2050 cm , are offset for clarity.

Furthermore, for all SiO2-MgO materials, two additional FT-IR peaks at around 2139 and 2086 cm-1
are found, values that are lower than those usually reported for C-D stretching vibrations. This
suggests that the C-D bond is further weakened possibly due to the presence of stronger basic sites.
Comparing the basicity of different oxides, Paukshtis et al. observed a band at 2160 cm-1, tailing up to
~ 2120 cm-1 and assigned this band to adsorption of CDCl3 on CaO on strong basic sites of structure C
(the peak was not seen for other oxides, including SiO2 and MgO).[40] This assignment to a structure
of type C is somewhat disputed, as others have assigned the peak at 2213 cm-1 to structure C
instead.[18,32] Notably, Lopez and co-workers observed a peak at around 2139 cm-1 for sulfated SiO2MgO materials and attributed it to the interaction of CDCl3 on oxygen atoms bridged on Si and Mg
(D). A low-intensity peak was also observed, but not assigned, at around 2028 cm-1 in the same
study.[32] The fact that the FT-IR peak at 2139 cm-1 is completely absent in the case of MgO, while
being observed, albeit with different intensity, for all the SiO2-MgO catalysts corroborates the
assignment to a structure of type D. The peak at ~ 2086 cm-1 has, to the best of our knowledge, not
been reported before. This feature might originate from the presence of very strong basic sites. On
the other hand, it could also be the result of two sites in close proximity. In particular, in addition to
the well-known interaction of deuterium with a basic site, it is possible that: 1) the partially positive
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carbon atom of CDCl3 interacts with another basic site or 2) one of the chlorine atoms interacts with
an acidic site on the surface. Both interactions (E1 and E2) would cause weakening of the C-D bond.
The peaks at 2139 and 2086 cm-1 are highest in intensity for SiO2-MgO (VI). We previously showed
with other characterization techniques, such as diffuse reflectance Ultraviolet-Visible spectroscopy
(UV-Vis), X-ray Diffraction (XRD) and TEM, that this sample possesses the highest degree of intimate
contact between SiO2 and MgO, supporting the assignment to CDCl3 bonded to O(H) bridged
between Si and Mg atoms. Further (computational) studies are required for a firm assignment of this
peak.
The two catalysts having the highest butadiene selectivity, i.e. SiO2-MgO (III-IV) are shown to have
a significantly lower amount of strong basic sites as compared with SiO2-MgO (II). In addition, the
weak basic sites of SiO2-MgO (II) are relatively stronger than those observed for the other two wetkneaded catalysts. As discussed above, Climent et al. observed that weak basic and acidic sites are
preferred over strong ones in catalysts for the aldol condensation of heptanal with benzaldehyde.[27]
The higher butadiene yield observed for SiO2-MgO (III-IV) as compared with SiO2-MgO (II) can thus be
ascribed to a more beneficial ratio and strength of acidic and basic sites for the self-aldolization of
acetaldehyde (step 2, Scheme 3.1). This is corroborated by the observation that a relatively larger
amount of acetaldehyde is observed for SiO2-MgO (II), implying that the latter catalyst is not able to
perform the aldol condensation step as efficiently as the other wet-kneaded SiO2-MgO samples. SiO2MgO (II) might furthermore not be sufficiently acidic for the promotion of the dehydration steps
involved in the mechanism (steps 3 and 5), adding to the reduced performance.
Finally, CO2-TPD was used for the quantification of the basic sites of the various SiO2-MgO
samples. Desorption was monitored over a temperature range of 313-873 K, after pretreating the
samples by bringing them to a temperature of 873 K with 5 K min-1 in He flow. The amounts of basic
sites probed by CO2 (Table 3.5) follows the order: SiO2-MgO (II) > SiO2-MgO (III) > SiO2-MgO (IV) >
SiO2-MgO (V) > SiO2-MgO (VI). The catalysts prepared via wet-kneading thus show a higher amount of
basic sites than the co-precipitated ones.
The CO2-TPD basicity order follows the order of the Hammett indicator studies, but the absolute
amounts of basic sites are unexpectedly low. Indeed, the amount of basic sites calculated with CO2TPD is actually 10-fold lower than the amount of acidic sites observed with NH3-TPD. Ordomskiy and
co-workers previously reported a similar discrepancy for SiO2, 2 wt% ZrO2/SiO2 and 2 wt% MgO/SiO2
materials used for the condensation of acetaldehyde to crotonaldehyde.[41] NH3- and CO2-TPD
showed SiO2 to possess almost no active (basic or acidic) sites, while promotion with MgO increased
the amount of the basic sites (from ~ 0.008 to 0.037 mmol g-1), and acidic sites (from ~ 0.030 to 0.116
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mmol g-1). This significant increase in the amount of acidic sites for the MgO/SiO2 sample was
attributed to low-coordination Mg-atoms. The MgO-SiO2 materials, prepared by dry milling and
subsequently exposed to water, reported by Janssens et al. contained a similar amount of basic sites
(0.022-0.042 mmol g-1) as our materials.[17] No quantification of the acid sites was reported for these
samples, precluding further comparison.

Figure 3.8 CO2 desorption for the various SiO2-MgO catalysts in the range 313-873 K.

Clearly, the Hammett indicator results show our SiO2-MgO materials to be prevalently basic. In
addition, the basicity order obtained by CDCl3-IR study is quite different from the CO2-TPD one, with
the former technique showing the co-precipitated catalyst SiO2-MgO (VI) to be more basic than all
wet-kneaded ones. These observations suggest that CO2-TPD, under the applied experimental
conditions, is unable to probe all (catalytically) relevant basic sites. It should furthermore be noted
that the interaction of CO2 with certain basic sites can lead to the formation of carbonate species of
extremely high thermal stability (see Chapter 4). Moreover, it is known that the presence or absence
of H2O can significantly alter the nature and stability of such adsorbed carbonate species.[42] In our
case, any H2O present would be desorbed (together with CO2) during thermal pretreatment; CO2 is
then introduced on a heavily modified catalyst surface (dry and, probably, significantly
dehydroxylated). For this reason, carbonates are formed that differ in chemical nature from those
originally found on the catalyst surface as a result of adsorption of atmospheric CO2. Indeed, the CO2
desorption seen in Figure 3.8 upon further heating the samples from 673 K to temperatures higher
than 873 K suggests that very strong basic sites are present. Significant CO2 desorption peaks
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centered at around 1000 K (Appendix, Figure A4) were indeed observed upon further heating. The
CO2 desorbed at these high temperatures should, however, not be included in the quantification of
basic sites, as significant structural changes will occur at these elevated temperatures. While the TPD
results thus do support the strong basic sites proposed based on the CDCl3-IR results, we do not
consider CO2-TPD a reliable method for the quantification of the basic sites on our samples. The TPD
results also suggest that carbonates might be present during catalysis. Indeed, as the carbonates
formed by adsorption of atmospheric CO2 upon exposure to air can also be thermally very stable, the
exact conditions of the thermal pretreatment employed prior to a catalytic run or characterization to
remove such adsorbates, both in terms of atmosphere and temperature used, can be critical.
Surprisingly, for SiO2-MgO systems the presence of carbonates and their effect on butadiene
production has not received much attention. A detailed study of the nature, thermal stability and
catalytic influence of such carbonates on the SiO2-MgO materials is reported in the following
Chapter.

3.4.

Conclusions

Systematic characterization of the acid-base properties of SiO2-MgO catalysts prepared by
different methods provided new insights into how catalyst preparation influences catalytic
performance. Such a characterization study for SiO2-MgO catalysts for the Lebedev process is
essential to establish a structure-activity relationship. For the series of catalysts studied here, the coprecipitated ones proved to contain a higher amount of acidic and strong basic sites than those
prepared by wet-kneading. As a result, higher selectivity towards ethylene and diethyl ether and
lower butadiene yields are obtained.
A certain acidity is required, though, as illustrated by the fact that the catalyst with the lowest
amount of acid sites also gave the lowest butadiene yield of the wet-kneaded materials. The best
catalysts were those with a limited amount of strong basic sites and an intermediate amount of
acidic ones. The aldol condensation step that is key to butadiene formation is known to benefit from
cooperativity between weak acidic and basic sites. Based on the spectroscopic data, it is therefore
proposed that the best catalysts are those that can perform the aldol condensation step most
efficiently, as a result of the right amount and proximity of acidic and basic sites of moderate
strength. A graphical summary of the consequences of preparation method on morphology, acidbase properties and performance of SiO2-MgO catalysts is given in Figure 3.9.
It is clear that, regardless of the actual mechanism, the elementary steps leading to butadiene
formation require a subtle balance in acid-base sites. Fundamental understanding of the acid-base
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properties required for the Lebedev process (as a whole and for the individual elementary steps) is
therefore expected to ultimately result in the design of new and improved catalysts for the Lebedev
process.

Figure 3.9 Graphical summary of the morphology, acid-base properties and consequences for catalysis for the
wet-kneaded and co-precipitated catalysts.
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4. SiO2-MgO Catalysts for the Lebedev Process:
Chemical Nature and Role of Carbonates

Abstract
Adsorption of atmospheric CO2 on solid (basic) materials leads to the formation of carbonate species
of different chemical nature. The thermal stability of these carbonates depends not only on their
intrinsic nature, but also on the acid-base properties of the solid materials. Here, FT-IR and TGA-MS
were used to study the kind and amount of carbonates found on pure MgO and on five SiO2-MgO
Lebedev catalysts prepared by wet-kneading and co-precipitation methods. Various carbonates of
different thermal stability could be distinguished. As identified by FT-IR, monodentate carbonates are
the dominant species at low temperatures on all materials. At 698 K (i.e., the standard reaction
temperature used for the Lebedev process in this thesis), no carbonate species could be detected on
wet-kneaded materials with FT-IR, but TGA-MS data showed a limited amount of carbonates to still
be present on these samples; in contrast, at the same temperature the FT-IR spectra of the coprecipitated samples are very complex, suggesting the presence of multiple carbonate species.
Accordingly, TGA-MS analyses showed bulk carbonates, the collapse of which occurs at T ≥ 1000 K, to
be present in much larger amounts on co-precipitated materials than on the wet-kneaded ones. The
remarkable thermal stability of carbonates still adsorbed on the SiO2-MgO materials at T ≥ 698 K can
affect the catalytic performance of the samples. Indeed, removal of adsorbed carbonates by
pretreating the catalysts at 898 K brings about a noticeable improvement in butadiene yield at the
same conversion level.
This Chapter is based on the following manuscript: “On the Chemical Nature of Carbonates on SiO2-MgO
Catalysts and Their Influence on Performance in the Lebedev Ethanol-to-Butadiene Process” C. Angelici, B. M.
Weckhuysen, P. C. A. Bruijnincx, to be submitted.
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4.1.

Introduction

The acidic, basic or amphoteric properties of solid catalysts are exploited in a plethora of
industrial applications,[1] with (mixed) oxides constituting an important class of such materials. SiO2MgO catalysts, for instance, are used in the one-step conversion of ethanol to butadiene. In the
Lebedev process catalyst performance depends principally on the acid-base properties of these
mixed oxides, which are in turn dependent on the chosen preparation method (see Chapter 3). While
the complexity of the ethanol-to-butadiene conversion makes it difficult to establish a direct
correlation between butadiene yield and acid-base properties, it was shown in Chapter 3 that
catalysts possessing an excessive amount of acidic and strong basic sites produce large amounts of
byproducts of ethanol dehydration (i.e., ethylene and diethyl ether), thus reducing the overall
selectivity towards butadiene. On the other hand, catalysts with too few acidic sites also gave lower
butadiene yields. Such materials are not only thought to lack dehydration sites, but too little acidity is
also not favorable for the acid/base-catalyzed aldol condensation,[2,3] which is often proposed as the
key elementary step of the Lebedev process.[4,5] These conclusions were based on the
characterization of the acidic and basic sites of a series of SiO2-MgO catalysts prepared by wetkneading and co-precipitation methods using a combination of techniques, including Hammett
indicator analysis, NH3- and CO2-temperature programmed desorption (TPD) and infrared
spectroscopy (FT-IR) after pyridine or deuterated chloroform adsorption.
During these characterization studies, we noted that while the CO2-TPD method gave the same
order in number of basic sites as other characterization techniques, the absolute amount of basic
sites determined by CO2-TPD proved much lower than expected. Standard CO2-TPD conditions
included drying of the sample at a temperature of 873 K prior to exposure to CO2 and, finally,
measuring CO2 desorption again up to 873 K. Upon further heating to temperatures as high as 1273
K, additional, extensive CO2 desorption was observed, though, suggesting that carbonates of
remarkable thermal stability are present on these materials (see Appendix, Figure A4). Of course,
surface carbonates are known to be ubiquitously present on (basic) solid oxides exposed to the
atmosphere, with the stability and chemical properties of the surface carbonates being strongly
dependent on the nature of the specific oxide. Rethwisch and Dumesic, for instance, studied the
adsorption of CO and CO2 on a number of metal oxides (MgO and SiO2 among them), showing that
the weaker the M-O bond, the stronger the chemisorption of CO2.[6] Given the large difference in
electronegativity between Mg and O and resulting relatively weak Mg-O bond, CO2 is thus
particularly strongly adsorbed on MgO. Furthermore, the interaction between this basic oxide and
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the weakly acidic CO2 can result in a number of different carbonate species (e.g. bicarbonate,
monodentate, bidentate and other, see Table 4.1).
Table 4.1 Physicochemical properties reported for the various carbonate species.

Kind of carbonate

Thermal stability

[7–11]

a

b

g

low

medium

medium

high

n.a.

< 150

150-400

> 400

< 150

-1 d1

1670-1650

1560-1510

1675-1610

n.a.

1490 (La2O3)

νs O-C-O (cm )

-1 d2

1480-1370

1480-1370

1340-1275

n.a.

1400 (La2O3)

-1 e

1060 (CaO)

1075-1035

1005-950

n.a.

1060 (CeO2)

-

-

-

-1 c

Δν3 (cm )

νas O-C-O (cm )

ν O-C (cm )

-1 f

δ C-O-H (cm )

n.a.

1220

-

h

Range of positions reported for the bands of some carbonates; values reported are observed for carbonates on
a
b
MgO, unless stated otherwise. Alternative structures have been proposed for some carbonates, see ref. [10].
c
d1,d2
Bands due to
See ref. [9]. Refers to the spectroscopic splitting observed for the bands d1 and d2.
e
asymmetric and symmetric stretching of O-C-O, respectively. Band due to C-O stretching involving the O atom
f
in the structure of the Mg-containing material. Position commonly observed for the bending of the C-O-H
g
h
group. n.a. not available (no literature reports could be found). – means that the spectroscopic mode is not
available for the considered carbonate species.

Evans et al. furthermore showed that H2O plays an important role in which types of carbonates
are actually formed on MgO.[7] Indeed, upon exposing a carbonate-containing MgO surface to water,
the chemical nature of the adsorbed carbonates changed significantly, with FT-IR showing that
bidentate carbonates were converted to monodentate ones (Scheme 4.1). Conversely, this implies
that H2O removal during the CO2-TPD drying step leads, once fresh, dry CO2 is allowed on the
catalyst, to the formation of carbonates of a different nature, i.e. ones that are characterized by
higher thermal stability, than originally present on the catalyst surface. Fourier Transform Infrared
Spectroscopy (FT-IR) allows one to investigate these different adsorbed carbonates, by studying their
spectroscopic fingerprints and thermal stability (Table 4.1).[8–13]

Scheme 4.1 H2O-assisted formation of monodentate carbonates from bidentate ones. Modified from Evans et
[7]
al.
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As noted above, the performance of SiO2-MgO-based Lebedev catalysts is directly dependent on
their acid-base properties; in turn, the acidity/basicity of the materials also determines the
interaction with adsorbates, such as H2O and CO2. The adsorption of, in particular, the latter on basic
(and possibly acidic) active sites, is then expected to have either a beneficial or detrimental impact
on catalysis, depending on the precise active site strength requirements of the specific process. It is
clear that the extent of removal of such adsorbates as a function of pretreatment procedure can play
an important role.[8] Indeed, it is known that the optimal pretreatment temperature for MgO varies
from catalytic process to process, showing that e.g. the stronger basic sites that become available at
higher pretreatment temperatures are beneficial for some processes, but detrimental for others.[8]
For example, Hattori et al. showed how different evacuation temperatures influenced catalyst
performance of two MgO samples prepared from Mg(OH)2 and 4MgCO3·Mg(OH)2·5H2O for a number
of reactions,[14] ascribing the differences in performance to the temperature-dependent removal of
various carbonate species. Akutu et al., on the other hand, observed an increased activity in the
MgO-catalyzed nitroaldol reaction upon changing the pretreatment temperature from 673 to 1073 K,
but did not observe a negative influence on catalysis when CO2 was allowed to adsorb on MgO.[15]
These examples show that the effect of any adsorbed CO2 on catalyst performance is difficult to
predict a priori.
For the one-step ethanol-to-butadiene Lebedev process, it is proposed in Chapter 3 that strong
basic sites on SiO2-MgO materials are detrimental for catalysis; the commonly employed reaction
temperature window (623-698 K) for this process is expected to influence the strength of the
available active sites by changing the degree at which carbonates are removed. How carbonate
removal by thermal (pre)treatment will actually alter the subtle balance of acidic-basic sites (of
intermediate strength) required for this process, remains to be seen. Bicarbonates are, for instance,
expected to be easily desorbed at the standard reaction temperatures used for the Lebedev process,
while the retention of other carbonates (e.g. monodentate and bidentate) will depend on their
intrinsic thermal stability as well as on the strength of the active sites of the catalyst. Surprisingly,
although their presence has been recently alluded to,[16] a detailed study of the chemical nature of
carbonate species on SiO2-MgO materials and the resulting influence on the catalytic performance of
these materials in the Lebedev process is presently not available. Here, we report on the nature of
different carbonate species present on SiO2-MgO catalysts prepared by wet-kneading or coprecipitation (Table 4.2), studied by means of FT-IR and ThermoGravimetric Analysis with Mass
Spectrometry detection (TGA-MS). Moreover, for the first time, the positive effect of carbonates
removal on catalysis by a modified thermal treatment is reported.
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4.2.

Experimental

4.2.1. Catalyst preparation
The SiO2-MgO catalysts were prepared via wet-kneading and co-precipitation methods as
described in Chapter 2. Sample names and a short description of the preparation methods are
reported in Table 4.2.
Table 4.2 Overview of the different preparation method used for the various SiO2-MgO catalysts under
investigation here.
SiO2 particle size (nm)

Sample name

Technique

SiO2-MgO (II)

Wet-kneading

~ 425

SiO2-MgO (III)

Wet-kneading

30-100

SiO2-MgO (IV)

Wet-kneading

7-40

SiO2-MgO (V)

Co-precipitation

a

Co-precipitation

b

SiO2-MgO (VI)
a

~ 425
-

c

b

c

MgO precursor added 20 min after SiO2 precursor. MgO and SiO2 precursors added simultaneously. No
silica phase was observed for this sample. See Chapter 2 for details on the preparation of the different samples.

4.2.2. FT-IR spectroscopy
FT-IR measurements were taken with 25 scans per spectrum on a Perkin Elmer System 2000 with
a DTGS detector and a resolution of 4 cm-1. Approximately 0.015 g of the catalyst were pressed into a
pellet and placed into the infrared cell. The catalyst was dried in the cell under vacuum with a
temperature ramp of 5 K min-1 until the desired temperature of 823 K was reached; FT-IR spectra
were taken every 25 K in the temperature range 323-823 K. Once 823 K was reached, this
temperature was kept constant for 30 min, after which the sample was cooled to 323 K.

4.2.3. TGA-MS
TGA-MS analyses were performed with a Perkin Elmer Pyris 1 TGA thermogravimetric analyzer
coupled to a Pfeiffer Vacuum Omnistar MS spectrometer. Approximately 0.01 g of catalyst was
employed for TGA-MS of the SiO2-MgO samples. An Ar stream of 5 mL min-1 was employed during
thermal treatment, which consisted of heating the sample up to 1173 K with a ramp of 5 K min-1.
Afterwards, the sample was kept at a temperature of 1173 K for 2 h to monitor the evolution of any
desorbing species in time. The MS detector monitored desorption of masses due to H2O (16, 17 and
18 m/z) and CO2 (12, 44 and 46 m/z).
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4.2.4. Catalytic testing
SiO2-MgO (III) was tested by placing approximately 0.2 g of catalyst (sieved to a particle size of
425-90 μm) in a U-shaped quartz reactor after addition of quartz wool. Ethanol was fed via a
Bronkhorst CEM system consisting of three components: a gas flow controller for N2 (carrier gas), a
liquid flow controller for ethanol and, finally, a mixing chamber kept at 303 K; in the latter, the
gaseous mixture was formed and fed downstream into the reactor. For each test, 2 mL min-1 of
ethanol and 98 mL min-1 of N2 were employed. A heating ramp of ~ 7 K min-1 was used to reach the
reaction temperature of 698 K, while a flow of 98 mL min-1 of N2 was kept. To assess the influence of
any remaining carbonates on catalysis, the SiO2-MgO (III) material was also subjected to a different
pretreatment procedure: a heating ramp of ~ 7 K min-1 was used to reach 898 K, this temperature
was then held for 2 h; afterwards, the reactor was cooled down to the reaction temperature, i.e. 698
K. Once this temperature was reached, ethanol was allowed on the catalyst bed. The analysis of the
reaction mixture was performed via GC-FID using a CP poraplot Q-HT column; quantification of the
main components (i.e., ethanol, ethylene, acetaldehyde, butadiene and diethyl ether) was based on
calibration curves obtained by feeding known amounts of the various compounds. The following
definitions were used (mol: moles of observed substance):
Ethanol conversion:
𝑋𝐸𝐸𝐸𝐸 (%) = 100 ×

Yields (acetaldehyde, ethylene):

𝑌𝑖 (%) = 100 ×

Yields (butadiene, ethyl ether):

𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑖
𝑚𝑚𝑚𝐸𝐸𝐸𝐸 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝑌𝑖 (%) = 100 × 2 ×

4.3.

Results and Discussion

𝑚𝑚𝑚𝐸𝐸𝐸𝐸 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑚𝑚𝑚𝐸𝐸𝐸𝐸 𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑖
𝑚𝑚𝑚𝐸𝐸𝐸𝐸 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

The FT-IR and TGA-MS results, showing the nature and amount of carbonates on MgO and the five
SiO2-MgO materials, are first discussed below in detail for three selected samples, representative of
the wet-kneaded catalysts (SiO2-MgO (III)), the co-precipitated ones (SiO2-MgO (VI)) and pure MgO,
for comparison. The observations made for these three showcase samples are extended to the other
materials, thus highlighting similarities and differences within each class of materials and, finally,
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showing the remarkable differences between catalysts synthesized with wet-kneading and coprecipitation.

4.3.1. FT-IR spectroscopy
Carbonates present as a result of adsorption of atmospheric CO2 on the five SiO2-MgO materials
could be readily detected by FT-IR spectroscopy, with the bands of interest being observed at 1800950 cm-1. The two single oxides were also analyzed for comparison. All samples were subjected in
vacuo to a thermal treatment up to 823 K to force the desorption of the carbonates, while
monitoring their spectroscopic signature and thermal stability with FT-IR; pure SiO2 (Appendix, Figure
A5) thus displayed two low-intensity bands that readily disappeared between 423 and 448 K, while
MgO, discussed in detail later, showed a number of bands with significantly higher intensity and
thermal stability.
As for the identification of carbonates present on the mixed SiO2-MgO materials, it should be kept
in mind that in addition to the various carbonates that can be formed on MgO[7,10,17,18] and MgOcontaining materials[13,19–21] carbonates can also be formed on O(H) groups that originate from
bridged Mg, Si functionalities; in Chapter 3, based on FT-IR of adsorbed deuterated chloroform
(CDCl3-IR) analysis, such bridged sites are proposed to give rise to stronger basic sites, resulting in
turn in more strongly adsorbed and thermally stable carbonates. Relevant carbonates are therefore
not limited to those listed in Table 4.1, but should also include those formed on mixed sites.
Two spectroscopic regions are particularly insightful for the identification of carbonates adsorbed
on solid materials. The first one, i.e. 1075-950 cm-1, allows for the investigation of the carbonate O-C
stretch vibrations (see ν O-C in Table 4.1) and can be typically used to distinguish among different
carbonate species.[7] Unfortunately, this region cannot be used to aid carbonate assignment for the
SiO2-containing materials as any carbonate O-C stretch vibrations are obscured by intense Si-O-Si
vibrations. For the three wet-kneaded samples in particular, the background rises steeply from 1500
cm-1 on down. This region proved insightful for the study of carbonates on MgO, however (Figure
4.1). The second region of interest, from 1800-1300 cm-1, proved very valuable for the identification
of the carbonate species detected on both the MgO and SiO2-MgO samples.
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-1

Figure 4.1 FT-IR spectra of MgO in the range 1300-1000 cm at different temperatures: from top to bottom
398, 448, 698 and 823 K.

MgO. For pure MgO, a number of spectroscopic features were observed in the 1075-950 cm-1
region (Figure 4.1). Two very weak bands at ~ 1220 and ~ 1040 cm-1 seen for MgO disappear
completely between 398 and 448 K; based on literature precedence,[8,9,12] these are assigned to
bicarbonates, which have been previously reported to desorb at quite low temperatures.[20] In
addition, two peaks were observed at 1111 and 1092 cm-1 with the former still being present at a
temperature as high as 823 K (the maximum temperature due to instrumental limitations), indicative
of a highly thermally stable carbonate species. This peak, however, is observed at higher
wavenumbers than typically reported for carbonates (Table 4.1). Based on thermal stability (see also
the TGA-MS data below), more than spectroscopic position, we attribute this feature to bulk
carbonates. In the 1800-1300 cm-1 region (Figure 4.2), two broad bands are observed at ~ 1518 and
1437 cm-1 for MgO. Based on position and splitting, these two bands can be assigned to the
asymmetric and symmetric O-C-O stretching modes of monodentate carbonates; given the
broadness of the bands (and based on the TGA-MS data), it is likely that additional carbonate species
contribute to this signal, however. The latter bands, possessing very high intensity at 698 K, decrease
in intensity upon heating and (almost) completely disappear at 823 K (cf a) and b) in Figure 4.2).
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Figure 4.2 FT-IR spectra of MgO, SiO2-MgO (III) and SiO2-MgO (VI). The spectra are taken at a) 698 K and b) 823
-1
K in the region 1800-1300 cm . The intensities of the various bands should not be compared at different
temperatures as the spectra shown in a) and b) are normalized to the most intense feature at each
temperature.

SiO2-MgO (III). Albeit slightly shifted, the two bands observed in the 1800-1300 cm-1 region for
SiO2-MgO (III) are similar to those observed for MgO and again are indicative of monodentate
carbonates. At 698 K, the temperature at which the ethanol-to-butadiene reaction is run in our case,
monodentate carbonate bands are almost gone for SiO2-MgO (III), however (Figure 4.3).
A very similar situation is seen for the other wet-kneaded materials (i.e., SiO2-MgO (II) and SiO2MgO (IV); see Figure 4.4). The difference in stability of the monodentate carbonates on MgO and on
the wet-kneaded samples is noteworthy, as Transmission Electron Microscopy (TEM) images
reported in Chapter 2 showed that these materials seem to consist of MgO-covered SiO2 spheres
together with areas that appeared to be predominantly MgO-like; the IR data now suggest that the
surface of these MgO-rich areas must also to a certain extent be chemically altered. While hardly any
carbonate features can be detected by FT-IR for the wet-kneaded catalysts treated at temperatures >
698 K, the TGA-MS data reported below do show that a small yet significant amount of CO2 is still
found to desorb up to temperatures as high as 1173 K.
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Figure 4.3 FT-IR spectra of SiO2-MgO (III) in the range 1800-1300 cm at different temperatures: from top to
bottom 598, 648 and 698 K.

Figure 4.4 FT-IR spectra of the various SiO2-MgO catalysts. The spectra are taken at 698 K in the region 1800-1
1300 cm .

SiO2-MgO (VI). Also for the co-precipitated material SiO2-MgO (VI), two broad bands that are
indicative of monodentate carbonates are observed in the 1800-1300 cm-1 region. Despite the similar
position, these spectroscopic features show a remarkably different thermal stability as compared
with both MgO and SiO2-MgO (III). Indeed, at 698 K the monodentate carbonates dominate the
spectrum of SiO2-MgO (VI). Upon further increase of the temperature, the monodentate carbonates
desorb and a more complex spectroscopic situation is revealed. In particular, at 823 K a clear peak at
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1398 cm-1 plus a number of other ill-defined maxima can now be seen, suggesting additional types of
carbonate species to be present (see Figure 4.2 at 823 K). This is even more clear in the case of SiO2MgO (V), the other co-precipitated sample (Figure 4.2). As bicarbonate and monodentate species are
not expected to be stable at these temperatures, the carbonates observed at temperatures ≥ 698 K
must be due to bidentate or bulk carbonates (bridged carbonates can be excluded as they are
reported to have a Δν > 400 cm-1, Table 4.1). In particular the position and spitting (~ 240 cm-1) of
two bands observed only for SiO2-MgO (V) at 1630 and 1390 cm-1, together with their thermal
stability, suggest that these bands originate from bidentate carbonates. Furthermore, based on
thermal stability (discussed below) and small Δν O-C-O splitting, bulk carbonates are also thought to
contribute to two or more bands in the range 1700-1340 cm-1.
Taken together, the FT-IR data indeed show that the differences in carbonate stability are due to:
1) carbonates of a different type having an intrinsically different thermal stability; 2) carbonates of
the same type but being adsorbed on basic sites of different strength. Although experimental
conditions differ slightly between the catalytic tests and FT-IR analysis (i.e. heating in N2 flow or
vacuum), the differences in amounts and nature of carbonates present could affect catalysis. Indeed,
keeping catalyst performance in mind, it should be stressed here that even though FT-IR seems
unable to detect any carbonate species for the wet-kneaded catalysts at 698 K (reaction
temperature), the TGA-MS results discussed below paint a more complicated picture and provide
further insight into the different carbonate species present.

4.3.2. TGA-MS
The SiO2-MgO samples and pure MgO were thermally treated to a temperature of 1173 K to force
the removal of any adsorbed species; the associated decrease in weight was monitored, as well as
the evolution of H2O and CO2 as a function of temperature and time (Figures 4.5 and 4.6). In general
it can be seen that for most materials two main phases of weight loss are detected, the first centered
at around 362-364 K and the second one at 599-611 K, with the exception of MgO (additional weight
loss at 528 K) and SiO2-MgO (VI) (no weight loss detected in the second temperature range); MgO
and SiO2-MgO (I-V) all lose ~ 15% of the initial weight upon thermal treatment. The observation that
the weight loss for MgO is similar to the wet-kneaded samples is actually quite surprising given that
the latter contain a substantial amount of SiO2 for which little adsorbed CO2 and H2O is expected;
these results thus imply a higher density of basic sites on the SiO2-MgO catalysts. This again points at
considerable chemical or structural changes in the MgO component upon wet-kneading.
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Figure 4.5 TGA-MS analyses of the wet-kneaded catalysts (SiO2-MgO (II-IV)) and MgO for comparison. Left:
normalized weight (%) and its derivative in the range 313-1173 K. Right: MS signal (logarithmic scale) of H2O
-1
and CO2 (m/z = 18 and 44, respectively) vs. temperature in the range 323-1173 K (heating ramp of 5 K min )
and vs. time, once 1173 K is reached.

The co-precipitated sample SiO2-MgO (V) shows a similar weight loss, i.e. ~ 16% of its initial
weight, but weight loss occurs at temperatures higher than seen for the wet-kneaded samples (i.e.
386 and 622 K vs ~ 363 K and ~ 605 K, respectively); in addition, the latter feature (centered at 622 K)
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is significantly broadened. SiO2-MgO (VI) proved quite distinct, as in addition to weight loss being
only observed at low temperature, total weight loss was also found to be higher, i.e. ~ 20%.
MgO. The three distinct signals for CO2 evolution for MgO seen by MS in the temperature range
313-900 K, occur simultaneously with H2O loss. Instinctively, these three desorption events could be
thought to originate from the collapse of bicarbonates, but FT-IR data showed these to be very
limitedly present and to disappear at around 398-448 K; this led us to attribute only the first phase of
weight loss centered at 378 K to bicarbonate decomposition and to exclude any H2O co-desorption
that is observed for any sample at temperatures ˃ 450 K to be due to the removal of bicarbonate
species. This is in reasonable agreement with literature reports on the disappearance of bicarbonate
bands at 448 K on ZrO2.[22] Additionally, Duński et al. already showed that H2O present on MgO can
actually be desorbed at temperatures as high as 1250 K, depending on the H2O adsorption site.[23]
The simultaneous desorption of H2O and CO2 at ~ 378, 528 and 618 K then does hint at a chemical
interaction between the two adsorbates, though, perhaps via hydrogen bonding interactions. Based
on these reasons, the CO2 desorption observed in the range 450-700 K is then ascribed to thermal
instability of monodentate carbonates.
SiO2-MgO (III). For SiO2-MgO (III), the majority of CO2 has desorbed when a temperature of 698 K
is reached (Figure 4.5); based on the FT-IR data and similarly to what was observed for MgO, we can
attribute these CO2 desorption features to the decomposition of monodentate carbonates. In
addition, the CO2 MS signal does show low-intensity features at temperatures > 698 K; in particular, a
CO2 desorption shoulder is observed between 700 and 900 K, even though the FT-IR spectra show
hardly any signal at temperatures from 698 K and up. This discrepancy probably is the result of the IR
background signal obscuring the remaining carbonate signals, complicating the attribution of the
shoulder observed at 700-900 K in TGA-MS; the signal does nonetheless confirm that carbonates are
present on the catalyst material if not treated at temperatures higher than 698 K. A comparison of
the TGA-MS results of all wet-kneaded samples shows carbonates of remarkably similar nature to be
present on these catalysts, as was previously also suggested by the FT-IR data. The amount of
carbonates also appears to be similar, with the only minor difference among the wet-kneaded
catalysts seen by TGA-MS being the intensity of the shoulder found between 700 and 900 K (Figure
4.5).
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Figure 4.6 TGA-MS analyses of the co-precipitated catalysts (SiO2-MgO (V-VI)) and MgO for comparison. Left:
normalized weight (%) and its derivative in the range 313-1173 K. Right: MS signal (logarithmic scale) of H2O
-1
and CO2 (m/z = 18 and 44, respectively) vs. temperature in the range 323-1173 K (heating ramp of 5 K min )
and vs. time, once 1173 K is reached.

SiO2-MgO (VI). The temperature-dependent FT-IR spectra of SiO2-MgO (VI) samples suggest that
mainly monodentate carbonates (bands at 1518 and 1437 cm-1) are being desorbed upon heating
from 373 to 673 K (Appendix, Figure A6, B). Correspondingly, the TGA-MS features observed in the
range 500-700 K for this sample are proposed to result from the presence of two different
monodentate carbonates, as previously observed in literature.[11] Above, we proposed the carbonate
species still found to be adsorbed at 873 K on SiO2-MgO (VI) and characterized by a small ∆ν3 in FT-IR
to be bulk carbonates (Figure 4.2, right). The corresponding CO2 MS signals show the desorption of
two species at ~ 1070 and ≥1173 K. The remarkable thermal stability displayed by those species
would indeed corroborate their assignment to bulk carbonates. Such bulk carbonates have, to the
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best of our knowledge, not been previously reported for MgO-containing materials, but have been
detected on La2O3, for example; the two FT-IR bands seen for La2O3 at 1400 and 1490 cm-1 are quite
similar to what we observe.[24] For the other co-precipitated material, i.e. SiO2-MgO (V), a broader
CO2 peak centered at around 622 K is observed (spanning the range 500-800 K); this, together with
the multiple features observed via FT-IR analysis (Figure 4.4) suggests desorption of multiple
(monodentate) carbonate species. Moreover, the FT-IR features seen exclusively for SiO2-MgO (V),
i.e. the two bands at 1390 and 1630 cm-1, are accompanied by a unique feature at~ 1000 K in the CO2
signal for this sample (Figure 4.6). As previously stated, based on the splitting of the two FT-IR bands
(~ 240 cm-1), this species was tentatively assigned to a bidentate carbonate; moreover, in line with
our assignment, bidentate carbonates are typically reported to be more thermally stable than
monodentate ones.[9,11] This assignment differs from the one reported very recently by Janssens et al.
who instead assigned the different CO2-TPD peaks observed for different MgO-SiO2 samples (after a
sample pretreatment at 673 K) to bicarbonate, bidentate and monodentate carbonates in increasing
order of thermal stability.[16]
Although the CO2 signal at temperature > 1173 K was observed for all samples, the intensity of
bulk carbonate features is significantly higher for the co-precipitated samples than for the wetkneaded ones. For the latter catalysts, X-ray Diffraction (XRD) analysis indeed showed these materials
to contain crystalline MgO; additionally, TEM results showed them to consist of SiO2- and MgO-like
areas (Chapter 2). On the other hand, TEM and XRD indicated that the co-precipitated catalysts
possessed a more mixed oxide-like structure. Furthermore, these samples are suggested to have
strong basic sites resulting from Si-O-Mg interactions based on CDCl3-IR (Chapter 3). This, together
with the absence of literature reports for bulk carbonates on pure MgO, might then mean that the
bridged functionalities allow for the formation of polydentate (or bulk) carbonates, thus explaining
why they are significantly more abundant on co-precipitated than on wet-kneaded SiO2-MgO
samples.
The thermal stability and abundance of the carbonates present on our SiO2-MgO samples is
summarized in Table 4.3, with bicarbonates (desorption up to ~ 500 K, low amount), monodentate
carbonates (desorbed between 500 and 698 K, dominant species), bidentate (up to ~ 1000 K, only on
SiO2-MgO (V)) and bulk carbonates (> 1000 K, amount depending on catalyst preparation) all being
observed to different extents. Even when based on two independent characterization techniques,
the various carbonate species should be identified with caution. Nonetheless, two things are clear: 1)
similar FT-IR spectra and CO2 MS patterns were observed for wet-kneaded samples on the one hand

107

Chapter 4

and for the co-precipitated ones on the other; 2) carbonates possessing a significantly higher thermal
stability are present on the co-precipitated samples.
The presence of carbonates with such a broad range of thermal stability means that the
quantification of basic sites on SiO2-MgO materials, e.g. via CO2-TPD, depends strongly on the
thermal history of the sample and the temperature program employed for desorption (and possibly
on the kinetics of CO2 desorption). In our case, indeed, complete removal of carbonates occurs only
at temperatures that are usually reported to cause severe structural changes. Thus, characterization
techniques making use of probe molecules (also others than CO2) can be affected by these
carbonates blocking a portion of the active sites that are meant to be probed.
Table 4.3 Overview of the amount and stability of types of carbonates observed on the two classes of SiO2MgO catalysts.
Carbonate species
Bicarbonate
Monodentate

Wet-kneaded

Co-precipitated

Thermal stability

SiO2-MgO

SiO2-MgO

(K)

+

<500

++

500-700

+

a

++
c

Bidentate

-

Bulk

+

b

d

≤1000

++

>1000

+

a

b

+ indicates that a low amount of the specific carbonate was detected. Indicates that a large amount of the
c
d
specific carbonate was detected. Indicates that the specific carbonate was not detected. Observed only for
SiO2-MgO (V).

4.3.3. Influence of Carbonates on Catalytic Performance
As thermally stable adsorbates (CO2 but also H2O) can affect catalysis by blocking active sites of
specific type and strength, the pretreatment temperature used to remove adsorbed carbonates is
expected to have a large influence on catalyst activity. Indeed, for MgO the removal of carbonate
species has been reported to alter the catalytic availability of active sites of different strength (for a
number of different reactions).[8] Díez et al. studied the aldol condensation (an elementary step of
the commonly proposed mechanism for the Lebedev process) between citral and acetone,
suggesting that CO2 chemisorption on the basic sites of MgO and Li-promoted MgO affects catalysis
negatively by blocking the basic sites required for reaction.[25] Similarly, Rao et al. reported that
hydrotalcites calcined at 748 K show a higher activity than when treated at lower temperatures, this
again being attributed to the beneficial removal of carbonates.[26] The effect of thermal treatment on
the performance of SiO2-MgO catalysts in the Lebedev reaction has so far not been studied, though.
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The effect of a higher pretreatment temperature on the Lebedev process is shown for one
selected showcase in Figure 4.7. The catalytic performance of SiO2-MgO (III) is given after a standard
pretreatment and after treatment at 898 K for 2 h in N2 flow, before cooling down the system to
reaction temperature, i.e. 698 K. This significant improvement in butadiene yield (at similar ethanol
conversion) is now attributed to the removal of additional carbonate species. The higher
pretreatment temperature allows for the species that correspond to the desorption noted in the
TGA-MS data in the range 700-900 K to be removed (see Figure 4.5); unfortunately, a firmer
attribution of which carbonates are exactly removed from the surface is precluded by the lack of a
clear FT-IR signature at these temperatures.

Figure 4.7 Ethanol conversion (left) and butadiene yield (right) as a function of time-on-stream over SiO2-MgO
(III) pretreated by heating the sample from RT to 698 K over one hour and the same catalyst pretreated at 898
K for 2 h. Conditions: 0.2 g of catalyst, reaction temperature of 698 K, ethanol (gas phase) and nitrogen flow of
-1
2 and 98 mL min , respectively.

While butadiene yield increased, the amounts of ethylene and acetaldehyde that are produced by
the two samples are the same (Appendix, Figure A7). Taking into account that acetaldehyde is an
intermediate to butadiene, this means that during catalysis acetaldehyde is formed more efficiently
over the sample pretreated at 898 K and that, possibly, aldol condensation is more efficient. This
result clearly shows that surface carbonates can be detrimental for catalysis in the Lebedev process.

4.4.

Conclusions

CO2 adsorbs on basic solid materials, significantly influencing their acid-base properties. For SiO2MgO materials used in the conversion of ethanol to butadiene, the nature of the carbonates present
on the catalyst surface depends on the structural and acid-base properties of the materials and thus
on the method chosen for their preparation. FT-IR and TGA-MS analyses allowed for the
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identification of the different carbonate species based on their spectroscopic features and thermal
stability. These characterization techniques showed that carbonate species are only limitedly present
on the wet-kneaded (SiO2-MgO (II-IV)) catalysts at the typical reaction temperature of the Lebedev
process, i.e. 698 K. Considerable amounts of carbonate species were present for the co-precipitated,
SiO2-MgO (V-VI) catalysts at temperatures significantly higher (i.e., 1000 K and up) than the one used
during reaction. Based on their thermal stability and spectroscopic signature, the latter carbonates
were assigned to bidentate and bulk carbonates. Finally, carbonate removal by using a pretreatment
temperature of 898 K proved beneficial for the butadiene yield in the Lebedev process for one
selected (wet-kneaded) catalyst.
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5. SiO2-MgO Catalysts for the Lebedev Process:
Influence

of

Wet-Kneading

and

Process

Parameters

Abstract
Wet-kneading is a commonly used preparation method to synthesize active and selective SiO2MgO catalyst materials for the ethanol-to-butadiene process. Catalyst performance depends heavily
on the choice of wet-kneading preparation parameters. Here, the large influence of MgO precursor
and content on morphology, chemical structure (determined by TEM(-EDX), FT-IR, and XRD) and
catalyst performance is reported. In particular, the choice of MgO precursor directly impacts the
extent of magnesium silicate phase formation upon wet-kneading, as estimated from a Mg-O-H··O-Si
vibration seen at 3672 cm-1. The relative intensity of this band was, in turn, observed to correlate
with catalyst performance. The use of a nano-sized Mg(OH)2 precursor led to the largest amount of
magnesium silicate and the highest butadiene yield. Catalytic efficiency is proposed to ultimately
depend on the (proper) magnesium silicate to MgO ratio. This ratio can, amongst others, be altered
by variation of the MgO content of the SiO2-MgO materials. A volcano-shaped dependence on MgO
content showed the SiO2-MgO (III)nano sample with a MgO content of 0.50 to perform best. Variation
of the MgO content resulted in magnesium silicate phases of different nature to be formed and to
different extents of those. For SiO2-MgO (III)nano 0.50 MgO content, the catalyst giving the highest
butadiene yield, temperature (T = 623-773 K) and Weight Hourly Space Velocity (WHSV = 2.2 to 0.275
h-1 at 698 K) were varied to further optimize catalyst performance. The highest butadiene yields were
achieved at T = 748 K and WHSV = 0.275 h-1 (i.e., ~ 38% and ~ 31%, respectively). Butadiene and
ethylene yields were found to follow a similar trend over the T and WHSV ranges.
This Chapter is based on the following manuscript: “On the Effect of Preparation and Process Parameters in the
Lebedev Process over SiO2-MgO Catalysts” S.-H. Chung,* C. Angelici,* S. O. M. Hinterding, B. M. Weckhuysen, P.
C. A. Bruijnincx, to be submitted.
* Both authors contributed equally.
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5.1.

Introduction

In Chapter 2, it was shown that SiO2-MgO materials prepared by wet-kneading performed better
than the physical mixture and those prepared via co-precipitation in the Lebedev ethanol-tobutadiene reaction. Similarly, Kvisle et al. also showed a physical mixture of SiO2 and MgO to perform
worse than a wet-kneaded catalyst, highlighting the synergy that is obtained by chemically mixing
the two components.[1] Ohnishi et al. in turn observed that a catalyst material prepared by wetkneading SiO2 and Mg(OH)2 performed better than one obtained by co-precipitating MgCl2 and
tetraethyl orthosilicate (TEOS).[2] Indeed, wet-kneading is now generally considered to be the method
of choice for the preparation of such SiO2-MgO catalysts. However, the reasons behind the high
activity of these wet-kneaded materials are still poorly understood. To better understand the
relationships between preparation, catalyst structure and performance, we previously investigated
the differences in morphology, acid-base properties and nature of adsorbed surface carbonates for
catalysts prepared via co-precipitation and wet-kneading and related those properties with catalytic
performance in Chapters 3 and 4. In general, co-precipitated catalysts were found to possess an
excessive amount of acidic and strong basic sites, leading to large amounts of dehydration
byproducts (i.e. ethylene and diethyl ether) and low butadiene yield. On the contrary, wet-kneaded
materials showed significantly higher butadiene yields as a result of the presence of an intermediate
amount of acid sites and only few strongly basic ones.
Not only the preparation method itself, but also the parameters chosen within a given
preparation method will affect the performance of SiO2-MgO catalysts in the Lebedev process. For
instance, Ohnishi et al. reported lower butadiene yields when MgCl2 was used rather than Mg(NO3)2
as a precursor for Mg(OH)2 prior to wet-kneading, illustrating the detrimental effect any residual Cl
can have on catalyst performance.[2]
Another parameter expected to strongly influence catalyst performance is the ratio between SiO2
and MgO. Very different values have been reported for the optimal ratio that gives the highest
butadiene yield. For example, Niiyama et al. found a SiO2-MgO catalyst with a MgO content of 0.85
(see Experimental section for its definition) to perform better than all other ratios tested, attributing
this result to improved acid-base properties.[3] On the other hand, a 0.50 MgO content sample
showed the best catalytic performance in a study by Ohnishi and co-workers.[2] Finally, Makshina et
al. tested the physical mixture at different ratios and found a 0.66 MgO content to be best.[4] These
different results suggest that a direct correlation between the ratio of the components and
performance cannot be drawn unless other parameters (e.g. preparation method and structural
properties) of the catalysts are taken into account.
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Important questions still remain unanswered regarding the structural and chemical
transformations that bring about the synergy seen for wet-kneaded SiO2-MgO catalysts. Natta and
Rigamonti already provided some important insights in their early work, noting that catalysts
prepared by kneading SiO2 and MgO in water performed better than those prepared in ethanol
under otherwise identical conditions.[5] Interestingly, characterization of the materials by X-ray
powder diffraction (XRD) showed that only for the water-kneaded samples magnesium silicate
formation was observed. The extent of silicate formation was then found to correlate with butadiene
production, with both too limited and excessive amounts of silicates being detrimental for catalysis.
Relatedly, Kvisle et al. noted that Mg-O-Si bonds are formed during wet-kneading of SiO2 and
Mg(OH)2, basing this conclusion on a diffuse reflectance Ultraviolet-Visible spectroscopy (UV-Vis)
band centered at ~ 260 nm, a spectroscopic signature that is also observed for antigorite (a
magnesium silicate of the serpentine group).[1] Based on 29Si Magic Angle Spinning Nuclear Magnetic
Resonance (MAS NMR) and Fourier Transform Infrared spectroscopy (FT-IR) data, Janssens et al. very
recently also pointed at the formation of an amorphous magnesium silicate upon impregnation of
dry milled SiO2-MgO materials with an aqueous Ag salt solution.[6] Although magnesium silicates
formation and their possible role in catalysis has thus been recognized, only a limited number of
studies actually purposefully used magnesium silicates as catalysts or catalyst supports for the
Lebedev process. For example, Kovařík observed a physical mixture of MgO and talc (a layered
magnesium silicate, see below) to give lower butadiene yield as compared with a SiO2-MgO one.[7] On
the other hand, while an amorphous magnesium silicate (with structure MgO·3SiO2·3H2O) gave
mainly ethylene production, a combination of the latter with Mg(OH)2 followed by calcination at 823
K showed a butadiene yield of > 50%. The latter, excellent performance was attributed, on the base
of XRD analysis, to the presence of MgO (promoting ethanol dehydrogenation) together with a
partially crystalline magnesium silicate phase (3MgO·4SiO2·3H2O). The catalytic function of the latter
was not further elaborated upon, however. Later, Kitayama et al. observed that sepiolite (a
magnesium silicate clay mineral) produced mainly ethylene and only trace amounts of butadiene.[8]
Nonetheless, very good butadiene yields could be achieved upon addition of transition metals to the
sepiolite clay, thought to be the result of an increase in dehydrogenation activity. A similar
observation was made by Gruver and co-workers for Ag-promoted aluminated sepiolites.[9]
In addition to the different preparation methods and parameter choice within a certain method,
the process parameters are also expected to significantly influence butadiene yield. Systematic
investigations of the process parameters, however, are seldom reported. Sushkevich et al. observed
that the best butadiene yield, i.e. 65% is achieved at a rather low WHSV value (0.04 h-1) and
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temperature of 593 K over a 1Ag/10ZrO2/SiO2 catalyst.[10] On the other hand, Janssens et al. observed
that increasing the temperature from 673-753 K led to an increase in butadiene yield from ~ 20% to ~
40% for their Ag/SiO2-MgO catalysts.[6] Increasing the WHSV (from 1.2 to 2.4 h-1) resulted in a
reduced butadiene yield.
The effect of preparation parameters on SiO2-MgO catalyst structure and performance, as well as
the effect of process parameters on performance are thus still largely unknown. Here, the use of a
number of MgO precursors, different MgO contents, as well as variation of T and WHSV for the best
catalyst obtained from the investigation of the preparation parameters were employed to improve
the performance of SiO2-MgO wet-kneaded catalyst materials. Butadiene yield was found to largely
depend on the MgO:magnesium silicate ratio and on the exact chemical nature of the latter.

5.2.

Experimental

5.2.1. Materials
Mg(NO3)2∙6H2O (99+%, Acros), tetraethyl orthosilicate (TEOS, 98%, Aldrich), NH3 (25%, Merck) and
ethanol (100%, Interchema) were employed for the preparation of SiO2-MgO (III). Additionally, for
SiO2-MgO (III)nano, NaOH (pellets for analysis, Merck) was used. For SiO2-MgO (III)comm, Mg(OH)2
(reagent grade, 95%, Sigma-Aldrich) was employed. Finally, MgCO3 (for biochemistry, specified
according to the requirements of USP, Acros Organics) was used for SiO2-MgO (III)carb.

5.2.2. Catalyst preparation
The preparation of the wet-kneaded material SiO2-MgO (III) is described in detail in Chapter 2. To
summarize: 1. the SiO2 component is prepared from TEOS in an ethanol/NH3 solution; after allowing
the solution to age for 24 h the solid obtained was dried for 1 h in a rotary evaporator; 2. Mg(OH)2 is
precipitated from the corresponding nitrate by addition of a 1 M aqueous NH3 solution and,
afterwards, dried at 393 K overnight; 3. the two components are then wet-kneaded in H2O at RT for 4
h; and 4. the resulting solid is dried at 393 K overnight and calcined for 5 h at 773 K.
For all catalysts used in this Chapter the preparation of the SiO2 component is identical to the one
employed for SiO2-MgO (III) (described above). In addition to SiO2-MgO (III), three more samples
were prepared using a different MgO precursor, as summarized in Table 5.1. For the SiO2-MgO
(III)nano sample, Mg(OH)2 was prepared according to the procedure of Vatsha et al.[11] Mg(OH)2 was
precipitated from Mg(NO3)2 using NaOH. The required amount of 0.4 M NaOH in water was added
dropwise to 250 mL of 0.2 M Mg(NO3)2 in water, until the pH reached 12. This pH was maintained for
1 h during which the solution was allowed to age, after which the solid was recovered by

114

SiO2-MgO Catalysts for the Lebedev Process: Influence of Wet-Kneading and Process Parameters

centrifugation and washed multiple times with deionized water. Inductively Coupled Plasma (ICP)
analysis showed that no sodium is present in SiO2-MgO (III)nano after washing. For the SiO2-MgO
(III)comm and SiO2-MgO (III)carb samples, the desired amount of commercially available Mg(OH)2 and
MgCO3, respectively, were used as received in the wet-kneading procedure.
Table 5.1 Overview of the different preparations for the SiO2-MgO catalyst materials, including the sample
names used throughout the Chapter, a list of the MgO precursor and Mg-containing species used during wetkneading.

a

Sample name

MgO precursor

Mg compound used in WK

SiO2-MgO (III)nano

Mg(NO3)2

Mg(OH)2 nano

SiO2-MgO (III)

Mg(NO3)2

Mg(OH)2 standard

SiO2-MgO (III)comm

Mg(OH)2 comm.

SiO2-MgO (III)carb

MgCO3 comm.

a

a

b

Mg(OH)2 comm.
MgCO3 comm.

a

MgO content
0.33, 0.50, 0.60, 0.66, 0.75

a

b

0.50
0.50
0.50

b

comm. indicates a commercially available source. For the difference in Mg(OH)2 particle size see Figure 5.1.

For all catalysts, the wet-kneading procedure consisted of mixing the Mg and Si components at
room temperature for 4 h in 200 mL of water. All precipitates were washed several times with
deionized water and recovered via centrifugation, dried at 393 K then calcined at 773 K for 5 h. All
catalysts prepared as described above have a MgO content (defined as: mol MgO/(mol MgO + mol
SiO2)) of 0.50. Furthermore, four more SiO2-MgO (III)nano samples were prepared with different MgO
content. Samples with a MgO content of 0.33, 0.60, 0.66 and 0.75 (in addition to the one with 0.50)
were prepared by using the required amount of Mg(OH)2 and SiO2 during wet-kneading. After wetkneading, all SiO2-MgO catalysts were dried overnight at 393 K and calcined at 773 K for 5 h.

5.2.3. Catalyst characterization
Transmission Electron Microscopy (TEM) images of the various samples synthesized were
obtained on a FEI Tecnai 12 apparatus, operated at 120 keV. The catalyst particles were sonicated in
ethanol and deposited on a Cu TEM grid prior to analysis. Transmission Electron Microscopy coupled
with Energy Dispersive X-ray spectroscopy (TEM-EDX) analyses were performed with a FEI Tecnai F20
apparatus, operating at 200 keV and equipped with an energy-dispersive X-ray (EDX) detector.
A FEI Tecnai XL 30SFEG Scanning Electron Microscope (SEM) was used to compare the size and
morphology of Mg(OH)2 particles used to prepare SiO2-MgO (III) and SiO2-MgO (III)nano.
XRD patterns were obtained by a Bruker-AXS D2 Phaser powder X-ray diffractometer using Co
Kα1,2 with λ = 1.79026 Å, operated at 30 kV. Measurements were carried out in the range 10-100 2θ °
using a step size of 0.15 2θ ° and a scan speed of 0.5 s.

115

Chapter 5

FT-IR measurements were taken with 25 scans per spectrum on a Perkin Elmer System 2000
instrument with a DTGS detector and a resolution of 4 cm-1. Approximately 15 mg of the catalyst
were pressed into a pellet and placed into the infrared cell. The catalyst was dried in the cell under
vacuum with a temperature ramp of 5 K min-1 reaching the desired temperature of 823 K. FT-IR
spectra were taken every 25 K in the temperature range 323-823 K. Once 823 K was reached, this
temperature was kept constant for 30 min; spectra were taken after 5, 10 and 30 min after reaching
the maximum temperature.

5.2.4. Catalyst testing
The various materials were evaluated according to the catalytic testing procedure reported in
Chapter 2. In particular, 0.2 g of catalyst was added into a quartz reactor. The desired amount of
ethanol was fed via a Bronkhorst CEM system. The total flow used was 100 mL min-1, of which 2 mL
min-1 consisted of ethanol (in the gas phase), the remainder being nitrogen. Standard conditions
entailed a T of 698 K and WHSV of 1.1 h-1.
For process parameters optimization study, SiO2-MgO (III)nano 0.50 MgO content was tested
varying different parameters individually. In particular, different reactions were performed using
temperatures in the range 623-773 K. Furthermore, WHSV in the range 0.275-2.2 h-1 were used to
study the effect of different space velocities on catalytic performance.
In all cases, the analysis of the reaction mixture was performed via online GC-FID; quantification
of the main components (i.e., ethanol, ethylene, acetaldehyde, butadiene and diethyl ether) was
based on calibration curves obtained by feeding known amounts of the various compounds. The
following definitions were used (mol: moles of observed substance):
Ethanol conversion:
𝑋𝐸𝐸𝐸𝐸 (%) = 100 ×

Yields (acetaldehyde, ethylene):

𝑌𝑖 (%) = 100 ×

Yields (butadiene, diethyl ether):

𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑖
𝑚𝑚𝑚𝐸𝐸𝐸𝐸 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝑌𝑖 (%) = 100 × 2 ×
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Selectivity of the i-main component:

5.3.

Results and Discussion

𝑆 𝑖 (%) = 100 ×

𝑌𝑖

𝑋𝐸𝐸𝐸𝐸

5.3.1. Influence of Wet-Kneading Parameters on Catalytic Performance (MgO precursors)
Mg(OH)2 is most often used for the wet-kneading step, while in some cases MgO is used as
precursor to the hydroxide that is then formed in-situ during wet-kneading in water. A commercial
Mg(OH)2 source has been used,[3] but more often the hydroxide is prepared fresh by precipitation
from Mg(NO3)2.[1,2,4] In addition, Ohnishi et al. showed that a wet-kneaded catalyst made with MgCl2
as precursor to Mg(OH)2 performed worse than one made from Mg(NO3)2 as a result of Cl traces
remaining on the former catalyst.[2] Finally, Lewandowski et al., used a MgO that was prepared by
calcination of (MgCO3)4·Mg(OH)2·5H2O,[12] but made no comparison with other MgO precursors.
In Chapter 2, we already showed silica particle size to have a remarkable effect on the catalytic
performance of wet-kneaded SiO2-MgO materials, with SiO2-MgO (III), prepared using silica spheres
of 30-100 nm in diameter, performing best. All wet-kneaded catalysts in Chapter 2 were prepared
with Mg(OH)2 obtained freshly from Mg(NO3)2. To study the influence of MgO structure and particle
size on ethanol-to butadiene catalysis as function of Mg precursor, three more catalysts were
synthesized and compared with the benchmark SiO2-MgO (III) catalyst. SiO2-MgO (III)nano was
synthesized by precipitation of Mg(OH)2 from Mg(NO3)2 following the procedure reported by Vatsha
et al.,[11] to assess the effect of the significantly smaller Mg(OH)2 particle size on wet-kneading and
catalyst structure (see Figure 5.1). SiO2-MgO (III)comm was prepared from a commercial Mg(OH)2
source and SiO2-MgO (III)carb, finally, was prepared with commercial MgCO3 (chosen because of the
significant amount of carbonates present as adsorbates on MgO, see Chapter 4).

Figure 5.1 SEM images of Mg(OH)2 used for the preparation of a) SiO2-MgO (III) and b) SiO2-MgO (III)nano.
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TEM analysis of the catalysts prepared with different MgO precursors show significant
morphological differences (Figure 5.2). As previously reported, SiO2–rich areas are formed in SiO2MgO (III) by aggregation of the SiO2 spheres together with relatively large MgO-like sheets. A
significant degree of interaction was also noted as the SiO2 spheres and MgO sheets are in close
contact with each other. Moreover, the SiO2- and MgO-like areas of SiO2-MgO (III) display a
significantly rougher morphology (observed also for MgO in SiO2-MgO (III)nano, see Appendix Figure
A8) as compared with the individual components (see Figure 5.5). This shows that wet-kneading
significantly changes the morphology of the two components and also leads to chemical changes, as
discussed in more detail below.

Figure 5.2 TEM images of the catalyst materials prepared using different Mg precursors: a) SiO2-MgO (III)nano, b)
SiO2-MgO (III), c) SiO2-MgO (III)carb and d) SiO2-MgO (III)comm.

The morphology of SiO2-MgO (III)nano, also prepared from Mg(NO3)2, is quite similar, with the
important exception that the use of the smaller-sized Mg(OH)2 precursor has been translated into
MgO sheets that are significantly smaller than in the benchmark catalyst (Figure 5.1). As a result, an
enhanced degree of intimate contact is observed between the individual components. For SiO2-MgO
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(III)comm, the use of commercial Mg(OH)2 led to very regular MgO sheets. This seems to have
significantly hindered the (chemical) interaction between the SiO2 and Mg(OH)2 components during
wet-kneading, as evidenced by the limited contact seen between the phases in the TEM image.
Finally, the morphology of SiO2-MgO (III)carb is quite dissimilar from the other samples. SiO2 spheres
can be hardly recognized and seem to be more dispersed into the MgO component; the MgO sheets,
on the other hand, show a less corrugated structure.
The XRD patterns of the wet-kneaded catalysts are dominated by the periclase peaks of crystalline
MgO (Figure 5.3); a halo can furthermore be seen in the region 20-30 2θ ° due to amorphous silica.
The order of crystallinity, as judged by the intensity of the periclase reflections, of SiO2-MgO (III)nano >
SiO2-MgO (III)comm >> SiO2-MgO (III)carb > SiO2-MgO (III) does not correlate with catalytic performance,
as shown below. For SiO2-MgO (III)comm, the high crystallinity of the original, commercial Mg(OH)2 is
evidently retained after wet-kneading, consistent with the scarce interaction seen by TEM. For all
catalyst materials under study, no other reflections, e.g. those arising from magnesium silicates,
could be observed. Relatedly, Natta et al. only observed reflections of non-identified magnesium
silicates for catalysts that were calcined at 973 K, i.e. a temperature significantly higher than the
calcination temperature of 773 K employed here. The magnesium silicates that are formed to
different extents on the SiO2-MgO materials during our wet-kneading procedure (see below) thus do
not show any long-range order.

Figure 5.3 XRD patterns of a) SiO2-MgO (III)nano, b) SiO2-MgO (III), c) SiO2-MgO (III)carb and d) SiO2-MgO (III)comm in
the range 10-100 2θ °.
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FT-IR spectroscopy has proven very useful to study the nature of the OH groups found on wetkneaded or co-precipitated catalysts. A detailed assignment of the OH group stretch vibrations seen
in the region 3770-3600 cm-1 is given in Chapter 3. Most importantly, of the samples studied therein
only the wet-kneaded catalysts showed a peak at ~ 3672 cm-1. This peak is thought to originate from
characteristic vibrations of one or more unidentified magnesium silicate phases, given that a number
of magnesium silicates show FT-IR features at quite a similar position (e.g. 3670 cm-1 for antigorite,[13]
3674 cm-1 for talc[14] and 3680 cm-1 for lizardite[15]). A similar observation was reported very recently
in literature.[6] This peak is again present, with different intensity, in the FT-IR spectra of the four
catalyst materials prepared with different MgO precursors (Figure 5.4).
Quantification of the amount of magnesium silicate phase(s) present in the different samples
could be useful as it might correlate with catalyst performance, as previously suggested by Natta et
al.[5]. Unfortunately, the large number of contributions to the 3770-3600 cm-1 region, i.e. from OH
groups present on the two single oxides (i.e., 4 different OH groups on MgO[16] and SiO2) and the
unknown nature and number of the magnesium silicate species, precluded a scientifically meaningful
deconvolution of the spectra.

Figure 5.4 FT-IR spectra of the catalysts prepared using different Mg precursors. The spectra, taken at 823 K,
are offset for clarity.
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The abundance of the magnesium silicate phase can be estimated, though, by calculating the ratio
between the height of the peak of the magnesium silicate and that of the peak at the highest
wavenumber (OH groups of pure MgO), as all samples are synthesized from the same molar amount
of MgO precursor. This ratio, listed in Table 5.2, then follows the order: SiO2-MgO (III)nano > SiO2-MgO
(III) > SiO2-MgO (III)carb > SiO2-MgO (III)comm. These results are roughly in agreement with the
interaction between the two components observed with TEM analysis; in particular, while for SiO2MgO (III)nano the two components showed significant interaction, for SiO2-MgO (III)comm the SiO2
spheres are in contact with the external surface of MgO only. Furthermore, for SiO2-MgO (III)carb, the
low intensity of the central FT-IR peak (ascribed to OH groups of SiO2) is in line with TEM data
showing an heavily modified morphology of the SiO2 component in this case. Further, for the latter
material the peak for OH groups on MgO is found at a slightly higher wavenumber (~ 3735 cm-1), as
compared with the other catalytic materials. Therefore, FT-IR analyses clearly show the amount of
magnesium silicate present to depend on the MgO precursor of choice.
Table 5.2 Ratio estimated between the peak intensities of the characteristic vibrations of magnesium silicate
and MgO phases for the four SiO2-MgO catalysts prepared with different MgO precursors.
Sample name

Ratio

SiO2-MgO (III)nano

1.04

SiO2-MgO (III)

0.84

SiO2-MgO (III)carb

0.82

SiO2-MgO (III)comm

0.76

a

a

-1

Ratio between the height of the peak for the OH group of the magnesium silicate at 3672 cm and the height
-1
of the peak for OH of MgO at 3730-3725 cm .

The extent to which magnesium silicates are formed, their nature and influence on the catalytic
properties of the wet-kneaded SiO2-MgO catalysts are, however, all limitedly studied and thus poorly
understood. A more precise identification of the specific magnesium silicate(s) present on our
samples is needed, but this is hampered by the fact that the large number of (natural) magnesium
silicates are only minimally different from a chemical point of view and are thus difficult to
distinguish with most characterization techniques.
The mechanism leading to the formation of magnesium silicates during wet-kneading has also
hardly been studied, but given that they invariably form with this preparation method, insight into
their formation and type can be essential for understanding the properties of SiO2-MgO catalysts for
the ethanol-to-butadiene process. The limited solubility of the Mg(OH)2 phase in H2O causes the
aqueous medium of a typical wet kneading synthesis to be alkaline (in our case a pH range of 9-9.7
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was measured for the different samples, see Appendix Figure A9). Under such alkaline conditions,
the SiO2 component will partially dissolve and form reactive, soluble silicates that will, subsequently,
precipitate on Mg(OH)2.[5] The Mg2+(aq) that is removed from solution through silicates formation, will
be replenished by further dissolution of the Mg(OH)2 thus allowing the formation of magnesium
silicates to continue. In fact, Mg(OH)2 is actually heavily used for industrial water system purification
to bring about the removal of SiO2 via precipitation.[17] Li and co-workers showed that this
mechanism of dissolution/precipitation also governs the preparation of cementitious materials from
MgO and silica fume in H2O.[18] Indeed, they observed an initial increase in pH as a result of the
partial solubilization of Mg(OH)2 thus causing SiO2 to partially dissolve; the formation of magnesium
silicates then occurs together with a decrease in pH until a plateau is reached. We observed a similar
behavior for the pH variation with our SiO2-MgO catalysts (Appendix Figure A9).
Such a mechanism of magnesium silicates formation involving dissolution and re-precipitation of
the components, would explain the morphology changes observed for both the SiO2 and MgO
components upon wet-kneading, as evidenced by TEM (Figure 5.5). The Stöber SiO2 spheres clearly
show a more rough and irregular surface after wet-kneading. Similarly, pure MgO consists of dense,
regular sheets, while after wet-kneading a corrugated, rough structure is observed.

Figure 5.5 TEM images of a) SiO2, b) MgO, c1) a SiO2- and c2) a MgO-rich region of SiO2-MgO (III).
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TEM-EDX analyses of SiO2-MgO (III) provided additional insight into magnesium silicate formation
as a result of wet-kneading (Figure 5.6). The EDX results show that a region of the catalyst material
with sheet-like morphology typical of MgO particles does contain a non-negligible amount of Si
(depending on the specific particle, ~ 5-20 wt%). Similarly, it can be seen that Mg can be found, albeit
in a lower amount, on SiO2-rich areas of the catalyst. This, coupled with the presence of the FT-IR
band at ~ 3672 cm-1 and the change in morphology observed, all suggest that magnesium silicate
formation does indeed occur.

Figure 5.6 TEM-EDX analysis of a) a catalyst particle having morphological features of MgO and a1)
corresponding EDX spectrum, b) a catalyst particle having morphological features of SiO2 and b1)
corresponding EDX spectrum.

The structural differences seen for the catalyst materials prepared with different MgO precursors
are reflected in their considerably different performance, as shown in Figure 5.7. Notably, the SiO2MgO (III)nano sample showed an increase in butadiene yield as compared with the benchmark catalyst
SiO2-MgO (III). Furthermore, the former material shows a higher butadiene selectivity (i.e., ~ 35 vs.
30% for SiO2-MgO (III)). SiO2-MgO (III)comm, on the other hand, is the worst catalyst material of this
series.
The product distribution, as illustrated in Figure 5.7, shows that the catalyst that gives the best
butadiene yield also produces most ethylene. The amount of acetaldehyde, considered a key
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intermediate for butadiene production,[1,3,19] that is produced over SiO2-MgO (III)nano and SiO2-MgO
(III) is very similar. As the acetaldehyde yield observed is the amount formed minus the amount
further converted, the higher butadiene yield observed for SiO2-MgO (III)nano then implies that aldol
condensation is more efficient for this catalyst. The opposite is true for SiO2-MgO (III)comm, which
shows a remarkably low ethanol conversion as well as butadiene yield, even though producing a
higher amount of acetaldehyde.

Figure 5.7 Comparison of the ethanol conversion (left), butadiene yield (center) and yield of the main products
after 4 h time on stream (right) for four catalyst materials prepared with different MgO precursors.

These results show that catalyst performance correlates with the extent of chemical contact
between the two components, i.e. the TEM results show SiO2-MgO (III)nano to be most chemicallymixed. More importantly, for all catalysts, the increase in the amount of magnesium silicate,
estimated by FT-IR spectroscopy, correlates with an increase in butadiene yield. Natta et al. on the
other hand concluded that for SiO2-MgO materials a certain, intermediate amount of magnesium
silicates is beneficial for catalytic performance.[5] For the samples prepared here with different MgO
precursors, the higher the amount of magnesium silicate formed during wet-kneading the better the
butadiene yield achieved. Of course, it can be that the samples under study only cover one side of
the volcano plot reported by Natta et al. and that more extensive magnesium silicate(s) formation,
i.e. more than on SiO2-MgO (III)nano, would result in reduced butadiene yields.
It should be noted that, not only the choice of MgO precursor will strongly influence the structural
properties of the catalyst (and thus performance), but also the ratio of MgO and SiO2 is expected to
affect catalysis, as this will, for example, also influence the nature and amount of magnesium silicate
phases formed. In fact, given that pure SiO2 is catalytically inert, as will be shown below, one can
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expect that it is the ratio and proximity of the MgO and magnesium silicates phases that is ultimately
decisive for catalysis, a ratio that can in part be controlled by adjusting the MgO content.

5.3.2. Influence of Wet-Kneading Parameters on Catalytic Performance (MgO content)
Very different MgO contents have been reported to give optimal performance for wet-kneaded
catalysts, perhaps as a result of the different preparation parameters that are used. In addition to the
examples listed in the introduction, Kitayama and co-workers provided a key example on the
influence of MgO content and the role of magnesium silicate formation in their investigation of the
performance of ternary oxides prepared with different amounts of SiO2 and MgO and a fixed content
of NiO.[20] The authors tested materials covering a MgO content ranging from 0-1 (i.e., including the
two single oxides) observing that a layered nickel magnesium silicate was formed for those catalysts
with a MgO content of 0.20-0.40. It was found that butadiene yield follows a volcano-shaped
dependence on MgO content, with the 0.40 MgO sample giving the maximum yield; the superior
butadiene yield of this catalyst was attributed to the presence of the nickel magnesium silicate phase
together with a small quantity of free MgO. Building on these results and using the best catalyst of
this investigation as a reference, i.e. SiO2-MgO (III)nano, we decided to study the effect of MgO content
on the structure and performance of the SiO2-MgO catalysts and synthesized four more samples with
MgO contents of 0.33, 0.60, 0.66 and 0.75. Furthermore, for comparison, the pure oxides SiO2 and
MgO were also tested (MgO content of 0 and 1, respectively).
The FT-IR spectra of the SiO2-MgO (III)nano materials with different MgO content show that the
bands related to Mg and Si OH groups (at ~ 3730 and 3700 cm-1, respectively) are almost unchanged
in position, but do differ in intensity (Figure 5.8). The band associated with the magnesium silicate
phase(s) varies in both intensity and position. For instance, this feature can be barely seen for the
0.75 MgO sample, perhaps because the amount of SiO2 is insufficient for magnesium silicate
formation. On the other hand, for the sample with a MgO content of 0.33, the magnesium silicate
band at ~ 3672 cm-1 is significantly less intense than for the 0.50 MgO sample. It should be noted,
however, that the broad SiO2 band centered at ~ 3700 cm-1 can also contribute to the intensity at the
position of the magnesium silicate band, urging some caution in the interpretation of just the
intensity of this feature. Nonetheless, the band at 3672-3669 cm-1 seen for the 0.66 and 0.60 samples
is more intense than for the SiO2-MgO (III)nano 0.50 sample; this magnesium silicate band is also quite
different in shape (cf. b), c) and d) in Figure 5.8). In particular, the magnesium silicate band in the
range 3680-3660 cm-1 becomes significantly broader and two local maxima can be distinguished for
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the 0.60 and 0.66 samples, suggesting the formation of an additional magnesium silicate phase
having an OH stretch vibration at slightly lower wavenumber (estimated at 3669 cm-1).

Figure 5.8 FT-IR spectra of the SiO2-MgO (III)nano catalysts with different Mg content: a) 0.75, b) 0.66, c) 0.60, d)
0.50 and e) 0.33. The spectra, taken at 823 K, are offset for clarity.

The effect of relative MgO content on catalyst performance is shown in Figure 5.9. Pure SiO2 gave
negligible ethanol conversion, while pure MgO gave a low, but significant conversion (i.e. ~ 15%),
producing only trace amounts of butadiene, though. The 0.33 sample showed the lowest ethanol
conversion (i.e. ~ 53%), while for all other SiO2-MgO catalysts ethanol conversion levels fall in a quite
narrow range of 64-69% after 4 h time on stream. The butadiene yield shows a volcano-shaped
dependence on MgO content, with the 0.50 sample performing best. The results shown here agree
well with those reported by Kitayama et al. for samples containing a different amount of MgO;[20] the
small difference in optimal MgO content (0.40 vs 0.50 observed here) for catalysis and in the
absolute butadiene yield can be attributed to the considerable amount of NiO in these materials.
Indeed, it is known that the addition of transition metal oxides can significantly improve the
performance of (SiO2-MgO) catalysts in the Lebedev process. For our samples, ethylene yield follows
a different volcano curve with the silica-rich 0.33 MgO sample giving the highest ethylene amount.
On the contrary, pure SiO2 produced a negligible amount of ethylene. This, taking into account the
acid-base requirements described in Chapter 3, means that the ethanol dehydration is enabled by
the magnesium silicates and, possibly, by the chemical changes occurring for the two components
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during wet-kneading, as illustrated in Figure 5.5. On the other hand, acetaldehyde yield increases
with MgO content, with the exception of the 0.60 sample.

Figure 5.9 Comparison of the ethanol conversion (left), butadiene yield (center) and yield of the main products
at 4 h time on stream (right) for SiO2, MgO and five SiO2-MgO (III)nano catalysts having different nominal Mg
content.

A comparison of catalytic performance with the FT-IR spectroscopy results suggests that the 0.50
sample possesses the highest amount of a particular magnesium silicate that is beneficial for
butadiene yield (i.e. the one corresponding to the FT-IR feature at 3672 cm-1). The different
magnesium silicate phase that is seen for the samples with 0.60 and 0.66 MgO content, does not
seem to improve catalysis, on the other hand. Finally, for the samples containing excessive amounts
of either component, the absence of the right amount/kind of magnesium silicate phase results in
quite poor butadiene yield. Kitayama et al. proposed the best catalyst in their series to be the one in
which a layered nickel magnesium silicate coexists with a small amount of MgO.[20] Similarly, we
believe that the superior catalytic performance of the sample with 0.50 MgO is due to the right ratio
between the right magnesium silicate phase and MgO in the catalyst.

5.3.3. Influence of Process Parameters on Catalytic Performance
A broad range of temperatures and WHSV were systematically investigated for the SiO2-MgO
(III)nano catalyst with a MgO content of 0.50, the material that performed best during the preparation
parameter variation. A visual comparison of the conditions used here with a selected number of
literature values is given in Figure 5.10.
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Figure 5.10 Comparison of temperature and WHSV values used here (10) with a selected number of studies:
[21]
[22]
[3]
[2]
[1]
[9]
[23]
[10]
[6]
1 , 2 , 3 , 4 , 5 , 6 , 7 , 8 and 9 .

The temperature range of 623 to 773 K allowed us to cover almost the entire ethanol conversion
range (~ 2-96%). Stable conversion levels and butadiene yields were observed over 24 h reaction
time under all conditions. For consistency with previously reported results, we here report ethanol
conversion and yield of the different products after 4 h time on stream. Ethanol conversion increased
over the entire temperature range investigated. Notably, a sudden jump in ethanol conversion (from
~ 36% at 686 K to 64% at 698 K) was observed in the mid-temperature region. This can be more
clearly appreciated when the activity is reported as conversion rate in an Arrhenius plot (Figure 5.11,
right), giving two distinct values for the apparent activation energy. Butadiene yield also increases
suddenly from 9% at 673 K to ~ 22% at 698 K. Moreover, the butadiene yield increases until 748 K (38%
yield) and then decreases at 773 K. Similarly, butadiene yield was recently observed to constantly
increase over a temperature range of 673-753 K, for Ag/SiO2-MgO catalysts.[6]
Concerning the other reaction products (Figure 5.12), ethylene yield shows a quite similar
temperature dependency, also giving an optimum at 748 K. As ethanol dehydration becomes more
favorable with increasing reaction temperature, increase in both conversion levels and ethylene
selectivity is to be expected.[24] Furthermore, it is interesting to note that ethylene and butadiene
yield follow a very similar trend with reaction temperature. This might be due to the fact that both
involve dehydration reactions (for butadiene as part of a more complex mechanistic pathway). On
the other hand, the observed acetaldehyde yield increases only very gradually with temperature until
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748 K. As previously mentioned, however, caution should be applied in interpreting the observed
amount of the acetaldehyde intermediate.

Figure 5.11 Effect of reaction temperature on ethanol conversion (left) and Arrhenius plot with apparent
activation energy (Eobs) (right) for SiO2-MgO (III)nano at 4 h time on stream. The point at 623 K it is not used for
the Arrhenius plot as it is regarded as an outlier considering the extremely low conversion observed at this
temperature (~ 2%).

The sudden change in Eobs between 686 and 698 K can either be due to external mass transfer
limitations[25] or to a change in the rate-determining step for one or more of the reactions involved in
the consecutive steps leading to butadiene formation.[26,27] The set of experiments here reported
does not allow us to distinguish between the two. It is, however, worth noting that while the
contribution of external mass transfer limitation cannot be excluded, the variation in Eobs (~ threefold
from 686 to 698 K) is too large for it to arise exclusively from this phenomenon. Typically, Eobs cannot
change more than twofold in diffusion-limited temperature regimes.[25]
Mass transfer limitations aside, the data presented above does not allow for a more mechanistic
interpretation of the change in apparent activation energy. Indeed, the combination of a multi-step
productive route to butadiene with a parallel selectivity challenge for the primary ethanol conversion
step makes the process quite complicated; the thermodynamics of the productive route to butadiene
could, at least partially, contribute to the variation in Eobs, but changes in ease of byproduct
formation (e.g., ethylene and diethyl ether) might also be influential. Furthermore, at different
temperatures, the surface coverages of the various compounds can vary greatly, which can also
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affect Eobs. A more extensive, systematic study of the reaction kinetics is now required to get more
insight into the reasons behind the two observed kinetic regimes.

Figure 5.12 Effect of the reaction temperature on the product yields for SiO2-MgO (III)nano at 4 h time on
stream.

Figure 5.13 summarizes the effect of WHSV variation (0.275-2.2 h-1) on the catalytic performance
of the SiO2-MgO (III)nano material at 698 K. It was found that the ethanol conversion increases (almost)
linearly with decreasing WHSV. Similarly, butadiene yield increases gradually from 2.2 to 0.55 h-1. At
the lowest WHSV value of 0.275 h-1, however, the butadiene yield increased more significantly than
conversion. Obviously, a lower WHSV, i.e. higher contact times, are expected to be beneficial for
secondary products, such as butadiene. Janssens et al. very recently observed a similar effect on
butadiene yield for a WHSV range of 1.2-2.4 h-1.[6] It should be noted, however, that in the latter
study the decrease in WHSV followed a decrease in ethanol concentration, while the carrier gas flow
was kept constant.
Similarly to what was observed for butadiene, ethylene yield was also found to increase upon
reducing the WHSV. A WHSV decrease from 0.55 to 0.275 h-1 results in a higher ethylene yield but,
ethylene being a primary product, this is not as pronounced as in the case of butadiene. On the other
hand, acetaldehyde yield remains constant over the whole WHSV range, implying that surplus of
acetaldehyde formed at lower WHSV values is, consequently, converted without any additional
accumulation.
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Figure 5.13 Effect of WHSV on ethanol conversion and product yields for SiO2-MgO (III)nano at 4 h time on
stream.

5.4.

Conclusions

Wet-kneading is a non-conventional method for the preparation of catalytic materials on a
laboratory or industrial scale. Wet-kneaded SiO2-MgO materials are nonetheless known to perform
better than samples of identical overall composition but synthesized with other methods. To
understand the reasons behind this remarkable catalytic behavior, a deeper understanding of the
chemical and structural modifications that occur during wet-kneading of SiO2-MgO materials and
how these depend on the specific preparation conditions is required. Here, we observed the MgO
precursor of choice to significantly influence the structure of and interaction between the two
primary components. Indeed, it was found to particularly affect the amount of magnesium silicate
formed during wet-kneading, proposed here to be the key reason for the differences observed in
catalyst performance. Accordingly, the catalyst possessing the highest amount of magnesium silicate,
as estimated with FT-IR spectroscopy, gave the highest butadiene yield.
In literature, no univocal optimum in the MgO content can be found with different authors
reporting rather different values. In our case, the butadiene yield shows a volcano-shaped
dependence from MgO content with the 0.50 sample performing best. Based on the previously
described role of magnesium silicates, we propose that the MgO:magnesium silicate ratio is key for
catalysis, while pure SiO2 remaining in the catalyst after wet-kneading is catalytically inert.
Furthermore, the FT-IR spectroscopy results show that not only the amount, but also the nature of
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the magnesium silicate phase(s) is catalytically relevant. The unknown nature of the magnesium
silicate proving beneficial for performance hinders, however, the design of catalyst materials with
further improved butadiene yield and selectivity. Therefore, future investigations should focus on the
identification of beneficial and, possibly, detrimental magnesium silicate phases.
Catalytic performance can be further improved by variation of the process parameters. For the
sample with MgO content of 0.50, we observed that butadiene yield improved upon increasing the
reaction temperature with the optimum found at 748 K. Moreover, a WHSV decrease was found to
be beneficial for the butadiene yield. Further studies are ongoing to explain the observed behavior
taking into account the kinetics of the Lebedev process.
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6. Cu-Promoted SiO2-MgO Catalysts for the Lebedev
Process: an Ex Situ Characterization Study

Abstract
Dehydrogenation promoters greatly enhance the performance of SiO2-MgO catalysts in the
Lebedev process; the addition of Cu significantly increased butadiene yield, for instance (see Chapter
2). Here, the effect of preparation method and order of addition of Cu on the structure and
performance of Cu-promoted SiO2-MgO catalysts is evaluated. Catalysts prepared by addition of Cu
to MgO via incipient wetness impregnation (IWI) or co-precipitation (CP) prior to wet-kneading with
SiO2 gave similar butadiene yields (~ 40%) as when Cu was added to the already wet-kneaded
catalyst SiO2-MgO (III). In contrast, impregnation of Cu on SiO2 first resulted in the worst catalyst of
the series. Extensive characterization showed that copper clusters, facilitating the key aldol
condensation step, are absent only in the latter sample. TEM and XRD analyses suggest that, for all
catalysts, Cu2+ forms a solid solution with MgO. UV-Vis, XANES and EXAFS data furthermore
confirmed solid solution formation, with Cu being present in a distorted octahedral geometry. As a
result, the acid-base properties (determined by Pyridine-, CDCl3-IR and NH3-TPD) of our materials are
modified, contributing to the improved performance.
This Chapter is based on the following manuscript: “On the Nature and Influence of Copper on the Performance
of Cu-Promoted SiO2-MgO Catalysts for the Ethanol-to-Butadiene Lebedev Process” C. Angelici, A. M. J. van der
Eerden, F. Meirer, H. L. Schaink, A. Goryachev, J. P. Hoffmann, E. J. M. Hensen, B. M. Weckhuysen, P. C. A.
Bruijnincx, submitted for publication.
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6.1.

Introduction

SiO2-MgO materials are the most used catalysts for the ethanol-to-butadiene Lebedev process.
The performance of these catalysts is typically enhanced by the addition of a third component, a
transition metal or metal oxides. These promoters are beneficial for butadiene yield, as they increase
the amount of acetaldehyde produced via ethanol dehydrogenation.[1] To this end Cr,[1,2] Ni,[3] Zn,[1]
Cu[1] oxides and metallic Ag[4] have been used. For instance, Natta and Rigamonti used Cr2O3 as
promoter for SiO2-MgO materials; the beneficial effect observed on performance was tentatively
ascribed to the formation of Mg chromate that hinders the formation of an excessive amount of
magnesium silicates.[1] The same authors also prepared ZnO- and CuO-promoted SiO2-MgO materials
by co-precipitation (CP) of the basic carbonates of Mg with Zn and Cu, respectively. The reduced
performance of the resulting catalysts was attributed to the formation of an MxMg1-xO (with M = Cu
or Zn) solid solution, resulting in reduced dehydrogenation and condensation activity. No
experimental evidence was reported for this, however. Moreover, Makshina et al. showed that a
catalyst prepared via simultaneous impregnation of Zn and Mg nitrates on SiO2 results in lower
butadiene yield than one synthesized by adding Zn(NO3)2 to SiO2-MgO that had been wet-kneaded in
ethanol;[4] again, this was tentatively attributed to the formation of mixed Zn, Mg silicates. The latter
example furthermore shows that, when using transition metal oxides to promote the activity of SiO2MgO catalysts the preparation method of choice and the order of addition of the three components
can affect performance. Kitayama et al. also proposed that NiO supported on SiO2-MgO materials is
found in mixed Ni, Mg silicates and as Ni dispersed in MgO.[3] In their case, the formation of mixed
metal silicates was in fact considered one of the prime reasons for the good catalytic activity shown
by this material.
A number of parameters, namely oxidation state, loading and order of addition will affect the final
catalyst structure when such promoters are used and can thus be optimized with regard to their
effect on catalytic performance. Indeed, as illustrated below and reported before, promotion of
these MgO-containing materials with transition metal oxides will affect the acid-base properties of
the materials,[5] the balance of which is key to butadiene production. Studies on the use of
dehydrogenation promoters typically report limited characterization data on both the acid-base and
structural properties, making the explanations of the observed beneficial or detrimental catalytic
effects often somewhat speculative.
We previously showed that the performance of wet-kneaded SiO2-MgO catalysts can be
significantly improved by the addition of CuO (1 wt%) via Incipient Wetness Impregnation (IWI),
followed by calcination in stagnant air (Chapter 2). As Cu-promotion resulted in a significantly
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increased acetaldehyde yield, it was proposed that the presence of Cu causes aldol condensation and
not acetaldehyde formation (as for unpromoted SiO2-MgO) to be the rate determining step of the
whole process. The drop in ethylene and diethyl ether that was also observed upon Cu promotion
furthermore led us to conclude in Chapter 2 that the most acidic sites of the SiO2-MgO materials
were poisoned by copper.
In Chapter 2, diffuse reflectance Ultraviolet-Visible spectroscopy (UV-Vis) allowed us to correlate
the nature of the Cu species present with catalyst performance. Spectroscopic bands observed
between 200-300 nm showed the presence of isolated CuO species supported on either SiO2 or MgO;
differences in spectroscopic position of these bands were ascribed to the preparation method used
as well as to the nature and morphology of the support.[6–12] The broad band located at 300-550 nm
was proposed to arise from sub-nanometric cluster-like (CuO)x species[13] (Figure 6.1) and intensity
correlated with butadiene yield. Thus, it was proposed that the presence of these CuO clusters favors
the acetaldehyde condensation reported by some as the rate determining step in the
mechanism.[14,15]

Figure 6.1 UV-Vis spectra of a) CuO/SiO2-MgO (II), b) CuO/SiO2-MgO (III), c) CuO/SiO2-MgO (IV), d) CuO/SiO2MgO (V) and e) CuO/SiO2-MgO (VI).

Transmission Electron Microscopy (TEM) results showed the morphology of SiO2-MgO materials
not to be modified upon Cu-promotion; indeed for the benchmark catalyst of this study, i.e.
(CuO/)SiO2-MgO (III), similar SiO2- and MgO-like areas were observed (Figure 6.2, a-b), together with
significantly increased roughness of the single components after wet-kneading (see Chapter 5) for
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both the promoted and unpromoted sample. TEM analysis did not show any copper nanoparticles
(NP) on the CuO/SiO2-MgO materials; the use of Energy-Dispersive X-ray spectroscopy (EDX) did
show that Cu is present on both Si- and Mg-rich phases of the samples, however (Figure 6.2, b1-b2).

Figure 6.2 TEM pictures of a) SiO2-MgO (III) and b) CuO/SiO2-MgO (III); b1) EDX spectrum of the silica-rich and
b2) magnesia-rich areas shown in b).

While TEM is often used to study Cu(O) NP distribution on SiO2[16–19] and to determine particle size
distributions for metallic copper supported on MgO,[20–22] only a very limited number of reports could
be found on TEM imaging of CuO/MgO samples. Copper (oxide) might not be visible with TEM due to
lack of contrast with the MgO phase or, alternatively, as a result of a very high dispersion of CuO on
MgO.[23] El-Shobaky et al., for instance, did not observe any CuO reflections by X-ray diffraction (XRD)
for CuO/MgO with up to 23 wt% of copper oxide present;[24] they concluded that a solid solution is
formed for samples thermally treated at 673 K (all Cu-containing samples were, in our case, calcined
at 773 K, see below). For our materials, XRD analysis also did not show any crystalline peaks due to
Cu species; this might have been due to the limited CuO amount present, but could also be due to
solid solution formation. Indeed, the latter might be quite likely as CuxMg1-xO solid solution formation
has been observed on several occasions.[25,26] On the other hand, Grirrane et al. did observe CuO NP
on MgO with TEM;[27] while it is quite difficult to identify such NP in the TEM images reported, their
formation might be ascribed to the preparation method employed: after Cu2+ reduction in pure H2,
CuO was allowed to form slowly upon exposure to ambient atmosphere. Such treatment might
hinder Cu redistribution and, thus, the formation of a solid solution. It would then in principle be
possible to form CuO NP on MgO and visualize them with TEM, if thermal treatments at
temperatures high enough for solid solution formation are avoided. Finally, Ueda et al. proposed that
the insertion of transition metal cations with a slightly larger ionic radius than Mg2+ such as Cu2+ (0.65
and 0.69 Å, respectively)[28] in crystal lattice sites of MgO increases the basicity of the latter.[5] This
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was assessed based on the fact that Cu-containing MgO shows higher activity and selectivity than
MgO in the conversion of 2-propanol to acetone. Cu promotion can thus be expected to affect the
performance of Lebedev catalysts by modifying their acid-base properties, in addition to introducing
a redox functionality that aids in acetaldehyde formation.
While some structural information is thus available for CuO/MgO, a much more limited number of
reports exist on the structural and morphological properties of Cu in CuO/SiO2-MgO catalysts.[29,30]
More insight into the nature, dispersion and role of metal oxide promoters in the catalysts for the
Lebedev process is therefore highly desired.
Here, the nature of Cu on SiO2-MgO as-prepared Lebedev catalysts is studied in detail and
performance correlated with structure. Different materials were synthesized to study the effect of
order of addition and preparation technique on performance. Catalysts prepared supporting Cu on
either SiO2 or MgO prior to the addition of the other component during wet-kneading are compared
with CuO/SiO2-MgO (III) (synthesized by IWI of copper on the wet-kneaded material). The materials
were extensively characterized with Fourier Transform Infrared spectroscopy after pyridine and
deuterated chloroform adsorption (Pyridine- and CDCl3-IR), adsorbed ammonia Temperature
Programmed Desorption (NH3-TPD), TEM, XRD, UV-Vis, X-ray Photoelectron Spectroscopy (XPS), Xray Absorption Near Edge Structure (XANES) and Extended X-Ray Absorption Fine Structure (EXAFS).
These techniques provided information into the speciation, oxidation state and geometry of Cu
species in the various samples and into changes in the acid/base properties upon copper addition.
The results show that order of addition affects the presence of CuO clusters proposed in Chapter 2 to
facilitate aldol condensation and thus catalyst performance in the Lebedev process. In all samples
that contain both CuO and MgO a large portion of copper was found to be present in a CuxMg1-xO
solid solution, which affects the acid-base properties and thus performance of the catalysts.

6.2.

Experimental

6.2.1. Materials
Mg(NO3)2∙6H2O (99+%, Acros), Cu(NO3)2∙3H2O (99%, Acros), and tetraethyl orthosilicate (TEOS,
98%, Aldrich) were employed for the preparation of the different oxides; NH3 (25%, Merck),
tetramethylammonium hydroxide (TMAOH, solution 25% in water, Sigma-Aldrich) and ethanol
(100%, Interchema) were used during synthesis. Copper foil (99.9%, thickness: 0.008 mm,
Goodfellow), CuO (99.999% trace metals basis, Sigma-Aldrich) and Cu2O (≥99.99% trace metals basis,
anhydrous, Sigma-Aldrich) were used as reference samples for the characterization studies.
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6.2.2. Catalyst preparation
The preparation of SiO2-MgO (III) and CuO/SiO2-MgO (III) is described in Chapter 2. Different
techniques were used for the preparation of the samples with modified addition order of Cu. CuO (1
wt% in all cases) was supported on 0.5 g of support by IWI unless differently stated: the desired
amount of Cu(NO3)2∙3H2O dissolved in deionized water was added to the support material (previously
dried for 1 h at 353 K) and, once the impregnation was completed, the sample was left for 1 h to
equilibrate, then dried for 12 h under vacuum at RT and, finally, calcined at 773 K for 5 h.
For CuO/MgO, Mg(OH)2 precipitated as described in Chapter 2 was dried at 393 K overnight and
then calcined at 773 K for 5 h, prior to IWI as described above. For CuO/SiO2, SiO2 was prepared by
adding the desired amount of TEOS at once to an ethanol-ammonia solution in a closed vessel,
followed by aging of the solution at 308 K, overnight; the material was subsequently dried in a rotary
evaporator at 328 K. The SiO2 obtained was dried for 1 h at 353 K, prior to IWI with the desired
amount of Cu(NO3)2∙3H2O. The supported material was then thermally treated in a standard way.
Table 6.1 Overview of the different preparation methods for the various samples studied here.
Sample name

First step

Second step

CuO/SiO2-MgO (III)

WK SiO2, MgO

IWI Cu(NO3)2 on SiO2-MgO (III)

CuO/SiO2

IWI Cu(NO3)2 on SiO2

-

CuO/MgO

IWI Cu(NO3)2 on MgO

-

CuO/SiO2(IWI)+MgO

IWI Cu(NO3)2 on SiO2

WK Mg(OH)2

CuO/MgO(IWI)+SiO2

IWI Cu(NO3)2 on Mg(OH)2

WK SiO2

CuO/MgO(CP)+SiO2

CP Cu(NO3)2, Mg(NO3)2

WK SiO2

a

b
b

a

For the other samples prepared supporting Cu(NO3)2 on SiO2-MgO prepared in different ways the two steps
b
are identical. Not applicable, as these samples consist of CuO supported on either SiO2 or MgO only.

CuO/SiO2(IWI)+MgO was prepared as follows: Cu(NO3)2∙3H2O was impregnated on SiO2 as
described for CuO/SiO2. This material was then wet-kneaded together with Mg(OH)2 achieved upon a
precipitation procedure identical as described before; importantly, no coloration due to redissolution
of Cu2+ species in H2O was observed during the wet-kneading step for all samples studied. After the
kneading step, the sample was dried and calcined as previously described. CuO/MgO(IWI)+SiO2 was
prepared in a similar manner, but Cu(NO3)2∙3H2O was impregnated on Mg(OH)2; afterwards the
obtained material was wet-kneaded with SiO2, and finally dried and calcined. A different preparation
was employed for CuO/MgO(CP)+SiO2: desired amounts of Cu(NO3)2∙3H2O and Mg(NO3)2∙6H2O were
co-precipitated using an aqueous solution of TMAOH. After washing with demi water, the precipitate
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was dried overnight at 393 K, and then wet-kneaded with SiO2. Finally, the same thermal treatment
employed for the other samples was used.

6.2.3. Catalyst testing
For all catalytic tests, quartz wool was placed in a U-shaped quartz reactor, prior to addition of 0.2
g of catalyst (sieved to 425-90 μm particle size) was added. The desired amount of ethanol was fed
via a Bronkhorst CEM system consisting of three parts: a liquid flow controller to check the amount
of ethanol fed, a gas flow controller for the nitrogen used as carrier gas and, finally, a mixing
chamber kept at 303 K where the gaseous mixture was formed and fed downstream into the reactor.
The total flow used was 100 mL min-1, of which 2 mL min-1 consisted of ethanol in the gas phase.
Reactions were run at 698 K. The analysis of the reaction mixture was performed via GC-FID using a
CP poraplot Q-HT column; quantification of the main components (ethanol, ethylene, acetaldehyde,
butadiene and diethyl ether) was based on calibration curves obtained by feeding known amounts of
the various compounds. The following definitions were used (mol: moles of observed substance):
Ethanol conversion:
X EtOH (%) = 100 ×

Yields (acetaldehyde, ethylene):

Y i (%) = 100 ×

Yields (butadiene, diethyl ether):

molproduct i
molEtOH converted

𝑌𝑖 (%) = 100 × 2 ×

Selectivity of the i-main component:

molEtOH converted
molEtOH initial

𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑖
𝑚𝑚𝑚𝐸𝐸𝐸𝐸 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝑆 𝑖 (%) = 100 ×

6.2.4. Acid-base characterization

𝑌𝑖

𝑋𝐸𝐸𝐸𝐸

Fourier Transform Infrared spectroscopy (FT-IR) after pyridine adsorption (Pyridine-IR)
measurements were taken with 25 scans per spectrum on a Perkin Elmer System 2000 with a DTGS
detector and a resolution of 4 cm-1. Approximately 0.015 g of the catalyst were pressed into a pellet
and placed into the pyridine cell. The catalyst was first dried in the cell under vacuum with a
temperature ramp of 5 K min-1 reaching the desired temperature of 823 K. IR spectra were taken
every 25 K in the temperature range 323-823 K. Once 823 K was reached, a spectrum acquired at this
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temperature was used to study the OH signals of the various SiO2-MgO samples. This temperature
was kept constant for 30 min, after which the sample was cooled to 323 K.
At this temperature, pyridine was allowed onto the catalyst. After 20 min of equilibration, the
catalyst was put under vacuum for 30 min to remove physisorbed pyridine. Subsequently,
temperature-programmed desorption was started with a temperature ramp of 5 K min-1 until 823 K.
After increasing the temperature with 25 K, this was kept constant for 5 min. IR spectra were taken
every 25 K to study thermal pyridine desorption.
A similar procedure was used for FT-IR after deuterated chloroform adsorption (CDCl3-IR), with
the main difference being the drying of the catalyst. This was performed by heating the catalystcontaining cell in a constant N2 flow (~ 243 mL min-1) instead of in vacuo for practical reasons (i.e.,
avoiding CDCl3 traces to remain as impurities in a setup dedicated to Pyridine-IR analysis). Once 823 K
was reached, this temperature was kept for 60 min after which the sample was cooled to 323 K. At
this temperature, the flow was adjusted to approximately 99 mL min-1 and, subsequently, N2 was
passed through the CDCl3-containing gas bubbler for 30 min, to carry the probe molecule to the IR
cell containing the catalyst. Similar to the Pyridine-IR analysis, a TPD procedure was performed for
catalysts studied with CDCl3 by heating them with 5 K min-1 until 823 K. However, the observed
darkening of catalyst pellets (possibly due to the formation of carbonaceous deposits upon thermal
treatment, as a result of decomposition of CDCl3 on basic sites)[31] discouraged the use of the FT-IR
spectra acquired above 323 K.
Adsorbed ammonia Temperature Programmed Desorption (NH3-TPD) measurements were
performed on a Micromeritics ASAP2920 apparatus. 0.2 g of sample dried in situ in a He flow with a
temperature ramp of 5 K min-1 up to 873 K. Subsequently, the sample was cooled to 373 K; at this
point, NH3 pulses of 25.3 cm3 min-1 were applied. The sample was then heated to 873 K with a ramp
of 5 K min-1 to induce desorption of NH3.

6.2.5. Catalyst characterization
Transmission electron microscopy (TEM) images of the SiO2-MgO samples were obtained on a
Tecnai 12 apparatus, operated at 120 keV. The catalyst particles were deposited on a TEM grid and
analyzed as received. The CuO-containing catalysts were imaged on a Tecnai F20 apparatus,
operating at 200 keV and equipped with an energy-dispersive X-ray (EDX) detector. Nickel grids were
used for the EDX study of CuO-containing samples.
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XRD patterns were obtained by a Bruker-AXS D2 Phaser powder X-ray diffractometer using Co
Kα1,2 with λ = 1.79026 Å, operated at 30 kV. Measurements were carried out between 10 and 100
2θ ° using a step size of 0.05 2θ ° and a scan speed of 0.5 s.
UV–Vis spectra were collected using a Varian Cary 500 UV–Vis-NIR spectrometer equipped with a
Diffuse Reflectance Spectroscopy (DRS) accessory. The spectra were collected between 200 and 800
nm with a data interval of 1 nm and at a rate of 600 nm min-1.
XPS spectra were acquired on a Thermo Scientific K-Alpha spectrometer using a Al Kα (hν = 1486.6
eV) monochromatic small-spot X-ray source. Charging effects were corrected by using the C1s (sp3)
peak as reference for all samples at a binding energy (BE) of 284.8 eV. Fitting of the spectra (BE,
FWHM, peak shape, asymmetry, number of species) was performed with Casa XPS software.
The XANES and EXAFS spectra of the various samples were acquired in the Dutch-Belgian
beamline (DUBBLE) at the synchrotron facility in Grenoble, France. The measurements were
performed in transmission mode using a Si(111) monochromator at RT. The same amount of the
various samples and reference materials (Cu foil, Cu2O and CuO) was diluted in BN and then
pelletized prior to analysis in the range 8800-9550 eV (Cu K-edge). The collected EXAFS spectra were
background corrected and analyzed using XDAP software.[32] Standard scatterers are calculated with
the software FEFF8 and fitted, by means of a correction parameter (S0²) to the experimental data
measured in the synchrotron facility. The EXAFS parameters for Cu foil, Cu2O and CuO are reported in
Table 6.2.
Table 6.2 Structural parameters calculated with the software FEFF for the three reference materials.
Reference sample
Cu foil

[33,34]

Cu2O

CuO

a
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b

[35]

[36,37]

a

r (Å)

b

Shell

CN

Cu-Cu

12

2.55

Cu-O

2

1.85

Cu-Cu

12

3.02

Cu-O

4

1.95

Cu-O

2

2.78

Cu-Cu

4

2.90

Coordination number. Distance averaged over the shell.
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6.3.

Results and Discussion

6.3.1. Performance of the catalysts
To study the effect of copper addition order on catalyst structure and performance, Cu(NO3)2 was
supported on either SiO2 or MgO prior to wet-kneading with the other oxide and performance
compared to the benchmark catalyst CuO/SiO2-MgO (III), for which CuO was introduced after the
wet-kneading step. Three samples were prepared: one supporting copper on SiO2 by IWI, before
addition of MgO (CuO/SiO2(IWI)+MgO). The other two samples were prepared by adding CuO on
MgO with two different techniques: CuO/MgO(IWI)+SiO2 was prepared by supporting Cu(NO3)2 on
Mg(OH)2 via IWI, while for the last sample, i.e. CuO/MgO(CP)+SiO2, Cu(NO3)2 and Mg(NO3)2 were coprecipitated with TMAOH; in both cases the resulting solid was then wet-kneaded with SiO2. Finally,
all catalysts were calcined in stagnant air at 773 K for 5 h (see Experimental section).
Ethanol conversions, determined for 4 h time on stream (Figure 6.3), are quite similar for all
catalysts, with the exception of CuO/SiO2(IWI)+MgO which showed a lower conversion level. The
latter sample also gave a significantly lower butadiene yield, showing that deposition of copper on
silica first is undesired. The lack of sensitivity to preparation method that is shown by the other three
samples is remarkable, however, and suggests that the most important structural changes take place
either in the wet-kneading or thermal treatment steps instead. Moreover, quite low ethylene yields
were observed over all catalysts, in agreement with the results showed in Chapter 2 for Cu added to
SiO2-MgO materials prepared with different methods. Overall, quite similar product distributions
were seen here with very small variations in the amount of acetaldehyde observed and a slightly
higher ethylene yield for CuO/MgO(CP)+SiO2.

Figure 6.3 Ethanol conversion (left), butadiene yield (middle) and conversion and yield of the main
(by)products for CuO/SiO2-MgO (III), and the catalysts prepared varying the order of addition of CuO.
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CuO/SiO2 and CuO/MgO, prepared as reference samples for the characterization studies, both
showed quite low ethanol conversion levels (Appendix, Figure A10) with no or very little (1%)
butadiene formation, respectively. Moreover, CuO/SiO2 showed the highest amount of acetaldehyde,
confirming that MgO or MgO-containing structures are required for the aldol condensation step in
the mechanism. Similarly, Kitayama et al. observed NiO/SiO2 and NiO/MgO to be essentially inactive
towards butadiene formation.[3] These results again suggest that magnesium silicate formation is
essential for catalysis, also in the case of Cu-promoted materials (see Chapter 5).

6.3.2. Acid-base properties
Different characterization techniques were used to compare the acid-base properties of one
selected Cu-containing sample, i.e. CuO/SiO2-MgO (III), with the corresponding, unpromoted
material. Pyridine-IR results reported in Figure 6.4a show that only peaks due to pyridine adsorbed
on Lewis acid sites are present for both materials;[38] moreover, the similar intensities observed
suggest similar amounts of acidic sites. In contrast, NH3-TPD shows a lower amount of acid sites for
the Cu-promoted sample (Table 6.3), i.e. 0.180 vs 0.219 mmol g-1 for the unpromoted one. A similar
discrepancy was observed already in Chapter 3 and attributed to the difference in probe molecule
size, with NH3 thus able to probe a higher and more realistic amount of acidic sites. The lower
amount of acidic sites detected on CuO/SiO2-MgO (III) suggests that the stronger acidic sites of the
original SiO2-MgO material are poisoned first upon Cu addition.
A detailed discussion of the modes of adsorption of CDCl3 on our materials is reported in Chapter
3. Figure 6.4b shows the remarkable differences between basic sites found on the promoted and
unpromoted SiO2-MgO (III). In particular, the peak due to weak basic sites shifted to lower
wavenumbers for the Cu-containing sample (i.e., from 2256 to 2252 cm-1); such a shift indicates that
in CuO/SiO2-MgO (III) the relative strength of those sites is higher.[39] Moreover, a slightly larger
amount of weak basic sites is seen for the promoted sample.
The increase in amount and relative strength of weak basic sites might occur as a result of the
solid solution formation between CuO and MgO discussed below. Relatedly, Ueda et al. proposed
increased basicity of Cu-promoted MgO to result from the distortion in the crystal lattice of the
latter, caused by solid solution formation.[5] The peak assigned to medium basic sites at 2213 cm-1 is
similar in both position and intensity in the two samples. The intensity of the two peaks assigned in
Chapter 3 to strong basic sites, i.e. those at ~ 2139 and 2089 cm-1, is significantly lower for the
CuO/SiO2-MgO (III) sample, however. This suggests copper addition to also poison strong basic sites
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in the Cu-containing material. Basic sites of such strength were proposed in Chapter 3 to originate
from Mg-O(H)-Si sites of the unpromoted samples.

-1

Figure 6.4 a) IR spectra after adsorption of Py at 423 K in the region 1650-1400 cm and b) IR spectra after
-1
adsorption of CDCl3 at 323 K in the region 2300-2050 cm for SiO2-MgO (III) and CuO/ SiO2-MgO (III).
Table 6.3 Amount of acidic sites calculated via NH3-TPD analysis, butadiene and ethylene yields for SiO2-MgO
(III) and CuO/SiO2-MgO (III).
Butadiene yield

Ethylene yield

(mmol g )

(%)

(%)

SiO2-MgO (III)

0.219

16

12

CuO/SiO2-MgO (III)

0.180

37

4

Sample

Number of acidic sites
-1 a

a

Calculated via NH3-TPD.

In Chapter 2, Cu-promotion was seen to not only boost butadiene yield but also to change
product distribution significantly. In particular, promoted SiO2-MgO materials give significantly lower
yields of ethylene, the main product of ethanol dehydration (Table 6.3). In Chapter 3, ethanol
dehydration was proposed to occur on acidic and strong basic sites of the solid materials. The
observation that CuO/SiO2-MgO (III) possesses a lower amount of those sites while also producing
less ethylene corroborates that hypothesis. The significantly higher butadiene yield observed for the
promoted sample could then be the result of the dehydrogenation activity of Cu, but might also arise
from the higher relative strength and amount of weak basic sites being beneficial for the aldol
condensation step. Our results then show that addition of Cu alters the acid-base properties of SiO2MgO catalyst materials in agreement with what proposed by Ueda and co-workers for CuO/MgO.[5]
To understand the reason for modified acid-base properties and the effect of the different
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preparation on the nature of Cu species, a more extensive characterization of the various samples is
discussed in the next section.

6.3.3. Catalyst characterization
In Figure 6.5, the morphology observed for CuO/SiO2-MgO (III) is compared with that of CuO/MgO
and CuO/SiO2 as studied with TEM. No copper species can be seen on CuO/MgO and CuO/SiO2-MgO
(III) (a and c in Figure 6.5). On the contrary, well-defined, quite monodisperse (~ 2-3 nm) CuO NP are
present on CuO/SiO2.

Figure 6.5 TEM images of a) CuO/MgO, b) CuO/SiO2 and c) CuO/SiO2-MgO (III).

XRD analyses show that the intensity of peaks associated with the periclase (crystalline MgO)
phase varies for the MgO-containing samples, with the wet-kneaded samples showing broadened,
less intense reflections than those seen for CuO/MgO. For all samples, the broadening and reduced
intensity of the periclase phase seen for all wet-kneaded samples hints at significant chemical
changes in the MgO component upon such treatment. Based on the detailed investigation reported
in Chapter 5, this is thought to be related to the formation of magnesium silicates, even though
reflections for such materials are absent in the XRD pattern of Figure 6.6. It should be noted,
however, that Natta et al. showed that magnesium silicate reflections in wet-kneaded SiO2-MgO only
appear when such materials are treated at ≥ 973 K.[40] Moreover, the formation of CuO NP in
CuO/SiO2 was confirmed by XRD analysis (Figure 6.6), with two low-intensity peaks at ~ 41 and 45
2θ ° pointing at a tenorite (i.e., crystalline CuO) phase; this shows that crystalline CuO NP, if formed,
can indeed be detected with XRD even at these low Cu loadings of 1 wt%; indeed, Águila et al. also
observed tenorite reflections for CuO/SiO2 samples with a similar copper oxide loading.[41] It is
therefore telling that all MgO-containing samples show no such peaks; given that all materials are
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thermally treated in the same way, the absence of crystalline CuO reflections in XRD then clearly
shows that the lack of CuO seen by TEM is not because of lack of contrast, but is the consequence of
improved copper dispersion.

Figure 6.6 XRD patterns of a) CuO/MgO, b) CuO/MgO(IWI)+SiO2, c) CuO/MgO(CP)+SiO2, d) CuO/SiO2-MgO (III),
e) CuO/SiO2(IWI)+MgO and f) CuO/SiO2. The patterns in the region 10-100 2θ ° are offset for clarity.

The UV-Vis spectra of these materials proved quite complex, with a number of features
contributing to the observed intensity (Figure 6.7); in particular, the peaks observed in the 200-300
nm region can be assigned to Ligand to Metal Charge Transfer (LMCT) bands of isolated CuO on
different supports; [6,7,12] Bravo-Suárez et al. attributed a band at ~ 260 nm for Cu in CuMgAlOx to the
LMCT of Cu2+ in an octahedral field.[13] Moreover, d-d transitions are found at 700-800 nm, indicative
of Cu2+ species in a (distorted) octahedral field. For CuO/SiO2, the very broad d-d band is centered at
~ 625 nm. Velu et al. reported that the position maximum observed for this band shifts to lower
wavelengths as the octahedral distortion increases.[42] Moreover, Shimizu et al. reported the
(approximately) square planar Cu2+ in bulk CuO to absorb at 636 nm, i.e. at a position very similar to
what we measured for CuO/SiO2 and pure CuO (see Appendix, Figure A11).[43] The spectra of all
ternary oxides and CuO/MgO are, however, very different, suggesting copper not to be in a square
planar geometry.
The 300-500 nm band, previously assigned to LMCT bands of sub-nanometric CuO clusters[7,8,13]
has a similar intensity for the three catalysts that show best performance, i.e. CuO/MgO(CP)+SiO2,
CuO/MgO(IWI)+SiO2 and CuO/SiO2-MgO (III); the same feature is also observed in CuO/MgO. On the
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other hand, for CuO/SiO2(IWI)+MgO, the worst catalyst among the ternary oxides, the 300-500 nm
band is negligible in intensity or absent. Furthermore, for CuO/SiO2, this shoulder is completely
absent. This means that the formation of small Cu-O-Cu clusters is favorable on MgO-containing
materials, but not on SiO2.

Figure 6.7 UV-Vis spectra of a) CuO/MgO, b) CuO/MgO(CP)+SiO2, c) CuO/MgO(IWI)+SiO2, d) CuO/SiO2-MgO (III),
e) CuO/SiO2(IWI)+MgO and f) CuO/SiO2. The spectra taken in the region 200-800 nm are offset for clarity. i)
bands assigned to LMCT transitions and ii) bands assigned to d-d transitions.

TEM and XRD results show that while CuO NP are present on CuO/SiO2, no nanoparticulate Cu
species could be seen on any of the MgO-containing materials, which we now ascribe to solid
solution formation. Moreover, UV Vis results suggested Cu species in CuO/SiO2 to have square planar
like geometry; on the contrary, the copper species in all MgO-containing samples have a (distorted)
octahedral geometry. This once more points at the Cu2+ atoms being located at crystal lattice sites of
MgO. XPS, XANES and EXAFS analyses, discussed below, confirm this conclusion and furthermore
provide additional insight on the nature, oxidation state and geometry of Cu species in the various
samples.
A selected number of samples were studied with XPS and binding energies (BE) of the Cu 2p3/2, Si
2p and Mg 2p signals are reported in Table 6.4. As expected, the BE of Si 2p in CuO/SiO2 is in good
agreement with the one observed for pure SiO2.[44] The values found for the CuO/SiO2-MgO samples
are significantly lower, however. Notably, Okada et al. showed the BE of Si 2p to be in the range
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101.8-102.6 eV for a number of (magnesium) silicates.[45] The BE of Si 2p of 102.6 eV reported for talc
(a magnesium silicate that can be formed upon wet-kneading of SiO2 and MgO, see Chapter 5) is
similar to the BE of Si observed for the various CuO/SiO2-MgO samples. Furthermore, the formation
of magnesium silicates during wet-kneading of SiO2 and MgO (discussed in detail in the previous
chapter) can affect the location-nature of Cu species and, consequently, the performance of the Cucontaining catalysts.
Table 6.4 BE of Cu 2p3/2, Si 2p and Mg 2p in the various samples.

a

Sample

Cu 2p3/2 BE (eV)

Si 2p BE (eV)

Mg 2p BE (eV)

CuO/SiO2

934.8

104.2

-

CuO/MgO

933.5

-

CuO/SiO2-MgO (III)

934.0

102.8

50.3

CuO/SiO2(IWI)+MgO

933.9

103.0

50.0

CuO/MgO(IWI)+SiO2

933.7

102.5

49.8

a

a

49.7

The element is not present in the analyzed sample.

The XPS data also showed that copper is present as Cu2+ in all samples, based on the characteristic
shake-up peaks[46] at approximately 943 eV and BE of Cu 2p3/2 (Table 6.4) in the range 933-935 eV;
indeed, the BE of bulk CuO is reported in the range 933.2-934.2 eV,[47,48] while Cu0 and Cu+ species
are generally found at ~ 932.0-932.5 eV.[49] The low amount of Cu detected at the surface of all MgOcontaining samples hinders the deconvolution of the signal for Cu 2p3/2 into contributions of different
copper species. The Cu 2p3/2 region can thus only be used for semi-quantitative analysis of Cu
abundance and for the study of BE position among the different samples. Moreover, the highresolution spectra of Cu 2p3/2 reported in Figure 6.8 show the Cu amount to vary widely among the
different samples. While surface copper concentration is the highest on CuO/SiO2, the amount of
surface copper present on CuO/MgO is below the quantification limit; this then implies that the
copper species present in the latter material must be distributed throughout the bulk of the sample
and are not solely localized on its surface (see UV-Vis and XAS below). Indeed, this provides further
evidence for solid solution formation and inclusion of copper in the crystal lattice of MgO. Finally, for
all CuO/SiO2-MgO samples a surface copper amount intermediate between that of CuO/SiO2 and that
of CuO/MgO was observed; this might be due to Cu being present on both oxides, as well as on the
magnesium silicates formed during wet-kneading of SiO2 and MgO. In addition to the differences in
amount of copper on the surface, the BE of Cu 2p3/2 was observed to vary as well and follows the
order: CuO/SiO2 > CuO/SiO2-MgO (III) ≈ CuO/SiO2(IWI)+MgO ≈ CuO/MgO(IWI)+SiO2 > CuO/MgO.
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Bennici et al. proposed shifts to higher binding energy to correlate with the acidity of the support for
CuO supported on SiO2-Al2O3.[46] Accordingly, in our case the BE value for Cu on SiO2-MgO materials,
lower than in CuO/SiO2 but higher than in CuO/MgO, seems to correlate with the acid/base
properties of the supports.

Figure 6.8 XPS spectra of the Cu2p3/2 region of a) CuO/MgO, b) CuO/SiO2 and c) CuO/SiO2-MgO (III). The black
lines represent the experimental XPS spectra; the red, blue and purple lines represent the fitting of the
experimental data ; the red and gray line represents the background used for the fitting of b) and c).

Further information on Cu speciation, coordination and chemical environment was obtained by
XAS analysis of the CuO-containing samples. The XANES spectra of the various samples and bulk CuO
show that two pre-edge features are present (labelled 1 and 2 in Figure 6.9). Deka et al. also
observed the first feature at ~ 8979 eV, originating from the dipole forbidden 1s → 3d transition.[50]
As Cu0 and Cu+ possess completely filled d orbitals, this transition is considered a signature for the
presence of Cu2+ species. This together with the absence of a feature at 8982 eV characteristic of Cu+
confirms all copper to be present as Cu2+ in all samples, as suggested by the other techniques. Preedge feature 2 is due to the 1s → 4p transition, again characteristic of Cu2+.[51] The position of this
feature is reported to depend on local symmetry of copper, in addition to its charge.[52] Feature 2 is
centered at ~ 8987 eV for CuO and CuO/SiO2, implying (as confirmed by EXAFS analyses, see below)
the nature of the copper NP in CuO/SiO2 to be very similar to bulk CuO. Tenorite is reported to have
square planar geometry (i.e. with four oxygen atoms at ~ 1.95 Å),[53] but can also be considered as
strongly distorted octahedral when taking into account the two O atoms at 2.78 Å (see Table 6.2).
Notably, feature 2 is found at a different energy for all MgO-containing samples, i.e. at ~ 8989 eV.
Lytle et al. reported the XANES spectra of a number of Cu-containing materials having geometries
varying from distorted octahedral to perfectly square planar and found that pre-edge feature 2
progressively shifts towards higher energy with decreasing octahedral distortion.[54] Moreover,
Hilbrandt et al., comparing the XANES spectrum of their CuO/MgO sample with a reference CuO one,
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reported that the shift to higher energy feature 2 is due to a higher coordination number (CN) of
Cu.[55] In particular, they attributed this to copper being in an octahedral or distorted octahedral
geometry in the CuO/MgO sample, occupying Mg lattice sites in a solid solution. For all MgOcontaining samples, it can therefore be said that Cu is predominantly found in an octahedral
environment. Moreover, Lytle et al. showed a spectroscopic feature at ~ 9010-9020 eV to be typical
for square planar Cu in bulk CuO; this feature (3 in Figure 6.9) is then indeed only seen for CuO and
CuO/SiO2 and not for the MgO-containing samples.

Figure 6.9 Normalized XANES spectra of a) CuO, b) CuO/SiO2, c) CuO/SiO2(IWI)+MgO, d) CuO/SiO2-MgO (III), e)
CuO/MgO(IWI)+SiO2 and f) CuO/MgO.

XANES analyses then show that a large portion of Cu2+ is present in an octahedral field in all MgOcontaining samples. It should be noted, however, that Cordischi et al. observed two signals for Cu2+
ions in the MgO crystal lattice by Electron Spin Resonance (ESR):[56] one for the Cu2+ in an octahedral
field in the bulk of the material and one with unclear geometry for Cu2+ close to the surface of the
samples. The nature and geometry of Cu species in our materials is expected to be further
complicated by the presence of a third component, i.e. SiO2, and by the magnesium silicates.
EXAFS analysis provided more insight into the geometry and bond distances of Cu present in our
samples. The parameters calculated from k3-weighted EXAFS analysis are reported in Table 6.5. Again
as expected, the parameters for CuO/SiO2 and for the reference bulk CuO were seen to be quite
similar (cf. Tables 6.2 and 6.5). This, together with the XRD, TEM, XPS and XANES results, shows the
two samples to be indeed quite similar, despite the nano-sized nature of CuO in CuO/SiO2.[57] A very
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different situation is observed for CuO/SiO2-MgO (III), CuO/MgO(IWI)+SiO2 and CuO/MgO (see Table
6.5).
3

Table 6.5 Parameters obtained from analysis of Cu K-edge k -weighted EXAFS of the different samples
prepared varying addition order of Cu.
Sample

CuO/SiO2
CuO/SiO2(IWI)+MgO
CuO/SiO2-MgO (III)

b

CuO/MgO(IWI)+SiO2

CuO/MgO

b

a

b

c

r (Å)

d

DW

e

Ef

f

Shell

CN

Cu-O

4.0

1.94

0.006

-1.0

Cu-O (2)

2.9

2.79

0.012

14.2

Cu-Cu

3.2

2.86

0.012

3.6

Cu-O

2.8

1.93

0.005

0.9

Cu-O

4.0

1.94

0.009

4.7

Cu-O (2)

1.5

2.48

0.149

0.3

Cu-Mg

4.6

3.02

0.019

2.9

Cu-O

4.0

1.91

0.009

8.5

Cu-O (2)

1.1

2.39

0.013

12.5

Cu-Mg

3.7

3.00

0.016

-0.9

Cu-O

4.1

1.94

0.009

7.7

Cu-O (2)

1.5

2.40

0.013

0.1

Cu-Mg

4.7

2.98

0.008

3.0

a

The shells after the first one could not be fitted due to the presence of at least two contributions in antib
phase. The values for the parameters in the original fit of these samples are reported in the Appendix, Table
c
d
e
f
A1. Coordination number. Distance averaged over the shell. Debye-Waller factor. Fermi energy (edge
position).

Importantly, no Cu-Cu contributions could be found for these samples; instead, Cu-Mg bond
distances fitted for these samples are in the range 2.98-3.02 Å, i.e. similar to the Mg-Mg distance of
2.97 Å observed in periclase,[58] corroborating the presence of copper in the crystal lattice of MgO. An
initial fit of the EXAFS data showed Cu to coordinate four O atoms at a bond distance of 1.92-1.94 Å
(see Table A1 and Figure A12 in Appendix), which is smaller than the Mg-O distance of ~ 2.10 Å in
MgO[59] and reflects the significant distortion of the crystal lattice caused by copper atom insertion.
Such a distortion contributes to the alteration in the electronic and, as discussed above, acid-base
properties of our Cu-promoted SiO2-MgO materials, as proposed previously.[5] The presence of only
four Cu-O contributions is in contrast, however, with results from other techniques (i.e., UV-Vis and
XANES) showing Cu to possess a distorted octahedral geometry in CuO/MgO, CuO/SiO2-MgO (III) and
CuO/MgO(IWI)+SiO2. Asakura et al. nonetheless also observed Cu in an octahedrally distorted
geometry to be present in a MgO crystal lattice to have an oxygen CN of less than six.[60]
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3

3

Figure 6.10 Cu K-edge k -weighted EXAFS data (left) and corresponding Fourier Transforms of the k -weighted
data (right) for a) CuO/MgO, b) CuO/SiO2 and c) CuO/SiO2-MgO (III).

For these reasons, the EXAFS spectra were again analyzed with the assumption that two
additional O atoms could be present. The latter fit, based on the chemical insights obtained by other
techniques (i.e., the distorted octahedral geometry of Cu) gave results with a similar goodness-of-fit
as the initial one. The two additional O atoms were located at a distance of ~ 2.40 Å. This distance
corresponds very well with the Cu-Oapical distances of 300 (well-defined) copper complexes
coordinated by six oxygen atoms, as deposited in the Cambridge Structural Database of the
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Cambridge Crystallographic Data Centre.[61] Specifically, the structure search showed Cu in a
distorted octahedral geometry to have Cu-O bond distances in the ranges 1.88-2.00 and 2.30-2.50 Å
for O atoms for equatorial and apical positions, respectively. The values obtained by EXAFS analysis
of 1.94 and 2.40 Å for CuO/MgO, see Table 6.5 can thus be considered common for a Jahn-Teller
distorted Cu2+ ion in a CuO6 environment. Thus, EXAFS results are in line with the UV-Vis and XANES
analysis in terms of Cu geometry in the (SiO2-)MgO materials.
Differently from all samples already discussed, EXAFS analysis did not find one specific element in
the second Cu shell for CuO/SiO2(IWI)+MgO due to two or more contributions in anti-phase in the
Fourier Transform (FT). This is surprising considering that XANES results showed features quite
similar to the other samples containing both CuO and MgO. CuO/SiO2(IWI)+MgO was nonetheless
quite dissimilar to the other ternary oxides with regards to both UV-Vis features and catalytic
performance, thus hinting at differences in the nature of the Cu species present.
As previously discussed, the EXAFS analysis does not show any Cu-Cu contributions for all samples
that contain both Cu and Mg and therefore cannot provide further evidence for the sub-nanometric
CuO clusters that were proposed based on the UV-Vis data. As EXAFS measures an average for the
contribution of the various Cu species present, species present in small amounts can be difficult to
discern with this technique, especially given the complexity of the materials at hand, yet might be
easily distinguishable by UV-Vis based on their different spectroscopic position (and difference in
extinction coefficient). This means that the fact that EXAFS shows that most of the Cu has formed a
solid solution with MgO, does not mean that the presence of minor amounts of other species (CuO
clusters, Cu on SiO2 or Cu present in magnesium silicates), as suggested by other techniques, can be
excluded.
Summarizing the characterization results obtained for the Cu-containing SiO2-MgO materials, it
can first be noted that the formation of surface magnesium silicates during wet-kneading (discussed
in detail in Chapter 5) is confirmed here by TEM and XPS results for all the samples containing both Si
and Mg. EXAFS analyses show, in accordance with the XRD and TEM results, that CuO NP supported
on pure SiO2 are very similar to bulk CuO. On the other hand, the XAS spectra show CuO/SiO2-MgO
(III), CuO/MgO(IWI)+SiO2 and CuO/MgO to be similar and have copper present in the MgO crystal
lattice sites and, to a minor extent, as different CuO species. The distorted octahedral geometry
expected for Cu2+ in a solid solution with MgO was confirmed by the UV-Vis, XANES and EXAFS
results. While the XRD and XANES data suggests that CuO/SiO2(IWI)+MgO, also can be best described
as a solid solution, the UV-Vis and the (impossibility of fitting the) EXAFS data show that this material
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is structurally different from a copper perspective. Finally, copper was observed to be present with
oxidation state +2 only in all cases.
The characterization techniques employed here showed that the samples prepared supporting
Cu(NO3)2 on MgO or co-precipitating the nitrates of Cu and Mg have remarkably similar features,
implying that the preparation method used results in a similar end-state for both samples. In
particular, the use of a CP method for CuO/MgO(CP)+SiO2 might allow for the direct formation of a
solid solution, that is also obtained eventually with the other sample where Cu is supported on MgO
by IWI. This then points at redistribution of Cu species occurring during wet-kneading or thermal
treatment. Additionally, these samples possess similar crystallinity and nature of copper species as
compared with CuO/SiO2-MgO (III), the benchmark catalyst of this study. Remarkably, we can then
conclude that the method chosen for copper addition, be it to MgO or SiO2-MgO, only affects the
final structure of the samples to a very limited extent. Additionally, UV-Vis analyses showed the
presence of CuO clusters for these samples only. On the other hand, the sample prepared by
impregnating Cu(NO3)2 on SiO2 prior to wet-kneading with MgO, i.e. CuO/SiO2(IWI)+MgO, shows a
number of structural differences such as a highly reduced crystallinity of the periclase phase (XRD),
the lack of CuO sub-nanometric clusters (UV-Vis) and copper location and geometry.
The observation that CuO/SiO2 and CuO/MgO samples give very low butadiene yield confirms, as
proposed in the previous Chapter, that the formation of magnesium silicates (during wet-kneading of
SiO2 and MgO) is essential for the performance of catalysts used in the Lebedev process. The
presence of CuO clusters, previously proposed to facilitate aldol condensation, in materials where Cu
is added to MgO or SiO2-MgO was found to correlate with the superior performance of those
catalysts as compared with CuO/SiO2(IWI)+MgO. For all catalysts containing Cu and Mg, experimental
evidences suggest the formation of a solid solution. This affects catalyst performance by altering the
acid-base properties of the samples (showcased here for (CuO/)SiO2-MgO (III)). In particular, it was
seen that addition of Cu reduces the amount of acidic and strong basic sites, thus explaining the
lower amounts of unwanted dehydration products that are formed. At the same time, Cu-promotion
brings about a slight increase in the amount of weak basic sites beneficial for the aldol condensation
step. A similar effect is expected for CuO/MgO(CP)+SiO2 and CuO/MgO(IWI)+SiO2 based on the
similar performance and structure as compared with CuO/SiO2-MgO (III). On the other hand,
CuO/SiO2(IWI)+MgO gives the lowest butadiene yield possibly due to the insufficient amount of aldol
condensation sites (i.e., absence of CuO clusters shown by UV-Vis analysis).
The results discussed above provided valuable insights into the copper species that promote the
butadiene yield of SiO2-MgO materials with regards to the effect of preparation method on both

155

Chapter 6

nature and performance of the catalysts. The situation depicted here refers to copper species in the
as-prepared catalysts, however. To study Cu evolution in the promoted catalysts and explain their
deactivation during reaction, XAS measurements performed under operando conditions are
discussed in the next Chapter.

6.4.

Conclusions

The higher butadiene yields obtained with Cu-promoted catalysts are due to improved
dehydrogenation activity and alteration of the acid-base properties as compared with unpromoted
SiO2-MgO materials. In this investigation, different preparation methods and addition orders of Cu
were employed to assess the effect of those on both structure and performance. In particular, the
two materials where Cu is supported on MgO via CP or IWI prior to wet-kneading with SiO2 give
butadiene yield and overall performance very similar to the benchmark catalyst (prepared by
impregnation of copper on SiO2-MgO). On the other hand, the catalyst material prepared by adding
copper to SiO2 prior to wet-kneading with MgO results in significantly worse performance. The lower
performance of the latter samples was attributed to the absence of CuO sub-nanometric clusters,
proposed to favor the aldol condensation of acetaldehyde, i.e. one of the elementary steps of the
Lebedev process. In all materials, copper is present as Cu2+ (as shown by UV-Vis, XPS and XANES).
Moreover, UV-Vis, XANES and EXAFS analyses showed Cu to be present in a square planar geometry
in bulk CuO and CuO/SiO2, while an octahedrally-distorted geometry was observed for copper
present in all other samples. The observed octahedral geometry for those samples results from Cu2+
replacing Mg2+ in crystal lattice sites of MgO, i.e. from a CuxMg1-xO solid solution; accordingly, EXAFS
results showed that the central Cu atom interacts with Mg, but not with other Cu atoms in all
samples that contain both copper and magnesium. The presence of Cu2+ in the crystal lattice of MgO
also contributes to modify the acid-base properties of Cu-containing SiO2–MgO materials as
compared with unpromoted ones. The experimental data also suggests other copper species to be
present in minor amounts, which can also affect catalyst performance in a way that is as of yet
unknown.
In conclusion, notwithstanding the complexity of both the materials under investigation and the
multistep Lebedev process, the use of a number of preparation methods and a combination of
characterization techniques provided valuable insights into the nature of copper species in promoted
SiO2-MgO catalysts and on their catalytic role.
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7. Cu-Promoted SiO2-MgO Catalysts for the Lebedev
Process: an Operando XAS Study

Abstract
A number of ex-situ characterization techniques showed that a large portion of the Cu promoter
in Lebedev CuO/SiO2-MgO catalysts is found in a solid solution with magnesia, in addition to small
amounts of other copper species (Chapter 6). Here, the nature of Cu species was investigated under
operando conditions during the ethanol-to-butadiene reaction with X-ray Absorption Spectroscopy
(XAS). Extensive changes in copper speciation were detected under reaction conditions, i.e. under
ethanol/N2 flow at 698 K for 4 h time on stream, both with and without reduction of the catalyst with
H2 prior to reaction. In both cases, the XAS data revealed in situ reduction of the copper species to a
mixture of Cu2+, Cu+ and Cu0; the latter, predominant Cu species (i.e., ~ 60% of total) is proposed to
be mainly responsible for promoting the dehydrogenation activity. The gradual, limited deactivation
of the promoted catalysts could be attributed to the blockage of active sites as a result of deposition
of carbonaceous species.
This Chapter is based on the following manuscript: “On the Nature of Cu on CuO/SiO2-MgO Catalysts for the
Lebedev Process: an Operando XAS study” C. Angelici, A. M. J. van der Eerden, F. Meirer, H. L. Schaink, B. M.
Weckhuysen, P. C. A. Bruijnincx, to be submitted.
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7.1.

Introduction

In Chapter 2 it was observed that addition of Cu (1 wt%) to SiO2-MgO catalysts greatly enhances
the butadiene yield in the Lebedev process; this increase in activity is accompanied by a limited,
gradual deactivation observed during 24 h time on stream, one that is not seen for the nonpromoted catalysts (Figure 7.1). Furthermore, it was observed that variation of the CuO loading (in
the range 0.5-2 wt%) did not affect catalysis much; the choice of catalyst pretreatment conditions
did, on the other hand, prove important with calcination in stagnant air being preferred over
calcination in N2-flow and calcination in N2-flow followed by a reduction step with H2.

Figure 7.1 Comparison of the observed butadiene yield as a function of time over the different SiO2-MgO (left)
catalysts tested and the same materials after Cu-promotion (right). Conditions: 0.2 g of catalyst, reaction
-1
temperature of 698 K, ethanol (gas phase) and nitrogen flow of 2 and 98 mL min , respectively.

The nature of the copper species formed was extensively studied with ex-situ techniques in
Chapter 6 and only Cu2+ species where found to be present in all materials as determined with diffuse
reflectance Ultraviolet-visible spectroscopy (UV-Vis), X-ray Photoelectron Spectroscopy (XPS) and Xray Absorption Near Edge Structure (XANES). Furthermore, copper was found to be mostly part of a
CuxMg1-xO solid solution. Indeed, no CuO nanoparticles could be detected by Transmission Electron
Microscopy (TEM) and X-ray Diffraction (XRD) and, more importantly, Extended X-ray Absorption
Fine Structure (EXAFS) showed Cu-Mg distances similar to Mg-Mg ones in MgO and no Cu-Cu
contributions in Cu-promoted SiO2-MgO materials, all supporting solid solution formation. UV-Vis,
XANES and EXAFS also showed Cu to adopt a distorted octahedral geometry as a result of such a solid
solution formation. Additionally, CuO clusters could be detected with UV-Vis, while minor amounts of
other Cu species, such as copper on SiO2 or on magnesium silicates, could not be excluded. The
presence of these different copper species, the clusters in particular, in the as-prepared Cupromoted materials could be, at least partially, correlated with catalyst performance.
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In addition to the CuO that was used in our studies, other transition metal oxides (e.g., Cr,[1,2] Ni[3]
and Zn[1]) have also been reported to enhance the dehydrogenation activity of SiO2-MgO catalysts
and as a result, their performance. Recently, Makshina et al. added a number of transition metal
oxides (as well as one transition metal) to SiO2-MgO materials, which were prepared by wetkneading the two components in ethanol. They showed that materials promoted with NiO, ZnO, CuO
and metallic Ag all performed rather similarly in catalysis.[4] Butadiene production thus proved
remarkably indifferent to the nature of the promoter, hinting at quite a similar role for the different
promoters and, perhaps, at the presence of similar species under reaction conditions. The chemical
environment in the ethanol-to-butadiene conversion consists of a complex mixture of compounds,
some of which are able to alter the oxidation state of transition metals. Ethanol, for instance, is able
to reduce both noble[5] and non-noble transition metal oxides;[6] indeed, CuO reduction by ethanol
has been reported at temperatures of ≥ 453 K (i.e., significantly lower than our reaction temperature
of 698 K).[7] Furthermore, H2 that is formed during reaction can also cause reduction of the initially
present Cu2+ species. It is therefore essential to investigate any possible evolution in copper
speciation during reaction in the Lebedev process, taking the detailed speciation description
obtained in Chapter 6 prior to catalytic testing as the starting point.
The use of spectroscopic techniques (e.g., Fourier Transform Infrared spectroscopy (FT-IR) and Xray Absorption Spectroscopy (XAS)) coupled with the analysis of the product stream (typically by
Mass Spectrometry (MS)) in so-called operando mode can provide very valuable insights into
structure-activity relationships, as extensively discussed in recent reviews.[8–11] For instance, Lamberti
et al. used a CuCl2/γ-Al2O3 catalyst for the synthesis of 1,2-dichloroethane from ethylene, HCl and O2.
Quantitative correlation of the amount of copper in different oxidation states with the extent of O2
conversion allowed the authors to establish that Cu+ is the active species in the process. Similarly,
Gamarra et al. used CuO/CeO2 catalysts (prepared by incipient wetness impregnation or coprecipitation methods) for the selective oxidation of CO in H2-rich streams.[12] Operando Diffuse
Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) and especially XANES measurements
showed that Cu2+ present initially is reduced to both Cu0 and Cu+; moreover, correlation of the
amount of copper species in different oxidation states with the MS signal of CO, CO2 and H2O vs.
reaction temperature showed Cu+ to be responsible for CO selective oxidation. These literature
examples clearly illustrate the key insights that can be obtained with operando techniques.
Here, a wet-kneaded CuO/SiO2-MgO Lebedev catalyst was studied with XAS under operando
conditions during the ethanol-to-butadiene conversion to investigate the nature of the active copper
species during reaction. This way, it could be shown for the first time that the reducing atmosphere
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of the Lebedev process causes reduction of the Cu2+ species originally found in CuxMg1-xO solid
solution to a mixture of unreduced Cu2+, Cu+ and large amounts of metallic copper. The Cu0 species
are proposed to be mainly responsible for the Cu promotion effect, i.e. for boosting the ethanol
dehydrogenation activity. The limited yet gradual deactivation observed for Cu-promoted catalysts is
now mainly attributed to carbon deposition.

7.2.

Experimental

7.2.1. Materials
Mg(NO3)2∙6H2O (99+%, Acros), Cu(NO3)2∙3H2O (99%, Acros), and tetraethyl orthosilicate (TEOS,
98%, Aldrich) were employed for the preparation of the different oxides; NH3 (25%, Merck) and
ethanol (100%, Interchema) were used during synthesis. Copper foil (99.9%, thickness: 0.008 mm,
Goodfellow), CuO (99.999% trace metals basis, Sigma-Aldrich) and Cu2O (≥99.99% trace metals basis,
anhydrous, Sigma-Aldrich) were used as reference samples for the XANES study.

7.2.2. Catalyst preparation
CuO(2 wt%)/SiO2-MgO (III) is prepared with the desired amount of Cu(NO3)2∙3H2O as described in
Chapter 2. The preparation of CuO/SiO2 (1 wt% of the metal oxide) is described in Chapter 6.

7.2.3. XAS analysis of the reference samples
To aid quantification of the various copper species that can be formed under operando conditions
(see below), four reference samples were analyzed with XAS. The XANES and EXAFS spectra of CuO(2
wt%)/SiO2-MgO (III) and CuO/SiO2 and commercially available Cu foil and Cu2O were acquired on the
Dutch-Belgian beamline (DUBBLE) at the synchrotron facility in Grenoble, France. The measurements
were performed in transmission mode using a Si(111) monochromator at RT. A fixed amount (i.e., ~
0.004 g) of reference sample was diluted in BN and then pelletized prior to analysis in the range
8800-9550 eV (Cu K-edge). The collected EXAFS spectra were background corrected and analyzed
using XDAP software.[13] Standard scatterers are calculated with the software FEFF8 and fitted, by
means of a correction parameter (S0²) to the experimental data measured in the synchrotron facility.
The EXAFS parameters for Cu foil, Cu2O, CuO/SiO2 and CuO(2 wt%)/SiO2-MgO (III) are reported in
Table 7.1.

162

Cu-Promoted SiO2-MgO Catalysts for the Lebedev Process: an Operando XAS Study

Table 7.1 Structural parameters calculated with the software FEFF for the reference materials Cu foil and Cu2O
and determined by EXAFS measurements for CuO/SiO2 and CuO(2 wt%)/SiO2-MgO (III).
Reference sample
Cu foil

[14,15]

Cu2O

[16]

CuO/SiO2

CuO(2 wt%)/SiO2-MgO (III)

a

a

r (Å)

b

Shell

CN

Cu-Cu

12.0

2.55

Cu-O

2.0

1.85

Cu-Cu

12.0

3.02

Cu-O

4.0

1.94

Cu-O (2)

2.9

2.79

Cu-Cu

3.2

2.86

Cu-O

3.9

1.94

Cu-O (2)

1.9

2.40

Cu-Mg

3.0

2.92

b

Coordination number. Distance averaged over the shell.

7.2.4. XAS analysis under operando condition
The CuO(2 wt%)/SiO2-MgO (III) sample was selected for the operando XAS analyses. As mentioned
above, the higher CuO content (cf. standard 1 wt% loading in Chapters 2 and 6) does not affect
catalysis, but was chosen with the sole purpose of acquiring high quality XAS spectra. The XANES
spectra of the 1 and 2 wt% samples show no significant differences in the nature of copper (see
Appendix, Figure A13). CuO(2 wt%)/SiO2-MgO (III) is from here on referred to simply as CuO/SiO2MgO (III), for brevity. The testing of this material under operando conditions was performed in a
setup similar to the one used for standard catalytic testing and built in the synchrotron facility in
Grenoble, France (Scheme 7.1). First, N2 (10 mL min-1) was passed through filters to remove H2O and
O2. Afterwards, a 3-way valve forced the gas to reach the capillary reactor directly or flow first into
the ethanol reservoir (located into a thermostatic bath at 276.5 K, thus allowing the use of 2 v/v% of
substrate, as in the standard catalytic testing) once the reaction was started. The capillary reactor (2
mm internal diameter) was filled with approximately 0.01 g of sample and compacted between two
quartz wool plugs. Prior to experiments the outlet flow was measured to be around 1 mL min-1. A
heat gun was used for heating the capillary reactor to the desired temperature. Moreover, the
capillary reactor was aligned to be in the center of the incoming X-rays. The outlet of the capillary
then led to a mass spectrometer to measure the presence and amount of the main compounds (H2,
ethanol, acetaldehyde and butadiene).
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Scheme 7.1 Schematic representation of the setup employed for the operando XAS measurements.

In experiment 1, after reaching reaction temperature, i.e. 698 K, the carrier gas was allowed to
the ethanol reservoir and then to the capillary where the reaction was performed for approximately
4 h. Reaction products were then analyzed online with the mass spectrometer.
In experiment 2, once the reaction temperature was reached, H2 (5 mL min-1) was allowed on the
capillary reactor for 2 h. Afterwards, the lines and reactor were flushed with N2 for 4 h while
monitoring the amount of H2 still present in the lines via MS. Finally, N2 is allowed through the
ethanol reservoir thus starting the reaction. In both cases, a number of compounds (i.e. H2, N2,
ethanol, ethylene, acetaldehyde and butadiene) were analyzed with mass spectrometry (MS). For
each compound, two fragments generated during MS analysis were monitored, the only exception
being H2 for which only the molecular ion with m/z 2 was monitored. For simplicity, only one
fragment for each of the main components is reported (see Table 7.2).
Table 7.2 Main compounds present and fragments monitored with MS during operando XAS analysis.

a

a

Fragment

Compound

m/z

Hydrogen

2

H2

Acetaldehyde

29, 44

CHO , C2H4O

Ethanol

31, 45

CH3O , C2H5O

Butadiene

39, 54

C3H3 , C4H6

.+

+

.+

+

+

+

.+

For those compounds where more than one fragment was monitored with MS the one underlined is reported.
This was chosen based on its higher intensity in MS as reported in the Mass Spectrometry Data Center, NIST
version 2.0.
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7.3.

Results and Discussion

Changes in the nature of the Cu species in CuO/SiO2-MgO (III) were studied with XAS analysis
under operando conditions with two different approaches. First, the effect of the chemical
environment of the Lebedev process on the nature of copper was assessed under standard reaction
conditions (experiment 1). This experiment consisted of heating the capillary reactor up to 698 K
over 1 h in N2 flow before allowing ethanol on the catalyst, after which the reaction was monitored
for 4 h time on stream. In the second approach the influence on performance and final copper
speciation was studied with a prereduced sample (experiment 2). In this case the catalyst is heated
to 698 K, after which pure H2 is allowed over the catalyst for 2 h at 698 K. After reduction, the gas
flow is switched to pure N2 for 4 h to ensure that all H2 is removed before the EtOH/N2 feed is
introduced to the capillary reactor and the reaction is again monitored for 4 h. The various steps
involved in both experiments are summarized in Figure 7.2.

Figure 7.2 Graphical summary of the two experiments performed to study the evolution of the copper
component under operando conditions in CuO/SiO2-MgO (III).

To ensure operando conditions, the consumption of EtOH and formation of the main products
was monitored by online MS during reaction. The time profile of the product composition of step b of
experiment 1, i.e. 1b, shows that butadiene is indeed formed under operando conditions (Figure 7.3);
in fact, after an initial induction period ethanol conversion, as well as butadiene and acetaldehyde
yields, were all found to be stable for 4 h time on stream. The MS signal of H2 showed a similar short
induction period, but reached a maximum after around 0.1 h then decreased to level off from ~ 1 h
on. A comparison with the product composition of step 2d shows that the differences in ethanol
conversion and product formation are in fact limited. The slightly higher amounts of all compounds
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measured during experiment 2 should be interpreted with caution, as small variations in the
temperature of the thermostatic bath can result in slight differences in the ethanol fed to the
reaction. The actual flow passing through the capillary reactor is furthermore affected by the way the
catalyst is packed. The time required to reach a steady state in terms of butadiene production is
different for the two experiments, i.e. 1 h for 1b and 3 h for 2d.

Figure 7.3 Online MS analysis of the product composition during operando XAS analysis of steps 1b (left) and
2d (right).

To study any variation in Cu oxidation state during reaction, XANES spectra were acquired during
the various steps of the two experiments. The spectra, recorded over an energy range of 8965-9055
eV, were deconvoluted with the software Athena by using the Least Squares Linear Combination
(LSLC)[17] fitting approach with four reference samples: the spectrum of CuO/SiO2-MgO (III) was used
as reference to account for Cu species that are unchanged; Cu foil and Cu2O were used to assess any
changes in oxidation state of Cu occurring during reaction; finally, CuO/SiO2 was included to account
for the possibility of CuO nanoparticles (NP) formation; well-defined, quite monodisperse (i.e., 2-3
nm) CuO NP are present on this particular sample, as seen with TEM and confirmed by XRD, UV-Vis
and XANES analysis.
The fitting of the XANES spectra recorded during all experimental steps (10-1b, 2a-2d) resulted in
satisfactory R-factors < 0.002. Indeed, the good match between the experimental and fitted data for
experiments 1 and 2 (Figure 7.4) shows that the deconvolution procedure captures the chemical
evolution of copper species well. Note that steps 1a and 2a are identical and only the XANES analysis
of step 2a is therefore shown in Figure 7.4 and included in the discussion below.
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Figure 7.4 Operando XANES spectra fitted with the LSLC approach using four reference samples for a selected
number of steps. The specific experiment and step (e.g., 2a) is indicated in the top left corner. The fitted range
is indicated by dotted lines.

Fitting of the spectrum obtained for CuO/SiO2-MgO (III) at RT in N2 flow (i.e., 10 in Figure 7.4 and
summarized in Figure 7.5) proved useful to estimate the fitting uncertainty, given that Cu species in
this sample should be the same as in the material measured in static air (see Figure A13 in Appendix).
The inclusion of ~ 10% of CuO/SiO2 in the fitting of the XANES spectrum of 10 thus represents the
uncertainty of our calculations, as CuO NP are known not to be present on this material under these
conditions. This experimental error can originate from a shift in the energy of the incoming X-rays in
the synchrotron facility; indeed, as an evidence of the latter, shifting the experimental spectrum
acquired for 10 by -0.3 eV resulted in a XANES fit of > 99% of CuO/SiO2-MgO (III). Such an
experimental uncertainty can be expected, given the step size of 0.5 eV used in our measurements.
No changes are observed in the XANES spectra upon heating the sample under nitrogen to 698 K
(step 1a, data not shown). Upon introduction of ethanol, the XANES spectra change considerably,
however, suggesting a remarkable change in copper speciation. In particular, fitting of a XANES
spectrum representative of the steady state of step 1b shows that copper underwent severe
reduction to give the following composition: ~ 60% Cu0, 20% Cu+ and 20% of a Cu2+ species as found
in the initial state of CuO/SiO2-MgO (III). It is difficult to ascribe the observed reduction to the
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presence of ethanol directly or to the H2 that is formed as a byproduct of ethanol dehydrogenation,
both being competent reductants under the applied conditions.[7] Furthermore, it should be noted
that features due to reduced copper species appear almost instantaneously upon introduction of
ethanol and that the final composition with regards to Cu in different oxidation states is reached
within the first hour of reaction. No further changes are seen in the XANES spectra for the remaining
3 h time on stream.

Figure 7.5 Amount of the different species estimated by fitting the different contributions in the XANES region
and R-factor expressing the goodness-of-fit for each experimental step. The details of the experimental steps
are summarized in Figure 7.2.

As mentioned above, the XAS data obtained for step 2a, the sample measured at 698 K under N2
prior to the pre-reduction step, showed the nature of Cu to be very similar to the ex situ analysis and
to the sample measured at 298 K (i.e., 10). Indeed, the difference in fitting result, i.e. the inclusion of
CuO NP (10) and reduced copper species (2a), is within the experimental uncertainty of 10%. In the
following step (i.e., 2b) pure H2 is allowed in the reactor and reduction of copper is observed within
the first 0.5 h and seems to reach a steady-state with XANES spectra showing no variation in the
nature of copper at the end of the 2 h reduction step. Quantification of copper species present after
reduction (i.e. in step 2c in N2 at 698 K, at the end of the 2 h pretreatment in pure H2) again shows
that extensive reduction has occurred, with Cu0 being the predominant component. Furthermore,
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the amounts of the various Cu species fitted for step 2c are relatively similar to 1b (Figure 7.5). While
a slightly higher (~ 4%) amount of metallic Cu species is observed for 2c (at the expense of Cu2+) and
very similar amounts of Cu+ and Cu2+, it should be noted again that the differences observed are
within experimental error. Finally, switching to Lebedev conditions by allowing ethanol/N2 in the
capillary reactor in step 2d, resulted in the presence of ~ 65% Cu0, 16% Cu+ and 18% Cu2+. Again, the
differences in the amount of the different Cu species are within experimental error in 1b, 2c and
2d.This shows that the same ratio of copper oxidation states is obtained, regardless of if the sample
was subjected to a prereduction step or not.
The incomplete reduction, as evidenced by the identification of 18-23% of Cu2+ in 1b, 2c and 2d,
could be due to the presence of unreducible copper species or to slow reduction kinetics of some
species with the 2 h reduction step not allowing sufficient time for complete reduction. The former
is more likely, based on the lack of change in the XANES spectra at the end of the reduction step 2b.
Indeed, given that the different steps taken to reach 1b and 2d essentially give the same outcome as
far as copper is concerned, it is suggested here that a quasi-steady-state situation is reached,
consisting of approximately 20% unreduced, unmodified Cu2+, a similar amount of Cu+ and a large
amount of Cu0, i.e. ~ 60-65%. It is difficult to establish which of the Cu2+ species in the as-prepared
sample (see Chapter 6) do not undergo reduction. Literature examples for similar systems suggest,
however, that some of the Cu2+ that is part of the solid solution (which are considered to be more
difficult to reduce and to extract from the crystal lattice sites of MgO) retains its original oxidation
state with the copper oxide clusters and Cu2+ on magnesium silicates or silica (if present) being more
readily reducible. While no examples could be found for copper reducibility in a CuxMg1-xO solid
solution, Ni2+ species in NixMg1-xO solid solutions have often been observed to undergo reduction at
significantly higher temperatures as compared with other Ni species;[18,19] for instance, Parmaliana et
al. observed bulk NiO to show one reduction peak centered at 640 K with Temperature-Programmed
Reduction, while a NixMg1-xO solid solution did not show any reduction up to temperatures as high as
1273 K. Similarly, Cu2+ in a solid solution with CeO2 was also shown to be less reducible than bulk
CuO.[20,21] A similar behavior is therefore expected for Cu2+ located at the crystal lattice sites of MgO.
The EXAFS data provided further insight into the nature of copper with regards to coordination
number (CN) and nearest-neighbor contributions. Operando EXAFS results for the different steps of
the two experiments are summarized in Table 7.3. For CuO/SiO2-MgO (III) in 10, the Cu-O and Cu-Mg
distances are, as expected, quite similar to those observed for the sample analyzed ex situ (see
Chapter 6). In particular, for the as-prepared CuO/SiO2-MgO (III) it was observed that no Cu-Cu
contributions are present, while Cu-Mg contributions were found with a bond distance similar to the
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Mg-Mg ones in periclase (crystalline MgO).[22] Moreover, in addition to four Cu-O contributions at
1.94 Å, two more O atoms were found at a bond distance of 2.48 Å (see discussion in Chapter 6 on
CuO4 vs CuO6 fit differences). These were attributed to O atoms in the equatorial and apical
positions, respectively, in the distorted octahedral geometry of Cu found at MgO crystal lattice sites.
The EXAFS data for step 2a, i.e. at 698 K, essentially shows the same situation, with bond distances
being quite similar to 10, while CN are slightly different. For all steps, the EXAFS results are in good
agreement with the XANES data. In particular, EXAFS shows the appearance of Cu-Cu contributions in
step 1b, with distances being similar to what is observed in metallic Cu (i.e., 2.55 Å; see Table 7.1),
thus confirming that upon reaction with ethanol a large percentage of Cu0 is formed. As a result of
Cu0 and Cu+ formation, the number of O and Mg atoms coordinated by Cu is lower. A similar trend is
observed in 2c and 2d, the main difference with 1b being the slightly lower number of O atoms
coordinating Cu.
3

Table 7.3 Parameters obtained from analysis of Cu K-edge k -weighted EXAFS of the different steps for the two
experiments performed under operando conditions. The experiment steps are shown in Figure 7.2. 10 refers to
the EXAFS spectrum taken at RT prior to thermal treatment, i.e. before 1a.
Experiment step

10

1b

2a

2c

2d

a

Coordination number.
position).
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b

a

r (Å)

b

DW

c

Ef

d

Shell

CN

Cu-O

4.4

1.94

0.009

3.5

Cu-O (2)

2.0

2.42

0.020

-8.8

Cu-Mg

3.7

2.87

0.015

8.8

Cu-O

2.2

1.91

0.020

15.0

Cu-Cu

3.6

2.54

0.008

-2.3

Cu-Mg

3.3

2.91

0.002

9.5

Cu-O

3.3

1.94

0.011

8.4

Cu-O (2)

1.8

2.42

0.020

10.0

Cu-Mg

4.0

2.92

0.020

0.5

Cu-O

1.4

1.93

0.134

13.8

Cu-Cu

3.6

2.54

0.008

-2.3

Cu-Mg

3.3

2.91

0.003

9.5

Cu-O

1.1

1.93

0.011

13.8

Cu-Cu

3.6

2.54

0.008

-2.3

Cu-Mg

3.3

2.91

0.002

9.5

Distance averaged over the shell.

c

Debye-Waller factor.

d

Fermi energy (edge
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3

3

Figure 7.6 Cu K-edge k -weighted EXAFS data (left) and corresponding Fourier Transforms of the k -weighted
data (right) for the (selected) steps indicated in the top left corner.

Thus, as previously discussed on the base of the XANES fittings, the EXAFS data also shows that in
all cases (i.e., 1b, 2c and 2d) a quasi-steady-state is reached in terms of Cu speciation. This is further
confirmed by the fact that the same number of Cu and Mg scatterers is found in the first shell (i.e.,
3.6 and 3.3, respectively) in 1b, 2c and 2d. While the larger amounts of Cu0 fitted for the XANES
spectra for steps 2c and 2d are within the experimental error, EXAFS analysis does show a reduction
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in the average number of O atoms around Cu in 2c and 2d, thus suggesting that these actually might
indeed be slightly more reduced than 1b.
XANES and EXAFS results thus both show the Cu2+ present initially to be reduced to Cu0 and Cu+
during experiments 1 and 2 to similar extents, as a result of ethanol or H2 formed in situ, and after
pretreatment with pure H2. Moreover, stable butadiene yields were observed after the final ratio of
Cu0, Cu+ and Cu2+ (approximately 60, 20 and 20%, respectively) was obtained. It is difficult to
attribute a catalytic role to all Cu species present due to the complexity of the system, i.e. the copper
species do not only differ in oxidation state, but might also differ in location (e.g. Cu on magnesium
silicates and on SiO2). Given the induction period seen for the butadiene yield (Figure 7.3) and the
fact that Cu0 is the dominant species during reaction, it is likely that the latter is mainly responsible
for the observed increase in dehydrogenation activity and boost in butadiene yield seen upon Cupromotion of the SiO2-MgO catalysts. Relatedly, Iwasa and Takezawa observed that ethanol
dehydrogenation occurs rapidly on pre-reduced Cu-based catalysts, but not on the corresponding
unreduced materials, thus ascribing the dehydrogenation activity to metallic copper.[23] Marchi et al.
studied a Cu/SiO2 catalyst for 2-propanol dehydrogenation and also attributed the observed initial
increase in catalytic activity to reduction from CuO to metallic Cu. Finally, Carotenuto et al. used
three commercial Cu-based catalysts for ethanol dehydrogenation and studied changes of the
initially present Cu2+ species with operando XANES.[24] Based on literature precedence,[25] the latter
authors proposed Cu0 species that are formed in situ to be responsible for ethanol adsorption and
dehydrogenation to acetaldehyde. The suggestion that the Cu0 generated in situ in our samples is
responsible for the increased dehydrogenation activity in the Lebedev process could then also
explain the similar performance reported for SiO2-MgO catalyst materials promoted with metallic Ag
and CuO.[4]
In Chapter 2, it was proposed that acetaldehyde self-condensation is rate-determining for the Cupromoted materials, whereas aldehyde formation itself is thought to be rate-determining for the
unpromoted SiO2-MgO catalysts.[26] This is in agreement with Makshina et al., who also observed
acetaldehyde accumulation for Ag-promoted SiO2-MgO materials and concluded that a higher
amount of MgO was required to perform the subsequent aldol condensation step. This shift in ratedetermining step to the aldol condensation then also explains why the amount of dehydrogenation
promoter used does not affect the overall butadiene yield for our Cu-promoted materials (in the
range of 0.5-2 wt%, see above), as also previously reported for Ag- and Zn-promoted ones.[4]
Apparently, a small amount of promoter is already sufficient to produce more acetaldehyde than can
be converted by the sites responsible for aldol condensation. It should furthermore be noted that the
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solid solution initially present in our samples has also been previously suggested for CuO- and ZnOpromoted SiO2-MgO Lebedev catalysts.[1] Moreover, Kitayama et al. proposed the formation of mixed
Ni, Mg silicates based on the absence of NiO XRD reflections.[3] Our operando results show for the
first time, however, that the oxidation state and location of Cu changes during reaction; such an in
situ reduction might also occur for promoters which are chemically similar to Cu (e.g., Ni). Also for
those promoters, as it is the case for Ag, dehydrogenation activity is therefore probably promoted by
the metallic form (generated in situ) of the employed transition metal, regardless of its initial
oxidation state. Finally, it should be noted here that a considerable amount of copper (i.e., ~ 40%) is
present with oxidation state +1/+2, suggesting that Cu species other than the metallic one are still
expected to contribute to the promotion of different steps of the Lebedev process. Relatedly, these
CuxO species are also believed to poison those sites responsible for ethanol dehydration, given the
significantly lower ethylene yield with promoted SiO2-MgO materials (see Chapter 6).
Finally, the observations made during the operando studies allow one to comment more on the
deactivation shown by the Cu-promoted catalysts during 24 h time on stream (see Figure 7.1). UV-Vis
spectra of the spent CuO/SiO2-MgO samples showed more carbonaceous materials to be present on
these samples than on the unpromoted catalysts (cf. Figures A1 and A2, Appendix). Deactivation can
thus be attributed to blockage of the active Cu species on the promoted catalysts. Alternatively, the
deactivation might be the result of sintering of the Cu0 particles formed during reaction. Marchi et
al., for instance, observed for their Cu/SiO2 catalyst materials that an initial increase of the activity in
2-propanol dehydrogenation was followed by quite severe deactivation and attributed this to
sintering of the metallic copper generated in situ.[27] However, as only a small amount of Cu0 is
needed to shift the rate determining step from acetaldehyde formation to the aldol condensation
step, as shown above, loss of active Cu0 dehydrogenation sites by sintering (rather than blockage) is
expected to affect the performance of the Lebedev process only very limitedly. Furthermore, the
observation that the Cu-Cu CN is the same in 1b, 2c and 2d seems to exclude any sintering of Cu0.
Similarly, the observation that the Cu-Cu CN calculated at different times of step 2d (not shown) does
not vary during reaction confirms that the Cu0 particles formed in situ do not sinter.

7.4.

Conclusions

Operando XAS measurements provided valuable insights into the dynamics of the copper species
present in CuO/SiO2-MgO catalysts and on their catalytic role during Lebedev reaction. In fact, XANES
and EXAFS results showed that the majority of the Cu2+ present initially is reduced to Cu0 (due to
either ethanol or H2 generated in situ) under reaction conditions. Furthermore, the final ratio of Cu0,
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Cu+ and Cu2+ species obtained with and without a pre-reduction step with H2 prior to catalytic testing,
was found to differ very limitedly, thus suggesting that a quasi-steady-state situation is reached. With
Cu0 being the dominant species under reaction conditions and given the similar performance
reported for Cu- and Ag-promoted SiO2–MgO catalyst materials, it is proposed that metallic copper is
in fact the Cu species responsible for the increased dehydrogenation activity in the Lebedev process.
Finally, deactivation of the copper-containing catalysts was ascribed to carbonaceous deposits on the
active sites of catalyst materials used in the Lebedev process.
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8.1.

Summary

The depletion of fossil resources, combined with the adverse effects the use of these
nonrenewable resources has on global climate, is proving to be a big driving force for the
development of renewables-based methods for the synthesis of fuels and chemicals. Among the
various renewable resources, biomass is regarded as most promising for the synthesis of (bulk)
chemicals. Moreover, the production of bioderived chemicals represents not only an environmental
necessity but also a great economic opportunity, once technologies for their efficient and selective
synthesis are in place.
An important example of such a bioderived chemical is bioethanol (i.e., ethanol obtained from
fermentation of sugars), of which production has increased steadily over the last decades. In addition
to its dominant application as fuel or fuel additive, ethanol is also an interesting platform molecule
for the synthesis of a number of chemicals. In the past years, large efforts have been devoted to the
synthesis of the so-called ‘drop-in’ chemicals (i.e., compounds having a chemical structure identical
to existing ones but produced sustainably from renewable feedstocks). Such drop-in chemicals have
the advantage of serving existing markets and making use of existing facilities and technologies for
further conversion.
1,3-butadiene (from now on simply called butadiene, a bulk chemical used in the synthesis of a
number of polymers) can, for instance, be synthesized from bioethanol, representing an example of
such a biobased, drop-in chemical. Nowadays, butadiene is produced (via a number of costly
extractive distillation steps) as a byproduct of hydrocarbon steam cracking aimed at ethylene
synthesis. The shale gas (natural gas found in rock deposits) revolution is, however, expected to
threaten butadiene availability. In particular, the ethane contained in shale gas is increasingly
replacing naphtha as cracker feedstock to produce ethylene; an important consequence of this shift
to lighter feedstocks is that C4 compounds (as well as aromatics) are no longer co-produced in
sufficient amounts during the cracking process, thus causing shortages of, among others, butadiene.
The development of on-purpose methods for butadiene synthesis is therefore highly desirable.
Consequently, the ethanol-to-butadiene Lebedev process, the reaction studied in this PhD Thesis,
can provide a viable solution.
In the first decades of the twentieth century, Lebedev discovered that ethanol can be converted
into 1,3-butadiene in one single step. The importance of this process was immediately recognized as
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an important means of production of butadiene and the process was applied industrially short after
in Russia. During and immediately after the Second World War, with demand for natural rubber
exceeding its availability, the Lebedev process was heavily studied worldwide as testified by the
interest from American research groups and commercialization of plants in Germany and in the
United States. The shift to petrochemical sources led to a decline in the commercial application of
the Lebedev process and by the 1960’s and 1970’s butadiene was mostly being produced from fossil
feedstocks. This declining interest in the Lebedev process proved to be only temporary as the
ethanol-to-butadiene process is currently undergoing a renaissance. Indeed, in recent years, the
drive for renewable chemicals production together with the large increase in bioethanol production
rejuvenated the interest in the Lebedev process, as testified by the growing number of publications
on the topic. Furthermore, socio-economic studies showed that the renewable-based butadiene
synthesis can be a viable alternative to the fossil-based one from both an environmental as well as
economic point of view.
A number of catalysts have been studied for the ethanol-to-butadiene process. Since the early
stages of the Lebedev process, metal oxide mixtures have been widely used as catalysts. These
materials were selected as it was recognized early on that multiple functionalities (acidic, basic and
redox) are required for the various elementary steps involved in such a process. Later, clay minerals
promoted with dehydrogenation metals or metal oxides were also included in academic studies.
Over the years, SiO2-MgO materials have emerged as the most widely studied system; these catalysts
are synthesized with different methods and with different amounts of the two components. Despite
the relatively large number of studies employing SiO2-MgO materials, many questions remain
unanswered regarding the underlying structural reasons for the very good performance of this class
of catalysts. Establishing such relationships between catalyst structure, performance and preparation
method would not only increase our fundamental understanding of the process, but also guide the
design of tailor-made, next generation catalysts for the Lebedev process.
The aim of the work described in this PhD Thesis was therefore twofold. First, the development of
new, active and selective SiO2-MgO catalysts for the Lebedev process. Second, to gain a deeper
understanding of the structural features required of a catalyst for the Lebedev process. To this end
the effect of different preparation methods, variation of parameters within those and addition of
promoters on the performance of SiO2-MgO catalyst materials was studied. Furthermore, to
elucidate the reasons behind the differences in catalytic behavior, a number of characterization
techniques were used to study the structure (e.g., UV-Vis, XRD, TEM and FT-IR) and the
acidity/basicity (e.g., Pyridine-, CDCl3-IR, NH3- and CO2-TPD) of the materials under investigation.
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Finally, as copper-promoted materials were observed to give significantly higher butadiene yields,
the nature of the Cu species present was thoroughly characterized (e.g., UV-Vis, XPS, XANES and
EXAFS). Moreover, the structural changes to the Cu-promoted SiO2-MgO materials, i.e. variation in
the nature and oxidation number of Cu, were studied under operando conditions with XANES and
EXAFS.

Figure 8.1 Schematic representation of the life cycle of biomass from feedstock to polymers end-products:
biomass sources are converted into (bio)ethanol via fermentation; the Lebedev process (the reaction studied in
this PhD Thesis) allows for the synthesis of butadiene from ethanol; finally, butadiene is used for the
production of a number of polymers with vast commercial applications.

In Chapter 2, the performance of SiO2-MgO catalysts was shown to be greatly affected by the
preparation method. In particular, five catalysts were prepared using wet-kneading and coprecipitation methods, in addition to a physical mixture of the components for comparison. The
materials prepared by wet-kneading, i.e. those obtained by mixing the primary components SiO2 and
MgO in water, performed much better than the co-precipitated materials or the physical mixture.
Furthermore, it was shown that the size of the SiO2 component employed during wet-kneading plays
a pivotal role. The observed differences in performance could be correlated to morphological and
structural differences. TEM results showed wet-kneaded catalysts to consist of SiO2- and MgO-rich
areas. For instance, it was recognized that the intimate chemical contact between the two
components is due to a thin MgO-like layer on the Stöber-like silica spheres. In contrast, coprecipitated catalysts possessed a more mixed oxide-like structure as evidenced by XRD and TEM
analyses. Additionally, the preparation methods employed were proposed to result in differences in
the distribution of acidic-basic active sites, as hinted at by the structural differences seen for the
various materials.
The addition of CuO as promoter resulted in significantly more active and selective samples, albeit
accompanied with some (limited) deactivation with time on stream. More specifically, CuO was
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observed to significantly increase acetaldehyde formation, the first step in the generally accepted
mechanism of butadiene formation, due to its dehydrogenation activity. The accumulation of the
aldehyde with the promoted catalysts pointed at insufficient aldol condensation activity (the second
step in the commonly accepted reaction mechanism) over these catalysts; accordingly, it was
proposed that the rate-determining steps for the promoted and unpromoted SiO2-MgO catalysts are
different, i.e. acetaldehyde formation for the SiO2-MgO systems and aldol condensation for the CuOpromoted samples. The use of traditional characterization techniques did not allow the nature of the
CuO in the samples to be fully elucidated. It was observed, however, that those catalysts possessing
sub-nanometric CuO clusters, as identified with UV-Vis, give higher butadiene yield; the nature and
dynamics of the CuO species present on the SiO2-MgO samples were studied in detail in Chapters 6
and 7.

Figure 8.2 Stoichiometry of the Lebedev process (left), morphology of one selected, wet-kneaded SiO2-MgO
material (middle) and effect of Cu-promotion on performance (right) as described in Chapter 2.

To better understand the active sites requirements for the Lebedev process and to elucidate
structure-activity relationships for the materials prepared with different techniques in Chapter 2, the
acid-base properties of these catalysts were thoroughly investigated in Chapter 3. To this end, the
nature and amount of acidic (Pyridine-IR and NH3-TPD) and basic sites (CDCl3-IR and CO2-TPD) as well
as the overall acidity-basicity (Hammett indicators) of the various samples were determined. The
large amount of acidic and strong basic sites present on co-precipitated SiO2-MgO materials are
considered to be the reason for the high selectivity towards dehydration products, while leading to
quite limited butadiene selectivity. On the contrary, the wet-kneaded catalysts gave significantly
higher butadiene yields, attributed to a more favorable distribution of active sites. In particular, the
wet-kneaded samples were found to possess a relatively lower amount of acidic and strong basic
sites together with increased amount of basic sites of weak strength. Finally, among the wet-kneaded
materials, the sample possessing the lowest amount of acidic sites is also the one that gives lowest
butadiene yield; this then shows that a certain, intermediate amount of acidic sites is important for
performance in the Lebedev process.
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Figure 8.3 Comparison of the morphology of one wet-kneaded and one co-precipitated catalyst material
analyzed by TEM (top) and proposed beneficial or detrimental influence of the acid-base balance of these
materials on performance (bottom), as described in Chapter 3.

In Chapter 3, the absolute number of basic sites quantified with CO2-TPD was found to be lower
than expected. This characterization technique was therefore deemed unreliable for the samples at
hand, with the very strong interaction between CO2 and SiO2-MgO samples and the formation of
different amounts and nature of carbonate species hampering the analysis. The realization that such
carbonates could influence catalysis prompted the investigation of the amount and nature of the
various carbonates found on the differently prepared catalysts with FT-IR and TGA-MS, as described
in Chapter 4. For all SiO2-MgO materials, it was noted that monodentate carbonates are the
dominant species at low temperature, while only a limited amount of bicarbonates are found on the
surface. At the standard temperature for the Lebedev process, i.e. 698 K, no carbonates could be
identified anymore on wet-kneaded materials with FT-IR, but TGA-MS showed them to still be
(limitedly) present under such conditions. Moreover, while bulk carbonates were found on all SiO2MgO materials, they were present in significantly higher amounts on the co-precipitated SiO2-MgO
samples. This was attributed to the higher amount of strong basic sites on the latter materials, as
observed in Chapter 3 with CDCl3-IR. Finally, it was shown that the carbonates do indeed influence
catalysis. More specifically, applying a higher pretreatment temperature of 898 K prior to reaction to
remove additional carbonate species did result in a higher butadiene yield.
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Figure 8.4 Schematic representation of the different carbonate species adsorbed on the surface of SiO2-MgO
catalyst materials and their desorption upon thermal treatment (left) and beneficial effect of a higher
pretreatment temperature on catalyst performance in the Lebedev process (right), as discussed in Chapter 4.

In Chapter 2, it was already noted that structural differences in the wet-kneaded catalysts gave
rise to differences in butadiene yield. SiO2 particle size was found to be particularly influential on
catalyst structure and, as a result, performance. In Chapter 5, the influence of some preparation
parameters of wet-kneaded materials on performance was further explored with the aim of
improving butadiene yield and, more importantly, gain deeper understanding on the effect of those
parameters on structure and catalyst performance. In particular, the nature of the MgO precursor
(including its size) used in wet-kneading, as well as the ratio between MgO and SiO2 were shown to
strongly affect both structure and performance of the wet-kneaded materials. This was attributed to
differences in intimate chemical contact between the two components, as seen with TEM, and, more
specifically, to the amount and nature of magnesium silicate phases formed during wet-kneading.
The formation of such magnesium silicate phases upon wet-kneading was confirmed by FT-IR and
TEM-EDX. Based on this and on the inactivity of pure SiO2, the ratio MgO:magnesium silicate was
proposed to be one of the most important parameters for catalyst performance. Finally, the best
performing catalyst obtained from the preparation parameter study was tested under a range of
different WHSV values and temperatures. It was then observed that low WHSV values (in the range
0.275-2.2 h-1) are beneficial for catalyst performance. Furthermore, the highest butadiene yield (i.e.,
~ 38% at 93% conversion levels) is achieved when the reaction is performed at 748 K. Finally, the
apparent activation energy was observed to depend on temperature and to be ~ threefold lower in
the range 698-773 K than at lower reaction temperatures; as a number of reasons can contribute to
the lower apparent activation energy value observed, thorough kinetic studies are now required to
explain the temperature-dependence observed in the Lebedev process.
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Figure 8.5 Graphical representation of the MgO and magnesium silicates phases found in wet-kneaded SiO2MgO catalysts (left); the ratio of those can be estimated with FT-IR (middle) and affects butadiene yield
significantly (right), as discussed in Chapter 5.

Having focused on the influence of preparation, composition and nature of the components of
SiO2-MgO materials in the Chapters 3-5, Chapter 6 was devoted to the study of the chemical nature
and dispersion of the CuO promoter. A number of samples were synthesized varying the preparation
method and the order of addition of Cu on the samples. CuO/MgO and CuO/SiO2 gave very low
butadiene yield, thus confirming that the presence of magnesium silicates is essential for the
performance of Lebedev catalysts, as proposed in Chapter 5. The catalyst materials where copper is
added to MgO (via co-precipitation or incipient wetness impregnation) prior to addition of SiO2 and
directly on SiO2-MgO showed very similar butadiene yields thus demonstrating that preparation
method does not affect performance much. Interestingly, when copper is supported on SiO2 prior to
wet-kneading with MgO the resulting catalyst gives the lowest butadiene yield. UV-vis analyses
showed the latter catalyst to be the only one where CuO sub-nanometric clusters are absent; in
Chapter 2, these clusters were proposed to facilitate the aldol condensation step. Importantly, all
copper is present solely as Cu2+ in all samples. Furthermore, in all materials that contain both CuO
and MgO copper species have distorted octahedral geometry as demonstrated by UV-Vis, XANES and
EXAFS. This geometry is the result of Cu2+ insertion in the crystal lattice of MgO, i.e. most of the
copper is part of a CuxMg1-xO solid solution. This shows that redistribution of copper occurred during
wet-kneading or thermal treatment of our materials. Solid solution formation also affects the acidbase properties of the Cu-promoted samples as compared with the unpromoted SiO2-MgO ones.
Indeed, the former materials possess a lower amount of acidic and strong basic sites, together with a
slightly increased number of weak basic sites as determined with NH3-TPD, Pyridine- and CDCl3-IR.
This shift in the acidity-basicity is, together with the promotion of dehydrogenation activity,
responsible for the superior performance of the Cu-promoted catalyst materials.
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Figure 8.6 Graphical representation of the structure of Cu-promoted SiO2-MgO catalysts (middle) for which a
large portion of copper was observed to be present in a CuxMg1-xO solid solution (left) and effect on butadiene
yield of the order of addition of copper on the different components (right), as discussed in Chapter 6.

Once the nature of Cu in the as-prepared catalyst material had been elucidated, the evolution of
the copper species during reaction was investigated with XANES and EXAFS under operando
conditions in Chapter 7. These characterization techniques showed that Cu2+ present initially is for a
large part reduced to Cu+ and Cu0, as a result of the presence of either ethanol or the H2 generated in
situ. The metallic copper formed is proposed to be responsible for promoting the dehydrogenation
activity. Finally, the deactivation observed for Cu-promoted SiO2-MgO materials was mainly ascribed
to the deposition of carbonaceous species on the active copper sites of the catalyst.

Figure 8.7 Graphical representation of the changes in nature and oxidation state of Cu occurring during
reaction in the Lebedev process, as determined with operando X-ray Absorption Spectroscopy (XAS) in
Chapter 7.
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8.2.

Concluding Remarks

In conclusion, the work presented in this PhD Thesis provides new insights into the underlying
reasons that make SiO2-MgO materials such excellent catalysts for the conversion of ethanol into
butadiene. Considering the overall work discussed a few general conclusions can be drawn.
The preparation technique of choice affects the structural properties of the resulting SiO2-MgO
materials considerably and therefore the distribution, i.e. nature and amount, of acidic-basic sites.
Given the complex cascade of elementary steps required, striking a precise balance in the latter is
key to obtaining a high butadiene yield and performance in general during the Lebedev process.
Moreover, the adsorption of atmospheric CO2 on the active sites of these solid materials can also
affect their acid-base properties, forming a number of carbonate species whose nature and thermal
stability depend on the preparation method used for the SiO2-MgO samples. Removal of such
carbonate species from otherwise occupied acidic and especially basic sites changes the balance
between them and thus affects catalysis. With regards to selectivity, it should be noted that for
industrial applications the overall product distribution obtained over the various materials is also
very important. For example, formation of butenes during the Lebedev process complicates the
purification of butadiene significantly; ethylene (formed by dehydration on acidic and strong basic
sites of our materials) on the other hand is a very interesting byproduct given its market value and
ease of separation from the product stream.
During the wet-kneading method significant chemical changes occur in the SiO2 and MgO
components as a result of their dissolution and reprecipitation. Moreover, a number of preparation
parameters (e.g., size of SiO2 and MgO and relative amounts of those) affect the extent of those
structural changes in the SiO2-MgO materials. Indeed, the different parameters employed for catalyst
preparation affect the amount of MgO and magnesium silicates in the resulting materials and thus
also the balance between acidic and basic sites. The formation of such magnesium silicates has been
previously reported, but their function in catalysis is still unclear. In this PhD work, the magnesium
silicates are proposed to improve butadiene yield by facilitating the aldol condensation step. Further
considerations on the catalytic role of magnesium silicates require a precise identification of the
species formed. This is complicated by the similar structure and composition of the numerous
magnesium silicates found in nature, however, together with the relatively low amounts formed in
the SiO2-MgO catalysts.
It is well known that dehydrogenation promoters enhance the performance of SiO2-MgO catalyst
materials for the ethanol-to-butadiene conversion. In this PhD work, Cu-promoted SiO2-MgO
catalysts gave superior butadiene yield. Structurally such systems are very complex due to the
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presence of three distinct metal oxides and, additionally, of compounds resulting from the
interaction of those. Nevertheless, the characterization techniques used showed that a large portion
of copper present replaces magnesium in the crystal lattice sites of MgO; the solid solution formed
between CuO and MgO then affects positively the performance of resulting materials by reducing the
number of acidic/strong basic sites which favor ethanol dehydration, while slightly increasing basic
sites of moderate strength. In addition to CuxMg1-xO solid solution, other Cu species are also present,
albeit in lower amounts, and thought to influence catalysis. Specifically, CuO sub-nanometric clusters
are, in this investigation, proposed to facilitate aldol condensation. Relatedly, catalyst materials that
do not contain such species due to the preparation conditions employed (as a result of the
preparation method chosen for SiO2-MgO materials or due to the order of addition of copper on the
latter) give lower butadiene yield. This shows that the preparation of SiO2-MgO also influences the
nature of the Cu present in the promoted samples. Finally, monitoring the evolution of the copper
speciation during reaction showed that Cu2+ is extensively reduced to generate both Cu+ and Cu0, the
latter being predominant. Metallic copper was then recognized to be the species responsible for the
promotion of ethanol dehydrogenation. Cu present in other oxidation states might be beneficial for
different steps of the complex mechanistic pathway of the Lebedev process. Furthermore, Cupromoted SiO2-MgO catalysts showed deactivation in contrast to the unpromoted ones. The
deactivation pattern of the former materials during the Lebedev process is mainly attributed to the
increased deposition of carbonaceous deposits blocking the catalyst active sites.

8.3.

Outlook

This PhD Thesis focused on two main aspects: first, the exploration of a number of preparation
(and process) parameters for the improvement of catalyst performance in the ethanol-to-butadiene
conversion. Secondly, to correlate performance with the structural properties of catalysts, those
were characterized with a broad range of techniques. Such a structure-activity relationship would aid
the design of new, improved SiO2-MgO catalysts for the Lebedev process.
New insights were gained throughout this investigation, but a number of questions remain to be
answered concerning both the structurally complex SiO2-MgO catalyst materials employed as well as
regarding the complex, multistep reaction mechanism. Indeed, while the aldol condensation route is
the commonly accepted mechanism for the Lebedev process, as of yet, no conclusive evidence is
available for such a mechanistic pathway. In fact, new mechanisms are even still being proposed (e.g.
a route based on the direct condensation of two ethanol molecules was proposed for purely basic
systems). Notably, the first studies have now appeared on the use of spectroscopic techniques to
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study the formation of intermediates under operando conditions, thus providing insight in the
reaction mechanism. More work clearly needs to be done in this direction, however.
Moreover, no agreement has been reached on the rate determining step for the aldol
condensation mechanism with different authors proposing different steps to limit the overall rate of
the process. A study of the reaction kinetics, e.g., by co-feeding reaction intermediates with ethanol
(only limitedly investigated in literature), could help in providing a final answer to this question. As
both mechanism and rate determining steps have not been unambiguously established, one can only
speculate about some of the kinetic behavior observed also in here, such as the effect of process
parameters on the performance of SiO2-MgO catalysts. Regardless of the actual mechanism, the
Lebedev process consists of a complex network of reactions for butadiene to be synthesized from
ethanol. Furthermore, a number of possible side reactions can occur and be detrimental for the
overall butadiene selectivity. Indeed, a large number of compounds can be generated from ethanol
over these multifunctional catalysts. Therefore, in addition to fine tuning of the catalyst material,
chemical engineering tools (e.g., reactor design and optimization of process parameters) are
expected to allow for the improvement of butadiene selectivity and, as importantly, composition of
the product stream, in general.
Additionally, the systematic analysis of Lebedev catalysts is essential to get detailed insight into
the active sites required of catalysts for the Lebedev process. In this PhD work, it was observed that
CO2-TPD is not able to paint an accurate picture of the strength and amount of basic sites on SiO2MgO-based catalyst materials. This has been observed before and is the result of the removal of H2O
in the first experimental step of CO2-TPD leading to the formation of carbonates of different
nature/thermal stability than those present on the original catalyst surface. A different technique, i.e.
CDCl3-IR, can thus prove more insightful to study the nature of the basic sites present on samples
such as the SiO2-MgO materials studied here. The two spectroscopic bands seen in CDCl3-IR spectra
and attributed in this PhD Thesis to strong basic sites (and related to the presence of bridged O and
OH groups) are barely reported in literature; computational studies should now be conducted to lead
to a firmer attribution of such spectroscopic features. Finally, the use of additional characterization
techniques (e.g. pyrrole-IR) for the study of the amount and nature of basic sites could prove helpful.
In this PhD work and in a limited number of literature reports it was observed that the wetkneading method of SiO2 and MgO in H2O results in the formation of magnesium silicates. Such
compounds are expected to alter the type and distribution of acidic and basic sites of the SiO2-MgO
materials, thus affecting their performance. The nature of these magnesium silicates and their
optimal catalytic amount are, however, scarcely studied nor their role in catalysis understood. For

186

Summary, Concluding Remarks and Outlook

this reason, the characterization of beneficial and possibly detrimental magnesium silicates should be
the topic of future studies. To this end characterization techniques able to distinguish among the
various magnesium silicates (e.g., antigorite, forsterite and talc) should be used to analyze catalyst
materials used in the Lebedev process. For instance, in addition to XPS and FT-IR used here, SolidState Nuclear Magnetic Resonance (SSNMR) and Raman spectroscopy have previously been
successfully used for the analysis of magnesium silicates found in natural rock formations and could
be useful. It should be noted, however, that the magnesium silicates in wet-kneaded SiO2-MgO
materials are present in relatively small amounts compared to the two primary components;
therefore, the characterization techniques of choice should be highly sensitive towards the specific
structural features of the different magnesium silicates.
Finally, during this PhD work, all catalysts were tested in their powdered form. It is, however, well
known that shaped catalytic bodies (e.g., spheres and cylinders) are largely preferable for industrial
applications. Pelletizing procedure used to prepare such catalytic bodies can involve a number of
steps including wetting of the materials, use of binders and thermal treatments. Some of these steps
can modify not only the physical (e.g., porosity and surface area) but also the chemical properties of
the active component in the catalytic body. For instance, wetting could lead to a modification of the
amount and nature of the magnesium silicates in the SiO2-MgO materials, while binders used for the
preparation of pellets do not necessarily have to be inert in the catalytic process. As a result of such
procedures, the acid-base balance optimized for catalysts in their powdered form might be altered
once the pelletizing procedure is performed. For all these reasons, the properties of the resulting
catalytic bodies should be studied directly with, e.g. spectroscopic and microscopic techniques.
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De uitputting van fossiele middelen en de nadelige effecten van het gebruik van deze niethernieuwbare grondstoffen op het klimaat, vormen een drijvende kracht achter de ontwikkeling van
nieuwe methoden voor de productie van hernieuwbare brandstoffen en chemicaliën. Zo wordt
biomassa gezien als de meest veelbelovende, hernieuwbare grondstof voor de synthese van
(bulk)chemicaliën. Bovendien is de productie van biobased chemicaliën niet alleen noodzakelijk voor
de bescherming van het milieu maar biedt het ook economisch grote kansen, mits voldoende
efficiënte en selectieve synthesemethoden kunnen worden ontwikkeld voor deze hernieuwbare
producten.
Een belangrijk voorbeeld van biobased chemicaliën die een grote rol kunnen gaan spelen bij deze
maatschappelijke transitie is bioethanol (d.w.z., ethanol verkregen via fermentatie van suikers),
waarvan de productie gestaag is toegenomen over de laatste decennia. Naast de hoofdtoepassing als
brandstof of brandstofadditief, is ethanol ook een interessante bouwsteen voor de synthese van
verschillende hoogwaardige chemicaliën. In de afgelopen jaren zijn er grote inspanningen gewijd aan
de synthese van zogenaamde ‘drop-in’ chemicaliën (d.w.z., chemische stoffen met dezelfde
moleculaire structuur als bestaande chemicaliën, maar geproduceerd op een duurzame manier uit
hernieuwbare grondstoffen). Deze ‘drop-in’ chemicaliën hebben het voordeel dat ze aan kunnen
sluiten op bestaande markten en gebruik kunnen maken van bestaande voorzieningen en
technologieën voor verdere conversie. Een belangrijk voorbeeld hiervan is 1,3-butadieen (verder
butadieen genoemd), een verbinding die op grote schaal geproduceerd wordt en gebruikt kan
worden voor de synthese van verschillende polymeren. Butadieen wordt nu voornamelijk verkregen
uit de naftafractie van aardolie, maar kan ook worden gesynthetiseerd uit bioethanol.
Op dit moment wordt butadieen inderdaad geproduceerd als een bijproduct van het stoomkraken
van koolwaterstoffen, een proces dat primair gericht is op de synthese van ethyleen. De
schaliegasrevolutie, waarbij aardgas wordt gewonnen uit gesteente, zal naar verwachting de
beschikbaarheid van butadieen beperken. Het ethaan in schaliegas vervangt namelijk op steeds
grotere schaal de traditionele grondstof als de kraakprocessen om ethyleen te produceren; een
belangrijk gevolg van deze verschuiving naar lichtere grondstoffen is dat C4 verbindingen (evenals
aromaten) niet meer in voldoende hoeveelheden als bijproduct tijdens het kraakproces worden
aangemaakt, met als gevolg een tekort aan deze verbindingen.
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Figuur 1 Schematische weergave van de verschillende grondstoffen die gebruikt kunnen worden in bioraffinage
processen om brandstoffen, materialen en chemicaliën te maken.

Naast de wens tot verduurzaming van de chemische industrie, biedt het feit dat het huidig gebruik
van non-conventionele fossiele grondstoffen leidt tot schaarste aan chemische bouwstenen een
uitgelezen (economische) mogelijkheid voor de productie van deze bouwstenen uit biomassa. De
ontwikkeling van processen voor de directe productie van butadieen is dus erg gewenst. Het
Lebedevproces, de methode die wordt bestudeerd in dit proefschrift waarbij ethanol omgezet wordt
naar butadieen heeft in dit opzicht veel potentie.

Figuur 2 Vergelijking tussen de synthese van butadieen uit het stoomkraken van nafta (boven) en uit biomassa
(fermentatie van suikers) door de conversie van ethanol naar butadieen (onder).

Al in de eerste decennia van de twintigste eeuw ontdekte Lebedev dat ethanol in één enkele
reactiestap kan worden omgezet in butadieen. Het belang van dit butadieenproductieproces werd
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meteen herkent en het proces werd na een korte ontwikkelperiode op industriële schaal toegepast in
Rusland. Tijdens en kort na de Tweede Wereldoorlog, toen de vraag naar natuurlijk rubber het
aanbod oversteeg, was het Lebedevproces wereldwijd onderwerp van onderzoek. Dit blijkt uit de
belangstelling van Amerikaanse onderzoeksgroepen en de commerciële productie in Duitsland en de
Verenigde Staten. De verschuiving naar het gebruik van petrochemische grondstoffen leidde na de
oorlog tot een afname van de commerciële toepassingen van het Lebedevproces en vanaf de jaren
zestig en zeventig werd butadieen overwegend geproduceerd uit fossiele grondstoffen. De
afnemende interesse in het Lebedevproces bleek slechts van tijdelijke aard, aangezien de conversie
van ethanol naar butadieen momenteel opnieuw in de belangstelling staat. De interesse in de
duurzame productie van chemicaliën in combinatie met de grote toename in de productie van
bioethanol heeft recentelijk inderdaad geleid een groeiend aantal recente publicaties over dit
onderwerp. Bovendien is uit sociaal-economische studies gebleken, dat de synthese van butadieen
uit hernieuwbare grondstoffen een haalbaar alternatief is, vanuit zowel ecologisch als economische
perspectief, voor de synthese van butadieen uit fossiele grondstoffen.
Sinds de ontdekking van het proces zijn een groot aantal type materialen onderzocht als
katalysator voor de conversie van ethanol naar butadieen. Mengsels van metaaloxides zijn vooral
veel gebruikt als katalysatoren, omdat het al vroeg werd onderkend dat meerdere (zure, basische en
redox) functionaliteiten zijn vereist voor de verschillende elementaire stappen in dit proces. Wat
later werden ook kleimaterialen bestudeerd, al dan niet met toevoeging van metalen of metaal
oxiden om de dehydrogenatieactiviteit te verhogen. Van alle geteste materialen zijn SiO2-MgO
systemen het meest bestudeerd. Deze SiO2-MgO katalysatoren kunnen op verschillende manieren
worden gesynthetiseerd en met verschillende relatieve hoeveelheden van de twee componenten.
Ondanks dat deze SiO2-MgO materialen in een relatief groot aantal studies zijn gebruikt, zijn veel
fundamentele vragen nog onbeantwoord over de onderliggende structurele redenen voor de goede
prestatie van dit soort katalysatoren. Het opstellen van dergelijke relaties tussen de structuur, de
prestatie en de bereidingsmethode van deze katalysatoren vergroot niet alleen onze fundamentele
kennis van het proces doen, maar kan ook leiden tot het ontwerp van een volgende, verbeterde
generatie katalysatoren voor het Lebedevproces.
Het doel van het werk beschreven in dit proefschrift was tweeledig. Ten eerste, de ontwikkeling
van nieuwe, actieve en selectieve SiO2-MgO katalysatoren voor het Lebedevproces. Ten tweede, het
verkrijgen van een dieper begrip van de structurele kenmerken van een goede katalysator voor het
Lebedevproces.
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In Hoofdstuk 2 wordt aangetoond dat de prestatie van SiO2-MgO katalysatoren sterk wordt
beïnvloed

door

de

synthesemethode.

Vijf

verschillende

katalysatormaterialen

werden

gesynthetiseerd met behulp van zogenaamde ‘wet-kneading’- (WK) en co-precipitatiemethoden (CP)
en de prestatie van deze materialen werd vergeleken met een fysisch mengsel van de twee
componenten. De WK materialen presteerden veel betere dan de CP katalysatoren en het mengsel
van de componenten. Verder is duidelijk geworden dat de grootte van de SiO2 component de
werking van de katalysator erg beïnvloedt. Dit verschil in prestatie kon worden gekoppeld aan het
verschil in morfologie en structuur van de katalysatoren. TEM analyses lieten zien dat de (chemische)
interactie tussen de twee componenten in de WK materialen bestaat uit een dunne MgO-achtige
laag op de Stöber-achtige silicabollen. De CP katalysatoren hebben daarentegen een meer gemengdoxideachtige structuur zoals blijkt uit de röntgendiffractie- en TEM-analyses. Deze verschillen in
structuur als gevolg van de gekozen synthesemethoden wijzen bovendien op een verschil in de
verdeling van zure en basische sites over het materiaal.
De afzetting van CuO op de SiO2-MgO materialen resulteerde in katalysatoren met zeer hoge
activiteit en selectiviteit. De CuO-promotor zorgt voor een significante toename van de vorming van
acetaldehyde, de eerste stap in het algemeen-geaccepteerde mechanisme van de vorming van
butadieen. De traditionele karakteriseringstechnieken boden maar beperkt inzicht in de chemische
details van CuO op het katalysatormateriaal. Uit UV-Vis metingen bleek slechts dat die katalysatoren
met CuO clusters met afmetingen van kleiner dan een nanometer, een hogere opbrengst van
butadieen gaven; een meer uitgebreide karakteriseringsstudie bracht meer inzicht in de aard en
evolutie van de CuO deeltjes die aanwezig zijn op de SiO2-MgO materialen en is beschreven in de
Hoofdstukken 6 en 7.
De zuur/base eigenschappen van de katalysatoren gesynthetiseerd zoals beschreven in Hoofdstuk
2 zijn uitgebreid onderzocht in Hoofdstuk 3 met als doel te achterhalen welke actieve zure of
basische sites precies vereist zijn voor het Lebedevproces en om de relatie tussen synthesemethode,
structuur en prestatie van de materialen bloot te leggen. Daarom zijn de aard en hoeveelheid van
zure (Pyridine-IR en NH3-TPD) en basische sites (CDCl3-IR and CO2-TPD) alsmede de totale zuurheidbasiciteit (Hammett indicatoren) van de verschillende monsters gemeten. Het hoge aantal zure en
sterk basische sites die aanwezig zijn op CP SiO2-MgO materialen zijn zowel de reden voor de hoge
selectiviteit van deze materialen voor ongewenste dehydratatieproducten die worden gevormd als
voor de lage selectiviteit voor butadieen. De significant hogere opbrengst van butadieen die wordt
verkregen met de WK katalysatoren wordt toegeschreven aan een gunstigere verdeling van actieve
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zure en basische sites. Tenslotte bleken de WK materialen een relatief lage hoeveelheid van zure en
sterk basische sites te bevatten, tezamen met meer zwak basische centra.
In Hoofdstuk 3 bleek het aantal basische centra zoals gekwantificeerd met CO2-TPD lager te zijn
dan verwacht en niet te kloppen met de Hammett indicatormetingen. De onbetrouwbaarheid van de
CO2-TPD metingen voor de SiO2-MgO monsters werd toegeschreven aan de sterke interactie tussen
CO2 en de SiO2-MgO monsters en de vorming van verschillende carbonaatverbindingen die de
analyse belemmeren. Omdat deze carbonaatverbindingen ook het katalytisch proces kunnen
beïnvloeden, zijn de hoeveelheid en de aard van deze oppervlaktedeeltjes met FT-IR en TGA-MS
bestudeerd (Hoofdstuk 4). Deze combinatie van technieken liet zien dat bij lage temperatuur vooral
monodentate carbonaten op het oppervlak te vinden zijn op alle bestudeerde SiO2-MgO materialen;
de hoeveelheid bicarbonaten op het oppervlak is slechts klein. Bij de reactietemperatuur van het
Lebedevproces (698 K) zijn significant meer carbonaten aanwezig op de CP materialen dan op de WK
monsters. Dit is het gevolg van het grotere aantal sterk basische centra op de CP materialen, zoals
angetoond in Hoofdstuk 3 met CDCl3-IR. Tenslotte werd aangetoond dat de carbonaten inderdaad
het katalytisch proces kunnen beïnvloeden, aangezien het verwijderen van de carbonaten van het
katalysatoroppervlak door middel van een hogere voorbehandelingstemperatuur van 898 K
resulteerde in een hogere opbrengst aan butadieen.
In Hoofdstuk 2 werd al opgemerkt dat structurele verschillen tussen de WK katalysatoren de
opbrengst van butadieen sterk kunnen beïnvloeden. De invloed van bepaalde parameters van de
wet-kneading synthesemethode werd verder onderzocht in Hoofdstuk 5 om de butadieenopbrengst
te verhogen en, belangrijker, om meer inzicht in het effect van deze parameters op de structuur en
de prestatie van de katalysatoren te krijgen. De aard van de MgO precursor gebruikt voor de wetkneadingstap en de verhouding tussen MgO en SiO2 bleken allebei de structuur en prestatie van de
materialen zeer te beïnvloeden. Dit werd toegeschreven aan verschillen in de aard en de mate van
chemisch contact tussen de twee componenten, zoals bleek uit TEM analyse; meer specifiek toonden
FT-IR en TEM-EDX analyses aan dat de hoeveelheid en aard van de magnesiumsilicaatfasen gevormd
bij wet-kneading varieerde. Op basis van deze resultaten, werd de verhouding tussen MgO en
magnesiumsilicaat als een van de belangrijkste parameters voor de prestatie van katalysatoren
gepostuleerd. Tenslotte werd de katalysator die als beste uit de parameterstudie naar voren kwam,
getest onder verschillende procescondities, d.w.z. bij verschillende WHSV waarden en temperaturen.
Lage WHSV waarden (in het bereik 0.275-2.2 h-1) bleken de prestatie van de katalysator te
bevorderen. De hoogste butadieenopbrengst (d.w.z. ~ 38%) werd uiteindelijk bereikt bij een
temperatuur van 748 K.
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Nadat de invloed van bereiding, samenstelling en eigenschappen van de individuele bestanddelen
van SiO2-MgO materialen in de Hoofdstukken 3-5 aan bod is gekomen, concentreert Hoofdstuk 6 zich
op de chemische aard en dispersie van de CuO promotor. Hiertoe zijn een aantal materialen
gesynthetiseerd via verschillende synthesemethoden en met een verschillende volgorde van
toevoeging van koper aan de materialen. De katalysatoren waarin koper eerst wordt toegevoegd aan
MgO voorafgaand aan de wet-kneadingstap met SiO2 en de katalysator waar Cu direct aan WK SiO2MgO werd toegevoegd, vertoonden vergelijkbare butadieenopbrengsten. Als koper daarentegen
werd toegevoegd aan de SiO2 component voor wet-kneading met MgO, dan resulteerde dit in de
laagste butadieenopbrengst. UV-Vis analyse liet zien dat het laatsgenoemde katalysatormateriaal de
enige is waarin CuO sub-nanometrische clusters afwezig zijn; in Hoofdstuk 2 was al gepostuleerd dat
deze clusters de aldolcondensatie, een essentiële stap in het mechanisme, vergemakkelijken. Koper
bleek verder uitsluitend aanwezig te zijn als Cu2+ in alle monsters. Daarnaast bleek uit karakterisering
met UV-Vis, XANES en EXAFS dat de Cu ionen een verstoord octaëdrische geometrie aannemen in
alle katalysatoren waar zowel CuO en MgO aanwezig zijn. Deze geometrie wordt veroorzaakt door
Cu2+ insertie in de kristalstructuur van MgO; het grootste deel van de toegevoegde koper is dus
onderdeel van een CuxMg1-xO vaste oplossing. Deze vorming van een vaste oplossing of mengkristal
beïnvloedt ook de zuur-base eigenschappen van de koperhoudende monsters vergeleken met
kopervrij SiO2-MgO. De verandering van zuurheid en basiciteit is, samen met de toename van
dehydrogenatieactiviteit, de achterliggende reden voor de superieure prestaties van de
koperhoudende katalysatoren.
Nadat de aard van Cu in de vers-bereide katalysatoren was opgehelderd in Hoofdstuk 6, werd de
evolutie van de kopercomponent van de katalysatormaterialen tijdens reactie onderzocht in
Hoofdstuk 7 met behulp van XANES en EXAFS-metingen onder operando omstandigheden. Deze
karakteriseringstechnieken lieten zien dat de oorspronkelijk aanwezige Cu2+ ionen voor een groot
deel worden gereduceerd tot Cu+ en Cu0 als gevolg van een reactie met ofwel ethanol of in situgegenereerd H2. Het metallisch koper dat zo wordt gevormd onder de reactiecondities wordt
gedacht verantwoordelijk te zijn voor de toename in dehydrogenatieactiviteit. Tenslotte werd de
geleidelijke deactivering die CuO/SiO2-MgO materialen vertonen voornamelijk toegeschreven aan
koolstofhoudende afzettingen op de actieve sites in de katalysator.
Om de twee gestelde doelen te bereiken, zijn het effect van verschillende synthesemethoden,
variatie van parameters binnen deze methoden en toevoeging van promotoren op de prestatie van
SiO2-MgO

katalysatormaterialen

uitvoerig

bestudeerd.

Een

uitgebreide

combinatie

aan

karakteriseringstechnieken bood uiteindelijk ook inzicht in de structuur (met behulp van,
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bijvoorbeeld, UV-Vis, XRD, TEM en FT-IR) en zuurheid/basiciteit (Pyridine-, CDCl3-IR, NH3- and CO2TPD) van de katalysatoren en maakte het mogelijk om de structurele redenen achter de verschillende
prestaties van de onderzochte katalysatoren te begrijpen. Tenslotte gaven de koperhoudende
materialen een significant hogere opbrengst aan butadieen. Ook hier bood uitgebreide
karakterisering (UV-Vis, XPS, XANES and EXAFS) van de aard van de aanwezige Cu deeltjes en
verandering daarin nieuwe inzichten in deze belangrijke klasse van katalysatoren voor het
Lebedevproces.
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Figure A1 UV-Vis spectra of the various catalysts after 24 h time on stream: a) SiO2-MgO (II); b) SiO2-MgO (III);
c) SiO2-MgO (IV); d) SiO2-MgO (V); e) SiO2-MgO (VI) (Chapter 2, Section 2.3.1).

Figure A2 UV-Vis spectra of the various catalysts after 24 h time on stream: a) CuO/SiO2-MgO (II); b) CuO/SiO2MgO (III); c) CuO/SiO2-MgO (IV); d) CuO/SiO2-MgO (V); e) CuO/SiO2-MgO (VI) (Chapter 2, Section 2.3.1).
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Figure A3 XRD patterns of a) CuO/SiO2-MgO (II); b) CuO/SiO2-MgO (III); c) CuO/SiO2-MgO (IV); d) CuO/SiO2MgO (V); e) CuO/SiO2-MgO (VI). The diffractograms taken in the range 10-100 2θ ° are offset for clarity
(Chapter 2, Section 2.3.2).

Figure A4 CO2 desorption for the various SiO2-MgO catalysts in the range 313-1273 K (Chapter 3, Section
3.3.4).
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Figure A5 IR spectra of SiO2 at different temperatures (Chapter 4, Section 4.3.1).

-1

Figure A6 FT-IR spectra of A) SiO2-MgO (V) and B) SiO2-MgO (VI) in the range 1800-1300 cm at different
temperatures (Chapter 4, Section 4.3.2).
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Figure A7 Yield of the main (by)products after 4 h time on stream over SiO2-MgO (III) pretreated by heating the
sample from RT to 698 K over one hour and the same catalyst pretreated at 898 K for 2 h. Conditions: 0.2 g of
-1
catalyst, reaction temperature of 698 K, ethanol (gas phase) and nitrogen flow of 2 and 98 mL min ,
respectively (Chapter 4, Section 4.3.3).

Figure A8 TEM images of a) pure MgO and b) SiO2-MgO (III)nano prepared with the same Mg(OH)2 as in a)
(Chapter 5, Section 5.3.1).
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Figure A9 pH variation during wet-kneading for the SiO2-MgO catalysts prepared with different Mg precursors
(Chapter 5, Section 5.3.1).

Figure A10 Ethanol conversion (left), butadiene yield (middle) and yield of the main (by)products for CuO/SiO2MgO (III), CuO/MgO and CuO/SiO2 after 4 h time on stream (Chapter 6, Section 6.3.1).

199

Figure A11 UV-Vis spectra of a) CuO, b) CuO/SiO2 and c) CuO/MgO in the range 200-800 nm (Chapter 6,
Section 6.3.3).

3

Table A1 Parameters obtained from analysis of Cu K-edge k -weighted EXAFS of the different samples
prepared varying addition order of Cu (Chapter 6, Section 6.3.3).
Sample
CuO/SiO2-MgO (III)

a

CuO/MgO(IWI)+SiO2

CuO/MgO
a

b

a

b

c

d

e

Shell

CN

Cu-O

3.7

1.94

0.008

3.8

Cu-Mg

6.0

2.98

0.020

0.1

Cu-O

3.9

1.92

0.009

6.4

Cu-Mg

4.7

2.91

0.018

1.8

Cu-O

3.7

1.93

0.009

8.8

Cu-Mg

6.0

2.97

0.012

1.0

r (Ǻ)

b

DW

c

Ef

Values for the parameters in the original fit of these samples. Coordination number. Distance averaged
d
e
over the shell. Debye-Waller factor. Fermi energy (edge position).
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3

Figure A12 Cu K-edge k -weighted EXAFS data (left) and corresponding Fourier Transforms of the k data (right)
for the initial fits of a0) CuO/MgO and c0) CuO/SiO2-MgO (III) (Chapter 6, Section 6.3.3).

Figure A13 Normalized XANES spectra of a) CuO (2 wt%)/SiO2-MgO (III) and b) CuO (1 wt%)/SiO2-MgO (III)
(Chapter 7, Section 7.2.4).

201

List of Abbreviations

202

ABS

Acrylonitryle-Butadiene-Styrene rubber

APR

Aqueous Phase Reforming

BE

Binding Energy

CDCl3-IR

FT-IR after deuterated chloroform adsorption

CN

Coordination Number

CP

Co-precipitation

CZA

Cu/ZnO/Al2O3 catalyst

DRIFTS

Diffuse Reflectance Infrared Fourier Transform Spectroscopy

DRS

Diffuse Reflectance Spectroscopy

E1Cb

unimolecular elimination via the conjugate base

EDX

Energy Dispersive X-ray spectroscopy

EHS

Environmental Health and Safety

ESR

Electron Spin Resonance

EXAFS

Extended X-ray Absorption Fine Structure

FT

Fourier Transform

FT-IR

Fourier Transform Infrared spectroscopy

GC-FID

Gas Chromatography with Flame Ionization Detection

GC-MS

Gas Chromatography with Mass Spectrometry detection

HAADF-STEM

High Angle Annular Dark Field Scanning Transmission Electron Microscopy

ICP

Inductively Coupled Plasma

IWI

Incipient Wetness Impregnation

LMCT

Ligand to Metal Charge Transfer

LSLC

Least Square Linear Combination

MAS NMR

Magic Angle Spinning Nuclear Magnetic Resonance

MCM

Mobil Crystalline Materials silica

MEK

Methyl Ethyl Ketone

MPV

Meerwein-Ponndorf-Verley

MS

Mass Spectrometry

NP

Nanoparticles

OMS

Ordered Mesoporous Silicas

PM

Physical Mixture

List of Abbreviations

Pyridine-IR

FT-IR after pyridine adsorption

RF

Radio Frequency

RHA

Rice Husk Ash

SAPO

Silicoaluminophosphate

SBA

Santa Barbara Amorphous silica

SBR

Styrene-Butadiene Rubber

SCS

Solution Combustion Synthesis

SEM

Scanning Electron Microscopy

SR

Steam Reforming

SSNMR

Solid-State Nuclear Magnetic Resonance

STEM

Scanning Transmission Electron Microscopy

TEM

Transmission Electron Microscopy

TEM-EDX

Transmission Electron Microscopy coupled with Energy Dispersive X-ray
spectroscopy

TEOS

Tetraethyl Orthosilicate

TGA

Thermogravimetric Analysis

TMAOH

Tetramethyl Ammonium Hydroxide

TOF

Turnover Frequency

TPD

Temperature-Programmed Desorption

UV-Vis

diffuse reflectance Ultraviolet-Visible spectroscopy

VOCs

Volatile Organic Carbons

WHSV

Weight Hourly Space Velocity

WK

Wet-Kneading

XANES

X-ray Absorption Near Edge Structure spectroscopy

XAS

X-ray Absorption Spectroscopy

XPS

X-ray Photoelectron Spectroscopy

XRD

X-ray Diffraction

ZSM

Zeolite Socony Mobil
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