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Aldol condensation of mixtures of acetaldehyde, acetone and butanone was investigated over a powder
TiO, catalyst to probe a method for coupling light oxygenates generated from biomass pyrolysis into
heavier, higher-value products. Self-aldol condensation (SAC) of each component was found to produce
the expected dimers (e.g., crotonaldehyde from acetaldehyde, mesityl oxide from acetone) and higher
molecular weight products formed from multiple coupling reactions. Mixed-aldol condensation (MAC)
reactions for acetaldehyde, acetone, and butanone yielded the same products as well as cross-
condensation products such as 3-penten-2-one. In MAC reactions, acetaldehyde suppressed the reaction
of the other species in the mixture, such that in low-conversion reactions with equimolar feeds,
crotonaldehyde dominated product selectivity. Kinetic experiments conducted with variable partial
pressures of the reactants indicated a higher dependence of reactions rates on the pressures of acetone
and butanone compared to acetaldehyde, consistent with a difference in the saturation of catalytic active
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sites between reactant molecules. Infrared spectroscopy experiments after pyridine chemisorption showed
that acetaldehyde SAC reactions decreased Lewis acid site availability more quickly than acetone SAC
reactions. Results from kinetic and temperature programmed desorption studies indicated that the higher
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rates for acetaldehyde conversion could be attributed to both its tendency to out-compete acetone for
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Introduction

As the transportation sector has become the largest
contributor to greenhouse gas emissions in the United
States," rapid transition towards renewable energy sources is
a critical pillar of the global strategy for limiting global
warming.” Sustainable aviation fuels are of particular interest,
as the aviation sector accounts for 2.5% of global greenhouse
gas emissions, and current prospects for electrification are
limited.® There are several emerging processes for generating
biofuels, including pyrolysis of lignocellulosic biomass and
hydrotreating of liquid organic feedstocks such as vegetable
oil. These processes take advantage of longer hydrocarbon
chains already present in the biomass, which can be
thermally or catalytically cracked into fuel grade molecules in
the Cg-C,, range, before being deoxygenated to form biofuel.
The main byproducts from the cracking and upgrading steps
are mixtures of volatile oxygenates in the C;-C, range that are
not captured in the liquid product stream.>*
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access to adsorption sites and its effectiveness as an electrophile.

Ideally, these biofuel production processes could be
implemented by repurposing existing petroleum processing
infrastructure, allowing use of current systems for the co-
processing of biogenic feedstocks and petroleum-based
feedstocks.”® As such, technological advancements in
research areas that lend themselves toward the processing
of biogenic feedstocks using petroleum refinery processes
and equipment are one of the key ways to overcome
current economic challenges for commercial-scale adoption
of biofuel production.'® One such advancement is in the
use of heterogeneous catalysis to condense light
oxygenates into more valuable materials. Advancements in
this space would be useful for upgrading the volatile
oxygenate waste stream from biofuel production and other
sources. '’

There are several potential reaction pathways for
condensation of light oxygenates for upgrading to value
added materials. These reactions include Guerbet
condensation for coupling two alcohol molecules to generate
a larger alcohol molecule and Lebedev condensation for
coupling of two alcohol molecules to produce larger
1,3-unsaturated alkenes.'® The key coupling step for both
reaction pathways is aldol condensation, which involves the
coupling of aldehydes and ketones to larger unsaturated
aldehydes and ketones. Aldol condensation has been studied
on a wide variety of materials, including alkaline earth metal
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oxides such as MgO (ref. 11-13) and SrO (ref. 11) and
transition metal oxide materials such as CeO,,"*” V,05-
P,O; (ref. 18) and Ti0,."”*® These materials have been the
subject of interest for aldol condensation based on their low
cost and easy recovery. Much of the research in this space
has been dedicated to determining which materials and
material properties are the most important for activating this
reaction. Analysis of materials with different types of active
sites, such as basic alkaline earth metal oxides and transition
metal oxides, which have a mixture of acid and base sites,
has shown that a combination of both acidic and basic sites
are necessary for maximizing catalyst performance.'’ %'~
There are a few different proposed mechanisms for this
reaction, each dependent on the types of active sites present
in the material. Fig. 1 shows a widely agreed-upon
mechanism for aldol condensation on transition metal oxides
containing Lewis acid and Lewis/Brgnsted base sites, using
TiO, as an example.

Fig. 1 shows the electrophilic acidic metal cation site
binding the carbonyl group of the reactant molecule.”**’
Vicinal basic oxygen sites interact with the o-methyl group,
abstracting an o-hydrogen and forming a reactive enolate
species. Carbon-carbon coupling occurs via nucleophilic
attack by the enolate on the carbonyl carbon of a vicinal
electrophile. The product molecule can desorb and undergo
dehydration to form the aldol condensation product, in this
case crotonaldehyde. There is strong literature support for
these four steps as the main mechanistic pathway for aldol
condensation on metal oxide surfaces.'””'%>>77:3031
observations of inhibition of acetone self-aldol condensation
(SAC) in the presence of pyridine or acetic acid provide
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Fig. 1 Reaction mechanism for acetaldehyde aldol condensation on
TiO,, adapted from ref. 25.
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additional support for the concerted contributions of acidic
and basic catalytic sites.>® Fourier transform infrared (FTIR)
spectroscopy studies indicated adsorption of the reactant
through interaction between acid sites and the carbonyl
oxygen group.>>**

While aldol condensation of reaction feeds with one
enolate-forming species are widely studied, less attention has
been paid to reaction feeds with multiple reactive
components. Mixed aldol condensation (MAC) is relevant for
applications such as upgrading mixtures of volatile
oxygenates which can contain a wide variety of C;-C,
alkanals and alkanones. Studies of aldol condensation in
multicomponent systems largely focused on the production
of unsaturated o,B-carbonyls through the combination of an
enolate-forming species like acetone, and an electrophilic
species like formaldehyde'®**** or furfural.’> The
electrophilic species used in these studies are unable to form
the enolate intermediate due to a lack of available
o-hydrogens. This limitation results in only two possible
reaction pathways, SAC of the enolate forming species, or
cross aldol condensation (CAC) between the enolate forming
species and the electrophilic species. Results from these
studies show that the electrophile (furfural or formaldehyde)
has higher reactivity than the enolate forming species,'” such
that the reaction has almost complete selectivity to the CAC
product over the SAC product.'®22%32

The work described here was aimed at elucidating
competitive reaction processes for mixtures of acetaldehyde,
acetone, and butanone. These three compounds are
representative of the volatile oxygenate fraction produced
during the catalytic fast pyrolysis of biomass to produce
biofuel,”® which allows us to probe reactant activity and
reaction selectivity of a potentially valuable biofuel
production waste stream. The binary and ternary reaction
systems discussed in this work have many possible reaction
products, since all reaction components can form enolates or
act as electrophiles. This added layer of complexity allows us
to study differences in reactivity across molecules of different
sizes with different carbonyl positioning. This paper reports

on reaction and characterization studies aimed at
understanding how interactions between acetaldehyde,
acetone, and butanone alter the kinetics of aldol

condensation reactions.

Methods

Commercial mixed-phase TiO, catalyst (Evonik, Aerolyst
7711) was crushed and sieved to 70+ mesh size. The TiO,
catalyst we employed in this work consists of an
approximately 70%/30% mixture of anatase/rutile phases. Of
the three phases of TiO,, pure anatase phase TiO, and
commercial mixed-phase TiO, (between 3:1 and 4:1 ratio of
anatase to rutile) are the most studied types of TiO, for
catalyzing aldol condensation. Anatase TiO, has been found
to be the more active of the pure phases, though anatase-rich
commercial mixtures of phases have been found to be more

This journal is © The Royal Society of Chemistry 2024
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active than pure anatase,>*> which is the reason we selected
a similar mixture for detailed study. Reaction experiments
used either 15 or 30 mg of powder TiO, packed into a quartz
reactor tube between two layers of quartz wool. Temperature
programmed desorption (TPD) experiments used 50 mg of
TiO, packed the same way into a quartz reactor tube. Catalyst
samples were pretreated in 36 sccm of H, (99.999%, Airgas)
at 450 °C for 1 hour, then purged in 36 sccm He or N,
(99.999%, Airgas) at 450 °C for 30 minutes. After
pretreatment, samples were cooled to reaction temperature
or, in the case of TPD experiments, to room temperature. For
each reaction, catalyst samples were exposed to mixtures of
acetaldehyde (99.5%, Acros Organics), acetone (ACS Reagent
Grade, Macron), and 2-butanone (>99.0%, Sigma-Aldrich)
while the reaction temperature was held for 3 hours.
Experiments were conducted across a broad range of
temperatures. High-conversion studies were carried out
between 300 °C and 400 °C, the temperature range relevant
for the catalytic fast pyrolysis (CFP) downstream process.
Reaction temperatures for these experiments were increased
at a rate of approximately 3.3 °C min™" between temperature
set points. For mechanistic investigation, we also conducted
experiments at much lower temperatures. For example,
kinetic experiments for measuring activation energies
involved measuring the rate of reaction at temperatures of
150 °C, 175 °C and 200 °C. For these experiments, the partial
pressure of each reactant was kept constant at 0.023 bar. The
pressure series experiments were conducted at 200 °C using
partial pressures of reactants between 0.023 bar and 0.28 bar.
The kinetic isotope experiments were also conducted at 200
°C with a constant reactant concentration of 0.025 bar.

Gas composition in the reaction studies was analyzed with
an online Agilent 7820A gas chromatograph. Product
identities were confirmed by an offline Agilent 7890a/5975¢
GC-MS. For all reaction experiments conducted at differential
conversion, each data point was produced using fresh
catalyst to minimize the effect of deactivation on the
response of the reaction to changing variables. The TPD
experiments were conducted using the same reactor
preparation and pretreatment procedure as described above.
Once the reactor was cooled to room temperature, the
catalyst bed was dosed with the reactant molecules for 30
minutes. Then the reactor temperature was raised from room
temperature to 700 °C at a ramp rate of 10 °C per minute.
Desorption data was recorded by an online Pfeiffer Prisma
quadrupole mass spectrometer. Adjacent-averaging data
smoothing (using the average of 10 individual points) was
used to reduce noise from TPD results.

Light oxygenate reactants were introduced into the gas
phase using 30 mL graduated glass bubbler tubes (AceGlass).
Each reactant was contained in a separate bubbler which was
submerged in a refrigerated water bath. The water bath
temperature and flow rate of inert gas, either He or N,
(99.999%, Airgas), were manipulated to deliver the desired
concentration of reactant in the gas phase. Concentrations of
each reactant in the gas phase were calculated by assuming
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that the gas flowing through each bubbler reached
equilibrium with the liquid reactant, and the partial
pressures of the reactant vapors exiting the bubbler were
estimated using the Antoine parameters from the NIST
chemistry WebBook.>* A constant inert gas flow rate of
27sccm through the reactor was maintained for all reaction
experiments. Before all reaction experiments, the reaction
feed was passed through a reactor bypass stream to the GC
until reactant concentrations stabilized. Once the reaction
feed stream reached steady state, the feed was diverted to
flow through the reactor.

Experimental error for the high conversion studies was
estimated by doing a triplicate experiment for one of the test
conditions, then applying that relative error to the other self
and cross condensation reactions. Experimental error for
data points in differential reactor experiments was calculated
using the standard error from triplicate experiments for each
data point. The error reported for calculated activation energy
and reaction order was calculated using the standard error
from calculated values from triplicate experiments. Carbon
balances for both the high conversion and low conversion
reactions were calculated by dividing the sum of all recorded
peak areas during each GC injection during the reaction by
the average of the sum of the reactant peak areas recorded
during the reactor bypass injections. GC peak areas were
recorded manually for all experiments, so only the largest
peaks were recorded for calculating carbon balances,
conversion, and selectivity. Carbon balances for the
differential conversion studies calculated using this method
were high (between 95% and 105%). Carbon balances for the
high conversion study were much lower (between 30% and
70%) likely due to product condensation between the reactor
and GC, coke deposition on the catalyst surface, and the
limitations of analyzing a large number of GC peaks.

The impact of mass transfer effects on reactions for this
system were investigated by calculating the Weisz-Prater
parameter and by changing catalyst particle size. The Weisz-
Prater parameter was calculated to be 107*, ruling out
internal mass transfer limitations. As a further test of
possible heat or mass transfer effects, reaction rates were
measured for catalyst particles of different size and were
found to be nearly invariant within error (see ESIt for details
of the transport limitation tests).

Diffuse  reflectance  infrared  Fourier  transform
spectroscopy (DRIFTS) studies of the chemisorption of
pyridine (99%, Sigma Aldrich) on TiO, were performed on a
Thermo Scientific Nicolet 6700 FT-IR spectrometer equipped
with an MCT-a detector and a Praying Mantis diffuse
reflection accessory with an in situ high temperature reaction
chamber (Harrick Scientific Products Inc.). For each DRIFTS
experiment, 50 mg of powder TiO, was loaded into the
reaction chamber and purged in 200 sccm of Ar at room
temperature for 15 minutes. Fresh catalysts were pretreated
in 200 sccm of H, (99.999%, Airgas) at 300 °C for 1 hour,
then purged in 200 sccm of Ar at the same temperature for
30 minutes. For experiments involving adsorption of

Catal. Sci. Technol., 2024, 14,1911-1922 | 1913
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acetaldehyde and acetone, fresh TiO, was dosed with the
probe molecule for 1 hour using 200 sccm Ar flowing through
a 30 mL graduated gas bubbler tube (AceGlass) kept at 1 °C.
After dosing, the sample was purged in 200 sccm Ar for 30
minutes at 200 °C to simulate reaction conditions. For
experiments involving spent catalysts, the sample was treated
with 200 scem of Ar at 200 °C for 30 minutes to remove
moisture and any physisorbed ambient species, instead of
undergoing the reductive pretreatment. After pretreatment of
the catalyst sample, background scans were collected at 150
°C under 200 sccm of Ar prior to pyridine dosing. At the
same temperature, pyridine was introduced into the system
by flowing 200 scem Ar through a 30 mL graduated gas
bubbler tube (AceGlass) containing pyridine at room
temperature for 20 minutes. After pyridine dosing, the system
was purged with 200 sccm Ar while scans were collected over
the course of 1 hour. All DRIFTS spectra included in the body
of this work were collected after 5 minutes of purging in Ar
after the pyridine dose. Duplicates of all pyridine DRIFTS
spectra were obtained. The spectra were normalized by
calculating the average multiplying factor required from each
duplicate pair to align their intensity with that of the
reference fresh TiO, spectrum. Reported normalization
values, calculated from the duplicate experiments, display
the average as the center point and the range as the error
bars.

Results
Reaction pathway study

To provide a baseline for studies of oxygenate mixtures under
conditions relevant for the CFP application, the reactions of
acetaldehyde, acetone, and butanone as single components
were investigated over a powder TiO, catalyst under identical
molar flowrates at 300 °C, 350 °C and 400 °C. Conversion
trends show that acetaldehyde had the highest conversion at
all three temperatures, while butanone had the lowest (Fig.
S17).

For acetaldehyde SAC, the primary reaction product at 300
°C was the dimer crotonaldehyde (2-butenal, Fig. S27). At
higher temperatures, selectivity toward Cs and Cg
condensation products increased, with the highest selectivity
going to 2-methyl-2-cyclopenten-1-one. This product is likely
formed through the trimerization of acetaldehyde followed
by a cyclization and deoxygenation reaction. For acetone SAC,
the primary reaction product at all temperatures was
mesitylene, a cyclic Cy alkane molecule (Fig. S3t). Mesitylene
was likely formed through the stepwise condensation of
acetone to mesityl oxide (dimer) and then to
4,6-dimethylhepta-3,5-dien-2-one (trimer). The trimer then
underwent internal 1,6-aldol condensation to form the final
cyclic product, mesitylene.*" In contrast to acetaldehyde SAC,
the product stream for acetone SAC did not appear to have
any significant amount of the dimer, mesityl oxide, at the
high conversions used in this study, suggesting a high
reactivity for Cg species produced from acetone.
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3,4-Dimethyl-3-hexen-2-one and 5-methyl-4-hepten-3-one are
the two dimers formed from butanone SAC, as the reactant
molecule has two distinct positions for a-hydrogen extraction
and enolate formation.

A light hydrocarbon mixture was produced in moderate-to-
high yields for all SAC reactions. GC-MS analysis of the
condensed product mixture from the acetaldehyde and
acetone SAC reactions identified products such as isobutene
and butane. The production of these compounds is
consistent with previous studies, which report butene
formation from acetaldehyde and acetone coupling on metal
oxide surfaces.>"*>*® The mechanism for the formation of
these volatile aliphatic compounds is hypothesized to involve
acid-catalyzed cracking of larger condensation
products.”™*”*® Selectivity to cracking products tended to
increase at higher temperatures for all three reactants.
Additionally, selectivity towards cracking products tended to
increase with the size of the reactant molecule. This may
indicate that product mixtures with a higher average carbon
chain length are more readily decomposed into light
hydrocarbons. This correlation between carbon chain length
and cracking activity is consistent with previous reports
involving the cracking of linear paraffins and olefins over
acidic metal oxide catalysts.***°

Binary and ternary mixed-aldol condensation reactions

The conversion and reaction selectivity of binary mixtures of
acetaldehyde, acetone and butanone MAC reactions were
analyzed over the same powder TiO, catalyst at 300 °C, 350
°C and 400 °C to understand how reactions with mixed feeds
differ from reactions with pure feeds. Conversion of each
molecule in the binary mixtures followed the same general
trend as the single component reactions: acetaldehyde >
acetone > butanone. However, some novel trends related to
competitive reactivity emerged in the binary mixtures. In
both binary mixtures containing acetaldehyde, the conversion
of acetaldehyde was generally enhanced compared to the
pure component reaction, while the conversion of the second
component, either acetone or butanone, was suppressed
(Fig. 2).

This result indicates that acetaldehyde tends to
outcompete the larger, more substituted alkanones for
surface active sites when the components are present at
equal partial pressures in the gas phase. These high
acetaldehyde conversions also suggest that the product
mixture in both binary mixtures should be enriched in
acetaldehyde-derived compounds. The primary identified
product for acetaldehyde/acetone condensation was 3-penten-
2-one. This Cs; molecule is a direct cross-condensation
product, which is formed when acetaldehyde reacts with
enolized acetone adsorbed to the catalyst surface. Most of the
other identified components in the product stream were
compounds derived from acetaldehyde SAC, such as
crotonaldehyde and 2-methyl-2-cyclopenten-1-one.

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Conversion for binary, equimolar mixtures containing acetaldehyde and acetone (A), acetaldehyde and butanone (B) and acetone and
butanone (C) plotted as a function of temperature. Conversions of each component in the binary mixture (dotted lines) are plotted alongside SAC

reaction conversions (solid lines) for comparison.

Ternary mixed feed reactions of acetaldehyde, acetone,
and butanone over TiO, were investigated to understand
reactant mixtures relevant for downstream CFP processing.
Ternary mixed feed reactions were examined using molar
ratios of each component that have been reported in previous
research during catalytic fast pyrolysis of biomass.*®> The
calculated molar ratios for this feedstock were 5.7:4.7:1
corresponding to reactant partial pressures of 7.3, 6.0 and 1.3
mbar for acetaldehyde, acetone and butanone, respectively.
Conversion for this reaction is plotted as a function of
reaction temperature in Fig. 3. The product mixture was
highly complex, as described in further detail below, but
selectivities of measurable products are shown in Fig. S15.}
The product stream contained a complex mixture of
condensation products, resulting in the relatively high
selectivity to Cs. products (identified products are listed in
the ESIT). The primary identified reaction products for this
reaction were the acetaldehyde SAC derived 2-methyl-2-
cyclopenten-1-one and the acetaldehyde and acetone cross
condensation product 3-penten-2-one. Conversion of
acetaldehyde was increased in the ternary system compared
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Fig. 3 Reaction results of ternary mixtures of acetaldehyde, acetone
and butanone at previously reported molar feed ratios observed during
catalytic fast pyrolysis of biomass (5.7:4.7:1 for acetaldehyde:
acetone :butanone). Conversions of each component in the ternary
mixture (dotted lines) are plotted alongside pure-feed SAC reaction
conversions (solid lines).

This journal is © The Royal Society of Chemistry 2024

to the SAC system, while under most conditions the
conversion of acetone and butanone was lower. This again
suggests acetaldehyde outcompeting the ketones for surface
reaction sites. More details on the ternary reaction system,
including testing of an equimolar ternary composition, are
described in the ESL}

Self-aldol condensation kinetic studies

To further investigate these trends in reactivity and
selectivity, we investigated self- and cross-aldol condensation
for acetaldehyde, acetone and butanone under low
temperature conditions. Studying these reactions at low
temperatures allowed us to focus on the initial coupling steps
to better understand the drivers of mixture reactivity.
Reaction experiments were initially conducted to analyze the
kinetic trends for SAC reactions in which only a single
oxygenated component was in the feed. Under the conditions
of differential conversion (<10%) used here, the dominant
SAC products were dimers: crotonaldehyde was produced
from acetaldehyde condensation, mesityl oxide was produced
from acetone condensation and various Cg oxygenates were
produced from 2-butanone condensation. Higher molecular
weight signals from multiple aldol condensation steps were
detected in all cases but represented a minimal percentage
(<15%) of the total product peak area at near-steady state
reaction conditions. All trends reported below are based on
reaction rates calculated at 3 hours on stream for the primary
single condensation product; however, general trends for
total condensation rates were similar throughout the 3 hour
reaction time, given the high selectivity to single
condensation products (Fig. S4 and S5t). Nevertheless, the
catalyst deactivation caused by product accumulation
complicates efforts to quantitatively assess kinetics, as
discussed below. Our focus is therefore on using temperature
and pressure dependencies to understand basic differences
in reactivities of the various carbonyl compounds.

Results from the SAC temperature series experiments (Fig.
S11) show similar activities for acetaldehyde and acetone at
higher temperatures, with acetaldehyde reactivity dropping
more severely as temperature decreased. Butanone was less

Catal. Sci. Technol., 2024, 14,1911-1922 | 1915
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reactive at the high end of the temperature range, however
the rate of reaction was relatively insensitive to the drop in
temperature. These trends in sensitivity to temperature
change are characterized by acetaldehyde having the highest
apparent activation energy under these conditions at 34 + 3
kJ mol™ (Fig. 4A), similar to the 37 kJ mol™* value reported in
previous work by Rekoske and Barteau.”’ The apparent
barriers for acetone and butanone were found to be very low,
10 + 2 k] mol™ and 7 + 4 k] mol™, respectively (Fig. 4A and
S67). Such low apparent barriers may indicate that increases
in temperature lead to a decrease in active site availability,
likely due to the heavier products produced from coupling
reactions. A recent report utilizing single-facet dominant
TiO, (101) and (001) found activation energies close to ~50
k] mol*.® These studies were conducted with a Cu/SiO,
cocatalyst that was used to mitigate accumulation of heavy
products through the saturation of product compounds.

Experiments were conducted across a range of reactant
pressures to determine the reaction order and to probe the
kinetic relevance of the carbon-carbon coupling step. Results
from the SAC reaction order experiments showed fractional
reaction orders for acetaldehyde condensation and
approximately first-order dependence for acetone and
butanone condensation (0.5 + 0.2 for acetaldehyde, 1.089 +
0.008 for acetone and 1.1 + 0.2 for butanone) (Fig. 4B and
S71). The SAC reaction orders reported in this study have
relatively good agreement with those reported in literature.®
Young et al reported near first-order reaction rates for
acetaldehyde condensation on TiO, at 553 K with
acetaldehyde partial pressures under 10 kPa. As acetaldehyde
pressure increased, the study reported deviation toward
fractional reaction orders.”® Notably, near second order
reaction rates for SAC reported previously were for reaction
mixtures that included spectator species, such as the SAC of
acetone co-fed with vapor phase isopropyl alcohol, where
isopropyl alcohol derived species were expected to cover a
substantial fraction of the surface.”®

While most of the literature agrees on the general form of
the aldol condensation mechanism, there is less consensus
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on which of the mechanistic steps is kinetically relevant. A
study conducted by Zhao et al. on the SAC of valeraldehyde
on TiO, found that the carbon-carbon coupling step was the
most probable rate determining step.’” Conversely, studies
on the SAC of acetaldehyde over various metal oxide catalysts
have determined that reactant adsorption and product
desorption were most likely the kinetically relevant steps due
to the absence of significant kinetic isotope effects and
because of fitted values for adsorption and desorption rate
constants.'”?*?%3% There is also literature evidence for the
kinetic relevance of the enolate formation step, as shown
through DFT analysis of acetone SAC on TiO, by Lin et al.,
and through combined kinetic, isotopic and theoretical
analysis of aldol condensation on TiO, by Wang and
Iglesia.">?® Such a wide range of conclusions points toward
reaction conditions having a major effect on measured
reaction kinetics.

As a partial probe of kinetically relevant steps, kinetic
isotope effect (KIE) experiments were conducted by
comparing reaction rates for the SAC of acetone and
deuterated acetone to probe the kinetic relevance of the
enolate formation step. The acetone self-condensation
reaction showed a weak KIE of 1.13 + 0.02 at 200 °C,
indicating that enolate formation is likely not kinetically
relevant for the acetone SAC reaction. Similar KIE experiment
results were reported in other studies on aldol condensation
on metal oxide catalysts and other relevant materials. A study
conducted by Young et al on the aldol condensation of
acetaldehyde reported a kinetic isotope effect of 0.98 on TiO,
and 1.1 on hydroxyapatite catalysts.”® Additional evidence for
weak kinetic isotope effects were also reported for acetone
condensation on TiO, single crystals®® and for acetaldehyde
condensation on TiO, in the presence of ethanol.*®

Acetaldehyde and acetone mixed-aldol condensation
reactions

We also investigated the aldol condensation of mixed feeds
containing acetaldehyde and acetone. Under the same

This journal is © The Royal Society of Chemistry 2024
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temperatures and reactant partial pressures as were used in
the self-condensation experiments, only two major products
were detected: the acetaldehyde self-condensation product,
crotonaldehyde, and the cross-condensation product
3-penten-2-one. 3-Penten-2-one is the product formed when
an adsorbed acetone molecule forms the enolate that reacts
with a vicinal acetaldehyde molecule (Fig. S8t). Interestingly,
no detectable production of the acetone self-condensation
product mesityl oxide or the alternate cross-condensation
product 3-methyl-2-butenal was observed, indicating that
acetone was ineffective in serving as an electrophile in the
mixed feed.

Unexpectedly, we recorded a large difference in reaction
rates between crotonaldehyde (acetaldehyde SAC) and
3-penten-2-one (acetaldehyde and acetone CAC), despite partial
pressures of acetaldehyde and acetone in the system being
almost identical within error. At 200 °C the acetaldehyde self-
condensation reaction was 11 + 2 times more rapid than the
cross-condensation of acetaldehyde and acetone. Preferential
selectivity to crotonaldehyde suggests that acetaldehyde
outcompetes acetone for access to active sites and is highly
effective as both an electrophile and an enolate former.

Kinetic studies also show profound differences between
the SAC and MAC systems. Shown in Fig. 5, the apparent
activation energies for production of crotonaldehyde and
3-pentenone were 42 = 5 k] mol™ and 44 + 12 kJ mol ™",
respectively. The large increase in the apparent activation
energy for acetone condensation is attributed to the
suppressed formation of acetone-derived heavy products,
which deactivate the catalyst at higher temperature, during
MAC. The reaction order for crotonaldehyde production with
respect to acetone was measured to be 0.01 + 0.03. The
insensitivity of the acetaldehyde self-condensation reaction
rate on acetone concentration indicates that any surface
coverage effects from changing acetone concentration have
no effect on acetaldehyde self-condensation. This is evidence
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such that increases in acetone concentration do not
substantially lower the surface coverage of acetaldehyde. The
reaction order for 3-penten-2-one formation with respect to
acetone was measured to be 1.4 + 0.2. This high reaction
order with respect to acetone indicates that some interaction
between acetone molecules contributed to the rate aside from
the reaction between the acetone and acetaldehyde molecule.
This interaction could come in the form of relatively
stabilizing interactions with vicinal acetone molecules.
Reaction orders measured for acetaldehyde in the MAC
system support the kinetic relevance of acetone for the cross-
condensation reaction and point toward acetone having a
small effect on acetaldehyde self-condensation chemistry.
The reaction order for crotonaldehyde formation with respect
to acetaldehyde in the mixed system was measured to be 0.64
+ 0.08, almost within error of the value for the pure feed
system. This result again indicates that acetaldehyde
condensation is minimally affected by the presence of
acetone. The acetaldehyde order for MAC was measured to be
-0.62 + 0.03 (Fig. 5C), again reflecting the suppression of this
reaction as acetaldehyde surface coverage is increased.

Temperature programmed desorption

TPD experiments were used to probe the differences in
desorption energy of acetaldehyde, acetone, and
crotonaldehyde with the catalyst surface. Acetaldehyde TPD
showed two peaks in the m/z = 29 signal, with one relatively
sharp peak occurring near 130 °C and one broader peak at
high temperature. Tracking of other mass signals beyond m/z
= 29 indicate that the high-temperature peak consists of a
mixture of products, including coupling products (Fig. S187).
In contrast, acetone exhibited only a low temperature peak
near 110 °C on TiO,. Adsorption energies for acetaldehyde
and acetone were calculated to be 115 k] mol™ and 110 k]
mol ™" using the low temperature peaks.’”> More importantly,

that acetaldehyde is more abundant on the catalyst surface, the high temperature desorption feature(s) during
Temperature (°C)
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= il - - - g Reaction Order = 0.01 + 0.03 g Reacﬁg?gfﬂf%iﬁ? 0.08
2 MAC Acetaldehyde SAC E ¥ —% g 1 & B
N E, = 42 + 5 kJ/mol » o
3 S S
E | £
£ o1y e g
Q ) % % 0.1 MAC Cross Condensation
Ky MAGC Cross Condensation 4 4 Reaction Order = -0.62  0.03
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Fig. 5

(A) Arrhenius plot for the cross-aldol condensation reaction between acetaldehyde and acetone. Activation energies calculated for the two

products with the highest selectivity, crotonaldehyde (acetaldehyde SAC product) and 3-penten-2-one (one of two possible CAC products). (B and
C) Reaction order with respect to acetone (B) and acetaldehyde (C) for the CAC reaction between acetaldehyde and acetone. Reaction orders
calculated for the two products with the highest selectivity, crotonaldehyde (acetaldehyde SAC product) and 3-penten-2-one (one of two possible

CAC products).
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Fig. 6 TPD experiments of acetone, acetaldehyde, and

crotonaldehyde on TiO,. The first desorption peaks of the black and
blue traces are attributed to acetaldehyde and crotonaldehyde
desorption respectively. The magnitude of the crotonaldehyde trace is
multiplied by a factor of 10 for clarity.

acetaldehyde TPD, presumably originating from sites that
bind acetaldehyde strongly, indicates a population of
acetaldehyde adsorbates that are bound much more strongly
than acetone-derived species. Crotonaldehyde TPD showed
intact crotonaldehyde desorption at around 115 °C. Similar
desorption temperatures between the reactants and products
indicate that product desorption is likely not a rate-limiting
step for this reaction. Again, however, crotonaldehyde
produced a high-temperature peak that indicated a complex
product mixture (Fig. S19%), indicating a population of sites
that strongly adsorb crotonaldehyde (Fig. 6).

The TPD results presented in this work are consistent with
differences in adsorption energy and adsorption mechanisms
between acetaldehyde and acetone calculated using DFT. It
has been reported that adsorption energy between the
acetaldehyde carbonyl group and surface Tisc atoms are
much stronger than the adsorption energy between the
acetone carbonyl group and surface Tisc atoms (220 kJ mol™
and 80 kJ mol™ respectively).*® Higher energies of adsorption
were also calculated for acetaldehyde across the other
binding modes which involve interaction between surface O
atoms and hydrogen atoms present in the reactant.
Acetaldehyde and acetone TPD experiments from other
studies have also recorded differences in surface coverage
and reactivity between the two molecules.”” These studies
have also shown acetone to desorb almost completely intact,
while acetaldehyde is more likely to form large condensation
products.*" 4%

Pyridine DRIFTS

Pyridine DRIFTS was used to probe the distribution of Lewis
and Brensted acid sites on the catalyst surface and the role
of each of these sites during the aldol condensation reaction.
The specific IR adsorption bands corresponding to Lewis
acid-pyridine complexes, formed when dosed pyridine
interacts with Lewis acid sites, are typically centered in the
range 1440-1465 cm™ ', while the bands corresponding to the
pyridinium ion, formed from Brensted acid site interaction
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Fig. 7 Pyridine DRIFTS spectra for i. fresh TiO, ii. TiO, after

adsorption of acetone, iii. TiIO, after adsorption of acetaldehyde, and
iv. spent TiO,.

with pyridine, are typically centered around 1540-1545
cm—1‘46748

Fig. 7 shows the in situ pyridine DRIFTS spectra of TiO, in
the 1400-1700 cm™ region. The DRIFT spectrum from fresh
TiO, after reductive pretreatment (Fig. 7.0)) has bands
corresponding to pyridine bound to Lewis acid sites at 1444,
1573 and 1603 cm ' and a band at 1491 cm™ that is
attributed to both Lewis and Brgnsted acid sites."*”° The
absence of a band in the 1540-1545 cm™" region suggests
that there is a low density of Brensted acid sites present in
this sample.*®! The spectrum from TiO, used in a 3 hour,
equimolar acetaldehyde and acetone ex situ MAC reaction at
200 °C is shown in Fig. 7.iv. The intensity of all observed
peaks is much lower than those observed in the fresh
sample, indicating less availability of active sites after
reaction. This is likely due to a buildup of carbonaceous
species on Lewis acid sites. It should be noted that as MAC
reactions were conducted ex situ, and the in situ pretreatment
differed from that of the fresh TiO,. Consequently, the
conclusions drawn here are primarily qualitative. Pyridine
DRIFTS was also done on TiO, samples that were dosed in
situ with acetone (Fig. 7.ii) and acetaldehyde (Fig. 7.iii). These
exposures were for one hour at 200 °C to simulate SAC
reaction conditions. After dosing the catalyst with
acetaldehyde (Fig. 7.iii), the intensity of all bands decreased
significantly, resulting in a similar spectrum to the spent
sample (Fig. 7.iv). After dosing the catalyst with acetone
(Fig. 7.ii), peak intensity also decreased, however the
reduction in peak intensity was much less pronounced than
that of the spent, or acetaldehyde-dosed sample.

To quantify the observed decrease in band intensities,
spectra ii, iii, and iv were normalized by the intensity of the
1444 cm™ band from the fresh TiO, sample in spectra i. As

This journal is © The Royal Society of Chemistry 2024
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observed in Fig. S141 the 1444 cm™ band decreased by a
factor of 16.6 + 1.7 after acetaldehyde exposure (Fig. S14.iiit),
while only decreasing by a factor of 2.7 + 0.2 after acetone
exposure (Fig. S14.ii1). This difference in pyridine adsorption
on TiO, after dosing with acetaldehyde and acetone could be
due to the ability of pyridine to displace acetone more readily
than acetaldehyde. This trend agrees with the TPD results
reported in this work which show that acetaldehyde has a
higher energy of desorption than acetone on TiO,.

Discussion

Analysis of selectivity trends and reaction kinetics for SAC
and MAC systems shows that the presence of acetaldehyde in
a mixed-feed reaction had a major impact on the reactivity of
acetone. Results from both the high- and low-conversion
studies show that in mixed systems, acetaldehyde conversion
increased, while acetone conversion was suppressed relative
to pure-component feed reactions. Acetaldehyde appeared to
impact the reaction kinetics of acetone through two effects:
(i) competition for adsorption on the catalyst surface, and (ii)
preferential activation of acetaldehyde as an electrophilic
species. In other words, acetaldehyde appeared to
outcompete acetone in formation/reaction of both enolate
and electrophile species, but its suppression of acetone as an
electrophile was much more severe. This results in the
shifting of reaction selectivity toward crotonaldehyde and
3-penten-2-one, and away from mesityl oxide and 3-methyl-2-
butenal, in the low-temperature reaction studies. Selectivity
trends between crotonaldehyde and 3-penten-2-one, the two
major products from the MAC of acetaldehyde and acetone
under these conditions would be expected to be controlled by
relative coverages of the enolates formed from acetaldehyde
and acetone or differences in the energetic barrier for
coupling of those enolates with an acetaldehyde electrophile.
The observation that the measured apparent activation
energies for crotonaldehyde and 3-penten-2-one formation
were within error of one another points toward differences in
surface coverage being the driving factor for higher selectivity
to crotonaldehyde over 3-penten-2-one.

In binary mixed aldol systems, there is literature evidence
for the suppression of alkanone self-condensation in favor of
the cross condensation reaction between alkanal and
alkanone reactants,'®2%?>32 which is consistent with the
results presented in this paper. Several of these studies
attribute the suppression of alkanone self-condensation and
sole activation of the alkanal as the electrophilic species to a
balance of enthalpic and entropic effects related to overall
molecule size and the nature of the substituents on the
carbonyl carbon.'*'®'%2% The enthalpic effects include the
influence of repulsive forces such as steric hindrance and
attractive forces such as van der Waals interaction between
molecules adsorbed on the catalyst surface.'®*® The entropic
effects, specifically for molecules in the C;-C; range, are
primarily governed by the magnitude of entropy changes

This journal is © The Royal Society of Chemistry 2024
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upon the formation of the transition state during the
nucleophilic attack of an enolate on an electrophile.*

Applying these findings to the current study, the
acetaldehyde carbonyl group likely has a lower energetic
barrier for aligning with an adsorbed enolate species than
the acetone carbonyl group due to acetaldehyde having a
terminal carbonyl group and a smaller tail group.
Additionally, the carbonyl carbon of acetaldehyde is more
electrophilic than that of acetone due to the lack of
stabilizing electron density from a-methyl groups attached to
the carbonyl group.”® This combination of enthalpic and
entropic effects results in acetaldehyde acting as the sole
electrophile in this system in the low-temperature reaction
study, and likely explains why acetaldehyde is consumed to a
greater extent at higher temperatures and conversions.

The effect of acetaldehyde on the activity of alkanones in
mixed feed aldol condensation reactions is attributed in large
part to the relatively high affinity of acetaldehyde for the
catalyst surface, and to the preferential activation of
acetaldehyde as an electrophile. At low temperatures,
acetaldehyde likely occupies a relatively large percentage of
the active sites on the catalyst surface, leading to the high
selectivity of crotonaldehyde. At high temperatures, the
difference in surface coverage may be less pronounced.
Under these conditions, the sole action of acetaldehyde as
the electrophile results in reaction selectivity being
dominated by cross condensation to products where
acetaldehyde undergoes nucleophilic attack by adsorbed
enolates. As acetaldehyde acts as at least one half of each
condensation reaction, its conversion is enhanced while the
conversion of the other reactants in the feed is suppressed.
These effects are observed both at low temperatures and
conversions and at the much higher temperatures and
conversions that are most relevant for upgrading of
oxygenates present in CFP vapors. Design of reactor units for
application will thus need to consider that acetaldehyde
consumption will occur at earlier residence times, with more
substantial incorporation of acetaldehyde into coupled
products than acetone and butanone.

Conclusion

This study was aimed at understanding interaction effects
among mixtures of light oxygenates relevant for the
upgrading of catalytic fast pyrolysis vapors over TiO,
catalysts. Kinetic analysis of self-aldol condensation reactions
with acetaldehyde and acetone showed a lower reaction order
for acetaldehyde, indicating that acetaldehyde has higher
surface coverage under these conditions. This conclusion was
supported by TPD results showing that acetaldehyde was
bound more strongly to the catalyst surface and more readily
participated in coupling reactions. Similar desorption
temperatures between products and reactants as well as the
absence of a significant kinetic isotope effect from the use of
deuterated acetone in the SAC regime suggest that reactant
adsorption, product desorption and enolate formation were
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not kinetically relevant, leaving C-C bond formation as the
most likely rate determining step for this reaction under
these conditions. Experiments conducted at high
temperatures and high conversions showed that in mixed
feeds, acetaldehyde suppressed the activity of acetone and
butanone. Kinetic analysis of the acetaldehyde/acetone cross-
condensation reaction showed a negative reaction order for
acetaldehyde; given the observation of high selectivity for
3-penten-2-one as the mixed aldol product, this suggests that
acetone reaction was limited by competition with
acetaldehyde for vacant enolate adsorption sites.
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