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Abstract 
The (retro-)aldol condensation reaction is an important chemical transformation in the upgrading of 
biomass-derived compounds into fuels and valuable specialty chemicals.  In this study, we found that 
supported molybdenum oxide (MoOx) catalysts were active and selective for the aldol condensation of 
acetaldehyde to crotonaldehyde under steady-state reactor conditions.  Through a combination of 
transmission electron microscopy (TEM), ultraviolet-visible (UV-VIS) diffuse reflectance spectroscopy, 
Fourier transform infrared (FTIR) spectroscopy of adsorbed pyridine, and steady-state reactor testing, we 
determined that highly dispersed MoOx has a strong interaction with a γ-Al2O3 support resulting in optimal 
catalyst performance at low weight loadings. In contrast, MoOx particles supported on SiO2 have a weaker 
interaction with the support, resulting in a monotonic relationship between Mo loading and aldol 
condensation activity. The Lewis acid site density and strength are important parameters for predicting 
aldol condensation activity across all samples.  The concentration of weak acid sites had a poor correlation 
with aldol condensation activity, most likely because these sites are too weak to activate acetaldehyde 
for the reaction.  Medium and strong acid sites both had good correlations to aldol condensation activity. 
Results from X-ray absorption near edge structure (XANES) and acetaldehyde temperature programmed 
desorption (TPD) indicated that partially reduced MoOx was more active for aldol condensation, but 
pretreatment in reducing or oxidizing environments had no significant effect on steady-state catalytic 
activity. Characterization of spent catalyst samples through temperature programmed oxidation (TPO) 
and thermogravimetric analysis (TGA) revealed that catalysts with high densities of strong acid sites 
tended to form more carbonaceous deposits on the surface over the course of the reaction.  
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1. Introduction 
Consumption of fossils fuels for energy production is the top contributor of greenhouse gas 

emissions globally.1 Switching to renewable sources/feedstocks, such as lignocellulosic biomass, can 
potentially alleviate many of the problems associated with the current energy portfolio.2 Unlike other 
sources of renewable energy, lignocellulosic biomass has the unique advantage of being readily converted 
into liquid fuels which can be easily incorporated into the existing infrastructure for the transportation 
sector.3 Cellulose is the most abundant component of biomass and is made up of repeating subunits of 
glucose molecules bound by glycosidic linkages. These carbohydrate chains can be split into individual 
glucose monomers through hydrolysis.4 Sugars, such as glucose, can serve as intermediate feedstocks that 
can be further upgraded to fuel-grade molecules or valuable specialty chemicals. Some examples include: 
aqueous phase reforming of sorbitol to alkanes over a Pt/SiAl catalyst5 and isomerization and retro aldol 
condensation of glucose to alkyl lactates using Sn-BEA and MoO3

6. Recently, there has been increased 
interest in the transformation of biomass-derived sugars to renewable jet fuel mixtures in the C9 – C16 
range through a series of hydrogenation, dehydration, and aldol condensation reactions.7,8  Careful 
selection of heterogeneous catalysts is key for selective transformation of sugars to value-added 
chemicals. 

C2 oxygenates such as ethanol and acetaldehyde are ideal candidates for studying C-C bond 
formation reactions to higher molecular weight products. The National Renewable Energy Laboratory 
recently released an overview of their state-of-the-art lignocellulosic biomass upgrading process and 
found that several light oxygenates, including acetaldehyde, were produced in significant quantities 
during the catalytic fast pyrolysis reaction.9 These volatile compounds are not currently captured by the 
primary product fuel stream, but coupling reactions like aldol condensation could be utilized to upgrade 
these molecules into heavier fuel-grade compounds that could be readily incorporated into the liquid fuel 
product.  Several studies have investigated the aldol condensation reaction for ethanol and acetaldehyde 
over a variety of metal oxide catalysts.10–16 During the aldol condensation of acetaldehyde to 
crotonaldehyde, an enolate is generated by abstraction of the proton at the α-carbon position followed 
by addition of an adjacent acetaldehyde molecule and finally dehydration of the aldol addition product.17 
Flaherty and coworkers recently showed that this reaction most likely occurs through a mechanism 
involving an enolate and acetaldehyde molecule both bound to Lewis acidic Ti sites on anatase TiO2.18 
Some studies have shown that aldol condensation reactions can lead to significant deactivation of the 
catalyst at high acetaldehyde pressures due to the formation of heavy, nonvolatile products.19,20 Strong 
affinity of acetaldehyde on both solid acid and base sites can also cause deactivation.20,21 As a result, a 
deep understanding of interactions between reactants and active sites is necessary for optimizing 
catalysts for the aldol condensation reaction. 

We have previously shown that ethanol and acetaldehyde undergo the retro aldol condensation 
reaction on MoO3 and also found that activity is enhanced when a reductive pretreatment is used.22 A 
significant disadvantage of bulk MoO3 is the inherently low surface area. One method to address this is to 
deposit Mo (as MoOx) on high surface area supports like γ-Al2O3 and SiO2. Characterization of Mo/Al2O3 
and Mo/SiO2 has shown that both materials can achieve high Mo dispersion and high surface area without 
forming crystalline MoO3 phases.23 Such catalysts have been used for many different reactions such as 
alkane dehydrogenation.24–30 MoOx can be anchored on the acid sites of γ-Al2O3, and DFT calculations 
showed that Mo – O – Al bonds were formed and surface reactivity was enhanced.31 On the SiO2 surface, 
Mo (IV) species likely form two-fold coordinated sites with a mono-oxo ligand.32 These two different 
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coordination environments of MoOx will provide insight into how properties of oxide supports may control 
the characteristic features of Lewis acid sites (e.g., strength, accessibility, hardness) and thus the path of 
surface reactions. 

In this work, we show how the support and weight loading of MoOx control the activity for aldol 
condensation of acetaldehyde. For heterogeneous catalysts, this reaction has typically been thought to 
proceed through a series of reactions (Scheme 1).12,18,20,33 First, acetaldehyde adsorbs onto a Lewis acid 
site on the surface. Next, a nearby basic site removes the α-H, forming an enolate intermediate. This 
enolate may perform a nucleophilic attack on the carbonyl carbon of a nearby adsorbed acetaldehyde 
species, thereby forming the C-C bond. The resulting C4 intermediate may then be hydrogenated and 
dehydrated to form the final coupling product, crotonaldehyde. To our knowledge, this is the first study 
that elucidates the aldol condensation of acetaldehyde over γ-Al2O3 and SiO2 supported molybdenum 
oxide catalysts. Steady state reactions were performed to test the performance of the catalysts. Mo/Al2O3 
and Mo/SiO2 were characterized to rationalize how their physical makeup determines the observed 
reactivity.  

 

Scheme 1. Aldol condensation of acetaldehyde over a Lewis acid site. 

2. Methods 
Catalyst synthesis.  Supported MoOx catalysts were prepared through incipient wetness impregnation of 
γ-Al2O3 (99.997% metals basis, Alfa Aesar) and SiO2 (HPLC grade 99.99%+, Alfa Aesar) porous supports. 
Ammonium molybdate tetrahydrate (99.98%, Strem Chemicals) precursor was dissolved in water at 
appropriate concentrations and then mixed with the corresponding support material to create catalyst 
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samples with a variety of Mo loadings. These samples were dried in an oven at 120 °C overnight and then 
calcined in air at 450 °C for 4 hours. Samples in this study are referred to as xMo/Al2O3 or xMo/SiO2 where 
x refers to the nominal weight loading of Mo in the sample (in wt%). 

Probe molecule infrared spectroscopy. The quantification of Lewis and Brønsted acid sites on the 
catalysts was performed using in-situ pyridine adsorption followed by FT-IR spectroscopy. Measurements 
were conducted using Thermo Scientific Nicolet iS10 by collecting 64 scans for each spectrum with a 
resolution of 4 cm-1. Self-supported catalyst wafers were prepared and loaded into a high vacuum setup 
where the sample was heated to 150 °C under high vacuum for 2 h. The sample then underwent an 
activation step at 450 °C for 1 h. Then, the temperature was reduced to 150 °C where pyridine was 
introduced at a pressure of 0.1 mbar for 30 min and then allowed to equilibrate for 1 h. The sample then 
underwent evacuation after which a spectrum was collected. To probe the strength of acid sites, the 
samples were subsequently heated to 250, 350, and 450 °C, and spectra of residual pyridine were 
obtained at 150 °C. After the sample was removed, a 6.45 mm diameter wafer was punched out and 
weighed to normalize acid site concentrations. Spectra were integrated around 1540 and 1440 cm-1 to 
quantify the amount of pyridine adsorbed on Brønsted and Lewis acid sites, respectively. Molar extinction 
coefficients were taken from Tamura et al.34  

These data were also used to group the Lewis acid sites on each catalyst into three general categories 
(weak, medium, and strong) based on their relative strengths. The number of acid sites in each group was 
calculated by choosing a temperature range and then subtracting the number of sites retaining pyridine 
at the higher temperature from the number of sites retaining pyridine at the lower temperature. Weak 
acid sites were assigned as the number of sites retaining pyridine up to 150 °C but not beyond 250 °C, 
medium sites as the number of sites retaining pyridine beyond 250 °C but not beyond 450 °C, and strong  
as the number of sites retaining pyridine above 450 °C. 

P-value statistical significance tests and linear regression analysis were performed in OriginPro 2019 
for correlations between the density of weak, medium, strong, and medium + strong acid sites to the rates 
of steady-state crotonaldehyde production during reaction tests for each catalyst. Adjusted R2 values were 
used for comparing the linear fit models. 
Catalyst evaluation. Catalyst performance was analyzed through steady state reactor experiments 
involving the aldol condensation of acetaldehyde (99.5%, Acros Organics) to crotonaldehyde. In a typical 
experiment, approximately 60 mg of catalyst sample was packed into a quartz reactor tube between two 
layers of quartz wool. Samples were pretreated in 36 sccm H2 (99.999%, Airgas) at 350 °C for 1 h and 
purged in 36 sccm He (99.999%, Airgas) at 350°C for 30 min before cooling to 300 °C for reaction.  The 
system was allowed to come to steady-state over 10 hours on stream, and reaction data were collected 
continuously using an online Agilent 7820A gas chromatograph (GC) with a DB-WAX polar column and 
flame ionization detector (FID). The total system pressure was equal to the ambient pressure at ~0.8 atm, 
and the acetaldehyde partial pressure was kept constant for each experiment at 0.07 atm.  Data points 
for comparison were collected after 10 h on stream because the rate of deactivation had reached a low 
steady value for crotonaldehyde production at that timepoint (Figure S1B). Data collected at an earlier 
timepoint (~2.5 hours onstream) exhibited similar trends in activity with Mo loading (Figure S1A) for both 
the SiO2 and γ-Al2O3 samples. For regeneration experiments, catalyst samples were pretreated normally 
and then allowed to react for 3-hour intervals before being exposed to a regeneration cycle.  Each cycle 
consisted of either 36 sccm H2 for 30 minutes at 350 °C or 36 sccm O2 (99.994%, Airgas) followed by 36 
sccm H2 for 30 minutes each at 350 °C. 
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 Aldol condensation performance was compared through the net rate of crotonaldehyde 
production.  These “mass-time yields” are defined here as the molar flowrate of crotonaldehyde exiting 
the reactor, determined through online GC analysis, divided by the total mass of the catalyst.  
Crotonaldehyde may be consumed through further condensation reactions, however, production of 
higher order condensation products was small (<20% of GC product area) for the differential conversions 
used in this study (<10%).  All reaction rates discussed in the following sections of this study represent net 
reaction rates. 

Turnover frequencies (TOFs) were calculated using the rate of crotonaldehyde production on the 
Al2O3-supported catalysts after 10 h on stream at 300°C.  These values represent an average TOF across 
the length of the catalyst bed.  The number of active sites was estimated as the mass-normalized number 
of medium + strong acid sites present on each catalyst, as determined through pyridine FTIR experiments.  
The TOF was then calculated by dividing the overall reaction rate by the total number of medium + strong 
acid sites for each catalyst. 

Temperature programmed oxidation. Spent catalyst samples were generated using the same conditions 
listed above for aldol condensation reaction testing (10 h on stream at 300 °C).  Samples were then loaded 
into a separate reactor system with downstream Pfeiffer Prisma quadrupole mass spectrometer for 
analysis. Samples were purged in a stream of 1 sccm O2 and 20 sccm He at room temperature for 30 
minutes before the temperature was ramped to 700 °C at 10 °C/min. The quantity and reactivity of 
carbonaceous deposits on each sample were compared by analyzing signals associated with the 
desorption of CO (m/z = 28) and CO2 (m/z = 44). 

Thermogravimetric analysis. A small aliquot of the spent sample (~20 mg) was loaded into a 
thermogravimetric analyzer (TGA, SDT-Q600 by TA) to quantify the carbonaceous deposition.  The sample 
was stabilized at 30 °C for 10 min in 50 sccm of air to desorb potential physisorbed water. Then, the 
temperature was ramped to 750 °C at 10 °C min-1. That temperature was held for 60 min.  

Infrared spectroscopy for spent catalysts. Attenuated total reflectance infrared spectroscopy (ATR-FTIR) 
was used to identify the moieties comprising the carbonaceous species on the catalyst. The IR spectra 
were recorded without any pretreatment, at room temperature using a Thermo Fisher Scientific Nicolet 
iS20 instrument equipped with a Smart iTR ATR sampling accessory with a single-reflection ZnSe crystal. 
The resolution used was 4 cm-1, and 64 scans were recorded. The instrument was equipped with an MCT/A 
detector cooled at the liquid nitrogen temperature (-196 °C). 

N2 physisorption. The nitrogen physisorption isotherms were measured at the liquid nitrogen 
temperature (-196 °C) using a Micromeritics ASAP 2020 physisorption analyzer. The catalysts were 
degassed at 200 °C for 4 h before measurement. The surface area and mesopore volume for each sample 
were calculated by using the BET method and BJH method, respectively.35,36 Samples were run twice each. 

Electron microscopy. The powder sample was dispersed in ethanol, then dropped on holy carbon coated 
Cu grids after being ultrasonicated for 5 minutes. A Hitachi HD2700 aberration-corrected scanning 
transmission electron microscope was used to record the high-angle annular dark-field (HAADF) STEM 
images. The electron beam convergent angle α was 27 mrad and the HAADF detector collection angle 
β=70–370 mrad. 
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Ultraviolet-visible diffuse reflectance spectroscopy. A Harrick Praying Mantis diffuse reflectance setup 
with high temperature reactor was used in tandem with ThermoFisher Evolution 300 UV/VIS 
spectrophotometer. Barium sulfate was used as the 100% transmittance baseline. γ-Al2O3 was dehydrated 
at 450 °C for 1 h before being brought down to room temperature for measurement. The signal from γ-
Al2O3 was subtracted from the signals obtained for the supported catalysts. Each sample was first calcined 
in air and brought down to room temperature before reduction under the same temperature program. 
Spectra were treated with the Kubelka-Munk remission. Tauc plots were generated using the ligand to 
metal charge transfer (LMCT) peaks at 237 nm and 320 nm. Linear regions of the plot were fitted with a 
line of best fit where the x-intercept was taken as the bandgap value. The Tauc method was used to 
determine bandgap values as described elsewhere.37  

X-ray absorption near edge spectroscopy (XANES). XANES was performed on beamline 9-3 at the 
Stanford Synchrotron Radiation Laboratory (SSRL) to determine the effect of H2 treatment on the 
oxidation state of a 10Mo/Al2O3 sample.  Experiments were performed at the Mo K-edge, and all energies 
were calibrated in reference to a Mo foil standard that was collected during each run and defined as 20000 
eV.  Edge energies were calculated as the maximum of the 1st derivative.  Powder catalyst samples were 
packed into a capillary flow tube for in-situ analysis during reduction.  XAS spectra were collected 
continually while the reactor tube was purged at room temperature in He for 10 min before ramping to 
450 °C at 10 °C/min and being held at this temperature for 1 h.  XANES spectra were processed and 
analyzed using  Athena.38 

Temperature programmed desorption. In each experiment, about 100 mg of 10Mo/Al2O3 was loaded into 
a quartz reactor tube between two layers of quartz wool. The sample was then pretreated in 36 sccm of 
either H2 or O2 at 450 °C for 1 hour and then purged in 36 sccm He at 450 °C for 30 minutes before being 
cooled down to room temperature. Samples were dosed using a stream of 9 sccm He passing through a 
Pyrex bubbler tube filled with 20 mL of acetaldehyde held at 1 °C and then over the catalyst bed for 30 
min. Following dosing, samples were purged in 9 sccm He for approximately 8 hours at room temperature. 
Subsequently, samples were heated from room temperature to 700 °C at a rate of 10 °C/min. Desorption 
products were detected with a Pfeiffer Prisma quadrupole mass spectrometer downstream of the reactor. 

Post-Reaction Catalyst Capacity Measurements.  Samples of about 100 mg of 10Mo/Al2O3 were loaded 
into a quartz reactor tube between two layers of quartz wool before being treated in 36 sccm of H2 at 450 
°C for 1 h and then purged in 36 sccm He for 30 min.  Some samples were then exposed to the same 
reaction conditions used for catalyst evaluation (300 °C, Pacetaldehyde  = 0.07 atm, WHSV = 1.4 h-1) for varying 
periods of time before purging in He at 300 °C for 15 min and cooling down to room temperature.  The 
number of active sites available after reaction was quantified by subsequently dosing the catalyst with 
either acetaldehyde or pyridine.  Samples were dosed with a stream of 9 sccm He passing through a Pyrex 
bubbler tube containing the desired probe molecule (acetaldehyde held at 1 °C, pyridine held at room 
temperature) for 30 minutes.  Samples were then allowed to purge for approximately 8 hours at room 
temperature before being heated at a rate of 10 °C/min to 700 °C.  Subsequently, samples that had been 
exposed to acetaldehyde reaction conditions were subjected to a temperature programmed oxidation 
cycle. 
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3. Results 
3.1 Activity and Stability of Supported Catalysts 

The performance of Al2O3 and SiO2 supported Mo catalysts with different Mo loadings was 
analyzed for the steady-state aldol condensation of acetaldehyde to crotonaldehyde. Rates of 
crotonaldehyde production after H2 pretreatment and 10 hours on stream are shown in Figure 1A.  Plots 
of conversion and crotonaldehyde yield for the same experiments are displayed in Figure S2.  Complex 
product mixtures were produced over all catalysts, including small amounts of various C4-C8 condensation 
products (e.g., 2,4-hexadienal, 2-methyl-2-cyclopenten-1-one, and 2-methylbenzaldehyde) as well as light 
hydrocarbons from cracking reactions, but the selectivity to crotonaldehyde was high for all catalysts 
(>80% of GC FID product area) at the low conversions studied here (<10%). Approximate molar carbon 
selectivities for each identified reaction product (as determined through GC peak area), including higher 
order condensation products, are displayed for all catalyst samples in Table S1. Although crotonaldehyde 
underwent further condensation to higher products, the direct aldol condensation of acetaldehyde is the 
focus of this study and crotonaldehyde can be thought of as an intermediate within a larger reaction 
network. The presence of Mo generally increased the activity compared to the bare γ-Al2O3 and SiO2 
supports, but the optimal weight loading varied.  An important distinction is the fact that the bare γ-Al2O3 
support showed significant activity for the condensation reaction, whereas the bare SiO2 support did not. 
As a result, the addition of Mo to Al2O3 provided enhancement to an already active catalyst.  On the γ-
Al2O3 support, the samples with the lowest Mo loading (1Mo/Al2O3) exhibited the highest overall activity 
and catalytic efficiency per Mo site.  The activity appeared to decline with increasing Mo loading, with the 
highest Mo loading sample (20Mo/Al2O3) demonstrating similar activity to the bare γ-Al2O3 support.  On 
the SiO2 support, the activity of the catalysts increased monotonically with increasing Mo loading up to 
10 wt.%.  The trend in activity for the Mo/SiO2 samples appeared to approach the activity of the Mo/Al2O3 
samples, particularly when extrapolated to high Mo loadings. This suggests that at very high weight 
loadings, the activity of the catalyst is dominated by the MoOx phase, and the interactions between 
catalyst and support become less important. When normalizing production of crotonaldehyde by mass of 
Mo rather than total catalyst mass (Figure S2), the SiO2 supported samples displayed similar reaction rates 
regardless of the Mo loading. Interestingly, on the γ-Al2O3 support, the low loading 1Mo/Al2O3 catalyst 
demonstrated higher Mo-normalized activity than any of the other samples.  The difference in activity 
between the 10Mo/Al2O3 and 10Mo/SiO2 samples can be primarily attributed to the additional activity of 
the Al2O3 support, as evidenced by the similar Mo normalized rates for these two samples (Figure S2). 

Each sample exhibited deactivation over the course of the 10 hours on stream, which can 
potentially be attributed to a variety of chemical, mechanical, and thermal degradation pathways.39  One 
potential means of deactivation for the aldol condensation reaction is site poisoning through the build-up 
of strongly-bound carbonaceous species over the course of the reaction.  This hypothesis was tested by 
examining the activity of a 10Mo/Al2O3 sample for the aldol condensation of acetaldehyde while 
performing oxidation-reduction regeneration cycles at regular 3 h intervals (Figure 1B).  Each regeneration 
cycle restored the conversion of the sample, and the deactivation profiles between each cycle appeared 
to be nearly identical.  When a similar experiment was carried out on another 10Mo/Al2O3 sample using 
reduction-only regeneration cycles, the activity of the sample was not fully regenerated after each cycle 
(Figure S3).  This result implies that some activity can be recovered through thermal desorption and 
reduction cycles, but an oxidizing environment is needed to fully remove carbonaceous deposits and 
completely regenerate the initial state of the catalyst surface. 
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Figure 1: Summary of supported Mo catalyst performance. Mass-normalized crotonaldehyde formation 
rate is plotted as a function of Mo loading (A) during the steady state reaction of acetaldehyde on various 
Mo-modified catalysts at WHSV = 1.4 hr-1 after pretreatment in 36 sccm H2 at 350 °C for one hour and 10 
hours reaction at 300 °C. Crotonaldehyde production rate plotted as a function of time on stream (B) for 
the aldol condensation of acetaldehyde at 300 °C on a 1Mo/Al2O3 catalyst after pretreatment in H2 at 350 
°C for 1 h.  Dotted lines represent regeneration cycles, which involved treatment in O2 at 350°C for 30 min 
followed by H2 at 350 °C for 30 min.    

 

Carbonaceous build-up during reaction was characterized by measuring CO2 (m/z = 44) evolution during 
TPO (Figure S4).  The areas underneath the desorption profiles associated with both CO and CO2 were 
calculated and used to compare the total amount of carbonaceous deposits on each catalyst (Table S2).  
Bare SiO2 showed very little build-up compared to the Al2O3 and 10Mo/Al2O3 samples.  However, 
modification of SiO2 with Mo dramatically increased the amount of CO2 produced during TPO.  Overall, 
the amount of CO2 produced by each sample during TPO appears to be correlated to the activity of the 
catalysts. This may suggest that both the density and efficiency of the active sites are intrinsically linked 
to the deactivation profile for a given catalyst. The SiO2 and 10Mo/SiO2 samples also exhibited small CO2 
desorption peaks at low temperatures, which have been attributed to physisorbed CO2.  A prior study by 
Ueno and Bennett found that CO2 physisorbed on SiO2 would desorb at temperatures as low as 31°C, 
which is consistent with the low desorption temperatures observed in this study.40 The wide peak shape 
for CO2 production on Al2O3 may be caused by the presence of at least two different surface sites.  Similarly 
broad, high-temperature peaks for CO2 production have been observed previously during TPOs of 
acetaldehyde on bare Al2O3.41 

The carbonaceous buildup was also evaluated and quantified by TGA of spent catalyst samples 
(Figure S5). The derivative of the weight profile was found to be in good agreement with the profiles 
obtained during TPO experiments reported in Figure S4. The carbonaceous deposits were quantified to 
be 4.4 wt%, 8.6 wt%, 5.9 wt% and 7.9 wt% for SiO2, Al2O3, 10Mo/SiO2 and 10Mo/Al2O3, respectively. The 
last mass drop at 730 °C for 10Mo/SiO2 was attributed to MoO3 sublimation and as such not considered 
in the quantification of carbonaceous deposits.42 Additionally, the composition of the carbonaceous 
deposits was characterized by ATR-FTIR spectroscopy (Figure S6). Bands at 1715 and 1668 cm-1 were 
detected for surface species on the 10Mo/SiO2 and were attributed to C=O vibrations of acetaldehyde and 
crotonaldehyde, respectively.19,43 The band at 1668 cm-1 was not observed on SiO2, while a shoulder at 

A B
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1758 cm-1 was detected and attributed to a C=O mode of some condensation product.44 The surface 
species observed on Al2O3 and 10Mo/Al2O3 were different from the ones observed on the SiO2 supported 
samples. The two broad features at 1573 and 1450 cm-1 were attributed to acetates probably formed by 
the Tishchenko reaction.45,46 Additionally a small shoulder at 1705 cm-1 could be related with the presence 
of acetaldehyde.19,43 

The differences in activity trends for γ-Al2O3 and SiO2 supported catalysts suggested that MoOx-
support interactions played an important role in the efficiency of the active site for the aldol condensation 
reaction. To better understand this phenomenon, a variety of characterization techniques were 
performed on these samples, and the results were compared to trends in catalyst activity. 

3.2 Catalyst Structure Characterization 
Catalyst surface area and pore volumes were determined through N2 physisorption (Table 1).  The 

bare SiO2 support had the highest surface area, and deposition of Mo onto the SiO2 surface at 10 wt% 
reduced this surface area to roughly half of that of the bare support.  As weight loading of MoOx increased 
on SiO2, there was a monotonic decrease in surface area, likely due to crystalline MoOx domains covering 
the amorphous SiO2 support via filling of the pores. A similar, large reduction in surface area due to Mo 
deposition on silica has been shown in other studies.47,48 On γ-Al2O3, the surface area remained roughly 
the same for all samples with a slight increase for 1Mo/Al2O3. The 20Mo/Al2O3 sample had both the lowest 
surface area and pore volume suggesting pore blockage of the Al2O3 support was occurring. Chakrabarti 
and Wachs report that 4.6 Mo atoms/nm2 is the density corresponding to monolayer coverage of MoOx 
on Al2O3.49 Thus, both the 10 and 20Mo/Al2O3 samples have loadings at or greater than monolayer 
coverage, respectively. 

Table 1: BET surface areas of γ-Al2O3 and SiO2 supported Mo catalysts calculated by N2 physisorption 
experiments. 

Sample 
BET SA 

(m2/g) 

Pore Volume 

(cm3/g) 

Mo Density 

(Mo atoms/nm2) 

SiO2 338 ± 3 0.953 ± 0.007 - 

1Mo/SiO2 310 ± 2 0.931 ± 0.001 0.20 

5Mo/SiO2 275 ± 1 0.86 ± 0.03 1.1 

10Mo/SiO2 147 ± 2 0.77 ± 0.01 4.3 

Al2O3 113 ± 1 0.31 ± 0.01 - 

1Mo/Al2O3 135 ± 3 0.313 ± 0.002 0.46 

10Mo/Al2O3 117 ± 5 0.28 ± 0.03 5.4 



10 
 

20Mo/Al2O3 97 ± 1 0.185 ± 0.001 12.9 

The MoOx particle sizes for 10Mo/SiO2 and γ-Al2O3 supported materials were determined using 
TEM imaging (Figure S7).  Table 2 shows that the feature sizes of MoOx species increased with increasing 
loading on the γ-Al2O3 support. Particle size distributions of Mo domains in selected samples are shown 
in Figure S8.  

Table 2. Average particle size of MoOx species based on TEM images. 

 

 

The effect of weight loading on the formation of catalytic sites was further investigated with UV-VIS diffuse 
reflectance spectroscopy to determine bandgaps for Mo/Al2O3 (Figure 2). As shown by Chakrabarti and 
Wachs, lower bandgap values of Mo supported on γ-Al2O3 indicate larger molybdenum clusters (> 1 nm) 
on the surface, and higher bandgaps translate to smaller dimeric and monomeric (< 1 nm) MoOx species 
on the support.49 A broad feature at 320 nm is assigned to polymeric MoOx while 245 nm is attributed to 
oligomeric MoOx species. At lower loadings, the isolated, oligomeric species dominated while at higher 
loadings there was more polymeric species in addition to oligomeric MoOx.   As weight loading was 
increased, the bandgap fell, due to larger oxide clusters forming as also shown from Table 2. The bandgap 
for a bulk MoO3 sample from Sigma Aldrich (99.99% trace metal basis) was measured as 2.1 eV, 
significantly lower than the 3.5 eV bandgap measured for the 20Mo/Al2O3 sampleInterestingly, the 
reductive pretreatment also decreased the bandgap for all MoOx-containing samples, suggesting that high 
temperature H2 treatments are able to significantly influence the oxidation state of Mo for each catalyst. 
These bandgap measurements also support the findings from the XANES analysis (Figure 5A), where the 
oxidation state of Mo in the 10Mo/Al2O3 sample was found to decrease from 6 to approximately 3.2 when 
the sample was heated to 450 °C in H2.  The difference due to reduction was more pronounced at higher 
weight loadings because molybdenum oxide reducibility depends strongly on the oxide structure.25 

 

Material Particle Size (nm) 

1Mo/Al2O3 0.8 ± 0.1 

10Mo/Al2O3 1.2 ± 0.2 

20Mo/Al2O3 1.5 ± 0.3 
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Figure 2. Bandgaps of different weight loadings of Mo/Al2O3 after reduction and as prepared after 
calcination. 

 

3.3 Acid Site Characterization 
To understand how the activity trends with respect to Mo loading shown in Figure 1 relate to the 

density and properties of surface acid sites, we characterized the catalysts using pyridine adsorption 
followed by FTIR spectroscopy (Figure 3). The concentrations of Lewis and Brønsted acid sites were 
measured before (Figure 3a, b) and after (Figure 3c, d) reduction of the catalyst at 450 °C for 1 h in 
hydrogen.  After reduction, the concentrations of Lewis acid sites were lower compared to the as-
prepared samples for the MoOx deposited on SiO2 catalysts but not the γ-Al2O3 supported catalysts. The 
concentration of Lewis acid sites that retained pyridine at 450 °C was the same or higher for all γ-Al2O3 
supported materials.  
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Figure 3. Lewis (A and C) and Brønsted (B and D) acid site concentration measured using pyridine 
transmission FTIR spectroscopy of molybdenum supported catalysts before (A and B) and after reduction 
(C and D).  

 

The relative strengths of Lewis acid sites were estimated using the pyridine IR data shown in Figure 
3. The density of Lewis acid sites on each catalyst was categorized into three desorption ranges (Figure 4), 
representing sites associated with relatively weak (150 °C - 250 °C), moderate (250 °C - 450 °C), and strong 
(450 °C and above) Lewis acid character. SiO2 and 10Mo/SiO2 both showed a relatively high concentration 
of weak acid sites but contained very few if any strong Lewis acid sites.  On the other hand, Al2O3 and 
10Mo/Al2O3 both contained a higher density of strong acid sites than medium or weak sites.  Modification 
of SiO2 and γ-Al2O3 with Mo produced catalysts with a higher overall density of acid sites, as well as a 
larger fraction of strong acid sites in both cases. 
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Figure 4. Density of Lewis acid sites desorbing pyridine within specific temperature ranges, calculated 
from data in Figure 3.  

 

Similar trends with respect to the strength of Lewis acid sites were observed using acetonitrile-d3 
(CD3CN) adsorption followed by FTIR spectroscopy (Figure S9). The peak associated with acetonitrile 
bound to LAS was found to be at a higher frequency on 10Mo/Al2O3 (2320 cm-1) compared to 10Mo/SiO2 
(2310 cm-1) before reduction, suggesting that the MoOx sites on the γ-Al2O3 support were stronger Lewis 
acids (Figure S9).34  Peaks around 2273 cm-1 was assigned to surface hydroxyl groups, and peaks near 2111 
cm-1  associated with physisorbed acetonitrile were also detected.50,51 For the reduced samples, there was 
a blueshift from 2320 cm-1 (Figure S9A) to 2323 cm-1 (Figure S9B) indicating stronger Lewis acidity.  

 

3.4 Effect of Pretreatment Conditions on Supported Mo Catalysts 
 The role of reduced MoOx sites in the aldol condensation reaction was probed through a variety 

of temperature programmed characterization techniques. XANES spectra of the Mo K-edge were collected 
as the sample was resistively heated in flowing H2 gas (Figure 5A) to determine the effect of reducing 
conditions on the Mo oxidation state. At room temperature, the Mo K-edge structure for the 10Mo/Al2O3 
sample closely resembled the MoO3 standard.  As the sample was heated, the pre-edge shoulder began 
to disappear, and the K-edge shifted to lower energies, indicating that reduction was occurring.   
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Figure 5. XANES spectra (A) and acetaldehyde TPD (B) characterization of the effect of H2 pretreatments 
on 10Mo/Al2O3.  Mo K edge XANES spectra (A) collected during a temperature ramp in pure H2 flow.  Mo 
K edge XANES spectra of Mo foil, MoO2, and MoO3 standards are also plotted for comparison. Dashed line 
shows shifts in the adsorption edge energy as the temperature is ramped. Inset: estimated oxidation state 
of sample as a function of temperature. TPD profiles for acetaldehyde dosed on a 10Mo/Al2O3 catalyst (B) 
after treatment with 36 sccm H2 or O2 at 450 °C for one hour.   

For each XANES spectrum collected, the oxidation state of the 10Mo/Al2O3 sample was estimated 
by comparing the Mo K-edge energy to a linear fit of the K-edge energies for the Mo foil, MoO2, and MoO3 
standards (Figure S10). The calculated oxidation state of the sample as a function of the sample 
temperature is shown in the inset for Figure 5A.  As the sample was heated, the oxidation state steadily 
decreased, ultimately reaching a final value of approximately 3.2 after being held at 450 °C for several 
minutes.  This result indicates that high temperature H2 pretreatments are highly effective for reducing 
Mo clusters on supported Mo/Al2O3 catalysts.  These reduced Mo sites may then act as Lewis acid sites 
for the aldol condensation reaction as discussed below. 

The role of Mo reduction in the aldol condensation reaction was further probed through TPD of 
acetaldehyde on a 10Mo/Al2O3 sample pretreated with H2 or O2 at high temperatures.  The desorption 
traces for masses associated primarily with acetaldehyde (m/z = 29) and crotonaldehyde (m/z = 70) were 
plotted as a function of temperature (Figure 5B). Crotonaldehyde was the main reaction product with a 
desorption temperature around 120 °C on the H2 treated surface. On the O2 treated catalyst, 
crotonaldehyde desorption shifted to slightly higher temperatures, and the peak intensity was 
significantly smaller. The ratio of the peak areas associated with crotonaldehyde formation (m/z = 70) on 
the H2 and O2 treated catalyst was approximately a factor of 4 higher, indicating that more crotonaldehyde 
was formed after H2 pretreatment compared to the O2 treatment.  Mass fragments associated with other 
reaction products were also detected (m/z = 54, m/z = 73) at higher temperatures (~230 °C), but the 
identity of these side products was not determined.  The increased desorption signal intensity for both 
reactants (acetaldehyde) and products (crotonaldehyde), as well as the lower temperature for product 
formation, suggested that the reduced MoOx clusters on the surface of the catalyst were able to bind and 
activate more acetaldehyde for the aldol condensation reaction.   
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The effect of pretreatment conditions on the aldol condensation reaction was also analyzed using 
a packed bed reactor with continuous acetaldehyde feed under steady state conditions.  A comparison of 
the rates of crotonaldehyde production after pretreatment with H2 or O2 and 10 hours of reaction on 
stream at 300 °C is shown in Figure S11.  Unlike the TPD results, the steady state reactor data showed no 
significant difference in aldol condensation activity between the two pretreatments.  This suggests that 
acetaldehyde can also participate in redox reactions with the catalysts, so that the surface structure of 
the catalysts may equilibrate at an oxidation state that is primarily determined by the reaction conditions, 
rather than the pretreatment conditions.   

Successive reaction and TPD experiments were conducted on samples of 10Mo/Al2O3 to better 
understand the effect of the aldol condensation reaction on catalyst capacity and surface structure.  
Initially samples were pretreated in H2 and then subjected to aldol condensation reaction conditions at 
300 °C for varying periods of time (0 min, 3 min, 3 h).  These “spent” samples were then cooled to room 
temperature and exposed to doses of acetaldehyde (Figure S12A, S12B) or pyridine (Figure S12D) before 
undergoing TPD analysis.   

TPDs of acetaldehyde on spent samples showed dramatically reduced desorption of both 
acetaldehyde (Figure S12A) and crotonaldehyde (Figure S12B) after 3 min of reaction.  Desorption signals 
continued to decrease only very slightly after 3 hours of reaction.  These results suggest that the overall 
capacity of the catalyst for acetaldehyde adsorption and reaction is greatly decreased during the first few 
minutes of reaction at 300 °C.  This may be caused by a combination of strongly bound carbonaceous 
species building up on the surface and changes to the oxidation state of the MoOx particles.  Following 
these TPDs, the samples after 0 min and 3 min of reaction were subjected to TPOs to quantify the amount 
of strongly bound carbonaceous species that did not desorb during the TPD cycle (Figure S12C).  
Significantly more CO2 formation was observed for the spent sample after 3 min of aldol condensation 
reaction at 300 °C compared to 0 min, indicating that strongly bound carbonaceous species are rapidly 
built up on the catalyst surface during the first few minutes of reaction.  This result also supports the 
finding that the overall catalyst capacity is dramatically reduced after only 3 minutes of aldol condensation 
reaction.   

TPDs of pyridine on spent samples (Figure S12D) were utilized to quantify the effect of the aldol 
condensation reaction on the density of available acid sites.  Similar trends were observed to the 
acetaldehyde TPD experiments, where the pyridine desorption signal decreased dramatically after the 
first 3 minutes of aldol condensation reaction and further decreased after 3 hours of time on stream. 

 

4. Discussion 
Molybdenum oxide (MoOx) based catalysts have been shown to effectively catalyze various 

reactions such as olefin metathesis, ethane dehydrogenation and lignin hydrogenolysis.24,52,53 The active 
MoOx phase in these catalysts is typically deposited on high surface area supports due to the low surface 
area of bulk molybdenum oxides.54 For many of these reactions, the active phase of MoOx is a partially 
reduced Mo center, and as such, the supported MoOx catalysts are typically activated through reductive 
pretreatments or reaction conditions. We have previously shown that the reduction of bulk MoO3 to a 
lower oxidation state facilitated greater adsorption of ethanol and acetaldehyde and activated these 
molecules for the aldol condensation reaction.22 This effect was attributed to the creation of 
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coordinatively unsaturated sites on the MoOx surface via oxygen vacancies which can then activate 
oxygen-containing compounds for the aldol reaction. In this study, we deposited MoOx on high surface 
area oxides (SiO2 and γ-Al2O3) and pretreated them under different gases (H2 and O2) to understand the 
role of reductive pretreatments and reaction conditions on the nature of supported MoOx catalysts.  
XANES spectra of 10Mo/Al2O3 during heating in H2 flow (Figure 5A) demonstrated that high temperature 
H2 treatments can reduce surface Mo clusters to suboxide states.  Furthermore, TPD of acetaldehyde on 
H2 and O2 treated 10Mo/Al2O3 samples (Figure 5B) showed that the reduced catalyst was able to adsorb 
and activate a greater quantity of acetaldehyde and convert these molecules via the aldol condensation 
reaction. These results indicate that reduced Mo sites on supported catalysts, in the form of oxygen 
vacancies, are able to assist in the adsorption and activation of light oxygenates, similar to what we have 
seen previously on bulk molybdenum oxides.22 Similarly, Harlin et al. demonstrated that reduced Mo 
centers (oxidation state ~4.3) in Mo/Al2O3 produced during reductive pretreatments exhibited increased 
conversion for n-butane dehydrogenation.26 However, in this study, steady state reactor comparisons of 
a 10Mo/Al2O3 sample showed no difference in the rate of acetaldehyde condensation to crotonaldehyde 
after pretreatments in H2 or O2 and 10 hours of reaction on stream (Figure S11).  This indicates that the 
structure of the catalyst equilibrated under reaction conditions regardless of the pretreatment. Similarly, 
it has been observed for m-cresol hydrodeoxygenation using bulk MoO3 that prereduction in H2 has a 
larger effect on the initial induction period rather than the steady state conversion.55 Post-reaction TPD 
experiments demonstrated that the overall catalyst capacity changes dramatically during the first few 
minutes of reaction (Figure S12). Carbonaceous species build up rapidly on the surface of the catalyst and 
the number of available acid sites drops significantly (Figure S12D), thereby indicating that changes in 
surface structure occur quickly under high temperature aldol condensation conditions. Additionally, the 
aldol condensation reaction evolves water, which may be involved in transforming the catalyst surface 
structure after multiple turnovers. As a result, while pretreatment conditions may have a significant 
impact on the initial reactivity of the catalyst surface, we hypothesize that the reaction process conditions 
govern the redox state and ultimately the activity of the catalyst under steady-state conditions.  

Numerous observations from this study indicate that the interactions between Mo and γ-Al2O3 
are stronger than those between Mo and SiO2. On the γ-Al2O3 support, as weight loading increased, the 
average particle size also increased (Table 2). A comparison of the structure of these materials has 
previously shown that crystallization of Mo oxides and poor dispersion occurs on SiO2 due to weaker Mo-
support interactions during impregnation.56 In contrast, Chakrabarti and Wachs demonstrated that MoOx 
supported on Al2O3 was anchored as isolated and oligomeric species on basic and surface hydroxyl (OH) 
sites of the Al2O3 support.49  

We observed that the relationship between Mo weight loading and aldol condensation rate on γ-
Al2O3-supported materials exhibited a maximum at relatively low Mo loading (1Mo/Al2O3). The 
concentration of LAS on the 1Mo/Al2O3 sample was also higher compared to samples with higher weight 
loadings (Figure 3). Thus, highly dispersed oligomeric MoOx particles seen at low weight loadings are more 
acidic and contain a higher density of active sites than larger MoOx agglomerates. Mo loading can also 
affect the steric accessibility of the active site.  Prior characterization studies of MoO3/Al2O3 catalysts have 
shown that the coordination environment of Mo tends to change with MoOx loading.  At low MoOx 
loadings, the primary Mo surface configuration has been identified as a tetrahedrally coordinated, 
isolated dioxo (O=)2MoO2 species.  As the weight loading increases, a higher fraction of oligomeric mono-
oxo O=MoO4 species are present, and at high loadings the surface is dominated by crystalline MoO3 in a 
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distorted octahedral structure.49,57,58  Both isolated and oligomeric MoOx species were observed at low 
and high loadings, as indicated by the bandgaps reported in Figure 2.  In general, Mo coordination tends 
to increase with increasing weight loading, from tetrahedral species at low loadings to octahedral crystals 
at very high loadings. As a result, the Lewis acidic, cationic Mo active site is more accessible (relative to 
bulk MoO3) at low loadings, thereby facilitating the accessibility of carbonyl adsorption and ultimately 
resulting in a higher rate of acetaldehyde condensation.   

A key difference between the γ-Al2O3- and SiO2-supported samples is the Lewis acidity of the 
support. Since SiO2 does not possess Lewis acidity (Figure 3), increasing MoOx loading does not block any 
preexisting active sites. In contrast, the γ-Al2O3 support already contains significant Lewis acidity, so 
blocking Al active sites with MoOx species would be expected to decrease rates, unless the new MoOx 
sites are more efficient for aldol condensation than the bare Al2O3. Due to this effect, increasing the MoOx 
loading generally tends to drive the conversion on a SiO2 support up and the conversion on an Al2O3 
support down (Figure 1A). At very high MoOx loadings we expect that both supports will approach a similar 
conversion as the surface becomes completely covered by layers of MoOx, and the interaction with the 
support becomes less important. When production of crotonaldehyde was normalized to the mass of Mo 
(Figure S2), the 1Mo/Al2O3 sample exhibited a much higher value compared to all other samples, but this 
observation did not account for the existing active sites on bare Al2O3. The addition of Mo can therefore 
be thought of as an enhancement to an already active catalyst to an extent. As seen with 20Mo/Al2O3, 
there is more than monolayer coverage of MoOx on the surface and the production of crotonaldehyde is 
roughly the same as bare Al2O3.  This suggests an optimal for MoOx loading on Al2O3 is needed to observe 
enhanced performance. 

Acid site strength was considered as a descriptor for aldol condensation on metal oxide catalysts. 
Several factors previously discussed may influence this Lewis acid strength, such as the geometry of the 
MoOx particles, the particle size, the oxidation state under reaction conditions, and interactions with the 
support. Saraeian et al. demonstrated using NH3-TPD that as the weight loading of MoOx increased on an 
Al2O3 support, the concentration of strong acid sites decreased and pore blockage of the Al2O3 support 
occurred. We hypothesize that at higher MoOx loadings, pore blockage of γ-Al2O3 results in a loss of strong 
acid sites and ultimately causes the drop in crotonaldehyde production between 10Mo/Al2O3 and 
20Mo/Al2O3. In the present study, we compared the acetaldehyde steady state aldol condensation activity 
of a variety of supported Mo catalysts (Figure 1A) to their relative acid site strength and density as 
measured by pyridine FTIR (Figure 4). We then tested the correlations between the density of weak (Figure 
S13A), medium (Figure S13B), strong (Figure S13C), and medium + strong (Figure 6) acid sites on each 
catalyst to their crotonaldehyde production rate. All correlations exhibited fairly low P-values, indicating 
significant linear correlations.  However, the weak Lewis acid sites displayed the weakest correlation, 
giving the highest P-value and the lowest R2 value, potentially indicating that weak sites are generally 
unable to activate carbonyls for aldol addition. Medium, strong, and medium + strong acid sites all 
demonstrated strong correlations to the crotonaldehyde formation rate, but a linear regression analysis 
assigned the highest adjusted R2

 value to the medium + strong acid sites combined (Figure 6).  Assuming 
medium and strong acid sites are the primary active sites for the aldol reaction, the turnover frequency 
(TOF) for the production of crotonaldehyde over γ-Al2O3-supported samples was calculated to be 2.3±0.4 
x10-3 s-1.  This value is similar to the TOFs reported by Rekoske and Barteau for the consumption of 
acetaldehyde over anatase TiO2

60 and Flaherty and coworkers for the production of C4+ products from 
acetaldehyde/ethanol mixtures over anatase TiO2,18 albeit with some differences in reaction conditions.  
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Based on these results, we conclude that Lewis acid site strength is essential for predicting catalyst 
performance in the aldol condensation reaction, and acid sites of at least moderate acid strength are 
needed to activate acetaldehyde for this reaction. 

 

Figure 6. Crotonaldehyde production rate from acetaldehyde plotted as a function of medium + strong 
acid site density for a series of Mo/Al2O3 and Mo/SiO2 catalysts. The calculated P-value and R2 value for a 
linear correlation between these two variables are displayed on the chart. 

Coking and deactivation during reaction can be influenced by a variety of different factors, 
including microporosity, high temperatures and high hydrocarbon pressure.61 We propose that high 
concentration of strong Lewis acidic sites is the main factor responsible for the deactivation of our 
samples. Catalysts with a high density of Lewis acid active sites tend to have higher conversions, but the 
increased coverage of reactive intermediates on the surface may also increase the probability for coupling 
reactions that create heavier oxygenates that block active sites. For example, the 10Mo/Al2O3 sample had 
a higher density of medium and strong LAS than 10Mo/SiO2 as evidenced by pyridine adsorption 
measurements (Figures 3 and 4), and subsequently, the spent catalyst sample displayed a larger CO2 
desorption peak at a higher temperature during TPO (Figure S4). This result suggests that a tradeoff exists 
between high conversion and resistance to carbonaceous buildup. Deactivation profiles for the samples 
displayed in Figure S1B were replotted in Figure S14 to better understand how different samples may 
deactivate differently.  In Figure S14, the crotonaldehyde production rate is normalized by the number of 
medium + strong acid sites (Figure 4) and plotted on the y-axis.  The total cumulative moles of 
crotonaldehyde produced is plotted on the x-axis.  Based on this analysis, it appears that the deactivation 
varies to some extent across the samples, but not in a way that is clearly related to initial activity or acid 
site strength. However, some samples with lower initial site-normalized production rates, particularly 
some of the SiO2-based samples, appeared to deactivate after fewer moles produced.  Overall, our results 
demonstrate that catalysts with a high density of LAS (Figure 3) tend to build up significant coke deposits 
(Figure S4) and deactivate substantially over the course of the reaction (Figure S1B).  However, these 
effects can be mitigated through regular oxidation-reduction cycles (Figure 1B). 

5. Conclusion 
 Both γ-Al2O3- and SiO2-supported MoOx catalysts are active for aldol condensation of 
acetaldehyde to crotonaldehyde, but interactions between MoOx and the SiO2 and γ-Al2O3 supports used 
in this study are fundamentally different. Dispersion of MoOx is higher and more uniform on the γ-Al2O3 
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support than the SiO2 support due to a stronger MoOx-support interaction. Trends in catalytic activity are 
also qualitatively different for the SiO2 and γ-Al2O3 supported catalysts. For Al2O3-catalysts, the activity is 
highest at low Mo loadings, indicating significant beneficial particle-support interactions. As the MoOx 
loading increased, the aldol condensation activity decreased toward the activity of the bare Al2O3 support. 
On SiO2, however, the activity increased monotonically with Mo loading, indicating minimal support-
particle interactions. Linear regression analysis of aldol condensation activity and pyridine FTIR revealed 
that the density of medium/strong acid sites were highly correlated with the rate of crotonaldehyde 
formation from acetaldehyde. The redox state of MoOx significantly influenced the barriers and yields for 
aldol condensation of acetaldehyde during temperature-programmed studies, with more reduced Mo 
sites leading to much higher aldol condensation activities. However, under steady-state conditions, the 
redox character of supported MoOx catalysts appeared to be controlled primarily by the reaction 
conditions, since use of oxidative versus reducing pretreatments had no measurable effect on activity. 
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