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ABSTRACT

Vapor phase butanal condensation was studied over well-characterized MgO, MgO/SiO,, SrO/SiO,,
MgO—Sr0O/SiO, and MgO/HY in a fixed-bed flow reactor. CO,-TPD showed that the base strength and
the number of basic sites decreased when the alkaline earth metal oxides were supported on silica.
NH5-TPD illustrated that new acid sites were generated when the alkaline metal oxides were supported
on silica. The primary product for all catalysts was 2-ethyl-2-hexenal (EHEA) produced by aldol conden-
sation of butanal. Side reactions produced several other products including butanoic acid, heptanone, 2-
ethyl-2-hexenol, butanoic acid 2-ethyl-2-hexenol ester and 2,4,-diethyl-2-,4-octandienel by reactions
including the Tishchenko cross esterification reactions, double aldol addition, ester hydrolysis, ketoniza-
tion, cyclization and dehydration. As compared to the unsupported MgO, the silica supported MgO, SrO
and MgO—SrO and MgO/HY exhibited an almost five times higher activity, a higher stability and an
improved selectivity. This indicates that both acid and base sites are needed to achieve good catalytic per-
formance for gas phase aldol condensation reactions. Catalyst activation and deactivation mechanisms
were studied by butanal-TPD-DRIFTS and butanoic acid TPD-TGA. At temperatures below 300 °C, all cat-
alysts deactivated due to poisoning by the butanoic acid, which was produced as a by-product. The weak
bonding of the adsorbed species on the MgO/SiO, surface contributed to the improved stability of the cat-

alyst for vapor phase butanal condensation.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The sustainable biomass economy requires the development of
different combinations of processes to lower the cost of producing
fuels and chemicals from lignocellulosic biomass [1-3]. Car-
bon—carbon bond formation is one of the key reactions that are re-
quired to convert smaller biomass derived molecules into larger
liquid fuels that could fit seamlessly into the diesel or jet fuel infra-
structure [4,5]. One biomass conversion process developed by
Dumesic and coworkers [5-7] involves sugar conversion into
monofunctional compounds including alcohols, ketones, carbox-
ylic acids and heterocyclic compounds in the range of C4-C6. These
monofunctional small oxygenates are then converted into larger
compounds by C—C bond formation reactions followed by hydro-
deoxygenation to produce liquid fuels. The carbohydrate feedstock
to this process is typically 5-6 carbons in length, and the process
allows the production of jet and diesel fuels that are 8-18 carbons
in length [5-7]. The C—C bond formation between small oxygen-
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ates can take place by both aldol condensation and ketonization.
Aldol condensation occurs between aldehydes and/or ketones.
For example, the ketone fraction of these monofunctional com-
pounds can be coupled by C—C bond forming to produce larger ke-
tones by aldol condensation over a Pd/Ce—Zr catalyst [8].
Furaldehydes can be coupled with acetone or propanal for the pro-
duction of diesel range molecules over nitrogen substituted zeo-
lites [9]. Ketonization occurs between carboxylic acids and esters
to produce larger molecular ketones with the release of CO, and
H,0 over a CeZrO, catalyst [10,11].

Aldol condensations are industrially important reactions and
can be catalyzed by acid, base and acid-base bifunctional catalysts
[12,13]. A number of researchers have studied acetone self-con-
densation in both liquid and gas phases [14-22]. The reaction net-
work for acetone self-condensation over acid-base bifunctional
catalysts involves aldol addition, Michael addition, cracking, keto-
nization, dehydration, oligomerization, etc. as reported by Lippert
et al. [22].

The aldol condensations of lower aldehydes have been studied
over a number of solid catalysts including alkaline earth metal oxi-
des [23], supported alkali catalysts [23-25], acidic zeolites [26], al-
kali modified zeolites [23,25,27-29], MgAl-hydrotalcites [25],
anionic clay [21,25,30], ZrO, [31], sulfate modified ZrO, [31], lan-
thanum oxide [14], niobium oxide [18,32], cerium oxide [33], tita-
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nium oxide [16,17,34,35] and uranium oxide [36]. Hattori and
coworkers [23,37] conducted liquid phase butanal condensation
reactions at 0 °C and 50 °C over alkaline metal oxides (MgO, CaO
and SrO), ZrO,, La,03, alumina supported alkaline catalysts and
alkaline metal ion-exchanged zeolite X (M/MX, where M is Na, K,
Rb). Alkali ion-exchanged and ion-added zeolites (Na/NaX, K/KX)
showed the highest activity with about 60% conversion of butanal
at 50 °C for 5 h reaction. ZrO, and La,O5 showed very low activity.
The order of activity based on a unit surface area over alkaline me-
tal oxides was SrO > CaO > MgO, which is in accordance with the
base strength.

Several researchers have also studied aldol condensation of
lower aldehydes in the vapor phase [26,28,29,31]. Ji et al. [31]
studied the vapor phase acetaldehyde condensation over several
types of solid catalysts. It was found that all the unsupported metal
oxides had low activity or poor stability. Silica supported alkali me-
tal oxides could catalyze aldol condensation of acetaldehyde with
moderate conversion to produce crotonaldehyde as well as crotyl
alcohol with selectivities of about 90%. Di Cosimo and Apesteguia
[20] studied the deactivation of acetone over MgO and alkali-pro-
moted MgO catalysts (Li/MgO, Na/MgO, K/MgO and Cs/MgO) dur-
ing the vapor phase acetone condensation and proposed that the
deactivation of the catalysts was caused by the formation of coke.
The stronger base strength of the alkali promoter, the higher the
deactivation rate of the catalyst. Several acidic zeolites including
Y type zeolites, ZSM-5, mordenite, zeolite MFI and alkali modified
zeolites have also been investigated for vapor phase aldol conden-
sations of lower aldehydes [26-29]. Rode et al. [29] found that Cs/
NaY was the most active catalyst among Cs/NaY, NaY, Li/NaY, MgO
and Al,O3 showing a 100% selectivity to 2-ethyl-2-hexenal (EHEA)
in the vapor phase butanal condensation, which could be attrib-
uted to the acid-base bifunctionality as they proposed. The authors
verified this hypothesis by selective poisoning of either acidic or
basic sites. King et al. [24,38] showed that the catalytic conversion
of butanal could be increased up to 82% (compared to 58% maxi-
mum) by adding Pd to a Na/SiO, catalyst during the first 4 h of
gas phase condensation. However, the Pd catalyst deactivated
quickly for some unknown reason. More recently, Kunkes et al.
[8] conducted gas phase 2-hexanone self-condensation/hydroge-
nation reactions over a Pd/CeZrOy catalyst at 300-400 °C and found
that the addition of primary alcohols and carboxylic acid as well as
water and CO, reversibly inhibited the self-coupling activity of 2-
hexanone.

From the above literature review, it can be concluded that most
vapor phase aldol condensation catalysts with primarily either
very strong acid or very strong base sites only, deactivated quickly.

Gas phase aldehyde condensation has been studied thoroughly
in the past decades over several different types of catalysts (solid
base, acid, acid-base bifunctional catalysts and redox catalysts);
however, there is no detailed understanding of the deactivation
mechanisms. Furthermore, the reaction pathways are still debated
with some studies, showing a very simple product distribution
[14,23,28,29,31,32,38], while several other researchers report a
number of complicated side reactions [8,27,33-35]. It is generally
agreed that these condensation reactions are enhanced by acid-
base bifunctional catalysts with catalysts that contain both acid
and base sites [39-42]. However, this hypothesis was mainly based
on the observation of reaction kinetics without further spectro-
scopic support. It is not clear why the unsupported catalysts show
relatively low activity and stability. It is also not clear how the cat-
alysts undergo deactivation. The objective of this paper is to study
butanal vapor phase condensation with a series of well-character-
ized MgO and SrO based catalysts with the goals of identifying the
reaction network, showing the catalyst deactivation and activation
mechanism and providing insight for improved catalysts for this
reaction.

2. Experimental
2.1. Materials

Butanal (99%, Acros Organics) was used for vapor phase reaction
without further purification. Butanoic acid (99%+, Acros Organics),
4-heptanone (98%, Acros Organics), butyl butyrate (98%, Acros
Organics), 2-ethyl-2-hexenal (Acros Organics), butanol (99.5% Ac-
ros Organics), heptene (98%, Acros Organics, heptanes (99.5%, Ac-
ros Organics) and n-octane (97%, Acros Organics) were used for
GC calibration. Fumed silica (CAB-O-SIL, untreated) and HY
(CBV720, Zeolyst International) were used as catalyst support
materials.

2.2. Catalyst preparation

MgO was prepared by precipitation of Mg(NOs),-6H,0 (Aldrich)
from an aqueous solution with NaOH. Typically, 51.3 g of magne-
sium nitrate hexahydrate was dissolved in 1 L of deionized water.
A 25 wt.% NaOH aqueous solution in a separation funnel was added
dropwise into the mixed solution with vigorous stirring until the
pH was equal to 10. The resulting gel was aged at room tempera-
ture for 72 h and separated by vacuum filtration. The precipitate
was thoroughly washed with deionized water at least four times,
dried in an oven at 120 °C overnight and calcined in 100 mL/min
air flow at 550 °C for 3 h after a 3 h heating ramp. The supported
catalysts were prepared by the impregnation method. Typically,
the desired amounts of catalyst precursors (Mg(NOs),-6H,0 Al-
drich, Sr(NOs), Fisher Scientific) were first dissolved in 50 mL
deionized water, and the catalyst support (5 g) was then added
into the solution with vigorous stirring for 2 h. The resulting mix-
ture was dried slowly by using a rotary evaporator (BUCHI Inc.)
operated at 23 mbar vacuum with a bath temperature of 40 °C
for 4-6 h. The dried materials were next calcined in a furnace at
550 °C for 4 h with a 10 °C/min heating ramp rate in a 100 mL/
min air flow, and the fresh calcined samples were finally trans-
ferred into a sealed container flushed with He and stored in a des-
iccator cabinet.

2.3. Butanal condensation reaction

Butanal condensation reactions were conducted in a fixed-bed
plug-flow reactor. Typically, 200 mg of catalyst was loaded at the
center of a quartz tube reactor with % inch outside diameter and
supported by a quartz frit. Butanal was fed into the reactor using
a syringe pump (Fisher Scientific) with a typical flow rate of
1.2 mL/h. The liquid feed was distributed by an 8 cm length
quartz bead bed above the catalyst bed, evaporated and carried
into the catalyst bed by a 60 mL/min He flow. The catalyst bed
temperature and furnace temperature were controlled and mon-
itored by two temperature controllers (EZ-ZONE PM, Watlow),
respectively. The inlet gas flow was controlled by a mass flow
controller (5850E, Brooks Instrument). Before reaction, the cata-
lyst was first degassed at 350 °C for 2 h with a 10 °C/min heating
rate in a 60 mL/min He flow. The reactions were typically con-
ducted at 300 °C for 2 h in a 60 mL/min He flow. The un-reacted
butanal and products were captured by liquid nitrogen and di-
luted with methanol before analysis. The products were identi-
fied and analyzed by gas chromatography/mass spectrometry
(GC/MS; Shimadzu GC/MS-2100 with a DB-5 column from All-
tech). The catalysts were evaluated based on their catalytic per-
formances. The definition of butanal conversion and product
selectivity is as follows:
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moles of butanal consumed
moles of butanal input
M x moles of product

moles of butanal consumed
M x moles of product « 100%

moles of butanal input
Selectivity%
100

where M represents the reaction stoichiometry.

Conversion% = x 100%

Selectivity% = x 100%

Yield% =

= Conversion% =

2.4. Characterization

X-ray diffraction (XRD) patterns were measured with a Philips
X'Pert professional diffractometer using a nickel filtered Cu Ko
source at a wavelength of 1.54A. An accelerating voltage of
45 kV and a current of 40 mA were used. A slit width of 0.5° was
used on the source. Scans were collected using an X'Celerator
detector.

Nitrogen adsorption experiments were conducted by using the
Autosorb-1 MC instrument from Quantachrome Instruments. The
BET surface areas of the catalysts were calculated by multipoint
BET method (seven points) in the relative pressure range from
0.01 to 0.3, or using the Dubinin-Radushkevich method.

Temperature programmed desorption (TPD) of CO, and NHs
was used to characterize the basic and acid sites over the studied
catalysts, respectively. The TPD experiments were conducted by
using a ChemBET Pulsar TPR/TPD instrument (Quantachrome
Instruments) with a built-in TCD detector. Typically, 300 mg cata-
lyst was used in each measurement. The catalyst was first purged
with He (UHP grade, Airgas) at 550 °C for 1 h with a 10 °C/min
heating ramp rate, then cooled down to room temperature. A flow
of CO, (research grade, Airgas) or NHs (electronic grade, Airgas)
was introduced into the tubular catalyst bed for 10-30 min at
room temperature for CO, adsorption and 100 °C for ammonia
adsorption, respectively. After purging the catalyst bed for about
30 min with He to evacuate the physisorbed CO, or NH3, the cata-
lyst was heated up to 550 °C with a 10 °C/min heating ramp rate.
The change in thermal conductivity due to the concentration
change of CO, or NH; in the effluent was recorded. The TPD profile
was deconvoluted by using Gaussian multipeak fitting function
built-in OriginPro7.5 software. The fitting parameter R squared
was larger than 0.999 for each fitting.

The butanoic acid TPD-TGA experiment over the MgO/SiO, and
SrO/SiO, catalysts was conducted by using a thermo-gravimetric
analyzer (TA Instruments, SDTQ600). Typically, the catalyst was
first purged in a fixed-bed flow reactor in a 60 mL/min ultra-high
purity He flow at 550 °C for 2 h and then cooled to 50 °C. The buta-
noic acid at room temperature was carried into the catalyst bed by
a 60 mL/min ultra-high purity He flow. The catalyst was purged for
6 h and then evacuated for 1 h at room temperature in a He flow to
release the physically adsorbed butanoic acid. Next, the catalyst
was quickly transferred into the TGA sample container and was
further degassed at 50 °C for 1 h in the TGA system. The butanoic
acid saturated catalyst was heated up to 450 °C with a heating rate
of 10 °C/min in a 100 mL/min He flow.

A Bruker Equinox-55 Fourier transform infrared spectrometer
equipped with diffuse reflectance (DRIFTS) accessory (Praying
Mantis™ diffuse reflectance accessory, Harrick Scientific) was used
for the TPD-FTIR experiments. The reaction chamber (HVC-DRP,
Harrick Scientific) with KBr windows allows gas flow and heating
of the catalyst sample while simultaneous measurement of infra-
red spectra. The chamber can be heated up to 600 °C, and the tem-
perature was controlled by a Watlow (EZ-ZONE MP) temperature
controller. A DTGS detector was used. The spectra were recorded
between 4000 cm~! and 400 cm~! and collected by averaging 50

scans at a resolution of 4 cm~'. KBr powder was used as the spec-
tral background. About 50 mg of catalyst was loaded into the reac-
tion chamber for each test. The catalyst was first calcined at 500 °C
in a 20 mL/min air flow and cooled down to 50 °C in a 20 mL/min
He flow. Butanal was absorbed at 50 °C for 1 h and purged under
He for 30 min. The TPD was studied from 50 °C to 500 °C with
10 °C intervals.

3. Results and discussion
3.1. Characterization

A range of characterization techniques were used to analyze the
catalysts including XRD, N, adsorption, NH3-TPD and CO,-TPD.
XRD data (see Supporting Fig. S1) show that all the silica supported
catalysts are amorphous. This indicates that MgO and SrO were
either well dispersed on the silica support or formed an amorphous
magnesium or strontium silicate phase. The XRD pattern of MgO/
HY shows only the reflections for the crystalline HY support
material.

Table 1 summarizes the calculated BET surface areas, CO, and
NH3-TPD measurements of the catalyst materials. The BET surface
areas of the silica supported catalysts were similar, at about 110-
130 m?/g. The BET surface area of the calcined and spent MgO/SiO,
catalyst decreased slightly from 123 m?/g to 91 m?/g. The decrease
in the BET surface area is probably due to coke formation on the
spent catalyst. The BET surface area of MgO/HY is not valid because
HY is microporous (Cger = —38). The surface area of MgO/HY was
instead calculated using the Dubinin-Radushkevich equation to
give 551 m?/g. As we can see, the surface area of MgO/HY is signif-
icantly higher than the silica supported catalyst due to the micro-
porosity of the zeolite material.

The overall CO, and NH3 uptakes based on the total catalyst
weight are also listed in Table 1. The CO, uptake of the MgO cata-
lyst was 181 pmol/g cat. All the supported catalysts had much low-
er CO, uptake than the unsupported MgO catalyst, mostly due to
the dilution effect of the support. There was no CO, desorption ob-
served over the SiO, support alone. Among all catalysts, MgO/HY
had the highest NH; uptake of 610 pmol/g cat., followed by
MgO0—SrO/SiO, and Mg0/SiO,. MgO showed no NH5 uptake.

Fig. 1 shows the CO, and NHs-TPD profiles for the catalysts
studied. Table 2 lists the total CO, and NH3 uptakes on the basis
of metal oxide (MO) and the corresponding concentrations for
the different types of acid/base sites. Compared to the supported
catalysts, unsupported MgO had a much broader CO, desorption
range from a temperature of 112 °C to 338 °C in the CO,-TPD pro-
file. The low-temperature CO, desorption (about 100 °C) was re-
lated to the bicarbonate species, the medium temperature
desorption (about 200 °C) was related to bidentate carbonate and
high-temperature desorption (above 300 °C) was related to the
unidentate species, respectively [43-45]. The silica supported alka-
line earth metal oxide catalysts showed a much smaller desorption
at temperature of 200-340 °C. Three CO, desorption peaks were
observed for the supported catalysts at 100-110 °C, 140-150 °C
and 190-200 °C, indicating three types of sites interacting with
CO,. These peaks are probably bicarbonate (two types) and biden-
tate carbonate type species. The absence of unidentate carbonate
(low-coordinated 0%~) on the strongest basic site might be caused
by the dispersion of magnesium or strontium on the silica support.
The overall CO, uptake on an alkaline earth metal oxide basis was
three times higher for the SrO/SiO, (18.3 pmol/mmol SrO) com-
pared to the MgO/SiO; catalyst (5.9 pmol/mmol MO). The MgO—S-
r0/SiO, (26.2 pumol/mmol MO) had the highest CO, uptake. The
ratio of the high-temperature desorption peak, at above ~200 °C,
increased from 0.17 for MgO/SiO, to 0.21 for SrO/SiO, and to
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Table 1

N, CO, and NHj3 adsorption/desorption measurements for catalysts used in this study. (All catalysts were calcined at 550 °C).

Catalyst Metal oxide loading® (wt.%) BET surface area (m?/g) Basic sites® (umol CO,/g cat.) Acid sites® (pmol NHs/g cat.)
Fresh Spent®
MgO 100 95 - 181 0
MgO/SiO, 20 123 91 24 156
Sr0/SiO, 20 130 - 24 87
MgO—Sr0/SiO, 40 108 - 104 204
MgO/HY 40 5514 - 87 610
Si0, 100 150 - 0 7

2 Metal oxide loading refers to the weight of metal oxide over the weight of support.

P The basic sites were measured based on the CO,-TPD.
€ The acid sites were measured based on the NH3-TPD.
4 Calculated using DR method.

Table 2

List of the total CO, and NH; uptakes on a metal oxide (MO) basis and the corresponding concentrations for the different types of acid/base sites.
Catalyst MgO MgO/SiO, Sr0/SiO, MgO0—Sr0/SiO, MgO/HY Si0,
Total (pmol CO>/mmol MO) 7.2 59 18.3 26.2 12.2 -
T, (100-110°C) 0.125 0.44 0.34 0.19 0.26 -
T, (140-150 °C) 0.29 0.39 043 0.38 0.49 -
T5 (190-210°C) 0.07 0.17 - 0.42 0.14 -
T4 (~230°C) 0.40 - 0.21 - 0.12 -
Ts (~340°C) 0.11 - - - - -
Total (umol NH3/mmol MO) - 37.6 54.2 35.2 733 04
T, (180-210°C) - - 030 0.22 0.20 1
T, (240-260 °C) - 0.21 0.42 0.24 0.22 -
T3 (~280-300 °C) - 033 - 0.29 0.28 -
T4 (>340 °C) - 0.46 0.28 0.25 0.30 -

0.42 for StO—MgO/SiO,. This indicates that the mixture of SrO and
MgO is a stronger base catalyst compared to the silica supported
pure MgO and SrO catalysts.

Ammonia is a good electron donor and proton acceptor; thus, it
is a probe of Lewis and Brensted acid sites over solid catalyst sur-
faces [46]. Tsuji and coworker [23] reported NH; desorption over
MgO at ~100 °C due to the Lewis acid site of Mg?* from Mg?*—02~
pair. The NH3 desorption was conducted at room temperature in
that study. There is no NH5 desorption over MgO at our experimen-
tal operating conditions (NH3 adsorption and evacuation was per-
formed at 100 °C). A very small amount of NH5 uptake (6.7 pmol/

g cat.) was observed over SiO, support at ~210 °C, probably due
to the weak Lewis acid sites from surface silanol groups. The silica
supported MgO and SrO catalysts had a dramatically increased NH3
uptake of 156 and 87 pmol/g catalyst, respectively, indicating that
extra acid sites were formed when MgO and SrO were supported
on SiO,. This generation of strong acid sites over silica-magnesia
mixed oxides was also observed by Lépez and coworkers [47].
The NH3-TPD profiles show similar asymmetric shapes with broad-
ened peaks for all the silica supported catalysts. The total NHs up-
take over MgO—SrO/SiO, was about 203 pmol/g cat., slightly less
than the NH3 uptakes for MgO/SiO, plus SrO/SiO,. This probably

113,
co,

MgO-SrO/Sio,
143

11148 264 SrO/SiO,

TCD Signal (A.U.)

MgO/HY

NH,

MgO/HY

8,

TCD Signal (A.U.)

2 Sro/Sio,
195 MgO/Sio, 271361 MgO/SO,
112156 200 235
338
_/\/\ MgO MgO
I Sio, 211 e
50 150 250 350 450 100 200 300 400 500

Temperature (°C)

Temperature (°C)

Fig. 1. CO,-TPD and NH5-TPD thermograms of the studied catalysts with the desorption temperatures on each profile. All the signals were related to 300 mg of the studied

catalyst, and the signal for CO,-TPD of MgO was divided by 6 (50 mg).
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indicates that the number of acid sites is also related to the loading
of metal oxide over the silica supported alkaline metal oxide cata-
lysts. The NH3 uptake over MgO/HY was much higher than that of
silica supported MgO due to the extra acid sites introduced by the
acidic HY support. MgO/SiO, had the highest concentration of the
strong acid sites that desorbed at temperatures above 340 °C. The
acid strength over MgO—Sr0O/SiO, was similar to a mixed character
of both Mg0/SiO, and SrQ/SiO,.

A number of changes have been observed as the metal oxide is
added to the silica support. The base strength and the basic site
density (defined by the number of basic sites over catalyst surface
area) decrease dramatically. Strong acid sites are apparently gener-
ated when the metal oxide is mixed with silica. The modification of
silica with acid and base oxides and the characterization of the
acid-base character have been extensively studied in the literature
for many years [47-53], consistent with our experimental results.

3.2. Butanal condensation reaction

Fig. 2 shows the time-on-stream butanal conversion over the
MgO, Mg0/SiO,, Sr0/SiO,, MgO—Sr0O/SiO, and MgO/HY catalysts.
The reaction was conducted at 300 °C for 2 h. A summary of but-
anal conversions and product yields is shown in Table 3. The
MgO catalyst showed very low activity for butanal self-condensa-
tion with less than 4% conversion at 15 min reaction. This catalyst
also deactivated to less than 1% conversion after 2 h reaction. The
yield of EHEA over the MgO catalyst was initially 3.1%, and the side
products were heptanone and 2-ethyl-2-hexenol (EHEO) with
about 0.3% and 0.2% yields, respectively. However, the yield of
EHEA decreased to 0.2% after 2 h reaction. The only side product
observed after 2 h reaction over MgO was butanoic acid with
0.1% yield. The silica supported MgO catalyst showed dramatically
improved performance with 17.4% butanal conversion at 15 min
reaction. The yield of EHEA was 14.8% compared to 3.1% over
MgO, and the yields of the side products EHEO, heptanone (HPO)
and 2-ethyl-hexanal (EHAA) were 1.4%, 0.1% and 0.1%, respectively.
The MgO/SiO, catalyst deactivated to 5.1% conversion of butanal
after 2 h reaction with a butanoic acid yield of about 0.1%. SrO/
Si0, showed similar activity compared to MgO/SiO, with about
17.6% conversion of butanal, but a slightly increased yield (0.7%)
of double aldol addition product 2,4-diethyl-2,4-octadienal (EOEA)
and slightly decreased yield of EHEO. Compared to MgO/SiO-,
SrO—MgO/SiO, showed further increased activity with a 36.6%
conversion of butanal, and about 28.8% yield of EHEA, 2.4% yield

40
35 4
2 30 A
[= ]
o 25
g 20
c 154
o
© 10
5 .
0 m
0 20 40 60 80 100 120
Reaction Time (min)
—— SrO/Si02 ——8r0-Mg0/Si02 ——MgO/SiO2
—-—MgO —o— MgO/HY —e—SrO/Si02
—%— SrO-Mg0O/Si02 —a— MgO/Si02 —a—MgO
—e— MgO/HY

Fig. 2. Time-on-stream butanal conversion over the studied catalysts at 300 °C and
1 atm. The catalyst loading was 200 mg, and the butanal feeding rate was 1.2 mL/h
with a 60 mL/min He co-feed.

of EHEO, and significant amount of product EOEA (about 5.1%
yield), at 15 min reaction MgO/HY exhibited higher activity for
butanal conversion than MgO/SiO, with about 34% conversion ini-
tially. However, the yield of EHEA was only 18.3% for the MgO/HY
catalyst. All the catalysts studied including the unsupported and
supported alkaline metal oxide catalysts deactivated with time-
on-stream. There were noticeable amounts of butanoic acid ob-
served in the effluent, especially for the deactivated catalysts.
There was no heptanone observed over the catalysts that contained
SrO.

There is no simple relationship between the catalytic activity
for vapor phase butanal condensation and acid/base sites concen-
trations for these supported alkaline earth metal oxide catalysts.
Numerous previous reports showed that the reaction could be cat-
alyzed by acid-base bifunctional catalysts, which is consistent
with this study [23,29,39,41,54].

3.3. Reaction network

According to prior studies, there are two key reactions for but-
anal condensation in the gas phase including aldol condensation
and Tishchenko self- and cross-esterification reactions. Tish-
chenko-type esterification reactions could be catalyzed on acid,
base and acid-base bifunctional catalysts [23], the same with aldol
condensation. Therefore, esterification reactions always compete
with aldol condensation on the catalyst surface. As proposed by
Tsuji et al. [23], the cross-esterification reaction was preferred to
the self-esterification reaction due to a stearic or electronic effect
resulting from the structure of the aldol condensation dimer prod-
uct EHEA. Our experimental observations in this study are consis-
tent with this previous report since there was no butanol produced
(from hydrolysis of butyl butyrate) in the current experimental
conditions, while significant amounts of 2-ethyl-2-hexenol and
its isomer 2-ethyl-hexanal (from hydrolysis of cross-esterification
product) were detected.[23].

Ji and coworkers [31] proposed that the alcohol was produced
by the reduction of the aldehyde with surface hydrogen produced
through a parallel reaction. Idriss et al. [34] proposed that a small
fraction of the absorbed acetaldehyde could be completely decom-
posed to surface carbon, hydrogen and oxygen, thus providing the
reduction and oxidation source. Since the reaction in this work was
conducted in an inert atmosphere, the surface hydrogen source
might be generated by the dissociation of water from dehydration
of the aldol addition product. Moreover, ester hydrolysis could be
easily catalyzed by either acid sites or basic sites. The observation
of a small amount of butanoic acid over the deactivated catalyst in
this study further confirmed the hypothesis of the hydrolysis
mechanism of ester from Tishchenko reaction for the production
of alcohols, specifically, 2-ethyl-2-hexenol here. Another debate
is related to the C7 products. According to Idriss et al.’s proposed
reaction network [33,34,55], the C7 alkenes were produced by
reductive coupling of butanal. However, Luo and coworkers [35]
pointed out that the reductive coupling preferred to occur on the
reductive surface. The unsaturated aliphatic hydrocarbons were
possibly generated from the secondary reactions of the aldol con-
densation product, such as dehydroxylation or decarboxylation.
In other experiments, we performed furfural (which has no o-H
and therefore self-aldol condensation reaction could not occur)
condensation experiments in a He and H, atmosphere over MgO/
SiO,. The catalyst showed no activity at all for the reductive cou-
pling reaction. Therefore, the C7 alkenes are most likely produced
from hydrogenation/dehydration of heptanone from ketonization
of butanoic acid. The observation of heptanone for gas phase but-
anal condensation was also confirmed by Rode et al. [29] from an
FTIR study, consistent with our experimental observation.
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Table 3
Butanal conversion and product yield over the studied catalysts. Reactions were conducted at 300 °C with butanal feeding rate of 1.2 mL/h and the catalyst loading of about

200 mg.

Catalyst Reaction T (°C) Reaction time (min) Butanal conversion (%) Product yield (%)
EHEA C7AL C8AL BA HPO EHEO EHAA TEB  EOEA
MgO 300 15 3.7 3.1 - - - 0.3 0.2 - - -
120 0.8 0.2 - - 0.1 - - - - -
MgO/SiO, 300 15 17.4 14.8 - - - 0.1 1.4 0.1 - -
120 5.1 43 - - 0.1 0.1 0.1 0.4 0.1 -
MgO/HY 300 15 34.4 183 - 6.1 - 03 1.7 1.9 0.5 1.7
120 10.8 7.2 - 0.2 0.1 0.1 0.6 0.4 - 0.2
SrO/SiO, 300 15 17.6 15.3 - - - - 0.9 0.1 - 0.7
120 2.3 2.0 - - 0.1 - 0.1 - - -
SrO—Mg0/Si0, 300 15 36.6 28.8 - - - - 24 0.5 - 5.1
120 1.6 1.0 - - 04 - 0.1 0.03 - -

Note: EHEA: 2-ethyl-2-hexenal; C7AL: C7 alkanes; C8AL: C8 alkanes; BA: butanoic acid; HPO: heptanone; EHEO: 2-ethyl-2-hexenol; EHAA: 2-ethyl-hexanal; TEB: triethyl
benzene; EOEA: 2,4-diethyl-2,4-octadienal.

Therefore, from the time-on-steam product yields over the tion of reaction intermediate butanoic acid 2-ethyl-2-hexenol
studied catalysts and the discussions above, we proposed the ester (BAEHO), followed by hydrolysis to produce butanoic acid
reaction network for vapor phase butanal condensation as shown (BA) and 2-ethyl-2-hexenol (EHEO). Butanoic acid can further re-
in Scheme 1, including aldol condensation, dehydration, Tish- act to form heptanone (HPO) by ketonization. EHEO can be con-
chenko self- and cross-esterification reactions, hydrolysis, isom- verted to 2-ethyl-hexanal (EHAA) by isomerization. The butyl
erization, hydrogenation and ketonization. The primary reaction butyrate (BBA) can be produced by Tishchenko self-esterification
pathway is butanal self-condensation to generate B-hydroxyl reaction of butanal. BBA can further undergo hydrolysis to buta-
aldehyde (BHA) followed by the dehydration reaction for the for- noic acid and butanol or generate heptanone by ester ketoniza-
mation of a,B-unsaturated aldehyde EHEA. The EHEA can under- tion. Heptanone undergoes hydrogenation/dehydration to form
go dehydration/hydrogenation to form C8 alkanes or unsaturated C7 alkenes (C7AL). Since there is no C8 acid produced in the
C8 alkenes (C8AL), or EHEA can react with another butanal by a effluent, the reaction intermediate (BAEHO) is the preferred
second aldol addition producing 2,4-diethyl-2,4-octadienal product for the Tishchenko cross-esterification between EHEA
(EOEA). This product can undergo dehydration/cyclization to and butanal. Another possible Tishchenko product from EHEA
form 1,3,5-triethyl benzene (TBE). EHEA can also react with but- and butanal is 2-ethyl-2-hexenoic acid butyl ester, which was
anal by Tishchenko cross-esterification reaction for the genera- not shown in Scheme 1.
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Scheme 1. Proposed reaction network for gas phase butanal condensation. The compounds with * represent reaction intermediates not observed in this study. The aldol
condensation, Tishchenko esterification, ketonization and hydrolysis are able to be catalyzed by acid, base and acid/base bifunctional catalyst.
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Fig. 3. Time-on-stream butanal conversion over MgO/SiO, and SrO/SiO, catalysts at the different operating temperatures. The catalyst loading was 200 mg, and the butanal

feeding rate was 1.2 mL/min. Reactions were conducted in a helium atomsphere.

Table 4

Butanal conversion, catalyst apparent deactivation rate and product yields over Mg0O/SiO, and SrO/SiO, at different reaction temperatures.

Catalyst Reaction T Reaction time Butanal Apparent deactivation rate Product yield (%)
(°C) (min) conversion (%) (min~")
EHEA C7AL C8AL BA HPO EHEO EHAA TEB EOEA
MgO/ 300 15 174 0.0067 148 - - - 005 140 0.07 - -
Si0,
300 120 5.1 43 - - 0.10 0.04 035 0.07 - -
350 15 243 0.0019 182 044 - - 029 228 0.12 - 2.40
350 120 19.4 140 035 - - 029 1.78 - - 0.74
400 15 40.6 0.00014 188 0.89 296 - 097 337 093 0.12 4.06
400 120 40.0 230 064 168 - 132 408 084 0.18 3.56
SrO/ 300 15 17.6 0.0072 153 - - - - 0.93 - - 0.72
Sio,
300 120 2.3 20 - - 010 - 014 - - -
350 15 241 0.0017 190 080 - - - 1.86  0.02 - 1.08
350 120 19.3 15.7 029 - - 0.06 1.62 - - 0.27
400 15 44.2 0.0023 288 022 066 - 030 4.15 0.71 - 3.45
400 120 31.8 238 045 013 - 029 331 0.16 - 1.21

Note: Apparent deactivation rate was defined by the conversion of butanal at 15 min minus the conversion at 120 min over the conversion at 15 min and reaction time (min).
EHEA: 2-ethyl-2-hexenal; C7AL: C7 alkanes; C8AL: C8 alkanes; BA: butanoic acid; HPO: heptanone; EHEO: 2-ethyl-2-hexenol; EHAA: 2-ethyl-hexanal; TEB: triethyl benzene;

EOEA: 2,4-diethyl-2,4-octadienal.

3.4. Effect of reaction temperature

The temperature effect on the catalytic performance of butanal
condensation was studied over silica supported MgO and SrO cat-
alysts at 300 °C, 350 °C and 400 °C as shown in Fig. 3 and Table 4.
At 300 °C, Mg0/SiO, showed the lowest activity and the highest
apparent deactivation rate. The butanal conversion increased from
17% at 300 °C to 24% at 350 °C to 40% at 400 °C for MgO/SiO,. This
catalyst was stable at 400 °C. The yield of EHEA increased slightly
from 15% at 300 °C to about 19% at 400 °C after 15 min reaction.
The yields of other C8 products (C8AL, EHEO and EHAA) increased
with increasing temperature as well. The yield of C12 products
(EOEA and TEB) increased dramatically from 0% to 4.2% at 15 min
reaction. Meanwhile, the yield of heptanone increased from
0.05% at 300 °C to 0.3% at 350 °C to approximate 1% at 400 °C,
the C7 alkenes became noticeable with about 2% selectivity and
butanoic acid production disappeared at the temperature above
350 °C. These results indicate that the ketonization reaction, the
Tishchenko esterification reaction and the second aldol addition
reaction were all promoted by the increased reaction temperature
over MgO/Si0,. Mg0O/SiO, was stable during 2 h operation at
400 °C, which was presumably due to the increased ketonization

reaction that converted butanoic acid (strong adsorption species
on basic sites) to heptanone. The effect of butanoic acid was further
studied in the followed Sections 3.5 and 3.6. SrO/SiO, showed very
similar behavior at different reaction temperatures as MgO/SiO,.
However, SrO/SiO, was less stable at the elevated temperature,
and the C7 product selectivity (C7 AL and heptanone) was much
less than MgO/SiO,, indicating this catalyst had a lower reactivity
toward Kketonization. However, SrO/SiO, had high yield for the pri-
mary product EHEA with about 29% at 400 °C after 15 min reaction.
The spent catalysts were black indicating that coke formation oc-
curred with both catalysts, especially at 400 °C. Coking caused
the slow deactivation of the catalysts at high operating tempera-
tures, which was confirmed by in situ FTIR data as discussed in
Section 3.7.

3.5. Effect of butanoic acid

The effect of butanoic acid on the catalytic performance of va-
por phase butanal condensation was studied over MgO/SiO, at
300 °C and 400 °C as shown in Fig. 4 and Table 5. At 300 °C, the
MgO/SiO, catalyst deactivated very rapidly with a co-feed of
1 vol.% butanoic acid. The butanal conversion after 15 min reaction
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Fig. 4. Time-on-stream butanal conversion over the MgO/SiO, catalyst with co-feed
of butanoic acid (vol.%). The reactions were conducted at 400 °C in a 60 mL/min
helium flow. Liquid feeding rate was 1.2 mL/h, and catalyst loading was 200 mg.

decreased from 17.4% without butanoic acid co-feed to 4.9% at
15 min with the 1 vol.% butanoic acid co-feed. After 2 h, the cata-
lyst was almost completely deactivated with the 1 vol.% butanoic
acid in butanal feed, whereas the butanal conversion was main-
tained at 5.1% without co-feed of butanoic acid. At 400 °C, the but-
anal conversion decreased from about 40% to about 20% with
1 vol.% of butanoic acid in the butanal feed to less than 10% with
10 vol.% butanoic acid in the butanal feed. The catalyst apparent
deactivation rate increased from 0.00014 min~! to 0.0042 min~!
and 0.0016 min~! with co-feeds of 0 vol.%, 1 vol.% and 10 vol.% of
butanoic acid, respectively. A shift in the product distribution
was also observed with an increase in the yields of heptanone
and C7 alkenes. This provided additional evidence that C7 alkenes
are produced by ketonization of butanoic acid followed by hydro-
genation/dehydration as we proposed in the reaction network. The
yield of double adol addition product EOEA decreased from 4% to
2% with 1 vol.% butanoic acid to 0% with 10 vol.% butanoic acid,
indicating the reduction of the base strength over Mg0O/SiO, due
to the co-feed of the organic acid. The results reveal that butanoic
acid deactivates the MgO/SiO, catalyst at the lower operating tem-
perature of 300 °C. At higher temperatures, a small amount of the

Table 5
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Fig. 5. Derivative weight los§ over the butanoic acid daturated MgO/SiIONN¥NSIO/
Si0O; as a function of reagtion temperature. \

\

butanoic acid is able to be converted by ket§nization reactions,
thus the catalyst can maintain steady-state operation. However,
an increase in the butanoic acid concentration ir\ the butanal feed
decreased the catalyst activity at all the operating temperatures.

3.6. Butanoic acid TPD-TGA

Butanoic acid desorption was studied by temp¥grature pro-
grammed desorption. The MgO/SiO, and SrO/SiO, catalysts were
saturated with butanoic acid vapor at 50 °C and then\heated up
to 450 °C in a 100 mL/min flow of He. During the TPD) the total
weight loss due to the release of butanoic acid wds about
8.5 wt.% and 9.6 wt.% over MgO/SiO, and SrO/SiO,, respg&ctively.
The derivative weight loss over the butanoic acid saturateyl cata-
lysts is in Fig. 5. Two desorption peaks over Mg0O/SiO, weke ob-
served with one ranging from 50°C to ~300°C and the §ther
starting at ~350 °C. The low-temperature peak can be assigned
to the release of weakly bonded butanoic acid. The high-tempéeya-
ture peaks can be assigned to strongly bonded butanoic acid. SrQ/
SiO, shows a relatively stronger bond to butanoic acid with morg
weight loss at higher temperatures. The TPD experiment reveals
that butanoic acid can be strongly absorbed onto the surface of
MgO/SiO, and SrO/SiO,. At temperatures close to 300 °C, there is

Butanal conversion, catalyst apparent deactivation rate and product selectivity over Mg0O/SiO, with co-feed of butanoic acid.

Catalyst Acid in feed Reaction time  Butanal Apparent deactivation Product yield (%)
9 ; i (9 i1
(vol.%) (min) conversion (%)  rate (min"") EHEA C7AL DCSAL BA  HPO EHEO EHAA BBR TEB EOEA
MgO/ 0 15 17.4 0.0067 146 - - - 005 139 0.07 - - 1.51
Sio,
(300 °C) 120 5.1 44 - - 0.05 0.04 035 0.07 - - -
MgO/ 1 15 49 0.0089 39 - - - - 034 0 - - 043
Sio,
(300 °C) 120 0.5 05 - - - - - - - - -
MgO/ 0 15 40.6 0.00014 188 0.89 296 - 097 337 093 - 0.12 4.06
Sio,
(400 °C) 120 40.0 230 064 1.68 - 132 4.08 084 - 040 3.56
MgO/ 1 15 26.3 0.0042 156 1.00 0.79 - 1.00 250 032 - 0.08 2.16
Sio,
(400 °C) 120 14.8 10.1 075 - - 096 1.70 1.72 - - 0.47
10 15 7.1 0.0016 27 090 - - 1.60 037 - - 013 -
60 5.9 1.3 058 - - 201 - - - 0.10 -

Note: The product of BA is not shown here for the reactions with co-feed of butanoic acid.
EHEA: 2-ethyl-2-hexenal; C7AL: C7 alkanes; C8AL: C8 alkanes; BA: butanoic acid; HPO: heptanone; EHEO: 2-ethyl-2-hexenol; EHAA: 2-ethyl-hexanal; TEB: triethyl benzene;

EOEA: 2,4-diethyl-2,4-octadienal.
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still a significant amount of absorbed butanoic acid, which com-
petes with butanal and occupies the active sites, thus leading to
the deactivation of the catalyst. By increasing the reaction temper-
ature to above 350 °C, the butanoic acid will either decompose or
react forming heptanone, a compound that might be weakly
bonded to the surface of the catalyst. The result of the TPD exper-
iment is consistent with our kinetic studies, showing that temper-
atures above 350 °C are required to remove butanoic acid from the
catalyst surface.

3.7. Butanal-TPD-DRIFTS

In situ DRIFTS infrared spectroscopy was used to study the reac-
tion intermediates and the catalyst deactivation of butanal and
butanoic acid over the catalysts. A TPD type experiment was
undertaken by first adsorbing the reactant vapor onto the catalysts
surface and following the surface reaction using infrared spectros-
copy, with increasing temperature under a flow of inert gas (He).
Fig. 6 shows the TPD-DRIFTS spectra of butanal adsorption over
MgO/SiO- in the hydroxyl group region (4000-3200cm™'), the
C—H stretching region (3200-2400 cm™!) and the finger print re-
gion (1800-1200 cm™!). Due to the strong absorbance from the sil-
ica support, the spectra below ~1500 cm~' show poor signal-to-
noise ratio. Therefore, the reaction intermediates during the TPD
are difficult to identify. Here, we only discuss the vibrations above
1500 cm™. The in situ DRIFTS spectrum of the calcined Mg0/SiO,
before butanal sorption shows two hydroxyl bands: a sharp band
at 3742 cm~! assigned to the free hydroxyl groups from both the
silica support and magnesia and a broad band at 3666 cm™! attrib-
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uted to the hydroxyl groups from silica-magnesia mixed oxide
such as talc and forsterites [49]. After butanal adsorption and evac-
uation, the free hydroxyl band at 3742 cm™! is significantly de-
creased in intensity and slightly shifted to lower wavenumber of
3738 cm~}, indicating that the free hydroxyl groups were involved
in the adsorption process. In addition, a broad hydroxyl band at
~3400 cm™! appeared in the spectrum, which can be assigned to
the vibrations of associated O—H groups due to the water forma-
tion from the dehydration of the aldol product. The band at
3666 cm~! was not affected by increasing the temperature, which
might be explained in that the hydroxyl groups that give rise to the
band at 3666 cm~! were not accessible to the butanal molecules.
With increasing temperature, the new band at 3400 cm™! disap-
peared at 200 °C. This suggests that this band does indeed involve
strongly adsorbed water. The intensity of the band at 3738 cm™!
increased with increasing temperature, indicating the free hydro-
xyl groups were regenerated after butanal or reaction products
desorption.

The bands at 2970 cm™!, 2943 cm~' and 2884 cm™! can be as-
signed to v,5(CH3), vs(CH3) and 2vgA’ Fermi for absorbed butanal,
respectively (with reference to acetaldehyde over silica [56]).
These bands decreased with increasing temperature. The weak
band at 2740 cm~! can be assigned to the V(CH)aldehyde Vibration,
and this band completely disappeared at 200 °C. The sharp band
at 1740cm™! is due to the vibration of v(C=0). The band at
1640 cm™! is attributed to unsaturated aldehyde v(C=C), and the
broad band at 1590 cm ™' can be attributed to the formation of coke
[29,53]. Since C=C bonds and water are observed at 50 °C, it can be
concluded that the aldol condensation of butanal on the surface of
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Fig. 6. DRIFTS spectra of butanal absorbed on MgO/SiO, at different temperatures: (a) MgO/SiO, before butanal absorption; (b) 50 °C; (c¢) 100 °C; (d) 150 °C; (e) 200 °C; (f)
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Fig. 7. DRIFTS spectra of butanal absorbed on MgO at different temperatures: (a) MgO before butanal absorption; (b) 50 °C; (c) 100 °C; (d) 150 °C; (e) 200 °C; (f) 250 °C; (g)

300 °C; (h) 350 °C; (i) 400 °C; (j) 460 °C.

MgO/SiO, occurs at a temperature of 50 °C. The adsorbed butanal
and the aldol addition product (mainly v(CH),4 and v(C=0)) disap-
peared at 200-250 °C. The residue strongly adsorbed species con-
tributed to the formation of coke at temperatures above 350 °C.
Fig. 7 shows the TPD-DRIFTS spectra of butanal adsorption over
MgO in the hydroxyl group stretching region, the C—H stretching
region and the region between 1800 and 1200 cm™'. The surface
hydroxyl groups on MgO have been extensively studied [57-59].
There are four types of hydroxyl groups on the MgO surface related
to Mgfc+ - Of,; pairs, including isolated hydroxyls on Mg?* (A), iso-
lated multicoordinated hydrogen bonded with 0%~ (type B), mono-
coordinated  hydrogen-bond  acceptor (type C) and
multicoordinated hydrogen-bond donor (type D). Over the fresh
MgO catalyst, the sharp band at 3770 cm™! can be assigned to
the free type A hydroxyl groups, while the broad band at
3610 cm~! can be assigned to the type D hydroxyl groups over
MgO. After butanal adsorption and evacuation, both hydroxyl
groups over MgO were perturbed. The band at 3770 cm™~! was sig-
nificantly weaker in intensity and shifted to 3750 cm™!, and a new
broad band at 3400 cm™~! appeared due to the voy vibrations of
associated OH-groups [60]. With increasing temperature, the band
at 3400 cm™! shifted to high wavelength of 3500 cm~! at 150 °C
and disappeared at 200 °C. A new band at 3670 cm~! appeared at
temperatures above 200 °C, and the intensity of this band in-
creased with increasing temperature. The surface hydroxyl groups
over MgO changed completely with butanal adsorption and
sequential desorption at elevated temperatures, indicating the
strong interaction and surface reactions occurred with the ad-

sorbed species. The results are quite different from the observation
of Mg0O/SiO, butanal-TPD, where the surface hydroxyl groups are
involved in the adsorption process, but most of the sites can be
recovered from poison desorption at higher temperatures.

Similar with the butanal-TPD over Mg0O/SiO,, the aldehyde C—H
stretching band, v(CH).g, at 2735 cm™~! disappeared at 200 °C. The
bands at 1736 cm ™! and 1713 cm™! can be assigned to the stretch-
ing vibration of the carbonyl group v(C=0) due to the absorbed
butanal and/or the reaction intermediates [27,61], and the band
at 1672 cm™! was assigned to v(C=C) from 2-ethyl-2-hexenal
[27,29,56,61]. The intensity of C=0 and C=C bands increased to a
maximum at 150 °C and decreased with further increasing temper-
ature. The absorbed water band at 3400 cm™! shifted to 3500 cm™!
at 150°C along with the increase intensity of C=0 and C=C
stretching bands, indicative of side reactions other than the aldol
condensation reaction occurred. Further increasing the tempera-
ture to above 200°C, the C=0 band significantly decreased in
intensity. Compared to MgO/SiO,, significantly more residues were
observed on the MgO surface at 460 °C, including carbonaceous
species and coke or its precursors, which were strongly bonded
with the catalyst surface.

The butanal-TPD experiment over both MgO and MgO/SiO, gave
us insight into the catalytic surface chemistry. The MgO catalyst
surface was covered with significant amounts of carbonaceous spe-
cies that occupied the active sites at elevated temperatures due to
strong interaction of the butanal and its products with the MgO
surface. These products therefore deactivated the catalyst surface.
However, there was only a small amount of coke formed on the
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MgO/SiO, surface. Thus, the silica supported MgO catalyst had a
much longer lifetime for vapor phase butanal condensation at reac-
tion temperatures above 350 °C. At the lower reaction temperature
of 300 °C, the MgO/SiO, catalyst deactivated due to the strong
adsorption of butanoic acid produced from the side reactions as
discussed in Section 3.6.

3.8. Design of acid-base bifunctional solid catalysts for aldehyde and
ketone condensation

In this paper, we have demonstrated that silica supported MgO,
SrO and mixed MgO—SrO were active for vapor phase butanal con-
densation and stable at temperatures above 350 °C. In contrast,
MgO showed low activity and poor stability. The butanal-TPD-
DRIFTS revealed that MgO can catalyze butanal aldol condensation.
However, the interaction of adsorbed species with the pure MgO
surface is very strong, thus the produced products cannot be des-
orbed from the catalyst surface. Di Cosimo and Apesteguia [20]
studied the catalyst deactivation over MgO and the alkaline earth
promoted MgO catalysts in vapor phase acetone condensation. It
was found that MgO-based catalysts deactivated due to blockage
of basic sites by heavily oligomeric compounds formed from aldol
condensation, consistent with our experimental results. The stron-
ger the basicity of the promoted metal oxide, the more quickly the
catalyst deactivated. Ji and coworker [31] showed that the super
acidic sites on sulfate modified ZrO, led to the formation of coke
with little selectivity toward aldol condensation. Therefore, the
ideal catalysts for vapor phase aldehyde and ketone condensation
should be neither a strong acid nor a strong base, but have a com-
bination of acid and basic sites.

Numerous studies showed that the aldol condensation reaction
was facilitated by acid-base bifunctional catalysts [39-41,62,54].
The acid and base property of silica and alumina supported cesium
oxide has been studied by Tai and Davis [41] for vapor phase aldol
condensation of propionic acid with formaldehyde, and they found
that the reaction was promoted by a combination of Brgnsted acid
sites with base sites. Climent and coworkers [39] revealed that the
weak acid sites activated the vapor phase aldehyde by interaction
with the carbonyl group, facilitating the attack of the enolate inter-
mediate generated on the relatively weak basic sites. Furthermore,
Spivey and coworker [54] stated that the catalysts that exhibited
high condensation yields in vapor phase condensation had charac-
teristic low-temperature CO, and NH5-TPD desorption peaks in the
range of 50-300 °C and the absence of a high-temperature desorp-
tion peak at 300-550 °C. In addition, the activity was related to the
ratio of the weak acid/base sites. Thus, acid-base bifunctional cat-
alysts with moderate acid/base strength are desired for vapor
phase aldol condensation. Our characterization results indicated
that the addition of the SiO, to MgO and SrO caused a decrease
in the concentration of strong basic sites and the formation of
acidic sites. This facilitated the aldol condensation reaction over
silica supported alkaline metal oxides.

Considering the self-poisoning of the catalysts by acid by-prod-
ucts for aldehyde condensation, the ideal catalyst should also pos-
sess a surface that weakly bonds with carboxylic acid or the surface
is catalytically active for the ketonization reaction. Rare earth me-
tal oxides, for example, CeO, and La,0s, are well known for their
acid and base nature [63]. And the ceria-based catalysts have been
studied [11,64,65] for carboxylic acid ketonizations with high
activity. Recently, Kunkes et al. [8] conducted gas phase 2-hexa-
none self-condensation/hydrogenation reactions over a Pd/CeZrOy
catalyst at 300-400 °C. The catalyst showed high activity for C—C
bond formation reactions. Therefore, we might foresee that the sil-
ica supported ceria or ceria-based catalysts are excellent catalysts
for vapor phase aldol condensation. More work is required to tune
the acid/base properties of the catalyst surface by changing the

metal oxide loading, the support and the metal oxide composition
for vapor phase condensation reaction, particularly, to reduce the
acid strength for the elimination of coke formation and to deter-
mine the relationship between the acid/base sites and the catalytic
activity.

4. Conclusions

Vapor phase butanal self-condensation reaction was studied
over silica supported and unsupported MgO and SrO, in a fixed-
bed flow reactor. The strong solid base MgO catalyst showed low
activity and stability. The silica supported MgO, SrO and MgO—SrO
and MgO/HY had significantly higher initial catalytic activity. How-
ever, the supported catalysts deactivated quickly at 300 °C due to
poisoning by butanoic acid. Increasing the reaction temperature
to above 350 °C, the Mg0/SiO, and SrO/SiO, catalysts became rel-
atively stable and the butanal conversion increased from 17% to
24%. Butanoic acid was no longer detected in the effluent at these
higher temperatures. More heptanone and C7 alkenes were gener-
ated at higher temperatures through butanoic acid ketonization
reaction followed by hydrogenation/dehydration reactions. Further
increasing the reaction temperature to 400 °C increased the but-
anal conversion to 40%. SrO/SiO, showed relatively higher selectiv-
ity to the aldol addition product EHEA. Co-feeding the butanoic
acid inhibited the catalytic performance of MgO/SiO, due to the
strong adsorption of the butanoic acid. Butanal conversion was re-
duced from 40% to 26% to 7% with co-feed of 1 vol.% and 10 vol.%
butanoic acid, respectively, over MgO/SiO, at 400 °C. The reaction
network for vapor phase butanal condensation was also proposed.
The primary reaction pathway is butanal aldol condensation fol-
lowed by dehydration for EHEA. This reaction competes with Tish-
chenko-type esterification reactions. The cross-esterification
between EHEA and butanal is preferred to the butanal self-esterifi-
cation reaction. Other side reactions include double aldol addition,
ester hydrolysis, ketonization, isomerization, cyclization, hydroge-
nation and dehydration.

X-ray diffraction of the catalysts showed that silica supported
MgO, SrO and MgO—SrO catalysts are amorphous, indicating that
the alkaline earth metal oxides were well dispersed into silica sup-
port or form amorphous silicate compounds. The CO,- and NHs-
TPD showed that the base strength was much weakened and the
number of base sites was dramatically reduced over the supported
alkaline earth metal oxides. In addition, new acid sites were gener-
ated over silica supported catalysts as suggested by the strong NH;
sorption. Butanal-TPD-DRIFTS experiments over MgO and MgO/
SiO, showed significant differences between these two catalysts.
The surface of Mg0O/SiO, showed a relatively weak interaction with
adsorbed species, and most of the surface hydroxyl groups could be
recovered upon increasing the reaction temperature. A small
amount of coke was formed on the catalyst surface at elevated
temperature, which contributes to the slight deactivation of the
MgO/SiO, catalyst at high temperature. In contrast, the MgO sur-
face showed a strong interaction with butanal and the reaction
intermediates. The catalyst was covered by significant amount of
carbonaceous species and coke, contributing to the low activity
and short lifetime. The butanoic acid TPD-TGA experiment re-
vealed that both SrO/SiO, and MgO/SiO, had very strong bonding
with butanoic acid. The butanoic acid was converted by Ketoniza-
tion reaction when the temperature was increased above 350 °C.
The acid/base properties of alkaline earth metal oxides can be
tuned by the addition of the silica support that facilitated the vapor
phase aldol condensation reaction and reduced the coke formation.
The ideal catalyst comprises a combination of moderate strength
acidic and basic sites.
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