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CHAPTER 1
INTRODUCTION

1.1 Project I
Vanadium oxide is an important catalyst in the selective oxidation of hydrocarbons.
Crystalline V2O5 is known to selectively oxidize paraffins, di-olefins, alcohols and aromatic
compounds. The catalyst activity is usually high, but the selectivity to desired products is
low. Multiphase catalytic systems, such as V/Mo, seem to show promise for these reactions.
Selective oxidation of 1.3-butadiene on V/Mo systems has been reported by our group [1].
1,3-butadiene is a by-product of naphtha cracking for ethylene production. There is a large
interest in the use of the surplus 1,3-butadiene for a commercial oxidation process. Eastman
Chemicals has developed a process for the epoxidation of 1,3-butadiene over CsCl promoted
Ag catalysts to produce 3,4-epoxy-1-butene [2]. This reaction yields products such as maleic
anhydride and furan through intermediates like 3,4-epoxy-1-butene, 2-butene-1,4-dial and
crotonaldehyde.
Fontenot et al. [3,4] have reported the synthesis of vanadia gel materials derived from
peroxovanadate precursors by the reaction of V2O5 with H2O2. Peroxovanadates are attractive
precursors because of the ease of handling, room temperature synthesis and low cost. The
reaction chemistry allows for the inclusion of other metals, such as molybdenum, niobium
and rhenium, to form bi-metallic catalytic systems. This synthesis approach allows for the
formation of supersaturated solid solutions, which could not be synthesized by regular
techniques. Fontenot have characterized the vanadia gels derived from peroxovanadate
precursors using 51V and 17O solid state NMR spectroscopy.
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The oxidation of hydrocarbons on vanadia catalysts takes place by a Mars and van
Krevelen oxidation-reduction mechanism, where the active sites on the catalyst surface are
reduced during the reaction. The reduced sites are subsequently replenished by an oxidizing
agent. Vanadia gel catalysts derived from peroxovanadates have specialized sites for water
adsorption. Dissociative adsorption of water can replace the oxygen at the depleted sites, thus
making water the oxidizing agent in the redox mechanism.
A detailed experimental study of 1,3-butadiene oxidation on vanadia gels, vital to
understating the role played by water in the reaction mechanism, was performed as described
in Chapter 2. Selective oxidation runs were carried out on vanadia gels synthesized from
peroxovanadate precursors, with and without water addition, using 1,3-butadiene and its
oxidation products as hydrocarbon feeds. Appendix A includes a re-interpretation of the
results of a previous study of 1,3-butadiene oxidation on VMoO catalysts, carried out in our
group.

1.2 Project II
Mesoporous silica synthesized by supramolecular templating techniques [6] offers
interesting possibilities to incorporate organic functionality inside its pores. The silanol
groups on the silica surface can react with organosilanes to give organic-inorganic hybrid
mesoporous catalysts. Organic compounds which usually function as homogeneous catalysts,
can be immobilized on the surface, making post-reaction recovery easier. One such area
where

functionalized

mesoporous

silica

finds

application

is

the

acid-catalyzed

transesterification of free fatty acids. Acid functionalized mesoporous silica can be an
environmentally friendly substitute to using homogeneous sulfuric acid. The large pores
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allow easy access to the reactive sites thus reducing mass transfer limitations for bulky fatty
acid molecules. Different organic acids can be tethered to the silica surface, thus varying the
acidity of the catalysts. Characterization of these active sites within the pores of these
materials is essential to understanding their structure-function relationships.
Chapter 3 is a review of mesoporous silica materials, their synthesis techniques, the
mechanisms that explain the formation of these materials, ways to introduce functional
groups inside their pores, the experimental techniques used to characterize them and the kind
of structural information that can be obtained from these techniques.
Chapter 4 describes the results from quantum chemical simulation of pyridine and
collidine adsorption on the acid sites of functionalized mesoporous silica using restricted
Hartree-Fock (RHF) and Moller-Plesset second order perturbation (MP2) techniques. The
values of the desorption energies obtained by simulating the sorption of pyridine were used
to compare acid strengths of the active sites. The adsorption of collidine was also simulated
in order to correlate the pKa of the acid groups to the distortion of the O-H ·· N hydrogen
bond.
In Chapter 5, we have tried to compare our simulation studies with experimental
studies of the adsorption of pyridine on the active sites of functionalized mesoporous silica.
Insitu temperature programmed desorption (TPD) of pyridine was the technique employed to
calculate the desorption energy of pyridine on different types of acid sites.
Chapter 6 is a recommendation for further study of the acidic functional groups using
quantum chemical techniques, in which the interaction of the neighboring acid groups is
probed to understand the effect of proximity on the acidity of these groups.
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CHAPTER 2
1,3-BUTADIENE SELECTIVE OXIDATION ON VANADIA GELS
A manuscript prepared for Journal of Catalysis
D. C. Yeragi, W. D. Schroeder and G. L. Schrader*
Department of Chemical and Biological Engineering
Iowa State University
Ames, IA 50011, USA

Abstract
Vanadia gels synthesized from a peroxovanadate precursor have been used as
catalysts for the selective oxidation of 1,3-butadiene. These vanadia gels were previously
characterized using 51V and 17O MAS NMR spectroscopy [Fontenot et al., J. Phys. Chem. B
105, p10496 (2000) and J. Am. Chem. Soc. 124, p8435 (2002)]. These studies had shown the
presence of an incommensurate shifted layer (+- 1.7 Ao along a-axis and +- 0.5 Ao along the
b-axis) between two commensurate layers of the vanadia gel. This created a special site for
water adsorption in which the oxygen of the water molecule was adsorbed trans to the
vanadyl oxygen and the two hydrogen atoms co-ordinated with two vanadyl oxygens of the
next layer. Selective oxidation studies of 1,3-butadiene were carried out with and without
water addition to the feed stream to understand the role of oxygen sites and the water
adsorption site in the vanadia gel structure for hydrocarbon oxidation. The reaction
mechanism involved intermediates such as 3,4-epoxy-1-butetne, crotonaldehyde, 2,5dihydrofuran, 2-butene-1,4-dial and furan. These intermediates were also used as reactor feed
in order to elucidate the reaction mechanism and the role of water. The adsorption of water
trans to the vanadyl oxygen (V=O) formed an equilibrium structure resulting in the increased
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reactivity of the vanadyl oxygen species for 1,2-electrophilic addition across the C=C double
bond in 1,3-butadiene to form 3,4-epoxy-1-butene. A proposed dissociative mechanism of
adsorbed water on the catalyst surface resulted in acidic H+ species that participated in ring
opening mechanisms and nucleophilic O-2 species that could easily exchange with the lattice
oxygen sites, thus replenishing the catalytic activity.

*corresponding author (schrader@iastate.edu)
keywords: vanadia gel, 1,3-butadiene, hydrocarbon selective oxidation, mixed metal oxide
catalyst

2.1 Introduction
Vanadia-based materials are among important catalysts in oxidation reactions [1].
The chemistry of vanadia materials offers various avenues of synthesizing catalytically active
materials, such as foams [2,3], nanotubes [4,5], supported vanadia through sol gel techniques,
such as vanadia-silica [6-8] and vanadia-titania [9], mesoporous vanadia materials [10,11],
vanadia aerogels and xerogels. Vanadia gels are prepared by various methods, among them,
polymerization of vanadic acid [12,13], ion exchange with sodium metavanadate [14,15] and
hydrolysis of vanadium alkoxide [16]. Vanadia gels can also be synthesized from
peroxovanadate precursors by the reaction of H2O2 with V2O5. The solution chemistry of the
gelation process via the peroxovanadate route was reported by Fontenot et al. [17] using
insitu

51

V NMR and laser Raman spectroscopy. The peroxovanadate precursor route is the

most convenient for vanadia gel synthesis, because of the ambient reaction conditions and the
ease of handling.
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Crystalline V2O5 has an orthorhombic lattice structure. The space group symmetry is
given by Pmmn with lattice parameters a=11.51 Ao b=3.56 Ao and c=4.37 Ao [18]. The basic
VO6 distorted octahedral units that make up the solid matrix are linked together in the ab
plane by edge-sharing and corner-sharing oxygen atoms. Along the c-direction, the vanadyl
oxygen is co-ordinated to the vanadium atom in the adjacent plane. The 3-D structure of
V2O5 looks like a stack of sheets in the [001] direction as shown in Figure 1. The 3-D
structure of vanadia gels examined by electron microscopy shows a fiber-like texture [14].
These fibrils have the same short range order as V2O5. Vanadia gels deposited on a substrate
retain the lamellar structure of V2O5. XRD patterns of the gels, while diffuse, still show a
strong basal reflection from the (001) plane [15]. The formula for vanadia gels is represented
as V2O5.nH2O, where n quantifies the amount of water associated with the gel. There is a
peak shift towards lower Bragg angles as the water associated with the gel increases,
indicating a large d-spacing [19]. These layered gels form anisotropic coatings on substrates
and exhibit interesting electronic and ionic properties that can be exploited for specific
applications [20].
Aldebert et al. [12] studied the dehydration of V2O5.1.6H2O xerogels using XRD and
DTA. The dehydration was an endothermic process and occurred in steps going from n = 1.6
to 0.5 to 0.1 and finally crystalline V2O5. XRD patterns showed a short range onedimensional ordered structure with interlayer spacing of 11.55 Ao for n = 1.6 and 8.75 Ao for
n = 0.5 in the [001] direction. A stepwise loss of interfoliar water observed for up to three
layers going from n = 5 to 0.5 [19]. Two types of strongly bound water were also proposed,
one cross-linking the fibers by hydrogen bonds and the second whose oxygen was chemically
co-ordinated with the vanadium atom.
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Amorphous V2O5, prepared by cooling V2O5 melt, was studied by Sanchez et al. [21]
using infrared and laser Raman spectroscopy. The short-range order of amorphous V2O5 was
again found to be similar to that of crystalline V2O5. The IR and Raman spectra of
amorphous V2O5 hydrated up to n = 2.8 were not very different from the spectra of the
amorphous oxide, indicating that the water adsorption did not affect the co-ordination around
the vanadium atoms. However, ESR experiments [22] conducted after water adsorption on
amorphous V2O5 seemed to show a drastic change in the vanadium co-ordination. It was
suggested that the water adsorbed preferentially on the V+4 reduced ions in the amorphous
oxide. When a large amount of water was added to make the gel, the Raman frequency of the
vanadyl (V=O) stretch was found to shift from 995 cm-1 to 890 cm-1. This indicated a
weakening of the V=O bond by water, which was hydrogen-bonded to the oxygen atom. A
new peak at 711 cm-1 was attributed to the V-OH2 stretch showing that water was also
adsorbed, trans to the vanadyl oxygen.
Vibration spectra of the V2O5 xerogels were examined by Abello et al. [13] for
various levels of hydration. For n = 0.3, the spectra were similar to crystalline V2O5. The
water that was retained was either cross-linking the gel fibers by strong hydrogen bonds or
was trapped in the cavities of the V2O5 structure by weak hydrogen bonds. The IR band for
the OH stretch did not show a major shift supporting the authors’ claim that the water was
trapped in cavities.
Fontenot et al. [23] have postulated five different structures of vanadium sites in gels
derived from peroxovanadate precursors using

51

V NMR spectroscopy in conjunction with

TGA. The different slopes in the TGA plot indicated the weight loss due to removal of coordinated water from the different vanadium sites. As the dehydration progressed, a
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vanadium site with a shifted sub-unit below evolved, indicating a shear between the planes of
layered gels. This shear mechanism in vanadia gels was also reported by Kittaka et al. [24].
A tightly bound water co-ordination site was proposed by Fontenot et al. [23], with the H
atoms hydrogen bonded to the vanadyl (V=O) oxygens and the oxygen of the water molecule
co-ordinated with a vanadium atom in the adjacent plane.

17

O MAS NMR spectroscopy

labeling experiments by Fontenot et al. [25] showed that this was the preferred site for water
re-adsorption. The unique way in which water binds itself to the vanadia gel sites was due to
the presence of the shifted layer.
Theoretical calculations performed by Ranea et al. [26] for the molecular adsorption
of water on V2O5 (001) predicted that the water was adsorbed on two adjacent vanadyl
oxygens. Yin et al. [27] have also inferred from their calculations that the preferred sites for
molecular adsorption of water on V2O5 (001) [28] were (a) water hydrogen bonded to two
adjacent vanadyl oxygens and (b) directly co-ordinated with the exposed vanadium atom.
The water adsorption site proposed by Fontenot et al. [25] was in good agreement with these
theoretical results.
17

O MAS NMR spectroscopy of the vanadia gels re-hydrated with H217O carried out

by Fontenot et al. [25] showed that the oxygen from re-adsorbed water was found to readily
exchange with the oxygen sites in the gel, even at room temperature. A resonance structure
involving oxygen of the water and the vanadyl oxygen was postulated. An unassigned

17

O

signal observed at 600 ppm, which was an average of the V=O signal and the V-OH2 signal
was associated with this resonance structure. The dissociation of water into H+ and O-2
moeties could explain the high protonic conduction observed in vanadia gels [29]. The
reactive O-2 species were considered to exchange into the gel matrix. The ease with which the
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oxygen from the re-adsorbed water exchanged with the oxygen in the gel matrix makes the
vanadia gel an interesting candidate as catalyst for hydrocarbon selective oxidation reactions
with water addition to the feed stream.
Adsorbed and lattice oxygen species play a major role in these heterogeneously
catalyzed hydrocarbon selective oxidation reactions [30]. The oxygen species in these
reactions may be broadly categorized as electrophilic or nucleophilic. Molecular oxygen may
be activated on the catalyst surface as electrophilic O2- or O- species or nucleophilic O-2
species [31]. Likewise, the vanadyl oxygen (V=O) in the vanadia lattice structure are
considered to be electrophilic and the edge sharing (V-O) and corner sharing oxygen (V-OV) are considered to be nucleophilic. On vanadia, electrophilic addition reactions, such as 1,2
electrophilic addition across a C=C double bond or 1,4 electrophilic cycloaddition, take place
at the vanadyl oxygen, while nucleophilic addition reactions take place on the edge and
corner sharing oxygen [32]. The oxidation reaction can be explained by the Mars and van
Krevelen mechanism, wherein the oxygen incorporated into a hydrocarbon like 1,3-butadiene
comes from the catalyst lattice. The reduced catalyst surface is then restored to its earlier
oxidation state by adsorption of oxygen from the gas phase or from adsorbed water. This
replenishing of catalytic activity in hydrocarbon selective oxidation reactions is especially
interesting in vanadia gel catalysts because of the unique site for water adsorption and the
ease of exchange of oxygen species from water into the vanadia gel lattice. In order to
understand the role of oxygen sites in the vanadia gel structure and the oxygen from adsorbed
water, we propose to carry out selective oxidation studies of 1,3-butadiene with and without
water addition to the feed stream.
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2.2 Experimental
2.2.1 Catalyst Synthesis
A slurry of V2O5 (MW 181.88) was made in de-ionized water (10 g/L ≡ 0.11 M
vanadium). 30 wt % H2O2 was added to this slurry in the molar ratio of H2O2:V = 7.9:1.
H2O2 reacts with V2O5 to form a 0.1 M peroxovanadate solution. The solution was stirred
continuously during the reaction. The reacting mixture changed color from a yellow-orange
suspension to a clear reddish brown solution to a reddish brown sol. As it was allowed to dry
in ambient conditions, the stirred mixture formed layered gel material on the surface of the
reaction vessel. The vanadia gel was dried, powdered and sieved in a particle size range of –
40 +100 mesh.
2.2.2 Characterization
2.2.2.1 Thermogravimetric Analysis
The gel sample was heated under 40 sccm nitrogen flow from 50 to 500 oC at the rate
of 1 oC /min using a Perkin-Elmer TGA 7 instrument.
2.2.2.2 Laser Raman Spectroscopy
Laser Raman spectra of the pre-reaction and post-reaction gel samples were acquired
using a coherent diode pumped solid state laser (532 nm, 50 W at the source) and were
collected at 180o using a Kaiser Holospec f/1.8 spectrometer. The spectra were analyzed
using Winspec acquisition and processing software.
2.2.2.3 BET Surface Area
The BET surface area measurement of the gel was made using Micromeretics
adsorption equipment (Model ASAP 2000, Micromeretics Instruments Inc.).
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2.2.3 Experimental Setup
Figure 2 shows the schematic diagram of the experimental setup for studying the
reaction of 1,3-butadiene on the vanadia gel. The feed gas was a mixture of 1,3-butadiene
(1.39% in N2) (Matheson), Air (Air Products, zero grade) and Helium (Air Products, zero
grade). The composition of the feed gas was varied by controlling the mass flow rates of the
gases. The total flow rate of the feed gas was 50 sccm.
A helium-swept, vapor-liquid saturator was used to introduce hydrocarbons into the
reactor system. The V/L saturator was immersed in a cold bath (Brinkmann). The inlet
concentration of the hydrocarbons could be adjusted by changing the bath temperature or the
helium flow-rate. To study the effect of water addition, water was introduced into the system
by bubbling air through another vapor-liquid saturator. The water V/L saturator was placed in
an oven to keep it at a controlled temperature.
The fixed-bed reactor was a quartz tube (6 mm, ID) with a constricted end.
Approximately 0.2 g of the vanadia gel was loaded into the reactor for each experimental
run. Quartz wool plugs were placed above and below the catalyst bed. The reactor assembly
was enclosed in a furnace (Lindberg). The temperature of the reactor was measured using a
K-type thermocouple and controlled by a programmable temperature controller (Omega
Engineering). Prior to the reaction runs, the catalyst was pretreated to 275 oC in air flowing at
40 sccm.
The reaction products were analyzed in a Varian 3800 CP gas chromatograph using a
Carbosphere (-80+100 mesh) packed column for the thermal conductivity detector and CPselect 624 B, 3 μm megabore capillary column for the flame ionization detector.
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2.3 Results
2.3.1 Characterization
2.3.1.1 Thermogravimetric Analysis
Figure 3 shows the TGA weight loss curve for the gel due to desorption of
coordinated water molecules. The total water content of the gel was ~12.5 wt%. This
corresponded to n = 1.44 in the formula representation V2O5.nH2O. For vanadia gels
prepared by the same method, Fontenot et al. [13] have computed n value of 2.4 by TGA and
the interlamellar spacing of 13.2 Ao by XRD. The TGA plot showed four linear regions
corresponding to four different rates of water loss from 50 to 100 oC, 100 to 210 oC, 210 to
225 oC and 225 to 275 oC, consistent with the study of Fontenot et al. [23].
2.3.1.2 Laser Raman Spectroscopy
Laser Raman spectra were obtained for pre- and post-reaction catalysts. Figure 4
shows the spectra for pre-reaction vanadia gel and post-reaction samples obtained after
carrying out 1,3-butadiene selective oxidation runs at 225, 250 and 275 oC. The gels were
pretreated at 275 oC in flowing air, prior to carrying out the reaction runs. Strong peaks were
detected at 994, 698 and 525 cm-1. These high-energy peaks were assigned to stretching
vibrations corresponding to vanadyl V═O stretch, edge sharing V−O stretch and corner
sharing V−O–V stretch, respectively. The peaks corresponding to 407, 304, 285, 197 and 145
cm-1 were assigned to the low-energy V−O bending vibrations. No shift in peak positions
was observed while comparing the spectra of the pre-reaction sample to the post-reaction
samples. However, a new peak appeared at 872 cm-1 in the post-reaction sample spectra,
which was not observed in the spectrum of the pre-reaction sample. Figure 5 shows the Laser
Raman spectrum of a post-reaction sample obtained after carrying out 1,3-butadiene selective

14

oxidation run at 275 oC. This sample was pretreated at 500 oC in flowing air, prior to carrying
out the reaction run. This spectrum was compared to the spectrum of crystalline V2O5. The
spectrum of the sample was very similar to that of V2O5 indicating that a re-crystallization of
the gel had occurred at high temperature. The peaks in the V2O5 spectrum were better
resolved than those observed in the gels, because water associated with the gel structures
resulted in diffuse spectra. Post-reaction Raman characterization also revealed no shift in
peak positions when compared to the spectrum of crystalline V2O5.
2.3.1.3 BET Surface Area
The BET surface area of the dried vanadia gel was ~1 m2/g indicating that no
additional porosity was introduced apart from its natural state.
2.3.2 Reactor Studies
2.3.2.1 Effect of Temperature and Water Addition on 1,3-butadiene Conversion
Figure 6 shows the plot of 1,3-butadiene conversion (0.84% 1,3-butadiene, 50 sccm)
from 250 to 300 oC carried out with and without water addition (3%) to the feed stream.
Water (3%) was introduced into the reactor system by passing air through a vapor-liquid
saturator enclosed in an oven kept at 40 oC. For a given reaction temperature, the conversion
of 1,3-butadiene was found to increase when water was added into the reactor. Figures 7 and
8 show the selectivity of partial oxidation products of 1,3-butadiene without water addition
and with 3% water addition, respectively. Without water addition to the feed steam, COx, the
total oxidation products and furan were predominant. Upon water addition, the selectivity to
COx decreased. Crotonaldehyde and 2-butene-1,4-dial showed an increase in selectivity at
250 and 275 oC. Trace amounts of 3,4-epoxy-1-butene were also observed when water was
added to the feed stream.
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2.3.2.2 Selective Oxidation Products of 1,3-butadiene as Reactant Feed
a. 3,4-epoxy-1-butene
0.25% 3,4-epoxy-1-butene in air and helium (50 sccm) was added to the reactor by
bubbling He through a vapor-liquid saturator immersed in a cold-bath. The inlet
concentration was achieved by adjusting the bath temperature and the helium flowrate.
Figures 9 and 10 show the conversion of 3,4-epoxy-1-butene and the product selectivity
without water addition and with 3% water addition, respectively. The main reaction products
of 3,4-epoxy-1-butene were crotonaldehyde, 2-butene-1,4-dial and 2,5-dihydrofuran. The
selectivity to furan and COx was fairly low. Water addition did not seem to affect the
conversion of 3,4-epoxy-1-butene. The selectivity to crotonaldehyde increased while that
towards 2-butene-1,4-dial was found to decrease when water was added to the inlet stream.
Maleic anhydride was not observed as an oxidation product.
b. Crotonaldehyde
Figure 11 shows the conversion of trans-crotonaldehyde (0.25%, 50 sccm) without
water being added. The reaction products were 2-butene-1,4-dial, furan, 2(5H)-furanone and
maleic anhydride. With the addition of 3% water to the feed stream (Figure 12), the
conversion of crotonaldehyde jumped up from about 10% to 25% at 275 oC. The selectivity
towards formation of COx decreased from 44% to 27% at this temperature, with water in the
feed. The selectivity to furan went through a maximum at 250 oC and it increased in the
presence or water. Maleic anhydride selectivity increased from 5% to 10% at 275 oC with the
addition of water.
c. 2,5-dihydrofuran
2,5-dihydrofuran was a highly reactive species as compared with the other selective

16

oxidation products of 1,3-butadiene. As seen from Figure 13, conversion of up to 70% was
observed when 0.25% 2,5-dihydrofuran was introduced as the reactor feed at 50 sccm. The
main product was furan. Trace quantities of crotonaldehyde and 2,5-dihydrofuran were also
observed. The selectivity of furan dropped at 275 oC at which point maleic anhydride was
detected in the exit stream. The tendency of 2,5-dihydrofuran to undergo total oxidation to
COx was low. Adding 3% water increased the conversion of 2,5-diydrofuran as seen in
Figure 14. At 275 oC, the selectivity to furan was lower as compared with the runs carried out
without water. Selectivity to maleic anhydride also increased from 10% to 30% at 275 oC
with the addition of water.
d. Furan
The reactivity of furan on the vanadia gel catalyst was very low. 0.25% Furan in air
and He flowing at 50 sccm showed a conversion level only up to 5% in the absence of water
as can be seen from Figure 15. Most of the converted furan was completely oxidized to COx
at 225 and 250 oC. At 275 oC, the maleic anhydride selectivity was 40%. Upon addition of
water to the feed (Figure 16), the conversion of furan jumped from 8% to 35% at 275 oC. The
selectivity to maleic anhydride at 75% was also fairly high.

2.4 Discussion
The proposed reaction mechanisms resulting in the oxidation products of 1,3butadiene are shown in Figure 17. As discussed earlier, the oxygen species taking part in the
reaction may be broadly divided as electrophilic or nucleophilic. Molecular oxygen may be
activated on the catalyst surface as electrophilic O2- or O- species or nucleophilic O-2 species.
Vanadia gel catalysts have three types of lattice oxygen, vanadyl oxygen (V=O), edge
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sharing (V-O) and corner-sharing (V-O-V) lattice oxygen. The vanadyl oxygen is considered
to be electrophilic, while the other two lattice species are nucleophilic. The hydrocarbon C-H
bond is activated by an electrophilic oxygen species to form an alkyl radical, which is prone
to attack by a nucleophilic oxygen species. The oxygenated hydrocarbon species can desorb
from the surface leaving behind an oxygen vacancy. The reduced catalyst surface is then
restored to its earlier oxidation state by adsorption of oxygen from the gas phase or from
water.
In olefins, such as ethylene, the activation of the C-H bond is difficult, since it has
high bond dissociation energy of 468 kJ/mol [33]. The electrophilic oxygen species add
across the electron-rich double bond to form an epoxide. Silver catalysts supported on
alumina show high activity and selectivity for ethylene oxide [34]. This mechanism is
precluded in olefins containing an allyl C-H bond, such as propylene, since it is relatively
easy to activate the allyl C-H bond in propylene. 1,3-butadiene does not have reactive allyl
C-H bonds. On Ag/α-Al2O3 1,2 electrophilic addition of oxygen across the double bond gives
3,4-epoxy-1-butene [34].
Schroeder et al. [32] have proposed that the 1,2-electrophilic addition across the
double bond of 1,3-butadiene takes place on the vanadyl oxygen of a vanadia-molybdena gel
catalyst. 3,4-epoxy-1-butene is formed from 1,3-butadiene on vanadia gel catalyst via the
same mechanism. Addition of 3% water increased the conversion of 1,3-butadiene. As shown
by the
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O NMR spectroscopy experiments conducted by Fontenot et al. [25], water was

adsorbed between a commensurate and an incommensurate layer as shown in Figure 18. The
vanadyl oxygen and the oxygen of a water molecule formed an equilibrium structure as
shown in Figure 19. The oxygen species in this structure were deemed to be very reactive,
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thus increasing the conversion of 1,3-butadiene to its epoxide.
3,4-epoxy-1-butene was not observed as a reaction product in the oxidation of 1,3butadiene over vanadia gel without water addition. When water was added to the inlet stream
however, traces of 3,4-epoxy-1-butene were seen in the exit stream. This could be attributed
to the increased conversion of 1,3-butadiene in the presence of water. Also, water might
assist in the desorption of 3,4-epoxy-1-butene (competitive water adsorption scheme). 3,4epoxy-1-butene has never been observed as a reaction product in previous studies involving
1,3-butadiene oxidation [35-38]. The proposed mechanism for 1,3-butadiene conversion in
these studies was 1,4-electrophilic addition of oxygen across 1,3-butadiene to form 2,5dihydrofuran. The reason, 3,4-epoxy-1-butene was not observed as an oxidation product
could be that it was strongly adsorbed on the catalyst surface and underwent further reaction
before it could desorb as a product. Monnier [33] observed that the conversion of 1,3butadiene to 3,4-epoxy-1-butene on Ag/α-Al2O3 was suppressed when 3,4-epoxy-1-butene
was a feed additive. The strong adsorption of 3,4-epoxy-1-butene had a kinetic inhibition
effect on the 1,3-butadiene conversion. The catalyst activity was restored when the addition
of 3,4-epoxy-1-butene was stopped. It was suggested that the key to increasing the selectivity
towards 3,4-epoxy-1-butene was to lower its desorption energy by promoting the catalyst
with CsCl.
The kinetic inhibition effects of 3,4-epoxy-1-butene could be seen when it was added
as reactor feed. The main oxidation products of 3,4-epoxy-1-butene were crotonaldehyde, 2butene-1,4-dial and 2,5-dihydrofuran. Small amounts of furan and COx were also observed.
In the oxidation of 1,3-butadiene, however, the predominant products were furan and COx.
Maleic anhydride, observed during 1,3-butadiene oxidation was not observed when 3,4-
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epoxy-1-butene was the feed, while 2,5-dihydrofuran which is not seen as a reaction product
of 1,3-butadiene oxidation is observed when 3,4-epoxy-1-butene is the feed. The strong
adsorption of 3,4-epoxy-1-butene when it was used as feed blocked some of the vanadyl
oxygen (V=O) sites which are responsible for the allyl C-H activation. Hence, 2,5dihydrofuran is seen as a reaction product, since the fast allyl oxidation reaction to furan was
inhibited. This would also explain why maleic anhydride produced by 1,4-electrophilic
addition across 2-butene-1,4-dial at the vanadyl oxygen site was not observed as a reaction
product of 3,4-epoxy-1-butene oxidation. Selectivity towards furan formation was quite low.
Crotonaldehyde was formed by the acid catalyzed ring opening of 3,4-epoxy-1butene. It formed 2-butene-1,4-dial when it still had access to a C-H activation site as a
surface intermediate. If it desorbed from the surface, the site would be quickly blocked by
3,4-epoxy-1-butene. Crotonaldehyde and 2-butene-1,4-dial showed opposite selectivity
trends. The selectivity towards crotonaldehyde increased with an increase in temperature
indicating that higher temperatures facilitated the desorption of crotonaldehyde before it
could form 2-butene-1,4-dial. Accordingly, the selectivity towards 2-butene-1,4-dial
decreased with an increase in temperature. Crotonaldehyde and 2,5-dihydrofuran, the
competing products formed from 3,4-epoxy-1-butene also showed opposing trends in
selectivity. As the selectivity towards crotonaldehyde increased with increasing temperature,
the selectivity of 2,5-dihydrofuran decreased. Addition of water to the 3,4-epoxy-1-butene
feed stream increased the selectivity to crotonaldehyde. The H+ species formed by the
dissociation of water catalyzed the ring opening of 3,4-epoxy-1-butene to form
crotonaldehyde.
As a reactant, crotonaldehyde produced 2-butene-1,4-dial by allyl C-H abstraction
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and subsequent nucleophilic oxygen insertion at the allylic center. Water addition increased
the conversion of crotonaldehyde. Fontenot et al. [25] had shown that a complete dissociation
of water on the vanadia gel surface produced unstable O-2 species, whose existence depended
upon an equilibrium structure or a catalyzed process. They had shown that the nucleophilic
O-2 species could readily exchange into the lattice oxygen sites on the catalyst surface, which
are the active sites for nucleophilic addition reactions. Water addition aided crotonaldehyde
conversion by replenishing the nucleophilic sites responsible for 2-butene-1,4-dial formation.
Increased crotonaldehyde conversion and decreased COx formation upon water addition led
to higher selectivity for furan. Selectivity towards furan production went through a maximum
at 250 oC. This could mean that there was a steady state between the rate of ring closure of
crotonaldehyde to form furan and ring opening of furan on the catalyst surface. At a higher
temperature, the rate of ring opening of furan to produce maleic anhydride increased.
Using 18O(a) labeling studies, Crew and Madix [39] have shown that maleic anhydride
was formed from furan by a ring opening mechanism on Ag (110). O(a) activated the C-H
bond in the α-position to form an adsorbed surface species. Subsequent attack by O(a) at the
α-carbon and ring opening by C–O bond cleavage resulted in a butenedial type adsorbed
species. This species then underwent ring closure by the addition of O(a) across the 1,4positions. TPRS analysis of cracking fractions of maleic anhydride for
showed that the
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O experiments

O originating from the furan ring was not located on the ring of maleic

anhydride. Only a furan ring opening mechanism could explain the positioning of the ring
oxygen of furan outside the ring in maleic anhydride.
This ring opening mechanism was also observed by Xue and Schrader [40] while
performing transient FTIR studies for furan adsorption on a vanadyl pyrophosphate catalyst.
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When the catalyst surface, pre-adsorbed with furan was exposed to 10% O2/N2, the bands
attributed to adsorbed furan species decreased in intensity and new bands appeared at 1717
cm-1 and 1611 cm-1, which were assigned to an adsorbed, non-cyclic carbonyl species with
C=C bonds. Furan thus produced an unsaturated aldehyde type surface species. The authors
concluded that maleic anhydride formation from cyclic compounds like furan, 2(5H)furanone and 2,5-dihydrofuran occurred through a ring cleavage mechanism.
2,5-dihydrofuran produced furan as a predominant reaction product by a fast allyl-H
abstraction. Maleic anhydride was seen as a substantial reaction product only at 275 oC
through a ring opening mechanism of furan produced during the reaction. Traces of 2-butene1,4-dial and crotonaldehyde were found in the exit stream corroborating the ring opening
mechanism. Adding 3% water to the stream improved the selectivity to maleic anhydride
considerably. The reactive oxygen species in the equilibrium structure proposed in Figure 19
formed maleic anhydride by 1,4-electrophilic addition across a butenedial type adsorbed
species formed by the ring opening of furan. The same observations were made while using
furan as the feed. The reactivity of furan was quite low at 225 and 250 oC and most of it
oxidized completely to COx. Maleic anhydride was formed with reasonable selectivity only
at 275 oC and water addition improved the selectivity. The vanadyl oxygen is an important
active site taking part in hydrocarbon activation and electrophilic addition reactions. The
additional peak at 872 cm-1 in the laser Raman spectra of post-reaction samples could be due
to the weakening of the V=O stretch (994 cm-1) resulting from the adsorption of molecules
taking part in these reactions.
Using partial oxidation products of 1,3-butadiene as reactant feed thus provided an
insight into the mechanism of the 1,3-butadiene selective oxidation. In the absence of water,
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furan and COx were the predominant products. The addition of water modified the catalyst
activity to produce other selective oxidation intermediates such as crotonaldehyde and 2butene-1,4-dial with higher selectivity. Without water addition, maleic anhydride was
produced with relatively higher selectivity by the ring opening mechanism of furan. When
water was added to the feed stream, the selectivity of maleic anhydride decreased at 250 and
275 oC but increased at 300 oC corresponding to an increased rate of ring opening of furan.

2.5 Conclusion
Layered vanadia gel synthesized from peroxovanadate precursors was used as a
catalyst in the selective oxidation of 1,3-butadiene. TGA, LRS and BET surface area
techniques were used to characterize the catalyst. TGA plot showed four different regions of
weight loss corresponding to the loss of water from different types of co-ordination sites.
Laser Raman spectra of the pre-reaction and post-reaction samples did not reveal a shift in
the peak positions. A new peak at 872 cm-1 was observed for the post-reaction sample
corresponding to the weakening of the vanadyl stretch (V=O) due to adsorption of the
reacting molecules. BET surface area measurements indicated that the solid was in its natural
porous state. Selective oxidation runs were performed using 1,3-butadiene as feed, with and
without water addition to the feed stream. In order to understand the reaction mechanism,
several intermediate reaction products of 1,3-butadiene selective oxidation were used a
reactor feed with and without water. A shear between the planes of the vanadia gel resulted
in a special site for water adsorption. Water formed a resonance structure with the vanadyl
oxygen, thus increasing the reactivity of the oxygen species for the conversion of 1,3butadiene. The reaction pathway involved intermediates such as 3,4-epoxy-1-butene,
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crotonaldehyde, 2,5-dihydrofuran, 2-butene-1,4-dial and furan.
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Figure 1. Layered Structure of Vanadium Pentoxide.
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Figure 2. Schematic Diagram of the Experimental Setup.
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Figure 3. TGA Weight Loss Curve.
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Figure 4. Laser Raman Spectra of Pre-reaction and Post-reaction Samples.
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Figure 5. Laser Raman Spectra of Post-reaction Sample and V2O5.
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Figure 6. Effect of Reaction Temperature and Water Addition on 1,3-butadiene
Conversion.
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Figure 7. Selectivity of 1,3-butadiene Reaction Products (No Water).
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Figure 8. Selectivity of 1,3-butadiene Reaction Products (3% Water).
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Figure 9. Selectivity of 3,4-epoxy-1-butene Reaction Products (No Water).
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Figure 10. Selectivity of 3,4-epoxy-1-butene Reaction Products (3% Water).
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Figure 11. Selectivity of trans-crotonaldehyde Reaction Products (No Water).
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Figure 12. Selectivity of trans-crotonaldehyde Reaction Products (3% Water).
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Figure 13. Selectivity of 2,5-dihydrofuran Reaction Products (No Water).
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Figure 14. Selectivity of 2,5-dihydrofuran Reaction Products (3% Water).
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Figure 15. Selectivity of Furan Reaction Products (No Water).
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Figure 16. Selectivity of Furan Reaction Products (3% Water).
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Figure 17. Reaction Mechanisms for the Oxidation Products of 1,3-butadiene.
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Figure 18. Water Adsorption Site in Vanadia Gels.
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Figure 19. Equilibrium Structure of Adsorbed Water and Vanadyl Oxygen.
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CHAPTER 3
MESOPOROUS SILICA: BACKGROUND

3.1. Introduction
Ordered microporous materials, such as zeolites, are useful in catalysis for various
reasons.
1. They have high surface areas and adsorption capacity
2. Catalytically active sites can be generated within the framework of the solid
3. Ordered structure allows for shape selectivity in a product
Zeolites are an example of ordered porous materials, synthesized using molecular
templating. The largest zeolite pore dimension reported so far has been 10-12 Ao for some
metallophosphate materials [1,2]. Diffusion limitations play an important role in reactions
catalyzed by zeolites when the size of the reactant molecules is large. A rational way to
overcome this limitation would be to maintain the structural order, while increasing the pore
size.
In 1992, researchers from Mobil devised a novel way to synthesize mesoporous silica
based structures by hydrothermal reaction of aluminosilicate gels in the presence of
quaternary ammonium surfactants [3]. Thus, a 200 g solution of 26 wt % C16TMAOH
surfactant (hexadecyltrimethylammonium hydroxide) was mixed with 2 g alumina, 100 g of
trimethylammonium silicate (silica precursor) and 25 g of precipitated silica. The mixture
was placed in a static autoclave at 150 oC for 48 h. Upon cooling, the resulting solid was
filtered and washed with water, dried in air and calcined at 540 oC. These structures are
called the MCM-41 family of silica based mesostructures. TEM images of the sample
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showed a regular array of hexagonal channels in the calcined MCM-41 structures. The BET
surface area reported for this structure was >1000 m2/g. Since their discovery, mesoporous
materials have attracted a lot of attention in the fields of catalysis, separation and advanced
materials [4-10].

3.2 Synthesis of Silica-Based Mesostructures
3.2.1 Earlier Attempts at Explaining Synthesis Mechanism
The liquid crystal templating mechanism for the formation of mesostructures was
proposed by Kresge et al. [3]. The surfactant molecules aggregated in the solution to form
rod-like micellar structures. The aluminosilicate precursor in the solution occupied the space
between the rod-like micellar structures and formed the inorganic matrix between the
surfactant cylinders. The authors proposed that the encapsulation of the anionic
aluminosilicate species might have occurred in order to balance the charge of the cationic
surface of the micelle structure. Once the ordered array was established, subsequent thermal
treatment removed the surfactant template inside the array, thus resulting in the formation of
hexagonal channels. The size of the pores depended on the chain length of the surfactant. The
liquid crystal templating mechanism, however could not explain the formation of
mesoporous structures at surfactant concentrations far below the critical micellar
concentration [11]. Also, the formation of mesostructures was possible even with short chain
surfactants like C12TMAOH or C12TMABr which do not form rod-like micelles [12]. A
second pathway was proposed as a co-operative self-assembly of the ammonium surfactant
and the silicate ion well below the critical micellar concentration [13]. A schematic
representation of the pathways is shown in Figure 1.
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Using x-ray diffraction, thermogravimetric analysis,
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Si and insitu

14

N NMR

spectroscopy, Chen et al. [14] proposed that the liquid crystal phase was not present in the
synthesis medium during the formation of MCM-41. Consequently, this phase could not be
the structure-directing agent for the synthesis of mesoporous materials. The rod-like micelles
were initially randomly ordered in the solution. These isolated micellar rods were coated with
two or three monolayers of silica precursor and eventually packed to form the hexagonal
mesoporous structure. If surfactant removal was attempted before long-range order was
established, the material was not stable. Longer synthesis times allowed the condensation of
silicate species and resulted in stable structures, Again, this mechanism failed to explain the
formation of mesoporous structures below the critical micellar concentration.
Based on the results of 14N NMR spectroscopy, Steel et al. [15] proposed a modified
liquid crystal templating mechanism. The silicate source first dissolved into the reaction
medium to promote the formation of the hexagonal surfactant mesophase. The silicates were
organized into sheets with the cylindrical micellar rods ordered between the sheets. As the
mixture was allowed to age, the silica sheets began to pucker and collapse around the rods
and formed the hexagonal mesophase. If the concentration of the silicate species was higher,
the sheets would be thicker and puckering would not take place. In such a case a lamellar
structure would be obtained.
The charge density model was proposed by Stucky et al. [16] who suggested that the
MCM-41 phase could be derived from a lamellar phase. XRD results showed that the initial
phase of the synthesis mixture was layered and was formed by the electrostatic interaction
between anionic silicate groups and the cationic surfactant head groups. As the silicate
species began to condense, the charge density was reduced. The layers began to curve to
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maintain the charge density balance with the surfactant head groups. The lamellar structure
transformed into a hexagonal mesostructure.
3.2.2 Silicatropic Liquid Crystal Mechanism
Stucky and co-workers [17] proposed a co-operative templating mechanism for the
formation of silica mesophases. Prior to the addition of the silicate species, the surfactant was
in dynamic equilibrium between spherical or cylindrical micelles and isolated molecules.
Upon addition of the silicate source, there was multi-dentate binding of the anionic silicate
oligomers to the cationic surfactant by ion exchange with the OH- or Br- anions resulting in
the formation of organic-inorganic ion pairs. The organic micelles in the solution
disintegrated and the ion pairs aggregated to form silica-encrusted micellar structures. The
mesophase formed from these micellar structures was called the silicatropic liquid crystal
phase. The silicatropic liquid crystal phase exhibited behavior that was similar to a typical
lyotropic system, including a first order reversible transformation between lamellar and
hexagonal phases. The surfactant concentrations required to form silicatropic liquid crystal
phases were much lower. Using 2H,
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Si NMR spectroscopy and small angle neutron

scattering (SANS), Firouzi et al. [17] showed that while a 1% CTAB solution showed
isotropic micellar distribution, addition of the silicate species resulted in the formation of a
hexagonal mesophase. Figure 2 shows a schematic representation of the silicatropic liquid
crystal mechanism. Heating the silicatropic liquid crystal phase resulted in the
polymerization of the silicate species in the interfacial region. Formation of the
mesostructures was not determined by the pre-arrangement of a long-range order, but
through a charge density matching mechanism between the organic-inorganic ion pairs.
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3.2.3 Generalized Synthesis Scheme
Huo et al. [12,18,19] showed that the co-operative templating mechanism was not
limited to ion-pair formation between cationic surfactants (S+) and inorganic ions (I-). Since
the criterion of charge-density matching governs the assembly process, the principle could be
extended to prepare mesophases with different ion pairs. Thus, an anionic surfactant (S-)
could be used to form an ion pair with a cationic inorganic species (I+). If the surfactant head
group and the inorganic species have the same charge, counterions can be used to mediate the
mesostructure formation. These pathways can be represented as S+X-I+ where X- could be a
halide counterion, like Cl- or Br-, or S-M+I-, where M+ is a metal counterion, such as Na+ or
K+. If the pH is maintained below 2, the silicate ion is anionic and mesostructure formation
takes place by the S+X-I+ mechanism with a halide counterion. The resulting mesostructures
are known as acid-prepared mesostructures.
SBA materials, which are a form of acid-prepared materials have been synthesized by
Huo et al. [19]. Depending on the synthesis conditions, the geometry of the materials varied
from lamellar to cubic to hexagonal. The SBA materials had thicker pore walls than their
MCM counterparts. Tanev and Pinnavaia [20] showed that mesoporous structure formation
was also possible through a hydrogen-bonding interaction between neutral surfactant and
silicate species. Alkylamine (So) and hydroxylated TEOS (Io) produced mesoporous silicates
lacking long-range order and interconnected pores. The pore size was worm-like, instead of
rod-shaped cylinders. The neutral templating route produced mesostructures with thicker
walls and high thermal stability. The surfactant removal was possible by simple solvent
extraction due to the charge neutrality.
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3.2.4 Parameters Affecting Synthesis
3.2.4.1 Temperature
Synthesis temperature alters the rates of various processes that take place during silica
mesostructure synthesis, such as micelle formation, surfactant-inorganic ion pair formation
and inorganic species polymerization.
3.2.4.2 pH
Synthesis of SBA type materials is usually carried out at low pH. At high
concentrations of hydrogenhalogen solutions (used to lower the pH), the surfactant head
group and the halide ions form an electric double layer (S+X-). The resulting silicate species
are protonated to form cationic species. The positively charges silica species (I+) are attracted
to the surfactant halide pair (S+X-). This mechanism facilitates the easy removal of the
surfactant species.
3.2.4.3 Surfactant Chain Length
The pore size of the mesostructure depends upon the surfactant chain length. Larger
pore sizes can be achieved by increasing the chain length of the surfactant.
3.2.4.4 Ion Surfactant Ratio
The shape of the resulting mesostructure depends upon the initial inorganic
ion/surfactant ratio. At high surfactant concentrations, lamellar structures are favored. This
ratio has to be carefully controlled if the resulting structure is to be hexagonal.

3.3 Functionalized Mesoporous Silica
The surface of mesoporous silica is made up of silanol groups (Si-OH). Organic
functionality can be introduced on the silica surface by the formation of a covalent bond
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between the organic molecule and the surface silanol [21]. Immobilization of a catalytically
active component on the silica matrix can thus offer the best of both worlds of homogeneous
and heterogeneous catalysis. Large pore sizes imply lower mass transfer limitations and
increased access to the active sites, while maintaining heterogeneity offers reduced
downstream processing and increased catalyst reusability.
3.3.1 Grafting
Functional groups can be introduced on the mesoporous silica surface after synthesis
of the silica precursor. This method of introducing functionality is called grafting. Figure 3
shows the functionalization of mesoporous silica with different organic molecules by postsynthesis grafting [21]. In most cases, the organic molecules have alkyl chains as spacers
between them and the surface which allow increased access to the active sites during the
reaction. The main disadvantage of introducing functional groups on mesoporous silica by
post-synthesis grafting is the non-uniform distribution of the functional groups on the
surface. The functional groups tend to cluster around the pore mouth.
3.3.2 Co-condensation
. Co-condensation, also called one-pot mixing, is based on the simultaneous
hydrolysis and condensation of the silica precursor (TEOS) along with the functional group
precursor in the presence of the surfactant. This synthesis method results in a more uniform
distribution of the functional groups on the silica surface.

3.4 Acid-Functionalized Mesoporous Silica
An application where hybrid organic-inorganic functionalized mesoporous silica are
used is the transesterification of vegetable oils. Alkyl esters of vegetable oils with short chain
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alcohols, such as methanol or ethanol can serve as intermediates for bio-diesel fuel.
However, oils feeds contain large amounts of free fatty acid, which neutralizes the
homogeneous alkali catalysts used in transesterification. A way out is to first esterify the free
fatty acids in the vegetable oils. The pretreated oils can then be transesterified with the alkali
catalyst. Homogeneous sulfuric acid is generally used to catalyze the transesterification of
free fatty acids [22]. This poses handling and environmental hazards. It also adds to the
neutralization and separation steps. Acid-functionalized mesoporous silica is a heterogeneous
alternative to using sulfuric acid. The acidity of the mesoporous silica can be altered by
introducing different types of acid groups on the silica surface. Figure 4 shows the different
types of organic acids that can be introduced on the mesoporous silica surface.
Mbaraka et al. [23] have developed acid-functionalized mesoporous silica catalysts
for the transesterification of free fatty acids. n-Dodecylamine and Pluronic (a tri-block copolymer) were used as structure-directing agents. The catalysts synthesized with the amine
surfactant were called HMS (hexagonal molecular sieves), while those synthesized with
Pluronic were called SBA-15. Tetraethoxysilane (TEOS) was used as the silica source. (3Mercaptopropyl)trimethoxysilane (MPTMS) was the organic precursor used to introduce
organic functionality on the silica surface in the form of propylthiol groups. These thiol
groups were oxidized with H2O2 to form alkylsulfonic acid groups.
The performance of the acid-functionalized catalysts can be improved by creating a
molecular environment that will purge out the water generated during the reaction. To this
end, Mbaraka et al. [24] have introduced hydrophobic organic groups, such as methyl, ethyl
and phenyl, using the corresponding organosilane. These groups were introduced in two
ways, grafting on the silica surface after synthesis of the acid-functionalized catalysts or co-
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condensation during synthesis. In the absence of water, the co-condensed catalysts showed a
catalytic activity that was comparable to the acid-functionalized catalyst with no hydrophobic
groups. When 10% water was added to the reaction mixture, all of the multifunctionalized
catalysts showed a higher catalytic activity than the acid-functionalized catalysts with no
functional groups. Acid-functionalized mesoporous silica has been shown to be a promising
catalyst in transesterification of fatty acids [25,26].

3.5 Characterization Techniques for Functionalized Mesoporous Silica
3.5.1 BET Surface Area
BET surface area [27] and pore size distribution measurements are made from the
adsorption-desorption isotherms of nitrogen at 77 K (b.p. of nitrogen). As can be seen from
the plots in Figure 5, the isotherms show very little hysterisis indicating a narrow pore size
distribution [21].
3.5.2 X-Ray Diffraction
XRD patterns give information about the crystal structure, symmetry and d-spacing.
Figure 6 shows the XRD patterns of functionalized mesoporous materials [28]. The x-ray
wavelength used in this example was Co-Kλ (0.179 nm). Since the size range of silica
mesopores falls between 1.5-10 nm, the first order diffraction peaks are usually at an angle
lower than 10o.
3.5.3 Infrared Spectroscopy
Figure 7 is a typical example of the information that can be obtained from the IR
spectra of functionalized mesoporous silica [21]. The band at 3695 cm-1 depicts the silanol
O-H stretch of the parent material A. The consumption of silanol groups during
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functionalization can be monitored by the decrease in the intensity of this peak. In sample B,
functionalized with trimethylsiloxane, this band was observed at 3660 cm-1 due to the
hydrogen-bonded O-H. As the silylating agents became bulkier, it became difficult to convert
all of the free silanol groups. Thus, sample D showed some remnant silanol stretches.
Interaction of the O-H with the phenyl group shifted its band to 3616 cm-1.
Figure 8 shows the photoacoustic IR spectra of sulfonic acid-functionalized
mesoporous silica [29]. The sulfonic group precursor was MPTMS. C-H stretches of the
propyl chains were observed at 2900 cm-1. The S-H stretch of the thiol observed at 2580 cm-1
increased with increasing MPTMS concentration during synthesis. This peak was very faint,
because sulfonic acid-functionalization led to the disappearance of the S-H group. A new
stretch corresponding to the O-H of the sulfonic acid was observed between 3300-2500 cm-1.
3.5.4 Laser Raman Spectroscopy
Laser Raman spectroscopy measures the extent of scattering of the incident laser
radiation due to molecular vibrations. Jones et al. [30] have reported the band due to an S-S
stretch in MPTMS-functionalized mesoporous silica at 507 cm-1. The symmetric and the
asymmetric stretches due to the SO3- group were observed at 1040 and 1100 cm-1,
respectively. The S-C stretch was observed at 650 cm-1 due to remnant thiol or disulfide
groups. The band due to Si-C wagging is observed at 1300 cm-1.
3.5.5 Nuclear Magnetic Resonance Spectroscopy
Solid state NMR spectroscopy can be used to determine the different types of
chemical environments of characteristic nuclei in order to determine the molecular structure.
Figure 9 shows the 13C NMR spectra of functionalized SBA-15 catalyst structures using a triblock co-polymer [29]. Chemical shifts are referenced with respect to tetramethylsilane.
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Sample A, which is plain SBA-15 had some residual lines from the template. Thiolfunctionalized signals for carbon atoms next to the sulfur atom were observed at 27.9 ppm
and 11.4 ppm. Sulfonic acid-functionalized materials showed the peak for the carbon atom at
54 ppm.
NMR spectroscopy can also be used in novel ways to characterize the acidfunctionalized mesoporous silica catalysts. Margolese et al. [29] have used
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P NMR

spectroscopy to measure the acid strength of the active sites. Triethylphosphine oxide
(TEPO) was adsorbed on the surface acidic site. The isotropic shift of

31

P of the TEPO

depended upon the acid strength of the surface site; the greater the chemical shift, the higher
was the acidity.
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Figure 1. Liquid Crystal Templating Mechanism for the Formation of Mesoporous
Silica [3].
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Figure 2. Silicatropic Liquid Crystal Templating Mechanism [17].
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Figure 3. Introduction of Functional Groups on Mesoporous Silica by Grafting [21].
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Figure 4. Acidic Functional Groups for Mesoporous Silica.

(a) Arenesulfonic Acid

(b) Butylcarboxylic Acid

(c) Ethylphosphonic Acid

(d) Propylsulfonic Acid
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Figure 5. Nitrogen Adsorption Isotherms for Functionalized Mesoporous Silica [21].
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Figure 6. XRD Patterns at CoKλ (0.179 nm) (a) template-free Na-MCM-41, (b) assynthesized Si-MCM-41, (c) template-extracted Si-MCM-41, (d) fully silylated
Si-MCM-41 [28].
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Figure 7. FTIR Spectra of Functionalized Mesoporous Silica (A) Parent Material,
(B) [MCM-41]SiMe3, (C) [MCM-41]SiMe2Ph, (D) [MCM-41]SiMePh2,
(E) [MCM-41]SiMePh2/SiHMe2 [21].
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Figure 8. Photoacoustic Infrared Spectra of Extracted Functionalized SBA-15
Synthesized with Different Molar Ratios of MPTMS/(MPTMS + TEOS) in
the Initial Mixture: (A) 0, (B) 0.02, (C) 0.05, (D) 0.10, (E) 0.15, (F) 0.20 [29].
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Figure 9. 13C NMR Spectra of Functionalized SBA-15 [29].
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Figure 10. 31P NMR Spectra of TEPO Adsorbed Functionalized SBA-15 [29].
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CHAPTER 4
CHARACTERIZATION OF ACIDIC GROUPS IN FUNCTIONALIZED
MESOPOROUS SILICA USING QUANTUM CHEMICAL SIMULATIONS
A manuscript prepared for Journal of Catalysis
D. C. Yeragi, G. L. Schrader and B. H. Shanks*
Department of Chemical and Biological Engineering
Iowa State University
Ames, IA 50011, USA

Abstract
Mesoporous silica provides interesting opportunities for catalyst heterogenization by
tethering organic functional groups on the silica surface. Acid-functionalized mesoporous
silica catalysts were prepared by introducing functional groups, such as arenesulfonic acid,
butylcarboxylic acid, ethylphosphonic acid and propylsulfonic acid for applications such as
transesterification reaction of free fatty acids in bio-oils. Pyridine and collidine were used as
probe molecules to characterize the acid strength of these functional groups using quantum
chemical simulation studies. Restricted Hartree-Fock (RHF) and Moller-Plesset second order
perturbation (MP2) techniques were employed to simulate pyridine desorption from the
functional groups of the mesoporous silica. The values of activation energy of desorption,
elongation of the O-H bond, and O-H bond dissociation energy obtained from these studies
were used as metrics to compare acid strengths. The pyridine desorption energy values
obtained from MP2 simulations were 80.34, 66.95, 77.19, 82.18 and 54.08 kJ/mol for the
arenesulfonic, butylcarboxylic, ethylphosphonic, propylsulfonic acid and silanol groups,
respectively. Accordingly, butylcarboxylic acid was the weakest and propylsulfonic acid was
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the strongest acidic group for the functionalized mesoporous silica. MP2 simulation of
collidine adsorption on the different acid functional groups was performed. The distortion of
the O-H ·· N hydrogen bond upon collidine adsorption was correlated to the pKa values of
the acid functional groups.

*corresponding author (bshanks@iastate.edu)
keywords: functionalized mesoporous silica, pyridine, Hartree-Fock, MP2

4.1 Introduction
In 1992, researchers from Mobil devised a novel way to synthesize mesoporous silica
based structures by hydrothermal reaction of aluminosilicate gels in the presence of
quaternary ammonium surfactants [1]. These structures were called the MCM-41 family of
silica based mesostructures. TEM images of a sample showed a regular array of hexagonal
channels in the calcined MCM-41 structures. The BET surface area reported for this structure
was >1000 m2/g. Since their discovery, mesoporous materials have attracted a lot of attention
in the fields of catalysis, separation and advanced materials. Catalyst heterogenization can be
achieved by tethering functional organic groups to the mesoporous silica surface [2-7].
These hybrid organic-inorganic functionalized mesoporous silica materials find
application in reactions such as transesterification of vegetable oils. Alkyl esters of vegetable
oils with short-chain alcohols such as methanol and ethanol can serve as intermediates for
bio-diesel fuels. However current oil feeds contain a large amount of free fatty acid which
neutralizes the homogeneous alkali catalyst used in transesterification reaction. A way out of
this predicament is to first esterify the free fatty acids in the vegetable oils. The pretreated
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oils can then be transesterified with the alkali catalyst. The pretreatment step, i.e. the
esterification of free fatty acids, is catalyzed by homogeneous sulfuric acid [8]. Acidfunctionalized mesoporous silica can be used as a heterogeneous alternative to homogeneous
acidic media to catalyze the transesterification of the free fatty acids in bio-based oils [9-12].
The activity of the functional group in these catalytic materials depends upon the type of the
organic acid group. Figure 1 shows the different types of acid functional groups such as
arenesulfonic,

butylcarboxylic,

ethylphosphonic

and

propylsulfonic

acid

used

to

functionalize the mesoporous silica surface used in these studies.
Pyridine is used as a probe molecule to characterize the strength of the acidic sites in
the plain mesoporous silica materials using spectroscopic and temperature programmed
techniques [13-16]. While pyridine adsorption studies have been used for the characterization
of silanol groups in plain mesoporous silica, similar studies for acidic sites in functionalized
mesoporous silica have been lacking. Kinetic and titration studies are usually employed to
characterize the activity of acidic sites in mesoporous silica. Zeidan et al. [17] have used the
reaction of phenol and acetone to bisphenol A to study the activity of acid-functionalized
mesoporous silica. Mbaraka and Shanks [18] have used a strategy devised by Dufaud and
Davis [19] to synthesize coupled sulfonic acid-functionalized materials. They carried out
potentiometric titration experiments of mesoporous silica materials functionalized with
propylsulfonic and arenesulfonic acid groups. A Gran plot technique was used to determine
the relative pKa values in methanol.
Care has to be taken, however, while comparing acid strengths using kinetic and
titration techniques, because solvent effects can play an important role. Koujout et al. [20]
have observed such solvent effects, while comparing the acid strengths of sulfonated
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polystyrene resins and mesoporous silica using titration microcalorimetry. Molar enthalpies
of neutralization were computed for the sulfonated samples in aqueous and non-aqueous
media, such as acetonitrile and cyclohexane. The sulfonic acid groups supported on the
polystyrene support showed higher acid strength in water, while the sulfonic acidfunctionalized mesoporous silica were more acidic in non-aqueous media. The authors
concluded that, since the molar enthalpy of neutralization depends upon a number of factors,
such as proton loss from the acid, proton gain by the base, and changes in the solvation due
to formation of conjugate acid base pairs, ΔHneut values can be used as a measure of acidic
strength only when closely related solid acids are compared.
We propose to characterize the activity of acid-functionalized mesoporous silica with
pyridine as the probe molecule for different organic functional groups, keeping in mind the
afore-mentioned issues of comparing acid strengths. Restricted Hartree-Fock (RHF) and
Moller-Plesset second order perturbation (MP2) simulations of pyridine and collidine
sorption on acidic functional groups were carried out to compute desorption energies, O-H
bond dissociation energies, and pKa values of different acid functional groups.

4.2 Experimental
The sorption of pyridine and collidine on the functional groups of mesoporous silica
was simulated using Restricted Hartree-Fock (RHF) and Moller-Plesset second order
perturbation (MP2) techniques with 6-31G basis sets. Molecular structures were constructed
using MacMolPlot [21] and the GAMESS [22] program was used to carry out the
simulations. The amorphous silica base was modeled as a tetrahedral structure with the
terminal silicon atoms capped off with hydrogen atoms. Organic acid groups were attached to
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the silica base and simulations were carried out for geometry optimization and pyridine
sorption using individual molecules with the assumption that the organic acid groups are well
dispersed on the catalyst surface so as not to affect their neighboring groups. Since MP2
calculations take into account electronic correlation, these calculations become
computationally expensive. RHF optimized geometries were used as a starting point for MP2
simulations.

4.3 Results and Discussion
Table 1 shows the textural properties of the different acid-functionalized mesoporous
silica materials used in this study. The introduction of functional group precursors during the
co-condensation procedure may result in the functionalized silica having surface areas
smaller than the parent mesoporous silica material [6]. However, all the materials showed
surface areas in the range of 500-750 m2/g. N2 adsorption-desorption isotherms plotted
during the BET surface area measurements are typically of type I with narrow pore size
distributions indicating that the mesoporous structure was not drastically affected due to the
introduction of functional groups. The number of acid groups present on the surface was
computed from acid-base titration, validating the functionalization of the silica surface.
However, the quantification of the acid sites using this technique may not be accurate, since
the number of acid sites computed from titration results may not match the number
determined from elemental analysis [10].
The complexity of solvent effects that may be introduced while using acid-base
titration techniques can be avoided by characterizing acid strengths of solid materials by
studying the gas phase sorption of probe molecules [23]. Molecular simulation studies have
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previously been reported for solid acid catalyst characterization using probe molecules. Klier
et al. [24] have shown the use of DFT studies to simulate the sorption of nitrogen bases
including pyridine on sulfonic acid-functionalized mesoporous silica. Kohn-Sham orbital
energies were calculated to determine the binding energies of S 2p and N 1s orbitals for the
sulfonic acid groups and the adsorbing nitrogen bases, respectively. BE shift calculations
showed that S 2p core level of proton donating groups shifted to lower binding energies,
while the N 1s energies of the proton accepting bases shifted towards higher energies upon
adsorption. The experimental values obtained from XPS studies corroborated well with the
theoretical calculations.
We have used the Restricted Hartree-Fock (RHF) and the Moller-Plesset second order
perturbation (MP2) methods to simulate the adsorption of pyridine and collidine on the acidic
groups of functionalized mesoporous silica. Figure 2 shows the RHF optimized structures for
pyridine, hydrogen-bonded to the O-H of the acidic groups. The O-H ··· N bond is fairly
linear in all cases. Shenderovich et al. [25] have shown using the 15N NMR spectroscopy of
pyridine adsorbed on silanol groups of SBA-15 that a peak for pyridine cations, observed 170
ppm downfield of 15NH4Cl standard, was absent from the spectra and thus hydrogen bonded
pyridine, observed at ~251 ppm, was the predominant form on the silica surface. We apply
the same assumption for both the adsorption of pyridine, as well as collidine, on the acidic
functional groups.
Tables 2 and 3 show the desorption energies of pyridine for the different acid
functional groups from the RHF and MP2 simulations. RHF energies were obtained for the
structures shown in Figure 1 and the pyridine molecule. The sum of these values was
subtracted from the RHF energy obtained for the models in Figure 2 depicting pyridine
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adsorption on the individual acid sites. The difference was the desorption energy of pyridine.
The larger values indicate a stronger hydrogen-bond formation between pyridine and the
acidic O-H and thus a stronger acid. Accordingly, butylcarboxylic acid was found to be the
weakest acid followed by ethylphosphonic acid, arenesulfonic acid and propylsulfonic acid.
The simulated value of desorption energy of 54.08 kJ/mol is fairly close to the value of 54.2
kJ/mol reported by Zhao et al. [13] for pyridine desorbing off hydrogen-bonded silanol
groups. The Eades reported for pyridine desorbing off silanol groups is much higher at 91.4
kJ/mol. Shenderovich et al. [25] have disputed this claim by Zhao et al. [13] of reporting two
different desorption energy values. From

15

N NMR spectroscopy studies of pyridine

adsorption on mesoporous silica, they concluded that at room temperature, the pyridine
molecule performs an anisotropic rotational diffusion on the surface silanol coupled with a
surface diffusion, which would result in a single value of Eades for pyridine.
Table 4 shows the O-H bond dissociation energies calculated by using the RHF
technique. The dissociation energy values were calculated by computing the sum of the
energies of the pyridinium cation and the corresponding acidic anion and subtracting it from
the sum of the energies of the undissociated acid and pyridine. The trends in the values
obtained are commensurate with the desorption energy values for pyridine, butylcarboxylic
acid being the weakest and propylsulfonic acid, the strongest acid.
Since pyridine is hydrogen-bonded, the extension of the O-H bond upon pyridine
adsorption [26] would also be an indicator of the acid strength of the corresponding
functional group. Higher acid strength would be signaled by an ease of proton donation, i.e.
greater O-H bond elongation. For the RHF optimized structures, the O-H bond stretching was
calculated by computing the difference between the O-H bond lengths of the structures in
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Figures 1 and 2. In keeping with the observed trend for the experimental and calculated
energies of desorption, butylcarboxylic acid showed the smallest O-H bond elongation at
4.00%, followed by ethylphosphonic acid at 5.13%. As was observed before, the acid
strengths of arenesulfonic acid and propylsulfonic acid were quite similar, showing 6.98 and
7.19 % O-H bond elongation, respectively.
The lengthening of the covalent X-H bond as measured from neutron diffraction
studies of crystal structures has been modeled by Steiner [26] for various types of X-H ··· Y
donor-acceptor pairs, including O-H ··· N bonds, using Pauling valence bond order models.
The bonds between atom pairs are assigned bond orders, which are functions of the bond
distances. Pauling’s exponential model function is given by

⎛ r0 − r ⎞
s = exp⎜
⎟
⎝ b ⎠

(1)

where s is the Pauling bond order, r0 is the bond length with s = 1, r is the actual bond length
and b is a constant depending upon the atom pair. Bond order conservation requires that the
valence sum is unity at any atom type. Thus, for the hydrogen-bonded O-H ··· N system, at H

∑ s =1

(2)

For the hydrogen-bonded O-H ··· N system, there are two associated bond distances, rOH and
rHN. Equation (2) becomes

sOH + sHN =1

(3)

⎛ rHN − r0 HN ⎞
⎛ rOH − r0 OH ⎞
exp⎜ −
⎟ =1
⎟ + exp⎜ −
bOH ⎠
bHN ⎠
⎝
⎝

(4)

⎡
⎛ rHN − r0 HN ⎞⎤
rOH = r0 OH − bOH * ln ⎢1 − exp⎜ −
⎟
bHN ⎠⎥⎦
⎝
⎣

(5)
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The values of the parameters bOH = 0.371 Ao and bHN = 0.385 Ao were obtained by
Steiner [26] from structural data of various types of O-H ··· N systems using neutron
diffraction of crystals.
Lorente et al. [27] have measured the

15

N NMR spectroscopy chemical shifts of

collidine adsorbed on different types of carboxylic acids. These shifts were related to the
hydrogen-nitrogen bond order using the relation
δ (15 N) - δ ∞
⎛ rHN − r0 HN ⎞
= sHN = exp⎜ −
⎟
0
∞
δ -δ
bHN ⎠
⎝

(6)

where δ is the measured chemical shift, δ0 is the chemical shift at r0 HN and δ∞ is the chemical
shift at infinite distance to the hydrogen bond proton. Pure collidine was used to measure δ∞
and by choice of an appropriate frame of reference, δ∞ was set to zero. Equations 5 and 6 thus
are able to predict the values of rOH and rHN, based on the measured values of

15

N NMR

spectroscopy chemical shifts in collidine-adsorbed acid samples. The pKa values of the acids
were correlated by Lorente et al. [27] to the proton transfer co-ordinate (defined as rOH - rHN)
according to Equation 7.
pKa = − 3.5(rOH − rHN ) + 2.8

(7)

Molecular simulation of collidine adsorption offers the convenience of directly
measuring the O-H and H ·· N bond distances, as opposed to correlating them to measured
chemical shifts. Accordingly, the adsorption of collidine on the different acid functional
groups was simulated using the MP2 technique. Table 5 lists the bond distances measured
from the optimized MP2 structures and the resulting pKa values of the acid groups computed
using the correlation in equation 7.
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4.4 Conclusion

Molecular simulations employing quantum chemical techniques were carried out to
characterize the acid strengths of functional groups on mesoporous silica. RHF and MP2
techniques were used to simulate the sorption of pyridine and collidine on different types of
acid functional groups. Desorption energy values obtained from pyridine sorption studies
showed that butylcarboxylic acid was the weakest acid, while propylsulfonic acid was the
strongest acidic group. MP2 simulations were performed to study the effect of electronic
correlation due to the presence of the arene group next to the sulfonic acid group by
comparing the acid strengths of an arenesulfonic and propylsulfonic acid. The simulation
results did not show any significant effect of the presence of the arene group. Collidine
adsorption studies using MP2 provided a way to correlate the pKa values of the acidic groups
to the extension of the O-H bond upon adsorption.

Nomenclature

b

constant, Ao

r0

bond length at s = 1, Ao

r

bond length, Ao

s

Pauling valence bond order

Greek Symbol
δ

15

N chemical shift, ppm
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Figure 1. Acidic Groups Models for Functionalized Mesoporous Silica.

(a) Arenesulfonic Acid

(c) Ethylphosphonic Acid

(b) Butylcarboxylic Acid

(d) Propylsulfonic Acid
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Figure 2. RHF Optimized Models for Pyridine Adsorption on Acid-Functionalized
Mesoporous Silica.

(a) Arenesulfonic Acid

(b) Butylcarboxylic Acid

(c) Ethylphosphonic Acid

(d) Propylsulfonic Acid
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Figure 3. MP2 Optimized Models for Collidine Adsorption on Acid-Functionalized
Mesoporous Silica.

(a) Arenesulfonic Acid

(c) Ethylphosphonic Acid

(b) Butylcarboxylic Acid

(d) Propylsulfonic Acid
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Table 1. Textural and Acidic Properties of Functionalized Mesoporous Silica.

Sample

Arene
sulfonic
Acid

Butyl
carboxylic
Acid

Ethyl
phosphonic
Acid

Propyl
sulfonic
Acid

BET Surface Area (m2/g)

680

560

492

740

Pore Volume (cm3/g)

0.98

0.78

0.87

1.02

Mean Pore Diameter (Ao)

55

54

70

65

H+ (meq/g)

0.86

1.40

0.78

0.98

pKa (Gran plot)

2.84

4.65

3.93

2.95
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Table 2. Restricted Hartree-Fock Calculations of Pyridine Desorption Energies for
Acid-Functionalized Mesoporous Silica.
Arene
sulfonic
Acid

Butyl
carboxylic
Acid

Ethyl
phosphonic
Acid

Propyl
sulfonic
Acid

Silanol

Pyridine
Adsorbed
(Hartree)

-2600.9236

-1937.2471

-2276.4572

-2371.4613

-1707.5287

Pyridine
Desorbed
(Hartree)

-2600.8954

-1937.2254

-2276.4322

-2371.4325

-1707.5140

Difference
(Hartree)

0.0283

0.0217

0.0250

0.0288

0.0147

Desorption
Energy
(kJ/mol)

74.30

56.97

65.64

75.61

38.59

O-H Bond
Length
(pyridine
adsorbed) (Ao)

1.02625

0.98440

0.99082

1.02641

0.963093

O-H Bond
Length
(pyridine
desorbed) (Ao)

0.96034

0.95465

0.95273

0.95980

0.9426

O-H Bond
Elongation (%)

6.86

3.11

3.99

6.94

2.17

Sample
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Table 3. Moller-Plesset Second Order Perturbation (MP2) Calculations of Pyridine
Desorption Energies for Acid-Functionalized Mesoporous Silica.
Arene
sulfonic
Acid

Butyl
carboxylic
Acid

Ethyl
phosphonic
Acid

Propyl
sulfonic
Acid

Silanol

Pyridine
Adsorbed
(Hartree)

-2603.2937

-1938.9658

-2278.1996

-2373.3121

-1708.7601

Pyridine
Desorbed
(Hartree)

-2603.2624

-1938.9403

-2278.1702

-2373.2808

-1708.7395

Difference
(Hartree)

0.0306

0.0255

0.0294

0.0313

0.0206

Desorption
Energy
(kJ/mol)

80.34

66.95

77.19

82.18

54.08

Acidic O-H
Bond Length
(pyridine
adsorbed) (Ao)

1.06361

1.02486

1.032807

1.064681

1.00038

Acidic O-H
Bond Length
(pyridine
desorbed) (Ao)

0.99421

0.98544

0.982437

0.993302

0.97073

O-H Bond
Elongation (%)

6.98

4.00

5.13

7.19

3.05

Sample
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Table 4. RHF Calculations for O-H Bond Dissociation Energies for Acid-Functionalized
Mesoporous Silica.

Arene
sulfonic
Acid

Butyl
carboxylic
Acid

Ethyl
phosphonic
Acid

Propyl
sulfonic
Acid

Pyridinium Cation
(Hartree)

-246.9790

-246.9790

-246.9790

-246.9790

Acidic Anion
(Hartree)

-2353.7771

-1690.0610

-2029.2825

-2124.3176

Pyridine+Acid
(Hartree)

-2600.8954

-1937.2254

-2276.4322

-2371.4325

Difference
(Hartree)

0.1393

0.1854

0.1707

0.1359

Dissociation Energy
(kcal/mol)

87.41

116.34

107.12

85.28

Sample
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Table 5. Calculations for pKa based upon Pauling Valence Bond Order Models for
Acid-Functionalized Mesoporous Silica.
Arene
sulfonic
Acid

Butyl
carboxylic
Acid

Ethyl
phosphonic
Acid

Propyl
sulfonic
Acid

r O-H
(Ao)

1.089446

1.026657

1.036384

1.119708

r N ··· H
(Ao)

1.519814

1.711026

1.646816

1.435562

pKa
predicted

4.306

5.195

4.936

3.905

Sample
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CHAPTER 5
CHARACTERIZATION OF ACIDIC GROUPS IN
FUNCTIONALIZED MESOPOROUS SILICA USING
TEMPERATURE PROGRAMMED DESORPTION OF PYRIDINE
A manuscript prepared for Journal of Catalysis
D. C. Yeragi, S. L. Hruby, G. L. Schrader and B. H. Shanks*
Department of Chemical and Biological Engineering
Iowa State University
Ames, IA 50011, USA

Abstract
Experimental values for pyridine desorption energies were obtained using
temperature programmed desorption at 5 and 10 oC/min. The desorption energy value of ca.
30 kJ/mol observed for the acid-functionalized mesoporous silica samples was much smaller
than the values obtained from quantum chemical simulations. The TPD studies were
complicated due diffusion limitations of pyridine through the silica pores and due to the fact
that apart from the acidic groups, pyridine also adsorbs on the silanol groups, which are also
mildly acidic. Also, pyridine tends to form an inner non-hydrogen bonded core phase that is
rapidly exchanging with the hydrogen-bonded surface sites [Shenderovich et al., J. Phys.
Chem. B. 107, p11924 (2003)]. It is speculated that the inner-core phase is present when
pyridine was adsorbed on the acid-functionalized samples in our TPD studies. Since this
phase was not strongly bonded, it resulted in the low values of experimentally observed
pyridine desorption energies. To counter this problem, the silanol groups of the
functionalized

mesoporous

silica

were

capped

with

dimethyl

groups

using

tetramethyldisilazane as the capping agent during sample synthesis. The silanol-capped
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samples had the added advantage that the inner surface of the pores became hydrophobic,
thus preventing the formation of non-hydrogen bonded inner-core phase. Pyridine TPD
studies carried out with silanol-capped, propylsulfonic acid-functionalized mesoporous silica
showed results that corroborated well with the theoretical studies.

*corresponding author (bshanks@iastate.edu)
keywords: acid-functionalized, mesoporous silica, pyridine TPD, capped silanol

5.1 Introduction
Pyridine is used as a probe molecule to characterize the strength of acidic sites in
plain mesoporous silica materials using spectroscopic and temperature programmed
techniques. Zhao et al. [1] have quantified the surface silanol sites in MCM-41 type materials
using pyridine temperature programmed desorption. The lone pair of electrons on pyridine
interacts with the surface silanol groups through hydrogen-bonding. The surface silanol
group density was determined to be between 2.5-3.0 groups/nm2 depending upon the
template removal methods. Desorption energies calculated for the hydrogen-bonded and free
silanol were 54.2 and 91.4 kJ/mol, respectively. Jentys et al. [2] have used IR spectroscopy
with pyridine to determine the surface concentration of silanol groups in MCM-41. The
samples were prepared as self-supporting wafers and the spectra were obtained in a vacuum
cell that allowed the sorption of pyridine at different temperatures. Weakly adsorbed pyridine
was observed as a peak at 1449 cm-1. The concentration of SiOH groups was determined to
be ~0.8 mmol/g using a method based upon the intensities of the IR peaks.
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Ramirez et al. [3] have used TGA and DRIFTS with pyridine adsorption to quantify
the number of silanol groups on plain mesoporous silica. The IR spectra of the mesoporous
silica with pyridine adsorbed on it showed two bands, one at 1595 cm-1 which was assigned
to pyridine interaction with hydrogen-bonded silanol, and the other at 1446 cm-1 which was
assigned to pyridine interaction with weakly acidic, free silanol groups. The two types of
silanol groups were quantified based upon the areas of pyridine adsorption bands. The molar
absorptivity coefficients calculated for the 1595 and 1446 cm-1 bands were 0.25 and 0.62 cm1

μmol-1, respectively. The concentration of silanol groups on the mesoporous silica surface

estimated in this study was ~3.5 groups/nm2. A major contributor to this number was the
hydrogen-bonded silanol, which is not freely accessible to silylating agents due to its nonacidic character.
Hamoudi et al. [4] have studied the acidity of sulfonic acid-functionalized
mesoporous silicas with FTIR spectroscopy using pyridine. The samples were prepared as
self-supporting wafers and transmission IR spectra were obtained in a vacuum cell under
controlled temperature. A qualitative assessment of the Bronsted acid sites was performed by
identifying different peaks in the pyridine region (1400-1700 cm-1). The IR spectra showed
several absorbance bands at 1490, 1548 and 1640 cm-1, which were attributed to the
interaction of sulfonic acid sites with pyridine, forming a pyridinium ion. A broad band at
1460 cm-1 was assigned to a Lewis acid site generated from the surface sulfate species via the
electron inductive effects of the S=O bonds. IR spectra of samples that were not oxidized
showed two weak bands at 1447 and 1600 cm-1 for pyridine adsorbed on hydrogen-bonded
and free silanol groups, respectively.
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While pyridine adsorption studies have been used for characterization of silanol
groups in plain mesoporous silica, similar studies for acidic sites in functionalized
mesoporous silica have been lacking. Kinetic [5] and titration [6] studies are usually
employed to characterize the activity of acidic sites in mesoporous silica. The complexity of
solution effects that may be introduced while using acid-base titration techniques [7] can be
avoided by characterizing acid strengths of solid materials by gas phase sorption of probe
molecules. Koujout et al. [8] have used the adsorption of ammonia on sulfonated mesoporous
materials to characterize the acidity of the functional groups using the heat of adsorption.
Molecular simulation studies of sorption of probe molecules would also serve as an
excellent technique for solid acid catalyst characterization. Smith et al. [9] have shown the
use of density functional theory (DFT) studies to simulate the sorption of nitrogen bases
including pyridine on sulfonic acid-functionalized mesoporous silica. In chapter 4, we have
used Restricted Hartree-Fock (RHF) and Moller-Plesset second order perturbation (MP2)
techniques to simulate the sorption of pyridine and collidine on acidic functional groups in
mesoporous silica. The adsorption energy of pyridine, the dissociation of the O-H bond, and
the O-H bond deformation upon collidine adsorption were the parameters used to
characterize the acid strengths of functionalized mesoporous silicas.
In the present study, we propose to measure the desorption energy of pyridine
experimentally using a temperature programmed desorption technique. The objective of this
study is to compare the theoretically and experimentally observed values of desorption
energies of pyridine used to characterize the acid-functionalized mesoporous silicas.
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5.2 Experimental
5.2.1 Synthesis of Functionalized SBA-15 Materials
5.2.1.1. Arenesulfonic Acid-Functionalized SBA-15
Pluronic (P123) (4 g) (BASF, USA) was dissolved in 125 g of 1.9 M HCl at room
temperature under stirring. The solution was heated to 40 oC before adding tetraethoxysilane
(TEOS)

(98%

Aldrich).

Pre-hydrolysis

of

TEOS

was

allowed

for

45

min.

(Chlorosulfonylphenyl)trimethoxysilane (CSPTMS) dissolved in methylene chloride (50%,
Gelest) was added dropwise to prevent phase separation. The resulting mixture was stirred at
40 oC for 24 h, followed by aging at 100 oC for 24 h. The solid was filtered, washed with
methanol and dried in air. The surfactant template was removed by refluxing the solid
material in ethanol for 48 h. The sulfonyl chloride groups were hydrolyzed in acidic media.
5.2.1.2. Ethylphosphonic Acid-Functionalized SBA-15
After pre-hydrolysis of TEOS, (diethylphosphatoethyl)triethoxysilane (DEPTES) was
added and the solution was stirred at 50 oC for 24 h. The solution was then aged at 100 oC for
24 h under static conditions. The resulting solid was filtered and refluxed in ethanol for 24 h
to remove the template.
5.2.1.3. Propylsulfonic Acid-Functionalized SBA-15
Pre-hydrolysis of TEOS was allowed for 45 min prior to addition of (3mercaptopropyl)trimethoxysilane (MPTMS) (85%, Fluka) and H2O2. The mixture was stirred
at 40 oC for 24 h and aged at 100 oC for 24 h under static conditions. The resulting solid was
filtered and air-dried. The template was extracted by refluxing in boiling EtOH for 24 h. The
suspension was filtered and washed with EtOH and H2O.
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5.2.1.4 Propylsulfonic Acid-Functionalized SBA-15 with Capped Silanol
SBA-15 was functionalized with MPTMS following the same procedure as above.
After pre-hydrolysis of TEOS, (3-mercaptopropyl)trimethoxysilane (MPTMS) (85%, Fluka)
was added to functionalize the SBA-15 surface. The mixture was stirred at 40 oC for 24 h and
aged at 100 oC for 24 h under static conditions. The resulting solid was filtered and air-dried.
The template was extracted by refluxing in boiling EtOH for 24 h. The suspension was
filtered and washed with EtOH and H2O. Under nitrogen atmosphere, tetramethyldisilaze
was added to a suspension of the dried solid in hexane and the resulting mixture was stirred
for 24 h at room temperature. The sample surface was capped off with dimethyl groups by
the reaction of tetramethyldisilaze with remnant silanol. The resulting solid which was very
hydrophobic, was washed with EtOH and air-dried. The propylthiol groups were oxidized to
SO3H groups in a solution of H2O2 in methanol.
5.2.2 Characterization Studies
5.2.2.1 BET Surface Area and Pore Size Distribution
The BET surface area, pore size, pore volume and pore size distribution
measurements of the samples were determined using Micromeretics adsorption equipment
(Model ASAP 2020, Micromeretics) using N2. Prior to analysis, each sample was evacuated
for 5 h at 100 oC to ensure that there was no adsorbed moisture on the surface. The
adsorption and desorption isotherms used in evaluation of the BET surface area were
obtained at -196 oC.
5.2.2.2 Titration Studies
The total acid capacity of the materials was determined by titration with NaOH. In a
typical titration, 50 mg of the catalyst was added to 0.1 M NaCl solution after an initial pH
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measurement was recorded. 0.01 M NaOH solution was titrated into the stirred solution until
the initial pH was achieved. The total number of acid sites was calculated from the amount of
NaOH used. pKa values were determined by the Gran plot technique. A catalyst sample with
0.05 meq of acid sites was suspended in 100ml of 1.5 mM NaCl in methanol. The solution
was kept dilute to maintain conditions close to ideal and keep the activity coefficient close to
unity. The resulting mixture was titrated with 2 mM NaOH in methanol.
5.2.2.3 Temperature Programmed Desorption of Pyridine
The schematic diagram for the pyridine TPD studies is shown in Figure 1. The
samples were loaded in a TGA equipment (Perkin Elmer) and their weight loss was used to
monitor the desorption of pyridine. Prior to pyridine adsorption, the samples were heated
insitu at 250 oC under 20 sccm argon flow to remove traces of adsorbed water and
subsequently cooled to 115 oC. Pyridine was adsorbed insitu on the mesoporous silica
samples by channeling the argon flow through a vapor-liquid (VL) saturator. Sample
saturation with pyridine was monitored by the weight gain during adsorption. Upon
adsorption, the argon flow through the VL saturator was by-passed. TPD runs were carried
out at 5 and 10 oC/min from 115 to 500 oC.
5.2.2.4 FTIR Spectroscopy
Pellets were made by mixing 8 mg of each sample with 200 mg of KBr. Transmission
IR spectra were obtained with a Nicolet 6700 in the mid-IR region (4000-400 cm-1) at a
resolution of 4 cm-1 and 256 scans. The sample cell was flushed with nitrogen to remove
traces of moisture and air prior to recording the spectra.
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5.3 Results and Discussion
A TGA setup, shown in Figure 1, was used to monitor the weight changes of the
catalyst sample as pyridine was adsorbed on and desorbed from the surface. Since both, the
sample treatment and pyridine adsorption were carried out insitu, the initial weight loss
during TPD was attributed to chemisorbed pyridine desorbing off the acidic groups. Figures
2 to 4 shows the sample pyridine desorption weight loss curves as a function of the sample
temperature for the various catalyst samples as measured from 115 to 315 oC. Multiple runs
were carried out for some of the samples at two different heating rates, 5 and 10 oC/min. The
rate of desorption of pyridine was obtained by differentiating the sample weight with respect
to temperature, since the heating rate β was constant during the TPD experiment. A first
order desorption model of the form described by Equation 1 was fitted to the desorption data.

−

des
dN A
⎛ Ea ⎞
= exp⎜ −
⎟N
dT β
⎝ RT ⎠

(1)

where β = dT/dt. Rewriting Equation 1, we have
des
dN A
⎛ Ea ⎞
−
= exp⎜ −
⎟
NdT β
⎝ RT ⎠

(2)

des
A
⎛ dN ⎞ ⎛ Ea ⎞ 1
ln ⎜ −
⎟=⎜−
⎟ + ln
β
⎝ NdT ⎠ ⎝ R ⎠ T

(3)

⎛ dN ⎞
Equation 3 predicts that a plot of ln ⎜ −
⎟ v/s 1/T is a straight line with a slope of
⎝ NdT ⎠
-Eades/R. Figures 5 to 7 shows these plots for all of the samples. The calculations are
explained in detail in Appendix B. The values of Eades calculated from these plots are shown
in Table 2. Eades can be used as a metric to compare the acid strengths of various
functionalized silica samples. The larger its value, the stronger is the adsorption between the
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pyridine molecule and the acid site and hence, stronger is the acid strength.
The theoretical studies conducted in Chapter 4 show trends in the acidity of the
functional groups depending upon the type of group. However, there is a big disparity in
terms of the actual values obtained for the desorption energies from the TPD studies. A part
of the problem may arise from the fact that for each of the acid-functionalized samples, there
are two different types of sites on which the pyridine molecule can adsorb, viz. the acidic
functional group and the surface silanol groups. As seen from the simulation studies, the
desorption energy of pyridine from the silanol groups, while lower than the pyridine
desorption energy of the acidic groups, is still quite significant at 54.08 kJ/mol. Pyridine
molecules desorbing from the silanol groups can skew the actual value of desorption energy
expected for the acid-functional groups. However, this reasoning still cannot satisfactorily
explain the fact that experimental values of desorption energy are much lower, since we
would expect these measured values to fall between the range of 54 to 80 kJ/mol. We offer
the following explanations for the observed discrepancy.
Firstly, the controlling step in the desorption of pyridine from the surface of the acidfunctionalized mesoporous silica could be the diffusion out of the pores instead of the surface
reaction, viz. the surface pyridine desorption. Pore diffusion coupled with a first order
surface reaction results in the measurement of an apparent energy of activation. The actual
activation energy is twice the value of the measured, apparent activation energy. Table 2
shows that the measured values of activation energy are spread around 30 kJ/mol. The actual
energy of desorption could thus be around 60 kJ/mol, which is a weighted average of the
desorption energies of silanol (~54 kJ/mol) and the acidic functional groups (~80 kJ/mol).
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Secondly, room temperature 15N MAS NMR spectroscopy experiments carried out by
Shenderovich et al. [10] with excess pyridine adsorbed on MCM-41 and SBA-15 samples
show two pyridine signals of unequal intensities. The authors attributed these low field shifts
to pyridine that was rapidly exchanging between hydrogen-bonded surface sites and an inner
non-hydrogen bonded core phase. We speculate that the inner-core phase is present when
pyridine is adsorbed on the acid-functionalized samples in our TPD studies. Since this phase
is not strongly bonded, it results in the low values of experimentally observed pyridine
desorption energies.
One way to solve this problem would be to prevent the adsorption of pyridine on the
silanol

groups

by

capping

them

off

with

an

inert

molecule.

Accordingly,

tetramethyldisilazane was used as the capping agent. Tetramethyldisilazane reacts with two
silanol groups to form dimethyl caps on the sample surface [11]. Since tetramethyldisilazane
is basic, the thiol groups, which are the functional group precursors to sulfonic acid groups
on the silica surface, could not be oxidized to their acidic forms prior to the capping of the
silanol groups. Propylsulfonic functionalized silica samples with capped silanol groups were
prepared as described in the experimental section. Capping of silanol with dimethyl groups
has the added advantage that the environment inside the pores becomes hydrophobic. This
would also prevent the formation of the non hydrogen-bonded inner-core phase within the
pores.
In order to demonstrate the silanol capping procedure, FTIR spectra of the capped and
uncapped samples of propylsulfonic acid-functionalized silica were obtained as shown in
Figure 8. Figure 8(a) shows the spectrum of the MPTMS functionalized SBA-15 without
capping the silanol groups. A small peak due to the thiol stretch (νS-H) was observed at 2600
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cm-1. The O-H stretch (νO-H) due to the silanol groups was observed at 3743 cm-1. The group
of peaks in the range of 1350-1470 cm-1 and 2800-2900 cm-1 were attributed to the various
bending and stretching modes, respectively of the –CH2- groups that form the links between
the organic functional groups and the silica surface. Figure 8(b) shows the same sample when
the silanol groups were capped with tetramethyldisilazane. The peak at 3743 cm-1 is visibly
absent indicating the capping of the silanol groups with the dimethyl groups due to
tetramethyldisilazane. The IR absorption bands in the range of 1350-1470 cm-1 and 28002900 cm-1 also showed a marked increase in intensity possibly due to IR absorption due to
the –CH3 groups in the same region, thus corroborating the capping procedure. Comparing
the spectra in Figures 8(a) and 8(b), an unidentified IR peak at 2146 cm-1 was also attributed
to the presence of the dimethyl caps on the silica surface.
The capped samples were treated with H2O2 solution in methanol to oxidize the
surface thiol groups to the corresponding sulfonic acid groups. However, relatively strong
H2O2 solutions tend to remove the silanol caps. This was indicated by the loss of
hydrophobicity of the sample upon oxidation. FTIR spectra of the sample oxidized in a 2.5%
H2O2 in methanol [Figure 8(c)] shows the loss of the silanol caps due to the re-appearance of
the O-H stretch due to silanol at 3743 cm-1. Also the peak at 2146 cm-1, attributed to the
silanol caps completely disappeared indicating the leaching of the dimethyl caps in a strong
oxidizing environment. Oxidation in a weaker solution of H2O2 (1%) helped prevent this
problem as can be seen from the FTIR spectra in Figure 8(d). The spectrum in Figure 8(d)
also shows a faint peak at 3742 cm-1. Since the peak at 2146 cm-1, indicative of the silanol
caps, is also present and since the peak at 3742 cm-1 is not as prominent as seen in Figure
8(c), it may be attributed to the O-H stretch of the sulfonic acid groups indicating the
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oxidation of the thiol groups without leaching out the dimethyl caps on the silanols. The
oxidation of the thiol groups to sulfonic acid groups was also verified by measuring the pH of
the solution obtained by dissolving around 10 mg of the sample in 50 ml of methanol. A drop
in the solution pH was observed when the sample was added to methanol.
Pyridine desorption studies were carried out on propylsulfonic acid-functionalized
mesoporous silica with capped silanol groups. The hydrophobic nature of the mesopores
made the insitu gas phase adsorption of pyridine difficult. As a result, pyridine adsorption
was carried out by refluxing the sample in a Soxhlet apparatus for 24 h followed by
evacuation of the sample at 10 μmm Hg to remove the physisorbed pyridine. Figure 8(e)
shows the IR spectra of the sample with adsorbed pyridine. Peaks at 1600 and 1450 cm-1
were observed indicative of pyridine adsorption on the acidic functional groups. Figure 9(a)
shows the sample weight loss in a temperature programmed run. The weight loss was
attributed to the pyridine chemisorbed exclusively on the acidic functional groups. The
experimentally measured energy of desorption on the capped silanol samples is higher than
that measured on the uncapped samples. Figure 9(b) shows this measured value to be 41.095
kJ/mol. Assuming that this value is the apparent activation energy due to diffusion controlled
step in the pyridine desorption process, the actual activation energy would be 82.18 kJ/mol,
the theoretically predicted value for pyridine desorption from propylsulfonic acid groups.

5.4 Conclusion

Pyridine TPD studies were performed on acid-functionalized mesoporous silica
materials. Experimental values of desorption energies were calculated with a view to
compare these values with theoretical predictions. It is speculated that diffusion effects
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govern the desorption process resulting in measured values of desorption energies being the
apparent values. Adsorption of pyridine on silanol groups is significant as it results in a
weighted average value of the desorption energy being measured. Capping the silanol groups
gave a value of measured value of desorption energy which was more consistent with
theoretical predictions.

Nomenclature

A

pre-exponential factor

Eades

activation energy of desorption, kJ/mol

N

amount of pyridine adsorbed per unit surface area, mg/m2

R

gas constant, J/mol.K

T

temperature, K

Tp

peak temperature, K

Greek Symbol
β

heating rate, oC/min
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Figure 1. Schematic Diagram of the Pyridine TPD Setup.
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Figure 2. Pyridine TPD: Arenesulfonic Acid.
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Figure 3. Pyridine TPD: Ethylphosphonic Acid.
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Figure 4. Pyridine TPD: Propylsulfonic Acid.
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Figure 5. Activation Energy of Desorption: Arenesulfonic Acid.
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Figure 6. Activation Energy of Desorption: Ethylphosphonic Acid.
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Figure 7. Activation Energy of Desorption: Propylsulfonic Acid.
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Figure 8. FTIR Spectra of Acid-Functionalized Mesoporous Silica.
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(b) SBA-15-MPTMS-capped silanol.
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(c) SBA-15-SO3H-capped silanol (oxidized with 2.5% H2O2).
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(d) SBA-15-SO3H-capped silanol (oxidized with 1% H2O2).
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Figure 9. TPD of Pyridine on Propylsulfonic Acid-Functionalized Mesoporous Silica
with Capped Silanol.
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Table 1. Textural and Acidic Properties of Functionalized Mesoporous Silica.

Sample

Arene
sulfonic
Acid

Ethyl
phosphonic
Acid

Propyl
sulfonic
Acid

BET Surface Area (m2/g)

680

492

740

Pore Volume (cm3/g)

0.98

0.87

1.02

Mean Pore Diameter (Ao)

55

70

65

H+ (meq/g)

0.86

0.78

0.98

pKa (Gran plot)

2.84

3.93

2.95
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Table 2. Pyridine Desorption Energies (J/mol) from TPD Calculations.

Sample

o

5 C/min

10 oC/min

Arene
sulfonic
Acid

Ethyl
phosphonic
Acid

Propyl
sulfonic
Acid

Propyl
sulfonic
Acid w/
Capped Silanol

29659
31633
31984
29959

35176

27658
32674
29870
31008

41095
40411

29716
27180

27577
31027

39933
32065
32150

-
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CHAPTER 6
RECOMMENDATIONS:
EXAMINING THE PROXIMITY EFFECTS OF ACIDIC FUNCTIONAL GROUPS
ON THE ACIDITY OF FUNCTIONALIZED MESOPOROUS SILICA
USING QUANTUM CHEMICAL TECHNIQUES

6.1 Introduction
Formation of mesoporous silica was first reported by researchers at Mobil [1]. The
discovery of these materials has renewed an interest in catalyst heterogenization by tethering
functional organic groups to the mesoporous silica surface [2]. Our group has shown the use
of acid-functionalized mesoporous silica as heterogeneous alternative to using a
homogeneous acidic medium to catalyze important reactions such as transesterification of
free-fatty acids in bio-based oils to produce value added products for bio-diesel [3]. The
activity of the functional group in these catalytic materials depends upon the type of the
organic acid group, as seen in the study conducted in chapter 4, and its surface concentration,
which determines the proximity of the functional groups to each other. At increased loadings
of functional groups on mesoporous silica, the activity of the functional group may be
affected due to interactions with neighboring functional groups.
Synthesis of acid-functionalized mesoporous materials with high loadings in order to
study such interactions between neighboring functional groups can be tricky because of the
limit posed to the amount of acid precursor that can be added during co-condensation without
affecting the mesoporous structure [4]. Although, there has been a recent report in the
literature where sulfonic acid-functionalized mesoporous silica with high loading of MPTMS
was synthesized using a fluorocarbon surfactant [5].
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Dufaud and Davis [6] used a novel approach to synthesize coupled sulfonic acid
groups by grafting a disulfide precursor on the mesoporous silica substrate. The S-S bond in
the grafted precursor was de-coupled and oxidized to give coupled sulfonic acid groups. In a
subsequent study, Zeidan et al [7] observed a co-operative effect between sulfonic acid and
thiol groups in the reaction of phenol and acetone to bisphenol A. An enhanced reaction rate
and regioselectivity to p,p’-bisphenol isomer, as compared to homogenous reaction media or
a combination of homogeneous or heterogeneous media, was observed when the thiol and
sulfonic acid moeties were tethered to an SBA-15 matrix such that these two functionalities
were in close proximity. Mbaraka and Shanks [8] have used a same strategy to synthesize
coupled sulfonic acid-functionalized materials. They carried out potentiometric titration
experiments of mesoporous silica materials functionalized with propylsulfonic and
arenesulfonic acid groups. A Gran plot technique was used to determine the relative pKa
values in methanol. It was also found that as the functional group loading was increased, the
pKa value decreased, thus showing an enhancement of the acid strength through a proposed
co-operative effect due to the proximity of the acidic groups to each other.
Thornton and Gates [9] have studied the catalysis of –SO3H group networks
supported on a poly-styrene-divinylbenzene matrix for the dehydration of alcohols using insitu infra-red spectroscopy. These studies showed that the anhydrous network of the SO3H
groups have high catalytic activity, possibly due to hydrogen-bond donor acceptor properties
of the strongly bonded network. The authors proposed that the network of the –SO3H groups
was broken by the addition of polar compounds like water or alcohol, causing the protons of
the acid groups to be dissociated and hence, reduce the proton donor-acceptor strength of the
network. The catalyst activity diminished upon addition of water or alcohol.
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Koujout et al [10] observed the co-operative effects of sulfonic acid networks in
sulfonated polystyrene-divinylbenzene resins. The enthalpy of neutralization was measured
with aqueous NaOH using titration calorimetry. As the sulfonic acid loading of the resins
(measured as the internal solution concentration) increased from 0.8 to 5.11 meq/g, the molar
enthalpy of neutralization increased from 53.1 to 57.2 kJ/mol. The degree of dissociation of
the acid was measured by FT-Raman spectroscopy, based on the intensity of the –SO3- band
at 1033 cm-1. The acid groups in resins with higher sulfonic acid loadings were found to
remain relatively undissociated (20% or less) as compared to the resins with lower sulfonic
acid loadings (almost 100%). Catalytic activity for the liquid phase condensation of
cyclohexanone with ethylene glycol to 2,2-pentamethylene-1,3-dioxolane suggested that at
lower loadings, the sulfonic acid groups in the resins behaved like isolated groups in a
homogeneous aqueous solution. The elevated catalytic activity at higher loading was
attributed to the formation of undissociated –SO3H networks.
Theoretical studies employing quantum chemical techniques would provide an insight
into the acid strength and the interactions between the acidic functional groups. Wang et al
[11] have compared the acid strength of sulfonic acid-functionalized mesoporous silica and
H-ZSM5 with DFT simulation of acetone adsorption. Smith et al [12] have used DFT studies
to look at conformations of coupled sulfonic acid groups. A weak hydrogen bonding
interaction was observed between adjacent sulfonic acid groups. We have previously shown
the utility of quantum chemical techniques in characterizing the acidic strengths of various
acid-functionalized mesoporous silica materials by simulating the sorption of probe
molecules such as pyridine and collidine. The aim of the current work would be to use
quantum chemical tools to study the proposed effects of network interactions between
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adjacent sulfonic acid groups and the role of addition of polar solvents like water or methanol
in the energetics of these networks and the subsequently observed acidity.
Quantum chemical simulation of the functional groups of mesoporous silica would be
simulated using Restricted Hartree-Fock (RHF) and Moller-Plesset second order perturbation
(MP2) techniques with 6-31G basis sets. Molecular structures as shown in Figures 1 and 2
would be constructed using MacMolPlot [13] and the GAMESS [14] program would be used
to carry out the simulations. The amorphous silica base is modeled as a tetrahedral structure
with the terminal silicon atoms capped off with hydrogen atoms. Organic acid groups are
attached to the silica base. Simulations are carried out for geometry optimization using the
RHF method and further refinement by adding the effects of electron correlation using the
MP2 technique.
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Figure 1. Adjacent Sulfonic Acid Groups on Mesoporous Silica.
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Figure 2. Proposed Networks of Sulfonic Acid Groups in Close Proximity [10].
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APPENDIX A
SELECTIVE OXIDATION OF 1,3-BUTADIENE OVER VMoO CATALYSTS:
EFFECT OF WATER ADDITION
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Abstract
The effect of water addition on the pathway for 1,3-butadiene selective oxidation was
investigated over sol-gel derived VMoO catalysts. Addition of 0-12% water to a reactant
feed of 1.4% butadiene in an air-He mixture significantly increased catalytic activity and
selectivity for crotonaldehyde and furan. The effect of water addition on the conversion of
other intermediates such as 3,4-epoxy-1-butene, crotonaldehyde, and furan was also
investigated. Competitive adsorption was believed to occur between the hydrocarbon
products and water; formation of acid sites through dissociative adsorption of water was also
believed to be important. Temperature program desorption (TPD) experiments revealed five
distinct adsorption sites that could be associated with terminal V=O, corner sharing V-O-V,
and edge sharing V-O oxygen.

*corresponding author (schrader@iastate.edu)
keywords: hydrocarbon selective oxidation, metal oxide catalysts, vanadium-molybdenumoxides, 1,3-butadiene
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A.1 Introduction
Water addition during hydrocarbon selective oxidation can significantly alter catalytic
selectivity and activity. These effects often are system-specific and depend on the reactant
feed, temperature, catalyst structure or composition. In most studies, however, an
understanding of the effect of water addition on the reaction pathway has not been fully
developed for more complex selective oxidation reactions. Hudgins et al [1,2] examined the
role of water vapor in the selective oxidation of propylene over SbSnVO catalysts at 340 °C.
Water addition increased the reaction rate, and the selectivities to acrolein and acrylic acid
were enhanced. Water was proposed to competitively adsorb onto the surface, in effect
releasing oxygenated surface species; simultaneously, new sites better suited for acrylic acid
formation were activated.
Isotopic studies by Moro-oka et al [3] involving propylene oxidation over SnO2MoO3 catalysts showed that addition of H218O to the reactant feed produced
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O-labeled

acetone but unlabeled acrolein. They postulated that the dissociative adsorption of water by
the catalyst formed surface OH species that were a new source of reactive oxygen. Bulk
lattice oxygen was not available oxygen for acetone formation, although surface oxygen
species could readily exchange oxygen with adsorbed water.
Bulk catalyst structure and composition have also been shown to change due to water
addition. For VPO catalysts, room temperature addition of water to the reactant stream has
been shown to cause bulk structural transformations of αI-, αII-, δ−, or γ-VOPO4 to
VOPO4⋅2H2O [4]. Under extended treatment of these catalysts with water, further
transformation to V2O5 has been observed, due to phosphorous loss involving a
crystallographic shear mechanism [5]. Decreased 1,3-butadiene conversion and increased
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maleic anhydride selectivity due to water addition over these catalysts has been explained in
terms of competitive adsorption between water and oxygen on the catalyst surface,
participation by water in the reaction itself, changes in catalyst surface area, or phase
transformations [6-8].
Water adsorption on metal oxide surfaces such as V2O5 has been examined
extensively. Molecular adsorption has been considered most frequently for crystalline V2O5.
Although the actual coordination remains in question, theoretical models by Yin et al [9]
indicated that water prefers molecular adsorption involving vanadyl oxygen. Their periodical
density function calculations indicated that H-bonding between a single H and a surface O
occurs. Water adsorbed at the vanadyl site was associated with almost a 100% increase in
charge transfer compared to water adsorbed at corner-sharing or edge-sharing oxygen atoms.
Other models for water adsorption on V2O5 have proposed that both H are bonded to the
surface. Activation energy calculations for the V2O5 surface by Ranea et al [10] indicated
that the preferred models for water adsorption were: 1) H-bonding to two adjacent vanadyl
sites (in the b-direction) with an orientation parallel to the (001) plane, or 2) H-bonding to
two adjacent vanadyl sites (in the a-direction) with an orientation perpendicular with the
(001) plane. On non-ideal V2O5 surfaces, defects, steps, or reduced sites have been proposed
to facilitate dissociative adsorption [11,12].
H 2 O + O 2− → 2 OH −
VMoO catalysts are important catalysts in oxidation reactions [13,14]. In previous
studies of 1,3-butadiene selective oxidation to maleic anhydride over sol-gel derived VMoO
catalysts [15], we have reported that addition of 2.5% water to the overall feed resulted in a
significant increase in conversion. A reaction pathway for this catalysis was proposed that
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included intermediates such as 3,4-epoxy-1-butene, crotonaldehyde, furan and 2-butene-1,4dial. Water addition enhanced the selectivity to crotonaldehyde and furan while formation of
maleic anhydride and carbon oxides decreased. In a recent series of publications involving
vanadia sol-gel catalysts we have also reported the characterization of associated water.
Using 51V and 17O MAS NMR spectroscopy, it was found that for the hydrated vanadia gels,
water was coordinated in several different ways, including hydrogen bonding to the vanadyl
oxygen, or coordination of the oxygen atom directly to vanadium (trans to the V=O bond)
[16,17]. Recently, we have related these results to the characterization of the VMoO
catalysts, using 51V MAS NMR and EPR spectroscopies [18].
The objective of our current work has been to more completely determine the role of
water in enhancing the catalytic performance of VMoO materials for 1,3-butadiene selective
oxidation. These studies involved co-feeding of water to the di-olefin feed, as well as to other
feeds of intermediates believed to be involved in the reaction pathway. The effect of water
adsorption or reaction was analyzed in terms of proposed active sites on the catalyst surface.
In addition, the effect of Mo concentration on adsorption properties in the VMoO solid
solution was studied.

A.2 Experimental
A.2.1 Preparation of VMoO Catalysts by Sol-Gel Synthesis
Catalysts with compositions of 3.5 and 14.0 mol% MoO3 in V2O5 (Catalysts A and B,
respectively) were prepared using a hydrogen peroxide-based, sol-gel preparation method
[15,19-21]. (NH4)2MoO4 (Fisher Scientific) was added to de-ionized water and gently heated
to ensure complete dissolution. In a separate flask, V2O5 (99.9%, Alfa-Aesar) was added to
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de-ionized water and stirred. After approximately 5 minutes, a 30% aqueous solution of H2O2
(Fischer Scientific) was added to the V2O5-H2O slurry. Within minutes the solution turned
from orange to clear red, and the molybdate solution was added. The solution turned dark red
and then light orange or yellow. Once the gel had formed, the remaining water was poured
off the samples, and the samples were covered with n-pentane. After 3 days, the catalysts
were allowed to dry at ambient conditions and then were calcined for 4 h at 350 °C. Catalyst
surface areas (pre- and post-reaction) were approximately 13.0 m2/g.
A.2.2 Reactor Studies
A.2.2.1 Catalytic Performance
Experiments involving the effects of water addition were performed using the reactor
system shown in Figure 1. 1.4% of 1,3-butadiene (Matheson, C.P. grade) was used in a
mixture of 77% air (Air Products, zero grade) and 22% He (Air Products, zero grade). Water
and other hydrocarbon feeds were introduced to the reactor system using a He-swept liquid
saturator in which the amount added to the feed stream was controlled by the temperature of
the saturator and the He flow rate. For temperatures below -20 °C, a liquid N2-cooled ethanol
bath was used. For V-L saturator temperatures above -20 °C, a commercial ethylene glycol
temperature bath was used (Brinkmann Instruments model RM 6). 0.1-12% water was added,
and the He flow rate was adjusted to maintain a constant overall flow rate. Extended studies
of the effect of 2.5% water addition on the conversion of 3,4-epoxy-1-butene,
crotonaldehyde, furan, and 2,5-dihydrofuran involved concentrations of these compounds no
greater than 0.15% of the total feed.
Catalyst samples (0.15-0.30 g) were pressed and sieved (40/100 mesh) before being
loaded into the continuous flow reactor (6 mm I.D., quartz). Small amounts of quartz wool
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were packed above and below the catalyst bed which could be heated to the desired
temperature within 1 h in either air or an air-He mixture. Temperatures were maintained from
65 to 420 °C using a programmable temperature controller (Omega Engineering). Feed and
effluent lines were maintained at 150 °C to prevent condensation of products. Total flow
rates (70-105 sccm) were maintained using mass flow controllers.
The gas chromatograph (Varian 3600) used a Carbosphere 80/100 packed column for
the thermal conductivity (TCD) and a WCOT fused silica (CP-Select 624 CB) megabore
column for the flame ionization detector (FID).
For these studies, the percent conversion was defined as
moles of 1,3 − butadiene reacted
× 100 .
moles of 1,3 − butadiene fed
Percent selectivity was defined as
moles of product
1
× × 100 ,
moles of 1,3 − butadiene reacted γ
where γ was the carbon atom ratio of 1,3-butadiene relative to each product.
A.2.2.2 Step Changes in Water Addition
Water step change experiments were performed by adding 0.5 or 2.5% water to the
1.4%, 1,3-butadiene feed over 0.25 g of Catalyst B at 275 °C. Approximately 1 h after steady
state was achieved, water was added to the reactant stream by diverting the He flow through
a vapor-liquid saturator. Following about 2 h of water addition to the reactant feed, the He
stream was then diverted from the saturator, and water was no longer added to the system.
A.2.2.3 Temperature Programmed Desorption
TPD studies were also performed using the equipment illustrated in Figure 1.
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Heating rates of 1.2 °C/min accomplished from 65 to 410 °C using an Omega programmable
temperature controller. Gas flows were regulated using mass flow controllers. Prior to
adsorption, the catalyst bed was pre-treated in an air-He feed (50 sccm air, 40 sccm He) at
410 °C for 1 h and then cooled to 65 °C. The air feed was then eliminated, leaving only the
He feed. Adsorption studies were conducted by directing a separate He stream through a
vapor liquid saturator and through a 250 μl sample loop. Pulses of the adsorbing gases were
introduced into the catalyst bed until breakthrough was detected in the reactor effluent. The
helium feed (10 sccm) could also be diverted through a water vapor-liquid saturator at 25 °C;
for these studies water was pre-adsorbed onto the surface before adsorbing hydrocarbons
were introduced. Desorption was measured by gas chromatography with a He flow
maintained at 40 sccm.

A.3 Results
A.3.1 Reactor Studies for Various Hydrocarbon Feeds
A.3.1.1 1,3-butadiene
Reaction products from 1,3-butadiene feed included 3,4-epoxy-1-butene, furan,
2-butenal (crotonaldehyde), acrolein, 2-butene-1,4-dial, maleic anhydride, COx, phthalic
anhydride, and 2(5H)-furanone. Phthalic anhydride and 2(5H)-furanone were present in trace
quantities (less than 1% selectivity). The effects of continuous water addition (0-12%) on
conversion and selectivity for 1,3-butadiene oxidation over catalyst B at 275 °C have been
presented in Figure 2. With only 0.1% water addition, conversion increased from 5 to 6%.
Selectivity to crotonaldehyde increased from 9 to 13% while selectivity to COx decreased
from 39 to 35%. As water addition was increased, conversion continued to increase until a
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maximum of 8% conversion was achieved at 6% water addition. Conversion showed a slight
decrease when water levels were increased from 6 to 12%. Crotonaldehyde selectivity was
highest at around 6% water addition, while furan selectivity significantly increased at water
levels above 6%. Maleic anhydride selectivity decreased as water addition levels were raised
from 2.5 to 12%. After an initial increase in 3,4-epoxy-1-butene levels for 0.1% water
addition, selectivity to 3,4-epoxy-1-butene decreased with further water addition. 2-butene1,4-dial selectivity remained relatively constant, with some increase between 6 and 12%
water addition. Experimental results from step-changes in water addition have been
summarized in Figures 3 and 4. With 0.5% water added to the feed, 1,3-butadiene conversion
immediately increased from 7.5 to 10%; crotonaldehyde selectivity increased to 21%, while
maleic anhydride and COx selectivities decreased from 20 to 18% and 33 to 28%,
respectively. Smaller increases (<1%) were observed for 3,4-epoxy-1-butene and furan.
Upon addition of 2.5% water to the feed, conversion of 1,3-butadiene increased from 6 to
10%, and selectivity crotonaldehyde increased from 17 to 26%. Selectivity to maleic
anhydride and COx decreased from 21 to 17% and 30 to 25%, respectively. For each stepchange experiment, the conversion and selectivities immediately returned to near their
original values when the addition of water was discontinued.
A.3.1.2 3,4-epoxy-1-butene
The addition of water to a 3,4-epoxy-1-butene feed on Catalyst B (Figure 5) resulted
in a significant increase in conversion to near 50% at 180°C and 100% at 220 °C.
Selectivities for crotonaldehyde, 2-butene-1,4-dial, and 2,5-dihydrofuran apparently reached
maxima at temperatures below 180 °C. The maximum selectivity for furan (27%) occurred
around 200 °C while the maximum selectivity for maleic anhydride was approximately 48%
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near 240 °C. The selectivities for 2,5-dihydrofuran and 2-butene-1,4-dial decreased with
water addition. Furan, however, achieved a selectivity at a 10% higher level at a lower
temperature, and crotonaldehyde appeared to exhibit similar behavior in approaching a
maximum at temperatures below 180 °C.
A.3.1.3 Crotonaldehyde
Results for water addition to crotonaldehyde feeds on Catalyst B are given in Figure
6. Conversion increased dramatically to near 99% at 240 °C compared to 35% without added
water. Furan selectivity reached a maximum of 48% near 200 °C and the temperature at
which maximum selectivity to 2-butene-1,4-dial was observed lowered from about 240 to
180 °C. At around 250 °C, maleic anhydride selectivity reached a maximum of
approximately 54%; a minimum of about 14% was observed near 200 °C.
A.3.1.4 Furan
The addition of water during furan reaction on Catalyst B resulted in a significant
increase in conversion, as shown in Figure 7 (almost 75% at 220 °C and 100% near 240 °C).
Maleic anhydride selectivity was 92% at 180 °C and decreased at higher temperatures.
A.3.1.5 2,5-dihydrofuran
Experiments were performed for water addition to the feed stream of
2,5-dihydrofuran on Catalyst B (Figure 8). Conversion increased over all temperature ranges.
Water addition also increased selectivity to COx. Furan selectivity sharply decreased at 180
°C so that at 240 °C only trace amounts could be detected. It appeared that furan selectivity
might exceed 80% below 180 °C. Selectivity to maleic anhydride reached a maximum (50%)
at 230 °C, which was lower than the maximum selectivity that could be achieved without
water addition. The effects of water addition in reactor studies that used 3,4-epoxy-1-butene
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or crotonaldehyde feeds are summarized in Table 1. Maximum selectivity to furan or maleic
anhydride increased in both cases with the addition of water, while selectivity to 2-butene1,4-dial decreased. At 220 °C, the addition of water to the reactant stream caused an increase
in conversion from 49 and 63% for 3,4-epoxy-1-butene and crotonaldehyde, respectively.
A.3.2 Temperature Programmed Desorption Studies
TPD studies for Catalyst B using 1,3-butadiene, crotonaldehyde and furan have been
presented in Figures 9 through 11. The effects of Mo incorporation have been summarized in
Figures 12 and 13. In all TPD experiments, the predominant desorption product was maleic
anhydride. Trace amounts of 1,3-butadiene, furan, and/or crotonaldehyde could also be
detected in some studies. Large maleic anhydride peaks may reflect further reaction of other
partially oxidized hydrocarbons upon desorption, such as furan or crotonaldehyde.
A.3.2.1 1,3-butadiene
Desorption products following exposure to 1,3-butadiene were predominantly maleic
anhydride, with small amounts of 1,3-butadiene, furan and crotonaldehyde also detected.
There were distinct maleic anhydride peaks near 125, 225, and 305 °C (Figure 9). 1,3butadiene desorbed near 175 and 350 °C, and furan and crotonaldehyde appeared to have a
single desorption peak at approximately 125 °C. Pre-adsorption of water increased the
amount of each desorbed species detected at each temperature, except for the 125 °C peak for
maleic anhydride.
A.3.2.2 Crotonaldehyde
Results from TPD studies for crotonaldehyde have been presented in Figure 10.
Maleic anhydride was pre-dominant product observed along with traces of furan, and 1,3butadiene Most of the pre-adsorbed crotonaldehyde had reacted as it was not present in any
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detectable amount during the TPD experiments. Maleic anhydride desorbed at 125 and 225
°C, and furan desorbed near 115 °C. Although water pre-adsorption seemed to have an
insignificant effect on the amount of maleic anhydride desorbed, furan desorption was nearly
4 times greater.
A.3.2.3 Furan
TDP using furan (Figure 11) was dominated by maleic anhydride desorption at three
temperatures: 175, 250 and 300 °C. Following water pre-adsorption, the amount of maleic
anhydride desorption decreased.
A.3.2.4 Effect of Mo Incorporation
TPD experiments using Catalysts A and B (Figures 12 and 13, Table 3) were
performed using 1,3-butadiene and crotonaldehyde as the adsorbing species. The relative
intensities of the desorption peaks depended significantly on catalyst composition, although
the effects were most clearly observed for maleic anhydride. For higher concentrations of Mo
(catalyst B), maleic anhydride desorption was greater at 125 and 325 °C, but lower at 225 °C.
TPD peaks for furan at 125 °C also decreased, and the 1,3-butadiene response decreased at
175 and 350 °C.

A.4 Discussion
According to the TPD results, there appears to be at least five adsorption sites on the
VMoO catalyst surface. These sites were designated Sites I, II, III, IV, and V, corresponding
respectively to desorption temperatures of 125, 175, 225-250, 275-300 and 350 °C. Figure 14
has been provided to illustrate the temperature regions for maleic anhydride desorption
following adsorption of 1,3-butadiene, crotonaldehyde, or furan. It is probable that some or
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all desorbing species may immediately react to form maleic anhydride. TPD experiments (in
the absence of air) involving 1,3-butadiene, furan, or crotonaldehyde all produced maleic
anhydride due to the availability of oxygen from the catalyst itself. Other researchers have
detected further oxidation of adsorbents on V2O5 catalysts during TPD: ethanol and ethylene
adsorption results primarily in the observation of the desorption of complete oxidation
products (carbon oxides) [22].
The desorption of maleic anhydride and other hydrocarbon species can largely be
explained in terms of the mechanism previously proposed in our research for 1,3-butadiene
selective oxidation over these catalysts [15]. Based on this general redox mechanism, the role
and chemical nature and functionality of the five adsorption sites can be discussed.
Site I (125 °C) desorption products from all adsorbates except furan included
crotonaldehyde, furan, and maleic anhydride. The primary function of Site I was considered
to be crotonaldehyde cyclization to form furan. This single-site mechanism involves an
electrophilic allylic C-H activation. Delocalization of charge induced by this adsorption
could occur, resulting in a δ+ charge on carbon 4. Subsequent intramolecular nucleophilic
attack of the carbonyl oxygen on the δ+ center would form furan [23]. Based on this
chemistry, Site I was assigned to vanadyl (V=O) oxygen site, assuming a V2O5-like layered
structure, taking part in the allyl C-H activation.
Site II (175 °C) was likely the adsorption site for 1,3-butadiene to form 3,4-epoxy-1butene. Theoretical calculations of an extended vanadium oxide surface have indicated the
vanadyl oxygen (V=O) is the most electrophilic and therefore would most likely be involved
in epoxidation [24]. Desorption of maleic anhydride was observed for Site II in furan
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adsorption experiments, which indicated furan probably adsorbed onto the vanadyl oxygen
site and further reacted to maleic anhydride upon desorption.
All three adsorbates exhibited interaction at Site III (225-250 °C), where maleic
anhydride was the predominant desorption product. The assignment for Site III in the V2O5based structure is proposed to be associated with an edge sharing or corner sharing oxygen
site. Site III and site I appeared to be associated with each other in the respect that the oxygen
of site I was added to the desorbing species. Maleic anhydride formation by ring opening of
furan and a subsequent 1,4 electrophilic addition across a 2-butene-1,4-dial type species can
thus be explained [25,26].
Site IV was detected in furan adsorption studies, but not in crotonaldehyde or 1,3butadiene adsorption studies. It is difficult to determine the nature of this site (other than
adsorption capability) because upon desorption, Sites I-III were available for rapid reaction
to maleic anhydride. At best Site IV was a minor adsorption site which existed as a shoulder
peak for furan TPD studies. For the 1,3-butadiene adsorption studies, desorbed 1,3-butadiene
was detected near 350 °C (Site V). A strong adsorption site for butadiene was therefore
present.
The addition of water to the reactor feed resulted in both higher conversion and
selectivity to partial oxidation products such as crotonaldehyde and furan. There were several
possible explanations for this performance as well as implications regarding the reaction
mechanism. Competitive adsorption between water and 1,3-butadiene or subsequent selective
oxidation products was first considered as a possible explanation for these effects. 51V NMR
spectroscopy studies by Fontenot et al [16-18] have shown the existence of a water
adsorption site between two layers of a non-ideal V2O5-like surface. A resonance structure
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was postulated between the vanadyl oxygen (V=O) and the oxygen of the adsorbed water
molecule, which increased the reactivity of the vanadyl oxygen site. Water addition thus
resulted in an increased conversion of 1,3-butadiene by the 1,2 electrophilic addition across
the double bond to form 3,4-epoxy-1-butene. However, above 6% water addition no increase
in conversion was observed. This may be due to inhibition of 1,3-butadiene adsorption at
higher levels of water. Evidence for the participation of water in competitive adsorption was
evident in 1,3-butadiene TPD studies. For water pre-adsorption on Site I, more furan
desorption was observed and less maleic anhydride was detected. This behavior clarified
reactor study results in which high selectivity to furan was observed at higher water feed
concentrations. Water appeared to have blocked furan from further reaction to maleic
anhydride or other products.
The large increase in selectivity to furan (from 3,4-epoxy-1-butene or
crotonaldehyde) or crotonaldehyde (from 1,3-butadiene or 3,4-epoxy-1-butene) suggested a
possible increase in the acid character of the catalyst. Both the isomerization of 3,4-epoxy-1butene and the ring formation of furan are acid-catalyzed reactions. Dissociative adsorption
of water appeared to have occurred producing surface O-2 and H functionalities [17], which
could exhibit Brønsted acid-base interactions with adsorbing molecules. Nucleophilic O-2
species from dissociatively adsorbed water could have replenished additional corner sharing
and edge sharing oxygen vacancies. There were also significant increases in crotonaldehyde
conversion to furan. The addition of oxygen from dissociatively adsorbed water to
nucleophilic sites would strengthen the pathway to these products in two possible ways – by
adding acidic character to the catalyst surface and by being additional source of oxygen for
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the catalyst. A detailed account of the effect of water addition on the reaction mechanism will
be explained in a subsequent publication [27].
The addition of MoO3 to the catalyst appeared to have affected the different
adsorption sites as well. As discussed in our previous work, the addition of Mo into the V2O5
structure caused an increase in the maleic anhydride selectivity, attributed to more available
oxygen to produce maleic anhydride. Considering the behavior of Sites I and III, it appears
that additional Mo in the system causes edge sharing oxygen species to be more tightly
bound to the catalyst surface. This would explain the increase in the amount of overall
product desorbed from Site I. The overall amount of maleic anhydride produced in the TPD
experiments is higher with higher amounts of Mo in the catalyst, consistent with our reaction
studies.

A.5 Conclusion
Five adsorption sites were revealed for the selective oxidation of 1,3-butadiene over
VMoO catalysts.

Site I involved vanadyl oxygen responsible for crotonaldehyde C-H

activation and subsequent cyclization to furan. Site II was identified as vanadyl oxygen sites
responsible for the 1,2 electrophilic addition across 1,3-butadiene to 3,4-epoxy-1-butene.
Sites III was proposed to be an edge sharing or corner sharing oxygen site. Site IV was
detected only in furan adsorption studies. Site V appeared to be a strong 1,3-butadiene
adsorption site.
Water addition to the reactant feed showed a significant increase in conversion, and a
preference to the formation of crotonaldehyde and furan. At high levels of water (12%),
selectivity of 1,3-butadiene to furan was near 25%.

The effects of water on catalytic
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performance were explained through the special site for water adsorption as well as
competitive adsorption, in which water either underwent molecular or dissociative
adsorption. The dissociative adsorption of water produced H+ species which increased the
acid-catalyzed isomerization of 3,4-epoxy-1-butene and heterocyclization of crotonaldehyde
to furan. At low water concentrations, electrophilic addition activity increased resulting in a
higher butadiene conversion, while at higher water concentrations, inhibitive effects were
observed.
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Figure 1. Schematic of the Experimental Setup.
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Figure 2. Effect of Water Addition on 1,3-butadiene Selective Oxidation at 275 °C on
Catalyst B.
Total Gas Flowrate 70 sccm. (1.4% 1,3-butadiene in Air, He, and Water).
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Figure 3. Conversion and Selectivity Effects for 0.5% Water Addition Step Change in
1,3-butadiene Selective Oxidation at 275 °C on Catalyst B.
Total Gas Flowrate 70 sccm. (1.4% 1,3-butadiene in Air and He).
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Figure 4. Conversion and Selectivity Effects for 2.5% Water Addition Step Change in
1,3-butadiene Oxidation at 275 °C on Catalyst B.
Total Gas Flowrate 70 sccm. (1.4% 1,3-butadiene in Air and He).
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Figure 5. Effect of Temperature and Water Addition between 180-280 °C for 3,4-epoxy1-butene Selective Oxidation on Catalyst B.
Total Gas Flowrate 105 sccm. (0.15% 3,4-epoxy-1-butene in Air and He).
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100.0%
90.0%

selectivity or conversion (%)

80.0%
70.0%
60.0%
50.0%
40.0%
30.0%
20.0%
10.0%
0.0%
170

180

190

200

210

220 230 240 250 260 270 280
Temperature (°C)
no water addition to feed
water addition to feed
COx
furan
2-butene-1,4-dial
crotonaldehyde
2,5-dihydrofuran
maleic anhydride
conversion 3,4-epoxy-1-butene

COx
furan
2-butene-1,4-dial
crotonaldehyde
2,5-dihydrofuran
maleic anhydride
conversion 3,4-epoxy-1-butene

290

154

Figure 6. Effect of Temperature and Water Addition between 180-280 °C for
Crotonaldehyde Selective Oxidation on Catalyst B.
Total Gas Flowrate 105 sccm. (0.15% Crotonaldehyde in Air and He).
When added, Water was 2.5% of the Total Feed.
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Figure 7. Effect of Temperature and Water Addition between 180-280 °C for Furan
Selective Oxidation on Catalyst B.
Total Gas Flowrate 105 sccm. (0.15% Furan in Air and He).
When added, Water was 2.5% of the Total Feed.
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Figure 8. Effect of Temperature and Water Addition between 180-280 °C for 2,5dihydrofuran Selective Oxidation on Catalyst B.
Total Gas Flowrate 105 sccm. (0.15% 2,5-dihydrofuran in Air and He).
When added, Water was 2.5% of the Total Feed.
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Figure 14. Maleic Anhydride Desorption Peaks Following Pre-adsorption of 1,3butadiene, Crotonaldehyde or Furan.
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Table 1. Effects of Water on Catalyst Performance Studies using 3,4-epoxy-1-butene
and Crotonaldehyde as Feeds.

Temperature shift observed for
maximum selectivity due to water
addition
% change

FEED
3,4-epoxy-1-butene
selectivity to: furan

+ 87.5%

240 °C to 200 °C

2-butene-1,4-dial

-26.5%

200 °C to 180 °C

maleic anhydride

+ 31.4%

280 °C to 240 °C

+ 104.2%

240 °C to 200 °C

2-butene-1,4-dial

-13.9%

240 °C to 180 °C

maleic anhydride

+ 30.0%

290 °C to 250 °C

crotonaldehyde
selectivity to: furan
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Table 2. Effect of Water on TPD Results.
Adsorbed
Species

PreTreatment
no preadsorption
H2O preadsorption
no preadsorption

O

O

SITE II

SITE III

SITE IV

SITE V

125°C

175°C

225-250°C

275-300°C

350°C

O

O

O

O

SITE I

O

O

O

H2O preadsorption

O

H2O preadsorption

O

O

O

O

O

O

O

O

O

O

O

O

O

O

no preadsorption

O

O

O

O
O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O
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O
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O

O

O

O

O
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Table 3. Effect of Mo Concentration on TPD Results.

Adsorbed
Species

Catalyst / PreTreatment

3.5% MoO3

14% MoO3

SITE I

SITE II

SITE III

125°C

175°C

225-250°C

O

O

O

O

O

O

O

O

3.5% MoO3
O

14% MoO3

O

O

O

O
O

O

O

O

O

O
O

O

O

O

O

O

O

O

O

O

O

O

O
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APPENDIX B
DESORPTION ENERGY CALCULATIONS FOR ACID-FUNCTIONALIZED
MESOPOROUS SILICA USING TEMPERATURED PROGRAMMED
DESORPTION OF PYRIDINE

The desorption equation in the Polyani – Wigner formulation can be written as
des
dN
⎛ Ea ⎞
−
= A exp⎜ −
⎟N
dt
⎝ RT ⎠

(1)

where
A

= pre-exponential factor

Eades

= energy of desorption, J/mol

N

= amount of pyridine adsorbed per unit surface area, mg/m2

R

= gas constant, J/mol.K

T

= temperature, K

t

= time, min

For a uniform heating rate β,
T= To + β.t

(2)

where
To

= initial temperature, K

Differentiating equation (2) on both sides gives
dT = β dt

(3)

Hence equation (1) becomes

−

des
dN A
⎛ Ea ⎞
= exp⎜ −
⎟N
dT β
⎝ RT ⎠

(4)
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Dividing by N on both sides gives
−

des
dN A
⎛ Ea ⎞
= exp⎜ −
⎟
NdT β
⎝ RT ⎠

(5)

The rate of desorption as given by equation (4) is maximum at its peak temperature Tp.
Therefore, at Tp
d ⎛ dN ⎞
⎜−
⎟ =0
dT ⎝ dT ⎠

(6)

Equations (4) and (6) give the following relation
des
Ea des A
⎛ Ea ⎞
=
−
exp
⎜
⎟
RTp 2 β
⎝ RTp ⎠

Substituting for

(7)

A
in equation (5) using the relation in equation (7) gives
β
⎛ Ea des ⎡ 1 1 ⎤ ⎞
dN
Ea des
exp⎜⎜ −
−
=
⎢ − Tp ⎥ ⎟⎟
NdT RTp 2
RT
p ⎣T
⎦⎠
⎝

(8)

Equation (8) is a one parameter, non-linear equation. The experimental TPD data can be fit to
this equation using a non-linear least squares minimization regression technique.

Sample Calculation
SBA-15-SO3H 10%, mesoporous silica functionalized with propylsulfonic acid
groups was used as the catalyst sample. The catalyst was pretreated at 523 K to remove any
pre-adsorbed water or impurities. Temperature programmed desorption was carried out from
388 to 600 K.
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Figure 1. Weight Loss of the Sample due to Desorption of Chemisorbed Pyridine.
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Figure 2. Derivative Weight Loss of the Sample due to Desorption of Chemisorbed
Pyridine.
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Figure 3. Curve Fitting Using Eades as a Parameter.
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