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Abstract
Acrolein is an indispensable chemical intermediate with a rising demand in recent
years. The concern of the increase of propylene prices due to the shrinking supply of
nonrenewable crude oil makes the acid-catalyzed gas-phase glycerol dehydration to acrolein
a prime candidate for research. The analysis showed that the sustainable acrolein production
from glycerol was both technically and economically viable. Alumina2700® (Al) and
Silica1252® (Si) loaded with silicotungstic acid (HSiW) possessed distinct features while
provided equally good acrolein yield (73.86mol% and 74.05mol%, respectively) optimally.
Due to the unique non-equilibrium characteristics, non-thermal plasma (NTP) could
promote a variety of chemical reactions; however, its application in a dehydration process
remained blank. This study used the reaction of glycerol dehydration to acrolein to probe
whether NTP could 1) improve acrolein yield during dehydration, 2) suppress the coke
formation and regenerate the catalyst, and 3) modify the properties of the catalyst.
The dielectric barrier discharge configuration was used to generate NTP; various NTP
field strengths and also their interaction with temperature and the catalyst were investigated.
The results showed that NTP improved the glycerol conversion and that NTP with a proper
field strength increased acrolein selectivity. The optimal acrolein yields of 83.6 mol% and
83.1 mol% were achieved with 3.78 kV/cm NTP and 4.58 kV/cm NTP at 275°C for HSiWAl and HSiW-Si, respectively.
The application of NTP-O2 (5% oxygen in argon, 4.58 kV/cm) during glycerol
dehydration significantly suppressed coke formation on HSiW-Si. NTP-O2 could regenerate
the deactivated HSiW-Si at low temperatures by removing both soft and hard coke at various
rates. NTP-O2 with higher field strength, at medium operation temperature (150ºC) and in
argon atmosphere was more effective for coke removal/catalyst regeneration.
Applying NTP to the catalyst fabrication showed some capabilities in modifying
catalyst properties, including enlarging surface area, preserving mesopores, increasing acid
strength and Brønsted acidity. NTP with argon as the discharge gas performed better in these
modifications than NTP with air as the discharge gas.
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Introduction
Non-thermal plasma (NTP) has unique features that have the capability to produce
unconventional chemical processes. A variety of processes can only be activated or promoted
by NTP. No one yet knows how far the frontiers of NTP chemistry can extend. NTP’s
application in the dehydration process remained unexplored, thus far. Therefore, it was
worthwhile to make such an exploration, and possibly to pioneer research in this area.
Acrolein production via glycerol dehydration recently has attracted much attention due
to overproduction of glycerol from biodiesel production. Acrolein is an important reactant or
intermediate in many industrial applications; thus, there is an ever-growing demand for it, if it
can be produced affordably. The dehydration process certainly has its merits, and possesses
commercial and industrialization potential. The glycerol-based production of acrolein is a
promising research direction, which also can ultimately boost a sustainable route of acrylic
acid production.
Using glycerol dehydration to produce acrolein can also be used as a test case to probe
the non-thermal plasma chemistry in the dehydration process. This was the solution to
satisfying the research interests in both areas; hence this dissertation presents my contribution
to both areas.
In Chapter 1, the background information is introduced concerning acrolein, including
its chemical and physical properties, uses, and synthesis history. A comparatively review was
made regarding petroleum-based acrolein production and the bio-based acrolein production
from glycerol, justifying that there is a promising future for a process of glycerol conversion
to acrolein.
-1-

In Chapter 2, non-thermal plasma is introduced, in both physical and chemical aspects.
Plasma physics, such as how to generate NTP (in this study) and how to characterize NTP,
are briefly covered. The recent progress in NTP application to chemical processes is also
reviewed.
Chapter 3 explicates how the catalysts were finally selected to be used in the NTPrelated study. Catalyst characterization and reaction kinetics are compared to evaluate what
catalyst support that silicotungstic acid was loaded on provided a better catalytic performance
in terms of glycerol dehydration.
Chapter 4 presents the kinetic study of glycerol dehydration conducted using the
catalysts determined in Chapter 3. NTP was applied using argon as the discharge gas. The
effects of temperature, the NTP application, and the interaction of the two that influenced the
glycerol dehydration reaction are also discussed.
Chapter 5 presents the study of the possible roles of non-thermal oxygen plasma (NTPO2) in glycerol dehydration to acrolein. The problem of catalyst deactivation was the primary
focus; NTP-O2 was studied regarding the suppression of coke formation during the
dehydration reaction and the regeneration of the deactivated catalyst.
Chapter 6 probes the feasibility of fabricating better acidic heterogeneous catalysts by
integrating the NTP discharge during the catalyst fabrication. Of interest was how the catalyst
properties and the kinetic performance of the fabricated catalysts would be different under the
application of NTP discharge during fabrication.
The main conclusions obtained from this research are provided in Overall Summary.
All the supplementary information and the associated calculations mentioned in the main text
are provided in the appendices.
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Chapter 1
A comparative review of petroleum-based
and bio-based acrolein production

-3-

Abstract
Acrolein is an important chemical intermediate for many common industrial chemicals,
leading to an array of useful end-products. This chapter comparatively reviews all the
synthetic methods, including the former (aldol condensation) and contemporary (partial
oxidation of propylene) manufacturing methods, the partial oxidation of propane, and most
importantly, the bio-based glycerol-dehydration route. Emphasis is placed on the current
manufacturing method from propylene and the bio-based route from glycerol, an abundantly
available and relatively inexpensive raw material due to the biodiesel production. This review
provides the technical details and addressees the incentives of industrialization, in the aim of
justifying the transition towards the bio-based route.
Keywords: glycerol, dehydration, aldol condensation, propylene, propane, partial oxidation.

1.1 Introduction
1.1.1

Acrolein---an important and versatile chemical intermediate

Acrolein (IUPAC name: prop-2-enal), the simplest unsaturated aldehyde, is a colorless
(or yellow) liquid (b.p. 53°C) at room temperature with a pungent and piercing odor. The
conjugation of the carbonyl group with a vinyl group provides acrolein with a high degree of
reactivity. As a necessary intermediate, acrolein is uniquely indispensable in the chemical
industry. Acrolein is the starting material to produce acrylic acid and ester, glutaraldehyde,
methionine, polyurethane and polyester resin (Figure 1-1).
It is worth emphasizing a couple of these chemicals with very high industrial value.
Acrylic acid is a valuable chemical commodity with a lucrative market. The polymeric form
of acrylic acid can be formulated into super-absorbant materials, such as diapers, hard plastic
materials like acrylates, and paints and coatings. As one of the fastest growing commodity
chemicals, acrylic acid is in increasingly higher demand every year; statistics show that
approximately 4% growth in the demand of acrylic acid is expected each year globally. A
shortage of acrylic acid supply was reported in 2010 due to the closure of some plants despite
the growing demand.

-4-

While the majority of crude acrolein goes to the manufacture of acrylic acid, the major
percentage (e.g. approximately 80% in 2002 [1]) of refined acrolein is consumed in the
synthesis of methionine. Methionine is a sulfur containing amino acid that is required by
animals but is not sufficient in natural food sources. The production capacity had been
expanding steadily since 1977. Currently, the world’s largest methionine facility was built in
2006 in Antwerp, Belgium, with an annual capacity of 120,000 tons per year [2]. The global
demand for methionine was approximately 450,000-500,000 tons per year, with an annual
growth rate of over 5% projected, especially in Asia, according to a business newsletter in the
Japan’s Corporate News [3].
The remainder of manufactured acrolein is used in the production of many chemicals,
including glutaraldehyde, 1,2,6-hexanetriol, quinoline, pentaerythritol, cycloaliphatic epoxy
resins, oil-well derivatives, and water treatment chemicals [4] (Figure 1-1). Also, acrolein can
be directly used as a very effective broad spectrum aquatic biocide by injection into water,
controlling the undesired microbial and the growth of aquatic weeds [5].

Polyester resins

Polyurethanes
Biocides

Pentaerythritol

Paints & coatings

Superabsorbent
D,L-methionine

Acrylic acid

Acrolein

Plastic

Glutaraldehyde

1,2,6-hexanetriol
Quinoline

Figure 1-1: Chemicals derived from acrolein [1, 2, 4, 5]
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1.1.2

Overview of acrolein synthesis methods

There has always been a demand for acrolein in industry. Efforts and improvements in
the production of acrolein have been continuously made over several decades (Figure 1-2).
Acrolein can be synthesized by catalytic aldol condensation of acetaldehyde and
formaldehyde, which was also the first industrial process [6]. Partial oxidation of propylene
catalyzed by multi-component metal catalysts has also been used as a manufacturing method.
Much effort had been expended by industry and academia to optimize the processes and to
develop highly efficient catalysts. Acrolein can be produced from partial oxidation of
propane, although it is more difficult to control selectivity; thus, the yield has not reached a
satisfactory level thus far. Several other petroleum-based synthetic routes were used
successfully to synthesize acrolein. Ai et al. synthesized acrolein via the reaction of
formaldehyde and ethanol at 240-320ºC using nickel phosphate or the silica-supported metal
(tungsten, zinc, nickel, or magnesium) oxide [7]. Acrolein can also be obtained by the
oxidation of allyl alcohol, or decomposition of allyl ether. However, these two routes have
significant drawbacks for application at a larger scale, including low availability and high
expense of the reactants, high energy consumption, low selectivity, etc.
Acrolein can also be produced via bio-based routes. As early as the 1900s, acrolein
formation was encountered during alcoholic fermentation from grains [8, 9] with certain
bacterial strains, such as Bacillus, Klebsiella and Lactobacillus [10]. In the case of alcoholic
fermentation, acrolein was an undesirable compound, and the target of these studies had
always been minimizing or preventing the associated acrolein production. Only recently have
the researchers started to investigate the possibility of tuning this “undesired” route into
possible chemical production. Vollenweider et al. gave a clear statement of the potential of
the solely biotechnological route of acrolein production [11]; however, so far the bacterial
catalytic method has not gathered any notable momentum at any production level. It also had
been noticed centuries ago that burning fat resulted in an unpleasant odor; this pungent odor
was from acrolein. The collection of acrolein during glycerol distillation [12], where glycerol
pyrolysis occurred, was probably the prototype of the double dehydration process, producing
acrolein from glycerol. Acrolein formation from glycerol becomes faster and much more
selective with the presence of an acid, compared to pyrolysis alone. The acid-catalyzed
glycerol dehydration is now categorized as a bio-based route, because glycerol is largely
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available from biodiesel production, which is originated from renewable biological resources.
This bio-based glycerol route became appealing and started to show its industrial value as the
development of acid catalysis. The bio-based route specifically refers to glycerol dehydration
to acrolein hereafter.

Figure 1-2: Summary of the primary synthesis methods of acrolein [6] [13] [12].

1.1.3 Going toward the bio-based route
Before justifying the transition towards the bio-based route, it is necessary to examine
the history of the development of acrolein production. Degussa launched the first industrial
acrolein production in 1942, producing acrolein via aldol condensation of acetaldehyde and
formaldehyde [6]. Aldol condensation method was the industrial practice for a couple of
decades. In the mid-1900s, the petroleum industry became prosperous, and propylene became
a largely abundant and rather cheap raw material. Using partial oxidation of propylene to
produce acrolein attracted the industries’ and researchers’ attention. In 1958, Shell started the
first pilot plant operation of gas-phase propylene partial oxidation. Later, SOHIO’s (Standard
Oil of Ohio) discovered bismuth molybdate catalysts, and achieved the high-output and costeffective acrolein production. The partial oxidation of propylene has been the predominant
manufacturing method worldwide ever since.

The carbon-carbon double bond makes

propylene readily undergo a variety of reactions, leading to a spectrum of value-added
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chemicals. Polypropylene, acrylonitrile, propylene oxide, and isopropyl alcohol are the
examples of the commercial chemicals derived from propylene. The growing demand in
many processes continuously drives up the propylene price. On the contrary, propane is the
byproduct from both natural gas production and oil refining, but it only commercially
consumed as fuel. In addition to being produced from multiple sources, propane does not
have many applicable usages; as the result, propane is much cheaper than propylene [14] .
The studies have been carried on for decades on acrolein synthesis from propane. However,
the acrolein yield via partial oxidation of propane has not reached a point that is worthwhile
to be commercialized. Furthermore, propane is a petroleum derivative after all, which does
not fundamentally change production dependency on petroleum.
It is not difficult to find that an inexpensive source of raw materials usually provides
the primary momentum for chemical process development. The availability and sustainability
of the raw materials are important considerations. With the continuously growing problem of
the non-sustainability of petroleum, a synthesis pathway from a renewable resource is much
more desirable.
The world’s energy and raw material demands keep increasing, imposing a large
burden on the fossil fuel resources. Unfortunately, fossil fuel resources are not sustainable
and are very likely to be mostly depleted in a few decades. Also, the significant amount of
CO2 emission from fossil fuel usage is also increasing steadily, which might cause
irreversible damage to the environment and climate. One solution to these problems is to
utilize renewable resources and gradually transfer the global economy toward a more
sustainable future. Biodiesel is a good example of such transformation; due to the simple
operation, commercial production has already been launched on a small scale all over the
world. Biodiesel production and production capacity worldwide are increasing every year
with the regulatory and socioeconomic pressure of renewable energy. One mole of glycerol is
generated along with each mole of triglyceride conversion to biodiesel. As the result of the
growth of biodiesel, large amounts of glycerol are produced and therefore available to the
market place (Figure 1-3). Various sources [15-17] have reported that the price of glycerol
has been lowered by its large availability, and even credits are given for reselling the crude
glycerol.
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Figure 1-3: Annual glycerol production worldwide resulting from biodiesel production. The
values were calculated based on the stoichiometric relation between glycerol and biodiesel, the
annual production of which were referred from various sources [18-20]. The density of biodiesel
used was 0.88 kg/L.

Because of the glycerol glut, acrolein, one of the value-added chemical derivatives of
glycerol, has attracted great attention in recent years. Recent development of acid-catalyzed
dehydration achieved good acrolein yield and great potential use of this method as a
substitutive or complementary method to the propylene oxidation route in the future.

1.2
1.2.1

Technical aspects of synthetic acrolein approaches
Aldol condensation of acetaldehyde and formaldehyde

The first industrial acrolein production used aldol condensation of acetaldehyde and
formaldehyde. The overall equation is shown in Equation 1-1. Degussa first initiated the
acrolein production using this synthesis method in 1941.
CH 2 O + CH 3 − CHO → CH 2 = CH − CHO + H 2 O

Equation 1-1

Although this industrial process has since been replaced by propylene partial
oxidization due to the prosperous development of petroleum industry in the mid-1900s,
researchers never completely gave up the interest in this synthesis pathway. The key to
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improving the acrolein production using this approach lies in finding a catalyst with a very
high catalytic performance. The catalysts that were studied included mixed silica-alumina
catalysts with various SiO2/Al2O3 ratios [21], oxide silica gel supported basic or amphoteric
oxides [22], oxide (ZnO, MgO, MoO3, B2O3, and P2O5) loaded on various zeolites (ZSM-5,
Y-faujasite, Al2O3 and SiO2) [23], hydrotalcite-like materials [24], ion-exchange
montmorillonite-rich materials [25], and clinoptilolite-rich natural zeolites [26]. Among
them, the best yield (over 90% based on acetaldehyde) reported so far was achieved by Ai et
al. using Si-Na, Si-Li Si-Mg, and Si-Zn oxide [22]. The aldol condensation occurred mainly
on medium-strength acidic sites, while coking occurred mainly on the strong acid sites. Some
people believed that formaldehyde can be produced from any carbon and hydrogen source,
while acetaldehyde can be synthesized from biomass fermentation; therefore, the two
necessary reactants of acrolein production via aldol-condensation are more readily available
than propylene [23]. However, the problem is that complete conversion had never been
attained, which complicates the downstream separation, since the product and reactants had
similar physical properties, such as boiling temperature. The basic-acidic dual sites both
contribute to acrolein production, and the ratio of the basic and acidic sites and the ratio of
the acid site with different acid strengths could be optimized for the best acrolein yield [24].
The future of this method lies in whether a catalyst with very high catalytic activity can
be developed, so that the nearly complete conversion can be attained. Otherwise, the
downstream separation would be too challenging and difficult, because the product and
reactant had similar physical properties, such as boiling temperature.
1.2.2 Current manufacturing method: partial oxidation of propylene
The partial oxidation of propylene to acrolein is shown in Equation 1-2. The
manufacturing process for this reaction is usually operated at 300-450ºC in a multi-tubular
reactor, composed of tubes with diameters of about 2.5 centimeters and lengths of 3-5 meters
with packed beds of multi-component metal catalysts [27]. The multi-component metal
catalysts for partial oxidation of propylene usually can be expressed in a general formula,
Mo-Bi-XII-XIII (-XI-Y-Z)-O, where Mo-Bi-XII-XIII are the basic structures containing four
necessary metal components: Mo, Bi, XII (one of the following elements: Co, Ni, Me, Mg,
Pb), XIII (one of the elements Fe, Cr, Ce, Al). Bismuth molybdates are located on the surface
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of the catalyst particles, serving as the major active sites; however, great activity occurs only
with the simultaneous presence of divalent (e.g., Co2+) and trivalent (e.g. Fe3+) metal
components. Optionally, XI could be one of the alkaline metals, Y could be one of Sb, Te, W,
V, Nb, and Z could be P or B. Steam is commonly co-fed with the reactant gases in the
industrial process due to its benefits to the acrolein production. Water competitively occupies
the strong oxidation sites, preventing further oxidation of acrolein to CO2 [28]; the rate of
acrolein formation is increased as a result [29, 30]. Also, water possibly creates new sites for
propylene adsorption to the catalyst surface, thus enhancing the partial oxidation. The service
life of these industrial catalysts is usually around 2-5 years. As one of the classical
petrochemical processes, partial oxidation of propylene received continuous attention for the
development since 1960. The leading development was contributed by industry, which
disclosed improvements of the catalysts and processes in patents. Table 1-1 summarizes the
most promising disclosures in chronological order.
H 2C = CH − CH 3 + O2 → H 2C = CH − CHO + H 2O
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Equation 1-2

Table 1-1 The summary of acrolein production by partial oxidation of propylene

Mo5VW1.5Te0.5Sb2Sn/Bi oxide
Te-Ce oxide (Te:Ce=9:1)
Te-V-W-As/Sn-(Sb) oxide
Sn-Sb-U oxide
SnSb2VFe0.5Bi0.01 oxide
Cr2Al0.7Mo7Te0.35 oxide

Feed composition 1
(I: propylene)
I:O:steam=1:1.6:6
I:air=1:10
I:O:steam=1:6:3
I:O:N 5:7.5:87.5
I:O:N:steam=1:12:67:15
I:air:steam=4:50:46

Contact
time (sec)
3
2.2
4.9
3.5
3
4

Temperature
(°C)
450
440
370
430
270
384

Ni10Co0.3FeBiPMo12O57

I:air:steam=1:10:4.1

1.8

360

Ni10Co0.3FeBiPMo12O51
NiCo3Fe2BiAs15K0.2Mo12O48.35
NiCo3Fe2BiP2K0.2Mo12O49.6
Mo12Bi0.1-7Mg0.5-12Fe0.1-7Mn0-5O25-80
Ni10.5FeBiMo2O54
Mo-Bi-Fe-Mn-X oxide (X = K, Rb, and/or Cs)
Mo-Co-Fe-Bi-X-O
(X= Sn or Sn with Al, Ni, W, Cr, In, Nb)
B-W-Co-Bi-Fe-Mo-Si-M-O (M = alkali metal)
Te-Ti-Mo-(P)-X-O (X=one of the elements Zn,
Cd, Al, Ce, Zr, Mn, Fe, Co, Ni, Ag)
Mo10Co8Fe2Bi0.9V0.05K0.05 oxide

I:air:steam=2.1:16:10
I:air:steam=1:10:5
I:air:steam=1:10:5
I:air:steam=4.5:53:42.5
I:air:steam=1:10:6
I:air:steam=6:42.8:51.2

Selectivity2

References
[31]
[32]
[33]
[34]
[35]
[36]
[37]

95%
94%
96%
94.8%
95.80%
91.30%

66.5% (yield)
60% (yield)
69.9%
81%
72.8%
83.3%
93.1% (acrolein
+acrylic acid)
75%
93%
88%
73.7%
69.90%
80.40%

2.4

90.80%

81.50%

[44]

6

99.60%

73.70%

[45]

445-475

63-92%

70-95%

[46]

I:air:steam=1:10:4

330

89%

97.30%

[47]

Mo10BiFe2Co8Zr0.1Ca0.1Ti0.2 oxide

I:air:steam=1:10:4

310

98.6%

91.8%

[48]

Mo12Te2Sb2Zr0.5Zn0.5V0.5 oxide

I:air:steam=1:10:4

350

98.3%

88.3%

[48]

Co4BiFeW2Mo10Si1.35K0.06 oxide

I:O:steam:N=7:12.6:10:70.4

320

96.20%

86.60%

[49]

Co-K-Mo-W-(P) oxide

I:air:steam=1:10:8

350

84.9-86.9%
99.30%99.5%

83.1-87.7%

[50]

90.10%-92.30%

[51-53]

Catalyst

15
9
4
2.4

I:air:steam=4:56:40

2.25

305
305
370
340

Conversion

65.6%
89%
62.3%
95%
90%

[38]
[39]
[40]
[41]
[42]
[43]

Mo12W0.3BiFeZn0.1Co4.5K0.06Al0.1Si5Ox

310

Mo12.25Bi1Fe3Co8Cs0.1

360

96.00%

88.75%

[54]

360

87.30%

96.50%

[55]

>97%

87.63%

[56]

Bi-Mo-Fe-Ni-Si oxide

I:O:N= 1:1-20:1-20

3

Mo-Bi-Fe-Co-(Ni)-X oxide (X=Cs and/or K)
1

molar ratio is used (mol/mol)

2

Selectivity is defined as the molar ratio between the carbon in the acrolein produced in the reaction and the carbon in the converted propylene.
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It is generally agreed that partial oxidization of propylene to acrolein is initiated from
the coordination of the propylene C-C double-bond site to the active catalyst site, leading to
the formation of an allyl intermediate surface species (Figure 1-4). This is the ratedetermining step, which occurs at the bridge O center (Scheme 1) or the carbonyl site
(Scheme 2) depending on the nature of the specific catalysts involved [57]. The C-O bond is
then formed with the O insertion, followed by a second hydrogen abstraction. Generally, the
lattice oxygen on the catalyst surface contributes to the specific selectivity, while the
adsorbed oxygen radical/molecule contributes to the total oxidation, leading to COx [58]. The
gaseous molecular oxygen served as the supplier to reoxidize the catalyst, making sure of the
sufficient availability of lattice oxygen [59]. COx could also be formed from both propylene
and acrolein precursors due to the rather large mobility of the lattice oxygen. Therefore, the
mobility of the lattice oxygen, determined by the structure of catalyst, is critical to both
propylene conversion and acrolein selectivity [60]. Acrylic acid formation occurs from the
consecutive oxidation of the adsorbed acrolein precursor.

Scheme 1

Scheme 2
Figure 1-4: Mechanisms of formation of allyl intermediate (initial/rate-determining steps of
partial oxidation of propylene) [60, 61].

Gas phase partial oxidation of propylene to acrolein is highly exothermic [30]. As a
result, one of the major issues for the reactor design of acrolein production is how to
efficiently release the heat generated during the reaction. Heat release is essential to maintain
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the isothermal reaction condition and prevent temperature runoff and explosion. In addition
to the commonly used multi-tubular reactor, approaches to improve heat release are worth
acknowledging. Patience and Mill discovered the potential utilization of a circulating
fluidized bed reactor and gave the initial modeling and assessment of its commercial scale
application [62]. Leib et al. later used a neural network model to simulate the performance of
the fluidized bed reactor, providing more industrial application flexibility [63]. The
circulating fluidized bed reactor allowed the usage of higher propylene concentrations with
lower restrictions of the upper explosion limit, gave a higher heat and mass transfer rate,
higher turndown ratio, and simplified the operation of catalyst addition and removal.
However, the requirement of a high attrition resistant catalyst and insufficient kinetic and
transport fundamental information hindered its commercialization until now. Song et al.
improved the multi-tubular reactor by employing the heat transfer effect of CO2 during the
reactor operation, and increased the productivity by 14%. Heat transfer effects caused by the
inert gas were studied both theoretically and experimentally. The addition of CO2 provided a
larger safe range of reactant inlet and coolant temperatures [64, 65]. Redingshofer et al.
introduced a catalytic wall reactor, for which a specific temperature could be much better
maintained during operation [30, 66]. They suggested the use of this type of “wall reactor” to
conduct the kinetic and mechanistic study of highly exothermic reactions to achieve more
reliable results. O’Neil et al. developed a distributive membrane reactor, which, they found,
could increase the acrolein yield and suppress COx production by lowering the partial
pressure of oxygen [67].
1.2.3 Partial oxidation of propane
Due to the inexpensive price and ready availability of propane, researchers were
motivated to investigate the possibility of producing acrolein via partial oxidation of propane.
This is very challenging because the bonds are strong in alkanes. Usually, the alkanes are
thermodynamically more stable than the desired oxygenates; it is very easy for them to be
over-oxidized to COx, the only products more stable than the feedstock propane. The overall
formula of propane partial oxidation to acrolein is presented in Equation 1-3.
3
H 3C − CH 2 − CH 3 + O2 → H 2C = CH − CHO + 2 H 2O
2
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Equation 1-3

Three possible sets of elementary reaction combinations could result in the overall
formula of partial oxidation to acrolein [67, 68]. The first possible mechanism is the
simultaneous hydrogen abstraction and oxygen insertion (Mechanism 1 in Figure 1-5). The
second possible mechanism is a sequential process with propane dehydrogenation to
propylene followed by oxygen insertion into propylene forming acrolein (Mechanism 2 in
Figure 1-5). The final possibility is sequential oxygen insertion into the propane molecule
followed by dehydrogenation of the C-C bond into acrolein (Mechanism 3 in Figure 1-5),
which is unrealistic from a thermodynamic stability point of view: on one hand, once a
methyl group in the alkane is oxidized, the second methyl group is more easily oxidized [69];
on the other hand, the C-H bond in the carbonyl group is weaker than the H-C bond of ethyl
group where a hydrogen extraction is desired for acrolein production.

Figure 1-5: The three possible mechanisms of partial oxidation of propane to acrolein

Most of the studies agreed on the “sequential” mechanism (Mechanism 2 in Figure 1-5)
of propane-to-propylene-to-acrolein in general with slight variations in the intermediate
species generated prior to the formation of acrolein. A variety of metal catalysts have been
used in the past, such as Ag-Bi-Mo-V-O[70], Bi-Ba-Te-O [71], V-P-O [72], Ni-Mo-O [72],
and MoPO/SiO2 [68]. A variety of methods/tools were utilized to elucidate the proposed
mechanisms, such as in situ infrared or Raman spectroscopic methods [68, 73], evaluating
individual steady-state reactions with different reactants [73], using some probe molecules to
understand the reactions [74], etc. Yi et al. proposed that there was a transient state
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[CH3CH(O)CH3] before the formation of propylene during the “first step”, and also a
transient state of [CH=CHCH2(O)] leading to acrolein formation during the “second step”.
Zhang et al. believed that during the period where propylene exists as a form of π-allyl
species, which interchanged with a transient σ-allyl species to subsequently form acrolein
[75]. Kaddouri et al. proposed that a π-type precursor was formed before propane proceeding
to acrolein formation in the Ni-Mo-O system, while propane proceeded directly to acrolein in
V-P-O system [72]. Stern and Grasselli claimed that the first-order reaction with respect to
propane applied to the first step (primarily the oxidation of propane to propylene) [76]. The
first-order reaction with respect to propylene also applied to the second step where propylene
was oxidized to acrolein. In both steps, the oxidation agent was the nucleophilic lattice
oxygen of the catalyst, which could be rapidly replenished by O2 in the gas phase. However,
not all investigators agreed with this “sequential mechanism”. For example, Savary et al.
suggested that acrolein and propylene were independently produced directly from propane
based on their study results of propane selective oxidation obtained over AV2P2O10 (A=Ca,
Cd, Ba, Pb) in 1996 [77]. Zhang and Catlow published their study results from molecular
dynamics modeling [75]. Based on their density functional calculation, the acrolein
production was directly formed from propane instead of from the chemical intermediate
propylene: the first H was extracted from the methyl group via heterolytic splitting, followed
by six other consecutive elementary reactions. This could be a specific catalytic behavior of
the prototype catalyst FeSbO4 that they used, or possibly it could be more generally
applicable. It would be interesting to test the general applicability of this mechanism using
other catalysts.
The reported acrolein production by partial oxidation of propane has not yet reached a
level comparable to the acrolein production via partial oxidation of propylene, although lots
of efforts have been made on this process. The following studies achieved relatively higher
acrolein yield. The first more successful effort was made by Kim et al. in 1989 [78]. They
reported that the addition of Ag dopant on bismuth vanadomolybdates (AgxBil-y/3V1-yMoyO4)
led to the selective production of acrolein after their test of a series of monovalent metal iondoped (Li, Na, K, Rb, Ag, Tl) bismuth vanadomolybdates [78, 79]. Conversion varied
slightly within 13%-20%, while the selectivity of acrolein increased from about 20% to over
60% as the reaction temperature increased from 380ºC to 540ºC. There was a slight
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decreasing trend for acrolein selectivity but a steady increasing trend for propane conversion
as the C3H8-to-O2 molar ratio was increased. Higher space velocity resulted in lower
conversion and higher selectivity. A stable selectivity over 60% was observed when the space
velocity was larger than 2000 cm3 g-cat-1 h-1 [80]. The optimal catalyst formula is
Ag0.01Bi0.85V0.54Mo0.45O4 for maximal acrolein selectivity. Acrolein selectivity of 64% was
achieved with this formula under the experimental condition (500ºC, molar ratio of C3H8:O2
0.55, space velocity 3000 cm3 g-1 h-1), although the conversion was only 13%. In 2004, Jiang
et al. found that addition of phosphorus into Mo-V-Te-O catalysts (MoV0.3Te0.23P0.15On)
improved both the propane conversion (46.6%) and acrolein selectivity (47%); as a result, the
yield reached 21.9% [81]. Zhu and co-workers [82] specifically examined the function of
vanadium using a Mo-V-Te-O catalyst, although this catalyst did not allow other researchers
to achieve a good yield [83-86]. They found that high concentrations of surface V5+ favored
propane conversion and propylene selectivity, while low bulk V4+ favored acrolein
selectivity. By controlling pH during preparation, the ratio of the pair V4+/V5+could be
altered. The best result achieved was 21.4mol% acrolein yield (44.2% conversion and
48.4mol% selectivity). Many other catalysts have been studied, such as bismuth-containing
mixed oxides (Ba5.55Bi2.3Te3O18, Ba5.55Bi0.3Mg3Te3O18, etc) [71], bifunctional catalysts (metal
oxide Ce-Te-Mo-O for selective oxidation and halogen F, Cl for dehydrogenation) [87], B-P
mixed oxides [88], Bi2O3-MoO3 [71], Fe2(MoO4)3 [71], VTeO/SBA-15 and V-Te-O/SiO2
[83], MgCr2O4 [89], BiCeVMoO [90], and Ce-Ag-Mo-P-O [91], although the results were
even less satisfying.
If the mechanism consisting of two simultaneous reactions (both hydrogen abstraction
and oxygen insertion simultaneously) (Mechanism 1 in Figure 1-5) is correct, then it is rather
difficult, if not impossible, to achieve a decent acrolein yield. Since the two reactions use
preferred catalysts with different functional properties, different temperatures, reactant ratios,
resident time, etc., a sophisticated catalyst needs to be developed which can assimilate all of
the active components with different catalytic functions; however, the active components for
each of the both reactions need to be properly isolated to prevent the counter effect [74].
Studies showed that neither simple precipitation nor mechanical mixing of the catalysts with
two functional phases could make the catalyst meet the requirements of both reactions [69,
74]. It was suggested that future development of a catalyst with a complex center that can
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achieve acrolein via a one-step surface process, but how to do this is an open question. If the
mechanism consisting of two sequential reactions occurs for partial oxidation of propane to
acrolein (Mechanism 1 in Figure 1-5), one solution is to execute the overall reaction in two
sequential steps that occur in separate reactors or in separate layers of the catalysts: propane
to propylene, and then propylene to acrolein. Each sub-reaction can be improved separately
[74]. Sinev et al. pioneered the effort to integrate these two steps [69]. They used
VSbBiBa/Al2O3 and MoBiXoFe complex oxides, which were supposedly good catalysts for
propane dehydrogenation and propylene partial oxidation, respectively, in two separate
layers. A yield of 11.3 mol% (18% conversion and 62.8 mol% selectivity) was obtained,
which was higher than the mathematical multiplication of the yields achieved in the two
individual reactions (propane-to-propylene and propylene-to-acrolein). This result suggested
that an intermediate formed from propane over VSbBiBa/Al2O3. This intermediate was more
readily catalyzed into acrolein than propylene by MoBiXoFe. O’Neill et al. proposed a dualbed membrane reactor [67], which could reduce the partial pressure of O2 in each of the
consecutive separated catalyst beds, and thus promote each reaction step towards higher
acrolein yield. However, the optimum acrolein yield according to their theoretical modeling
calculation could only reach about 19mol%.

1.2.4

Promising bio-based route---glycerol dehydration

The bio-based route using glycerol dehydration has become a very promising route for
acrolein production in recent years, due to the sufficient availability of glycerol caused by
biodiesel production. The overall equation is shown in Equation 1-4.

H 2 C (OH )CH (OH )CH 2 OH → CH 2 = CH − CHO + 2 H 2 O

Equation 1-4

The presence of acid can greatly improve glycerol conversion and/or acrolein
selectivity. The possible mechanism is that an acid (an electron accepter, hydronium ion for
example) helps the formation of carbocations (enol I and enol II) as shown in Figure 1-6
A&B. The acidity and the surface/pore structure of the catalyst have some influence in the
final ratio of the two carbocations. Nevertheless, the 2ºcarbocation would always be
predominant, since it is thermodynamically much more stable than 1ºcarbocation and its
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formation rate is faster. Then 2ºcarbocation can attract an electron from the neighboring
carbon and form the enol, which would quickly transform into 3-hydroxypropanal.
Dehydration could occur once again on 3-hydroxypropanal, leading to acrolein formation
(Figure 1-6 A1). Similarly, the 1ºcarbocation could form acetol also through a less stable
enol compound (Figure 1-6 B1). In addition to intramolecular enol formation, intermolecular
condensation to form glycerol oligomers could occur, which is often favored at lower
temperature [92].

Carbocation I

B:

Carbocation II

A1

B1

Figure 1-6: Ionic pathways of glycerol dehydration; A) to acetol, and B) to acrolein.

Even with the presence of the acid, the activation energy barrier is still considerable.
As the result, the studies of converting glycerol to acrolein conducted in liquid phase under
atmospheric pressure all failed to achieve a satisfying acrolein yield even in the presence of
mineral acid or mineral salts [93-96]. Therefore, energizing the reactant glycerol molecule is
the foremost problem that needs to be solved in this bio-based method. Commonly, there are
two different approaches to satisfy the energy requirement: 1) pressurizing the reaction vessel
and conducting the reactions under sub-critical/supercritical condition; 2) increasing the
reaction temperature and conducting the gas-phase reaction.
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1.2.4.1 Glycerol conversion to acrolein in sub-critical/ supercritical water

In 1987, Ramayya et al. conducted a liquid phase glycerol dehydration under high
pressure [97]. Nearly 100 mol% acrolein selectivity was achieved, but glycerol conversion
was low (<40%). They used 0.005M H2SO4 as the catalyst and 0.5M glycerol solution as the
reactant feed. With the fixed pressure at 34.5 MPa, they found a higher temperature favored
the glycerol conversion but not necessarily acrolein selectivity.
In 2001, Bühler et al. studied the reactions of glycerol under sub-/super-critical water
conditions. This study covered the temperature range of 349 to 475°C at 25, 35, and 45 MPa
and the residence time ranging from 32 to 165 s [98]. Clearly, high temperature favors the
gas-phase products such as H2, CO, and CO2, and the production was more enhanced at
temperatures above 450°C. Longer resident times, lower temperature, and higher pressures
seemed preferable for acrolein production; however, strong trends of the acrolein yield in
terms of these conditional parameters were not observed.
The corrosion of the reactor is a problem under sub-/super-critical water conditions,
and the corrosion is more severe with the usage of mineral acids or even ZnCl2 as catalysts.
ZnSO4 is usually much less corrosive, which justified the usage of ZnSO4 as the acid catalyst
by Ott et al. [99]. They found that in the sub-critical condition, glycerol conversion increased
as the quantity of ZnSO4 increased. The best result in their study (75 mol% selectivity and
50% conversion), after searching within the temperature range of 300 to 390°C and the
pressure range of 25 to 34 MPa, was obtained by reaction of 1wt% glycerol at 360°C and 25
MPa in the presence of 470 g g-1 ZnSO4. They also found that the residence time was
important under sub-critical conditions, but not to the same degree under supercritical
conditions. They believed that the reaction underwent an ionic pathway (as shown in Figure
1-6) under sub-critical conditions, while the reaction underwent a radical pathway (Figure 17) under supercritical conditions. As the result, the reaction conducted under sub-critical
condition was more selectively lead to acrolein production. However, Watanabe and coworkers held a different opinion, claiming that supercritical condition was better for acrolein
production [100]. The glycerol conversion obtained at the temperature above the critical point
(400°C) was significantly higher than that obtained at the temperatures below the critical
point (300°C and 350°C). In their study, results at various temperatures (300°C, 350°C,
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400°C), pressures (25 MPa, 30 MPa, and 34.5 MPa), glycerol concentrations (0.25 mol/L,
0.05 mol/L), and H2SO4 concentrations (1mmol/L, 5mmol/L), the maximum acrolein
production yield obtained was 81 mol% selectivity at 92 % conversion at 400°C and 30 MPa
with the feed of 0.005 mol/L H2SO4 and 0.05 mol/L glycerol solution, and the residence time
was 10.23 s [100]. This result showed that the selectivity decreased and the conversion
increased as the residence time increased. In the supercritical region, glycerol conversion
increased with increasing pressure.
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Figure 1-7: Radical pathway of glycerol conversion to acrolein, acetol, acetaldehyde and
formaldehyde [98]

Several drawbacks lie within the sub-critical/supercritical reaction. First, it seems there
is a constraint associated with the glycerol feed concentration. The feed glycerol solution
should be controlled below 5 wt%, and a higher concentration could result in easier plugging
by coke deposits at the reaction wall, pipes, or the connector. This situation may cause a
severe safety problem, since the reaction is operated at high pressure. Second, sub/supercritical water itself already imposes a burden on the system materials, and in the
presence of the acid catalyst, corrosion issue would be more severe for the reaction process.
As a result, after a period of time, due to corrosion and plugging, the entire reactor and
pipeline would need to be replaced, which certainly increases the cost. Third, since it is a
homogenous catalytic reaction, the downstream separation of the acid from the product and
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later the recycling or disposal process of the acid are also big issues for the practical scale-up
of the liquid phase reaction.

1.2.4.2 Gas phase reaction

The other approach of conducting glycerol conversion to acrolein was operating a gasphase reaction. Gas-phase approach has several advantages compared to the sub-/supercritical
water method. First, gas-phase reaction is simpler. The atmospheric operation does not cause
much corrosion to the reactor, and does not need the expensive pressure controlling system; it
may even utilize, to a large degree, the current manufacturing equipment with a minimal
adjustment to promptly launch the bio-based production. Second, the gas phase reaction is
usually accomplished in a packed-bed reactor using heterogeneous catalysts, so the
downstream separation of acid from the product is minimized. These advantages favor gasphase approach to sub-critical/supercritical approach when comes to the industrialization
consideration. With all these advantages, there are significantly larger number of the studies
used the gas-phase method in comparing to that using the sub-/supercritical water method.
The solid catalyst plays the important role in determining whether good acrolein
production can be achieved. Several catalyst properties taken together determine the catalytic
performance: 1) surface area, 2) pore size, 3) acid strength, 4) and the nature of the acid sites.
Usually a larger surface area provides a great amount of active sites for the catalytic
conversion, which usually leads to higher yield of the desired catalytic product. Mesoporosity
has been noted as the most appropriate for glycerol dehydration. Tsukuda et al. conducted a
parallel comparison of supported HSiW with silica of different pore sizes (3 nm, 6 nm, and
10 nm). The fabricated catalyst with the largest mesopore size exhibited not only higher
acrolein selectivity, but also maintained the space yield for longer on-stream time. Chai et al.
divided the acidity (H0) into three major groups: H0≤-8.2, -8.2≤H0≤-3.0, and -3.1≤H0≤+6.8,
where H0 is obtained by the Hammett acidity function. The solid acids with strengths in the
range -8.2≤H0≤-3.0 were most likely to have good acrolein production; or else the catalyst
either does not provide sufficient acidity to selectively catalyze acrolein formation or is too
acidic to easily suffer from surface coke formation. Brønsted acid sites are superior to Lewis
acid sites for acrolein production; however, several studies show that Lewis acid sites could
be converted to Brønsted acid sites in the presence of water vapor [101].
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1.2.4.2.1 Catalysts

1) Supported mineral acids

Of the supported mineral acids, phosphoric acid has been so far reported as the most
favorable. The studies have been conducted on various supporting materials, such as α-Al2O3,
activated bentonite, and activated carbon. Common mineral acids are usually water soluble;
therefore, they can not be solid acids by themselves. Previous studies used them as solid acids
after they were supported by some catalyst frameworks. Boronic acid, sulfuric acid, and
phosphoric acid supported by silica [102], alumina [103], zeolite [104] have been studied in
the past. The supported phosphoric acid thus far provided the best result. In 1993, Neher et al.
[9] stated that they had produced 1,2- and 1,3-propandiol from glycerol. The first step
described in their patent is the dehydration of glycerol using an alumina-supported
phosphoric acid for the production of acrolein. The acrolein yield was reported as 70.5 mol%.
Suzuki patented the semi-batch reaction using H3PO4/α -Al2O3 with dropwise addition of
glycerol solution, and reported 42% conversion and 89 mol% selectivity [105].
2) Zeolites

Zeolites are crystallized aluminosilicates, consisting of a three-dimensional framework
of tetrahedral SiO4 or AlO4. The general formula of zeolite can be represented as
Mx/n[(AlO2)x(SiO2)y]wH2O. The zeolite has well defined yet controllable pore sizes, good
thermal stability, and tunable distribution of Brønsted and Lewis acidities [106]. Li and coworkers patented their idea of using acidic zeolites to catalyze glycerol dehydration to
acrolein. The highest acrolein yield was reported as 82.1 mol% using ZSM-11 as catalyst at
320°C [107]. Corma and co-workers operated glycerol conversion in a microdowner unit in
the presence of ZSM-5 zeolites. At the optimal condition, they reported 62.1 mol% acrolein
selectivity and 100% glycerol conversion [108]. Goehlich et al. conducted their screening test
of several zeolites using a microactivity test unit. They found a low amount of phosphoric
acid loading boosted the acrolein selectivity [109]. Neher et al. achieved 71-75 mol%
selectivity using HZSM-5 to catalyze the liquid phase reaction (250-300°C) at 70 bar;
however, the corresponding glycerol conversion was only 15-19%. Chao et al. disclosed their
development of a catalyst using HZSM-5 with a SiO2/Al2O3 molar ratio of 25-360, together
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with the active metal components. The selectivity of 75.2 mol% and a complete conversion
was claimed. Kim and co-workers examined the effect of the SiO2 to Al2O3 molar ratio
(ranged from 23-1000) in ZSM-5, and the results showed that HZSM-5 with the SiO2/Al2O3
ratio of 150 provided the highest glycerol dehydration activity [110]. Jia and co-workers
investigated the performance of a nano-crystalline zeolite. In their examination of the
particle-size effect and Al/Si ratio, they concluded that the nano-crystalline zeolite with small
pore size and large Al content was the most promising.
3) Metal/mixed oxide catalysts

In general, for mixed or metal oxides, the preparation procedures (calcination
parameters in particular) modify the acid/base properties, making significant differences in
their catalytic performance in the reactions. Chai et al. investigated Nb2O5, and found that it
exhibited the best catalytic performance when calcined at 600°C. Ulgen and Holderich
reported 72.1 mol% acrolein selectivity at 88.7 mol% conversion using ZrO2 supported WO3
with loading of 15.43 wt% [92]. In 2008, Okuno et al. disclosed their findings that crystalline
metallosilicates containing one of the metal elements Al, Ga, or Fe with certain ratios to Si
were good catalyst candidates for glycerol dehydration to acrolein [111]. Artia patented their
solid acid catalyst, a crystal of a rare earth metal salt of phosphoric acid, by adding a
phosphate ion to a solution of water, a hydroxide of one rare earth metal and/or its
dehydration condensation product, followed by a co-firing procedure [112]. Liu et al. detailed
their study of rare earth (La, Ce, Nd, Sm, Eu, Gd, Tb, Ho, Er, Tm, Yb, Lu) pyrophosphates.
Although the unsupported rare earth pyrophosphates did not have large surface areas (<50
m2/g), many of them already displayed promising catalytic performance. The calcination
temperature and precipitation pH condition are two important parameters during catalyst
fabrication that provide a large tunable range in terms of the final catalytic performance in the
glycerol dehydration reaction. Also, enlarging the catalyst surface area with supporting
materials provides an opportunity for further potential improvement.
4) Heteropoly acid (HPA)

HPA feature strong Brønsted acidity, approaching the super-acid region (a super acid is
defined as an acid with strength greater than that of 100% H2SO4 [113]). Compared to the
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conventional acids, HPAs are economical and environmentally friendly, and they have welldefined structures and tunable acidity levels [113-115]. The most common commercially
available HPAs are H3PW12O40, H4PW11VO40, H4SiW12O40, H3PMo12, and H4SiMo12O40. The
problems with direct usage of HPAs are as follows. First, they are water soluble, as are all
the mineral acids [113-115]. Direct usage in the reaction with a large amount of polar
substances would result in substantial loss of the HPA during the course of the reaction.
Second, although featuring a strong acidity, HPAs usually have low specific surface areas
[116, 117]. As the result, in a lot of HPA applications, HPAs were loaded on certain
supporting materials (e.g. [118-120]). Strong acidity of HPAs can be retained after being
loaded on the support surface, while larger surface areas can be achieved, as determined by
the supporting materials [116, 117, 121]. In other words, the supporting materials intrinsically
tune HPAs, imposing new features on the HPAs. With proper selection, the supported HPAs
can be very good candidates for solid acid catalysts for glycerol dehydration to acrolein.
There is an optimal HPA loading for a given support. Under-loading necessarily leads
to less desired acidity or acid strength, while overloading weakens the proton sites and makes
acid distribution less uniform. Several studies have looked into this type of catalyst, and
several commercially available HPAs with different supporting materials have been studied
in the past, as listed in Table 1-2. Although some studies found that crystal-phase of HSiW
formed on a silica surface when the loading was larger than 20 wt% prior to the crystal-phase
formation, Tsukuda and co-workers obtained good acrolein production results using silicasupported HPAs with 30 wt% acid loading. Three different size mesoporous silicas were
compared, 3 nm, 6 nm, and 10 nm pore diameters with surface areas of 733 m2g-1, 466 m2g-1,
and 310 m2g-1, respectively. HSiW is finely dispersed on the silica with 3 nm pore. However,
since the HSiW molecule itself is about 1.2 nm, there is only a very small opening for the
reactants to enter and product to leave the site. Consequently, it is easier for the deposited
coke to clog the entrance. HSiW crystalline structures started to aggregate on 6 nm silica
pores, and more so on the 10 nm pores; yet still they provided appropriate pore size, surface
area, and acid strength to achieve high acrolein yield. All three catalysts exhibited almost
identical acrolein yields initially; the ones with larger pores showed overall higher yield,
because the conversion decreased slower, which was attributed to less coke formation [102].
The study of HSiW loaded on activated carbon with surface area of 1068 m2 g-1 showed that
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10 wt% loading of HSiW provided the best catalytic performance [122]. The acid strength of
HSiW was reduced upon loading to activated carbon less than 5 wt% [123], while higher
loading caused more aggregation of HSiW molecules resulting in the decrease of the pore
size and thus more severe deactivation. Dubois et al. patented their work using the salt of a
HPA, and the yields were between 49.8 mol% and 93.1 mol% and the conversion was
between 78.6%-100% [124, 125].
Atia et al. conducted a factorial type of comparison study on both the HPAs and the
catalyst supports. They found that the same trends occurred as in the case of alumina
supported HSiW: larger mesoporous alumina supported HSiW showed a better catalytic
performance for acrolein production. They found that either 10 wt% or 20 wt% loading made
no significant difference on catalytic conversion. HSiW was a better acid than H3PMo12O4,
H3PW12O40(HPW),

or (NH4)3PMo12O40 on silica, alumina, and aluminosilicate, which

possibly was the combination effect of acid strength, thermal stability, oxidation potential,
and hydrolytic stability [123]. Alumina- and aluminosilicate-supported acids showed a rather
long and stable catalytic life.
Chai et al. used anti-sintering ZrO2 nano-crystals to support HPW. Optimal loading of
HPW was between 10-20 wt% [126]. Interaction between ZrO2 and HPW increased the
thermal stability of HPW. The ZrO2 supported HPW calcined at 650°C gave the best catalytic
performance, and also had the potential to be regenerated with a conventional oxygen burning
method. Other than using supported HPAs, the usage of the salt of HPAs plays the similar
role in modifying the surface area, porosity, and thermal stability, which varied greatly by the
nature of the counter-cations [123]. Alhansah et al. conducted a study of the HPA salts with
cesium, which had been reported as the most promising counter-cation for acid catalytic
reaction. HPW-Cs salt showed better performance than HSiW-Cs salt, and both of them
showed high acrolein selectivity. The doping of Pt group metals to HPW-Cs salt slowed the
deactivation rate without lowering the acrolein selectivity. The best catalyst, as they
discovered, was 52 wt% Pd-doped Cs2.5H0.5PW12O40 [127].
Table 1-2 summarizes the recent achievements in the gas-phase glycerol dehydration in
terms of acrolein production.
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Table 1-2: Recent progress of acrolein production via gas-phase glycerol dehydration
Catalysts

particle sizes
(um)

surface area
(m2/g)

Glycerol
conversion (%)

Acrolein selectivity
(mol%)

Carrier gas

Glycerol
concentration

Glycerol feed
information

Temperature
(°C)

TOS 1

Ref.

Nb2O5 (calcined @400 ºC )

N.A.2

99

88

51

30 mL/min N2

36.20 wt%

80 h-1

315

9-10h

[128]

ZSM5 (Si/Al = 100)

40-120

70

100

62.1

350

9-10h

[108]

15%H3PO4/SiO2(6 nm)

75-650

N.A.

69.9

48.2

30mL/min He

10 wt%

325

5h

15%H3BO3/SiO2(6 nm)

75-650

N.A.

1.5

27.3

30mL/min He

10 wt%

325

5h

30% H3PW12O40/SiO2

75-650

N.A.

99.7

65.1

30mL/min He

10 wt%

325

5h

30% H4SiW12O40/SiO2

N.A.

N.A.

98.3

86.2

30mL/min He

10 wt%

275

5h

30% H3MoW12O40/SiO2

N.A.

N.A.

98.4

33.4

30mL/min He

10 wt%

275

5h

H4SiW12O40

N.A.

<5

26.7

59

30mL/min He

10 wt%

275

5h

15.43% WO3/ZrO2

500-1000

59

88

72.1

2.5mL/min O2

20 wt%

20%HPMo/A5

N.A.

N.A.

97.3

45

30mL/min He

10 wt%

20%HPW/A5

N.A.

N.A.

99.2

20%HSiW/A5

N.A.

N.A.

10%HSiW/Al2O3-SiO2 (4nm)

N.A.

N.A.

HSiW20/A12

N.A.

30%H3PW12O40/SiO2
(calcined@350 ºC)
30%H3PW12O40/SiO2
(calcined@650 ºC)
15%H3PW12O40/ZrO2
(calcined@650 ºC)

350-840
(20-40mesh)
350-840
(20-40mesh)
350-840u
(20-40mesh)
350-840
(20-40mesh)

10%H4SiW12O40/AC
Nd4(P2O7)3 (ph=6, calcinate @
500 ºC)
CsPW

N.A.
45-180

330 h

-1

280

8h

275

several hours

51.7

275

several hours

98.4

63.6

275

several hours

100

75

275

several hours

-1

315

9-10h

N.A.

99

74

30 mL/min N2

36.20 wt%

400 h

141

25

59

31 mL/min N2

36.20 wt%

400 h-1

315

9-10h

162

20

54

32 mL/min N2

36.20 wt%

400 h-1

315

9-10h

133

76

71

33 mL/min N2

36.20 wt%

400 h-1

315

9-10h

N.A.

92.6

75.1

20 mL/min He

10 wt%

330

5h

N.A.

96.4

82.7

30 mL/min N2

36.2 wt%

227 h-1

320

7-8h

227 h

-1

275

5h (1h)

-1

130

41 (100)

94 (98)

15 mL/min N2

10 wt%

Cs2HPW12O40

45-181

70

21(91)

94 (97)

15 mL/min N2

10 wt%

227 h

275

5h (1h)

0.5%Pd/CsPW

45-182

84

79 (97)

96 (83)

15 mL/min H2

10 wt%

227 h-1

275

5h (1h)

10 wt%

227 h

-1

275

5h (1h)

227 h

-1

275

5h (1h)

0.5%Ru/C + CsPW (1:10)
20%HPW/SiO2

45-183
45-184

117
205

50 (95)
60 (100)

92 (94)
95 (97)
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15 mL/min H2
15 mL/min N2

10 wt%

[102]

[92]

[101]

[126]

[122]

[127]

Table 1-2 continued
Catalysts

particle sizes

surface area
(m2/g)

Glycerol
conversion (%)

Acrolein selectivity
(mol%)

Carrier gas

Glycerol
concentration

Glycerol feed
information

Temperature
(°C)

TOS

Ref.

2%Pd/20%HPW/SiO2

45-185

200

72 (100)

94 (85)

15 mL/min H2

10 wt%

227 h-1

275

5h (1h)

[127]

64

18 mL/min N2
mixed with O2

20 wt%

-1

[129]

VOPO4 (Calcinate@800ºC)
SAPO-11

N.A.
N.A.

10
89

100
88(65)

62(55)

50mL/min He

5 wt%

227 h

300

10 h

43 (90) h

-1

280

after 1hr

-1

280

after 1hr

SAPO-34

N.A.

359

59(42)

72(65)

50mL/min He

105 wt%

44 (90) h

La4(P2O7)3

N.A.

N.A.

76.2

78.5

30mL/min N2

36.2 wt.%

227 h-1

320

7-8hr

Ce4(P2O7)3

N.A.

N.A.

44.8

42.9

30mL/min N2

36.2 wt.%

228 h-1

320

7-8hr

36.2 wt.%

229 h

-1

320

7-8hr

-1

Nd4(P2O7)3

N.A.

N.A.

87.2

79.9

30mL/min N2

Sm4(P2O7)3

N.A.

N.A.

89.7

77.8

30mL/min N2

36.2 wt.%

230 h

320

7-8hr

Eu4(P2O7)3

N.A.

N.A.

83.1

78.5

30mL/min N2

36.2 wt.%

231 h-1

320

7-8hr

36.2 wt.%

232 h

-1

320

7-8hr

-1

320

7-8hr

Gd4(P2O7)3

N.A.

N.A.

88.2

78.9

30mL/min N2

Tb4(P2O7)3

N.A.

N.A.

87.6

78.8

30mL/min N2

36.2 wt.%

233 h

Ho4(P2O7)3

N.A.

N.A.

84.4

77.2

30mL/min N2

36.2 wt.%

234 h-1

320

7-8hr

Er4(P2O7)3

N.A.

N.A.

86.7

79.7

30mL/min N2

36.2 wt.%

235 h-1

320

7-8hr

Tm4(P2O7)3

N.A.

N.A.

87

77.8

30mL/min N2

36.2 wt.%

236 h-1

320

7-8hr

36.2 wt.%

237 h

-1

320

7-8hr

238 h

-1

320

7-8hr

Yb4(P2O7)3
Lu4(P2O7)3
1

Time-on-stream

2

Not available

N.A.
N.A.

N.A.
N.A.

48.4
58.5

63.7
64.4
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30mL/min N2
30mL/min N2

36.2 wt.%

[130]

[131]

1.2.4.2.2 Reaction conditions

In Cheng and Ye’s diffuse reflectance FTIR study, they found that higher temperature
would cause the formation of polymeric condensation compounds, and would also facilitate
the formation of acetate and surface-bound carbonate products, resulting in smaller carbon
chain products, such as CH3CHO, CH4, CO, and CO2 [132]. In Yoda and Ootawa’s FTIR
study of glycerol dehydration on H-MFI zeolite, the dehydration yielded exclusively acrolein
under 87ºC [133]. Zeolite has been used as catalyst for the kinetic study by Kim and coworkers [110]. They investigated a broad range of SiO2/Al2O3 ratios, which covered the ratio
of the zeolite that Yoda and Ootawa used. However, acetol formation was detected. This
finding reinforces the possibility that low temperature was favored for acrolein production.
The reason might be that the decomposition of acrolein into formaldehyde and acetaldehyde
occurs much faster at higher temperatures, causing the partial loss of acrolein when
examining the downstream product. Pathak et al. claimed that the condensable products (such
as acrolein, acetol, etc) were dominant at low temperatures, while at high temperatures more
incondensable products (such as CO2, H2, etc) were present [134]. Kuba and Dubois used
their catalyst screening program to screen rapidly various reaction conditions for glycerol
conversion to acrolein [135]. The results showed catalysts deactivated much faster at higher
temperatures. Although glycerol conversion increased with the increase of the reaction
temperature, glycerol started to decompose at a temperature of 300ºC, known as glycerol
pyrolysis; this is not favorable for the desired dehydration product. Also, several studies
reported that glycerol conversion attained almost complete conversion before reaching 290°C
(for example, 275°C in Atia’s study and 240°C in Ulgen and Hoelderich’s study), so a further
increase of the reaction temperature would not necessary lead to higher acrolein yields. A
relatively better acrolein selectivity occurred at 275°C for all the catalysts investigated by
Atia et al. [101]. According to Ulgen and Hoelderich, however, lower temperature favors the
intermolecular dehydration leading to the glycerol oligomerization. At higher temperatures,
they found the maximum selectivity occurs at 280°C [92].
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The surface reaction network of the chemisorbed glycerol is very likely to be
influenced by the presence of water vapor [110]. The undesired sequential reactions from
acrolein might be suppressed by the water vapor. With the presence of water, some Lewis
acid sites might be converted into Brønsted acid sites, which are preferred for acrolein
formation [132].

1.2.4.2.3 Problems to be solved

Promising progress has been achieved regarding the acrolein yield, which is already
competitive with the current manufacturing methods derived from propylene [108]. To make
this bio-based process into a completely satisfactory substitution to the propylene method,
one problem yet needs to be solved: how to extend the service life of the highly efficient solid
acid catalysts to the timescale of months to years. Catalyst deactivation problem was reported
in almost every single study on glycerol dehydration to acrolein [92, 101-103, 110, 122, 126,
127, 129-131, 133, 135-142]. The negative influence of catalyst deactivation usually reflected
in the decrease of glycerol conversion along the reaction time course, which lowered the
overall acrolein yield. For example, compared to glycerol conversion at 1 hour TOS, the
conversion at 5 hours TOS was reduced by 40%-59% for the caesium heteropoly salts in
Alhanash and co-workers’ study [127]; In the study by Kim et al. [110], the ZSM-5 catalysts
with various Si/Al ratios showed a reduction of 46% to 69% in glycerol conversion at 10-12
hours TOS compared to 2 hours TOS, and also some reduction in acrolein selectivity.

Catalyst deactivation is caused by coke formation on the catalyst surface, thereby
blocking the pores and preventing the reactant contact with the active sites. Glycerol
conversion would decrease as the result. Also, part of the coke is formed from acrolein or
glycerol, so its formation reduced the acrolein yield. Stronger acid sites, or more specifically,
strong Brønsted acid sites, are favored by acrolein formation, but they unfortunately also lead
to more severe coking and therefore more severe catalyst deactivation [127].
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Some efforts were made regarding the catalyst deactivation problem. Although not as
catalytically good as supported HPAs, one advantage of the zeolite or other metal oxide
catalysts that have been calcined at a higher temperature than 450°C or 500°C is that a
conventional coke removal method using oxygen burning can be applied. Chai stated that
20% O2 blended with N2 at the reaction temperature 315°C was sufficient for a complete
regeneration [128]; however, no data was provided to show this result at such a low
temperature, at which hard coke could not be cleaned according to classical theories. Some
studies claimed that co-feeding small amounts of oxygen helped to suppress the side products
and the coke formation [143, 144]. Artia et al. disclosed their glycerol dehydration process
using zeolite as the acid catalyst [145]. The idea of their operation was that after 12 hours of
the glycerol dehydration reaction, the glycerol feed was halted, and O2-containing gas was
flashed through the reactor at 360°C for 8 hours. The regained acrolein yield (63 mol%)
could be seen in the product sampled after 3 hour of the restarted reaction [146]. Yan et al.
(2009) tried to ameliorate the coking problem by operating the reaction at a lower pressure
than atmospheric, to aid in the evaporation of glycerol and to prevent condensation of
reactants/products on the catalyst surface. The catalyst’s life is also extended at a lower
pressure. Alhanash et al. tried to ease the coking problem by doping the solid acid catalyst
with a platinum-group metal and the addition of H2 to the carrier gas. The addition of
hydrogen possibly hydrogenated the coke precursor, which is the reverse reaction of coke
formation [127].

1.3

Discussion of the economic and industrial potential

The technical details and the current development of the bio-based method as well as
other acrolein synthesis methods have been reviewed. Compared with aldol condensation and
partial oxidation of propane, the bio-based method from glycerol is a more sustainable and
viable alternative to the current manufacturing method. In this section, the industrial
application potential and the economic virtues of the bio-based method were further
demonstrated via comparative discussion between the propylene-based method and the biobased method.
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The process flow diagram for the partial oxidation of propylene to acrolein is presented
in Figure 1-8 [147-149]. In this process, compressed air, propylene and steam are heated to
250ºC prior to entering the packed bed reactor; a typical molar ratio of these three
components is 1:10:5. The reactor is operated at 250-320ºC and 150-250 kPa, and the
gaseous mixture is quenched with sufficient water and partially cooled to remove the
byproduct acrylic acid and a trace amount of acetic acid. The quench tower in Figure 1-8 is
for this purpose. Then the gaseous mixture, including the products, remaining reactants, and
inert gas, is sent to an absorber, where the noncondensable gases (unreacted propylene, O2,
N2, and COx) are removed as the off-gas and the dilute acrolein liquid stream were sent to the
subsequent stripping column. In the stripping column, the majority of water is condensed at
the bottom, while the raw acrolein is obtained as distillate. The refined acrolein (> 95%) is
obtained after two subsequent separation towers (extraction column and distillation tower) to
remove the lighter organic impurities.

Figure 1-8: Process flow diagram for production of acrolein from propylene [148, 150, 151].

Figure 1-9 is a proposed industrial gas-phase glycerol dehydration process flow
diagram. Glycerol is heated to 275°C, and fed into a mixing and agitation tank, into which
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high-temperature steam is also fed. The output (4.663mol% glycerol/steam) is fed into the
packed-bed reactor (275°C). If crude glycerol is used, the pretreatment needs to be added to
remove any solids, fouled organics, salts, free fatty acids, color and odor. Glycerol-water
vapor, together with the onsite generated nitrogen, is fed into the reactor packed with the
alumina supported silicotungstic acid and operated at 275°C and atmospheric pressure (101
kPa). The gaseous mixture at the reactor outlet includes incondensable gases (N2 and carbon
oxide), water vapor, acrolein, low-boiling compounds (acetaldehyde and propionaldehyde)
and high-boiling point compounds (acetol, acetic acid, acrylic acid, phenol, glycerol, etc.).
From this point on, the treatment can be directly adopted from the propylene-based process.
The gaseous mixture is washed with a limited amount of water in the quench tower to remove
the high-boiling compounds. Then acrolein is absorbed with a large amount of water in the
absorption tower, and the incondensable gases (N2, COx, etc) are removed. The diluted
acrolein solution is then worked up to crude acrolein in the stripper, and then purified via two
steps of distillation through the extraction column and the distillation tower.
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Figure 1-9: Proposed process flow diagram for production of acrolein from glycerol. The red
rectangle is applied if crude glycerol is used as starting material.

To analyze the economical feasibly of bio-based acrolein production, the concept of
production costs plus profit (PCPP) was used. Figure 1-10 lists the elements in calculation of
PCPP, which is a proxy for the market price of the end product. As is demonstrated in the
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table, PCPP is composed of direct operating costs, taxes, insurance fees and plant overhead,
the allowance for marketing, administration and R&D, and the capital charge.

Figure 1-10: The components of the production costs plus profits (PCPP) (reproduced from
Hermann et al. [152])

To simplify the comparison of the two processes, the following equations (Equations 15 and 1-7) are to be used in the calculation. Two parts compose the direct operating cost: the
variable cost and the fixed cost, each of which contains several elements, respectively:

Π = D ⋅ Y − Cv − C fix

Equation 1-5

where Π is the profit, λ is the market price of the product acrolein in the unit of $/ton, Y is the
annual mass production of acrolein in the unit of ton, Cv is the variable cost in the unit of $,
which includes the cost for feedstock, catalyst, energy, and labor, etc., and Cfix is fixed cost in
the unit of $, which includes all the others costs, such as investment, capital, marketing,
administration, etc.
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Cv = Ccatalyst + C feedstock + Cenergy + Cother

Equation 1-6

where Cv is the variable cost, Ccatalyst is the cost for the catalyst, Cfeedstock is the cost for
feedstock, Cenergy is the cost for energy consumption, Cother includes all the other components
in the viable cost, which is assumed to be the same for both processes.

The difference of variable cost between propylene-based process and bio-based
acrolein can thus be expressed in Equation 1-7.

=>

∆Cv = ∆Ccatalyst + ∆C feedstock + ∆Cenergy + ∆Cother

Equation 1-7

g
p
p
g
p
) + (C gfeedstock − C feedstock
) + (C energy
)
= (C catalyst
− C catalyst
− C energy

where △ denotes the difference between propylene-based method and bio-based method, the
superscript “p” denotes propylene-based process, and the superscript “g” denotes bio-based
process.

Table 1-3 comparatively lists the major components with their specifications in the two
production processes (based on Figure 1-8 and Figure 1-9). Comparing these two processes,
it is not difficult to observe that there are many similarities existing between these two
production schemes. The multiple packed-bed reactor (PBR) system is well applicable to
both production methods. The partial oxidation of propylene to acrolein is highly exothermic
(~ -356 kJ/mol), while the glycerol dehydration to acrolein is endothermic (~ 43 kJ/mol)
(Appendix II); therefore, an efficient heat exchanger is needed for the multiple-PBRs in the
propylene-based production to promptly release the heat, while the multiple-PBRs in biobased production need a furnace to maintain the reaction operating at a elevated temperature.
The PBR for propylene-based production usually operates at 150-250 kPa, and it usually
costs more in comparison to the PBR in the bio-based acrolein production, which operates at
atmospheric pressure. Considering these factors, it is reasonable to make the assumption that
the

fixed

costs

for

the

reactors

are
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equivalent

for

both

processes.

Table 1-3: Comparative list of the reactor and separation columns of propylene-based production and bio-based production 1
Propylene-based process
Pretreatment
steps





PBR 2 reactor





Bio-based process


Heating propylene and air



Multiple reactors packed with multi-components metal
Operating at ~320ºC, strong exothermic reaction
Operating at the 150-250 kPa
Require careful temperature control; good cooling system






Purification (if crude glycerol is used as starting materials
Heating glycerol, mixing glycerol with steam
Multiple reactors packed with alumina supported heteropoly acid
Operating at ~280ºC, endothermic reaction
Operating at atmospheric pressure
Good heat isolation, need heating supply

Quenching the products

Quenching the products
Removing the high-boiling compounds, mainly acrylic acid  Removing the high-boiling compounds, including acetol, acetic acid,
and acetic acid
acrylic acid, phenol and glycerol



1st column

nd

2 column

3rd column
4th column
5th column
1
2




Entrance: propylene, COx, steam, acrolein, acetaldehyde,
propionaldehyde

Obtaining the diluted acrolein solution devoid of
incondensable gases

Entrance: acrolein, water, acetaldehyde, propionaldehyde.

Distillate: crude acrolein

Entrance: acrolein, acetaldehyde, propionaldehyde.

Distillate: acrolein containing less impurity

Obtaining refined acrolein; adding stabilizer.









Feed: acrolein, acetaldehyde, propionaldehyde, steam, COx, N2.
Obtaining the diluted acrolein solution devoid of incondensable gases
Entrance: acrolein, water, acetaldehyde, propionaldehyde.
Distillate: crude acrolein
Entrance: acrolein, acetaldehyde, propionaldehyde.
Distillate: acrolein containing less impurity

Obtaining refined acrolein; adding stabilizer

This table corresponds to the schemes presented in Figure 1-8 and Figure 1-9.
PBR stands for packed-bed reactor.
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(The difference in the energy cost will be considered in Cenergy as part of Cv.) The postprocessing steps are essentially the same for both synthesis methods, so the cost regarding
this part can be considered the same. The major differences exist prior to the reactors, as
categorized under “Pretreatment steps” in Table 1-3. Comparing to the propylene-based
acrolein production, the following unit equipment is additionally needed for the bio-based
production. A nitrogen generator is needed for bio-based acrolein production ($23,340 quoted
by Gazcon onsite nitrogen generation for the following specifications: up to 250 L/min, 99%
purity, up to 5 bar outlet pressure, 24 hour/day operation). Also a mixing/agitation tank is
needed to blend hot glycerol with steam. If crude glycerol is used, a pretreatment step can be
added to remove any solid, foul organics, salts, and free fatty acids (FFAs), color and odor.
Several commercial products are available for this application, such as HEED® or
HEEPMTM

system

(http://www.eetcorp.com/heepm/glycerinspecs.htm)

from

EET

Cooperation (Harriman, TN, USA), Glycerol-Refining-System from Crown Ion Works
(http://www.crowniron.com/technologies/oleo_glycerine.cfm) (Minneapolis, MN, USA) and
ROHMIHAAS’s

AMBERSEP™

BD50

from

DOW

(http://www.amberlyst.com/glycerol.htm). A conservative assumption is made that the fixed
cost (Cfix) plus Cother of bio-based acrolein production from crude glycerol and from refined
glycerol is 1.3 and 1.1 times of propylene-based acrolein production.
Table 1-4 shows that the several major components in the variable cost Cv that differ
greatly between propylene-based and bio-based methods for a 10,000-ton acrolein
production. The quantities for steam only refer to what is used in the reaction. Also, the
energy listed in the table only refers to the part of energy required to heat up the reactant(s)
and required for the reaction (assuming the energy consumption of all the other processes are
the same for both production methods). The consumption of deionized water used in the
quenching and absorbing processes and the solvent used in the extraction step (Figures 1-8 &
1-9) in propylene-based production and bio-based production is equivalent; therefore, their
costs are not included in Table 1-4. The quantities of the feedstocks required for both
processes are calculated based on the stoichiometric relation under the assumption of 80
mol% acrolein yield, and the quantity calculated for crude glycerol was based on the glycerol
purity of 80 %. In terms of the last two variations in the variable cost (Equation 1-7), the biobased method using refined glycerol costs $12.95 million (MM)-$16.13 MM, which is 0.821.02 times the cost of these parts of the propylene-based method; the bio-based method using
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crude glycerol cost $2.71 MM-5.83 MM, which is 17.2%-40.5% of that of propylene-based
method.
Table 1-4: Comparison of propylene-based and bio-based acrolein production (10,000
ton/year) regarding feedstock and energy consumption
Raw Material

Price

Propylene
process (/year)
2

Bio-based process
(/year)
From refined
From crude
glycerol
glycerol
20,536 ton 4
25,669 ton 5
82,142 ton 7
82,142 ton 7
6
8
2.67*10 kWh
2.67*106 kWh 8
10
$2.71-5.83 MM 11
$12.95-16.13 MM

Propylene
$1664 /ton 1
9,375 ton
Refined glycerol $595.25- 749.57 /ton 3
Crude glycerol $77.16-198.42 /ton 3
Steam
$7.31 /ton
20,089 ton 6
Energy
$0.05/kWh
0
Total
$15.74 MM 9
1
the price reported in February 2011 by ICIS [153]
2
calculated based on the 10,000-ton annual acrolein production and 80 mol% acrolein yield: [10,000
ton/(56 g/mol)*(42 g/mol)]/80%=9,375 ton
3
the price reported in September 2010 by ICIS [154], except for that the lower end of crude-glycerol
price [155]
4
calculated based on the 10,000-ton annual acrolein production, 80 mol% acrolein yield, and the
stoichiometry of glycerol dehydration to acrolein: [10,000 ton/(56 g/mol)*(92 g/mol)]/80%= 20,536
ton
5
calculated based on the same assumptions as 4 and the assumption that the crude glycerol contains
80% glycerol: [10,000 ton/(56 g/mol)*(92 g/mol)]/80%/80%=25,669 ton
6
calculated based on the feed molar ratio of propylene-air-steam as 1:10:5 and the calculated
propylene requirement: 9,375 ton/(42 g/mol)*(18 g/mol)*5=20,089 ton
7
calculated based on the calculated requirement for glycerol and the assumption that the feed has a
concentration of 20 wt% glycerol: 20,536 ton/20%= 82,142 ton
8
calculated based on the heat requirement (43 kJ/mol) for the endothermic dehydration reaction
5
6
(Appendix II) and the annual working hours of 8000 hours/year: [(10 ton/year*(10 g/1 ton)/(56
6
g/mol)]/80%*(43kJ/mol)*(0.000278 kWh/1kJ)=2.67*10 kWh/year
9
($1664 /ton)*(9,375 ton)+($7.31 /ton)*(20,089 ton)=$15.74*106=$15.74 M
10
low: ($595.25 /ton)*(20,536 ton)+($7.31 /ton)*(82,142 ton)+($0.05 /kWh)*( 2.67*106
kWh)=$12.95*106=$12.95 M
high: ($749.57 /ton)*(20,536 ton)+($7.31 /ton)*(82,142 ton)+($0.05 /kWh)*( 2.67*106
kWh)=$16.13*106=$16.13 M
11
low: ($77.16 /ton)*(25,669 ton)+($7.31 /ton)*(82,142 ton)+($0.05 /kWh)*( 2.67*106
kWh)=$2.99*106=$2.71 M
high: ($198.42 /ton)*(25,669 ton)+($7.31 /ton)*(82,142 ton)+($0.05 /kWh)*( 2.67*106
kWh)=$5.83*106=$5.83 M

Consider bismuth molybdate as an example of the multi-component metal catalyst. In
general, the acid catalyst is much cheaper than a multicomponent metal catalyst. For
example, the retail price (Sigma-Aldrich) of the active compounds bismuth molybdate costs
over twice as much as silicotungstic acid (Table 5-1). It is reasonable to assume that the
relative cost difference remains the same, even though both catalysts would be available at a
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much lower price on the industrial scale. The average lifetime of a multicomponent catalyst is
1-2 years. According to the statement made by Atia et al. on the catalyst lifetime and the
regeneration [123], it is reasonable to make an assumption that each batch of the catalyst can
last for about a half year. The catalyst quantity required in a 10,000 ton annual acrolein
production via the propylene process is 7,083 kg, assuming 80mol% acrolein yield and 100 h1

gas-hourly-space velocity (GHSV). With these assumptions, the total cost of the acid

catalyst is 1.01 times that of the multicomponent catalyst for an annual production of 10,000
ton acrolein (Table 1-5). Any improvement in GHSV and catalyst lifetime would reduce the
ratio of catalyst cost of the glycerol process to that of the propylene process. If an assumption
is made that the industrial catalyst price falls within the range of $50/kg-500/kg for the
propylene process ($0.483MM -4.83MM per year), the cost of the catalyst for the glycerolbased method is $0.488 MM-4.88 MM per year. Then the difference of the catalyst cost
between the bio-based method and the propylene-based (∆Ccatalyst) is $0.005 MM-0.05 MM.
Table 1-5: Catalyst comparison of propylene-based and the glycerol-based acrolein
production (10,000 ton/year)
Propylene process

Glycerol process

Active catalyst

bismuth molybdate

silicotungstic acid

Retail price

$3.53/g

$1.62/g

Life time

1.5 year

Quantities

9,657 kg

Total cost factor (/year) 3

1

0.5 year
1

7,083 kg 2
1.01
4

$0.48 MM -4.83 MM
$0.49 MM-4.88 MM 5
Total cost (/year)
1
calculated for 10,000 ton acrolein production. Acrolein yield of 80mol% was assumed. The density
of the bismuth-molybdate-based catalyst was used as 5670 kg/m3, and GHSV was used as 800 h-1
2
calculated for 10,000 ton acrolein production. Acrolein yield of 80mol% was assumed. The density
the silicotungstic-acid-based catalyst was used as 520 kg/m3, and GHSV was used as 100 h-1
3
Due to the fact that the industrial catalyst price of propylene process is unknown, this factor reflects
the relative relationship between the catalysts of propylene-based process and bio-based process.
4
calculated based on the assumption that the price of the industrial catalyst for propylene-based
production falls within the range of $50/kg-500/kg
5
lower limit: $0.483 MM*1.01=$0.288 MM; upper limit: $4.83 MM*1.01=$4.88 MM

Based on Equation 1-7, the difference of the variable cost (∆Cv,) between the bio-based
acrolein production from refined glycerol and the propylene based method is -$2.78MM
[(12.75-15.74)MM+(0.488-0.483)MM] to 0.44MM [(16.13-15.74)MM+(4.88-4.83)MM];
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while ∆Cv from crude glycerol is -$13.03MM [(2.71-15.74)MM+(0.488-0.483)MM] to $9.86MM [(5.83-15.74)MM+(4.88-4.83)MM].
The current acrolein price is $2673 per ton (quoted 2010-3-31); equivalently, the total
annual market sales of 10,000-ton acrolein would be $26.73MM (from a propylene-based
process). If the profit is assumed to be 20% of the total annual market acrolein sales (λY), the
summation of the variable cost and the fixed cost is $21.38 MM [$26.73MM*(1-20%)] for
current propylene production. If the same profit ($5.34 MM) is assumed, based on Equation
1-5 and the variation on the variable and the fixed cost discussed above, the total annual
market acrolein sales via the bio-based route from refined glycerol should be $24.50MM
($(15.74-2.78)MM+1.1*$(21.38-15.74)MM+$5.34MM)

to

$27.72MM

($(15.74+0.44)MM+1.1*$(21.38-15.74)MM+$5.34MM). Consequently, the market price of
acrolein from refined glycerol is $2304-2626 per ton. The total annual market acrolein sales
via the bio-based route from crude glycerol should be $15.38MM ($(15.74$13.03)MM+1.3*$(21.38-$15.74)MM+$5.34MM)

to

$18.55MM

($(15.74-

$9.86)MM+1.3*$(21.38-15.74)MM+$5.34 MM). It results in the market price of acrolein
from crude glycerol is $1538-1855 per ton.
Based on the estimation above, at the current developmental stage of gas-phase
glycerol dehydration, the acrolein price provided by the bio-based route using refined
glycerol as the feedstock is equivalent to the current manufacturing method; the price is
significantly reduced (31-42% reduction) if the production begins with crude glycerol. It is
worth noting that the estimation was based on the modest assumption that represents the
current average developmental stage of this bio-based method (GHSV 100h-1 and 80mol%
acrolein yield). Compared with over a half-century development of the propylene methods,
extensive research on the gas-phase glycerol dehydration began just several years ago. The
research is underway to improve the acrolein yield and, more importantly, on-stream-time. A
longer on-stream-time allows larger GHSV for a given operation period. Any improvement in
GHSV, the acrolein yield (higher than 80 mol%) and/or catalyst life time would further lower
the acrolein price produced from glycerol.
The glycerol market has been very volatile in the past few years. Therefore, a
sensitivity analysis was conducted to calculate the bio-based acrolein price with a wide price
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range of glycerol (both refined and crude) (Figure 1-11). The price of bio-based acrolein from
crude glycerol is still much cheaper than propylene-base acrolein even if the price of crude
glycerol reaches $250/ton. In addition, the price of the catalyst for partial oxidation of
propylene is used as one axis, due to the difficulty in obtaining the exact price. As stated
previously, the price of the Bi-Mo-O catalyst falls within this range ($50-$500/kg).

Figure 1-11: The calculated price of bio-based acrolein as the functions of the price of
refined/crude glycerol and the price of the catalyst for propylene oxidation

In addition, it is also worth mentioning that government policies and regulations are
usually in favor of the sustainable bio-based production. For example, the Renewable Energy
and Job Creation Act (H.R. 6049) that passed in Sept. 2008 provides approximately $18
billion of tax incentives for investment in renewable energy, carbon capture and sequestration
demonstration projects, energy efficiency and conservation. Numerous tax-credit programs
have long existed supporting biodiesel production. Several proposals are on the way, which
provide some possibilities such as a 30-cents-per-pound tax credit for bio-based chemical
production in large-scale plants, and even a higher rate for small-scale producers [156]. In
this calculation, the tax expenses were assumed to be the same for both processes. However,
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the fact is that this part of the expense would be much lower for the bio-based processes
because of the varieties of tax credits. Therefore, the bio-based acrolein production cost could
be further lowered.
Other than launching a complete new individual bio-based acrolein production plant, a
couple of optional strategies are available. As mentioned before, both gas-phase reactions
shared some operation similarity. The current manufacturing method uses a packed-bed
reactor operating in the range of 300-400°C. These conditions should not require much
modification to switch to a gas-phase glycerol dehydration method: the gas pipelines can be
readily connected to a different carrier gas source, and after changing the heat exchanger to a
furnace, the packed-bed reactor is ready to operate after changing the oxidation catalyst to the
dehydration acid catalyst. The post-processing layouts may be directly utilized in the biobased production with minimal adjustment. Therefore, the installation cost, including the cost
of major equipment, the installation, engineering and field expenses, and the contractor’s fee,
can be minimized. Consequently, it is a very tempting scenario for the current acrolein
manufacturer to launch the bio-based acrolein production on their current plant setting, the
decision-making of which might be already on their discussion table.
Also, instead of completely replacing the propylene method, the bio-based acrolein
production from glycerol, serving as a complementary method, may be more likely to be the
industrial tide in the near future. An integrated process combining the two methods, operating
simultaneously, can fully take advantage of the exothermic characteristic of one reaction and
the endothermic character of the other, saving some of the production cost. The disclosure of
a combined process of glycerol dehydration and propylene oxidation indicates that a
transitional stage has begun to launch a glycerol-conversion method industrially [157].
As mentioned in Section 1.1.1, acrylic acid production is a major consumption of
acrolein; the production is growing each year due to the market demand for acrylic acid. It is
worth nothing that there is barely any technical barrier, uncertainty or challenge existing in
converting bio-based acrolein to acrylic acid. The gas-phase catalytic oxidation of acrolein to
acrylic acid is an industrially well developed process. The facility is usually built on the site
of the acrolein plant to minimize the handling and transportation of acrolein. Usually the
oxidation of acrolein to acrylic acid is catalyzed by V–Mo–(W) mixed oxides in a packed-bed
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reactor at an elevated temperature (240-300°C); acrolein conversion is typically around 99%
and selectivity to acrylic acid around 95 mol% [158-161]. The current industrial practice
(technology and facilities) can be directly adapted in realizing this process to produce biobased acrylic acid.
The attractions are enormous, including the ecological benefits, the steadily rising
demand for the petrochemical products in competition with the draining petroleum resource,
and the expansion and growth of the bio-based industry. The price advantage of glycerol as a
feedstock has already been demonstrated; what makes the glycerol approach more attractive
is that with the continuous growth of biodiesel production and the continuous shrinkage of
non-renewable petroleum resource, an increasing trend of the price difference can almost be
ensured. The analyses and conclusions not only agree with some previously forecasted
statements [99, 108], but also are in line with the current industrial movement [162, 163].
Arkema, the fifth largest acrylics manufacturer, is building a demonstration plant of biobased acrolein/acrylic acid production within 3 years [164]. The world’s third largest
manufacturer, Nippon Shokubai, received $225,000 funding from the Japanese government
in 2009, and has been launching the R&D of this bio-based route from glycerol to
acrolein/acrylic acid ever since. Their pilot plant will be ready in mid-2011 [165].

1.4 Conclusions
The chemical industry must energize its proven technological capabilities to change
fundamentally how chemical intermediates and products are made. The continuation of a
vibrant chemical industry requires a radical change in strategy akin to the introduction of the
alternative feedstocks that have greater sustainability and (potentially) lower cost. From aldol
condensation, to partial oxidation of propylene, and then to the research interest in propane
oxidation, history bears witness to the incentive of the industrialization of a synthetic
approach, justifying the actions taken toward a bio-based route. The bio-based route
(producing acrolein from the biodiesel byproduct glycerol) has already met some promising
milestones at this point, however, challenges remain. Research efforts underway today that
focuses on the bio-based route might be a necessity for the survival and growth of acrolein
(acrylic acid) manufacturers tomorrow.
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Chapter 2
Non-thermal plasma physics & chemistry:
fundamentals & applications
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Plasma is an ionized gas: at least one electron is not bound to an atom or molecule in
the system, making that atom or molecule a positively charged ion, although the system
remains electrically neutral. Analogous to gases, the plasma temperature is determined by the
average energy of all the plasma particles and their relevant degrees of freedom. The
existence of various types of plasma particles with various degrees of freedoms allows the
plasma to remain away from thermodynamic equilibrium. Plasma of this type is known as
non-thermal plasma (NTP), where there are “very hot” electrons and the “cool” heavy
particles (neutral species, ions, etc). Usually in NTP, ionization and chemical processes are
directly determined by the electron temperature, instead of the thermal process or the overall
gas temperature. NTP features high energy efficiency; the discharge power can be controlled
efficiently and selectively.

2.1

NTP physics

Electric breakdown of a neutral gas in the presence of an external electric field is the
fundamental basis of non-thermal plasma. The applied voltage must exceed the breakdown
voltage for the gases to form plasma. An expression for this voltage is given below, at which
point the gases lose their dielectric properties and become conductors. The governing
equation of the breakdown voltage related to the gap distance and the pressure [166] is shown
in Equation 2-1, and the plotted relationship between breakdown voltage and the distance and
the gas pressure is presented in Figure 2-1.

V=

B⋅( p ⋅d)


1
ln  A ⋅ p ⋅ d /(ln + 1) 
γ



Equation 2-1

where V is the breakdown voltage, p is the gas pressure, d is the distance between two
electrodes; A and B are constants that depend on the composition of the gas; γ is Townsend
coefficient characterized by the secondary electron emission (The values for several gases are
listed in Table 2-1.)
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Table 2-1: List of the constants A and B (Equation 2-1) for the empirical calculation of
the Paschen curve and the minimum sparking potential, or the easiest breakdown
condition, for various gases [166, 167]
H2

He

N2

O2

Argon

Air

H2 O

5

3

10

-

12

15

13

B (V cm Torr )

130

34

310

-

180

365

290

Vmin (V)

273

156

251

450

137

327

pd at Vmin (Torr﹒cm)

1.15

4.0

0.67

0.7

0.9

0.567

-1

-1

A (cm Torr )
-1

-1

Figure 2-1: Breakdown Paschen curves for different atomic and molecular gases (reprint with
permission [166])

The energetic electrons transform kinetic energy into potential energy of the excited
species by energizing the atoms and molecules. The energy transfer by electrons is very
efficient, and more than 90% of the kinetic energy can be transferred. The effective stationary
breakdown voltage is approximately 50% higher than the theoretically calculated Paschen
field [168].
Depending on the discharge formation mechanism, the pressure range, electric source
and the electrode configuration, non-thermal plasma can be categorized as follows: corona
discharge, glow discharge, dielectric barrier discharge (DBD), radio-frequency discharge, and
microwave discharge. DBD can generate non-thermal plasma in the most simple and flexible
way in terms of the configuration, operating medium and operating parameters [169]. It is
highly efficient and has low power consumption [166]. More importantly, the scale-up of this
NTP technology to a large dimension is comparatively straightforward [169, 170]. These
features make DBD attractive to a variety of applications. Usually, the gas breakdown occurs
in a number of individual tiny breakdown channels (or ionized plasma channels), referred to
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as microdischarges. The plasma energy is transferred between the accelerated electrons, the
atoms, and molecules both within and outside of the microdischarge. Generating DBD nonthermal plasma can be as simple as applying a high voltage AC between two electrodes that
are separated by at least one dielectric barrier. The dielectric barrier in a DBD serves two
functions. First, it limits the amount of transported charges and energy in a single
microdischarge, so the discharge can be extinguished when the voltage drop falls below the
breakdown voltage. Second, it allows parallel filaments to form in close proximity, so that the
microdischarges are well distributed over the entire electrode surface. Figure 2-2
demonstrates several configurations that have been used frequently to generate a DBD
discharge [169, 171-174]. There are three basic layouts: the dielectric barrier on the ground or
high-voltage electrode, the barriers on both electrodes, and the barrier in the middle of the
discharge gap without contacting either electrode. Each of the three layouts can be assembled
in either a planar configuration (Figure 2-2 A,B,C) or a cylindrical configuration (Figure 2-2
D,E,F).

Figure 2-2 Common planar and cylindrical configurations of dielectric barrier discharge [8]

The plasma characteristics can be manipulated by adjusting the operating parameters,
such as the applied voltage and frequency, temperature and pressure, changing the operating
medium, such as the gas properties, and modifying the discharge zone configurations, such as
the electrode materials and the geometrical orientation [169].
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The microdischarge current with spike-like patterns usually has a discharge duration of
a few nanoseconds, which is too short for the current probe to acquire an accurate reading.
Therefore, it is difficult to determine the dissipated power via the ordinary method by
integrating the voltage multiplied with the current over the unit time interval (Equation 2-2)
[175].

P=

1 t
U (t ') I (t ') dt
t ∫0

Equation 2-2

where P is the power, t is a unit time interval, U(t’) is the voltage across the discharge area at
the time point t’, and I(t’) is the current at the time point.

Manley developed in 1943 [175] the technique of using the Lissajous figure as an
alternative approach to determine the dissipated power, which has become a well-accepted
alternative method for DBD plasma power determination ever since. The usage of closed
voltage/charge Lissajous figures bypasses the necessity to resolve the individual
microdischarge current peak, and uses the time-integrated current instead. A Lissajous figure
is obtained by connecting a capacitor (usually several nF) [174, 176] in the circuit in series to
the plasma discharge. The average power dissipated across the discharge area is obtained by
the multiplication of the area of the Lissajous close parallelogram, the discharge frequency,
and the capacitance (Equation 2-3):

P=

1
U (Q )dQ = CM f ∫ UdU c
t∫

Equation 2-3

where t is a unit time interval, U is the voltage across the discharge area, Q is the electric
charge, f is the frequency, CM is the capacitance of the capacitor, and Uc is the voltage across
the capacitor.
The field strength is a common parameter used to specify the plasma configuration in
plasma kinetic studies. It is defined as the discharge voltage divided by the discharge gap, or
the distance between two electrodes (Equation 2-4) [177-179]:
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Field _ Strength = V

Equation 2-4

d

where V is discharge voltage, usually in the unit of kV, and d is the distance between the
electrodes.

2.2

NTP chemistry

In non-thermal plasma, electrons have very high temperatures on the order of 104-105
K (1-10 eV), but the overall gas temperature can remain as low as room temperature [180,
181]. Electrons first gain energy from the electrical field [182]. The highly energized
electrons fill the system, and collide with other particles in the system. Because of the large
mass difference between electrons and the other particles (molecules, ions, etc.), the
collisions are inelastic. The energy transferred from electrons to these particles retains
potential energy instead of kinetic energy. Therefore, instead of wasting energy for increasing
the gas temperature (kinetic movement of the gas particles), the energy is more efficiently
and specifically utilized in chemical processes, such as ionization and bond dissociation
[166]. A broad range of reactive species can be generated by non-thermal plasma, including
vibrationally excited species as in conventional chemistry, electronically exited species,
super-excited neutral molecules, free radicals, as well as positive and negative ions. For
example, the major active neutral species produced in air by discharge are O (1
O(1D), O(1S), N (A3
NO*(A2

+

u),

N (a

1

u),

N (B3

g),

N (C3

u),

g),

O(3P),

N(4S), N(2P), N(2D), NO, and

). In addition, when humidity is significant, highly reactive species are formed:

+

H2O. , H., .OH, or HO2 and cluster ions containing H2O [166]. The important reactions in
NTP include excitation, dissociation, attachment, ionization, recombination, charge transfer,
and decomposition [183]. The most common plasma reactions of molecular gases are
summarized in Table 2-2.
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Table 2-2: Main plasma reactions in molecular/atomic gases [166, 170]

Reaction name

General Equations

Excitation

e + A  A*+ e

e + A2  A2*+ e

Ionization

e + A  A++ 2e

e + A2  A2++ 2e

e+A2  A++A+2e

Dissociative ionization
Penning ionization

M*+AA++M+e

M*+A2A2++M+e
species

Dissociation

e + A2  2A + 2e

Penning ionization

M* + A2 2 A + M

Attachment

e + A2  A 2 -

Dissociative

e + A2  A - + A

attachment

A+ + B  A + B+

Charge exchange
Recombination

M*:metastable

e+A2+A2

A++B-AB

A+B+MAB+M

NTP can excite most chemical species, including those that cannot be excited in
conventional chemistry or even in photochemistry; NTP can efficiently increase the internal
energy of the reactants and facilitate them to overcome the reaction barrier [184]. During
collision, the highly energetic electrons can transfer energy efficiently to the reactants for
their bond dissociation, ionization, recombination, and so on. High electron temperature, but
low overall gas temperature, determines the unusual chemistry in non-thermal plasmas. Highenergy efficiency, high specific productivity, and high selectivity can be achieved in plasma
for a variety of chemical processes [166, 183-185].

2.3

NTP applications

High electron temperature, but low overall gas temperature, determines the unusual
chemistry of non-thermal plasmas. Here are some areas where NTP application has been
studied.
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Lots of research activities have been developed using NTP in converting greenhouse
gases into value-added products. NTP-assisted partial oxidation of methane into methanol has
attracted much research interest due to the increasing demand of methanol in the biodiesel
production. DBD configuration is considered as one of the most promising techniques to
achieve a one-step synthesis. This NTP-assisted, one-step methanol synthesis would not only
reduce both capital and operational costs, but also would significantly reduce the greenhouse
gas emission, if the technology were successfully developed. Recent developments and issues
regarding NTP-assisted methanol production have been reviewed [186, 187]. NTP has also
been applied to reforming methane to syngas, the recent development of which was reviewed
by Chen et al. [184]. Synergistic effect between catalysts and NTP has been claimed in many
studies. For example, Pietruszka and Heintze claimed that NTP chemically activated
reactants, and thus accelerated the processes of reactant adsorption and product desorption
[188]. Kraus et al. made a similar statement that the discharge-active methane was easier to
adsorb onto the catalyst surface [174]. Although the technology in this application has yet to
mature, the NTP approach has already shown some promise in improving the reactivity and
yield and in preventing catalyst deactivation due to coke deposition, sulfur presence, and high
temperature [189] [190]. Plasma-chemical processes allow the dissociation of CO2, which is
the basis of the value-added CO2 utilization. A non-thermal plasma system is well known for
its energy efficiency in CO2 dissociation; the discharge energy can be selectively focused on
the dissociation processes. The principle and kinetics have been detailed in Chapter 5 of
Fridman’s book [166]. The plasma assisted reaction between CO2 and hydrogen can lead to
methanol production. More importantly, the reforming of CO2 and methane simultaneously to
higher hydrocarbons, aldehydes, and carboxylic acids can be achieved with NTP reactors.
The NTP technologies for reforming of CO2 and methane have been comprehensively
reviewed by Liu et al. [180] and Istadi and Amin [191].
NTP has long been used as an efficient tool for the removal of atmospheric pollutants,
such as volatile organic compounds (VOCs) from ambient air and nitrogen oxides in the flue
gas and engine exhaust. Common VOCs, such as benzene, xylene, toluene, formaldehyde,
formic acid, trichloroethylene, and dichloromethane, have been studied in the past with the
NTP catalytic technology [185]. Basically, the oxidative species excited by NTP oxidize
VOCs into COx, (eventually CO2); the presence of catalysts improved the VOCs adsorption,
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and caused the formation of some surface oxygen species, which actively participated in the
surface oxidation reactions. The synergistic effect between the catalyst and NTP greatly
improved the removal thoroughness, energy efficiency, and mineralization rate [185]. NTP
has also been used in the removal of the NOx from the engine exhaust [192-196]. The
synergistic combination of NTP’s oxidative potential, proper catalysts, and the reducing
agent ammonia, hydrocarbon or CO, allows the conversion of NOx to molecular nitrogen
efficiently at low temperatures.
NTP technology has also been applied to treat wastewater. For example, a NTP
system is incorporated by a sewage treatment plant in southern Ontario to control the odor in
120,000 cfm air emissions [135]. NTP plays this role in several ways. The NTP discharge can
physically disrupt biological cells. UV induced photo-chemistry in the NTP system helped
destroy microorganisms. In a gas-liquid discharge environment, the active species formed in
the gas-phase can diffuse into the liquid, and the liquid molecule can evaporate and affect the
gas-phase reactions. For example, H2O.+, which is formed via a charge-transfer mechanism in
NTP, diffuses into the liquid-phase bulk water, and subsequently forms hydroxyl radicals.
The hydroxyl radical can recombine with water to form H2O2 [166]. Also, the negative
oxygen ions formed in the air under the NTP discharge can also induce the formation of .OH
radicals and H2O2, both of which are strong oxidants to kill microorganisms. Last but not
least, ozone formed by discharge in the air diffuses into water, and ozone itself is a strong
oxidant that damages microorganism. A technical review by Locke et al. in this area is
available for the details [197].
NTP has been studied both theoretically and experimentally in the reduction of the
oxides of metals [198-201] and other elements [202]. The key to this metallurgical process is
the high-efficiency of generating H atoms by NTP. The H atoms formed via surface
dissociation initiate the metal reduction at the surface, and then the H atoms diffuse into the
crystal structure; as the result, the metal reduction starts on the surface and propagate further
into the solid body [166]. One direct application is to use this technology for the reduction of
metal catalysts instead of using thermal reduction. Some studies have already shown the
advantages of NTP reduction in comparison to thermal reduction [203-205].
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The utilization of plasma techniques during catalyst preparation has been reported in
the literature, and the developments in this field were well summarized in the reviews by van
Durme et al. [185], Liu et al. [206], and Kizling [207]. The unique functions of NTP include
the generation of ultra-fine particles, the deposition of catalytically active species, enhanced
preparation such as fast metal reduction, and surface modification.
Various NTP applications can be found in the area of surface modification. In the
textile industry, NTP treatment can successfully increase the hydrophilic character of almost
all types of fibers by introducing water compatible functional groups, such as –COOH, –OH
and –NH2 [208]. It was reported that the DBD technique could modify surface morphology,
increase the frictional coefficient of the fiber, and improve the cohesion force of soybean
protein fibers [209]. DBD plasma has been commonly used in polymer surface modification
[210-217]. Utilization of non-thermal plasma in chemical vapor deposition is advantageous
compared to the conventional route in that the energy barrier can be easily overcome with
NTP to prevent the high-temperature disruption of heat-sensitive substrate materials. NTP
can generate chemically active species, leading to film formation, and also NTP can bombard
the surface with the active species, introducing new properties to the surface materials. The
technical details in this area have been reviewed by Alexandrov and Hitchman [218]. A wide
range of organic compounds have been applied for plasma polymerization, such as
hydrocarbons, acetone, ethylene oxide, hexamethyldisiloxane, and so on [219]. Via NTP with
different discharge gases, specific functional groups can be implanted on the material surface.
Ge et al. [220] used DBD to modify nanometer scale carbon materials properties, and found
that different discharge conditions caused different surface behaviors. They proved that by
manipulating the discharge configuration, carbon black can be adapted according to one’s
needs. Gessner [221] found that functional groups can be deposited onto glass or a polymer
surface with the DBD plasma treatment.
There have also been some applications of NTP in inorganic chemistry; and some
examples are given as follows. The non-thermal plasma assisted synthesis of ammonia was
reported [222]. The production of hydrogen cyanide was catalyzed through the vibrationally
excited nitrogen molecule N2* under NTP condition, and then continued via chain reaction
[223, 224]. Non-thermal plasma helped overcome the energy barrier required for breaking the
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strong N-N bond, and achieved higher conversion to NO. The vibrationally excited N2
molecules and the resulting dissociative recombination of N atoms activated by NTP are the
key contributors for the reaction to proceed [166]. Non-thermal plasma could vibrationally
excite CO molecules and act effectively in the synthesis of metal carbonyls. The process was
especially valuable for the synthesis of Cr(CO)6, Mo(CO)6, Mn2(CO)10, W(CO)6, since they
could not be alternatively produced by independent of solvents [166]. Non-thermal plasma
was applied in hydride formation, such as reacting solid Si with the plasma-activated H in
forming SiH4. Non-thermal plasma was also applied in the decomposition of halides [166].
In summary, the non-equilibrium characteristics of non-thermal plasma allow a variety
of chemical processes. Good selectivity can still be achieved if the difference in the bond
disassociation energies exists. Approximately, a difference of 4.2 kJ/mol in bond dissociation
energy is sufficient to lead to a selectivity ratio of 9 to 1 at room temperature, while a 42
kJ/mol difference in the bond disassociation energies can ensure selective bond breaking
under plasma conditions [183]. High energy efficiency, high conversion, and high selectivity
can be achieved in non-thermal plasma for a variety of chemical processes. Non-thermal
plasma application has been extended to more and more areas; however, the limit of NTP
application remains unclear, creating a challenge for future researchers. The applications of
NTP and the studies regarding NTP chemistry have been extensively reviewed; with the
knowledge, it is concluded that whether non-thermal plasma can play a part in dehydration
process has never been studied.
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Objectives
Bio-based acrolein production is one of the most promising processes in developing the
chemical platform of glycerol in support of biodiesel production. This study is to contribute
to the development of this bio-based approach. Instead of focusing on searching for new solid
acid catalysts, a different approach is taken by integrating non-thermal plasma (NTP) into the
process. Extensive literature review shows that NTP application in dehydration has never
been reported. This study uses this particular dehydration process (glycerol dehydration to
acrolein) to discover the potential of NTP in dehydration.
The main objective is to discover whether and to what extent NTP application can
improve the process of converting glycerol to acrolein. The main objective is divided into
three sub-objectives. The first one is to study the NTP effect during the acid-catalyzed
dehydration reaction. The second is to solve the catalyst deactivation problem using the NTP
technique. The third is to study whether applying NTP to the catalyst preparation could
contribute to fabricating better acid catalysts for glycerol dehydration reaction.
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Chapter 3
Glycerol dehydration to acrolein catalyzed by
supported silicotungstic acid
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Abstract
The value of the bio-based acrolein production route via glycerol dehydration has been
addressed in Chapter 1. In this Chapter, differently supported silicotungstic acid (HSiW)
catalysts were studied to better understand the effect of supporting materials and the acid, and
to reduce the number of the catalysts for the non-thermal plasma (NTP) study. Three supports
(Al2700, Si1252, and Si1254) loaded with HSiW were studied for the glycerol dehydration at
275°C. The catalyst deactivation was most severe for Si1254 supported HSiW, which even
negatively influenced the acrolein selectivity. Between Si1252 supported HSiW and Al2700
supported HSiW, the former one showed higher acrolein selectivity and faster deactivation,
while the latter one featured relatively much longer lifetime.
Keywords: glycerol conversion, acrolein selectivity, catalyst deactivation, supported

silicotungstic acid

3.1

Introduction

Heteropoly acids (HPAs) feature strong Brønsted acidity and have flexibility to be
modulated. They are also economical and environmentally friendly. Because of numerous
virtues, HPAs have attracted more and more attention and have been successfully applied to
many acid-catalyzed reactions. Silicotungstic acid (HSiW), one of HPAs, has been previously
proven as one of the most effective acid catalysts that have been studied for acrolein
production from glycerol [101, 102, 139].
Alumina (Al2O3) and silica (SiO2) are two of the most common supporting materials
used in the industry for providing large surface area to accommodate the desired chemical
reaction. Several research groups [101, 102, 139] have studied these two supports for glycerol
dehydration to acrolein. However, it seems that a consensus has not yet been reached
regarding which one is superior. Tsukuda et al. [102] found that a proper mesopore size was
important for acrolein production, and that among the three investigated supports with
different pore sizes, the two silica supports with larger pore sizes (6 nm and 10 nm; surface
area: 466 m2/g and 310 m2/g) both provided high glycerol conversion and high acrolein
selectivity. Atia et al. [101] claimed that alumina-supported acid showed higher catalytic
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activity and acrolein selectivity than silica-supported acid, although the reported selectivity
did not exceed what Tsukuda reported. As a result, both alumina and silica were used for the
kinetics study. Grace Davison (Slough, UK) is one of the largest world-wide providers of the
high quality catalyst support in large varieties to numerous industrial practices. It is useful
and informative to directly conduct the study upon some commercially available products.
Screening was conducted among all the available supporting materials based on the physical
properties (pore size, particle size and surface area) and the knowledge obtained from
literature. The following three different supports, Al2700, Si1252, and Si1254, were selected
to be used in the study. The objective in this section was to compare how the differently
supported catalysts differ in their characteristics and catalytic performance in glycerol
conversion to acrolein, and to finalize one (or two, at most) catalyst(s) for non-thermal
plasma kinetic study.

3.2

Materials and Methods

Catalyst preparation

Mesoporous Al2O3 (Davicat® Al2700) and two types of mesoporous SiO2 (Davicat®
Si1252 and Davicat® Si1254) were supplied by Grace-Davison (Slough, UK). The
specification data provided by the manufacturer are listed in Table 3.1. Silicotungstic acid
(H4SiW12O40·24H2O, hereafter abbreviated as HSiW) was purchased from Sigma Aldrich (St.
Louis, MO, USA).
Table 3-1: Manufacturer data of material properties of the catalyst support

Name
Shape
Particle size (mm)
Average pore diameter (nm)
Pore volume (cc/g)
Surface area (m2/g)
Density (g/cm3)

Si 1252
granules
1-3
11
1.02
390
0.43

Si 1254
granules
1-3
6
0.81
540
0.38

Al 2700
beads
1.2-2.4
N/A
1.10
150
0.40

HSiW was loaded onto the catalyst support by the impregnation method. The support
was calcined at 300ºC for 2 hours before use. HSiW of 10% weight percentage (wt%) of the
support was dissolved in deionized water to make a 0.04g/mL solution. The calcined support
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was added to the HSiW solution. Constant stirring was applied to the mixture at room
temperature for 24 hours to ensure the equilibrium of adsorption-desorption processes. The
resultant mixture was dried first at 55°C for 24 hours with the application of constant stirring.
Then the mixture was dried at 105°C until complete dryness (~6 hours). The mixture was
calcined at 300°C before the 2nd impregnation for another 10 wt% acid loading. The
procedure was repeated until the desired amount of loading was achieved. 30 wt% loading for
alumina and 20 wt% loading for silica were selected based on the optimal loading from
previous studies [101, 102]. Therefore, in total, three catalysts were used in the study, and
they were Si1254 with 20 wt% HSiW loading (HSiW-Si1254), Si1252 with 20 wt% HSiW
loading (HSiW-Si1252), and Al2700 with 30 wt% loading.

Catalyst characterization

Characterization of surface area, acid dispersion on the support surface, and acid
strength was performed for the fresh catalysts, HSiW-Al2700, HSiW-Si1252 and HSiWSi1254. Also, temperature programmed oxidation (TPO) analysis and surface area
measurement were conducted for each of the three catalysts collected after 7.5 hours time-onstream (TOS) to examine the coke deposition on each catalyst. The characterization methods
are detailed as follows.
The surface area of the catalyst was determined via single-point Brunauer-EmmettTeller (BET) measurement using a Pulsar ChemBET TPR/TPR station from Quantachrome
Instrument (Boynton Beach, FL, USA). The catalyst (0.100g) was degassed at 300ºC in the
nitrogen atmosphere. The physisorption started when the sample cell was immersed into a
liquid nitrogen bath, and then desorption occurred at room temperature. In order to quickly
bring the temperature of the cell back to room temperature, the cell was immersed into water
as soon as it was removed from the liquid nitrogen bath to facilitate the heat transfer. Both
adsorption and desorption processes were detected by a thermal conductivity detector (TCD)
and recorded on the computer. The volume of the desorbed nitrogen, together with room
temperature and atmosphere pressure, was used to calculate the surface area of the catalyst
via the following equation (Equation 3-1):
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SA =

SAtotal

w

=

P ⋅V ⋅ N ⋅ Acs ⋅ (1 − P / Po )
R ⋅T ⋅ w

Equation 3-1

where SA is surface area, P and Po are the equilibrium pressure and the saturation pressure of
the adsorbates at the temperature of adsorption, V is the total volume of the adsorbed (or
desorbed) nitrogen, N is Avogadro’s number (6.023*1023 molecules/mol), Acs is the crosssectional area of the N2 molecule (0.162 nm2), R is the gas constant, T is the temperature at
which the desorption takes place, and w is the weight of the catalyst in the glass cell.
With the knowledge of the specific surface area, the surface coverage of HSiW on
Si1252, Si1254, and Al can be calculated via Equation 3-2 [101]. This parameter provides the
information of the coverage of the active acid sites on a given catalyst surface [20][101]:

Dsurface =

L%
(1 − L%) ⋅ M HSiW ⋅ ABET

Equation 3-2

where Dsurface denotes the surface coverage of HSiW on the support, L% is the acid loading
weight percentage, MHSiW is the molecular weight of HSiW (3310.66 g/mol) loaded on the
silica, and ABET is the surface area of the support, respectively [20].
The acid strengths of the solid catalysts were evaluated via temperature programmed
desorption (TPD) using Pulsar ChemBET TPR/TPR station (flow diagram available in
Appendix VII). The samples were preheated to 100°C and remained at 100°C for 1 hour with
ultra-pure helium gas flowing through at 70 mL min−1. The TCD signal had been stabilized
by the end of this one-hour period. Then the inlet gas was changed from helium to ammonia,
also at 70 mL min−1, and kept ammonia flowing through the sample cell for 30 min at 100°C
to ensure that the catalyst inside of the sample cell was saturated with ammonia. The inlet gas
was switched back to helium (70 mL min−1), and the helium flushed through the cell at 100°C
for 2 hours to remove the physisorbed ammonia. The temperature of 100°C was used during
the adsorption process to ensure that it was high enough to remove the physisorbed gaseous
particles and low enough not to affect the subsequent chemisorption. The TPD was measured
from 100°C to 600°C with the temperature elevation rate of 10°C min-1. A TPD profile graph
was obtained with temperature as the X-axis and the TCD signal (proportional to the amount
of evacuated NH3) as the Y-axis. In principle, NH3 is absorbed onto the catalyst surface; NH3
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adsorbed on stronger acid sites will be more difficult to desorb (remove) from those sites, and
will only do so when a higher temperature is applied. As the result, as the temperature
elevates, the amount of the preferentially evacuated NH3 will provide a measure of acid
strength of the solid catalyst.
Powder X-ray diffraction (XRD) patterns were recorded on a Philips X’Pert PRO
PW3050 X-ray diffractometer using Cu K α radiation (0.154 nm) and a graphite generator.
The tube voltage and the current were 45 kV and 40 mA, respectively. The scan rate was
0.5º/min, and the scan range was 2º–80º with the step size of 0.04º.
The spent catalyst was characterized via TPO technique using Pulsar ChemBET
TPR/TPR station (flow diagram available in Appendix VII). Prior to the formal TPO
measurement, the spent catalyst (0.100g) was dried at 105ºC in a convection oven for 12
hours, and preheated at 300°C under nitrogen flow for 3 hours. The cell was cooled to room
temperature, and then the inlet gas was switched to the oxygen-containing gas (5% oxygen
blended with helium) flowing through at 70 mL/min. The TPO was measured from 25°C to
900°C at a temperature elevation rate of 10°C min-1. The principle of this technique is the
oxidation reaction between oxygen and the carbonaceous species (coke) deposited on catalyst
surface. Coke has a distribution of carbonaceous species with different structural
complexities, which require different temperatures to activate the oxidation reaction. The
coke species with larger molecule weight and more complex structure would require a higher
reaction temperature to be oxidized by oxygen. As the temperature elevates, the oxygen
preferentially reacts with the surface coke species, and the consumed amount of oxygen gives
a measure of the coke profile regarding the relative amount and hardness of the coke
deposited on the surface during the reaction. Some surface coke can be directly oxidized into
CO2 and flushed off the catalyst surface; while some surface coke needed several steps before
eventually being converted into CO2. Therefore, the outlet effluent gas from the sample
included the inert background gas helium, the remaining oxygen and CO2. The ideal solution
of monitoring the oxidation reaction was to let the effluent gas pass through a separation
column before entering the detector, so that each gas could be quantified individually.
However, there was no separation column built into the machine.
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Glycerol dehydration

A schematic of the experimental layout is presented in Figure 3-1. Glycerol
dehydration was carried out in a down-flow packed-bed reactor (PBR), which was oriented
vertically. The base of the reactor was a quartz tube (length 300 mm, ID 19.35 mm, OD 25.3
mm). A 313 W heating tape (Omega Scientific, USA) was used to heat the PBR; this 4-foot
tape was evenly wrapped around the outside wall of the quartz tube. The heating tape was
controlled by proportional-integral-derivative (PID) temperature controller to maintain the
desired temperature of the catalyst bed. The PBR had an external layer of thermal insulation
material to minimize the heat loss to the surroundings. A volume of 7 mL of catalyst (~3.7g
for HSiW-Si1254, ~3.2g for HSiW-Si1252, ~3.6 g for HSiW-Al2700) were packed at the
lower end of the PBR, leaving sufficient travel length for carrier gas and glycerol feed to be
preheated to the desired temperature before reaching the catalyst bed. Gas-hourly-spacevelocity (GHSV), as defined in Equation 3-3, was used by most of the previous publications
in glycerol dehydration. As the result, the catalyst was controlled by volume instead of
weight to standardize the comparison of the kinetic performance under different conditions in
this study with the same GHSV.
GHSV=uglycerol / Vcatalyst

Equation 3-3

where GHSV is gas-hourly-space-velocity (h-1), uglycerol is volumetric flow rate of glycerol in
the gas phase, and Vcatalyst is the catalyst bed volume
The glycerol solution (20 wt% of glycerol in water) was fed by a syringe pump with
6.02 g/hour feeding rate, which was equivalent to 84.4 h-1 GHSV of glycerol. Argon was used
as the carrier gas, and its flow rate was regulated at 60 mL/min. The products after reaction
traveled through a condenser with flowing tap water, and the majority of the liquid product
was condensed in a 50 mL vial immersed in an ice-water cold bath (1st condensation stage).
Any products that were unable to be condensed in the first condensation stage were collected
in a 20 mL vial that was immersed in a liquid nitrogen bath (2nd condensation stage).
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Packed-bed
reactor

Figure 3-1: Apparatus for glycerol dehydration

After each 1.5 hour interval, the vials from the two condensation stages were replaced
with a new set of vials. Each of the samples collected from the two condensation stages was
individually analyzed via GC-FID, and the total concentration of a specific chemical was
calculated via Equation 3-4:

C =

C1 ⋅W1 + C2 ⋅ W2
W1 + W2

Equation 3-4

where C is the concentration (g/g) of a quantified chemical, which was then used to calculate
the conversion or selectivity, C1 and C2 are the concentrations of that chemical in the sample
collected from the 1st and 2nd condensation stage, respectively, and W1 and W2 are the weight
of the sample from the 1st and 2nd condensation stage, respectively.
The samples were analyzed by GC-FID with a VB-WAX capillary column (0.25 mm
i.d., 25 m in length) (Valco Instrument Co. Inc., USA). The GC inlet temperature was set at
240ºC, and the developed GC oven temperature program is also shown in Figure 3-1 and is
described as follows. The oven temperature was initially maintained at 35ºC (the set point)
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for 5 minutes, ramped to 135ºC at the rate of 20ºC/min, maintained at 135ºC for 5 minutes,
ramped to 240ºC at the rate of 20ºC/min, and maintained the temperature at 240ºC for 5
minutes. All the products were well separated with this temperature program. Figure 3-2
shows a typical GC chromatogram (A) of the collected samples from the 1st condensation
stage and a typical chromatogram (B) of the diluted sample from 2nd condensation stage. The
standard calibration curve using external calibration was obtained for each of the following
chemicals: acetaldehyde, propionaldehyde, acrolein, acetol, glycerol, respectively, and such
calibration curves were used to calculate the amount of these chemicals in the collected
sample. An internal calibration method was also developed using butanol as the internal
standard; the internal calibration was only performed periodically to ensure the performance
of the external calibration method.
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Figure 3-2: The typical GC chromatograph of the sample collected in the 1st condensation stage
(A) and the sample collected in the 2nd condensation stage (B)

The following kinetic parameters were used to evaluate the catalytic performance, and
the corresponding calculations are shown in Equation 3.5-Equation 3.8.
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Glycerol conversion (%) was calculated via Equation 3-5:
n − nquantified
nreacted
× 100% = feed
× 100%
n feed
n feed

X glycerol =

Equation 3-5

where Xglycerol is glycerol conversion (%), nreacted is the moles of glycerol reacted, and nfeed is
the moles of glycerol in the feed，nquantified is the remaining glycerol in the collected sample
quantified by GC.
Acrolein yield (mol%) was calculated via Equation 3-6:

Yacrolein =

nacrolein
×100%
n feed

Equation 3-6

where Yacrolein is the yield of acrolein (mol%), nacrolein is the moles of acrolein in the sample,
and nfeed is the moles of glycerol in the feed.
Product selectivity (mol%), or the selectivity to any of the quantified products, was
calculated via Equation 3-7:

S product =

nc − product
nc − gly − reacted

×100%

Equation 3-7

where Sproduct is the selectivity to a specific product (mol%), nc-product is the moles of carbon in
the specific product, and nc-gly-reacted is the moles of carbon in the converted glycerol.
Carbon balance (%) was calculated via Equation 3-8:

∑
C% =

n
1

(Carbonunreacted _ glycerol _ i + (∑ Carbon product )i ) + Wcoke
Carbon feed

× 100%

Equation 3-8

where n represents the total number of samples that were collected for each 7.5 time-onstream (TOS) kinetic run (a sample was collected every 1.5 hours TOS); i denotes the ith
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sample; Carbonunreacted_glycerol_i is the carbon content, in units of g, of the unreacted glycerol in
the ith sample; Carbonproduct is the carbon content (g) of a specific product (acrolein,
acetaldehyde, propionaldehyde, and acetol) in a sample; Wcoke is the carbon content in the
coke of the entire reaction time span; Carbonfeed is the total carbon content (g) injected over
the reaction time span. As mentioned before, coke is a distribution of carbonaceous species. It
is almost impossible to know the exact carbon content of the coke, although carbon certainly
accounts for the majority of the weight of the coke. In this study, the calculation of coke
amount was based on the assumption that carbon accounted for all the catalyst weight gain.
Two kinetic runs were carried out for each of the three catalysts (HSiW-Si1252, HSiWSi1254, and HSiW-Al2700) at 275ºC. Since no confounding effect between catalyst and
reaction temperature has ever been reported, the results from the experiments at 275ºC
should be sufficient to make an objective comparison and draw a valid conclusion. The timeone-stream was 7.5 hours for every single kinetic run, and the samples were collected and
analyzed every 1.5 hours. The kinetic data presented were the average of the last 6 hours,
unless specified otherwise. The sample collected from the first 1.5 hours TOS was excluded
because of the concern that the catalytic reaction was not yet stabilized.

3.3

Results and Discussion

The measured surface areas after acid loading were 300±10m2/g, 395±10m2/g, and
140±3m2/g for Si1252, Si1254, and alumina (Al), respectively. Compared to the surface area
of the corresponding support, the loss of the surface area was 23% for Si1252, 27% for
Si1254, and 6.7% for Al after acid loading.
Figure 3-3 presents the XRD results. Only broad peaks were observed for the alumina
support, showing that the alumina is in an amorphous phase. There was a huge decline at the
starting point, which was likely due to an intensive signature peak at low angles (<2 º).
(Unfortunately, due to the instrumentation restrictions, lower angle X-ray was not
performed.) The peak around 1º is associated with the mesoporous structure, which agreed
with the fact that the alumina support used in the study was γ alumina. HSiW loading did not
introduce additional peaks, showing that HSiW was well dispersed on Al. Si1254 and Si1252
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have similar XRD patterns except for within the very small angle region, suggesting both
silica supports are in an amorphous form with only pore size differences. The XRD patterns
of supported HSiW were all very similar to that of the corresponding support, and no very
distinctive peak assignable to HSiW was observed, suggesting that HPA was well dispersed
on the surface of Si1252 and Si1254. The calculated surface coverage of HSiW (Equation
3.2) was 0.1912, 0.2517 and 0.9247 µmol/m2 for HSiW-Si1254, HSiW-Si1252, and HSiWAl, respectively. The results showed that even with a high HSiW surface density (HSiW-Al,
0.9247 µmol/m2), no crystalline structure of HSiW can be observed on alumina supported
acid. This could be due to the strong interaction between the Al surface and HSiW, which
forced the acid molecules to diffuse faster into pores, and localize evenly on the entire
surface. Overall, the XRD patterns showed that HSiW was well dispersed on all three
supports.
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Figure 3-3: XRD patterns of silicotungstic acid (HSiW), Al and Al-supported HSiW, Si1252 and
Si1252-supported HSiW, Si1254 and Si1254-supported HSiW.

Figure 3-4 shows the NH3-TPD profiles for HSiW-Al2700, HSiW-Si1252, and HSiWSi1254. The gaseous base (NH3) molecules absorbed on a strong acid site are more difficult
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to desorb than those adsorbed on a weak acid site. As the temperature further increases along
the program, NH3 previously adsorbed on a stronger site is evacuated, and detected by TCD.
On a TPD graph, the Y-axis is the TCD signal intensity, positively correlated to the number
of acid sites with certain acid strength, which was indicated by the position at the X-axis.
Higher temperature on the X-axis associates with stronger acid strength. Therefore, from a
TPD profile, one can infer the relative amount of different acid sites. Both HSiW-Si1252 and
HSiW-Si1254 showed a relatively larger amount of strong acid sites (the region above 550ºC)
than HSiW-Al, although the acid loading was 30 wt% on Al and only 20 wt% on Si1252 and
Si1254. The possible reason for this fact is that Al has some basicity; the strong interaction
between support and the acid caused partial distortion of HSiW, which caused some acidity
loss (to be discussed more in detail in Chapter 6). On the contrary, silica has no surface
basicity and very weak acidity [225]; therefore, it did not strongly interact with HSiW and did
not cause as much HSiW distortion as Al [101, 114]. HSiW-Al had a relatively larger amount
of weaker acid sites (the region 200 ºC-500ºC) than the other two silica-supported catalysts.
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Figure 3-4: NH3-TPD profile of silica-supported and alumina-supported HSiW.

Table 3.2 summarizes the catalytic activity of HSiW loaded onto the three different
supports with different sizes of mesopores at 275°C. The result shows that all the catalysts
were able to reach good conversion (over 98%) (the number in the parenthesis in Table 3.2)
at 1.5 hours time-on-stream (TOS), but the average glycerol conversion descended in the
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order of HSiW-Al > HSiW-Si1252 > HSiW-Si1254. The decrease in the average conversion
was caused by the catalyst deactivation. The selectivity to the desired product, acrolein,
descended in the order of HSiW-Si1252, HSiW-Al, HSiW-Si1254. Therefore, HSiW-Al and
HSiW-Si1252 are similar in the average acrolein yield during 7.5 hours: 74.1 mol% (HSiWAl) and 73.9 mol% (HSiW-Si1252), while HSiW-Si1254 only reached the acrolein yield of
66.2 mol%. HSiW-Al had the highest selectivity to the byproducts, acetaldehyde,
propionaldehyde and acetol, while HSiW-Si1254 had the least. At 275°C, Acetol was the
major gaseous byproduct; acetaldehyde and propionaldehyde were all less than 2mol% for all
three catalysts at 275°C. HSiW-Si1254 is more selective to coke formation: HSiW-Si1254
had the largest catalyst weight gain after 7.5 hours TOS (19.4%), which was more than
double that of HSiW-Al (8.65%).
Table 3-2: Reaction of glycerol at 275º
ºC over differently supported silicotungstic acid
Conversion
(%)
HSiWSi1252
HSiWSi1254
HSiWAl

92.9 1 ± 0.6 2
(98.7±0.7) 3
89.0± 1.2
(98±0.8)
96.2± 0.3
(98±1.1)

Acrolein

Selectivity (mol%)
PropionAcetaldehyde
aldehyde

Acetol

79.5±0.2

1.1± 0.24

1.1± 0.04

7.6±0.3

74.4±0.7

0.8± 0.05

0.9± 0.1

4.2±0.9

77.0±0.9

1.9± 0.13

1.4± 0.05

11.6±0.9

Coke 4
14.27%
± 0.5%
19.4%
± 0.94%
8.65%
±0.92%

Yield
(mol%)
73.9
66.2
74.1

1: Mean calculated based on the average conversion (selectivity) over 1.5-7.5 hours time-on-stream
(TOS) of two kinetic repetitions.
2: Standard error.
3: The values were obtained at 1.5 hour TOS.
4. Calculated by the catalyst weight gain after 7.5 hour reaction divided by the fresh catalyst weight.

The decreasing trend in glycerol conversion over the reaction course was observed for
both silica-supported catalysts, but not for HSiW-Al (Figure 3-5). The glycerol conversion of
HSiW-Si1254 decreased faster than that of HSiW-Si1252, indicating that HSiW-Si1254
deactivated faster than HSiW-Si1252. For all of these catalysts, acrolein selectivity remained
relatively stable after 1.5 hour TOS; as a result, the acrolein yield along the time course had
the similar trend as the glycerol conversion. HSiW-Al provided a generally consistent yield
after 1.5 hour TOS; HSiW-Si1252 attained an equivalent yield, if not higher, than HSiW-Al,
even though HSiW-Si1252 did not have as good conversion as HSiW-Al (Table 3.2). The
acrolein yield on HSiW-Si1254 was the least satisfying, because of both the fastest
conversion decrease along TOS and lowest acrolein selectivity among the three catalysts.
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Figure 3-5 B also shows the justification for why the first 1.5 hour TOS was excluded in
calculating the average kinetic data: acrolein yield at 1.5 hours TOS was low (Figure 3-5 B),
because catalysts had not yet reached equilibrium.

105

80

A

B

Acrolein Yield (mol%)

Glycerol conversion (%)

100
95
90

Si1254
Si1252
Al

85
80

70

60

Si1254
Si1252
Al

50

40

75
1

2

3

4

5

6

7

1

8

2

3

4

5

6

7

8

TOS (hour)

TOS (hour)

Figure 3-5: Glycerol conversion (A) and acrolein yield (B) as functions of time-on-stream (TOS);
each data point was the average of two repetitive kinetic runs; each value stands for the average
conversion/yield over 1.5-7.5 hours. Error bars were obtained using standard deviation
calculation. GHSV: 84.4 h-1; 60 mL/min argon carrier gas flow; reaction temperature: 275º
ºC.

There was no obvious trend in acetaldehyde selectivity as a function of TOS (Figure 36 A), and there may be a subtle decreasing trend for the propionaldehyde selectivity (Figure
3-6 B). The responses of acetol formation to the TOS and the reaction temperature are shown
in Figure 3-6 C. Acetol selectivity showed an increasing trend along TOS, although the
increase tended to level off at longer TOS. On the contrary, it was observed that the GC peak
of phenol decreased along TOS, showing that the selectivity to phenol was decreasing as the
reaction proceeded. However, the fact that phenol is not totally soluble in water would
introduce extra error in the calibration; as the result, only qualitative observation of the trend
with respect of TOS was made for phenol instead of conducting quantitative measurement.
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Figure 3-6: The selectivity of acetaldehyde (A), propionaldehyde (B), and acetol (C) as
functions of time-on-stream (TOS); each data point was the average of two repetitive kinetic
runs; each value stands for the average conversion/yield over 1.5-7.5 hours; error bars were
obtained using standard deviation calculation. GHSV: 84.4 h-1; 60 mL/min argon carrier gas
flow; reaction temperature: 275º
ºC.

“Hard” and “soft” are often used to describe the deposited carbonaceous species on the
catalyst surface in relative terms: “softer” coke has relatively smaller molecular size (lower
degree of polymerization) and less structural complexity, while “harder” coke has larger
molecular size and a more complex structure. Figure 3-7 shows the result of the TPO runs of
the spent catalysts after 7.5 hours TOS. In a TPO graph, the X-axis is temperature while the
Y-axis is the TCD signal that is related to the amount of a certain coke on the catalyst
surface. Therefore, any point on the TPO curve indicates a relative amount (position in Yaxis) of the coke with certain degree of hardness (position in X-axis). The signal of harder
coke locates at the higher-temperature end of a TPO graph, and vice versa. HSiW-Al only
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showed one peak in lower temperature region (~480ºC); HSiW-Si1252 showed a small peak
around 480ºC, and a larger peak around 650ºC; HSiW-Si1254 showed a large peak around
520ºC, and a peak around 850 ºC. It is clear that HSiW-Al has the least coking: the TPO
curves shifted to the “softer coke” end compared to the other two silica-supported HSiW.
HSiW-Si1254 was considered as the least favorite regarding the coking issue, because some
of the coke formed on the surface was very “hard”. HSiW-Si1254 not only showed a higher
amount of coke deposit (Table 3-2) than HSiW-Si1252, but also the coke composition was
more distributed toward the hard coke region (larger degree of polymerization, more
complex, cross-linked structure, and higher hydrogen deficiency). On the contrary, the
alumina-supported catalyst not only showed the least catalyst weight gain, but also the
deposited coke was more fully composed of softer coke (Figure 3-7).
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Figure 3-7: Temperature programmed oxidation (TPO) of the spent catalysts after 7.5 hours of
reaction. The experiment was conducted on Pulsar with 70 mL/min 5%O2 blended in helium.
The heating rate was 10 ºC/min.

The size of glycerol molecule is 0.3-0.5 nm [226, 227]. The average pore diameter of
Si1254 is 6 nm, smallest among the three catalyst support; HSiW-Si1254 would have even
smaller pores (the diameter of a HSiW molecule is 1.1 nm) [228]. Therefore, it is most likely
that HSiW-Si1254 provided highest mass-transfer resistance [102]. Some of glycerol
molecules might have aggregated at the mouth of pore entrance, facilitating intermolecular
condensation, forming linear, cyclic, and branched glycerol oligomers [130]. Polymerization
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of the glycerol oligomers could be a significant contributor of coke formation [130].
Furthermore, with narrower pores, HSiW-Si1254 might suffer some desorption problem
[108]: the unreacted glycerol molecules that entered the pore and the product molecules (e.g.
acrolein) that formed in the pore might have more easily been trapped inside of smaller pores
than larger pores. The trapped chemical compounds, most of which contained unsaturated
bonds, could undergo secondary condensation to form larger compounds, leading to coke
after continuous polymerization [130]. The observation that the acrolein selectivity
consistently remained at a lower level compared to the other two catalysts (Table3-2) might
be because that undesired consumption of glycerol as well as acrolein in coking formation
occurred as soon as the reaction started and continued for the duration of the reaction.
HSiW-Si1254 exhibited a faster drop in glycerol conversion than HSiW-Si1252 and
certainly HSiW-Al (Figure 3-5). The plausible explanation is provided as follows. When coke
formed on the catalyst surface, it might have deposited near the mouth of catalyst pores,
narrowing or completely blocking the pore entrance [229, 230]. The blockage of the
entrances of the pores would make all the active sites within the pore inaccessible,
significantly reducing the total number of the active sites. Consequently, the glycerol
conversion suffered a significant decrease. HSiW-Si1254 had the smallest pores among the
three catalysts; therefore, the likelihood of the occurrence of such a coke deposition
mechanism was larger compared to HSiW-Si1252 and HSiW-Al.
Figure 3-8 summarizes the reaction pathway to the major products of the glycerol
dehydration. Glycerol was converted into 3-hydroxypropanal (1) and acetol (2), depending on
whether the protonation occurred on the primary or the secondary hydroxyl group [102, 136].
The highly unstable 3-hydroxypropanal would quickly convert into acrolein (3), and/or into
formaldehyde and acetaldehyde via retro Aldol reaction (6) [102, 136]. Phenol could be
formed from glycerol via dimerisation–cyclisation followed by dehydration (4), and/or could
be formed via catalyzed polymerization of acrolein over acid sites (12) [130].
Propionaldehyde was possibly formed by the hydrogenation of acrolein followed by
isomerization (8), and/or possibly formed from hydrogenation of acetol (9) [102, 136]
followed by dehydration of 1,2-propandiol (11) [108, 130]. Acetone was another dehydration
product of 1,2-propandiol (10) [108, 130]. The hydrogen that supplied the hydrogenation was
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possibly formed from the dehydrogenation of oligomers during coke deposition, which
occurred from the onset of the glycerol conversion process. Glycerol could form linear,
cyclic, and branched glycerol oligomers via intermolecular condensation under acidic
condition (5) [101, 130]. As shown in the figure, C2, C3 ketone and aldehyde were subjected
to subsequent reactions forming oligomerization (including in (13)-(16) and (18)-(20)); the
involved mechanism included Dels-Alder addition (e.g. acrolein + acrolein), aldol
condensation (eg. propionaldehyde + acetone), dehydration, dehydrationation, and repetition
and/or combination of them [101]. The oligomerization could occur between the same type of
compounds or between different types of compounds. Furthermore, these oligomers can be
further polymerized, either with themselves or with other groups of oligomers. The
continuous addition and hydrogen removal form increasingly hard coke (included in (13)(20)) [130].
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3.4

Conclusions

The results showed that characteristics and catalytic performance of the supported
silicotungstic acid were greatly influenced by the support on which HSiW was loaded.
The catalyst deactivation mainly affected the acrolein production in causing the
decrease of glycerol conversion during the reaction course. During 7.5 hours TOS, HSiW-Al
did not show any conversion decrease, HSiW-Si1252 showed some, and HSiW-Si1254
showed the fastest decrease of glycerol conversion along TOS. The weight gain of the spent
catalyst and TPO profile confirmed that the coking occurred the most severely on HSiWSi1254, and the least severely on HSiW-Al.
HSiW-Si1254 showed the lowest average glycerol conversion during 7.5 hours TOS
due to the fastest catalyst deactivation, and the lowest average acrolein selectivity. Its
performance in acrolein production was much less satisfying than HSiW-Si1252, the silica
support with the larger pore size. Therefore, HSiW-Si1254 was excluded from the further
studies.
HSiW-Si1252 and HSiW-Al showed similar acrolein yields, 73.9 mol% (92.9%
glycerol conversion, 79.5 mol% acrolein selectivity) and 74.1 mol% (96.2% glycerol
conversion, 77.0 mol% acrolein selectivity), respectively, during 7.5 hours TOS. HSiW-Al
showed more stable performance over TOS (less coking), but it had a higher selectivity to the
undesired gaseous byproducts (acetol, acetaldehyde, and propionaldehyde). Both HSiWSi1252 and HSiW-Al have advantages and disadvantages; it was rather difficult to select one
between them; therefore, both catalysts were used in the remainder of this study.
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Chapter 4
Synergic effects of non-thermal plasma and
solid acid catalyst in glycerol dehydration
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Abstract
Non-thermal plasma (NTP) was integrated in glycerol dehydration with argon as the
carrier and discharge gas. Various temperatures (220°C-320°C) and discharge field strengths
(2.06 kV/cm-6.87 kV/cm) were studied for the individual and interactive effects regarding the
conversion, the product selectivity, and coke formation. Results showed that the presence of
NTP always improved the glycerol conversion, and NTP increased acrolein selectivity if
properly conditioned. The optimal NTP field strength was 3.78 kV/cm (corresponding to
0.044 W) for HSiW-Al, and 4.58 kV/cm (0.0625 W) for HSiW-Si. The application of the
optimal NTP improved acrolein yield by approximately 10 mol% on average when the
reaction was operated at 275°C (the optimal temperature).
Keywords: non-thermal plasma, alumina, silica, silicotungstic acid, glycerol dehydration,

acrolein, byproducts, conversion, selectivity, activation energy.

4.1

Introduction

The importance of the bio-based acrolein production has been addressed in Chapter 1.
A great amount of effort has been made in the search for new acid catalysts. Some novel
catalysts developed could be potentially rather expensive, or require topnotch skills to
fabricate (yet still not showing significant improvement in lifetime), and therefore may be
quite impractical. In the present research, a completely different path was taken in seeking the
improvement of bio-based acrolein production by integrating a new element, non-thermal
plasma (NTP), into the process. The deployment of this technique should not be very
difficult, since there are already many NTP industrial applications and thus many potential
installation issues have already been overcome.
NTP is a non-equilibrium state of matter where there exist “very hot” electrons, “hot”
reactive species, and “cold” large neutral molecules [231]. Electrons are instantly energized
upon the application of an electric field, and efficient transfer can occur of either kinetic
energy to more electrons via elastic collisions or energy transfer for excitation and ionization
of larger particles via inelastic collisions. A broad range of reactive species can be generated
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in plasma, such as vibrationally excited species as in conventional chemistry, electronically
exited species, and also the super-excited neutral molecules, positive and negative ions. The
facilitation of dissociating chemical bonds and overcoming the activation barriers of desired
processes has been reported by a great number of studies (e.g. [183, 232]). Due to high
excitation ability and direct energy transfer efficiency, a great variety of reactions can take
place at much milder conditions (temperature, pressure) under the application of a nonthermal plasma. NTP generated via dielectric barrier discharge (DBD) has been used in the
methane reforming, combined with the usage of CO2 [174, 190, 233, 234] or steam [234237]. DBD plasma also has various applications in the treatment of volatile organic
compounds of industrial air emission [238-246]. DBD has been applied in surface
modification, and examples can be found such as in changing the nanostructure and surface
morphology of the solid materials [220] [247, 248] [210-217], implanting functional groups
(thus improving absorbability) [221] in terms of adhesion, hydrophilicity, adsorption,
conductivity, and biocompatibility.
It is a completely new category of reaction in applying plasma for the glycerol
dehydration. Examples in the literature are rather difficult to be found concerning plasma
chemistry associated with dehydration. Nevertheless, the following rationalizations gave us
ample reasons to explore this area.
The dehydration from glycerol to acrolein is an endothermic reaction (Appendix II);
the reported activation energy without a catalyst is 305 kJ/mol [249]. The acid catalyst lowers
the activation energy for the reaction to acrolein, while not necessarily for other side
reactions. Therefore, it is very likely that the gap between the activation energy of different
reactions may be enlarged (dependent on a specific catalyst), where the merits of NTP can be
fully utilized to faciliate a certain reaction(s) conversion while not that of others. Since the
reactants and many products have high heat capacities, the energy required to increase the gas
temperature (to ensure a good catalytic performance) is considerable. Researchers have long
striven to increase the energy efficiency of reactor heating so that the input energy can be
entirely consumed in the reactions as much as possible. NTP usually allows reactions to
occur at much lower temperatures, and could be a highly desirable solution. The nonequilibrium phase contains a large amount of highly energetic electrons. Through the
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collision process, the electrons transfer their energy to the larger particles, such as molecules,
ions, etc. Due to the significant difference in size and weight between electrons and the large
particles, the transferred energy is not converted to kinetic energy; therefore, the overall gas
temperature remains constant. Instead, it is all used in driving the chemical reactions, such as
dissociating bonds, exciting species, and so on.
Plasma is an ionized gas containing a great number of free electrons and the positively
charged ions that result from ionization. Glycerol dehydration is commonly accepted as an
ionic pathway, through catalytic protonation and the intermediate carbocations. Not only
protons can be formed in a NTP system in the presence of water, but also carbocations are
very likely to be stabilized, which could possibly reduce the activation energy of the system.
Usually, a reactor is heated by the outside heating unit, and the heat is transferred from
the heating source into the reactor wall and then inwards to the reactants inside. Although the
assumption of uniform temperature in the radial direction is quite common in reaction
engineering, in reality a temperature gradient exists. Depending on the thermodynamic
properties of the substances in the system, the heat transfer rate varies, and, as a result, the
temperature gradient may be more important in some reactor configurations than in others. It
is highly possible that some of the reactant particles attain an optimal energy condition, while
others do not. Compared to the sequential (indirect) process of conventional heating, energy
transfer can be viewed as a parallel (direct) process in a NTP system. Energy can be
efficiently transferred to the reactant particles by the direct collisions with the large amount
of electrons in the system. As a result, the energy transfer can be much faster than
conventional heat transfer; the reactants are likely to be homogenously energized. This direct
energy transfer may significantly shift the chemical equilibrium towards product formation
[166]. Also, since the energy was locally generated by the discharge field, the energy transfer
loss should be considerably less than in conventional heating, which loses energy to the
reactor wall and the environment.
Coke formation is a major problem that hinders bio-based routes of acrolein
production. Catalytic activity is impaired by deactivated catalyst, which usually manifests as
a conversion decrease (eg. [101, 126-128]) (also acrolein selectivity decreased in some
microporous catalyst cases [102, 250]). It has been reported that the presence of a small
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amount of oxidants in the system could inhibit the formation of carbonaceous surface species
(coke precursors), and thus suppress coke formation. Hydroxyl radicals can be generated
from water vapor by NTP, with its strong oxidizing ability. Therefore, it is reasonable to
hypothesize that NTP application could suppress the coke formation during the reaction and
thus improve the catalytic performance.
The objective was to study the glycerol dehydration to acrolein with and without nonthermal plasma application using silica1252 supported silicotungstic acid and alumina
supported silicotungstic acid catalysts. Temperature and NTP field strength were two major
effects to be studied.

4.2

Materials and Methods

Experimental apparatus

A schematic drawing of the experimental apparatus is presented in Figure 4-1. Glycerol
dehydration was carried out in a down-flow packed-bed reactor (PBR) with NTP discharge as
an option. The base of the reactor was a quartz tube (length 300 mm, ID 19.35mm, OD
25.3mm). A 313 W heating tape (Omega Scientific, USA) was used to heat the PBR; this 4foot-long tape was evenly wrapped around the outside wall of the quartz tube. The heating
tape was controlled by a proportional-integral-derivative (PID) controller to maintain a
desired temperature for the catalyst bed. The very outside layer of the PBR was composed of
a thick layer of heat insulation. A wire-to-cylinder type of DBD configuration was used to
integrate the non-thermal plasma into the reaction zone. An InconelTM rod (1/16’’) was
inserted into the center of reactor, and it was connected to the high voltage port of the
transformer. Copper tape (1/32’’ thick) was wrapped around the outside wall of the reactor,
and connected to ground. The rod and the tape served as two electrodes, while the quartz
reactor wall served as the dielectric barrier. The circuit configuration is illustrated in Figure
4-1. The AC waveform was generated by an inverter (Solid state drive SSD110 model, PTI,
Racine, WI) followed by a voltage transformer (55-HLH10102/D115, PTI, Racine, WI). The
waveform of the NTP discharge was monitored (and could be recorded) via an oscilloscope
(WaveLetTM series, LeCroy, Chestnut Ridge, NY). The tunable inverter together with the
oscilloscope allowed the adjustment of the frequency and voltage to the desired values. A
capacitor (2 µF) was inserted in the circuit to create a phase lag to generate Lissajous figure
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for power calculation, as discussed in Chapter 2. The discharge zone started from 1”
upstream of the catalyst bed and terminated at the end of the catalyst bed (a cylindrical NTP
zone with 0.75” in diameter and 2” in height), including both pre-bed discharge and on-bed
discharge zones.
Based on the results in Chapter 3, 20 wt% HSiW-Si1252 (hereafter HSiW-Si) and 30
wt% HSiW-Al2700 (hereafter HSiW-Al) were used in the following tests. Approximately 7
mL HSiW-Al or HSiW-Si (exact volumes used slightly varied to ensure 84.4 h-1 gas-hourlyspace-velocity at a specific reaction temperature) were packed at the lower end of the PBR,
leaving sufficient travel length for carrier gas and glycerol feed to be preheated to the desired
temperature before reaching the catalyst bed. The glycerol solution (20 wt% of glycerol in
water) was fed by a syringe pump with 6.02 g/hour feeding rate, which was equivalent to
84.4 h-1 GHSV of glycerol. Argon was used as the carrier gas, and its flow rate was regulated
to achieve 60 mL/min. The products after reaction traveled through a condenser with flowing
tap water, and the majority of the liquid product was condensed in a 50 mL vial immersed in
an ice-water cold bath (1st condensation stage). Products that were unable to be condensed in
the first condensation stage were collected in a 20 mL vial that was immersed in a liquid
nitrogen bath (2nd condensation stage). Each of the samples collected from the two
condensation stages was individually analyzed via GC-FID, and the selectivity and
conversion for a given time-on-stream (TOS) span were calculated based on the total
concentration. Analytical and calculation details have been described in Chapter 3 Materials
and Methods.
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Figure 4-1: Packed bed reactor with NTP discharge as optional operation. The electrical
configuration is displayed in the window with the section view of the reactor

Reaction conditions

The discharge voltage and frequency were monitored by oscilloscope and adjusted via
the plasma generation device. To avoid any possible local heating due to too concentrated
energy input, the discharge frequency was maintained at 1 kHz. The discharge voltages used
in the study were 1.5 kV, 2.4 kV, 3.3 kV, 4.0 kV, 4.8 kV and 6 kV. Since the field strength is
a more commonly used parameter to specify the plasma configuration in plasma kinetic
studies, it will be used to specify the conditions in the text herein. The field strength
corresponding to each discharge voltage used in the study is listed in Table 4-1.
Table 4-1: Plasma power and density corresponding to discharge voltage
Discharge Voltage (kV)

1.8

2.4

3.3

4.0

4.8

6.0

Field Strength (kV/cm)

2.06

2.75

3.78

4.58

5.50

6.87

The field strength effect was investigated by conducting glycerol dehydration with
various NTP field strengths at 275°C; optimal NTP field strength was determined for HSiW-83-

Al and HSiW-Si. Also, glycerol dehydration was conducted with various NTP field strengths
at 250°C, to investigate whether there was an interactive effect between NTP and
temperature. Seven reaction temperatures, 220°C, 235°C, 250°C, 275°C, 290°C, 305°C, and
320°C, were investigated. The lower temperature limit is justified in Appendix I. The
exclusive temperature effect of glycerol dehydration was obtained by operation of glycerol
dehydration under the seven temperatures in absence of NTP. NTP at the optimal field
strength was applied to glycerol dehydration operated at each of the seven temperatures to
investigate whether the optimal NTP could improve the acrolein production at all the
temperatures.
A set of “blank” experiments were conducted to investigate NTP with the absence of
any acid catalyst. Instead of using HSiW-Al or HSiW-Si, 7 mL glass beads (3 mm diameter)
were packed in the PBR, which can be viewed as the inert packing material (no catalytic
capability). The tested conditions were 1) 275°C without NTP application (control), 2) 275°C
with 3.78 kV/cm NTP application; 3) 275°C with 5.50 kV/cm NTP application.
To obtain the activation energy, three temperature levels (220°C, 235°C, 250°C) were
conducted for both HSiW-Al and HSiW-Si with and without NTP at the optimal condition,
and the experiments at three flow rates of glycerol solution (4.57 g/hr, 6.02 g/hr, and 9.135
g/hr) were conducted under each of the temperature conditions; the experiments under each
condition were conducted in duplicate.

4.3
4.3.1

Results
NTP field-strength effect

Figure 4-2 shows the glycerol conversion and acrolein selectivity at 275°C and 250 °C
as functions of NTP field strength when HSiW-Al was used. A continuously increasing trend
of glycerol conversion was clearly shown as the NTP field strength increased. For the
reactions at 250°C, the application of 3.78 kV/cm, 4.58 kV/cm, and 5.50 kV/cm increased the
acrolein selectivity over the experiment operated without NTP, whereas the application of
6.87 kV/cm decreased the selectivity; for the reactions at 275°C, the 2.75 kV/cm and 3.78
kV/cm applications increased the selectivity, but the selectivity started to decrease as higher
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field strength was applied. The acrolein selectivity was significantly lowered by applying
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Figure 4-2: Glycerol conversion and acrolein selectivity as functions of NTP field strength
during TOS of 1.5-7.5 hours on Al-supported HSiW (HSiW-Al). Gas-hourly-space-velocity of
glycerol: 84.4 h-1; Carrier gas argon flow rate: 60 mL/min

Figure 4-3 shows the glycerol conversion and acrolein selectivity as functions of NTP
field strength at 275°C and 250°C when HSiW-Si was used. For the reactions at 250°C, the
glycerol conversion clearly showed a continuously increasing trend as the NTP field strength
increased. For the reactions at 275°C, only a slight conversion increase was observed when
2.08kV/cm NTP, 3.78 kV/cm NTP or 4.58 kV/cm NTP was applied ; and glycerol conversion
decreased when 6 kV/cm NTP were applied. For the reactions conducted at 250°C, the NTP
applications of 3.78 kV/cm, 4.58 kV/cm, and 5.50 kV/cm significantly increased the acrolein
selectivity with the trend that acrolein selectivity increased with the increase of the field
strength; however, the application of the further increased field strength, 6.87 kV/cm lowered
the acrolein selectivity. For the reactions at 275°C, acrolein selectivity increased with the
increase of the field strength until reaching 4.58 kV/cm; and then the selectivity started to
decrease when 5.50 kV/cm NTP was applied, and the selectivity decreased significantly when
6.87 kV/cm was applied.

-85-

95

HSiW-Si

95

90

90

85

85

80

80

75

75

70
65

70
o

o

275 C Acro
o
250 C Acro

275 C Gly
o
250 C Gly

65
60
0

1

2

3

4

5

6

60

Acrolein Selectivity (mol%)

Glycerol conversion (%)

100

55
7

Field strength (kV/cm)

Figure 4-3: Glycerol conversion and acrolein selectivity as functions of NTP field strength
during TOS of 1.5-7.5 hours on Si-supported HSiW (HSiW-Si). Gas-hourly-space-velocity of
glycerol: 84.4 h-1; Carrier gas argon flow rate: 60 mL/min

In general, glycerol conversion increased with the increase of NTP field strength, and
the increase was more significant at 250°C than that at 275°C. In the case of HSiW-Si, a
confounding factor, catalyst deactivation, was involved: more intense NTP would lead to the
generation of more double-bonded compounds, subsequently forming coke and causing
catalyst to deactivate. As a result, it countered the effect that NTP energized the glycerol
molecules and thus improved the conversion.
Within a certain range of the NTP field strength, NTP application improved the
acrolein selectivity. When the field strength was too low (such as 2.06 kV/cm), the intensity
of NTP was not sufficient to cause breakdown and generate beneficial species (to be
discussed later). When the field strength was too high, too many side reactions were
activated, which decreased the selectivity to acrolein. The maximum acrolein selectivity
occured at 3.78 kV/cm field strength for HSiW-Al and 4.58 kV/cm for the HSiW-Si. For
HSiW-Si, the acrolein selectivity maximum occurred at 5.50 kV/cm when the reaction was
conducted at 250°C, while it occurred at 4.58 kV/cm when it was conducted at 275°C. Also
the selectivity decrease at the 6.87 kV/cm NTP condition was not as significant at 250°C as it

-86-

was at 275°C. These observations demonstrate that there was some interaction between NTP
field strength and reaction temperature.

4.3.2

Temperature & NTP effects

Figure 4-4 displays the kinetic data obtained using HSiW-Al. Glycerol conversion and
acrolein selectivity as function of temperature are shown in Figure 4-4 (A) for the regular
(control) conditions and the NTP applied conditions, respectively. Acrolein yield provides a
direct overall evaluation of acrolein production. To provide an overview of acrolein
production at a given condition, the acrolein yields of all the corresponding conditions were
also presented, as in Figure 4-4 (B). Seven temperatures were examined for the control
conditions, NTP of 3.78 kV/cm and NTP of 4.58 kV/cm, respectively. The temperature effect
could be extracted from the data obtained under the control conditions; these data points are
denoted as “contol” in the figure. The conversion increased as the temperature increased from
220°C to 290°C. Glycerol was completely converted at 290°C and higher. Acrolein
selectivity shows a mild increase as the reaction temperature increased within the range of
220°C to 275°C (77.0 mol% selectivity), while selectivity decreased sharply as the
temperature further increased. As the result, the acrolein yield shows the trend of increasing
first and then decreasing with the increase of the reaction temperature. The highest yield
(74.1 mol%) was obtained at 275°C. The glycerol conversion at 220°C was increased over
7% by 3.78 kV/cm NTP, and was increased over 12% by 4.58 kV/cm NTP. The trajectories
of the glycerol conversion for three NTP conditions merged to 100 (the complete conversion)
at 290°C. Compared to the control condition, the selectivity to acrolein increased by
employing 4.58 kV/cm NTP was 11.7 mol%, 7.9 mol%, and 3.2 mol% at 220°C, 235°C, and
250°C, respectively; the application of the 4.58 kV/cm NTP decreased the acrolein selectivity
at 275°C, and decreased the acrolein selectivity more severely at higher temperature. The
selectivity to acrolein increased by 3.78 kV/cm NTP was 9.6 mol%, 9.0 mol%, 8.2 mol%, 7.7
mol%, and 1.2 mol% at 220°C, 235°C, 250°C, 275°C, and 290°C, respectively;

the

application of 3.78 kV/cm NTP started to decrease the acrolein selectivity at 305°C and the
temperatures above. The results showed that there was some interaction occurred between
temperature and NTP field strength. The highest acrolein yield for the 3.78 kV/cm
application was 83.6 mol% (275°C); the highest yield for the 4.58 kV/cm application was
76.6 mol% (250°C).
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Figure 4-4: Glycerol conversion and acrolein selectivity (A) and acrolein yield (B) on Al
supported HSiW as functions of temperature during TOS of 1.5-7.5 hours. GHSV: 84.4h-1,
60mL/min argon flow

Figure 4-5 displays the kinetic data obtained using silica supported HSiW (HSiW-Si),
including the conversion and selectivity presented in (A) and acrolein yield presented in (B).
The glycerol conversion showed a significant increasing trend from 220°C to 290°C, but it
seemed to show a slight decreasing trend as temperature was further increased above 290°C.
Acrolein selectivity increased slightly from 220°C to 275°C; and, it significantly decreased at
higher temperatures. The NTP application clearly increased the glycerol conversion at 220°C,
235°C, and 250°C. Not much difference in conversion was observed by applying NTP when
the reaction was operated at 275°C and higher. Acrolein selectivity showed a relatively stable
increase by NTP application at 220°C-275°C. At 290°C, NTP only slightly increased the
acrolein selectivity; NTP application lowered the acrolein selectivity at 305°C and 320°C.
The similar pattern as observed with HSiW-Al also occurred for HSiW-Si, with the optimal
acrolein yield being 83.1 mol% with NTP application and 73.9 mol% without NTP at 275°C.
Based on Figure 4-5B, it is concluded that the application of the optimal discharge (4.56
kV/cm) always increased acrolein yield when the reaction was conducted at 275°C or below.
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4.3.3

Byproducts

Acetaldehyde

Figure 4-6 presented the acetaldehyde (CH3CHO) selectivity obtained with HSiW-Al
and HSiW-Si under different temperature conditions without NTP and under different NTP
fields strength conditions at 275°C. Acetaldehyde selectivity remained low (<1.2 mol%)
when the reaction temperature was below 275°C, although a slight increasing trend was
observed as the temperature increased. The acetaldehyde selectivity at 290°C was sharply
higher than the selectivity at the lower temperatures, and kept increasing as temperature was
further increased. The response of acetaldehyde selectivity to temperature shows that higher
temperature favored the production of acetaldehyde and that there was a threshold of
temperature only above which a significant increase in acetaldehyde selectivity occurred.
Low field-strength NTP application barely caused any increase in the acetaldehyde
selectivity, compared to the control condition. When 4.58 kV/cm NTP was applied to HSiWAl and 5.50 kV/cm NTP was applied to HSiW-Si, the acetaldehyde selectivity started to show
a significant increase compared to their counterparts under control condition. A sharp
increase was observed when the 6.87 kV/cm NTP was applied for both HSiW-Al and HSiWSi. The response of acetaldehyde selectivity to NTP shows that NTP application would
increase acetaldehyde selectivity in general, but the increase was trivial at low field strength
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NTP application and only became significant when the high field-strength NTP was applied.
Also, by comparing the Figure 4-6 A and Figure 4-6 B, the selectivity to acetaldehyde in the
HSiW-Al catalyzed glycerol dehydration was in general higher than that in the HSiW-Si
catalyzed one, although they showed similar patterns in response to temperature and NTP
field strength.
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Figure 4-6: The selectivity of acetaldehyde under various reaction conditions using HSiW-Al (A)
and HSiW-Si (B), respectively. The acetaldehyde selectivity obtained at 275°C (either with or
without NTP) is cross-hatched.

Propionaldehyde

The selectivity of propionaldehyde (CH3CH2CHO) obtained from the differently
conditioned reactions was presented in Figure 4-7. For the control conditions, the
propionaldehyde selectivity barely changed in the temperature range from 220°C to 275°C,
and it remained low. The selectivity increase only became significant at the temperature
290°C and above. A several-fold increase occurred at 290°C in the HSiW-Al catalyzed
reaction, and occurred at 305°C in the HSiW-Si catalyzed reaction. Low field-strength NTP
application did not change the selectivity appreciably. For HSiW-Al, the selectivity increase
was initiated when 4.58 kV/cm NTP was applied to the reaction system, and a drastic
increase occurred when 6.87 kV/cm NTP was applied. For HSiW-Si, the 5.50 kV/cm NTP
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application caused a significant increase of propionaldehyde selectivity, and the 6.87 kV/cm
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Figure 4-7: The selectivity to propionaldehyde under various reaction conditions using HSiWAl (A) and HSiW-Si (B). The propionaldehyde selectivity obtained at 275°C (either with or
without NTP) is cross-hatched.

Figure 4-8 displays the selectivity to acetol (CH3COCH2OH) under different reaction
conditions using HSiW-Al (A) and HSiW-Si (B), respectively. The acetol selectivity showed
a general increasing trend as the temperature increased from 220°C to 290°C; but the acetol
selectivity sharply decreased as the temperature further increased. It was observed for both
catalysts that the NTP application tended to lower the acetol selectivity. The overall trend
was that the selectivity to acetol decreased with the increase of the NTP field strength, and
the acetol selectivity was significantly lowered at high field-strength NTP applications.
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Figure 4-8: The selectivity to acetol under various reactions conditions using HSiW-Al (A) and
HSiW-Si (B). The acetol selectivity obtained at 275°C (either with or without NTP) is crosshatched.

Coke

The formation of coke, or the carbonaceous deposit, is the most undesirable side
reaction, as it would cause the catalyst to deactivate and consequently the conversion to
decrease. The nature of the acid catalyst and the reaction conditions are all influential factors
determining the rate of coking and the type of the deposited coke. The amount of deposited
coke during each of the differently conditioned reactions is listed in Table 4.2. The coking
amount showed a slight decrease initially as the reaction temperature increased from 220°C;
however, the coking amount significantly increased at high temperature.
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HSiW-Si

HSiW-Al

Table 4-2: The coking amount deposited during a 7.5-hour time-on-stream period
220 °C

235 °C

250 °C

275 °C

290 °C

305 °C

320 °C

Control

10.80%*

10.20%

8.48%

8.65%

8.56%

9.34%

12.34%

3.78 kV/cm

9.98%

10.40%

7.60%

8.16%

8.01%

9.73%

13.78%

Various
voltages at
275°C

2.06
kV/cm
8.06%

2.75
kV/cm
8.11%

4.58
kV/cm
6.58%

5.50
kV/cm
5.60%

6.87
kV/cm
8.60%

Control

15.38%

15.42%

14.86%

14.27%

14.35%

16.35%

17.46%

4.58 kV/cm

14.40%

13.67%

14.45%

14.13%

14.19%

16.89%

18.65%

Various
voltages at
275°C

2.06
kV/cm
14.53%

3.78
kV/cm
14.98%

5.50
kV/cm
12.98%

6.87
kV/cm
13.85%

*The amount of coke is calculated as the weight difference between the fresh catalyst and the spent catalyst after
the 7.5-hour TOS reaction divided by the weight of the fresh catalyst; the number is expressed in percentages.

For all the data described in this section, overall mass balances (the summation of the
samples directly collected from two condensation stages and the catalyst weight gain divided
by the total consumption of the feed solution during the reaction time course) ranged from
87-96%. Carbon balances, calculated by summing the carbon content in the products and the
catalyst weight gain divided by the carbon content in the glycerol feed over the reaction time
duration, were around 85-99%.

4.3.4

Long-term stability test

A long-term stability test was conducted for NTP-assisted glycerol dehydration on
HSiW-Al at 275ºC (Figure 4-9), the optimal condition for acrolein production. Glycerol
dehydration was continuously operated for up to 50 hours without interruption. The glycerol
conversion remained unchanged (~100%) for 22 hours TOS, and decreased to around 50% at
50 hours TOS. Acrolein selectivity remained relatively stable during the course of the 50hours of TOS. A control condition (glycerol dehydration on HSiW-Al at 275ºC without NTP)
was conducted as the comparison. The glycerol conversion under the NTP condition showed

-93-

a sign of slower decrease compared to the control condition, although the decrease under
NTP condition was detected a couple of hours earlier than the control condition.
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Figure 4-9: Long-term runs using HSiW-Al at 275º
ºC with/without NTP. GHSV: 84.4 h-1, 60
mL/min argon flow.

4.3.5

Blank test (no solid acid catalyst) with/without NTP

The result of the blank test (with the absence of the solid acid catalyst) was listed in
Table 4-3. The acrolein yield without supported HSiW was 1.05 mol% (10.9% glycerol
conversion, 9.6 mol% acrolein selectivity). With the application of 3.78 kV/cm, glycerol
conversion was increased from 10.9% to 15.6%, and acrolein selectivity was increased from
9.6 mol% to 14.1 mol%. With the application of 5.50 kV/cm NTP, glycerol conversion was
21.7%, and acrolein selectivity was 17.5 mol%. Although NTP was much less significant in
terms of catalyzing glycerol dehydration to acrolein compared to using HSiW-Si or HSiWAl, it is evident that NTP made some improvement to both glycerol conversion and acrolein
selectivity. Higher NTP field strength in this situation was more favored by acrolein
production in this case, although the increase of the undesired acetaldehyde and
propionaldehyde also occurred.
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Table 4-3: Reaction of glycerol at 275º
ºC without solid acid catalyst

Control
3.78 kV/cm
NTP
5.50 kV/cm
NTP

Selectivity (mol%)
Propionalde
Acetaldehyde
hyde

Acrolein
Yield
(mol%)

Conversion
(%)

Acrolein

10.9 1 ± 0.3 2

9.6 ± 0.2

0.6 ± 0.0

NA 3

15.6 ± 0.3

1.05

15.6 ± 0.4

14.1 ± 0.5

0.6 ± 0.1

NA

16.4 ± 0.1

2.20

21.7 ± 0.3

17.5 ± 0.5

1.0 ± 0.1

0.3 ± 0.0

17.6 ± 0.2

3.80

Acetol

1: Mean of three repetitions.
2: Standard error.

3: Data not available (under detection limit).

4.4
4.4.1

Discussion
Temperature effect

Let us start the discussion concerning the effect of temperature only. Since the 20 wt%
glycerol solution can be completely evaporated at temperatures above 210°C (Appendix I),
the low conversion at low temperature observed for both catalysts can be attributed
exclusively to the lack of energy. Energy insufficiency either resulted in that the glycerol
molecules were not sufficiently activated for the reaction(s), or that the rate of the reaction(s)
was not high enough to achieve a sufficient conversion within the given contact time. As the
temperature increased, more glycerol molecules were energized to overcome the activation
barrier, 1.44*105 J/mol for HSiW-Al and 1.61*105 J/mol for HSiW-Si (Appendix III). No
sign of catalyst deactivation (in terms of glycerol conversion) was observed within 7.5 hours
TOS for HSiW-Al. Therefore, the sensitivity of conversion to temperature straightforwardly
reflected the fact that at higher temperature, more energy was charged to glycerol molecules,
making them more reactive. For HSiW-Si, the fact that the average glycerol conversion never
reached 100% was attributed to the deactivation of silica supported catalyst. The lower
conversions at longer TOS of one continuous operation caused a decrease to the value of the
average conversion during the 7.5 hours. A decline of glycerol conversion when the
temperature was increased from 275°C to 320°C was possibly because that the catalyst
deactivated faster at a higher temperature [102, 135].
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Regarding the temperature effect on acrolein selectivity (refer to Figure 4-4 and 4-5), at
lower temperature, protonated glycerol molecules tend to condense intermolecularly (Figure
4-10 I) [92]; therefore, an increasing trend was observed for the acrolein selectivity as the
temperature increased from 220°C to 275°C. However, the acrolein selectivity at
temperatures below 275°C was not much lower as compared to that at 275°C, because two
other factors compensated the reduction in acrolein selectivity caused by glycerol
consumption in intermolecular condensation (Figure 4-10 I). First, at low temperature, the
formation of 2° carbocations is much easier than 1° carbocations [251]; hence the
intramolecular dehydration tends to take the acrolein pathway rather than the acetol pathway
(Figure 4-10 II). This statement agrees very well with Yoda and Ootawa’s FTIR result that
glycerol dehydration on H-MFI zeolite exclusively led to acrolein at 80°C [133]. Second, the
side reactions to acetaldehyde and propionaldehyde were rather slow at low temperature;
therefore, less acrolein would be consumed in producing these undesired products. At
temperatures higher than 275°C, although the intramolecular condensation was reduced,
several other side reactions, such as the formation of acetaldehyde and propionaldehyde,
tended to be activated and accelerated under the higher temperature condition (Figures 4-6
and 4-7). As the result, the acrolein selectivity significantly decreased at the temperature
290°C and above.
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I: Intermolecular condensation

HO
C
H2

OH
HO
C
H2

OH
HO

CH

C
C
H2
H2
glycerol

OH

CH

CH
C
H2

HO
C
H2

C
H2

HO

OH

H
C

o

CH

CH2

protonation condensation

O CH

C
H2

higher-degree
oligomers

CH2
HO

HO

OH
C
H2

protonation
condensation

CH2

1o carbocation

HO

OH
CH OH
C
C
H2 H2

O

OH

condensation

CH2 H2C
HO

2 carbocation

CH

protonation

CH
O

C
H2

OH
C
H2

II: Intramolecular dehydration
HO

CH
C
CH2
H2
1o carbocation

OH
HO

OH
CH
C
C
H2
H2
glycerol

HO

H
C

OH

C
C
H2
H2
o
2 carbocation

O

OH

OH
HO
C
H2

HO

C

C
H2

CH2

C
CH3

acetol
HO
C
H2

H
C

C
H

OH

HO
C
H2

H2
C

H
C

O
C
H

3-hydroxypropanal

H2C

O
C
H

acrolein

Figure 4-10: Illustration of intermolecular and intramolecular dehydration of glycerol

4.4.2

NTP effect

Some similarity can be found between the effects of NTP and that of temperature in
glycerol conversion. It can be easily understood by viewing NTP as an energy input. Nonthermal plasma features efficient energy transfer via electron collisions [166]. In the NTP
system, the breakdown occurred in the carrier gas argon. Highly excited electrons were
generated from argon under NTP discharge (Equation 4-1). These electrons collided with
glycerol molecules, and transferred energy directly to them (Equation 4-2). Also, the
electrons collided with argon molecules, generating excited argon neutral, Ar* (Equation 4-3);
then energy was transferred from Ar* to glycerol during the collision between these larger
particles (Equation 4.4). Consequently, the “direct” or “indirect” energy transfer from
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electrons excited glycerol molecules to “excited neutrals”, C3H8O3*, making them more ready
to follow this reaction path.
Ar  Ar.+ + e-

Equation 4-1
-

C3H8O3 + e- C3H8O3* + e
-

Ar + e  Ar* + e

Equation 4-2

-

Equation 4-3

C3H8O3 + Ar*  C3H8O3* + Ar

Equation 4-4

However, one should keep in mind that the NTP energy input and the formation of the
more energized reactant was not only beneficial to the desired reaction (glycerol dehydration
to acrolein). NTP’s positive effect on glycerol conversion occurred in many reactions in the
system instead of just in glycerol dehydration to acrolein.
The virtue of applying NTP in improving glycerol conversion might be achieved by
operating the reaction at a higher temperature; however, the selectivity improvement made by
NTP was never able to be achieved by optimization of the temperature condition alone.
Figure 4-2--Figure 4.5 showed that NTP with proper field strength could improve acrolein
selectivity; in addition, the result from the blank test (Table 4-3) confirmed that NTP alone
improve acrolein selectivity to certain degree. The following discussion provides some
insight regarding how NTP functioned in improving the selectivity to acrolein.
The induced acidity by NTP benefited the acrolein production. Two mechanisms
possibly account for NTP acidity. First, the acidic behavior of NTP under high humidity
could be stimulated by the non-resonant charge transfer processes (Equations 4-5 and 4-6)
[166]. In the NTP system, the electrons were easily energized by the electrical field and freed
from the argon molecules. A significant amount of positively charged argon ions, Ar+, were
formed as the result (Equation 4-1). During their collisions with water molecules, the argon
ions transferred the positive charges and induced the formation of water ions, H2O.+
(Equation 4-5). The water ions subsequently reacted with neutral water molecules, and
formed hydronium ions, H3O+ (Equation 4-6).
Ar.+ + H2O H2O.+ + Ar

Equation 4-5

-98-

H2O.+ + H2O  H3O+ + .OH

Equation 4-6

Second, acidic behavior could also result from the ionization of water (Equation 4-7-Equation 4-9), as proposed by Liu et al. [252, 253]. The metastable neutral argon atoms (Ar*)
were formed during electron collision events (Equation 4-7). These metastable argon atoms
carried a significant amount of energy, and they could possibly ionize some water molecules
when they collided with water (Equations 4-8 and Equation 4-9).
Ar + e-  Ar* + e-

Equation 4-7

H2O + Ar*  H2O* + Ar

Equation 4-8

H2O*  H+ + .OH + e-

Equation 4-9

The hydronium ion (or proton), formed possibly via the abovementioned mechanisms,
could initialize the protonation of some glycerol molecules even prior to their contact with
the acid sites of the catalyst (refer to Figure 1-4 in Chapter 1). Thus it could have resulted in
an accumulative production toward acrolein.
NTP could positively interact with the catalyst and induce Brønsted acidity in the
presence of water. It is already well known that the presence of water in the system can
hydrate the acid catalyst, converting some of the Lewis acid sites to Brønsted acid sites [101,
132, 136], which favor acrolein formation [136]. HSiW has pure Brønsted acid sites; most, if
not all, Lewis acid sites are located on the support. The electron bombardment would
possibly induce the surface “defects” on the catalyst supports, hence potentially Brønsted
acid sites. Also, with the efficient energy introduced by the NTP element, the dissociation of
Al-O (or Si-O) and H-OH bonds is possibly facilitated (e.g. Equation 4-10). As a result, the
dynamic interchange from Lewis acid to Brønsted acid sites would occur more frequently,
which would advance acrolein production.

Equation 4-10
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Usually, there are two approaches to facilitate a reaction. One is to provide the
reactant(s) with the sufficient energy to overcome the activation barrier, and another is to
lower the energy level of the transition state (TS). The former is normally achieved by
conducting the reaction at a higher temperature, whereas the latter is normally achieved by
using a catalyst. Depending on how effective the acid catalyst (especially Brønsted acidity) is
for this particular reaction, the energy level of TS varies. Figure 4-10 illustrates the energy
diagram of the overall reaction from glycerol to acrolein. The reaction barrier (or activation
energy) Ea is the energy difference between the reactant and the transition-state species. The
position A represents the transition state in the presence of HSiW-Al or HSiW-Si. NTP
induced acidity possibly lowered the energy level of TS (from position A to position B in
Figure 4-9). In addition, it is also likely that NTP increased the energy level of the starting
material (from C3H8O3 to C3H8O3* as indicated in Figure 4-11). As the result, the new
activation energy, Ea’, was smaller than Ea. The result (the activation energy with NTP
application was smaller than that without NTP application) agreed well with the proposed
theory. The activation energy of HSiW-Al catalyzed glycerol dehydration at 3.78 kV/cm NTP
was 1.37*105 J/mol and the HSiW-Si catalyzed was 1.50*105 J/mol (Appendix III). Both
were smaller than the activation energies of their counterparts without NTP application
(1.44*105 J/mol and 1.61*105 J/mol for HSiW-Al and HSiW-Si, respectively).

Figure 4-11: Illustration of the energy diagram for the overall reaction of glycerol dehydration
to acrolein. Ea denotes the activation energy; △Hrxn denotes the enthalpy of reaction.
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This illustration also helps understand how NTP functions in the glycerol dehydration
process. In the respect to energizing the reactant, NTP is not selective; in the respect to
lowering the TS energy level, NTP is selective to acrolein formation. The combination of
HSiW-Al/HSiW-Si catalyst with NTP-induced acidity significantly lowered the energy
barrier of the glycerol-to-acrolein reaction, but not of the others. This virtue was able to let
NTP benefit the glycerol-to-acrolein reaction but not too much for the other reactions.
Careful manipulation of the plasma properties is necessary so that the NTP can serve as the
“selective” energy provider. At higher temperatures, the range to manipulate NTP to let it
play a positive role in acrolein production is narrower than that at lower temperature. The
example that the NTP exceeded the range and thus negatively affected the acrolein yield can
be easily found in the results. For example, the 6.87 kV/cm application caused a drastic
decrease of the acrolein yield in the HSiW-Al catalyzed reaction, while the 3.78 kV/cm NTP
did not (Figure 4-2). The application of 4.58 kV/cm NTP to the reaction catalyzed at 320°C
lowered the acrolein yield, but the same NTP application at 220°C did not (Figure 4-4).
The properly configured NTP significantly improved the acrolein yield when the
reaction temperature was below 290°C (Figures 4-4 and 4-5). It is worth noting that such
improvement did not require the sacrifice in energy consumption. The calculation showed
that the energy consumption via NTP process was actually smaller than using conventional
heating method (heating tape in this case) (Appendix IV).
The reason that the optimal NTP condition differed for HSiW-Si and HSiW-Al is
probably due to geometrical factors and nature of the catalyst. HSiW-Si not only had more
narrow pores, but also might be more densely packed because of granular shape, as compared
to the HSiW-Al spherical beads. As a result, the mean-free-path of the electrons overall was
shorter in the HSiW-Si system than in the HSiW-Al system, which may have weakened the
discharge field, thus requiring more strength input to compensate the weakening effect.

4.4.3

Byproducts

Let us now take a look at the results of the major byproducts, acetaldehyde,
propionaldehyde, acetol, and coke. The reactions leading to these byproducts could be either
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competitive or sequential reactions to acrolein formation; therefore, the formation of these
products negatively affects acrolein selectivity.
Acetaldehyde (Discussion related to Figure 4-6)

Nimlos et al. proposed that glycerol followed a pericyclic mechanism to form
formaldehyde and vinyl alcohol, which was tautomerized to acetaldehyde (Figure 4-12 Path
1) [254]. The calculated reaction barrier of this pathway was much lower than the two
dehydration pathways. If this mechanism were valid, the acetaldehyde selectivity would have
been much higher than what was observed at low temperature. Therefore, this mechanism
was eliminated in the case with the presence of the acid catalyst.
Several studies [102, 136] proposed that acetaldehyde was formed via the retro-Aldol
reaction of 3-hydroxypropanal (Figure 4-12 Path 2). Acetaldehyde formation consumed a
certain amount of 3-hydroxypropanal, which would otherwise have been converted to
acrolein. Acrolein selectivity was significantly lowered at higher temperatures and higher
field-strengths (Figures 4-2--4-5), which agreed well with the mechanism of acetaldehyde
formation from 3-hydroxypropanal. Therefore, this mechanism was applicable.
Suprun et al. [130] proposed that acetaldehyde was formed from acetol via catalytic CC bond cleavage, as shown in Figure 4-12 Path 3. Although the reverse trend between the
selectivity of acetol and acetaldehyde was not observed in response to temperature change, it
was observed in response of the field strength change. So the mechanism of producing
acetaldehyde from acetol can be excluded if no NTP is applied, but can not be excluded
under NTP conditions.
In summary, acetaldehyde was primarily formed from acrolein precursor 3hydroxypropanal, and it might as well form from acetol when NTP is applied.
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Figure 4-12: The plausible pathways of acetaldehyde formation

Propionaldehyde (Discussion related to Figure 4-7)

Although the selectivity of acetaldehyde and propionaldehyde responded similarly to
temperature and NTP field strength, their formation mechanisms differed completely.
Propionaldehyde could be formed from 1,2 addition of H2 to the carbon-carbon double bonds
(Figure 4-13 Path 1) or 1,4 addition of H2 to the conjugated system to enol followed by
isomerization (Figure 4-13 Path 1) [256]. The mechanism of deriving propionaldehyde from
acrolein was adopted by Deleplanque et al. [141]. Corma et al and Suprun et al. proposed
that propionaldehyde was formed exclusively from acetol [108, 130]. Figure 4-13 Path 3
depicts the mechanism of forming propionaldehyde from acetol. It was observed the cooccurrence of the decrease of acetol and the increase of propionaldehyde, especially in higher
temperature operations and in the NTP applications. Hence the formation pathway from
acetol was very likely for the process in this study. Also, the pathway from acrolein or 3hydroxypropanal cannot be ruled out, since at high temperature and high NTP field strength,
acrolein selectivity decreased while the propionaldehyde selectivity increased. Based on the
agreement of the experimental data with the pathways provided by literature, the possible
mechanism of propionaldehyde formation in this system is summarized in Figure 4-13, and
the hydrogenation could occur to acrolein, acetol and/or 3-hydroxypropanal. The needed
hydrogen was possibly formed from the dehydrogenation of oligomers during coke
deposition, which occurred from the onset of the glycerol conversion process.
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The thresholds of temperature and field strength were observed to cause a significant
difference for the proportions of acetaldehyde and propionaldehyde in the product
composition. This confirmed the earlier statement that NTP needs to be carefully configured
to ensure that NTP was intense enough to provide the virtues of NTP in improving acrolein
selectivity (NTP acidity) as well as glycerol conversion (efficient energy transfer), but not too
intense to let the formation of the aldehydes pass the threshold and consume too much
acrolein.
Acetol (Discussion related to Figure 4-8)

Different from the side reactions of acetaldehyde and propionaldehyde, the acetol
pathway is a competing reaction with the acrolein pathway from the very beginning. The
protonation of the OH on the 2° carbon leads eventually to acrolein, whereas the protonation
of the OH on 1° carbon leads to acetol (Figure 4-10 II). Usually, Brønsted acid sites favor
acrolein production; acetol formation was catalyzed via Lewis acid sites, if it was ever
catalyzed [136]. HSiW introduced primarily Brønsted acid sites, and NTP induced solely
Brønsted acidity, both of which were primarily functioning to lower the reaction barrier of
acrolein formation. Consequently, acrolein formation was greatly catalyzed (but acetol
formation was not), which competitively consumed a portion of glycerol that could have been
converted to acetol. This explains the observation that the selectivity to acetol decreased
under the NTP conditions in Figure 4-8. Several factors account for the lower acetol
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selectivity at lower temperature. First, 2° carbocations are thermodynamically favored over
1° carbocations, in general [251]; at a lower temperature, the product distribution would
contain more 2° carbocation-derived products, such as acrolein. Second, at lower
temperatures, the intermolecular condensation of glycerol was favored [92]; this means that
some of the formed 1° carbocations tended to interact with another molecule to form C-C
single bonds, instead of interacting with the neighboring carbon within the same molecule to
form a conjugated double bond. Hence the probability of acetol formation was lowered even
more. (The mechanisms are illustrated previously in Figure 4-10.) Third, the rate of acetol
formation itself was slower at a lower temperature. At temperatures above 305°C, the
subsequent reactions from acetol were enhanced, such as the formation of acetaldehyde
(Figure 4-13 Path 3) and propionaldehyde (Figure 4-13 Path 3) [108, 130, 136]. These
subsequent reactions lowered the acetol selectivity at high temperature. The discussion above
explained the observation that the selectivity to acetol in response to temperature in Figure 411.
Coke

The intermolecular condensation of glycerol was favored at low temperature, resulting
in more glycerol oligomers formed [92, 108, 130]. The glycerol oligomers have relatively
high boiling temperatures, and barely remained in the gas phase at the reaction temperature.
These oligomers could not flow out of the packed-bed reactor as easily as the other gas-phase
species; in other words, they received increased contact time with the catalyst to undergo the
condensation reaction. The linear, cyclic and/or branched glycerol oligomers grew in size,
contributing to the overall coking. As the temperature increased, intermolecular condensation
was suppressed, and desorption of the products from the catalyst surface increased, reducing
the contact time of the products and thus alleviating the polymerization of the products. As
the result, less coke was formed when temperature increased from 220°C to 275°C/290°C. As
temperature increased, intra-molecular dehydration [92] was enhanced, and more doublebonded compounds (acrolein and acetol) were formed. As temperature exceeded
290°C/305°C, aldehydes (or acetone [108, 130, 136]) were significantly increased, which
often enhances coke formation [257]. The reaction rate of coke formation itself could have
been significantly increased at high temperatures. These factors explained the observed
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increasing trend of coke amount when temperature increased from 290°C to 320°C (Table
4.3).
With the discussion above, one would expect that more coke would be observed for the
condition at the same temperature but with NTP application, since NTP increased the
formation of acrolein, acetaldehyde, and propionaldehyde. However, comparing the data in
the presence versus absence of NTP (“3.78 kV/cm” for HSiW-Al and “4.58 kV/cm” for
HSiW-Si), it was found that the coke weight from NTP-applied reactions not only did not
increase, but also showed some reduction tendency compared to their counterparts without
NTP.
It was claimed that the existence of oxidants in the reaction system could suppress coke
formation [92, 129]. Molecular oxygen co-fed into the system was effective in serving this
function [92, 129], but water vapor was not [110]. Therefore, there must be another effective
oxidative agent present in the NTP system that could partially suppress coke formation. The
hydroxyl radical (.OH) can be produced via dissociative electron collisions with water by
NTP (Equation 4-11).
-

H2O + e  H. + .OH + e

-

Equation 4-11

The existence of the OH radicals in NTP with the presence of water vapor and the
oxidative ability of .OHs have been well acknowledged in the environmental waste water
treatment area [258, 259]. In the system, water was co-fed in a large quantity as a diluting
agent of glycerol. Therefore, under the NTP discharge, it was very likely that some OH
radicals were present in the reaction zone. The applied field strengths (3.78 kV/cm and 4.58
kV/cm) were relatively low, compared to the plasma intensities in waste water treatment
applications [258, 259]. The concentration of .OH in the system was probably low, which
possibly accounts for the fact that not very significant suppression was observed. Higher field
strength NTP facilitated .OH generation, and the coke formation under the NTP application
of 5.50 kV/cm was significantly less than the control condition. However, not much
advantage in coke suppression was observed for the 6.87kV/cm NTP application, probably
because under that intense NTP, more unsaturated cracking compounds or even some carbon
radicals were formed, which would favor polymerization.
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4.5

Conclusions

This chapter presented my study on the effects of the reaction temperature and NTP
using argon as the discharge gas on the gas-phase glycerol dehydration on HSiW-Al and
HSiW-Si.
As the reaction temperature increased, the glycerol conversion increased in general. At
290°C and above, glycerol was completely converted on HSiW-Al; complete conversion was
never achieved on HSiW-Si because of the deactivation of HSiW-Si. In the temperature range
of 220-275°C, the acrolein selectivity showed a slight increase when temperature increased
from 220°C to 275°C, but significantly decreased when temperature was further increased to
290°C and above, because of significantly enhanced formation to acetaldehyde and
propionaldehyde. Coke formation first decreased as the temperature increased; above 290°C,
it significantly increased as the reaction temperature increased.
With the optimal NTP applied, a consistent improvement in the acrolein selectivity was
observed when the reaction was operated at 275°C or below.
Some similarities were found between the effect of temperature and the effect of NTP
in influencing certain kinetic parameters, and also there was some confounding effect
between temperature and NTP. The result showed that NTP played the role of an efficient
energy input, and also the role of providing additional acidity, which lowered the activation
energy and improved acrolein selectivity. The optimal acrolein production was observed at
275°C, and under 3.78 kV/cm for HSiW-Al and 4.58 kV/cm for HSiW-Si, achieving acrolein
yields of 83.6 mol% (98.7 % conversion, 84.7 mol% selectivity) and 83.1 mol% (94.4%
conversion, 88.0 mol% selectivity) respectively. For HSiW-Si, such catalytic performances
remained stable for over 20 hours TOS without showing deactivation.
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Chapter 5
The positive roles of non-thermal O2 plasma
in coking suppression and catalyst
regeneration
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Abstract
The important chemical intermediate acrolein is produced by gas-phase glycerol
dehydration catalyzed by solid acids. The major challenge of this method is how to extend
catalyst service life, since the catalyst that leads to high acrolein selectivity usually
deactivates rapidly. Silica supported silicotungstic acid (HSiW-Si) is a good example of such
a catalyst. In the work described in this chapter, HSiW-Si was used to probe the potential of
using non-thermal plasma with oxygen-containing gas as the discharge gas (NTP-O2) to solve
the catalyst deactivation problem. NTP-O2 was found to be effective in both online coking
suppression and off-line coke removal (catalyst regeneration).
Keywords: coking, carbonaceous species, deactivation, molecular oxygen, atomic oxygen,

ozone, TPO, HSiW-Si.

5.1

Introduction

“Coke” is a general term used for any carbonaceous substances deposited on the
catalyst surface during the reaction. These carbonaceous substances are a distribution of the
polynuclear aromatic substances of aliphatic and alicyclic compounds usually formed via
condensation, hydrogen abstraction, polymerization, and repetitions of these reactions [260].
The terms “soft” and “hard” are commonly used to describe coke, and these relative
properties are associated with structural complexity and polymerization degree of the
carbonaceous substances. Harder coke is more complex in structure and more difficult to be
burned off. For example, a 5-carbon-ring aromatic compound is “harder” than an aphaliptic
compound containing the same number of carbons; a 6-carbon-ring aromatic compound is
“harder” than a 5-carbon-ring aromatic one.
Coke formed on the catalyst surface and blocked the active acid site, preventing the
glycerol molecules from contacting and interacting with these sites. Glycerol conversion
would decrease as the result. Also, part of the coke is formed from acrolein or glycerol, so its
formation reduced the acrolein yield. Strong acid sites, or more specifically, strong Brønsted
acid sites, are favored by acrolein formation, but they unfortunately also lead to more severe
coking and therefore more severe catalyst deactivation [127].
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The ideal solution to the deactivation problem is to suppress coke formation during the
glycerol dehydration reaction. Alhanash et al. used platinum-doped catalyst and co-feeding
H2 [127] to reduce the coke formation. Using hydrogen unavoidably involves some safety
issues. Whether the expensive usage of platinum is worthwhile is rather questionable, since
deactivation still occurred within 10 hours time-on-stream (TOS) [127]. These issues would
not make the bio-based acrolein process any more attractive to the acrolein manufacturers.
Another direction of coke suppression is using O2-containing gas as a carrier to maintain the
products at an oxidized state [92, 129, 261] [141]. Although the catalyst deactivation was
alleviated in all these studies, disagreement was found in whether acrolein yield would be
negatively influenced. Ulgen and Hoelderich reported a slight increase in acrolein selectivity
but a slight decrease in glycerol conversion [92] when using oxygen containing carrier gas.
Wang et al. claimed that, with the presence of molecular oxygen, byproducts were
significantly reduced [129]. Deleplanque et al. reported a reduction up to over 15 mol% in
acrolein selectivity when using an O2-containing carrier gas during glycerol dehydration
[141]. Therefore, whether co-feeding oxygen is overall beneficial to the acrolein production
is uncertain.
The Keggin structure (Appendix V), the most important feature of HPA, is retained
intact during/after coke formation [115]. Deposited coke was reported to occur as an
amorphous form, and its existence would not alter any crystalline structure of the catalyst
[127, 129, 144]. In other words, supported HPA can be regenerated to regain the acid
catalytic activity if the deposited coke is removed. Catalyst deactivation due to coking is
quite common in industrial chemical production processes; the routine treatment is to flush
the catalyst bed with oxygen-containing gas at elevated temperatures, usually 450-600°C, but
depending on the catalyst characteristics and specific reactions, higher temperatures (600800°C) may be required to remove the coke [139, 262, 263]. A problem encountered here is
that the Keggin structure of HSiW can only be maintained up to 400°C [145] (one study
claimed up to only 300°C [117]), depending on the characteristics of the supports. So the
“regeneration” via the high-temperature combustion approach would remove the coke only at
the cost of the reduction of the catalytic activity afterwards due to the significant loss of
acidity. Therefore, the conventional decoking treatment is not appropriate for regenerating
the supported HSiW for the acrolein production process.
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Non-thermal plasmas (NTP) can initiate formation of ions, free radicals, and other
highly reactive intermediates. In an O2-containing atmosphere, NTP can convert the O2
molecule into many highly reactive oxygen species, including the triplet ground-state oxygen
atom O(3P), the metastable oxygen atom O(1D), metastable oxygen molecule O2(1△g), and
ozone O3. When humidity is present, additional highly reactive species are formed, such as
H2O.+, free H atoms, and OH radicals. Most of these species are highly oxidative, and can
oxidize substances that O2 or air fails to oxidize under mild temperature conditions.
The original motivation of applying non-thermal plasma with oxygen-containing gas as
the discharge gas (NTP-O2) in this study came from the already industrialized practice in
volatile organic compounds (VOCs) treatment. The presence of non-thermal plasma
significantly improved the efficiency of VOC removal at ambient temperature (e.g., [185,
232, 238, 239, 264-267]). The common VOCs, toluene, benzene, and xylene, are aromatic
compounds, and the removal is achieved by oxidizing them into CO or CO2. The
improvement of VOC removal is attributed to the highly reactive and oxidative species
formed in NTP. Some similarities may be found between VOC removal and the decoking of
the spent catalyst: the aromatic structure abundantly exists in coke and it is desired to oxidize
them into COx or oxidize them into less complex structures. It is possible that these “highly
reactive oxygen species” in NTP can play a role in the coke (especially coke precursor)
suppression/removal in glycerol dehydration process.
There were several studies in the literature which further suggested that the NTP-O2
would be a valid candidate for regenerating supported heteropoly acid (HPA). Cha et al. used
DBD non-thermal plasma and successfully suppressed the formation of polycyclic aromatics
and coke in the burning of propane gas [268]. Mawhinney et al. studied ozone oxidation of
amorphous carbon with FTIR [269]; the surface reduction and morphological change of the
adsorbent charcoal after the interaction with ozone was observed via SEM [270]. The
efficiency of ozone removal by activated carbon (AC) was studied by Takeuchhi and Itoh:
ozone molecules diffused into the AC micropores and reacted with carbon surface [271].
Khan and Al-Jalal studied atomic oxygen’s role in decoking a coked zeolite [263]. Pieck et
al. used ozone to regenerate a spent Pt-Re/alumina catalyst coked by the 8-hour reaction of
cyclopentane with hydrogen at 500°C [272]. From the evidence above, NTP-O2, which
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contains both ozone and atomic oxygen, was very likely to contribute to solving the
deactivation problem of a solid acid catalyst possessing thermal stability issues. Regenerating
the deactivated catalyst is an important issue; depending on the catalyst’s characteristics and
the reaction it was used in, the deactivated catalysts can vary significantly in their coke
profile, and thus vary in terms of how difficult they can be regenerated [273]. Therefore, it
was necessary to expend some effort on regenerating the acid catalyst deactivated by glycerol
dehydration process.
The objectives of this study were 1) to investigate whether the NTP-O2 application in
the glycerol dehydration process could suppress the formation of carbonaceous polyaromatic
compounds, and ultimately suppress the coke formation; and 2) to investigate the NTP-O2
effectiveness in the catalyst regeneration, so that the periodic coke removal can be
incorporated into the bio-based acrolein production to increase its potential for
industrialization.

5.2
5.2.1

Materials and Methods
Catalyst preparation

Our results showed that silica supported silicotungstic acid (HSiW-Si) would be a very
good catalyst for acrolein production if it did not deactivate so fast. Therefore, HSiW-Si
seemed to be an excellent candidate for the exploration of the potential of applying NTP-O2
in 1) reducing coke formation during the reaction (in-situ coking suppression) and 2)
regenerating the deactivated catalysts (periodic regeneration). Ultimately, the method
developed in this study for glycerol dehydration to acrolein could be applied to other acid
catalytic reactions using solid catalysts (especially HPAs) that have relatively low thermal
stability.
HSiW was loaded on the catalyst support by the impregnation method. Silica support
(Si) was calcined at 300ºC for 2 hours before use. HSiW of 10% weight percentage (wt%) of
the support was dissolved in deionized water to make 0.04 g/mL solution. The calcined
support was added to the HSiW solution. Constant stirring was applied to the mixture at room
temperature for 24 hours to attain adsorption-desorption equilibrium. The resultant mixture
was dried first at 55°C for 24 hours with the application of constant stirring. Then the mixture
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was dried at 105°C for complete dryness. The mixture was calcined at 300°C before the 2nd
impregnation. The procedures were repeated for another 10 wt% HSiW loading.

5.2.2

Online coking suppression during glycerol dehydration

The experiment in this subsection was designed to examine whether applying NTP-O2
during the reaction was effective in coking suppression and was overall beneficial to acrolein
production.
The configuration and orientation of the packed-bed, down-flow DBD reactor used for
the kinetic experiment was previously described (Chapters 3 and 4). Oxygen-containing gas
was achieved by a blending procedure. As is shown in Figure 5-1, oxygen (99.99%) and
argon (99.99%) were well mixed as they flowed through a 400 mm tube filled with quartz
wool. Each of the gas streams was individually controlled by a rotameter, and by adjusting
the flow rate of each gas, the gases were proportionally fed to the blender, achieving a desired
ratio (5% O2 containing gas). The carrier gas, which was 5% (volumetric ratio) oxygen in
argon, was fed into the reactor at 60 mL/min. The schematic of the entire system is illustrated
in Figure 5.1. Glycerol conversion and product selectivity were obtained for comparison.

Figure 5-1: Apparatus for glycerol dehydration with the options of co-feeding oxygen and/or NTP
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Glycerol dehydration at 275°C using pure argon as the carrier gas without NTP was
used as the control test (referred to as “the control condition” hereafter). Glycerol dehydration
kinetic experiments with oxygen-containing carrier gas (5% O2 in argon) were conducted at
275°C with (“NTP-O2”) and without NTP discharge (“COA”), respectively. Table 5-1 lists
these three conditions including 1) argon at 275°C, 2) 5% O2 in argon at 275°C, and 3) 5%
O2 in argon with NTP discharge at 275°C; comparison was made among them. The total
carrier gas flow rate was maintained at 60 mL/min. The electric field strength applied was
4.58 kV/cm, and the frequency used was 1 kHz for the NTP configuration. Two repetitions
were conducted for each condition. The conversion and the selectivity of acrolein and the
major gaseous byproduct were evaluated. Also the catalyst deactivation and coke formation
were evaluated by glycerol conversion, catalyst weight gain, specific surface area, and
temperature programmed oxidation (TPO).

Table 5-1: List of the experimental conditions for coking suppression 1

Temperature

Argon

5% O2

NTP 2

Denotation

Condition 1

275°C

Yes

No

No

Control

Condition 2

275°C

Yes

Yes

No

Condition 3

275°C

Yes

Yes

Yes

Co-fed oxygen alone
(COA)
NTP-O2

1: Catalyst: silica supported silicotungstic acid; glycerol solution: 20 wt%; gas-hourly-spacevelocity: 84.4 h-1; carrier gas flow rate: 60 mL/min, TOS: 7.5 hour.
2: NTP field strength: 4.58 kV/cm.

The principle of the TPO technique is that oxygen oxidizes the carbonaceous species
(coke) that formed on the catalyst surface at an elevated temperature. Depending on the
structural complexity of the coke, it is oxidized at different temperatures. “Harder” coke
would require higher reaction temperature to be oxidized into CO2. Therefore, as the
temperature is increased, the oxygen preferentially reacts with the surface coke species, and
the oxygen consumption provides a measure of the coke profile regarding the relative amount
and hardness of the coke deposited on the surface during the reaction. The measurements
were conducted using an oxygen-containing gas (5% oxygen blended with helium) at 70
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mL/min. The spent catalyst (0.100g) was dried at 105ºC in a convection oven for 12 hours,
and preheated at 300°C in nitrogen atmosphere prior to the TPO experiment. The temperature
was programmed from 25°C to 900°C at a heating rate of 10°C min-1. The effluent gases
were subsequently passed through a liquid nitrogen trap before reaching the TCD detector;
the oxidation product CO2 was condensed, but the background gas helium and the
unconsumed oxygen could pass through.
There were several reasons to use 5% O2 blended with argon in the reaction instead of
using pure oxygen and air. First, using a low dose of O2 is to ensure operation under the
explosion limit [274]. Second, the preliminary results showed that a heavy dose of oxygen
would result in an even more significant loss of acrolein selectivity (decreased to below 50
mol% when using air at 275°C). Therefore, the oxygen-containing gas was configured as 5%
oxygen blended in argon. Also, the use of argon rather than N2 (the major component in air)
made the result in Chapter 5 comparable to those of the previous chapters.

5.2.3 Offline coke removal and catalyst regeneration

The experiments of this subsection were designed for evaluating whether NTP-O2 can
be effective in removing the coke from the catalyst surface and regenerating the deactivate
catalyst. The problem was approached from two vantage points.
5.2.3.1 Direct investigation of coke removal

In this section, the regeneration was investigated outside of the packed-bed reactor. The
deactivated catalyst was taken out of the PBR. The experiments were focused on 1)
monitoring the decoking process and 2) TPO characterization of the coke profile change after
the treatment. This part of experiment was a direct evaluation in terms of coke removal.
Monitoring of the decoking process was completed using the system shown in Figure
5-2. The spent HSiW-Si was collected from a 7.5 hour kinetic experiment conducted at
275°C with argon as carrier gas (the kinetic result of the catalyst is presented in Table 3-2 and
listed as HSiW-Si1252). The spent catalyst was placed in a home-made DBD cell with the
wire-to-cylinder configuration; heat could be applied as an option using heating tape. The gas
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flowed though the DBD cell, and traveled through a liquid nitrogen (LN) trap before reaching
the TCD detector. Helium could not be condensed in the LN trap, and oxygen could pass
through the LN trap, because 5% concentration was far below its saturation vapor pressure
[275]. Five discharge field strengths (3.0 kV/cm, 4.8 kV/cm, 6.6 kV/cm, 8.4 kV/cm, and 10
kV/cm) were studied at ambient temperature (25°C), and the optimal NTP field strength was
used to study the temperature effect (25°C, 100°C, 150°C, 200°C). Blank tests were
conducted to obtain knowledge of the baseline, including data obtained by applying NTP to
the discharge cell loaded with 200mg fresh catalyst at various discharge voltages using only
helium and using oxygen-containing gas, respectively. The TCD signal can qualitatively
reflect the decoking process. The gas was fed into the DBD cell at 30 mL per minute.

Figure 5-2: Schematic of catalyst regeneration device with NTP application

In addition to monitoring the decoking process, the coke removal was also evaluated by
temperature programmed oxidation (TPO) characterization of the catalyst after a specific
decoking treatment. The principle and experimental details of the TPO characterization
technique were described in Section 5.2.2. The characteristic of the remaining coke on the
catalyst surface after NTP-O2 treatment was obtained in this manner. The coke removal
effectiveness of each NTP-O2 condition was evaluated based on the profile of coke
distribution obtained via TPO.
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5.2.3.2 Direct evaluation of catalyst regeneration

In the work described in this section, the catalyst was kept inside the packed-bed
reactor and the regeneration with NTP-O2 treatment was directly applied in situ. The
experiments were focused on the glycerol dehydration performance after regeneration
treatment. This was an indirect evaluation in terms of coke removal, but a direct evaluation in
terms of whether the catalyst could be regenerated and the catalytic performance could be
regained.
After 7.5 hours of glycerol dehydration in the down-flow PBR (84.4 h-1GHSV, 60 mL
min-1 argon gas, 275°C) the glycerol feed was stopped, the reactor temperature was lowered
to 150°C, and the gas was switched to an oxygen-containing gas. Three different discharge
gases were compared: 1) 20% oxygen blended in argon, 2) 20% oxygen blended in nitrogen,
and 3) pure oxygen, which can be viewed as 20% oxygen in oxygen. (The noble gas argon
should have similar behavior as helium as a NTP discharge gas.) The total gas flow rate was
30 mL/min. The NTP field-strength and operation temperature were based on the optimal
condition found in the above-mentioned tests. After 2 hours, the plasma was stopped; the
carrier gas was changed back to the original configuration, and the glycerol feed was
restarted. The glycerol conversion and acrolein selectivity were obtained during a few hours
TOS to test the generation effect. The regeneration-kinetic process was repeated for another
time.

5.2.4
Combining online coking suppression and offline catalyst regeneration
(coke removal)

Usually the effectiveness of coke removal greatly depends on the characteristics of the
deposited coke. Therefore, in the research described in this section, instead of using spent
HSiW-Si from a control dehydration process, the spent HSiW-Si from a NTP-O2 assisted
dehydration process was used to test the coke removal/catalyst regeneration. TPO
characterization was conducted after 1.5 hours of coke removal NTP treatment in 5%
oxygen/helium. Also, the continuous process incorporating both online coking suppression
and offline catalyst regeneration was evaluated. The glycerol dehydration using oxygencontaining carrier gas was conducted with NTP applied; after the period of 7.5 hours TOS
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reaction, NTP-O2 regeneration treatment was applied for 2 hours. The kinetic reaction was
resumed after the reaction to evaluate the regeneration result.

5.3
5.3.1

Results
Online coking suppression

Table 5-2 summarizes the results for glycerol conversion and the selectivity of acrolein
and the major byproducts obtained under different reaction conditions. In comparison to the
control condition (as previously defined in Table 5-1), the NTP-O2 application significantly
increased the glycerol conversion more than COA. COA caused a significant decrease in
acrolein selectivity compared to the control condition, which agrees with Deleplanque’s early
report [141] demonstrating that co-fed oxygen alone lowers the acrolein selectivity. Part of
acrolein was either converted to acrylic acid (~1-2mol% quantified by GC) and/or underwent
further oxidation to COx. However, the acrolein selectivity under the NTP-O2 condition did
not show much difference compared to the control condition. Both COA and NTP-O2
significantly reduced the selectivity to propionaldehyde. The acetol selectivity was
significantly reduced in the COA condition, and more so in the NTP-O2 condition. No
significant decrease was observed in acetaldehyde selectivity for both COA and NTP-O2
conditions compared to the control condition. Compared to the control condition, both COA
and NTP-O2 significantly reduced the coke formation, evidenced as significantly lowered
catalyst weight increase after the reaction. This result shows that the introduction of NTP-O2
can significantly suppress the coke formation without much sacrifice in acrolein selectivity,
which was advantageous compared to the COA. A decrease in the carbon balance was
probably due to the CO2 and/or CO formation (from deep oxidation of the gaseous products),
which unfortunately could not be measured in this experiment.
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Selectivity
(mol%)

Table 5-2: Summary of the conversion and selectivity of the tested conditions
Condition
Kinetics
Conversion (%)

275°C

275°C, O2, NTP

275°C, O2 (COA)

92.9± 0.3

97.6± 0.1

95.9± 0.2

Acrolein

79.5± 0.2

80.1± 0.5

72.2± 0.8

Acetol

7.6± 0.3

3.6± 0.2

5.6± 0.2

Acetaldehyde

1.1± 0.24

1.1± 0.11

1.0± 0.02

Propionaldehyde

1.1± 0.04

0.4± 0.04

0.7± 0.07

14.3± 0.5

7.0±0.6

9.9±1.0

96.0± 2.0

86.8±2.1

84.6± 0.6

3

Coke (%)

4

Carbon balance (%)

1: The average of two kinetic repetitions; and each was the average conversion (selectivity) over time-onstream (TOS) 1.5-7.5 hours.
2: Standard error of the mean of the two kinetic repetitions.
3: This percentage was calculated by the increased weight after the reaction divided by the weight of the
fresh catalyst.
4: Carbon balance is calculated by the summation of carbon mass in the collected sample divided by the
total carbon mass fed into the system. For simplicity, carbon Cn is usedas the formula of the coke for catalyst
weight and accounted 100% of the increased catalyst weight as coke.

In addition to the clear reduction in the weight increase of the spent catalyst from either
COA or NTP-O2 as compared to that from the control condition (Table 5-2), the coking
suppression is manifested in Figure 5-3 as well. Figure 5-3 A shows the deactivation in terms
of glycerol conversion expressed as the difference between glycerol conversion at a specific
TOS (Xn) and the conversion at 1.5 hours TOS (the first sampling point)(X1) divided by X1.
Both NTP-O2 and COA achieved coking suppression; the slopes of the conversion decrease
were smaller than the control condition. Under the NTP-O2 condition, suppression of coke
formation was more effective in that the slope of the conversion decrease was even smaller.
Figure 5-3 B is the TPO profile of the spent catalyst. Depending on its “hardness”, the coke
was preferentially oxidized into CO2 by oxygen as the temperature increased. Carbon dioxide
left the catalyst surface as the gaseous effluent, but CO2 was condensed when the gaseous
effluent passed through the liquid nitrogen trap. As for the two components in the effluent
that were not condensed, helium amount remained the same before and after the sample cell,
while the oxygen amount might change depending on whether and how much the coke could
be oxidized. In a TPO graph, X-axis is temperature while the Y-axis is the signal of the
detector. A point in the TPO curve indicates a relative amount (position in Y-axis) of the
coke with certain hardness (position in X-axis). Harder coke locates on the highertemperature end, and vice versa. The TPO profiles of the spent catalysts from both NTP-O2
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and COA are significantly lower than the spent catalyst from the control condition. Not only
the overall coke was reduced, but also the amount of the harder coke was significantly
lowered compared to the control condition; as a result, the loss of surface area was
significantly decreased compared to the control condition. The result from glycerol
conversion, TPO profile, the weight increase of spent catalyst and the percentage surface loss
consistently showed the trend that the NTP-O2 suppressed coking more than COA.
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Figure 5-3: The decrease percentage of glycerol conversion (defined as the difference between
glycerol conversion at longer TOS (Xn) and glycerol conversion at 1.5 hours (X1) divided by X1)
as functions of time (A); the TPO profiles of the spent HSiW-Si catalyst after three different
reaction conditions (B)

5.3.2

Offline coke removal and catalyst regeneration

The X-ray diffraction results (Figure 5-4) showed no difference between the fresh
HSiW-Si and the spent HSiW-Si, which agreed with the previous publications [127, 129,
144] in that the deposited coke was amorphous and would not change the crystalline structure
of the catalyst which it deposited on.
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Figure 5-4: XRD patterns of fresh HSiW-Si and spent HSiW-Si

This section presents the results obtained from the study of the catalyst regeneration.
Three major effects were investigated, including 1) the NTP field strength, 2) the operation
temperature, and 3) the discharge gas. The first two major effects were examined from two
perspectives (Section 5.3.2.1): 1) monitoring the decoking process allowed us to understand
what was happening in the NTP-O2 cell based on the TCD signal change during the
regeneration treatment period; 2) the TPO characterization of the catalyst after the treatment
allowed us to evaluate the effectiveness of coke removal by comparing the profile of coke
distribution on the catalyst surface before and after the regeneration treatment. Section 5.3.2.2
presents the regeneration result evaluated based on the kinetic parameters of glycerol
dehydration after periodic regeneration; the comparison in the regeneration influence of
background gas was conducted in this manner.

5.3.2.1

Direct investigation of coke removal

The effect of NTP field strength

The effect of NTP field strength was first studied by monitoring the decoking process.
Here an explanation is given of how the real-time TCD monitoring served the function of
examining coke removal from the baseline signal. Figure 5-5 displays the baseline signal
obtained using fresh HSiW-Si with different field strengths of non-thermal plasma. The
background collected on the fresh catalyst with pure helium showed no baseline shift
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regardless of how large of NTP discharge field strength was applied. This observation
suggests that the excited helium species were transient and vanished as soon as they left the
discharge zone. On the contrary, the background collected on the fresh catalyst with O2containg gas showed some signal changes when the NTP was applied. Each background
curve of NTP-O2 displayed the characteristic behavior of an initial overshoot followed by a
plateau at an intermediate signal value (i.e., a stabilized baseline). An increasing trend of the
stabilized baseline was observed as the field strength of the plasma increased from 3.0 kV/cm
to 8.4 kV/cm.
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Figure 5-5: The baselines conducted using fresh catalyst under various conditions. 3.0 kV/cm,
4.8 kV/cm, 6.6 kV/cm, and 8.4 kV/cm depict the field strength of NTP-O2 with the gas
composition of 5% O2 in He.

NTP discharge excited molecular oxygen into new species, such as ozone, O (1D), O
(3P) and other surface oxygen species. Except for ozone, all the other strong oxidants were
short-lived species. As soon as these short-lived oxygen species left the discharge zone, they
recombined to molecular oxygen. O3 has a lifetime of over a day at room temperature, so it
would not convert back to molecular oxygen in the effluent after leaving the discharge zone.
Therefore, the gaseous effluent after the discharge cell packed with the fresh catalyst was
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composed of O2, O3 and He. However, O3 was condensed, which could be observed as a layer
of navy blue liquid condensed in the liquid nitrogen trap, and could not be detected by TCD.
Therefore, essentially what TCD could detect was the consumption of oxygen. The initial
overshoot was probably caused by the presence of porous materials (HSiW-Si).
Figure 5-6 illustrates the mechanism of the process. Before the NTP application
(denoted as t0), the system inside of the cell was in an equilibrium state of adsorptiondesorption of O2 (denoted as E1). The catalyst bed was already saturated with molecular
oxygen, which was marked as ad-O2 in Figure 5-6. The same amount of molecular oxygen
entered and left the cell. When NTP was switched on, the active oxygen species, such as O3
and atomic oxygen O*, were generated in the electric field. With the increased concentration
of the new oxygen species and decreased concentration of molecular oxygen in the gas phase,
the equilibrium E1 was disturbed. The new species O3 and O* started to interact with the
catalyst surface via physisorption and/or chemisorption. The loss of the plasma species in the
adsorption drove the forward reactions from molecular oxygen to these species. As a result,
the consumption of oxygen was maximized. As the catalyst gradually became saturated, the
consumption of the plasma oxygen species in the adsorption decreased. Therefore, the gas
phase reactions between molecular oxygen and the plasma oxygen species were approaching
equilibrium, and oxygen consumption decreased to a constant value. At t2, a new equilibrium
in the gas phase was established, as was the equilibrium between the gas-phase and the
catalyst surface. An increasing trend of the stabilized baseline was observed as the field
strength of the plasma increased from 3.0 kV/cm to 8.4 kV/cm, suggesting that the ozone
yield increased with the increase of the NTP field strength.
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Figure 5-6: Illustration of the transition from “NTP off” to the stabilized “NTP on” status on
the NTP treatment cell loaded with fresh catalyst. “ad-” denotes physically-adsorbed species,
“S-O*” denotes surface oxygen species, and O* denotes excited oxygen species except for O3.

For a given condition, the ozone concentration should be a constant. Therefore, after
subtracting the raw signal obtained during the NTP-O2 treatment of the spent HSiW-Si from
the baseline, which was at least 8-fold smaller than the raw signal, any signal change would
be caused by the ongoing reaction with the surface carbonaceous species. Figure 5-8 exhibits
the result of monitoring the decoking process under the various discharge field strengths after
the subtraction of the corresponding stabilized baseline. There was an equilibrium among the
distribution of molecular oxygen, which could be detected by TCD, and other O species
generated by NTP. When the reactive O species (oxygen is inert to coke at room temperature)
reacted with some surface carbonaceous species, the consumption of these species drove
forward the reactions of O2 to the active species, such as ozone and O radical, causing the
consumption of O2. Upon each plasma application, the signal jumped to the maximum; at that
moment, the active oxygen species reacted with all the surface carbonaceous species that
could possibly be reacted at various rates determined by the hardness of the carbonaceous
species with which they were reacting. Consequently, the O2 consumption was maximized.
Coke was the limiting reactant while oxidative species formed in NTP-O2 were in excess. As
the portion of softer coke was consumed, the reaction became more difficult, and the
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oxidation rate became increasingly slow. In other words, the consumption of the active
oxygen species, and ultimately O2, decreased, as reflected in the TCD profile as the signal not
only decreased, but also decreased at a slower rate.
Therefore, Figure 5-7 implies that the effectiveness of coke removal increased with
increasing NTP field strength; the effectiveness was ascending in the order of 3.0 kV/cm <
4.8 kV/cm < 6.6 kV/cm < 8.4 kV/cm. In particular, at the field strength of 3.0 kV/cm, there
was barely any coke removal. From 3.0 kV/cm to 4.8 kV/cm, there was a drastic change in
coke removal. From 4.8 kV/cm to 6.6 kV/cm, there was also a significant change in coke
removal, but not as much as the difference between 3.0kV/cm and 4.8kV/cm. The increase in
coke removal continuously became smaller when the applied field strength increased from
4.8 kV/cm to 6.6 kV/cm and from 6.6 kV/cm to 8.4 kV/cm. Coke removal increased with
increasing NTP field strength, however, the increment in coke removal was reduced as NTP
field strength increased further. The power calculated via a Lissajous figure using Equation 23 was 0.05 W, 0.43 W, 0.84 W, and 1.27 W corresponding to 3.0 kV/cm, 4.8 kV/cm, 6.6
kV/cm and 8.4 kV/cm, respectively (Appendix VI).
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Figure 5-7: Monitoring the decoking process under various NTP field strengths at room
temperature. (The signal rising part was omitted for more straightforward presentation). 3.0
kV/cm, 4.8 kV/cm, 6.6 kV/cm, and 8.4 kV/cm depict the field strength of NTP-O2 with the gas
composition of 5% (volumetric ratio) oxygen in helium.
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Figure 5-8 presents the TPO characterization result of the spent catalyst without
treatment, and after 1.5 hours of NTP-O2 treatment with different NTP field strengths. The
result agrees well with the real-time monitoring. No significant change in the TPO profile
was observed between the untreated spent catalyst and the spent catalyst after 1.5 hours
treatment by NTP-O2 at the field strength of 3.0 kV/cm NTP. For the rest of the investigated
field strengths, the TPO curves showed a decreasing trend as compared to the spent catalyst
treated at a higher field-strength NTP. Although the reduction of signal intensity was more
significant in the softer coke region (1st peak zone), the reduction was also observed in the
harder coke region (2nd peak zone).
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Figure 5-8: TPO characterization of the spent catalyst without NTP-O2 treatment and that after
regeneration with NTP-O2 at different field strengths
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evaluation
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process

and

TPO

characterization of the coke profile) showed that the coke removal was more effective at
higher field-strength NTP applications. The field strength of 8.4 kV/cm, under which the
maximum coke removal was observed, was employed for the following tests.
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The effect of operation temperature

The determined optimal field strength (8.4 kV/cm) from the previous subsection for
coke removal at room temperature was used to study the temperature influence in O2-NTP
coke removal. Figure 5-9 depicts the results of monitoring the decoking process. The
stabilized baseline (Figure 5-9 B) of NTP operation decreased in the order 25°C> 100°C >
150°C > 200°C, and the stabilized baseline at 200°C was nearly zero. The relative positions
of the stabilized baselines at different operation temperatures suggests that ozone
concentration decreased as the operation temperature increased. In other words, ozone
decomposed faster at higher temperatures; nearly no O3 existed at 200°C. Figure 5-9 A
displays the signal profile during NTP-O2 treatment at different temperatures. The signal
magnitude was descending in the order of 150°C > 100°C > 200°C> 25°C, suggesting that
the effectiveness of the coke removal descended in such an order. Therefore, the order of
coke removal effectiveness does not quite obey the sequence of the ozone concentration as
suggested by the relative levels of the stabilized baselines. This inconsistency suggests that
the ozone concentration was not the only factor that determined the coke removal
effectiveness.
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Figure 5-9: Monitoring the decoking process with 8.4 kV/cm NTP-O2 at various temperatures
(A)(the signal rising part was omitted for more straightforward presentation); the baseline
profiles collected using fresh catalyst (B). The gas composition was 5% (volumetric ratio)
oxygen in helium.
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A consistent trend was exhibited by TPO characterization of the spent HSiW-Si after
the 8.4 kV/cm NTP treatment at different temperatures, as shown in Figure 5-10. Coke was
greatly reduced after the NTP-O2 treatment at 100°C, and more so at 150°C. However, the
trend reversed as the temperature further increased to 200°C, and more coke, especially hard
coke, remained on the catalyst compared to those being treated at 100°C and 150°C,
respectively. Also, the results confirmed that the reactive oxygen species formed under NTP
discharge were able to react with hard coke, especially when the NTP regeneration was
operated under a proper temperature. The peak in hard coke region (around 700°C) was
decreasing from the catalyst after the treatment at 25°C to the one at 100°C and to the one at
150°C, indicating more “hard” coke was removed or deconstructed. Among the temperatures
investigated, the most effective coke removal occurs at 150°C.

160
140

TCD signal

120
100

No treatment
No treatment
o
25 C
o
25 C
o
o
200 C
100 C
o
o
8.4 kV/cm NTP-O2
150 C
100 C
o
o
200 C
150 C

80
60
40
20
0
-20
200

400

600

800

o

Temperature ( C)
Figure 5-10: TPO characterization of the spent catalyst and that after regeneration with NTPO2 of 8.4 kV/cm at different temperature conditions after 1.5 hours
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characterization of the coke profile) consistently showed that operating the NTP-O2
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regeneration at 150°C provided more effective coke removal than any other temperatures
investigated.
Time dependence of coke removal

Figure 5-11 shows the time dependence of the coke removal under the regeneration
condition of 8.4 kV/cm NTP discharge at 150ºC. The carbon-deposit percentage was defined
as the weight difference between the fresh catalyst and the coked catalyst divided by the
weight of fresh catalyst. Although the strong oxidizing species could react with the hard coke,
the reaction rate is very likely to be much smaller in comparison to the oxidants reacting with
the soft coke. Therefore, the decrease of the catalyst weight was greatly dependent on the
reacting process of the soft coke. The consumption rate of the soft coke was much higher
than the formation rate of soft coke converted from hard coke. Therefore, as the treatment
proceeded, one reactant in the oxidation reaction (the amount of soft coke) decreased,
resulting in a reduction of the reaction rate. This is one reason that the weight decrease in
Figure 5-11 became slower at the longer treatment time. Also, the diffusion of the strong
oxidant into the pores was an issue as previously discussed, so when the more exposed
surface coke was consumed, the process would become more difficult. The residual coke,
after partial NTP-O2 decoking, contains oxidized components that can continue to be
oxidized in a step-by-step fashion until complete removal (every carbon in the original coke
was converted into CO2 effluent). Although NTP-O2 could react with both soft and hard coke
simultaneously, it is possible that large differences existed between the reaction rate of NTPO2 oxidizing soft coke and that of NTP-O2 oxidizing hard coke. When the very “soft” coke
was oxidized, CO2 was formed and flushed off the surface, directly resulting in the weight
decrease of the spent catalyst. In contrast, for oxidation of hard coke, the reaction rate was
very slow, and the oxidation of hard coke started from converting it to an oxygen-rich
intermediate, or breaking it down into a smaller structure. In other words, oxidizing hard coke
most likely did not generate CO2, leaving the total mass barely changed. These reasons
conceivably explain why the coke removal rate slowed with time even though NTP-O2 could
react with hard coke. The coke removal rate decreased with regeneration time.
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Figure 5-11: TPO characterization of the spent catalyst after regeneration at 150ºC using 8.4
kV/cm NTP-O2 for different regeneration time periods (A); carbon-deposit percentage as a
function of time (B)

5.3.2.2

Direct evaluation of catalyst regeneration

The effect of discharge gas

The NTP-O2 effect in coke removal has already been discussed in Section 5.3.2.1. Coke
removal usually resulted in catalyst regeneration, but not always: for example, if some
catalyst active sites were damaged during coke removal, catalytic performance would not be
regained. The NTP-O2 effect in catalyst regeneration was directly tested via periodic online
regeneration. The results of periodic regeneration using 20% oxygen blended with argon,
20% oxygen blended with nitrogen, and pure oxygen are presented in Figure 5-12 A, B, and
C, respectively. As a comparison, a control test is presented in Figure 5-12 D, for which there
was no NTP application during the 2 hours of flushing the reactor with 20% O2 in argon.
NTP application regenerated the catalyst, showing as the rebound of the glycerol conversion
after each session of the regeneration. The NTP with 20% O2 in argon showed the better
effectiveness in regeneration than NTP-O2 under the nitrogen and pure oxygen atmospheres.
The effectiveness of coke removal by NTP-O2 in different discharge gases was descending in
the order of NTP-O2 in argon > NTP-O2 in O2 > NTP-O2 in N2. From the results shown
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earlier (Figure 5-11), it is already known that 2 hour NTP treatment could not completely
remove surface coke. The results here show that the catalytic activity could be regained even
with only partial regeneration. However, because of the fact that coke was not thoroughly
removed, the catalyst after partial regeneration may be prone to deactivate somewhat faster.
This explains why overall a slightly decreasing trend in glycerol conversion was observed
after each regeneration in the figures. Nevertheless, the purpose of this experiment (to
examine the influence of the discharge gas on the regeneration) was achieved.
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Figure 5-12: Periodic regeneration using non-thermal plasma (8.4 kV/cm) using (A) 20% O2 in
argon, (B) 20% O2 in nitrogen, and (C) pure oxygen; and (D) no plasma application with 20%
O2 in argon flushing for 2 hour. Each data point was the average of two repetitive
measurements of a sample from a kinetic run. Dehydration condition: reaction temperature:
275°C, gas-hourly-space-velocity: 84.4 h-1, carrier gas argon flow rate: 60 mL/min

Better regeneration can always be achieved by extending the treatment time. A more
detailed investigation with economic analyses can be conducted in a scale-up practice to find
the most cost-efficient schedule, since the coke removal became slower and required longer
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treatment time, which would lead to more energy consumption, slower productivity, and less
profit.
5.3.3
Combining online coking suppression and offline catalyst regeneration
(coke removal)

Usually, if the coke formed on the catalyst surface is less hard, its removal is less
difficult and the regeneration is more effective. As is shown earlier, using oxygen-containing
carrier gas in the reaction shifted the coke distribution to the “soft coke” region, which might
facilitate the NTP regeneration process. Figure 5-13 shows the TPO profile of the spent
catalyst from an NTP-O2 kinetic run before and after 1.5-hour treatment (5%O2 in He, 8.4
kV, 150ºC); the spent catalyst from the control kinetic run was listed as a reference. The
weight reduction of the surface carbonaceous species by NTP treatment on the spent catalyst
from the NTP-O2 run was 46.8% (obtained by (6.85%-3.64%)/6.85%), which was
significantly larger than the reduction by the same NTP treatment on the spent catalyst from a
control run (29.2%, calculated by (14.27%-10.1%)/14.27%, refer to Figure 5.12). This
showed that effectiveness of coke removal by NTP-O2 treatment greatly depended on the
characteristics of the coke that deposited on the catalyst surface.
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Figure 5-13: TPO profiles of the spent catalyst (coked in a NTP-O2 applied glycerol dehydration
reaction) before and after NTP-O2 off-line treatment, in comparison to TPO of the spent
catalyst from control condition
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Figure 5-14 displays the periodic regeneration using 20% oxygen in argon applied to
the kinetic reaction under the NTP-O2 condition. Compared with Figure 5-12 A (the more
deactivated process), the catalytic activity could be fully regained after periodic regeneration.
The result showed that the characteristic of coke formed on the catalyst significantly affected
the regeneration effectiveness.
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Figure 5-14: Periodic regeneration using 8.4 kV/cm NTP-O2 in argon (2 hours). Dehydration
condition: reaction temperature, 275°C; gas-hourly-space-velocity, 84.4 h-1; carrier gas, 5% O2
in argon; argon flow rate, 60 mL/min; field strength, 4.58 kV/cm.

5.4
5.4.1

Discussion
Online coking suppression

The presence of oxidant(s) kept the products or intermediates in their oxidized state,
which inhibited the hydrogen abstraction and thus suppressed coke formation. However, the
oxidant oxidized some products (including acrolein) as well. Propionaldehyde could be
oxidized into propionic acid, and also could undergo deeper oxidation to CO2 and/or CO
(COx). Also, the oxidant prevented the hydrogenation reaction from occurring, and thus
suppressed propionaldehyde formation from acrolein (as shown in Figure 4-13) [144]; hence
propionaldehyde was significantly reduced in selectivity. The existence of the oxidants
(molecular O2 in the case of COA; molecular O2, excited O2*, O and possibly OH radicals in
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the case of NTP-O2) kept the substances in the system at the oxidation state, preventing
coking [144]. Coke could be formed via condensation/oligomerization of the reactant
glycerol; therefore, suppression of this part of coke formation resulted in more reactant
available for acrolein formation. Coke could also be formed via the condensation/addition of
acrolein; and the suppression of this part of coke formation resulted in that more acrolein
could be collected as product. The coke suppression was another benefit provided by the
conditions of COA and NTP-O2.
However, the presence of the oxidant could impose a negative effect in acrolein
production by oxidizing acrolein into acrylic acid and COx. Usually, it is easier to oxidize
aldehyde than ketone, which would imply that acrolein is more prone to oxidation than
acetol. Therefore, it was not surprising that there was a relatively larger loss for acrolein
selectivity than acetol selectivity under COA condition compared to the control condition.
However, the result did not quite follow this rule in NTP-O2 condition. A couple of factors
might have contributed to this result.
Previous studies proved that Brønsted acid sites favor acrolein production, while Lewis
acid sites favor acetol formation [136]. HSiW has pure Brønsted acid sites, and most, if not
all, Lewis acid sites are located on the support. The exposed +SiO3, a type of “structure
defect”, acts as a Lewis acid site (Figure 5-15). Oxygen is electronegative, so it is very likely
to attach to the Si4+, reducing the number of Lewis acid sites. Since the acetol formation is
more sensitive to the reduction of Lewis acid sites than is the acrolein formation, the oxygen
addition “selectively” lowered acetol formation. Under the NTP condition, some oxygen was
present in the form of O atom via the electron dissociation, which is more readily accessible
to the defect due to the steric effect. As the result, the presence of O2, especially NTP-O2,
during the reaction affected the selectivity of acetol more than that of acrolein. Therefore,
acetol selectivity decreased in the sequence of NTP-O2 > COA > control. Then these defect
sites could be further converted to surface hydroxyl group, which acted as weak Brønsted
acids, in favor of acrolein formation. Acetol formation was partially suppressed by oxygen
occupation of the Lewis acid sites, which left a larger proportion of glycerol taking the path
to form acrolein, since the presence of oxygen would not lower, if not increase, the Brønsted
acid sites. This could be one benefit to acrolein selectivity.
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(A)

(B)

Figure 5-15: The structure of silica with the “defect site” (A); elimination of the Lewis acid site
by oxygen occupation (B).

As discussed in the previous chapter, the presence of NTP discharge would induce the
formation of hydronium ions under high humidity, which provided some additional Brønsted
acidity to the system, favoring acrolein production. This so-called “non-resonant charge
exchange” initiated by the formation of a significant amount of positively charged argon ions,
Ar+, via the efficient electron collision mechanism (Equation 5-1), and the subsequent
ionization process of argon could induce the formation of water ions, H2O.+ (Equation 5-2).
Water ions then passed the charge to neutral water molecules, and the hydronium ions were
thus formed (Equation 5-3). The charged water molecule (even if present in only a small
amount) could initiate the protonation of some glycerol molecules even prior to its contact
with the acid sites of the catalyst. It would render an accumulative enhancement to the
acrolein formation.
-

Ar + e Ar.+ + 2 e

-

Equation 5-1

Ar.+ + H2O H2O.+ + Ar

Equation 5-2

H2O.+ + H2O  H3O+ + .OH

Equation 5-3

These factors offset the acrolein loss due to oxidation in the NTP-O2 condition, and
testify to the fact that NTP-O2 did not cause a significant change in acrolein selectivity
compared to the control condition, while COA caused a significant loss of selectivity to
acrolein.
5.4.2

Offline coke removal/catalyst regeneration

Regarding the issue that partial coke removal could already restore catalytic activity to
a large degree, the “indirect deactivation mechanism” [262] was probably the predominant
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mechanism causing the deactivation of the HSiW-Si catalyst during the glycerol dehydration
process. Figure 5-16 illustrates this “indirect deactivation mechanism”. Silica had relatively
small pores (average ~11 nm). Some coke formed near the mouth of the pore, narrowing or
blocking the entrance of the pores, wherein lots of active sites were located (Figure 5-16C).
All of these active sites became inaccessible if the pore entrance was blocked. Similarly, once
these “entrance blockers” were removed or partially removed, a significant amount of active
sites became accessible again for the reactant to contact with. Therefore, even partial coke
removal greatly brought back the catalytic activity.

Figure 5-16: The illustration of the catalyst pores (A) fresh catalyst; (B) coke relatively evendistributed on the active site, and glycerol molecules only could not reach the active site covered
by coke (direct deactivation); (C) coke deposit on the mouth of the main pore entrance, and
glycerol molecules could not reach the active sites that were still “available” (indirect
deactivation). Red arrows denote the path of glycerol, blue arrows denote the path of product
(acrolein), and the black dots denote the coke particles

There is no doubt that NTP-O2 produced some strong oxidizing agents, since otherwise
there would be no coke removal under low temperature conditions. The situation of in-situ
NTP-O2 with the presence of the catalyst is very complex, and to my best knowledge, such a
situation has barely been discussed in the past. In the NTP-O2 plasma system, the possibly
existing oxygen species include ozone (O3), O2 molecules in the ground state (O2(X3Σ-)), O2
molecules in the excited state (O2(a1△-) and O2(b1Σg+), atomic oxygen in the ground state
(O(3P)), the atomic oxygen in the excited state (O(1D)), and oxygen ions (O2+, O+, and O-).
Among them, the most effective oxidants are ozone and atomic oxygen. Since non-thermal
plasma is an electron-driven process [166], atomic oxygen is most likely to be firstly
generated via dissociation in the Schumann-Runge band (Equation 5-4) and in the Herzberg
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band (Equation 5-5) [276]. Herzberg-band dissociation has a higher efficiency than
Schumann-Runge-band dissociation [276], because the ground-state oxygen atom O(3P) is
relatively more stable than the excited-state oxygen atom O(1D), and also because O(1D)
could be easily quenched into O(3P) (Equation 5-6); O(3P) was possibly the most
predominant atomic oxidant [277, 278].
O2 + e  O(3P) + O(1D)

k1=5.0*10-8exp(-8.4/Te)

[277]

Equation 5-4

where Te is electron temperature, and k is the reaction rate constant.
O2 + e  O(3P) + O(3P)

k2=4.23*10-9exp(-5.56/Te)

[277]

O(1D) +M → O(3P) +M [278]

Equation 5-5
Equation 5-6

where M is any other types of molecule, Te is electron temperature, and k is the reaction rate
constant.
It was proved that atomic oxygen could rapidly react with carbonaceous species [279281]. Some researchers claimed that the atomic oxygen was a stronger oxidant than ozone,
and could provide a faster rate when reacting with carbonaceous species [282] [272, 276,
283]. Some plausible overall reactions are listed in the following equations 5-7 through 5-9
[283]. The very detailed mechanism was not quite clear; however, it was generally thought
that the O attacked the carbonaceous compound preferentially via the delocalized π bonds.
CxHyOz+ O + e  Cx-1HyOz+ CO +e

Equation 5-7

CxHyOz+ O + e  Cx-1Hy-1Oz+ H + CO +e

Equation 5-8

CO+O + e CO2 + e

Equation 5-9

Ozone is another effective strong oxidant that has been previously reported as being
reactive with carbonaceous species [176, 269, 270, 282, 284]. Ozone is generated via threebody collisions (Equation 5-10), involving the molecular oxygen, the ground-state atomic
oxygen, and another gas molecule M; ozone is decomposed via Equation 5-11. Both
processes consume some atomic oxygen. The general process of ozone reacting with
carbonaceous species is summarized in Equation 5-12 [282].
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O2 + O (3P) + M  O3 + M
O3 + O (3P)  2 O2

k3=8.6*10-31T-1.25

k2=9.5*10-12exp(-2300/T)

[277]

Equation 5-10

[277]

Equation 5-11

where T is the overall gas temperature

Cn

O3

Functional groups (-COOH, -C-OH, -C=O)

….

CO2

Equation 5-12

Figure 5-17 more specifically illustrates the plausible ways that ozone molecule
attacked the surface coke species, and initiated the breakdown of the surface coke [269, 270,
282]. For example, if a C-C double bond was located on the end of an aliphatic carbon chain,
the ozone addition could directly reduce the number of carbons and release a mole of CO2. If
the C-C double bond was located within an aromatic carbonaceous compound, then the ozone
insertion opened up the ring structure, significantly lowering its stability and thus lowering
the activation energy for further oxidization and increasing the reactivity. The process could
have continued via a step-by-step fashion, breaking the larger molecule into smaller
molecules, and eventually converted all to COx, which could be pumped out of the system.

Figure 5-17: Possible mechanisms of ozone reaction with the functional groups of coke [269, 270,
282]

Some of the oxidizing species could also chemically bind to the catalyst surface,
existing as surface oxidizing species. The active surface species are assigned to three
categories: surface atomic oxygen (denoted as O-S), adsorbed excited oxygen (O2*-S) and
adsorbed ozone (O3-S) (Equation 5-13 to Equation 5-15). It is possible that the reaction with
the carbonaceous species proceeded via two different pathways: first, the active O species in
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the gas phase directly attacked the surface coke, which would be O3, O or O* directly
interacting with coke; second, the reactive surface O species (O-S, O2*-S, and O3-S) were
migrating on the surface and were reacting with the neighboring coke. Due to the complexity,
these processes are not shown in details here.
O3 + S  O3-S

Equation 5-13

O2(1ΔP) + S  O2(1ΔP)-S (O2*-S)

Equation 5-14

O(3P) + S  O(3P)-S or O(1D) + S  O(1D)-S

Equation 5-15

Effect of NTP field strength (further discussion of Figure 5-7 and Figure 5-8): As the

field strength increased, the electron became more energetic and a larger amount of energized
electrons were generated in the system. The dissociation of the molecular oxygen was
facilitated as the result, and more atomic oxygen was formed. Ozone was generated via the
three-body-collision and atomic oxygen was the limiting substrate. Therefore, if all other
parameters remained the same, the ozone concentration was most likely to increase as the
field strength increased [285]. Under the application of a more intense plasma field, more
reactive oxygen species were generated, and more energy was available in the system that
could be efficiently transferred to the oxidation processes. As the result, coke removal
effectiveness increased along with the field strength as was observed in the experiments.
However, there were also the decomposition/recombination reactions that converted the
reactive oxygen species to inert O2, as shown in Equation 5-16 and Equation 5-17. As a
result, the density (or concentration) of ozone and oxygen atoms would not monotonously
increase as the plasma field strength increased, and it was more likely to be an asymptotic
function of field strength increasing toward a saturation point. This statement agrees with a
previous finding made by Sung et al. that a study of the ozone concentration in an
atmosphere of oxygen increased with the increase of the discharge power, approaching a
saturated point (equilibrium) of the concentration of these oxygen species [286]. This
explained the result that the increasing increment of the removal effectiveness deceased as
the NTP field strength increased.
O3 + O (3P)  2 O2

Equation 5-16
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O (3P) + O (3P) (+ M) O2 + e (+ M)

Equation 5-17

Effect of Operation temperature (further discussion of Figure 5-9 and Figure 5-10):

The result showed that operating the NTP-O2 regeneration at 150°C provided more effective
coke removal than any other temperatures investigated. The most important oxidizing species
were ozone and atomic oxygen, and maybe some .OH. The kinetic equations of ozone shows
that low temperature favors ozone formation (Equation 5-10), while high temperature favors
ozone decomposition (Equation 5-11); both processes consume some atomic oxygen. At
higher temperatures, less ozone is formed; since the ozone concentration is eliminated in the
first place, there is a limited amount of atomic oxygen that would be consequently consumed
according to Equation 5.11. Although few ozone molecules could exist under temperature
conditions above 200ºC (as shown in Figure 5-9 B), atomization of oxygen molecules is not
an issue under 300ºC [287]. Some people believed that atomic oxygen was an even stronger
oxidizing species than ozone [272, 273, 276, 283]. Atomic oxygen is a short-lived species,
and it is possibly unable to diffuse deeply into a pore within its lifetime. Higher temperature
increased the kinetic velocity of atomic oxygen, facilitating deeper penetration into the
catalyst and increasing the collision probability with more carbonaceous molecules [283].
Consequently, the reaction of atomic oxygen with coke was enhanced in this sense.
However, when the oxygen atoms moved faster under elevated temperatures, the odds of
their collision with another oxygen atom increased, increasing the possibility of
recombination to inert molecular oxygen (Equation 5-18). As the temperature increased, the
rate of oxidation with carbonaceous species by atomic oxygen and/or ozone significantly
increased. All these factors interacting/counteracting with each other resulted in the optimal
operation occurring at a mildly elevated temperature, and in the study, coke removal at 150oC
showed the most effectiveness than other investigated temperatures.
O (3P) + O (3P)  O2

Equation 5-18

Time dependence (further discussion of Figure 5-11): The residual coke, after partial

NTP-O2 decoking, contains oxidized components that can continue to be oxidized in a step-140-

by-step fashion until every carbon in the original coke is converted into COx, or total
elimination. Although NTP-O2 could react with both soft and hard coke simultaneously, it is
most likely that large differences between the reaction rate of NTP-O2 oxidizing soft coke
and that of NTP-O2 oxidizing hard coke were very likely to exist. When the very “soft” coke
was oxidized, CO2 was formed and flushed off the surface, directly resulting in the weight
decrease of the spent catalyst. On the contrary, in the case of oxidation of hard coke, the
reaction rate could be very slow, and the oxidation of hard coke possibly started from
converting it to an oxygen-rich intermediate, or breaking it down into a smaller structure.
Oxidizing hard coke would not necessarily generate CO2, so the total mass would be barely
changed. It is rather difficult for the short-lived species (O(3P), O(1D) and OH) generated in
the gas-phase and/or catalyst surface to diffuse deeply into the catalyst pore due to their short
lifetimes. Ozone would have easily diffused into the pores within its relatively long lifetime
[288]; however, ozone is much larger in molecular size than atomic oxygen, and its steric
hindrance is therefore larger than that of atomic oxygen. Therefore, ozone would not diffuse
into pores as easily as atomic oxygen considering the steric effect [270]. As the result, the
diffusion of the highly reactive oxidant into the porous catalyst might be another important
issue limiting the rate of further coke removal, slowing down the removal as the coke on the
top of the surface was consumed. These reasons conceivably explain why the coke removal
rate slowed down with time, even though NTP-O2 could react with hard coke. The coke
removal rate decreased with regeneration time. These reactions would continue as long as the
basic graphitic structure and the C-C double bond still existed [271], although the reaction
rate varied.

Effect of discharge gas (further discussion of Figure 5-12): The plausible reactions

under NTP with different background gases are listed in Table 5-3. The metastable states of
argon (Ar), formed from Ar radical, Ar*, via radioactive decays, had very small transition
probability for further decays, and instead, they were more likely to transfer energy to oxygen
molecules via collisions, generating O atoms and thus ozone. Also, the presence of the large
number of Ar atoms created an inhibiting “wall” between oxygen atoms, and oxygen atoms
and ozone, prevented these active oxygen species from recombining into inert oxygen. As the

-141-

result of these two factors, the density of O and ozone in the presence of the background gas
argon might be higher than the density of oxidizing species in pure O2. In this sense, the
background N2 could have served the same “wall-effect” function. However, N2 and the N
species could react with the active oxygen species, forming NOx, most of which do not have
oxidative capability. These reactions competitively consumed part of the highly reactive
oxygen species, resulting in a decrease in the regeneration effectiveness. In general, a noble
gas, such as argon, can be ionized most easily. Therefore, at a given field strength, the
electron energy and the number of electrons were significantly higher in the argon-mixture
system than the two other systems [289, 290]. Forming atomic nitrogen costs a large amount
of energy [166], and the dissociation of nitrogen competitively consumed a certain amount of
energy available in the system. The presence of nitrogen added to the complexity of the
gaseous-electron processes and downgraded the electron energy density. A study showed that
the rate of atomic oxygen produced in the argon gas mixture was an order of magnitude more
than the rate of atomic oxygen produced in the nitrogen gas mixture [289, 291]. These factors
might account for the result in that the trend in regeneration effectiveness decreased as NTPO2 in Ar > NTP-O2 > NTP-O2 in N2. All the discussion associated with argon should be
presumably applicable to any noble gas, such as helium.

Table 5-3: The relevant reactions [166, 292, 293] in the oxygen non-thermal plasma
(NTP-O2) conditioned with different discharge gases
Discharge gas*
O2

Relevant reactions in the specific NTP-O2

e + O2  O2+ + 2e

e + O2  2 O + e
e + Ar  Ar* + e
M

Argon(Ar)

Ar*  Ar

where Ar* is the excited state, or Ar radical

where ArM is the metastable states of Ar from Ar

ArM + O2  Ar + O + O
Ar+ + O2 O2+ + Ar

N2

e + O2+  2 O *

ArM + O  Ar + O*
O2+ + e  O + O

e + N2  2 N + e

e + N2  N2+ + 2e

O+ + N2  NO+ + N

O2+ + N2  NO+ + NO

N2+ + O2  NO+ + NO
*The gas component present in the flow in a larger percentage than O2. To be specific, O2 (2nd row) relates
to the case of using pure oxygen, which was be viewed as 20% O2 blended in 80% oxygen; Ar (3rd row) related
to the case of using 20% O2 blended in argon; N2 (4th row) relates to the case of using 20% O2 blended in N2.
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The conventional combustion method of a substance with molecular oxygen is an
exothermal process. The operation requires a very strict temperature controlling and heat
releasing system to avoid temperature runoff, which would result in the permanent
deactivation of the catalyst (such as sintering), and, more importantly, potential safety issues
for a plant. Regeneration with NTP-O2 at a mild temperature condition could best preserve
the catalyst properties. The overheating in the conventional combustion possibly causes
irreversible sintering of even the catalyst support [294]; therefore, in general, it is thought that
it would be very beneficial if any endothermic processes could be utilized and/or a process
that can remove coke at a low temperature is developed. The deactivated catalyst from acid
catalysis was more difficult than in the other studies reported using an ozone-based approach,
most of which included metal functional groups on the surface. The metal sites could launch
oxygen spillover, allowing oxidation to occur at a less demanding condition [295]. Also,
because of the dilemma of the diffusion issue for the atomic oxygen and ozone, it is believed
that the fluidized bed reactor would facilitate the catalyst regeneration process.

5.4.3
Combining online coking suppression and offline catalyst regeneration
(coke removal)

Coke deposited acid sites, especially strong acid sites, usually are less hydrogenated
than those on metal sites, and thus difficult to remove. The coke on the acid catalyst HSiW-Si
from glycerol dehydration was more distributed toward the harder coke region compared to
most spent cracking metal catalysts [106, 296]. Therefore, the concept proved for a more
difficult model compound (coked acid catalyst HSiW-Si) is very likely to be applicable to
metal catalysts, which are sensitive to the sintering problem. Some modifications to the
catalyst, such as doping of palladium metals [115], may significantly modify the coke
distribution (to the softer end) and lead to more efficient regeneration.

5.5

Conclusions

Silicotungstic acid (HSiW) is one of the best acid catalysts ever reported for acrolein
production via glycerol dehydration. This study integrated non-thermal plasma into the
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process, and showcased how NTP could possibly play a positive role in process. This study
proved the concept of using non-thermal oxygen plasma in the coke suppression during the
dehydration reaction and in regeneration of the deactivated catalyst.
Our results showed that application of NTP-O2 (NTP field strength 4.58 kV/cm and 5%
O2 in argon) could significantly suppress coke formation and thus slow down the decrease of
glycerol conversion during the reaction time course. Unlike oxygen alone, this process
overall did not decrease acrolein yield. The catalyst deactivated in the glycerol dehydration
process under the NTP-O2 condition could be regenerated much more effectively, compared
to the one deactivated under the control condition; this is because the coke removal
effectiveness was greatly dependent on the deposited coke characteristics (hardness
distribution).
More importantly, this study proved that NTP-O2 was a viable method to regenerate
supported silicotungstic acid, which could not be accomplished by the conventional method
due to its low thermal stability. The existence of strong oxidizing agents produced in the gasphase discharge (O3, atomic oxygen and active surface oxygen species) on the catalyst
surface made it possible to oxidize coke at a much lower temperature compared to the
conventional combustion method. NTP-O2 at higher field strengths was more effective in
coke removal; however, the improvement in the coke removal showed an asymptotic
tendency. Among the investigated field strengths and temperature conditions, operating NTPO2 (8.4 kV/cm) at 150ºC provided the most effective coke removal among those investigated.
Longer NTP-O2 treatment times of the spent catalyst would certainly regenerate the catalyst
more thoroughly; however, a balance needs to be found since the removal became slower,
while more time means more energy consumption and slower overall acrolein production.
It is most likely that HSiW-Si was deactivated via an indirect mechanism, since partial
decoking NTP-O2 can regenerate the catalyst to a large degree. NTP-O2 with argon as the
background gas showed better regeneration effectiveness than using nitrogen as background
gas; also, diluting oxygen with argon showed better regeneration than using pure oxygen.
This comparison is presumably applicable to the noble gas helium as well.
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NTP-O2 coke removal was non-selective; it can react with both soft coke and hard
coke. For the much softer coke, it is very likely to directly form CO/CO2, which would
directly leave the catalyst surface; while for the harder coke species, the active oxidants
reacted with them and formed some intermediate oxygenated surface compound, shifting the
distribution to the soft-coke end on the TPO profile. Non-thermal plasma discharge of oxygen
containing gas could significantly lower the coke removal temperature; this method is
presumably applicable to all catalysts that suffer a coking deactivation where their thermal
stability is an issue.
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Chapter 6
A feasibility study of non-thermal plasma
induced acid catalyst fabrication
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Abstract
The feasibility of fabricating better acid catalysts for bio-based acrolein production is
discussed in Chapter 6. Non-thermal plasma (NTP) discharge exposure was integrated during
catalyst fabrication under both air and argon atmospheres. The fabricated catalysts were
evaluated by BET, TPD, XRD, and FTIR techniques in comparison to regularly prepared
catalysts as a control. In the end, the kinetic results collected via the glycerol dehydration
kinetic runs were compared, and improvement in acrolein selectivity was displayed when
using the NTP-argon prepared catalyst, but not when the NTP-air prepared catalyst was used.
Keywords: Catalyst fabrication, non-thermal plasma, Brønsted acid site, Lewis acid

site, FTIR-pyridine, TPD, XRD.

6.1

Introduction

It is known that plasma has desirable capabilities in the area of surface modification. In
the past, its applications in changing material surface properties have been observed, such as
the improvement of adhesion strength and coating, the generation of ultra-fine particles, the
deposition of catalytically active species, the reduction of metal during metal-catalyst
preparation, etc [297, 298].
Non-thermal plasma (NTP) assisted fabrication has been used in preparing supported
metal catalysts. For example, Halverson and Cocke prepared Ru/Al2O3 with highly dispersed
metallic particles by impregnation on the plasma-grown alumina under NTP with an oxygen
and water vapor environment [299]. Al2O3 supported LaMOx (M denotes one of Co, Mn, or
Ni) films were developed by radio frequency plasma spray deposition, and different catalytic
activities were found as compared to the regularly prepared ones [300]. Vissokov found that
plasma could help produce ultra-dispersed catalysts due to changes in the nano-structural and
physicochemical properties; as a result, 15-20% higher activity was achieved [301]. Usually,
better dispersion of the active compound on the catalyst support leads to better catalysts
[297].
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NTP treatment has been reported as a substitute for the thermal calcination process.
Significant reduction in treatment temperature and time and chemical activation were some of
the major advantages of this novel approach [302]. Microwave NTP was mostly applied for
heat treatment, since it could introduce a certain level of local heating compared to other NTP
techniques. For example, Sugiyama et al. used microwave NTP heat treatment to anneal the
catalyst, and this catalyst improved the selectivity to the desired product, as compared to
conventional calcination [302]. This NTP annealing process also showed the advantage in
reducing treatment time [303]: it provided similar or better reduction of metal oxide as
compare to hours of conventional calcination. Zhang et al. found that using NTP glow
discharge could activate Ni/α-Al2O3 and greatly improve its activity and stability; better
syngas production from methane was achieved using this catalyst [304]. The zeolite template
could be removed when it was treated by a radio-frequency NTP [305]. Usually hightemperature treatment would cause the separation of the metal phase [306], the agglomeration
into large metal particles [307, 308], or the framework destruction, which would negatively
affect catalytic activities [297]. NTP treatment has been found as a solution to these
problems.
Plasma exposure has also been found as a cause of surface modification. Guo et al.
found that the exposure to plasma discharge enhanced the specific surface area of the catalyst
(manganese oxide/alumina/nickel foam). It was found that the granularity of the catalyst
surface becomes smaller, and the distribution is more uniform after discharge exposure [309].
Discharge exposure increased the surface area, and as the result, adhesive strength increased
[310]. Studies of treated resins have revealed that plasma discharge can be the cause of a
change in the surface oxygen content, surface morphologies, and surface energy [208].
Plasma exposure caused the granularity of the surface of manganese oxide/alumina/nickel
catalyst to become smaller and the distribution more uniform [185]. A claim was made in
Veprek’s review on non-thermal plasma [311] that the radiation damage caused by ion
implantation increases the area of the internal surfaces. Ion implantation with high energy
was found able to modify a layer of nitrided steel up to several micrometers thick [311].
Yagofocskaya et al. used NTP glow discharge to avoid the undesired segregation of the metal
phase in zeolites during calcination. Amorphous Fe2O3 with a well-structured and enlarged
surface was developed under oxygen or argon glow discharge [306]. Atsushi et al. suggested
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that NTP could directly activate lattice oxygen and the surface OH group on TiO2 catalyst in
their study of the decomposition of CClF3 [312].
Proton exchanges and acid-base reactions could occur at the interface between the
plasma phase and the aqueous or solid target [313]. The enhancement in acidity by NTP
treatment has been reported by Yu et al., in that the Brønsted acidity of the Fe-Mo/HZSM-5
zeolite catalyst was greatly increased [314]. NTP glow discharge treatment approximately
doubled both Brønsted and Lewis acid sites on HZSM-5 catalysts, and thus improved the
interaction between PdO and HZSM-5, and also improved the dispersion of PdO [315].
Several factors are critical to the gas-phase dehydration of glycerol to acrolein. 1)
Large surface area is preferred, since it usually positively associates with more active sites. 2)
Good dispersion of acid on the support surface and homogeneous distribution of active
compounds would contribute to the catalytic selectivity and a decreased sensitivity to poisons
[297]. 3) Brønsted acid sites are preferred over Lewis acid sites for acrolein formation.
Improvement in each of these factors by NTP has been observed in the previous studies [297]
on NTP applications in catalyst preparation. Consequently, the questions become whether
these effects can be attained for the supported acid catalysts and whether NTP can help the
acid catalyst achieve better catalytic performance in glycerol dehydration to acrolein. To my
best knowledge, there have been no studies conducted on the NTP modification of acid
catalysts for dehydration reactions. A pioneering study would contribute to further interest in
the NTP application in catalysis area. The objective of this study is to discover how NTP can
modify the properties of solid acid catalysts in terms of surface area, the acid strength, the
acid dispersion, the type of acid sites, and, eventually its catalytic activity in the glycerol
dehydration reaction.

6.2

Materials and Methods

Fabrication apparatus
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The plate-to-plate discharge was utilized in this dielectric barrier discharge (DBD)
device. As illustrated in Figure 6-1, two Pyrex glass plates (4’’×4’’ ×1/16’’) were separated
by a thin-sliced glass tube (large glass ring, 3.5’’ OD, 1 mm thickness and 10mm height). A
round surface coating was made using copper tape (2.5’’ in diameter), and this was fixed to
the outside surface of each plate (in the center), thus serving as two electrodes. The round
shape was used to prevent possible spark generation at a sharp edge of the electrode (such as
right angles of a square). The discharge zone was therefore a cylinder with the dimension of
2.5’’ in diameter and 1mm in height. Two glass tubes (5 mm i.d., 6 mm o.d.) were fixed on
the opposite side of the large glass ring; one was connected to a gas tank (gas inlet), and one
was connected to the wall vacuum supply (gas outlet). Another thin-sliced glass tube (small
glass ring, 2.5’’ ID, 1 mm thickness and 7 mm height) was placed inside the chamber to keep
the catalyst particles within the NTP discharge. The chamber was sealed under vacuum. The
flow rate of gas supply (20 mL/min) was controlled by a rotameter. Two discharge gases
were used in this study: argon (industrial grade, 99.99%) and air (breathing grade). The NTP
field strength used in the study was 9 kV/cm.

Figure 6-1: The NTP fabrication apparatus

NTP applied catalyst fabrication procedure

Both Alumina 2700 (Al) and Silica 1252 (Si) supports were calcined at 300ºC for 2
hours before use. HSiW was loaded on the catalyst support using the impregnation method.
In this procedure, HSiW was dissolved (10% of the weight of the support) in deionized water
to make 0.04 g/mL solution. The calcined support was added to the HSiW solution. Constant
stirring was applied to the mixture at room temperature for 24 hours to attain the adsorptiondesorption equilibrium. After the 10 wt% loading, the catalysts were dried in the 55ºC
convection oven until the majority of water was evaporated and the catalysts were covered
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only by a thin sheet of liquid. The damp catalysts were then transported to the NTP discharge
chamber, and arranged in a single layer (no stacking of the particles). The catalysts were then
exposed to NTP discharge for 5 hours under specific conditions (NTP field strength, type of
carrier gas), and then the catalysts (usually dry, visually) were sent back to the convection
oven, set at 105ºC, for complete dryness before the next 10mol% loading increment. This
procedure was repeated until 30 wt% of HSiW was loaded onto the alumina support, or 20
wt% of HSiW was loaded onto the silica support. “The NTP-argon fabrication” is used in the
following text to refer to the fabrication procedure with the application of NTP using argon as
the discharge gas; and the catalyst prepared via the NTP-argon fabrication is referred to “the
NTP-argon fabricated” catalyst hereafter. “The NTP-air fabrication” is used to refer to the
fabrication procedure with the application of NTP using air as the discharge gas, and the
catalyst prepared in this manner is referred to as “the NTP-air fabricated” catalyst. “The
regular fabrication” is used to refer to the regular wet-impregnation procedure, which was
detailed in Chapter 3, Materials and Methods; the catalyst prepared via the regular fabrication
is referred to as “the regular” catalyst.
Catalyst characterization

The single-point BET measurement of the surfaces was conducted on a Pulsar
ChemBET TPR/TPR station obtained from Quantachrome Instrument (Boynton Beach, FL,
USA). The catalyst (0.100g) was degassed at 300ºC in a nitrogen atmosphere. The
physisorption was initiated when the sample cell was immersed into a liquid nitrogen bath,
and then desorption occurred at room temperature. Both processes were displayed as peaks
on the thermal conductivity detector (TCD) output on a computer screen. The detailed
protocol is provided in the manual of Pulsar ChemBET TPR/TPR [316]. Then nitrogen
amount was calibrated by injecting a known volume of pure nitrogen gas (ultra purity) until
the peak area of the injected volume was equivalent to the peak area of the desorption peak.
In this way, the absorbed nitrogen volume was known based on the monolayer nitrogen
adsorption and the calculation in Equation 6-1 [317]. The surface area of the probed catalyst
could be obtained, and was expressed with units of square meters per gram (m2/g):
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SA =

SAtotal

w

=

P ⋅V ⋅ N ⋅ Acs ⋅ (1 − P / Po )
R ⋅T ⋅ w

Equation 6-1

where SA is surface area, P is the operating pressure, V is the total volume of the adsorbed (or
desorbed) nitrogen, N is Avogadro’s number (6.023*1023 molecules/mol), Acs is the crosssectional area of the N2 molecule (0.162 nm2), R is gas constant, T is the temperature at which
desorption takes place, and w is the weight of the catalyst in the glass cell [316].
With the knowledge of the specific surface area, the surface coverage of HSiW on
Si1252 and Al can be calculated via Equation 6-2 [101]. This parameter provides a general
idea of how much coverage of the active acid sites is on a given catalyst surface [20][101].

Dsurface =

L%
(1 − L%) ⋅ M HSiW ⋅ ABET

Equation 6-2

where Dsurf denotes the surface density of HSiW on the support, L% is the acid loading
weight percentage, MHSiW is the molecular weight of HSiW (3310.66 g/mol) loaded on the
silica, and ABET is the surface area of the support, respectively [20].
The acid strengths of the solid catalysts were evaluated via temperature programmed
desorption (TPD). The principle of this method is explained as follows. The gaseous base
molecules NH3 are absorbed on the catalyst surface, and the base molecule adsorbed on
stronger acid sites will be more difficult to desorb and will only do so when a higher
temperature is applied. As the result, as the temperature elevates, the amount of the
preferentially-evacuated base will provide a measure of acid strength of the solid catalyst.
Ammonia is the gaseous base that was used, and TPD measurements were conducted on the
Pulsar ChemBET TPR/TPR system. Prior to the TPD studies, the samples were pretreated at
100°C for 1 hr. in a flow of ultra-pure helium gas (70 mL min−1). The temperature was high
enough to fully remove the physisorption of gaseous particles (mainly air), while it was also
low enough not to affect the subsequent chemisorption. After pretreatment, the sample was
saturated with anhydrous ammonia gas (70 mL min−1) at 100°C for 30 min, and subsequently
flushed with He (70 mL min−1) at 100°C for 2 hr. to remove the physisorbed ammonia. Then
heating was applied to ramp the temperature up to 600°C at the rate of 10°C min-1. A profile
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figure is thus obtained with temperature as the x-axis and the TCD signal as the y axis, which
is proportional to the amount of evacuated NH3.
Powder X-ray diffraction (XRD) patterns were recorded on a Philips X’Pert PRO
PW3050 X-ray diffractometer using Cu K α radiation (0.154 nm) and a graphite generator.
The tube voltage and the current were 45 kV and 40 mA, respectively. The scan rate was
0.5º/min, and the scan range was 2º–80º with the step size of 0.04º.
Fourier transform infrared spectroscopy (FTIR)-pyridine adsorption, was conducted
using a Varian 3100 spectrometer equipped with a high-sensitivity linearized mercury
cadmium telluride detector (Varian, USA). The diffuse reflectance FTIR technique was
achieved using a DiffusIRTM cell (PIKE Technologies, USA). The cell, fitted with ZnSe
windows, was capable of operation at a wide range of pressure and temperature, the latter of
which was accurately controlled by PID with rapid temperature elevation. Spectra were
obtained at a resolution of 8 cm−1and with an average of 256 co-additions. The catalyst
sample was finely ground so that it could be tightly packed, and a flat and smooth surface
could be achieved. These procedures not only made the sampling more representative and
more repeatable, but also ensured that the maximum diffuse reflectance signal was returned
to the detector. The sample cup, with the catalyst sample already loaded, was calcined at
300°C for 1 hour to evacuate any undesired gas molecules (mainly air) that had been
adsorbed on the catalyst surface and would interfere with the spectroscopic evaluation. The
cell was cooled in a vacuumed desiccator, and then placed back into the DiffusIR
Environmental Chamber (PIKE Technologies, USA.) with helium (He) flowing through at
100 mL/min; then the background spectrum of the fresh catalyst was collected at 25°C. After
this, the cell was transferred to a furnace and calcined at 300°C for another hour before
placing it in a pre-vacuumed chamber that was saturated with pyridine vapor. The sample
was left within the pyridine atmosphere for 8 hours to ensure that it was saturated with
pyridine molecules. The cell was transferred again back to the diffuse reflectance FTIR
chamber. The catalyst was purged under helium flow (100 mL min-1) at 150°C for 1 hour to
exclude any physical adsorption. Then the PID controlled temperature was lowered to 25°C,
and the spectrum was collected for the catalyst sample that fully chemisorbed with pyridine.
Lowering the temperature to 25°C to collect the spectrum was to ensure that the sample
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spectrum was taken at the same temperature as the background, in order to prevent the
interference caused by the temperature variation.

6.3

Results

BET surface area

The measured BET surface areas are listed Table 6-1, where the trend that NTP
discharge enlarged the surface area is observed. The surface areas of both the NTP-argon
fabricated and the NTP-air fabricated catalysts were somewhat larger, when compared to the
original support. For the supported catalysts (HSiW-Al or HSiW-Si), both NTP-argon
fabrication and NTP-air fabrication displayed the tendency of increasing the surface area,
compared to the regularly fabricated catalysts. In particular, the NTP-argon fabricated ones
appeared to have a larger surface area than the NTP-air fabricated counterparts.
Table 6-1: BET surface area of the support and the catalyst after different treatments
Supported HSiW (m2/g)
Support (m2/g)
Original
NTP-Argon
NTP-Air
Regular
NTP-Argon
NTP-Air
155 ± 0
153 ± 3.5
140 ± 3
150 ± 0
145 ±7
Al 148 1 ±3.5 2
393+4.2
405
±
7
405
±
0
300
±
10
325±14
310
±7
Si
1
2
Mean of two measurements.
Standard error calculated from two measurements.

XRD experiment

Usually, a material with a mesoporous structure would show a large peak in the low
angle (0º-2º) region of the XRD graph [318-320]. Although the XRD scan could only start
from 2º (due to the instrument limitations), there would be a sharper decline around 2º, if
there was a large peak in the low angle. The declines of NTP fabricated catalysts were
sharper than the regular ones. Also, the declines of NTP-argon fabricated catalysts were
shaper than those of NTP-air fabricated ones. This could indicate that there was a more
distinct mesoporous structure occurring after NTP exposure, or that the mesoporous structure
of the support was better retained after acid loading if NTP was applied during the process.
This tendency was more obvious on silica supported materials. This can be explained, most
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likely, by assuming that the electron bombardment etched the surface of the catalyst, opening
up some micropores, and converting some of them into mesopores. Since silica has narrower
pores, the existence of the NTP field facilitated the acid particles to diffuse into the pores
instead of clustering at the mouth. The results implied that, after NTP exposure, the
mesoporous structure was preserved to a large degree while reducing the surface area loss
due to the acid loading.

2Ө (degree)

2Ө (degree)

Figure 6-2: XRD patterns of silicotungstic acid (HSiW) and different supported HSiW

TPD-NH3 experiments for the acid strength

The results obtained via TPD-NH3 are shown in Figure 6-3. Higher X-value indicates
higher acid strength; and higher Y-value indicates higher amount of the acid sites with a
specific acid strength. The trend that the acid strength of the catalyst descended in the order
of NTP-argon fabrication > regular fabrication > NTP-air fabrication was observed for both
HSiW-Al (Figure 6-3 A) and HSiW-Si (Figure 6-3 B).
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Figure 6-3: TPD-NH3 profiles of differently fabricated HSiW-Al (A) and HSiW-Si (B)

Diffuse reflectance FTIR

TPD-NH3 measures the total acid strength, but it is very likely that some Brønsted acid
sites and some Lewis acid sites could have the same acid strength. In other words, TPD
cannot differentiate the Brønsted acids and Lewis acids, and cannot assess their amounts
independently. The proportion of these two types of acid sites plays an important role in
determining the distribution of dehydration products of glycerol conversion. The FTIRpyridine adsorption technique provides a viable measurement in this regard. Pyridine forms a
coordinately bonded complex with a Lewis acid, while it forms pyridinium ion with Brønsted
acid sites (as summarized in the table imbedded in Figure 6-4). In both cases, N shares the
lone pair of electrons with acids that have an electron vacancy. Pyridine can also be weakly
adsorbed to surface hydroxyl groups via hydrogen bonding. Figure 6-4 shows the FTIR
spectra of pyridine adsorption on HSiW-Al and HSiW-Si, in comparison to those of the
corresponding supports (Al and Si). Two peaks (around 1445 cm-1 and 1545 cm-1) marked on
the graph are commonly acknowledged as the indicators of Lewis acid sites and Brønsted
acid site, respectively [106]. For both Al and Si, the signal around 1545 cm-1 was hardly
differentiated from the baseline noise, indicating that neither of these two supports had
Brønsted acidity. The hydrogen-bonded pyridine peak (1580-1600 cm-1) [106] was much
more distinguished on Si and HSiW-Si, as compared to Al and HSiW-Al. Al showed a small
peak while Si showed no peak around 1480 cm-1; according to the summary table in Figure 6-156-

4, the IR signal around 1480 cm-1 could be attributed to both Brønsted acid and Lewis acid.
Al displayed a relatively larger peak than Si around 1445 cm-1, which indicated Lewis
acidity. Putting all these consideration together, the conclusion can be reached that both Si
and Al had no Brønsted acid sites, and that Al has more Lewis acid sites than Si. Si has more
hydrogen-bonded pyridine, which might be because its surface area was over 2.5 times of that
of Al; thus the total number of surface hydroxyl groups was larger in Si than Al. The relative
amounts of Brønsted acid sites were significantly increased by loading HSiW on Si and Al,
which was indicated by the occurrence of the 1545 cm-1 peak in the spectra of HSiW-Al and
HSiW-Si. As a result of the increase in Brønsted acidity, the 1580 cm-1 peak (accumulation of
both Brønsted and Lewis acidity) also increased accordingly in the spectra of HSiW-Al and
HSiW-Si.
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Figure 6-4: The FTIR spectra of pyridine adsorption on Al and HSiW-Al (30 wt% acid loading)
(A), and on Si and HSiW-Si (20 wt% acid loading) (B). The responsive peak information is
summarized in the imbedded table. [106] (vs: very strong; s: strong; v: variable; w: weak)

Figure 6-5 shows the FTIR spectra of pyridine adsorption for HSiW-Al and HSiW-Si
prepared via NTP-argon fabrication and NTP-air fabrication, compared to those of the
regularly fabricated HSiW-Al and HSiW-Si. The ratio of the signal intensity of the peak
around 1540 cm-1 to that of the peak around 1445 cm-1 could be used as a measure of the
relative amount of Brønsted acid sites to Lewis acid sites on the catalyst surface [321-323].
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This ratio was calculated and marked as B/L in Figure 6-5. For both HSiW-Al and HSiW-Si,
the B/L ratio descended in the order of the NTP-argon fabricated > NTP-air fabricated >
regular. The results suggested that the NTP application to catalyst preparation either induced
some Brønsted acidity or converted some Lewis acidity to Brønsted acidity, and that the
NTP-argon fabrication was more effective in such a function than the NTP-air fabrication.
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Figure 6-5: The FTIR spectra of pyridine adsorption on the differently fabricated HSiW-Al (30
wt% acid loading) (A) and on differently fabricated HSiW-Si (20 wt% acid loading) (B)

Glycerol dehydration kinetics

The kinetic results obtained in the regular glycerol dehydration processes using the
NTP-argon and NTP-air fabricated catalysts are shown in Table 6-2; the results obtained with
the regular catalysts were also provided as the comparison. The NTP-argon treated catalysts
showed a marginal improvement in glycerol conversion and acrolein selectivity. The NTP-air
treated catalysts did not show a significant difference (if any were present, it was worse), as
compared to the performance of the regular catalyst in terms of acrolein selectivity.
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HSiW-Si

HSiW-Al

Table 6-2 Kinetics data of the glycerol dehydration at 275º
ºC over differently fabricated alumina supported silicotungstic acid (HSiWAl) and silica supported silicotungstic acid (HSiW-Si)
Selectivity (mol%)

Conversion
(%)

Acrolein

Acetaldehyde

Propionaldehyde

Acetol

Regular

96.21 ± 0.3

77.0 ± 0.9

1.9 ± 0.1

1.4 ± 0.1

NTP-Argon

98.9 ± 1.8

80.3 ± 1.1

1.9 ± 0.4

NTP-Air

96.8 ± 0.9

76.8 ± 1.5

Regular

92.9 ± 0.6

NTP-Argon
NTP-Air

Coke 2

Carbon balance (%)3

10.6 ± 0.9

8.65% ±0.92%

96.3 ± 0.2

1.5 ± 0.1

10.2 ± 0.7

8.48% ±0.35%

97.4 ± 0. 9

1.7 ± 0.2

1.2 ± 0.1

11.4 ± 1.2

8.06% ±0.89%

95.0 ± 1.3

79.5 ± 0.2

1.1 ± 0.2

1.1 ± 0.0

7.6 ± 0.3

14.27% ± 0.5%

96.0 ± 2.0

93.5 ± 1.8

84.1 ± 0.9

1.2 ± .0.2

1.1 ± 0.1

6.9 ± 0.9

11.67 ± 1.13%

95.7± 1.1

94.8 ±1.2

78.7 ± 1.4

1.1± 0.3

0.9 ± 0.1

7.5 ± 0.4

11.23% ±0.56%

93.7 ± 2.8

1: Average of the conversion (selectivity) averaged over 1.5-7.5 hours time-on-stream of two kinetic repetitions.
2. Calculated by the catalyst weight gain after 7.5 hour reaction divided by the fresh catalyst weight.
3. Calculated via Equation 3-8 in Chapter 3.
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Both NTP-air treated and NTP-argon treated HSiW-Si somewhat improved the glycerol
conversion. Compared to the regularly prepared catalyst, a decrease in the amount of coke
formed during 7.5-hour TOS was observed for both NTP-argon fabricated HSiW-Si and the
NTP-air fabricated HSiW-Si; such a decrease in coke formation made by using the NTP
fabrication was not as significant with HSiW-Al as that with HSiW-Si. NTP-argon fabricated
catalysts did lead to the improvement in acrolein selectivity, which well agreed with TPD and
FTIR results in that Brønsted acidity and stronger acid strength favored acrolein formation.
The preservation of pore shrinkage during acid loading and the enlargement of the surface
area are possibly the cause of less coke formation, especially for HSiW-Si.

6.4

Discussion

The interaction between HSiW and the support might not be the same for silica and
alumina, due to the difference in the pore structure and especially surface hydroxylation,
which might have played an important role in the HSiW adsorption. Since Si has no surface
basicity and very weak surface acidity, the coordination mechanism [324] might have
predominated the HSiW adsorption on silica; in this mechanism, an outer-sphere surface
complex, (SiOH2)+(SiW)-, was formed between the protonated surface hydroxyl and the
heteropolyanion, denoted as (SiW)- (Equation 6-2). With its hydroxylation characteristic, Al
has both surface acidity and basicity to certain degree, providing some ionic interaction with
HSiW, and thus stronger immobilization of HSiW on its surface, as compared to that on Si
surface. The two-step ligand exchange mechanism [324] occurred on the Al surface, where
the protons of strong Brønsted-acidic HSiW first transfer to the Al surface hydroxyl group
(Equation 6-3), and then the protonated surface hydroxyl group reacted with the
heteropolyanion, forming a monolayer neutral surface compound Al(SiW) (Equation 6-4).
The coordination mechanism could also exist in the interactions between HSiW and Al
surface [325], and (AlOH2)+(SiW)- was formed as shown in Equation 6-2 .
Coordination mechanism:
M-OH2+(s) + (SiW)- (aq.)  (MOH2)+(SiW)-

where M is either Al or Si
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Equation 6-2

Ligand exchange mechanism:
Al-OH(s) + H+(aq.)  AlOH2+(s)

Equation 6-3

Al-OH2+(s) + (SiW)- (aq.)  Al(SiW)(s) + H2O(l)

Equation 6-4

NTP fabricated catalysts tended to have larger surface area (Table 6-1) and better
preserved mesoporous structures (Figure 6-2). NTP exposure preserved the mesoporous
structure to a large degree while reducing the surface area loss due to the acid loading. Such
results could be understood as follows: 1) the continuous electron (or maybe Ar+)
bombardment broke the long intact chain of Si-O-Si or Al-O-Al. Some defect sites (either
electron-rich or electron-deficient) may link with some neighboring “defect” sites, resulting
in “migration”. Such “migration” would possibly cause the conversion of micropores into
mesopores. 2) The application of NTP might have increased the interaction between the
HSiW molecules and the support (Al or Si), and consequently shortened the distance between
HSiW and the support surface. As a result, the pores did not shrink as much as compared to
the regular loading. 3) During the vaporization of excessive water in the regular fabrication
process, the mass transport of water molecules from the liquid bulk to the surface possibly
pushed some HSiW molecules outward to the liquid surface, resulting in some degree of
agglomeration at the mouth of the micropores instead of deeply within the pores. Such an
event might have been minimized in the presence of NTP. An additional electrical field thus
existed along with the NTP discharge; this electrostatic force contributed to keeping the
HSiW molecules close to the surface (both the very outside surface and the wall inside all of
the pores).
Some plausible mechanisms regarding the increase of acid strength (Figure 6-3) and
Brønsted acidity (Figure 6-5) are provided as follows. Usually, each surface OH group is a
potential Brønsted acid site, since it is available to be protonated. NTP exposure caused
“defects” on the support surface; such “defects” usually are associated with surface OH
groups. As the result, these newly formed surface OHs by NTP application potentially could
introduce extra Brønsted acid sites in the presence of water. As previously discussed, NTP
could induce some Brønsted acidity in the presence of the water molecules, producing
protons (or hydronium ions). These protons countered some of the basic sites on the alumina,
resulting in a decrease in the interaction with HSiW. This decreased interaction possibly led
to better preservation of the Keggin structure.
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This interaction resulted in a more

protonated surface. The protonated surface attracted HPA anions, stoichiometrically resulting
in some free hydroxonium. This free hydroxonium formerly bonded to HPA anions, but now
they were localized near the surface. As a result, FTIR showed some increase in the ratio of
Brønsted-pyridine peak intensity to Lewis-pyridine peak intensity; the TPD-NH3 results
showed higher acid strength for the NTP-argon fabricated catalysts; and acrolein selectivity
obtained with NTP-argon fabricated HSiW-Al was somewhat increased, compared to the
selectivity obtained with regular HSiW-Al.
Regarding the observations that the NTP-air fabrication did not show much positive
contribution, if not negative, in the abovementioned aspects, the following reasons are
provided as the explanations. 1) It is more difficult to breakdown air than to breakdown
argon; the energy and the amount of the electrons in the NTP-air fabrication were smaller
than in the NTP-argon fabrication. As the result, the performance in electron bombardment
and NTP acidity induction was reduced. 2) As illustrated in the process A in Figure 6-6,
dehydroxylation occurred on the hydroxyl aluminum during the calcination in the regular
catalyst fabrication procedure. Some dehydroxylated sites were rehydroxylated (the process
B in Figure 6-6) when they were again exposed to water during the subsequent loading step,
resulting in some Brønsted acid sites. However, during the NTP-air fabrication, some novel
surface bond (Al-O*) was formed [326, 327] (the process C). Al-O* was not able to undergo
the dehydroxylation-rehydroxylation process; instead it converted back to the surface
hydroxyl group and released oxygen (the process D) in the subsequent acid loading. As the
result, Brønsted acid sites could not be generated in processes (C and D). The released
oxygen could either occupy the surface acid sites, blocking HSiW’s interaction, or push
outwards the acid via the “degassing” motion, which was originally attracted towards the
alumna surface. 3) The O atoms formed in NTP were electrophilic. In some sense, all the
electrophiles can be considered as acids. These electrophiles have a tendency to be attracted
to the catalyst surface due to the electrostatic field. Some surface adsorptive sites could be
preoccupied by these O atoms, which behaved as a competitive process to the adsorption of
SiW anion. As the result, the binding between HSiW and the support was weakened. During
the calcinations, temperature elevation pushed the oxygens off the catalyst surface and they
subsequently recombined to molecular O2. Therefore, overall the NTP-air fabrication did not
show any improvement, or maybe even a hint of a negative effect, toward acrolein selectivity.
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Figure 6-6: The surface reactions when the support (Al as an example) is dehydrated, hydrated,
or exposed to NTP-air

The redox capability of NTP-air fabricated catalysts was not evident in the kinetics
results as had been desired, possibly because the calcinations at 300°C evacuated the active O
species off the surface, and the discharge conditions used this study were not able to implant
the O as lattice oxygen.
I am certainly aware of the limited achievements in this chapter. Although more NTP
discharge configurations and more advanced characterizations were not conducted due to the
time constraint and equipment restrictions, I want to share some ideas that are worth studying
in the future.
1. More electrons with higher energy can be produced under the application of a more
intense discharge (larger field strength). It is reasonable to deduce that more significant
improvement can be achieved by using a more intense NTP-argon discharge. However, this
study could not proceed with this idea due to the constraint of my plasma generation system.
Nevertheless, the application of more intense NTP is certainly an interesting direction to go.
2. No significant advantage was shown in terms of the acid dispersion, since the acid
was already well-dispersed on the catalyst surface. With the enhanced electrostatic attraction
by NTP fabrication, the loading limit is possibly able to be pushed higher, which would
enhance the Brønsted acidity.
3. In the fabrication procedure, NTP

was not applied until the majority of
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water was evaporated; therefore, how the interaction between the support and HSiW when
they first contacted could be altered by the NTP has not yet been examined. It would be
interesting to examine the NTP application at the onset of wet impregnation. This
impregnation protocol may not be appropriate for such an investigation. Isometric
impregnation is recommended as the acid-loading protocol for this examination purpose.
4. NTP discharge could strengthen the bonding between the catalyst support and
HSiW, which could be used as a replacement for calcinations. Microwave NTP would be the
best candidate for this purpose.

6.5

Conclusions

The application of NTP to catalyst fabrication demonstrated the potential of modifying
the supported silicotungstic acid (HSiW). The modifications include increasing the surface
area, preserving the mesoporous structure, increasing the acid strength, and increasing the
proportion of Brønsted acid sites.
Regarding the modifications, NTP-argon fabrication (9 kV/cm) caused relatively more
significant improvements to the supported HSiW than did the NTP-air fabrication (9 kV/cm).
As a result, some improvement in acrolein yield was observed with the NTP-argon fabricated
catalysts, but not with the NTP-air fabricated catalysts. NTP-air fabrication with a 9 kV/cm
field strength could not impose permanent redox properties, as was desired, which was
suggested by observing no significant coking suppression.
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Overall summary
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This study simultaneously examined two interesting areas: 1) converting glycerol,
biodiesel byproduct, to the value-added product acrolein; 2) applying non-thermal plasma
(NTP) to a dehydration process. Several contributions were made by this study in developing
sustainable acrolein production and in understanding plasma chemistry in dehydration.
First, a comprehensive review was provided on the acrolein synthesis methods. This
study demonstrated that the bio-based acrolein production from glycerol was the most viable
production alternative to the current propylene-based manufacturing method, both
technologically and economically. Based on the assessment, the price of acrolein produced
from crude glycerol was lowered compared to the current acrolein price. Even the production
from refined glycerol may be worthwhile, because it is renewable and sustainable, and yet it
does not increase the price much. Such a comprehensive comparative review, especially with
the economical assessment included, had never been conducted before; it is definitely
valuable and meaningful in directing the industrial processes and future research thrusts.
Second, the catalysts were fabricated using commercially available components (acid
and the support). As a result, the reproduction by industry or other end users is
straightforward and convenient. To date, most, if not all, acrolein research was conducted in
small-scale, which minimized many engineering problems, such as axial heat transfer,
pressure drop, etc. Compared to those small-scale reactors, my reactor was much larger in
scale, and yet the results in acrolein production were among the best results ever published to
date. The support effect and the temperature effect were studied for the catalytic acrolein
production from glycerol. The optimal acrolein production occurred at 275°C, and the
acrolein yields were 73.86 mol% (92.9% conversion and 79.5 mol% selectivity) and 74.05
mol% (96.2% conversion and 77.0 mol% selectivity) for alumina (Al2700®) supported
silicotungstic acid (HSiW-Al) and silica (Si1252®) supported silicotungstic acid (HSiW-Si),
respectively.
Third, NTP was studied in a dehydration reaction for the first time. On one side, NTP
served as an effective energy source. Some similarities as well as interactions could be found
between the temperature effect and the NTP field-strength effect. One example of NTP in the
energy aspect was that glycerol conversion was improved with the NTP application. On the
other side, NTP induced additional Brønsted acidity, in that acrolein selectivity could be
improved and activation energies of glycerol
conversion to acrolein were lowered,
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compared to the control conditions. The “acidity” function was selective to acrolein
formation but the “energy” function was not; therefore, NTP field strength needed to be
carefully configured to ensure that NTP played a positive role in acrolein production. The
optimal discharge conditions for the maximal acrolein yields were 3.78 kV/cm for HSiW-Al
and 4.58 kV/cm for HSiW-Si. The acrolein yield achieved accordingly was 83.6 mol% (98.7
% conversion, 84.7 mol% selectivity) and 83.1 mol% (94.4% conversion, 88.0 mol%
selectivity), respectively, which was almost a 10 mol% improvement, compared to the
optimal acrolein production under the control conditions.
Fourth, this study also opened up a novel pathway of solving the catalyst deactivation
problem, which was very tough for the supported HSiWs in that their thermal stability
rejected the conventional combustion treatment. The results showed that NTP-O2 was an
effective approach to regenerate the supported HSiW. It was found that the coke removal
effectiveness increased with NTP field strength but with a decreasing increment. Among the
temperatures that were studied (25ºC, 125ºC, 150ºC and 200ºC), the most effective coke
removal occurred at 150°C. Also, this study found that argon was a better discharge gas for
NTP-O2 catalyst regeneration, compared to nitrogen or oxygen itself. NTP-O2 proved to be
reactive to the carbonaceous species with various hardness degrees, although the removal rate
varied. The indirect deactivation mechanism was most likely to be the case for the easilydeactivated HSiW-Si; as a result, even partial coke removal could regain the catalytic activity
to large degree. Co-feeding small amounts of oxygen (5% volumetric percentage) with the
presence of non-thermal plasma discharge during the dehydration reaction could greatly
suppress the coke formation without affecting acrolein selectivity, as compared to the control
reaction. This attempt also resulted in a different coke distribution: not only less amount of
coke, but also the composition prone to the soft-coke end compared to the profile obtained
from the control reaction. Not surprisingly, the spent catalyst from such a reaction was more
readily to be regenerated; complete recovery of catalytic activity was achieved multiple
times.
Last, this study explored the possibility of modifying the supported silicotungstic acid
by applying NTP during the catalyst fabrication. NTP fabrication showed some capabilities in
enlarging surface area, preserving mesopores, enhancing acid strength, and increasing the
proportion of Brønsted acid sites. Using argon as the discharge gas provided relatively more
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significant results in the abovementioned functions than using air as the discharge gas.

Eventually, the end product of glycerol conversion to acrolein is acrylic acid.
Therefore, the next step of this research would be to develop the process to convert acrolein
to acrylic acid. The calculation in Chapter 1 shows that using crude glycerol as the starting
material is much more economical than using refined glycerol; the studies in literature that
used crude glycerol in gas-phase acrolein production are difficult to find. Many technical
issues, such as the tolerance of the solid catalyst to the impurities in glycerol, need to be
addressed and resolved. Therefore, developing an efficient bio-based acrolein production
using crude glycerol as the raw material is a practical and meaningful study to be conducted
next.
This study demonstrated the NTP capability in improving the glycerol dehydration to
acrolein. NTP capability in dehydration needs to be further verified with other reaction cases.
The reason that the achieved improvement in acrolein production was limited was due to the
existence of many side reactions. It is thus hypothesized that the acid-catalytic capability
function of NTP will stand out when the dehydration reaction system does not contain many
side reactions. For example, acid hydrolysis of sugars may be a good research candidate.
Doping platinum group metals may help further improve the NTP-O2 regeneration
capability. The research needs to be focused on whether doping platinum group metal would
influence the acrolein yield in the glycerol dehydration and how much improvement in
catalyst regeneration can be achieved in combination with NTP-O2.
As discussed in the end of Chapter 6, there are many options to extend the research of
NTP assisted fabrication of solid acid catalysts to a greater depth. First, applying more
intense NTP-argon discharge during catalyst fabrication needs to be studied in the future.
Second, the possibility of increasing the acid loading and still maintaining good acid
dispersion on the support is high because of the enhanced electrostatic attraction by NTP. The
hypothesis of such a possibility needs to be validated. Third, it would be interesting to
examine the NTP application at the onset of wet impregnation using isometric impregnation
as the acid-loading protocol. Fourth, whether NTP discharge could be used as the
replacement for calcination by strengthening
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the bonding between the catalyst support

and HSiW is also a worthwhile research topic.
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Appendices

-170-

Appendix I
Vaporization of glycerol solution

Glycerol decomposition started at 290°C [328, 329]; usually above 350°C, pyrolysis
was the primary reaction occurring in the system [108]. The boiling point of pure glycerol is
290°C, while dilution in water can lower its partial vapor pressure. Therefore, it is necessary
to determine where is the low-end temperature limit to conduct the glycerol dehydration
while ensuring it remains a gas-phase reaction.
The Antoine equation describes the relationship between vapor pressure and
temperature for a pure substance, as shown in Equation I-1. The constants and the applicable
temperature range of the equation for water and glycerol are listed in Table I.

log10 P = A −

B
C +T

Equation I-1

where P is the vapor pressure (mm Hg), T is the temperature (°C), A, B, and C are the
constant parameters fitted to each substance.

Table I: Antoine coefficients and the temperature range over which they are applicable [330, 331].

Water
Glycerol

A
8.14019
7.01621

B
1810.94
1448.81

C
244.485
62.4928

Tmin (°C)
99
96

Tmax (°C)
374
576.85

Based on Antoine equation, the vapor pressure of pure substance glycerol or water can
be calculated for each temperature. Figure I-1 shows the plot of vapor pressure of glycerol
and water as a function of temperature.
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Figure I-1: Vapor pressure as a function of temperature for water and glycerol calculated via
Antoine Equation.

Considering the 20 wt% glycerol solution (equivalent to the molar percentage of
4.6632%) as an ideal solution, then according to Raoult’s law, there is the following
relationship for the two-component system (Equation 8-2 and Equation 8-3):
*
*
pt = pwater
⋅ xwater + pglycerol
⋅ xglycerol

Equation I-2

*
pwater = pwater
⋅ xwater pglyceorl = p*glycerol ⋅ xglycerol

Equation I-3

where pt is the total vapor pressure in the two-component system, p* is the vapor pressure of
the pure component (water or glycerol, as specified by the subscript), and p is the partial
vapor pressure of each component (specified by the subscript). x is the molar percentage of
each component (xwater =95.3368% and xwater =4.6632%) in the liquid phase, or the
composition in the feed solution.
To ensure that the two-component solution can be completely evaporated, the total
vapor pressure of the glycerol-water solution needs to be 760 mm Hg. The following steps
detail the approach to solving this problem. 1) Assume a temperature (100°C -290°C), so that
the partial vapor pressure can be calculated for both glycerol and water using the Antoine
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equation; therefore, the total vapor pressure can be expressed as a function of only one
variable, Xglyceol. 2) Let the total vapor pressure be equal to 760 mm Hg, then solve the
equation for Xglyceol. 3) The gas-phase molar composition is then calculated via Equation 8-4
by combining Dalton’s law (Equation 8-5) and Raoult’s law (Equation 8-2&3). 4)
Temperature is varied to cover more data points within the range of 100-290°C.

y glycerol =

p*glycerol ⋅ xglycerol
*
pwater
⋅ xwater + p *glycerol ⋅ (1 − xwater )

pwater = pt ⋅ ywater

and

pglycerol = pt ⋅ y glycerol

Equation I-4

Equation I-5

The T-x-y diagram of the glycerol water system can be therefore plotted; it is displayed
in Figure I-2, which displays the boiling point for the solution of a certain glycerol molar
concentration and the corresponding glycerol molar percentage in the vapor phase can be
found. Based on this diagram, the temperature obtained from the T-x-y graph for a vapor with
4.6632% glycerol molar ratio is 210°C. Therefore, if the reaction temperature is maintained
above 210°C, the 20 wt% glycerol solution is completely vaporized. This justifies my lowest
temperature of interest.
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Figure I-2: T-x-y diagram for the glycerol-water two-component system at 760 mm Hg.
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Appendix II
Thermodynamics information

Enthalpy of reaction is a state function, regardless of whether or not and which catalysts
are used. Therefore, only the overall reaction equation of glycerol dehydration to acrolein is
necessary.
C3H8O3  C3H4O + 2 H2O
The thermodynamic properties of the relevant compounds are listed in Table II.
Table II: Thermodynamic properties of the chemical compounds of the feed and the
products of gas-phase glycerol dehydration, and the calculated heat of reaction at each
reaction temperature used in the study
∆fHº (kJ· mol-1)

Temperature
1

2

△Hrxn
1

(kJ· mol-1)

Endothermic?

in ºC

in K

Glycerol

220ºC

493K

-594.0

-234.9

-86.63

37.57

Yes

235ºC

508K

-594.7

-234.3

-86.93

39.17

Yes

250ºC

523K

-595.4

-233.8

-87.22

40.58

Yes

275ºC

548K

-596.4

-232.8

-87.67

43.13

Yes

290ºC

563K

-597.1

-232.3

-87.91

44.59

Yes

305ºC

578K

-597.7

-231.7

-88.16

46.14

Yes

320ºC

593K

-598.3

-231.1

-88.37

47.73

Yes

H2O

Acrolein

1: Data were obtained from Chemical property handbook [332].
T

2: Calculated based on

∆H of ,T = ∆H of ,25C + ∫ C p , water dT
298

, where

and Cp,water(g)= 33.933 – 0.0084186T + 0.000029906T2 [332]

-175-

∆H of ,25C for water (g) is -241.8 kJ· mol-1,

Appendix III
Activation energy calculated for glycerol dehydration to acrolein
with/without non-thermal plasma

For the given reaction, the reaction rate is defined as in Equation III-1.
'''

- rj

=

dN j mol
mole of "j" species reacted or formed
=±
Vs dt m3 s
(unit catalyst bed volume)(unit time)

Equation III-1

Therefore, for the reactant glycerol, the reaction rate is expressed in Equation III-2:
− rglycerol =

dN
mole of glycerol reacted
= ± glycerol
(unit catalyst bed volume)(unit time)
Vs dt

=>

− rglycerol =

Equation III-2

dX
d (V

Fglycerol

)

For a continuous system, conversion is defined as

Fj = Fj 0 (1 − X j )
Anywhere in the reaction zone, the components are:

Glycerol:

Fglycerol ,0 (1 − X ) where Fglycerol,0 is the molar flow rate of glycerol before

entering the catalyst bed.
Products (acrolein & water): Fglycerol ,0 (1 + ε ) X
Solvent (water in feed): Fglycerol ,0 ⋅ β where β is the ratio of the moles of solvent to the
moles of glycerol.
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So the total molar flow rate FT can be expressed as follows

FT = Fglycerol ,0 (1 − X ) + Fglycerol ,0 (1 + ε ) X + Fglycerol ,0 β = Fglycerol ,0 (1 + ε X + β )
Where β is the ratio of the moles of solvent to the moles of glycerol, and ε is the expansion
factor. The expansion factor ε is a measure of the variation of the reacting system volume, along
the reaction path, by totally transforming a given reactant into products. The calculation is
depicted as follows.

ε=

VX j =1 − VX j =0
VX j = 0

Similarly, the total molar concentration (including glycerol, acrolein and water) can be
obtained.

CT = Cglycerol ,0 (1 + ε X + β )
The relationship can be developed among glycerol concentration (Cglycerol), total molar
concentration (CT), and glycerol conversion (X).
1−
X =
1+ ε

Cj
C j0
Cj

⇔ C glycerol = C glycerol ,o

1− X
1− X
= CT
1+ ε X
1+ ε X + β

C jo

CT can be calculated based on the ideal gas law. P=CTRT, where P is the atmospheric
pressure (1.01*105 pa), R is the gas constant 8.315 m3 Pa K−1 mol−1, and T is the reaction
temperature.
Mechanism of glycerol dehydration is
C3H8O3  C3H4O + 2 H2O so ε=2
Differential method is used to obtain the reaction rate equation, assuming the reaction can
be expressed in the form shown in Equation III-3.
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n
− rglycerol = k glycerol C glycerol

⇔ −

dC glycerol
dt

n
= k glycerol C glycerol

Equation III-3

1− X
log(− rglycerol ) = log k glycerol + n log C glycerol = log k glycerol + n log C glycerol ,o + n log(
)
1+ ε ⋅ X + β

Now the task is to obtain -rglcyerol, and (1-X)/(1+εX), so that when log(dCglcyerol/dt) is
plotted versus log((1-X)/(1+εX)), the slope of the straight line yields the reaction order n, and the
rate constant can be calculated from the intercept. In order to obtain -rglcyerol, we need to have the
dependence of glycerol conversion X versus V/Fglycerol. This was approached by obtaining the
conversions using different glycerol feed flow rate. Figure II-1 is the plot of X versus V/Fglycerol
for HSiW-Al and HSiW-Si, respectively. Quadratic functions were fit to the data with the Rsquare equal to 1. The rate at each flow rate and temperature can be calculated by evaluating the
1st derivative of the corresponding quadratic equation at a given V/Fglycerol. The calculated rates
were listed in Table III-1.
− rglycerol =

HSiW-Al

Fglycerol

0.85
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Figure III-1:The plot of conversion X versus V/Fglycerol

Table III-1: The calculated reaction rate at each temperature and feed rate
HSiW-Al
control
NTP
Temperature (°C)

Fglycerol(mol/s)

220
220
220
235
235
235
250
250
250

2.76E-06
3.68E-06
5.52E-06

2.76E-06
3.68E-06
5.52E-06
2.76E-06
3.68E-06
5.52E-06

HSiW-Si
control
NTP

rglycerol (mol s-1 m-3)

0.062
0.071
0.080
0.079
0.120
0.161
0.056
0.172
0.288

0.011
0.053
0.096
0.026
0.088
0.151
0.038
0.148
0.258

0.081
0.093
0.106
0.096
0.129
0.161
0.065
0.118
0.172

0.074
0.090
0.105
0.075
0.108
0.141
0.049
0.116
0.184

With the availability of -rglycerol, we now can plot log(-rglycerol) versus log((1-X)/(1+εX+β),
and the resulted plots are shown in Figure 8-4. It confirmed that glycerol dehydration is 1st order
reaction, since all the sloped rounded up to 1. Also k could be obtained at the same time; their
values are listed in Table 2. Then After plotting lnk versus 1/T, activation energy could be
obtained by multiply the slope by ideal gas constant R. The calculated Eas are listed in Table 8-5
as well.
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Figure III-2: The plot of log(-rglycerol) versus log((1-X)/(1+εX+β)

Table III-3: The calculated reaction rate constant k and activation energy Ea

HSiW-Al
control
NTP
Temperature

k (s-1)

Fglycerol(mol/s)

220
2.76E-06
235
3.68E-06
250
5.52E-06
Activation energy (J/mol) Ea

HSiW-Si
control
NTP

10.64
49.81
78.54
1.435E05

22.38
72.68
150.94
1.367E05
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8.38
28.68
79.61
1.610E05

19.58
79.42
158.6
1.499E05

Appendix IV
Comparison of Energy Consumption between the control condition
and the NTP condition
Table IV lists the energy requirement for the system corresponding to each temperature
increment (in the first row). The numbers were obtained exclusively from heating the substance.
We did not include the energy required to heat up the reactor or the energy loss to the
environment, which would account for much larger actual energy consumption using regular
heating. Based on Figures 4.4B and 4.5B in Chapter 4, under the optimal NTP conditions, the
acrolein yield reached equal or higher values as compared to that without NTP at temperatures
over 15ºC higher. According to energy calculations via the Lissajous figure under the optimal
NTP condition (3.78kV/cm for HSiW-Al, 4.58 kV/cm for HSiW-Si), every hour the input energy
by NTP was 158.4 J and 225 J for HSiW-Al and HSiW-Si, respectively, which were smaller as
compared to the minimal energy requirement for regular heating. These two numbers were
calculated from the discharge power, which was calculated via Lissajous figure (Appendix VI).
Table IV: The minimal energy required to heat the substance in the PBR system
corresponding to each temperature increment
Heat capacity
J mol-1 K-1
218.9
33.6
20.8
0.703
0.88 **

Glycerol
Water
Argon
Silica
Alumina
Total (in HSiW-Al system)
Total (in HSiW-Si system)

10 ºC
J h-1
28.36
90.94
30.53
24.61
30.8
180.63
174.44

15 ºC
J h-1
42.55
136.42
45.79
36.91
46.2
270.95
261.66

20 ºC
J h-1
56.73
181.89
61.05
49.21
61.6
361.27
348.88

25 ºC
J h-1
70.91
227.36
76.31
61.51
77
451.58
436.10

30 ºC
J h-1
85.09
272.83
91.58
73.82
92.4
541.90
523.31

35 ºC
J h-1
99.27
318.30
106.84
86.12
107.8
632.22
610.53

**:http://www.matweb.com/search/datasheet.aspx?matguid=0654701067d147e88e8a38c646dda195&ckck=1
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Appendix V
Keggin Structure of Silicotungstic acid

Silicotungstic acid, H4SiW12O40, is a pure Brønsted acid falling within the superacid category (a super acid is defined as an acid with strength greater than that of 100%
H2SO4 [113]). It features a so-called Keggin structure, which is the structural form of the
Keggin anion (Figure V A). The formula of Keggin anion is [XM12O40]n−, where X is the
heteroatom (most commonly P5+, Si4+, or B3+) and M is the addenda atom (most
commonly Mo or W). Figure V B shows the secondary structure of silicotungstic acid
[114].

A

B

W
W

Si

Si

O

O
H+
H

Figure V: Heteropoly anion SiW12O404- with Keggin structure (A); Secondary structure of
silicotungstic acid. Each H5O2+ bridges four Keggin anions (B)
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Appendix VI
NTP power calculation based on Lissajous figures

Figure VI-1 is the Lissajous figure for the optimized non-thermal plasma (NTP) for
HSiW-Al catalyzed and HSiW-Si catalyzed glycerol dehydration. The calculation of the
power calculation is shown as follows.
P = CM f ∫ UdU c = CM f ⋅ Area

where f is the frequency, CM is the capacitance of the capacitor, U is the voltage across
the discharge area, Uc is the voltage across the capacitor, and Area is the integrated area
of the Lissajous closed loop.
Field strength 3.78 kv/cm:

P1 = CM f ∫ UdU c = CM f ⋅ Area
−9

= (2 × 10 F ) ⋅ (1000 Hz ) ⋅ (22.05 × 103V 2 ) = 0.044W
Field strength 4.58 kv/cm: P2 = CM f ∫ UdU c = CM f ⋅ Area
−9

= (2 × 10 F ) ⋅ (1000 Hz ) ⋅ (31.35 ×103V 2 ) = 0.063W
12.0
10.0
8.0
6.0

2.0
-6000

-4000

0.0
-2000-2.0 0

2000

4000

6000

Channel 2

4.0

-4.0
-6.0
-8.0

3.78 kV/cm

-10.0

4.58 kV/cm

-12.0

Channel 1
Figure VI-1: Lissajous figure of the non-thermal plasma: optimal conditions for alumina
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(3.78 kV/cm) and silica (4.58 kV/cm).

Figure VI-2 is the Lissajous figures for NTP-O2 coke removal study in the effect of
plasma field strength. The calculation of the power calculation is shown as follows. P1’,
P2’, P3’, and P4’ are related to the field strength of 3.0 kV/cm, 4.8 kV/cm, 6.0 kV/cm
and 8.4 kV/cm. respectively.
P1 ' = CM f ∫ UdU c = CM f ⋅ Area
−9

= (2 × 10 F ) ⋅ (2000 Hz ) ⋅ (1.35 ×104 V 2 ) = 0.054W
P2 ' = CM f ∫ UdU c = CM f ⋅ Area
−9

= (2 × 10 F ) ⋅ (2000 Hz ) ⋅ (106.36 ×103V 2 ) = 0.43W
P3 ' = CM f ∫ UdU c = CM f ⋅ Area
−9

= (2 × 10 F ) ⋅ (2000 Hz ) ⋅ (209.38 × 103V 2 ) = 0.84W
P4 ' = CM f ∫ U (U c )dU c = CM f ⋅ Area
−9

= (2 × 10 F ) ⋅ (2000 Hz ) ⋅ (319.16 ×103V 2 ) = 1.27W

8.4 kV/cm

80

6.0 kV/cm
4.8 kV/cm

60

Channel 2 (V)

40
20

3.0 kV/cm

0
-20
-40
-60
-80
-4000

-2000

0

2000

4000

Channel 1 (V)

Figure VI-2: Lissajous figure of the non-thermal plasma (NTP) applied to the regeneration
study of the NTP field strength
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Appendix VII
Flow diagram for ChemBET Pulsar TPR/TPD Analyzer

Figure VII: Flow diagram of ChemBET Pulsar TPR/TPD Analyzer [333]
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