APPLICATIONS OF CO, INHOMOGENEOUS
CATALYSIS

Philip G. Jessop

Department of Chemistry, Queen’s University, Kingston, ON,
Canada

Introduction

Carbon dioxide can serve as a solvent for homogeneous
catalysis but it is capable of much more. Over the past 4 years, we
and others have shown that it can be used as an extractant for the
removal of products from ionic or polymeric liquid solvents after
homogeneous catalysis, as a modifier of liquid phase solvent
properties, as an agent for accelerating solventless reactions of some
solids, and as a trigger for partitioning and miscibility changes. All
of these capabilities of CO, can be used to modify the selectivity,
increase the turnover frequency, or achieve the recycling of
homogeneous catalysts. In addition, of course, CO, can serve as a
reagent. Our recent results in these areas will be presented.

Homogeneous Catalysis in Supercritical CO,

Homogeneous catalysis has been performed in supercritical CO,
(scCO,)! since Kramer and Leder’s isomerization experiments in the
1970’s,? although most work in this area has been done since the mid
1990’s.® Examples of increased rates*® or selectivities® compared to
those in liquid solvents have been observed. In many cases, catalyst
solubility in scCO, was found to be insufficient, especially when
triarylphosphine ligands were employed. This problem has been
addressed by switching to trialkylphosphines* or by putting
fluorinated grouEs on the meta or para positions of the
triarylphosphines. New data, obtained in collaboration with
Beckman’s group, will be presented showing that incorporation of
ether or ester groups into the phosphines increases the solubility of
the ligand in scCO,. Solubility data comparing PPhs with
electronically similar ligands containing heteroaromatic rings (e.g.
structure 1) or ester-containing substituents (e.g. structure 2) will be
presented.® On a weight fraction basis, both are significantly more
soluble than PPhs, while on a mole fraction basis ligand 1 has by far
the greater solubility.
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Biphasic Catalysis

Homogeneous catalysts are too expensive and often too toxic to
be allowed to be lost in the product stream. Traditional methods for
recovering the catalyst usually involve destroying the catalyst, but
newer techniques including biphasic catalysis make it possible to
recover the catalyst without damage. Biphasic catalysis involves two
mutually immiscible fluids and relies on the catalyst partitioning
exclusively into one phase (the catalyst-bearing phase) while the
product partitions primarily into the other phase. Many systems of
this type suffer from nonexclusive partitioning of the catalyst,
leading to catalyst losses, and partial miscibility of the two fluid
phases, leading to loss of one solvent in the other.

CO,/lonic Liquid Mixtures. Blanchard et al.” showed that a
common ionic liquid, N,N-butylmethylimidazolium
hexafluorophosphate ([bmim]PFg]) is completely insoluble in scCO,.
The Jessop group showed that this fact, combined with the

observation that heavy aromatic compounds (in analogy to
asymmetric ligands of the BINAP type) partition essentially
exclusively into the ionic liquid (IL) phase rather than the scCO,
phase. This was the basis for a catalyst successful recycling
scheme,® in which homogeneous catalysis was performed in an IL
following which product was extracted by scCO,, leaving behind a
reusable catalyst solution in IL. The product could thus be obtained
free of solvent or catalyst.

CO,/Liquid Polymer Mixtures. The excellent performance of
the CO,/IL biphasic catalysis method encouraged further research in
this area in the Jessop group, but it became obvious that the method
could be improved by finding a cheaper replacement for the IL. The
ideal replacement would be cheaper, halide-free and entirely
nontoxic. PEG (poly(ethylene glycol)) was chosen, even though at
room temperature it is a solid. PEG is nontoxic, very inexpensive,
and able to dissolve catalyst precursors and organic substrates. The
solubility of PEG in scCO, is very low, especially at molecular
weights over 1000 g/mol. The fact that it is a solid at room
temperature is less problematic than it sounds because a) the melting
point is only 20-40°C above room temperature, and b) the melting
point of PEG is significantly lower in the presence of scCO,. Early
tests with a simple homogeneous hydrogenation showed that biphasic
catalysis could be performed in the PEG/scCO, mixture, that the
product could be easily extracted by the scCO,, and that the catalyst
solution could then be recycled multiple times.™*

Continued work in this area involves the evaluation of several
possible liquid polymers and other nonvolatile solvents. Some, such
as glycerol and polyols, have been rejected because they are
incapable of dissolving catalyst precursors and substrates. Others
such as poly(dimethylsiloxane) and eicosane have been rejected
because they are too soluble in scCO,. Liquids that are currently
being considered are shown in Figure 1. Their polarities are
illustrated in Figure 2.
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Figure 1. The structures of liquid polymers being considered as
potential solvents for biphasic homogeneous catalysis.
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Figure 2. The polarity of liquid polymers compared to traditional
liquid solvents, shown on a scale of Nile Red absorption maxima.
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Obedient Catal¥sts and Solvents

Bergbreiter'? introduced the idea of “smart” ligands or catalysts,
meaning ligands or catalysts that change their nature or solubility
when circumstances require it, without need for a signal from the
human operator. In his work, the ligands formed complexes that had
lower solubility at higher temperatures, so that if an exothermic
reaction got carried away and the temperature rose as a result, the
catalyst would automatically precipitate and thereby slow down the
reaction.

In a collaboration between the Jessop group and the Eckert and
Liotta groups at Georgia Tech., we have been exploring the
possibility of designing “obedient” ligands and solvents, which
reversibly change their nature upon receiving a signal or input from
the human operator. For example, cyclohexane is fluorophobic
(meaning that it can not dissolve highly fluorinated compounds) but
cyclohexane with CO, dissolved therein (at >30 bar CO,) is
fluorophilic and therefore capable of dissolving fluorinated
compounds™ or being miscible with fluorinated liquids.** Thus
cyclohexane is a very simple example of an obedient solvent with
CO, dissolution as the trigger for the change. This fact was used as
the basis for a method that causes an “obedient” catalyst to switch
back and forth between being homogeneous and being
heterogeneous. Powdered fluorous silica with a highly fluorinated
catalyst precursor complex adsorbed on its surface is placed in a
solution of substrate in cyclohexane. Dissolution of CO, into the
cyclohexane triggers the extraction into solution of the catalyst from
the silica, thereby allowing homogeneous catalysis to take place.
After the reaction, the CO, pressure is released, triggering the
redeposition of the catalyst back onto the silica, so that the catalyst
becomes heterogeneous for the purposes of catalyst/product
separation.

CO, as a Reagent or Substrate

Research by many groups has been directed at increasing the
rate of reactions of CO, and increasing the range of reactions in
which CO, acts as a reagent or substrate. Recent results in the Jessop
group include the development of a facile method for combinatorial
catalyst discovery for CO, fixation at high pressure,® and new or
improved syntheses of formic acid,***® formanilide,*® carbanilide,®
tetraalkylureas,?® and carboxylic acids (in progress).

CO, in Other Roles

Carbon dioxide can assist homogeneous catalysis in many other
ways. CO, dissolved in organic solvents lowers the melting point,
viscosity, and polarity of the liquid phase and increases mass transfer
rates and the solubility of reagent gases. These changes can directly
affect rates and selectivities of catalysis.'5?%

Carbon dioxide can also be used to accelerate solventless
reactions of some solids,?’” by taking advantage of the melting-point
lowering that occurs in the presence of CO,. In a similar manner, the
final yields of some reactions can be increased.

Carbon dioxide can also serve as an in-situ temporary protecting
group, as reported by Leitner.2®

Concluding Remarks

Although it is considered a waste material, CO, can be useful
for the promotion of homogeneous catalysis in a wide variety of
ways, not all of which have been presented here. In similar ways,
CO, can promote other kinds of reactions; research in other groups
continues along those lines. While it is not claimed that use of CO,
in this manner will have any significant effect on the global warming
problem, it is precisely the fact that CO, is a waste product that
makes it inexpensive enough to be considered for some of these
roles.
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Abstract

Supercritical carbon dioxide is emerging as a potentially interesting
solvent for synthesis and processing under environmentally benign
conditions. In this paper we address three features of the use of
carbon dioxide where the particular benefits of the solvent realise
different consequences from those observed in conventional
organic solvents.

We first examined the dipolar cycloaddition of nitrile oxides to
alkenes and alkynes and show that the regiocontrol obtained can be
tuned according to the solvent density. We then address the
applications of the Suzuki cross-coupling reaction using a solid
phase supported palladium catalyst to make conjugated aromatic
materials. Extension to the use of conventional solvents allows the
synthesis of COy-philic oligomeric fluorene derivatives. Finally,
we demonstrate the patterned deposition of a fluorinated polymer
onto a patterned silicon wafer substrate.

Nitrile Oxide Cycloadditions in Supercritical Carbon Dioxide
Apart from the Diels-Alder reaction,” 2 there has been little
reported on cycloaddition chemistry in scCO,. 1,3-Dipolar
cycloadditions are an important class of cycloadditions, typically
giving rise to 5-membered heterocycles, many of which are of
pharmaceutical interest. In the present study, eactions of nitrile
oxides and olefins were examined in scCO,. The scope of nitrile
oxide cycloadditions in scCO, was exemplified in high yielding
reactions of mesitonitrile oxide with numerous alkenes and alkynes
bearing various functional groups.

Synthesis of fluorine-containing polyfluorenes

Many factors determine whether or not a polymer shows solubility
in liquid or supercritical CO,. Amongst them are the polymer
backbone architecture, the amount and the nature of CO,-philic
groups and the distribution of such groups within the polymer. In
order to find the optimal structure of a CO, soluble polyfluorene
and its content of CO,-philic fluorine, the first aim was to
synthesise a range of homo- and copolymers with various degrees
of fluorination and then carry out solubility tests in supercritical
carbon dioxide. While one possibility of varying the fluorine
content is altering the length of the fluorinated side chain, another
approach is the synthesis of copolymers containing fluorinated as
well as non-fluorinated units (Fig. 2).
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Fig. 1: Synthesis of partially fluorinated polyfluorenes 42 by
Suzuki polymerization.

The polymerization reactions were carried out under the conditions
optimized for the synthesis of alkyl substituted polyfluorenes. The
polymers produced in this way were quite soluble under the
reaction conditions if they contained at least 25% of non-
fluorinated alkyl substituents. Any higher degree of fluorination
led to the precipitation of polymer that then proved insoluble in all
common solvent. A possible reason for the lack of solubility of the
polymers is a high degree of crystallinity caused by interactions of
the fluorinated side chains as well as the stiffness of the polymer.
In order to make the polymers more flexible, a series of linkers was
introduced into the backbone. Since these linkers break down the
conjugation of the resulting polymers, it is important that a
minimum conjugation length is maintained to allow efficient
electroluminescence. This work shows sufficient promies to justify
further research.

Patterned Deposition in sc Carbon Dioxide

Considerable progress has been made in recent years in using
compressed CO, for deposition of fluorinated coatings on surfaces .
One particularly attractive application is in advanced
photolithography where there has been much interest in submicron
feature sizes using fluoropolymers which are transparent at 157
nm. A preliminary study into the potential use of compressed CO,
as an alternative solvent for inkjet printing is presented. This
technique should have many applications in the deposition of
organic and polymeric materials for optoelectronic devices.
Preliminary results were carried out using a 10 cm? stainless steel
high pressure reaction vessel equipped with a sapphire window.

Typical procedure for deposition of a polymer in CO, onto a
patterned S wafer

A solution of fluorolink® in compressed CO, was prepared in a
500 cm?® reaction vessel as follows. Fluorolink® (0.5 g) was
charged into the vessel and then sealed. Liquid carbon dioxide
was withdrawn from a supply cylinder (BOC, CP grade;
99.995%), passed through the chiller (2) and compressed by the
air driven liquid piston pump (Haskell MCPV-71). The chiller
was required to avoid cavitation of the pump. The CO, stream
was then heated to the desired conditions by the use of heat
exchanger and directed to the reaction vessel.
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The pressure was raised by the pump to 100 bar and maintained at
this condition by the back pressure regulator (Go Products, Model
PR-57). The vessel was located within an insulated air bath,
which was maintained at a constant temperature of 35°C (0.1
°C) during the process. The temperature was recorded using type
K thermocouples (RS Electronics) encased in 316 stainless steel
and displayed on a temperature indicator (T200, RS Electronics).
The pressure was measured by a pre-calibrated pressure
transducer and a dedicated indicator (Druck PTX 52100 and DPI
262, respectively), which had an accuracy of £0.3 %. After a
short equilibration time (10 mins) in which the polymer became
solubilized in the CO,, the cell was vented via a heated nozzle
(length 10 cm; diameter 127 m) and the contents were delivered
onto a patterned Si wafer which was held at a distance (d) 3 cm
away from the nozzle outlet for a period of 30 s. Pressure drop
within the vessel during spraying was minimized by increasing
the stroke rate of the piston pump to maintain the pressure within
the system. The patterned Si wafer was prepared using UV mask
lithography on alkyltrichlorosilane self-assembled monolayers
(SAMs) at the Base Technology Centre, Seiko-Epson, Suwa,
Japan.

The following parameters were altered in order to obtain the best
results for deposition: the polymer {poly(1H,1H,2H,2H-
perfluorooctyl  acrylate),  poly(1H,1H,2H,2H-perfluorooctyl
methacrylate) and Fluorolink®}, the solution concentration (0.02
- 0.1 wt%), temperature within the reaction vessel (25 — 35 °C),
time for deposition (5 — 30 s), the nozzle temperature during
deposition (25 — 35 °C), nozzle dimensions (length 5 — 10 cm;
diameter 127 m) and finally the distance (d) from nozzle outlet
to wafer (3 — 10 cm).

Our results suggest that better patterns are observed after
deposition by using more concentrated solutions at 35 °C, lowest
possible nozzle diameter and nozzle lengths of 10 cm. Under these
conditions we were able to obtain good resolution with 5 m dot
sizes. Improved deposition also occurred when the distance
between the Si wafer and the nozzle was reduced. At lower
temperatures precipitation of the polymer occurred at the tip of the
nozzle. Increasing the nozzle temperature reduced the amount of
precipitation. When nozzles with a larger capillary diameter were
used, the polymer was deposited unevenly leading to poor pattern
replication. Similarly when the distance between the wafer and
nozzle was increased, poor pattern replication was observed.
Improved deposition was achieved when the duration of the
experiment was extended to 30 s. This is presumably due to the
improved mass transfer from the solution onto the wafer allowing a
more even distribution of the polymer solution.
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Introduction

Over the past decade a variety of efficient homogeneous
catalysts or catalyst precursors have been developed to couple the
thermodynamically stable carbon dioxide molecule with highly
reactive substrates. One of the most promising processes involves
the coupling of carbon dioxide and epoxides to afford cyclic
carbonates or polycarbonates (eq. 1).' The production of
polycarbonates from carbon dioxide and epoxides represents an
environmentally benign synthetic route to these biodegradable
thermoplastics which are mostly prepared by the interfacial
polycondensation of diols and phosgene.”

o
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Although we and others have made significant advances in the
synthesis of these useful thermoplastics from carbon dioxide and
epoxides much of the fundamental knowledge concerning the
reaction kinetics of these processes is lacking, due in part to the
practical challenges associated with sampling and analyzing systems
at elevated temperatures and pressures. This information is needed
for making this process applicable to the synthesis of a variety of
copolymers possessing a range of properties and uses. Here, studies
examining in detail the mechanistic aspects of metal catalyzed
carbon dioxide/epoxide coupling reactions employing in Situ infrared
spectroscopic methods will be presented.’ In addition, we have
attempted to establish a clear mechanistic view of carbon-oxygen
bond forming processes resulting from carbon dioxide insertion into
M=-0 bonds using model organometallic derivatives.*

Experimental

Methods and Materials. All syntheses and manipulations were
carried out on a double manifold Schlenk vacuum line under an
argon atmosphere or in an argon filled glovebox. Glassware was
flame dried before use. All solvents were freshly distilled prior to
being used. Epoxides were purchased from Lancaster Synthesis and
were distilled from calcium hydride. Catalysts were prepared by
literature methods. Infrared spectra and kinetic measurements were
monitored on ASI’s ReactIlR 1000 system equipped with a MCT
detector and a 30 bounce SiCOMP in situ probe. 'H and '*C NMR
spectra were recorded on Unity + 300 MHz or VXR 300 MHz
superconducting high resolution spectrometers.

Copolymerization of Cyclohexene Oxide/Propylene Oxide
and Carbon Dioxide. A weighed sample of the catalyst complex
was dissolved in 20 ml of the appropriate epoxide. The solution was
rapidly loaded via an injection port into a 300 mL stainless steel Parr
autoclave that had been previously dried overnight at 80°C under
vacuum. The reactor was pressurized to 700 psi with CO,, heated to
the desired temperature and stirred for the required time period.
After that time, the autoclave was cooled and the CO, vented into a
fume hood. The reactor was opened and the polymer was isolated

from the viscous/solid mixture by dissolution in small amounts of
methylene chloride followed by precipitation from methanol.

High Pressure in situ Kinetic Measurements. High pressure
reaction Kinetics were carried out using a stainless steel Parr
autoclave modified with a silicon probe to connect to the ASI
ReactIR 1000 system (see Figure 1). The formation rates of the
polycarbonate and the cyclic carbonate were monitored by following
the v(C=0) of the polycarbonate at ~1750 cm™ and of the cyclic
carbonate at ~1825 cm™ (see Figure 2).

» Withstands 1500 psi (100 atm)
up to 150 °C

* Probe permanently mounted
at bottom of reactor

* Parr™ reactor heads supported

Figure 1. ASI ReactlR™ 1000 with high pressure probe.
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Figure 2. Insitu infrared monitoring in the v(CO,) region for
polymer formation from CO,/cyclohexene oxide.

Polymer Characterization.  Polymer samples were first
characterized by "H NMR and IR spectroscopy. The amount of ether
linkages were determined via '"H NMR by integrating the peaks
corresponding to the methine protons of the polyether at ~3.45 ppm
and the polycarbonate at ~4.6 ppm. The presence or absence of the
corresponding cyclic carbonate was investigated by monitoring the
presence or absence of the v(C=0O) of the cyclic carbonate at
~1825cm™. Finally, M,, and M, measurements were carried out
using GPC.

Results and Discussion

We have examined a wide variety of zinc and chromium based
derivatives as catalysts for the coupling of carbon dioxide and
propylene oxide or cyclohexene oxide. In these studies, as well as
those reported by other researchers, the reaction of carbon dioxide
and propylene oxide favors production of cyclic carbonate, whereas,
the analogous process involving cyclohexene oxide affords mostly
polycarbonates. = We have ascribed this difference in product
selectivity to the ring strain placed on the five-membered carbonate
ring in order to accommodate the conformational requirements of the
alicyclic cyclohexyl ring. This is evident from a comparison of the
crystal structures of cyclic propylene carbonate and cyclic
cyclohexylene carbonate (see Figure 3).°
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Figure 3. Overlay of the carbonate groups from propylene carbonate
(dotted) and cyclohexene carbonate (solid).

Indeed, we have quantified the product selectivity for cyclic
carbonate VS polycarbonate production in processes catalyzed by
(salen)Cr'™Cl derivatives. Comparative kinetic measurements were
performed as a function of reaction temperature to assess the
activation barrier for production of cyclic carbonates and
polycarbonates for the two different classes of epoxides, i.e.,
alicyclic(cyclohexene oxide) and aliphatic(propylene 0xide).6 As
anticipated in both instances the unimolecular pathway for cyclic
carbonate formation has a larger energy of activation than the
bimolecular enchainment pathway. That is, the energies of activation
determined for cyclic propylene carbonate and polypropylene
carbonate formation were 100.5 kJ-mol' and 67.6 kJ-mol’
respectively, as compared with the corresponding values for cyclic
cyclohexyl carbonate and polycyclohexylene carbonate production of
133 kJ-mol™ and 46.9 kJ-mol”'. The small energy difference in the
two concurrent reactions for the propylene oxide/CO, process (33 kJ-
mol™) accounts for the large quantity of cyclic carbonate produced at
elevated temperatures in this instance.

We have examined a wide variety of (salen)CrNu, where Nu =
nucleophile, derivatives as catalysts for the copolymerization of
epoxides and carbon dioxide, however at this time we will focus on
one of the more active derivatives thus far investigated, complex 1
(see Figure 4). The presence of a cocatalyst which can bind to the
axial vacant site at the chromium center has been shown to improve
the activity of complex 1 (see Table 1).

—N., Ni

K
Cr.

/\\

Bu
Bu 'Bu

Figure 4. Typical (salen)Cr'"™Nu (1), Nu = Cl(1a) , N3(1b), catalyst
for the copolymerization of epoxides and carbon dioxide.

Table 1. Copolymerization Data Using Different Cocatalysts.?

%

Complex Cocatalyst (eq) TON® TOF*® carbonate

N-methylimidazole (5) 95 24 69%

1a PPh; (3)° 157 39 96%
PCy; (3) 578 145 99%

PPNCI (1)° 1004 251 >99%
N-methylimidazole (5) 189 47 90%

1b PPh; (3) 284 71 96%
PCy;(3) 391 98 97%

PPNCI (1) 1022 255 >99%

* 50 mg of catalyst dissolved in 20 mL of cyclohexene oxide and
injected into a 300 mL Parr autoclave. The reactor was charged to 55 bar
CO, pressure and heated to 80°C for 4 hours. " moles of epoxide
consumed / mol. of Cr. ¢ moles of epoxide consumed / mol. of Cr / hour. ¢
For a 24 hr run, M,, = 22,700 and PDI = 1.55. ° For a 4 hr run, M, = 5980
and PDI = 2.05, whereas for a 12 hr run, M, = 16,800 and PDI = 1.92. ©
For a 10 hr run, M,, = 10,800 and PDI = 1.54.

Scheme 1 summarizes the reaction operative during the
COy/epoxide coupling process. The relative importance of end
pathway is closely linked to the nature of the salen ligand, the
cocatalyst, and the epoxide. For example, while a more electron
donating salen increases the rate of polymerization with cyclohexene
oxide, this seems to have the opposite effect for propylene oxide and
tends to decrease the rate of conversion for both cyclic and polymer.
A similar situation was observed when changing the cocatalyst,
where triphenylphosphine has been shown to produce polymer with
no cyclic carbonate, while tricyclohexylphosphine produced mostly
polyether and a small amount of polymer. This is to be contrasted
with the data in Table 1 for cyclohexene oxide and carbon dioxide
copolymerization. Furthermore, as previously demonstrated,
copolymerization using cyclohexene oxide is further enhanced
through the use of anionic cocatalysts. However, when using a
PPN'CI cocatalyst, this was not the case for propylene oxide as
cyclic carbonate was the major product.
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Finally, the use of other epoxide substrates based on the
cyclohexyl backbone in the copolymerization with carbon dioxide,
such as [2-(3,4-epoxycyclohexyl)ethyl]trimethoxysilane, offers the
opportunity of affording industrially useful thermoplastics via
crosslinking of the silane units.’
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Introduction

Recently, the chemistry of carbon dioxide has received much
attention', and its reaction with oxiranes leading to five-membered
cyclic carbonate (oxirane-CO, reaction) is well-known among many
examples™. These carbonates can be used as aprotic polar solvent
and sources for polymer synthesis*. In the oxirane-CO, reaction, high
pressure (5-50 atm) of CO, has been thought to be necessary”. The
oxirane-CO, reactions under atmospheric pressure have been
reported® only recently. Many organic and inorganic compounds
including ammines, phosphines, quaternary ammonium salts, and
alkali metal salts are known to catalyze the oxirane-CO, reaction’.
Most purpose of these papers have been to show the reaction
mechanism, the pseudo-first-order reaction rate constant with respect
to the concentration of oxirane, and the catalyst dependence of its
conversion.

In the mass transfer accompanied by a chemical reaction, the
diffusion may have an effect on the reaction kinetics. It is considered
worthwhile to investigate the reaction kinetics of the gas-liquid
heterogeneous reaction such as the oxirane-CO, reaction.

In this study, a chemical absorption mechanism of carbon dioxide
into the toluene solution of phenyl glycidyl ether(PGE) and Aliquat
336(QX), and the experimental value of the equilibrium reaction
constant between PGE and Aliquat 336 were presented, from which
the reaction rate constant of reaction of CO, was obtained using the
measured molar flux and liquid-side mass transfer coefficient of CO,
at 85°C and 1 atm.

Theory
The overall reaction between PGE and CO, at atmospheric pressure
of CO, is presented as follows’.

Q O, (A) PN )

R ®) cat (QX)
The overall reaction (1) in this study is assumed to consist of three
steps as follows”;

The three steps are (i) a reversible reaction of PGE and QX to form
complex, C,, (ii) reaction of C, and carbon dioxide to form
complex,C,, and (iii) dissociation reversible reaction of C, to form
QX and five-membered cyclic carbonate.

@
B+QX == (,
A+ C—q (i1)
C, = QX +C (iii)

The mass balances accompanied by the overall reaction
(A + B—*P), which consists of reaction(i)-(iii), and initial and
boundary conditions are presented as follows,

0’ [A] 9[A] (2
=——+k_[A]B
P o [A][B]

A

8*[B] _ 4[B] 3)

cl ﬁ—7+ch[A][B]
0z ot
t=0,z>0;[A]=0,[B]=[B], 4)
t>0,z=0;[A]:[A]i,?=0 ®)
Z
t>0,z =0;[A]=0,[B] =[B], (6)

The mass balances, (2) and (3), and the conditions, (4)-(6) are
rearranged the dimensionless forms as follows;

0%a moa @)
—=——+mab
ox* 400
0 =w ob ®)
— =—-Tr—_—+vrqmab
ox 4 00
0=0,x>0;a=0,b=1 9
9>0,x:0;a=1,0—b=0 (10)
ox

0>0,x=0;a=0,b=1 (11)
where,

AL Bzt Dy (AL

[A]; [B], 5 t, ky [B],
4D, __k[BLD, D,
¢ ok’ k2 Dy’

The enhancement factor(B), which is defined as ratio of absorption
rate of CO, with chemical reaction to that without the chemical
reaction, is presented as follow;

5 (12)

0X| o
The measured enhancement factor, which is obtained under the given
experimental condition such as concentration of PGE, Aliquat336,
and the agitation speed of the impeller, is used to get the reaction rate
constant by the comparison of its value with the value estimated from
Eq.(12).

Experimental

Absorption experiments were carried out in a semi-batch flat-stirred
agitated vessel constructed of pyrex glass of 0.075 m inside diameter
and of 0.13 m in height. Four equally spaced vertical baffles, each
one-tenth of the vessel diameter in width, were attached to the
internal wall of the vessel. A straight impeller with 0.034 m in length,
0.017 m in width and 0.005 m in thickness was used as the liquid
phase agitator and located at the middle position of the liquid phase
of 0.3 dm’. The absorption rates of CO, were obtained from the
difference of the flow rate of CO, between inlet and outlet of the
vessel at 85°C. The molar flux of CO, absorbed into the liquid was
obtained from the measured rate of absorption.

Results and Discussion

The concentration profiles of components A and B can be obtained
by the numerical analysis (FEMLAB) of the equations (7) and (8).
The estimated values concentration of component A and B are shown
in Fig.1 under the typical reaction condition such as [PGE]= 0.1
kmol/m®, [QX]= 0.05 kmol/m®, T= 85°C. As shown in Fig.1, the
concentration of CO, decreases and that of B increases as the depth
of the liquid increases. Using the measured molar flux of CO,
according to the change of fed concentrations of component, PGE
and QX, the reaction rate constant of the reaction (1), which can be
obtained under the boundary condition such as [A]=0 at z=0, is 0.53
m’/kmol's at 85°C.
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Figure.1l. Concentration profile of A and Cl1.
([B]4=0.1 kmol/m?, [QX],=0.05 kmol/m®, T=85°C)

The measured value of absorption rate of CO, at the concentration of
PGE in the range of 0.1~2.0 kmol/m’, that of Aliquat336 of 0.05
kmol/m®, and the agitation speed of impeller of 50 rev/min are plotted
against the concentration of PGE in Fig. 2. As shown in Fig.2, the

absorption rate of CO, increased as increasing of PGE concentrations.

The reaction rate constant(k,) was estimated by comparison of
enhancement factor obtained from the measured absorption rate of
CO;, in Fig.2 with the value in Eq.(12).

R exp X 10° (kmolis)

3,
B, (kmol/m®)

Figure. 2. Effect of PGE concentration on flux of CO,.
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Figure. 3. Effect of PGE concentration on reaction rate constant.
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Figure. 4. Effect of QCI concentration on reaction rate constant.

The values of k, are plotted against the concentration of PGE in Fig.3.
As shown in Fig.3, the reaction rate constants are constant as 0.434-
0.592 m*/kmol.s at the PGE concentration in the range of 0.5-2.0
kmol/m®. Also the values of k,, which are estimated by using the
experiments at the concentration of PGE of 1.0 kmol/m® and those of

Aliquat336 in the range of 0.01-0.15 kmol/m’, are plotted against the
concentration of Aliquat336 in Fig.4. As shown in Fig.4, the reaction
rate constants were constant in the range of Aliquat 336
concentrations.

Conclusion

Carbon dioxide was absorbed into the toluene solution of phenyl
glycidyl ether(PGE) as a oxirane and tricaprylylmethylammonium
chloride (Aliquat 336, QX) as a catalyst using a semi-batch flat-
stirred absorber at 85°C and latm to obtain a five-membered cyclic
carbonate, phenoxy methyl ethylene carbonate. The reaction
mechanism of oxirane — CO, reaction divided into three steps was
used to obtain the reaction kinetics using the mass balance equations.
The reaction rate constant in the overall reaction between CO, and
PGE was obtained by the numerical solution of the mass balance
equation using the measured molar flux of CO, and the liquid-side
mass transfer coefficient of CO, at given concentration of PGE and

QX.
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Introduction

To totally solve the problems of pollution and green house
effects, the ultimate mean is to use renewable energy
source such as solar energy which has been used by nature
through photosynthesis for billion years. Hydrogenases are
a class of natural enzymes which catalyse the metabolism
of hydrogen in cyanobacteria and other microorganisms.
They can thereby function either as sinks for energy-rich
electrons or provide the organisms with reducing power
from hydrogen oxidation."® Hydrogenases are generally
divided the nickel-iron (Ni-Fe)
hydrogenases and the iron only(Fe-Fe) hydrogenases,

into two families,

reflecting the different base metals present in the active site.

Biologically, the two families differ from each other. The
Ni-Fe hydrogenases seem to be more involved in hydrogen
oxidation, whereas the iron only hydrogenases tend to
catalyse preferentially the production of hydrogen.*® It is
this remarkable ability of the iron only hydrogenases which
has inspired chemists of the bioinorganic community to
synthesize close mimics to the active site of the natural
system in the search for active hydrogen production
catalysts.®® From crystallographic as well as theoretical
studies of the enzyme, the active site is known to consist of
two iron nuclei, which are in bonding distance.”'® They are
linked by a dithiolate bridge, recently suggested to possess
the structure S-CH,-NH-CH,-S (azadithiolate = ADT).'"*?
Apart from a cysteine-linked [Fe,;S,] cluster which is part

of the electron transfer chain to and from the active site,

diatomic ligands carbonyl and cyanide occupy the
remaining coordination sites around the iron nuclei.

As biomimetic models for the active sites of Fe-only
Hydrogenases, numerous reports have emerged in the
bioinorganic literature.”** We have recently described the
concept of light-driven proton reduction, using a ruthenium
polypyridine complex as the light-harvesting component
and a biomimetic model of the iron hydrogenase as proton
activation catalyst.??* This projected process commences

with the absorption of a photon by the ruthenium

Br@w\\

S
OC*Fe_//i\\FeZ——

oc CO ¢ co

photosensitizer. The

photo-excited

ruthenium complex is

oxidatively quenched

co by the dinuclear iron

site, giving rise to a

1 reduced iron species.

After regeneration of the photosensitizer (by an external

electron donor), this process is repeated to afford a doubly

reduced diiron species which could then drive the
reduction of protons.

Br In this

biomimetic systems 1 and 2

where a 2-aza-1,3-dithiol

paper  two

N\\ bridged Fe-dimer
S..S complexes  have  been
OC—Fe// \\Fe—co synthesized and

characterized. The catalytic
hydrogen
these two

oc CO ¢ co
2

complexes have been investigated.

electrochemical
evolution of

Results and discussion

The bromo-substituted iron complexes 1 and 2 were
synthesized by applying a recently published procedure for
the preparation of some related complexes.” Thus, the
lithium salt of diironhexacarbonyldisulfide was reacted
with the respective N,N-di(chloromethyl)-4-bromoaniline
and N,N-di(chloromethyl)-4-bromobenzylamine, which in
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turn were synthesized from the p-bromoaniline and
p-bromobenzylamine in two steps.

From the X-ray crystal structure it is shown that the
[(u-S),Fe,(CO)e] unit of 1 is very similar to those found in
other [(u-S),Fe,(CO)e] structures reported.”® In the central
[(u-SR),Fe,(CO)g] unit the two Fe atoms and the two S
atoms form a butterfly conformation in which the metal

atoms are connected to each other through a Fe-Fe single
bond (2.494 A). In contrast to the Fe-Fe distances the S---S
contacts vary slightly more, 3.075 A. The Fe-C and C-O
distances and Fe-C-O angles are all normal with one
exception. The Fe-C-O angles for the carbonyls closest to
the amine functionality (i e trans to the Fe-Fe bond) in 1
deviate significantly from the expected 180° linear
arrangements with value of 175.6(7)°. The non-bonding
C--N distance between the amine and the closest carbonyl
carbon atom in 1 is 3.578 A. Moreover, the nitrogen atom
deviates from the plane defined by C7, C8 and C9 by
0.174(5) A. This non-planarity ruptures the potential =
-conjugation between the phenyl ring and the nitrogen

p-orbital.

In contrast to the structure features of 1, the benzyl moiety
in complex 2 resides in a pseudo-equatorial position of the
mettaloheterocycle with the nitrogen lone-pair pointing
towards an iron nucleus. In the crystal structure, the
non-bonding C---N distance between the amine nitrogen
and the nearest carbonyl carbon atom in 2 is significantly
shorter than that in 1 (3.0 A vs. 3.5 A). After protonation of
2, a close proximity of the proton to the diiron active site
can therefore be anticipated. In acetonitrile solution of 2 in
the presence of HCIO,, an acidic form 2H" has been
observed by "HNMR. The UV-Vis absorption maximum is
shifted from 328 nm to 332 nm. Two isobestic points at
325 and 362 nm are preserved during the titration,
indicating the formation of a single protonation product.
Electrochemical hydrogen evolution has been observed in
case of 2 at the reduction potential of -1.5 V vs. Fc%Fc".
The turnover numbers of this catalysis have been
determined as 25. No hydrogen production was found
without the complex 2 at the same condition. The catalytic
mechanism for this process is proposed as shown in

Br Br
H*

N &
L (]
X SS

oc COpd co oc COOC CO

H2 .
+e + e
Br. Br.
N©® H* N®
(T H ([ H
SS

,/S/{\ N

OC7F:‘?\H/FTI"TCO OCfF;e S Fe,jCO
oC co COCO

Scheme-1. This is the first example of electrochemical
hydrogen production catalysed by a novel biomimetic
model of hydrogenase active site, where a 2-aza-1,3-dithiol
bridged Fe-dimer complex has been used.

oc’co T ¢t
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Introduction

Recently, the chemistry of carbon dioxide has much attention,
since carbon dioxide is the most inexpensive and infinite carbon
resources. Furthermore, greenhouse effect due to carbon dioxide has
gained much attention and decreasing atmospheric carbon dioxide is
a critical problem.! From these viewpoints, many chemists have
studied on development of efficient methods for CO, recovery.
Among them, chemical CO, fixation by primary or secondary
amines have been most intensively studied and have become one of
the most promising methods for CO, recovery.? However, detailed
study concerning CO, fixation by tertiary amines.  Reaction of
epoxide with CO, is also attractive candidate for efficient CO,
fixation; however, high pressure of CO, has been generally
necessary.® In the course of our works on chemical CO, fixation, we
present the reversible CO, fixation by amidine derivatives and the
reaction of epoxides with CO, under atmospheric pressure leading to
the cyclic carbonate.

Experimental

Materials. N-Methyltetrahydropyrimidine (MTHP) was
synthesized according to the reported procedure.* Epoxides were
distilled from CaH, and stored under nitrogen. N,N-
dimethylformamide (DMF) and N-methylpyrrolidone (NMP) were
dried and distilled from CaH,.

Instruments.  H-NMR and **C-NMR spectra were recorded
with JEOL JNM-270EX or JEOL JNM-GX500 spectrometer with
tetramethylsilane (TMS) as an internal standard. IR spectra were
recorded with a Jasco FT/IR-5300 spectrometer. Size exclusion
chromatography (SEC) was used to determine number average
molecular weight (Mn) and molecular weight distribution (Mw/Mn)
of polymer samples with respect to polystyrene standards (Tosoh).

Reversible CO, fixation by MTHP. CO, was bubbled into
anhydrous DMF solution (10 mL) of MTHP (982 mg, 10 mmol) at
25 °C for 3 h to afford MTHP-CO, in quantitative fixing efficiency
(weight increase in the reaction mixture was 440 mg). Subsequently,
a DMF solution of MTHP-CO, was heated to 65 °C for 2 h to
regenerate MTHP quantitatively. The cycle was repeated two times.
The structure of MTHP-CO, was confirmed by 'H NMR, **C NMR,
and IR spectra.

Reaction of epoxide with CO,. A mixture of epoxide (10
mmol), catalyst (5.0 mmol), and naphthalene (0.128 g) was
introduced in a two-necked flask equipped with a rubber septum.
After the atmosphere was replaced with CO,, 10.0 mL of NMP was
introduced using a syringe through a rubber septum to dissolve the
mixture. The solution was allowed to stand at 100 °C with
continuous stirring.  Periodically, a small portion of the reaction
mixture was removed out through rubber septum, diluted with
dichloromethane, and washed with water. The organic extract was
analyzed by HPLC to estimate the conversion of epoxide and yield of
carbonate using naphthalene as an internal standard.

Results and Discussion
1. Reversible CO, Fixation by Amidines

The CO, fixation by primary or secondary amines to afford
the corresponding ammonium carbamates have been already
reported,”> however, detailed study concerning CO, fixation by
tertiary amines have not been carried out. Recently, we have found

that N,N,N’-trialkylamidines, such as N-methyltetrahydropyrimidine
(MTHP) can construct reversible CO, fixation, where CO, was fixed
at 25 °C and was released at 65 °C quantitatively (Figure 1).
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Figurel. Reversible CO, fixation and release by MTHP in DMF.

Conditions: ® under CO, flow (200 mL/min). b) under N, flow

(200 mL/min).

2. Reversible CO; Fixation by Polymer Bearing Amidine Moiety

The polymer bearing amidine moiety (poly(THPSt)) was
prepared by the synthesis of 4-(1,4,5,6-tetrahydropyrimidine-1-
yl)methylstyrene (THPSt) and its radical polymerization.
Poly(THPSt) could fix CO, in N,N-dimethylformamide (DMF) at
25 °C in 73 % fixing efficiency (Scheme 1).

Scheme 1

S5
=)

CO,
- >
DMF, 25°C, 1h )'i_
S N
poly(THPSt)

The CO, fixation in the solid state using polymer bearing
amidine moiety may be one of the most simple, economical, and
effective methods for CO, recovery. Poly(THPSt) was found to fix
CO; in the solid state (30 %). The copolymer of THPSt with N-
vinylacetamide (NVA), poly(THPSts-co-NVAg,) exhibited the
higher fixing ability (48 %) than poly(THPSt), presumably due to
the decrease in steric hindrance between the adjacent pendant groups.
Poly(THPSts-co-NVAg,) was cast from its MeOH solution to form a
film that could fix CO, at 45 °C in 34 % fixing efficiency. As shown
in Scheme 2, the film could conduct the reversible CO, fixation,
where CO, was fixed at 45 °C and was released at 95 °C.

Scheme 2
50 50 50 * 50
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0 Ny, 95 i€ 08
NN NN

N K
poly(THPSt5o-co-NVAs5 )
film (ca.0.014 um)
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3. Reaction of Epoxide with CO,
The reaction
of epoxides with
0 CO, have been

0 co, )k already reported.
f } _ (@] However, high

R catalyst >_F pressure of CO,
R is generally
necessary.> We have
found that alkali metal halides such as lithium bromide show high
catalytic activity for this reaction to afford the five-membered cyclic
carbonates under atmospheric pressure in excellent yield.® The order
of intrinsic activity is following order: chloride > bromide > iodide,
which is the order of nucleophilicity of the anion, and lithium salt >
sodium salt > benzylammonium salt, which is in accord with the
order of Lewis acidity of the cation. The reaction may proceed via
nucleophilic attack of halide to epoxide to form j -haloalkoxide

which reacts with CO, followed by cyclization (Scheme 4).

Scheme 3
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4. Polymer Reaction of Polymer Bearing Epoxide Moiety with
CO,

The incorporation of CO, into the polymers bearing
epoxide moiety under atmospheric pressure is useful from the
viewpoint of CO, fixation and the functionality of produced cyclic
carbonate. Quantitative incorporation of CO, into poly(glycidyl
methacrylate) was accomplished in the presence of Nal and PhsP as
catalyst under atmospheric pressure of CO, (Scheme 5).” The
polymer could react with primary amines selectively at room
temperature to afford the corresponding polymer containing 2-
hydroxyethylurethane moiety quantitatively.

Scheme 5

co,
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COO/\Z (4 mol %)

5. Syntheis of Bis(cyclic carbonate)s and Their Polyaddition with
Diamines

Bis(cyclic carbonate)s were prepared by the reaction of the
corresponding bis(epoxide)s with CO,. Polyaddition of bis (cyclic
carbonate)s and  diamines afforded the  corresponding
poly(hydroxyurethane)s with Mn 20,000-30,000 in excellent yields
(Scheme 6). The presence of water, methanol, or ethyl acetate in the
solvent had little effect on Mn of the resulting polymer, indicating the
high chemoselectivity of the polyaddition reaction.?

Scheme 6
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OH

1
OH

Conclusion

In this paper, we described several examples for the CO,
fixation by amidines and epoxides. The reversible fixation—release
system of CO, by amidine and the polystyrene derivatives having
amidine moiety were accomplished. The reaction of epoxide with
CO, in the presence of alkali metal halides proceeded under
atmospheric pressure to afford the corresponding five-membered
cyclic carbonate in excellent yield. Further, this reaction was applied
to polymer system, i.e., quantitative incorporation of CO, into
poly(glycidyl methacrylate) and polyaddition of bis(cyclic
carbonate)s and diamines to afford the poly(hydroxyurethane)s.
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Introduction

The utilization of carbon dioxide, which is known as a main
contributor to the greenhouse effect, has been of global interest from
both fundamental and practical viewpoints in green chemistry.! The
application of supercritical CO, is one of the most exciting ideas to
replace volatile organic solvents in green chemistry approach.” As
another way of the utilization, it is worthwhile to note that carbon
dioxide can be used as an oxygen source or oxidant. It has been
proposed that carbon dioxide plays a role as the soft oxidant to
abstract hydrogen from simple or functionalized hydrocarbons
through the catalytic activation of carbon dioxide to form CO and
oxygen species.>’

Vapor-phase dehydrogenation of ethylbenzene (EBDH) is a
representative process to produce styrene (SM), an important
monomer for synthetic polymers. This is one of the ten most
important industrial processes. However, it is thermodynamically
limited and, moreover, very energy - consuming process. As an
alternative way, the oxidative dehydrogenation of ethylbenzene (EB)
has been proposed to be free from thermodynamic limitation
regarding conversion, operating at lower temperatures with an
exothermic reaction.® However, this process with use of strong
oxidant, oxygen, suffers from loss of selectivity for styrene due to the
production of carbon oxides and oxygenates. Recently, the utilization
of carbon dioxide as an oxidant for the EBDH has been attempted to
explore new technology for producing styrene selectively. We have
recently developed a novel process for dehydrogenation of
ethylbenzene to produce styrene using carbon dioxide as soft oxidant,
so-called SODECO, (Styrene Production via Oxidative
Dehydrogenation of Ethylbenzene with Carbon Dioxide as Soft
Oxidant) process. This work deals with characteristics of this novel
process.

CH,CH,

CH=CH,
T F CO,

I\ﬁ_ ‘,*I

T

/f__“'“‘u_ -~
@)
Results and Discussion

The EBDH reaction is generally carried out in vapor phase at 600 -
650°C under steam. The important roles of steam in the industrial
dehydrogenation of EB are classified as follows: providing heat to the
endothermic dehydrogenation, diluting EB in order to increase
equilibrium conversion, and preventing coke deposition on the
catalyst.’* Although steam is widely used in the EB dehydrogentaion
due to these beneficial roles, the use of steam has a drawback of
losing latent heat of condensation during subsequent separation
particularly in a mass process.? Characteristics of steam and
carbon dioxide are summarized in Table 1. It is easily presumable
that carbon dioxide can play the same beneficial roles of steam
mentioned above.

+ CO+ HO

Table 1. Comparison of Carrier Gases for Dehydrogenation of

Hydrocarbons
Characteristics ~ Steam Carbon Dioxide
Function Not oxidant Soft oxidant
Diluent Diluent
Heat capacity ~ Medium High
(37.0 J/mol-K at 673K)  (49.1 J/mol-K at 673K)
Advantage High selectivity High selectivity

Catalyst stability
Coke resistance
Keeping oxidation
state

Expensive diluent
Highly endothermic
High latent heat
High operation cost

Activity enhancement
Equilibrium shift
Cheap carrier gas
Disadvantage Not commercialized
Endothermic
Catalyst deactivation

In the case of steam as diluent, it has been pointed out that the
present commercial processes require an excess of superheated steam
(steam/EB = 7 - 12 mol/mol), so that they consume a large amount of
latent heat of steam upon condensation at a liquid-gas separator
following a reactor.® Moreover, in conventional dehydrogenation
units, selectivity and conversion are linked so that high conversion
and high selectivity cannot be achieved simultaneously. To achieve
high selectivity, conventional plants are limited to less than 70 %
conversion. For overcoming these drawbacks, the ABB/UOP
SMART™ (Styrene Monomer Advanced Reheat Technology)
process has been recently proposed (See http://www.uop.com/
petrochemicals/processes_products/smart_sm_intro.htm). The major
reactions in the process are the EBDH to styrene and the subsequent
oxidation of the hydrogen produced in the first reaction. This
hydrogen is reacted with oxygen over a highly selective catalyst. In
the process, the removal of hydrogen from the process substantially
increases single-pass EB conversions while maintaining high SM
selectivity.

We propose here another process using carbon dioxide in order to
solve the problems due to use of steam such as high-energy
consumption and thermodynamic limitation. The main concept of this
new technology is started from the utilization of carbon dioxide as
the soft oxidant in oxidative catalysis. We pay attention to the
possibility to utilize oxygen atoms of a carbon dioxide molecule as
the oxidant to abstract hydrogen atom in dehydrogenation of
hydrocarbons because the C-H bond dissociation through the
hydrogen abstraction with oxygen species is generally accepted to be
the rate-determining step in dehydrogenation of hydrocarbons. Thus,
the main role of CO, in the process is illustrated to play the function
of hydrogen abstraction from ethyl group of ethylbenzene, leading to
the enhanced activity as well as selectivity over the catalysts that are
capable of activating CO, to generate atomic surface oxygen.

Besides the role of CO,, another important thing to consider for the
CO;, utilization is how to and where to bring a large amount of CO,
with high concentration. Fortunately, there are many processes to
produce CO, by-product with relatively high concentration in
petrochemical industry, for example, gas-phase partial oxidation,
reforming, etc. Based on these ideas, we propose the new process for
producing styrene, so-called the SODECO,. In addition to the above
advantages, it is advantageous in the SODECO, process that very
cheap carbon dioxide thus obtained from by-product of petrochemical
oxidation or reforming process is utilized without further purification
instead of using expensive steam diluent. Subsequent advantages of
the process are: (1) energy saving by the replacement of steam which
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requires high loss of latent heat of water, (2) easy retrofit of current
steam processes, and (3) lower reaction temperature due to the ability
of equilibrium alleviation, etc. Figure 1 shows the schematic diagram
of the SODECO, process that was constructed based on the above
concepts.

Water gas
€O, Separator shift reactor
Hyd
ydrogen e Steam
off-gas
. Reactant H/CO/CO,
without
COpuriﬁcatiﬂn Dehydro- Condensation
') genation —’@—- and sep aration
Treactor reactor Separator [— CO,
(Recycley
off-gas Alkylhenzene
Hydrogenation
Petrochemical reactor
oxidation process Alkenylbenzene
(product) Oxygenated
compounds

Figure 1. Schematic diagram of the SODECO, process.
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Figure 2. Catalytic activities of CO,-EBD and commercial steam-
EBD catalysts. Reaction conditions: Temp. = 600°C, LHSV = 1.0 h?,
CO,/EB = 1/1. Reaction condition: P = 0.75 atm, LHSV = 1.0 h-1,
CO,/EB = 5/1 (CO2 Cat.) H20/EB = 10/1 (Steam Cat.) Catalyst
volume = 100 ml. For CO,-EBD reaction, CO, conversion = 42% at
560°C.

The dehydrogenation catalyst employed comprises oxygen-
deficient iron oxide or vanadium oxide and promoters with transition
metal oxides. In the case of iron oxide-based catalyst, oxygen-
deficient iron sites can produce CO efficiently from the CO,
dissociation, and the adsorbed oxygen on the catalyst surface can also
play a role on hydrogen abstraction from EB. Dispersion of the
oxygen-deficient sites or oxygen defects in the catalyst appears to be
more efficient for the CO, dissociation and thereby the oxidative
dehydrogenation of EB. In the case of vanadium oxide- based
catalyst, redox behavior of vanadium oxide is found to play a key
role in accordance with Mars-van-Krevelen mechanism. Carbon
dioxide for this reaction is used as the soft oxidant to provide oxygen
species on reduced catalyst surface and, consequently, reoxidize the
reduced vanadium species. Figure 2 illustrates characteristic behavior
of the dehydrogenation catalyst employed in CO,-EBDH according
to reaction temperature, clearly indicating that the designed catalyst
for CO,-EBDH can experimentally alleviate the chemical equilibrium
of EBDH with steam.

The present process in this work is demonstrated under the mini-
pilot plant operation equipped with the multi-tubular heat exchanger-
type fixed-bed isothermal reactors. Table 2 compares the operation
conditions and results of the commercial steam and SODECO,
processes. Through the scale-up work for the process, using CO, as
the oxidant high selectivity for styrene (>97%), activity enhancement
(> 30%) and a drop in reaction temperature (40-50°C) through
equilibrium alleviation have been accomplished and compared with
conventional dehydrogenation process. Moreover, the energy
consumption required for the EB dehydrogenation using carbon
dioxide is estimated to be much lower (> 30%) than that for the
currently operating process using steam.

Table 2. Comparison of catalyst performance between
commercial and SODECO, processes.

Conditions Commercial Process SODECO, Process
Temp. (°C) 575-675 525-575
Pressure (atm) 75 75
LHSV (h) 0.75-1 1.0
Carrier/EB (mol) 8-12 2-10
Styrene yield (%) 60-66 55-65
SM Selectivity (%) 94.0-96.5 97.0-98.0
Catalyst lifetime 2 years In research
By-products H,, BTX BTX, CO/H,

=1.0-15

Conclusions

This work demonstrates that the utilization of carbon dioxide as
soft oxidant in dehydrogenation of ethylbenzene to styrene can
produce the novel process, SODECO,. This process has several
beneficial advantages: (1) energy saving by the replacement of steam
which requires high loss of latent heat of water, (2) lower reaction
temperature due to the ability of equilibrium alleviation, and (3) use
of very cheap CO, thus obtained from by-product of petrochemical
process without further purification.
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Introduction

Carbon dioxide is considered as a major greenhouse gas causing
the global warming problem. To find a solution, many attempts have
been made through out the world, among which, biological CO,
fixation (BCF) is thought to be an environment friendly way to
remove CO, using microalgal photosynthesis. Up to now, microalgae
biotechnologies have been practiced to convert CO, emitted from
power plant [1] and lime production plant [2] into algal biomass.
However, there still exist some problems remaining unsolved, such
as lower CO, conversion rate, high concentration O, evolved in
photosynthesis, which cause inhibitory effects on cell growth.

Astaxanthin is a kind of high value carotenoid (US$2500/kg)
possessing strong biological antioxidation. Haematococcus pluvialis
and Phaffia rhodozyma are the two main different species of
microorganisms used in the production of astaxanthin through
biotechnology. H. pluvialis is a green alga that absorbs CO, and
evolves O, in photosynthesis; While, P. rhodozyma is a sort of red
yeast which can use a variety of organic materials as fermenting
substrates, generating CO, and carboxylic acids[3-4], which restrain
both cell growth and astaxanthin formation of the red yeast. On the
contrary, O, is required for astaxanthin synthesis in P. rhodozyma
fermentation [5]. However, at present, both of the two species are all
cultured purely, and under this culture regime, astaxanthin
production declines due to the changes of pH, CO, and O,
concentrations in the media through out the culture process. In this
study, the mixed culture method for H.pluvialis with P. rhodozyma
was used trying to fix CO, released in red yeast fermentation
simultaneously and also to stimulate astaxanthin production.

Materials and Methods

Microorganisms. H. pluvialis and P. rhodozyma(AS2-1557)
were obtained from Institute of Hydrobiology and Institute of
Microbiology , Chinese Academy of Science respectively. H.
pluvialis was maintained at 4°C in a liquid BBM medium; P.
rhodozyma was maintained on a slant of yeast malt agar (YM agar,
Difco) at 4°C.

Culture Media and Conditions. The seed culture of H.
pluvialis was prepared by transferring 5ml of the alga liquid culture
into a 500ml-flask containing 100ml BBM medium (supplemented
with 0.25¢/I acetate). The seed culture of P. rhodozyma was prepared
by inoculating the yeast from the fresh slant into a 500ml flask
containing 100ml YM medium. Both cultures were shaken at 110
rpm in an orbital shaker (with top cool white fluorescent lamps) at
23.8°C under light intensity 151 mol photons/m’. s for 48h. Pure
cultures of H. pluvialis and P. rhodozyma were conducted by
transferring 3ml seed cultures into 250ml-flasks containing 30ml
culture media respectively. Mixed cultures were conducted in the
same way except that the inoculum contained 1.5ml of each seed
culture. The flasks were incubated underl2 u mol photons/m’. s
constant light intensity (adjusted to 30 1 mol photons/m’. s after

48h) provided by top cool white fluorescent lamps at 23.8°C, 110rpm
in a rotary shaker for 120h.Culture media were prepared from BBM
by supplementing it with glucose, the glucose concentrations (g/lI)
were as follows: 3, 5, 10, 15, 20, 25 respectively.

Biomass Measurement (dry cell weight). 5ml samples of each
culture were centrifuged at 5000rpm for 10 min, the supernatants
were transferred into 50ml tubes for residual sugar and nitrogen
analysis, the cell pellets were rinsed with distilled water twice, then
dried in a electrical oven at 105°C for 2h to constant weight.

Determination of Residual Sugar. Residual sugar in the
culture media was quantified by DNS method.

Astaxanthin Extraction and Quantification. H. pluvialis pure
culture and mixed culture: cells were harvested by centrifuging 5ml
samples at 5000 rpm for 10 min. The supernatant was discarded, the
cell pellets were re-suspended in 3ml 30%(v/v) methanol containing
5% KOH (w/v) and heated at 70°C in a water bath for 5 min to
destroy the chlorophyll. The mixture was centrifuged and the
supernatant discarded, the remaining cell pellets were extracted with
2ml dimethyl sulphoxide and 5 ml acetone. All the steps were carried
out in the dark. For P. rhodozyma pure culture, the extraction process
was conducted in the same way with an exception of chlorophyll
destroying step. Astaxanthin was quantified by HPLC using a
250%x4.6 mm Ultrasphere Cyg column, the eluting solvent was ethyl
acetate: methanol: water=5:18:2 (v/v/v) with a flow rate of 1 ml/min,
peaks were measured at 480 mm.

Results and Discussion

Mixed cultures were compared with pure cultures of H. pluvialis
and P. rhodozyma on four aspects: biomass, glucose utilization
efficiency, glucose conversion rate, and astaxanthin production, just
trying to find out the feasibility of combining CO, fixation with
astaxanthin production.

Table 1. shows that the biomass concentrations of mixed
cultures of H. pluvialis and P. rhodozyma were much higher than
those of the two pure cultures, which were nearly the sum of the two
pure cultures when glucose concentration was in the range of 3-5¢/1,
and increased as the glucose concentration rose. On contrast, biomass
concentrations of pure cultures of H. pluvialis and P. rhodozyma
decreased when glucose concentrations were higher than 10g/l and
159/l respectively.

The reason for higher biomass production of mixed cultures may
be as follow: CO, released through P. rhodozyma fermentation could
be absorbed by H. pluvialis for photosynthesis, since the dissolved
CO;, in the culture medium is very low and could not meet the need
of H. pluvialis, so supplementing CO, or sodium acetate are required.
To deal with this problem, usually air or pure CO, were pumped into
the high-cell-density microalgal cultures. In this way, however, CO,
conversion rate is not high. While, in the mixed cultures of H.
pluvialis and P. rhodozyma, CO, releasing and uptaking, both
processes took place in the same medium, gas exchanged much
easily and more efficiently. This conclusion is also confirmed by the
results of glucose utilization efficiencies, as shown in Figure 1. For
mixed culture and P. rhodozyma pure culture, glucose could be
utilized totally when its concentration was below 20 g/l, but for H.
pluvialis, glucose could not be wused efficiently when the
concentration was higher than 5g/I. Taking biomass concentrations
and glucose conversion rates of the three cultures into account, the
glucose conversion rates of mixed cultures were higher than both of
the pure cultures of the two species, and lower glucose
concentrations resulted in higher utilization efficiencies and
conversion rates, especially when glucose concentration was between
3-5g/1 ( Figure 2), this is
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because higher glucose concentration inhibits both H. pluvialis and
P. rhodozyma growth. Therefore we can conclude that CO, evolved
from the red yeast P. rhodoxyma fermentation was absorbed or fixed
rapidly by the green alga H. pluvialis in the process of
photosynthesis, the highest glucose conversion rate (52.0%) was
obtained by mixed culture when glucose concentration was 3g/l,
which indicates, for CO, fixation purpose, lower glucose
concentration is more favorable and fed-batch culture techniques
should be employed

Table 1. Biomass production of Different Cultures.

Biomass production ( DCW g/l )

Glucose (g/l) Mixed culture H. pluvialis P. rhodozyma
3 1.56+0.01 0.54+0.04 1.12+£0.13
5 2.45%0.02 0.61+0.12 1.42+0.08
10 3.32+0.35 0.69+0.47 3.22+0.07
15 4.82+0.19 0.68+0.22 5.11+0.11
20 5.32+0.31 0.65+0.11 5.08+0.02
25 5.70+0.28 0.62+0.13 5.02+0.01

. Data are expressed as mean + standard deviation of three replicates

Table 2. Astaxanthin Production of Different Cultures.

Volumetric astaxanthin content ( mg/l )

Glucose (g/1) Mixed culture H. pluvialis P. rhodozyma
3 12.95+0.11 3.6810.16 1.09+0.03
5 8.86+0.09 2.99+0.12 1.61+0.13
10 6.50+0.15 2.34+0.17 1.95+0.11
15 5.62+0.12 2.02+0.13 2.050.07
20 2.15+0.08 1.96+0.04 1.51+0.02
25 2.10+0.10 1.71+0.03 1.360.04

Data are expressed as mean + standard deviation of three replicates

Table 2. summarizes the astaxanthin production of different
cultures. Mixed culture could remarkably promote astaxanthin
production comparing with the two pure cultures, which are more
than the sum of the two single cultures when glucose concentration
was in the range of 3-15g/l. Maximum volumetric astaxanthin
production 12.95 mg/l was obtained by mixed culture when glucose
concentration was 3mg/l, which was 3.5 and 11 times that of H.
pluvialisand P. rhodozyma pure cultures respectively.
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Figure 1. Glucose utilization efficiency of cultures at different glucose
concentrations

The reasons for this may come from three aspects: (1) O,
released by H. pluvialis in photosynthesis enhances the astaxanthin
production of P. rhodozyma, because the conversion of carotene to
astaxanthin catalyzed by R-carotene hydroxylase and R-carotene
ketolase is oxygen-required, if O, supplying rate is under 30mmol/h,
cell growth and astaxanthin production decline evidently, and
astaxanthin production increases as O, concentration in the medium
rises. (2) Considering biomass, nitrogen and glucose utilization
efficiencies, under mixed culture regime, glucose and nitrogen were
utilized efficiently, and higher biomass concentration was obtained
so as to increase astaxanthin production. Furthermore, higher
nitrogen utilization efficiency resulted in lower nitrogen
concentration in the media, which is beneficial to astaxanthin
formation both for H.pluvialis and P.rhodozyma. (3) pH in mixed
culture keeps constant at 7.0 due to the interaction between H.
pluvialis and P. rhodozyma which is more favorable for astaxanthin
synthesis than pHs are 6.0, 8.0, and 9.0 for H. pluvialis.

Glucose conversion
0,
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OMxed culture
OH pluvialis
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Figure 2. Glucose conversion rate of cultures at different glucose
concentrations

Conclusions

Mixed culture of H. pluvialis and P. rhodozyma presents a new
way for combining CO, fixation with high value co-product
(astaxanthin) formation, promoting glucose utilization efficiency and
conversion rate, keeping pH constant as well as increasing
astaxanthin production. This culture regime lays a foundation for
developing a new technique to put yeast or bacterium fermentation
together with algae cultivation.
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Introduction

Quaternary onium salts are widely used as phase transfer
catalysts in the field of organic synthesis [1]. The quaternary onium
salts bounded to polymer resins have been reported by several authors
[2]. Most published works on resin-bound quaternary onium salts use
styrene-divinylbenzene related resins because large amount of
technology is available on these resins due to their use as ion-
exchange resin support. The polymer-supported catalysts can be
easily separated from reaction mixtures and can be reused, or they
can be used in flow systems such as fixed-bed and fluidized-bed
reactors. However, the polymer-supported catalysts have yet some
drawbacks such as diffusion limitations, high cost, tendancy to swell,
mechanical and thermal instability. Several inorganic supports,
involving metal oxides, zeolites and clays have been substituted for
polymers. Clay material has high physical strength and chemical
resistance towards acid and alkali treatment [3]. Montmorillonite is
one of the most widely used support for immobilized and anchored
catalysts [4]. It is naturally abundant material and available as
inexpensive material. Since the discovery of ordered mesoporous
silica [5], there have been continuous efforts to improve their stability
and catalytic performance. Recently, the incorporation of 3-choloro
propyl methyl substituents on MCM-41 was reported [6].

In our previous work [7], we reported the synthesis of 4-
(phenoxymethyl)-1,3-dioxane-2-one (PMEC) from CO, and phenyl
glycidyl ether (PGE) using immobilized quaternary salt catalysts. In
the present study, we studied the addition of carbon dioxide to
glycidyl methacrylate (GMA). We prepared five differently supported
quaternary ammonium salt catalysts to facilitate their separation after
reaction. The different supports are (1) soluble poly(ST-co-VBC), C1
(2) insoluble poly(ST-DVB-VBC), C2 (3) macroporous poly(ST-
DVB-VBC), C3 (4) poly(ST-co-VBC)-MMT, C4 (5) MCM-41, C5. A
kinetic study on the reaction with the supported catalysts was also
carried out in a semi-batch reactor with a continuous supply of carbon
dioxide into the reactor.

Experimentals

The soluble polymer-supported quaternary ammonium catalysts
were prepared as shown in Scheme 1. The synthesis of poly(ST-co-
VBC) was carried out by the radical copolymerization of vinylbenzyl
chloride(VBC) with styrene(ST) using 2,2’-azobis(isobutyronitrile)
[AIBN]as an initiator in toluene at 60 C for 5 h and then at 80 C
for 2 h under nitrogen, followed by precipitation into methanol and
two reprecipitations from tetrahydrofuran(THF) solution into
methanol. The addition of the obtained polymer(10mmol) with
15mmol of trialkylamine was performed in 15 mL of
dimethylformamide(DMF) at 80 C for 48 h. The resulting polymer
was purified by reprecipitating twice from methanol solution into
ethyl ether, and dried at 50 C under vaccum.

Insoluble poly(ST-DVB-VBC) catalyst were prepared as shown
in Scheme 2. A solution of gelatin(1.0 g) and 0.6 mL of 0.1%
methylene blue in 100 g of water was added to a 500 mL four-neck

flask fitted with a reflux condenser. A mixture of 14.6 g of ST, 0.4 g
of DVB, and 0.1 g of AIBN was added dropwise to the aqueous
solution. The solution was partially polymerized at 70 °C for 4 h.
Then 5.0 g of VBC was added slowly with vigorous stirring (600rpm).
The mixture charged with VBC was polymerized again for 17 h at 70
°C. The obtained polymer support was washed 3 times by stirring in
refluxing methanol. After vacuum drying, the polymer support was
placed in toluene, and trialkylamine was added to the solution.

The macroporous polystyrene beads were prepared using the
same method of synthesis poly(ST-DVB-VBC). Isooctylalcohol was
just added to the mixture of ST and DVB solution. The obtained
polymer support was extracted by methanol to remove
isooctylalcohol. After vacuum drying, trialkylamine was attached to
the polymer support.

—éCHszHHCHngH#

g

R : trialkylamine

CH,-N*(R)sCI

Scheme 1

—éCHZ—(‘ZHﬁ CHZ—TH%—{CHZ—(‘:H P

g

CHy-N*(R)sCI”

R : trialkylamine

Scheme 2

Insoluble poly(ST-co-VBC)-MMT supported catalysts are
prepared as shown in Scheme 3. Poly(ST-co-VBC) was dissolved in
acetone and treated with 2% trialkylamine by stirring overnight at
room temperature to obtain a polymeric ammonium salt. A
suspension of MMT in water was stirred overnight, and then a
solution of the polymeric ammonium salt in acetone was added
dropwise and stirring was continued for 24 h at room temperature.
The white precipitate product was filtered, washed with acetone
several times and dried at 100 C under vacuum to give the ST-
VBC-MMT intercalate. The quaternization was carried out with
tributylamine to produce the final poly(ST-co-VBC)-MMT supported

catalyst.
H H H
—C—C—C—C—C
Hy Hz Hy
MMT
(K30)
n

Scheme 3

Organically modified MCM-41 materials were synthesized
according to a previous report[6] using a mixture of 3-chloropropyl-
dimethoxymethyl silane (CIPDMMS, Shin-etsu Chemicals) and
tetraethyl orthosilicate (TEOS, TCI) as Si sources.
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Cetyltrimethylammonium bromide (CTMABr, TCI) was used as a
template and tetra-methylammonium hydroxide (25% aqueous
TMAOH, Aldrich) was used to provide alkalinity of the medium. A
typical molar ratio of the various constituents in the synthesis mixture
was: 4.0 TEOS : 1.5 CIPDMMS : 1.25 C;,TMABr : 2.5 TMA-OH :
300 H,O. The quaternization of the 3-chloropropyl methyl modified
MCM-41 was performed by the same procedure used for the other
supported catalysts.

Alkyl cr
Y\/
Alkyl— N ——Alkyl

Si
o (l)\(r

si g S

Scheme 4

Results and Discussion

The amount of quaternary ammonium salt bound to the different
supports was analyzed by an elemental analyzer (Vario EL), and the
results are shown in Table 1.

Table 1. The attached amount of benzyltributylammonium chloride to
the supports.

Support c1®  c2®  c3®  c4® 50
Attached amount ) a50 4087 1326 2200 1.720
(mmol/g)

(1) mole ratio of ST/VBC = 90/10

(2) weight ratio of ST/DVB/VBC = 73/2/25
(3) isooctylalcohol 30wt%

(4) mole ratio of ST/VBC = 30/70

(5) mole ratio of TEOS/CIPDMMS = 4/1.5

In order to study the catalytic activity of the different types of
supported catalysts, the addition reaction of GMA and CO, was
performed with the catalysts of equal amount of attached quaternary
ammonium  salts. Therefore, 0.2 mmol of  pendant
benzyltributylammonium bromide residues was used with 20 mmol
of GMA. We can consider time variant conversion of GMA with
different types of catalysts. The soluble poly(ST-co-VBC) supported
catalyst, showed the highest conversion of GMA. However, this
catalyst has a drawback of separation after reaction, since it needs
another precipitation step for the reuse of the catalyst. Macroporous
poly(ST-DVB-VBC) catalyst showed higher GMA conversion than
poly(ST-DVB-VBC). Macroporous structure seems to favor the
diffusion of GMA to the active site. And poly(ST-co-VBC)-MMT
supported catalyst showed higher GMA conversion than CI-
propylmethyl-MCM-41 catalyst

For the addition reaction of CO, with GMA using immobilized
catalysts, the following elementary reaction steps can be proposed,
where we set R=GMA, P=DOMA, and QX=supported quaternary
ammonium salt catalyst.

Ky

R + OX =——>=  ROX* (1)
Ky
k3

RQX* + CO, — P + QX )

ki, k, and kj are reaction rate constants. The rate of formation of P
can be written as

dP/dt = ks[CO,][RQX*] ®)

The active intermediate RQX* has a very short lifetime because of its
high reactivity, therefore, pseudo steady state approximation can be
applied. Since the addition reaction of CO, with GMA is carried out
in a semi-batch reactor with a constant flow of CO,, the concentration
of GMA varies only because the concentration of dissolved CO, in
solvent can be assumed constant.

dP/dt = K[R][QX] 4)

where k' is kiks[CO,] / (ko + k3[CO,]). Since the catalyst
concentration does not change during the reaction, the pseudo first-
order rate equation can be applied.

In([GMA]/[GMAY]) = kt ©)

From the slope of the linear plot between In ([GMA]y/[GMA]) vs.
time, one can estimate the pseudo first-order rate constant k. The
results are summarized in Table 2. Soluble poly(ST-co-VBC)
supported quaternary ammonium salt showed the highest reaction rate
constants and the lowest activation energy.

The stability of the catalysts was tested by reusing them four
successive times after separation from the reaction mixture at each
experimental run. Insoluble catalysts were easily separated. However,
the soluble poly(ST-co-VBC) was separated by precipitation in
diethylether. All the catalysts maintained their catalytic activities
showing less than 12 % loss of initial activity after 4th runs. Surface
analysis of the used catalysts by energy dispersive spectroscopy (EDS,
Jeol JXA-8600) confirmed the maintenance of chloride group bound
to the polymer support after 4th run.

Table 2. First-order reaction rate constant(k) and activation energy(E)
for different catalysts

Temp. Rate constant k (h™)
(€) c1 c2 C3 C4 C5
80 0.383 0.111 0.137 0.067 0.051
90 0.410 0.150 0.179 0.113 0.094
100 0.485 0.210 0.208 0.169 0.144
110 0.504 0.235 0.245 0.218 0.196

E (kJ/mol) 10.31  28.14 2079 4409  50.56
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ENZYMATIC CONVERSION OF CO, TO METHANOL.:
EFFECTS OF MODIFICATION OF SILICA GEL AND
ADH ON ENZYME ACTIVITY

Hong Wu, Shufang Huang, and Zhongyi Jiang

School of Chemical Engineering and Technology
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Tianjin 300072
P.R.China

Introduction
CO, can be converted to methanol through an enzymatic
approach in the following three steps:

co FaeDH_ HCOOH FadDH,_ HeHO-APH . cH.0H
2 NADH NADH NADH 3

FqDH, F,4DH and ADH are formate dehydrogenase, formaldehyde
dehydrogenase and alcohol dehydrogenase respectively and are co-
encapsulated in a silica gel formed by sol-gel process. Reduced
nicotinamide adenine dinucleotide (NADH) is used as a terminal
electron donor for each reduction step.'? To understand the whole
process more clearly and get the optimized results, the above three
reactions are studied separately. In this paper, we concentrate on the
third one.

Immobilized enzyme has advantages over free enzyme such as
easy separation and reusability. However, most immobilized enzymes
show lower activities than that of the free enzymes. Lower
productions were also found in our study where the enzymes were
immobilized in silica matrix by sol-gel process.® This may be due to
the diffusion hindrance of the substrate from bulk solution to the gel,
the accessibility hindrance of the immobilized enzyme in the three-
dimensional silicate network and the microenvironment for the
enzymes.

Herein, an improved sol-gel method using polyethylene glycol
(PEG) as a multifunctional agent and an enzyme maodification
method using methoxypolyethylene glycol (mPEG) as a modifier are
reported. Larger pore size and more flexible structure of the gel are
expected by wusing the first method while more suitable
microenvironment for enzyme is expected by using the second
method. Mainly due to their hydrophilicity, linear structure and bio-
compatability, PEG and mPEG are selected as modifiers. Modified
gel properties were characterized by BET and IR and were compared
with unmodified gel. Enzyme (ADH) activities after modification
were investigated and compared with unmodified ones by kinetic
studies of the conversion reaction of HCHO to CH;0OH.

Experimental

Synthesis of mMPEG-modified ADH. 3.5 mg ADH and 10.5 mg
activated mPEG were dissolved in 5 mL of 0.1 M phosphate buffer
(pH7.0) and the solution was kept gently stirring for 2 h under room
temperature. The degree of modification was 90% determined by
using trinitrobenzene sulphonic acid (TNBS) to react with the
unPEGylated amino groups and measuring the amount of the product
that has a characteristic adsorption at 420nm detected by an UV-
visible spectrophotometer (U-2800, Hitachi).

Preparation of gel and immobilization of ADH. The improved
sol-gel immobilization processes are illustrated in Figure 1. It
involves two ways: (1) immobilization of enzyme in modified gels
and (2) immobilization of chemical modified enzymes in typical gels.
For (1), mix tetraethylorthosilicate (TEOS), the precursor, with HCI,
the catalyst, and PEG600 (MW=600), the gel-modifier, together first,
then regulate the pH of the solution to 7.0 by adding NaOH solution

to form the modified sol, and finally add a certain amount of
enzyme—containing (3.5 mg/ml) 0.01 M phosphate buffer solution
(pH7.0) to the sol. A transparent enzyme-containing gel was formed
shortly. For (2), mix TEOS with HCI first, then regulate the pH of the
solution to 7.0 by adding NaOH solution to form a typical sol, and
add a certain amount of mPEG-modified enzyme—containing
phosphate buffer solution to the sol. A transparent modified enzyme-
containing gel was formed shortly. The gels prepared by the above
two ways were aged at 4°C for 7 days. The aged enzyme-containing
gel was put into a dialysis membrane bag, dipped into 0.1 M
phosphate buffer solution (pH7.0), and kept at 4°C with frequent
change of the buffer until there is no alcohol was detected by Gas
Chromatographer (HP6890, Agilent). The pore size of the gel and its
chemical structure were measured by BET (CHEMBET-3000,
QUZNTA CHROME) and IR (Nicolet-560, MAGNA-IR)

respectively.
TEQOS precursor

PEG600 and catalysts catalysts

Typical sol

mPEG-ADH buffer
4—

Modified sol

ADH buffer
—>

A4

Modified gel
with enzyme

ypical gel with
modified enzyme

Figure 1. Sol-gel immobilization processes.

Enzymatic reactions. Enzyme activities of ADH were evaluated
based on the reaction rates and kinetic Michaelis constants (K.,) of
the reduction of HCHO to CH3OH. Since, during the reaction, the
cofactor (NADH), which has a characteristic adsorption at 340 nm,
will be converted to NAD" that has no adsorption at 340 nm, the
reaction progress can be recorded by the detection of the amount of
NADH. A UV-visible spectrophotometer (U-2800, Hitachi) was
employed to determine the reduction of the concentration of NADH
and the reaction rates were calculated accordingly. At 25°C and
pH7.0, by varying the concentration of NADH from 50 to 250 v M
and HCHO form 3 to 30 mM, kinetic parameters were obtained based
on the ordered mechanism proposed by Dalziel 2

Results and Discussion

Structure characterization of gels. The pore size distribution
of typical gel and PEG-modified gel are given in Figure 2. The
average pore size of PEG-modified gel (4.67nm) is larger than that of
the typical gel (3.88nm). This is due to the linking function of the
PEG between sol particles, resulting in a branched structure with
larger mesopores. The infrared spectra of the PEG-modified gels
(Figure 3) show no new bonds formed, indicating that the linkage
between PEG and silica sol particles was by molecular forces or
hydrogen bonds.

Stability of free ADH and mPEG-modified ADH in alcohol.
The sol-gel process using TEOS as the precursor will produce ethanol
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that is harmful for enzyme. The alcohol toleration of both native and
mPEG-modified ADH were studied by measuring their reacting
activities of free enzymes. After being immersed in 1% ethanol
solution for 2 minutes, the mPEG-modified ADH maintained 50% of
its original activity, while the native ADH retained 36% of its
original one. This denotes that such chemical modification of ADH
by mPEG is a valid and significant means of stabilizing ADH in
alcohol solutions. This may be due to the less flexibility of the
enzyme with a long-chain PEG molecule linked to its surface, leading
to steric hindrance of protein unfolding. And also, the hydrophilicity
of PEG may provide a more hydrophilic microenvironment that is
more preferable for enzyme to stay and function.
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Figure 3. The infrared spectra of (a) typical gel; (b) PEG-modified
gel and (c) mPEG-containing gel.

Storage stability of immobilized ADH. As shown in Figure 4,
the activity of the native ADH encapsulated in typical silica gel was
reduced by 17% after 92 days of storage. In contrast, the enzyme
activities of ADH in PEG-modified gel and mPEG-modified ADH in
typical gel almost showed no decrease after storage for the same
period. This may be due to the same reasons mentioned above.

Kinetic parameters. Experimental results showed that all the
enzymatic reactions followed Michaelis-Menten kinetics  and
the kinetic parameters were calculated by Dalziel’s double-substrate

120% |
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b on gel
£ 40% | Umodi fication
@ on APH
T 20%
0% T T 1
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Figure 4. Cq ++ wou v saoo With storage time.
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Figure 5. The kinetic Michaelis constants of reactions catalyzed by
ADH.

model. Kinetic constants were shown and compared in Figure 5.
Kma is the Michaelis constant of NADH, while K,z the Michaelis
constant of HCHO and Kgpa the dissociation constant of ADH-NADH
pairs. The lower the K, is, the higher activity the immobilized ADH
is. Compared with the unmodified ADH in unmodified gel, both of
the two improvement methods work. The mPEG-modified ADH
encapsulated in typical gel showed the highest activity among the
three cases, indicating that the modification on ADH (improvement
method (2)) seems to have a greater effect than the modification on
gel (improvement method (1)).

The catalytic activity of ADH immobilized in PEG-modified gel
is higher than that in typical gel. This may mainly be attributed to the
easier diffusion resulted from the enlarged pore size. These enlarged
pores are considered to be more “comfortable” for enzymes to stay
and also easier for substrate to diffuse through the pore channel and
access to the enzymes. In addition, the improved gel properties such
as hydrophilicity and mechanical strength may also provide higher
biocompatibility for enzymes.
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Introduction

Chemical conversion of CO, to fuels or chemicals is a
challenging subject for chemists in connection with the mitigation of
greenhouse effect and the carbon resource after the exhaustion of
petroleum. Several methods for chemically converting CO, have
been proposed: e.g., hydrogenation over heterogeneous catalyst at
high temperature or in supercritical conditions, electrochemical and
photochemical reduction. CO, conversion should be achieved with
the aid of low input energy and products be highly valuable so that
the conversion process may be feasible without accompanying the
secondary generation of CO,. Hence, the most desirable process is
an artificial photosynthesis in which CO, is convertible to valuable
substances with a solar cell as the energy source at room temperature.
To attain such a process, we have developed the catalytic electrolysis
process in which CO, is converted selectively to ethylene at room
temperature.® The conversion reaction takes place at the three-
phase (gas/liquid/solid) interface on a Cu(l) halide-confined Cu-mesh
electrode.

Experimental

The electrolysis cell used is described elsewhere.® The three-
phase interface was constructed on a pure copper-mesh (purity
99.99%, 50 mesh, Nilaco Co.) which was fixed along with a glass
filter (average pore size, 20 um) at the bottom of a cathode
compartment. The electrolytic solution was prevented from dropping
by the glass filter. The solution surface was forced up by the pressure
of CO, blown up from the lower part, and the electrolyte meniscus
was extended on the copper mesh. Thus, the three-phase zone
consisting of gas, liquid and solid was built, and electrochemical
reactions took place predominantly in this zone. The copper-mesh
put on the glass filter was bound to a Teflon cylinder tightened with a
Teflon cap. The cylinder with the copper-mesh was attached to the
cathode compartment via an O-ring, which was separated from an
anode compartment by a cation-exchange membrane (Selemion
CMV 10, Asahi Glass Co.). The purified CO, gas was circulated via
the cathode compartment with a circulating pump. The three-phase
provided on the Cu-mesh electrode was sustained during the
electrolysis by adjusting the rate of CO,. The net surface area of the
Cu-mesh was 10.2 cm?,

Copper-mesh electrode was modified by CuCl, CuBr and Cul.
Before this work, the Cu-mesh electrode was immersed in a
concentrated HCI solution to remove Cu oxide, and washed with
doubly distilled water. The modification of copper(l) halides was
done by the application of electric charge of 220C at a constant
potential of +0.4V vs Ag/AgCl in a 0.1M HCI and a 0.5M KBr
solution (pH 3) or by passing the electric charge of 20C at +0.2V in a
0.5M KI solution of pH 3. The thickness of CuCl, CuBr and Cul
films thus obtained were 7.8, 9.5 and 7.5um, respectively. The film
thickness was measured with a field emission scanning electron
microscope (FE-SEM, Horiba EMAX-7000). The electrolysis of CO,
was performed by the galvanostatic method. Various amounts of
electric charge were applied with a constant current (usually 250mA)
by changing the electrolysis time. Platinum or copper gauze with a

large surface area and an Ag/AgCl/saturated KCI electrode were used
as the anode and reference electrodes, respectively. The electrolytes
mainly used were 3M or 4M KCI, KBr and KI solutions of pH 3.
The change in pH of catholyte during the electrolysis was monitored
with a pH controller (NPH-660NDE, Nissin Co.). The electrolyte in
the anode compartment was a 0.5M KHSO, solution of pH 0. In
some experiments, a concentrated solution of sulfuric acid was added
to the anode compartment between times during the electrolysis in
order to indirectly lower the pH of the catholyte.

A Shimadzu GC-8AIT and a GC-8AIF gas chromatograph with
a Porapak N column and an active carbon or alumina column were
used for the determination of gaseous samples. Aqueous samples
were analyzed with a Shimadzu organic analyzer (LS-10AD type)
and a Shimadzu GC-MS spectrometer. The electrochemically
deposited copper halides were characterized with an X-ray
diffractometer (Shimadzu XD-D1), and the XRD patterns were
recorded with X-ray line of Cu-Ka (30kV, 30mA).

Results and Discussion

The electrolysis of CO, was performed at the three-phase
interface on a copper(l) halides-confined Cu-mesh electrode in a
potassium halide solution. In Figure 1, the conversion percentage of
CO, obtained with a CuBr-confined Cu-mesh electrode in a KBr
solution of pH 3 is shown versus the applied amount of electric
charge. The CO, conversion increases with increasing the amount of
electric charge until about 4500C, but beyond this amount the
conversion percentage approximates a constant value of 68%. As
seen from this figure, however, the conversion continues to increase
when the pH of the catholyte was lowered by adding a concentrated
solution of sulfuric acid to the anolyte between times during the
electrolysis, and the conversion percentage reached 88% at the
electric charge of 8928C. Hence, it is suggested that the approach of
the conversion percentage to the constant value in the electrolysis
charged with more than 4500C is attributed to the deficiency of
proton concentration for the CO, reduction, which is discussed below.
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Figure 1. Plot of the conversion percentage of CO, versus the
applied amount of electric charge in a 4 M KBr solution. The
reduction of CO, was performed with a CuBr-confined Cu-mesh
electrode at a constant current of 250 mA. The pH of the catholyte
was lowered by adding a H,SO,4 solution between times to the
anolyte: ---O---, and such a pH-controlling was not given: —@—.
The area of a copper-mesh substrate, 10.2 cm?; initial volume of CO,,
577 cm’.
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Table 1 Current efficiencies for the products obtained with a CuBr-confined Cu-mesh electrode in the galvanostatic reduction of CO,¥

Run Qm Potential © pH® Current efficiency / % Conv.® Selec.? n?
C \% = Ethylene Methane CO Ethane Ethanol Formic® Acetic ) Lactic? H: % % %

1 453 —2.08~-198 293 72.4 6.2 59 0.6 2.1 1.8 1.7 0.3 15.9 115 68.6 107
2 903 —2.10~-1.93 2.69 62.5 59 4.6 0.6 1.1 1.3 1.2 0.1 21.0 19.0 71.0 98
3 2699 —2.10~-1.92 2.75 48.2 2.2 52 0.5 1.0 2.0 1.1 02 13.4 48.9 643 74
4 4483 —2.08~-189 378 39.2 1.0 4.0 0.4 0.6 2.9 0.3 0.0 10.6 66.3 63.2 59
4K 4500 —2.12~-187 209 40.7 1.2 2.7 03 03 28 0.3 0.0 10.6 63.3 68.8 59
5 7157 —2.18~-189 501 259 0.8 1.9 02 03 2.3 0.3 0.0 73 67.9 64.1 39
50 7160 —2.13~-1.89 2.32 333 0.9 2.8 0.2 03 2.1 0.4 0.0 7.1 81.9 69.1 47
6 8981 —2.15~-1.88 6.14 21.0 0.4 L5 0.6 02 1.7 0.2 0.0 9.9 68.6 65.6 36
6k 8928 —2.12~-191 2.17 30.4 0.7 1.5 03 03 L5 0.5 0.0 6.1 87.7 74.0 41

a) Electrolyte, 4M KBr, initial pH, 3.0; the apparent area 5)f a copper-mesh sq{face, 10.2 cm*; the thickness of confined CuBr film, 7.9 um;

applied current, 250 mA; initial volume of CO,, 577 cm

; catholyte, 232 ¢l

m”,

Anode, copper net; anolyte, a 0.5M KHSO, solution of pH 0.

Cathode and anode compartments were separated by a cation-exchange membrane. . o .
b) Amount of the electric charge applied in the electrolysis. This value was varied by changing the electrolysis time under the galvanostatic

condition. C: coulomb (=ampere X sec)

d) Final pH of the catholyte. e) Conversion percentage of CO,.

f) Selectivity for the formation of ethylene on the basis of carbon content.
i) acetic acid.

%Total current efficiency in the reduction.  h) formic acid.

cg Change in electrode potential (vs. Ag/AgCl) during the galvanostatic reduction.

J) lactic acid.

A concentrated solution of sulfuric acid was added to the KHSO, solution in the anode compartment between times during the electrolysis in

order to indirectly lower the pH of the catholyte.

The major gases generated in the electroreduction of CO, were
C,H,, CO and H,, and their current efficiencies are plotted versus the
applied amount of electric charge in Figure 2. The current efficiency
for C,H, decreases with an increase of amount of electric charge, but
it still maintains more than 20% even at the electric care of 8900C.
This current efficiency was risen to be 30% at the same electric
charge when the pH of the catholyte was lowered by controlling the
pH of the anolyte.
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Figure 2. Plot of the current efficiencies for C,H, (O, @), CO (I,
W), and H, (A, A) versus the applied amount of electric charge. A
H,S0O, solution was added to the anolyte: ---O---, ---A---, ---[J---,
and not: —@—, —A—, —H—. The experimental conditions were
the same as those given in Figure 1.

The detailed distribution of the products is exhibited in Table 1.
The electrolysis was performed for a given period of time by
applying a constant current of 250mA, and the electrode potential
was —2.1V~—1.9V vs Ag/AgCl. The major gaseous products were
C,H, and CO, the formation of CH, was negligible, and the current
efficiencies of liquid products were very low except that of formic
acid in the prolonged electrolysis. In the electrolysis of Run

1~6 without adjusting the pH of the catholyte, the pH rose as the
amount of electric charge was increased, and it became 6.14 after the
electrolysis charged with 8981C (Run 6). On the other hand, in Run
4*~6%, the pH of the catholyte was adjusted to around 2.2 by adding a
H,SO, solution to the anolyte. As compared with the former results,
the conversion percentage of CO, and the current efficiency for C,H,
were always enhanced, i.e., compare between the results of Run 4
and 4% 5 and 5% and 6 and 6% This means obviously that the
concentration of protons in the catholyte is insufficient for the
efficient reduction of CO, in the former case. It is noted that such a
high current efficiency and a conversion percentage were brought
about by adjusting the pH of the catholyte not directly but through the
proton transport from the anode compartment. The current efficiency
and conversion percentage were both considerably decreased when
the pH of the catholyte was directly controlled by adding strong acid.
This is probably caused by the transformation of an interfacial
structure of the three-phase zone including adsorbed intermediates.
Interestingly, the current efficiency for hydrogen evolution was
smaller in the catholyte of which pH was suppressed low compared
to that in the catholyte without pH-controlling. The selectivity for the
formation of C,H, estimated on the basis of carbon content was 74%
at the applied electric charge of 8928C. The selective conversion of
CO, to C,Hy, is attributed to the immobilized CuX which operates as
a heterogeneous catalyst by offering adsorption sites for reduction
intermediates such as CO and methylene radicals.®> A part of CuX is
reduced to Cu (CuX + e~ — Cu + X ) simultaneously with the
reduction of CO,, but new copper(l) halide is always formed on the
Cu-mesh electrode by the reduction (Cu** + X~ + e~ — CuX) of
Cu® ions which are afforded through the cation-exchange membrane
from the anode compartment. Therefore, the electrochemical
conversion of CO, continue to proceed via the catalysis reactions
involving CuX.
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Introduction

The synthesis of cyclic carbonates by the coupling reactions of
epoxides with carbon dioxide has attracted much attention with
regard to the utilization of CO,, which is a responsible for global
warming.! The importance of cyclic carbonates is increased due to
their versatile utilization in many application areas. For instance,
they can be used as aprotic polar solvents, electrolytes in secondary
and fuel-cell batteries, and valuable raw materials in a wide range of
chemical reactions.>® Accordingly, much efforts have been made on
the catalyst development for the synthesis of cyclic carbonates via
coupling reactions has been reported.* While the advances have been
significant, there still remain many subjects to be improved in terms
of catalytic activity, stability, and recovery of catalyst.

Recently, there have been a considerable number of articles
regarding the use of ionic liquids as environmentally benign media in
separation, extractions, electrochemistry, and immobilization of
homogeneous catalysts.® Imidazolium-based ionic liquids have also
been introduced as effective catalysts for the synthesis of propylene
carbonate from the coupling reaction of propylene oxide and CO,,
but their catalytic activities were not high enough for the industrial
purpose.®

With a hope to develop highly active catalysts for the coupling
reactions, we have imidazolium metal halide complexes and tested
their activities for the production of cyclic carbonates from the
coupling reactions of epoxides and CO,. Herein, we report the
synthesis and reactivity of a series of ionic liquid-derived
imidazolium metal halide complexes consisting of 1-alkyl-3-
methylimidazolium cations and metal halide anion.

Experimental

Synthesis of (1,3-dimethylimidazolium),ZnBr,Cl,. A solution
of (1,3-dimethylimidazolium)CI” (2.10 g, 15.83 mmol) in methylene
chloride (25 mL) was mixed with a solution of ZnBr, (1.78 g, 7.90
mmol) in tetrahydrofurane (25 mL) and heated to reflux for 3 h.
After cooling to room temperature, the white precipitate was
collected by filtration. Yield: 93.9 %; elemental analysis cald.(%)
for ClongBrzclzNAZn: C 24.49, H 3.70, Br 32.59, Cl 14.46, N 11.43,
Zn 13.33; found: C 24.23, H 3.75, Br 31.83, Cl 14.18, N 11.18, Zn
13.43;
All other imidazolium metal halides were similarly prepared.

Coupling reactions of epoxide and CO,. The coupling
reactions were conducted in a 200 mL stainless-steel bomb reactor
equipped with a magnetic stir bar and an electrical heater. The
reactor was charged with an appropriate catalyst and an epoxide and
pressurized with CO,. The bomb was then heated to a specified
reaction temperature with the addition of CO, from a reservoir tank
to maintain a constant pressure. After the reaction, the bomb was
cooled down to room temperature, and the product mixture was
analyzed by Hewlett Packard 6890 gas chromatography equipped
with a flame ionized detector and a DB-wax column, and Hewlett
Packard 6890-5973 MSD GC-mass spectrometry.

Results and Discussion

As shown in equation (1), a series of imidazolium metal halides,
(1-R-3-methylimidazolium),MX,Y, (M = Zn, Fe, Mn, In; R = CH;,
C,Hs, n-C4Hg, CH,CgHs; X, Y = Cl, Br; a, b = 2, 3) were prepared by
reacting MX, (X = Cl, Br) with (1-R-3-methylimidazolium)Y (R =
CHj3, C,Hs, n-C4Hg, CH,C¢Hs; Y = Cl, Br) at an ambient temperature
or at reflux depending on the nature of halide groups.

R\ p—CH
MX, + b| NEON Ty
R= CH3, C2H5, n-C4Hg, CH2C6H5; X, Y= CI, Br; a, b= 2,3
M =1Zn, Fe, Mn, In

R "\ _CHj
N N
@ L MX.Y, (1)

Interestingly, (1-R-3-methylimidazolium),MX,Y, was also
obtained when MX, and (1-R-3-methylimidazolium)X were reacted.
For example, (1-butyl-3-methylimidazolium),ZnBr,Cl,, can be
obtained either from the reaction of ZnCl, and (1-butyl-3-
methylimidazolium)Br or from the reaction of ZnBr, and (1-butyl-3-
methylimidazolium)CI.

The catalytic activities of various imidazolium metal halides
were evaluated for the coupling reactions of CO, and ethylene oxide

(EO) or propylene oxide (PO) at 100 °C for 1 h.

As shown in Table 1, imidazolium halides and metal halides
were hardly able to catalyze the coupling reactions when they were
used alone. However, the combination of metal halide with
imidazolium halide exhibited much higher activity for the coupling
reactions (entry 1-3). Among (1-R-3-methylimidazolium),MX,Y,,
tested, imidazolium zinc tetrahalide exhibited the highest activities.
Such enhanced activities are most likely to be attributed to the in situ
formation of new  active  complexes, bis(1-butyl-3-
methylimidazolium) zinc tetrahalides from 1-butyl-3-
methylimidazolium halide and ZnBr,. This is supported by the fact
that  (1-butyl-3-methylimidazolium),ZnBr,Cl, and (1-butyl-3-
methylimidazolium),ZnBr, show similar activities to the
corresponding catalytic systems of 1-butyl-3-methylimidazolium
chloride-ZnBr, and 1-butyl-3-methylimidazolium bromide-ZnBr,
(entry 9-10).  By-products such as polyalkylene oxides and
halogenated compounds were not detected by GC and GPC analysis.

The catalytic activities of imidazolium metal halides were
greatly influenced by the nature of halide ions bonded to metal atom.
The order of reactivity was found to be in the following order:
[ZnBr,* > [ZnBr,Cl,]* >> [ZnCl,]%*, suggesting the importance of
the nucleophilicity of halide ions. The nucleophilicity of halide ions
is likely to be enhanced by the presence of imidazolium cations.

The dissociation of a halide ion and the following attack of the
dissociated halide ion on the carbon atom of the coordinated ethylene
oxide would take place more easily for more nucleophilic bromide
ion.® Interestingly, the effect of the alkyl groups on the imidazolium
cations is relatively small and can be negligible.
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Table 1. Catalytic activities of imidazolium metal halides for the
coupling reactions of CO, and epoxides?

TOF(h™°
Entry Catalyst

EO PO

1 (1-butyl-3-methylimidazolium)Br 78 37
26 MX, n.rt n.rt
3 (1-butyl-3-methylimidazolium), ZnBr,Cl, 2112 1295
4 (1,3-dimethylimidazolium),ZnBr,Cl, 2697 1001
5  (1-ethyl-3-methylimidazolium),ZnBr,Cl, 2137 1335
6  (1-ethyl-3-methylimidazolium),ZnBr, 3588 1617
7  (1-ethyl-3-methylimidazolium),ZnCl, 2538 1352

8  (1-ethyl-3-methylimidazolium),MnBr,Cl, 210 79
9  (1-benzyl-3-methylimidazolium),MnBr, 2527 1201
10°  (1-butyl-3-methylimidazolium);FeBrsCls 697 410
11°  (1-ethyl-3-methylimidazolium),FeBr, 923 439
12°  (1-benzyl-3-methylimidazolium);sInBrsCls 790 359

? Reactions were carried out at 100 C and 3.5 MPa of CO, for 1 h. Molar
ratios of epoxide to imidazolium metal halide complex were set at EO/catalyst
= 5000 and POfcatalyst = 2,000. ° TOF(h™): moles of alkylene
carbonate/moles of catalyst/hour. ¢ MX, = ZnBr,, FeBrs, InBrs. ¢ No reaction.

¢ Molar ratios of EO/catalyst = 1,000, PO/catalyst = 500.

The coupling reactions of various epoxides with CO, were also
conducted in the presence of a imidazolium metal halide, (1-ethyl-3-
methylimidazolium),ZnBr,Cl,. As shown in Table 2, corresponding
carbonates were produced in high yields and selectivities except for
tert-butyl glycidyl ether and glycidyl isopropyl ether. The lower
reactivity of tert-butyl glycidyl ether and glycidyl isopropyl ether is
likely due to the crowdness around epoxide, which might prevent the
attack of CO, on the coordinated epoxide.® In fact, the yields of
cyclic carbonates decreased with increasing bulkiness of the
substituent on the epoxide group (entry 1, 2 and 4).

Table 2. Results of catalytic formations of alkylene carbonates
from various epoxides by (1-ethyl-3-methylimidazolium),’

ZnBr,Cl,?
Entry Substrate yield(%)  Selectivity(%) TOF(h?)
1 1,2-epoxybutane 98 100 490
2 Tert-butyl glycidyl ether 11 97 55
3 Epichlorohydrin 77 100 385
4 Glycidyl isopropyl ether 23 98 115
5 Styrene oxide 77 99 385
6 Glycidyl methacrylate 98 100 490

? Reactions were carried out at 100°C and 500 psig of CO, for 1 h. Molar ratio
of epoxide to zinc was set at 500. ® TOF(h™): moles of cyclic carbonate/moles
of catalyst/hour.

Previous reports by Kisch on the synthesis of cyclic carbonates
from CO, and epoxide suggested the parallel requirement of both
Lewis acid-activation of epoxide and Lewis base-activation of CO,.°
In the case of imidazolium metal halide-catalyzed reaction, metal
center is expected to act as a Lewis acid for the coordination of an
epoxide and halide ion is expected to act as a Lewis base to ring-

open the coordinated epoxide. The plausible mechanism for the
coupling reaction catalyzed by an imidazolium metal halide [MX,Y ]
is depicted in scheme 1.

R
2- N 2-
X\ N \ / XY
M 0 N <L
/N M----- o
X Y AN
o Xy
)k R
S EN |
R
2- X 2-
X
\ /OAO O, \M/OY\
x—M N\, R v
\4 R Y
\%

Scheme 1. Proposed reaction mechanism for the coupling
reaction of ethylene oxide with CO, catalyzed by (1-R-3-
ethylimidazolium),- MX,Y .

Conclusions

A series of ionic liquid-based imidazolium metal halide, (1-R-3-
methylimidazolium),MX,Y}, (M = Zn, Fe, Mn, In; R = CH; C;Hs, n-
C4Ho, CH,C¢Hs; X, Y = CI, Br; a, b = 2, 3), prepared from the
reaction of MX, with (1-R-3-methylimidazolium)Y were effective
for the coupling reaction of epoxides and CO,. The catalytic activity
of (1-R-3-methylimidazolium),MX,Y, was found to increase with
increasing nucleophilicity of halide ion. But, the substitution on the
imidazolium cation showed a negligible effect on the catalytic
activity.
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Introduction

Recently, the activation and co-activation of CH, and CO, have
received much attention for environmental and industrial reasons®>.
Previous studies focused either on the production of syngas or
ethylene. Syngas could be produced either from the partial oxidation
or CO, reforming of CH,4 over several kinds of catalyst, and ethylene
could also be fabricated from the partial oxidation of CH, by both O,
and CO,. However, in CO, reforming of CHy,, the deactivation of the
catalyst by coke formation reserves a great challenge in the
development of a practical catalyst, and in the partial oxidation of
CHj, to produce ethylene, the deep oxidation forming carbon oxides is
inevitable. In order to activate the two green house gases
simultaneously and make effective use of both of them, a new
process, that is, activating the two gases simultaneously to produce
ethylene and syngas, is proposed in present work. The overall
reaction could be written as: 5CH;+CQO,+20, — 2CO+2H,+2C,H,
+4H,0. This path has the following advantages: (1) The reforming of
methane with CO, is an endothermic reaction, and in contrast, the
partial oxidation of methane by O, is exothermic. While the proposed
process combines the partial oxidation and CO, reforming of
methane together, resulting in a compensation of heat required and
even achieving a thermo-neutral reaction by manipulating the
CH4:C0O,:0, ratio®. (2) The products (the mixture of CO, H, and
C,H, with proper ratio) formed from the reaction mentioned above
could be used to the synthesis of propanal, and the atom utilization of
the later reaction is 100% and the commercial value of natural gas
and carbon dioxide could then be elevated. (3) The presence of O, in
the combination process decreases coke formation °, though it is a
serious and general problem in CO, reforming of methane.

Experiment
Catalysts preparation

(2)Grind catalysts. TiO, and CeO, are ground to 20-40 mesh and
impregnated with aqueous solution of the corresponding metal nitrate
for 24h. The pastes were dried in vacuum and calcined in air flow for
3h at 500°C before use.

(2) Monolithic catalysts. Various supports mentioned above
were ground to >80 mesh, and treated in a similar way as the
preparation of conventional grind catalysts before coating. Cordierite
support was cut into small column (length 25mm, diameter 12mm)
and impregnated by the paste of the above sample by a special
process to coat the catalytic components on the cordierite, and then
the sample is dried and calcined at 500°C. A thin surface layer was
formed on cordierite

The catalytic reaction

The reaction was carried out in a tubular fixed-bed quartz reactor
(15mm o.d., 12.5mm i.d.) under atmospheric pressure. The mole ratio
of CH,;. CO, and O, was controlled to be 1:1:1 with a GHSV of
10*h™%. The analysis of the effluents mixture was performed by a 1790
gas chromatograph with a plot-C2000 capillary column on line, and a
microcomputer was used to quantify the composition.

Results and discussion

It is observed that CO. H, and C,H, formed simultaneously on
the catalysts investigated in present work. The catalytic activity and
C,H, selectivity on the catalysts over the temperature range of 650°C-
800°C are shown in Figure 1 and Figure 2. It is seen that both CH,
conversion and C,H, selectivity are improved with increasing
reaction temperature. On the catalyst Ca-Ni/TiO,(Ca, 21wt%; Ni,
0.15wt%), CH, conversion increases monotonically with increasing
temperature over the temperature range tested, while C,H, selectivity
increases initially and reaches its maximum value at 770 C .
Nevertheless, on the catalyst Ca-Ni*/TiO, (Ca,14wt%; Ni, 0.1wt%),
the C,H, selectivity increases monotonically with increasing
temperature while CH,4 conversion shows its maximum value at 750
°‘C. Higher surface area TiO, is also used to prepare Ca-Ni/TiO,

22 - —m—Ca-Ni/Tio,
—e@—Ca-Ni*/TiO,

Conversion(%)
=
©
1
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Figure 1 The variation of CH, conversion with increasing

—m—Ca-Ni/Tio,
—®—Ca-Ni*/TiO,

Selectivity (%)
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Figure 2 The variation of C,H, selectivity with increasing
temperature

catalyst, and it is found that CH, conversion and C,H, selectivity are
obviously improved and C,H, yield could reach 3.7%. NawWO, is
considered to be an effective promoter in the partial oxidation of CH,
to ethylene®, it is used to modified Ca-Ni/TiO,* system in present
work, the resulting catalyst exhibit higher C,H, selectivity, but C,Hg
is also detected in the efluent. Monolithic cordierite show better
mechanical intensity and thermal stability than conventional grind
supports, and monolithic catalysts were widely used in the
purification of vehicle’s exhaust gas and methane combustion, but
there are few reports in partial oxidation of methane.” In present work,
monolithic supported catalysts containing Ni/CeO, and Ca/TiO, is
prepared and used to co-activate methane and CO,. It is interesting
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that the grind forms of Ni/CeO, and Ca/TiO, show no activity to the
target reaction, but they become active when prepared into
monolithic catalysts, CO. H, and C,H, are obtained at the same time
indicating a process intensification effect. Monolithic supported Ca-
Ni/TiO, catalyst shows activity at about 750°C, and at 770°C, C,H,
selectivity reaches 4.3%, and the mole ratio of CO,H, and C,H, is
88.5:7.15:4.3.

Conclusions

The simultaneous production of ethylene and syngas from the
co-activation of CH, and CO; is realized over conventional grind Ca-
Ni/TiO, catalyst. The composition of the catalyst affects the activity
and selectivity. The optimal temperature for higher ethylene
selectivity over the catalyst Ca-Ni/TiO,(Ca, 21wt%; Ni, 0.15wt%) is
about 770 °C .High surface area TiO, and NawWO, promoter is
beneficial for the formation of ethylene. Monolithic supported
Ni/CeO, and Ca/TiO, catalysts are also effective in the co-activation
of methane and CO, simultaneously to ethylene and syngas. Process
intensification may be important for the co-activation of methane and
carbon dioxide.
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Abstract

The reaction of 2-lithio-6-methylpyridine or 2-lithiopyridine
and the appropriated diarylketone followed by hydrolysis yields 6-
Me-pyCAr,OH pyridine alcohols (1a, Ar = -C¢Hs; 1b = 4-Me-
CeHy; 1c = 4-CI-C4Hy; 1d = 4-Me,N-CHy) or pyCAr,OH pyridine
alcohols (2&, Ar = -C()HS; 2b = 4-Me-C6H4; 2c = 4-C1-C6H4; 2d =
4-Me,N-CgHy). The reactions of zinc acetate with 1 equiv of
lithiated products of la-d and 2a-d proceed rapidly to afford
LiOAc salt and  mono(ligand) complexes (6-Me-
pyCAr,0)Zn(OAc) (3a-d) and (pyCAr,0)Zn(OAc) (4a-d),
respectively, in high yield. The copolymerizations of carbon
dioxide with cyclohexene oxide using 3a-d complexes were
investigated. The (6-Me-pyCAr,0)Zn(OAc) showed comparable
yield and CO, incorporation with the B-diiminate zinc complexes.
3c complex gave high polymers with high carbonate linkage (>
60%) and narrow polydispersity (< 2.0), indicating single active
sites.

Introduction

Jordan and coworkers' described the synthesis of new group 4
metal alkyl complexes of the general form (Ox),MR, and
(pyCR,0),MR, which contain quinolato or pyridine-alkoxide
ancillary ligands. The reaction of 2-lithiopyridine and the
appropriated  diarylketone followed by hydrolysis yields
pyCAr,OH pyridine alcohols. The reaction of M(NMe,), (M = Ti,
Zr, Hf) with 2 equiv of pyCAr,OH yielded (pyCAr,0),M(NMe,),
complexes (Chart 1) which adopt distorted octahedral structure
with trans-O, cispy, Cis-amide arrangement of ligands and are
active for the ethylene polymerizations.'

Chart 1
OH
EN/j/Br i) "BuLi ‘ Ny A;Ar
" Ar =
0 O=y
iii) HoO 1/2 M(NMey),

Coates developed B-diiminate zinc complexes for preparation
of aliphatic polycarbonate (PC).?> The P-diiminate zinc complex
showed significantly higher activity than previous catalysts and
produced aliphatic PC with very narrow polydispersity. These
homogeneous single-site zinc complexes can give different activity

and structure of the resulting copolymer according to B-diimine
ligand structure. The specific objectives of this study were to
develop efficient synthetic routes to (pyCAr,0)Zn(OAc)
complexes for the preparation aliphatic polycarbornate. Initial
efforts to activate these complexes for the alternating
copolymerization of carbon dioxide with cyclohexene oxide (CHO)
are also described.

Experimental

General procedure. All reactions with air and/or moisture
sensitive compounds were carried out under dry nitrogen using
standard Schlenk line techniques. "H NMR spectra were measured
on a Varian Gemini 2000 & HP5P with CDCl; as a solvent. Gel
permeation chromatography (GPC) analyses were carried out using
a Waters-400 spectrometer using polystyrene as a standard and
dimethyl formamide as a solvent. All materials such as zinc(II)
acetate [Zn(OCOCH;),] and n-butyl lithium were purchased from
Aldrich and used without further purification. Cyclohexene oxide
(CHO, Aldrich) was distilled for 6 hours over sodium metal and
stored over Linde type 4A molecular sieves. Tetrahydrofuran
(THF) and methylene chloride were refluxed over sodium and
stored over 4 A molecular sieves under dry nitrogen.

Preparation of ligands and catalysts. Pyridine alcohol
ligands were prepared according to literature procedures.' To a
solution of ligand (1.28 mmol) in THF (10 mL), n-BuLi (1.6M in

hexane, 0.88 mL, 1.41 mmol) was added dropwise at 0 °C.

Reacting the mixture for 5 min at 0 °C, the solution was

cannulated to a solution of zinc acetate (0.24 g, 1.41 mmol)
dissolved in THF (10 mL). After stirring overnight at room
temperature, the suspension was filtered and the clear solution was
dried in vacuum. The resulting metal complexes were recrystallized
in toluene and hexane and then characterized by '"H NMR spectra.
(6-Me-pyCAr,0)Zn(OAc) (3a, Ar = -CgHs); light yellow solid
(57 % yield). "H NMR (CDCl;, 300 MHz) & 7.58 — 6.62 (13H, m,
ArH), 2.50 (3H, s, Py-Me), 1.49 (3H, s, OAc).
(6-Me-pyCAr,0)Zn(OAc) (3b, Ar = 4-Me-CgH,); pale yellow solid
(63 % yield). '"H NMR (CDCls, 300 MHz) & 7.54 — 6.60 (11H, m,
ArH), 2.59 (3H, s, Py-Me), 2.33 (3H, s, Ph-Me), 2.23 (3H, s, OAc).
(6-Me-pyCAr,0)Zn(OAc) (3¢, Ar = 4-Cl-C¢Hy); light yellow oil
(21 % yield). '"H NMR (CDCls, 300 MHz) § 7.52 — 6.79 (11H, m,
ArH), 2.50 (3H, s, Py-Me), 1.19 (3H, s, OAc).
(6-Me-pyCAr,0)Zn(OAc) (3d, Ar = 4-Me,N-C¢H,); yellow solid
(49 % yield). '"H NMR (CDCl;, 300 MHz) & 7.43 — 6.57 (11H, m,
ArH), 2.85 (12H, s, NMe), 2.48 (3H, s, Py-Me), 1.51 (3H, s, OAc).
(pyCAr,0)Zn(OAc) (4b, Ar = 4-Me-C¢H,); pale yellow solid
(52 % yield). '"H NMR (CDCl;, 300 MHz) & 7.57 — 6.77 (11H, m,
ArH), 2.17 (3H, s, Ph-Me), 2.09 (3H, s, OAc).

Copolymerization of CO, with cyclohexene oxide. The
copolymerizations were performed in a 10 mL high-pressure
reactor equipped with a thermometer and a magnetic stirrer. The
reactor was charged with catalyst (3.7 x 10 mol) and CHO (3.7 x
102 mol) in a dry box, and then transferred to a bath controlled at a
desired temperature. The vessel was pressurized to 6.8 bar with
CO, and allowed to stir. After 2 h of polymerization, the copolymer
was dissolve in minimum amount of methylene chloride and
precipitate from excess methanol. The product was then dried in
vacuum.

Results and Discussion
Ligand Synthesis. Pyridine-alcohols 1a-c were prepared by
addition of 2-lithio-6-methylpyridine to the appropriate ketone,

Prepr. Pap.-Am. Chem. Soc., Div. Fuel Chem. 2004, 49 (1), 11



followed by aqueous workup (eq 1), using the approach developed
originally by Holm.> These compounds are isolated as sharp-
melting white to tan crystalline solids following recrystallization.
The use of symmetric ketones yields symmetric 6-Me-pyCR,OH
alcohols, which in turn simplifies the stereochemical possibilities
for metal complexes.*

Me ‘N\ Br i) "BulLi
P \
) ox
i) H,O
la Ar = @ b  Ar = —@Me
lc Ar = —@ Ar = ONMeZ

Similar ligands pyCAr,OH pyridine alcohols (2a, Ar = -C¢Hs; 2b =
4-Me-C¢Hy; 2¢ = 4-Cl-C¢Hy; 2d = 4-Me,N-C4H,) without methyl
substituent in 6-position of the pyridine ring were also successfully
synthesized according to the similar procedures.

Synthesis of (6-Me-pyCAr,O0)M(OAc) (M = Zn, Mn)
complexes. The reactions of zinc acetate or manganese acetate with
1 equiv of lithiated products of la-c proceed rapidly to afford
LiOAc salt and mono(ligand) complexes (6-Me-pyCAr,O)M(OAc)
[M = Zn (2a-c), Mn (3a-c)] in high yield (eq 2).

OH N
Me. _N._A"Ar i) "BuLi _
| ] A NM OA
Pz if) M(OAC), ¢
M =Zn (3a-d)
OH AN
Ho N ¢ Ar i) "Buli
DR /N o
_ ii) M(OAGC), M Ac
M = Zn (4a-d)

Alternating copolymerization of CO, with cyclohexene
oxide. Semi-batch copolymerizations of CHO and CO, using Zn
complexes have been carried out at the temperature range between
30 and 70 C at a constant pressure of CO, (6.8 bar).
Copolymerization of CHO and CO, leads to the copolymers of the
following general structure:

O
catalyst ?I)
+ COy 3 C
O/ \O O
m n

carbonate ether

If the alternating copolymerization is perfect, only carbonate
groups should be generated. However, homopolymerization of
CHO results in ether linkage. The typical IR spectrum of the
resultant copolymers obtained from 3b catalyst system is shown in
Figure 1. It was found that the IR spectrum showed the strong
absorption band at 1745 and 1238 cm™ characteristic of stretching
vibration of C=0O bond and C-O-C bond of the carbonate group,
respectively. The content of carbonate and ether linkages can be
estimated exactly by assigning 'H NMR spectrum of methine
hydride (3.3 — 4.0 ppm) in cyclohexane backbone. Zinc complexes

bearing ligands (1a-c) with 6-methyl substituted pyridyl produced
aliphatic PCs which have high carbonate contents (> 60 %) as
shown in Table 1. It is interesting to note that the 3d catalyst
bearing ligand with electron donating NMe, group on the aryl ring
showed only negligible activity, while 3c catalyst with electron
withdrawing Cl group showed highest activities. Copolymers
obtained by 3c catalyst recorded highest molecular weight,
demonstrating the electron withdraw group retards chain
termination reaction. In addition the methyl group on the pyridyl
ring influences both catalytic activity and CO, reactivity (compare
3b and 4b in Table 1). The Mn acetate complexes bearing 1b and
2b ligands were also prepared and utilized for the copolymerization
of CO, and CHO, resulting in negligible activities. All Zn
complexes bearing pyridine alcohol ligand can produce aliphatic
PC with high molecular weight and narrow PDI at mild conditions.

100
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Transmittance

40

1745 1238

20 T T T
4000 3000 2000 1000

Wavenumber (cm™)

Figure 1. The typical IR spectra of CO,/CHO copolymer obtained
by 3b at 30 °C.

Table 1. Results of CO,/CHO copolymerizations

No. Cat. Temp. Yield M, MWD  Carbonate
(%) (%)
1 3a 30 22.8 4660 1.38 74.5
2 50 19.6 3830 1.10 72.2
3 70 19.2 3610 1.14 69.9
4 3b 30 154 4250 1.06 72.9
5 50 10.4 3890 1.04 56.4
6 70 11.6 3620 1.05 50.6
7 3c 30 26.8 6820 2.05 61.5
8 50 30.6 9540 2.55 62.6
9 70 26.0 5590 1.96 51.5
10 3d 30 nil - - -
11 50 0.8 - - 0.2
12 70 1.4 - - 0.2
13 4b 30 13.6 3500 1.04 43.6
14 50 12.2 3560 1.03 473
15 70 11.2 3370 1.03 35.5
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Introduction
The selective hydrogenation of nitro-compounds is commonly
used to manufacture amines, which are important intermediates for
dyes, urethanes, agro-chemicals and pharmaceuticals. Hydrogenation
of nitrobenzene is used to produce aniline, which can be carried out in
gas or liquid phase by using supported metal catalysts and organic
solvents such as alcohols, acetone, benzene, ethyl acetate, or aqueous
acidic solutions.™? The use of these solvents has some drawbacks
owing to their toxicity, flammability, or environmental hazards. In
addition, the solvent may play a crucial role in the stabilization of
reactive intermediates and have a decisive influence on chemical
reactions. Therefore, the choice of solvent is important and a green
solvent should be considered for contemporary chemical processes.
Supercritical carbon dioxide (scCO,) is an environmentally acceptable
replacement for conventional organic solvents, due to its
environmentally benign, non-toxic, and non-flammable nature, low
cost, and wide tuning ability of solvent properties.>* Moreover, the
rate of catalytic hydrogenation in a gas-liquid system is not so high
because of a low solubility of gaseous hydrogen in common solvents.
In contrast, hydrogen is completely miscible with scCO,, and this is
beneficial for enhancement of hydrogenation reactions. ®
The present work has been undertaken to study the catalytic
hydrogenation of nitrobenzene in scCO, and in ethanol at a low

temperature of 35 °C using several supported transition metal catalysts.

The influence of metals (Pt, Pd, Ru, and Rh), supports (C, SiO,, and
Al,03), and solvents (scCO, and ethanol) on the catalytic activity and
selectivity has been investigated.

Experimental

Materials. All the chemicals were purchased from Wako Pure
Chemicals Industries and used without further purification. Carbon-
and alumina-supported Pd, Rh, Pt and Ru catalysts were also
purchased from Wako. Silica-supported Pd and Pt catalysts were
prepared using ion-exchange method. All the catalysts were reduced
by hydrogen at 300°C for 2 h before activity measurements.

Activity measurement. The activity of those catalysts was tested
for the hydrogenation of nitrobenzene, which was carried out in a 50
mL high-pressure autoclave. Nitrobenzene (2.0 g (16.2 mmol)) and
catalyst (0.01 g) were charged into the reactor and the reactor was
flushed with 2.0 MPa CO, for three times. The reactor was then
heated up to the desired temperature of 35°C and then H, and
compressed liquid CO, were introduced up to the desired pressure
with a high-pressure liquid pump. The hydrogenation reaction was
conducted while stirring with a magnetic stirrer. After the reaction, the
reactor was cooled to room temperature and the reaction mixture was
analyzed with a gas chromatograph (HP 5890, HP5 capillary column

with 0.53 mm in diameter, 0.25 um in film, and 15 m in length) using
a flame ionization detector.

Catalyst characterization. X-ray diffraction (XRD) patterns of
catalysts were measured on Rigaku RINT 220VK/PC powder
diffractometer operated at 40 kV and 20 mA, using CuKoa
monochromatized radiation (A = 0.154178 nm). The crystallite size of
supported metals was calculated using the Scherrer equation, D =
KA /(p cosé), where K is a constant taken as 0.9, 4 is the wavelength
of the X-ray radiation, Zis the peak width at half maximum.

Results and Discussion

Hydrogenation of nitrobenzene in organic solvents was reported to
produce aniline along with several intermediate products such as
nitrosobenzene (NSB), phenylhydroxylamine (PHA), azoxybenzene
(AOB), azohenzene (AB) and hydrazobenzene (HOB), which are
formed in several parallel and consecutive reactions. It has been
observed in the present work that all the catalysts show 100%
selectivity towards aniline in scCO,at 50°C. In order to compare the
influence of metal and support on both activity and selectivity, the
reaction has been carried out at a lower temperature of 35°C. At this
temperature as well, PHA and HOB were not detected to form.

The influence of metals has been examined using C-supported
catalysts (Table 1). In scCO,, the highest conversion of 71% was
obtained with Pt/C catalyst; however, the selectivity to aniline was
lower compared to these obtained with the other catalysts. The Pd/C,
Ru/C, and Rh/C catalysts exhibit 100% selectivity to aniline in scCO..
In a conventional organic solvent of ethanol, Pt/C also shows a higher
conversion compared with the other catalysts. With Ph/C and Ru/C
catalysts, no products were detected in ethanol. For all the catalysts
used, both the conversion and selectivity to aniline obtained in scCO,
are higher than these obtained in ethanol. The order of activity is Pt >
Pd > Rh, Ru in scCO, as well as in ethanol. The solubility of H, in
ethanol and CO, calculated according to Henry’s law and equation
state for ideal gases, indicated that the concentration of H, in CO, is
15 times higher than that in ethanol.

Table 1 Results of hydrogenation of nitrobenzene in scCO, and in
ethanol with different carbon supported metal catalysts at 35°C

Solvent Catalyst Time Conversion Selectivity (%)
(min’) (%) AN NSB AB AOB

CO, 14.0 MPa 5% Pd/C 10 52 100 - - -
5% Pd/C 50 100 100 - - --

5% Pt/C 10 71 79 4 12 5

5% Pt/C 50 100 100 - - -

5% Ru/C 10 4 100 - - -

5% Rh/C 10 12 100 - - -

 Ethenol  S%PdC 10 21 68 16 - 16

5% Pt/C 10 63 58 4 26 12

5% Ru/C 10 0 - e e -

5% Rh/C 10 0 - e e -

Next, the total conversion and the selectivity to aniline obtained
with various supported metal catalysts in scCO, and ethanol were
shown in figure 1. In scCO,, all the Pd catalysts indicate 100%
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selectivity to aniline, while the Pt catalysts have lower selectivity to
aniline. With the Pt catalysts, some amounts of NSB, AOB, and AB
were produced. In ethanol, the same byproducts were also detected
with all the Pt and Pd catalysts. Higher aniline selectivity values were
obtained in scCO, than these obtained in ethanol for all the catalysts
used. The order of the total conversion with respect to the supports is
C > Al,O3, SiO, in scCO, for both Pt and Pd. It is interesting to see
that the total conversion in ethanol is higher than that obtained in
scCO, for Al,O; and SiO, supported Pt and Pd catalysts; on the
contrary, the conversion in scCO; is higher than that in ethanol for
Pd/C and Pt/C catalysts.

100

80 =

60

40 4

Selectivity to aniline (%)

20 A

I Co, 14 MPa
80 4 [ Ethanol 10 mL

60
40

Lol ol d

PIC  PU/ALO, Pd/SIO, PUC PUALO, PUSIO,

Total conversion of nitrobenzene (%)

Figure 1. Nitrobenzene hydrogenation in scCO, and in ethanol at
35°C. Reaction conditions: nitrobenzene 2.0 g (16.2 mmol), catalyst
0.01g, H, 4.0 MPa, temperature 35°C, reaction time 10 min.

These results can be explained with metal particle size and the
interaction between reaction medium and metal particle. The metal
particle size on the supports were quite different and a larger metal
particle presented on the C-supported Pd and Pt catalysts as calculated
by Scherrer equation. The nitrobenzene hydrogenation proceeded on
the surface of metal particles, the higher activity presented in scCO,
for Pd/C and Pt/C catalysts indicates a significant interaction existed
between scCO, molecular and the larger Pt and Pd metal particle,
which benefits the formation of aniline, thus, the higher selectivities to
aniline have been obtained in scCO, than these obtained in ethanol for
all the catalysts used.

The CO, pressure presents a significant effect on the reaction
conversion and product selectivity in Figure 2. The conversion
increases with increasing CO, pressure up to 12 MPa , which can be
explained by the phase behavior and the concentration of nitrobenzene
distributed in liquid and CO, phases. The concentration of
nitrobenzene in CO, increases with increasing CO, pressure; when
CO, pressure was raised to 12 MPa, a completely miscible mixture
(NB, H, and CO,;) was formed. In this case the mass transfer
resistance between gas (H,) and liquid (NB) was decreased with
increasing CO, pressure and then it disappeared at 12 MPa as a result
of the phase changes to a homogeneous phase. This is a reason for that
the conversion increases with increasing CO, pressure. The selectivity
to aniline increases and has a maximum at 8.0 MPa, and then it
decreases with increasing CO, pressure for both Pd/C and Pt/C
catalysts. It was supposed that density variation around the critical
point would cause a change in chemical or physical properties and
affects the activity and selectivity of a reaction. The density of scCO,

is highly pressure dependent, for instance, to change CO, pressure
from 6.0 MPa to 8.0 MPa, the density changes from 160.0 to 520.8
kg/m?® [6].
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Figure 2 Influence of CO, pressure on the total conversion and

selectivity to aniline. Reaction conditions: nitrobenzene 2.0 g (16.2
mmol, 0.324 mmol/ml in the reactor), catalyst 0.01g, H, 4.0 MPa,
temperature 35°C, reaction time 10 min.

The transition metal catalysts of Pd, Pt, Ru, and Rh supported on
carbon presented a similar active order of Pt > Pd > Ru, Rh in scCO,
as well as in ethanol. An active order of supports is C >Al,03, SiO, in
scCO, for both Pd and Pt catalysts. Higher selectivity to aniline has
been obtained in scCO, compared with that in ethanol. the
hydrogenation of nitrobenzene catalyzed with Pd/C and Pt/C catalysts
was successfully conducted in scCO, with a 100% yield to aniline at a
lower temperature of 35°C for 50 min. Clearly, scCO, is a suitable
replacement for organic solvent in the hydrogenation of nitrobenzene
and the present hydrogenation is an environmentally benign and
“green” process as it is free of harmful organic solvents. In addition, it
is easy to separate the organic phase (the desired product, aniline),
aqueous phase (the only byproduct, water), gas phase (CO,, H,).
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Low heteroatom and high hydrogen contents make natural gas
an attractive feedstock for the synthesis of fuels and chemicals
currently derived from petroleum. This keynote lecture describes
recent progress in concept demonstrations and technological
applications as well as in the fundamental understanding of the
kinetic and thermodynamic constraints prevalent in direct and
indirect methane conversion routes to fuels and chemicals. These
recent advances combine catalyst improvements with the design and
implementation of novel chemical reactors and separation schemes.
These topics are discussed also in the context of their thermal
efficiency and of their impact on potential strategies to minimize CO,
formation and the economic viability of CO, sequestration.

Gas conversion processes will produce predominately liquid fuels
in remote locations, because the prevalent economies of scale and the
required field depletion rates will require large process throughputs.
These throughputs are too large for chemical markets, with the
possible exception of the ethylene and methanol markets. Depletion
strategies based on methane conversion to liquid fuels will ultimately
be replaced by the direct use of natural gas as a fuel, as pipelines and
liquefied natural gas facilities develop together with the local
economies and the required distribution infrastructures. Concurrent
production of commodity and intermediate chemicals in large natural
gas conversion complexes will increase economic incentives for first-
of-a-kind technologies and possibly lead to their earlier deployment.
The significant market penetration of wax, lubricants, and linear a-
olefins from initial coal and gas conversion deployments by Sasol
attests to the potential for co-production of chemicals, but also to
their significant impact on relatively small chemical markets. The use
of natural gas for chemicals syntheses will continue, using both
remote and local fields, well beyond the remote gas-to-liquids
commercialization time window, because natural gas provides clean
and economical routes to methanol and ammonia, as well as to other
chemicals currently derived from crude oil.

The conversion of natural gas to useful products is discussed
here in the context of a methane refinery, possibly located far from
markets, and designed to produce fuels, chemicals, and intermediates
currently derived from crude oil. Process simplicity, minimal cycling
of process and reaction conditions, and high conversions per pass
lead to higher practical thermal efficiencies and lower capital costs
for both direct and indirect processes for converting natural gas to
fuels and chemicals. Direct conversion routes, however, provide
paths to only a few desired products, and the high reactivity of these
products typically requires their kinetic protection or selective
extraction, both of which increase process complexity and costs.
Indirect routes via synthesis gas provide broader options for final
products or intermediates. They require less toxic and expensive
oxidants than indirect functionalization routes involving bisulfate or
halogenated methane derivatives. Direct paths involve C-H bond
activation and the conversion of the resulting CH, or CH,O species
to desired products within a single vessel. Pyrolysis, oxidative
coupling, selective oxidation (to methanol or formaldehyde), partial
oxidation (to synthesis gas; H,/CO) and reforming with either steam
or carbon dioxide are direct (one-step) methane conversion routes.

Direct processes can produce only a few products (H,/CO, acetylene,
ethylene, benzene, methanol, formaldehyde). In many cases, these
reaction products are much more reactive than the CH, reactant,
either because of their weaker C-H bonds or their unsaturated
character. Thus, they progress along reaction paths that ultimately
lead to thermodynamically more stable carbon or CO, products. Only
H,/CO mixtures, useful only as intermediates to more useful
products, reach equilibrium yields without significant formation of
carbon or CO,, and only as a result of the thermodynamic preference
for H, and CO at conditions used for partial oxidation and reforming
reactions.

High product yields in most direct routes therefore require
continuous removal of desired products from the reaction zone or the
thermodynamic or Kinetic protection of these products against
subsequent reactions. These approaches increase process complexity
and second-law inefficiencies. In general, maximum attainable
yields depend on the thermodynamic tendency of a given product to
oxidize to CO, or to dehydrogenate to solid carbon. Weaker C-H
bonds in products tend to favor their activation at lower reaction
temperatures in the absence of thermodynamic or kinetic protection.
Thus, low temperatures actually disfavor desired products in such
cases, because subsequent reactions of such desired products have
much lower activation energies that CH, activation steps leading to
the desired initial products.

Direct paths become indirect when desired products are made via
the initial formation of chemically-protected intermediates, which
must be subsequently converted to the desired products. In such
cases, the first step forms a protected form of methane, which resists
further conversion to CO, or carbon because of its low reactivity,
while a second step in a downstream vessel "de-protects” this
intermediate and forms the desired products in higher yields than by
the corresponding direct routes. For example, synthesis gas (H,/CO)
is in effect a thermodynamically protected, but quite reactive, form
of “activated” methane, useful to form a broad range of hydrocarbons
and oxygenates. High-temperature CH, reactions with H,O, CO,, or
even O, form minor amounts of CO, because of thermodynamic
constraints imposed by high reaction temperatures at typical reactant
stoichiometries.

Synthesis gas conversion processes are significantly more
advanced in development than direct processes and than other two-
step conversion schemes using methane bisulfate or halogen
derivatives. Indirect gas conversion processes via synthesis gas are
currently practiced for methanol synthesis and for hydrocarbon
formation via the Fischer-Tropsch synthesis. Diesel-range
hydrocarbons (via Fischer-Tropsch synthesis) and gasoline (via
methanol to gasoline) can be produced with thermal efficiencies as
high as 80% of their respective theoretical values (78% and 75%).
These indirect processes have continuously evolved with advances in
synthesis gas generation, in the design and deployment of three-
phase bubble columns for synthesis gas conversion, and in the
development of improved catalytic materials for the selective
synthesis of paraffins, intermediate size a-olefins, and higher
alcohols. Small modular gas conversion plants using catalytic partial
oxidation in monolith reactors and CO hydrogenation in bubble
columns may also create future opportunities for combining H, and
power generation and the synthesis of commodity petrochemicals,
and even of liquid fuels, in smaller scales than for remote fuels-based
gas to liquid plants.

Clean diesel products and intermediate range a-olefins can be
efficiently produced via Fischer-Tropsch synthesis pathways, but
lighter olefins, such as ethene and propene, and gasoline-type
hydrocarbons require an additional process step, in which methanol
derived from synthesis gas reacts on shape-selective catalysts.

Prepr. Pap.-Am. Chem. Soc., Div. Fuel Chem. 2004, 49 (1), 49


mailto:iglesia@cchem.berkeley.edu

Attractive routes for the synthesis of oxygenates with C-C bonds will
require new approaches involving bifunctional dehydrogenation-
condensation pathways. Multifunctional reactors combining
membrane separations with chemical reactions and cyclic reactors for
temporal separation of reactants and products hold significant
promise for increasing the efficiency of synthesis gas generation and
direct conversion steps, but their ultimate impact on capital costs and
thermal efficiencies remain unclear.
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Introduction

Since a decade ago, we have developed a novel zero-CO,
emission technology with Mo/Re based zeolite catalysts for catalytic
dehydrocondensation of methane to produce hydrogen and
benzene/naphthalene as aromatic products. We have constructed a
fixed bed demonstration plant of this direct methane reforming
process at Muroran, Hokkaido, and succeeded to operate in 2001-
2003 a stable and feasible performance with kg-scale Mo/HZSM-5
catalysts. This sustainable technology is available to produce
hydrogen and aromatics such as benzene and naphthalene from
biogas(60%CH,+40%CO0O,) derived from cows excrements, sewage
and biomass. Benzene (cyclohexane) and naphthalene(decalin) as
liquid organic hydrides are good for efficient and safe storage,
transportation and supply of hydrogen to fuel cell systems. We have
developed the organic hydride technology using a cyclic conversion
of cyclohexane-benzene (or decalin-naphthalene) which is conducted
by pulse-spray technique with a heated Pt-based catalysts at 250-
300°C for an efficient, safety and feasible storage and supply to PEM
fuel cell car, home electric generator and non-wiring (cable)
transportation of electricity generated by solar cells, windmills and
other renewable sources. A “Cyclohexane/decalin Hi-way” concept
is discussed for 21% century sustainable hydrogen energy from
methane and biogas for fuel cell society.

Novel Catalytic Technology of Direct Methane(Biogas)
Reforming towards Hydrogen and organic hydrides for
Chemical Industry and Fuel Cell Society

We have developed in 1996-2000 the novel Mo carbide and Re
based zeolite (HZSM-5, MCM-22) catalysts which exhibit the
practically efficient performances (20% conv, over 90%selectivity)
for dehydrocondensation of methane(natural gas and biogas) to
simultaneously produce benzene and naphthalene with a bulky
hydrogen, and the feasible catalyst stability by addition of a few
percents CO/CO, or hydrogen to methane feed has been
demonstrated due to an effective removal of coke formed on the
catalysts. We have constructed the 1 Kg catalyst-scale demonstration
plant of this direct reforming process at Muroran, Hokkaido, and
proceeded the operation with kg-scale catalysts of Mo supported
zeolites to produce benzene/naphthalene and hydrogen with a low
coke formation at 700-750 °C and 3-5 bar. This catalytic technology
of methane direct reforming is evaluated as non-CO, emission and
eco-feasible process to produce hydrogen and benzene (cyclohexane)
and naphthalene(decalin)as efficient storage and supply of hydrogen
for fuel cells.

New Technology of Hydrogen Storage and Supply to Fuel Cell
Systems Using Organic Hydrides for Fuel Cell Society

The novel technology of hydrogen supply infra-structures
using liquid organic hydrides such as cyclohexane and decalin
recently emerge for 21% century hydrogen eco energy society
connected with reliable PEM fuel cell. A novel catalytic converter of
cyclohexane(or decalin) are developed with carbon-based Pt catalysts
to efficiently supply pure hydrogen at moderate temperatures of 250-
350 °C. A cyclic conversion of cyclohexane-benzene (or decalin-
naphthalene) system is available for efficient, safety and feasible
storage and supply (50-500 I/min) by hydrogen station for hydrogen
fuel car, home electric generator and non-wiring (cable)
transportation of electricity generated by solar cells, windmills and
other renewable sources.

This is promising sustainable technology of zero-CO2
emission hydrogen supply from methane and biogas using organic
hydrides connected with reliable PEM fuel-cell systems, as follows.

Novel Hydrogen Storage and Supply Infra-structures Using Liquid
Organic Hydrides for FC Systems.

M. Ichikawa {Hokkaido Univ.)
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Towards an efficient process for small-scale, decentralized
conversion of methane to synthesis gas or hydrogen

Dirk Neumann, Mark Kirchhoff, and Gétz Veser®

Department of Chemical Engineering
1249 Benedum Hall, University of Pittsburgh
Pittsburgh, PA 15261, USA

Introduction

Methane is one of the major contributing gases to global
warming. According to a recent study by the IPCC [1], about 70% of
all atmospheric methane is of anthropogenic origin, and this value
has shown a particularly strong growth rate through the 1990s with
an average increase of about 7 ppt/yr. However, since methane has a
very short atmospheric lifetime of about 8 — 12 years, it also appears
to be one of the most promising greenhouse gases for short-term
measures to counter global warming trends with (almost) immediate
impact [2].

In the US, more than a third of all methane emissions result
from landfills [3]. These emissions not only represent a significant
environmental problem, but at the same time also are a waste of a
valuable and renewable natural resource. However, these sources are
too small and often too remote to be exploited with existing industrial
technology for methane utilization (other than combustion). With
current trends towards a more sustainable economic growth and a
clean, hydrogen-based economy, however, it seems necessary to
develop technologies for efficient, small-scale and decentralized
utilization of these and similar methane resources.

Direct ‘valorization’ of methane, i.e. the direct conversion of
methane to higher value products via process routes such as methane
coupling, is currently neither efficient nor economical. The only
available route for methane valorization is therefore the indirect route
via the production of synthesis gas, a mixture of CO and hydrogen,
followed by secondary processes such as methanol or Fischer-
Tropsch syntheses. In these indirect processes, the syngas production
step is currently the limiting factor particularly for small-scale
processes, with about 60% of overall investment costs.

Catalytic partial oxidation (CPO) of methane to synthesis gas
has recently found much attention as alternative to the industrially
dominant, highly endothermic steam reforming route (CH,; + H,O B
CO + 3 H,, AHR =206 kJ/mol). CPO is a mildly exothermic reaction
and has thus the potential to be run autothermally (CH, + 0.5 O, B
CO + 2 H;, AHg = -36 kJ/mol). This independence on external heat
sources is quintessential for an efficient small-scale, decentralized
process. Furthermore, the reaction is characterized by the extremely
high reaction rates typical for catalytic oxidation processes at high
temperatures (T > 800°C). This allows for catalytic contact times in
the order of about 10 ms and thus for extremely compact reactors
with large through-puts.

However, for all its advantages over the conventional steam-
reforming route, adiabatic CPO of methane is far from optimal.
Simple thermodynamic calculations demonstrate that adiabatic
temperatures are too low to achieve optimal methane conversions and
syngas selectivities, and even these adiabatic temperatures are only
achieved via internal combustion of some of the methane feed, hence
intrinsically capping the maximum attainable yields at autothermal
process conditions [4].

However, combining the CPO reaction route with an efficient
heat-integrated reactor concept, a very efficient overall process can
be attained. In this report, we briefly present some of our recent
results on CPO of methane in a catalytic reactor with integrated
regenerative heat-exchange via reverse-flow operation.

Experimental Set-up

The experimental set-up has been described in more detail in a
previous publication [4]. The reactor consists of a stainless steel —
quartz glass double tube, in which the catalyst is positioned between
two extruded cordierite monoliths which serve as heat reservoirs.
Four valves are positioned pair-wise on either end of the reactor to
allow switching of the flow direction at reverse-flow operation. If the
flow direction is reversed periodically at an appropriate frequency,
the heat of the exothermic oxidation reaction is “integrated” and
reactor temperatures are increased well beyond the adiabatic limit.

Moveable thermocouples allow measurement of temperature
profiles, while reactant and product concentrations are measured via
mass spectrometry and gas chromatography.

The catalysts used are platinum precipitated from a salt solution
on an alumina foam monolith, and a novel nanocomposite catalyst, in
which platinum nanoparticles are anchored in a high-temperature
stabilized ceramic matrix [5].

Results and Discussion

Pt-Alumina Catalyst. Figure 1 shows results from CPO of
methane with air over a platinum-coated alumina foam monolith at
stationary reactor operation (‘SS’) and at reverse-flow operation
(‘RFR’) versus methane/oxygen ratio. One can see that the
regenerative heat-integration in the RFR leads to a significant
improvement in methane conversion of about 20% over the whole
range of conditions (left graph), as well as drastic improvements in
hydrogen selectivity of up to 40% (right graph).
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Figure 1. Experimental results for CPO of methane over an alumina
supported Pt catalyst in a comparison between steady-state (SS) and
reverse-flow operation (RFR). Methane conversions (left graph) and
hydrogen selectivities (right graph) are shown versus methane/
oxygen-ratio at a reactor feed of 4 sIm methane/air. The duration of
one half-period at RFR operation was 15 s.

While methane conversion increases continuously with
decreasing methane/oxygen ratio due to the increasing amount of
oxygen available for methane oxidation, hydrogen selectivity shows
a maximum near CH,/O, = 1.2 at SS which shifts to about CH,/O, =
1.7 at reverse-flow operation. This maximum can be explained by the
superposition of two effects: The overstoichiometric supply of
oxygen for CH,/0,<2.0 leads to some total oxidation, hence reducing
selectivities. At the same time, the exothermicity of the total
oxidation reaction also increases temperatures and hence thermo-
dynamically attainable selectivities, thus helping process
selectivities. The observed shift in the maximum therefore indicates
that less total oxidation is needed to achieve high reaction
temperatures, as reactor temperatures are already increased due to the
heat-integration. Heat-integration thus leads to an effective
conversion of thermal energy (heat) into chemical energy (process
yields).
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Reactor Simulations.  The experimental investigations were
complemented by a detailed simulation study of the reaction
behavior at reverse-flow operation of the reactor in order to obtain a
better understanding for the reaction kinetics at high-temperature
unsteady-state  conditions. A  heterogeneous one-dimensional
reaction-diffusion reactor model was coupled with detailed reaction
kinetics for the catalytic surface reaction which had previously been
validated against experimental results at stationary reactor operation
[6]. Figure 2 shows results from one simulation: catalyst
temperatures (left graph) and water concentrations (mass fractions,
right graph) in the catalyst zone are shown for one half period
immediately after flow reversal.

The reactor model confirms the (qualitative) experimental
observation that maximum catalyst temperatures are kept below
1500°C and thus maintain within a range. Furthermore, one can see
that a strong (spatial) temperature maximum develops near the
catalyst entrance which matches with the maximum in water
concentration in this location. This indicates that some total
combustion of methane is occurring near the catalyst entrance, the
exothermicity of which results in strong temperature maxima.
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Figure 2. Simulation results for CPO of methane over a Pt catalyst
at reverse-flow reactor operation. Temperature profiles in the catalyst
bed (top graph) and water concentrations (mass fractions, bottom
graph) are shown versus catalyst length (z) and time after flow
reversal (t). Flow direction is from right to left as indicated by the
arrow in the top graph. Reactor feed is methane/air at room
temperature with CH,/O, = 2.0 and RFR periodicity is 15 s.

At the same time, one can also see that the temporal temperature
maximum in the catalyst zone corresponds to a minimum in water
concentration. This is due to the (transient) increase in reaction
temperature due to heat-integration which leads to an improvement in
selectivity and hence to a decrease in the amount of water formed in
the reaction.

This results again highlights the above mentioned complex
interplay between reactor temperatures and reaction selectivity: while
low selectivity results in high reactor temperatures, these high
temperatures in turn improve reaction selectivity and hence counter
the increasing temperatures.

Pt-BHA Nanocomposite Catalyst. As seen above, heat-
integrated reactor concepts alone are not sufficient to achieve optimal
reaction temperatures. Development of an efficient process should
always involve reactor engineeering in combination with the design
of adapted catalyst systems. We recently developed novel nano-
composite catalyst systems, in which well-defined noble metal
nanoparticles are embedded in a ceramic matrix, yielding highly
active, selective and high-temperature stable catalyst systems [5].

Figure 3 shows experimental results in CPO of methane over a
Pt-barium hexa-aluminate (Pt-BHA) nanocatalyst at stationary
reactor operation (‘SS’) and reverse-flow operation (‘RFR’) with
varying methane/oxygen ratio. One can see that the results both at SS

and RFR are significantly improved in comparison to the
conventional supported platinum catalyst (see fig. 1). Furthermore,
heat-integration again leads to a strong improvement in conversions
and selectivities for this catalyst, raising methane conversion at
stoichiometric conditions to about 80% with hydrogen selectivities of
about 95%. While this is still far from the thermodynamically
allowed complete conversion at perfect selectivity, it is a drastic
improvement in comparison to the values of less than 50%
conversion and about 55% H, selectivity at conventional stationary
reactor operation with a conventional catalyst.
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Figure 3. Experimental results for CPO of methane over a novel
nanocomposite Pt-BHA catalyst in a comparison between steady-
state (SS) and reverse-flow operation (RFR). Methane conversions
(right graph) and hydrogen selectivities (left graph) are shown versus
methane/oxygen-ratio at a reactor feed of 4 slm methane/air. The
duration of one half-period at RFR operation was 15 s.

Conclusions

We presented some recent results from our ongoing studies
towards the development of a flexible and efficient process for
methane valorization via direct catalytic partial oxidation to synthesis
gas or hydrogen.

The combination of reactor engineering with catalyst
development, and of experimental investigations with numerical
simulation is essential for the development of such processes which
we see as critical enabling technologies for a more efficient and
sustainable utilization in particular of small-scale, decentralized and
remote methane resources.
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STRUCTURAL REQUIREMENTS AND ACTIVATION
PATHWAYS IN REACTIONS OF METHANE
CATALYZED BY SUPPORTED METALS

Junmei Wei and Enrique Iglesia

Department of Chemical Engineering, University of California at
Berkeley,
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CHy reactions with CO, or H,O lead to synthesis gas mixtures,
which are used to produce valuable fuels and chemicals. Rigorous
assessments of the relevant elementary steps and of the effects of
metal dispersion and support on reaction rates and selectivities have
remained elusive. Here, we report isotopic tracer and kinetic studies
that provide a simple mechanistic picture and a unifying kinetic
treatment of CH,/CO,, CH4/H,0, and CH,; decomposition reactions
on supported Rh, Ni, Pt, Ru, and Ir catalysts. The required kinetic
processes are exclusively limited by the first activation of a C-H
bond in CH4 and the relevant rate constant is unaffected by the
presence or the concentration of co-reactants (H,O, CO,) or by the
identity of the support. The elementary steps proposed and confirmed
by kinetic and isotopic evidence provide a rigorous basis for treating
the dynamics of carbon formation during CH, reforming. On all
metals, turnover rates increased with increasing metal dispersion.
This reflects the higher reactivity of coordinatively unsaturated
surface atoms for C-H bond activation reactions.

The kinetic effects of CHy, H,O, and CO, pressures on CHy
reaction rates were measured at 850-1000 K and 0.1-1.5 MPa total
pressure over a wide range of reactant ratios. Transport artifacts
were excluded using dilution strategies. Measured reaction rates
were corrected for the distance of the overall reaction from
thermodynamic equilibrium in order to obtain rigorous values of the
forward kinetic rates. On all catalysts, CH, reactions rates were
proportional to CH, pressure, independent of co-reactant pressure,
and identical for CH,/CO,, CH4/H,O, and CH4 decomposition
reactions, indicating that these reactions are mechanistic equivalent
and that C-H bond activation is the sole kinetically-relevant step in
all three reactions. These conclusions were confirmed by identical
CH4/CD, kinetic isotope effects for reforming and decomposition
reactions and by undetectable H,O/D,0 isotopic effects. The kinetic
relevance of C-H bond activation is consistent with the relative rates
of chemical conversion and isotopic mixing in CH,/CD,/CO, mixture
and with the isotopic evidence for the quasi-equilibrated nature of co-
reactant activation and H, and H,O desorption obtained from
reactions of CH,/CO,/D, and '2CH,/'?CO»/"*CO mixtures. Taken
together, these quasi-equilibrated steps involved in H,O, H,, and CO
formation lead to equilibrated water-gas shift reactions. These
elementary steps provide also a rigorous basis for a kinetic treatment
of carbon formation processes during CH4 reactions at high
temperatures on metal surfaces and for the assembly of carbon
filaments as specific side products of these reactions [1].

Turnover rates were obtained from forward reaction rates and
metal dispersions. Turnover rates and metal dispersions are based on
strongly chemisorbed H, or on H,-O, titration measurements.
Turnover rates for CH4-H,O reaction increase with increasing
dispersion and decreasing size of Rh, Ir, Pt, Ru and Ni clusters
supported on various oxides (Figure 1). Identical turnover rates and
dispersion effects rates were observed CH4-CO, reactions, as
expected from the rigorous kinetic equivalence of CHy4-CO, and CHy-
H,O reactions. On all metals, turnover rates increased monotonically
with increasing metal dispersion, suggesting that the coordinatively
unsaturated surface atoms prevalent in small crystallites are
significantly more active than those in the low-index planes

predominately exposed on larger metal crystallites. Similar effects
have been measured and predicted theoretically for model metal
surfaces [2,3]. These low-coordination surface atoms appear to
provide more stable binding sites for CHy and H products and for the
relevant activated complexes. Similar CO oxidation rates were
measured before and after CH, reactions on all of the noble metals,
indicating that metal dispersion is not affected by unreactive deposits
or sintering during catalysis. The identity of the support does not
influence turnover rates, and previous literature claims for support
effects, attributed to co-reactant activation on the supports, are
inconsistent with these data and with the kinetic irrelevance of co-
reactant activation steps. Supports, however, influence metal
dispersion, and in this manner, they can affect turnover rates.
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Figure 1. Forward CH, turnover rates for H,O reforming of CH, on
different metal clusters as a function of metal dispersion on various
supports (873 K, 20 kPa CH,, (A) ZrO,, (®) AL Os, (<) ZrO,-
Ce0, as support, (0) MgO-A () MgO-B).
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Introduction

Although much of the world’s methane is stranded, utilization of
available methane as a chemical feedstock begins in practice with its
conversion to methanol by partial oxidation to syn gas followed by
recondensation. Subsequent conversion of CH30H to olefins was
made possible by discoveries in the early seventies by Mobil
scientists,™, and later generalized by other workers to CH;X (X =
halide, SH, NH, OCH;) condensation.>" The proposed
mechanism'® '® is an initial dehydrative coupling to form the actual
catalyst, a relatively ill-defined adsorbed cyclic hydrocarbocation
(carbon pool). The technology has been widely developed for
multiple product outputs, and may be considered an alternative to the
reliable but extreme steam cracking method of olefin production from
low and middle petroleum distillates. For CH;Cl, formed from CH,
oxychlorination, the product in most cases is an aromatic-rich liquid
together with HCI and water,® with some variation depending on the
promoters used.'”'* While this chloromethane chemistry has been
well characterized and the kinetics are favorable, the process has not
been commercialized.

Above, we demonstrated a two step technique for partial
oxidation of alkanes by oxygen in which a two electron oxidation of a
C-H bond is effected by bromine, giving HBr and bromoalkane
(Equation 1).'72°

RH + Br, & RBr + HBr €))

These intermediates were further converted either to unsaturated
hydrocarbons (for Cy+) or to oxygenates by reaction with a metal
oxide solid reactant. The metal oxide served to remove HBr actively,
and to direct the output to specific partial oxidation products
dependent upon the metal oxide composition and reaction conditions.
Complete recovery of bromine and regeneration of the metal oxide
was accomplished by reaction of the spent solid with O,.

During the course of development of active and regenerable
metathesis materials, oxides of calcium were investigated because of
their lack of facile redox activity (leading to deep oxidation),
stoichiometric HBr neutralization capacity, and the nearly
thermoneutral regeneration of CaBr, with O, to give CaO and Br,
(AG® = 14.9 kcal/mol). We observed that while activated HZSM-5
(Si:Al = 80) rapidly lost catalytic CH;Br coupling activity over the
course of 10 minutes, calcium oxide zeolite composites”
quantitatively neutralized HBr and effected the presumably
superacidic condensation of methyl bromide to higher olefins (Eq. 2).

HBr + CH;Br + CaO/ZSM-5 >
1/n (CyHay) + H,O + CaBry/ZSM-5 (2)

Figure 1 shows the time dependent product output from
two serial continuous flow reactors for methane bromination (1) at
525° C. followed by reaction over a bed of CaO-ZSM-5 at 400° C.
(2). Retention of bromine within the second packed bed under these
conditions is better than 99.9%, while the product ouput is very
similar to that observed for CH;OH coupling over Ca/ZSM-5.%!
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Fig. 1. Output of dual stage reactor with a feed of CH,:Br;, (5:0.5
cc/min). First Stage: Plug flow reactor (1 x 100 mm glass tube, 500°
C. space time = 0.3 s. Br, conversion = 100%, CH,4 conversion =
8.2%). Second Stage: Fixed bed: (10 x 100 mm plug of 5 g. Ca-
ZSM-5, 400 C, space time = 20 s, WHSV = 0.04 h'l).

The reaction in Figure 1 represents HBr sequestration to 50-75%
of neutralization capacity (5 hours, Scc/min CHy, 0.5 cc/min Bry(g))
of the solid. After more than 10 runs and regenerations (525 C, 5
hours, 5 cc/min O,  quantitative Br, recovery), the
coupling/neutralization reactivity and product distribution of the
regenerated solid (50% selectivity to C,-Cs) remained unchanged
within experimental error. Furthermore, these materials are also
catalytic (Eq. 3) in that even after HBr breakthrough due to metal

CH;Br > 1/n(CH,), + HBr 3)
CaBry/ZSM-5

oxide depletion, the conversion of bromomethanes under the
conditions shown in Figure 1 continues (Figure 2). This catalytic
reactivity allows use of more specialized auxiliary metal oxides for
HBr sequestration and Br, recovery.
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Figure 2. Continued methane bromination and condensation over
the same Ca/ZSM-5 bed (5.0 g) used in Figure 1 past the HBr
saturation limit (reached at ~100 min) of the bed. Feed: CH4:Br,
(5:0.5 cc/min). First Stage: Plug flow reactor (1 x 100 mm glass
tube, 500° C. space time = 0.3 s. Br, conversion = 100%, CH,
conversion = 8.2%). Second Stage: Fixed bed: (10 x 100 mm plug
of 5 g. Ca-ZSM-5, 400 C, space time =20 s, WHSV = 0.04 h'").
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Methane partial oxidation by free radical bromination leads to
significant buildup of CH,Br, as well as some CHBr; at appreciable
methane conversion. Over CaO/ZSM-5, CH,Br, condenses
predominantly to adsorbed carbon in the absence of CH3;Br while
cross coupling between CH,Br, and CH;Br is manifest in the higher
output of aromatics (best represented as mesitylene CoH,,), when
both species are present (Figure 3).

Notably, with pure CH3;Br feed, the yield of C,-Cs is
significantly higher, and that of adsorbed carbon and aromatics
significantly lower than observed for a mixed bromomethane feed,
Figure 3.
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Fig. 3 Comparison of product selectivity for methane/bromine
reaction product feed vs pure CH;Br feed (conditions as in Fig. 1).

The advantage of Br, over other halogens in this partial
oxidation scheme may be understood in terms of the reduction
potential of Br, to Br" (1.07 V vs NHE), which in comparison with
Cl, (1.36 V) and I, (0.54 V), makes alkane bromination significantly
less exothermic, yet spontaneous enough to go to completion.
Bromine also allows for utilization of a wider range of metal oxides
as bromide metathesis reagents because the reoxidation of metal
bromides by O, (1.23 V) can be accomplished under relatively mild
conditions. Despite the slightly lower selectivity for
monobromination versus monochlorination for comparable methane
conversion, a higher degree of reversibility is expected for the weaker
C-Br bonds* than exists for C-Cl bonds for corresponding C;
species. In addition, CH;Br and CH,Br, are expected to be
significantly easier to separate from each other than are CH;Cl and
CH,Cl,. Hence polybrominated methanes are not necessarily lost
from a methane conversion process and may be induced to
comproportionate with CH, feed, raising overall CH3;Br, and
ultimately olefin, yield.”*

We direct further work towards establishing the generality of the
condensation reactivity of CH;Br over microporous solids to give
olefins or other products and draw on analogies to CH;OH
coupling?'  Ultimately our goal is to utilize the three step low
temperature route -- bromination, coupling, regeneration -- to
streamline the production of higher hydrocarbons from methane,
technology which is presently dominated by processes involving
CH;OH or synthesis gas as intermediates. Selective bromination and
reactor configurations favoring comproportionation of methane and
CH,Br, or CHBr; to CH;Br are potential routes to improved carbon
utilization.

Acknowledgements: This research was funded by Gas Reaction
Technologies, Inc., through a sponsored research agreement with the
University of California.

Notes

CaO/ZSM-5 composites were prepared by wet impregnation of
1 part Ca(NO;), to 4 parts H-ZSM-5, (Si:Al = 80:1, obtained from
Zeolyst Corp.), drying at 125° C. overnight, followed by calcination
at 500° C. overnight. Catalytic coupling reactivity was not evident
until after the first CH;Br/HBr metathesis/regeneration cycle.
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Introduction

Based on the beneficial experience in synthesis of acetic acid
from CO, and H,, the pioneer noticed of two pieces of information in
support of this research. One was the level 435.43 kJ/mol of bond
energy of H-H bond in H,, which is equivalent to that of C-H in
CHy,; the other was the same intermediate CH, involved in both CH,
activation and CO, hydrogenation. And this led to a novel and
interesting route to conversion of greenhouse gases, CH4 and CO,,
directly to acetic acid by a two-ste? sequence employing
heterogeneous catalysts like Cu-Co oxides™. In this work, we have
investigated the supported transition metal catalysts and found that
Pd and Rh catalysts exhibited a better performance.

Experimental

The catalysts were prepared by incipient wetness impregnation
of silica from an aqueous solution of their chlorides. The slurry was
dried at 110 °C for 16 h and then calcined at 500 °C for another 5 h.
The reaction was implemented in a micro-reactor at atmospheric
pressure with 400 mg catalyst (sized 40-60 mesh). A flowing argon
(at a flow rate of 100 cm®/min) was first used for 10 min to purge out
the impurity gases in the reactor. The catalyst was then reduced from
the room temperature to 400 °C. The reactor was maintained at this
temperature for 2.5 h. The catalyst was then cooled in argon (or
nitrogen) stream to the desired temperature. After that, a two-step
sequence began with exposing the catalyst to a flow of CH,4 (85
cm*/min) for 5 min and CO, (85 cm®min) for 10 min in turn. More
CO, was fed to increase the yields on the basis of the consumed CH,.
The products were collected at ice-water mixture temperature by a
bubbling absorber filled with caustic soda solution (50 ml). After
reaction for 20 turns around 5 h, the products were analyzed by 1C20
gas chromatography.

Results and Discussion

Figure 1 shows the yield of acetic acid synthesized directly from
CH; and CO, over Pd/SiO, catalysts, while Figure 2 presents the
results obtained from Rh/SiO, catalysts.
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Figure 1. The formation rate of AcOH over Pd/SiO, at different
temperatures

One can observe an apparent decline and a slight decline
vibrated in acetic acid yield along with the temperature rises from
170 to 400 °C in the presence of catalyst 2%Pd/SiO, and
1%Pd/SiO,. The maximum yield of acetic acid is 37.0 and 38.2
umol/g,-h at 170 °C and 200 °C of the former, and the latter is 20.8
pmol/g-h. An interesting point we noticed is that some formic acid
was also formed for reaction carried out at 300 °C over both
2%Pd/SiO, and 1%Pd/SiO,.
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Figure 2. The formation rate of HCOOH over Rh/SiO, at different
temperatures

The catalysts Rh/SiO, can also give to acetic acid. However, its
catalytic activity was not as good as we expected. As represented in
Figure 2, the yield of acetic acid does not exhibit a marked decline,
but ascend as the temperature rises. The best results we obtained in
our experiments are 12.8 umol/g.-h for 2%Rh/SiO, and 9.8
pmol/g.-h for 1%Rh/SiO, at 400 °C. And no formic acid was
observed. Unsurprisingly, a higher yield can be achieved by using
more supported amount of metal.

TiO,-supported Rh, Pd catalysts give results similar to SiO,. The
yield of acetic acid over Pd catalyst is higher than Rh catalyst, as
shown in Figure 3. And, only Pd catalyst can lead to a formation of
formic acid too. The yield of formic acid is shown in Figure 4.
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Figure 3. The formation rate of AcOH over Pd, Rh/TiO, at different
temperatures

The present investigation has confirmed the effectiveness of the
direct synthesis of acetic acid directly from methane and carbon
dioxide. This route provides a potentially valuable means to convert
directly greenhouse gases, CH, and CO,, to acetic acid, a useful
target molecule for methane conversion?. Further study is being
conducted.
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Introduction

Catalytic partial oxidation of methane to syngas is a slightly
exothermic, highly selective, and energy efficient process. It gives
syngas with H, to CO ratio of 2:1 that is suitable for F-T and
methanol syntheses. Hence, much effort has been devoted to partial
oxidation of methane to syngas in the presence of catalysts.
Perovskite catalysts have attracted much attention for more than two
decades due to their potential commercial applications as catalysts
[1-3]. Lago et al[4] observed that a series of cobalt-containing
perovskites LnCoOs(Ln=La, Pr, Nd, Sm, and Gd) have high activity
and selectivity for the partial oxidation of methane to syngas.
Slagtern and Olsbye[5]and Provendier[6] concluded that the addition
of a third metal into the perovskite structure is necessary to stabilize
the catalytic system. Supported Ni catalysts on CaTiO3,SrTiO5; and
BaTiO; oxides have been investigated[7]. Ni/SrTiO; and Ni/BaTiO3
showed that high activity for POM.

In this study, partial oxidation of methane was investigated over
BaTi; xNixO; catalysts. We evaluated the catalysts prepared with
different Ni loading amount and with different calcination
temperatures. The reaction mechanism and activity are discussed.

Experimental

A series of BaTiy.xNiyxOj3 catalysts were prepared by the sel-gel
method with x values ranged from 0 to 0.3. The calculated amounts
of tetrabutyl titanate, citric acid and glycol were mixed and stirred to
solution under reflux. The calculated amounts of Ba(NOs), and
Ni(NOs),.6H,0 were added to the hot solution with stirring and to
make nitrate decomposition. A gel was obtained by adding
triethanelamine. The nanometer powders of BaTi.xNixO; were
made by calcining the dried gel for 2h at different temperature
(600,700 and 800 °C).

X-ray diffraction (XRD) patterns were obtained with a Rigaku
2038 diffractometer using CuKo radiation at a rate of 4%min. The
XRD patterns of BaTi,.xNixO3; shows that the pure perovskite
structure is formed. The particle textures of the samples were
investigated using a JEOL TEM-100X II transmission electron
microscope. The TEM images of BaTi;.xNixO; indicate that the
mean sizes of the particles are 13 to 21 nm and particles distributions
are uniform. Specific surface areas were derived from N, adsorption
isotherms that were determined with a Chem BET-3000 instrument.
The values of the BET specific surface area of BaTiy.xNixOs are in
the 10-16 m?/g.

The methane oxidation reaction was carried out in a fixed bed
quartz reactor(8 mm in i.d.) filled with 300 mg catalyst at
atmospheric pressure. The feed gas mixture were composed of
CH,,0, and N, with a space velocity of 3 10° h™g™.The products
were analyzed on-line by a SP3420 gas chromatograph equipped
with TCD.

Results and Discussion

Table 1 lists the results of activity and selectivity of BaTi;.
xNixO3z with different x values(Ni content) in POM reaction at 950
‘C, which indicate that the activity of BaTiOj3 is very low and the
activity of BaTi;.xNixOj3 increase significantly with the addition of

Ni into the perovskite. The activity of BaTiggNig,03 is the highest
with CH,4 conversion of 95% and CO selectivity of 98%.

Table 1. Effect of x Value in BaTi;4Niy0; on the Activity

at 950 C
X value CH,conversion CO selectivity (%)
(%)
0(BaTiOs) 40 75
Ol(BaT|09N|0103) 89 97
OZ(BaTlO 8N|0203) 95 98
0.3(BaTio7Nio303) 86 96

Figure 1 shows the catalytic activity for partial oxidation of CH, at
CH,/O, mole ratio of 2:1 with a space velocity of 4.4Xx10° h™g™
over BaTiggNig 03 calcined at different temperatures. From Figure 1,
we can see that with the increase of calcination temperature, the
activation temperature of BaTiggNig,03 decrease and the optimum
reaction temperature scarcely change. It is suggested that the
perovskite catalysts should be calcined at low temperatures, since the
activity of BaTiggNip,03 was significantly reduced with an increase
of calcination temperature from 600 to 800 C.
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Figure 1. CH, conversion versus temperature

The results reveal that the calcination temperature of the BaTis.
NixOs has a close relation with activity. The increase of calcination
temperature can lead to a decrease in surface area and an increase in
crystal size, which make concentration of active oxygen decrease.
Thereby the catalytic activity of BaTi;.NixO; decreases.

Figure 1 shows CH,4 conversion increase with the increase of
reaction temperature. It is found from experiments that the
temperature difference between reaction temperature and control
temperature changed from 24°C to -4°C with the increase of reaction
temperature, which indicate the heat of reaction gradually decrease.
These results suggest that the combustion of a part of CH, to H,O
and CO, (exothermic reaction) first took place in the lower
temperature and reforming reaction of CH,; with H,O and CO,
(endothermic reaction) was followed in the higher temperature for
POM over BaTi; xNixOs. This result is agreement with the results in
literature [7].
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Figure 2 shows the catalytic activity for partial oxidation of
methane at CH,/O, mole ratio of 2:1 with a space velocity of 4.4X
10°h~*g™ over BaTiygNig,05 at different reaction time. The results
show that the catalytic activity of BaTiggNig,0O3 increases with the
increase of the reaction time. When the reaction time is over 3h, the
catalytic activity of BaTiggNig,03; remained unchanged after 40h of
operation at 950 ‘C. This indicates that the activation stage of the
catalyst is needed at the initiation stage of reaction and that catalyst
is stable under the POM reaction at 950°C for 40h.
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Figure 2. CH, conversion and CO selectivity versus reaction time

Conclusions

From the results above, we can conclude that perovskite
BaTi,.xNixO5 are highly efficient catalysts for POM. The calcination
temperature of the BaTi;.NixOj3 can affect the activation temperature.
The addition of Ni into the perovskite structure makes activity
increase significantly. The most active system BaTipgNig,03

presents a stable activity, with no deactivation at 950°C during 40h
test.
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1. Introduction.

Carbon dioxide (CO,) has been identified as the most significant
greenhouse gas arising from anthropogenic activities. Presently,
atmospheric levels of CO, are thought to be about 25% higher than in
pre-industrial times [1]. It is of great importance to reduce
anthropogenic CO, emissions in order to counteract global warming.
In many countries (7 in the EU) a tax related to CO, emissions has
been introduced in order to encourage better plant efficiency and/or
create increased investment in CO, mitigation. One method of
accomplishing a reduction in CO, emissions is fuel switching. As an
example, if naphtha is used as a fuel, the following combustion
reaction takes place:

CioHg + 120, > 10CO, + 4H,0  AH%gg¢ = -5134KJ (1)

and 0.085g of CO, is released per KJ of energy produced. If the
naphtha is replaced with a low-carbon containing fuel such as natural
gas the energy:CO, ratio becomes more favourable with 0.055g of
CO, produced per KJ of energy released.

CH,; + 20, > CO, + 2H,0 AH%qg¢ = -800KJ (2)

In the long term one must consider more innovative options for
anthropogenic CO, reduction. One such method, which is presently
being extensively investigated, is the sequestration of CO, produced
by concentrated sources (such as industry and power stations) and the
subsequent disposal of the trapped CO, in reservoirs such as the deep
sea or in aquifers [3,4]. Ocean disposal is seen as the method with the
greatest long-term application possibilities. However there are a
number of relevant concerns about this method of CO, disposal: how
much of the sequestered CO, will be returned to the atmosphere and
when will it be returned? According to Adams et al. [5] the
atmosphere and the ocean eventually equilibrate on a timescale of
about 1000 years regardless of where the CO, is originally
discharged. Wong et al. [4] estimated that the disposal of CO; in to
the intermediate waters of the North Pacific would buy only 20-50
years of CO, reduction. Another option which may aid in the
reduction of CO, emissions is the fixation of CO, as a chemical. The
advantage of CO, utilisation (fixation) over CO, disposal is that the
production of chemicals with an economic value is possible. Aresta et
al. [6,7] have done extensive research in this area. They have shown
that the production of materials such as carbamic esters, urea and
methylamines can be produced from CO, feedstocks.

Another reaction which consumes CO, is the dry reforming of natural
gas (CH,).

CO, + CH; = 2CO + 2H, 3)

This paper assesses whether dry reforming can be viably used as a
method of CO, mitigation. We have calculated all-over energy
balances for a number of all over process scenarios involving the
production of synthesis gas followed by the production of some other
product (methanol, sulphur-free diesel and carbon).

2. Methods of Analysis.

Much of the work carried out on dry reforming of CH4 has been
justified by the argument that the reaction offers a route for the
conversion of large amounts of CO,. The product of reaction (3),
synthesis gas, is an equimolar mixture of CO and H,. Synthesis gas

can be used to produce higher value products, most notably sulphur
free diesel (4), via Fischer-Tropsch synthesis, and methanol (5).

nCO + (2n + 1)H; > CyH 4+ 2 +nH0 4)

CO + 2H, > CH3;OH (5)

Both of these reactions ((4) and (5)) require H, to be added to the
reactant synthesis gas feed in order to establish the correct reactant
ratio. This hydrogen would usually be supplied by the steam
reforming of CH, (6).

CH,; + H,0 > 3H, + CO (6)

CO, and CH, are both relatively stable compounds with low potential
energies. As a result the dry reforming reaction is highly endothermic
and so energy has to be provided in order to drive it in the forward
direction. Similarly, the steam reforming of CH, is also an
endothermic reaction. The most likely energy source to drive these
reactions will be the combustion of natural gas (2) and this process,
in itself, produces CO,.

In these calculations we assume CO, and steam reforming operate in
parallel to form the necessary ratio of synthesis gas to produce; (i)
methanol, (ii) sulphur free diesel, represented simply as C¢Hj, , and
(iii) carbon.

In the case of carbon production the process could occur directly via
reaction (8);

CH, + CO, - 2C + 2H,0 (7)

or more likely by the production of synthesis gas (3) followed by the
reduction of CO (9).

2CO + 2H, - 2C + 2H,0 (8)

The carbon all-over process does not require additional steam
reforming, as the synthesis gas ratio required for reaction (8) is 1.

In these calculations we assumed an all-over energy efficiency of
80%, i.e. 80% of the energy released from the exothermic final
reaction step (e.g methanol synthesis) can be recycled to drive the
endothermic reforming steps. The remainder of the energy required
can be attained from the combustion of natural gas (also at an 80%
energy efficiency). For simplicity, we have calculated the enthalpies
for the processes involved at a single temperature of 773K. This
temperature represents a compromise between the low and high
temperature steps (the final reaction and the reforming steps
respectively) likely to be involved in the all-over process. For
example, methanol is produced by the Synetix (formerly ICI) process
in the temperature range 473-573K [7], while reforming reactions are
usually carried out in the temperature range 973-1223K [8].

(i) Methanol Synthesis.

In this study methanol is assumed to be produced in two steps. The
first step involves the formation of synthesis gas via the combined
steam and CO, reforming of CH, (reactions (3) and (6)). Following
the reforming step, methanol is synthesised by reacting the resultant
synthesis gas (CO and H,). This all-over process can be summarised
by the following reaction equation;

CHy + CO, + 2H,0 + 177KJ > 4CH30H  [i.e. AH%75¢ = 177KJ] (9)
When the heat efficiency of the system is assumed to be 80%, the
heat required to drive the reaction increases to 221KJ. This means for
1 mole of CO, to be consumed by reaction (9), a heat input of 221KJ
is required from an external source. This usually is obtained by
combusting natural gas;

CH, + 20, > CO, + 2H,0 +800KJ [i.e. AH%73¢ = 800KJ]  (2)
This implies that 0.34 moles of CO, will be released so as to provide
the required energy to drive the all-over methanol synthesis reaction
9).

Therefore the all-over amount of CO, consumed in methanol
synthesis process is 0.66 moles per mole of CO, consumed by the
initial reforming of CH,.
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(ii) Sulphur Free Diesel (Fischer-Tropsch Synthesis).

Again this reaction occurs in two steps; the first being the reforming
of CH, to produce synthesis gas while in the second step the resultant
synthesis gas is reacted to produce higher hydrocarbons (CgHy,).

This all over energy process can be represented by reaction (10);
3CH, + CO, + H,0 + 23KJ > 0.667CsHy, +3H,0 [i.e. AHY 7z =
23KJ] (10)

At an energy efficiency of 80%, the amount of energy required to
drive reaction (10) is 28.8KJ. This energy is supplied by combusting
CHj, at the expense of 0.05 moles of CO, per mole of CO, consumed
in the Fischer-Tropsch process. Therefore 0.95 moles of CO, are
mitigated in this process per mole of CO, consumed in the initial
reforming step.

(iif) Carbon production

This all-over reaction scheme differs from the previous two, as steam
reforming is not necessary to provide additional H,.

CH, + CO, > 2C + 2H,0 + 12.5KJ [i.e. AH%5¢ =-12KJ]  (8)
AH® < 0 at the reaction temperature examined (indeed AH® < 0 for all
temperatures) and as a result there is no need for additional CH,
combustion. For every mole of CO, consumed in reaction (11) one
mole of CO, is mitigated.

3. Discussion.

Although there were a number of gross approximations made in
calculating the all-over energy results presented in this paper, the
results are very informative and may inevitably lead to one gaining a
greater understanding of the environmental benefits, if any, of CO,
reforming.

3.1 Methanol Synthesis.

CO, reforming when used in parallel with steam reforming can
produce synthesis gas with a CO/H, ratio suitable for methanol
synthesis or in Fischer-Tropsch synthesis. The all-over methanol
synthesis process enables, theoretically, 0.66 moles of CO, to be
mitigated per mole of CO, consumed in the initial reforming stage.
A 66% reduction of CO, per mole of CO, reacted seems a favourable
result in terms of CO, mitigation. Methanol is a very useful
commodity, with a worldwide annual production of approximately 30
million tonnes [7,9]. Industrially methanol is synthesised in a process
where synthesis gas is produced solely by the steam reforming of
CH, [7]. If all the methanol production in the world were to be
shifted to a process which combined CO, and steam reforming, 10
million tonnes of CO, could be consumed in this process. This would
correspond to the mitigation of 6.6 million tonnes of CO, annually.
However this amount of CO, is rather insignificant in comparison to
global CO, emissions; excluding deforestation and land use change
CO, emissions amounted to 23.9 giga tonnes in 1996 [10]. Therefore
an equivalent reduction in global CO, emissions of 0.0027% is
possible by producing methanol via the CO, reforming of natural gas.
Unless vast new markets are created for methanol, this method does
not constitute a viable potential method of CO, mitigation.

3.2 Fischer-Tropsch Synthesis.

Fischer-Tropsch synthesis date back to the nineteen twenties when
Fischer and Tropsch first published results concerning the reaction of
H, and CO over Co, Ni and Fe catalysts to produce paraffins, olefins,
waxes and oxygenates. The present and, most likely long term,
application of the Fischer-Tropsch (FT) process concerns the
conversion of natural gas to liquid transportation fuels (green diesel).
The advantage of green diesel fuel over more conventional diesel is
that green diesel has a higher cetane rating. Green diesel also contains
virtually no sulphur compounds and is low in aromatics, thus greatly
reducing soot and particulate emissions. The FT process is highly
exothermic: the heat released per mole of CO is approximately 1000
KJ (if one assumes the composition of the end product is primarily

Ce¢H12). From an engineering aspect this highly exothermic reaction
causes a number of problems in the design of an effective FT reactor
[11]. However, if this heat can be rapidly transported from the reactor
to heat exchangers it can be used to provide energy the endothermic
CH, reforming reactions (3 and 6). The calculations carried out in
this study show that the all-over reforming and FT process is slightly
endothermic (AH = 23 KJ). A small quantity of CH, combustion is
therefore required to drive the all-over process. This occurs at the
expense of 0.05 moles of CO, per mole of CO, consumed in the
reforming-FT all-over process. Therefore, for every mole of CO,
which is consumed in these all-over process, 0.95 moles of CO, can
be mitigated. This method however only offers an effective method
of short-term CO, mitigation (or fixation), as the green diesel will
eventually by burnt in an engine consequently releasing the “fixed”
CO, back into the atmosphere.

3.3 Carbon Production.

The all-over process of CO, reforming followed by carbon
production is an energy efficient process at 773K. The production of
carbon enables 1 mole of CO, to be mitigated per mole of CO,
reacted initially in the reforming reaction. The carbon formed, in
principle, can be used for a number of purposes; for example as an
adsorbent or as a catalyst support. The carbon could also be used, in
theory, in the production of synthetic diamonds. Ni/Fe alloys, which
catalyse the diamond synthesis reaction, are also active for reaction
(9) (i.e. carbon production from syngas) [12,13]. However, if the aim
is solely to remove CO, from a flue gas and the cost of CH,4 required
is not a serious factor, the carbon formed can be disposed of easily.

If we consider this all-over process as a suitable potential method of
CO, mitigation it becomes interesting to consider types of catalyst
which can be used to carry out the CO, reforming and C production
reaction steps.

3.4 CO;, reforming.

The CO, reforming of CH, has been extensively studied in the
literature. The most active catalysts contain either the active phase
Ni, Co, noble metals or Mo,C. A review of these catalysts is carried
out elsewhere [8]. One of the main problems with CO, reforming is
the risk of catalyst deactivation due to coke deposition. This will also
be discussed [8].
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Introduction

CO, conversion and utilization are an important element in
chemical research on sustainable development, because CO, also
represents an important source of carbon for fuels and chemical
feedstock in the future [1-3]. The prevailing thinking for CO,
conversion and utilization begins with the use of pure CO,, which
can be obtained by separation. In general, CO, can be separated,
recovered and purified from concentrated CO, sources by two or
more steps based on either absorption or adsorption or membrane
separation. Even the recovery of CO, from concentrated sources
requires substantial energy input [4,5]. According to US DOE,
current CO, separation processes alone require significant amount of
energy which reduces a power plant’s net electricity output by as
much as 20% [6].

This paper discusses a new process concept that has been
recently proposed [7-9] for effective conversion of CO, in the flue
gases from electric power plants without CO, pre-separation, which
can be used for the production of synthesis gas (CO + H,) with
desired H,/CO ratios for synthesizing clean fuels and chemicals. The
tri-reforming concept represents a new way of thinking both for
conversion and utilization of CO, in flue gas without CO, separation,
and for production of industrially useful synthesis gas with desired
H,/CO ratios using flue gas and natural gas. Experimental results
with Ni catalysts will be reported.

Why Using Flue Gas?

Flue gases from fossil fuel-based electricity-generating units are
the major concentrated CO, sources in the US. If CO, is to be
separated, as much as 100 megawatts of a typical 500-megawatt coal-
fired power plant would be necessary for today’s CO, capture
processes based on the alkanolamines [4-6]. Therefore, it would be
highly desirable if the flue gas mixtures can be used for CO,
conversion but without pre-separation of CO,. CO, conversion and
utilization should be an integral part of CO, management, although
the amount of CO, that can be used for making industrial chemicals
is small compared to the quantity of flue gas.

Based on our research, there appears to be a unique advantage
of directly using flue gases, rather than using pre-separated and
purified CO, from flue gases, for the proposed tri-reforming process.
Typical flue gases from natural gas-fired power plants may contain
8-10% CO,, 18-20% H,0, 2-3% O,, and 67-72% Nj; typical flue
gases from coal-fired boilers may contain 12-14 vol% CO,, 8-10
vol% H,0, 3-5 vol % O, and 72-77% N,. The typical furnace outlet
temperature of flue gases is usually around 1200°C which will
decreases gradually along the pathway of heat transfer, while the
temperature of the flue gases going to stack is around 150°C.
Pollution control technologies can remove the SOx, NOx and
particulate matter effectively, but CO, and H,0O as well as O, remain
largely unchanged.

Concept of Tri-reforming
Tri-reforming is a synergetic combination of endothermic CO,
reforming (eq. 1) and steam reforming (eq. 2) and exothermic partial
oxidation of methane (eg. 3, eq. 4). CO,, H,0 and O, in the waste
flue gas from fossil-fuel-based power plants will be utilized as co-
reactants for tri-reforming of natural gas for the production of
synthesis gas.
Tri-reforming of Natural Gas:
CH4+ COz=2CO+2H2
CH;+H,0=CO +3H,

[Endo: AH°= 247.3 kJ/mol] 1)
[Endo:AH° =206.3 kd/mol] 2)
CH4+1/20, =CO+2H, [Exo:AH° =-35.6 kJ/mol] ?3)
CH,+20,=CO0,+2H,0 [Exo:AH° = - 880 kJ/mol] @)
Reactions for Coke Formation and Destruction:

CH, =C+ 2H, [Endo: AH® = 74.9 ki/mol] (5)

2CO=C+CO, [Exo: AH® =-172.2 kJ/mol] (6)
C+C0,=2CO [Endo: AH° = 172.2kJ/mol]  (7)
C+H,0=CO+H, [Endo: AH° = 131.4 kJ/mol]  (8)
C+0,=CO0, [Exo: AH® = -393.7 kiimol]  (9)

Fig. 1 illustrates the tri-reforming concept as a new approach to
CO, conversion using flue gases for syngas production. The tri-
reforming is a synergetic combination of three catalytic reforming
reaction processes. Coupling CO, reforming and steam reforming can
give syngas with desired H,/CO ratios for methanol (MeOH) and
Fischer-Tropsch (F-T) synthesis. Synthesis gas (syngas) can be made
using natural gas, coal, naphtha, and other carbon-based feedstocks
by various processes. Steam reforming of methane, partial oxidation
of methane, CO, reforming of methane, and autothermal reforming
of methane are the representative reaction processes for syngas
production from natural gas.

Tri-Reforming
Reactor

A CO2+CH4=2CO+2H2

H20 + CH4=CO +3H2

0502+CH4=CO+2H2

[CH4]

Natural Gas

[CO2, H20, O7]

Y
Y

Flue Gas

[Main Reactions]

HT HT
HT [ Y
. Tri-Generation
F-Pro
<—“—| Fuel Synthesis |<— Syngas
C-Prod
ro<——| Chemical Synthesis |<— [CO+HZ2]

+ Unreacted Gas

E-Prod
<—| Electricity Gen. |<—

Fig. 1. Process concept for tri-reforming of natural gas using flue gas
from fossil fuel-based power plants. HT represents heat transfer or
heat exchange including reactor heat up and waste heat utilization .

The combination of dry reforming with steam reforming can
accomplish two important missions: to produce syngas with desired
H,/CO ratios and to mitigate the carbon formation problem that is
significant for dry reforming. Integrating steam reforming and partial
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oxidation with CO, reforming could dramatically reduce or eliminate
carbon formation on reforming catalyst thus increase catalyst life and
process efficiency. Therefore, the proposed tri-reforming can solve
two important problems that are encountered in individual
processing. The incorporation of O, in the reaction generates heat in
situ that can be used to increase energy efficiency and O, also
reduces or eliminates the carbon formation on the reforming catalyst.
The tri-reforming can thus be achieved with natural gas and flue
gases using the ‘waste heat’ in the power plant and the heat generated
in situ from oxidation with the O, that is already present in flue gas.

Thermodynamics of Tri-reforming Reactions

Table 1 shows the equilibrium conversions and the product
H,/CO molar ratios calculated using HSC program [10,11] for tri-
reforming under atmospheric pressure. It is possible to perform tri-
reforming with over 95% CH, conversion and over 80% CO,
conversion at 800-850 °C when the ratio of CO, and H,0O is close to
1.0, O,/CH4= 0.1, and the ratio of (CO,+H,0+0,)/CH, = 1.05. This
is close to the cases with compositions of flue gases.

Table 1. Equilibrium CO, and CH, conversions and product H,/CO
molar ratios for tri-reforming of CH; with CH,;:CO,:H,0:0,
=1:0.475:0.475:0.1 at 850C under 1 atm.

Reaction Equilibrium

Temperature °C CH,; Conv. | CO,conv. (%) | H,/CO Mol
(%) Ratio

850 98.54 84.50 1.71

800 96.00 81.10 1.72

750 90.70 73.33 1.77

700 86.00 55.60 2.14

Is Tri-reforming Feasible?

We have not found any previous publications or reports on
reforming using flue gases for CO, conversion related to the concept
proposed [7-9]. Our computational analysis shows there are benefits
of incorporating steam (H,O) and oxygen (O,) simultaneously in
CO, reforming of CH, [10,11]. Prior work established that CO,
reforming encounters carbon formation problem, even with noble
metal catalysts, particularly under elevated pressure [11-13]. Some
recent laboratory studies with pure gases have shown that the
addition of oxygen to CO, reforming [14-17] or the addition of
oxygen to steam reforming of CH,4 [18] can have some beneficial
effects in terms of improved energy efficiency or synergetic effects in
processing and in mitigation of coking. Inui and coworkers have
studied energy-efficient H, production by simultaneous catalytic
combustion and catalytic CO,-H,O reforming of methane using
mixture of pure gases including CH,, CO,, H,O and O, [19].
Choudhary et al. reported their experimental study on simultaneous
steam and CO, reforming of methane in the presence of O, at
atmospheric pressure over Ni/CaO [20,21] or Ni/MgO-SA [22]; they
have shown that it is possible to convert methane into syngas with
high conversion and high selectivity for both CO and H,. Ross and
coworkers have shown that a Pt/ZrO, catalyst is active for steam and
CO; reforming combined with partial oxidation of methane [23].
Therefore, tri-reforming seems feasible, and we also conducted
laboratory studies [7-10].

Catalytic Tri-reforming Reactions

We also conducted catalytic tri-reforming experiments in a fixed-
bed reactor using various catalysts prepared at Penn State University
(by wet impregnation onto MgO, ZrO,, CeO,-ZrO,, and Mg-CeO,-
ZrO, supports) [10]. Figs. 2, 3 and 4 show the CH,

conversion, CO, conversion, and H,/CO ratio in the products,
respectively, for tri-reforming over Ni/MgO, Ni/ZrO,, Ni/CeO,,
Ni/CeZrO and Ni/MgO/CeZrO catalysts prepared in our laboratory
as well as commercial Ni/Al,O3 (ICI Synetix 23-4) catalyst. The feed
for tri-reforming had the composition of CH;:CO,:H,0:0, (mol
ratio) = 1:0.48:0.54:0.1. Almost equal amounts of CO, and H,O in
the feed were intentionally selected for the convenience of
comparing CO, conversions in the presence of an equal amount of
H,0 in tri-reforming. The tri-reforming reactions were conducted at
700°C - 850°C and 1 atm at the space velocity of ca. 32,000 ml/(h.g
cat.). Under all these reaction conditions, CH, and CO, conversions
are very dependent on the type of catalysts used, but O, conversion is
always 100%. Ni/MgO and Ni/MgO/CeZrO show the highest CO,
conversion in general (Fig. 3). Ni/MgO/CezrO, Ni/ZrO,, and
Ni/Al,O; (ICI catalyst) give almost the same CH, conversions at
800°C — 850°C, while Ni/CeO, and Ni/CeZrO have relatively lower
CHj, conversions (Fig. 2).. With the reaction temperature decreasing,
CH, conversion over Ni/MgO declines much faster than that over
other catalysts. At 700°C, the CH, conversion over Ni/MgO is the
lowest among all the tested catalysts. We speculate that the
deactivation of Ni/MgO at lower temperatures cause the fast decline
of CH, conversion over Ni/MgO and the deactivation is caused by
the re-oxidation of Ni. This speculation is justified by the facts that
NiO in the NiO/.MgO catalyst is not reducible at temperature below
750°C and no carbon formation is observed on the used Ni/MgO
catalyst. In addition, metal sintering may not be the reason for
deactivation because all the catalytic performance tests were first
carried out at 850°C. Then the reaction temperatures were gradually
decreased to 700°C.

Among all the catalysts tested, Ni/CeO, has the second lowest
CHj, conversion at reaction temperatures above 750°C. The low CH,
conversion over Ni/CeQ; is probably related to the larger Ni particles
over Ni-CeO, or the occurring of strong metal-support interaction
(SMSI) due to the partial reduction of CeO, at high temperatures.
Surprisingly, Ni/CeZrO has the lowest CH, conversion. Although
Ni/MgO, Ni/MgO/CezrO, Ni/Al,O3 (ICI catalyst), and Ni/ZrO, have
similar CH, conversions, their CO, conversions are quite different.
Ni/MgO shows the highest CO, conversion at temperatures above
750°C, followed by Ni/MgO/CeZrO. Ni/CeO, and Ni/CeZrO again
show the lowest CO, conversion.

The H,/CO ratio in the products depends mainly on the CO, and
H,O conversions in tri-reforming. If more H,O is converted than
CO,, then the H,/CO ratio in the product would be higher. Similarly,
if less H,0 is converted than CO,, the H,/CO ratio would be lower.
Therefore, the H,/CO ratio is a good indicator for comparing the
ability to convert CO, in the presence of H,O over different catalysts.
Ni/MgO gives the lowest H,/CO ratio, followed by Ni/MgO/CeZrO
(shown in Fig. 4). The H,/CO ratios over Ni/CeO,, Ni/ZrO,, and
Ni/AlL,O; (ICl catalyst) are similar and slightly higher than
Ni/MgO/CeZrO. Ni/CeZrO gives the highest H,/CO ratio. These
results strongly suggest that Ni/MgO enhance the CO, conversion
most in the presence of H,O and O,. Among all the tested catalysts,
their ability to enhance the conversion of CO, follows the order of
Ni/MgO > Ni/MgO/CeZrO > Ni/CeO; ~ Ni/ZrO, ~ Ni/Al,O3 (ICI) >
Ni/CeZrO.

The different ability to convert CO, over different catalysts in
tri-reforming is related to the properties of the catalysts. The
enhancement of CO, conversion over Ni/MgO might be related to its
enhanced CO, adsorption ability as evidenced by the CO,-TPD
results (not shown here). However, catalysts supported on CeZrO
(e.g., Ni/MgO/CeZrO and Ni/CezZrO) do not show more
enhancement of CO, conversion than Ni/MgO even though these
catalysts demonstrate more and stronger CO, adsorption than
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Ni/MgO as indicated by the large CO, desorption peaks at 710-
717°C. To further elucidate the enhancement of CO, conversion over
Ni/MgO in tri-reforming, a kinetic study was carried out, the result of
which will be reported in the future.
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Fig. 2. CH, conversions in the tri-reforming reaction over 100 mg
supported Ni catalysts at 1 atm and feed composition of CH, : CO, :
H,O:0,=1:0.48:0.54: 0.1 (CH, flowrate= 25 ml/min)
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Fig. 3. CO, conversions in the tri-reforming reaction over 100 mg supported
Ni catalysts at 1 atm and feed composition of CH, : CO,: H,0:0,=1:0.48:
0.54 : 0.1 (CH, flow rate = 25 ml/min)
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Fig. 4. H,/CO ratios in the tri-reforming reaction over 100 mg
supported Ni catalysts at 1 atm and feed composition of CH, : CO, :
H,0:0,=1:0.48:0.54: 0.1 (CH, flow rate = 25 ml/min)

Elimination of Carbon Formation by Tri-reforming Compared
to CO, Reforming

We conducted temperature-programmed oxidation of the used
catalysts from the above tri-reforming experiments and found that
except for Ni/ZrO2 catalyst, all the other catalysts (corresponding to
the experiments shown in Figs. 2 and 3) showed no sign of carbon
formation after the tri-reforming experiments. We have also tested a
commercially available Haldor-Topsoe R67 Ni-based catalyst for tri-
reforming in a fixed-bed flow reactor using gas mixtures that
simulate the cases with flue gases from coal-fired power plants
(CO2:H,0:CH,:0, = 1:1:1:0.1, mol ratio) and from natural gas-fired
power plants (CO,:H,0:CH,:0, = 1:2:1:0.1, mol ratio) [28]. For
CO, reforming of CH,, carbon formation is an important problem
[12,13,24-27]. Temperature-programmed oxidation (TPO) results
show that the used Haldor-Topsoe R67 catalyst after 300 min time-
on-stream for CO, reforming at 850 °C and 1 atm contained 21.8
wt% carbon [28]. On the other hand, the same catalyst employed in
tri-reforming showed no sign of carbon formation after 300 min
TOS, as the used catalyst appears to be greenish power (versus the
black sample from CO, reforming). Fig. 5 shows the photographs of
the used catalysts after CO, reforming and tri-reforming. Therefore,
our results show that tri-reforming can be performed with stable
operation, and no carbon formation and no appreciable deactivation
of catalyst were observed under the tri-reforming conditions.

CO, reforming Tri-reforming

Fig. 5. Appearance of Haldor-Topsoe R67 Ni-based catalyst after
300 min TOS of CO,-reforming (CO,:CH, = 1:1, used catalyst
particles are black in color) and tri-reforming (CO,:H,0:0,:CH,; =
1:1:0.1:1, used catalyst particles are green in color) at 850 °C.

Does Tri-reforming Consume More Energy Than Steam or CO,
Reforming ?

A comparative energy analysis by calculation indicated that tri-
reforming is more desired for producing syngas with H,/CO ratios of
1.5-2.0 compared to CO, reforming and steam reforming of methane,
in terms of less amount of energy required and less net amount of
CO, emitted in the whole process for producing synthesis gas with
H,/CO ratio of 2.0 [ 8]. The tri-reforming process could be applied,
in principle, to the natural gas-based power plants and coal-based
power plants.

Conclusions

Catalytic tri-reforming of methane can be achieved successfully
with high CH, conversion (>97%) and high CO, conversion (>80%)
for producing syngas with desired H,/CO ratios of 1.5-2.0 over
supported nickel catalysts at 800-850 °C under atmospheric pressure
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without the problem of carbon formation on the catalyst.

The CO, and CH, conversion as well as H,/CO ratios of the
products from tri-reforming also depend on the type and nature of
catalysts.

An important observation is that CO, conversion can be
maximized by tailoring catalyst composition and preparation method.
In other words, certain catalysts with proper feature can give much
higher CO, conversion than other catalysts under the same reaction
conditions with the same reactants feed.

Among all the catalysts tested for tri-reforming, their ability to
enhance the conversion of CO, follows the order of Ni/MgO >
Ni/MgO/CeZrO > Ni/CeO, =~ Ni/ZrO, ~ Ni/Al,05 (ICI) > Ni/CeZrO.
The different ability to convert CO, over different catalysts in tri-
reforming is related to the properties of the catalysts.

Results of catalytic performance tests over Ni/MgO/CeZrO
catalysts at 850°C and 1 atm at different feed compositions confirm
the predictions based on the thermodynamic analysis for equilibrium
conversions in tri-reforming of methane.

Further studies on improving catalysts are necessary for
understanding the factors affecting CO, conversion and CH, in the
presence of steam and oxygen during tri-reforming.
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Introduction

Significant attention has been given to the partial oxidation and
reforming of various hydrocarbon sources for the production of
synthesis gas. This work has stemmed from the concern about the
world dependence on petroleum oil. Many hydrocarbon sources are
currently being investigated including bio-based feedstocks, such as
ethanol, sunflower oil, and biomass derived oils. However, the most
common feedstock is still methane due to its abundance and
inexpensive nature.

Many of the natural gas reservoirs are located in remote regions
making the recovery and transportation cost prohibitive. The
conversion of natural gas into transportation fuels such as gasoline
and diesel helps top overcome these costs. The so-called gas-to-
liquids technology (GTL) is based on the conversion of natural gas to
a synthesis gas prior to the liquid production through the Fischer-
Tropsch Synthesis (1). The syngas generation is the most capital and
energy intensive part of the production plant (2). Therefore, the
economic viability of GTL technology depends on optimizing the
process for syngas production. Autothermal reforming (ATR) fulfills
the requirements to a syngas with H,/CO ratio of 2, the ratio
necessary for GTL plants. ATR combines non catalytic partial
oxidation with steam reforming in one reactor. The ATR technology
requires the addition of CO, or CO,-rich gas, in order to adjust the
syngas composition to the desired H,/CO ratio (3).

Catalyst stability in the presence of O,, CO,, and H,O can be a
significant issue. It is well established that mixed oxide supports
result in improved catalytic performance for the dry reforming
reaction due to the ability of the support to participate in the reaction
(4). Similar studies for the partial oxidation reaction have shown that
the addition of Ce to ZrO, results in a catalyst which exhibits
minimal deactivation compared to Pt/Al,O3 and Pt/ZrO, catalysts (5).
The mechanism of reaction was shown to proceed through
combustion of methane followed by combined steam and CO,
reforming.

Several studies have been performed on the dry reforming
reaction in the presence of oxygen (6,7). The results showed that the
conversion of methane increased as the amount of oxygen in the feed
increased, but the selectivity towards H, decreased. The decrease in
H, selectivity was more pronounced at lower temperatures where the
formation of CO, and H,O were favored. Minimal deactivation was
observed on the Pt/ZrO, catalyst at low space velocities and with a
significant amount of diluent in the feed (6).

This paper focuses on the partial oxidation and combined partial
oxidation and reforming reactions over Pt supported on ZrO, and
CeZrO,. Specifically, we have investigated the effect of the metal
loading and effect of the addition of oxygen and water on the
activity, stability, and syngas ratio produced. A general reaction
mechanism is discussed.

Experimental

ZrO, and cerium (18 wt%)-doped ZrO, were all obtained from
Magnesium Elektron, Inc. Prior to the addition of the metal the
supports were calcined at 800°C in stagnant air for 4 hours. Pt was
added to the supports using incipient wetness impregnation of an

aqueous solution of H,PtCLg*6H,0. The metal loading was 0.5 wt%
and 1.5 wt%. All of the catalysts were dried overnight at 110°C, and
then reduced in-situ in H, (30 cm®min) at 500°C for 1.5 h, prior to
reaction.

Partial oxidation experiments were carried out in a quartz flow
reactor at 800°C using a CH,:0, ratio of 2:1 and a total flow rate of
100 cc/min. The catalysts were diluted with a 3:1 ratio of SiC to
catalyst to help reduce any heat effects. 20 milligrams of catalyst
was used for the reaction on the 1.5 wt% catalysts while 60 mg was
used for the runs with the 0.5 wt% catalyst, in order to maintain the
same metal content in the reactor. For the experiments in the
presence of oxygen, the composition of the feedstock was such that
the C:O ratio was 1:1. The reactions were performed at 800°C with a
total flow rate of 100 cc/min.

Results and Discussion

The surface area of the Ce promoted ZrO, support was 48 m*/g
while that of the ZrO? was 29 m%g.  Transmission Electron
Microscopy (TEM) was used to determine the dispersion of the 0.5
Wt% catalysts. The catalysts were reduced at 500°C and then heated
to 800°C in He. The dispersion of the 0.5 wt% Pt/ZrO, catalyst was
approximately 21% while the dispersion of the 0.5 wt% Pt/CeZrO,
catalyst was near 30%. The dispersion of the 1.5 wt% catalysts was
measured using dehydrogenation of cyclohexane after reduction at
500°C. The dispersion after reduction at 500°C before heating to
800°C was measured to be 29% for the 1.5 wt% Pt/ZrO, catalyst and
34% for the 1.5 wt% Pt/CeZrO,. TEM of a 1.5 wt% Pt/ZrO, catalyst
after heating to 800°C showed that the dispersion was closer to 15%.
These results are in agreement with previous studies which have
shown that the sintering of the Pt/ZrO, catalyst during the heating
from 500°C to 800°C is much greater than the sintering on the
Pt/CeZrO, catalyst. Based on the dispersion results, it appears as if
the metal particle sizes for the 0.5 wt% and the 1.5 wt% catalysts are
similar after heating to 800°C.

Table 1. Methane Conversion During the Partial Oxidation
Reaction at 800°C and a 2:1 CH,:0, Feed Ratio

% Methane Conversion
Catalvst After 1 After 12 After 24
y hour hours hours
0.5 wt % Pt/ZrO, 49 26 13
0.5 wt % Pt/CeZrO, 39 40 37
1.5 wt % Pt/ZrO, 51 34 13
1.5 wt % Pt/CeZrO, 49 46 37

Table 1 shows the methane conversion during the partial
oxidation reaction at 800°C and a 2:1 ratio of CH4:0,. The 0.5 wt%
Pt/CeZrO, catalyst had an initial activity that was approximately
10% less than the 1.5 wt% Pt/CeZrO, and both of the unpromoted
ZrO, catalysts. However, this material was the most stable of the 4
catalysts studied. Both of the ZrO, catalysts exhibited significant
deactivation during the reaction which has been ascribed to carbon
deposition. The loading of the metal was found not to have any
effect on the long term activity of the catalyst which is most likely
due to the similarity in the metal particle size after heating to 800°C
and reaction for 24 hours.

Figure 1 shows the CO and CO, selectivity for the same 24 hour
experiment for the CeZrO, and ZrO, catalysts containing 0.5 wt% Pt.
Similar profiles were obtained for the 1.5 wt% samples. The CO
selectivity for the ZrO, catalyst decreased significantly during the 24
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hour experiment while the CO, selectivity increased.  After
approximately 10 hours of reaction the CO, selectivity became
greater than the CO selectivity. In contrast, the CO and CO,
selectivities of the CeZrO, catalyst were very stable with CO always
being greater than CO,. Similarly, the H,:CO ratio remained at 2.6
during the 24 hour reaction for the Ce containing catalysts, while it
was initially 2.6 for the ZrO, samples, but decreased to 0.8 by the
end of the reaction.
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Figure 1. CO and CO, selectivity for the 0.5 wt% Pt/CeZrO, and the
0.5 wt% Pt/ZrO, during the partial oxidation reaction at 800°C and a
2:1 CH,4:0, feed ratio.

Previous studies (5) on a Pt/Cey75Zrg2s0, catalyst have
suggested that the reaction mechanism proceeds via the combustion
of methane followed by the combined steam and dry reforming. The
observed initial H,:CO ratio greater than 2 is evidence for the
occurrence of the steam reforming reaction and the two step
mechanism. The decrease in the CO selectivity and the H,:CO ratio
with the simultaneous increase in CO, selectivity is attributed to
carbon formation inhibiting the second step of the reaction
mechanism. The stability of the Ce-promoted materials is ascribed to
the ability of the support to minimize carbon deposition on the Pt
particle due to increased oxygen release capability.

The catalysts were exposed to reactions with both CO, and O, at
800°C with a CH,:C0O,:0, feed ratio of 4:2:1. Reactions were
performed such that the C:O ratio remained at 1:1. Figure 2 shows
the conversion for the 0.5 wt% catalysts for 10 hours of reaction.
The conversion of methane and the deactivation observed on the 0.5
wt% Pt/ZrO, is almost identical to that observed for the partial
oxidation reaction. The H,:CO product ratio was initially 1.18 but
decreased to 0.95 during the experiment. A significant amount of
water was collected using a condenser placed after the reactor. The
formation of water could be due to the occurrence of the reverse
water gas shift reaction, which also explains the H,:CO ratio being
less than 1. The water could also be formed by the combustion
reaction. The partial oxidation studies demonstrated that combustion
does occur in the presence of O, and that the ZrO, catalysts are prone
to carbon deposition which can decrease the ability to do combined
CO, and steam reforming. In order to determine the relative
importance of each reaction, combustion and reverse water gas shift,
in the overall process a complete mechanistic study is currently being
performed.

The 0.5 wt% Pt/CeZrO, catalyst was very stable in the presence
of oxygen and the H,:CO ratio produced was constant throughout the
experiment at 1.25. Higher oxygen contents resulted in an increase
in the product ratio and the formation of water.
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Figure 2. CH, conversion for the 0.5 wt% Pt/CeZrO, and the 0.5
wt% Pt/ZrO, during the combined dry reforming and partial
oxidation reaction at 800°C and a CH,4:CO,:0, feed ratio at 4:2:1.

Additional reaction studies on the 0.5 wt% and 1.5 wt%
Pt/CeZrO, catalysts have shown that the catalysts are very stable in
the presence of water. Switching the feed composition while the
reactor was online resulted in the same conversion and product ratio
as would be obtained by the individual reactions. Thus, the product
ratio can be accurately predicted prior to switching the feed and a
variety of syngas ratios can be generated without altering the catalyst
performance.

Conclusions

The studies reported here have shown that increasing the Pt
metal loading did not have any effect on the long term activity of the
catalyst. The initial activity of the 1.5 wt% Pt/CeZrO, was higher
than the 0.5 wt% Pt/CeZrO, catalyst. However, the deactivation on
the 1.5 wt% catalyst was more pronounced resulting in the same
activity after 24 hours. The similar long term activity is most likely
due to the similar particle size after heating to 800°C. Significant
deactivation is observed in the presence of O, and water on the
Pt/ZrO, catalysts which is ascribed to the formation of carbon
deposits that hinder the reforming reaction. In the presence of
oxygen, the reaction mechanism is believed to proceed through
combustion followed by combined dry and steam reforming as
opposed to through direct partial oxidation. The Ce-promoted
catalysts are very stable in the presence of oxygen and water and are
promising for the ATR reaction. Detailed mechanistic studies in the
presence of oxygen and water are currently underway.
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Introduction

Over the past years, the CO, reforming of methane yielding
synthesis gas has been the subject of numerous studies. The objective
is to find a suitable material that allows the reaction to proceed at low
temperature with a minimum of carbon production. Among these
material, the perovskites like oxides ABOs, in which A-site cation is
a rare earth and/or alkaline earth and B-site cation is a transition
metal has drawn a lot of attention. The reason for this is because by a
careful reduction of the perovskites, the B-site cations will remain
distributed in the structure, producing a well dispersed and stable
metal particle inhibiting coke formation. Although many previous
investigations of the CO, reforming of methane were performed over
transition metals supported on alumina, silica and magnesia, the use
of perovskite has been less studied. The performance of these solids
for the CO, reforming of CH, in the presence (combine) and absence
(dry) of O, was investigated. The use of oxygen as co-reactant could
allow the reaction to proceed at lower temperatures due to its
exothermic character.

Experimental

Four Ru-Ni based perovskite type oxides were synthesized by
the citrate sol gel method based on the Pechini type reaction route.
La in the A-site position was partially replaced by Sm, Nd and Ca to
produce LaRUO.gNio‘zogy Lao.gsmolzRUo.gNio.203l Lao‘gNdo‘zRUO‘gNig'z
O3, and LaggCagRuggNip203. The procedure has been published
elsewhere [1]. The homogeneity and structure of the obtained
powders have been investigated before and after reduction and after
reaction by ICP, IR, BET surface areas, XRD, TPR and XPS
analysis. Catalytic tests were performed in a continuous flow system
an integral reactor at atmospheric pressure.

Results and Discussion

The XRD patterns of the as synthesized solids at room
temperature revealed that the perovskite structure was the main phase
detected for all solids. All perovskites could be indexed with an
orthorhombic or cubic symmetry of the ABO; type. The ICP analysis
showed a close agreement between experimental and theoretical

values corroborating the advantage of the sol-gel method. The TPR
shows that the perovskite reduction proceeds in two steps. The XRD
in situ reduction results seems to indicate, that the first peak of
reduction at ~ 400 °C could be attributed to weakly bound Ru-Ni
cations and to residues of the precursors. The second peak could be
attributed to a simultaneously Ru and Ni reduction to produces Ru°
and Ni° probably with an alloy formation. For all solids, the observed
phases after reduction at 700°C were: Ru metal (alone or allied with
Ni), La)O3 and CaO, Sm,0; and Nd,Os; depending on the
composition of the starting perovskite. However, changes in the
reducibility pattern were introduced due to the difference in ionic
radii of the substituting cations. XRD analysis was also used to
determine the metal particles size of the reducible species. It is
interesting to point out that the metallic particle sizes were in the
order of 10-34 nm as determined by the Scherrer equation [2]. Peaks
correspond mainly to Ru (44,37°, 20) slightly shifted, due to the
presence of Ni.

The experimental results of the methane reforming show high
methane conversions both in presence and absence of O, (Table 1).
However, higher ratios H,/CO were obtained for the combined
reaction. For this reaction, CO, conversion was also lower (30%) than
that of methane due to the fact that the CO, is being generated as a
product of the methane combustion in the presence of O, [3].

On Sm and Nd containing solids, a great improvement on the
H,/CO ratios was observed for the combine reaction compared to the
dry reaction, while the substitution of La by Ca increases the activity
and selectivity, as shown in table 1. On this solid, for the dry
reaction, the CO, conversion is higher than that of CH, due to the
reverse water gas shift reaction.

The simultaneous oxidative and CO, reforming reaction of
methane notably diminished coke formation, increasing the syngas
production. The addition of oxygen to the CH, + CO, system
decreases the reaction temperature and energy consumption,
indicating that the partial oxidation (exothermic) reaction promotes
the dry (endothermic) reaction, in agreement with Tomishige et al.
result for Ni/Al,O3 and Pt/ Al,O3 catalysts [4].
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Table 1. CO, Reforming of Methane in the Presence and Absence of O,

SOLIDS DRY COMBINE
XCH,4 XCO, H,/CO XCH,4 XCO, H,/CO
LaRug gNip 204 79.0 81.0 0.94 87.0 47.0 1.18
LaggSMo 2R Ug gNip 03 84.4 67.4 0.75 89.7 39.7 1.04
LagsCag2RuUggNig 03 67.9 85.3 0.86 85.0 50.0 1.18

tr =24 h, WHSV =24L/ h.g, CH,/CO, =1, CH,/O,=2, W = 200 mg, Tred =700°C/ 8h, Treac. = 700°C
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Introduction

Catalytic reforming of carbon dioxide with methane to
synthesis gas has been proposed as one of the most promising
technologies for the utilization of these two greenhouse gases.
Moreover, this route produces synthesis gas with a suitable CO/H,
ratio for the production of hydrocarbons and oxygenated derivatives.
Supported noble metals catalysts have characteristic of high activity,
selectivity and resistance to coke formation. Nevertheless,
consideration of high cost and limited availability of noble metals
makes the development of a nickel-based catalyst more feasible for
industrial practice, but it is rapidly deactivated by carbon deposition.

Nanosized catalysts possess more edges, corners, defects,
small-sized particles, large surface area and high metal dispersion, as
a result exhibit the good catalytic performance. In this work, we
synthesized nano-zirconia and used it as the support of Ni-based
catalyst for dry reforming of methane.

Experimental

Preparation of Nano-zirconia Support and Catalysts. The
nano-zirconia was synthesized by solid state reaction method.
Zirconyl chloride, sodium hydroxide, CTMABr were milled
respectively and mixed together. The reaction product was then
transferred to the autoclave to age. Finally, the sample was washed
and dried.

The nano-zirconia supported nickel catalyst, denoted as NZ,
was prepared by incipient wet impregnation method using nickel
nitrate as the precursor. For comparison, the catalyst of the same
component was prepared by conventional co-precipitation method,
denoted as CZ.

Catalytic evaluation. The catalysts behavior was carried out in
the continuous flow quartz-fixed-bed reactor under atmospheric
pressure. The catalyst was reduced in situ at 673K during 5h with H,,
then the reaction was preformed at 973K with CH,:CO, ratio (mol)
of 1:1 and space velocity of 5000cm®/g-h.

Results and Discussion

Characterization of the Support. Figure 1 exhibits the XRD
pattern of nano-zirconia. Evidently, the four peaks appearing at high
degrees show that the synthesized zirconia is of tetragonal structure,
and the particle size calculated by Sherrer equation is about 3.5 nm.

AN

Figure 1. The XRD pattern of nano-zirconia
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Figure 2 shows that nano-zirconia possesses mesopore of about
3.6 nm and large specific surface area of about 381.8 m?/g.
Moreover, it is seen that the isotherm exhibits a shape of type IV with
a hysteresis of type H3. It is thought that the mesopore formed by
aggregates of plate-like nanasized particles is slit-like.
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Figure 2. N, adsorption / desorption isotherm of nano-zirconia

Two weight loss stages are observed in the TG profile of nano-
zirconia as shown in Figure 3. The first one, before 373K,
corresponds to desorption of water physically adsorbed in the
sample. The second one, after 473K, corresponds to loss of hydroxyl
groups bonded on the surface of zirconia. No further weight loss is
observed after 773K.
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Figure 3. TG profile of nana-zirconia

Characterization of the Catalysts

Figure 4 shows that the pattern of NZ catalyst is the
characteristic peaks of nano-zirconia and has no that of NiO, which
indicates the dispersion of NiO on the support of nano-zirconia is
uniform. However, NZ catalyst is amorphous. At the same time, the
surface area, above 125.4 m2/g, of NZ catalyst is about 2 times
higher than that of CZ catalyst.
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Figure 4. XRD patterns of the catalysts prepared with different
method

Figure 5 shows that the weigh loss of NP is slow, has no
obvious exothermic spectra, and the reduction temperature is
relatively low, which indicate that NiO dispersion is uniform and the
interaction of NiO and support is relatively weak. However, the
weigh loss of CP is fast, has no obvious exothermic spectra, and the
reduction temperature is relatively high, which indicate that the
interaction between NiO and ZrO2 is strong and NiO is not easily
reduced, this is in accordance with the amorphous phase shown in
XRD pattern.
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Figure 5. TG profiles of the catalysts prepared with different
method in the atmosphere of H,

Figure 6 shows that the particles of NZ catalyst are small and
uniform, have no conglomeration, so the catalyst is considered as the
compound of nanosized nickel oxide and zirconia. However, CN
catalyst has obvious aggregates.
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Figure 6. SEM images of the catalysts prepared with different
method

Catalytic activity and stability

Figure 7 shows that the conversion of CH, on NZ catalyst is
much high than that of CZ catalyst. NZ catalyst exhibits high
stability, the conversion of CH, is 77.8% at the beginning and
decreases by about 8% after reacting 170h., however, the conversion
of CH4 is 59.22 on average over CZ catalyst. This indicates that the
nano-sized catalyst with small-sized particles, large specific surface
area and high metal dispersion possesses good catalytic property.

Conclusion

The results of catalytic activity and stability on dry reforming of
methane reveals the important role of nano-zirconia to the catalyst. It
makes the catalyst possess the characteristic of nana-particles such as
more edges, corners, defects and abundant exposed atoms and so on.
So nano-zirconia is the proming support of reforming catalysts.
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Figure 7. The variation of CH4 conversion on the catalysts prepared
with different method as a function of time
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Introduction

One of the most attractive chemical approaches for the
utilization of CO, and methane resources, e.g. coalbed gases, could
be the catalytic CO, reforming of methane (CRM) to produce syngas
(a mixture of H, and CO). CO, molecules in this CRM reaction
function as a clean oxidant for the methane molecules. We have
discovered recently that nanocomposite Ni/ZrO, catalysts, which
consists of comparably sized Ni-metal (10-15 nm) and zirconia (7-25
nm) nanocrystals, are highly active and extremely stable for the
CRM reaction at 700-800°C with a stoichiometric CO,/CH, = 1.0
mixture [1,2]. However, in some other resources, the molecular
CO,/CHj, ratio can be below the stoichiometry of the CRM reaction.
A simple and convenient technological solution for the utilization of
such resources is to add water (steam) as a compensation since
catalytic steam reforming of methane (SRM) produces the same kind
of products. In the present work, we demonstrate first that the
nanocomposite Ni/ZrO,-AN catalyst [1,2] also exhibits superior
catalytic performance than the conventional oxide-supported Ni
catalysts (Ni/ZrO,-CP and Ni/Al,O3) for the SRM reaction. Our
further study on combined steam and CO, reforming of methane
(CSCRM) over the nanocomposite Ni/ZrO,-AN catalyst will show
that the extremely stable nanocomposite catalyst could make the
CCSRM viable for producing syngas with flexible H,/CO ratios.

Experimental

Preparation and catalytic testing of Ni/ZrO, catalyst
Conventional 12.9 wt% Ni/ZrO,-CP (the BET surface area: 18 m-/g,
reducibility of Ni: 98.5% and Ni-dispersion: 5.8) and nanocomposite
12.1 wt% Ni/ZrO,-AN (the BET surface area: 38 m%g, reducibility
of Ni: 95.2% and Ni-dispersion: 9.4) catalysts were prepared
according to our previous methods [1-4]. Z107 (13.0 wt% Ni/Al,O3-
C) sample is a commercial catalyst for the industrial SRM reaction.
The catalytic reaction was conducted at 800°C, measured by a
thermal couple in a quartz-well inserted into the catalyst bed, in a
vertical fixed-bed U-shape quartz reactor (i.d.10mm) under
atmospheric pressure as described previously [1-4]. A specially
designed chamber was placed ahead of the reactor inlet and used to
make the stoichiometric mixture of CH, and steam (H,O/CH,=1.0).
This chamber was heated to 300°C to ensure no condensation of the
water reactant. For the combined steam and CO, reforming reaction,
CO, is also mixed with other reactants in the chamber. Unless
otherwise specified, the space velocity by the methane reactant was
GHSV¢ps = 1.2x10% ml/(h-gey). Before the reaction, the catalyst was
reduced in situ with H, (40ml/min) at 700°C for 3 h. Products from
the reactor were analyzed on line by a gas chromatograph (SQ206)
equipped with TCD and a carbon molecular sieve (80~100 mesh)
column.

Results and Discussion

Figure 1 shows the TEM micrograms of the reduced Ni/ZrO,-
AN and Ni/ZrO,-CP samples. It is remarkable that the structure of
nanocoposite Ni/ZrO,-AN catalyst is distinctive compared with the
conventional Ni/ZrO,-CP catalyst.

The catalytic data of SRM reaction at conditions of P=0.1MPa,
T=800°C, GHSVcn4 = 12,000 ml/(h-gc.), H,O/CH4=1.0 are given in

Figure 2 by plotting CH, conversion against the reaction time on-
stream over the different catalysts.

Ni/ZrO,-AN Ni/ZrO,-CP
Fig. 1. TEM micrograms of the reduced Ni/ZrO, catalysts
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Fig. 2. Catalytic activity and stability during SRM
process (P=0.1MPa, T=800°C GHSVcu4=12,000
ml/(h-gcar), H,O/CH,4=1.0

Although all the three catalysts showed high and stable
catalytic activities in the SRM process for 240 hrs reaction time on
stream with CH, conversions of 87-88%, 81-84% and 76-83%
respectively which are close to the thermodynamic equilibrium
values (90%) at 800°C, the nanocomposite Ni/ZrO,-AN catalyst is
apparently more active as well as more stable than the commercial
Z107 and the conversional Ni/ZrO,-CP catalyst at this space velocity.

To further demonstrate the catalyst stability at methane
conversion far below its thermodynamic equilibrium value, all the
catalysts were tested with stepwise increasing the space velocity of
methane from GHSVcys = 12, 000 to 96, 000 ml/(h-ges) and the
results are showed in Figure 3. The data for the first 150 hrs reaction
time on stream, which were the same as those at reaction
TOS=150~200 hrs, were not shown in Figure 3.

It is evident that the nanocomposite Ni/ZrO,-AN catalyst
showed extremely stable catalysis for the SRM reaction since the
observed catalytic methane conversions were stable every time after
changing the reaction GHSVs from GHSV¢y, = 12, 000 to 96, 000
ml/(h-gc.t), and surprisingly, the conversion at every specific GHSV
was kept constant after switching between several different GHSVs
during 400 hrs reaction time on stream; In contrast, the conventional
Ni/ZrO,-CP and commercial Z107 catalyst began deactivating at
high space velocity of GHSVcy, = 48, 000 ml/(h-gc,) and this
deactivation is severely irreversible and by the end of 400 hrs they
almost had no activity.
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Fig. 3. Catalytic stability test at different methane space
velocities of GHSVcy, = 12,000(A), 24,000(B), 36,000(C),
48,000(D), and 96,000(E) ml/(h-ca) (P=0.1MPa, T=800°C,
H,O/CH,=1.0)

It should be mentioned that we operated SRM reaction with
rather lower H,O/CH, molar ratio=1.0 and high space velocity as
compared with most SRM process conducted under an H,O/CH,
molar ratio between 2.0-5.0 [6] to avoid the deactivation caused by
sever carbon deposition under an H,O/CH, molar ratio below 2.0 at
atmospheric pressure [7]. However, with high H,O/CH, molar ratios
(>2.0), the following drawbacks exist: (a) the equilibrium of water-
gas shift reaction (H,O + CO = H, + CO,) will become favorable, as
a result, the H,/CO, mole ratio in product will be high, which is not
preferable for the downstream process such as methanol and Fischer-
Tropsch synthesis; (b) an enormous amount of energy will be
consumed in the production of steam thus the energy efficiency and
process economy will decrease. Therefore, the development of
nanocomposite Ni/ZrO,-AN catalyst with high activity and stability
under low H,O/CH; molar ratio is promising for commercial
utilization in the future SRM process.
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CH4

We further applied the nanocomposite Ni/ZrO,-AN catalyst in
the CSCRM reaction since its remarkable catalytic activity and
stability both in CRM [1-4] and SRM reactions. Figure 4 shows the
effect of the feed H,0/(H,0+CO,) ratio on methane conversion.
With different H,O/CO, ratios, the CH, conversion was stable and

maintained between 87.8%-88.8%. Figure 5 shows the effect of the
feed H,0O/(H,0+CO,) ratio on the H,/CO ratios of the products. It is
clear that, with the increase of steam content in the feed, the H,/CO
ratios of the products increased from 1.0~3.0. Thus on the
nanocomposite Ni/ZrO,-AN catalyst, we could achieve syngas with
flexible H,/CO ratios of 1.0~3.0 by CSCRM reaction for different
downstream synthesis, and could eliminate carbon formation which
is a serious problem in the methane CO, reforming process [7].
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Conclusions

This work proves that the nanocomposite Ni/ZrO,-AN catalyst
is highly active and extremely stable for both the steam reforming
and the combined steam and CO, reforming of methane. In
comparison with commercial Ni/Al,O; catalyst, the nanocomposite
Ni/ZrO,-AN catalyst allows the use of a much higher space velocity
of the reaction feed and a stoichiometric H,O/CH, and
H,0/(H,0+CO,) ratios, which could meet requirements for the
commercial utilization of different methane and CO, resources.
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Introduction

Natural gas is considered the energy source of the future,
because it is environmentally friendly with clean and low carbon
emissions. However, it is not an easy-to-transport fuel.
Unfortunately, many of the large proven reserves are located far
away from the major markets, and it is not economical to transport
the gas to the markets.

Methane, the major component of natural gas, is currently
used primarily for its heating value. However, methane has a
tremendous potential to be used as a building block to form other
more valuable fuels and chemical feedstock. In indirect methane
conversion processes, methane is first converted to synthesis gas, a
mixture of CO and hydrogen, either via partial oxidation or steam
reforming of methane. From synthesis gas, chemicals can be
produced via many routes, or hydrogen can be extracted and used as
a clean fuel used to power fuel cells. These indirect methane
conversion processes are energy-intensive and less feasible at small
capacity due to the high operating cost of the syngas generation unit.

Different advanced gas conversion technologies are desired
to utilize and monetize the natural gas resources, whether it is
stranded gas or not. From methane, different chemicals such as
oxygenates, unsaturated C, hydrocarbons, and heavier hydrocarbons
could be directly produced via different routes. The gas conversion
technology using the non-equilibrium plasma generated by the AC
corona discharge is such a technology, which can be used to convert
methane to hydrogen and C, hydrocarbons under atmospheric
pressure and room temperature.

The applications of indirect gas conversion technologies
can be dated back before the 1950s. These technologies were based
on the Fischer-Tropsch reaction (FT), discovered in the 1920s by the
German scientists Franz Fischer and Hans Tropsch. They heated
coal to produce synthesis gas, which when passed over a metal
catalyst produced liquid hydrocarbons. Since synthesis gas can also
be produced from natural gas, several processes have been designed
and built to make liquid hydrocarbons from natural gas (GTL
process). SASOL, the South Africa’s state-owned oil company, is
the most experienced in GTL processes. They have built GTL plants
since the 1950s. Exxon-Mobil also has a 10 thousand barrel per day
plant in Bintulu, Malaysia, in which synthesis gas was produced
using pure oxygen. Other major energy companies such as Cocono-
Phillips are developing similar GTL processes, which would be built
on large scale.

Non-equilibrium Plasmas

Non-equilibrium plasma technology has been used to
convert methane to various products. It can be non-catalytic or
catalytic.**® Methane is converted to other products, such as C,s and
synthesis gas, under the temperature and pressure conditions that
traditional chemistry cannot.

The non-equilibrium plasma is a type of plasma, in which
the electron has much higher energy or temperature than the neutral
gas species.? ® In the non-equilibrium plasma, total number density
of the charged particles is much less than the total number density of

the neutral particles. When a potential difference is imposed across a
gaseous mixture, the electric field acts upon the charged particles
such as the electron but not the neutral species. The interaction
transfers energy from the field to those charged particles in terms of
kinetic energy. The electron, due to its light weight, is accelerated to
higher velocity in the time between collisions. The electron has
higher kinetic energy than the energy of gas molecules in random
motion, if the applied field is high enough. Then, the non-
equilibrium plasma is generated.

There are five common types of non-equilibrium
discharges: glow discharge, silent (dielectric barrier) discharge, radio
frequency discharge, microwave discharge, and corona discharge.
The corona discharge is not homogenous, while the silent discharge
is considered homogeneous and both can occur at atmospheric
pressure conditions. This is the plasma type used in most recent
work when a high voltage AC or pulsed waveform on the order of
several KVs is applied across two metal electrodes. In the case of the
silent discharge, a dielectric barrier such as glass electrically isolates
one or both electrodes. The average electron energy in these
discharges is in the range of 1-10 eV and both cause only a small
degree of ionization.?

The only commonly known industrial application using
plasmas to produce chemicals is ozone production using the silent
(DBD) discharge. However, plasmas have been used in large screen
plasma televisions. The electron in the traditional CRT TV, emitted
by an electron gun and accelerated via a strong electric field, is
replaced by the electron initiated inside the plasma. The plasma TV
can be as thin as 4 inches and as large as 72 inches.

Equilibrium Plasmas

The non-equilibrium plasma is different from the thermal
plasma, or equilibrium plasma, in which all particles have
approximately the same high temperature or kinetic energy. Thermal
plasmas will not be discussed here as they may be generally regarded
in many respects as conventional high temperature homogenous
processes, with some exceptions. Also, these plasmas typically have
prohibitively large energy input that is unsuitable to cost effective
methane and CO, utilization. An intermediate category might be
considered for plasmas that are nearly thermal, but of more moderate
temperature. An example would be what might be called an igniting
plasma in which the primary purpose of the plasma is to provide a
rapid preheating of the gas where once the plasma has initiated the
reactions they become thermally self sustaining.

Partial Oxidation of Methane

Many efforts have been concentrated on the partial
oxidation of methane using the AC plasmas. Liu® introduced helium
into the methane-oxygen feed as a diluting species. The frequency
was in the range of 10 Hz to 60 Hz. With methane to oxygen ratio
varying from 2 to 10, it was reported that as the oxygen mole fraction
increased, the methane conversion and the carbon monoxide
selectivity increased, however, the ethane selectivity decreased. The
ethylene selectivity did not change much. Theoretically, it is
expected that hydrogen and acetylene be present in the product.
However, these two species were not reported in this work.

The partial oxidation of methane using helium as a diluting
species was also conducted in a higher frequency range from 150 Hz
to 300 Hz.2 It was reported that increasing the oxygen mole fraction
up to 20% increased the methane conversion and decreased the C,
selectivities. Hydrogen and acetylene were not reported, as in Liu’s
case. This could be due to the limitation of the GC analysis. Even
though the C, yield was said to reach a maximum at 0.6 atm helium
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partial pressure, the major C, product was ethane, which is not a very
useful product. The CO, selectivity did not change noticeably. This
implies that helium does not help the partial oxidation of methane.

The partial oxidation of methane using the AC plasma was
also studied by Caldwell.® The operating frequency was between
100 Hz and 800 Hz, covering the higher frequency range that
previous works left. Increasing the oxygen mole fractions from 5%
to 33% was reported to increase the methane conversion and energy
efficiency. The CO, selectivity varied from 1% to 6%, suggesting
that over-oxidation of methane was not excessive. The methane
throughput compared to Liu and Hill’s could be eight times higher,
while the obtained methane conversions were in similar range,
confirming that it was more energy efficient not to use any diluting
species such as helium in the feed. The hydrogen selectivity was as
high as 55%. All C, hydrocarbons and CO, were reported in the
products as expected. At 33% oxygen mole fraction in the feed, the
carbon monoxide selectivity reached 55%. The lowest energy
consumption was 6 eV per methane molecule converted. In addition
to pure oxygen, air was used as the oxygen source. The energy
consumption when using air was higher than the energy consumption
when using pure oxygen. The lowest energy consumption reported
in the air-methane system was ~15 eV/molecule of methane
converted, higher than that in the methane-oxygen system,
suggesting that nitrogen dilutes the feed and decreases the reaction
rates. This result is consistent with the results from the methane-
oxygen-helium system.

In Liu’s work, it was reported that under a constant applied
voltage, the methane conversion reached a maximum at 30 Hz. The
maximum C, yield, obtained at 60% conversion of methane, was
around 20%. It was explained that as the frequency was reduced to
30 Hz, the discharge changed from the corona discharge to the spark
discharge. According to Eliason,? this change occurs when the
applied voltage has exceeded a threshold. This implies that as the
frequency was reduced the actual applied voltage to the electrodes
increased. Therefore, at 10 Hz and 20 Hz frequencies, the discharge
should also be the spark discharge. The authors did not give an
explanation why the methane conversion at 10 Hz (~ 5%) was much
lower than that at 30 Hz (~ 58%). The change in the input power
with varying the frequency was not reported. Thus, there was no
reported conclusion if the frequency influenced the energy efficiency
of the system.

Hill® also studied the effect of frequency with the same
approach as Liu. It was reported that the methane conversion
decreased when the frequency was increased from 150 Hz to 300 Hz,
and the applied voltage was kept constant. The input power
decreased from 15 W to 10 W, and the methane conversion
decreased from 32% to 17%. Therefore, the energy efficiency did
not change much within this frequency range.

Similarly, Caldwell® studied the effect of the frequency
with a different approach. Instead of keeping the applied voltage
constant, the input power was kept constant. It was reported that the
methane conversions were similar at the frequencies between 100 Hz
to 800 Hz. The experimental data, such as flow rate, power, and
oxygen ratio, were not reported.

Supat” and Caldwell® reported that increasing the input
power by changing the frequency or increasing the applied voltage
resulted in increasing the methane conversion. However, as the input
power reached a certain threshold, excessive coke formation started.
It could be because the heating of the bulk gas led to thermal
dehydrogenation of methane to form coke.® A higher input power
would allow more energy to form more CH and CH,, which are less
stable than CHs;. Therefore, there were more CO, unsaturated C,s as
well as coke produced, when the input power increased.

Hill® reported that at a constant feed flow rate and applied
voltage, increasing the gas gap between the two electrodes increased
the methane conversion. It could be explained that increasing the gas
gap increased the residence time, therefore, increased the methane
conversion.

The Steam Reforming and the Combined Steam Reforming with
Partial Oxidation of Methane

The conventional steam reforming normally involves high
temperature and catalysts. However, plasma technology allows it to
be carried out at much lower temperatures. Hammer used the silent
discharge in a Dielectric Barrier Discharge (DBD) reactor to study
the steam reforming of methane. The steam mole fraction was varied
from 50% to 75% at temperatures in the range of 200°C to 600°C.
The products included CO,, C,s, Css, and butane. Based on the
author’s data, the energy consumption per methane molecule
converted was in the range of 50 eV to 100 eV, an order of
magnitude higher than the energy consumption in the partial
oxidation of methane. High energy consumption has been the main
disadvantage of the DBD system.

Supat” studied the combined steam reforming and partial
oxidation at the steam mole fractions less than 50%. The methane to
oxygen ratio (MTOR) was in the range of 2:1 to 5:1. The CO
selectivity was as high as 62%. The estimated H, selectivity (not
reported by the author) was 80%, about 20% higher than that in the
partial oxidation of methane. The lowest energy consumption per
molecule of methane converted was 9 eV, much higher than that in
the partial oxidation of methane.

Also using the combined steam reforming and partial
oxidation with air as the oxygen source, Bromberg™ reported a high
efficiency plasmatron producing hydrogen from natural gas using the
catalytic DC plasma. The feed conversions were as high as 100%.
Most of the methane was converted to carbon monoxide. There was
only a small amount of ethylene reported. Even though the input
power was high (270 W), the high feed conversions as well as high
methane throughput led to a low energy consumption: ~ 0.24
eV/molecule of methane converted. This is the lowest energy
consumption ever reported and may reflect more of an ignition
phenomena than an initiation phenomena. Since the partial oxidation
and steam reforming of methane is thermodynamically favored at
high temperatures, the use of catalysts at high operating temperatures
helps increase the feed conversions. The plasma source could be
considered as an ignition stage providing heat to preheat the gas and
the catalysts. As a result, the plasmas could be replaced by a
conventional heater without impacting the results.

Dry reforming of methane has been studied using the AC
Dielectric Barrier Discharge?, the AC arc discharge?®, and the pulsed
discharge.”> The CO selectivity above 82% was obtained in the AC
DBD? and the AC arc discharge.* The ethylene selectivity was not
reported® or was very low (2.3%).2* On the other hand, the ethylene
selectivity, as high as 64%, was obtained in the pulse discharge.*
The lowest energy consumption per molecule of carbon (including
CH, and CO,) converted was 15 eV.2* This seemed to be more
efficient than the steam reforming of methane. However, the energy
consumption was still much higher than that that in the partial
oxidation of methane.

Conclusions and Prospects

Methane as a greenhouse gas is misleading in the context
of GHG utilization in that methane that is consumed is produced for
its utilization (or might be recovered for that purpose in relatively
small quantities). Thus it seems that the primary impact of plasma
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based processes on GHG utilization when converting methane would
be to reduce CO, emitted as a result of its consumption, e.g. to be
more energy efficient than conventional processes. As a crude
comparison, methane has an energy content of about 8 eV/molecule
and conventional steam reforming is about 70 percent efficient, using
direct fired combustion for the input heat, thus approximately 5.6
eV/molecule is retained in the products (hydrogen and CO). For a
plasma, the allowable energy “cost” is then about 2.4 eV/molecule.
However if this is supplied by electricity, generated with an
efficiency of about 35 % (single cycle fossil energy), then the
maximum electrical energy that can be supplied competitively is
about 0.8 eVV/molecule of methane converted. No plasma system has
yet achieved this. The silent discharge systems appear to be
sufficiently inefficient that this will be difficult to conceive, however
some corona discharge results are certainly within an order of
magnitude and perhaps substantially closer to this. So there seems to
be some promise that improvements may make this achievable and
may also apply to steam combined with CO, reforming to some
extent. This could be particularly valuable where CO, is a significant
contaminant of the natural gas resource. (Note that CO, reforming as
a net sink for CO,, say recovered from power production, is not a net
sink for CO,!).

In the case of partial oxidation, no net energy input is
required for convention conversion due to its exothermicity, and
therefore even for an ignition type plasma system, the net greenhouse
gas “consumption” for a plasma will always be less. Fortunately,
oxygen is the most efficient initiator for methane conversion in low
temperature plasmas and energy consumption can be quite low under
the best conditions, approximately 1eV/molecule. So even here, other
factors, such as the ability to operate on a much smaller scale, with
less need and cost, for heat recovery, may allow application of low
temperature corona type plasma methane conversion even with some
loss in net energy efficiency (and therefore greenhouse gas
consumption) compared to conventional processes.
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Introduction

Numerous studies dealing with CO,/CH, reforming have been
recently published. Edwards and Maitra (1), in a detailed review,
have suggested that further catalyst development is the major hurdle
before this reforming can be widely commercialized. Literature
shows that the supported Group VIII elements in their reduced forms,
especially Ni, Co, Ru, Rh, Pd, Ir and Pt, are active for CO,/CH,
reforming. Among these metals, Ni, Pt, Ru and Rh are the most
studied elements.

Many different support materials, such as SiO,, AL,Os, ZrO,,
TiO, and mixed oxides, have been studied for CO,/CH, reforming.
Results suggest that supports have a strong effect on the activity and
the stability of CO, reforming catalysts. For example, replacing y-
Al O; by single crystal MgO as support material for Ni results in low
coking and high catalytic activity (2). The support materials
apparently influence the growth of carbon by controlling the type of
metallic clusters that are sites for carbon formation (1). The
acid/base properties of the support material are also important to the
activity and stability of the catalysts. Tang et al. report that the
increase in base strength of catalysts decreased the coke deposition
rate on both SiO, and Al,O; supported Ni catalysts (3). Ferreira-
Aparicio et al have suggested that surface hydroxyl groups are
involved with the reaction mechanism (4).

Strong support-metal interactions can result in changes in
catalytic activity, selectivity, and stability. For example, Ni/Al,O4
forms NiAl,O, (which is inactive for CO, reforming with CHy) at
high temperatures. Modifiers such as La,O; and CeO, promote the
activity of alumina supported Ni catalysts for CO, reforming. It is
reported, by Bitter et al., that the available perimeter around Pt-ZrO,
interfaces is critical for the reforming activity in that CO, reduction
occurs close to the metal-support boundary (5). Verykios also
proposed that active carbon containing species on Rh/Al,O; are in

the reaction pathway of CO formation during CO,/CH, reforming (6).

These results confirm the importance of metal-support interactions.

Recently, non-thermal plasma based techniques for catalyst
preparation have attracted significant attention (7,8). Materials with
unusual and highly advantageous catalytic properties, including high
metal dispersion and enhanced metal-support interaction resulting in
better catalyst stability, have been achieved via the plasma route.
These advances have been documented in symposia and detailed in
recent reviews (9-11). For example, Zhang et al. reported plasma
activation of a Ni/a-Al,O; catalyst for methane conversion to
synthesis gas using a radio-frequency (RF) argon plasma for the
decomposition of Ni(NOs3),. The resulting catalyst exhibited
improved activity and catalytic lifetime compared to material
obtained using conventional high temperature methods (12). More
recently, a Ni-Fe/Al,O; catalyst, prepared first by glow discharge
plasma treatment followed by calcination, was studied for partial

oxidation of methane by Wang et al. (13). The resultant catalyst
exhibited overall improved performance compared to a catalyst of
identical composition prepared via calcination. In addition, the
plasma treated Ni-Fe/Al,O; catalyst also exhibited better resistance
to carbon deposition (13).

The present study examines further the utility of plasma
processing in developing improved catalysts for eventual use in
CO,/CH, reforming operations. Specifically, we report plasma
modification effects on metal-support interactions of 1%Pt/Al,04
catalysts. By substituting plasma treatment for the conventional high
temperature calcination step, both higher metal dispersions and
improved sintering resistance are observed with the resultant
catalysts. Additionally, the distribution of CO, adsorption sites on
the catalyst is observed to be strongly regulated by various plasma
treatments.

Experimental

Catalyst Synthesis. Alumina pellets, 1/8 in., (from Alfa Aesar)

with 1.14 ml/g pore volume and a 255 m?g surface area were
crushed and screened to 20-40 mesh. The 20-40 mesh alumina
particles were dried at 200°C for one hour then cooled in a dissicator
to room temperature. The resultant alumina particles were then
impregnated with H,PtClg solution based on the incipient wetness
technique to provide 1% Pt loading. The materials were dried at
120°C for 2 hours and are designated as 1%Pt/Al,05(A).
Powder aluminum hydroxide (from Aldrich) was used as the alumina
precursor to prepare impregnated Pt catalysts for acid/base studies.
Aluminum hydroxide and the Pt precursor were mixed in water and
heated until dry. The dried sample was then calcined at 500°C in air
for 3 hours and it is designated as 1%Pt/Al,O;(H).

Plasma Treatment. Plasma treatments were carried out in a
custom-designed 360° rotating RF plasma system. The system
consists of three major components: power supply, reaction chamber,
and a gas delivery and pumping system. The power supply includes
an ENI A-300 amplifier, Tetronix pulse generation (Model 2101),
and a Wavetech function generation (Model 166). A custom
designed matching network was employed to minimize the reflected
power. Power wattage is measured by the combination of a Bird watt
meter (Model 4412), and a Leader oscilloscope (Model LS1020).
This system is operable from milli-torr to a few torrs, with a base
pressure of 10 mtorr. For O, plasma, 150W peak power and a
10ms/10ms plasma on/off cycle was used. For H; plasma, 200W and
10ms/10ms on/off cycle was employed. Typically, one gram of
catalyst was loaded into the plasma chamber for treatment. The
times for plasma treatment ranged from 1 to 3 hours. Both O, and H,
gases were UHP grade.

H,-Chemisorption. H,-Chemisorption tests were performed
with the automatic catalyst characterization system, AMI-200
(Altamira Instruments). Approximately 70mg samples were heated
in H, with a 5°/min ramping rate, to 450°C or 600°C before cool
down in argon to 35°C. Hydrogen-chemisorption was carried out by
pulsing H, over clean metal surfaces until saturation.  The
consumption of H, due to chemisorption is measured by TCD for
metal dispersion determination.

CO,/NH;-TPD. Catalyst samples (~70 mg) were heated in
UHP helium at 20°C/min to 500°C before cooling down to 50°C for
adsorption with 10% CO,/NHj in helium for an hour. CO,/NH;3-TPD
is recorded with TCD using a ramp rate of 10°C/min from 50°C to
500°C in helium.
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Results and Discussion

Pt Dispersion. Pt metal dispersions of 1%Pt/Al,03(A),
determined by H,-chemisorption after reduction at different
temperatures, are summarized in Table 1. After hydrogen reduction
at 450°C, both O, and H, plasma treated samples show higher
dispersions than the plasma untreated control sample. The O, plasma
is more effective than the H, plasma in promoting the dispersion with
39.5% (O,) vs 34.1% (H,;) compared to 31.1% for the untreated
sample. After 600°C reduction for 5 hours, both O, and H, plasma
treated samples show much higher dispersions than the untreated
sample. The Pt dispersions are 34.1%, 34.7% and 24.4% for O,
plasma, H, plasma and untreated samples, respectively. These
results suggest that the sintering resistance of these catalysts is
improved by the plasma treatments. The relative improved resistance
is even more prominent after extended reductions at 600°C. After
reduction at 600°C for 12 hours, H, plasma treated sample shows
superior sintering resistance over O, plasma treated and untreated
samples. As shown in Table 1, no apparent decrease in Pt dispersion
is detected for the H, plasma treated sample while metal dispersion
on the O, plasma treated sample decreased by 22% while the
untreated one decreased by 34.7%. These results demonstrate that
both O, and H, plasmas are effective in promoting increased metal
dispersion, with the H, treated materials also exhibiting improved
sintering resistance.

NH3-TPD. The NH;-TPD results of calcined, H, plasma treated
and O, plasma treated 1%Pt/Al,0;(H) are shown in Figure 1. Both
H, and O, plasmas modify the acidic sites for NH; adsorption. The
O, plasma shows a stronger effect on 1%Pt/ Al,O;(H) increasing
strongly the surface density of weak, medium and strong sites for
NH; adsorption. In contrast, the H, plasma treatment apparently
results in a more selective increase in the concentration of the weakly
acidic sites, relative to smaller increases in the medium and strong
NH; adsorption sites.

CO,-TPD. CO,-TPD results of calcined, H, plasma treated and
O, plasma treated 1%Pt/Al,05(H) are listed in Figure 2. As shown in
Figure 2, H, plasma has little effect on the population and the
distribution of CO, adsorption sites. O, plasma, on the other hand, is
highly effective in the generation of strong and medium CO,
adsorption sites on 1%Pt/Al,03(H). Oxygen plasmas are well known
for etching ability and are used extensively for that purpose. It is
likely that O, plasma creates vacancies which serve as new sites for
CO, adsorption. H, plasma, on the other hand, is known for
passivation effects (14) and is less efficient for site generation.
However, after site generation by O, plasma, a subsequent H, plasma
treatment alters the properties of generated sites, as shown in Figure
3. Figure 3 lists the CO,-TPD results of samples with the 3-h O,
plasma treatment followed by H, plasma treatments of 1 to 6 hours.
As shown in Figure 3, one hour of H, plasma treatment largely
reduces the strong sites generated by the 3-h O, plasma treatment and
simultaneously increases the sites with less strength (mainly weak
sites) for CO, adsorption. As the H, plasma time increases from 1
hour to 3 hours, the strong site population further decreases and,
simultaneously, both weak and medium sites decrease. Further
increase of the H, plasma treatment time to 6 hours results in further

decease of the weak sites, with relatively no changes of medium sites.

These results indicate that H, plasma is effective in reducing the
strength of CO, adsorption sites while O, plasma generates CO,
adsorption sites with medium to high strengths. Thus, it appears the
combination of O, and H, plasma treatments, especially an initial O,
plasma followed a subsequent H, plasma, can manipulate the
population and distribution of CO, adsorption sites. It is anticipated

that regulation of the nature and surface density of active sites should
affect the activity and stability of catalysts employed in CO,/CH,4
reforming. Present studies involve a continuation of this work and
they include examination of the effect of similar plasma treatments
on CHy adsorption site densities. The RF plasma treatment approach
described offers a viable route to evaluation of the role of active
surface site densities on the CO,/CH, reforming process, and thus a
potentially important route to synthesis of improved catalysts for this

purpose.
Conclusions

Both O, and H, plasmas are effective in promoting increased
metal dispersion. Additionally, H, plasma treatments results in
catalysts having improved resistance to sintering. The CO,-TPD
study indicates that the combination of O, and H, plasma treatments,
especially the O, plasma first followed by H, plasma, can manipulate
the population and distribution of CO, adsorption sites. Further
studies of these effects are currently in progress in our labs.
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Table 1. Metal dispersion results of 1%Pt/Al,O03(A).

Catalyst Reduction Reduction Reduction at
at  450°C | at  600°C | 600°C for
for 2 hr for 5 hr 12 hr
Uncalcined 31.1 24.5 20.3(-34.7%)
H, plasma, 34.1 34.7 35.1(~0)
1 hr
O, plasma, | 39.5 34.1 30.8 (-22.0%)
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Figure 1. NH5-TPD of calcined, O, treated and H, plasma treated
1%Pt/ALOs(H).
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Figure 2. CO,-TPD of calcined, O, treated and H, plasma treated
1%Pt/Al,O5(H).
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1. Introduction

This paper descries advanced steam reforming of methane in
plasma-catalyst hybrid reactor. Synergistic effect between non-
thermal plasma (DBD) and Ni-catalyst was observed at lower
reaction temperature (400°C-600°C). Methane conversion exceeded
far beyond equilibrium conversion, while product selectivity tended
to follow equilibrium composition at given conditions: energy cost
and energy efficiency were improved by 134 MJ/kg_H, and 69%.
According to numerical simulation of streamer propagation in pure
methane, production of large number of vibrationally excited
methane seems to contribute significant increase in methane
conversion since vibrational species promoted dissociative
chemisorption on nickel surface at lower temperature. Based on those
experimental and numerical evidences, minimum energy required in
plasma-catalyst hybrid reactor for methane steam reforming was
estimated. The energy consumption might be reduced by one-quarter
of experimental result, which also means that hybrid reactor might be
able to regenerate low temperature thermal energy during low
temperature plasma catalysis of methane (400°C-600°C).

2. Methane steam reforming by plasma-catalyst hybrid reactor
Experimental. Authors developed Barrier-discharge Enhanced
Catalytic-bed (BEC) reactor for methane steam reforming (1-5). The
wire-to-tube (1.D. 6 mm) reactor packed with 3wt%Ni/SiO, catalyst
pellets (1.2 mm and 0.9 mm) was situated in a constant temperature
bath (120°C). High voltage sine wave (76 kHz) was applied between
wire and external electrodes. Methane and water-vapor mixture was
fed into the reactor at various mixture ratio and flow rate. Three
different conditions were investigated: (1) 3wt%Ni/SiO,, (2) plasma
and 3wt%Ni/SiO,, and (3) plasma with SiO,. Detailed description of
reactor and experimental conditions are presented elsewhere (1).

Synergistic effect between plasma and catalyst. Figure 1 (a)
compares methane conversion characteristics for three different
reaction systems, and (b), (c) show product selectivity. Barrier
discharge is able to decompose methane at lower temperature, and
25% conversion was achieved at 200°C. However, methane
conversion falls far short of equilibrium at higher temperature since
methane activation by electron impact is basically independent of gas
temperature (within 25°C -700°C). On the other hand, nickel catalyst
does not show catalytic activity below 400°C, and methane
conversion was half of the equilibrium at 600°C. If the temperature
reached 700°C, methane conversion abruptly increased and attained
equilibrium. We didn't observe major changes in methane conversion
and product selectivity with respect to pellet diameter.

When barrier discharge and catalyst was combined, methane
conversion exceeded equilibrium over the tested temperature range.
The strong synergistic effect of barrier discharge and nickel catalyst
was observed between 400°C and 600°C: methane conversion
exceeded combined result of barrier discharge and nickel catalyst. On
the other hand, catalytic reaction predominated over barrier discharge
above 700°C, and synergistic effect was not observed below 200°C.
Methane conversion curve for Ni/SiO, shifted 200°C towards lower
temperature region in the presence of barrier discharge: the apparent
activation temperature for nickel catalyst seemed to be lowered due
to the existence of barrier discharge.

Figure 1 (b) and (c) show product selectivity obtained by BEC
reactor. When the temperature was 200°C, reaction characteristics
were very similar to those obtained by DBD reactor: 50% of
carbonaceous products were C, (mainly ethane) and C; (propane)
hydrocarbons. Product selectivity approaches equilibrium curve
(dotted line) with increasing reaction temperature, and perfectly
follows equilibrium curve over 600°C. It is interesting to note that
methane conversion largely exceeded equilibrium value, but product
selectivity follow equilibrium. This means that electron impact
process plays an important role during gas phase methane activation:
not only ground state methane molecule, but also excited molecule
can be decomposed on nickel catalyst, leading to apparent low
temperature activation of methane.

3. Radical formation by electron impact
Model. We performed numerical simulation on streamer
development in pure methane for better understanding of elementary
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Fig. 1 Methane conversion and product selectivity at different temperatures, showing synergistic effect of plasma and Ni catalyst on
methane decomposition. (--- Equilibrium). Smaller symbols represent results obtained with 0.9 mm Ni/SiO, pellet.
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electronic and chemical processes. We assumed that streamer was
one-dimensional cylinder with 100 um radius and 2 mm long. We
simulated Anode Directed Streamer (ADS) ignited from tiny plasma
spot located in front of the cathode. Basic equations were continuity
equations for electron, ions, and neutral species, and Poisson's
equation. 38 elementary reactions including 8 inelastic collisions
were simultaneously solved. During streamer development, electric
energy input and radical formation efficiency was analyzed in detail.
After the termination of streamer development (~5 ns), ionic and free
radical chemistry that would last for 10 ms was performed with the
reaction scheme proposed by Tachibana et al (6). 16 neutral species,
4 positive ions, and 2 vibrationally excited species were considered
in our model. Temperature and pressure were 300 K and 760 Torr,
respectively.

Energy branching to radicals. Table 1 shows energy
branching and relative radical density during streamer propagation.
Excitation threshold for vibrational excitation is of the order of 0.1-
0.3 eV; however, 40% of input electrical energy was consumed since
rate constants are 10 times larger than that for other reactions.
Vibrational population was 150 times larger than electron number
density. Density of CH; was the highest among other methane
fragments due to hydrogen abstraction reaction:

CH,+H —> CH; + H, (R1)

(R1) is obviously independent of electronic processes. In fact, energy
branching to CHj is the same order as other inelastic collisions. From
this point, decomposition of vibrationally excited methane poses
significant importance in order to improve energy cost.

4. Minimum energy consumption in BEC reactor

In general, production of vibrational species leads to significant
energy loss in many plasma processes since reactivity of vibrational
species is generally low. However vibrational methane seems to
increase reactivity significantly in hybrid system since it increases
dissociative chemisorption on Ni surface at lower temperature. We
calculated energy consumption which is necessary to decompose 1
mol of methane by electron impact, and estimated minimum energy
required in methane steam reforming. Main assumptions are as
follows:

1. Assume stoicheometric mixture of methane and water vapor, i.e.

CH;:H,O0=1:2.
2. One-third of energy spent by single streamer is utilized for

Table 1. Electric processes and energy branching
(200 Td, 300 K-760 Torr, N, #10% cc™, 1 ps)

CH,+e— & [eV] Density Energ;g/obranch
CHy(v24) +e 0.162 11.9
CH:EVB; +e 0.361 150N 245
CH;+H +e 9.0 10N, 17.0
CH;+H; +e 10.0 13.2
CH+H,+H+e 11.0 N 10.8
C+2H,+e 12.0 9.3
CH, +e+e 12.6 N, 9.4
CHs +H+e+e 14.3 4.0

methane activation.
3. Ignore reactions related to H,O and ion lose.
4. All vibrational species react on Ni catalyst to produce hydrogen.
5. Inelastic collision by electron is independent of temperature.

When external field strength is 200 Td, a single streamer spends
0.150 pJ electrical energy during propagation, and vibrationally
excited methane in streamer, on space average, is populated by
1000ppm. Assume those vibrational methane is able to fully
decompose if Ni catalyst is present, then 0.85 x 10™** mol of methane
is supposed to decompose to produce hydrogen, which corresponds
to 0.757 pJ of heating value. That is,

Niethane = 2.55 x 10 mol x 0.001 x (1/3) = 8.5 x 10™* mol

Heating value for Nietane: 890 kd/mol x 8.5 x 10°* [mol] = 0.757 pJ
Heating value for Niyarogen (= 4Nmethane): 0.757 x (1144/890) = 0.973 wJ
Energy absorbed by steam reforming: 0.973-0.757 = 0.216 pJ

About 70% of endothermic reaction enthalpy (0.15 pJ/0.216 w =0.7)
must be supplied through electronic process, while 30% is from low
temperature thermal energy source. This relation is schematically
expressed in Fig. 2. Although current plasma-catalyst hybrid reactor
spends 744 kJ of electrical energy per 1 mol of methane, it might be
minimized by 176 kJ if ion current and any other loses could be
neglected.

5. Concluding remarks

The result does not necessarily mean that plasma fuels
processing must be combined with catalyst. The point is that plasma
processing, in principle, accompanies considerable energy loses
during inelastic electron impact process. Even though 50% of
electrical energy is utilized by radical production, minimum energy
requirement incredibly amounts to 6000 kJ per 1 mol of methane
without help of vibrational methane since population of those radical
is very small (3 x 10°** mol in a single streamer). Authors strongly
recommend plasma hybrid system which promotes decomposition of
vibrational species or chain reactions in a given condition.
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Introduction

Natural gas is an environment-friendly resource as a clean fuel
and a feed-stock for production of synthesis gas and power plant and
it has provided the most abundant energy resource in the recent
decade. In the future, it will play an important role as raw material
for chemical supplies.

Most of natural gas conversion processing is to produce the
synthesis gas in accordance with reforming of methane and then it
synthesizes liquid fuels as methanol, DME (dimethyl ether) and other
higher hydrocarbons (1).

Recently the direct conversion of methane, which is main
component of natural gas, using various plasma technologies has
widely been studied in order to obtain synthesis gas or hydrogen-rich
gas without CO, emission (2,3). In general, there are many processes
for production of hydrogen-rich gas with CO,; steam reforming,
partial oxidation, auto another reforming and carbon dioxide
reforming of methane or natural gas. However, these processes cause
the reduced efficiency due to the high cost of energy and device.

Therefore, the attention is being concentrated on the direct
process, which makes decomposition of methane into the production
hydrogen-rich gas. In this study, we will illustrate our recent research
on the development of a microwave plasma-catalytic reaction process
to produce hydrogen and carbon black from natural gas (4). In our
plasma system of high power discharge, hydrogen and carbon black
is produced by the decomposition of methane, which nearly
resembles thermal cracking.

It may be assumed that decomposition of methane produces
hydrogen and carbon black by the following single reaction:

CH, +753kJ/mol—> C + 2H,

Methane is a preferred raw material for the production of
hydrogen from a hydrocarbon because of its high H to C ratio (H/C =
4), availability and low cost. Furthermore, the C produced can be
sold as a co-product into the carbon black market (ink, paints, tires,
batteries, etc). Several processes of carbon black production are
currently used to produce furnace black, lampblack, channel black,
thermal black, and acetylene black, which represent 95% of world
production and consume primarily petroleum byproducts (5). In the
present study, a plasma black was used as a for lithium ion battery.
The carbon black is not only acts as an electron pathway by
formation of a conducting network of active material but also
improves electrical conductivity of interfacial electrode surface.

According to Fulcheri and Schwob (6), the total enthalpy of
methane decomposition at 1600C is 181.8 kJ/mol, and the energy
related to carbon mass varies approximately between 3 and 5 kWh
per kg of carbon produced. This paper discussed the decomposition
of methane by microwave plasma and possible application to CO,-
free hydrogen production.

Experimental

Figure 1 schematically shows the experimental apparatus for the
microwave plasma system. In order to investigate the plasma
catalytic reaction, the reactor was designed to be able to insert the
catalyst pellet.

Plasma System Reactor In our experiments, microwave plasma
(2.45GHgz, iplas Co.) was used to produce hydrogen and carbon black
from methane. The maximum microwave power is 6 kW. Plasma
reactor consists of quartz tube of 6” O.D. that is connected to a
microwave waveguide and resonator. It is mainly composed of
(Figure 1):

-6kW magnetron power source and plasma generator (resonance)
-cold plasma reactive zone where methane is introduced
-separation bag filter of hydrogen and carbon

-water and air cooling and gas supply systems

Prior to characterization and plasma-catalytic reactivity
measurements, the samples were annealed at 473K in the presence of
N, and hydrogen gas could be used during reaction as plasma gas.

e

Figure 1. Experimental set for microwave plasma and catalytic
reaction process; Magnetron (1), Waveguide (2), E-H tuner (3),
microwave quartz tube (4), Plasma Generator (5), Jet inlet nozzle (6),
Cooling line inlet, (7) MFC, (8) Microwave plasma reactor, (9)
Vacuum pump, (10) Control valve for pressure (11, 12), Cyclone
(13), filter (14), Mechanical diaphragm pump (15)

Thermal conductivity analyzer (Teledyne, 2000A-EU) analyzed
the reaction product (hydrogen, methane and C2+ chemicals).
Scanning electron microscopy (SEM) was used to observe the nano
size of carbon black. SEM observation was conducted using a
transmission electron microscopy operation at 15kV.

Plasma Black Characteristics The plasma black was treated at

800°C(PB800), 1300°C(PB1300) and 2100°C(PB2100) at 10° torr

pressure in order to improve its conductivity. To determine the
property of plasma black, surface area and porosity analysis,
temperature programmed desorption (TPD), volume resistivity
measurement experiments were performed.

Results and Discussion

Conversion of methane and yields of hydrogen and carbon black
as a function of applied power are exhibited in Figure 2. The
conversion of methane obtains up to 96% of a plasma and catalytic
reaction at 3kW of applied power. Furthermore, the yield of
hydrogen is from 83% to 95% at above condition. The yield with
respect to carbon black and hydrogen increases with increasing
applied power. When an input of 1 mole of methane was introduced,
0.6 mole of carbon and 1.62 mole of hydrogen were produced. Also,
we carried out the microwave heating catalysis in order to improve
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the performance of methane conversion. The microwave heating of
the catalysts might have an important advantage over conventional
thermal heating. The catalyst may play a role of abstracting more
hydrogen from methane as improving the reactions of radicals.
between catalyst surface and reactant gas. Our observation reveals
that hydrogen and carbon black are produced at the rate of almost
2:1.

E

.
y ==l

Selectivity (*a)

I, o

Appled Power (K9]

@ PRI o

Figure 2. Conversion of methane and yields of hydrogen and carbon
black as a function of applied power (a) and the productivity of
hydrogen and carbon as a function of feed amount (b).
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Figure 3. Comparison of various catalysts in the plasma-catalytic
reaction; 200ml/min of flow rate, 30 torr of system pressure and
applied plasma power is 3.0 KW.

Figure 3 illustrates the comparison of various catalysts in the
plasma-catalytic reaction of methane decomposition. Among the
novel metals, Pt-Rh catalyst is good for methane decomposition and
production H2/carbon black. Conversion methane to hydrogen is
72% and to carbon black is 54%.

In order to determine the effects of heat treatment on surface
area, surface heterogeneity, electrical resistivity and morphology of
carbon black, we carried out electrochemical behavior of the carbon
black as a conductor of lithium secondary battery electrode. The BET
surface area of various carbon black as well as carbon black
produced by plasma (plasma black) and average particle size were
described as shown in Table 1. In order to compare the size, we
determined the acetylene black and the plasma black by TEM as
shown Figure 4.

The result of measurement of BET (213.23 m%g) showed that
the carbon black by manufactured under a microwave plasma
catalytic reaction system is very similar to classical furnace black.

Table 1. BET surface area of various carbon black

Surface area Surface area Average particle
Certamn o3 (BET : m2/g) | (Langmuir : m2/g) size (nm)
Thermal black 50-120 75.7-171 40-200
Furnace black 100-ab. 200 150-300 ca. 20-30
Plasma black 213.23 293.05 20-30

Heat-treatment carbon black of produced plasma reaction has
highest conductivity and highest purity. Four different samples
including raw plasma black were added to LiCoO, to investigate
effects of properties of plasma black as conductors on
electrochemical characteristics as shown Figure 5. Plasma black
conductors with low amount of surface functional groups and high

electrical conductivity enhanced initial discharge capacity.
* E o
e O 4

RS

(b)

Figure 4. High-resolution TEM photographs(x 900,000)of acetylene
black(a) and plasma black(b)
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Figure 5. Volume resistivity of packed bed carbon black powders,
AB(acetylene black), PB(plasma balck) and heat treated samples at

800°C, 1300°C, 2100°C.

Conclusions

An environment-friendly process for hydrogen and carbon black
from natural gas was developed by microwave plasma and catalytic
reaction. The high frequency discharge is an effective method to
decompose methane to hydrogen and carbon black in the present
catalyst. The catalytic reaction enhances the decomposition of
methane to hydrogen and carbon black due to abstract more
hydrogen electron from methane as activating the reaction of
radicals. The plasma process appears to have better than conventional
hydrogen production processes. And the performance of plasma
black has almost the same electronic resistivity with that of acetylene
black.
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Introduction

Hydrocarbon fuel reforming is a very important technology for a
variety of applications. For example in cracking process, it is
necessary to get various useful hydrocarbon gases and oils. Hydrogen
manufacturing from hydrocarbon fuels is also important and could be
used for many applications. These applications introduced the fuel
cells used in stationary electric power production and in vehicular
propulsion, such as refueling stations for hydrogen-powered vehicles.
Hydrogen manufacturing is also needed for many industrial
applications. Many catalytic methods were investigated for fuel
reforming to get the gas phase hydrocarbons and H,. However,
almost catalysts are composed by valuable metals and materials.
Then, catalytic methods require high temperature, around 300°C to
800°C to get the activation for reforming.

Recently, a novel technology of plasma and catalytic processes
were studied by many researchers for hydrocarbon reforming™ 2. In
this study, a new type of plasma reactor was investigated for fuel
reforming at room temperature. Positive square pulsed high voltage
generates strong plasma in the oils. We expected that liquid oil
change to gas and solid.

Experimental setup and procedure

Plasma reactor and a power source. Liquid phase plasma reactor
consists of a plastic column vessel, metal plate as both, high voltage
and ground electrodes and metal chips. Aluminum or copper plates
and chips were investigated as the electrodes. Reactor was filled with
100ml of iso-octane or diesel oil. A magnetic stirrer and a stirring bar
to stirr the oil and metal chips were placed into the reactor. Spark
plasma, including light and heat, was generated by the high voltage
in many points of contact between the metal electrodes and chips. It
was a spark discharge including light and shock wave.

Gas Sampling for GC and FT-IR

70mm

Metal Chips
Fuel Qil

Pulse High Voltage \/Stirring Bar,

Column

113mm

18m ¢ [Fosk

Magnetic Stirrer]

Figurel Liquid phase plasma reaction

The plasma reactor was driven by positive pulsed square high
voltage generated by a rotary spark gap (RSG) switch. The rise time
of the pulsed voltage was about 40nsec, and the repetition frequency
of the pulse was set at 240Hz. The high voltage applied was about
10kV peak to peak. During the rising time, spark discharges are
produced and few amperes of current are flow to reform the
hydrocarbon fuels.

Characterization Methods. Much gas and black powder were
generated from the oil during plasma operation. H,, N, O,, CO, CO,
and many low molecular hydrocarbons were detected and analyzed
by GC-FID(Shimazu 14B) equipped with a metanizer(GL Science
MT-21), GC-TCD(Shimazu 8A) and FT-IR(Bio-rad FTS3000). The
black power was inspected using E-SEM and analyzed by XRD after
evaporation of liquid oils.

For the E-SEM and XRD analysis, samples were prepared as
follows: carbon powder deposited on the bottom of the reactor was
taken, with a pipette, filtered with a quartz fiber filter (Whatman
QM-A) and dried during 6h in an oven at 200°C.

Results and Discussion

The reforming process of iso-octane and diesel oil was
investigated using plasma reactor at room temperature, in this study.

The generated gas compounds from iso-octane from 5 to 20
minutes are shown in Figl (A). Generation of gases was in the
following order to H,> CH4 >> C,H,; >> CO, C,Hs, Cs, C4. More
than 60% of H, gas was generated during high voltage application.
Focusing the H, and CH,4, 86% of selectivity (H,+CH,) was obtained
from the gas generate in this case. Fig.1 (B) shows the time elapse
change of the gas compounds. The H, and CH,; concentrations
gradually decreased with the increment of CO, and CO
concentrations in this case. Proportionally, the C,Hg, Cs, and C,
hydrocarbons gradually increased with time. On the other hand,
black powder was rapidly obtained in the liquid phase when starting
at high voltages, and this powder also increased with the time. After
the plasma application, the temperature of the liquid iso-octane was
increased at around 55°C to 65°C
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(A) Generation of gas compounds from iso-Octane (5-20min)
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(B) Time elapse change of gas compounds from iso-octane

Figure2 Gas compounds generation and time elapse change from
liquid phase iso-octane using liquid phase plasma reactor
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After the experiments, the surface of both electrodes and the
aluminum chips had many black points. These aluminum chips did
not have such points before the experiment. Moreover almost all
chips decreased their size losing their edges. E-SEM (E-SEM-2700)
photograph show aluminum particles around sub-micro meter to
several ten micro-meter in diameter. Aluminum and carbon were
detected by X-ray micro analyzer (HORIBA EDX). On the other
hand, a large aluminum peak was obtained from XRD (RINT 2500)
measurements. These results indicated that iso-octane was reformed
to gas and solid by high voltage application through electrodes and
contact points of aluminum chips. At the same time, aluminum
electrodes and chips were melted by the heat generated by the shock
wave with spark discharge.

Gas generation rate using plasma reactor with aluminum chips is
shown in Fig.3. The total gas flow rate included H,, CH, and other
hydrocarbons obtained were 17ml/min and 80ml/min for an applied
power of 10W and 32W respectively. In this case, H, gas was flowed
at 11ml/min and 52ml/min with an energy efficiency of 8.6g/kWh.
Gas generated rates were proportional to the input energy in this
case.

On the other hand, electrolysis has about 20g/kWh of energy
efficiency to get H, from water™®. Almost catalytic methods could
get very large amount of H, compared with the electrolytic method
and this method. However, catalysts need a very high temperature of
more than 400°C to get high concentration of H, gas. Liquid plasma
method and electrolysis also could be driven at room temperature.
Moreover, plasma method has the possibility of fuel cracking control,
producing the various carbon compounds and other many reactions.
Focusing only in H, generation for industrial application, it requires
large amount of H, generation efficiency. We must explore the
catalytic reactions by combination of plasma and catalysts.
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Figure3 Gas generation rate using plasma reactor with aluminum chips

Reforming of diesel oil was also investigated in this study. Fig.4
shows the gas compounds generation and the time-elapse change
using the liquid phase plasma reactor. Comparing Fig.4 with Fig.2, it
is clearly different the amount of N, and O, formed during the first 20
minutes as it is shown in Fig.4 (a). On the other hand, N, and O,
disappeared during the next 20min as it is shown in Fig.4 (b). It can
be suggested that N, and O, gas were already present into the diesel
oil, and they were rapidly derived to the gas phase when plasma was
applied. The amount of gases generated were in the following order:
H,> C,H4 >> CH, >> CO, C,Hg, Cs, Cy4in the case of (b). Ethylene
selectivity is very high compared with the iso-octane case.

Fig.5 shows the XRD pattern of black powder from diesel oil using
three types of metal chips and electrodes. Type | using aluminum
electrodes and chips, type Il using copper, and type Ill using a
mixture of aluminum (2g) and copper (99g) chips.

When using aluminum chips, aluminum peaks and Al,C; peaks
were obtained. Only when using copper chips, its corresponding
peaks appeared. When using aluminum and copper chips mixed type
their corresponding peaks appeared. However, many small peaks also

appeared for the copper-aluminum mixed type, which seems to be
sulfur and copper compounds (CuS, or CugSs). These results
suggested that plasma might transform some compounds into solid
crystals in the diesel oil, indicating this, a way for the removal of
compounds by plasma treatment at low temperature.
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Figure4 Gas compounds generation and time elapse change from
diesel oil using liquid phase plasma reactor
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Introduction

The direct conversion of methane into hydrogen and other
high-value-added products such as aromatics has recently attracted
considerable attention. It makes the natural gas resource become one
attractive feed which produce the aromatic hydrocarbon products
following petroleum, and open up the new route to the utilization of
natural gas resources.

There has been a general agreement that methane aromatization
catalyzed by Mo/HZSM-5 has been recognized as a promising route
for producing aromatics in an oxygen-free atmosphere '2. Several
factors such as the acid site density, the zeolite channel structure, and
the oxidation state and location of the molybdenum species have been
recognized to affect the performance of methane conversion into
aromatics®™. Despite prolific research activity worldwide, progress in
this field has been hampered by serious catalyst deactivation, which
is responsible for the decrease in conversion into useful products. As
the performance of the catalyst often depends on surface status, and
the surface status of catalyst is related with the preparation method, it
is therefore necessary to seek better preparation method and analyze
surface species for improving the catalyst performance.

Nowadays, the impregnation method is the major method for its
easier operation and economical cost. The novel method i.e.
microwave heating is recently applied in the oxidative coupling of
methane. Seen from the results of reaction, the performance of
catalysts prepared by microwave heating is better than that of
catalysts prepared by impregnation, and this method is also very
simple. Here a series of catalysts are prepared by microwave heating,
the oxidation state and location of the Mo species were analyzed by
XRD, and the surface distribution of catalysts and form of carbon
deposit of catalysts after reaction were investigated by TEM.

Experimental

Catalysts preparation The zeolite [HZSM-5, (Si/Al=25), from
Nankai chemical reagent factory of China ] and the required amount
of ammonium heptamolybdate [(NH4)¢Mo0,0,4.4H,0, from
Jinduicheng molybdenum chemical division of china] were
mechanically mixed, subsequently, the mixtures were calcined under
proper power in the microwave oven for some time, and then the
solid samples were pressed, crushed, and sieved to separate catalyst
grain in the size range 20-35 mesh for subsequent use in
aromatization reactions. In addition, the same Mo loading catalyst is
prepared by impregnation so that there is the contrast between two
methods on the characterization of catalyst.

Reaction testing Catalysts reaction testing has carried out at
atmospheric pressure by a fixed-bed continuous flow system with a
quartz reactor of 8-mm-i.d., in which 0.5 g of catalyst was loaded. It
was connected to a gas feeding unit and analytical equipment. The
reaction temperature 973K was controlled by a sheathed
thermocouple embedded in a 35-mm-high catalyst layer. CH4 was fed
to the reactor at mass-flow controlled rates sweeping the methane
hourly space velocity range of 3600mL (STP) -h™-g”. The gaseous
reaction products were analyzed by means of a HP gas
chromatograph equipped with a flame ionization detector (FID)

connected to a PLOT-Q capillary column (30 m long and 50pm i.d.)
supplied by J&W Scientific Cop.

Catalysts characterization The surface species analysis of
catalysts was carried out with the RIGAKUD/MAX-2400 diffract
meter by Rigaku Corporation of Japan using Cu Ka radiation at
36kV and 80mA. The spectrums were recorded over a 26 range of
5°--60° at a scanning rate of 5° min™\. The surface states of catalysts
before and after reaction were carried out using JEM-200CX
Transmission Electron Microscope supplied by Electric Corporation
of Japan. The samples were dispersed in ethanol reagent, and then
one of them was selected and suspended on the copper web for
analysis under different multiple of enlargement.

Results and discussion

XRD analysis Figure 1 showed the XRD spectrum of 6% Mo
based catalysts prepared by different methods, in which spectrum 1 is
the XRD spectrum of catalyst prepared microwave heating, spectrum
2 is catalyst prepared by impregnation, and spectrum 3 is the used
catalysts prepared by microwave heating. Seen from figure 1, all of
spectrums have a majority of same peaks with the XRD spectrum of
HZSMS5 from corresponding literature’, but the loading of Mo species
makes the characteristic diffraction peaks lower. It reveals that the
Mo species on the HZSMS5 are dispersive relatively. There are three
characteristic diffraction peaks of MoO; species when 20 is about 30°
in all spectrums; the MoOj3 species signal in spectruml is higher than
that in spectrum 2. It’s implied that most of MoO; species spread the
outer surface of the catalyst prepared by microwave method. The
main reason of this phenomenon is the difference of calcination mode
of catalysts. The microwave heating have the characters of high speed
and from inside to outside compared with conventional heating, as
the result of it, the shift of Mo species from outer surface to inner
channel of zeloite stopped and the blockage of zeolite channel could
be avoided. It leaded to the higher selectivity to benzene of catalysts.
Compared with specturml, 2 and 3, all of characteristic diffraction
peaks sharply decreased in spectrum 3, the new characteristic
diffraction peak was found when 26 is about 39°. That’s because the
carbon accumulated at a higher rate on the surface of catalyst,
blocked active sites and thus caused gradual deactivation. The new
characteristic diffraction peaks occurred was thought as Mo,C
species according to literature °. It is consist with the statement that
Mo occurred as molybdenum carbide (say Mo,C) under reaction
conditions. The Mo,C is real active species during reaction.

1
2
- M 3
| | |
5 15 25 3 45 55

20/
Figure 1. XRD spectrum of a series of 6% Mo/HZSMS5 catalysts

TEM analysis Methane aromatization is an endothermic
equilibrium-controlled reaction, and the high temperature is required
to yield meaningful conversions into aromatics during the reaction.
However, such severe conditions are favorable for carbon deposition.
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2a. 27x1000 before reaction

2b. 180%1000 before reaction

They occurred as the form of carbon nanotube during the reaction.
Figure 2 showed the TEM pictures of 6%Mo/HZSM-5 catalyst before
and after reaction. Figure 2a and 2b showed the surface state before
reaction under different multiple. Seen from figure 2a, the massive
material in the right is the HZSM-5 zeolite, and the Mo species are in
the middle. The active Mo species was closely attached to carrier.
Figure 2b was obtained under 180x1000 multiple. It showed the
surface distribution of catalyst clearly. The size of Mo species is
20~30 nm, which is much larger than that of ZSM-5 zeolite channel
(0.54nmx0.56nm), so the most of Mo species should be spread the
outer surface of carrier, the active species were highly dispersed on
zeolite. It is consistent with the results of XRD analysis. No fibriform
material can be seen on surface of catalyst in figure2a and 2b.

Figure 2c¢ and 2d are the TEM pictures of catalyst under
different multiple. They represent the surface carbon deposit of
catalysts after reaction. Seen from figure2c, the fibriform materials
are winding on the surface of catalyst, which indicates that the coke
occurred. In the figure 2c, the fibriform materials are the carbon
deposit and the massive material is carrier. Figure 2d was pictured
under 100x1000 multiple. A brunch of tubular material can be seen
clearly. They are the carbon nanotubes due to carbon accumulation.
One end of each carbon nanotube was attached to catalyst, the other
end extended to outside. They are slim and have same size range of
10-20 nm. The similar phenomenon was reported in Ni catalysts’. As
the Bronsted acid site is the major position of accumulating carbon
deposits at high temperature, in addition to the existence of Mo
species on the surface of zeolite, the carbon nanotube generate under

interaction of Mo species and the Bronsted acid site, then stretch out
towards outside.

2d. 100x1000 after reaction
Figure 2. TEM picture of 6% Mo/HZSMS5 catalysts before
and after reaction

Conclusion
The analysis of XRD showed that the Mo species highly

dispersed on outer surface of carrier for catalyst prepared by

microwave heating method. Mo,C is the real active species during the

reaction, and its characteristic diffraction peaks can be found on

surface of catalyst after reaction. Analysis of TEM further proved the

high dispersion of Mo species. The size of Mo species is 20-30nm.

The form of carbon deposit in methane aromatization is the hollowed

carbon nanotube. The size of them is 10-20 nm. They grew up with

the carbon accumulation.
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Introduction

A lot of attentions have been recently paid to the CO, reforming
of methane to syngas. A major reason for it is that this reaction can
provide us a syngas with a 1/1 ratio of H, and CO, which is typically
suitable for the synthesis of valuable oxygenated chemicals.! Among
the catalysts developed, Al,O; supported Ni catalysts were
extensively investigated due to their relatively high activity and low
cost. The major problem for the further practical application of these
nickel catalysts is the deactivation of the catalyst, suffered from
carbon deposition on the catalyst during reactions. Many
investigators are working on the improvement in this nickel catalyst
by using the addition of promoters>® using novel reactor
configurations,®” and using different supports.® In this work, we
attempt to use a glow discharge plasma treatment following by
thermal calcinations to achieve a better catalyst with higher activity
at lower temperatures and better stability.

Experimental

The preparation or the plasma treatment of catalyst has been
described elsewhere.®® The principal procedure of the catalyst
preparation includes: 1) impregnation conventionally; 2) drying; 3)
glow discharge plasma treatment; and 4) calcination thermally.
During the plasma treatment, we use argon glow discharge plasma to
treat the catalyst. The loading amount of nickel on the alumina
support is 9 wt.%. The reaction of CO, reforming of methane was
carried out at atmospheric pressure in a 6 mm i.d quartz-tube fixed-
bed reactor. A thermocouple placed in the center of the catalyst bed
was used to measure the reaction temperature. The reaction
temperature was maintained at 873 K, 923 K and 973 K, respectively.
The reaction time is 48 h for all the temperatures. Argon was used as
the dilution gas during the reaction. The ratio of the feeding gases is
1:1:2 of methane/carbon dioxide/argon. The total flow rate is 40
ml/min with a space velocity of 48000 ml/h-gcat. The reactants and
products were analyzed with an online gas chromatography (Agilent
4890D) with a Porapak Q column. An ice-cold trap was set between
the reactor exit and the GC sampling valve to remove the water
formed during the reaction. CO,, CH, conversions and H,, CO
selectivities were calculated according to the following formulas:

X (CHa)%=(FCHa - FCHa our)/FCHym X 100%
X (CO)%=(FCO,n - FCOour)/FCOy X 100%
S (H2)%=FH,; our/[2X(FCH4 v - FCHy 0uT)]*100%
S (CO)%=FCO,our/[(FCHain - FCHs our) + (FCOn -

FCO, 0u7)]*100%
Fi = Ci*FtotaI

where X, S and F are conversion, selectivity and gas flow rate,
respectively. Fy, is the total feed rate or the gas effluent flow rate. C;
is the molar fraction of component i in the feed gas or in the gaseous
effluent that is detected by GC.

The morphology of the used catalysts was observed by TEM with

a JEOL JEM -100CXIl transmission electron microscope.

Results and Discussion

The stability test was investigated at 873K, 923K and 973K,
respectively. Figure 1 and Figure 2 present the conversions of
methane and carbon dioxide at different reaction temperatures.
Evidently, the catalyst prepared with glow discharge plasma
treatment following by calcination thermally is very stable, especially,
at the reaction temperature of 923 K. At lower temperatures, the
stability of the catalyst is also very well but the catalytic activity is
lower. At higher temperature, however, the catalytic activity reduces
slightly with the reaction time. Compared to the reported results with
Ni/Al,O; catalysts, >° the catalyst reported in this work shows a
better low temperature activity.
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A 973K
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Figure 1. Catalytic activity and stability of Ni/Al,O3 catalyst
represented by methane conversion (reaction conditions:
CH,:CO,:Ar=1:1:2, space velocity=48000 ml/h-gcat.)
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Figure 2. Catalytic activity and stability of Ni/Al,O3 catalyst
represented by carbon dioxide conversion (reaction conditions:
CH,;:CO,:Ar=1:1:2,space velocity=48000 ml/h-gcat.)

Figure 3 and Figure 4 show the selectivities of hydrogen and
carbon monoxide at reaction temperature of 873 K, 923 K and 973 K.
With temperature varying from 873 K to 973 K, the selectivities of
products increased significantly. Parvery et al.® have reported a
promoted mixed LaNi,Al;.,O5 perovskite catalysts prepared by a sol-
gel related method for dry reforming of methane. Compared to their
results, both of the two works achieved good activities of catalysts.
However, the catalyst prepared with glow discharge plasma in this
work showed a better stability. This means that the glow discharge
treatment followed by calcinations thermally leads to a plasma-
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enhanced catalytic stability. The TEM provides us evidence with this
enhanced stability. It is well known that the carbon deposition is the
main reason for the deactivation of the conventional catalysts with
the dry reforming of methane. However, the glow discharge treated
catalysts exhibit an excellent anti-carbon deposit performance, as
shown in Figure 5. Figure 5 shows a TEM image of the used plasma-
treated catalyst, taken from the stability test at 923 K. Evidently,
some well defined facets of Ni can be observed. This suggests that
the carbon deposition is not serious under this reaction condition over
the plasma-treated catalyst. Further investigation is being conducted
for a better understanding of the plasma-enhanced catalytic stability.
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Figure 3. Catalytic activity and stability of Ni/Al,O3 catalyst
represented by hydrogen selectivity (reaction conditions:
CH,;:CO,:Ar=1:1:2, space velocity=48000 ml/h-gcat.)
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Figure 4. Catalytic activity and stability of Ni/Al,O3 catalyst
represented by carbon monoxide selectivity (reaction conditions:
CH,;:CO,:Ar=1:1:2, space velocity=48000 ml/h-gcat.).

Figure 5. TEM image of used catalyst taken after the stability test
(reaction conditions: reaction temperature=923 K,
CH,:CO,:Ar=1:1:2, space velocity=48000 ml/h-gcat.)

Conclusion

The present investigation confirms that the plasma catalyst
preparation described in this work can lead to a production of
catalyst with a better low temperature activity and an enhanced
catalytic stability for CO, reforming of methane. Such prepared
catalyst exhibits some well-defined Ni facets after the stability test.
This means that the glow discharge plasma treatment would improve
the metal-support interaction significantly and induce a better anti-
carbon deposit performance.
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Introduction

Gas hydrates are inclusion compounds in which cage-like
structures formed by hydrogen-bonded water molecules can hold a
variety of guest molecules such as methane, CO,. Applications of gas
hydrates have drawn attentions in the field of energy and
environment. Gudmundson et al.! proposed a new concept of
transportation of natural gas in the form of gas hydrates. Major
components of natural gases, methane and ethane, could form gas
hydrates. The guest molecules are densely included in the hydrates;
the volume per one mole is 1/170 of that of gas at the atmospheric
pressure. This is favorable for the storage and transportation of gases
in the form of hydrates. In addition, gas hydrates are stable under the
conditions of higher temperatures than liquefaction temperature of
the natural gas components. This would lead an advantage of the
transportation process in the form of gas hydrates over the
conventional liquefied natural gas (LNG) transportation, because
milder conditions during the transportation are required for the gas
hydrates, which will reduce the cost of heat insulation to prevent the
dissociation or evaporation.

The reduction of the energy consumption is of primary
importance for the implementation of the NGH transport process.
Several studies have been conducted on the evaluation of energy
consumption by NGH transportation, and the results demonstrated
that NGH transportation is advantageous both from energy
consumption and cost. For more reduction of the energy consumption
for the transport, several options can be considered. One option is a
utilization of additives on the hydrate formation to moderate the
hydrate equilibrium conditions, which could result in the reduction in
the energy consumption for the hydrate formation as well as that
during the transportation in a carrier ship of NGH. In this study, the
effect of the additives on the energy consumption of NGH transport
scenario was examined quantitatively, and energy-saving potential
was estimated.

Natural Gas Hydrate Transportation Process

Overview. Natural gas produced from a gas well will be
pressurized and cooled to a hydrate formation condition, and
converted to natural gas hydrate (NGH) in a stirred tank type reactor.
Then, the NGH will be loaded in a hydrate carrier ship, and
transported to a consumption site located 6000 km distance from the
gas well. In the consumption site, the NGH will be dissociated by
heating with seawater flow, and natural gas will be recovered for use.

Assumptions and procedure for energy consumption
estimation.  The following assumptions were made for the

estimation of the energy consumption for the NGH transport scenario.

1. Natural gas production rate

Production rate of natural gas from a natural gas field is
assumed at 1.13x10” m*/day, which corresponds to a typical natural
gas well. Since the heat generation by the combustion of methane is

890 kJ/mol, the total energy potential in the natural gas produced is
4.49x10% J/day. The condition of the produced natural gas is at the
atmospheric pressure (0.1 MPa), and at the temperature of 288.15 K.
The composition of the natural gas is assumed as pure methane, and
no separation or purification process is necessary before hydrate
formation.

2. Pre-treatment of natural gas for hydrate production

The feed gas is pressurized by a compressor from 0.1 MPa to a
set pressure for the hydrate formation by an adiabatic compression
process of ideal gas with the compression efficiency at 0.8. The
cooling of the compressed gas is carried out by 2 step; 1st step:
cooling to 323.15 K by using seawater flow at 298.15 K; 2nd step:
brine refrigeration with the coefficient of performance, COP = 4.

3. Hydrate formation process
Hydrate production is conducted in a stirring vessel type
reactor at a given condition of hydrate formation. The pressure and
temperature of the hydrate formation conditions are set as operational
variables for the energy consumption estimations. The base
temperature is assumed at 275.15 K, and the base pressure is
assumed at 6.0 MPa.
The feed water is supplied by a pump, and cooled from 298.15
K to the hydrate formation temperature by a brine refrigeration
system with COP = 4. The hydration number of the methane hydrate
is assumed at 5.75 corresponding fully occupied cages in type |
hydrate. Hydrate formation rate is taken from experimental data
conducted in a laboratory-scale experimental set-up (volume = 1.2
%10 m?, reaction rate = 3.72x10™ mol/s at 25 rps stirring rate). The
power consumption for the stirring process in the model reactor is
given by the Nagata’s equation, and results on laboratory-scale
experiments can be scaled-up under the assumption that the energy
consumption for stirring per unit volume of the feed mixture is
constant in the scaled-up reactor. The energy consumption for the
removal of the heat of formation is considered for the pumping
energy of the brine, and cooling for recovery of the brine temperature.

4. Refrigeration of methane hydrate

After removal of the remained water from the natural gas
hydrates, the hydrate will be refrigerated to a lower temperature in
which the hydrate is stable under the atmospheric pressure. The
remained water at the surface of methane hydrate is assumed at 12.0
wt. %. The energy for refrigeration is calculated for a refrigeration
process with COP = 4, and specific heat and latent heat of ice are
taken from the literatures.

5. Transportation of natural gas hydrate by a NGH carrier ship
The hydrate is transported in an adiabatic tank in the
transportation ship. The energy consumption for the transportation is
2.8x10°° kg-Fuel/t/mile (http://nippon.zaidan.info), which
corresponds to 87.5 J/kg/m. The transportation distance is assumed at
6000 km.

6. Dissociation of natural gas hydrate -recovery of natural gas
The dissociation of the hydrate is carried out by heating the
hydrate by a seawater flow of which the temperature is 298.15 K.

Energy Consumption Results

Energy consumption for the base case was shown in Table 1.
Since the combustion energy in the natural gas is 5.195x10° MW,
about 14 % of total energy will be consumed in the NGH
transportation scenario. More than half of the energy consumption
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could be attributed to the transportation process in a NGH carrier
ship, and next major energy consumption sector is pretreatment of
the natural gas for hydrate formation including pressurization and
cooling. In the following sections, the influences of the operational

parameters on the energy consumption were investigated.

Table 1. Breakdown of Energy Consumption for The
Transport Scenario of NGH (base case)

Energy consumption sector Energy Percentage
consumption [%]
[MW]
Pretreatment 190.56 25.31
Hydrate formation 130.77 17.34
Refrigeration 14.18 1.88
Transportation 410.35 54.49
Dissociation 7.16 0.95
Total 753.0 100.00

1. Effect of the hydrate formation rate

Hydrate formation rate is a function of a variety of factors such
as agitation rate, temperature, and pressure. Some additives such as
surfactants can dramatically increase the hydrate formation rate.
Figure 1 shows the influence of the hydrate formation rate on the
energy consumption of the hydrate formation process.
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Figure 1 Effect of the hydrate formation rate on the energy
consumption in the hydrate formation process

Energy consumption of the agitation for the hydrate formation
gradually decreased with an increase in the hydrate formation rate.
For the case with 10 times larger hydrate formation rate, the energy
consumption for the agitation could be reduced at about 1/10
resulting in about 3.7 % of the total energy consumption.

2. Effect of the temperature for the hydrate transport

NGH is transported in a carrier ship at the temperature under
which the hydrate is stable under the atmospheric condition. This
temperature could be changed by using hydrate formation helper
compounds. Also, some additives used for the promotion of the
hydrate formation rates could be used as stabilizer of the hydrate
during the transportation. Considering the above effect, effect of the
hydrate transport temperature on the energy consumption is
calculated and the results are shown in Figure 2. In the present cases,

the energy consumption for the refrigeration is shown. Although
energy consumption for the refrigeration decreased linearly with the
increase in the transport temperature, but the effect of the reduction
on the total energy consumption is less than 1 % at the highest
temperature studied, i.e., 273.15 K.
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Figure 2 Effect of the hydrate transport temperature on the
energy consumption for the refrigeration

3. Effect of the hydrate formation conditions

Hydrate formation conditions could affect the pre-treatment
process of natural gas stream before the hydrate formation process.
Figure 3 shows the effect of the hydrate formation pressure on the
energy consumption for the pre-treatment (pressurization and
cooling) process. The energy for the pre-treatment process increased
with an increase in the hydrate formation pressure, and the energy
saving potential for the case of 3.0 MPa is about 7.7 % compared
with the base case at 6.0 MPa.
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Figure 3 Effect of the hydrate formation pressure on the energy
consumption for the pre-treatment process of natural gas stream
before hydrate formation
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Introduction

Methane valorization is very important to the present world.
Due to the stability of methane molecule, methane conversion
normally requires a high temperature operation, which induces an
intense energy input and poor selectivity. We previously reported a
novel plasma catalyst preparation, with which the catalyst is first
treated by a glow discharge and then the plasma treated catalyst is
calcined thermally !*.. During the plasma treatment, the metal ions
loaded will be normally reduced. A plasma reduction is thereby
occurred. And, during calcination thermally after plasma treatment
(no plasma employed in this step), the metal particles will be
oxidized again. We nominated this preparation as Plasma Reduction
and Calcination method (PR&C). This PR&C preparation can lead to
a better catalyst preparation with a high dispersion of metal active
species, a significantly enhanced acidity, an improved low-
temperature activity and a remarkable promotion of catalyst stability.

The Plasma Reduction and Calcination Method

The catalyst preparation using PR&C method has been reported
elsewhere The procedure for this method includes: the
conventional incipient wetness impregnation, drying (sometimes no
drying needed), plasma treatment and calcination thermally. For the
plasma treatment, several plasma phenomena, e.g., glow discharge,
dielectric-barrier discharge and microwave discharge, can be
employed. The different discharge plasma treatment would induce a
very different catalytic performance. In this work, we focus on the
discussion of PR&C method with glow discharge plasma treatment.
Glow discharge is a kind of plasma that is created by inserting two
electrodes in a cell filled with gas at low pressure (e.g.,1 Torr).
During the glow discharge plasma treatment, the catalyst was hold in
a quartz container and placed in a glow discharge tube. A high-
voltage (DC or AC) generator is used to generate the glow discharge
plasma. The catalyst powder or particles are usually placed in the
“positive column” of glow discharge where it was characterized with
highly energetic electrons at low gas temperature . Argon, helium,
nitrogen, hydrogen, carbon dioxide and others can be applied as the
plasma-forming gas for PR&C preparation. In the following
discussions, we focus the use of argon as the plasma-forming gas.
After the plasma treatment, the catalyst is then calcined thermally.
The calcination temperature exhibits a significant effect on the
dispersion and other catalytic performances that will be discussed in
the future.

As mentioned above, during plasma treatment, the catalyst is
normally reduced. Figure 1 exhibits XRD patterns of plasma treated
catalyst samples. Evidently, some metal species present after the
plasma treatment. A plasma reduction is thereby addressed. XPS
analysis of the plasma treated catalysts gives us further evidences of
the plasma reduction *®. The reduced metal species would play an
important role in the plasma-enhanced dispersion. During the
oxidation of the reduced metal species in calcinations thermally, the
new-formed metal oxide will induce an intense electric field. The
metal species with the same electric properties will therefore exclude
each other, which induces a highly dispersion .

5 15 5 35 45 55 65 75
2 B fdepraes

Figure 1. The XRD patterns of Pd/Al,Os catalysts by different preparations
A: Pd/ALLO; (conventional catalyst); B: Pd/ALO; (catalyst after plasma
treatment); C: Pd/A1,05 (PR&C prepared) !

Plasma Enhanced Acidity

The catalysts prepared with PR&C method normally show a
plasma-enhanced acidity ®*. We used IR—pyridine adsorption to
analyze the effect of plasma treatment on the Bronsted and Lewis
acidities for further understanding the plasma enhanced catalytic
performance. The PR&C preparation normally leads to enhanced
Bronsted and Lewis acidities of the supported catalyst. For example,
the amount of Bronsted acid sites of the plasma prepared PA/HZSM-5
catalyst is 1.13 times larger than that of the catalyst prepared
thermally, while the amount of Lewis acid sites is 1.21 times higher.
Table 1 presents the results obtained over Pt/NaZSM-5 catalyst .

Table 1. Acid site amount of Pt/NaZSM-5 catalysts based on the
IR-pyridine adsorption

0.1wt%Pt/Na The
0,
0. lzv;ﬁlig/Na ZSM-5 increased
(conventinal) (PR&C amount of
prepared) acidic sites
Lewis acid
<§3313§3 1.944 2.147 10%
Bronsted acid
1322;sz§1 0.0332 0.0369 1%

Plasma Enhanced Dispersion

Remarkable plasma enhanced dispersion has been achieved
from the PR&C preparation. Tables 2 and 3 present some
comparisons of the dispersion between Pd/HZSM-5 and Pt/NaZSM-5
catalysts prepared by PR&C and by the conventional way B*. The
results were obtained from hydrogen chemisorption. The calculations
[f;r]om XRD give us further supporting evidence, as shown inTable 4

Table. 2. Results of H,-chemisorption measurement of

catalysts Metal Active particle
dispersion/% diameter/nm
PAHZSM-5 4.57 245
( conventional )
Pd/HZSM-5
(PR&C prepared) 392 18.9

2Wt%Pd/HZSM-5 12
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Table 3. The results of H,-chemisorption for dispersion of
0.1wt%Pt/NaZSM-5 [

0.1wt%Pt/NaZSM-5

0.1wt%Pt/NaZSM-5

(conventional) (PR&C prepared)

Pt dispersion 4.2 63.3
Surface area of Pt

(m?/g sample) 0.02 0.28
Surface area of Pt

(m?/g metal) 18.5 281.8

Diameter of Pt particle
27.0 1.8

(nm)

Table 4. Particle size of PdO obtained by Scherrer formula for
2wt%Pd/HZSM-5 2

Full width at half Particle size /
maximum / rad nm
PA/HZSM-5 0.00691 21.0
(conventional)
Pd/HZSM-5
(PR&C prepared) 0.00904 16.0

The Ni-supported catalysts prepared via PR&C method exhibit
an unusual dispersion characteristic. From hydrogen chemisorption,
XRD characterization and TEM analysis, no metal particles can be
identified %, One possibility is that the metal species is ultra-highly
dispersed over the support. Another possibility is that the Ni species
changes to amorphous species after the plasma treatment. Further
investigation is being conducted to study this unusual dispersion
performance.

Plasma Enhanced Low-temperature Activity

All the catalysts prepared by PR&C method and tested by far
show a better low-temperature activity, esp., those for methane
conversion. We reported a comparison between methane combustion
over PA/HZSM-5 catalysts prepared via PR&C and the conventional
catalyst **1. Obviously, the plasma prepared catalyst presents a better
low-temperature activity and an enhanced stability over the catalyst
prepared conventionally. The methane conversion over the plasma
treated catalyst is close to 100% at 450 °C, but it is only 50% at the
same temperature over the conventional catalyst. The alumina
supported Pd catalysts exhibit a similar plasma-enhanced low-
temperature activity. The light-off temperature of the plasma prepared
catalyst is 370 °C, 50 °C lower than that obtained from the
conventional catalyst !"*],

Ni-Fe/Al,Os catalyst for partial oxidation of methane prepared
via PR&C exhibits a better low-temperature activity too over the
catalyst prepared thermally ©!. The conversion of methane and the
selectivity of CO and H, over the plasma prepared catalyst are
97.44%, 100% and 100% at 875 °C, while, at the same temperature,
they are 90.09%, 97.28% and 97.09%, respectively, over the catalyst
prepared without plasma treatment. At the same methane conversion,
the reaction temperature with the plasma prepared Ni-Fe/Al,O; is at
least 80 °C lower.

The PR&C prepared Pt/NaZSM-5 catalyst for NO reduction by
CH, exhibits a highly dispersion of metal active species and a
remarkable improvement in the low-temperature activity, compared
to the catalyst prepared conventionally . The conventional
0.1wt%Pt /NaZSM-5 catalyst shows no activity at temperatures
below 673 K, while at 673 K, the NO conversion to nitrogen reaches
61.3% over the plasma prepared 0.1wt%Pt /NaZSM-5 catalyst. The
initiated temperature for the plasma prepared 0.1wt%Pt/NaZSM-5
catalyst can be as low as 548 K.

Plasma Enhanced Stability

During our investigation on methane combustion, we have
confirmed a remarkable enhanced stability of catalysts from the
PR&C preparation. The investigations for partial oxidation of
methane to syngas ) and carbon dioxide reforming of methane ©
over Ni supported catalysts give us further evidences for the plasma-
enhanced stability. The Ni supported catalyst is active for both
reactions but this catalyst suffers from a deactivation, principally due
to the carbon deposit. The catalysts prepared via PR&C presents a
very different carbon species, compared to the conventional catalyst.
A plasma-enhanced stability has also been observed over the
Pt/NaZSM-5 catalyst for NO reduction by methane . It is well
known that the catalyst for NO reduction is structure-sensitive. The
PR&C preparation would make an improvement too with the
structure-sensitive catalyst.

From the present understanding, the plasma-enhanced acidity
plays a very important role in the plasma-enhanced dispersion and
stability, which makes the catalyst prepared via PR&C method
exhibit better low-temperature activity and better thermal stability.

Conclusions

The principal procedure of the catalyst preparation using PR&C
method can be summarized: 1) impregnation conventionally; 2)
drying or no drying; 3) plasma treatment; and 4) calcination
thermally. The PR&C preparation will normally induce a
significantly plasma-enhanced acidity and dispersion, which further
leads to a low-temperature catalytic activity. A remarkable improved
in the stability of catalysts has also obtained with the PR&C catalyst
preparation. This improved stability is achieved principally thanks to
the plasma-enhanced acidity and the improvement in the interaction
between metal species and the support. Further improvement in the
PR&C preparation is leading to a development of a novel and
practical catalyst preparation technology.
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There are 2D models of axially symmetric plasma-
chemical reactors (PCR) for motion, heating, melting and
evaporation (thermal destruction) of micron-sized particles (Ni,
NiO, Al, Al,O3, Ca0O, Mg and MgO) developed. By means of
these models, profiles of plasma (gas) density; temperature and
rate in the plasma generator (plasmatron) in a PCR with “cold”
(Tw =500 K) and “warm” (T,, = 1500 K) walls are established,
as well as the particle diameter changes along the length of the
PCR; trajectory of the particles in the PCR, etc. A system of
equations that describes the gas motion; equations for particle
temperatures depending on the gas temperature; and equations
for particle motion are used to model the hydrodynamic and
heat-exchange processes in an axially symmetric PCR.

A universal programme is used and the equilibrium
parameters of the multicomponent heterogeneous Ni-Al-O-Ca-
Mg system are defined at for different initial ingredient
compositions at a pressure of 0.1 MPa within the temperature
range 1000 - 3700 K, as dependencies of the respective
compound concentration in gas or condensed phase at an
equilibrium system composition on the temperature are built.
We set out to develop a three-dimensional model for the
motion, heating, melting and vaporization (thermal destruction)
of micron-size particles (Ni, NiO, Al, Al,0; CaO, Mg and
MgO) in an axisymmetric plasmachemical reactor (PCR), to
determine the equilibrium parameters of the multicomponent
heterogeneous Ni-Al-O-Ca-Mg system for the plasma-
temperature range, and to carry out experimental studies
concerning the plasma-chemical synthesis (PCS) of a catalyst
for CH, steam conversion.

Considering the results of the model and thermodynamic
calculations, we designed and built equipment for PCS and/or
regeneration of spent catalyst for CH, steam conversion. Under
the conditions of an electric-arc low-temperature plasma (LTP),
we studied the Ni-O-Al system and performed a comprehensive
physicochemical analysis of the ultradispersed product
obtained.

It’s the first time world-wide when the conditions of
plasma-chemical synthesis and/or regeneration of CH, steam
conversion catalysts under the conditions of electric-arc LTP
are investigated, as depending on the plasma-chemical process
(PCP) parameters and the plasma-chemical reactor (PCR) type
(with CW- “cold walls” Ty,=500 K or WW - “warm walls”
Tw= 1500 K), samples with a specific surface of to 120 m/g
are obtained.

Plasma-chemically synthesised and/or regenerated samples
have a homogenous chemical composition similar to that Girdller
(USA) the conventional industrial catalyst. It is empirically
established that the optimal temperature range in PCR for
synthesis of maximum dispersity samples is 2000 - 3000 K.
Results from investigation on plasma-chemically synthesised
and/or regenerated CH, steam conversion catalysts dynamics and
kinetics show that under LTP conditions premises for catalyst
compositions formation are established. They are reduced 3 to 4
times faster than their industrial analogues.

The heightened catalytic activity of the plasma-chemically
synthesised and/or regenerated natural gas reforming catalysts is
determined by a whole complex of specific sample properties as
follows: defective/faulty crystal structure of catalytically active
phases with a lowered crystal lattice parameter; even distribution
of the promoting ultra-dispersed components; high porosity,
specific surface and dispersity; and appropriate chemical
composition of the samples.

High specific surface of the samples, homogenous
composition, high rate of active chemical surface forming by
reduction, faulty crystal lattice of catalytically active phases and
mostly high catalytic activity make them a potential competitor
of their industrial analogues upon their probable production in
catalyst shops.
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