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ABSTRACT

CATALYTIC OXIDATION OF METHANE IN A MICROCHANNEL REACTOR
UNDER OXYGEN-LEAN CONDITIONS

The aim of this study is to investigate methane oxidation in a microchannel reactor
under the effect of Pt, Rh and Ru catalysts supported on 8-Al,O3. Methane oxidation is an
integrated part of the oxidative steam reforming (OSR) process which is based on coupling of
exothermic oxidation and endothermic steam reforming of methane. As applied in OSR,
experiments are conducted under fuel rich conditions that involved methane-to-oxygen
(CH4/O,) ratios greater than the stoichiometric value of 0.50. In all experiments, amount of
catalyst (Pt/5-Al,03, Rh/3-Al,03, Ru/6-Al,03) that is coated on a FeCrAl plate stayed in the
range of 29 mg to 35 mg. The catalysts are prepared by the incipient-to-wetness impregnation
method. Catalyst effect on methane conversion is determined according to two different
experimental methods. In the first method four different inlet molar CH4/O;, ratios, 1.32, 1.59,
1.85 and 2.13, are applied at a constant total feed flow 100 ml/min by increasing reaction
temperature from 623 K to 923 K for all three catalysts. The other method consisted of
keeping CH,4/O; ratio at a constant value as 1.85 while changing feed flow stream to 75, 100
and 125 ml/min through increasing reaction temperature from 623 K to 923 K. Micro
structural and elemental characterization of the fresh and used catalysts are achieved by
scanning electron microscope (SEM) and energy dispersive X-ray spectroscopy (EDX)
analyses. The catalysts performances are investigated in terms of CH, conversion. Methane
conversion is found to increase with temperature regardless of the feed composition. Catalyst
activity is found to follow the order of Pt/3-Al,03 > Rh/ 5-Al,03 > Ru 6-Al,O3 with respect to
their light-off temperature which is expressed as the value at which 10 per cent of methane
conversion is achieved. For all catalysts, light-off temperatures are found to decrease and then
increase with increasing values of CH,4/O, ratio. Higher methane conversion is achieved on Pt
and Ru catalysts for increased contact time at CH4/O, = 1.85. However Rh catalyst favors
better conversion performance even at reduced contact time because of its high catalytic

activity.
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OZET

YALIN OKSIJEN SARTLARI ALTINDA MiKRO KANAL REAKTORDEKI
KATALITIK METAN OKSIiDASYONU

Bu ¢alismanin amaci, 8-Al,O3 ile desteklenen Pt, Rh ve Ru katalizorleri etkisi altinda,
mikro kanal reaktérde metan oksidasyonunu arastirmaktir. Metan oksidasyonunun entegre
oldugu oksijenli buhar reformlama (OSR) siireci, ekzotermik oksidasyon ve endotermik buhar
reformlamanin birbirlerini 1s1l olarak desteklemesine dayanir. Deneyler, OSR siirecinde
oldugu gibi, stokiyometrik degerden (0.5) daha biiyliik molar metan/oksijen besleme orani
(CH4/Oy) igeren zengin yakit kosullari altinda gerceklestirilmektedir. Biitiin deneylerde
FeCrAl plakalarina kaplanan katalizor (Pt/6-Al,O3, Rh/3-Al;,03, Ru/d-Al,0O3) miktarlari, 29
mg ile 35 mg arasinda degismektedir. Deneyler, 0.5 degerinden daha biiyilk molar
metan/oksijen oran1 (CH4/O,) iceren zengin yakit kosullari altinda gerceklestirilmektedir.
Katalizérler emdirme yontemi ile hazirlanmistir. Metan doniisiimiindeki katalizor etkisi, iki
farkli deneysel yonteme gore belirlenmistir. Birinci yontemde, ti¢ katalizor igin, reaksiyon
sicakligr 623 K den 923 K e arttirilarak, 100 ml/dak sabit besleme akisinda dort farkli molar
CH4/O; oran1 (1.32, 1.59, 1.85 ve 2.13) uygulanilmigtir. Diger yontem ise reaksiyon sicakligi
623 K den 923 K e arttirilirken, CH4/O, oran1 (1.85) sabit bir degerde olarak, besleme akigini
75, 100 ve 125 ml/dak’ya degistirmektir. Hazirlanan katalizorlerin yapisal ve temel
tanimlamalari, taramali elektron mikroskobu (SEM) ve enerji dagilimli X-1s11 spektroskopisi
analiz yontemleri ile yapilmistir. Katalizorlerin performanslari CHs doniisiimii agisindan
incelenmistir. Metan doniigiimiiniin, girdi bilesiminden bagimsiz olarak, sicaklik ile arttigi
tespit edilmistir. Katalizorlerin aktivitesi, metan doniisiimiiniin 10% oldugu sicaklik temel
alimarak incelendiginde, Pt/5-Al,O3 > Rh/3-Al,03 > Ru/6-Al,0O3 siralamasint takiben
azalmistir. Biitlin katalizorlerde, %10 doniistimiiniin elde edildigi sicaklik degeri, artan
CH4/O; orani ile dnce azilmis, sonra artma egilimi gostermistir. Pt ve Ru katalizorleri tizerinde
temas siiresi arttirildiginda, CH4/O, = 1.85 oraninda, daha yiiksek metan doniisiimleri elde
edildigi goriilmiistiir. Ancak Rh katalizori, yiiksek katalitik aktivitesi sayesinde, diisiik temas

siiresinde bile daha iyi doniisiim performansini desteklemektedir.
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1. INTRODUCTION

The huge world reserve of natural gas, which is essentially methane (CH,), appears as an
attractive source of energy for heat and power production, and propulsion. The low amounts of
sulphur and nitrogen containing constituents in natural gas are beneficial and give low
emission levels of sulphur and nitrogen oxides (SO and NOy) during combustion. For
efficient and environmentally sustainable conversion of methane, catalytic combustion offers
an attractive alternative to conventional combustion, since the energy is released at moderate
temperatures and the emission levels of carbon monoxide and nitrogen oxides are relatively
low. Since methane is a greenhouse gas, such processes demand controlled methane handling

with low methane slip.

In addition to its use for energy generation, methane oxidation is an integrated part of
the oxidative steam reforming (OSR) process used to produce a hydrogen-rich mixture that
can be used either in fuel cells (after CO clean-up) or as synthesis gas (CO+H,) in Fisher-
Tropsch or methanol syntheses. Methane OSR is based on the coupling of exothermic
oxidation and endothermic steam reforming of methane. Rate of heat transfer between these
reactions, which depends on the reactor type, dictates the efficiency of OSR. At this point, use
of microchannel reactors involving wall-coated catalysts appears as a promising option due to

their inherently improved transport rates.

This study aims the investigation of methane oxidation in a microchannel reactor, in
which the catalysts will be integrated as a thin layer into the inner channel wall. The reaction
will be studied under the fuel-rich conditions typically applied in the OSR process. Several
catalysts such as Pt, Rh and Ru are tested at different molar methane-to-oxygen ratios and at
different flow rates with constant methane-to-oxygen ratio at the reactor inlet for their

oxidation activities.



2. LITERATURE SURVEY

2.1. Catalytic Methane Oxidation

Catalytic combustion has very attractive characteristics compared with flame
combustion. The combustion temperature is lower and combustion is performed at a
concentration range outside of flammability limits, due to the complete oxidation property. As

a result, almost no NOy, CO or particulate matter can be observed (Guan et al., 2008).

Catalytic combustion is one means of meeting increasingly strict emissions requirements
for industrial and utility gas turbines. Natural gas, which is composed mainly of methane, has
recently attracted attention because it combusts with less byproducts compared to other fuels
(Guan et al., 2008). Natural gas is currently the fuel of choice for power-generating gas
turbines, and therefore catalytic combustion of methane has been the focus of interest in recent
years. By enabling stable low-temperature combustion (as low as 1200 °C), NOy emissions
from natural-gas-fueled catalytic combustors can be below 3 ppm, with single-digit CO/UHC

emissions and with low levels of combustor acoustic noise (Lyubovsky et al., 2003).

Furthermore CH,4 (which is the main component of natural gas exhausts) has the highest
hydrogen content, which allows achieving a reduction of CO, per MJ emissions with respect
to other hydrocarbon fuels. However, the abatement of unburned methane, which constitutes
about 90% by volume of natural gas, still remains a demanding challenge in view of the
100mg/km limit introduced in EU5/EUG regulations for total hydrocarbon (THC), since the
methane molecule is very stable and requires high temperatures to be oxidized (Bounechada et
al., 2012).

It has been well recognized over the years that it would be highly desirable both
economically and environmentally to be able to lower the threshold temperature of the

oxidation reactions of common gaseous-fuels in air and burn fuel-air mixtures that are leaner



than their recognized corresponding lower flammability limits. It would then be possible to
utilize the energy release from such exothermic reactions in conventional thermal power
devices and heating furnaces. The practical limitations arise from the fact that gas-phase
reactions, especially those of the common low molecular weight gaseous-fuels, such as
methane in air proceed far too slowly to be a worthwhile practical source of energy release.
Only through the use of sufficiently high reaction temperatures and avoiding having mixtures
that are too lean that gas-phase reactions involving these fuels can proceed at rates suitable for

practical exploitation (Wierzb et al., 2003).

An effective pathway to utilize methane is its transformation into the synthesis gases (a
mixture of CO and H;), from which, further, hydrocarbons and methanol can be prepared.
Currently, steam reforming is the dominant commercial process employed to produce the

synthesis gas as seen in Equation 2.1 and 2.2.

CHg + H,0 — CO + 3H;, AH5g5 = 206 kJ/mol (2.1)

However, this process is extremely endothermic and provides a syngas with a too high
H,/CO ratio for the Fischer-Tropsch and methanol syntheses. Recently, the partial oxidation of
methane has attracted attention due to its mild exothermicity and suitable H,/CO ratio (Wang
etal., 1999).

CH, + (1/2) 0, — CO+2H,;  AH%gg = -36 kJ/mol (2.2)

The overall production of methanol from natural gas, represented by methane, involves
two steps: the endothermic reforming of natural gas and the exothermic synthesis reaction.

CHy + H,0 — CO+3H; AHC05 = +206 kd/mol (2.3)
CH4 + 2H,0 — CO,+4H, AHozgg = +165 kJ/mol (24)

CO+2H, — CH30H AHg5 = -90.6 ki/mol (2.5)



The desired heat to drive the endothermic reforming reactions is provided by catalytic

combustion in either a microchannel system or a cascade reactor sequence (Avci, et al., 2010):

CHs + 20, > CO.+2H,0  AH%gg = -802.3 kJ/mol (2.6)

2.2. Catalysts

The catalysts for methane combustion can be divided into two groups: noble metals
such as Pt, Pd, Rh, and Ru, and transition metal oxides such as Co30,, CuO, Cr,03; and MnOs.
Among the noble metal-based catalysts Pd-based catalysts always show the best activity in
methane combustion. Transition metal oxides, however, show catalytic activity at relatively
high temperatures (>700°C), and thus are not suitable for use in stainless steel microreactors

due to low operating temperature limits (Guan et al., 2008).

Among the transition metal oxide catalysts, cobalt-based oxides are ones of the most
active catalysts in catalytic methane combustion, and Coz04 is only slightly weaker than the
noble metal catalysts for low temperature catalytic combustion (Jiang et al., 2010). Precious
metal catalysts possess a greater resilience against sintering and a higher resistance to sulfur
poisoning, but more importantly a higher specific catalytic activity that renders them attractive
as potential catalysts for catalytic combustion. They can be manufactured in a highly dispersed
state on standard supports like silica and alumina, thus leading to improved activity
(O’Connell et al., 2009). Even though precious metal catalysts are better than transition metal
oxides, it has recently been reported that palladium-supported catalysts have poor stability for
methane conversion when the temperature is kept constant. Different additives, however, may
be used to improve the palladium catalyst. One of the promising additives is Pt, which
considerably improves the stability during reaction by preventing the aging of Pd catalysts
(Persson et al., 2007). Comparison between Pt/Al,O3; and Pd/Al,O3 catalysts shows that Pd is
the most appropriate choice for lean reaction conditions and at low conversions under
stoichiometric or rich conditions, whereas Pt/Al,O3; is more efficient at higher conversions

with stoichiometric or rich conditions (Carlsson et al., 2007).



Under fuel-lean conditions, Pd catalyst was the most active, although deactivation
occurred above 650 °C, with reactivation upon cooling. Rh catalyst also deactivated above 750
°C, but did not reactivate. Pt catalyst was active above 600 °C. Fuel-lean reaction products
were CO, and H,O for all three catalysts. The same catalysts tested under fuel-rich conditions
demonstrated much higher activity. In addition, a ‘lightoff” temperature was found (between
450 and 600 °C), where a stepwise increase in reaction rate was observed. Following ‘lightoff’
partial oxidation products (CO, H,) appeared in the mixture and their concentration increased
with increasing temperature. All three catalysts exhibited this behavior (Lyubovsky et al.,
2003).

The most active catalysts for oxidation of saturated hydrocarbons, including CHy, are the
noble metals platinum and palladium where the latter in most cases is considered superior. The
light-off temperature (Tso - the inlet gas temperature at which 50% conversion is achieved) for
oxidation of methane over typical Pt/Al,O3 catalysts, is in the range of 625725 K (Carlsson et
al., 2007).

The activity of Pt is mainly influenced by its oxidation state, with higher activities seen
when Pt is less oxidized. Effectively, the electron deficiency of platinum varies with the
electronegativity of additives, and the higher electronegativity enhances the electron
deficiency of platinum, but depresses the oxidation of Pt (O’Connell et al., 2009).
Molybdenum helps to stabilize both the Pt and Al,O3; by enhancing the oxygen storage
capacity and spillover effect, while on the other hand platinum maintains the surrounding
molybdenum particles in its more active form (Da Silva et al., 2003). It has also been
suggested from density functional theory studies that MoOj; supported Pt catalysts can

facilitate single C—H bond activation in methane (Jiang et al., 2007).

For methane oxidation under fuel-lean conditions, Pd-based catalysts are currently the
only practical choice, because they can offer acceptable activity, lightoff temperature, and
resistance to volatilization. Unfortunately Pd—PdO catalyst morphology and its reactions with
methane is complex, and lead to complex behaviors such as deactivation at high temperature

(above about 750 °C) and hysteresis in reaction rate through heating and cooling cycles. In



addition, lightoff and extinction temperatures are well above 300 °C for fuel-lean reaction on
Pd-based catalysts, thus requiring the use of a preburner in many engine applications
(Lyubovsky et al., 2003).

A major challenge, then, is to limit the extent of reaction within the catalyst bed such
that excessive heat does not damage the catalyst or substrate, yet release sufficient heat that
downstream gas-phase combustion is stabilized at low flame temperatures for ultra-low
emissions. To use a fuel-rich catalyst bed in a catalytic combustion system, additional air is
introduced downstream of the catalyst so that combustion completion can occur fuel-lean.
Based on this concept, fuel-rich catalytic reactors were tested by NASA and contractors for
liquid fuel applications, and showed good soot-free performance (Brabbs et al., 1993)
(Rollbuhler et al., 1991).

Fuel-rich operation provides greater catalyst activity, lower catalyst light off and
extinction temperatures, and wider choice of catalyst type. For Pt, Pd and Rh catalysts greater
activity to methane oxidation was found under fuel-rich conditions than under fuel-lean
conditions. (Lyubovsky et al., 2003), attribute this to different intermediate species adsorbed
on the catalyst surface. Following the light-off, the surface is covered by oxygen when
reacting with fuel-lean mixtures, while covered by CO and H species when reacting with fuel-

rich mixtures.

Greater activity under fuel-rich conditions provides reduced catalyst lightoff and
extinction temperatures for catalytic combustion systems. Absence of adsorbed surface
oxygen minimizes catalyst loss through volatilization as precious metal oxide. Under fuel-rich
conditions Rh catalyst showed the highest activity and the highest selectivity to partial
oxidation products at temperatures above about 450 °C (after Rh ‘lightoff”). Rh catalyst was
more selective to partial oxidation products than Pt catalyst in partial oxidation of methane
under short contact time conditions. Under fuel-rich conditions, two parallel reactions take
place (Hickman et al., 1993):

CH; + O, — CO»+2H,0 AHozgg =-802.3 kd/mol (26)



CH, + 1/20, — CO+2H, AHP5g5 = -36 kd/mol (2.7)

However, Pt has the lowest activity of the three tested catalysts at low temperature (less
than about 700 °C). Between 450 and 600 °C, though, each catalyst exhibited a ‘lightoff’,
where a stepwise increase in reaction rate is observed. Note that this ‘lightoff” is not a thermal
event (is not an effect of heat release on the catalyst surface) since the catalyst is in good
thermal contact with the temperature-controlled electrically heated metal block. Thus, the
observed stepwise increase in reaction rate occurred with incremental increase in catalyst
temperature (Lyubovsky et al., 2003). Similar behavior was reported (Burch et al., 1994) for
Pt catalyst under fuel-rich conditions, where they observed this type of ‘lightoff” event at
about 450 °C.

When compared to platinum, rhodium shows a higher methane conversion at a
comparable temperature and also a higher selectivity to both CO and H,. All differences are
caused by the activation energy for methane decomposition which is higher on platinum than
on rhodium. An additional explanation for the observed difference in the H; selectivity could
be the higher activation energy for OH formation on rhodium compared to platinum.
Conversion of methane as a function of temperature for rhodium (0.4 wt% Rh,O3) and
platinum sponge (0.9 wt% PtO,) was examined. Continuous flow experiment of CH4/O, was
at a feed molar ratio of 2. The oxygen conversion was complete in all experiments. Results
showed that the conversion of methane is always higher for rhodium compared to platinum in
the temperature range of 800 K up to 1000 K. The selectivities of H, and CO are also higher
for rhodium compared to platinum. At 773 K the difference in H, selectivity amounts to 22%,
while that to CO amounts to 16%. At 923 K, the difference in methane conversion between
rhodium and platinum amounts to 15% and in the CO and H; selectivity was 25 and 7%. At a
temperature of 1000 K the selectivity to CO and H, are comparable (Mallens et al., 1997).

It was found that prior to catalyst ‘lightoff” only CO, and H,O were detected in the fuel-
rich reaction product stream. Immediately after the ‘lightoff’ trace amounts of CO and
H. were also detected, although CO, and H,O remained the predominant reaction products. As

the reactor temperature was further increased the concentration of CO; in the product stream



remained the same or even decreased, while the concentration of CO rapidly increased,
indicating an overall increase in the reaction rate and process selectivity to partial oxidation
products. Note that while CO concentration was increasing at higher temperatures after the

‘lightoff”, H, concentration remained at a trace level (Lyubovsky et al., 2003).

A higher methane conversion than those obtained with stoichiometric and lean feed
mixtures is observed under rich conditions, during an experiment carried out by performing
lean pulses (A = 1.02) in a constant rich feed gas (A = 0.98). The analysis of reactants
conversion and products distribution suggests that different chemistries are involved under
lean and rich conditions. Only reactions of complete oxidation of H,, CO, CH,4 and NO occur
under excess of oxygen, whereas under rich conditions NO reduction, CH4 steam reforming
and water gas shift also occur. In order to obtain further evidences on the relevance of SR and
WGS reactions over the Pd/Rh-based catalyst, a sequence of tests was performed at different
temperatures under stationary rich conditions (A = 0.967) in absence of both O, and NO.
Steady state values of CH,4, H, and CO outlet molar fractions are reported with respect to the
monolith temperature. A decrease in CO molar fraction was detected starting from 335 °C,
accompanied by an equimolar increase in H, outlet concentration. A minimum for CO
concentration (0.116%) is reached at 435 °C, approaching thermodynamic equilibrium of
WGS. It is worth noticing that at 435 °C also methane concentration starts to decrease due to
the onset of steam reforming. At higher temperatures CO and H, outlet molar fractions
increase while CHy is rapidly consumed indicating that the steam reforming effectively occurs,
being likely promoted by Ce—Zr oxide and Rh, which are included in catalyst formulation
(Bounechada et al., 2012).

A novel catalytic combustion concept for zero emissions power generation has been
investigated by Eriksson and his co-workers (2006). Catalysts consisting of Rh supported on
ZrO,, Ce-ZrO, or a-Al,O3 were prepared and tested under fuel-rich conditions for catalytic
partial oxidation (CPO) of methane. The catalyst support material was found to influence the
light-off temperature significantly, which increased in the following order Rh/Ce-ZrO, <
Rh/ZrO, < Rh/a-Al,03. The Rh loading, however, only had a minor influence i.e. an increase
from 0.5 to 2% decreased the light-off temperature by 28 K. The high activity of Rh/Ce-ZrO,



Is probably related to the high dispersion of Rh on Ce-ZrO, and the high oxygen mobility of
this support compared to pure ZrO,. The formation of hydrogen was also found to increase

over the catalyst containing ceria in the support material (Eriksson et al., 2006).

2.3. Micro-reactor

Microstructured systems, generally known as micro reaction systems, are devices
composed of structured flow paths having dimensions from sub-micrometer to sub-millimeter
range that are fabricated by using methods of micro technology and precision engineering
(Ehrfeld et al., 2000). Micro channel technology is a novel approach in chemical processing
hardware offering many advantages such as increased efficiency and productivity. This
technology is characterized by the use of structured flow paths, i.e. channels with hydraulic
diameters in the sub-millimeter range; characteristic diameters of microchannel reactors are
between 10 to several hundred micrometers resulting in surface areas of 10000 - 50000 m*/m’

while in a conventional reactor this ratio is around 100 m*m’ and rarely exceeds 1000 m*/m’

(Renken et al., 2005).

Main advantages of microstructured reactors can be summarized as; size reduction
through micro fabrication, reduced transport distances, enhanced heat and mass transfer rates
and processing yields, reduced reaction volumes, controlled systems avoiding contamination
and reducing safety risks, replacing a batch process by a continuous one and reduced chemical
consumption (Charpentier et al., 2007). These advantages are making use of microreactors
possible in diverse applications such as highly exothermic reactions, screening for potential
catalysts, precision particle manufacture, high throughput materials synthesis, fuel cell

construction, miniature and portable micro plants (Wirth et al., 2008).

The net result is volume reductions up to 90%, which leads to notable improvements in
energy efficiency compared to the conventional process units (Lerou et al., 2010). To
illustrate, the size of a conventional steam reformer which has block dimensions around 30 m

X 30 m x 30 m can be reduced to 3.9 m x 5.8 m x 3.9 m via the use of microchannels
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(Tonkovich et al., 2004).Significant compaction also offers the possibility of transporting the

processing units (Seris et al., 2008).

In a microchannel combustion system used as a heat source for other microdevices,
catalytic combustion at relatively high concentration is needed. In this particular case, a
reactor could minimize the possibility of explosion, due to its small reactor volume (Guan et
al., 2008).

Compact nature of the microchannel units favors heat transfer, which is important for
highly exothermic and endothermic reactions in terms of effective catalyst utilization, favoring
isothermal operation and preventing hot spots formation (Renken et al., 2005, Hessel et al.,
2004). Making use of improved heat transfer properties, conversion of reactions when close to
their thermodynamic equilibrium can be enhanced using channels for the heat exchange. Also
this property gives the possibility to couple exothermic and endothermic reactions in a single

reactor with heat exchanger design (Hessel et al., 2004).

Multifunctional reactors hosting catalytic combustion and steam reforming of fuel at the
opposite sides of a heat-exchanger appear to be very promising for achieving maximum
compactness. Micro-channel reactors can satisfy this requirement because of their enhanced
heat and mass transfer characteristics, the flow uniformity, the high surface area to volume
ratio, safe control in explosive regimes and easier scale-up possibilities (O’Connell et al.,
2009).

The production of methanol requires syngas containing hydrogen and carbon monoxide
at controlled temperatures. The supply of syngas from a combination of steam reforming and
catalytic combustion of methane was modelled for a parallel microchannel array and for a
cascade reactor system in which reaction occurs in a series of beds, heat exchange in
interconnecting microchannel heat exchangers being used to maintain the desired temperature.
Although conversion was slightly higher in the microchannel systems, the advantages of better
temperature control and easy replacement of deactivated catalyst favoured the cascade array.
(Avci et al., 2010).
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Mass transfer, just like heat transfer, is better in microreactors. Since laminar flow is
fully developed in microchannels the Sherwood number, which is mass transfer coefficient
multiplied by hydraulic diameter divided by the diffusion coefficient, reaches a constant value.
This implies that as the hydraulic diameter gets smaller; the mass transfer coefficient gets

larger, decreasing the mass transfer limitation (Fichtner et al., 2001).

In addition to the facts that hot-spot formation is avoided and the temperature control is
well-established, flow amounts through the micro-flow units are considerably smaller when
compared to the traditional reactors. These features give the opportunity of safer operations
including the reactions characterized by near-explosive conditions, such as partial oxidations

(Veser et al., 2000).

Another beneficial feature of the micro sized units is the narrow residence time
distribution. This increases the selectivity for production of specific material as it also enables
easier scaling up by only increasing the number of units keeping the required geometry the
same (Gandia et al., 2009). Currently a number of chemical processes are operating batch-
wise since desired capacity is not sufficient for a continuous process. Some of these processes
have reaction times longer than their kinetic requirements because of slow mass and heat
transfer and low specific surface area. Replacing these processes by a continuous one in a
microreactor can decrease contact times significantly due to fast transport in thin fluid layers
(Ehrfeld et al., 2000).

Microchanneled reactors are significantly compact processing unit which offers
the possibility of transportation (Seris et al., 2008). Currently, chemical productions are
carried out in large facilities, which are aimed to be as large as possible in terms of capacities
due to economic reasons. However, as in case of petrochemical industries, raw materials need
to be transported over long distances to a central plant, which makes a6vast number of small
sized and remote feedstocks unprofitable. These feedstocks could be processed with
microstructured systems since processing in microreactors requires less investments and
operational costs (Ehrfeld et al., 2000).
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In a microchannel reactor, the catalyst support should be coated on the surface of the
microchannel. To date, wash-coating and dip-coating have been the most common methods.
Using these methods, a dense catalyst-coating layer could be successfully formed on the wall
of a microchannel. The microreactor design was composed of two stainless steel plates with
microchannels, which were jacketed in a stainless steel cell. Each plate had 14 microchannels
of 25 mm long, with a semicircular cross-section (500 um wide, 250 um deep). Accordingly,

the cross-sectional shape of the microchannel was circular.

Before preparation of the coatings in the microchannels, the plates were cleaned and
thermally treated at 800 °C for 2 h, followed by clean treatment with distilled water and
acetone. 0.5 g of y-Al,0O3 nanoparticles (Alfar Aesar, particle size = 8-14 nm) were dispersed
into the mixture under stirring. After 24 h stirring at room temperature, the resulting
suspension was introduced into the microchannels. It was found that the suspension could be
moved along the microchannel automatically by capillary force from one side to the other. The
coated plates were dried at 90 °C for 12 h and then heated to 300 °C in air and kept at this
temperature for 2 h to burn out the PMMA particles. In order to remove all the organic

components, the plates were further calcinated at 600 °C for 3 h.

Incipient wetness impregnation of Pd catalyst on the porous Al,O3 support layer in the
microchannels was performed as follows: a calculated amount of aqueous solution of
Pd(NOs3), based on the weight of the Al,O3 layer was dropped into the layer, followed by
drying at 120 °C for 12 h, and was then calcinated at 500 °C for 3 h. The Pd catalyst loaded on
the Al,O3 layer in the microchannels was obtained in this manner. In this study, 1.0, 2.5, and
5.0 wt% Pd-loaded catalysts were prepared (Guan et al., 2008).

At oxidation temperatures of 600 °C and above, rhodium interaction with the alumina
support results in loss of reducibility and activity through inactive rhodium aluminate
formation, and through increasing crystallinity of the alumina. Therefore, Rh/y-Al,O; is
calcined at 500 °C. The calcination temperature range for Ru/Al,O3 catalysts is usually 450-
570 °C for the same reasons. Pt/Al,Os is also calcined at 500 °C following the practice in

literature (Karakaya et al., 2012).
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3. EXPERIMENTAL WORK

3.1. Materials

3.1.1. Chemicals

Chemicals that are used for catalyst preparation are listed in Table 3.1.

Table 3.1. Chemicals used in catalyst preparation

; Molecular Weight
Chemicals Formula Grade Supplier L :
(g.mol™)
Rhodium (111) Sigma-
_ ) Rh(NO3)3 10% _ 288.92
nitrate solution Aldrich
Ruthenium (111 Ru(NO)(NO3)«(OH Sigma-
_ _( ) (NO)(NO3)«(OH)y L5% 9_ 318.10
nitrosyl nitrate X+y=3 Aldrich
Tetraamine platinum Sigma-
_ Pt(NH3)4(NO3), 99.99+% _ 387.22
(1) nitrate Aldrich
Aluminum Oxide v-Al;03 99.98% | Alfa Aesar 101.96
3.1.2. Gases

Linde Gas Company (lIstanbul, Turkey) is the supplier of the gases used in this study.

Table 3.2 gives the specifications and the usage purposes of these gases.
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Table 3.2. Specifications and applications of the gases.

Gas Specifications Application
Methane 99.700% Reactant, GC calibration
Oxygen 99.990% Reactant, GC calibration
Nitrogen 99.998% Reactant (inert), GC calibration
Hydrogen 99.990% Reducing agent, GC calibration
Carbon dioxide 99.990% GC calibration
Helium 99.999% GC carrier gas
Argon 99.999% GC carrier gas

3.2. Experimental Set-Up
The experimental steps involved in this study can be described in five groups:

(i) Catalyst Preparation: This step involves incipient-to-wetness impregnation technique

for preparation of catalysts.

(ii) Catalyst Coating and Microchannel Preparation: The aim of this step is to prepare the
catalytic microchannel system that includes pretreatment of FeCrAl plates, blade

coating of catalysts on plate and fitting plate into stainless steel cylindrical housing.

(iii)Catalyst Characterization: This step includes micro structural and elemental

characterization of prepared catalyst.

(iv)Catalytic Reaction Step: The series of tests involved in this step is conducted in a
continuous micro flow system which includes a stainless steel reactor fitted in a
vertical furnace with temperature controlled heating connecting lines, mass flow

controllers for inlet gases and a programmable temperature controller.
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(v) Feed/Product Analysis: It includes analyzing reactant and product gas compositions
with two online gas chromatographs that are connected in parallel and operated

simultaneously.

3.2.1. Catalyst Preparation

The system that enables incipient-to-wetness impregnation method consists of:

(i) Vacuum flask, beaker (vacuum Erlenmeyer flask) and silicone tubing.

(if) Retsch UR1 ultrasonic mixer, which provides uniform mixing and contact of metal

precursor solution with support.

(ilf)Vacuum pump, which removes air in the beaker to develop adhesion between

support’s porous structure and the precursor solution.

(iv) Masterflex computerized-drive peristaltic pump, which is used for the addition of the

liquid solution of the metal precursor to the porous support material.

The catalyst preparation system is sketched in Figure 3.1. Detailed information about

procedure is given in Section 3.3.

{d)
fe)

T
{a)

Figure 3.1. Impregnation system: (a) Ultrasonic mixer (b) Vacuum flask

(c) Vacuum pump (d) Peristaltic pump (e) Beaker (f) Silicone tubing (Akin, 1996).
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3.2.2. Catalyst Coating and Microchannel Preparation

FeCrAl sheets (Goodfellow Cambridge Limited) is cut into 2 mm x 5 mm x 20 mm
plates by wire electro discharge machining method. Plate surfaces are cleaned with the
sequential use of distillated water (for initial cleaning), HCI solution, distillated water (for
removing HCI used in the previous step), ethanol and acetone. Surface cleaning avoids plates
from undesired contaminants that can affect catalyst activity during the coating stage. After
surface cleaning, plates are calcined at 900 °C for 2 hours to generate a native, corrugated

Al,O3 structure that helps in ensuring better adhesion of the catalyst to the FeCrAl plate.

Catalyst powder that is prepared by impregnation method (see Section 3.3 for details) is
turned into catalyst slurry by being mixed with deionized water at a water-to-powder weight
ratio of 5-8:1. Blade coating on FeCrAl plates continued until weight per surface area 0.02
gea/cm?. Coated plates dried to vaporize water and calcinated for removal of volatile
components in slurry, and for thermal decomposition of precursor that exposes active metal

part in catalyst. Detailed information was given in Section 3.3.2.

Coated single plate is inserted into 310-stainless steel cylindrical housing with 14.5 mm
outer diameter and 30 mm length. Its inner structure, which is engineered by wire electro
discharge machining, is suitable for both plate fitting and gas flow through micro-channel.
Catalyst coating is made by forming 0.5 mm clearance from each e