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Summary

Microwave effects in heterogeneous catalysis:
Application to gas-solid reactions for
hydrogen production

Due to the quest for more efficient production msses both from the energy and
selectivity point of view, microwave irradiation $iaattracted significant scientific
attention over the last three decades, as an afigenmeans of chemical activation.
Over this period, striking process benefits, susthigher conversions and selectivities
and/or a shorter reaction times, compared to tlspective conventionally heated
processes have been reported.

The aim of this work is to investigate the influenof microwave energy on
heterogeneous gas-solid catalytic reactions. Amel@process, the steam reforming of
methanol and the water-gas shift reaction werectade In a first step, the interaction of
microwaves with different catalysts was investigaie a non-reactive environment,
followed by investigation of the microwave effecb®m the reactions themselves.
Comparison of the microwave- and electrically héapgocesses was performed in
terms of conversion, selectivity and energy efficie of the reactor. Contrary to other
works in the literature, a two-dimensional tempearatmap along the centre plane of the
reactor was recorded with both heating modes.

The study of interaction of microwaves with theiddtate catalysts revealed that
the heating rate, the maximum temperature at cohptaver, and the heat distribution
inside the catalyst bed strongly depend on thdytataupport morphology, the metal
loading and the particle size of the catalyst. MoB, the experiments proved that even
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small catalytic samples (~2g) experience non-umifdreat distribution inside their
volume when exposed to a well-defined, mono-moge tyf microwave field. These
temperature gradients, although sometimes being@regvare undetectable by the
commonly employed in microwave chemistry infra-reinperature sensors. These
types of sensors are often built-in in the microwvapplicator and serve as benchmark
for the power control unit, which adjusts the powdelivered into the microwave cavity.
Therefore, a fibre optic based direct temperatueasurement was selected as more
accurate method in further stages of the research.

The investigation of methanol steam reforming reactwas performed with
employment of two catalysts - PdZnO#@k5 and CuZnO/AJO; — at an average reaction
temperature ranging between 1006- 256C and 178C — 230C, respectively. In order
to account for possible temperature gradients otuacross the catalytic bed, multi-
point temperature mapping was implemented. The rarpats revealed that at
corresponding thermal conditions, the feed conwarsi the microwave-heated process
is significantly higher than in the electricallydted process, regardless of the employed
catalyst. However, the product distribution remdineaffected.

Comparison of the reactor energy efficiency denratest that the MW-assisted
process exhibits higher reactor energy efficierftgnt the corresponding electrically
heated process for both catalysts and over theerahthe studied reaction temperatures.
This entails that a given conversion can be achlievith lower net heat input to the
reactor under the microwave heating mode and thdisectly confirms the selective
microwave heating principle (microscale hot spabfation).

Pre-conditioning of the catalyst in the presencéhefmicrowave field prior to the
reaction did not affect the reaction performanche Tcatalyst surface investigation
showed no difference in the morphology of the gatalused either between the
microwave and the conventionally heated procesfetween the preconditioned and
the non-preconditioned samples. Consequently, ip@cin-thermal microwave effects
were excluded as justification for the enhanceroétite reactor performance.

In order to confirm the thermal nature of the micave effects observed in the
methanol steam reforming reaction, a mildly exathier process, a water-gas shift

reaction, was investigated at the latest stagehef nesearch. Contrary to steam
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reforming, the water-gas shift reaction did notibithsignificant enhancement neither
in terms of conversion nor in terms of reactor ggeefficiency. This is because a
significant part of the net heat input to the reactomes from the heat of reaction;
therefore, the heat input from microwave irradiatiand the associated local
overheating of active sites diminishes. Consequgerile microwave effect is not
pronounced.

Based on the experimental experience obtained hadtheoretical knowledge
regarding the shortcomings of the available micnmvaypes of equipment, an
alternative reactor design, based tavelling microwave fieldsis proposed for
application to heterogeneous gas-solid catalytictiens. The new concept may enable
uniform spatial heating, improved electromagnetimergy utilization and

electromagnetic field spatial localization (i.e. dhe catalytic reactor walls).






Samenvatting

Microwave effects in heterogeneous catalysis:
Application to gas-solid reactions for
hydrogen production

In de zoektocht naar efficiéntere productieproaeseanuit het perspectief van
zowel energie als selectiviteit, heeft microgolitrg de laatste dertig jaar
aanmerkelijke wetenschappelijke aandacht gekretyepem alternatieve methode voor
chemische activering. Gedurende deze periode zijopwallende procesvoordelen
gerapporteerd, zoals een hogere conversie en weedeetelectiviteit en/of kortere
reactietijden vergeleken met conventioneel veripittecessen.

Het doel van dit proefschrift is om te onderzoeksat de invioed is van
microgolfenergie opgasfase reacties onder hetesogenste-stof-katalyse. Als
voorbeeldprocessen zijn stoomreforming van methanalle watergasreactie gekozen.
In een eerste stap is de interactie van microgoive verschillende katalysatoren
onderzocht onder niet-reactieve omstandighedenw&itl vervolgd door een onderzoek
naar het effect van microgolven op de reacties. Zedf respectievelijke processen,
enerzijds door microgolven verhit, anderzijds aliskh verhit, zijn vergeleken op basis
van conversie, selectiviteit en energetisch rendemen de reactor. In tegenstelling tot
andere onderzoeken, die zijn beschreven in deafitar, is er een tweedimensionale
temperatuurverdeling in het middenvlak van de macgemeten voor beide
verwarmingsmethoden.

Het onderzoek naar de interactie van microgolvehvaste katalysatoren, liet zien
dat de verhittingssnelheid, de maximale temperahijrconstant vermogen, en de

warmteverdeling in het katalysatorbed alle steflaakelijk zijn van de morfologie van
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de katalysatorondersteuning, het metaalgehalte enkatalytische deeltjesgrootte.
Verder bewijzen de experimenten dat zelfs klein¢aligaatormonsters (~2g) geen
uniforme warmteverdeling in hun volume krijgen waanze worden blootgesteld aan
een goed gedefinieerd, enkelvoudig-modaal micregdf Hoewel deze
temperatuurgradiénten soms zeer groot zijn, zijmie¢ te detecteren met de, in de
microgolfchemie veelgebruikte, infrarood temperasensoren. Dit type sensor vindt
men vaak ingebouwd in microgolfapplicatoren en diets referentie voor de
vermogensregulatie waarmee het vermogen in de guotffmlte wordt geregeld. Als
gevolg van deze tekortkomingen zijn glasvezelsarsajekozen als nauwkeurigere
meetmethode voor directe temperatuurmeting in @eopi volgende stappen van het
onderzoek.

Het onderzoek naar de methanol-stoomreformingredstiuitgevoerd met twee
katalysatoren — PdZnO/&D; en CuZnO/AJO; — bij een gemiddelde reactietemperatuur
tussen, respectievelik, 19D — 250C en 176C - 236C. Om mogelijke
temperatuurgradiénten in kaart brengen, is de testyn&r op meerdere plaatsten
gemeten. De experimenten tonen dat, onder overessilge thermische
omstandigheden, de conversie van de voeding inetamitrogolven verhitte processen
significant hoger is dan in de elektrisch verhifmcessen, ongeacht de gebruikte
katalysator. De verhouding tussen de reactiepredubteef echter onveranderd. Een
vergeliking van het energetische rendement van reactor liet zien dat het
microgolfgedreven proces een hoger reactorrendeimeeft dan het overeenkomstige
elektrisch verhitte proces, zowel voor beide kaalgren als over het bereik van de
bestudeerde reactietemperaturen. Dit houdt in datbepaalde conversie kan worden
bereikt met een lagere netto warmtetoevoer nasgatgor onder microgolfverhitting en
daarmee bevestigt dit indirect het selectieve ngialfwerwarmingsprincipe (het
ontstaan van hot spots op microschaal).

Voorbehandelen van de katalysator door blootstekian het microgolfveld vooraf
aan de reactie beinvioedt de prestatie van heeproiet. Onderzoek aan het oppervilak
van de katalysator liet geen verschil in de kattlysnorfologie zien tussen de door
microgolven verhitte processen en de conventioneehitte processen en ook niet

tussen de voorbehandelde en niet-voorbehandeldasters. Ten gevolge van deze
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observaties zijn specifieke niet-thermische micttajfiecten uitgesloten als verklaring
voor de verbetering van de reactorprestaties.

Om te bevestigen dat de aard van de waargenomeroguifeffecten in de
methanol-stoomreformingreactie thermisch is, igiénlaatste stap van het onderzoek
een licht exothermisch proces, de watergasreaotiderzocht. In tegenstelling tot
stoomreforming, liet de watergasreactie geen dijk@elerbetering zien in de conversie,
noch in het energetisch reactorrendement. De okrigadat een groot gedeelte van de
netto warmtetoevoer aan de reactor afkomstig isleiteactiewarmte; dit verkleint de
warmtetoevoer van de microgolfstraling en de hiermsamenvallende lokale
oververhitting van actieve deeltjes. Ten gevolgentan is het microgolfeffect niet
duidelijk zichtbaar.

Op basis van experimentele ervaring en theoretikelnais met betrekking tot de
tekortkomingen van beschikbare microgolfapparatwardt een voorstel gepresenteerd
voor een alternatief reactorontwerp dat is gebasepriopende microgolfvelden en dat
zich richt op toepassingen met gasfase reactiesrdrelerogene vaste-stof-katalyse. Dit
nieuwe concept zou verhitting ruimtelijk uniform rfaen verdelen, een verbeterde
aanwending van elektromagnetische energie mogdiilnnen maken, en het
elektromagnetische veld ruimtelijk gericht kunnesepgassen (i.e. op katalytische

reactorwanden).
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Chapter 1

1.1 The battle for the future energy source

The world energy consumption increases continuoysr by year mainly due to
increasing world population and progressive indalitation of developing countries.
More than 80% of the consumed energy comes fromilfagels and according to the
U.S. Department of Energy the share of this ensogyce will stay predominant with a
drop to ~63% by 2035[1]. Although the coal peakriedicted to take place around the
year 2075, which seems to be far future, the akpgill become true earlier. Depletion
of the fossil fuel resources increases the enemgt m all sectors; domestic use,
industrial and transportation.

The cost of energy in general and electricity intipalar are the main contributors
to the end price of many products. Further, thédragcrease in the energy cost together
with the rising concern about the environmental actpof greenhouse gas emissions
have intensified the interest in alternative sosiroé energy. Wind, hydro, solar and
nuclear energy are potential candidates to sigmifly contribute to global energy
production. In the coming years, however, theirsha energy production is estimated
to be growing by 3% annually on world scale in tiext 20 years. Moreover, while
conversion of the aforementioned energy source®légtricity for household and
industrial applications, as substitute for coalagated electricity, is relatively simple,
their employment in transportation is rather diffic

The dominance of the oil-based fuels in transpiomais mainly due to simple
handling and storing, high volumetric energy densihd available distribution and
refueling infrastructure. Therefore, the future rgyesource for this specific sector
should provide these and/or other advantages t@won® the investment cost.

The potential non-crude oil fuels being considemdd this moment for the
transportation sector are mainly biogas/bioalcghimjglrogen and electricity. None of
these technologies offers the advantages of thbasid fuels and moreover each of
them has serious limitations to become a widelydusew generation of transportation
fuel.

The selection of the alternative fuel strongly degson the local conditions, such

as availability of the harvesting areas, geogragilgonditions or climate as well as on
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the type of transportation, e.g. road, maritimeaerial. Finally, the choice of future
transportation energy source will largely dependhensustainability, energy efficiency,
cost effectiveness and storing capabilities.

In this thesis, the focus is on production of hygno from (bio-)alcohols for the

automotive application and decentralized systems.

1.2 Hydrogen as an energy carrier

Hydrogen is often mentioned as the alternative foklthe future. The high
efficiency of chemical energy conversion (45-65%jew fuel cells are used [2, 3], zero
emissions of C®and NG, the wide range of primary energy sources andiihersity
of production methods are the main arguments priogndtydrogen economy as a
potential important player in the future energyreze

However, hydrogen storage is a problem, especialien transportation and
decentralized systems are considered. Despite ggdrbaving ~3 times higher energy
content by weight than that of gasoline, 3100 ditcd hydrogen under atmospheric
pressure have the same energy equivalent as biigasoline. Given that 4 kg-8 kg of
hydrogen are needed to drive 600 km with a passecge (depending on whether
hydrogen is consumed in a fuel cell or in a combuséngine), very large volumes are
necessary for hydrogen storage [3, 4]. Despitevéirg intensive R&D activities in the
field of on-board hydrogen storage, the availablhhologies (compressed gas, liquid
hydrogen, materials-based storage) still requiré8%- higher volume compared to
gasoline to store the same amount of energy[5].

Finally, hydrogen is not an energy source, but aergy carrier. In nature,
hydrogen is always bounded to other elements, @stcarbon and oxygen, and
therefore it must be produced from one of the hgdmrich sources like solid and
liquid hydrocarbons, biomass or water. The preshwtirogen production and

downstream purification processes are consideidygy demanding.

1.3 Hydrogen production technologies

Hydrogen production technologies can be divided thtee main categories:

- Electrolytic processes
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« Photolytic processes

« Thermal processes

A summary of the major hydrogen production techgigs along with their

feedstock, state of development and efficienciggasented in Table 1.1. The exact

definition of efficiency is technology dependant.

Primary Process Feedstock Maturity Efficiency
method
Commercial to
Electrolytic Electrolysis Water, Biomasg long term; 50-70%
depends on typg
of electrolyzer
Photoelectorchemical Water Long term 12.4%
Photolytic
Photobiological Algae, Biomass Long term 0%
Reforming Hydrocarbons, | - o e i) 70-85%
Bio-alcohols
Catalytlc .partlal Hy_drocarbons, Commercial 60-75%
oxidation Bio-alcohols
Thermal Gasification Coal, Biomass Commercia| 35-50%
Pyrolysis Biomass Near term 25-459
Water Splitting Water Long term 35~509

Table 1.1 Major hydrogen production processes (adaded from [6, 71)

Lower heating value of hydrogen produced dividgdHe electrical energy to the electrolysis cell.
® Solar to hydrogen via water splitting and doesimciude hydrogen purification

¢ Solar to hydrogen via organic materials and de¢snelude hydrogen purification.
4 Thermal efficiency; higher heating value of proedydrogen divided by the higher heating valutuef
€ Utilized heat to higher heating value of produbgdrogen

1.3.1Electrolytic Processes

The electrolytic process takes place in an elegssl where water molecules are

split into oxygen and hydrogen, as result of eleaturrent flowing through electrodes

immersed in the water. Hydrogen production via tetdgsis may result in no

greenhouse gas emissions. However, the amounteofrielty needed to split water

molecules is approximately double the amount oftaldty obtained from the inverted
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process, i.e., generation of electricity in a foell [8]. Therefore, this method can have
potential application only if the energy necesdanthe process is cheap and clean e.g.

hydropower or nuclear.

1.3.2Photolytic Processes

Two main types of photolytic processes can berdjsished; photobiological and
photoelectrochemical processes. Photobiologicalcgsses involve production of
hydrogen from biomass fermentation or as a metalpotiduct of living organisms, e.qg.
algae and bacteria, where light is the main souteenergy for the process.
Photoelectrochemical processes require the lightceoand a special semiconductor
photoelectrode containing photovoltaics and catatygnable water split. Although this
method is still at experimental stage, it is coaséd as one of the cleanest methods of

production of ultra-pure hydrogen.

1.3.3Thermal Processes

In thermal processes, hydrogen sources such asahgas, coal, biomass or water,
are subjected to thermal treatment to release lygarovhich is part of their molecular
structure. Thermal processes include:

« Steam Reforming of natural gas and renewable lifpets

» Catalytic partial oxidation of natural gas and ngable liquid fuels

- Gasification of coal and biomass

« Pyrolysis of biomass

+ High-temperature water splitting

Among all thermal processes, the most popular amineercially applied method
to hydrogen production is the conversion of natwas, containing ~95% methane
(CHy), into syngas (Hand CO) in a steam reforming process (SR). Cuyesteam
reforming of natural gas accounts for ~50% of thebgl production of K which is
then used as fuel or raw material in the chemical petroleum industry (e.g. oil
hydrogenation or ammonia synthesis) [9, 10].

SR of hydrocarbons is generally described formula The process is usually

carried out under pressure and is strongly enduaticeiThe reaction is performed using
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solid catalyst with composition depending on thelrbogarbon feedstock. For steam
reforming of natural gas, Ni-based catalysts apéctlly used. The SR process occurs
in parallel with the water-gas shift reaction (WGS®Rhich converts part of the CO
produced into C@and additional H (Eq.1.2). WGSR is exothermic and inextricably
connected to SR. Furthermore, one or more WGS aeacare usually placed
downstream of the SR reactor to maximize hydrogesdysction. In comparison to
partial oxidation (POX), SR runs at lower temperatudoes not require AN,
separation (from air) and results in highefGO ratio (3 vs. 2 in case of methane feed).
On the other hand, SR requires steam generatiom.sidam reforming and water-gas
shift reactions have been investigated in detaithis thesis and they are discussed

explicitly in Chapters 4 and 5, respectively.
CH,.,+nH,O0 - nCO+(2nt1) H
CO+H,0- CO+ H,

1.1

1.2)
1.4 Process intensification in chemical engineering

To meet the future energy consumption needs, exgdor of alternative,
sustainable energy sources is a key task for relse@ from many scientific disciplines
(chemistry, biotechnology, materials and chemiaajimeering), who try to develop
new technologies for energy and chemicals prodocfiom the renewable sources.
However, this approach is only partially rationalce many manufacturing processes
exhibit extremely low energy efficiency. Furtherrapfabrication of highly specialized
and sophisticated equipment raises its cost, duts twomplexity, generates enormous
amounts of wastes and often requires applicatiohaoflly degradable materials. One
could think of going back to the Stone Age as thetlbption for energy and waste
reduction. Is this really the only remaining optowhat if we could drastically improve
manufacturing processes to keep them economicalhgilile and profitable while
increasing the utilization efficiency of the rendolafeedstock? The question is how to
achieve this goal.

Process Intensification (PI) is a relatively youtigcipline. Its history goes back to
1970s when the term Process Intensification appefarethe first time. Nowadays, Pl

has become one of the significant trends in modbemical engineering and constantly
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attracts increasing attention from both the indakamd academic research communities
[11].

In fundamental sense, Process Intensification gedbaon four generic principles
and is realized via specific approaches in four @ios1 spatial, thermodynamic,
functional and temporal [12] (see also Fig.1.1). dmder to facilitate better
understanding of the advantages offered by theppioaches and to give a flavour of
the achieved improvements, compared to conventi@eainologies, a few examples of
applications of some PI technologies are liste@ahle 1.2.

maximizing the STRUCTURE

effectiveness of infra- (spatial domain)
and intermolecular

events

giving each molecule EEERG(T .
the same processing (thermodynamic

experience domain)
optimizing the driving
forces and SYNERGY

maximizing the (functional
specific surface area domain)
to which these forces

apply

maximizing synergetic TIME
effects from partial (temporal
processes domain)

Figure 1.1 Fundamental of process intensificationadopted from [12]).
1.5 Microwave energy as a Pl tool

One of the domains of Pl is the thermodynamic domahere the main focus lies
in process activation using alternative forms afrgy compared to conductive heating.
In general, precise dose of energy should be deliveo the required location, where a
reaction and/or a separation process takes place form ensuring the highest
efficiency. In the ideal case, energy is to bevidetd solely to reactants at the precise
amount needed to form the desired product. In jm&cthowever, some reagent
molecules obtain insufficient energy to pass thevaiion energy barrier and some

absorb excessive amount of energy and may formsinedieby-products. This kind of
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Approach

Process

Conventional
technology

PI
technology

Benefits

STRUCTURE

Azidation
reaction[13]

Ritter
reaction[13]

Oxidation of
Ethanol to Acetic
Acid [14]

Stirred tank
reactor

Microreactor

«Productivity increase
from 10kg/m’h to
10 t/m3h

*20% higher
selectivity

«Change in operation
mode from batch to
continuous

«Volume reduction
from 10m® to 3dm?
maintaining high
throughput (1.7t/h)

«Shortening residence
time from 3h to 3s.

«Increased conversion
(30-95% to 99%)

*Reduction of reaction
volume by factor
1000

ENERGY

Transestrification
reaction[15, 16]

Oil bath

Microwave
reactors

«Shorter reaction time
(by factor 10 to
100)

«Higher energy
efficiency (factor 3
to 4)

« Improved process
control

SYNERGY

Methyl acetate
synthesis[17, 18]

A system
consisting of
extractor and 10
extraction and
distillation
columns

Multifunctional
reactor
column with
integrated
reactive and
extractive
distillation
steps

«Reduction of plant
size from 28 to 3
unit operations

*Reductions of energy
consumption by a
factor 5

TIME

Saponification
reaction [19]

Stirred tank
reactor

Continuous

Oscillatory

Baffle Flow
Reactor

«Uniform, radial and
axial velocities

*Reduction in reaction
time factor 2-10

»100-fold reduction in
reactor size

Table 1.2 Some of spectacular process improvemeritsough application of Pl technologies.
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problem is very common in chemistry and resultiim product yield and/or selectivity.
To overcome these limitations, energy input muahér than the required minimum is
provided. As a result, non-uniform heating inside teactor takes place; a characteristic
feature of thermal conductive heating. Thermal gnatd present inside the reactor can
be significantly reduced by miniaturization of tleactor itself (Pl spatial domain) or by
application of an alternative source of energy Wwhadlows for energy delivery in a
controllable and volumetric manner.

One of the alternative heating methods is the agftin of microwave energy.
Microwaves are a form of electromagnetic radiasiinated between the radio and the
infrared frequencies, i.e. between 300 MHz and &8z, which corresponds to
wavelengths from 1m to 1mm [20]. Due to legislatithe commercially available
magnetrons for chemical processing operate at érireofollowing frequencies: 915
MHz, 2.45 GHz and 5.85 GHz.

1.5.1 Interaction of microwaves with materials

When matter is exposed to microwave radiation (F&), microwaves can be
reflected from its surface (highly conductive matksr e.g. metals, graphite), can
penetrate material (insulators e.g. ceramics, gugleiss) or can be absorbed causing

heating (dielectric lossy materials e.g. silicorbide) [21]

A B C

Figure 1.2 Microwaves interactions with different fpes of materials: (A) conductive
material (B), insulating material, (C) absorbing mderial.

& This subchapter is published in Chemical Enginggfiachnology 2009, 32, No.9, 1301-1312
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The advantages of microwave heating are: fast ame mffective heat absorption,
reduction of thermal gradients, selective heatimgl &etter thermal control of the
process [22, 23].

In order to apply microwave energy to a chemicalcpss at least one component
of the system must be a good microwave absorberturrately, many organic
compounds, metal oxides and popular solvents aod go at least moderate absorbers
and perfectly fulfil this requirement.

The parameter which describes the microwave prdegand the ability of
materials to absorb microwave radiation are complesmittivity, €*[-], and complex

permeability p* [-].
£=¢€-j¢ =£0(£'r —jE;ﬁ) wy
H=U=ju 2

The real part g [-]) of the relative permittivity (i.e. the dial&ic constant)
characterizes the ability to propagate microwavet® ithe material whereas the
imaginary part€" [-]) is the loss factor that reflects the alyilaf material to dissipate
the energy. The real part of complex permeability [{]) represents the amount of
magnetic energy stored within the material while tmaginary part|(* [-]) represents
the amount of magnetic energy which can be condart® thermal energy. Most of
the materials encountered in heterogeneous caaysinon-magnetic materials and the
magnetic losses can therefore be neglected. Howieveretal oxides such as iron,
nickel and cobalt magnetic losses are high. Forenmamvenient characterization of
materials in microwave conditions other terms hbgen introduced: loss tangent (tan
0), which is the ratio ot" ande¢' for non-magnetic materials (Eq. 1.3), and magneti
loss tangent (tad), which is the ratio oft" andp" for magnetic lossy materials — (Eq.
1.4).

[,

tand = — 1.3)

tanod, =

x[x, ©

1.4)
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From Eq.1.3 it can be seen that for the most e¥fedieating the" should be as
high as possible while simultaneously keepigigin moderate range (sufficient
penetration inside a material). This specific camaktibn ofe' ande" gives high tad and
ensures optimum microwave coupling [21]. The saplddfor the magnetic analogues.
As the latter are often not relevant, the magnatimponent of microwave heating will
not be discussed further in this review. The valoke', €" and tand for some common

materials are presented in Table 1.3.

Material Dielectric'Constant Dielectll‘lic Loss Loss tangent
€ € tand
Vacuum 1.00 0 0
Air 1.0006 0 0
Water 80.4 9.89 0.123 (2.45 GHz)
Methanol 32.6 21.48 0.659 (2.45 GHz)
Ethanol 24.3 22.86 0.941 (2.45 GHz)
Glass (pyrex) 4.82 0.026 0.0054 (3 GHz)
Styrofoam 1.03 0.0001 0.0001 (3 GHz)
PTFE 2.08 0.0008 0.0004 (10 GHz)
Titanium dioxide 50 0.25 0.005
Zirkonia 20 2 0.1
Zinc oxide 3 3 1
Magnesium oxide 9 0.0045 0.0005
Aluminum oxide 9 0.0063 0.0007

Table 1.3 Dielectric constantg’), dielectric loss €") and loss tangent (tand) of common
materials at 25C (adapted from [24-26])

The frequency dependencesbainde” is described by the Debye equations [20]:

£=c +—(£(‘)_£;°)
” (1+a)2r2) .
. (&-€)or
g=—"1 _
(1+a)2r2)

(1.6)
Whereé, is the static dielectric constant §J,is the high frequency constant [e},

the angular frequencyoc2rt [s7]), andt the relaxation time [s] characterizing the rate

11
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of build up and decay of polarization. In liquidgpales are randomly oriented and
orientation is changing continuously due to therie motions, therefore the relaxation

time is defined by the following expression:

- amu
kT .7
wherer is a radius of the dipole [m}i the dynamic viscosity [kgv's?], k the

Boltzman’s constant [kg>s*K™] andT the temperature [K] [20].

For an ideal solid in which molecules interact wiéhch other, a dipole has a
number of equilibrium positions. For dipole pogitioseparated by a potential barrigr U
[kg'm?s?], the following relationship betweenand dielectric constant may be derived

from Boltzman statistics [20]:

Ml G o
ule. +2)

From equations 1.5 - 1.8 it is seen that the efficy of microwave heating not only
depends on the dielectric properties of the mdtdrna also on the frequency of
electromagnetic field and the temperature of theera. It also depends on dimensions
of irradiated material. The microwave irradiatioanconly penetrate material up to a
certain depth, called penetration deptfDs-[m] — which is usually described as the
depth where the microwave power drops to about 3%%he initial value. The
penetration depth is proportional to the waveleraftthe radiation and depends on the
dielectric properties of material. For materialsenge"/e'<1 (lossy dielectricsp, can

be described as follows:

e

2T € (1.9)
Based on the discussion above, it clearly visib& th microwave heating systems

p

the dielectric properties of a material control gaver, which can be absorbed by the
given material. The average power (P) dissipatea wolume (V) is related to electric

field strength (E), magnetic field strength (H) a@hd dielectric properties of material by
the equation:

P= 0)505" Erfnsv + a),uolu Hrzmsv (1.10)

12
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where E.sis the root mean square of the electric field [\V/mH].sis the root mean
square of the magnetic field [A/m}) the angular frequencyt2rt [s7]) andeg, po are
permittivity and permeability of the free spacespectively. In the case of dielectric
materials, there are no magnetic losses and tlomdderm on the right-hand side of Eqg.
1.10 is negligible [27].

It is known from experiments that bulk metals apague to microwave and are
good reflectors, due to the so-called skin-effébiey can undergo surface heating only,
due to the limited penetration of the microwaveiaddn [28]. However, powdered
samples are very good absorbers of microwaves andbe heated efficiently. The
heating mechanism of metallic powders has not h@gnestablished yet but one of the
theories indicates that electrical conductivity roetal particles decreases when the

particle size decreases belowrd (Eq. 1.11) [29].

3
_ Dp
g.= - g,
5x10
(1.11)
Here,o, is the effective electrical conductivity of mefzrticle, 0 is the diameter

of particles andy, is the bulk conductivity of metal.

The field inside the supported metal particle isadibed as function of complex

permittivity of the supportﬁl* and the metallic particlef;.

3£D
PeGIpGE="
25 +&, 1.12)
The volumetric heat generatidmp, is described by the following equation.
2
q, =0,|E (1.13)

1.5.2 Microwave effects in catalysis$

When discussing influence of electromagnetic field chemical reaction it is

impossible to be indifferent to microwave effect® interpret the observations of

& This subchapter is published in Chemical Engimgefiechnology 2009, 32, No.9, 1301-1312
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higher conversion and/or enhanced selectivity arawave-assisted chemical reactions
two hypotheses were proposed.

The first one assumes the existence of a purelyrtfleeffect only, i.e. a different
temperature regime. The second theory assumedélates thermal effects also non-
thermal effects, like molecular interaction of swates with microwave field or shifting
reaction equilibrium can exist and cause the endraeat of the reaction rate. The
existence of non-thermal effects was often clainesgecially in early studies on
microwave-assisted catalysis when the results coatdbe explained by the observed
temperature differences. However, together witheasing enthusiasm for dielectrically
heated reactions also improved temperature megsmathods suitable for microwave
conditions were developed and the non-thermal &ffeiee nowadays rarely postulated.

The reported thermal effects of microwave irradiatare due to three phenomena:

* hot-spot formation

e selective heating

e and superheating

In gas/solid heterogeneous catalytic systems hmt-$prmation and selective
heating are primarily considered to be mechanisapansible for the enhanced rate of
reaction while selective heating and superheatiagrainly postulated in homogeneous
systems. Hot-spots are places inside the catddgticwhere temperature is considerably
higher than the average temperature and hencaamamtcurs at a much higher rate
[30-33]. Very often the existence of this phenomerie explained by the non-
homogenous distribution of the electromagnetidfimiside the catalytic bed. Sizes of
hot-spots are in the range of 90-100f and temperatures can be 100-200 K higher
than the bulk temperature of the catalytic bed.[34]

An evidence on hot spot formation was presentedhanget al. [33] in his study
on the catalytic reduction of sulphur dioxide wittethane over MgfAl ,O; catalysts.
The morphological study of the catalyst showed thiaderved phase transition »f
alumina toa-alumina which normally occurs at temperatures abtiz73 K took place
when the reactor bulk temperature did not excee@DKO In the other study Zhang,
Hayward and Mingos [34] investigated the decompmmsiof hydrogen sulphide. Also
in this study the presence of hot-spots was pdstlilas a possible explanation of the
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observed higher conversion under microwave fiehttvhen conventional heating was
applied. The conclusion was consistent with theeplztions made in the experiments
on catalytic reforming of methane with carbon ditexiover platinum catalyst [35].
However, in a later theoretical study on temperatdifference between Mg@Sand
Al,O; support the existence of significant temperaturedignt was excluded [30].
Chang and Wang [36, 37] who studied reduction of With methane observed that
application of microwave energy allows reaching ¢iven conversion at much lower
temperature than in conventionally heated reactishat can be seen as potential
occurrence of the hot-spot inside the catalytic. Bdte existence of the hot-spots was
postulated also by Bi and coworkers [38] as a jpbssxplanation of observed higher
conversion of methane and higher selectivity torbgdn when microwave power was
applied. It was also observed that at the sameersion the temperature of the catalytic
bed under microwave conditions was around 200 Kefothan for the conventional
heating. However, the temperature of these hotsspas not determined. Borad al.
[31] measured temperature inside the reactor with different techniques to avoid
potential uncertainty, however they admitted that-nniform temperature distribution
inside the catalytic bed could not be excluded laotespots were probably formed.

Obviously, the microscale nature of this phenomeimaluces technical problems
with measuring the temperature of hot-spots by ahailable techniques and hence
experimental proof of their existence is lacking.

Selective heating can occur in different ways deljpemon whether homogeneous
or heterogeneous systems are subjected to microweadiation. In a homogeneous
system the effect consists simply in different rowave power absorption due to the
differences in the dielectric properties of the ftahces taking part in a reaction. In
gas/solid systems selective heating appears irfidmas that may occur simultaneously.
The first form is the selective heating of a catalyarticle while the gas phase remains
at lower temperature. This form of selective hepntiras proposed by Roussyal. [39]
as the probable reason of the observed enhancesttigty towards higher
hydrocarbons in a microwave field. The second foomsists in the created temperature
difference between the nanoparticles of the catedysl the support material. It is
known that metal particles (present in the suppoan) be heated up by microwave
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irradiation very rapidly to high temperatures. Thquired metal particle size has to be
smaller or equal to the penetration depth, whichriost metals is in the range 1pi0

at 2.45 GHz [40]. This phenomenon is considereddige researchers to be responsible
for the observed higher reaction rate and highlecieity of products formed [22, 41-
45]. However, this hypothesis is also contesteiryRet al. [46, 47] presented results
from their experimental and theoretical work, whilgny the existence of a temperature

difference between the active sites of catalystitmsupport.

1.6 Scope of the thesis

The scope of the thesis was to explore the apicaif microwaves as alternative
energy source to intensify gas-solid catalytic peses with application to hydrogen
production. To this end, microwave-activated metthateam reforming (endothermic
reaction) and water-gas shift (exothermic reacttmn)e been investigated. Although the
application of microwave heating to gas-solid gatalreactions has been subject of
research for the last 10-15 years, the aforemesmdigaactions have attracted very little
attention. Further, little information is availabte the relevant literature on the (non-)
thermal interaction of microwaves with solid casdlyparticles and on the actual
temperature conditions in the microwave-irradiatathlytic bed.

In this context, the (threefold) aim was &) investigate the thermal nature of
microwave-solid particles interactions (Chapter 2dd 5) b) to verify advantages and
limitations of microwave driven reactors (Chapted 2and 5)and c¢) to evaluate the
selected processes in terms of fuel conversiondymto distribution and energy
efficiency (Chapter4 and 5)

The specific research questions addressed in #sésthre

e Can microwaves selectively heat catalyst partiated how pronounced is
the effect? What is the role of catalyst type, ipkertsize and support in
this process?

e How do microwaves affect temperature distributioiside packed bed

reactors?
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* How should temperature distribution inside microesavadiated packed
bed reactors be monitored? How do available tenwperaneasurement
techniques compare?

« How does microwave activation affect the processfemethanol steam
reforming and water gas shift in terms of fuel cersion, product

distribution and energy efficiency?

1.7 Outline of the thesis

The thesis consists of five main chapters. In Giragt the problem of correct
temperature measurement in the microwave fieleéésedbed. This includes selection of
the most suitable temperature measurement techmaigdealiscussion on its sensitivity
to changing catalyst weight and volume. This chaptiso addresses temperature
distribution inside a catalytic bed exposed to mive irradiation under steady state
conditions. Chapter 3 contains a literature revigmw microwave-activated gas-solid
catalysis. Possible mechanisms justifying microwenbkanced reaction performance
are also reviewed in this chapter. Experimentalilitesfrom a comparative study on
microwave- and electrically-activated methanol steeforming and water-gas shift
reaction are presented in Chapter 4 and Chaptespectively. Chapter 6 summarises
the limitations of the available microwave equipiném terms of predictability of
process conditions and scale-up and discussestjbteathnical solutions to address
these challenges. In the last chapter, the genswatlusions are collected and

recommendations for follow-up research are presente
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1.8 Nomenclature

g - dielectric constant [-],

€* - complex electric permittivity [-],

&' - the real part of the relative permittiving(= € — j&' ) [-],

&" - loss factor (the imaginary part of the relatiemittivity £ =& - j&') [],
,UD- complex magnetic permeability [-],

M - the real part of the relative permeability [-],

MU' - the imaginary part of the relative permeabiliy

tand — dielectricloss tangent [-],
tand, — magnetidoss tangent [-],

E(') - the static dielectric constant [-],

E;o - the high frequency constant [-],

w - the angular frequencwéE2rt) [rad-sY,

A - wavelength [m],

f — frequency [9],

T -the relaxation time for dipoles [s],

U, — barrier potential of two alternated dipole piosis in a solid material [kgn*s?,
r - radius of the dipole [m],

u - dynamic viscosity [kgn™s?],

k - the Boltzman’s constant - 1.380x 1{kg-m*s*K™],
T - temperature [K],

D, - penetration depth [m],

P - power dissipated in a material {kg-s?],

U, - permeability of free space =410 [kg'm's>A,

&, - permittivity of free space - 8.854xT9[A*s* kg™ 'm™,
E,..s- the root mean square of the electric field-fkep 57,
H,..- the root mean square of the magnetic field [A/m],
o, - conductivity of a bulk metal [fhkg™s>A7,

o, - conductivity of metal particles [fhkg™*s*A?,

E,- exterior electric field [kgn-A™s?]
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Temperature measurements of solid
materials in microwave applications®

The accuracy and reproducibility of temperature sneaments in solid materials
under microwave heating is investigated in thiskvwsing two of the most celebrated
temperature measurement techniques, namely filiar pwbes (FO) and infra red (IR)
sensors. We investigate a number of effects ranfgorg purely technical issues, such
as the use of a glass probe guide, over processatapeparameters, such as the kind
and the volume of the heated sample, to measurerelaéd issues, such as the exact
allocation of the probe in the sample. In this feanthe FO and IR methods are
benchmarked. It was found that when using bare Fbgs not only is their lifetime
reduced but also the reproducibility of the residtsompromised. Using a glass probe
guide greatly assists in precise allocation of fihebe in the sample resulting in more
reproducible temperature measurements. The FO degitglity, though, decreases
with increasing temperature. Besides, contrary daventional heating, the sample
temperature decreases with decreasing sample arads@lume) at constant irradiation
power level confirming the volumetric nature of nowave heating. Furthermore, a
strongly non-uniform temperature field is developedhe reactor despite the use of a
monomode cavity and small amounts of samples. Thesgperature variations

depending on the volume and position can only ligated by FO.

%8 part of this chapter is published in Measuremeigr&e and Technoloddl (2010);
045108
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Chapter 2

2.1 Temperature measurement techniques applied in micrwave
chemistry

Correct temperature measurement of the radiatecrialst is indeed the most
important problem in both monomode and multimoderawave systems. The most
popular temperature measurement techniques usewdionventional heating, such as
infra-red pyrometers, optical fiber thermometrytbermocouple, can be used during
microwave processing with appropriate modificatibheir most important features are
summarized in Table 2.1. It is noted that tempeeatneasurements under microwave
conditions require special attention since the tnmapre measurement device should
not disturb the microwave field, be affected by fledd, or significantly disturb the
thermal distribution within the sample [1].

Using conventional thermocouples is strongly disaged due to interferences
between the electromagnetic field and the metpliabe, which can potentially lead to
sparking. Moreover, Pert at el. [1] placed a therouple into an empty microwave
cavity with 150 W applied power at 2.45 GHz and rfiduthat the thermocouple
indication was 10fC while the ambient temperature was only@6This supports the
fact that the thermocouple itself can be heatedctlir by the microwave field. The
sparking problem can be partially mitigated viae#ding and grounding; the risk can
not be completely avoided, though [2]. Some autippoposed to measure temperature
with conventional thermocouple immediately afteritshing off the magnetron, but
later experiments showed that this method condidietmnderestimated the temperature
measured under microwave radiation [3, 4].

The most popular and widely used method for comtfdhe reaction temperature in
microwave applications is infrared thermometry (IRyvo IR measurement techniques
are commonly used namely, IR sensors built-in mienee ovens and external IR
cameras. Both techniques induce different problaetepending on the particular
application. It has been suggested by Stuerga dhard5[5] that for heterogeneous
solvent-free processes the IR measurement is rebable than other techniques as it is
non-invasive and independent of the thermal pragmemf the probe, i.e. its thermal

capacity and thermal resistance. On the other liahds been reported that using a
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conventional IR sensor is not appropriate if a \argurate comparative study has to be

performed [6, 7].

Radiation Fiber optic thermometer | Thermocouple
pyrometer
Measurement | 44 5 2000 -200-2000 -270-2300
range [°C]
Accuracy +2°C 0.5°C +05-+2°C
Response Very fast Fast/Very fast Very fast
speed
Interference 1 2
with MW field No No ves
Cost High Mid to High Very Low
« Dependent on
the reactor * Interferes
material with the
* Ser'1$it.iv.e to the Probe delicate and ][pilczjrowave
Drawbacks emlss'lwgy sensitive to e
mqgmtu N contamination/degradatio1' Self-heated
e Suitable only ina
for surface microwave
temperature field
measurements

Table 2.1. Comparison of the most popular temperate measurement techniques for
microwave applications*

* References [1, 8]
As long as the probe does not contain metal coating
?In specific cases can be significantly minimized

The IR technique, by nature, allows to measure &aipre only on the surface of
the reaction vessel or on the top surface of tlaetien mixture. This makes the IR
measurement accurate only for very thin sampler&ayehere the surface temperature is
close to the bulk temperature. Another issue WRhsénsors is the need for frequent
recalibration due to their sensitivity to the ammbieconditions and due to the
dependency of the measured temperature on the iatgpeoperties of the reaction
vessel. Aside from IR sensors, Bogdal and Lukasie\8, 9] measured the temperature
of a well-absorbing solid material immersed in avd@bsorbing solvent using a
thermovision camera. Although the solid surface hatigher temperature than the

boiling point of the surrounding solvent, no bajginf the solvent was observed even
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near the surface. Moreover, due to the invert teaipee gradient, the temperature
recorded near the wall was lower than in the biilkhe solvent, although the contrary
would be expected due to the hotter solid surf@bées example shows how critical is to
assure accurate temperature measurements in ordeoid not only quantitatively but

also qualitatively misleading conclusions and teeim the underlying physics of the
process under investigation.

Another temperature measurement method, widely usethicrowave-assisted
chemistry, is the fiber-optics thermometry (FO)isTimethod presents many advantages
compared to IR: 1) The FO measurement is indeperuddehe reaction vessel material,
2) There is no need for recalibration before eagleement and 3) There is possibility
to measure temperature inside the reaction vedsghrous positions. It appears,
therefore, that the FO technique offers a signifidzenprovement. However, using FO
requires that particular attention is paid to sepssitioning in order to avoid damaging
of the probe and to ensure reproducible resultthodigh it is generally accepted that
the application of FO for temperature measuremadeumicrowave irradiation is one
of the best techniques [7, 10, 11], Bogdal et aD][have shown that in viscous
homogeneous reaction media or heterogeneous sotigles the temperature obtained
via FO is only “local” temperature — different thtoe average bulk temperature.

Finally, it should be remarked that even in homagers liquid systems, the
available technologies do not provide the apprd@riaols to measure temperature in
the micrometer scale; the presence of meso/micpisdmt spots is often regarded as
the thermal effect that brings about the significacceleration in reaction rates
observed under microwave heating. Both IR and FQasme temperature at the
macroscale and therefore the so-called meso/migpisdiot spots remain out of the
measurement range. This chapter discusses tempemtasurements in microwave
applications, where solid particles are involved.g(ein gas-solid/liquid-solid
heterogeneous catalytic systems). Uniform heatingptid materials under microwave
conditions is of paramount importance but difficialtachieve. In cases of reactors with
fixed solid (catalytic) particles, high temperatgradients (in 3D) inside the reactor bed
may develop, as opposed to liquid phase reactdrsrenstirring conditions can mitigate
spatial temperature gradients. Therefore, multiptémperature monitoring is crucial.
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Nonetheless, measuring temperature in solid métenieadiated by electromagnetic
waves is not a trivial task as a number of commapplicable techniques are often
impractical due restrictions arising from the desig the microwave applicator (limited
access to the sample), the immunity of the sensdmpassible loss of contact between
the probe and the solids. Finally, the stochastimngetry inside the bed, due to random
packing, results in reactor-microwave field intei@as, which are very difficult, if not
impossible, to predict and has implications in toatrollability and reproducibility of
the temperature field. The reproducibility and aacy of the two most widely used

techniques, FO and IR, was verified experimentally.

2.2 Materials and methods

Experiments were performed in a monomode microvwawan (Discovery — CEM
Company) in 10 ml Pyrex glass vials (emissivity0d®2 [12]) under ambient pressure
and a constant microwave power of 10 W for 40 riitme cooling mode was switched
off during the tests. Although Pyrex is not comglgttransparent for electromagnetic
waves, heating experiments of an empty vial shotied for the microwave power
applied in this study, no significant temperatuse was observed. The temperature was
measured both via the built-in IR sensor of theickeand via an external FO sensor
(FISO Technologies — FOT-L-BA) simultaneously. Ti®er optic sensor used in this
study is a single-point sensor operating based lwm Fabry-Pérot white-light
interferometry technique. The sensor consists of parallel perfectly flat semi-
reflecting mirrors positioned at a certain distafican each other (few nanometers).
The light passing through the first mirror is reflsd back and forward between the
mirrors. At each reflection a fraction of light Isst; therefore, each beam leaving the
interferometer is less intensive. All reflected imsaravel through the optical fiber to a
signal conditioner, where the light is separatecal®x2 coupler. The light sent to the
light source is lost, whereas the rest of the lightlirected and spread over a Fizeau
wedge to reconstruct the interference pattern, hvhgc detected and recorded by a
charge coupled device (CCD). By finding the maximumensity of the interference
pattern related to changes of the optical patredifices (generated by a temperature

change) the temperature value can be calculatddTha temperature measured by the
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FO probe was recorded with a multichannel fibelieogignal conditioner (UMI 4),
whereas the temperature measured by the IR semsoread out from the display of the
microwave oven. The IR sensor used in this studw itypical two-piece infrared
temperature measurement system with separate aledr Since the sensor is an
integral part of the microwave applicator, it wamsidered as optimally configured by
the manufacturer. The sensor operates over thdrgpe8-14um. Depending on the
surface of the reactor used, manual correctiorhefamissivity and transmission over
the range 0.1 to 1.1 may be necessary. These p@man@ave not been adjusted in our
work, though, since the experiments were performiti testing vials delivered by the
manufacturer of the microwave applicator and thhey were considered optimized.
The sensor allows temperature measurements bet&¥%nh and 608C with accuracy
of 1% over the entire range. The optical resolutibrihe used sensor is 10:1 and the
spot size at 0 mm distance is 5 mm. Both sens@d usthis study have been bought
calibrated by the manufacturer.

Two undried catalytic supports, Ce@rO, and AbOs, commonly used for steam
reforming of oxygenated fuels (the reaction underestigation in our project) were
employed for these tests. In each test, 2 g ofstigport was used unless otherwise
stated. The Ce2Zr0Q, support was prepared by precipitation with an ammeolution
(32 wt%) from 0.2 mol solutions of cerium and zimaom nitrates (Aldrich, purity
99% ). After filtration and subsequent washing wite-ionized water and drying at
120°C for 8 h, the hydroxide precursors were cakeid at 680°C for 12 h [14]. The
prepared support was then crushed using a morthpestle and sieved to the desired
fraction. The fraction between 70-12& was used for all tests. The,8% support was
commercially available (Alfa Aesar, purity 99.5%As mentioned above, the
experimental results presented in this work wertiobd with support that was not
dried before use. Some limited experiments witledilumina samples (at 2@ for
several days) were also performed and resulteohed steady-state temperatures (up to
35°C). Since the main aim in this work is to explorgatial temperature non-

uniformities and benchmark FO and IR measureméésyesults with dried alumina
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are not presented here. It is finally noted, thiateats were repeated at least three times

to improve the accuracy of the measured data.

2.3 Experimental

Five series of experiments, described below, weréopmed to elucidate different
effects on temperature measurements under microfwaséng. The most important

findings are summarized rable 2.2.

2.3.1Effect of the probe guide.

The first experiment was performed with a Ge©OZrO, sample. The sample was
weighed and then inserted in the glass testing Via¢ vial was closed with a Teflon
cap. The FO was introduced in the sample (througimall opening in the cap) and
positioned at the center by visual inspection. Aftach test, the vial was removed from
the microwave cavity and put in a sample holderdol down to ambient temperature.
The cooled sample was then removed from the viaigked and placed back in the vial
for the next test. As the FO sensor is more semsitind accurate (0Q), the
temperature measured by the FO probe was noteg &@eseconds during the first 10
minutes of the experiment and then every 1 minutéd the end of the test. Due to the
measuring accuracy of the IR sensor being coaosdy (°C), the temperature readout
from the microwave unit was noted with random freoey, but at least once every 3
minutes.

Figure 2.1 shows that the temperature measuretidbyR sensor is clearly lower
than that measured by FO. Moreover, two tests Wilhgave temperature results that
differ up to 9C. It is not surprising that the IR sensor ensieter reproducibility than
FO, as it is permanently attached to the microwan# and is able of measuring
temperature at a precisely defined spot (i.e. etettterior of the glass vial bottom). On
the other hand, the position of the FO probe in tifferent experiments cannot be

exactly the same as the sensor is flexible andstemtiend.
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Ex Max. Temp. | Max. Temp.
#P ' Sample Effect Major observation recorded by | recorded by
IR [°C] FO [°C]
1 2 g Ce®x-Zro, Without probe guide No reproducible measurements 0o 7 70-80
2 2 g Ce®ZrO, With probe guide Reproducible measurements 65 70
3 2 g ALO, Kind of heated sample The FO .reprodL.JC|b|I|ty deteriorates with 90 140
increasing temperature
The FO recorded temperature depends
on the sample volume
4 0.5 g ALO; Sample volume IR significantly under predicts the 95 110
reactor temperature
IR is relatively insensitive to variations
in the amount of solids
5 2 g CeQZr0, Temperature uniformity Temperature non-uniformity in the axial 62" 63-69
in the axial direction direction
Temperature uniformit The IR sensor consistently
6 2 g AbOs emp - rmity underestimates the actual temperature in 90 128-138
in the axial direction . " o
various positions inside the reactor
Temperature non-uniformity in the
radial direction. Maximum temperature
Temperature uniformity at the center
/ 2 g AKO; in the radial direction Same conclusion for the IR method as in 100 110/140

experiment #6

Table 2.2. Summary of experimental tests

"Depends of the probe position
" Depends of the sensor position
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Figure 2.1. Comparison of temperature profiles obtaed with IR and FO for a 2 g CeG-
ZrO ,sample. The FO recorded temperature is measured dhe vertical centerline at 6 mm
above the bottom of the glass vial. Only the barerpbe without glass protection was inserted
in the sample.

Two additional openings for Fiber optic
introducing extra probes sensor
(probe “A” on the right side _

and probe “B” on the left L

side) { Teflon cap

10ml glass vial

Tested sample

Glass capillary (probe guide)\&Q 6 mm

12,5 mm

Figure 2.2. Schematic view of the 10 ml glass viebntaining 2 g of solid sample with
inserted fibre optic sensor
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Moreover, insertion of the delicate probe in a bédolid particles results in partial
degradation of its material.

To achieve more reproducible results and protecptiobe against breaking the rest
of experiments were performed with the FO probeoghiced into the sample through a
2 mm O.D. capillary made from borosilicate glasgFe 2.2).

This “probe guide” was placed inside the vial icls@ way that the position of the
FO probe could change in the axial direction if desk Although it was possible to
move the sensor inside the glass capillary, thepk@e fitted the capillary tightly
enough to prevent position change during the measemts. To ensure the correct
position, marks were put both on the probe andhenglass capillary. At the desired
probe location, the two marks overlap with eacrentAll subsequent experiments have
been performed with the probe (in the glass caplllsituated 6 mm above the bottom
of the vial unless otherwise stated. This spedifdation of the tip of the FO probe was
chosen such that side effects of the vial wallsnairdmized and the central position of
the probe inside the sample is ensured. It sho@dnbted here that the spatial
temperature measurements in this work refer talisimnce of the tip of the probe from
the bottom of the vial. It is stressed, howevesttthe set of mirrors of the sensor
interferometer is located ~2 mm above the tip efhobe. Figure 2.3 shows that when
a glass probe guide was applied (open symbols)rebeoducibility of temperature
measurements by FO was significantly improved imgarison to results obtained
without the probe guide (open symbols, Figure Atldan be seen that the temperature
profiles with FO in all three runs of Fig.2.3 vially overlap (0.8C margin of error).
Finally, it was observed that application of a mrgtrotection greatly increases the
lifetime of the FO probe.

2.3.2Effect of the heated sample

The CeQ-ZrO, is not a good microwave energy absorber. Thergfiirevas
decided to also perform another set of experimefiitsa different material. The aim of
changing the test material was to investigate wdreifs ability to absorb microwave
energy has any influence on the reproducibilityhef temperature measurements. From

a wide pallet of different catalytic supports faha&nol steam reforming AD; was
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chosen. Although AD; is described in the literature as a low microwareergy
absorber, it has been concluded experimentally ithata much better absorber than
CeO-ZrO,.

] ': A.}

:

o gat2®

= IR-RUN_1
& IR-RUN_2
4 IR-RUN_3
FO-RUN_1
FO-RUN_2
FO-RUN_3

TI'C]

0
L} T T L} T T L} l T l T l T
0 4 8 12 16 20 24 28 32 36 40
t [min]

Figure 2.3. Comparison of temperature profiles obtaed with IR and FO for a 2 g CeG-
ZrO ,sample. The FO recorded temperature is measured dhe vertical centerline at 6 mm
above the bottom of the glass vial. Now the FO prabis placed in a glass probe.

Figure 2.4 shows that the measurement reprodugibdi three samples tested in
sequence was’6 for both the FO and IR sensor at steady statis. &for is almost the
same as that obtained with IR at the low tempegagwperiments when testing CeO
ZrO,but ~1 order of magnitude higher than that obtamwéd FO in case of CeflZrO,
(5°C vs. 0.5C). Therefore, it is concluded that the reproduitjowith the FO method
deteriorates with increasing temperature (bettewomiave absorbers). Besides, figure
2.4 shows that the temperature recorded with thadfhod is ~45-5 lower than that
with the more reliable FO method at steady stabés $hould be contrasted to <C0
difference in Figure 2.3 displaying experimentshwiteQ-ZrO, at a lower temperature
level and manifests an increasing discrepancy kmiwthe two methods as the
temperature level increases. It is remarked heaethie Discover system is tailor made
for organic synthesis with solvents under magnstiting conditions. Therefore, it can
be expected that since the solid particles in oarkware not stirred, discrepancies

between the temperature readings of the FO antRtlsensor will occur. However, in a

33



Chapter 2

fixed bed reactor, as the one we study, the catadypport is inherently static and thus
the same issue will actually be present in othpesyof commercial monomode and
multimode microwave cavities as well. To this eitds one of the targets of this work
to identify the problem and quantify the discrepascbetween the actual internal

temperature measurements with the optical fiberd #re output of the infrared

thermometer.
10 T T T 1T T 11 ]
140 1| dnpocoendenarensnananoaokonohon
120 1—o
100 : dbpbbd bbb
O g1 0“‘*“““‘“““‘“‘“'[‘ T
- 1 .4 FO - RUN1
60 —:‘ FO - RUN2
] FO - RUN3
40 1 # IR-RUN1
20 A IR-RUNZ
i m IR-RUN3
0 T T T T L) T T l L) l T l T
0 4 8§ 12 16 20 24 28 32 36 40
t [min]

Figure 2.4. Comparison of temperature profiles obtaed with IR and FO for a 2 g ALO;
sample. The FO recorded temperature is measured dhe vertical centerline at 6 mm above

the bottom of the glass vial.

2.3.3Effect of the sample volume

Due to AbO; having a lower volumetric density than GeXd0, a larger volume of
Al,Os is irradiated when using equal mass samples, astheacase in the previous
section. This difference may affect the sample &mre since microwave energy
provides volumetric heating [15, 16]. Thereforeotlier set of experiments was
performed using IR and FO with a smaller amounfigD; sample (0.5 g) in order to
keep the volume equal to that of 2 g of G&tPO,. Figure 2.5 presents the sample
temperature measured by IR and FO as a functidimeffor the two supports. Several
interesting conclusions are obtained: 1) The teatpee measured by the FO probe is
significantly lower (by ~3fC) in the 0.5 g sample than in the Brgethus confirming
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the volumetric character of microwave heating. fkemnore the CEM Discover has an
electric field maximum at the highest part of thalyvwhich may result in a more
effective interaction between the electromagnegidfand the sample as the sample
volume increases. It should be underscored hetantttanventional heating the reverse
effect is expected; application of equal amounjpoiver to a smaller sample would
increaseits temperature as the total heat capacity decse@3eSame as in section 3.2,
the IR sensor predicts significantly lower temperas (~36C) compared to the FO
method and 3) The IR is relatively insensitive toiations in the amount of solids; the
temperature registered by IR in case of the 0.&ngpée is only 5-7TC lower than that of
the 2 g sample (Figure 2.5). Physically counteriiv notwithstanding, it is actually
not surprising if one bears in mind that the IRssgractually measures temperature at

the exterior of the vial glass bottom rather thathie sample itself.

160
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4z 4 IR-RUH1_0.5g
40 & IR-RUH 2 _0.5g
k A IR_RUH 3_0.5g
20 S FO-RUN 2050
A 2 FO -RUH 3_0.45q,
0 L) ) L) L) L) L)
0 4 8 12 16 20 24 28 32 36 40
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Figure 2.5. Comparison of temperature profiles obtaed with IR and FO for0.5gand 2 g
Al,O3; samples. The FO recorded temperature is measuredh ¢he vertical centerline at 6
mm above the bottom of the glass vial.

2.3.4 Effect of the vertical (axial) position

To evaluate temperature uniformity a set of experita was performed in which
the position of the FO probe varies along the galtcenterline. At the beginning of

each run the FO sensor is located 10 mm abovedatienb of the vial. After 30 min of
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irradiation, when the sample temperature reacleslgtstate, the position of the probe
is lowered by 2 mm (i.e. a position located 8 mnowabthe glass bottom). As the
response time of the FO is relatively short, the temperature was measured within a
few seconds and, subsequently, a new steady stagetature was reached. After one
minute, the position of the sensor was changedagaihe next position situated 2 mm
below the previous one. This procedure was repeateil the sensor was situated
exactly at the bottom of the vial. At the end o #xperiment, after the sensor had been
located on the bottom of the vial for 1 min, thesiion was changed back to the first
position of 10 mm.

Figure 2.6 shows the results of this experimentate@dure in terms of temperature
vs. time in the event of Ce&rO, support using an FO probe and an IR sensor. The
inset in Fig. 6 is a zoom-out of the upper left v of the graph and is meant to
present clearly the temperature variation as ttstipn of the FO probe changes. An

ascending temperature trend is observed as theréi pnoves deeper in the sample

and a maximumAT of 6°C is found along the vertical axis; thid§T is not negligible
considering that it characterizes a very short sartgmgth of 1 cm and is ~10% of the
absolute temperature recorded (%8P It is also surprising that at the 0 mm position
(the sensor touches the glass wall from the indige)Yemperature measured by the FO
probe, on the inside wall of the vial, is quite lieég than the temperature measured on
the outside, by the IR sensor {&6difference). Albeit the temperature measuredhen t
inside should be higher than outside due to theerintemperature gradient in
microwave heating, such a large difference wasenpected after 35 min of radiation
when the temperature profile had already reacheatigtstate.

Figure 2.7 is the counterpart of Fig. 2.6 in theecaf ALO;. Unlike CeQ-ZrO,, a
descending temperature trend is now observed guthie moves deeper in the sample.
The maximum temperature difference along the hegghthe sample is now ~30.
Despite the decrease, the temperature measurdteldyQ probe on the internal glass
wall of the vial bottom is ~3& higher than the temperature measured at the Sarmae
by the IR sensor on the outside of the vial. Thikedaome message from this
experimental parametric study with respect to thiald&O probe position is twofold: 1)

the temperature field obtained when irradiatingressnall amounts of solid particles in
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monomode cavities ison-uniform Multiple-coordinate measurement is needful to map
out the reactor temperature. 2) The IR sensor stamgly underestimates the actual
temperature in various positions inside the readibe modeler and the experimentalist

should be rather circumspect in accepting the Ifpwuas a representative reactor

temperature.
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Figure 2.6. Comparison of temperature profiles obtaed with IR and FO for a 2 g CeQ-
ZrO ,sample. The FO recorded temperature is measured dhe vertical centerline of glass
vial at 10 mm above the bottom of the glass vial.iE inset shows the temperature
distribution along the vertical centerline at stead state.

2.3.5Effect of the horizontal (radial) position

In this section, we investigate temperature vamain the horizontal plane (radial
direction). Temperature was measured with thregpFbes inside the sample of 2.5 g
crushed AJO; pellets. Three fiber optic probes were introduiced the tested sample,
via glass capillaries, in three positions beingtlom left side near the vial wall, in the
middle (as in the previous experiments), and orritite side near the vial wall (Figure
2.2). All probes measure temperature simultaneomslthe same horizontal plane at 6
mm above the bottom of the vial. The temperaturasued by IR, on the outside wall
of the bottom of the vial, has been recorded as& wel

Figure 2.8 presents the horizontal temperatureiloligion, as recorded by FO, as

well as the IR indication vs. time. The probe ogr tight side is designated as "FO-
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Right" the probe in the middle as "FO-Center" ane probe on the left side as "FO-
Left". The highest temperature is reached at teeceof the sample (Figure 2.8). This
is not surprising given that the cavity is desigsedh that the maximum electric field
strength occurs at the center. The two side prebews almost the same temperature at
steady-state (nearly symmetrical profile), which-#C lower than that in the middle.
Moreover, the IR indications (solid square symbalg always quite lower than the FO
indications. All in all, the findings here confirthe conclusions of the previous section,
which are the presence of temperature non-unifgrmit only in the axial but also in
the radial direction as well as the inability oBtlR method to yield reliable reactor

temperature indications.
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Figure 2.7. Comparison of temperature profiles obtaed with IR and FO for a 2 g ALO3
sample. The FO recorded temperature is measured dhe vertical centerline of the glass
vial at 10 mm above the bottom of the glass vial.HE inset shows the temperature
distribution along the vertical centerline at stead state.
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Figure 2.8. Horizontal temperature distribution profiles obtained with FO inside a 2.5 g
Al,O3; sample at 6 mm above the bottom of the glass vidlhe black square dots denote the
IR temperature indication.

2.3.6Effect of metal concentration on catalyst heating

To investigate the ability of catalyst to be hedbgdnicrowave radiation, a number
of experiments was performed with different catalgemposition. Four types of
catalyst have been investigated - Rh/g&@D,, Rh/AlLOs;, Ni/CeQ-ZrO, and Ni/ALO;
in the context of this research.

In most cases, higher temperature was observethéocatalyst with higher metal
concentration. For instance, the Rh/G&D0, catalyst containing 4.2% Rh was able to
reach very high temperatures (up to 260°C) in atiradly short time (~4 min), whereas
for the same time period, a sample containing 2%ré&icthed up to 126 only.
Furthermore, the temperature attained by the patalytic support was almost three
times lower (~60°C) (Figure 2.9). The effect is m@ronounced with the CgdrO,
support than with the AD; support, where the maximum temperature reacheduwas
to ~160°C at steady state conditions for 5% RhitaaéFigure 2.10).
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Figure 2.9. Effect of metal concentration and partile size on temperature during

microwave irradiation of Rh/CeO,-ZrO , catalysts
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Figure 2.11. Effect of metal concentration and paitle size on temperature during
microwave irradiation of Ni/CeO,-ZrO , catalysts

Further, nickel-based catalysts demonstrate simibahaviour. For instance,
Ni/CeQ,-ZrO, with 15% and 10% Ni loading reach very high tempaes (~240°C)
after a short irradiation time, whereas low Ni lmad(5%) results in significantly lower
temperatures (<12Q) (Figure 2.11).

When the Ni/AjO; catalyst was examined, it was discovered thatehalbes
different than the other examined catalysts (Figiide?). More specifically, when the
temperature profiles for the Ni-catalyst are coredaamong each other, the trend is the
same as for Ni/Ce£ZrO, and both Rh catalysts, that is, increasing metatentration
results in higher temperature. However, in compario the alumina support only
(Figure 2.12), the temperatures attained with tHINO; catalysts are significantly
lower. Moreover, although the maximum concentratdrNi on ALO; support is as
high as for the Ce£ZrO, based catalyst and three times higher (up to 158#) the Rh
catalysts, the temperature obtained for NiAlis much lower (68C for 15%Ni)
(Figure 2.12). In addition, not only are the reatbtemperatures much lower compared

to the Rh-catalyst, but the influence of metal @rtation on the attained temperature
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is also much weaker. The results for,@J and Ni-impregnated AD; seem to be

contradicting.

2.3.7Effect of catalyst particles size on catalyst heatg

Another parameter that has been investigated isnfieence of catalyst particle
size on temperature. To investigate this effechezatalyst has been prepared in two
different particles sizes — below 1328 and between 300-4@B. Experiments have
demonstrated that whether bigger particles areclleabre efficiently than smaller ones,
or vice versa, is strongly dependent on the typecatalyst and on the metal
concentration in the catalytic support. In the casthe CeG-ZrO, catalyst, significant
temperature differences between each granulatiogerare noted (Figure 2.9 and
Figure 2.11). On the contrary, the effect is nabligsmall with the A}O; catalyst
(Figure 2.12).
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Figure 2.12. Effect of metal concentration and paitle size on temperature during
microwave irradiation of Ni/Al ;O3 catalysts

With respect to the type of the doped metal, it banseen that in the case of Ni

catalyst, smaller particles are heated more rapighereas in the case of Rh catalyst,

42



Temperature measurements of solid materials in noiaave applications

the trend is opposite. It must be noticed thataréigss of the observed trend, the
temperature differences between smaller and bigg#dicles of the same catalyst are
more pronounced for catalysts with higher metakentration and are hardly visible for

low or no metal loading.

2.3.8Conclusions

Two of the most celebrated temperature measureteehniques (i.e. fiber optic
probes (FO) and infra red (IR) sensors) have bemmchmarked in the context of
microwave heating of solid particles (CerO,and ALO;particles) with a number of
important applications in heterogeneous catalysigas found that when using bare FO
probes their lifetime is reduced and the reprodligibof the results compromised.
Using a glass probe guide greatly assists in pguisitioning of the probe and thus in
obtaining reproducible temperature measuremente. H@ reproducibility, though,
decreases with increasing temperature level. Bgsiintrary to conventional heating,
the sample temperature decreases with decreasmglesamass (and volume) at
constant irradiation power level confirming thewwoletric nature of microwave heating.
This temperature change can be detected by an & pmmersed in the sample; on
the other hand, IR remains nearly insensitive,tatiit actually measures temperature at
the exterior of the vial glass wall. Furthermoiigngicant temperature non-uniformities
were found by using FO in both the axial and radiatction despite the use of a
monomode cavity and the small amount of samplesedesThis indicates that
temperature measurements at multiple coordinates raguisite to obtain the
temperature map in the reactor. Once again, IR wveble to capture these spatial
variations and consistently underestimated the teraperature in various positions in
the reactor.

With respect to the effect of metal loading, higtesnperatures are observed for the
catalyst with higher metal concentration. Howevet, every catalyst is as easily heated
under microwave conditions. An example is the NiAlcatalyst. In this case, not only
are the reached temperatures are much lower thaRhfaatalyst, but the influence of

metal concentration on the attained temperatuatsss much weaker.
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Experiments have demonstrated that the catalysicigasize plays a significant
role in the microwave heating process. The obseeféett depends on the type of
catalyst and metal loading. The GeD¥O, catalyst demonstrates a stronger effect than
the ALOs-based catalyst, which becomes more pronounced High metal
concentrations. The effect seems to be governethdéyype of metal; however, the
available data are not sufficient to draw conclosioAt present, no consistent

explanation can be given for the effect of gramesin temperature.
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Microwaves and heterogeneous
catalysis

The effects and interactions of microwaves irradiatwith gas-solid catalytic
reaction systems have been presented. The appticati microwave heating in
heterogeneous catalytic reaction systems has bmdawed. The experimental and
numerical approaches have been shown. Temperaegasunng methods applicable for
the microwave dielectric heating of solid particless been discussed. The temperature
distributions of the solid particles bed have bem@mmined in order to perceive

existence of the thermal gradients when the catdbgd is exposed to microwaves.

" The part of this chapter is published in Chemigrajineering Technology 2009, 32,
No.9, 1301-1312
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3.1 Application of the microwaves to heterogeneous gaslid
catalysis

The concept of using microwave energy as an aaiivaource for heterogeneous
catalytic reactions has been studied since eaglgties. For many chemical reactions
significant improvements of conversion and/or sildy and a reduction of reaction
time have been report¢tt-5].

One of the first groups who applied microwave ewpefgy gas—solid chemical
reactions was the group of Wan. loffe, Pollingtord aVan[6] studied the catalytic
conversion of methane to acetylene over activatatban. Higher selectivity to
acetylene was observed compared to the conventlwsing. It was postulated that
non-uniform temperature conditions inside the gditabed could be present, especially
when the catalyst consisted of randomly orientedigd@s or pellets. This temperature
gradient may have been responsible for the obsdmngdselectivity for acetylene.

The group of Wan also reported on other microwassisted catalytic reactions
including decomposition of olefifg], decomposition of organic halides over alumina-
supported iron oxide catalyf8], synthesis of cyanidf9], synthesis of methane from
carbon dioxide and water over nickel cataljdd, 11, methane decomposition tg, C
and G hydrocarbons [6, 12, 13], production of acetyleizethe reactions of carbon and
water [10, 14] or oxidation of hydrocarbons by waf20, 12]. However, lack of
information about applied temperature measurenmestiniques and the fact that the
results in the microwave system were compared Witrature data only create
difficulties in evaluation of the obtained results.

To investigate the influence of microwave irradiation gas-solid catalysis
Whittaker and Mingo§l5] performed simple experiments to synthesize a rafgeetal
chlorides, oxochlorides, bromides and nitrides lnpal combination of metals with
gases. However, similarly to the studies of Wan aeodiorkers no experiments with
conventional heating were performed.

Zhanget al.[16] studied the catalytic reduction of sulfur dioxidéh methane to
form carbon dioxide and sulfur over Mgl ,0; catalysts. A higher conversion of §O

and CH was claimed when microwave heating was appliece &bnversion under
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electromagnetic field was as high as the one obdainith the conventional heating at

temperatures around 200 K higher (Figure 3.1).
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Figure 3.1. SQ and CH, conversion as a function of temperature over catast MC-2
(Reprinted from Appl. Catal. B: Environ, X. Zhang, D. O. Hayward, C. Lee, D. M. P.
Mingos,, Microwave assisted catalytic reduction o$ulfur dioxide with methane over MoS2
catalysts ,137-148, Copyright (2001), with permigsin from Elsevier)

Zhang, Hayward and Mingofl7] investigated the decomposition of hydrogen
sulphide. When the reaction was carried out witmventional heating the results
obtained were in very good agreement with the dxiiln data. When the microwave
heating was applied the conversion gfSHvas twice the one obtained in the previous
experiment at the same temperature.

Microwave irradiation was also studied in the raducof SGQ and NQ. The first
study was published by T$&2] in 1990. The reaction was performed in a microwave
pulsed reactor with a Ni-based catalyst. Significdecrease of the S@oncentration
and production of @were observed. Another work in this field was jpsled by Cha
[18] who investigated the NOand SQ decomposition in a char-bed reactor. A
significant reduction of SPand NQ concentrations was observed when microwave
power was applied.

Another approach to the N@eduction was presented by Cha and Kong in their
work on microwave—enhanced adsorption and reactinocarbon-based adsorbefits,

20]. Investigation of the decomposition of N@ N, over a coal-based adsorbent
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showed that by applying microwave energy,Nfan be easily reduced. Moreover, the
regeneration of the adsorbent under microwave tiondi increases the adsorption
capacity and rate of NQOadsorption in the subsequent adsorption cycle.n@hand
Wang[21, 23 used ZSM-5 zeolite based catalysts for the rednaf NO with methane.
It was demonstrated that microwave irradiation ificemtly increased the reduction of
NO. Under conventional heating some catalysts sdaveeconversion of NO and GH
even at high temperature, while under the microwas@ting conversion around 35%
was observed.

Roussyet al.[23, 24 who studied the oxidative coupling of methane regabthat
the G selectivity was much higher under the microwavadiation than conventional
heating especially at low conversions (0-40 %). Theselectivity under microwave
irradiation was almost constant (60 %) within thhole reaction temperature range
investigated (550-75€C) while for the conventional heated process thectgity was
systematically increasing with increasing reacttemperature, to achieve 60 % at
700°C.

Zhang et al]25 who investigated the same reaction as Rowswl[23, 24
discovered that when methane was converted to higydrocarbons in the absence of
oxygen, the microwave radiation had significaneeffon the achieved conversion and
selectivity. The effect was explained by arcing atasma formation. However, when
reaction was carried out in the presence of oxygemicrowave effect was observed.

Marun, Conde and Suiét al. [26, 27 investigated oligomerization of methane to
higher hydrocarbons over nickel powder, iron powaled activated carbon catalysts in
the presence of helium. Selectivity and produdrithistion of G's were investigated as
a function of applied power, microwave frequency arsed catalyst. However, the
results from microwave experiments were compardtherewith literature data nor
with the results from conventionally heated system.

Perry et al. [28, 29] studied CO oxidation over Pt and yPAl,O; catalysts in a
dedicated microwave system. A higher rate was @bsgewhen microwave heating was
applied. However, the authors concluded that theenked effect was related more to
inaccurate temperature measurements than to thewmaice irradiation. Furthermore,

the theoretical analysis on possible hot-spot fdienashowed that local overheating of
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the catalyst active sites is in a range of mageitl@'% which is far below detection
limit of any temperature measuring technique.

The CO oxidation reaction was investigated alsdShyerwoodet al. [30, 31]. A
comparison study between the conventional and tlwomave system showed no
significant difference in conversion.

Seyfriedet al.[32], Thiebautet al[33], Roussyet al.[34] studied the isomerization
reaction of 2-methylpentane over P#®} catalyst under the microwave and
conventional heating. Higher conversion of reactamas observed when the reaction
was carried out in the presence of electromagffiefit. Also, an increased selectivity
of isomers, by factor 2, was reported. Howeves #ifect was only observed when the
thermal treatment of catalyst was also carriedwnder the microwave conditions. It
was suggested that the higher selectivity was chilgea different distribution of
platinum particles on catalytic support. The sind @erhaps also the shape and nature
of the active sites can vary when the catalyshérally treated under the microwave
conditions. Another hypothesis given by Seyfriedswihat irradiated particles of
platinum could be less positively charged, therelgling to higher isomer selectivity.

A similar approach of using the microwave irradiatifor the activation of
heterogeneously catalyzed reactions and for theapagion of the catalyst was followed
by Liu et al. [35] in oxidation of o-xylene over the,®@s/SiO catalyst and in oxidation
of toluene over the MDOs/TiO, catalyst [43]. Higher conversions and yields were
observed when the reactions were carried out calysi$ prepared under microwave
conditions. A more homogeneous dispersion gdMparticles on the catalytic support
and superheating of ;@s molecules were postulated as explanation for theewved
results.

Bond et al. [36] investigated the effect of microwave heatmry the reaction of
propan-2-ol over carbon (charcoal and graphite)pstipd catalysts. A lower
temperature of reaction (up to 200 K differenceswaeded when the reaction was
carried out under microwave conditions. This deseeaf required temperature was
independent of the catalyst used.

Bond et al. [37] and Cheret al. [38, 39] studied oxidative coupling of methane
under conventional and microwave conditions. Besearch groups concluded that the
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process under the microwave conditions could beerhout at temperatures about 200-
400K lower than with the conventional heating watloduct selectivity remaining at the
same level.

Will et al. [40, 41] investigated LaCopLaMnO; and LaSr,,MnO; catalysts in
terms of their activity under microwave and claakiteating for oxidation of propane.
To minimize temperature differences between thalgstt surface and the catalyst bed,
the reactor was thermally isolated. Very smallatiéhces in conversion and selectivity
were observed between experiments under the mieasad classical conditions.

Contrary to the above, Beckees al. [42] showed that propane oxidation was
greatly enhanced by microwave irradiation. On ttag g 8ry ;MnO; catalyst the same
conversion was reached at temperature circd@fver when microwave heating was
applied.

Cooney and Xi [43] studied also the production thifylene and propylene from
ethane, propane and n-butane on silicon carbide fired-bed reactor . However, all
experiments were performed under microwave comditiand no comparison with
classical heating was presented.

The hydrogen cyanide (HCN) synthesis via two coitiget routes was
investigated by Koctet al. [44]. The first approach was synthesis of HCN from
ammonia over solid carbon. The second investigagstttion was the reaction of
ammonia and methane over P#@{ catalyst. In both cases the selectivity to HCN was
close to 95% which was slightly higher than for tenventional process. Observed
higher selectivity was explained by existence tiermal gradient between the surface
of the catalyst, at higher temperature, and thepbase at lower temperature.

One of the recent investigations on microwave apfithn for heterogeneous gas-
solid system was performed by Sinev [45]. This carafive study on dehydrogenation
of ethane over vanadium-based catalysts under otiomal and microwave heating
showed that depending on the composition of thelystt different conclusions
regarding influence of microwave irradiation coldd drawn. It was shown that for
some catalysts the conversion of ethane was nettaff by the application of dielectric
heating. For other catalysts the conversion ofrethander the microwave heating was
higher than for conventional heating. It was albsayved that the increased conversion
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was affected by the phase transition of catalystisich occurred only when the

microwave heating was applied.

3.1.1Microwave-assisted catalytic hydrogen production

Another group of research works constitutes ingasitbn of microwave irradiation
on heterogeneous catalysis for hydrogen or symthgais production. This field of
microwave-assisted catalysis is far less documeintedliterature and hasn’t received
much attention so far. However, growing interesthia hydrogen production and the
great number of reports describing potential of roM@ve energy application to
chemical reactions attracts more and more atteffion research groups.

One of the first groups investigating microwaveistesl hydrogen production was
group of Cooney and Xi [46] who in 1996 studied tezomposition of methane and
methane steam reforming. Although, methane decoitigogeaction was not very
successful since obtained conversions were verydod the production of hydrogen
sharply decreased with reaction time, these exmmtsnshowed great potential of
microwaves as an alternative source of heat for¢laetion. Contrary to the methane
decomposition reaction, in the steam reforming tteacobtained methane conversion
was very high and remained stable over the reatitioe. Moreover, the results clearly
showed that higher conversion of methane was aetli@hen microwave heating was
applied. It was reported that the temperature efdbnventional process had to be 30-
50K higher than under microwave conditions to peelthe same methane conversion.
Although in this research work the thermocouplesanesed to measure the temperature
of the catalytic bed authors were aware of the iptesinteraction of the thermocouple
with the electro-magnetic field and certain modifions of the thermocouple were
applied to minimize undesired effect. Despite dféfort the researchers could not find
explanation of observed effect and admitted thaicexnechanism for the microwave
effects is not known.

The oxidation of methane to hydrogen under micravasonditions was
investigated by Bi and coworkers [47] in 1999. Thaction was examined with Ni and
Co catalyst on Zr@and LaO; supports. Results from microwave and conventional

heating were compared in terms of methane converan selectivity to the reaction
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products (H, CO, CQ). For all catalysts higher conversion of methane &igher
selectivity to hydrogen were observed when micravaewer was applied. It was also
observed that at the same conversion the temperatiirthe catalytic bed under
microwave conditions was around 200K lower thantfa conventional heating. As a
possible explanation of the observed results Biylated the existence of the hot-spots
inside the catalytic bed. Although the authors wseasitive to correct temperature
measurements of the catalytic bed and selectedfaared pyrometer as a more reliable
temperature measuring technique, the accuracy esiedt in a conventional electric
furnace. Secondly, this technique by nature dodeat@ws for verifying temperature
across the catalytic bed and therefore it is radfifécult to evaluate stated hypothesis of
hot-spot formation. Moreover, the temperature of thotential hot-spots was not
determined.

The formation of hot spot was claimed to be a meidma responsible for observed
improvement in a reaction of a carbon dioxide nefiog of methane investigated by
Zhanget al. [48]. The extensive, parametric study showed tloaversion of the feed
was significantly higher, exciding the thermodynarequilibrium conversion, when
microwave energy was applied (Figure 3.2). Howelteis seen that at temperatures
around 808C the conversions of GGnd MeOH eventually cross and they are in good
agreement with equilibrium data. This phenomenaticates that temperature of the
catalytic bed could be not adequately measured.

Another research group investigating microwavesasdi hydrogen production is
group of Menendez. In their work the methane deasitipn over activated carbon
under two heating modes — electric and microwa\atihg - was examined [49]. The
experimental results reveal that the methane cgiorerobtained under microwave
heated experiments is significantly higher at tegibning of the process and decreases
in time to eventually drop below the methanol cosian obtained for electrically
heated process after 100min of experiment. Basetth@mxperimental data and visual
observation (small sparks were observed during aniave heating experiment) the
authors claimed that microwave heating gives ris@igher conversions than electric

heating due to the formation of hot spots inside ¢atalyst bed, which favors GH
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decomposition but at the same time decreases tgcti¥ithe catalyst and favorable

carbon deposit formation effecting in reducing aogiy of the catalytic bed.
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Figure 3.2. CO2 (a) and (b) CH4 conversions as arfation of temperature over catalyst
Ptd(8%)/Ce02(20%)/g-Al203. (Reprinted from Xunli Zhang, Carbon Dioxide Reforming
of Methane with Pt Catalysts Using Microwave Dieleric Heating. Catal. Lett., 2003. 88(3):
p. 129-139. Copyright © 2003, Springer Netherlandsyith permission from Springer)
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In other work of aforementioned research group dwenparative study of
conventional and microwave-assisted pyrolysis g®jvell as dry and steam reforming
of glycerol over activated carbon was conducted.[®he conversion of glycerol and
gas products distribution was examined not onihwitspect to heating mode but also
taking into account different process parameteilse loperation temperature or
steam/glycerol ratio. The results proof that refgssl of the glycerol converting
process, the microwave-assisted reactions pronmgiehconversions of glycerol to gas
products and elevated content of synthesis gas amdpto conventional heating
processes. Unfortunately the authors of this resedid not propose any explanation of
observed enhancements.

The group of Menendez and co-workers also condueedarch on microwave-
assisted dry reforming of methane using an activatarbon as a catalyst and
microwave receptor [52]. It was found that conwamsof both reagents, G@nd CH,
is up to 40% higher under microwave heating tharréaction carried out at the same
conditions but with application of an electric faoe. Similar to their previous work
authors propose micro-plasma arcing (hot-spot ftiompas a mechanism responsible
for observed effect. The parametric study showed thr temperatures below 6@
and surprisingly above 800D conversion of the feed sharply decreases. The
phenomenon was explained by graphitic carbon faomadriginating from methane
decomposition which is favourable at temperatur@val®00C. The authors suggested
that microwave radiation acts on the mixture ofegaand contribute to the formation of
carbon deposit since the effect was negligibleelectrically heated reactor. However,
this hypothesis is not well supported taking inte@unt that temperature measurement
was conducted by an infrared pyrometer aiming tivéase of the reactor wall, what as
proposed in other work of the group [53]might rieene doubts.

The hot-spot formation hypothesis was abandoneBdyy [54] in his research on
microwave heated methanol steam reforming on Cu/Za@lyst. The experimental
study on the reaction kinetic showed no signifiadifferences in kinetic expression for
two heating modes — electric and microwave. Howeverwas found that the
microwave-enhanced methanol reforming could beiedhrout at temperature around
20K lower than in the conventional equivalent maiming similar kinetics for both
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processes. The theoretical study revealed that whercatalytic bed is exposed to
microwave irradiation the spatial temperature grati are mitigated resulting in better
performance of the reaction and less heat is requo maintain the process.

Different explanation was proposed by Zhat@l. [55] in research on microwave-
modified Cu/ZnO/AJO; catalyst for methanol steam reforming. It was fbuhat the
microwave-irradiated catalyst delivered much higHgand lower CO production rates
than the conventionally produced sample despiténitpeer specific surface area of the
latter.

Similar system was investigated by Chenh al. who recently investigated a
methanol steam reforming reaction on Cu/Zn@MAl catalyst [56]. Contrary to the
work of Zhang this research was more focus onéhetion performances and influence
of the microwave irradiation on MeOH conversiontéasl of the catalyst morphology.
Although the results clearly show that obtaininghhMeOH conversion is possible they
were compared only with thermodynamic data andefoee it is impossible to evaluate
them in terms of microwave effects. However, toiorslize observed results the
authors proposed that obtaining of the high MeOHveeosion was possible due to the
fact that both, the catalyst and the reagents,gamel microwave receptors allowing
triggering reaction in short time. An examinatiohtlbe surface characteristics of the
catalyst before and after reaction indicated thatrhicrowave irradiation is unable to
significantly change property of the catalyst.

Chen and co-workers carried out also a researck arohydrogen generation from
a catalytic water gas shift reaction under microsvarwradiation [57]. The research
demonstrated that the microwave energy can be ssittly implemented to WGSR
resulting in CO conversions being higher than invemtionally heated reactor.

Moreover, as the results reveal, application of rovi@ve energy effects in
constantly decreasing concentration of CO with éase of the reaction temperature
what was found to be contrary to thermodynamicaigland experimental results for
electric heating mode (Figure 3.3). The authorgestgd, similar to the aforementioned
research work, that this microwave promoted effagses from that microwaves can be

efficiently absorbed by catalyst and water, cre@phbpetter reaction environment.
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Figure 3.3 Distributions of volumetric concentrations of CO, CO2 and H2 with (a)
conventional heating and (b) microwave heating. Rejmted with permission (Wei-Hsin
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microwave irradiation, International Journal of Hyd rogen Energy A.B. Yu Elsevier
September 2008)
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3.2 Modeling approaches in microwave-assisted heterogeaus
catalysis.

Gas-solid catalysis presents a complex system. 3ystem models require
simultaneous solving of heat and mass balances. sjeeem becomes even more
difficult to describe when the microwave heatingapplied. While the mass balances
remain the same for conventional and microwaveliated systems, the description of
thermal energy delivered by the microwave and péged inside the system requires
solving of Maxwell equations and Fourier's Law. ktiwave irradiation has been
applied for chemical processes for more than 2@sydtowever, due to the complicated
nature of the interactions of electromagnetic wawth the irradiated material and
problems with measuring of the temperature andetbetromagnetic field distribution
without changing them by the measurement procetiseH, the modeling approaches
are often simplified. The distribution of electrogm&tic fields in space and time
governed by Maxwell's equations is simplified bysuaming plane waves that are
exponentially dumped when penetrating material (hartis Law) [58]. Another
approach is via solving the heat generation equdkaq.1.10 or 1.13) together with heat
transfer equations.

The possible hot-spot formation during the microevaeating was investigated by
Perryet al [29, 54]. Temperature differences between medaligges — (Pd, Pt) and a
catalytic support —(ADs) were simulated as a function of particle diamefesteady-
state energy balance describing the power absdrpele porous particle and the heat
losses only to the gas-phase were assumed. Thelatalt temperature differences
appeared negligible: 1.6x18K for 1 nm particles and 1.1xTBK for 100 nm particles,
respectively. The numerical results were in a gamteement with performed
experiments.

Zhang et al. [59-61] investigated behaviour of Mg8&l,0; catalyst under the
microwave conditions. The research work was camwigdat two scales; the macro-scale
where a temperature of the catalytic bed was ifyestd as a function of the applied
power and the metal content, and in the micro-sadiere the temperature difference
between the active sites and the support was nemlielh the macro-scale a clear

preferential heating of the Mg8anoparticles was documented.
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Following the procedure proposed by Perry, Zhangopmed calculations of
temperature differences between the MafBnoparticles and the A&; support. It
appeared that metal particles were only 8%Khotter than the alumina support. The
calculations showed therefore that the existencéhefhot-spots could be excluded.
However, opposite conclusions could be drawn frbengerformed experiments.

A numerical approach to the microwave-heated fagidibed reactor was presented
by Roussyet al. [62] and Thomas and Faucher [63]. The modellingkwaerformed by
Roussyet al. showed no significant temperature gradients betvileemgas and the solid
phases despite the direct interaction of the mien@venergy with the solid phase. In
contrast to Roussgt al, Thomas calculated that the temperature of thel siase
could be 30-40K higher than the temperature ofgh® phase. However, Thomas and
Faucher assumed the homogeneity of the electrortiadiedd, which in fact is not true
as pointed out by Roussy al

Thomas [64] investigated the heating of a catahedtet as a function of metal
particle size and the frequency of the applied aviave irradiation. The model
assumed all metal particles to be spherical, higblyductive and completely separated
from each other. Temperature gradients within giggarwere assumed negligible. The
numerical solution of the energy balance equatltowed that for 10 nm patrticles the
temperature difference between the nanoparticlete@dsupport was about 0.1 K. For
particles bigger than 30 nm the effect was mor@@uaced and strongly dependent on
the frequency of the electromagnetic field (Fig. 5)

Thomas and Faucher [63] estimated also the temperdifferences between the
catalyst particles and the gas phase in a packéddsrtor. The numerical solution
showed no significant temperature differences betwhe pellets and the gas. These
results were confirmed by a work of Cec#igal. [65].

As one can see in the above review, the number oflefting studies on
microwave-enhanced heterogeneous catalysis islim®n the other hand, a significant
number of the heterogeneous microwave heating rmdusle been developed in food
processing. Although the review of food processsgot the aim of this publication,
we would like to point out the analogy of some ex aspects and applied
methodology, as far as the modelling of microwassisted gas-solid processes is
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concerned. In our opinion, some of the approacle®ldped for microwave-assisted
food processing could be successfully used for riteag and solving problems in
microwave-assisted gas-solid catalysis. For ingtar®ouraki, Andres and Mowla
focused on drying of the cylindrical carrot samples microwave-assisted fluidized-
bed drier [66]. A numerical model of drying of arpos material was proposed for
predicting the moisture and temperature distrimgitnside the sample. The obtained

numerical solution was in a good agreement withetkgerimental results.

3.3 Conclusions

The microwave heating has been investigated inlyt&Etagas-phase reaction
applications for many years. Numerous investigateprt clear enhancement of the
reaction yields/selectivities or the lowering oéthulk operational temperature due to
the dielectric heating. On the other hand, thefally established mechanism of solid
(nano)particles heating and imperfect temperatueasurement techniques implicate
that different effects are often observed and ewlittory conclusions are drawn. For
further progress here development of accurate asdilply non-invasive techniques for
local temperature measurements under the microweadiation is needed.

The presented results show clearly that uniformtihgeaof a fixed-bed catalytic
reactor, even in macroscopic scale, presents aitadhchallenge. This, together with
the limited penetration depth of microwaves in doihaterials brings us to the
conclusion that possible applications of the mi@eg+assisted gas-phase catalysis will

require either fluidized-/spouted-bed or speciathyctured reactors.
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Microwave-activated methanol steam
reforming for hydrogen production

Methanol steam reforming (MSR) was carried out catalytic packed bed reactor
under electrical and microwave heating using the tmost common catalysts for this
process - CuzZnO/AD; and PdZnO/AJOs. Significant two-dimensional temperature
gradients were found, especially in the latter c&ar result show that for the same
average bed temperature, methanol conversion isehignder microwave heating
(>10%). On the other hand, the product distribut®not affected by the heating mode.
We demonstrate that even in cases where the maxitaoperature along the entire
height of the bed is significantly higher underc#ligal heating, conversion is either
higher in the microwave case or approximately thenes between the two heating
modes. Finally, our experimental data indicate thgtven methanol conversion can be
achieved with lower net heat input to the reactodar microwave heating. This does
not mean lower total energy consumption in the aviave process due to the
limitations in the magnetron efficiency and thdeefed power. However, it may be an
implicit indication of higher temperature at mesétes than in bulk phase (microscale

hot spot formation) due to the selective heatinggiple.

" This chapter is published in International Jouofatlydrogen Energy, 36(20), 12843-
12852,2011
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Chapter 4

4.1 Introduction

Clean electricity generation fromyHuelled proton-exchange-membrane fuel cells
(PEMFCs) is one of the possible near to mid-terdutems for distributed power,
electronic devices and various auxiliary power sinih homes, businesses and
transportation. Fuel reforming reactors for hydrogeroduction are designed to
maximize hydrogen yield and minimize carbon formatiwith proper choice of
operating conditions (temperature, pressure, rasgldime, etc.) and catalysts [1, 2].
Among the reforming processes available, steanrmefg (SR) achieves the highest
H,/CO ratio [2, 3]. H can be produced in-situ via catalytic steam refogmof
(oxygenated) hydrocarbon fuels in micro-/millireast [4-9], monolith [10-12],
membrane [13-16], foam or packed bed reactorsThé choice of the reformed fuel
strongly depends on the type of application, thel faccessibility, the existing
infrastructure, the cost and its environmental gaot [17]. Methanol has the advantage
of being logistic fuel, biodegradable, sulfur-freeformed at low temperatures (200-
300°C), and producing very small amounts of CO, thuslesing secondary water-gas
shift unnecessary [7, 18]. On the other hand, tyxiof methanol vapour is the most
important drawback. Steam reforming reactions ardothermic by nature and thus
require external heat supply. The heat can be etelil/to the reactor by conventional
heat sources, i.e. steam, electric heating, ofi,bat by using alternative energy forms
like plasma [19-28] or microwaves [29-35]. Applicat of microwave irradiation, as
alternative energy source, to several chemicaksysthas been identified as one of the
process intensification methods. The ability of rmeaves to provide fast, selective and
volumetric heating can induce benefits in hetereges catalytic systems unachievable
with classical heating methods, i.e. higher conwerand/or selectivity [36-43], higher
production rate [44-49] and reduction in processperature [50-52]. A comprehensive
review in this field has been presented in [53].

In the literature concerned with application of roigave irradiation to
heterogeneous reactions, two arguments are ustty/to explain the observed effects:
hot-spot formation [38, 40, 41, 50-52, 54] and cfeam the catalyst morphology due to
irradiation effect [36, 37, 39, 43, 55]. The hobosformation phenomenon is caused by
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differences in microwave absorption ability of nietxide crystals distributed on the
catalytic support. Higher absorption of microwaveeryy by metal/-oxide particles

results in higher local (microscale) temperaturds100-200K) compared to the

average bulk temperature and thus in increased leaation rates. However, due to the
micro-scale nature of the phenomenon (90-1Q®0) experimental proof of this

assumption is still lacking.

In this paper, we present the results of an expariad study on microwave-
activated methanol steam reforming for hydrogerdpation with the aim to explore
potential benefits compared to conventional theragéivation. The study is focused on
comparison of methanol conversion, product distrisuand energy efficiency of the
catalytic bed over a range of operating conditiomsler electric heating (EH) and

microwaves (MW).

CH,OH+H,0 - CQ +3H, & H,, =49 kd/imc (4.0)

Previous experimental studies on microwave-actiatethanol steam reforming
using Cu/ZnO/AJO; catalyst were done by Perry et al. [30] and Chaal B5]. In [30],
the authors found that under microwave heatingraimal conversion of 60% could be
reached at an exit temperature ¥2l1ower compared to conventional heating for the
same inlet temperature. Only inlet and exit temjpees were measured. In [35], the
authors put forward a double microwave absorpti@tanism by the catalyst and the
reactants to explain the higher conversion obtaimedheir microwave reforming
experiments compared to conversions reported inliteture for conventionally-
heated experiments. Temperature measurement atgke goint inside the catalytic
reactor is reported. In our work, microwave-acthimethanol steam reforming is
investigated not only with Cu/ZnO/4D; but also with Pd/ZnO/AD;. Temperature is
measured at multiple positions inside the catalytéd in order to obtain a two-
dimensional temperature map, which provides insigta the different heat transfer
characteristics inside the reactor with the twotihngamodes. Finally, the reactor energy

efficiency with EH and MW is reported over a ramgeonversion levels.
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4.2 Experimental

4.2.1 Reaction system

A schematic drawing of the entire reaction systemresented in Figure 4.1. The
key unit is a tubular packed bed reactor with glaah (O.D. 24 mm) shown in Fig. 4.2.
The most common catalysts for methanol steam refgrbeing CuZnO/AIO; and
PdZnO/ALO; are used in this work.

WateriAlcohol Nitrogen

Water trap
Evaporator Reactoj-outlet w Gas analysis
: i —> Flow
S measurement
Liquid analysis
lce water

Figure 4.1. Schematic view of the reaction systeradapted from M.Reus, Microwave-
assisted low temperature steam reforming of methandor hydrogen production).

CuznO/ALO;is a commercial methanol reforming catalyst (Alfasar) in form of
~ 3 mm pellets, containing ~52 wt% Cu and ~30 wtfo Zhe PdZnO/AIO; catalyst
was prepared by one-step co-impregnation method BEB58]. A concentrated
Palladium nitrate solution (~40 wt% Pd, Stream Cicafm) was mixed with
Zn(NOy),-6H,0 (99 wt% Aldrich) at 60C. Commerciab-Al,O; (Alfa Aesar) pellets of
~3 mm size with BET surface of 236°/gwere used as catalytic support. The support
was calcinated at 580 for 8h and then kept at 1 prior to the impregnation step.
The Pd and Zn nitrate solution was prepared wittagpropriate amount of nitrate to
obtain the final product with ~8.5 wt% of Pd andAdmolar ratio of 0.38. The total
percentage of metal sites in the catalyst is ~28.wt

The methanol steam reforming reaction was activditgdiwo heating modes:
microwave irradiation and electric heating. Foradr fcomparison between the two
heating modes, the experimental system used itwthecases was the same and only
the applied heating device was changed. In thetedfeglectric heating, the lower part

of the reactor containing the catalyst bed (seerEig.2) was heated by a coil heating
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element placed around it. In the microwave-driveqpegiments, the reactor was
introduced into a monomode laboratory microwave liagfor (Discover, CEM
Corporation) where the lower part of the reactontaiming the catalyst bed was
exposed to the radiation. In both heating methtus,upper part of the reactor (above
the catalyst bed) was heated by means of silicbrlaving inside a rubber tubing
wrapped around the reactor to prevent condensatidhe unreacted methanol/water

feed and thus unstable reaction conditions.

Temperature
Sensors
Plastic cap
—
Inlet —s Outlet
—_—

|

Catalytic bed |E§::-.-: :

i

e |

Glass porous Eth
disk

Figure 4.2. Schematic view of the reactor with magfication of the fiber optic sensor
position

In both heating modes, temperature in the catalyid was monitored by two
external fiber optic probes (FISO L-BA) verticafyaced in the axis and near the glass
wall of the reactor (Figure 4.2). The electric legtelement was controlled by an
external temperature regulator based on the tenyserseading from a thermocouple
immersed in the catalytic bed. When microwave Ingativas applied, the power
delivered to the reactor was controlled manuallgisTchoice was made because our
previous studies [59] showed that the built-in #sor, which monitors the temperature
at the outer surface of the glass reactor and gesvsignal to the power control unit,
significantly underestimates the real temperatumgide the catalytic bed, rendering

automatic power control unreliable.
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4.2.2 Experimental procedure

Prior to each experiment, the catalyst used forrdection was weighed (~4 g
CuznO/ALO; or ~3 g PdZnO/AID;) and placed in the lower part of the reactor on a
porous glass disk support, as shown in Figure #h2. reactor was shaken in order to
compact the randomly packed catalytic bed resuilting structure of ~10 mm height.
The reaction was preceded by in-situ activatiothefcatalyst in a mixture of Hflow
rate: 25 ml/min) and N(250 ml/min) at 22%C for 1-1.5 h. The methanol (MeOH) —
water (HO) feed mixture in molar composition 1:1.5 (checkéth a calibrated density
meter (DMA 5000, Anton Paar)) was prepared bef@aehesxperiment. The feed was
supplied from a beaker to an evaporator, whereg mixed with a carrier gas {\at a
ratio feed:N = 1:1.4. The flow rates of the feed mixture and ttarrier gas were
controlled by mass flow controllers (BronkhorstxpEriments with the CuzZnO/ADs
catalyst were performed at three gas hourly spateciies (GHSV) of 37000 h
64000 R, and 120000 h Experiments with PdZnO/AD; were performed only at
GHSV=12000 H, which corresponds to comparable flow rate ast88=37000 H in
the event of Cu-based catalyst (but the differeinceesidence time comes from the
different amount of catalyst used). This was dane&intain similar height between the
two catalytic beds. It needs to be stressed tlapthipose was not to achieve the best
performance of the two catalysts for methanol mafog, but rather to compare the
effects of two heating modes (EH and MW) on methateam reforming with two
different catalysts.

The mixture of MeOH/HO/N, is fed to the reactor from the inlet at the tofy-$éde
and flows downward through the glass tube placedllgxnside the reactor. The gas
mixture is distributed below the catalytic bed la¢ tbottom of the reactor, and then
flows upward through the porous glass disk andcttalytic bed, where reaction takes
place. The unreacted feed and gas products leavedictor from the outlet at the top-
right side, opposite to the inlet (Figure 4.2). ®ifluent stream passes through a water
trap, where it is cooled down to “ZDto remove the condensable vapours (Figure 4.1).
The flow of dry gas products, exiting the watepiris measured by a bubble flow meter
before being directed to online gas chromatograaién CP 4900), where the product
distribution (N, CO, CQ, H,, CH,, CH,OH) was analyzed. Measurements were
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conducted every hour, while the reactor remainedteddy-state for at least 4 hours
before the flow of the feed was stopped. The cosaenfrom the water trap was
analyzed after the reaction to determine methamwiversion. In all experiments

presented here, the error for the total mass bal@ness than 2.5%.

Finally, temperature inside the catalytic bed wasasured simultaneously by two
fiber optic sensors placed in the center and neanall of the reactor, respectively
(Figure 4.2). The sensors were introduced intosifstem via glass capillaries for three
reasons: 1) to ensure well-defined, reproduciblgtipming, 2) to protect them against
mechanical damage and 3) to enable variable posigoof the probe tip along the
height of the bed. The last feature allowed perforoe of multipoint temperature
measurements inside the catalytic bed in the coofrseaction. In order to obtain the
temperature map inside the catalytic bed, temperatas measured at the bottom of the
bed, with reference position 0 mm, and at 3, @ B mm from the bottom of the bed,
both in the core and near the wall of the reackigure 4.2). The measurement
procedure was repeated at least four times dudagtion to assure steady temperature

conditions.

4.3 Results

4.3.1 Temperature distribution

Incorrect or incomplete reactor temperature datay malinquish important
information about the real reaction conditions #at to erroneous conclusions with
respect to MW effects. In this study, particulareation has been paid to map the
temperature distribution inside the catalytic reacfor fair comparison of its
performance under MW and EH. As mentioned in thevipus section, two fiber optic
probes were used to monitor temperature near thtercand near the wall of the reactor
at different axial positions. Significant temperatgradients were found in case of MW
heating. Due to the non-uniform temperature fiald average catalytic bed temperature
has been calculated to represent the reaction #heromditions at various heat inputs.
This was done by double averaging the experimeetaperature data first in the radial
direction assuming parabolic profiles and therhim &xial direction along the height of

the catalytic bed.
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Figure 4.3 presents the axial temperature profitethe core and near the wall of
the reactor at an average temperature of@1hder EH and MW using CuZnO/8),
and PdzZnO/AJO; catalysts. It can be seen that there are two radileedifferences in
the heating patterns: 1) MW heating results in ificemtly higher macroscopic
temperature gradients both in axial and radialative and 2) MW heating results in
higher temperatures at the core of the reactor tiean the wall; the trend is reversed in
the case of EH. Both differences are due to thetfat in EH, the heating element is
placed around the catalytic bed and delivers teettid reactor through its wall surface,
whereas MW provides volumetric heating and the iepfr delivers microwave
irradiation such that the peak of the electricdied at the center of the cavity and at a
specific reactor height (close to the bottom); thia specific design feature of the used
microwave applicator. The aforementioned obseratibold for both catalysts tested
(Figure 4.3a and Figure 4.3b). Figure 4.4a and reigu4b are the counterparts of
Figure 4.3b (PdZnO/AD; catalyst) for different average temperatureg, (¥ 230°C
and 250C); they show that the temperature developmenthi@ bed, does not
gquantitatively affect the temperature gradients #ral shape of the profiles remains
similar. Figure 4.5 is the counterpart of Figurdad(CuzZnO/AJO; catalyst) for different
flow rates (GHSV = 64k hand 120k H), respectively. As can be seen, the temperature
trends in the bed heated by microwave irradiatiardly depends on the flow rate of the
feed, whereas the electrically heated reactor isensensitive to the change of this
parameter. In general, one would expect higher -fi@at transfer coupling in a
conventionally heated reactor, where heat is tmErnsfi solely via
conduction/convection mechanisms compared to aowewve reactor, where heat is
provided volumetrically. Further comparison of tieenperature profiles with the two
heating modes in Figs 4.3-4.5 shows that the teatper near the wall is always
significantly higher in case of EH compared to Mt the core of the reactor, MW
irradiation results in higher temperatures in aezamear the entrance; then, the
temperature profiles progressively converge, cerssfurther downstream temperature

is higher under EH. The outlet is always colderarfdW heating.
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4.3.2Conversion and selectivity

Taking into account the aforementioned differericethe temperature distribution
for the two heating modes, direct comparison of #wperimental results is not
straightforward. Herein, we use the concept of ayerbed temperature, discussed in
the previous section, as independent variable tecrdee reaction performance at
different thermal conditions. In principle, the acacy of the approach is very high
when the variation of bed temperatures around tlezage value is very small, and
decreases with increasing temperature dispersiotheageaction rate is not linearly
dependant on the local temperature.

Figure 4.6 presents MeOH conversion as a functfoime» average temperature in
the catalytic bed. Experiments were performed fi¢mint heat inputs corresponding to
an average temperature range °C76- 236C with CuZnO/AbO; and 196C — 250C
with PdZnO/ALO; catalyst. It should be repeated here, that it watstime aim of the
work to optimize reaction conditions for full coms®n, but to explore potential
microwave effects over a wide conversion rangetieumore, 25%C is the temperature
limit of the fiber-optic sensors for long-term w@dlie operation. Exposure to
temperatures higher than 2e0drastically decreases the life time of the probee
results show that methanol conversion exhibits Ipdarear increase with increasing
Tavg both for EH and MW heating with the latter resudtiin clearly higher conversions.
The effect is more pronounced for the Cu-basedysdfanost likely due to the ~4 times
more metal sites (strong microwave absorbers) ablail As mentioned in the previous
paragraph, direct comparison of the performancehef catalytic bed at the same
uniform temperature is not possible. It can be skewever, that even in cases where
the maximum temperature along the entire heigtheted is clearly higher under EH,
conversion is either higher under MW or approxirhathe same between the two
heating modes. Figure 4.6b (PdZnQfad catalyst) shows that methanol conversion
with MW at T,,q = 230C (solid triangle) is approximately the same asvession with
EH at Tog= 250C (solid square) (72% vs. 74%, respectively), altffo comparison, in
Figure 4.7, of the MW and EH temperature profile§a, = 230C (green lines) and

250°C (red lines), respectively, shows that the maxintamperature along the height
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of the catalytic bed is higher in the latter casahe range of 1 close to the entrance
to 67°C at the exit. Furthermore, Fig. 4.3a shows thatrttaximum temperature in the
bed is the same with EH and MW (~2&3, while conversion is 12% higher under MW
as shown in Fig. 4.6a J; = 210C). These results indicate that a MW reactor can be
operated at lower maximum temperature, comparedotventional heating, for the
same conversion; this is highly desirable in teaihsiaterials and safety.

Figure 4.8 presents the effect of feed flow rate nmsethanol conversion. The
parametric study was done only for Cu catalysina@verage bed temperature of 4G0
The experiments were performed for three GHSV \ah®&7k h', ~64k h* and 120k i
corresponding to residence times in the range 3000s. As expected, conversion
increases with decreasing GHSV or increasing resigléime. Furthermore, conversion
with MW remains higher than with EH by 8%-16% (~6086rease compared to EH)
over the entire GHSV range with increasing trendlater GHSVs and higher
conversions. Finally, Figure 4.9 shows the prodiistribution with MW and EH at
different average reactor temperatures for the ¢aalysts used. Hand CQ are the
main products in all cases and only negligible ami@of CO were detected. The molar
ratio of H:CGO, is ~ 3:1, as dictated by the methanol reformiraictien stoichiometry
(Eqg. 4.1). Clearly, the product yields are not eiféel by the heating mode, the reaction
temperature (over the temperature range examioedhe catalyst used (CuzZnOA8k;
and PdZnO/AIO5).

Finally, it has been reported in the literatureatttMW-activated metal oxide
catalysts may induce microstructural modificationtleir surface resulting in higher
activity during reaction [43]. To verify this potiéal effect, two experiments were
performed with MW-activated and MW-pretreated catlIn the case of microwave
activation, the bed of catalytic oxide precurso@1@ZnO/ALO;) was exposed to
microwave irradiation for ~1.5 h at 22Q in H,/N, flow. After catalyst activation, the
reactor remained sealed and underflsw to prevent re-oxidation until it was placed
inside the electric heating element to start reactiin the case of microwave
pretreatment, the catalyst was first activated viHh as described in paragraph 4.2.2,
and then exposed to MW irradiation in flow for 40 min before starting the reaction
with EH. In both experiments,,; = 190C and GHSV ~64k h Figure 4.10 shows that
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the methanol conversions attained, representetidygitcle symbols, are very close to
the one at the same operating conditions (operrsgyanbol) with conventionally (EH)
activated catalyst. This indicates that pretreatmgnactivation of the catalyst under
microwave conditions does not affect the reacti@rfggmance, at least for the
experimental conditions studied here. Finally, Sgibtures of the catalysts (not shown)
showed no visible difference in their morphology emhexposed to MW irradiation

either before or during reaction.
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4.3.3 Reactor energy efficiency

The lower temperatures near the solid and opendayies, discussed in detail in
paragraph 4.3.1, imply potential for reduced thdrlnases to the surroundings with
direct impact on the energy utilization. The eneefficiency analysis here is based on
the macroscopic energy balance over the controlmelof the catalytic bed; this reads:

TO uT

Z”iwapm dT->n, | CH T dFA PP+ Q.- Q=0 @2

i T

In Eqg. 4.2, pis the number of moles of species 4;i the ambient temperature; T
is the temperature of preheated reactants entdhiegcatalytic bed; J; is the
temperature of the products at the outlg,fJs the energy delivered to the bed either
from the electric heating element or from the magme(i.e., electromagnetic energy
dissipated in the bed), and,Qis the heat loss through the solid boundarieserABrm
rearrangement, Eq. 4.2 can be written as

TO uT

ZQIN JECQ(T) dT+ QPU" B QOSS:A HTO +Z IQUT I Cm T d 4.3)

To

The left-hand side of Eq. 4.3 is the net heat inputhe reactor comprising the
sensible heat of the preheated reactants streamh uwghthe same for the two heating
modes, and the heat input and heat loss throughidieesolid boundaries which cannot
be directly estimated based on the available daja4.3 dictates that the net heat input
is partially converted to chemical energy and piytieaves the system as sensible heat
of the products (right-hand side of Eq. 4.3). Ois thasis, we define here energy
efficiency as the fraction of net heat input cotedrto chemical energy according to Eq.
4.4:

AH T _ Heat of reactior

Toyr Net heat input
MHP+Yn [ cp(mdT P

TO
Different efficiency values between experimentshwilhe two heating modes at

Efficiency=
(4.4)

approximately equal conversions, and thus heatea€tion, imply different net heat

inputs for the same reactor performance (denomirat&q. 4.4), which can be due to
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uneven temperature distribution between the méed and the support and gas phase.
Along this line, Figure 4.11 presents energy edfigies calculated, according to Eq. 4.4,
for the two heating modes and the two catalyststhin event of CuZnO/AD;, the
efficiencies are compared at three conversion sevedmely ~41-44%, ~63-64% and
~73-75%, and in the event of PdZnOMB4 at ~54-58% and ~71-73%. The efficiency
values correspond to the experiments, shown inr&igull, which have been grouped
in pairs of approximately equal conversions.

Figure 4.11 shows that at the conditions consideteslenergy efficiency is 5-7%
higher under MW heating. This is intuitively expedtgiven that the reactant streams
are preheated to the same temperature®@5@vhereas the products in MW heating
leave the reactor at significantly lower temperatwompared to EH, at approximately
equal conversion. Assuming that MW effects are Igotd thermal nature, higher
efficiency values with MW than conventional heatisgggest that a given conversion
can be achieved with lower net heat input to thecter and may be an implicit
indication of higher temperature at metal sitesitmabulk phase due to the selective
heating principle. It is remarked here, that higeeergy efficiency values for the

reactor with MW _do nomean lower total energy consumption. On the coptrthe

total energy consumption is typically higher witangral purpose MW applicators, as
the one used in this work, due to limitations in rhjagnetron efficiency and 2)
converting electromagnetic energy to heat (implyiafiected power). Although both
can be improved with proper MW engineering, it was the purpose of this work to
optimize total energy consumption (energy valuesewwot registered), but rather to
explore the effect of MW heating on the methandbrmaing process itself and gain
more insight into the application of MW to heterngeus gas-solid reactions. Further
experimental parametric studies with varying paransethe type, amount, composition,
shape and size of catalyst as well as microwawpiecy are necessary to identify the

conditions for maximum reactor energy efficiency.
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Figure 4.11 Comparison of the reactor energy effieincy for MSR over (a) CuZnO/ALO;
and (b) PdZnO/Al,O5catalyst under MW (green) and EH (red).

87



Chapter 4

4.4 Conclusions

We performed a systematic study of methanol stegfiorming on CuzZnO/AlO;
and PdZnO/AIO; catalysts under electric heating (EH) and microevheating (MW)
with focus on comparison of methanol conversiomdpct distribution and energy
efficiency of the catalytic bed. The results shawatthigher methanol conversion is
obtained under MW for comparable thermal conditioegardless of the catalyst. In
other words, the MW reactor can be operated atldemperature compared to the
conventionally heated reactor to achieve the sanethamol conversion. Although
conversion is strongly influenced by the appliedthrey mode, there was no effect on
the product composition in the range of examineelrtal conditions for the two
catalysts tested.

Furthermore, application of MW irradiation to padkebed reactors for
heterogeneous gas-solid reactions results in gignif two-dimensional temperature
non-uniformities. This necessitates multi-point parature measurements in the radial
and axial direction in order to rationalize reastidata. Single-point temperature
measurements, as often reported or implied in iteeature, may lead to erroneous
assumptions as to the real thermal conditions énsite reactor and thus incorrect
conclusions concerning MW effects. Besides, theelot@mperatures observed near the
solid and open boundaries imply potential for restlcthermal losses to the
surroundings with direct impact on the energy zdiion. Indeed, the reactor energy
efficiencies of the MW-assisted process are highan the corresponding ones of the
electrically heated process for both catalysts@red the range of reaction temperatures
studied. Assuming that MW effects are solely ofrth@ nature, higher efficiency
values with MW than with conventional heating imphat a given conversion can be
achieved with lower net heat input to the reactis may be an implicit indication of
higher temperature at metal sites than in bulk @lfascroscale hot spot formation) due
to the selective heating principle.

Finally, it is worth noting that the significantn@erature gradients in a catalytic

bed of only 24 mm O.D. signify a major challenggincess scale-up.
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Chapter 5

5.1 Introduction

The water-gas shift reaction (WGSR) is an imporsep in many hydrocarbon and
oxygenated fuel reforming processes, which shdtban monoxide, by use of steam, to

carbon dioxide and hydrogen thus maximizing thalpabion of the latter (Eq.(5.1).

CO+ HZO - H2 + CQ (AH298K: -41kJ/m0|) (5.1)

This well-known heterogeneous catalytic reactiondnees very important when
processing of fossil fuels for fuel cell applicat#is considered. Proton exchange
membrane fuel cells (PEMFCs) do not tolerate COtardnabove 20ppm[1]; thus,
efficient removal of CO is essential for proper Wing of fuel cell stacks. To this end,
WGSR is very often employed in the process.

WGSR is moderately exothermic and, therefore, &nttodynamically limited at
higher temperatures, whereas it favours CO conwersit lower temperatures. The
common practice is to divide the process into treps high temperature shift (HTS) in
the temperature range 3®0D450C, where most of CO is converted, and low
temperature shift (LTS) in the temperature rangg®@250C to complete the reaction
[2].

WGSR has been often investigated to develop casalysh special focus on their
sulphur tolerance. In the last few decades, duéntoeased interest in electricity
production from fuel cells and employment of WGSRtlis process, the scope of
research has been shifted to discovery of cataltich are highly active[3]. However,
not much research work has been done so far oficapph of the microwave energy to
the water gas shift reaction. The main reason la is probably that WGSR is not
considered as a separate, single stage, procelgdmygen production, but rather, part
of the global steam reforming reaction.

Pioneering research work on the application of avi@ves to WGSR was done by
Chen and co-workers in 2008 [2, 4]. The investmativas focused on the so-called
“double-absorption effect of microwaves by wated dhe catalyst”. In particular, the
authors postulated that the presence of a catddystd with a good microwave absorber
(iron oxide) in combination with water, being bathreaction component and a good
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microwave absorber, create very favourable comftifor effective triggering of the
reaction with microwave energy. Their results shinat microwave energy can be
successfully applied to WGSR allowing a maximum €sversion of ~96% at steam
to carbon ratio (S/C)=8 and T~5%D Further, the observed CO conversion increased
with increasing reaction temperature, contraryhenaical equilibrium predictions and
the results from the electrically heated reactor.

During an electro-microscopic inspection of therspeatalyst, it was discovered
that a low S/C ratio results in appearance of verisize cracks on the catalyst surface.
The effect was not observed for higher S/C ratlbsvas proposed that iron oxide
contained in the catalyst may cause a high thegmrealdient, due to effective absorption
of microwave energy, which cannot be released lith content of steam. Therefore,
high S/C ratios are favourable both from the remcgquilibrium point of view and the
catalyst stability.

From a careful analysis of the aforementioned resework of Chenand taking
into account our own experience and the obtainsdltefrom the microwave driven
steam reforming of methanol, the question arouskdther application of microwave
energy, and therefore the generation of hot-spothe catalytic bed, can create some
benefits over the application of conductive heatingase of exothermic reactions.

In this chapter, the results of an experimentadlystan microwave-activated and
electrically-heated WGSR for hydrogen productiore gresented. The reaction
performance was evaluated in terms of CO convera®function of gas hourly space
velocity (GHSV), S/C and (average) reaction tempeea(T).

5.2 Experimental

The experimental reaction system employed for ivestigation is very similar to
the reaction system used for the steam reformingnethanol (Chapter 4). Therefore,
the description of the employed system is limitedlydo the list of main differences.
The schematic representation of the system is predén Figure 5.1.

The main difference between the presented confiiguran Fig. 5.1 and the one
used for the steam reforming reaction is that lfier water gas shift reaction no carrier

gas was used.
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Water Carbon monoxide

Cold trap
Evaporator Reactoy-ouflet w Gas analysis
: i —> Flow
b measurement
Liquid analysis

lce water

Figure 5.1. Schematic representation of the reactiosystem (adapted from M.Reus,
Microwave-assisted low temperature steam reformingf methanol for hydrogen
production).

The role of carrier gas, which is necessary for fhieper operation of the
evaporator, is taken on by carbon monoxide whictihat same time is a reaction
compound. It has to be mentioned that both flowtrediers, for water and carbon
monoxide respectively, were re-calibrated befoeegkperimental campaign began.

The catalyst employed in this stage of investigatwas the same commercial
copper-based, low temperature, water gas shiflysat@CuzZnO/ALOs), delivered by
Alfa Aesar, as was previously used in the steamrhamati reforming process. Besides,
the experimental procedure employed in this phdsevestigation corresponds to the
methodology employed in the previously mentionegeginents on microwave-

assisted steam reforming of methanol.

5.3 Results

5.3.1Spatial temperature distribution

As discussed in the previous chapter, applicatibm@rowave energy to the
packed bed reactor results in significant two-digiemal temperature non-uniformities,
which correspond to non-uniform energy dissipatioside the bed. Moreover, non-
uniform temperature conditions imply difficulties meaningful comparison between
different experimental runs. Therefore, mappingevhperature in the catalytic bed is
necessary to obtain good insight into the actuattren conditions and thus to reliably
evaluate the reaction performance.
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To account for the temperature gradients while ta@ing the comparison method
relatively simple, an average temperature of theé Wwas calculated. This was done by
double averaging the experimental temperature diash in the radial direction,
assuming parabolic profiles, and then in the asgiagéction along the height of the
catalytic bed. The detailed description of the mdtlwas discussed in the previous
chapter.

Figure 5.2 shows axial temperature profiles nearwll and in the core of the
reactor for microwave (MW) and electrically heaf&tH) reactions performed at 21D
and 236C. The initial concentration and feed compositisnell as the residence time
in all events were maintained identical. It canskeen that the temperature patterns in
the events of microwave heating and electric hgatiiffer remarkably. In particular,
microwave heating results in more pronounced teaipeg gradients in both, radial and
axial direction compared to electric heating. Tbisservation is consistent with that
made in the case of microwave-activated steammefmy of methanol and is expected
based on the specific design of the microwave aafi used.

However, Figure 5.2 shows that, in contrast to éhdothermic steam reforming
reaction, the direction of thermal gradients does depend on the employed heating
mode. In both cases, the temperature in the corthefreactor is higher than the
temperature near the wall of the reactor.

Figure 5.3 illustrates temperature developmenhélied for increased flow rate of
the feed (GHSV=35000%H and for two different steam to carbon ratios, ==/Gind
S/C=1.5, respectively. It can be seen that the éeatpre profiles in case of the
microwave-activated reaction remain practically fiected with varying S/C. In
contrast, increased amount of steam affects thpdeature profile inside the catalytic
bed when the electric heating element is used aseans of energy source. More
specifically, the observed temperature differenearrthe wall of the reactor is in the
range 5-18C, whereas the core temperatures are hardly affeCiee may ask here how
the average temperature remains the same in batipated experiments if the
temperature gradient in case of S/C=1 is smallen tor S/C=1.5This is due to the

methodology of the average temperature calculatitnich assumes a parabolic
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temperature profile in the radial direction, theadering the average temperature more
dependent on the higher temperatures at the cotieeafeactor and less dependent on
the lower temperatures near the wall of the reactor

The effect of flow rate on the temperature disttitou inside the catalytic bed can
be evaluated based on Fig.5.2b and Fig.5.3b togefhe figures show that increasing
flow rate mostly affects the temperature gradiattthe entrance of the reactor (at the
bottom). Furthermore, the microwave heated reaitomore sensitive to flow rate
change since both temperatures (in the core atitbavall) are affected, whereas in the
case of the electric spiral element, only the ¢engperature is influenced.

Overall, comparison of the temperature profilesarnihe two heating modes in
Figures 5.2-5.3 shows that at the core of the oeanticrowave irradiation results in
higher temperatures in the zone near the entrasmopared to the electric heating mode.
In contrast, the temperature near the wall is abnsgnificantly lower under microwave
irradiation. Finally, regardless of the shape & firofiles, the outlet temperatures are

always somewhat lower under microwave heating.

5.3.2Conversion and selectivity

As already mentioned, the comparison of conversioth selectivity of the reactor
for the two different heating modes, microwave ahettric, is the main focus in this
research work as an indirect method for the exatioimaof the so called hot-spot
formation in the microwave heated catalytic bed.

Figure 5.4 shows conversion of carbon monoxidauastion of the reactor average
temperature for the two investigated heating mottes shown that contrary to the
results on microwave activated methanol steam mafay, conversion of the feed in the
water gas shift reaction hardly depends on theiegh@nergy source; i.e., the green
triangles representing CO conversion under micr@Magating in Figure 5.4 virtually
coincide with the red square symbols (direct eledteating). Besides, it can be noticed
that the conversion profile for the microwave dssisprocess covers only the
temperature range between 1@5and 250C, whereas for electric heating, the
investigated temperature range extends from°@56 256C. While the upper

temperature limit is dictated by the limitationtbé temperature sensors used, the lower
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temperature limit is (surprisingly) related to tinénimum of the power delivered by the
microwave device. More specifically, in the case tbé microwave experiment,
application of the minimum available continuous po{d W) results in the already high
average reactor temperature of ~A@%urther, conversion of carbon monoxide
increases with reaction temperature contrary td_th€hatelier’'s principle of chemical
equilibrium (Figure 5.5). In general, it dependstba catalyst and applied temperature
range whether the process is at equilibrium. Camatibn of Figure 5.4 and Figure 5.5
together shows that the conversions achieved in rdaetor are lower than the
equilibrium conversions at the corresponding reaaatonditions and, therefore,
hydrogen production increases with reaction tentpega

Figure 5.6 presents the effect of S/C on carbon axide conversion. The
parametric study was done at an average bed tetopeaf 230°C for GHSV~35k H.
Increasing the steam content in the reactor feadltee in increase in the carbon
monoxide conversion (under both heating modes) greeanent with the reaction
kinetics from the literature indicating first ordéependence of the reaction rate on CO
and steam concentration [5]. Furthermore, altho@h conversion in the case of
microwave heated reactor is slightly higher thantfe electric heating mode (in the
entire S/C range investigated) the observed diffeegup to 2%) is rather related with
the uncertainty of measurements and shall not &etgd as an argument confirming the
positive effect of microwave energy on the wates gaift reaction.

Finally, figure 5.7 shows the distribution of theim reaction products,and CQ,
for the microwave activated and electrically adivh process at different average
reactor temperatures at S/C =1.5 and GHSV~20k btle to unavoidable leaks of
hydrogen from the system, the amount of hydrogestighitly lower than the amount of
carbon dioxide; however the molar ratio of.€i0, is very close to 1:1, as dictated by
the reaction stoichiometry. It can be safely codellithat the product distribution is not
affected by the heating mode and the reaction testyre.
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5.3.3Reactor efficiency

The reactor energy efficiency metric used in thevimus chapter was defined as
the fraction of the net heat input, through solitd @pen boundaries of the reactor,
which is converted to chemical energy through #mothermicsteam reforming
reaction. However, in the caseafothermicWGSR, the temperature of catalytic active
sites is determined not only by the net heat input, also by the heat release in the
reactor itself. Therefore, it is more meaningful WGSR to directly compare the net
heat inputs to the reactor under the two heatingesoAs explained in the previous
chapter, it follows from the energy balance that tlet heat input is the sum of heat of
reaction and the sensible heat of the product gatsé®e exit of the reactor; both terms
can be experimentally calculated. Then the relatiat input between the two

processes can be described as follows:

TOUT

AHP+>'n [ Cp(T)dT
i T

Relative Heat Input MW (5.2)

TOUT

AH™+>'n [ Cp(T)dT

To EH

As presented in Figure 5.4, conversion of carbomawie is approximately the
same for both heating modes over a range of terpes Besides, Figure 5.2 and
Figure 5.3 show that the reactor outlet temperatumease of the microwave activated
reaction is somewhat lower compared to the eletteiating case; from &6 at an
average reactor temperature of Z50to 15C at T,,~21CC. Further, it has been
calculated that the contribution of products sdmesibheat to the numerator and

denominator of Equation 5.2 is ~50-60% dependingherreactor temperature. Overall,
Figure 5.8 and Figure 5.9 show that the net heat input utitetwo heating modes is

comparable over the temperature range°@10 250C. Most likely, the combined
contribution of reactants preheating and WGSR hedtase to reactor heating
suppresses selective catalyst heating by microwawniike the case of endothermic

methanol steam reforming presented in Chapter 4.
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Net Heat Input kd/mol

[ EH 69.1 kd/mol N EH 62.5 kJ/mol
BXX MW 63.2 kJ/mol EzZ MW 62.4 kd/mol

XY EH 57.4 kJ/mol
@zz Mw 56.9 kd/mol

Figure 5.8. Comparison of net heat input of microwse driven and electrically heated
reactor for different average reactor temperatures; T=250°C (left set of bars), T=230C
(middle set of bars) and T=218C (right set of bars). GHSV=20k K, S/C=1.5.

11

1.0

0.9+

0.8+

0.7 4

Relative Heat Input [-]

0.6

0.5-
AT, =250C RN T, =230°C BRT, =210"C
X~88% X~83% X~T9%

Figure 5.9 Comparison of relative heat input (Equabn 5.2) for different average reactor
temperatures; T=250C, 230°C and 210C. GHSV= 20k h*, S/C=1.5.
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5.4 Conclusions

Contrary to the results obtained on the endothersté@am reforming reaction,
application of microwave energy to the exothermiG8R process does not bring about
significant benefits in terms of higher convers@rbetter selectivity. It was found that
application of microwave energy to WGSR does natehany positive impact on the
reactor energy efficiency; the net energy inputhi reactor is approximately the same
between microwave and conventional heating forstirae conversion level. A possible
explanation is that due to WGSR being exothermisigaificant part of the net heat
input to the reactor comes from the heat of reaciistead of the heat input from
microwaves. Since the microwave power deliveredth® reactor is controlled by
temperature measurement inside reaction zone ticusase of the reaction temperature
is compensated by lowering the heat input from avi@ve radiation. As result the
associated local overheating of active sites dishies. Finally, the experiments
confirmed that regardless of the endo-/exotherraitire of the process, application of
microwave irradiation to heterogeneous gas-solttiens results in more pronounced
temperature non-uniformities.
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Chapter 6

6.1 Introduction: Limitations of Technology

Despite the fact that microwave technology has besriemented in industry for
such as applications like food sterilization, dsfimg and drying, ceramic sintering,
composite materials curing or rubber vulcanizatitme majority of its applications
concern chemical analysis (e.g. using digestionraetion, etc.) or laboratory-scale
synthesis of specialized chemicals and pharma@dsiticcven though small scale
microwave reactors have been successfully employedthe latter cases, the
shortcomings of the technology have been recogrozedthe years. The early research
works with use of microwaves, as an alternativedaductive energy transfer, were
performed in ordinary household microwaves oveinwak quickly realized though that
domestic ovens are not suitable for use in cheynisiainly due to safety issues and
limited flexibility. Technical modifications folloed in order to meet new, more
rigorous requirements of chemical synthesis. Ditechperature measurement units,
stirring units, additional openings in the housiiog reflux columns and continuous
flow operation and pressurized vessels have begtemented to increase flexibility
and reduce discrepancy between conventional andowswe reactors. Furthermore,
while household microwave ovens exclusively openath pulsed electromagnetic
fields, it was found out that operation with contimisly delivered power brings
advantages over the pulsed operation mode (no eaénly, better controllability in
distillation processes). This, however, imposesighdr degree of complexity to the
microwave system.

The increased demand by researchers for more sicpkésl units became the
driver for companies to develop safe, flexible, werjuipped and, most importantly,
dedicated microwave ovens for research purposes fiidt laboratory instrument was
introduced by CEM Corporation in 1978 for analysfsmoisture in solid materials.
Many years later, in 1990, another big player anrthicrowave oven market, Milestone
Inc, introduced the first high pressure laboratamicrowave oven for digestion of
difficult to digest materials[1]. Since then, fadevelopment of the laboratory
microwave applicators for chemical synthesis waseoled. Together with the most
common, at those times, multimode cavities, a ngve tof equipment, the so-called

mono-mode cavity (oven), was developed.
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A multimode cavity can be simply described as aaigbx - a Faraday cage - with
the targeted material for heating inside (Figuds 6.

Microwave irradiation is generated by a magnetrod & is directed to the cavity
through a waveguide. Inside the cavity, microwapespagate in all directions and
undergo multiple reflections before they finallyach the heated material. The
reflections occurring in the cavity have a stocicasature and therefore interference
between waves is unavoidable. Consequently, sontkeofvaves are being amplified
and other ones are destructed, thus creating niboromelectromagnetic field patterns

inside the cavity, the so-called oscillation modes.

Rotating MAGNETRON Electromagnetic
Deflector Waves
Cavity
Reaction
Vessel

Turntable

Figure 6.1 Schematic representation of a multimodeavity.

Moreover, a magnetron can never deliver electromégnvaves at the exact
selected frequency (e.g. 2.45GHz); rather, it coeefvery narrow) frequency band (i.e.
2.45GHz = 50MHz), which also contributes to the dam character of the
electromagnetic field. One may consider experimendatermination of the
electromagnetic field distribution inside the cgyiltowever, the obtained results would
be valid only for the material used for the testd aannot be easily interpreted for other
systems. Once the target sample is interchangedjetl distribution changes as well
since microwaves interact with the accommodatedpiarshanging the reflection
patterns. This particular feature can be consideasda big disadvantage of this
microwave system in terms of controllable heatimgyvever, creating a chaotic pattern

of the electromagnetic field allows for utilizatiar bigger sample volumes inside the
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cavity. Therefore, multimode cavities are ratheplaable to either multi-sample

experiments, where a number of samples can be awodated simultaneously

decreasing the time required for experiments, oretatively large sample volumes
(more than 50% of cavity volume). To maximize thelability that multiple samples

experience the same microwave irradiation, and thusaximize uniform heating, a

multimode cavity is usually equipped with a turriéaplatform where the samples must
be placed.

In contrast, in a mono-mode (or single-mode) cawily one mode of microwave
propagation is allowed and thus the electromagrfedld pattern inside the resonant
cavity is better defined. In mono-mode applicatongrowaves travel along the wave
guide and enter the resonant cavity at a spedifase, creating a standing wave inside
the resonant cavity. The sample of irradiated nedtés always placed at one of the
maxima of the electromagnetic field (Figure 6.2)isTparticular feature of mono-mode
applicators entails that both the cavity and reactiessel size are rather limited to the
half length of the wave (about 6 cm for 2,45 GHR)erefore, mono-mode applicators
are usually employed to process volumes up to 280afmich may be considered as
their main limitation. However, another advantadeth® mono-mode cavities is the
high density of the electromagnetic field inside #mall cavity itself, implying higher
heating rates. Although the electromagnetic fiedttgyn is well defined inside an empty
mono-mode cavity, it must be highlighted that asnsas the heated material is placed
inside it, the field pattern is affected, resultimgunpredictable heating patterns in the
liquid phase [2] and in not-stirred solid systemgere the effect is even more
pronounced, as discussed in Chapters 2, 4 and 5.

Standing
Electromagnetic Wave

Single mode cavity

MAGNETRON Reaction vessel

Figure 6.2 Schematic view of a mono-mode microwawapplicator.
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Uniform heating is indeed one of the biggest cimglés in all types of microwave
applicators. While in large volume reactors, placed multimode cavities, the
phenomenon is well-known and is usually explairmeterms of insufficient penetration
depth of the electromagnetic waves into the saniplenono-mode applicators, it is not
widely recognized.

Furthermore, if the temperature measurement teabnigsed is not capable of
detecting occurring temperature non-uniformitiespeesented in Chapter 2, the overall
picture of the microwave-assisted process perfoomaran be misleading and hard to
interpret. In this chapter, alternative conceptsmi€rowave applicators to conduct
heterogeneous gas-solid catalytic reactions arpoged. Several criteria, determining
applicability of the concepts, are taken into actolihese are

e avoidance of non-uniform heating patterns insigertactor

* measurement and control of the real thermal fiesitie the reactor

e scalability
Finally, the design of the most promising concepdiscussed in more detail in the last

section.

6.2 Alternative concepts of microwave reactors

As presented in Chapters 2, 4 and 5, applicatiomizfowave energy to solid
catalytic samples results in significant spatiarthal gradients. Despite the facts that
the reactor used in this study has a 12 mm dianuethy, the catalytic bed occupied
approximately 3.5cfhand a mono-mode microwave applicator was usednauniform
thermal field was unavoidable. As observed, thatilig factor was not the penetration
depth of the microwave field since the temperatireahe center of the reactor was
significantly higher than near the wall, contrany what was observed for the
electrically heated reactor.

How, in such a system, uniform heating can be a&eki®@ Would “stirring”
homogenize the temperature field? Does the stachzsiure of the reagents flow affect
the heat distribution? Based on our observationsexperience, a number of possible

solutions can be proposed to address these qugstion
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6.2.1Multi Internal Transmission Line Microwave Reactor

Microwaves are essentially a subpart of radio fezqy waves; it follows that they
do not necessarily have to be applied by cavitgtyy applicators and that the
difficulties linked with resonant field patterns yniae avoidable [6].

The Internal Transmission Line applicator (INTLIprzept, discussed in this
section, was originally developed by SAIREM, a Ftemicrowave and radio heating
system provider that hold a patent for this invemtj7]. INTLI, contrary to multimode
and single mode applicators, allow for deliveringcomagnetic waves directly to the
reaction medium by means of lossy transmissionsliaed thus it is applicable to
reactors made of stainless steel or other commasteation materials. The great
advantage of the equipment lies in its high degfeéexibility (applicable to batch and
continuous reactors, wide range of flow rates dctbaizes as well as temperatures and
pressures) and easy scalability. Moreover, forveand reflected power can be precisely
controlled allowing for improved controllability ahe overall process and enhanced
safety [8].

In Figure 6.3, a schematic representation of thecept of a packed bed reactor
equipped with Internal Transmission Lines is sho@ansidering a heterogeneous gas-
solid reaction, the internal transmission line aggtbr offers many advantages over the
classical mono-mode applicator. First, as the mienges are delivered simultaneously
along the length of the transmission line (and tleactor height), with controlled
intensity (variable cross section of the waveguide® temperature of the catalytic bed
at different reactor positions can be adjusted aicg to the process requirements.
However, it must be emphasized that although sudbsign allows for control of the
power delivered to the system, decrease in the poutput from the generator results
in uniform decrease in the power input at all cresstions of the applicator. In other
words, it is not possible to control temperaturerm spot of the bed without affecting
temperature at different locations. In order to bgemize the temperature field across
the catalytic bed, the coaxial waveguides can beeual at multiple locations, forming a

triangle or even star like pattern depending orptloeess requirements (Figure 6.3).
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Waveguide:

Packed be

Figure 6.3 Schematic concept of a packed bed reactwith Internal Transmission Lines
(coaxial waveguides) in a triangular configurationinside the catalytic bed.

In conjunction with few microwave generators opeatindependently, such a
configuration generates a well-defined system. Gare think of a reactor with two or
more subsequent heating zones along the heighteofeactor, where low and high
temperature reactions (e.g. WGS reaction), canupeeffectively in one unit. The
ultimate advantage of the concept is that the tbphcked bed reactor is a mature
technology with known design and scale-up prinaplehile the INTLI technology

offers great flexibility and controllability of theower input.

6.2.2Fluidized Bed Microwave Reactor

In order to ensure uniform temperature distribuiiothe catalytic reactor, each of
the catalyst particles should experience equalggnabsorption from the microwave
source. This principle is difficult to fulfill whethe catalytic bed is stationary. However,
one would think that if the catalyst is in constanbvement, forming a circulating
fluidized bed, then the particles have a higherbpbility to become irradiated
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uniformly. Although the number of journal papersfereng to application of
microwaves to fluidized bed catalytic reactors ésylimited, the concept was already
examined by Thomas and Faucher [3]. The numericalysrevealed two important
features of the procesh: the temperature of the catalytic pellet was Z0¢3 higher
than the gas phase and Il) the temperature distidmualong the fluidized bed is not
uniform Although the first outcome is encouraging, as #®ectiveness of the
investigated catalytic process can be enhancedsegbend observation has a negative
influence on the process. This is not surprisingemwlthe propagation of microwave
energy is taken into account. To overcome this ambst originating from the non-
uniform electromagnetic field distribution, emplogni of few magnetrons along the
fluidized bed reactor should minimize this unfavweaeffect. Such a concept was
already investigated in food processing for dryirigice [4, 5]. Stacking two sections
where each of them was equipped with two microwaemerators resulted in
homogenized temperature field inside the dryer.

The schematic drawing of a fluidized bed microwae®rmer based on a similar
concept is shown in Figure 6.4. The main difficuitypractice is that the diameter of the
column, although increased, still remains a lingtifactor. Furthermore, the
combination of high gas velocities, required totaunsfluidization, and the minimum
residence time to complete the reaction rendefethgth of the reactor a crucial design
parameter.

In principle, the higher the length of the reactine more microwave irradiated
segments are needed; this increases the diffignltynaintaining a homogeneous
temperature field inside the reactor and comprosnibe controllability of the reactor.
Moreover, power consumption will increase signifittg. Other possible drawbacks are
the abrasion of catalyst particles during their sroent and the non-uniform residence
time distribution. These features compromise cerpaibcess intensification principles

and therefore, the fluidized bed microwave reactorcept is not discussed further.
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Gas outlet

Single/multi- mode «—

magnetron

Gas inlet

Figure 6.4 The concept of fluidized bed microwaveaformer

6.2.3Traveling Wave Microwave Reactor (TWMR)

Another type of microwave applicator, which is m@tsed on the resonant cavity
principle where standing wave patterns are formedhe coaxial transmission line
microwave reactor, which is a type waveling wave reactor. It consists of an inner
conductor, a dielectric material, an outer condu@nd an insulator similar to the
structure of a coaxial cable (Figure 6.5).

The concept of coaxial cable as a method of bripgiicrowave energy directly
into the reaction mixture has been studied in #et few years [9, 10]. However,
implemented solutions are based on the so-callesh-epd technology, which in
practice means that the microwave energy is diggipanly at the tip of the coaxial
probe, making the technology rather suitable fguitl phase reactions where effective,
mechanical stirring can be successfully appliecer&fore, application of the open-end
coaxial cables as a tool for delivering microwaveergy in a controlled and defined

119



Chapter 6

way into heterogeneous catalytic systems is limidéevertheless, a small modification
of the concept can satisfactorily solve the problémstead of allowing microwaves
being transmitted to the end of the applicator aithdissipation, the energy can be

effectively utilized along the length of the cable.

Outer
Dielectric conductor
material
Insulator
Inner
conductor

Figure 6.5 Schematic view of a coaxial travelling ave applicator

A variant of the TWMR concept envisioned for gasagh catalytic processes was
very recently put forward by Sturm et al. [6] aisdshown in Figure 6.6. According to
the concept, the space between the inner and oometuctor is filled with a dielectric
material and a monolithic layer. The monolith cetsiof a number of channels,
engraved on its surface, which are coated with lysttaThe microwave energy
delivered at the inlet is focused and selectivélyaabed by the catalytic metal particles
deposited on the monolithic structure resultindpigh heating rate and efficient energy
utilization. The reaction mixture flows through tbleannels in the same direction as the
microwaves (Figure 6.6). Numerical simulations shtvat uniformly distributed
heating rate of the catalytically coated walls bamachieved by varying the diameter of
the inner conductor along the length of the reaapplicator (Figure 6.7).

In contrast to the other alternative concepts psedcearlier, TWMR appears to be
the one that at most addresses the general pescipl process intensification. A
TWMR, being a well-defined structure with contralleimensions of channels, may
ensure the same processing experience for all meleand allows for maximization of
the driving forces and specific surface area nedéaled heterogeneous reaction to occur.
Well-defined and controlled energy utilization sopg the principle of maximizing the

effectiveness of intermolecular events and limitfavorable reaction pathways.
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Therefore, TWMR is further discussed in the nexitise in terms of scalability and

applicability to microwave-driven catalytic refonng for hydrogen production.

Gas inlet Dummy load
B (water)

Microwave
propagation

Figure 6.6 The Travelling Wave Microwave Reactor cocept tailored for gas phase catalytic
reactions (Sturm et al. [6])
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Figure 6.7 Axial heating rate distribution in the @se of constant inner conductor diameter
(dashed line) and optimized inner conductor diamete(solid line). Taken from Sturm et al.
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6.3 Feasibility of the Traveling Wave Microwave Reactor
technology for Methanol Steam Reforming reaction TWMSR
reactor

Common practice in designing chemical reactorsiri fo specify the required
production rate and then to calculate reactor dsioeis taking the chemical reaction
constrains into account. A similar approach has bken adopted in this case; however,
since the concept of TWMSR reactor is to a largeerak based on microreactor or
monolithic reactor technology, the approach is @erably simplified and many
assumptions employed in this feasibility study (eltannel dimensions or coating layer
thickness) are taken from the literature. The desmutine used to calculate reactor
dimensions and }production rate is presented in Figure 6.8.

In a first step, the production rate of hydrogeassumed. The operating conditions
of the TWMSR reactor have been selected basedteratlire findings to maximize
conversion of the feed and hydrogen concentrationwet basis) and to minimize the
risk of carbon formation [11-18]. The selected atiads are listed in Table 6.1.

Similar to the experimental study on microwave sissi methanol steam reforming
described earlier in this book (Chapter 4), a C@&i,0; catalyst, often employed in
studies on methanol steam reforming [15, 19, 20]assumed to be coated on the
dielectric filler of the TWMSR reactor.

In the next step, the reactor dimensions are smledtased on restrictions
concerning electromagnetic wave propagation anécaypmicrochannel dimensions.
Typical cross sections of microchannels are ofamglar or square shape with side
dimensions between 20t and 50Qm, while the wall thickness ranges from pédto
100Qum. Therefore, it is assumed that the TWMSR reacontains rectangular
channels being 3@®n wide and 3mm deep with a wall thickness of #h(at the upper
part of the channel and 20 at the bottom of the channel in contact withdhedectric
filler (Figure 6.9).
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Constrains .....Procedure

. . N Assumed H2
Reaction conditions —ip .
- production
Microreactors technical v
limitations . . P
Reactor dimensions >

EM wave propagation
limitations

Residence time
20.14s

Performance of MSR
microreactors

Power
consumption
< available
power

NO

Available power output of
MW generator

YES

H2 production

Figure 6.8. Calculation procedure in CMSR reactor @sign routine.

Temperature®C) 300
Pressure (atm) 1
S/IC 1,1
Equilibrium conversion MeOH (%) >99,9
Theoretical Hyield (%) >97
H, concentration (% on wet basis) ~72
CO concentration (% on dry basis) <3
Catalyst load (mg/ch 5

Table 6.1 TWMSR reactor operating conditions
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140 mm

Figure 6.9 Schematic cross section of the TWMSR retor.

The TWMSR reactor has a tubular shape and its deme a function of the
number of channels and their geometry. Theoreyicallbigger reactor diameter, and
thus more channels, implies higher production fat@ given reactor length. In practice
however, the reactor diameter is limited by theppgation of the electromagnetic
waves and cannot exceed half of the length of Eaetremagnetic waves. Thus, for the
frequency of 2,45GHz, the diameter upper limit@slem.

Once the initial reactor dimensions have been deted, the information about
the methanol steam reforming reaction performed microreactor is introduced. In a
typical design procedure, the reaction rate expranust be known to determine the
residence time needed to achieve a certain cooversievertheless, for the sake of this
simplified assessment, the reaction performance raggired residence time were
assumed based on the previously mentioned literakar example, in the work of Mei
[12], it is suggested that when the MSR reactigpeisormed in a micro channel reactor
at 320C with S/C=1.2, 0,12s is required to achieve 99%veesion. Other research
works [15, 21] suggest that a Cu/ZnO#4 coated microreactor can produce up to
870mmolH-kge.i s at 300C and residence time ~0.29s. Based on the collected
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information, it was estimated that a residence tohe0.14s is sufficient to reach the
desired methanol conversion (97%) at the selegbedating conditions.

Finally, in the last step, the required power comgtion by the magnetron is
calculated. The available on the market microwaseegators, operating at 2,45GHz,
can continuously deliver power up to 30kW. Moregwar indicated by Sturm et al. [6],
in order to reach the reaction temperature in ditog after the reactor start-up, the heat
generation must be in the range of 250MW/iihis constraint together with the
aforementioned limitations must be satisfied whalmisg the problem.

Following the procedure, it was found that to uléll restrictions; the reactor
should contain 130 microchannels. The length of T8RWeactor has been found to be
40cm and its diameter 1.4cm. The monolith offecstalyst deposition area of 0.26m
and accommodates only 13g of catalyst. The TWMSRtoe is able to produce up to
36mol/h (0.81Nn¥h) of hydrogen with a power content of ~2.4kW.

It must be noted that the TWMSR reactor performgmesented in this chapter is
indicative and the optimization of the geometry Woprobably allow for even higher
production rate of Kgas. This however, would require more in-deptlestigation on
microstructured reactors and detailed study onrdlaetion kinetics and fluid flow to
optimize channel dimensions, which are out of tbeps of this thesis. Nevertheless,
further optimization of the channels geometry megdl to miniaturization of the reactor

without compromising its performance.

6.4 Conclusions

The applicability of typical mono-mode and multingothicrowave applicators to
the detailed investigation of heterogeneous gad-s@talysis is rather limited since
both designs suffer from non-uniform heating arféiadilt to control energy input to the
reactor. Combination of a microwave applicator watliluidized bed reactor although
would improve the heat distribution in the catalytied, may not be suitable due to
residence time limitations and catalyst abrasiohe Tombination of the recently
developed INTLI technology with packed bed reactbrings advantages over the
existing technology in terms of better temperatoetrol inside the bed and flexibility

in operation; however, the randomness of the padiext structure is still a major
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limitation. Finally, the Traveling Wave Methanoledin Reforming (TWSR) reactor is
seen as the most promising concept since it adekes®st of the Pl principles. The
clear advantage over the other designs lies iralfildy to 1) “focus” the electric field
where it is needed (i.e. in the catalytic reactallsy favouring energy utilization
efficiency and 2) fully control heating rate dibuition over the length of the reactor. A
simplified design approach reveals that a multiclghnTWMSR reactor having a
diameter of 1.4 cm and a length of 40 cm would &@able of producing up to 0.81Nm

of hydrogen per hour.

126



Microwave assisted heterogeneous catalysis — chgls and opportunities

Bibliography

1.

2.

10.

11.

12.

13.

14.

15.

16.

Mike Taylor, et al. Developments in Microwave Chemistiyz Chemistry World
2005.

Sturm, G.S.J., et alQn the effect of resonant microwave fields on teaipee
distribution in time and spacdnternational Journal of Heat and Mass Transfer,
2012.5513-14): p. 3800-3811.

Thomas Jr., J.R. and Faucher Thermal modeling of microwave heated packed
and fluidized bed catalytic reactorsJournal of Microwave Power and
Electromagnetic Energy 20085(3): p. 165-174.

Sangdao, C., A. Roeksabutr, and M. Krairik&h,applicator for uniform heating
using perpendicular slots on a concentric cylindficcavity excited by
perpendicular waveguidednternational Journal of Electronics, 20083(5): p.
313-334.

Sangdao, C., S. Songsermpong, and M. KrairikstGontinuous Fluidized Bed
Microwave Paddy Drying System Using Applicatorswigerpendicular Slots on a
Concentric Cylindrical CavityDrying Technology, 201®9(1): p. 35-46.

Sturm, G.S.J., A. Stankiewicz, and G.D. Stefanidicrowave Reactor Concepts:
From Resonant Cavities to Traveling Fieldis Novel Reactor Concept$1. van
Sint Annaland and F. Gallucci, Editors. 2012, InigleC€ollege Press: London U.K.
Grange, A., J.-M. Jacomino, and A. GrandemenDeyice for applying
electromahnetic energy to a reactive medR0a 1.

Radoiu, M., The scale-up of microwave-assisted processes AMPERE
NEWSLETTER2010.

Gentili, G.B., et al.A Coaxial Microwave Applicator for Direct Heatindg biquids
Filling Chemical ReactorsMicrowave Theory and Techniques, IEEE Transactions
on, 200957(9): p. 2268-2275.

Mehdizadeh, M.Chapter 6 - Applicators and Probes Based on thenOped of
Microwave Transmission Lingsn Microwave/RF Applicators and Probes for
Material Heating, Sensing, and Plasma Generati@®09, William Andrew
Publishing: Boston. p. 183-218.

Faungnawakij, K., R. Kikuchi, and K. EgucHihermodynamic evaluation of
methanol steam reforming for hydrogen productidournal of Power Sources,
2006.161(1): p. 87-94.

Mei, D., et al.A micro-reactor with micro-pin-fin arrays for hydgen production
via methanol steam reformingournal of Power Sources, 202P50): p. 367-376.
Ang, S.M.C., et al.Fuel cell systems optimisation - Methods and stjate
International Journal of Hydrogen Energy, 2036(22): p. 14678-14703.

Kundu, A., et al.Process intensification by micro-channel reactor ieam
reforming of methanolChemical Engineering Journal, 200851&€"2): p. 113-
119.

Leu, C.-H., et allnfluence of CuO/ZnO/AI203 wash-coating slurriestioa steam
reforming reaction of methanolnternational Journal of Hydrogen Energy, 2011.
36(19): p. 12231-12237.

Lim, M.S., et al.A plate-type reactor coated with zirconia-sol aradatyst mixture
for methanol steam-reformindgournal of Power Sources, 2008(0(1): p. 66-71.

127



Chapter 6

17.

18.

19.

20.

21.

128

Park, G.-G., et al.Hydrogen production with integrated microchannelkelfu
processor using methanol for portable fuel celltsys. Catalysis Today, 2005.
110(14€“2): p. 108-113.

Su’slu’, O.S. and I.p. Beceri®n-Board Fuel Processing for a Fuel Celldeat
Engine Hybrid System&nergy & Fuels, 20023(4): p. 1858-1873.

Agarwal, V., S. Patel, and K.K. Pati2 production by steam reforming of
methanol over Cu/ZnO/AI203 catalysts: transientawation kinetics modeling.
Applied Catalysis A: General, 200B7/91-2): p. 155-164.

Agrell, J., H. Birgersson, and M. Boutonngteam reforming of methanol over a
Cu/ZnO/AI203 catalyst: a kinetic analysis and saés for suppression of CO
formation.Journal of Power Sources, 200R§1-2): p. 249-257.

Park, G.-G., et al.Hydrogen production with integrated microchanneklfu
processor for portable fuel cell systemisurnal of Power Sources, 200352): p.
702-706.



Microwave assisted heterogeneous catalysis — chgls and opportunities

129






7/

Overall conclusions,
recommendations and outlook

131



Chapter 7

7.1 Conclusions

This thesis focuses on application of microwavediation, as an alternative
energy source, to heterogeneous gas-solid catalgictions. Within this framework,
two reaction systems, steam reforming of methanodl avater-gas shift, were
investigated in order to reveal potential beneagswell as challenges stemming from
the combination of microwave technology with gakescatalytic reactors.

Although the application of microwave energy hasrbbroadly investigated, most
of the research efforts have been focused on thepanson with the conventional
processes in terms of conversion and/or selectikibyvever, not much information has
been published on the interaction of microwave wilid catalyst particles. In this
context, a systematic investigation of the microavanteraction with different catalysts,
particle sizes and supports was performed in thiskwThe experimental results
showed that for different metal/support combinatiodifferent heating patterns are
developed (i.e. from slow rising with low maximumntperature to very fast heating
rates end extreme temperatures). Moreover, it wasd that higher metal loading
increases susceptibility of the catalyst to micresvarradiation. These observations
prove that metal nanoparticles might experienctedint temperature than a catalytic
support and thus contribute to achieving higherveasion under microwave heating
than when heated by a conventional source of Heéatvever, above certain metal
loading, the opposite effect was observed due mmdtion of a microwave reflecting
metallic shell around the catalytic support.

The catalyst particle size also plays an importal# in the process of microwave
heating of the catalytic bed. The temperature diffees between smaller (<126) and
bigger (300-42fm) particles of the same catalyst can reach asdsgh0C, which can
have a significant effect on a chemical reaction.

Already in the early phase of investigation of roigave heating of catalytic
samples, enormous temperature gradients in théoreiacboth, horizontal and vertical
direction were discovered. Despite the facts that this study 1) a mono-mode
microwave cavity was used, 2) the used sample owtdano more than 3 grams of
catalyst and 3) the diameter of the sample contairas only 12mm, the temperature

gradients obtained reached up td®0This finding sheds new light on other research
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works published before this work, where the reatgorperature was measured only in
one spot and often not with an appropriate methiodias found that the commonly
used in microwave chemistry infrared (IR) sensdgsificantly underestimate the real
temperature in the reactor. Therefore, fibre off0) sensors are recommended for use;
however, FO sensors, contrary to IR sensors, strifen a short life time due to their
delicateness. Although this shortcoming can belydsiproved on lab scale by
implementing glass probe guides, it remains a ehgh for industrial scale applications.
Moreover, the importance of temperature measurenmemultiple spots inside the
microwave activated gas-solid catalytic reactor waghlighted, in order to obtain the
accurate temperature map inside the reactor. $toghigh importance in terms of valid
interpretation of the reactor performance (coneersind product distribution).

As a model gas-solid catalytic reaction, methateh® reforming was selected to
compare microwave activation and conventional tladractivation using an electric
heating element. The study was focused on compaotmethanol conversion, product
distribution and hydrogen selectivity over a ranfieperating conditions with the focus
laid on the correct three-dimensional temperatuepping in the catalytic bed. The
experiments showed that methanol conversion undgomwave heating is significantly
higher than that achieved with conventional electnieating under similar bulk
temperature conditions. Equivalently, similar metbla conversion was achieved
between the two heating modes while the bulk teatpes was lower under microwave
irradiation. This entails that the reactor can htneesame performance with lower net
heat input to the reactor. Lower bulk temperatuleo amplies potentially safer
operation and lower capital cost.

Further, the experiments showed that the highewersion under microwaves is
not related to the catalyst pretreatment, i.e.vatitin or conditioning of the catalyst
prior to the reaction. Moreover, the examinatiorcafalyst surface before and after the
microwave activated reaction showed no change éndftalyst morphology. Those
findings indicate that the effect of higher convemshas a rather thermal nature
indirectly supporting the speculation of hot spotniation on or, in the vicinity of,
metal nanoparticles. Contrary to conversion, thalpct gas distribution and selectivity
remained unaffected when microwave energy was egbpli
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On the side of water-gas shift reaction, which camytto methanol steam reforming
is an exothermic reaction, it was found that micawes bring no significant benefits
over the electrically heated reaction neither inmte of conversion nor product
distribution. A possible explanation is that duewtater-gas shift being exothermic, a
significant part of the net heat input to the reaciomes from the heat of reaction thus
lowering the heat input from microwave radiatiorddhe associated local overheating
of active sites.

Finally, based on the knowledge gained about adgmst and shortcomings of
microwave-assisted gas-solid catalysis and thergwpatal results from this research, a
new relevant microwave reactor concept based on“dhaxial cable” principle is
discussed. Although generic for liquid and gasesofiactions, the concept is detailed
here for methanol steam reforming and is thus tdrirraweling Wave Methanol Steam
Reforming (TWMSR) reactor. The TWMSR reactor hae tiotential to overcome
limitations of traditional cavity-based microwavppéicators (mono-mode and multi-
mode ones). Implementation of monolithic catalysttead of a randomly packed bed
together with optimized variable reactor diametexynensure well-defined and well-
controlled axial and radial heating rates and teatpee. Although the concept is still in
the modeling phase only, and certain assumptiorie@methanol reforming reaction in
microreactors (taken from literature) have beenend®WMSR reactor appears to have

great potential to form the next generation of micave applicators.

7.2 Recommendations

Although this research work had fundamental charsatd aimed to provide insight in
the nature of solid catalyst - microwave energyeractions, some of the ideas and
aspects came too late in the picture to investigiaden thoroughly. Therefore, the
following recommendations for further research benmade based on the results and
experience gained:

e A major challenge in this work was the accurate pgerature measurement
inside the reactor. Although this problem can beresised by temperature
mapping of the catalytic bed, such solution is ficat only in a laboratory
practice. Furthermore, the available temperatureasmement techniques
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which are suitable for use under electromagnetid ftonditions suffer from a
relatively low temperature application range (ma®0’8). Therefore,
development of new, or improvement of existing tenapure measurement
techniques is a necessity.

e Precise measurement of dielectric properties dlysit samples as function of
their composition, moisture content and particleesis recommended. This
may help develop catalysts, which are optimal foicrawave-assisted
heterogeneous reactions.

e Experience with mono-mode microwave cavities shdhet this type of
applicator is far from being optimal for gas-sof@hctions. Therefore, a new
type of applicator must be designed; it shouldvalfor more uniform energy
dissipation inside the reactor. In this contexhyarid microwave applicator-
micro/millireactor system based on the “coaxial leakprinciple should be

further investigated.

7.3 Outlook

Microwave-assisted chemistry has been investigtenhore than 30 years and big
steps have been made both in understanding theigdea of microwave-matter
interactions and in development of advanced lablescaicrowave applicators.
Nevertheless, commercial scale microwave-assidiethical processes are not widely
implemented. The major obstacle is the complexityn@rowave propagation in large
scale units causing difficulties in stable opematidMoreover, microwave-assisted
processes do not provide the operational flexjbibt conventionally heated processes
since the former are more sensitive to feed contipagdroperties and flow rates. In
order to popularize microwave technology in indystobust reactors providing well
defined and controllable microwave fields must lesadoped. This is not a long-term
goal anymore, since more sophisticated techniqueseaployed in experimental
investigations of microwave activated chemical psses and more powerful
simulation tools have become available.

Nevertheless, it needs to be stressed that micrweactors are not going to be

implemented in every industrial sector; they do fwin the ultimate answer to all
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industrial needs and each implementation must hdiest independently. Finally,
increased investment and operational costs musbbmpensated by increased reactors

efficiency and improved product selectivity andlgge
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