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ABSTRACT

AN EXPERIMENTAL STUDY ON Pt-BASED BIMETALLIC
OXIDATIVE STEAM REFORMING CATALYSTS

In the current study, Pt-Ni/ADs; system was optimized for catalytic hydrogen
production via oxidative steam reforming of propa@idative steam reforming of
propane was tested over four PtdNKI.Os; bimetallic and one Pt-Au-NafAl,O3 tri-
metallic catalysts aiming to investigate the effeft Ni:Pt loading ratio on catalyst
performance. Catalyst types and reaction conditivese firstly arranged to identify the
effect of reaction temperature, carbon to oxygeio reesidence time, and catalyst loadings
on hydrogen production. The catalysts were prepaseldaving two different levels of Pt
loadings (0.2 wt % and 0.3 wt %) and two differlavels of Ni loadings (10 wt % and 15
wt %) on alumina support. Gold was added to th&liPtystem, aiming to see its affect
both on OSR performance of the catalyst as wallsasecondary WGS activity. The effect
of C/O; ratio on the hydrogen production ang @O selectivity were found dependent on
the Pt and Ni loadings, and their loading ratio:F¥)i as well. The highest hydrogen
production and KHCO ratio levels were obtained for the highest £r&io tested. Lower
Pt loadings have made the catalysts more sendibivihe changes in C/Oratio. An
optimum Ni:Pt ratio was found around 50 by weighedo suppressed methanation and
enhanced hydrogen production activities of thedalysts. The presence of gold in the
trimetallic catalyst caused poor activity and selgtly in comparison to bimetallic

catalysts.



OZET

PLATIN BAZLI C iFT METALL i OKSIDATIF BUHAR DONUSUMU
KATAL iZLERT UZERINDE DENEYSEL CALI SMA

Bu calsmada, Pt-Ni/delta-AD; sistemi, propanin oksidatif buhar cevrimi ile
katalitik hidrojen tretimi icin optimize edilrgtir. Propanin oksidatif buhar dogiimi dort
Pt-Ni/delta-AbO3 ¢ift metalli ve bir Pt-Au-Ni/delta-AlO; (¢ metalli kataliz Gzerinde,
katalizdeki Ni:Pt miktarinin kataliz performansieiimdeki etkisini argirmak amaciyla
test edilmgtir. Oncelikle, kataliz tipleri ve reaksiyogartlari, reaksiyon sicakh, karbon:
oksijen orani, bekleme siresi ve kataliz igi@in hidrojen Uretimindeki etkisini belirlemek
amaclyla diuzenlenntir. Kataliz, delta alimina destek lzerinde iki klarPt orani
(agirhkca % 0,2 ve 0,3) ve iki farklh Ni orani galikca % 10 ve 15) olacakekilde
hazirlanmgtir. Katalizin, oksidatif buhar doégimid ile ikincil su-gaz dongim
performansini gormek icin Pt-Ni/deltaz8l; katalizine altin ilave edilmgiir. Hidrojen
uretimi ve B/CO secicilginde, C/Q oraninin etkisi, katalizdeki Pt & Ni miktarina ve
Pt:Ni oranina bgi oldugu bulunmgtur. En yuksek hidrojen Uretimi ve O orani
seviyeleri test edilen en yiksek G/@raninda elde edilrstir. Katalizdeki diguk Pt
miktari, katalizi C/Q oranindaki dgisimlere daha duyarli hale getirgtir. Dusuk
metanasyon ve artan hidrojen tretimi aktivasyornebg/le, optimum Ni:Pt oranigalikca
50 olarak bulunmgtur. Altinin G¢ metalli kataliz icinde bulunmaskj metalli katalizlerle
karsilastirildiginda zayif aktivite ve secicge neden olmgtur.
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1. INTRODUCTION

The need for a sustainable energy supply is bea@pmiore crucial considering the
depletion of fossil energy resources, environmermgallution, climate change, and
increasing dependency on OECD countries. Consigiaitie enormous ecological and
economic importance of the decentralized smalleseadergy production and transport
sectors in the industrialized and developing coestrthe introduction of alternative fuels
and energy production systems will be a key to destainable energy production and

development.

Among new energy production strategies, the use/dfogen production is expected
to play an important role in future energy scermmonsidering the drastic increase in
energy demand. Therefore, hydrogen is expectedpiage the fossil fuels to some degree
in the future and to become the preferred portebkergy carrier especially for vehicles.
Emerging new technologies will be implemented tigftoprocess modifications and/or
renewal of existing energy production technologii&e the system utilizing internal

combustion.

The transition to a hydrogen-based energy techgoladnere the main chemical
energy carrier is hydrogen and the main non-chdnaicargy form is electricity, will be
gradual, and is likely to continue till the endtbé 2f' century. Nowadays, conversion of
chemical energy (occluded in hydrogen gas) to et#yt which is an easy handled form
of energy, is being made through using an intetligend unconventional system called
fuel cell.

Compared with conventional technologies, fuel ceffsr significant advantages like
operating at zero emission level when pure hydragarsed as a fuel. Actually, a variety
of fuel cells operating with different fuels aneeiolytes are under investigation, but the
proton exchange membrane fuel cell (PEMFC) fuetlgchydrogen seems to be the most
promising option for both vehicular and small scaenbined heat and power applications
due to its compactness, modularity, high power iderad fast response (Ahmed and
Krumpelt, 2001; Avci, 2003).



The crucial point in energy production via fuellse$ providing high purity/CO-free
hydrogen feed continuously and stably. In vehicalzt small scale immobile applications,
this may be accomplished by storing hydrogen odpecong it on site by a catalytic system
called fuel processor. Since there are technolbdpaariers in hydrogen storage which
cannot be overcome in short and midterm, the mmshising way to supply hydrogen fuel

to a fuel cell is to produce it on site via a fpebcessor.

The fuel processors contain series of catalyticctoga which convert various
hydrocarbon feeds like LPG, methane, ethanol, ®cCO-free hydrogen. The serial
catalytic reactions should run in a fuel procesax i) reforming of hydrocarbons to
hydrogen via steam reforming, direct partial oxiolator oxidative reforming/ indirect
partial oxidation, ii) water-gas shift reaction fdecreasing the concentration of carbon
monoxide and, at the same time, increasing the esdration of hydrogen; and iii)
preferential carbon monoxide oxidation which eliates carbon monoxide in the reformer
product to levels less than 10 ppm. CO concentrdgwel in the feed stream as 10 ppm

guarantees the stable operation of PEMFC withoyi@ss of activity.

Oxidative steam reforming (OSR), which has altemeatnames as autothermal
reforming (ATR) and indirect partial oxidation (IXQ is the combination of the total
oxidation and steam reforming; since steam refogmamd total/partial oxidation run
simultaneously, and the heat generated by totaladxin is used for an endothermic steam
reforming, the energy efficiency of the systempsimized.

Additionally, since the energy need of endother®R is supplied by exothermic
total oxidation (TOX), the production of hydrogenrh hydrocarbons by OSR is free from
the disadvantages of the other reforming methaks, dlow start-up, considerable heat
input or output, higher catalyst loadings and largeactors, mass transfer limitations
problems, and low efficiencies. The heat exchangend the reaction on the OSR

catalysts optimizes the energy efficiency of thetem.

Hn+NHO> NCO+(¥am+n) b SR (1.1)

Hn+(n+¥%m)@-> nCG+%¥% mHO TOX (1.2)



OSR has been tested many times in literature ovenometallic catalysts. At
temperatures up to 82T, above which thermal sintering is significantrieas Ni-based
catalysts and Ri/Al,O3; have been studied as the suitable catalysts éamstreforming
and total oxidation reactions, respectively (Avtiak, 2003). Bimetallic catalysts have
been newly start to be used due to the fact theyt thake it possible to reach high and
stable conversion levels at relatively low openmattemperatures (350-45T). Pt-Ni-
Al,O3 is a bimetallic system that improves hydrogen potidn in oxidative steam
reforming operation. In addition, this catalyst id&ses the operation temperature since the
Pt sites, which catalyze total oxidation, and Kesihich catalyze steam reforming are on

the same support. Thus, the catalyst particlesvgeaig micro heat exchangers.

Previous studies on oxidative steam reforming oReNi/d-Al,O; which were
conducted using propane and LPG with different aosrtfons (i.e. C3:C4 ratio) show that
the high activity and selectivity are reached &itieely low reaction temperatures. When
butane ratio in LPG is increased, coking was oleskmven if catalyst runs with high
secondary water gas shift activity. In order tanahate the coking problem, very high

steam/ carbon ratios in the feed have been used.

The aim of this work is to obtain a bimetallic OSRtalyst, which shows high
activity, selectivity and stability for a wide ram@f “steam/carbon” and “carbon/oxygen”
ratios and residence times (W/F) in OSR of prop&mthis context, the bimetallic 0.2 wt%
Pt-15 wt% Nib-Al,O3;, which was tested in propane (Caglayan et al.Ap@hd LPG
(Caglayan et al., 2005) oxidative steam reformimgs been taken as a reference catalyst,
and Pt and Ni loadings of that system is changeanirexperimentally designed fashion
aiming to obtain a flexible catalyst with optimal:¥ ratio which shows high activity,
selectivity and stability for a wide range of cambaxygen ratios and residence times in
OSR. The performance of catalysts is evaluateceimg of their hydrogen production
activity and H/CO selectivity for a selected reaction temperatange (i.e. 35tC-470C).



2. LITERATURE SURVEY

2.1. Sustainable Energy Production Systems

The energy requirement of the world has been isangadue to increasing living
standards and world population, and the technaddgapplications demanding higher
energy input (Midilli et al., 2004)Sustainability is the ability of humanity meets its
present needs without compromising the ability utife generations to meet their own
needs. Energy is an essential commodity for inamgaproductivity in all sectors like
agriculture, chemical industry, etc. An increaseha energy consumption of a country
provides a positive impact on the economic as alsocial development of the country.
Moreover, the supply and utilization of low-pricettan fuel is particularly crucial for
global stability and peace since energy plays al vile in industrial and technological
development around the worl@ritical energy issues in the 2tentury will likely to
include energy security for up to 12 billion peqplee expected global population by the
middle of the 2T century, and global warming, mainly caused by, @@issions generated

from the combustion of fossil fuels.

The investigations of alternative energy stratepige recently become important,
particularly for future world stability. The mosnportant property of alternative energy
sources is their environmental compatibility. Ineliwith this characteristic, hydrogen will
likely become one of the most attractive energyieer in the near future. Moreover,
sustainable systems like wind, sun, nuclear enbeye been widely accepted to have an
enormous importance for future energy need of thddy

The socio-economical projections and the estimédssil fuel reserves show that a
continuous reliance on fossil fuel for global enesypply will produce major climate-
induced ecological changes within 2—3 generatidiosnkiewicz, 2006)Thus, there is an
urgent need to expedite the process of implemeritiediydrogen economy. A worldwide
conversion from fossil fuels to hydrogen would efiaie many problems and their
ramifications. The optimal endpoint for conversitm the hydrogen economy is the

substitution of clean hydrogen in place of the emntdossil fuels. The fully sustainable



way of producing hydrogen, i.e. producing it fronater by utilizing a fully sustainable

primary energy source, like sun, wind, etc., isuhlignate goal of that conversion. By this
way, the unique property of hydrogen, that it carbedestroyed unlike hydrocarbons, and
it simply changes state from water to hydrogen laaxck to water during consumption, can
be fully utilized. However, on the other hand, tieehnological barriers enforce us to

produce hydrogen from hydrocarbons in the shortraiadterm.

2.2. Fuel Cell Technology

Fuel cell is a promising technology to be used aswace of heat and electricity for
buildings and as an electrical power source forctate vehicles. Although these
applications would ideally run on pure hydrogemytlare likely to be fuelled with natural
gas, methanol, or even gasoline in the short teefgrming these fuels to produce
hydrogen will allow the use of much of our curramtergy infrastructure gas stations,

natural gas pipelines, etc. while fuel cells araggu in.

In future, hydrogen could also join electricity as important energy carrier.
Hydrogen is an energy carrier which can be stdradsported, and distributed in a usable
form to consumers having fuel cell (FC). Renewadslergy sources, like the sun, cannot
be used in energy production in continuous manaasidering its exposure change from
day to night. But energy converted to hydrogenth@nother hand, can be used whenever it

is needed and, additionally, can be transportedhierever it is needed.

A fuel cell is an electrochemical device that converésdhemical energy stored in a
fuel (usually hydrogen) into electrical energy whiproducing only water, heat, and
minimal pollutants as by-products. Depending on fthed and electrolyte type, different
reactions occur. Since this conversion takes plé@en electrochemical process, not via
combustion, the process is clean, quiet and higfffigient - two to three times more

efficient than fuel burning.

A fuel cell consists of an anode and a cathode separated bhgnasonducting
electrolyte which also is called as membrane. Hgednois fed the anode and oxygen from
air enters through the cathode. In a fuel cell,rbgdn atoms split into protons and
electrons generating some heat; protons and etectimke different paths to reach the



cathode, where they reunite and create an eldlcticeent that can be utilized. When pure
hydrogen is used as the feed, the only emissian &duel cell is water. The output from a
single fuel cell membrane electrolyte assembly (MIEA about 0.5-0.9 volts DC

electricity. The cells can be stacked in a ser@sing a fuel cell stack to obtain the
desired power output. A schematic representatioa dfiel cell with the reactant and
product gases and the ion conduction flow direstitmough the cell is shown in Figure

2.1.
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Figure 2.1. A schematic representation of a feél c

Fuel cell operation should be held at temperatures highan #0C to sustain
reaction kinetics and lower than f@0since the membrane (electrolyte) needs to be

humidified to conduct protons, which migrate asrayeld species (Avcl, 2003).

Fuel cells are characterized by their electrolyted their temperature of operation.
There are two major types of fuel cells: low tenapere fuel cells and high temperature
fuel cells. Three types of low temperature fuelscale Polymer electrolyte membrane fuel

cells (PEMFC), Phosphoric acid fuel cells (PAFQ)J &lkaline fuel cells (AFC).



High temperature fuel cells are Molten carbonatd éells (MCFC) and Solid oxide
fuel cells (SOFC). They are suitable for stationather than small scale and/or vehicular
applications because of their high operating teatpees, which in turn let them operate at

higher efficiencies in electrical energy generat@owl producing waste heat.

When the fuel cells are listed in the order of agpnate operating temperature, the
list starts with ~80C for PEMFC, ~108C for AFC, ~200C for PAFC, ~656C for
MCFC, and goes up to ~600-10@for SOFC. The operating temperature and usdtul i
of a fuel cell dictate the physicochemical and rth@mechanical properties of materials
used in the cell components. Aqueous electrolyteslieited to temperatures of about
200°C or lower because of their high water vapor pnesand rapid degradation at higher
temperatures. The operating temperature also playsmportant role in dictating the type
of fuel that can be used in a fuel cell. The lomperature fuel cells with agueous
electrolytes are, in most practical applicatiorestricted to hydrogen as a fuel. In high
temperature fuel cells, CO and even ,Gidn be used because of the inherently rapid
electrode kinetics and the lesser need for higlalytad activity at high temperature
(Caglayan et al., 2004).

Among the fuel cells mentioned above, PEMFCs haaeyradvantages such as a
low operating temperature, sustained operationtagla current density, low weight, and
compactness. PEM fuel cells use pure hydrogeneadudl and a perflorinatedsulphonic
acid (poly-perflourosulfonic acid) as the polymemembrane. They operate at 70 °®0
temperature range. They have high power densitichwis an order of magnitude higher
than other fuel cell systems, they can vary theitpot quickly to meet shifts in power
demand, and they are suited for applications, dkéomobiles where quick startup is
required. PEM fuel cells are primarily suited fesidential, small scale commercial and
transportational applications. The solid organidyp@r electrolyte reduces corrosion,
safety and management problems. Cell outputs gigneamge from 50 to 250 kW. The
major properties of PEMFCs are given in Table Axc(, 2003).



Table 2.1. Properties of PEMFCs

Operating temperature 343 -353 K
Cathode/Anode catalyst Pt/Pt

Start up (from room temperatureMinutes

Efficiency (5 kW size) 30-40 per cent
Efficiency (50 kW size) 35-45 per cent
Estimated cost $200/kW

Major challenges Membrane durability

System complexity

Major advantages High power density
Quick start-up
Reduced corrosion and management problems

Low temperature
Major applications Transportation

Small scale CHP

Portable/leisure

PEMFCs have recently passed the demonstration @mséave partly reached the
commercialization stage on account of the rapidetiggment and an impressive research
effort worldwide. However, the remaining challengleat are needed to be overcome will
take several years before its full commercializatibhe main challenges include supply of
high purity hydrogen, cost reduction and the likeng-Ho, 2006).

While there are several fuel cell types with feasuapplicable to certain fields,
PEMFCs are the most promising system in terms efggnefficiency and compactness.
Generally, there are three main application fields PEMFC system: transportation,
small-scale stationary and portable applicatiot®e development direction of PEMFCs in
each nation is bound up with their social and imdaisenvironment as well as their

structure of energy supply and demand.



The development of a Fuel Cell Vehicle (FCV) regsithe on site integration of a
fuel-cell system and electric energy storage deyic&ith an appropriate energy
management system. In order to meet the futurespatation needs, most major
carmakers in the world are actively engaged in ldgwueg prototype FCVs and assessing
their performance. In order to evaluate the FC\board PEMFC, it is important that their
driving test be conducted according to a standany ¢driving) cycle, which includes
reiteration such as stop, acceleration, cruisitagt,sand brake (Jung-Ho, 2008here are
some applications of new intelligent battery systdar vehicles. Hybrid electric cars have
been used for electrical energy transmission to wieeels. The engine—generator
combination provides sufficient power to maintdne tvehicle at a steady cruising speed.
Here, the battery system may be augmented by thesion of a super capacitor, which
provides an efficient means for the capture of gypdrom regenerative braking. In the
final analysis, the choice of hybrid system depeadsthe required duty cycle of the
vehicle, the degree of engineering complexity, tapital and running costs, and the

emission regulations that have to be observed.

Various on-board applications about PEMFC have bssenied out in the world
since 2002. For example, hybrid power bus with B0 Bower output has been used in
European countries. In 2005, a 300 kW PEMFC systes evaluated for liquid gas-
powered operation with their main focus on leisgaehts (Beckhaus et al., 2004). In 2004,
Hwang et al. published the test results of a pyp®tof electric bicycle powered by a
PEM.

For a stationary power system, it was reportedd@52that the development of the
key components, specifications, configuration ameration characteristics of a 5kW
H./air PEMFC system is of great importance (Wanglet2805). They consisted of a 5
kW stack consisting of 56 cells with an active ané250 cnd per cell. In addition, it was
also reported that future studies should be aineedvercome the traditionally known
problems such as developing CO tolerant anodereleettalysts with low Pt loadings,
increasing the cell operation temperature and impgoexhaust gas quality. Due to the
feasible energy production, large scale statioeamlrgy production systems, which are fed
by hydrogen, require more efficient hydrogen supptgrage, and fuel cells with lower Pt

loadings and high stability for a long life time.



10

When portable power systems are considered, reehiale batteries are well-suited
to portable power applications where the energyuirement between recharges is
relatively small. In recent years, for exampldilim-ion batteries have proved their worth
in mobile communications (cellular phones), laptapnputers, and cameras. With the
advent of mobile broadband computing, however, tlext generation of portable
electronic equipment will demand ever-greater an®woi stored energy. For this reason,
attention is turning to so-called ‘micro fuel célisat promise an energy-storage capability
of over an order of magnitude greater than thathefbest batteries. Already, there has
been a surge of interest in the development oSuhd#t generate just a few watts to power

a wide range of consumer electronics, as well éasrger cells.

2.3. Hydrogen for Fuel Cell Applications

For fuel cell applications, especially for PEMFCphgations, the most important
factor is supplying pure hydrogen to fuel cell irelf cell powered vehicles that run at zero
emission levels. In order to produce pure hydrogeere are two alternatives available:
hydrogen may be stored or it may be produced anfsit both stationary and mobile
applications.

Hydrogen is the simplest element; an atom congisbinonly one proton and one
electron. Despite its simplicity and abundance,rbgdn does not occur naturally as a gas
on Earth. It is always combined with other elemeWster, for example, is a combination
of hydrogen and oxygen (H-O-H). Hydrogen is alsonid in many organic compounds,
notably the “hydrocarbons” that make up many oflfusuch as gasolinaatural gas,
methanol and propane. Hydrogen can be made by ateypnit from hydrocarbons by
applying heat, a process known as “reforming” hgeérm Currently, most hydrogen is
made by this way from natural gas. An electricatent can also be used to separate water
into its components of oxygen and hydrogen. Sorgaeabnd bacteria, using sunlight as
their energy source, even give off hydrogen unéetam conditions. Hydrogen is high in
energy content and perfectly clean energy soumseersine that burns pure hydrogen
produces almost no pollution. NASA has used liguydrogen since the 1970s to propel

the space shuttle and other rockets into orbit.
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Some important advantages of hydrogen:

Hydrogen is a non-toxic, clean energy carrier izt a high specific energy on a
mass basis e.g., the energy content of 9.5 kg afolgen is equivalent to that of 25
kg of gasoline.

* Many different production processes for hydrogeisteincluding processes where
some of the hydrogen is contributed by fossil fueets, steam reforming of natural
gas or other light hydrocarbons, gasification adland other heavy hydrocarbons,
electrolysis of water, direct and indirect thermetical decomposition, and
processes driven directly by sunlight.

* Hydrogen can be safely transported in pipelines.

e Hydrogen can be used advantageously as a chemeamdstbck in the
petrochemical, food, microelectronics, ferrous aath-ferrous metal, production
industries in chemical and polymer synthesis, rhefgital process industries, and
as an energy carrier in clean sustainable energgiss.

* When combusted, hydrogen produces non-toxic extemssions.

 Compared to electricity, hydrogen can be stored ogkatively long periods of
time.

* Hydrogen can be utilized in all parts of the ecogay., as an automobile fuel and

to generate electricity via fuel cells.

Some disadvantages of hydrogen follow:

*  When mixed with air, hydrogen can burn in lower @amtrations and this can cause
safety concerns.
» Storage of hydrogen in liquid form is difficult, agry low temperatures are

required to liquefy hydrogen.
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2.3.1. Hydrogen Storage
After hydrogen source, hydrogen storage is anotiracial point for fuel cell
applications. There are many methods for storingrégen; the three most common

methods are:

Compressed gas in pressure vessels. New materials have allowed pressure vessels

and storage tanks to be constructed can store ¢gdrat extremely high pressures.

Hydrogen absorbing materials:

* A number of metals (pure and alloyed) can combirte twdrogen to make a metal
hydride. The hydride releases hydrogen when it @atdd. Hydrogen stored in
hydrides under pressure has a very high energytgens

* Hydrogen molecules that have been absorbed onaddatan approach the storage
density of liquid hydrogen.

« Small glass spheres (microspheres), carbon namtudred fullerenes can hold
hydrogen if it is induced at high pressures andptnatures. The hydrogen is held
captive in the solid matrix when the temperatungels. Hydrogen can be released
by heating the solid.

Liquid storage: Hydrogen can be converted to liquid form by redgcithe

temperature to -25%. This can save cost in transportation, but reguadditional energy
and cost to keep the hydrogen at low temperatiResigerating hydrogen to liquid form
uses the equivalent of 25 to 30 percent of itsgneontent. A concern of storing liquid

hydrogen is minimizing loss of liquid hydrogen byilkoff.

Unless the carbon nanotube method is used, thesagsimethods are expensive,
need excessive weight and volume and are far fratisfging the ideal vehicular
performance. The recent studies on carbon nanotodes shown that the gap between
storage capacities reached, ca. 1.0 wt%, is atilléss than 6.5 wt%, which is accepted as
economically feasible level. Apart from these sgerdased problems, the problems of

availability and distribution of hydrogen have kedthe consideration of compact, efficient
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devices called fuel-processors that can convertdogbon fuels into hydrogen on board

the vehicle.

2.3.2. Hydrogen Production

In future world, hydrogen would be produced fromeawable sources by harnessing
solar, wind, or geothermal energy to power an edgcter that generates hydrogen from
water. Currently, this environmentally benign eryeoycle is not economically feasible.
Renewable energy production systems and procesast gantinue to be improved in
performance; their overall capacity must grow tpsart a robust infrastructure and their
production must be cost effective. Electrolyzingevavia electricity is another alternative.
However, since the most efficient water electratgzeystem is operating at roughly 30%
efficiency and dominated by coal power, that opti neither efficient nor

environmentally friendly.

Presently, most of the hydrogen is produced fromw fassil materials. Any
carbonaceous material can be used to produce hsuldmg steam reforming, but they are
more likely to contain higher amount of contamirsatitan natural gas, and would require
cleanup before using. The main reason why natwsligused in hydrogen production is

that it is abundant and its price still remainsitiekly low.

A number of hydrocarbons such as natural gas, Iga&gline, methanol and ethanol
are considered as the fuels for on site hydrogedyation. Diesel, despite the fact that it
can be stored in liquid form in the vehicle, defosboke too easily and, therefore, is not

suitable for on-board conversion (Avci, 2003).

Methanol, being a liquid fuel at ambient conditioasd easy to reform at
temperatures lower than those used for other fuglghe fuel that has taken the most
interest worldwide. Methanol has the advantage®wfimpurities in the product stream
after reforming - in fact among all fuels it is tbaly one that carbon monoxide is not a
major product when it is reformed - low cost, higiergy content and ease of handling.
However, methanol has availability and distributipnoblems; it is produced from

synthesis gas via methane reforming, and currethhanel production is far from meeting
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the demands, thus requiring extra synthesis pmisinvestment (Avci, 2003). It also has

severe safety problems during its distribution asage.

Ethanol is currently used in internal combustiogieas as an additive to gasoline in
order to decrease the emissions. It is a renevgahlece since it can be produced from any
starch or sugar source via fermentation. In thedgcbon regions, ethanol offers a

potential as the fuel to be converted on site.

Gasoline has clear advantages of being alreadyabl@iand of having a widespread
refueling infrastructure; it is obtained by refigircrude oil, without requiring an extra
synthesis step. However, gasoline has reformingéeatures up to 82°C which leads to
coke formation very easily; has high sulphur coptesnich leads deactivation of catalyst,

and is a complex fuel that contains a lot of ungesaromatics (Avci, 2003).

The major component of natural gas is 75 to 85gmrmethane, with the remainder
being composed of ethane, propane and traces bbrcatioxide. Natural gas is cleaner
than any other hydrocarbon fuel, and it is avadabither through widespread pipeline
networks in the form of gas or can be shipped eafdim of liquefied natural gas (LNG).
However, it requires heavy and large pressurizdmdsr for on-board storage and it is
very stable; thus, considerable energy input isuired for its conversion. Therefore,
natural gas is not suitable for on-board hydrogedpction; however, it is considered to
be the ultimate fuel for processing in small ogksscale stationary applications.

Liquefied petroleum gas (LPG) is a typical widesyorduel, since it can be easily
transported and be stored in liquid form in preigsar vessels for mobile and portable use.
LPG is an important by-product of oil exploratiomdaof crude oil processing in refineries.
It is a cheap fuel with high power density. LPGaignixture of propane and n-butane,
whose relative amounts depend on the region fronctwtrude oil is obtained. Propane
can be stored in pressurized vessels with typioatents ranging from 425 g. for very
small gas canisters up to 33 kg for mobile and gibet use. Commercial propane is a
mixture of at least 95 mass per cent propane amgyfane, the residual fraction consists of
ethane, ethylene, butane and butene (Ledjeff-Hesl.et2000). It has also high power

density: Avci (2003) has found that the maximum possibleueslof molar hydrogen
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yields are 300 percent for methanol and 1000 pet é& combined propane steam

reforming and water-gas shift.

Finally, as it is known that water is the other éworeroom of hydrogen. Breaking
down water to hydrogen requires energy. Electriciagmical, light or thermal energy can
be employed. Solar systems may be used in ordgttbydrogen from water. In obtaining
hydrogen from water by utilizing solar energy, atainable energy source is converted to

another useful energy carrier, to be used it imoverapplications.

Hydrogen production may be accomplished by severatesses with the use of
fuels mentioned above. Hydrogen conversion fronrdwarbons may be accomplished by

thermal cracking, steam reforming, and oxidation.

The gasification of coal is the oldest means oamiimg hydrogen from fossil fuels.
When heated in a restricted supply of, @oal is converted to mixture of hydrogen,
methane and carbon monoxide, together with coardr coke. Alternatively, when it is

heated, coal is reacted with steam and the ‘waderrgaction’ occurs, i.e.

C+HO> CO+Hh 2.1)

The water-gas reaction is highly endothermic. Coselg, the combustion of coal or
coke in air is highly exothermic. It is, therefotesual to pair off the two reactions so as to
balance the heat evolved with that is absorbed.réhelting gas is a mixture of COxH
CO,, and N. This may be upgraded in terms of hydrogen corttgrthe ‘water-gas shift
reaction’. The gas is reacted with steam over alysttthat converts carbon monoxide to
carbon dioxide and increases the amount of hydrdgen

CO %8> CO, + H, WGS (2.2)

The carbon dioxide can be removed by a varietyasf gcrubbing techniques. The

process engineering of coal gasification is quiteplex.
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Steam reforming run on nickel based catalystsasntiost well known and cheapest
way of large-scale hydrogen production, and it gittee highest amounts of hydrogen in

the product stream.

EHn+tnHO>nCO+ (*2m+n)H SR (2.3)

However, considerable heat input, higher catalgatings and larger reactors are
required for this process; therefore, it is nottale by itself for on-board hydrogen

production for vehicular applications (CaglayanQ2)0

The energy required for endothermic steam reformiegction can be met by
oxidizing part of the fuel to supply heat to thestgyn. Indirect partial oxidation, which is
the combination of total oxidation and steam refagnreactions, is accepted to be the
most promising routes to produce hydrogen from dbgdrbon fuels for mobile
applications (Ahmed and Krumpelt, 2001; Ma and Tnifi996).

2.4. Fuel Processors

The main objective of a fuel reformer is to convéstdrocarbon fuels into a
hydrogen-rich reformate gas. In general, a reforamomplishes this task by thermo
chemically processing a hydrocarbon feedstock imga temperature reactor with steam
and/or oxygen. An effective reformer must efficlgnproduce relatively pure hydrogen

while generating minimal pollution.

A fuel processor integrates a reformer and perglhsubsystems for converting
hydrocarbon feedstock into hydrogen and deliveiingt the appropriate temperature,
pressure, composition, and purity to a fuel celbtirer hydrogen-consuming device. Since
fuel cells require relatively pure hydrogen, ab®@a15% pure for PEM fuel cells, the ability
to meet purity requirements is critical for the ioml performance, reliability, and
operating life of a fuel cell system.

The on site hydrogen production unit has to satis@gny requirements such as
efficiency, compactness, weight and simple plagpldicement. Accordingly, the hydrogen
rich reformate from natural gas is suitable foridestial PEMFC systems in terms of
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infrastructure and technical abundance. Many typeduel processing system with
different architectures are being developed to pecechydrogen having the required purity
that is pure and fast enough production abilityuresfl for PEMFCs operation. General

principle of designing a fuel processor is showkigure 2.2.

Basic Fuel Processing Schema

Hydrocarbon
feed

> H Pure
» Shift o - 2 . hydrogen .
Steam Reformer L Conversion » Purification » PEMFC
or Air

Figure 2.2. The elements of a fuel processor

Reformer contains the reactions for hydrogen prtdaocfrom hydrocarbons
mentioned before, like thermal cracking, steamrrafiog, oxidation etc. Shift conversion
(WGS) is required since it increases tbncentration while decreases CO concentration
down to 1-2% levels. Hydrogen purification is theaf step in order to fulfill the
requirement for the fuel cell operation, i.e. 4g@m as CO concentration in the fing-H
product. Reforming and shift reaction abilities tbé catalysts developed are the most

interested concerns in the current bi-metalliclgataoptimization study.
2.4.1. Steam Reforming

SR is an endothermic reaction that is favored gh hemperatures, and involves
catalytic conversion of hydrocarbons in the preseasfcsteam to a mixture of hydrogen and
carbon oxides.

Elh+nHO>nCO+ (¥2m+n)H (2.4)

Beside SR reaction, methanation reactions are falsared considerably at lower

temperatures by the following reactions.
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CO+3H > CH;+HO AH = -206.2 kJ/mol (2.5)
COF4H, > CHy + 2 HO AH = -165 kJ/mol (2.6)
GH2n+2+ ((n-1)/2) HO = ((3n+1)/4) CH + ((n-1)/4) CQ (2.7)

In addition, a very important side reaction, whieliminates CO and increases

hydrogen production, exothermic Water Gas Shift @yY@action occurs.

CO+HO>CO+H,  WGS AH =-41.2 kd/mol (2.8)

Steam reforming of hydrocarbons is catalyzed byugr¥Ill metals, with nickel
being the most cost efficient (Joensen and Rostlietsen, 2001). Nickel based catalysts
are usually supported on alumina or magnesia. Hewedwr higher hydrocarbons, coke
formation is a major problem on nickel. Coking miag suppressed by using precious
metal catalysts (Wang and Gorte, 2002). Alkali poters are used for activity
improvement, for their ability to reduce methanatior to facilitate coke gasification;
however, they suffer from the drawback of having@ased volatility in high temperature

steam environments (Ghenciu, 2002).

The composition of the support used for nickel-dasatalysts must be adjusted to
minimize coke formation. Alkaline components, sashmagnesia or potassia, favor the
gasification of coke. Recent studies have showm ¢kaa supports may also improve
activity and reduce coke formation (Ghenciu, 2002¢thanol is the only fuel that does
not produce carbon monoxide when it is steam reddinmowever, other side reactions,
such as methanol decomposition and the decompwsdiothe formed intermediate
formaldehyde, lead to carbon monoxide formationictvhincrease the importance of the

following water-gas shift reaction (Avcli, 2003).

Although highly active noble metal catalysts haeer reported for methanol steam
reforming, those based on copper are preferreddonomical reasons. lwasa et al. (2000)
have studied steam reforming of methanol over Pdatalysts and concluded that the Pd-
Zn alloys are highly selective for the reactionasa et al. (1998) have also investigated
the same reaction on Pd-Zn, Pd-Ga, Pd-In, Pt-Z&G&tPt-In alloys and observed that the
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catalytic functions of palladium and platinum cgsas are greatly modified in the presence
of ZnO, GaO; and O3 upon the formation of the Pd and Pt alloys.

Whittington et al. (1995a) have studied the steaforming of propane on Pt, Pd and
Rh catalysts in the absence and presence of CEnia.orders of activity have been
observed to change with the presence of ceria Rdm Rh > Pt to Rh > Pd > Pt.

Irreversible adsorption of a poison on the actiiessor the deformation of active
sites by reaction causes deactivation of cataly@tsnpetitive reversible adsorption of
poison precursors with reactants is another importaroblem. Poison-induced
restructuring of catalytic surface may also causisgning. Sulphur and halogens are well
known poisons for steam reforming catalysts becaih®r compounds are strongly

chemisorbed on metal surfaces.

Sintering results from the loss of catalytic sithkgee to agglomeration of metal or
support. So it will cause overall loss of area bthe active metal crystallites. Main cause

of sintering in steam reforming reaction is thetha instability of alumina support.

Fouling results from physical blockage of the aetsites on surface. A typical
foulant, coke, is usually observed in reactionsoimwvng hydrocarbons. At temperatures
higher than 447°C and low ratios of steam/carbon, whisker carbory feam from
diffusion of carbon through nickel crystals. Formaatof whisker carbon does not cause

deactivation of nickel catalyst but it may resulbireak-down of the catalyst (Ma, 1995).

Steam reforming suffers from coke deposition. Whrposed to high temperatures,
hydrocarbon fuels tend to dehydrogenate to fornd sgpecies with very low H/C ratios.
Those species are called as coke which may detetilva catalyst by depositing on the
active sites and leading to blockage of the catghgses. Coke may grow also in the
interparticle spaces, increasing the pressure dnophe catalyst bed and eventually
blocking the gas flow (Loffler et al., 2003).

The most widely accepted catalysts of steam refugnrieaction, nickel based
catalysts, are known to suffer from coke depositibhigh temperatures. The simplest way
of improving the quality of the nickel catalyststige introduction of certain additives to
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them aiming to increase their resistance to cok8rgall additions of molybdenum (k0
wt %) cause a significant increase in resistanceoking for nickel catalysts in steam
reforming of hydrocarbons. Kepinski et al. (2000avé studied the effects of the
introduction of small amounts of molybdenum compsi(< 1.0 wt% of Mo) into
impregnated Ni/AlO3 catalysts in steam reforming of n-butane. Thestasce to coking
of the catalysts was observed to be greatly imptdwe the addition of Mo compounds.
Much lower amount of Ni particles, which were aetim formation of carbon filaments,

were observed on Ni-Mo/AD; catalysts.

Coking can be avoided by operating at relativelghhitemperatures and by
introducing oxygen to the feed stream. For a gi@frC ratio, it is preferable that the
oxygen is fed in the form of water. In other wortlg& coking tendency is reduced at high
O,/C and H/C ratios. Thus, less coke is formed indtter of partial oxidation > oxidative

steam reforming> steam reforming.

2.4.2. Water Gas Shift

The interest to the water-gas shift (WGS) reactvais grown significantly during the
last years due to the targeted pure hydrogen ptiothuio be used in fuel-cell applications.
A small amount of CO from the output of fuel refars has to be converted, but the
applied Pt catalysts are not resistant enough ¢opibisoning of CO at the operating
temperatures. From other side, cupper based cetalybich are traditionally used in the
industry for low temperature WGS, are not suitdbleautomobile application due to the
fact that their contact with air and/or condensealstare during start-up and shut-down
operation deactivates the catalysts. Obviously,nénw catalysts are needed to eliminate
these problems.

In a fuel cell, water-gas shift reaction, equat®b8, removes the majority of carbon
monoxide present in the reformer outlet. This rneactis usually classified as high
temperature (350 — 40C) water-gas shift over mixtures of Fe/Cr oxidesKkarainen et
al., 1994; Li et al., 1999), and low temperaturd0d250°C) water-gas shift over mixtures
of Cu/Zn oxides (Karyobkina et al., 2003, Kepinskial., 2000). Water-gas shift reaction
running simultaneously with steam reforming notyoptoduces hydrogen and reduces
carbon monoxide, but it also gasifies the carbgodied on the surface of the catalyst.
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CO + HO >CO + Hy AH = -41.2 kJ/mol (2.9)

Apart from the catalysts mentioned above, gold-thasdalysts, especially Au/ceria
for the low-temperature WGS reaction have beensiiyated widely (Fu et al., 2003;
Luengnaruemitchai et al., 2003). However, 1% Pidcesas found to be more active than
Au/ceria between the temperature range of 393-°63@ uengnaruemitchai et al., 2003).
Reuttinger et al. (2003) have developed a new ysitalternative to Cu/Zn-oxides,
referred to as Selectra Shift, which not only htable activity under various process
conditions but is also non-pyrophoric, i.e. doest @pontaneously generate heat
dangerously caused extremely high temperatures wkgosed to air.

According to Jacobs et all, addition of Au to cecatalyzes the surface reduction
process and reduces the peak reduction temperfxture 450 °C, for the unpromoted
catalyst, to 100°C, for the 5 wt. % Au/ceria catalyst. A systematiecrease in the
temperature required for ceria surface shell rednovas observed by increasing the Au
promoter loading as follows: 0.1, 0.25, 0.5, 1.G, 2nd 5.0 wt. %. 5 wt.% Au/ ceria was
found to have about 1/20th the activity of 5 wt.%cé¥ia in the range 200-30Q, and 5
wt.% Pt/ceria exhibited a higher steady-state #@ygtiabout double that of Au) at 17&.
The rate of formate decomposition was approxima2élyimes faster for Pt/ ceria than that
observed with Au/ceria, suggesting that the matalafidition to the rate promotion of
H,0) is also involved in promoting the formate decosipon, which is the proposed rate
limiting step of the formate reaction mechanismslsuggested that Pt accomplishes this
higher turnover rate i) due to its greater dehydnaging ability over Au, or ii) via an
electronic influence, or iii) since it may possikbe involved in dissociating 4@ to

promote the decomposition of formate intermediate.

2.4.3. PROX

Sufficient CO elimination to levels below 10 ppnr lBEM fuel cells cannot be
achieved during water-gas shift reaction. Otherho@$ to remove CO are methanation,
selective membranes and selective oxidation. Meiii@m and usage of Pd-based diffusion

membranes result in considerable hydrogen and lbeéiiaiency losses respectively.
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For the preferential oxidation (PROX) of carbon roxide to decrease its ratio to
desirable ppm level in Hproduction, shown in reactions eq. 2.10 & eq. 2d tatalyst
that can selectively oxidize CO in the presencevater and carbon dioxide by using

stoichiometric amounts of oxygen at relatively l@mperatures is needed.

CO+Q > CO, (2.10)

H, + O, > H,0 (2.11)

Adding Ce to Pt/g-AlO; produced higher CO conversion and selectivity atelo
temperatures and lower,@ CO ratios because of an enhanced oxygen supphe Pt.
The CO conversion and selectivity were enhancetl ait optimum loading wt% of Ce
and Pt; too high a loading weight ratio of Ce toyitilded lower CO conversion and
selectivity due to higher Hoxidation. With decreasing contact time, the getaPty-
Al,O3; with Ce showed a higher CO selectivity at lowenperatures because of the Ce

effect of supplying oxygen to Pt, which becamedar@@on et al., 2002).

Ozkara, S. and A. E. Aksoylu have also studiedsiiective oxidation of CO in a
H,-rich gas stream over a series of Pt-Ce and PteéBalysts supported on activated
carbon. Their results have showed that oxygen hgatrface groups of activated carbon
led to enhanced Pt—-Cg@nd Pt-SnQ interaction besides alloy formation and Pt-Sn
prepared on air-oxidized activated carbon has thleelst activity and selectivity between
the samples prepared in this study ( Ozkara, SAaid Aksoylu, 2003).

2.5. Oxidative Steam Reforming

Steam reforming is not a suitable process for ¢eéllapplications since it needs high
energy input and the operating conditions incluéeyvhigh temperatures. Conversely,
partial oxidation has all the properties to satigig needs of a fuel cell application to
produce motive power: it is energetically self-airsible once triggered, much faster than

steam reforming and it needs smaller amounts afysit
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The partial oxidation of hydrocarbons is known twar by direct partial oxidation,
which includes a single step or oxidative steanormeing, which is the combination of

total oxidation and steam reforming reactions.

In direct partial oxidation the primary fuel reastéth oxygen whose quantity is
inadequate for complete combustion. The reacticga¢®on 2.12) is thermodynamically
favored only at high temperatures (~1023 K) anddioort residence times. It is much
faster than any of the indirect reactions and respdime for changes in fuel supply is
shorter. The overall efficiency can suffer from thaste heat production (Ghenciu, 2002).
However, partial oxidation only takes place undeygen deficient conditions and so it
produces much less heat than total oxidation (ME5)L This less emission of heat
compared to total oxidation contributes the condionpof fossil fuel by steam reforming

reaction to produce more hydrogen.

CoHm+%mMQ>mCO+%nH (2.12)

Catalytic partial oxidation is difficult to controlt has disadvantages of overheating
and hot spots due to exothermic nature of the imaathich may lead to the coking
problem (Song, 2002).

On the other hand, oxidative steam reforming coeithe thermal effects of the
partial oxidation and SR reactions by feeding thel,fwater and air together into the
reactor. The thermal energy generated from park@lation is absorbed by SR and, hence,
the overall temperature is lower. This is also fabte for the water-gas shift reaction
which consumes carbon monoxide and produces mateogn. Thus, the autothermal
reactor is more compact and practical to be usednabile fuel cell applications.
Nevertheless, the OSR mechanism is not straigh#fiatwand it requires sophisticated

operating techniques for a proper combination efRWX and SR.

CiHn+nHO->nCO + (*2m +n) H (SR) (2.13)

CoHm+ (N +%m)@> nCO+%mHO (POX) (2.14)
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Autothermal operations are stand—alone systemdiahwuel is partly oxidized and
partly steam reformed to produce hydrogen. Theesysinust start to operate at low
temperatures, and the balance between oxidatiorstmain reforming should be formed
based on the heat demands for the particular @aleful control must be made on the
oxygen content of the entering mixture in oxidatigeeam reforming process for
maintaining proper reaction temperatures. The gidluct carbon monoxide requires
high- and low-temperature water-gas shifts to des®eCO concentration and provide

additional hydrogen (Brown, 2001).

The oxidative steam reforming catalysts have tadiese for both steam reforming
and total oxidation reactions, robust at high terapges and resistant to sulphur and coke
formation, especially in the catalytic zone thahguat oxygen limited conditions. The
catalysts for the indirect partial oxidation of he&y hydrocarbons typically comprise of
metals such as Pt, Rh and Ni deposited or incorpdrento the oxide supports such as
ceria-containing oxides. These can be further ptechor doped with other elements for

improved thermal robustness or better activity (Ginéu, 2002).

Ma and Trimm (1996) have parametrically investidatiee autothermal conversion
of methane to hydrogen in response to the configura of an oxidation and a steam
reforming catalyst. They concluded for a mixed sgdtem that it was necessary to pre-
heat the bed to 31%C when methane oxidation was initiated over a sttppoplatinum
catalyst (0.2 wt% P&AI,03): the heat and steam produced by oxidation fatédd steam

reforming of methane over a supported nickel cataly7 wt% Ni/MgO).

Pt-based catalysts are shown to be more active Nirdiased catalysts for indirect
partial oxidation of ethane and propane for anthetonal system in which heat and steam
was produced by oxidation over &#l,03; catalyst and consumed by steam reforming
over Ni/MgO-ALQO; catalyst (Ma et al., 1996).

A two bed system was found to be inferior in perfance to one bed containing two
mixed catalysts. Optimal performance (60 — 65 it conversion of methane with 80 -

85 per cent selectivity to hydrogen) was obtainé@mnvboth catalysts were located on the
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same support (0.2 wt% Pt-25 wt% &Al,0O3). Improved heat transfer is responsible for

better performance.

Avci et al. (2003) have studied the total oxidatiminpropane and n-butane on
monometallic P8-Al,O3, Ni/d-Al,O3 and bimetallic Pt-N&-Al O3 catalysts, and observed
the superior performance of Pt-based catalyst oMetdbased catalyst for both
hydrocarbons. It has been also observed that thethllic catalyst is highly active for both
reactions, although the amount of platinum is keptow as 0.2 per cent by weight. The
activity order of the catalysts are Pt > Pt-Ni > Ndditionally, the change in conversion
with temperature over Pt-Ni is greater than eithenometallic catalysts in the kinetically

controlled regimes.

Tomishige et al. (2003) have published the oxigatiteam reforming of methane on
bimetallic Pt (0.3 wt%)-Ni (10 wt %) /alumina andornrometallic Ni (10 wt %) /alumina
and Pt (0.3 wt %) /alumina. They observed a highpirature for Ni/alumina catalyst,
indicating that methane oxidation proceeded nearcttalyst bed inlet and then methane
reforming proceeded. On the other hand, for theehafhc catalyst, a flat temperature
profile was observed, providing autothermicity, icading that oxidation and steam

reforming proceeded simultaneously.

Support plays a decisive role on the catalytic bmimaduring oxidative steam
reforming of methane, in which steam reforming goartial oxidation take place
simultaneously. The Pt/10% Zs(@\l,03 catalyst showed the highest activity and stability
during 70 h on stream at 80, when compared to Pt/&); and Pt/ZrQ. The
composition profiles when the feed is in stoichitmeeratio showed that the reaction
proceeds via a two-step mechanism with the totatlbeestion of methane followed by
reforming of unreacted methane with &®d HO (Souza et al., 2005).

The orders of activity for the oxidative steam refong of propane is Pt > three-way
catalyst > Pd > Rh in the absence and presencerd. cThe presence of steam was
reported significantly enhance the conversion adppne over both Pd and Rh while
having little effect on the performance of Pt. @eis also seen to enhance propane
conversion, particularly over Pd (Whittington et 4995b).
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Caglayan et al. (2004) have investigated the pmdoce of bi-metallic Pt-Ni
catalyst in oxidative steam reforming of LPG andpane. Propane reforming results
indicated that the superior performance of the KF®&-NI,O3; system results from the
formation of distinct but very close Pt and Ni sjt¢here is no Pt—Ni alloy formation is
detected by XRD. Bimetallic catalyst enhances gnefficiency by utilizing the catalyst
particles as micro heat exchangers during oxidatigam reforming, i.e. the heat produced
by total oxidation reaction on Pt sites can be itgamansferred through the catalyst
particles to Ni sites, which catalyze the simultare SR reaction. The enhanced energy
efficiency of the bimetallic Pt—Ni system leadshigh activities at lower temperatures as
compared to monometallic Ni catalysts. Both incmgsand decreasing temperature
progression profiles gave very similar resultstfog oxidative steam reforming of propane

over Pt—Ni system.

Caglayan et al. (2005) have also studied the oxelateam reforming of LPG to
compare with propane reforming for high hydrogeoduoictivity. This oxidative steam
reforming study, LPG (75% propane-25% n-butane)r ane bimetallic Pt—Ni/AlO3
catalyst between 623—-248, has shown that both the hydrogen yield @toduced per
mole of hydrocarbon feed) and the hydrogen selégt(¥1,/CO ratio in the product) are
substantially increased as compared to pure propéme bi-metallic Pt—Ni catalyst was
found to be very stable during the 12-h time-oeatn experiments at 728, for C/O;
ratio of 2.70 and a W/F of 0.51 g cat-h/mol LPG.

Another study about oxidative steam reforming ofGLB0 wt% propane and 50
wt% butane) on 0.2% Pt- 15% N+-Al,O3; showed that high steam: carbon ratios resulted
in greater hydrogen production rates. The decregasesidence time led to a considerable
increase in the hydrogen production. Optimum caoowlit for oxidative steam reforming of
LPG were found as steam: carbon ratio of 7, carleaggen ratio of 2.7 and weight of
catalyst: feed flow ratio (W/F) of 0.51. The resuthowed that an increase in n-butane
ratio enhances the activity (hydrogen productiorg the selectivity (high hydrogen to CO
ratio) of the process (Caglayan et al., 2005) wtake formation is strictly controlled.

Finally, the results obtained from both studiesjowhare oxidative steam reforming
of propane, LPG, and LPG with 50% butane, providtrang indication for the potential
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use of the bimetallic Pt-Ni system in commerciaglfprocessors designed for fuelling
PEM fuel cells. So, the next step has been thotigtitthe composition of this bi-metallic
catalyst can be optimized in order to have a cstalyith superior oxidative steam
reforming performance when n-propane, which isnfagor component of LPG, is used as
the feed. As a second aim, an additive, like a hwetalkali, can be added to enhance the

secondary WGS activity of the bi-metallic system.
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3. EXPERIMENTAL

3.1. Materials

3.1.1. Chemicals

All the chemicals used for catalyst preparationmesented in Table 3.1.

Table 3.1. Chemicals used for catalyst preparation

Chemicals Specification Source Molecular weigHt
Nickel nitrate Ni(NQ)..6H,O Merck 290.81
extra pure
Tetraammineplatinum(ll)| Pt(NHs)4(NOs)2 Aldrich 387.22
nitrate 50.4 % Pt
Gold (ll) aurate HAuCl, .3H,0 Aldrich 394.5
Gamma alumina y-Al 03 Alcoa -

3.1.2. Gases and Liquids

All of the gases used in this research were supphe Birlesik Oksijen Sanayi

(BOS) and HABA Companies, Istanbul, Turkey. The specificationsl ases of the

liquids and gases in this study are listed in T&hkeand Table 3.3.

Table 3.2. Specifications and applications of theitls used

Liquid

Specification

Application

Water

Distilled

Aqueous solutions, Reactant
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Table 3.3. Specifications and applications of thseg used

Gas Specification Application

Hydrogen 99.99 % (BOS) GC calibration*, Reductign
Carbon Monoxide 99.999 % (BOS) GC calibration*

Helium 99.999 % (BOS) GC carrier gas

Nitrogen 99.998 % (BOS) Inert

Dry Air 78.4% N + 21.5 % Q (BOS) | GC calibration*, Reactant
Methane 99.9 % (BOS) GC calibration*

Argon 99.999 % (BOS) GC carrier gas

Propane 99.5 % (BOS) GC calibration*, Reactarw

* (Avcl, 2003)

3.2. Experimental Systems

The experimental systems used in this researcheatassified into two groups:

» Catalyst Preparation Systems: The set-up usedrépapng catalysts by incipient-
to-wetness impregnation technique represents thigpgof experimental systems.

e Catalytic Reaction and Product analysis System:comiinuous flow micro reactor
system includes gas and liquid flow controlleranperature controlled heated
lines, gas/liquid mixer, and reaction chamber pdage a vertical oven whose
temperature is made through using a programmalhpderature controller, and
feed and product sections. The quantitative deteatimn of the composition of the
feed and product streams is conducted by usingdifferent gas chromatographs
operating in parallel fashion one is used for arialy fixed gasses and the other is

used for hydrocarbons, which are connected todkadytic reaction system.



30

3.2.1. Catalyst Preparation System

The system used for catalyst preparation by innoigie-wetness impregnation
technigue includes a Retsch URL1 ultrasonic mixea@ium pump, a buchner flask and a

MasterFlex computerized-drive peristaltic pump.

3.2.2. Catalytic Reaction and Product Analysis Sysim

The catalytic reaction system designed and cortstluchn CATREL has three
sections:

* Feed section
* Reaction section

* Product analysis section
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Figure 3.1. Schematic diagram of the flow microteasystem (Avci, 2003)

1. Gas regulator, 2. Mass flow controller, 3. Ohi@live, 4. Three-way valve, 5. Heated zone, 6.iMjxone, 7. Differential reactor
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The feed preparation section includes mass flowtrobrsystems, 1/4", 1/8" and
1/16" stainless steel tubes and fittings for fegdiquid water and gaseous species, i.e.
propane, n-butane, dry air, nitrogen and hydrogetesired quantities. The gases that were
present kept in pressurized cylinders were padsedigh the gas flow regulators and the
calibrated Omega Model 5878 mass flow controlleks. Aalborg GFC171S series
standalone controller was used to regulate hydrdigan On-off valves were placed in
front of the mass flow controllers to protect théom possible back-pressure fluctuations.
In order to eliminate possible condensation of tebe, the zone between the pressure
regulator and the mass flow controller was ke@48 + 3°K using a 0.6 m heating tape
and the four channel temperature controller. Al teactants excluding water were then
passed through a primary mixing zone to ensurdldive of a homogeneous gas mixture

into the reactor.

Water was introduced into the reaction system astamt flow rates using a Jasco
PU-1580 intelligent HPLC pump. The 1/16" tube, tigb which water was allowed to
flow, was kept at 423 + X by a 1.4 m heating tape whose temperature israied by
the four channel temperature controller to genesesgam and regulate its flow. Steam and

the homogeneous gas mixture were mixed in a secpnui@ing zone.

It was possible to divert the flowing route of timéture using three way valves: The
feed gases could be diverted to the bypass linthatdeed composition could be analyzed
using gas chromatographs. Another three ways wahgeused for diverting the flow to the
bypass vent line for establishing steady state feowd mixing of the steam and other

gaseous reactants prior to the reaction.

The reactants, upon metered and mixed in the feetlog, were allowed to flow
through the reaction section. This section was amag of a 40 cm x 2.4 cm ID tube
furnace controlled to + 0.5 by a Shimaden FP-21 programmable temperature-aitant
and a 1/4" stainless steel fixed-bed microreacitre reactor was also constructed in
CATREL and its length was selected to be 50 cm ajuaeing the constant temperature
zone and easy handling and replacement. The sygianantees 5 cm fixed temperature

zone at the mid section of the reactor tube.
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During the reaction tests, the catalyst bed waseplan the center of the reactor. The
reaction temperature was controlled and measured B§-gauge wire K type sheathed
thermocouple (insulation material: ceramic fibeaity that was placed in the center of the
furnace. The position of the reactor and hencelysithed was adjusted to coincide with
the constant-temperature zone of tube furnace.né&tieeated glass wool (Alltech
Associates Inc.) was used to hold the catalystibedfixed position. Ceramic glass wool
insulations were placed at top and bottom endé®fréactor furnace to prevent heat loss

from the furnace and to provide a good tempergitwéle.

In order to prevent the condensation of steamerptioduct stream, the line from the
reactor to the to both gas chromatographs were keygghheated at 398 +°K using a 1.4
m and a 2.5 m heating tape whose temperature isrotled by the four channel
temperature controller. The product stream wasyagsdl qualitatively and quantitatively
using two separate gas chromatographs operatiagarallel scheme.

The four channel temperature controller is a umtt tan control the temperature of
the four different heated zones transfer linehefdystem independently. 16-gauge wire K
type sheathed thermocouples (insulation materidlerglas) were placed at the middle
point of each heated zone to measure and contdletinperatures. The degree of power
input of the heating tapes was adjusted by thercotbeit. The heating tapes were covered

with ceramic wool insulation to prevent heat losses

The product mixture contains groups of species wlifferent characteristics, i.e.
hydrocarbons involving methane, ethane, propanbéutane, fixed gases involving
hydrogen, oxygen, nitrogen, and others involvingpoa monoxide, carbon dioxide and
water. Considering that all these species excludwater were needed to be analyzed
quantitatively, the use of two different gas chréogaaphs operating in parallel fashion
was essential; hydrocarbons were effectively amalyzy the first chromatograph equipped
with a TCD and having a Porapak Q column with Heiea gas whereas quantitative
detection of hydrogen and other fixed gases weredemay a second chromatograph

equipped with a TCD and having a Molecular Sieveroo with Ar carrier.

A Shimadzu GC-14A gas chromatograph, equipped wiffhermal Conductivity
Detector (TCD) connected to a Propak Q column arghimadzu CR-4A Chromatopac
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data processor, was used interactively to analyziolcarbons and carbon dioxide. In
order to analyze fixed gases, carbon monoxide amthane, a Shimadzu GC-8A gas
chromatograph, equipped with a Thermal Conductiigtector (TCD) connected to a
Molecular Sieve column and a Shimadzu CR-1B Chropwt data processor, was
employed. Since the analysis column can easily deetdvated if it is contacted with a
stream containing water vapour, steam present enptioduct stream was removed by
placing two salt-ice cold traps held in Dewar flaskt 273°K before GC-8A inlet. The

parallel operation of these gas chromatographsasheved by diverting the product flow
by a three-way valve. The analysis conditions aresgnted in Table 3.4. For both
chromotographs, the previously optimized conditibgsAvci (2003) were used whereas
analysis reports provided by the manufacturer weamployed to finalize the operating

conditions used in GC-8A. The calibration curvegiia found elsewhere (Avci, 2003).

Table 3.4. Product analysis conditions

GC Parameter GC 1 - Shimadzu GC-14A GC 1 - Shim&éd=8A
Detector type TCD TCD

Column temperature, K 363 333

Injector temperature, K 423 363

Detector temperature, K| 423 363

TCD temperature, K 423 363

TCD currentA 120 60

Carrier Gas (CG) He Ar

CG flow rate, ml miit |25 50

Column packing material Porapak Q, 80-100 mesh M6H-80 mesh
Column tubing material Stainless steel Stainlessl st
Column length & ID 3 mx3mm 2 mx3mm
Sample loop 1 ml kept at 398 K 1 ml kept at 298 K
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3.3. Catalyst Preparation and Pre-treatment

3.3.1. Support Preparation

The catalytic oxidation and steam reforming of logérbons are known to be high-
temperature reactions. Therefore, the catalyst@ipshould not only have high surface
areas but also possess high thermal stabiliyesl,O3 is a commonly used support
material due to its high surface area. Howeves iteported to have low stabilities at
temperatures greater than 8K3and tends to facilitate carbon formation in tmesence of
steam due to its high acidity (Ma, 1995). The nthstmally stable version of alumina is
obtained whery-phase is transformed into-phase at temperatures greater than 400
However, its low surface area, which is less than’5?, is likely to end up with poor
catalytic activities due to the low dispersion ofige metals. Hence using a support such
as d-alumina — an intermediate phase betwganda - having relatively high thermal
stability and an acceptable surface area can begtimum support providing relatively
high surface area for metal dispersion without iferg from thermal stability (Ma,
1995).

The support preparation procedure used in thisysttas involved drying of-Al,03
at 423°K for 2h followed by calcinations at 117& for 4h in a muffle furnace. BET
surface area of th&®Al,O; support obtained was found as 81.%5gh (Avci, 2003).

3.3.2. Preparation of Pt-Ni or Pt-Au-Ni®-Al 03

The bimetallic Pt-Nid-Al O3 catalysts having Pt and Ni metal loadings in 02-0.
wt% and 10-15 wt% ranges, for Pt and Ni, respelgtivavere prepared through a
sequential route, in which Pt solution was impregdaver initially prepared and calcined
Ni/d-Al,O3 catalyst. Nid-Al,O3; catalysts were prepared by the incipient-to-wetnes
impregnation technique using aqueous solution ¢N®4),.6H,O. The agueous solutions
were prepared by dissolving the calculated amofititeoprecursor salt in definite amounts
of distilled water (ca. 1 ml solution/g support)hel supportd-Al,Os;, was placed in a

Buchner erlen and mixed ultrasonically for 25 minder vacuum. The aqueous solution
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was then impregnated on the support via a peisalmp. The resulting slurries, which
were formed after ultrasonic mixing of the aquematutions and the support under
vacuum for 1.5 h, were then dried overnight at 3@3and calcined at 87 for 4 h to
obtain (NiOB-Al,03). The aqueous Pt solution was then added to &NKD/O3; and mixed
ultrasonically under vacuum for 1.5 h. The resgltsturry involving two metals was dried
overnight at 393K and finally calcined at 773K for 4 h. In the case of tri-metallic
catalyst with Au promoter for enhancing secondargSVactivity, an Au-Pt-N&-Al,0Os
catalyst was prepared. For the Au-Pt-Ni systemd gmipregnation has the same drying
and calcination steps as in Pt impregnation, howethee order of the impregnation
followed was changed such that firstly Au was ingmi@ed on N&-Al,O3 support and
then Pt was introduced to have Pt-AudNil 05 catalyst.

3.3.3. Catalyst Performance Analysis Path to ObseevCatalysis Improvement in

Hydrogen Production

In this study, a bimetallic catalyst, which is @6 Pt and 15 % Ni catalyst a»
Al,O3, has been used as the reference OSR. This regeatalyst had been tested in
propane and LPG (Caglayan et al., 2004) oxidatigams reforming. On the basis of those
findings, optimizing the Pt and Ni loadings werefpemed in an experimentally designed
fashion through taking the previously tested catalgnd reaction conditions as the
reference bases. In the new set of Pt-Ni catalywts Pt-loading levels (0.2 and 0.3 wt% )
and two Ni- loading levels (10 and 15 wt%) weredjsgnd bimetallic catalysts having
those loadings in combinations were prepared. Hiaild of the prepared catalysts in the
experiment were explained in discussion sectioffatrie 4.2. The 8 catalyst has gold for
enhancing secondary water gas shift activity oNP$ystem in ATR. The loadings of this
new catalyst were used as 0.3 wt % Pt- 0.3 % Auwtl% Ni.

3.3.4. Pretreatment

In order to obtain high catalytic activities, a freatment involving the reduction of
the active metals from their oxide state —whichfaemed during calcination- to their
metallic state is required prior to the reactioe tlu the fact that the catalysts in their oxide

forms are usually inactive for the reactions.
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TPR studies have shown that reduction using pudedyen flow at 773K for 4 h is
a suitable procedure for pre-treatment of the kathetcatalyst (Ma, 1995). Ma (1995) has
also reported that during reduction, the water he tatalysts may cause premature
sintering, which may lead to deactivation before tbaction. Considering these issues, the
following stepwise reduction procedure was used tfar catalyst used in all of the

experiments;

After placing the catalyst into the constant terappeme zone of the microreactor; N
was allowed to flow at 50 ml miinfor 10 min. to remove oxygen from the system. Gas
flow was switched from Nto H, and the latter was set to flow at 20 ml thifReduction
was started by heating the catalyst from room teatpee to 423K at rate of 10K min™.
The temperature was kept constant at 22For 30 min. for the removal of adsorbed
water. Third step was involved heating the sampmimf423°K to 573°K at a rate of 5K
per min, and followed by a 30 minutes isothermansent at 573K for the removal of
crystalline water. The temperature was then inegd®m 573K to 773°%K at a rate of 2
°k min™ and finally kept constant at 77K for 4 h. After reduction, the system was
allowed to cool down to ca. 42K under H flow. Below this temperature, the gas flow
was switched from Fto N, and the latter was allowed to flow at a small flate, e.g. 3

ml min™ overnight to sweep +from the system.
3.4. Reaction Tests
3.4.1. Blank Tests

Blank tests were conducted to ensure that the rahtr construction, glass-wool
and d-alumina (used as inert material within the catalysd) did not interfere with the
reaction test outputs. The results indicated these items above were inactive under the

conditions used in the reaction experiments.
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3.4.2. Oxidative steam reforming of Propane over Pli/ &-Al,Ozand Pt-Au-Ni/ &
Al,0O3 Catalysts

Reaction tests were conducted using stainless tstiegllar down-flow microreactors.
In all experiments, 150 mg of fresh catalyst wasdusithout any dilution of the bed. The
temperature of the catalyst bed was controlled Ipyogrammable temperature controller
with #0.1 °K sensitivity. The catalysts were pretreated thtoueduction by 20 ml mih
pure hydrogen flow at 77% for 4 h. Only the increasing temperature progoes$/TP)
was employed due to relatively low conversions olest at DTP in the preliminary
experiments (Caglayan et al., 200#).increasing temperature progression, the catalyst
bed temperature was first brought to 6&3under inert nitrogen flow and nitrogen was
trapped in the reactor and the reactants were atlow reach steady-state for 2 h in by-
pass condition. Then, the reactants were alloweuhss through the reactor at 6X3at
first, and after the analyses of the products umatting steady state via using the two
chromatographs in parallel, the temperature wasased to 643 at a rate of 2K/min.
Same procedure was repeated for the 663, 683,7233,and 743K reaction temperature
levels. It is worth noting that 74K was not exceeded in the temperature programsadue
the possibility of coke formation via thermal crack of the hydrocarbons. For all
temperature levels, propane, dry air and water Slomere adjusted according to the
assigned carbon:oxygen, steam:carbon and W/F ratiish are kept inside in the
following limits: 1.50 < C:@< 2.70; S:C= 3; 0.51 < W/F < 1.12. Steam to cartaiio
was fixed at 3 considering that this ratio guarasteoke formation free performance of Pt-
Ni system in OSR of propane under the reaction itomd applied. Under the light of
Caglayan et al.’s findings, the optimum S: C ratias used as 3. High flow rates were
preferred to eliminate temperature rises and hotssghat may occur due to the
exothermicity of the oxidation reaction. For havidigect comparison with the previous
results obtained from the reference Pt-Ni cataf¢Zstglayan et al., 2004), same reaction
conditions were applied in during reaction testshef present study. The tabulated details

of experimental conditions are shown in next sessio Table 4.2.
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4. RESULTS AND DISCUSSION

A bimetallic Pt-Ni®-alumina catalyst, 0.2 wt% Pt-15 wt% Nis8;, which was used
in the previous studies, has been used as theenefercatalyst in the current study (Avcl,
2003; Caglayan et al., 2004). In the previous si&dithe optimum reaction conditions,
such as temperature, feed composition, etc, fafatixie steam reforming over 0.2 wt% Pt-
15 wt% Ni/Al,O5 catalyst were determined. In the current studsetaof Pt — Nid-Al 03
catalysts -along with a Pt—Au—R}#AI,O3 catalyst- having experimentally designed Pt and
Ni loading combinations (Table 4.1) were preparetl dested in oxidative steam
reforming (OSR) of propane in order to determingimal metal loadings, Pt:Ni metal
loading ratio and reaction conditions in combinadhion for high hydrogen production
activity and enhancedHCO selectivity.

In catalyst preparation, two levels of Pt, and texels of Ni loadings were used in
combined fashion. The details of the Pt-Ni loadingmbinations of the catalysts used are

shown in Table 4.1.

Table 4.1. Pt and Ni loadings (in weight %) &®Al,05; support

Cat A 0.2 % Pt-15 % Ni
CatB 0.2 % Pt-10 % Ni
CatC 0.3 % Pt-15 % Ni
CatD 0.3 % Pt-10 % Ni
Cat E 0.3 % Pt-0.3 % Au-15 % Ni

The 8" catalyst, Pt-Au-Ni system, which contains goldaagromoter for water gas
shift reaction in OSR was designed to enhance ¢bhersglary WGS activity of the Pt-Ni
system without sacrificing from OSR activity. Theadlings of this catalyst were designed
as 0.3 wt % Pt- 0.3 % Au- 15 wt % Ni.

Experimental conditions were determined in accordawith the previous studies

conducted on oxidative steam reforming of LPG ar@pane (Caglayan et al., 2004 and
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2005). The important parameters in OSR tests asdysa weight, temperature, steam to

carbon ratio, carbon to oxygen ratio, weight ofbat/ weight of feed ratio.

According to Caglayan et al.’s previous preliminéegts (Caglayan et al., 2004 &
2005), S/C ratio was chosen as 3 considering tttethat coke formation occurs at steam
to carbon ratios lower than 3. Caglayan et al. 4200as conducted oxidative steam
reforming experiments between 880to 470C in an increasing and temperature
progression fashion. Since the decreasing temperairogression, which started from
470°C, led to coke deposition on the catalyst surfaceadous combinations of W/F and
carbon/oxygen ratios in ATR of propane - n-butan&tunme (Caglayan et al., 2004 &
2005), propane OSR tests in the current study waslucted only with the increasing

temperature progression.

The first four set of reaction conditions shown Tiable 4.2, which were used
previously by Caglayan et al. (2004) as nearly ropth values reaction are kept
unchanged. The fifth set, on the other hand, wiasdnced aiming to get a clear trend. The
details of the experimental sets are given in Tdbk A 100% propane conversion level
was observed for the given experimental conditi@®n at the lowest reaction

temperature, i.e. 623 K.

Table 4.2. The experimental conditions for OSRropane

Feed Reactant/Inert WIF

Set # C/O, S/C

composition* | flowrates** (ml s%) (mg cats mif)
1 1.0:5.3:1.4:9.0 11.2:59.6:15.9:100.8 2.12 3 0.80
2 1.0:5.3:1.4:9.0 8.0:42.6:11.3:72.0 2.12 3 1.12
3 1.0:7.5:2.0:9.0 15.1:113.4:30.1:135.6 1.50 3 0.51
4 1.0:4.2:1.1:9.0 19.2:80.4:21.4:173.1 2.70 3 0.51
5 1.0:5.3:1.4:9.0 17.6:93.5:24.8:158.1 2.12 3 0.51

* Molar ratios of the reactant gases and inertpre: nitrogen: oxygen:steam)

** Inlet flowrates (propane:nitrogen:oxygen:steam)
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The reactions which were referred to during thewssion of experimental results
are given in Table 4.3. OSR conversion and selggtivalues obtained from the
experimental sets are discussed on the basis aliysttompositions, reaction conditions

and the possible extents of listed reactions.

Table 4.3. Reactions occurred during OSR of propemit-Nib-Al ,0O3 catalyst

C;Hg +3H,0 - 3CO+7H, CO-Producing SR Reaction 1
C;Hg +6H,0 ~ 3CO, +10H, CO,-Producing SR Reaction 2
CO+3H, -~ CH, +H,0 Methanation Reaction 3
CO, +4H, - CH, +2H,0 Methanation Reaction 4
CO+H,0-CO, +H, Water Gas Shift Reaction 5
CsHg +50, - 3CO, +4H,0 Total Oxidation Reaction 6

The detailed micro-structural characterization 6NPsystem was made previously
(Caglayan et al., 2005). As the BET surface areth@8-alumina support is ca. 80°fg
(Avci, 2003), the support surface was almost fudtwered by Ni layer, which was
introduced first in the sequential impregnation geaure. The SEM micrograph of the
reduced Pt-Ni catalyst indicates that platinum aggdrates are settled on reduced nickel,
which covers the alumina surface almost completébwever, Pt-Ni alloy formation was
not detected by XRD; the Pt and Ni metallic sites distinct but very close to each other
on the catalyst surface, allowing heat flow from $ttes —which mostly catalyze

exothermic TOX- to Ni sites —where endothermic Séstly occur (Caglayan et al., 2005).
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4.1. Effect of W/F

A comparison among Sets 1, 2 and 5 clearly shouatsttie lower the residence time,
the higher the K production rate. Activity and selectivity trendseahe same for all
bimetallic catalysts; a demonstration is given iguiFe 4.1a for the performance test results
of Cat B. The results clearly show that for fixeatatyst weight, the Hproduction rate
increases with an increase in fresh hydrocarbon flte; the highest Hproduction rate
belongs to tests in Set5 (W/F=0.51). Other tharh Ity production rate, low residence
time in Set5 led to much higher CO and Obtoduction levels as well (Figure 4.1b). A
relatively lower CQ/CO ratio for that set indicates a lower extenWd&S at short contact
times. The high Chiproduction rate is unexpected for Set5 as metfanet known to be
hindered at low residence times. As a matter df, faigh CO and C@concentrations in
the product stream - which are the two reactant®xaf 3 and 4 - point out that only a
small fraction of CO and CQwvas consumed in methanation due to the short cotitae.

At that point, the facts about the present andiptesvtest results can be given as follows:
(i) at low residence time, there is a significari;(production in OSR of propane under
the experimental conditions tested for all bimétathatalysts; (ii) CH production activity

in OSR over Cat A had been also reported in paPaglayan et al., 2005) and it was
mentioned there as an “unexpected result”. Thushamation through COhydrogenation
cannot be the only reason for methane formatiore €an speculate that there would be
another route for methane formation through surfaa®on and steam; this speculation is
supported by the fact that there is no coke deposdn the catalyst surface at low W/F
ratio despite 100% propane conversion and very heghls of hydrogen production. It
should be also noted that catalyst deactivatioseady coke deposition was not observed
over the catalyst used in the previous study (Gaglat al., 2005). Thus, it can be thought
that higher flow rates of steam for the short-resak-time sets clean the catalyst surface
from coke through Cliformation. The results hint that at higher contaoes, there is a
relatively higher tendency for methanation (Rxnn8l &) rather than coke gasification. In
this section, low residence time and high residdeme will be mentioned alot. Reaction
sets have three different sets of W/F. Catalysghte{W) is constant, so each time feed
rate was increased. Therefore, high residence {Wi#-=2.12) means contact time is

almost four times greater than low residence tiwé~=0.51).
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Figure 4.1. Response of Cat B to changes in resgdéme (dotted lines belong to

right-y-axis). (a) in terms of Hproduction rate and HCO selectivity ratio (b) in

terms of CO, C@and CH production rates [Setl: W/F=0.8, Set2: W/F=1.1&5S
W/F=0.51]



44

As the residence time has increased further (Setl 3, H production was
decreased in response to a decrease in fresh laydoocfeed rate (Table 4.2). Relatively
higher CQ/CO production ratio for Setl and 2 indicate thellifiated WGS reaction at
higher residence times. The results indicate tha¢nwthe highest #AICO selectivity is
desired, mid-level residence time values are optimas high residence times enhance both
CO and H production rates simultaneously. The experimettahds for selectivity

(H2/CO) are also shown on the right y-axis of Figudsa4with dotted lines.

To sum up, Set5 was found to represent the bestlitcmms in terms of H
production. Low residence time hinders both WGS arethanation reaction; however,
CH, formation through an alternative route is thoutghbe present in Set5. The higher
extent of WGS in Setl and 2 has carried thesetsdt better HCO selectivity levels
despite their relatively low Horoduction rates. The same trends fempkbduction rate and
H./CO selectivity were obtained in our previous stsdior pure propane (Caglayan et al.,
2005) and LPG (3:1 propanebutane mixture) (Gokaliler et al., 2008).
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4.2. Effect of C/Q

The effect of C/Qratio on the catalyst activity was investigatecbam Sets 3, 4 and
5 for a W/F level of 0.51. The OSR behaviors of Bdtvhich is parallel to that of Cat A)
and Cat C (which is parallel to that of Cat D) gireen as examples in Figures 4.2a and

4.2b, respectively.

For all bimetallic catalysts tested, the highestprbduction rate was obtained for
ClO,=2.7 (Set4), which is the highest G/@@vel tested in the current study. The parallel
results were also obtained previously (Caglayaal.et2005; Gokaliler et al., 2008). As
long as the S/C and WI/F ratios are constant, aehigiiQ ratio also indicates a higher
flow rate of steam in the reactant mixture (Tahl)4As it is known that heat transfer is
favored by the increased steam content (Ma ell@96); the higher FHproduction rate in
Set4 can also be attributed to this facilitatedt lee@&hange. However, the dependence of
H. production rate on C/Oratio is non-monotonic; therefore,, hroduction level and
H./CO selectivity for C/@=2.12 (Set5) were not higher than that for &/05 (Set3).

The H production of Set3 was far better than that o6Set catalysts C and D
(Figure 4.2b), and theproduction levels of Sets 3 and 5 are nearly #mesfor catalysts
A and B (Figure 4.2a). The results underline thegarnance of C/Q ratio as an
optimization parameter for product distribution aliwas also mentioned previously by
other researchers (Pino et al., 2006; Laosiripogra., 2006; Pennemann et al., 2007). No
clear H production and KHCO selectivity trend had been obtained from owevymus
studies, except highest production and selectleirgls at highest C/£xatio tested as long

as there was no coke deposition (Caglayan et@5;2Gokaliler et al., 2008).
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Figure 4.2. Effect of C/@on H production rate and #HCO ratio (dotted lines belong
to right-y-axis) (a) for Cat B (b) for Cat C [SeB/O, =1.5, Set4: C/©=2.70, Set5:
C/0,=2.12]
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The explanation of higher hydrogen production cdt8et3 in comparison to Set5 for
Cat C can be understood by scrutinizing Figurest 48d 4.3b. Figures 4.3a and 4.3b
compare CO, Cg and CH distributions of Sets 3, 4 and 5 at 743 K over BEand Cat C,
respectively. Production trends of CO, £@nd CH are same for Set 4 over the two
bimetallic catalysts. Careful examination revediat tthe remarkable difference between
Figures 4.3a and 4.3b is the £@oduction data. Cat C’'s G@roduction rate at both Set 3
and Set 5 are higher than those of Cat B for thelevlemperature range. This behavior
can be attributed to the higher Pt loading of CatA€ it was explained in the previous
section (see Figure 4.1b), the hydrogen productate at Set 5 has suffered from
methanation activity.

For that reason Cat B’s hydrogen production raté&ea5 and Set 3 have come close
to each other. Cat C’s high Pt loading, howeves, lad to a sufficient supply of heat to SR
sites, even for low C/Dlevels (i.e. Set 3), via promoting TOX reactiondathereby
producing high amounts of GOThis heat supply has carried hydrogen producatde of
Set 3 to a better position than Set 5.
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Figure 4.3. CO, C@and CH production levels (a) for Cat B (b) for Cat C 4BK.
[Set3: C/Q=1.5, Set4: C/@=2.70, Set5: C/©=2.12]
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4.3. Effect of the Pt and Ni Loading

The H production rates and,HCO selectivity ratios of the catalysts for Setd are
given in Figures 4.4 and 4.5, respectively. Thatre¢ H, CO, CQ and CH production
rates of the catalysts are tabulated along with tgCO selectivities (Table 4.4).

(1) Catalyst A: Ni:Pt=75

The behavior of the catalyst in Sets 1-3 will beestigated apart from Set4 as the
performance of the catalyst is quite similar foe thrst three sets. In Sets 1-3, the H
production level of Cat A was found to be averadeemvcompared to other catalysts. In
these sets - since the G/@tios were not high - the flowrate of steam was sufficient
(Table 4.2). Because of the limited water vapoe ®O-producing SR (Rxn 1) was
enhanced. High amount of GHn the product stream is another explanation for t

relatively low H production rate.

In Set4, however, higher amount of steam presethérreactant mixture created a
positive effect on the activity and selectivity this high-Ni/Pt ratio catalyst. CO
production rate was low especially above ca. 650d{cating promotion of Rxn2 instead
of Rxnl. Despite significant CHproduction, H production is sufficient indicating
satisfactory level of WGS reaction; the high WG3vity in Set4 compared to previous
sets is most probably a result of the high wataw ftate in this set.

(i)  Catalyst B : Ni:Pt =50

In Setl and 2, Hproduction rate of Cat B was one of the highestgared to other
catalysts. For these medium and high contact tissts; the catalyst was able to limit
methanation, and the low CO production rate alorndp Wwigh H concentration in the

product stream indicated ample WGS activity.

The H production rate of Cat B in Set3 was a little loiver than that of other
catalysts most probably due to the low gf@tio. In this set, Cat B’s low Pt loading has
led to limited TOX activity which results in insidfent level of heat flow to SR sites
compared to the other sets with higher £/&ios. Low methanation activity makeg/&0
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high even though the catalyst has modest WGS #gctividicated by limited CO

production.

At the high C/Q level (Set4), Cat B’s KHproduction rate was the highest. High H
production can be explained by the combined effetty very limited methanation due to
which H, produced remains in the product stream, and ii)SA&Gtivity indicated by high
CO,/CO ratio (Figure 4.3a).
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Figure 4.4.(continued) Horoduction rates for Catalysts A, B, C, D, anccESet3;

C/0,=1.5, W/F=0.51, (d) Set4; C42.7, W/F=0.51.
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(i)  Catalyst C : Ni:Pt =50

Even though Cat C showed a medium levelgrbduction rate in Setl, its O
selectivity was high, indicating a great extentVé:S reaction. The catalyst has greatly
suppressed methanation on its surface, like Cat B.

Unlike to Setl, H production was enhanced In Set2. CO and @tdduction levels
were low. Based on these results, Cat C was thmopt catalyst for Set2. A comparison
between Setl and 2 reveals that as the residemee df the reactants on the catalyst
surface increases both the production rate and WGS activity increases pravitdhat the

catalyst is able to prevent methanation.

In Set3, though K production rate was the highest among the caglysgh
production rate of CO has lowered the selectiditythis set, steam flowrate was low due
to the low C/Q ratio. As steam is one of the reactants of WGSti@a, its limited flow
rate might be the reason for relatively lower WGSvity. In the same set, Cat B had
shown a slightly better WGS performance (Figur&a4nd 4.3b). Even though the Ni/Pt
ratios of the two catalysts are the same, highelo&lding - which mainly promotes SR

reactions - of Cat C has made the catalyst morgtsento steam limitations.

Cat C’s performance in Set4 was similar to thaGetl; taking the medium level
production of H into consideration, the methanation was limited #re selectivity ratio
was high. High selectivity level is a result of gow/GS activity indicating the enhanced
WGS performance of the catalyst when there is aoc#y of steam. For this low residence
time set, WGS reaction has occurred to a largeamngxhan methanation mainly because of
highly exothermic nature of methanation.

(iv) Catalyst D : Ni:Pt =33
In Sets 1 and 3, thezhbroduction levels of the catalyst were the highlestvever the

selectivity ratios were far from the desired ratiodicating poor WGS activity. This

catalyst has suppressed methanation to some exttent residence times.
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H, production rate has decreased in Set2 mainly Isecafuthe high methanation rate
at this high W/F ratio.

Cat D could not show enough activity in Set 4 wi¥®, level was high (Set4).
Even though there were sufficient amount of hydroga available, the limited Ni loading
of Cat D led the use of hydrocarbon mostly in TG3$ulting in suppressed SR activity.
Therefore, both the Hand CO production levels were low, which inevitaisicreased the
H,/CO ratio.
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Figure 4.5. (Continued) 4ACO selectivities for Catalysts A, B, C, D, and(&.
Set3; C/@=1.5, W/F=0.51, (d) Set4; C#2.7, W/F=0.51.



(V)

Catalyst E : Pt-Au-Ni
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Promoting the bimetallic Pt-Ni catalyst with Au wi®ught to increase the WGS

activity. However, addition of Au has decreaseg ptloduction rate of the bimetallic

catalyst in addition to increasing the productiaterof undesired products, i.e. CO and

CHg, in all of the experimental sets.

Table 4.4. Relative production rates of BO, CH, and H/CO ratio of five catalysts

Set# C/Q WI/F H, production HCO CO production Clproduction
1 2.12 0.80 D>B>C>A>E C~B>A>D>E E>>D>A~B>C A>E>C~B~
2 2.12 1.12 C>B>A>E>D C>B>A~D>E A~E>D>B-~C D>E>A>B>C
3 1.50 0.51 C~D>B~A>E B>A>C~D>E E>>D~C>A>B A>B>C~B~
4 2.70 0.51 B>A>C>D>E D>C>B>A>E E>>B>A~C-~D A>E>D>8>




58

5. CONCLUSION AND RECOMMENDATIONS

5.1. Conclusion

Experiments conducted in OSR of propane over the ¢atalysts supported @n

Al,O3 have shown that;

)] Lower residence times promote production rate mainly because of the higher
flow rate of fresh hydrocarbons. On the other hainohe seeks high #CO ratio, medium

level W/F ratios -which enhance WGS reaction- stidod preferred.

i) Among all of the bimetallic catalysts tested, thghlkest H production rate and
H,/CO selectivity was obtained for the highest €1€vel. However, while decreasing
C/O, from 2.7 down to 2.12 and then to 1.5, a cleardrenH, production decrease was

not experienced.

lii)  The previously tested Cat A produced high amounHgfonly if there was
enough steam in the medium. Its WGS activity pentomce was also found to depend on
the concentration of steam present. Methanatiocticmahad occurred extensively on Cat

A’s surface.

Cat B not only hindered methanation but also fet#id WGS reaction in all
experimental sets. When compared to Cat A, it casdd that a decrease in Ni/Pt ratio
has prevented methanation, made the catalyst mbrest to the water vapor level in the
reactant mixture, and increased the WGS performance

Cat C had also suppressed methanation, like Chti®the optimum catalyst at low
residence times as it produces mokeadd thereby prevents methanation on the catalyst
surface. Comparing the performance of Cat A witlt tf Cat C, the results indicate the
increase in Pt loading and the decrease in NitRt emhances Hproduction -especially at
low C/O; level sets-, augments WGS reaction, and signifigasthecreases methanation

level.
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Cat D was prone to methanation particularly at hggidence times. Moreover, its

WGS activity was far below sufficient.

Addition of Au to bimetallic Pt:Ni system have leala poor performance in bothb H

production activity and MCO selectivity.

The results obtained in this study clearly showt thlaen a bimetallic catalyst, like
Pt-Ni, is used in OSR of hydrocarbons; a combin@tindzation involving reaction
parameters, metal contents of the catalysts as agelmetal loading ratio should be

performed to benefit from the superior performasypecs of the bimetallic system.

5.2. Recommendation

As mentioned before, promoting the bimetallic Ptelialyst with Au was thought to
increase the WGS activity. However, addition of Bas decreased,Hbroduction rate of
the bimetallic catalyst in addition to increasimg fproduction rate of undesired products,
i.e. CO and CHl in all of the experimental sets. Three-metallatatyst with gold is
thought to have dominant TOX activity because ¢élt®t-Au loading (0.6 %w). TOX
consumes hydrocarbon feed and steam reforming @ité$ may not have enough time or
feed. Therefore, next study may be on new goid ratthe catalyst. It should be 0.1 wt%
Au and 0.2 wt% Pt with same Ni content.

Another gold promotion activity search may be om ¢htalyst preparation types. We
prepared all catalysts by impregnating one by antkcalcined he catalyst. Next study may
be on different catalyst preparation techniques.
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