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Abstract

The main objective of this work was the developnanan efficient unit integrating the
water-gas shift (WGS) reaction with hydrogen rentawa single piece of equipment, using
a Pd-based membrane reactor (MR). The removal &fdm the reaction zone is expected to
enhance the reaction conversion over the equihbrimitations based on feed conditions,
producing simultaneously highly pure hydrogen.

A lab set-up was built to perform the experimentark. The unit was designed to
measure the activity of low-temperature WGS cata)yt® determine the reaction kinetics, to
characterize the separation ability towards hydnogfethe Pd-Ag membrane and to study the
application of the MR for the WGS reaction.

The catalytic activity for the low-temperature W@ action of three commercial samples
(Au/TiO,, CuO/ALOz; and CuO/ZnO/AJO3) was evaluated and compared with a lab-prepared
catalyst (Au/Ce@ synthesized at ITQ — Valencia, Spain). It waseobsd that the nanosized
Au/CeG material reveals the highest CO conversion atidhest temperature investigated
(150 °C). However, while in the deactivation tesésformed the CuO/ZnO/AD; catalyst

showed a good stability for the entire range offgeratures considere@ 50— 300 °C, the

Au/Ce( sample clearly showed two distinct behaviors: @gpegssive deactivation at lower
temperatures and a good stability at higher oresye250 °C.

After the catalysts screening, the kinetics of YW&S reaction was determined over the
material showing the best compromise between #&gtand stability. The CuO/ZnO/AD3

catalyst was then tested in a wide range of tenwpe® (180- 300 °C as well as space

times, using a simulated reformate gas mixturehm feed; an integral reactor under the
conditions of no mass and heat transfer limitatiofas used. Several kinetic models were
proposed, which were subjected to a rigorous paemaestimation and model discrimination
in order to obtain the most appropriate one. Forperatures fronil80—- 200 °C, the best
fitting model was the one based on an associati@egmuir-Hinshelwood) mechanism while
the redox pathway showed the best fit for the raB86- 300 °C. It was then proposed a
composed kinetic model that comprehends the fimstfor 180— 200 °C and the second one
for 230- 300 °C, revealing distinct rate-controlled steps for eeahge. The validity of this
composed model was assessed experimentally anidfacary agreement was obtained.

A dense metallic permeator tube was prepared atAE(REascati, Italy) by an innovative
annealing and diffusion welding technique starfiogn a commercial flat sheet membrane of
Pd-Ag. A *“finger-like” assembly of the self-suppedt membrane has been built, its
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permeance and selectivity towards hydrogen detexnamd used as a packed-bed membrane
reactor (PBMR) for producing ultra-pure hydrogerm WGS reaction. The commercial
CuO/ZnO/ALO; catalyst was used for packing the membrane reather performance of the
reactor was evaluated in terms of CO conversion ldpdecovery in a wide range of
conditions. Carbon monoxide conversions remaineaiast cases above the thermodynamic
equilibrium based on feed conditions; in particulars worth mentioning that around 100 %

of CO conversion and almost completgriicovery was achieved at 300 °C with a feed space
velocity of 1200 L, [kg,, [h', a feed pressure of 4 bar, a permeate pressugebaf and
usingl L, (min™ of sweep gas.

A phenomenological model was then proposed to descahe membrane reactor
performance. It takes into account the expressidained for H permeation rate through the
Pd-Ag membrane and the combined kinetic modelferWGS reaction on the copper-based
catalyst. In general, the simulation results showggod adherence to the experimental data,
taken for a wide range of operating conditiondeziin terms of CO conversion; ilecovery
or outlet streams compositions.

Finally, it was investigated the performance ancrgy efficiency achieved by an
integrated system based on two different ethanal fprocessor configurations: a
Conventional Reactor- and a Membrane Reactor-based The analysis showed that the
MR-based process configuration is simpler althouwgtih a minor advantage in terms of
energy efficiency (30 %) compared with the convamai system (27 %). The importance of
optimizing the integrated systems that comprehgndrgjistic effects was evidenced.

The Pd-Ag membrane reactor designed proved to peodefficiently an ultra-pure
hydrogen stream based on the WGS reaction comeaiith low-temperature polymer

electrolyte membrane fuel cell (PEMFC) requirements



Resumo

O objectivo principal deste trabalho foi o desemiwnénto de uma unidade eficiente que
integra a reaccao de gas-de-aguatér-gas shiftWGS) com a remoc¢ao de hidrogénio numa
Unica peca de equipamento, utilizando um reactonel®brana a base de Pd. Espera-se que a
remocao do hidrogénio do meio reaccional aument®reversdo da reaccdo acima das
limitacdes impostas pelo equilibrio baseado nasdicdes de alimentacdo, produzindo
simultaneamente hidrogénio de elevada pureza.

Foi montada uma instalacéo laboratorial para ra@abztrabalho experimental. A unidade
foi projectada para nela se medir a actividadecdtaisadores de WGS a baixa temperatura,
determinar a cinética da reaccao, caracterizarpactdade de separacdo ao hidrogénio da
membrana de Pd-Ag e estudar a aplicacao do redetmembrana na reaccao de WGS.

Foi avaliada a actividade catalitica, na reaccadoM{&S a baixa temperatura, de trés
amostras comerciais (Au/T¥OCuO/ALO3 e CuO/ZnO/AJOz) e comparou-se com a de um
catalisador preparado em laboratério (Au/gesintetizada no ITQ — Valéncia, Espanha).
Observou-se que o0 material nanométrico Au/Ce€vela a maior conversdo de CO a
temperatura mais baixa investigada (150 °C). Nargaf embora nos testes de desactivacéo
realizados o catalisador CuO/ZnO/B% tenha mostrado uma boa estabilidade em toda a

gama de temperaturas considergtia0— 300 °C, a amostra Au/CefOmostrou claramente

dois comportamentos distintos: uma desactivacagressiva a temperaturas mais baixas e
uma boa estabilidade nas mais elevadas, acimald&25

Apoés a seleccdo do catalisador, foi determinadmética da reaccdo de WGS sobre o
material que mostrou o melhor compromisso entigidatle e estabilidade. O catalisador de

CuO/ZnO/ALO; foi entéo testado num amplo intervalo de tempeaat(180— 300 °C, bem

como de tempos espaciais, usando-se uma alimentag&tituida por uma mistura gasosa
que simula a composi¢cado de uma corrente de ref@wnégi utilizado um reactor integral em
condi¢des de auséncia de limitagbes a transfer@ecimassa e calor. Propuseram-se Varios
modelos cinéticos, os quais foram submetidos a ngmmosa estimativa de parametros e
discriminacdo dos modelos a fim de encontrar-sea® @propriado. Para temperaturas no
intervalo 180- 200 °¢, o0 modelo com o melhor ajuste foi o baseado nuncamismo
associativo (Langmuir-Hinshelwood), enquanto o nmdedox mostrou o melhor ajuste no
intervalo 230- 300 °C, revelando a existéncia de passos controlantémtds em cada
intervalo. Foi entdo proposto um modelo cinéticmposto que responde de acordo com a

temperatura de reac¢ao segundo um ou o outro modlelalidade deste modelo composto
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foi avaliada experimentalmente tendo-se registado ajuste satisfatério aos dados
experimentais.

Nas instalacdes do ENEA (Frascati, Italia), foitefizado um tubo metalico denso e
permeavel por uma técnica inovadora de recozimestidadura por difusdo a partir de uma
membrana comercial de folha plana de Pd-Ag. O dispo, baseado nesta membrana
auto-suportada, foi construido numa configuracgmw-tiedo”, tendo-se determinado a sua
permeancia e selectividade ao hidrogénio e sidteposnente utilizado como um reactor de
membrana de leito fixo para produzir hidrogénicadfiuro através da reaccdo de WGS.
Utilizou-se o catalisador comercial de CuO/ZnQ@l no empacotamento do reactor de
membrana. O desempenho do reactor foi avaliado e@mos de conversdo de CO e
recuperacdo dezhum vasto intervalo de condi¢des. As conversdeaatexido de carbono
permaneceram na maioria dos casos acima do edguiliermodindmico baseado nas
condicOes de alimentacdo; em especial, importgaeglue se atingiu uma conversao de CO

de cerca de 100 % e uma recuperacao dquidse completa a 300 °C, com uma velocidade

espacial del200 L, [kd;, O0h', uma pressdo na alimentagdo de 4 bar, uma pressdo

permeado de 3 bar e utilizandld., (min™ de gas de arrasto.

Propbs-se entdo um modelo fenomenolégico paraealesco desempenho do reactor de
membrana. O modelo tem em conta a expressao otiidaermeacdo do  Hatravés da
membrana de Pd-Ag e o modelo cinético compostaatalisador a base de cobre. Em geral,
os resultados da simulacdo mostraram uma boa a&iker@os dados experimentais obtidos
num amplo intervalo de condicBes experimentaisy gme termos de conversdo de CO,
recuperacdo dejtbu composicdes das correntes de saida.

Finalmente, investigou-se o desempenho e a efici@mergética obtidos por um sistema
integrado baseado em duas configuracdes diferetdeam processador de combustivel
alimentado a etanol: um baseado num reactor commaice outro num reactor de
membrana. A analise mostrou que 0 processo cujigaoacdo se baseia no uso de um
reactor de membrana é mais simples, embora comvamagem reduzida em termos de
eficiéncia energética (30 %) comparativamente ast@ma convencional (27 %). Foi ainda
evidenciada a importancia da optimizacdo dos sasdemntegrados que compreendem efeitos
sinergéticos.

O reactor de membrana de Pd-Ag construido mos&owcapaz de produzir de forma
eficiente uma corrente de hidrogénio ultra-purcselaglo na reaccdo de WGS, compativel
com os requisitos das ceélulas de combustivel delbraema electrolitica polimérica de baixa

temperatura.



Sommaire

L objectif principal de cette thése été le dévetmppnt d"une unité efficiente qu’intégre
la réaction du gaz-a-l'eawdter-gas shiftWGS) avec le remuement de |"hydrogéne dans une
unique piece d équipement, utilisant un réacteundmbrane a la base Pd. On espere que le
remuement de I"hydrogene du milieu réactionnaigrante la convertion de la réaction au
dessus des limitations imposées par |"équilibreé basr des conditions d alimentation,
produisant simultanément I"hydrogéne de pure élevé.

On a monté une installation de laboratoire pouligéales travaux expérimentaux.
L'unité a été projectée pour mésurer |"activité cislyseur de WGS a baisse température,
déterminer la cinétique de réaction, caractérseapacité de séparation de I"hydrogéne de la
membrane de Pd-Ag et étudier I"application du eaactle la membrane pour la réaction de
WGS.

On a évalué l'activité catalytique, dans la réactéGS a baisse température, des trois
échantillons commercials (Au/TEOCuUO/ALO; e CuO/ZnO/AIO3) et on a comparé avec cel
d’un catalyseur préparé en laboratoire (Au/geithétisé dans le ITQ — Valence, Espagne).
On a observé que le matériel nanométrique Auidé@le la plus grande convertion de CO
a la plus baisse des températures enquétée (15M&3) méme si les tests de désactivation
réalisés au catalyseur CuO/ZnOf&% a montré une bonne stabilité dans toute gamme de

températures consideréés50- 300 °C, I"échantillon Au/Ce® a montré clairement deux

comportements distintifs : une désactivation pregike aux tempéatures plus baisses et une
bonne stabilité dans les plus élevées, au dess2s0d¥C.

Apres la séléction du catalyseur, on a determirénigtique de la réaction de WGS sur le
matériel qui a montré le meilleur compromis enteetivité et la stabilité. Le catalyseur de
CuO/ZnO/ALO; a été testé dans une intervalle ample de tempésafl80—- 300 °C, bien
comme de temps spacials, en usant une alimentediostituée par un meélange du gaz qui
simule la composition d’un courant de réformatimm;a utilisé un réacteur intégral dans des
conditions d"absence de limitations a la transféretie masse et de chaleur. On a proposé
plusieurs modeles cinétiques, lesquelles ont éitnsoa un rigoureux apercu des parametres
et d"absolution de modeles a fin de trouver le molsvenat. Pour des températures dans
I"intervalle 180- 200 °C, le modele avec le meilleur réglage a été basaisunécanisme
associatif (Langmuir-Hinshelwood), lorsque le medetdox a montré le meilleur réglage
dans l'intervalle230- 300 °(, révélant I'éxistance de pas controlés distindiéshs chaque

intervalle. C’est alors qu’on a proposé un mod#iiétique composé qui répond en accord
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avec la température de la réaction selon un ore anbdele. La validité de ce modele
composeé a été évalué expérimentalement, ayantnéégistré un réglage satisfatoire aux
données expérimentales.

Dans les intallations du ENEA (Frascati, Italie), asynthétisé un tube métallique dense
et perméable pour une technique innovatrice desgson et de soudure pour difution a partir
d’'une membrane commerciales de feuille plate deAd?dLe dispositif, basé sur cette
membrane auto-supporter, a été construit dans onégaration "type-doigt", ayant été
de membrane de lit fixe pour produire I'"hydrogéha-pure atravers la réaction de WGS. On
a utilisé le catalyseur commercial CuO/ZnQ@d dans I'empaquetage du réacteur de
membrane. Le dégagement du réacteur a été évaluéemues de convertions de CO et
récupération de Hdans un vaste intervalle de conditions. Les cdiores de monoxyde de
carbone sont restées dans la plupart des cas ausdds |"équilibre thermodynamique basé
sur des conditions d"alimentation; en spécialautfmettre en valeur qu'on a atteint une

convertion de CO d’environ 100 % et une récupératie H presque compléte a 300 °C,

avec une vitesse spaciale 8200 L, (kg (0h', une pression dans |'alimentation de 4 bar,

une pression dans la perméant de 3 bar et utilisegtinin™ de gaz de traine.

Alors, on a proposé un modele phénoménolgique porirég le dégagement du réacteur
de membrane. Le modéle a fait cas de I'expressitena par la perméation dy Htravers la
membrane de Pd-Ag et le modéle cinétique composéadeaction de WGS dans le
catalyseur a base de cuivre. En général, les teslds simulations ont montré une adhérece
aux données expérimentales obtenues dans un amgreaile de conditions expérimentales,
soit en termes de convertion de CO, de récupérdtar, ou de composition des courants de
sortis.

Finalement, on a enquété le dégagement et | gffieieénergétique obtenus par un
systéme intégré et basé sur deux configurationmtives d'un processeur de combustible
alimenté par I'éthanol: basé sur un réacteur cdiorerel et un autre sur un réacteur de
membrane. L analyse a montré que le procces qaicarfiguration basée sur |"'usage d'un
réacteur de membrane est plus simple, quoique awecavantage réduit en termes
d’efficience énergétique (30 %) comparativementsgstéme conventionnel (27 %). On a
aussi rendu évident I'importance de |'optimisaties systémes intégrés qui comprennent des
effets synergétiques.

Le réacteur de membrane de Pd-Ag construit, nonsrdré détre capable de produire de

facon efficiente un courant d’hydrogene ultra-pbasé sur la réaction de WGS, compatible
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avec les requisits des piles de combustibles delbraema a electrolyte polymére qui opére a

baisse température.
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Chapter 1

General Introduction

This chapter describes the motivation behind thesearch and provides a bas

introduction to the study.
At the end, the objectives for the PhD work areldsgthed and a description of th

structure of the thesis is presented.

1.1 Relevance and Motivation

1.1.1 Hydrogen as a future energy carrier

For many decades, the global economy was effegtlmglt on the notion that cheap and
abundant fossil fuel energy sources will be alwayailable. The recent financial crises,
characterized by a greater volatility in the fodsils prices, have shown, once again, the
unsustainable foundations of today’s economy. @aoeti reliance on fossil fuels and vehicle
technologies will bring significant economical asakcial challenges. This will not only be
due to the local depletion and global misdistribatof high quality fossil fuels, but also to

the expected increase of the energy demands assvile carbon taxes that result from the
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conversion of the fossil fuels. We must, therefar@pidly develop sustainable energy
sources, which, in addition, do not produce netssians of carbon dioxide.

Recently, hydrogen has received increased attentisliwide because of its potential as
an energy carrier. It can be made from widely add primary energy sources including
fossil sources and renewables (e.g. biomass, wastéasr, wind, hydro or geothermal),
enabling a more diverse primary supply for fuelotfiari et al., 2008; Pena et al., 1996;
Turner, 1999). Additionally, if His produced from fossil sources with carbon captamd
sequestration, it would be possible to produce @swl fuels with near-zero full fuel cycle
emissions of greenhouse gases, with large redusctimremissions of air pollutants, and
essentially zero oil use. The only by-product ofitmgen combustion is water or water
vapor; if air is used for combustion, small amounitsNO, can however also be produced
(Zuttel et al., 2008).

Today, world production of hydrogen is of the ord&r 50 million tons per year
(Sigfusson, 2007), where basic chemical manufatgufe.g. ammonia and methanol) and
petroleum refining processes (hydrotreating anddgréicking) represent the larger market
shares — Figure 1.1. However, 95 % of the hydrqgeduced is used to supply the demand
of existing industries. Even if all this hydrogeaswsed to replace fossil fuels, it only would
account for 2 % of the global primary energy usani@n, 2004).

Hydrogen demand is expected to increase in the rapiyears due to the treatment of
heavier oil and tar sands and to the proliferaiotne market of fuel cells fed with hydrogen
and air. Additionally, the growing environmentalhcerns and stringent emission norms are
also contributing to the soaring demand for hydmpgehich can no longer be sustained by
traditional hydrogen production methods. To accaeshphn increase in hydrogen production
capacity in a clean, sustainable, and cost-conneetitvay, new and more efficient

technologies should be implemented.
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-l
Methanol _

_/ 7
Refinery \

Figure 1.1— Market share of the currently produced hydro@mesh et al., October 2007).

1.1.2 Routes for hydrogen production

Today, nearly all hydrogen production is based ossif raw materials. Hydrogen
production technologies fall into four general gatees: thermochemical, electrochemical,
photobiological and photochemical (Haryanto et 2005). Thermochemical processes are
the most used technologies for producing hydrogem ffeedstocks such as natural gas,
coal, or biomass (Holladay et al., 2009). Among therent technologies, steam methane
reforming (SMR) is the most energy-efficient andncoercialized process for the production
of hydrogen, accounting for 48 % of the tota} Hroduced, while the reforming of
naphtha/oil accounts 30 % and gasification of d@bo (Wawrzinek and Keller, 2007). A

traditional reforming process scheme for such adyeh plant is shown below:
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Feed Fuel Gas

!

Steam Steam Hydrogen
Export Product

Figure 1.2— Typical block diagram of a fuel processor opgagpin the steam reforming mode.

The traditional reforming process consists prinyadh a treatment section to remove the
impurities (cf. Figure 1.2), which are poisonousréforming and shift catalysts. The key
process step is the reforming section where thigocaceous species react with steam over
an appropriated catalyst to produce arrieh-mixture. Because almost all catalysts used fo
the steam reforming of gases or liquid hydrocarqmosiuce CO, the water-gas shift (WGS)
reaction is an important step in the reforming pes; it reduces the CO content
simultaneously producing moreHas shown in equation 1.1:

CO+HO -~ CQ +H AH?®C = 41,111 mol (1)
Further reduction in the amount of CO can be aeueby catalytic methanation (CO
elimination stage in Figure 1.2). In addition tothanation, other methods could be used to
purify Hp, such as pressure swing adsorption (PSA), crycgeéistillation, or membrane
technology (Mendes et al., 2010). An example ofralustrial steam methane reformer can
be seen in Figure 1.3.

Steam methane reforming, although based on nomweadie sources, is the best option
available at the moment to produce id large quantities while other technologies do no
achieve the required maturity. However, in the fefuhe steam reforming of liquid fuels
(e.g. methanol and ethanol obtained from biomassggpected to be a promising choice in

H,-based energy systems (Haryanto et al., 2005; @lah, 2006).
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Figure 1.3— A steam methane reforming (SMR) process fortfarogen productiong00 nj, Ch')
(Allam, 2004).

1.1.3 Small scale power generation

Fuel cells are an important technology for the bgen economy and have the potential
to revolutionize the power generation scenario,eraffy cleaner and more-efficient
alternatives to the combustion of gasoline and rotiessil fuels. Polymer electrolyte
membrane fuel cell (PEMFC) can generate electrivgpoand deliver it from micro to
mega-watt applications making them applicable fadewse, i.e. from all sizes down to
mobile phones and electronic gadgets to transpamtatr stationary power stations — Figure
1.4 (Gencoglu and Ural, 2009; Larminie and Dick€)03®. Moreover, they offer
compactness, modularity, low operating temperg8de 110 °C, high power density, fast
start—up and response time and no shielding regeine for personnel safety (Barbir, 2005;

Song, 2002).
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Figure 1.4— Collage of fuel cell applications and demongires.

Rapid developments of the PEMFC technology in regears have foster research in all
areas of fuel processor for hydrogen generatiorwdyer, PEMFC, in particular for road
vehicles applications, still have a few technolagiproblems associated with water
management and CO sensitivity of anode catalyst. Mhin targets are to develop active,
selective, and stable catalytic systems for reduttie CO concentration in the, Ktream fed
to fuel cells to less than 0.2 ppm (ISO, 2008)% throids CO poisoning of the anode, reduces
the size and increases the efficiency of the fuetgssor. In conclusion, the challenges
associated to the smaller scale hydrogen generatids for PEMFC applications has been
motivating the interest of many scientists and eeeis on the WGS reaction technology as a

process to reduce the CO content on théull streams.

" These figures were taken from websites: http://wganmanage.com (accessed June 2010);
http://bobpotchen.com (accessed June 2010);_  http://www.eco-trees.ofgccessed June 2010);
http://i.treehugger.com (accessed June 2010); http://www.techgadgets(accessed June 2010);
http://www.hydrogencarsnow.cofaccessed June 2010); http://www.ballard.¢anctessed June 2010).
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1.2 Objectives and Outline

The conventional processes for hydrogen manufathateare commercially mature and
are energy efficient at large scale operation (sashSMR) can not be economically
down-scaled for small scale applications. For imsta the use of cryogenic distillation for
hydrogen separation is prohibitively cost intensatesmall scales. Moreover, conventional
routes are designed and optimized for long runs @inuous operation and are not
designed to meet the varying power demands andidreégshut-offs and restarts, which
might be often encountered in small stationaryesyst and vehicular power applications
(Krumpelt et al., 2002). The large number of pracasits and the use of superheated steam
also make these technologies more difficult to Enpént at smaller scales. There is therefore
the need for development of alternative compaattogaechnology that can be compatible
and energy efficient at small scales.

To develop a novel reactor technology for smallesegplications, it is first essential to
understand the chemistry of the reaction systemtlamdiesign and operating issues related
to it. As referred previously, the WGS process a@sighed to remove the bulk of carbon
monoxide of a synthesis gas stream while also géingrhydrogen. The extension of the
WGS reaction is limited by the thermodynamic eduilim (Moe, 1962) and due to its
exothermicity, the equilibrium constant decreaseseasing the temperature. However, the
reaction has favorable kinetics at high temperatuii® improve the CO conversion, a
promising approach considers the use of MembraretBes (MRs), combining the reaction
and the separation of a reaction product througkelactive membrane. In this way,
according toLe Chatelier'sprinciple, the equilibrium can be shifted and aoréase in CO
conversion above the equilibrium values is possiblethe present case, if hydrogen is
removed selectively using a permselective membrans, possible to achieve two main
objectives at the same time in a compact single uni

* maximize the CO conversion thereby maximizing hgéroproduct yield, and
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* produce hydrogen in ultra-pure form that can bedlly used in downstream low-
temperature PEMFCs (e.g. in vehicle applications).
Permselective hydrogen membranes based on Pd asedered the most suitable for
hydrogen extraction because of their very high psetectivity (Mendes et al., 2010).

Then, the main objectives of this thesis are:

1) to evaluate the most suitable catalytic systemsarry out the WGS reaction at
low temperatures;

2) to design and build a lab scale Pd-Ag membraaetor (MR);

3) to give an experimental proof-of-principle oéttleveloped reactor concept.

The outline of this thesis is as follows:

Chapter 2 addresses a comprehensive literature review of W&&lysis and kinetics.
Additionally, an overview on the most used membsdioe H, separation with special focus
on Pd-based materials is provided. This chapter ialdudes a description on the effects of
the most relevant parameters affecting the WGSimeam membrane reactors.

In Chapter 3, the catalytic performance for the low-temperatW&S reaction of a
prepared gold-based catalyst is compared with dhatommercial samples; the Au/CgO
catalyst was prepared at ITQ, in Valencia, in tteniework of a collaboration with Prof.
Hermenegildo Garcia. The catalytic activities of $elected samples were evaluated in a
wide range of operating conditions in a packed-lbedctor. The samples were also
characterized in order to obtain additional infotiora on the redox properties, textural and
morphological structure of the catalytic materialdter this preliminary screening, a
commercial Cu-based sample was selected for treegqulent studies.

In Chapter 4, the kinetics of the WGS reaction using a coppeel catalyst is
addressed. Several kinetic models were testedwida range of temperatures and contact

times, aiming to find a robust one for modelingdsts of WGS reactors (conventional or
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not). A composed kinetic model was proposed and tsesimulate the WGS packed-bed

reactor, as well as the MR in chapter 6.

In Chapter 5, the preparation of Pd-Ag tubular membranes ardMiR design in a
non-conventional configuration is described; thandgér-like” MR was conceived in the
framework of another collaboration, with Ing. Sitna Tosti, from ENEA, at Frascati
(Rome). Further, the experimental tests perforncedvialuate the perm-selectivity and the
permeability of hydrogen at different temperatusd hydrogen partial pressures is
presented. The experimental measurements and migsia of the Pd-Ag membrane reactor
carrying out the WGS reaction for a wide rangexgfezgimental conditions is finally shown.

In Chapter 6, a phenomenological model is proposed to describgpérformance of a
Pd-Ag membrane reactor. The model was formulat&thdainto account the composed
WGS reaction kinetic model previously developedafitbr 4) and the membrane properties
determined in chapter 5. The adherence of the ¢lieal results to the experimental data is
presented and analyzed.

In Chapter 7, the performance and the energy efficiency achigwedan integrated
system based on two different ethanol fuel proaessnfigurations is theoretically studied.
A MR-based plant is then described and comparech vt conventional process
configuration. A commercial process simulation wafte, HYSYS, was used to solve the
mass and energy balances, and to compute the iogecainditions for each process unit.
The importance of optimizing integrated systems tredimprovements achieved by a MR-
based configuration when compared with a conveatione are illustrated.

Finally, in Chapter 8, the general conclusions drawn from this work areddhiggestions

for future work are summarized.
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Chapter 2

Water-Gas Shift Reaction — State of the Art

The water-gas shift reaction (WGS) is a well-kn@tap for upgrading carbon monoxidg

to hydrogen from synthesis gas. For more than @0syafter its first industrial application,

many issues in respect of the catalyst, procesdiguoation, reactor design, reactio

mechanisms and kinetics have been investigatede Memently, a renewed interest in thge
WGS reaction carried out in hydrogen perm-selecth@mbrane reactors (MRs) has bedn
observed because of the growing use of polymedctrelyte membrane fuel cells thg
operate using high-pure hydrogen. Moreover, membraeactors are viewed as a
interesting technology in order to overcome the ildguum conversion limitations in
traditional reactors.

This chapter reviews the most relevant topics ofSAMERs technology — catalysis angd
membrane science. The most used catalysts andantlg@rogress achieved so far !
|

water-gas shift reaction in membrane reactors aegaded. In addition an overview on thg

described and critically reviewed. The effectshef most important parameters affecting t

most used membranes in membrane reactors is atésepted and discussed.

The contents of this chapter were adapted from:ddenD., Mendes, A., Madeira, L.M., lulianelli,
A., Sousa, J.M., Basile, A., The water-gas shifiction: from conventional catalytic systems to Pd-
based membrane reactors - A revidsia-Pac. J. Chem. Eng01Q 5, 111-137.
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2.1 Introduction: Historical Background Regarding the WGS reaction

The blossoming of the water-gas shift (WGS) reacts related to the production of a
combustible gas (water-gas = CO 3) Mhen steam is passed through a bed of incandescen
coke, first observed by Felice Fontana in 1780jexcribed in literature (Burns et al., 2008;
Haring, 2008). The following century was marked Imptorious discoveries and
developments related to alkali chemical manufactamd gas production by gasification
(Haring, 2008; Ihde, 1984). Ludwig Mond, one of dreatest chemist-industrialists of all
time, focused part of his industrial chemical tembgy developments on the synthesis of
ammonia from coal and coke. Mond developed the ggodor producing the so called
“Mond gas” (the product of the reaction of air astdam passed through coal/coke —CO
CO, H, Ny, etc.), which became the basis for future coalifigaton processes. Mond and
his assistant Carl Langer were the first to use tdren “fuel cells” while performing
experiments with the world’s first working fuel teising coal-derived "Mond-gas” (Chen,
2002). One of the hardest tasks was to feed puteoggn to the “Mond battery” due to the
large quantities of carbon monoxide present in “MloBas”, which poisoned the Pt
electrode. Therefore, Mond solved this problem hgsng the “Mond Gas” mixture and
steam over finely divided nickel at 400 °C, reagtihe carbon monoxide and steam to give
carbon dioxide and more hydrogen. After &@moval by a simple alkaline wash, the- H
rich stream obtained could be successfully fedhéohydrogen cell (Weintraub, 2003).

The WGS reaction (equatidhl) was discovered and for the first time repoitedhe
literature by the end of the %entury (Mond and Langer, 1888). Years later, 943, the
WGS reaction found industrial application in theguction of synthesis gas (or water-gas),
as a part of the Haber-Bosch process of ammoniaifaeture — cf. Figure 2.1 (Bosch and
wild, 1914).

Since the Fe-based catalyst for ammonia synthesieactivated by carbon oxides, the

WGS reaction became an important step toward CQadpgto H. In terms of process
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(Figure 2.1), coal/coke was first blasted with iaira water-gas generator, exothermically
producing carbon dioxide and carbon monoxide, thermaintaining the high-temperature
(HT) of the coal (around 1000 °C) and raising tbian incandescent form. The water-gas
(CO + H) was then produced via an endothermic reaction+ (8,0 — CO + H), by
passing steam through the fuel bed. After the rexhof/dust particles, the mixed gas was
added to steam and CO was catalytically shifted sonverter to produce more hydrogen
and carbon dioxide. Then, the gas was dried, cossptk and passed through caustic
scrubbers for C® removal. By passing the gas mixture counter-ctiyreover an
ammoniacal cuprous solution, the CO was posteriefijminated by absorption (Quirk,

1963).

Water Steam Water CO purifier

Air Water-gas
shift .
Water-gas reaction AE_ Ammonia |—>
generator converter | Ammonia
Steam |$ product
Dust CO, purifier
Coke particles

Solution
regenerator

Figure 2.1—- Summarized sketch of the Haber-Bosh processK1863).

Industrially, the process integration of the WG8&cteon is dependent upon the origin of
the synthesis gas. By the beginning of th& 2éntury, and because the major source of
synthesis gas production was coal and coke, the \W@&ion was used as a standalone
process. By that time, the most common and ecoradrdesign was to conduct the reaction
in a single stage, at temperatures arodb0- 600 °C, and employing as catalyst Fe oxide
stabilized in Cr oxide (Quirk, 1963). The next auan of the process was the introduction
of a second-stage converter at temperatures ar8@0d 360 °C using the same catalyst.

The two-stage converter systems reduced the COtl@&d00- 4000 ppn compared to the
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single-stage converters that could not reduce fiec@ntent to much less than Q00 ppm

(1 %) (Ladebeck and Wang, 2003). With the discoverythe 1960s of Cu-based
low-temperature (LT) shift catalyst and improvensemt HT Fe-based shift catalysts, a CO
content < 0.5 % in the reformate stream was acHi€Reettinger and llinich, 2006).

From the beginning of the 2&entury until today, the use of the WGS reactimtofved
the increased industrial demand for hydrogen prbolicThis has been accomplished using
natural gas as feedstock instead of only coal,emnploying better catalysts that improve the
yields and permit the adjustment of thetdl-CO ratio of the product, mainly for ammonia
and methanol synthesis, but also for the Fishepdeb process and in refining operations
(desulfuration, hydrogenation processes, etc.)h\Wrbwing concerns about environmental
issues, H production from synthesis gas for fuel cell apgicns has become a huge focus
of attention. In this context, new catalysts weevealoped in order to obey rigid safety
requirements (in addition to fuel cell requiremémsisch as lower operation temperature, use
of non-pyrophoric materials and with high attritimsistance, improving simultaneously the
WGS activity for on-board hydrogen processing. Btam high-purity hydrogen from either
synthesis gas or from the products of the WGS i@actompetitive separation processes
were investigated with the aim of overcoming thefgrenance limitations and costs of
traditional methods. It is the goal of this chapter review some of the important

developments in the combination of WGS reactiontayatogen purification.

2.1.1 Thermodynamic considerations - parameters fluencing the process

The WGS reaction is an equilibrium-limited reacti@md CO conversion is favored at
lower temperatures due to its exothermicity (equmii.1). Equation 1.2 is widely seen in the
literature to describe the equilibrium constakg)(as a function of temperatur&)((Moe,

1962):
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K, :ex;{45_|?7' 8—433) (1.2)

As the temperature increases, the equilibrium emtsiand the equilibrium CO
conversion (KZ3) inherently decrease (Figure 2.2). Hence; ptoduction and CO
consumption are in principle favored at lower reacttemperatures. Also, lower
temperatures are favorable from the point of vidwsteam economy. However, the WGS

reaction is controlled by the kinetics at theseditbons, making highly active and stable

WGS catalysts necessary.
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Figure 2.2 — CO equilibrium conversion of a typical reformatgeam from a methane steam

reforming process at various steam-to-dry gas (8)s.

Considering the range of pressures used foptdduction, it is worth mentioning the
reaction pressure does not affect the equilibridnthe WGS reaction because there is no
variation in the number of moles during the counéehe reaction (Ladebeck and Wang,
2003). Nevertheless, up to that point (i.e. uph®e équilibrium), total pressure positively

affects the CO conversion because it increaseetwtion rate.
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The WGS reaction is traditionally conducted in tveo-three-stage catalytic converters
instead of one. This allows a smaller adiabatic peerature rise and a better steam
management, thereby making the process more ecoabfiihomas and Thomas, 1997).
The first stage is characterized by working at arghemperatures, favoring fast CO
consumption and minimizing catalyst bed volumethia following stages, the reaction takes
place at progressively lower temperatures for obtgi higher conversions, which are
limited by the reaction equilibrium. Inter-stageotng systems are used to conduct the next
WGS reaction at a lower temperature, favoring tippr@ach to higher equilibrium
conversions.

The synthesis gas composition influences the CQarsion at equilibrium in the WGS

reaction, obtained by solving equation 1.3, wh€ges expressed based on the basis of the
feed composition y" refers to the molar fraction of speciesat the reactor inlet) and

assuming ideal gas behavior:

o < Yoo, Y2 XE)(Vh +yeX 1.3)
" (ygo - yigo xecqo)( yllr—l o- ygo Xecqc)

Typically, most of the synthesis gas produced weoidé comes from the steam
reforming (SR) of natural gas, naphtha, or heawyrbgarbon feedstocks. The CO; &hd
CO, contents in the reformate stream will change dépenon the process and reformate
operation (cf. Table 2.1), thereby affecting maxim{equilibrium) CO conversions.

The water content in the WGS reactor will also @ayimportant role in obtaining higher
or lower CO equilibrium conversions. The effectt@inperature and water concentration on
the CO equilibrium conversion for the WGS reaci®shown in Figure 2.2 for a typical dry
reformate gas used in a large-scale hydrogen ogasymproduction plant, excluding any
residual hydrocarbons. It is clear from Figure 2hat an increase in the molar steam-to-dry
gas (S/G) ratio improves the CO equilibrium conmersespecially above 150 °C. However,

the amount of water added to the reformer or betwee WGS stages must be balanced
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taking into account the desired CO compositionhat énd of the process, the available

steam, the catalyst capacity fos®Hactivation, and the operating conditions.

Table 2.1 — Typical dry exit gas (molar compositions) of heate steam reforming, methane

auto-thermal reforming and coal gasification preessor H production.

Feedstock

Component 3 b S

CH,4 CH,4 Coal
CcoO 0.08 0.128 0.570
CO 0.12 0.080 0.049
H, 0.73 0.578 0.381
CH, 0.04 0.004 -
N 0.03 0.211 —

#830- 850 °C, 25— 50 atm, Ni-based catalyst, S/C = 3.0;
b 830- 850 °C, 25- 50 atn, Ni-based catalyst, £IC = 0.30, S/C = 3.0;
©1100- 1400 °¢, 75- 85 atmr, O,/coal (kg/kg) = 0.899, pD/coal (kg/kg) = 0.318.

2.2 Description of the WGS Reaction in TraditionaReactors

The CO-shift process facilities are economicallpatelent on the feedstock used for
synthesis gas generation, both in terms of equipraad catalysts. Methane (via SR) is
actually the preferred raw material, with naphtleeng preferentially used in areas where
natural gas is not available. However, coal, thestnadundant fossil fuel on the planet, is
being looked as the possible future major sourdd,ptlue to the development of integrated
gasification combined cycle (IGCC) and integratadification fuel cell (IGFC) technologies
(Shoko et al., 2006).

Taking into account the exothermic nature of the SM@action, higher CO conversions
are favored at lower temperatures. But kinetics @most instantaneous at very high
temperatures. Because of the inherent temperatarease during the reaction, synthesis gas
generation is typically conducted in adiabatic Gtgeactors to avoid catalyst overheating

and improve the reaction conversion (Figure 2.3) #entioned previously, even though the
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reaction is thermodynamically favored at lower tengpures, the reaction kinetics are
penalized and a large volume of catalyst is neee@pproach high CO equilibrium
conversions. The process is characterized by laeeswelocities, < 20 000*h currently

representing the largest reactor in a fuel proeg$deettinger and lIlinich, 2006).

Reformate
Feed
(380°C) 280 °C
HT LT Hz-rich
-==--Y WGS ﬁé y—f  WGS N
Wate'r (320 - 360 °C) (190 - 250 °C)
quenching (10 - 60 bar) (10 - 40 bar)
Water
U 70°C U

25 bar

Figure 2.3— Conventional two-stages process diagram of tSWeaction unit.

In a typical industrial operation, Ni-based cattdyare primarily used for the SR of
natural gas at high temperatures (> 700 °C) usigig H,O/CO ratios (at leas8—5). Then,
the cooled gas from the reformer (at ab@&@®0—- 450 °C) is driven into a HT CO-shift
converter (cf. Figure 2.3), commonly in the tempam@arange o0f320- 360 °C and at a total
pressure between 10 bar and 60 bar, containinglm$&ed oxide catalyst (Newsome, 1980).
Depending on the feedstock and the performanceh@fHT CO-shift reactor, an outlet
stream with a CO concentration between 1 % andi$ pically obtained at a temperature
around400- 450 °C. This stream is then cooled to about 200 °C (byrtlal quenching with
water or by an inter-cooler system between stafieg)Jebeck and Wang, 2003). To avoid
water condensation in the catalyst pores, and utigsequent deactivation, the inlet
temperature is usually kept at least about 2086ve the dew point of the feed gas

(Ruettinger and llinich, 2006). In some operationater is injected between the stages to
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adjust the S/G ratio before entering into an LT €}t reactor, operating in the range of
190- 250 °C and 10- 40 bal. Typical temperature gradients @)— 30 °C in the catalyst
bed are observed, and an outlet stream with a GOecration less than 0.5 % is obtained
(Ruettinger and llinich, 2006). Further reductioh@O and CQ to acceptable limits for
proton exchange membrane fuel cell (PEMFC) apptinat and for ammonia synthesis
involves other H clean-up systems discussed below. In particul@r,cGncentration higher
than 0.2 ppm for on-board vehicle applications (I2008) poisons the Pt catalyst of the

PEMFC.

2.2.1 The most used catalysts - operating conditis and catalytic properties

Many efforts in recent years have attempted to fhmel best heterogeneous catalysts to
carry out the WGS reaction. The catalysts usedhisagrocess might be distinct, depending
on the reaction temperature. On the other handa staged WGS process the reaction
temperature depends on the stage. At the momeare Hre two main classes of materials
being used in industry as CO-shift catalysts: Feedaand Cu-based catalysts. Since their
first industrial application, numerous developmehtsve been taken place in catalyst
compositions and manufacturing procedures, atterg@ab improve their activity, stability,

and selectivity.

Fe-based catalysts

The Fe-based catalysts are some of the earliestdgetneous catalysts used industrially
in the WGS reaction and are commonly called HT tshdtalysts, operating in the
temperature range of arour820- 450 °C, because of improved catalytic performance and
selectivity. Most industrial HT shift catalysts ¢aim Cr oxide (CfOs) as well as Fe oxide,
and it has been generally believed thaidgiis a structural promoter, retarding sintering and

loss of surface area of the Fe oxide, thus enhgrtti@ activity and stability of Fe catalysts
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(Rase, 2000). However, its replacement should béasaged in view of health and
environmental problems associated with hexavalent C

The Fe-Cr catalyst activity is not seriously afégtby poisoning, even though sulfur and
chlorine compounds are potential sources of pompmvhen present at high levels in the
reaction medium (Newsome, 1980).

To improve the catalytic activity of Fe-Cr, a retlan treatment is typically performed
during HT WGS reactor start-up between 250 and°@(Ruettinger and llinich, 2006). The
active phase, E®, (magnetite), is obtained by partially reducimdgre.O; (hematite) using
the process gas mixture with a relatively low conicion of the reductants in the presence
of steam. Cr@is also reduced to €D;, creating a solid crystalline solution (Newsome,
1980). During and after the reduction processtehgperature should be carefully controlled
because of the exothermic nature of the reactiomslved and the inherent heat release,
which may lead to catalyst sintering and loss itivdg/surface area. It is also crucial to
avoid converting the magnetite active phase intwelooxides, carbides, or metallic Fe
species since they catalyze undesired side reacfiam methanation and Fisher-Tropsch
processes), reducing selectivity and promotingaeRirdrogen consumption (Rhodes et al.,
1995).

Due to these reasons, the type of pretreatmeng t@pplied to these Fe-Cr catalysts has
been the focus of extensive research work. Foamt®t, Gonzalez et al. (Gonzalez et al.,
1986) studied the influence of thermal treatment$ @duction processes on WGS activity.
They concluded that reduction by/N, or by the process stream (CO +(H should be
performed at a temperature below 500 °C to obtaghen activity without over-reduction of
Fe0s. In fact, water vapor acts as a mild oxidant cora@do the high reducing capacity of
CO. However, liquid water condensation should baided since it can originate chromate

leaching.
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The addition of structural and chemical promotexs also been an interesting method to
improve catalyst activity. Topsge and Boudart (kmpsand Boudart, 1973) and
Natesakhawat et al. (Natesakhawat et al., 2006hngnother authors, suggested that the
addition of other cations (metal promoters) inte thetal lattice might change the electronic
properties, improving the catalyst activity. Thedrgome catalyst was promoted by adding
Cu to increase the catalytic activity and seletjveven at lower bD/C ratios where
secondary reactions might happen, leading to enexdyction costs. On the other hand,
Andreev et al. (Andreev et al., 1986) studied thiece of adding CuO, CoO, MnO, and ZnO
on the activity of Fe-Cr catalysts, where Cu- ammd &xides proved to be catalytic promoters
of interesting relevance. More recently, Rhodesalet(Rhodes et al., 2002) studied the
promotion of Fe-Cr catalysts with B, Cu, Ba, Pb, &gl Ag. In this case, by adding Hg, Ag,
or Ba and then Cu, higher catalytic activity waseaed for temperatures between 350 and
440 °C. The authors attributed this fact to théedit ionic sizes compared to that of e
influencing the covalency of the ¥4€** system and enhancing the conductance of the
magnetite solid.

Efforts are also being made in the development refrée catalytic systems due to the
problems mentioned above. In this regard, Natesae&hat al. (Natesakhawat et al., 2006)
selected three metals, Al, Mn and Ga, to be inaated in the hematite lattice and compared
the activity of each formulation with Fe-Cr. The-Rkcatalyst presented high activity, albeit
lower than the Fe-Cr sample. lonic radius simikesitwith F&" did not revealed to be the
crucial issue for the replacement of Cr. Instetids plausible that Cr acts as an active site
and/or promotes some electronic structural changled lattice. The impregnation of the Cr-
free catalyst with Cu and Co revealed an enhancemeratalyst activity. Rangel Costa et
al. (Rangel Costa et al., 2002) used Th insteddrah a Cu-doped Fe-based catalysts for the
HT WGS reactor. Its high activity was assigned rioirecrease in surface area by thorium,

potentially a promising catalyst to replace thevamtional Fe-Cr.
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Cu-based catalysts

The industrial WGS process was revolutionized leyube of Cu-based catalysts because
the enhancement obtained in the process allowshiG® conversions and yields in the
production of H. Since their first usage, several Cu formulatibage been employed in the
LT WGS stage (Lloyd et al., 1989). Improvementsthie catalyst activity, stability, and
resistance to poisoning and sintering were basedsumi developments. However, the
thermal stability of the LT WGS catalysts is stiferior to the HT catalyst. In fact, Cu
crystallites are very susceptible to thermal singevia surface migration, reducing the fully
active catalyst life. One of the major advanceadhieving enhanced stability in Cu catalysts
was the introduction of additional components,racts structural spacers that decrease the
aggregation of Cu crystallites during operationvéftheless, operating temperatures should
be restricted, usually to below 300 °C (Twigg aperger, 2001).

The most used LT WGS catalyst is a mixture of Qu,ahd Al oxides. Besides their role
as structural promoters, zinc and aluminum oxids® &eem to function as chemical
promoters, although this point remains controvérsiBeveral authors observed an
enhancement in the catalytic activity of Cu suppdron ZnO due to synergetic effects
responsible for improved covalency between theetbffit oxidation states of Cu in the metal
lattice (Kanai et al., 1994; Yurieva and Minyukot885). In the work by Ginés et al. (Ginés
et al., 1995), the improvement in WGS activity ovemary Cu/ZnO by ternary
Cu/ZnO/ALO; catalysts revealed the effect of adding aluminaadactor responsible to
contributing to the formation of hydrotalcite phassading to an improvement in catalyst
performance. Structure sensitivity is an importeoricept which reveals the complexity of
these catalytic systems. The dependence of theifispectivity on some catalyst
characteristics (e.g. Cu metal surface area, Cdiriga metallic Cu dispersion/dimension,
and calcination temperature) are of great intemestrder to optimize catalyst synthesis.

There is also little consensus on this issue. Rstance, according to Lloyd et al. (Lloyd et
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al., 1989), the specific activity (or turnover ftesncy - TOF) increases with the dispersion of
metallic Cu on the catalyst surface, supporting ttdea that Cu-based systems are
structurally sensitive. In contrast, structuralensitivity was observed by Ginés et al. (Ginés
et al., 1995). These authors observed that the i§@BEsentially constant over a certain range
of metallic Cu dispersions, CuO loading, calcinattemperature, and Al/Zn atomic ratio.
Yeragi et al. (Yeragi et al., 2006) also inferrbdttthe dispersion of the catalytically active
Cu metal has no significant effect on the CO cosieerin Mn-promoted Cu/AD; catalysts
for the LT WGS reaction.

One of the most critical aspects that opened the twathe general use of Cu-based
catalysts to conduct the WGS reaction at LT wasdh&nge of feedstock from coal to
naphtha or natural gas and the improved feedsteskilghurization units. In this way, a
reduction in the amount of chlorine and sulfur coonds was obtained, substances for
which Cu’s high affinity is well known. Consequen€Cu-based catalysts were able to work
for long periods without deactivatior2 ¢ 4 years depending on the operating conditions)
(Lloyd et al., 1989; Twigg and Spencer, 2001). Mwax, ZnO also serves to somewhat
protect the Cu from sulfur poisoning in the caseefficient removal in the upstream units.

As happens with Fe-Cr catalysts, to improve theévigtof Cu-based formulations a
reduction treatment at temperatures between 18@R&AIPC is typically performed during
LT WGS reactor startup (Ruettinger and lIlinich, 00rhe operation is typically carried out
by adding small amounts of;Fnd/or CO to an inert gas (nitrogen or natura),g&slucing
CuO, and dispersing it into a large surface araaing the reduction process, the catalyst
bed temperature should be carefully controlled bseaf the highly exothermic nature of
the reaction(s) involved and the possibility ofadgst sintering.

The addition of structural and chemical promoteas hlso been made in this case to
enhance the activity and temperature stability efo@sed catalysts. Several researchers have

been focusing their attention on Cu-Mn oxide cats\because they exhibit good activity
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and heat stability compared to the conventionalb@sed materials (Gottschalk and
Hutchings, 1989; Tanaka et al., 2003; Yeragi €t28106). The electron accepting potential
of the catalyst and the facilitated covalency betwéhe Cu oxidation states are possible

reasons given for the activity enhancement.

2.2.2 WGS catalysts developments

Until recently, shift reactors in fuel cell systemisthe kilowatt scale have been utilizing
the above mentioned industrial Fe and Cu-basedystiaDeshpande and Krause, 2007).
Despite the fact that Fe-Cr formulations have ttieaatages of being cheap and stable, a
major limitation of this catalyst is the need femperatures above 350 °C for acceptable
activity, a described previously. The Cu-based fdations have good activity even below
200 °C, but are susceptible to poisoning and openaa limited temperature range because
of problems with Cu sintering (Twigg and Spenced0P). Disadvantages of Cu-based
catalysts materials include the need for activaliefore operation by a slow and controlled
reduction process; upon shutdown the catalyst ineigturged with an inert gas to prevent
condensation and re-oxidation. Moreover, repeatad-gp/shutdown cycles may well result
in water condensation and subsequent catalyst idathah. Therefore, besides higher
activity at lower temperatures and improved stbhilnew WGS catalysts should possess
other important characteristics: absence of pyrapity, stability towards condensation and
poisoning, fast start-up and no requirement forepkional pretreatments (Ghenciu, 2002).
Certainly, if the reaction bed containing convenéticommercial WGS catalysts is
pyrophoric during operation, then these catalyt@taerials should not be used in portable

applications.

Co-based catalysts
In recent years, and as mentioned above, therbdes a renewed interest in the WGS

reaction because of its potential application whkpurity hydrogen for PEM fuel cells. In
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this case, hydrogen should contain very low comeéiohs of CO £ 0.2 ppm for on-board
vehicle applications (ISO, 2008)) in order to avpasoning of the Pt electrodes. Therefore,
extensive research efforts are underway to desitivesand stable catalysts to obtain a more
efficient WGS step in fuel process. The reduceeértwice of both Fe-Cr oxide and, in
particular, the Cu-based catalysts to sulfur compsu concentrated the efforts to find a
promising catalytic system able to withstand thewseurities. As referred above, coal-
derived synthesis gas was initially used to prodifeamicals or fuels in industry. Currently,
coal is gathering increased interest, particulanlycountries with richer coal resources.
Therefore, as in the past, nowadays (even withctfange of primary feedstock to natural
gas) sulfur removal units and/or a guard bed cstdlgve proven to be necessary to protect
various catalysts from 4% and COS (carbonyl sulfide) present in feed steedmthis sense,
sulfur-tolerant Co-based catalysts have found @ngtinterest by the catalysis community
(Farrauto et al., 2003; Hutchings et al., 1992; d,ub996; Mellor et al., 1997; Newsome,
1980). Actually, Co-based systems have the advamvédpeing even more sulfur tolerant,
preserving their catalytic activity for the WGS ctan either in the presence or in the
absence of sulfur, when compared with conventibifiabnd LT WGS catalyst systems. The
low activity at temperatures between 200 and 300W&ke them less useful for LT
applications (Farrauto et al., 2003). Neverthelesdalt catalysts show higher catalytic
activity than the standard commercial Fe-Cr-oxid€E WGS catalyst (Hutchings et al.,
1992). However, the introduction of Co as a catalptomoter causes an increase in the
production of methane as by-product, thereby deangathe H vyield of the process.
Another disadvantage is the temperature rise duexadhermic CO hydrogenation, which
can result in loss of surface area by sinteringuceng the catalytic activity. The addition of
potassium carbonate promoter to Co catalysts séeragercome the problem of methane

formation and also enhances the catalytic acti¥ftytchings et al., 1992).
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Au-based catalysts

In recent years, essentially two new materials hgaieaed much attention to overcome
the described limitations: Au- and Pt-based catalyReducible oxide-supported nano-size
Au- and Pt-based catalysts seem to be promisindidates for fuel processing, mainly due
to their high activity at LTs and potential stalyilin oxidizing atmospheres (Bunluesin et al.,
1998; Cameron et al., 2003; Mendes et al., 200gr&vet al., 2001). In this regard, Burch
(Burch, 2006) pointed out that a well preparedeftdly activated Au catalyst can be at least
as active as an equivalent Pt catalyst, and ib#st available samples are considered, then
Au is apparently significantly more active than Belection between both catalysts is,
however difficult, because most available datapaesented for very specific experimental
conditions, not only in what concerns catalyst prafion and pre-treatment, but also with
respect to the operating conditions used in agtieits.

For many years, Au was mainly regarded as a contgnadd as a precious substance. Its
catalytic behavior was not really recognized duetsopoor chemisorption ability toward
reactant molecules, such ag &d H, compared with Pt group metals (PGM), for example.
However, due to the work of Haruta and coworkdrsreé has been renewed interest in using
Au as catalyst. These authors observed a highytiataktivity for the CO oxidation reaction
using catalysts containing Au particles smallemtanm, deposited on a selected metal
oxide (e.g. TiQ, a-Fe,03 and C@O,) (Haruta, 2002; Haruta et al., 1993; Haruta ¢t1£89).
The size of the Au particles is, indeed, essefuialbtain an active catalyst because at small
sizes the metallic character of Au is reducedntiobility of surface atoms on small particles
is accelerated and more atoms come into contatt thé support (Bond and Thompson,
1999). The major factor determining the catalygecfprmance and selectivity is the contact
of Au with the support. The preparation method ane-treatment of oxide-supported Au

catalysts are extremely important in order to abtihigh dispersion of small Au particles
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and strong interaction with the support. Theseesdwave been widely reported to affect the
activity of Au reducible oxide systems (Andreevalet 1998; Tabakova et al., 2004).
Several authors report the predominant oxidatiatesand the nature of active Au
catalysts as being the zero-valent metallic statech, 2006; Haruta et al., 1989; Tabakova
et al., 2006a). However, evidence exists that uMdéiS conditions the active form of Au is
a nano-sized metallic Au cluster in intimate cohtaith the surface vacancies of the oxide
support (Boccuzzi et al.,, 1999; Chen and Goodm#&d42 Tabakova et al., 2003). The
reducible oxygen vacancies existent in the metatlesx are useful for interacting and
anchoring Au atoms, changing the electronic stmechy partial electron donation to the Au
cluster (Campbell, 2004; Fu et al., 2003). Themforry active reaction sites are reported to
be formed at the perimeter of the metal-supporeriate. Moreover, different supports
induce Au particles with shapes having a varyingam of edge, corner, or step surface
defects. This fact favors the increase of the pet@minterfaces around Au particles and
reducible-oxide surfaces, described as specia ®tecatalyzing the reaction (Mavrikakis et
al., 2000). High catalytic activity for the WGS oian using Au-based catalysts operating at
LT was reported for the first time using nano-siz&d/FeO; (Andreeva et al.,, 1996a;
Andreeva et al., 1996b). In 1997, Sakuray et ak(®ai et al., 1997) reported the use of
AU/TiO, catalyst for both forward and reverse WGS reastipresenting high activities,
comparable to the conventional commercial cata(ysO/ZnO/AbOs. Since then, many
authors have been reporting studies over highlpedsed Au on different metal oxide
supports, e.g. AD3; (Andreeva et al., 1996a), ThQrabakova et al., 2006b), Zs@Qdakiev
et al., 2006), Ce®(Andreeva et al., 2002; Mendes et al., 2009; Yetal., 2008), TiQ
(Chen and Goodman, 2004; Idakiev et al., 2004; Menet al., 2009), mixed oxides of
CeQO-TiO, (Idakiev et al., 2007), E©s-ZnO and FgOs-ZrO, (Tabakova et al., 2000), as

well as over supports of a different crystallingtst(Tabakova et al., 2000).
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Among the oxide supports, ceria has been the dubjancreased attention due to their
better apparent specific interaction with Au. Céaand enormous application as an oxygen
storage component in automobile three-way catalysieasing/accepting oxygen in the
exhaust stream of a combustion engine. Therefohenwassociated with other catalysts,
ceria can effectively convert harmful carbon mouexto less harmful carbon dioxide. Not
only because of the high oxygen storage capacity msducibility, ceria has found
innumerous other applications due to its high tlarstability, electric conductivity, good
diffusivity, and optical properties (Trovarelli, 98). Au-supported ceria has also been
reported as a very good catalyst system for COatixad (Deng et al., 2005; Panzera et al.,
2004), alcohol oxidation (Abad et al., 2008), an@xMeduction (llieva et al., 2006). For the
practical application of ceria catalyst it shoulanocrystalline, with high surface area and
demonstrable thermal stability (Trovarelli, 1996).

Among other techniques, temperature-programmedctieau (TPR) has been widely
used to characterize the reducibility of ceria-ldas®terials. In Figure 2.4, the existence of
two peaks centered at 473 °C and 756 °C for cerevident, showing the reduction of the
surface capping oxygen and of the bulk oxygen. Txggen storage capacity and
reducibility is greatly enhanced by the additionnaible or transition metals, favoring the
generation of very active sites at the border betwtae metal and the support (Bunluesin et
al., 1998; Hilaire et al., 2001). An example is whoin Figure 2.4, for nano-sized Au
deposited on ceria support. The peak corresponiribe reduction of surface oxygen on
CeQ is shifted to a much lower temperature (95 °Chaalgh the reduction of the bulk
oxygen remains almost unaffected. This behavismslar to the case of PGM supported on
ceria (Trovarelli, 1996). The peak on the TPR peddit 63 °C for Au/Ce@cf. Figure 2.4) is
most probably related to the reduction of oxygeecsgs on some nano-Au particles smaller
than 2 nm absorbed during calcination in air inoadance with Boccuzzi et al. (Boccuzzi et

al., 2001).
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Figure 2.4 — Typical thermoprogrammed reduction by hydroges gf CeQ@ (dotted line) and

Au/CeG; (continuous line) samples.

Even though the high catalytic activity associateth Au-ceria catalysts is well
recognized, a major problem hindering their commaéimation is related to their stability
under WGS reaction conditions. Generally, the feilg explanations are used to describe
the reason(s) for catalyst deactivation: (1) sinter of the metal particles
(Luengnaruemitchai et al., 2003), (2) “irreversibdeer-reduction of the ceria support (Zalc
et al., 2002), (3) loss of ceria surface area (Fal.e 2005) and (4) blocking of the ceria
surface by formation of surface carbonates andfmmdates (Deng and Flytzani-
Stephanopoulos, 2006; Karpenko et al., 2007; Kich Bmompson, 2005). However, a totally
coherent explanation is still not available dudhe wide variety of catalyst morphologies
and surface compositions. Moreover, a correlatietwben the change in surface properties
of the catalyst and the decay in catalytic actiwilyring the WGS reaction is needed

(Karpenko et al., 2007), despite the existing gsidinat address this issue.



Use of Pd-Ag Membrane Reactors in the Water-Gaf$ Bbaction

In the work by Fu et al. (Fu et al., 2005), théo8ity of a Au/LaO3; doped CeQcatalyst,
prepared by different methods, was tested for tl@&SWeaction. During 120 h at 300 °C and
with a typical reformate feed, no significant deztion was detected for the sample
synthesized by the deposition-precipitation mettadithough the Au and ceria crystallite size
and total surface area slightly changed. Long texperiments at 250 °C revealed a higher
decay rate in activity during CO conversion, expéal by surface area loss of ceria and the
inherently weak Au/ceria interaction when exposethe WGS reaction mixture. Karpenko
and co-authors (Karpenko et al., 2007) justifieel deactivation behavior at 180 °C as being
due to the formation of carbonate reaction intenatedabsorbed on the ceria support,
blocking the active sites. Therefore, the rate abonate decomposition rate is too low at
such a low temperature to keep the steady-stabmicare coverage at a low enough level,
leading to catalyst deactivation. The authors coreéd the carbonate formation by obtaining
complete catalyst activity regeneration with andation treatment. Contrary to the work of
Fu et al. (Fu et al., 2005), no sintering of cegrarticles was detected during the WGS
reaction. Nevertheless, it must be noted thatshudy was performed at a lower temperature.
At an intermediate temperature (240 °C), Kim andriton (Kim and Thompson, 2005)
observed a fast and considerable (~50 %) losscofity during 12 hours on-stream,
attributed to the formation of carbonates and/omftes on the catalyst surface. Another
interesting observation made by these authors asrdite of deactivation of the catalyst
caused by an increase in the gas hourly spaceitye(@HSV). This deactivation might be
related to the increasing concentration of intenatedspecies in the reactor because of the
smaller contact time. Along this line, Mendes et @llendes et al., 2009) studied the
influence of Au content on the rate of deactivatigcay. In spite of the initial higher
activity of the Au (2.5 wt.%)/CePcatalyst, after almost 20 h of operation this samp
presented a lower performance than another oneanstinaller Au content (1.5 wt.%). Even

though it is difficult to establish which of the @le-mentioned deactivation mechanisms
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predominates at particular reaction conditionss possible to infer that the observed decay
in the rate of CO conversion is strongly dependentemperature (Karpenko et al., 2007;
Mendes et al., 2009). However, it seems reasonabl@ssume that higher reaction
temperatures promote carbonate and/or formate demsition (decreasing the fouling
deactivation); nevertheless, particle sintering@g are more favorable to exist under these

conditions.

Pt-based catalysts

The same deactivation pathways described previdoslAu-based catalysts have also
been observed for Pt/Ce@atalysts under synthetic and real reformate ¢ammdi. Indeed,
Jacobs et al. (Jacobs et al., 2003) concludedfdihaiates are reaction intermediate species
and that at higher temperatures their concentragiimited by the WGS reaction rate, while
formate surface concentration remains close to atigorption/desorption equilibrium at
lower temperatures. Platinum group metals (PGMinfdations have been developed by
Johnson-Matthey in order to overcome the performdmitations of traditional Pt/CeO
catalysts, namely trying to achieve higher catelydctivity, durability and absence of
methanation activity over a large range of tempeest 00— 500 °C). In Figure 2.5, the
performance of several new Pt-based catalysts @aatemonolithic supports is presented.
Subsequent experiments revealed no activity demamére than 800 h over a wide range of
temperatures and at high space velocities (Ghe2€i03). PGM catalysts were used in a
Johnson-Matthey fuel processor for stationary appibns at a2—-10 kW load (electric),
allowing conduction of the WGS reaction in a singfi@ge. Besides a higher CO conversion,
as reported in Figure 2.5, a significant reductroreactor volume was possible compared to

using a traditional Cu-based catalyst (Ghenciu3200
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Figure 2.5 — Performance of Johnson-Matthey PGM WGS catalgsthigh space velocity vs.
Cu/ZnO/ALO; sample. Synthetic reformate containing 11.4 % @@ &.4 % CH (mol dry gas).

Weight hourly space velocity (WHSV) 202500 cmi ¢, O i (Ghenciu, 2003).

2.2.3 Selection of WGS catalysts for membrane retac applications

It is known that the WGS reaction products ¢GCH,) inhibit the reaction and lower the
reaction rate over WGS catalysts. This inhibitisrdependent on the nature of the catalyst
and temperature range and, therefore, the readiatearly more effective in membrane
reactors (MRs). Depending on the properties of nembrane there are two possible
outcomes. In the case of a &€kelective membrane, the concentration of dibng the
catalyst bed will attain high levels. As referredabove, an excess ot lik negative for a
traditional Fe-based catalyst due to over-reductibthe magnetite active phase. The other
case is the use of anddelective membrane, so ¢@ill be present at a higher concentration
in the reaction medium, affecting the reaction.r@teerefore, a new challenge is presented in
making highly effective conventional HT catalystsed in traditional WGS processes,
suitable for MR applications. Generally, for largfationary fuel processing plants, Lund et
al. (Lund, 2002) proposed that weakening the sarfag/gen bond strength would lead to

higher catalytic activity as well as to a reductiointhe inhibition by CQ Experimental
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evidence showed that the Cu-promoted Fe-Cr HT giatalyst is less resistant to rate
inhibition by high levels of C@than the Cu-ceria one. On the other hand, Qi dyiadhi-
Stephanopoulos (Qi and Flytzani-Stephanopoulos,4R08entified Cu-Ce(La-doped)O
catalyst as the best composition for MR applicationthe temperature ran@®0- 600 °C
using simulated coal gas. The WGS reaction was @sducted with artificially high CO
concentrations at 450 °C, showing stability dui@gh of operation.

Generally, Cu-ceria catalysts are very promisingdnduct the WGS reaction, requiring
no activation and possessing high catalytic agtigit high space velocities, selectivity (no
methanation until at least 600 °C), thermal sthhilinterestingly some compositions are
non-pyrophoric (Kusar et al., 2006). However, thpsaperties are very dependent on the
synthesis method and mixed oxide compositions, kvhitfluence the chemical and
electronic interactions between both oxides (Zhenhgl., 2007). Other promising catalysts
for WGS MR applications are the Pt-based catalystsich generally reveal a lower
inhibition effect by the forward WGS reaction pratkiover a wide temperature range, i.e.
relatively low partial orders with respect to b@l, and H, as discussed below (cf. Table
2.2).

Even though there is not much data available inliteeature for Au-based catalysts
catalyzing the WGS reaction using a real reformf@ed composition, they are very
promising when compared to the traditional Cu-bassdlysts because their performance is
less affected by the presence of reaction prodatitsough they exhibit higher inhibition by
CO, and H than Pt-based catalysts (see Table 2.2)). Compethdhe research focused on
Pt-based catalysts, the science of Au catalysssillsquite new and major developments are

expected in the near future (Cameron et al., 2003).
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2.2.4. Mechanisms and kinetics

Although the WGS reaction involves only four spsciihere is still no full agreement in
the literature concerning the reaction mechanisnthils section, an overview will be given
of the reaction kinetics, which is crucial for remémembrane reactor modeling and design,
and the most accepted reaction mechanisms argtbhsented.

The WGS reaction rate equations are generally emritis follows (Qi and Flytzani-

Stephanopoulos, 2004):

r=R;(1-7) AL
R = R?exr{- DETJ (1.5)
Pco, Py
—_ I"CO, MH, 1.6
g KegPco Py o 19

where r is the experimental reaction ratg, is the approach to equilibriunR, is the
forward reaction rateK,, is the WGS reaction equilibrium constar, is the partial

pressure for componentE, is the apparent activation energy, is the gas constant, afid

is the absolute temperature.

Comparison of activation energies reported in ditigre is generally difficult since most
studies omit the inhibitory effects from,Hand CQ, or are performed at very specific
conditions that vary substantially from study tadst Some literature values of kinetic
parameters are reported in Table 2.2 for the neevant catalysts. In particular, Table 2.2
presents results for two catalysts operated at°@58nd one at 315 °C whose kinetic data
can be compared; even without the presence of &@ H in the feed stream, higher
apparent activation energy was observed for thédsed catalyst (F@s/Cr,O3) when
compared with the 10 atom.% Cu/Ce(30 atom.% LaQ Pt/A}Os catalysts. It is possible

that the reaction mechanism or the rate-determisiag for that catalyst is distinct from the
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other catalysts (see below). Concerning the efféthe support, the difference between the
ceria-based and alumina-based catalysts (with |apwparent activation energy for the ceria-
based) might be the result of modification of tleeia surface by the addition of Cu. This
addition increases the reducibility of the surfagggen in the ceria support.

Over the lower range of temperatures, the Au/Ce&alyst reported by Lepplet et al.
(Leppelt et al., 2006) presents one of the lowpgiaeent activation energies. Although the
tests were conducted using an idealized refornesd, fthis system is considered to be very
promising to conduct the WGS reaction, at leash@LT range.

Typically, the reaction rate data are fitted toosvpr-law equation of the form:
r =k Po Ph,0 P, P, (1-8) (1.7)
where k; is the forward reaction rate constaaig are the forward reaction orders. From

Table 2.2, it is important to note that the apptameaction orders and activation energy
values on Pt samples are very similar, with theepiion of the apparent reaction order for
water. The apparent forward reaction order fgOHs close to 1 for most of the alumina-
supported Pt-based catalysts and close to 0.5héoceria-supported catalysts. Considering
these two materials, ADs; supports are revealed to be less promising in geomtheir
capacity for HO activation. Indeed, in all cases, the differencéd,O reaction order on
alumina- and ceria-supported catalysts suggestsdiffarent reaction mechanisms and/or
distinct sites for HO activation may exist in these materials.

To the best of author's knowledge, only one workatlibes the measurement of WGS
reaction orders on Au-ceria catalyst with a regliseformate feed, a 4.5 wt.% Au/CgO
catalyst — Table 2.2 (Denkwitz et al., 2007). Coredao runs performed with the 2.6 wt.%
Au/Ce(, catalyst in which an idealized reformate (only @@&d HO in N;) was used
(Leppelt et al., 2006), a higher apparent reacticder for HO was obtained. This can be

explained by water dissociation on the catalystfasa; where OH groups react with
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hydrogen to produce water (reverse reaction). Toexe the WGS reaction is sensitive
towards the partial pressure of water in the fédslo, competitive adsorption betweenC
and H on the same adsorption sites is considered (Dénlewal., 2007).

Concerning CO, the apparent reaction order of trevdrd reaction for all Pt-based
catalysts changes from slightly positive (P#@d) to slightly negative (Pt/CeQOor
Pt-Re/Ce@-ZrO,). As suggested by Phatak et al. (Phatak et a).7)2@he nearly zero order
with respect to CO can be explained by the decreaseO binding strength as surface
coverage increases. In other words, due to thagtadsorption of CO over the Pt surface,
CO coverage is close to saturation so that furtherease in CO partial pressure has no
effect or reduces the reaction rate slightly bylesze blocking, even at high pressures or low
temperatures. On the other hand, CO adsorptionwonahoparticles is very weak, resulting
in a low CO coverage over the surface. Therefaranerease in CO partial pressure favors
CO concentration at the metal surface, enhanciagéehction rate; this is corroborated by
the high reaction order for Au/CezZf@nd Au/CeQ catalysts — Table 2.2. For a realistic
reformate feed, a higher apparent reaction orde€C is expected due to the co-adsorption
of hydrogen on Au (Bus et al., 2005).

For Pt catalysts, the forward reaction order webpect to C@is slightly negative and
close to zero, which can be explained by the weagraction of CQ@ with Pt. A more
significant inhibition effect by C® over Au-based catalysts is observed. This can be
explained by the blocking of ceria surface sited/@nincrease of the reverse WGS reaction
by a higher amount of carbonate species adsorbdueaactive sites.

The high adsorption capacity ok ldn Pt results in the observed inhibition of the /G
reaction (partial orders in the range of -0.32Qd&7¥). In fact, Phatak et al. (Phatak et al.,
2007) suggested that after CO attains its saturatmverage, the available free Pt sites
required for the activation of water might be odedpby atomic hydrogen, inhibiting the

forward reaction rate. For Au-based catalysts #mesanalysis is valid.
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Generally, a clear difference is noticeable in tbaction orders obtained for Cu-based,
Au-based and Pt-based catalysts under the samigsoreaonditions. Even though Cu-based
and Au-based catalysts have similar reaction ovdkres, the spread of values for Pt-based
catalysts suggest that the reaction mechanismterdetermining steps on this material is
distinct from the other types.

Among numerous studies, two main distinct reactr@cthanisms for the WGS reaction
have been proposed. A regenerative (oxidation-tamlucycle) mechanism of Rideal-Eley
type, first proposed by Kulkova and Temkin in 1949 mentioned by Newsome (Newsome,
1980), describes the dissociation of water on thalgst surface producing.Hand the
inherent oxidation of the vacant site (*). To costpl the catalytic cycle, a CO molecule
promotes the reduction of an oxidized site (O)ldyy CO, (Ruettinger and llinich, 2006),
as described by the following reaction scheme:

H,O+(*) - H,+(0O (1.8)
Co+(0 - CQ ) (1.9)
One of the earliest kinetic expressions for the We&tion over Fe-based catalysts was

then proposed, assuming equation 1.9 as the ratestilg step:

1 1
2 2
r:k+pco[pp%c3} —k pcq[%] (1.10)

where k* and k™ are rate constants for the forward and reversetioge, respectively, and
pi is the partial pressure of a given reaction specnce 1949, numerous equations have
been proposed by different authors, as can be isetire work by Newsome, dated from
1980 (Newsome, 1980).

The other mechanism normally considered is the cést®ee mechanism of the
Langmuir-Hinshelwood (LH) type, which involves thkiéssociative adsorption of water to
form reactive hydroxyl groups that when combinedhwadsorbed CO produces a surface

intermediate structure (formate and/or carbondia) subsequently decomposes into,CO
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and H (Ladebeck and Wang, 2003) [cf. equations 1.11]l.0frared spectroscopy has

been used by many authors to validate this asseiatechanism, namely for observing the
presence of characteristic bound vibrations of &temor carbonate-like species (reaction
intermediates). However, some precautions in amalythese data should been taken, as

mentioned by Rhodes et al. (Rhodes et al., 1995).

H,O+2(* o~ H*+OH* (1.11)
CO+(*) ~ CcO* (1.12)
OH* + CO* — HCOO*+ (¥ (1.13)
HCOO* + (*) « CO,(*) +H(* (1.14)
CO,* « CO, +(% (1.15)
2H* o H, +2(¥) (1.16)

Recently, Ayastuy et al. (Ayastuy et al., 2005)ivkt the kinetic expression for the
WGS reaction over a commercial Cu-based catalytarL. T range. The authors proposed a
mechanism of LH type, which describes their expental results fairly well, with a surface
reaction between molecularly adsorbed reactantgjive a formate intermediate and
atomically adsorbed hydrogen as the rate-detergistep. This mechanism yielded the
following rate equation:

Peo, Py
kf{pCO Pio™ Keg ]

r=
|1+ KeoPoo* Kyy 0Pyt Ki i+ Keg Pog Py

(1.17)

where K is the equilibrium adsorption constant of species

Diagne et al. (Diagne et al., 1990) studied the W@&&ction mechanism, between
250- 400 °¢, over a commercial Fe oxide catalyst. They foulnat tas the temperature
increased, there was a decrease in the formateagm/eMoreover, they suggested that at the
upper temperature limit there is the possibilityadfansition state from the associative (LH)

to the regenerative mechanism. The dissociatiowatér on the catalyst surface is the key
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difference between both mechanisms. In the redachar@sm, reoxidation of the vacant site
by the oxygen species dissociated from the watdeente must occur so that the WGS
reaction proceeds. In fact, the discussion aroedpredominant mechanism in Fe-based
catalysts seems to be less controversial, wherergbenerative (redox) mechanism is
generally accepted (Kochloefel, 1997; Lloyd et 2889; Rhodes et al., 1995). It is possible
that the WGS reaction mechanism over magnetiteergiffrom that over other metallic
catalysts because during the reaction Fe is natcestito the metallic state, in contrast to
what happens with other metals (e.g. Cu, Au, Rl, Rd). Nevertheless, an interesting point
referred to by Rhodes et al. (Rhodes et al., 1996)noble et al. (Grenoble et al., 1981), and
Hutchings et al. (Hutchings et al., 1992) is thiéhaugh cobalt-based catalysts are stable
oxides during the reaction, as Fe-based ones rdumminant attributed mechanism seems to
be the associative one (LH). Rhodes et al. (Rhetes., 1995) suggested that oxidation of
divalent to trivalent cobalt by hydroxyl groups rmodissociated water is difficult when
compared to divalent Fe.

The question of the dominant reaction mechanismthe LT WGS reaction over
Cu-based catalysts has provoked more discussian ttien Fe-based system for the HT
reaction. Even though literature seems to suppath ktheories, the formate-based
mechanism has fewer controversial aspects tharretiex one. For Cu-based catalysts,
re-oxidation occurs (Rhodes et al., 1995) but alower rate than observed, clearly
supporting that redox is not the predominant meishamver such materials (Campbell and
Daube, 1987).

Grenoble et al. (Grenoble et al., 1981) proposbkdumctional associative mechanism to
describe the WGS reaction pathway over CyDilcatalysts. The major difference between
this mechanism and the conventional one is thagadasof both reagents being activated on
the same site, hydroxyl groups are produced dweater adsorption on the catalyst support,

while carbon monoxide is adsorbed on metal vacaiteg. To validate the predominance of
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the associative mechanism, the decomposition ofdheate intermediate into GGnd H
should be detected. Even though the exact naturthefintermediate species remains
unclear, experiments conducted with the probe speformic acid have been used
successfully to support the generation of formatelg intermediates (Grenoble et al., 1981,
Rhodes et al., 1995).

Rodriguez et al. (Rodriguez et al., 2007) analytted Cu (100) surface after the WGS
reaction, in the temperature range of aro®@d- 380 °C. Their measurements revealed a
surface predominantly free of formate or carborsgtecies and therefore a predominance of
the redox mechanism. However, XPS (X-ray photosdecspectroscopy) analysis over the
metal/oxide surfaces of a Cu/ZnO catalyst after W&S reaction gave typical peaks of
adsorbed formate or carbonate species, openinghappossibility of an associative
mechanism or simply spectator species boundecetoxite.

Between the two reactant species, water is mofeulifto activate on Pt or Au metal
surfaces because of its thermodynamic stability kg activation energy (Henderson,
2002; Liu and Rodriguez, 2007). Therefore, a hydilapoxide support is needed to adsorb
and activate water. As suggested by Grenoble giGaknoble et al., 1981) for Cu/Ad;
catalyst, Pt- and Au-based supported catalystdemeted bifunctional catalytic systems too,
where the metal activates the CO and the suppertid. However, it is also still unclear
for these systems which is the predominant reactienhanism. Bunluesin et al. (Bunluesin
et al., 1998), for example, proposed a redox reaatiechanism in which the CO molecule
adsorbed on the metal (Pt, Pd, Rh) reacts with exyghich is supplied by the metal-ceria
interface; water dissociation takes place on argeryacancy site of ceria to form hydrogen
and atomic oxygen that reoxidize the ceria supportontrast, Shido and lwasawa (Shido
and Iwasawa, 1993), Tabakova et al. (Tabakova.eR@03), Jacobs et al. (Jacobs et al.,
2003), and Azam et al. (Azzam et al., 2007), amathgr authors, observed the formation of

intermediate species produced by the reaction ofwit® the terminal hydroxyl groups of
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ceria. The decomposition of intermediate speciesuggested to be facilitated by the
presence of water (oxidant) in the gas phase aradlasdetermining.

Generally, the discrepancy in conclusions aboutdkescontrolling mechanism in the LT
WGS reaction is attributed to differences in th@esknental conditions used. Jacobs et al.
(Jacobs et al., 2005; Jacobs et al., 2003) sughdlste temperature and gas composition
might be relevant to the predominant reaction pathwiowever, the catalyst structure, e.g.
catalyst composition, nature of catalyst suppage slistribution of metal crystallites, and
catalyst preparation procedure, also seem to beeagonable influence on the reaction

mechanism to occur by either associative or redezhanisms.

2.2.5 Hydrogen purification

As mentioned above, since the economic boom ofl88#0s, the inherently increased
energy demand coupled with growing concerns abouir@nmental issues led to renewed
emphasis on the so-called hydrogen economy (Bqckf€2). Fuel cell technology is
presently viewed as a key to the implementationeyThre unique since they convert
chemical energy directly into electric energy atdem@te temperatures and can also work as
stored energy in batteries (Steele and Heinzel1RO0Besides, they offer several other
advantages such as high efficiency compared tditadl internal combustion systems, low
pollutant emissions, high energy density, quietrapen and easy monitoring. When
hydrogen from reformed fuel is used in downstreatalgtic processes (PEMFC), the final
CO concentration is well above the allowable lev@¥ concentratior< 0.2 ppm for
on-board vehicle applications (ISO, 2008)) due he equilibrium-limited shift reaction.
However, methanation and preferential oxidation @XIR can be used to remove CO (cf.
Figure 2.6, where two process plants used for tank$i generation are shown). Also, most
of the refineries worldwide are being forced tordase the sulfur content of their products

(e.g. gasoline and diesel fuels) due to new enmienmtal legislation. Therefore,
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improvements on the hydrodesulfurization (HDS) singtre required where additional
hydrogen is used (Figure 2.6). As referred predigutie main industrial process used to
produce H is steam methane reforming (SMR), using off-gas a&atural gas; in any case,

hydrogen needs to be purified after being processetktet the required grades.

A) Traditional process

J— recyclcd ‘-.,.,_Sﬁea"[,r_l,.
" Natural gas N l I Methanator T T
{ \ . HT /LT CcO ¢/ H, product
| and I * HDS unit » Reformer —» N 2 _— or s \
 refinery offgas WGS reaction Wash System PROX 94_9_7 YOI% y,
—_ i _J
Natural gas
(Fuel)
B) PSA-based process
_ i 1ecyciecl ‘ Steam
< Natural gas | | R
and — HDS umt Reformer —> ng 1i:£JcTtion }—D PSA  —» I'ggpm(ligft
refinery offgas E . \Iy. o
Natural gas PSA purge

(Fuel)

Figure 2.6 — Hydrogen production and purification processesebs; a) traditional process using an

absorption and catalytic approach for hydrogenfigation b) PSA-based hydrogen purification.

Hydrogen can be purified using several differembcpsses, such as pressure swing
adsorption (PSA), cryogenic distillation (CD), oembrane separation. However, in many
existing hydrogen plants, the conventional process,shown in Figure 2.6-A is used,
producing a stream of medium-puritp4- 97 %) hydrogen. The conventional process
accomplishes carbon dioxide removal by absorpidiowed by methanation or oxidation of
remaining carbon oxides (in addition to the WGStiea). Since the 1980s, most hydrogen
plants use PSA technology to recover and purifydgen to levels above 99.9 % (cf. Figure
2.6) (Stocker et al., 1998). PSA-based hydrogemtplhhave many technical advantages

compared to traditional SMR technology:



Water-Gas Shift Reaction — State of the Art

« The reformer can be operated at higher pressumgsé@tures (despite the increase

on the manufacture cost of the reformer reactor);

* Lower steam to carbon ratios are used;

e No LT shift unit is necessary;

» Higher H purity is obtained;

* No methane is present in the stream;

» Less complex operation as a result of the reduaetber of unit operations in series.

A commercial PSA unit typically consists of a mudtlumn system formed by —12

adsorbent beds. More beds are used to provide rthigygrogen recovery and/or higher

capacity (Miller and Stocker, 1999). Alternativebne may consider the use of a membrane

separation process. Actually, membrane-based @eseare considered to be the most

promising technologies for the production of higlrify hydrogen (Cheng et al., 2002). The

membrane separation process is based on the selpetimeation of hydrogen through the

membrane. Table 2.3 summarizes the comparativeacteaistics and performance of three

technologies for purifying hydrogen: PSA, CD andmbeane separation.

Table 2.3— Comparison of hydrogen purification technologies

Characteristic PSA CD Membranes
H. purity / vol.% >99.9 95-99 <95

H, recovery / vol.% 75-90 90- 98 <90

H, product pressure Feed Pressure Variable << Fesdyme
By-products available No Yes No
Feed Pressure / bar 10-50 15-35 15-12¢
Capital Cost High Very High Low
Energy Consumption Intensive Very Intensive Low
Flexibility to expansion Very Good Good Limited
Reliability High Moderate High

& — Values based on the systems typically usedfimerées (Patel et al., 2005).

The combination of low cost and long-lasting hydmgeparation membranes and the

WGS reaction (cf. Figure 2.7) has been the focusttEntion of several R&D programs.
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Membranes and a WGS reactor can be combined in amitRvith synergistic benefits. For
equilibrium-limited reactions, the continuous rerabef a product from the reaction medium
shifts the reaction toward the formation of produdhereby giving a higher conversion.
Depending on the type of membrane, either hydragecarbon dioxide can be selectively

removed in principle, having both strategic advgasaand disadvantages.
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Figure 2.7— Hydrogen production and purification based enWGS MR unit.

2.3 Membrane Reactors

In the last three decades or so, an intense watklwffort on membrane catalysis has
been carried out, which is summarized in sevendkve articles (Armor, 1998; Lin, 2001;
Lu et al., 2007; Marcano and Tsotsis, 2002; McLeatryal., 2006; Saracco and Specchia,
1994; Shu et al., 1991). A brief history on MRseaported elsewhere (Basile et al., 2008d).
According to the International Union of Pure andpA@d Chemistry (IUPAC) definition
(Koros et al., 1996), a MR is a device for simutamsly carrying out a reaction (SR, dry
reforming, ATR, etc.) and membrane-based separaiiorthe same physical device.
Therefore, the membrane not only plays the role séparator but also might take part in the
reaction itself. For example, a MR is an enginee@pparatus that selectively removes a
product from or introduces a reactant into the ieacsystem, giving the possibility of better

performance than a traditional reactor (TR). Faaregle, this improvement in performance
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due to the membrane effect could be achieved,damele, by shifting the conversion of an
equilibrium-limited reaction toward the reactiorogucts by selectively removing a reaction
product from the reaction side to the permeate. sit8eme of the significant advantages of
using MRs with respect to TRs can be summarizddlisvs:

» Conversion enhancement of equilibrium-limited reacg;

* Enhancement of the hydrogen yield and hydrogercely (in the field of MRs
used for hydrogen production);

* Achievement of the same performance attained in TRe at milder operating
conditions or, instead, achievement of better perémce at the same operating
conditions as in the TR;

* Reduced capital costs due to the combination afti@aand separation in only one

system.

The membranes can be classified into organic, amuoy and organic/inorganic hybrids.
In particular, inorganic membranes can be subdd/ide two classes:

1. Dense metallic membranes (pure metal or mdtatsj!
2. Porous membranes.
In this chapter, the first type will be particuladddressed.

The choice of membrane type to be used in MRs dklpen parameters such as the
productivity, separation selectivity, membrane li@e, mechanical and chemical integrity
at the operating conditions and, particularly, thst. Generally, inorganic membranes offer
several advantages over organic ones, due to #iability and good chemical and
mechanical resistance in processes operating gieratures above 100 °C. Most of the
progress in the areas of membrane separation ang R been mainly related to the
development of new membrane materials that are #bleesist HTs and with good
mechanical strength, for example. This significandgress is reflected in an increasing
number of scientific publications, which have gro@kponentially over the last few years, as
recently shown by McLeary et al. (McLeary et alQ08). The synthesis of stable

microporous or dense inorganic membrane mateggsabably the key factor for increasing
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the application of MRs in the catalysis field. i8tlof several types of reactions that can be
carried out in inorganic MRs was presented by Daohkl. (Drioli et al., 2000). The authors
pointed out the advantages of using MRs in reastifumr which a low thermodynamic
equilibrium conversion imposes a limit on the casuan for the traditional systems. In these
cases, higher conversions can be achieved by asiR working at the same operating
conditions. In fact, thermodynamics is a rigid lifor TRs, which may be overcome using
innovative systems such as MRs. On the other HdiRR$ are well integrated in the optic of
the process intensification strategy. For these r@asons, it is expected that the interest in
MRs is going to grow quickly in the near future.féct, many scientists are working in the
field, and the results obtained up to now reveail tthis technology could have some
commercial applications in the near future. Fromeagineering point of view, its success
depends on several different key factors which rteede further evaluated, including the
following:

1. The exact role of the membranes and their chaiatibs/properties;
2. The appropriate chemical processes able to coutete MRs;

3. The operating conditions to better utilize MRs.

In particular, Armor (Armor, 1998) presented a dsgion in 1998 on the critical issues
that need to be solved in order to validate theaiséRs. The author highlighted the fact
that without an acceptable and targeted utilitynoirganic MRs, it will be difficult to use
them in real applications. Saracco et al. (Saracwb Specchia, 1994) stated that, although
important progress has been made in the fieldr thege-scale application is still far from
being achieved. The same conclusion was presenté&ixon (Dixon, 2003), who pointed
out that more than 500 publications appeared on Réta 1998 to 2002, but only a few
cases focused on possible industrial applicatibasexample, an application of a pilot-scale
MR for direct ultra-pure hydrogen production hagf&ommercialized by the largest gas

company in Tokyo (Tokyo Gas Company, Ltd.). This MRable to produce pure hydrogen
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(purity > 99.999 %) working at500- 550 °C (Mori, 2005). This example, along with
interesting research results described below, pant the potential of MRs in hydrogen

production and related areas.

2.3.1 Dense and composite metallic membranes

Dense metal membranes have attracted the intefestany researchers due to their
permselective characteristics that permit compktparation of product from gaseous
mixtures without requiring a further separationifycaition unit. In particular, there are a few
types of dense hydrogen permselective metal merabrdtd, Pd-alloy, Ti, V, etc (Basile et
al., 2008d).

Problems such as the embrittlement, deposition afbanaceous impurities and
poisoning by CO and % may occur with Pd-based membranes. The embrétiem
phenomenon affects pure Pd membranes due to exptushydrogen at lower temperatures.
Such a phenomenon may produce pinholes on the naaebwhich will negatively affect
the hydrogen permselectivity of the membrane. Tgrnsblem can be avoided by using
Pd-alloy membranes, obtained by alloying the Pd¢h Wi, Cu, and, in particular, Ag. In fact,
Pd-Ag membranes show good stability, relativelydowaterial costs and better mechanical
properties than pure Pd membranes. Although Pd-Agibnanes show lower hydrogen
diffusivity, they exhibit higher hydrogen solublitwith respect to pure Pd membranes.
Moreover, their hydrogen permeability increaseslite percentage of Ag in the alloy up to
a maximum, which occurs at around 23 wt.% Ag (Shal.e1991). One of the most relevant
problems that Pd and Pd-alloy membranes suffer frenCO poisoning, which can be
avoided by operating at temperatures above 25®8cAg membranes are most commonly
used in MRs in order to carry out reforming reaesidor producing pure hydrogen (Basile et
al., 2008a; Basile et al., 2008c; Criscuoli et 2001; Kikuchi et al., 1991, Lin et al., 1998;

Shu et al., 1994; Tosti et al., 2003; Tosti et2000a).
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There are, in the literature, some discrepanciesaming the industrial feasibility of Pd
and Pd-alloy MRs as a more competitive alternativ@Rs. Lu et al. (Lu et al., 2007) and
Armor (Armor, 1998) have pointed out that the cafsPd and the limited membrane life are
the most relevant commercial limitations for usohgnse Pd and Pd-alloy membranes. On
contrary, Criscuoli et al. (Criscuoli et al., 200&ported that, even though both MR capital
and operating costs are higher than for TRs,pboissible to determine a range in which they
might be cost effective by reducing the Pd thickndis fact, MRs could represent a possible
alternative to TRs at a Pd thickness belowu®0 Tosti et al. (Tosti et al., 2006) illustrated
that Pd-Ag MRs (consisting of thin-walled permeadtdoes produced by diffusion welding of
Pd-Ag foils) present reduced costs on account eif ttreduced metal thickness. Moreover,
Tosti verified the long life of a Pd-Ag MR operagicontinuously over 12 months, subjected
to thermal and hydrogenation cycle tests. For Stal.€Shu et al., 1991), the Pd cost is not
the limiting step for the application of Pd-base®#4n several small and medium processes,
but considering large plants and the hydrogen aognthe cost of Pd could be a key factor
in the development of Pd-based MRs.

Although there are a large number of scientificdsts on catalytic MRs, to the best of
the author’'s knowledge only a very small numbeth&m focused on the analysis of the
costs (Criscuoli, 2006). Taking into account thetféhat the MRs are not yet a well
established technology and that different probldrage to be overcome before industrial
scale implementation, a realistic analysis muBtistimade.

From the viewpoint of cost reduction and in ordercarry out reforming reactions for
producing hydrogen in low cost MRs, there is argjraeed to develop non-Pd membranes
(or, at least membranes with low Pd content), feaneple, Ti-, Ni-, Nb-, or V-based
membranes (Phair and Donelson, 2006) and low bgsitogen permeable alloys (Adams
and Mickalonis, 2007; Basile et al., 2008b; Cridgu®006; Hara et al., 2002; Luo et al.,

2006; Nishimura et al., 2002; Tereschenko et 8072. Alternative research in this field is
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also focused on the preparation of thin Pd-badets fdeposited onto porous (metallic or
ceramic) supports, although the formation of umifahin metallic films on the supports is
one of the most important problems that arise wiwsing the Pd-based composite
membranes in MRs. In fact, depending on the filnckifiess, the hydrogen permeation
through the Pd or its alloys could be relativelwlorherefore, taking into account the fact
that the separation characteristics of a Pd-bassdbrane are dominated by the nature of
the thin metallic film instead of the support, redd Pd film thicknesses are required in
order to have both higher hydrogen fluxes and b&tt economy.

The main techniques for coating metallic thin filor®o supports can be summarized as
follows:

1. Electroless plating (EP).
2. Chemical vapor deposition (CVD).

Normally, EP produces Pd particles by reductionaoplating solution containing
Pd-amine complexes. Due to impurities in the ptagnolution, the Pd layer deposited on the
support may have defects. However, the EP technsiioevs such advantages as high
coating adhesion, low equipment cost and operaiioplicity.

The CVD method is used because of the simplicitydéposit a metal film onto the
support. For both techniques (EP and CVD), a disathge can be the difficult to control the
metal alloy composition of the deposit.

Pd or Pd-alloy membranes show very high hydrogdecseties. Theoretically, a
defect-free Pd membrane should show infinite sefégttoward hydrogen over other
species. In some cases, the hydrogen selectivitpued to have a finite value, due to
pinhole formation. The hydrogen flux through Pd &uialloy membranes can be illustrated

by the following equation:

o, =2(() - (2)') 118



Use of Pd-Ag Membrane Reactors in the Water-Gaf$ Bbaction

E
L, =% exp ——=2 1.19
Hy H, p( DT) ( )

where J,, is the hydrogen fluxL,, is the hydrogen permeability, 0.5n<< 1, L‘,Lz is the
pre-exponential factorf, is the apparent activation energdy, the ideal constanfl is the
absolute temperaturepHR2 and p,'jz are the hydrogen partial pressure on the reteiatade

permeate sides, respectively, anid the membrane thickness. When the hydrogensiififu
through the metal film is the rate-limiting stepdamydrogen atoms form an ideal solution in
the metal, equation 1.18 becon&sverts’ law with n = 0.5. From a panoramic view, Table
2.4 comprises a list of permeation/separation datadifferent Pd-based membranes
prepared through different techniques. In the tapbrameters such as membrane type,
membrane thickness, temperature and pressure opehmeation tests, hydrogen flux,
hydrogen permeancedeal separation factor, apparent activation energy,pamaion
method, and reference to the works are reported.niémbrane effect on the separation of a
gas mixture is only determined by two parametens: permeability and the separation
factor. Due to a lack of information in the papeossidered, only theleal separation factor
(the so-called permselectivity or, in short, selet) is reported, defined as the ratio
between a target pure gas flux (generally hydrogerthe flux of another pure gas (e.g.

nitrogen) at the same operating conditions.

2.4 The Water-Gas Shift Reaction in Membrane Reaots

Conventionally, the WGS reaction is limited by tmedynamic constrains, as previously
mentioned: its conversion may be closer to thentleelynamic predictions, depending on the
suitable choice of catalyst. In other words, theslaf thermodynamics set a rigid limit for

the conversion achievable in TRs in which this tieacproceeds only to partial completion.
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As a consequence, the interest of scientists sgeitesjustified in searching for alternatives
to TRs. Among different technologies, the membrame seems to be promising. In
particular, due to the attractive possibility ofalizing both reaction and gas
separation/purification in the same device, MRscameently considered as good candidates
for replacing TRs. With respect to a classic camfagion of a TR consisting of a reactor unit
in series with a separation unit, a MR representsodern solution having many potential
advantages: reduced capital and downstream sapacatsts, as well as enhanced yields and
selectivities. From the viewpoint of the WGS pracés a MR, a reaction product (e.g.
hydrogen, in the case of Pd membranes) moves tpe¢h@eate side, enabling the WGS
reaction to proceed toward completion and so makipgssible to achieve the following:
(1) higher conversion than a TR working under thme operating conditions, or (2) the
same conversion as a TR, but working under milgerative conditions. In fact, great
interest toward the WGS reaction assisted by MRshiegn evidenced in the literature, and
many studies are focused on hydrogen recovery faooatalytic shift MR, either using
Pd-based (Basile et al., 2001; Basile et al., 1988aile et al., 1996b; Basile et al., 1995;
Demange et al., 2007; Hsu and Buxbaum, 1986; lyahal., 2007; Kikuchi et al., 1989;
Tosti et al., 2000b; Uemiya et al., 1991; Violaatal., 1993) or silica membranes (Battersby
et al., 2008; Brunetti et al., 2007; Giessler etz003).

Obviously, CQ-selective membranes also allow shifting the WG&ctien, although
they fall out of the scope of this review. In theense, one can mention the use of
CO,-selective polymeric membranes containing aminagso the works by Ho et al. (Ho,
2006; Huang et al., 2005) being of relevance. Th@nnadvantage of the use of such
membranes is that a high-purity Hroduct is recovered at high pressure idHrecovered in
the retentate stream, not in the permeate one)id&espolymeric membranes are also

cheaper, but their operation is limited by reactemperature.
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2.4.1 Effects of temperature

In different scientific works, the WGS reaction mad out in MRs has been analyzed
while paying attention to the influence of temperaton CO conversion. Generally, two
opposite effects on the MR system occur by increpsihe temperature. On one hand, a
temperature increase induces a positive effecteimg of higher hydrogen permeability
through the membrane. In fact, higher temperatardsnce the hydrogen permeating flux
from the reaction side to the permeate side, rieguih a shift toward the reaction products,
which allows one to obtain higher CO conversion. t@a other hand, since the WGS
reaction is exothermic, a temperature increase mslult in a detrimental effect on the
equilibrium CO conversion.

Figure 2.8 sketches the CO conversions obtaineth wifferent MRs reported in
literature in the temperature range5f- 400 °C. The performance of a few TRs (Daniells
et al., 2005; Goerke et al., 2004; Sakurai et28lQ5; Venugopal and Scurrell, 2003; Zerva
and Philippopoulos, 2006), expressed in terms of €d@version, is also included. The
dependence of the WGS thermodynamic equilibriumvemsion (based on a simulated
reformate feed gas mixture with composition 5 % Q.8 % HO, 3.1 % CQ, 28.1 % H
and 50 % N (Utaka et al., 2003)) with temperature is alsspréed. Unfortunately, it is not
possible to directly compare the results proposadéigure 2.8 due to the different operating
conditions (pressure, catalyst type@QACO feed molar ratio, etc.) used for the experi@en
tests. In particular, Uemiya et al. (Uemiya et &B91) carried out the WGS reaction in a
composite MR packed with almost 12 g of a commeéreaCr oxide catalyst at 400 °C,
1.0 bar of reaction pressure, differertddACO feed molar ratios (in Figure 2.8;®1CO =
3/1), and using argon as sweep gas in a co-cuffent configuration. The composite
membrane consisted of a thin Pd film (thicknessu&) supported on a porous-glass
cylinder (mean pore size, 300 nm). The best peroce of this reactor was a CO

conversion of around 95.0 % at 400 °C.
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Figure 2.8— CO conversionersusreaction temperature of different MRs and TRs flibenature.

Basile et al. (Basile et al., 2001) used a Pd-Agebdaolled membrane (thickness|58)
for carrying out the WGS reaction at 1.0 bagOHCO = 1/1 and nitrogen as sweep gas in co-
current mode. As shown in Figure 2.8, a CO conwersif 93.0 % was achieved at around
330 °C. These authors also studied this reactiangua MR in which the composite
membrane was an ultra-thin Pd film (~ @Qrh) coated on the inner surface of a porous
ceramic supportyfAl,O3) by the co-condensation technique (Basile et1&96b). A CO
conversion of around 96.0 % with the MR working lal bar and KD/CO = 2/1 was
obtained. In another work, Basile et al. (Basilalet 1995) illustrated that a CO conversion
of around 98.0 % could be reached, by using a MRiwg at around 320 °C and utilizing a
composite membrane with a 10 um Pd film coated oeramic support. Furthermore, Basile
et al. (Basile et al., 1996a) used a composite NRhich the membrane, produced by the
co-condensation technique, consisted of an uliraRd film (~ 0.2um) coated on a ceramic
support ¢-Al,O3/y-Al,O3). The authors carried out the tests at @0 molar feed ratio

< 1/1 (0.98/1) in order to reduce the energy comion due to the excess of water vapor at
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ratios > 1/1. In this case, as shown in Figure th&,CO conversion increases by increasing
the temperature up to a maximum around 92.0% at°G27fepresenting a compromise
between the kinetic rate of the reaction, hydrogemeation through the membrane, and the
thermodynamic considerations of the WGS reaction.ti contrary, the thermodynamic
equilibrium shows a continuously decreasing treng ibcreasing the temperature.
Kikuchi et al. (Kikuchi et al., 1989) demonstratdtht a thin Pd-based composite MR,
packed with 3.0 g of a commercial,Bg-Cr,O3 catalyst and using argon in co-current flow
configuration on the permeate side, is able to @wee the thermodynamic equilibrium,
reaching a CO conversion of around 83.0 % at 4Q0Wken H/CO = 1/1 and W/F =

1300 g,, OmirJmat,,.

Brunetti et al. (Brunetti et al., 2007) carried ttie WGS reaction in a supported silica
MR, packed with 3.4 g of a CuO/Ceg@atalyst and working betweep20- 290 °C and
2.0- 6.0 ba. The membrane had a porous stainless steel diskhessupport. The
macropores of the support were modified by packiity silica xerogel (500 nm) under a
pressure of 10 MPa and by coating with an interatedayer ofy-alumina. The mesoporous
y-alumina layer was coated on the support disk frarboehmite sol y¢AIOOH) by a
soaking-rolling procedure. The thickness of fh@umina layer was aboutbn and the top
surface was smooth and defect free. A CO conversiose to 95.0 % was obtained at
280 °C, 4.0 bar and4@/CO = 1/1.

lyoha et al. (lyoha et al., 2007) carried out th& WGS reaction in 100 wt.% Pd
and 80 wt.% Pd-20 wt.% Cu shell-and-tube MRs at ®0and at around 2.4 bar of
transmembrane pressure difference. The tube buulisisted of four parallel Pd-based
tubes (15.25 cm length, 3.175 mm o.d.) with a whitkness of 12hm. The modest
catalytic activity of the Pd-based membrane surfacehe forward WGS reaction, the high

rate of hydrogen extraction through the Pd membeartethe long residence timés-5 s)

resulted in a consistent shift in CO conversiomiedng 93.0 % at 900 °C and,®&®/CO =
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1.5/1. Carbon monoxide conversion decreased frori &3to 66.0 % when the Pd-based
MR was replaced with another MR containing aoReipy membrane, due to the lower
hydrogen permeance of the Pd/Cu membrane.

An important application of the WGS reaction catraut in MRs is represented by the
hydrogen isotope recovery from the breeder blanmkdtision reactor systems. In fact, the
tritium produced in the breeder needs a properetitm process to reach the required purity
level. In particular, an innovative and complex igesof finger-type palladium-silver
membrane was developed in order to work under lggiraatmosphere by Demange et al
(Demange et al., 2007). Hsu and Buxbaum (Hsu and&um, 1986) studied Pd-catalyzed
oxidative diffusion to extract hydrogen from a mestalution at very low partial pressures.

Concerning the tritium recovery from tritiated wata conceptually modified version of
the tritium recovery plant for ceramic breeder ve fusion fuel cycle, working with two
membrane reaction/separation units, was studiediddgnte et al. (Violante et al., 1993). In
this work, a Pd-Ag membrane was used for recovetiigted molecular hydrogen from
tritiated water via the WGS reaction.

Tosti et al. (Tosti et al., 2000b) used a Pd-cecammémbrane in order to manufacture a
Pd-based MR for recovering hydrogen and its isdope a closed-loop process with
particular reference to the design of the inteoratl thermonuclear experimental reactor
(ITER) blanket tritium recovery system. In partiayla thin Pd-Ag layer (50m) supported
on a ceramic tube (pore size 112), obtained by means of a rolling technique, wsedun a
MR for recovering tritium from tritiated water by @5 reaction. As shown in Figure 2.8, the
CO conversion reached in the MR was around 88.038&°C and 100 % at 350 °C, with a
co-current nitrogen sweep. In an continuation of #tudy, Tosti et al. (Tosti et al., 2003)
proposed a Pd-Ag thin-wall permeator as a MR. Tlenbrane was obtained by coating
porous ceramic tubes with thin Pd-Ag metal foil® (Bn). The metal foils were prepared by

a cold-rolling and annealing procedure. The expenital tests on the MR were carried out in
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the temperature range 800- 330 °C with a feed pressure of 1.0 bar. As shown in Fgur
2.8, a CO conversion close to 100 % was attainedoaind 300 °C, O/CO = 1/1 and using
N, as sweep gas. Therefore, with reference to a allwgg process, Tosti et al.
demonstrated that by utilizing low ,8/CO ratios the WGS reaction carried out in a
Pd-based MR involves higher conversions than a ddRstituting an interesting result in

fusion nuclear applications, where the tritium imtggry can be reduced.

2.4.2 Effects of sweep gas
A sweep gas stream can be used on the permeateosifRs for improving the

hydrogen permeation driving force. In fact, refegrito Pd-based membranes only selective
to hydrogen, the effect of a sweep gas acts pejtion the hydrogen permeation through
the membrane by decreasing the hydrogen partiaspre on the permeate side (increasing
the driving force), thus allowing higher hydrogesrpeation flux through the membrane. As
a result, the WGS reaction is shifted toward tredpcts, resulting in higher CO conversion.
In the meanwhile, the operating costs increase witheasing the mass flow rate of the
sweep gas, causing the need to increase the @ninsorder to avoid pressure drops into
permeate side of the MR. Moreover, when an inest(gdarogen, helium, argon, etc.) is used
as sweep gas, the operating costs increase, teotodilne hydrogen separation process for
recovering the ultra-pure hydrogen stream. On th@rary, using steam as sweep gas, the
separation process can be carried out through dhdemsation process, obtaining directly
pure hydrogen with a partial recovery of heat doesteam condensation. However, the
adequate use of a sweep gas involves choosingeahgas or steam for this role and its
molar flow rate, taking into account the consequmsts. Obviously, a balance between the
advantages, in terms of higher CO conversion, hy@moyield and recovery, and the costs

determines the optimal choice of the sweep gastamdolar flow rate to be used.
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In order to make a realistic comparison betweefedint experimental results, and to the
best of the author's knowledge, the CO conversiodifterent MRs working at almost the
same operating conditions (reaction pressup®/B0 feed ratio, and reaction temperature)
and at different sweep gas flow rates is presemtd@ble 2.5. Moreover, nitrogen was used
as sweep gas in all cases. In the case of membtlaakeare not entirely permselective for
hydrogen, a higher sweep gas flow rate does noifgigntly improve CO conversion. In
fact, Giessler et al. (Giessler et al., 2003) destrated that the conversion of CO was not
increased in a MR when the sweep gas flow rateimgasased from 50 to 300 mL-rirfcf.
Table 2.5), using a molecular sieve silica memb@n250 °C, reaction pressure of 1.0 bar
and HO/CO = 1/1. By using a Pd-based composite MR (#akper supported on two layers
of v-Al,0O3 and a-Al,03) at 322 °C, reaction pressure of 1.1 bar, an®/BO = 0.96/1,
Basile et al. (Basile et al., 1996b) obtained a €@@version enhancement from 92.0 % to
only 94.0 % by going from no sweep to around 30mih* of sweep gas. Furthermore, no
significant variation in terms of CO conversion wagistered by Basile et al. (Basile et al.,
2001) when the sweep gas flow rate was changed #8@mL-mift (CO conversion =
94.0 %) to 515 mL-mih (CO conversion = 98.5 %) in a Pd-Ag composite M&king at
330 °C, reaction pressure of 1.0 bar, an®#0O = 1/1. On the contrary, by using a MR
containing a membrane selective only to hydrogénuf® Pd layer on a ceramic support),
Tosti et al. (Tosti et al., 2000b) showed that @@ conversion is enhanced from 84.0 % to
100 % when the sweep gas flow rate is increaseud 280 to 470 mL-mih Hence, it is
possible to highlight that the use of a sweep gdayspa more important role in the
improvement of the CO conversion when the MR g8iza membrane only selective toward
hydrogen. This is because there is some permeatitime reactants through the membrane
when it is not permselective only to hydrogen, Isat the conversion of the reactants never

reaches 100 %.
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2.4.3 HO/CO molar ratio effect

Table 2.6 illustrates the influence o$®fCO molar ratio on the CO conversion reported
in different experimental studies conducted on Mies the literature. As shown in Table
2.6, CO conversion was improved from 65.0 % to 92.0h the study of Battersby et al.
(Battersby et al., 2008), by increasing theOHCO molar ratio from 1/1 to 3/1. This
interesting result was achieved by carrying outWi@S reaction in a silica MR working at
250 °C, reaction pressure of 1.0 bar, and withewgep gas. Uemiya et al. (Uemiya et al.,
1991) improved CO conversion from 94.0 % to 98.0y4ncreasing the ratio #/CO from
1/1 to 5/1 by using a MR using a composite membi@esisting of a Pd layer (20m)
supported on a porous glass support and workirtp@tC and 300 mL-mihof argon as
sweep gas. Basile et al. (Basile et al., 1996l) alstained a CO conversion enhancement
from around 94.0 % to 98.0 % at a@@®ICO ratio higher than 1/1 (up to 3/1) by using a
Pd-composite (Pg/Al,Os/a-Al,03) MR, working at 322 °C, 1.1 bar of reaction pressu
and 7.1 mL-miff of nitrogen as sweep gas. Although Table 2.6 shbatsa higher HD/CO
ratio generally favors an increase in CO convers@®iessler et al. (Giessler et al., 2003)
found that a high FD/CO ratio negatively affected the membrane strectu terms of pore
widening and/or pore closure in a silica MR. In gex, in different cases a,8/CO molar
ratio > 1/1 positively affects the CO conversiom(ting reactant), since the excess water
shifts the WGS reaction toward the products; howete advantage in terms of higher CO
conversions by using #/CO > 1/1 is not consistent enough to compensate ttie
economical disadvantage due to the excess watace;l&om an economical point of view,
the optimum could be represented by a MR able eeae high CO conversions working at
stoichiometric or a KD/CO slightly < 1/1, ambient pressure, relativalwltemperature and

without using sweep gas (Basile et al., 1996b).
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2.4.4 The effect of pressure

When using membranes only permeable to hydrog&fRe, a total pressure increase of
the reaction medium acts positively on the reaperformance in terms of conversion. In
fact, the hydrogen permeating flux through dense dPdPd-alloy membranes follows
equation 1.18 and, therefore, the higher the dgiforce (higher retentate partial pressure,
for the same permeate partial pressure), the hitfleepermeation of hydrogen across the
membrane. As a result, the WGS reaction is shift@card the reaction products, thereby
favoring CO consumption. Besides, before reachqgliérium conditions, reaction kinetics
is also favored by increasing the system totalgunes In terms of the thermodynamics of the
WGS reaction, it is not affected by the pressuneesihe reaction proceeds with no variation
in the total number of moles.

At industrial scale, a balance between the posgifects due to a pressure increase on
the MR performances (higher CO conversion, hydrogesld and recovery) and the
consequent disadvantages, in terms of higher oapgratosts (for realizing MRs
mechanically resistant, pumping and reactants cessprn), should be evaluated. To the
best of the author’'s knowledge, only few experimengésults concern the reaction pressure
influence on the WGS reaction carried out in MRsshewn in Table 2.7. Basile et al.
(Basile et al., 2001) improved the CO conversiamfr93.5 % to 97.0 % by increasing the
reaction pressure from 1.0 to 1.75 bar, using awitR a Pd-Ag rolled membrane working
at 330 °C, HO/CO molar ratio = 1/1, and 440 mL-rliof nitrogen as sweep gas. In another
work, Basile et al. (Basile et al., 1996a) improvied CO conversion from 99.2 % to 99.9 %
in the pressure range &fl-1.2 ba, using a Pd-composite MR at 322 °GGACO molar
ratio = 1/1, and 28 mL-mihof nitrogen as sweep gas. Brunetti et al. (Briretal., 2007)
used a silica MR at 280 °C, stoichiometricQACO ratio, reaction pressure range of

3.2-6.0ba, and no sweep gas. They found that CO conversionreased



|9als ssajurels snosod — SSd ,,

G'Z6 009
(2002 ‘“"1e 1@ maunug) - 01T G'G6 00’V 08¢ SSd uo pauoddns eal|s
016 0z's
— 166 .
. 02T
N . 666
(e966T “[e 19 3jIseq) . 0T . . 2Ze €0ZIV-0FO IV-4Pd
2'8¢2 966 ST'T
266 0T'T
0.6 GL'T
(ToozZ “1e 1o ajiseq) (0X0) 4% 0T 0'G6 0S'T T€E auelqusw pajjol By/pd
G'€6 00T
(;.Ulw-w) ares moyy (%) (req) (Do)
ERIVEIETe)S ] seb dooms OD/0°%H UOISIBAU0D O onoea | i adA) sueiquisiy

"2INyeIad)l| WOl SYN ULBaLEd O 8y uo ainssaid [e101 8yl Jo aduanjul —/°¢ a|qel

uoNoBYg $EO-181e/\\ aU) Ul SI1010BaYy auriquwian By-pd Jo asn




Water-Gas Shift Reaction — State of the Art m

up to a maximum of 95.5 % at 4.0 bar. At higherspuees, the permeation of the products is

enhanced, but so is the permeation of the reacthrasigh the membrane with imperfect
permselectivity toward hydrogen. The decreasingdref CO conversion at pressures higher
than 4.0 bar may be due to the loss of reactantgchwhas a detrimental effect on CO

conversion.

2.5 Conclusions

The potential of hydrogen as an energy carrier @aitainly play a very important role in
future energy systems. Therefore, many companesjemic institutions and government
laboratories are focusing their efforts in tryimmgpgroduce hydrogen in a more technically,
environmentally and economically attractive way,sdxh on the idea of sustainable
development.

From a techno-economic viewpoint, SR of natural igasurrently the most favorable
hydrogen production method, mainly for applicatiosisch as ammonia synthesis and
methanol production. The process involves a reformeit, where a kirich stream
containing CO and Camong other species, is obtained. CO is unddsighhce it leads to
the deactivation of fuel cell catalysts, so it ddolbe removed. HT and LT WGS reactions
became an important step toward upgrading CO.toAfer almost a century since its first
industrial application, HT and LT WGS are carriatt o0 adiabatic reactors using Fe- and
Cu-based catalysts. However, such catalysts nebé warefully activated, may deactivate
easily in an oxidizing environment and are pyrophdrexposed to air. Au- and Pt-based
catalysts appear to be highly promising for fuedgassing. However, their performance,
particularly in the case of Au-based catalyst$iighly dependent on the catalyst preparation
method, on the size of the metal particles and henibtimate contact with the surface
vacancies of the oxide support. Reaction tempezatiralso a very important factor with

respect to the activity and deactivation of sudialgats.
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The WGS reaction is an equilibrium-limited reactiwhere MRs can have an important
role in enhancing the performance. However, a neallenge is presented in making highly
effective conventional catalysts used in traditloWdGS processes suitable for MR
applications (due to the inhibitory effect of reantproducts). Pt-based catalysts appear to
be very promising for WGS MR applications due teitrsmaller inhibiting effect by the
forward WGS reaction products. Also, Cu-ceria andbased catalysts are very interesting
compared to the traditional ones. However, muchkwsitould be done in the future to
further study their resistance to poisoning antesing.

Despite the fact the WGS reaction involves onlyr fepecies, a wholly satisfactory and
universally accepted reaction mechanism fails tstexror Fe-based WGS catalysts, a
regenerative mechanism is generally accepted. Henvemuch more discussion exists for
the Cu-based catalysts, where evidence supporttigreaction pathways (regenerative and
associative) exists. Up to now, precious-metal-thasatalysts have gained a general
consensus on the predominance of the associatighanism.

Hydrogen upgrading in refinery applications canabhlieved by using PSA, membrane,
or cryogenic separation processes. Membranes acellext candidates for hydrogen
purification, especially when incorporated into &RMcombining the reaction/separation
process in a single unit. Despite difficulties lre formation of a uniform metallic thin film,
Pd-based membranes show very high hydrogen setgctieing described in many works
as a promising candidate for WGS MR technology.

In this chapter, an extensive overview was presegtncerning the WGS reaction
carried out in Pd-based MRs, paying particularnditte@ to the effect of the membrane in
shifting the reaction toward the products, yieldihg way conversions above those based on

thermodynamic equilibrium determined from feed cosifon.
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Chapter 3

Comparison of Nanosized Gold-Based and
Copper-Based Catalysts for the
Low-Temperature WGS Reaction

In this chapter, the catalytic performances for tlosv-temperature water-gas shi

reaction of different catalysts — Au/TiQype A (from World Gold Council), Au/Cgd
(developed at UPV-CSIC), CuO#®% (from BASF) and CuO/ZnO/&; (from REB
Research & Consulting) — have been compared. Thalysés were characterized by
different techniques such as Raman spectroscopyl Biface area measurements,
temperature-programmed reduction, and high-resolutiransmission electron microscopy,
which gave additional information on the redox pedpes, textural and morphologica
structure of the investigated samples. The perfagea of these catalysts were evaluated]in
a wide range of operating conditions in a packed-lbeactor. It was observed that thi
presence of reaction products in the feed {G@d H), as well as CO and 1D feed
concentrations, have significant effects on thealgdt performances. With a simulatef
reformate feed the Au/CeCratalyst reveals the highest CO conversion at Itheest
temperature investigated (150 °C). However, whildéhe deactivation tests performed thge
Cu0/ZnO/Ad0; catalyst showed a good stability for the entiraga of temperatures testeg

(150- 300 °C, the Au/Ce@ sample clearly showed two distinct behaviors: agoessive

deactivation at lower temperatures and a good $tgbat higher ones. The selection of thg

best catalytic system is therefore clearly depehdpon the range of temperatures used.

The contents of this chapter were adapted from:ddenD., Garcia, H., Silva, V.B., Mendes, A,
Madeira, L.M., Comparison of nanosized gold-basawl aopper-based catalysts for the
low-temperature water-gas shift reactibmd. Eng. Chem. Re2009 48 (1), 430-439.
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3.1 Introduction

The WGS (equation 1.1) is a moderate exothernactien where high conversions can
only be achieved operating at low temperaturesth@rother hand, under such conditions the
reaction is controlled by the kinetics, so highlstiee and stable low-temperature WGS
catalysts are needed.

Due to the lack of a systematic study in which itiest promising catalytic systems are
tested under similar conditions, in this work thatatytic performances of various
commercially available catalysts, namely, Au/TiQype A (World Gold Council),
CuO/AlLO3 (BASF), CuO/ZnO/AlO; (REB Research & Consulting), and a laboratory-made
one, Au/CeQ, for conducting the WGS reaction at temperatuesgying from 150 °C to
300 °C are compared. The experimental tests wereedaut in a fixed-bed reactor where
criteria parameters such as the CO conversion lamdl stability were used to perform
catalyst evaluation and selection. The runs weredo a wide range of operating conditions
(steam/gas ratio and temperature) under a simulatiedming feed composition. Several
characterization techniques have also been employprbvide insight into the properties of

the investigated samples.

3.2 Experimental Section

3.2.1 Catalyst preparation

Nanoparticulated ceria (npCgQwas firstly prepared adding under stirring, atbaant
temperature, an ammonia aqueous solution (1.12&8 M) over 375 mL of Ce(N§,
(0.8 M). The colloidal dispersion of Ceanoparticles was heated in a poly(ethylene
terephthalate) (PET) vessel at 100 °C during 2#He resulting yellow precipitate was
filtered using a membrane of 3 kDa, washed witlowigied water and dried under vacuum

overnight. The cerium oxide synthesized, which wmspared following a procedure
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previously described (Chane-Ching, 1987), showedergy high surface area & =
180 nf-g*, measured by adsorption of,)Nowing to the small size of the nanoparticles
(~ 5 nm).

The gold/ceria sample was then prepared by the sitepoprecipitation method.
Therefore, gold was deposited on the nanopartiedlegria using the following procedure: a
solution of HAUCJ.3H,O (270 mg) in 160 mL of deionized water was broughpH 10 by
addition of a 0.2 M NaOH solution. Once the pH ealuas stable, the solution was added to
a gel containing colloidal Ce4.01 g) in HO (50 mL). After adjusting the pH of the slurry
to a value of 10 by adding a 0.2 M solution of NgQhkt slurry was maintained at room
temperature under vigorous stirring for 18 h. The/mMdCeQ solid was then filtered and
exhaustively washed with several liters of distiliater until no traces of chlorides were
detected by the AgN{test. This step has the goal to avoid the preseh€d which can
strongly adsorb on the cationic sites of the catalyhe sample was dried under vacuum at
room temperature for 1 h. Then, the supported ysttatas added over 1-phenylethanol at
160 °C and the mixture was allowed to react fon2Qutes (this ensures complete reduction
of gold nanopatrticles). Finally, the catalyst witefed, washed with acetone and water, and
dried under vacuum at room temperature. The totalcAntent of the final Au/npCeO
catalyst was 1.5 wt.%, as determined by chemicalyais (atomic absorption spectroscopy).

The Au/TiG, catalyst was bought from the World Gold CouncilKl) and is referred to
as a reference Au catalyst (type A). The Cu@lAlsample (CU-1271, Selectra Shift) was
supplied by BASF (Germany), and the CuO/ZnQM3l commercial catalyst (~ 50 wt.%
CuO and 40 wt.% ZnO) was acquired from REB Researah Consulting, Ferndale, MI.
Both Cu-based catalysts were crushed and sievgivéca particle size of ¥80um (similar

to that of the powdered gold solids).
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3.2.2 Techniques used for catalysts characterizati

3.2.2.1 Adsorption of nitrogen (measurement of theuperficial area)

The N adsorption/desorption isotherms were used to uhier the superficial specific
area of the catalytic materials. The measuremert® \performed using a Micromeritics
2000 ASAP automated gas sorption analyzer at tmpeeature of liquid nitrogen (77 K).
The samples were exhaustively outgassed at 45mé@r wacuum (16 Torr) before area
measurements.

The superficial specific area of the materials wasulated by using the BET (Brunauer-

Emmett-Teller) equation (Brunauer et al., 1938)adlsws:

P _ 1 ,c1P 2.1)
V(PR-P) V., V,Oc R

whereV is the volume of adsorbed gas at pres§yr€ is the volume of gas required for
monolayer coverageR, is the gas pressure required for saturation ateimperature of the
experiment, andc is a constant related to the heat of adsorptiah lauefaction (BET
constant). Once the vallg, is determined, the specific surface ai&a+) can be calculated
by the following equation:

Sier = N, DV,/V, (2.2)
where N, is the Avogadro’s number (6.02X0molecules-mal), ¢ is the cross-sectional

area of the adsorbate, a¥dis the molar volume.

3.2.2.2 High-resolution transmission electron micrscopy
Samples for transmission electron microscopy (TEWJe prepared by suspending the
catalyst powders by ultrasonication in isopropytoailol and depositing a drop of the

suspension on a metallic (copper in case of Audbaatalysts and gold in case of Cu-based
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samples) grid, coated with a porous carbon filme Tdrid was finally air-dried for
15 minutes.

For crystal analysis and indexation, Au/npGef@mples were examined by bright- and
dark-field electron microscopy in a JEOL 2200 Fippged with a field emission gun,
operating at 200 kV and with a point resolution@23 nm. For the other catalysts, the
electronic microscopy images were obtained by Ifighd electron microscopy in a Philips-
CM10 at 100 kV. Moreover, in order to be represtveaand statistically meaningful, many
images from several regions of various samples wererded and the most characteristic

results are here presented.

3.2.2.3 Chemical analysis
Chemical analysis of Au in Au/Ce@ample was carried out using a Philips MiniPal 25

fm analytic X-ray apparatus and the correspondaiipiation plot.

3.2.2.4 Raman spectroscopy

Raman spectra were collected with a Renishaw ilRéman spectrometer equipped with
a Leica DMLM microscope and a diode laser (785 amgxcitation source. A x50 objective
of 8 mm optical length was used to focus the derad laser beam on a spot of abouyin2
in diameter, and the laser power at the sample ¥R mW. Raman scattering was
measured with a CCD array detector in 89— 2000 crit spectral region with a resolution

of 2 cm. Each reported spectrum is the average of 10 sufadiiferent areas of the solid,

each with an exposure time of 10 seconds.

3.2.2.5 H-Temperature programmed reduction
Temperature programmed reduction (TPR) experimemse carried out with a

Micromeritics Autochem 2910 apparatus equipped vatlthermal conductivity detector
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(TCD). The reactor consisted of a quartz U-shapee twhere the sample (100 mg), diluted
with inert SiC to avoid thermal gradients, wasadticed. A thermocouple in contact with
the catalytic bed allowed the control of the tenapare inside the catalyst. Before the TPR
was started, the samples were pretreated in atgoom temperature for 30 min with a flow
rate of 15 mk-min. The samples were subsequently contacted withlAr ihixture (Hy/Ar
molar ratio of 0.10 and a total flow of 50 pmin?) and heated, at a rate of 10 K-himp

to a final temperature of 1100 K.

3.2.3 Experimental reaction apparatus, proceduresgnd analysis

The catalytic activity determined for the WGS réactis expressed as the degree of CO
conversion. The experiments were carried out usingonventional packed-bed reactor
operating isothermally and at atmospheric presdure.6 mm i.d. stainless steel reactor was
encased in an electric oven (Memmert, Type UNE2@0ptrolled by a programmable
temperature controller (cf. Figure 3.1). The reagtas typically loaded with 250 mg of the
catalyst, supported by two fritted Teflon disks BET25um, Omnifit) to avoid the catalyst
powder dispersion over the pipes. In the stahiiésts, the reactor was loaded with 150 mg of
catalyst. A thermocouple was introduced from thedbthe reactor, and it was placed at the
center of the catalyst bed, which was shown to aipennder isothermal conditions (within
+2 °C).

All the WGS catalysts were activatadsitu with a mixed gas flow of JIN, measured by
means of mass flow controllers. The reduction pot® applied were based on literature
information to ensure complete metal oxide redugtiwithout sintering (Ginés et al., 1995;
Leppelt et al., 2006). For Cu-based catalysts #uiction protocol considers heating the
catalyst, in nitrogen, from room temperature to°89 then the reduction mixture (5 vol.%
H./N,, total flow rate of 30 mi-min?) is admitted, and the samples are heated at 5iAC-m

from 80°C to 230 °C and maintained at this tempeeafor 4 h. Nevertheless, the
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terminology used when referring to these samplethéscommercial one, which makes
reference to the copper oxide state. For Au-baséalysts the reduction protocol considers
heating to 200 °C in a Nstream and keeping the solids at this temperdare&0 min.
Subsequently, reduction is performed for 45 mim b0 vol.% H/N, stream (at a total flow
rate of 30 mi-min?), followed by 30 min in a Nflow, both at 200 °C. In all cases, after
reduction, the catalysts were cooled or heatelldadaction temperature and the reactor was
flushed with N prior to the introduction of the reaction mixtufi@ avoid overheating of the

catalyst bed and subsequent metal particle sigfestrict temperature and hydrogen flow

rate controls were performed.

Vacuum/
Vent

Figure 3.1 — Scheme of the experimental set-up (CEM: comralaporator-mixer; GC: gas
chromatograph; MFC: mass flow controller; MFM: ma$sw meter; P: pressure gauge; T:

thermocouple).

The reaction was started by introducing, for instara typical reforming gas mixture of
4.70 % CO, 34.78 % 4D, 28.70 % H, 10.16 % CQ, and 21.66 % MN(vol.%) in the reactor

feed, using four mass flow controllers (BronkhdrstTec, model F201) — cf. Figure 3.1.
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Deionized water was metered, vaporized, and miret controller evaporator mixer (CEM,
Bronkhorst) system with the other gases beforerieigtehe reactor. The GHSV (gas hourly
space velocity) was fixed at 4800 fbL.;*-h* and the reaction temperature varied between
150 °C and 300 °C. The pressure was measured asprgssure transducer (Druck, ref.
4010, 7 bar). The reactor outlet stream was passedgh a condenseratl0 °C to remove
water before further analysis. The gas-phase pteduere then analyzed in an online gas
chromatograph (Dani 1000 GC). A chromatographiaitw (Supelco Carboxen 1010 plot,
from Sigma-Aldrich, 30 m x 0.32 mm i.d.), with He the carrier gas (1 mtmin?) and a
TCD (Valco thermal conductivity detector), was ugedanalyze N CO, and C@(more
details regarding the GC operating conditions dred dalibration method can be found in
Appendix A). The carbon and the nitrogen molar bedarelative errors were typically lower
than 10 %. Regarding hydrogen, it is well-known tthia is difficult to measure its
composition by GC with the used detector sincgh&smal conductivity is close to that of
helium, the carrier gas. Therefore, theddmposition in the gas streams was calculated from
the mass balance (difference from 100 %, dry basikjch is required for mass flow rate
corrections. During the analysis, a temperaturgamm was used as follows: (i) isothermal
operation at 35 °C for 7.5 min; (ii) heating frorf & to 80 °C with a rate of 10 °C-riin

(i) keeping the sample at 80 °C for 8 min. Alletlpipes and valves along the water feed

stream and in the reactor exit were heated to C3® Pprevent the condensation of water.

3.3 Results and Discussion

3.3.1 Characterization of the samples
The structural and morphological properties of sheples used in this work were first

investigated. The metal loading (in the case opeogamples, this refers to the oxide form),
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the surface areas of the formulations, and theageesize of the metal particles, as estimated
by the HRTEM technique, are given in Table 3.1.

As illustrated in Figure 3.2, spherical copper jgégs homogeneously distributed on the
respective surface were obtained for the Cuglplsample, for which HRTEM results
indicate an average size of around 9.2 nm (cf. d&ol). The low copper content in this
catalyst is evident in the picture since only d&leitaggregation is seen. For the
CuO/ZnO/ALO; solid the smaller particle size and the higher pewploading are
perceptively presented in the picture since a higleasity of CuO particles (aggregation) is
seen (Figure 3.2). This also occurs for the Au-Bassalysts, in which the particle size is
even smaller, being particularly noticed for the' B®, sample. HRTEM was used to report
the size of gold nanopatrticles. Therefore, the gadoparticles have been identified by the

fringe distance shown in Figure 3.3 that corresgdondhe gold interatomic distance.

Table 3.1- Physical properties of the studied samples.

Sample Iogcdtil;}lg E\r/lv?.t;:) Seer (M/9) pﬁr\;iecrlzgs?zré]?;%)
CuO/ALO; 5-20° 110 9.2
CuO/ZnO/ALO; ~ 502 9.0 6.9
Au/TiO, 1.52 37 4.0
Au/CeQ 1.5 180 4.4

# Data given by the manufacturer.

®200 particles were counted, due to the poor carnetsveen gold and ceria.

The catalysts were also studied by Raman specpgsffeigure 3.4). In the case of
CuO/Al,O3 no peaks were recorded, probably due to the sfitangescence of the material.
In contrast, for CuO/ZnO/AD; and Au/CeQthe peaks characteristic of ZnO (380 Yrand
CeQ (475 cn') were observed. In the latter sample, the obsepestk corresponds to the

Ce-O vibration bond. The Au-Au vibration appear®he200 cni* and is not visible due to
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CuO/Al 203

X 14500( |

v

AU/T|02

Figure 3.3 — Left: High resolution TEM of the Au/CeGample, the white lines correspond to the
(202) (3.3 A) Cg0y; and the (200) CeQ2.7 A) lattice spacing. Right: A hexagonal face(@11)

Au crystal is circled.



Comparison of nanosized gold-based and copper-besdysts

the low loading of the materials and the low intgnef the peak. From the Au/TiCRaman
spectrum it can also be concluded that titaniunxideis predominantly constituted by the

anatase phase (due to the well-knownsla@atase bands at 398, 516, and 640)cm
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Figure 3.4— Raman spectra of the catalysts studied in thikw

The TPR techniqgue was used to evaluate the rediticibf the synthesized sample,
before and after Au addition to the ceria suppdhte redox characteristics of this type of
catalyst are known to be relevant for their perfance in the WGS reaction. Comparison of
the TPR profiles of Ce and Au/CeQ@ clearly reveals that the presence of gold
nanoparticles on the surface of the ceria suppatte a remarkable influence, favoring the

reducibility of this metal oxide (Figure 3.5). Thubke reduction peak that appears at about



m Use of Pd-Ag Membrane Reactors in the Water-Gas Bbaction

470 °C in Ce@ becomes considerably shifted to much lower tempega (about 95 °C)

when gold nanoparticles are present in the solite peak in the TPR profile at 63 °C is
most probably related to the reduction of oxygeecss, adsorbed during calcination in air,
on some nanogold particles smaller than 2 nm, cor@ance with Boccuzzi et al. (Boccuzzi
et al., 2001). In conclusion, Figure 3.5 shows téducibility increase of the Au/CeO

sample with the TPR promotional effect of gold ba surface reduction of ceria, leading to
the creation of oxygen vacancies. Therefore, tHed particles located in close contact with

these oxygen-vacancy defects of ceria may be \aiyessites for WGS reaction.

I/au. |

a

b

0 200 400 600 800
Temperature / °C

Figure 3.5— Thermoprogrammed reduction by hydrogen gas &L.C& and Au/Ce®(b).

3.3.2 Catalytic tests
In this section the catalytic performance of Au/Ge®Oward the WGS reaction is
compared with that of three commercial catalys)sA(/TiO,, purchased from the World

Gold Council and which has the same Au content arsimilar average particle size (cf.
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Table 3.1); (ii) the commercial CuO/A&); (CU-1271, Selectra shift) received from BASF;
(i) the commercial CuO/ZnO/AD; purchased from REB Research & Consulting. The
catalytic tests started by performing experimesiagitwo different feeds: one with just CO
and HO (diluted in He) and the other with a typical mef@ate composition (4.70 % CO,
34.78 % HO, 28.70 % H, and 10.16 % C@balanced in B). The effects of BD and CO
concentration in the feed are also important tdyaea and this was therefore done for each
catalyst, at different temperatures. Data presebétolwv concern the steady state (each data
point in the graphs results from the average ¢éat three analyses; the maximum standard
deviation obtained was 1.5 %) with the exceptiorthef Au/CeQ@ sample, because in this
case some catalyst deactivation was observed éstiers 3.3.2.4 regarding stability tests).
For this reason the activity measurements for saisiple began at high temperatures (in
which deactivation is negligible) and ended at l@mperatures, the CO conversion being
measured in the first 10 000 s until a relativeoebrelow ca. 5 % was obtained, in three
consecutive analyses. During the night, the cdllyseing tested were under a N

atmosphere to avoid reoxidation.

3.3.2.1 Effect of reaction products in the feed ooposition

Figure 3.6 illustrates the effect of the reactionducts (H and CQ) on the performance
attained by each catalytic system at different terafures. As expected, the CO conversion
increases with the reaction temperature due to kihetic constraints, in some cases
approaching the thermodynamic equilibrium convergidashed lines in the figures). After

this point, the conversion decreases due to theéhewmic nature of the reaction. The
equilibrium conversion Xcl) values were calculated on the basis of the dayiuilin

constant (equation 1.2) obtained by Moe (Moe, 1982suming ideal gas behavior, the

equilibrium conversion was then obtained by soleqggation 1.3.
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Figure 3.6 - The effect of reaction products in the feedatreover the CO conversion for each
catalyst, at different temperatures. The lines esgnt the thermodynamic conversion. Feed
composition: ® , 1) 4.74 % CO + 35.39 %(Hand 59.87 % He A , 2) 4.74 % CO + 35.39 %O H
+28.46 % H+ 10.06 % C@and 21.35 % M

Under only CO and water in helium, catalysts Cu@®yl CuO/ZnO/AbOs, and
Au/Ce( reveal a similar CO conversion that is higher thizat reached by the Au/TO
sample in the entire range of temperature testegli@ 3.6). At 150 °C and for the first
group of catalysts, the CO conversion reachednislasi and approximately 86 %, although
for the Au/CeQ formulation this value is already affected by sodeactivation noticed at

low temperatures (cf. section 3.3.2.4 about stgbiésts). At higher temperatures the CO
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conversions tend to that predicted by the thermanyos, but are always higher than that
exhibited by the Au/TiQcatalyst.

The detrimental effect of Hand CQ in the feed stream is clearly noted in all the
catalysts tested, in agreement with Chatelier’sprinciple (reaction equilibrium shifts in the
opposite direction, toward reactant formation, dasmg CO conversion). Several authors
use empirical power law models to fit the kinetatal Most of them show the negative effect
of the presence of one or both reaction producisgé@eo and Laborde, 1995; Ayastuy et al.,
2005; Ovesen et al., 1992). In our case, the nthffarence was obtained for the CuO/B%
sample at 150 °C, reaching a CO conversion of 88I$6 when the reaction products are
present in the reactor feed, compared with 87 %hair absence. At 150 °C both Cu-based
catalysts are shown to be strongly affected bypitesence of COand H. However, this
drawback seems to be attenuated with the temperatarease. The presence of ZnO seems
to be important in terms of the performance reachedin terms of tolerance to the presence
of hydrogen and carbon dioxide. It is worth notthgt the role of ZnO and AD; regarding
the WGS activity and the nature of the active sit@s copper-based catalysts is still
controversial. Besides their role as structurahpters (Campbell and Daube, 1987; Fujitani
et al., 1994; Koryabkina et al.,, 2003; Yurieva €t @993), both oxides gathered some
literature support working also as chemical promstén fact, several authors observed an
enhancement in the catalytic activity of Cu supgdron ZnO due to synergetic effects
responsible for improved covalency between theedkfit oxidation states of copper in the
metal lattice (Ghiotti and Boccuzzi, 1987; Ginésakt 1995; Shido and Ilwasawa, 1991,
Shishido et al., 2006). Moreover, the catalyticf@enance improvement from binary
CuO/Zn0 to ternary CuO/ZnO/AD; catalysts reveals the effect of adding aluminarmatha
is reported to form a hydrotalcite phase that impsothe catalyst performance (Ginés et al.,
1995). On the other hand, the lower copper loatirtge CuO/A}O; catalyst (see Table 3.1)

might influence the lower CO conversion obtainethwhis sample.
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Under the operating conditions of Figure 3.6, the/@eQ sample shows the best
performance. It is known that, for Au-based catalythe synthesis method (which was the
same for both samples — deposition/precipitation eorresponding conditions affect their
WGS performance. Nevertheless, the influence ofgble support (ceria or titania) may
have a major role in terms of their activity. Asceeleds with Cu-based catalysts, many
authors believe that the WGS reaction on suppartdzle materials, namely, on reducible
metal oxides (Ce® TiO,, Zr0; ...), is a bifunctional system too. The reactioectranism is
assumed to be conducted in two different sitesdibgersed metallic phase, which is mainly
responsible for adsorption/activation of CO, ance timetal oxide support, which is
hydrophilic in nature and is mainly responsible ddsorption/activation of #D (Grenoble et
al., 1981; Jacobs et al., 2005; Panagiotopoulal. e2006). Both ceria and titania have the
capacity to be reduced under the WGS reaction tondi Several authors refer to the
reducibility of the support as being an importaay ko a higher catalyst activity due to the
formation of either oxygen vacancies within the mup or partially reduced sites at the
metal-support interface (Frost, 1988; Fu et alQ30Golunski et al., 2002; Jacobs et al.,
2005; Panagiotopoulou et al., 2006). Thus, the driglyGS activity obtained with the
ceria-supported catalyst can be due to its higb@ox capacity and mobility of the surface
oxygen/hydroxyl group when compared with the tidasiipported catalyst. Indeed, Idakiev
et al. (Idakiev et al., 2004) also found a shifttbé TPR peak to low temperatures after
incorporation of Au in TiQ (from 400°C to 100 °C), but the intensity of suah
low-temperature peak is almost negligible compa®dhat of the original support, in
opposition to what happens for the Au/Gefample (see section 3.3.1). Finally, the higher
surface area of the ceria support, also responibke better metal dispersion, is certainly an

important parameter for the activity enhancemetairatd.
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3.3.2.2 Effect of the CO content in the feed

The effect of the CO content in the feed strearalss important to analyze due to the
inherent implications on the thermodynamic equilibr. In addition, this also allows to
study the performance of WGS catalysts under diffefeed compositions as happens when
the WGS feed proceeds from different steam refogmprocesses and hydrocarbon

feedstocks. The effect of the CO concentratiorhencbnversion is illustrated in Figure 3.7.
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Figure 3.7 — The effect of CO content in the feed stream amsitipn over the CO conversion for
each catalyst, at different temperatures. The liggesent the thermodynamic conversion. Feed
composition: ¢ , 1) 9.42 % COA( , 2) 4.74 %,@M@, 3) 2.38 % CO. In all cases the rest offéweal
is 35.39 % HO, 28.46 % H, 10.06 % CQand balance in N
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The CO concentration decrease in the gas feed pesdan increase in the performance
of all catalysts, at least at 150 °C. This behawweems to be not consistent with that
predicted byLe Chatelier'sprinciple, but is also observed in other works @sleo and
Laborde, 1995; Luengnaruemitchai et al., 2003). é&@wa and Laborde (Amadeo and
Laborde, 1995) studied the influence of the pamedssure of the WGS reactants and
products on the CO conversion over a copper-basetnercial catalyst at 503 K. The
authors justified the observed negative effecth®ygroportional formation of CQvhen the
feed CO partial pressure increases. In the work lhyengnaruemitchai et al.
(Luengnaruemitchai et al., 2003), the effect of & HO concentrations over the catalytic
performance of Au/Cefwas studied, with an idealized feed consistin@.&- 2 % CO and
2.6 % HO in helium. However, no explanation was given tloe negative effect of the
increasing CO concentration for this catalytic eyst Nevertheless, as the temperature
increases the catalytic systems tested in this Wl to create a “zone” where the effect of
the CO concentration on the catalytic performasdess significant, revealing that its effect
on the conversion can change with the reaction ¢eatpre (Figure 3.7). However, this zone
is located at different temperatures, accordingtht® higher or lower catalyst activity.
Beyond that region, the data tend to follow theil@mium conversion lines, as predicted by
Le Chatelier'sprinciple (the conversion is higher for higher €C@ntents in the reactant feed,
because this shifts the equilibrium).

For Cu-based WGS catalysts different reaction ardegarding CO concentration have
been reported. For instance, Ayastuy et al. (Ayastual., 2005) and Ovesen et al. (Ovesen
et al., 1992) reported a unity order of reactiothwiespect to CO over ternary Cu-based
catalysts. On the other hand, Salmi and Hakkarai®almi and Hakkarainen, 1989)
reported variable CO reaction orders as a funabibtemperature, ranging from 1 to 0.45.
For Au/CeQ catalysts Leppelt et al. (Leppelt et al., 200§oreed a CO reaction order of

0.5 (see Table 2.2). In fact, for all WGS catalystisdied the CO positive reaction order is
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verified only above a certain temperature. The hegdretardation) effect observed in this
work for both Cu and Au catalysts at lower tempaed can be explained on the basis of the
associative mechanism, namely, on the intermedipézies (formates and/or carbonates)
formed during the reaction. Once the CO concepotnatincreases, the formation of
intermediate species also increases. At lower teatyes, the coverage of this species over
the catalyst surface increases for both copperebfRbodes et al., 1995) and gold-based
(Karpenko et al., 2007) catalysts due to a slovemochposition of these intermediates into
the final reaction products. Therefore, a blockeftect of the active sites by the reaction
intermediates, which is more severe at lower teatpegs, should happen, decreasing the
overall CO conversion; this is also behind the teation observed for the Au/Ce@atalyst

at lower temperatures (section 3.3.2.4). The decsitipn of formates and/or carbonates is
favored by the temperature increase, the CO covel®ing no longer negatively affected
by the CO partial pressure (in most cases it idusiely positively affected). The
temperature range of this transition clearly degeod the performance of each catalytic
system. It is therefore important that the usagenopirical power rate laws available in the
literature takes into account the temperature rdagé other operating conditions) in which
the experiments are performed.

The Cu-based catalysts used in this study preseatstmilar behavior, where the
apparent negative order dependence on CO happeribeirsame temperature range.
However, for the Au-based catalysts this does appben. From Figure 3.7 it is clear that, for
the Au/TiG, sample, no positive order dependence on CO wamedt in the used range of
temperatures. On the other hand, for the Au/C&gnple the positive effect was reached at
around 200 °C. Assuming the above-mentioned catslggunctionality, it is found that the
supports responsible for the®l activation can be responsible for this differemkgreferred

to above, the synergistic effects between gold (&@&0O is adsorbed) and titania are lower
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than with ceria; therefore, in the latter the fotima of intermediate hydroxyl groups (via
adsorbed water) is not limiting, so higher CO catgeare favorable for a higher activity.

The ceria-supported gold catalyst is, once agh@aphe that seems to be more promising
because it is considerably active and less affelsjethe CO concentration, at least at low
temperatureg150—- 200 °C. At high temperature$250— 300 °C CuO/ZnO/AbO; exhibits
a similar performance. Au/TiOis the worst sample, also in agreement with thia dé

Figure 3.6.

3.3.2.3 Effect of the HO content in the feed

The dependence of the catalysts’ performances @mwHtier vapor concentration in the
feed stream was also analyzed. It is clearly semm Figure 3.8 that, in general, the water
vapor content enhances the catalysts’ performanteei temperature rand®0- 300 °C, in
agreement with the thermodynamic prediction. Tlast fis also in agreement with the
positive reaction order with respect to water aisdi in power law rates (Amadeo and
Laborde, 1995; Ayastuy et al., 2005; Leppelt et 2006; Ovesen et al., 1992; Salmi and
Hakkarainen, 1989) — see also Table 2.2.

For the Au/TiQ sample the activity results in the temperaturgedr50— 200 °C are not
influenced by the water vapor content. For higlengeratures the increase in the water
vapor content above 35.39 % (v/v) does not bring@range in the CO conversion, clearly
opposed to what happens with the other catalystse@gain the influence of the support is
clearly noticed. The Au/Ceratalyst revealed to be, in terms of catalytidgrenance, the
most promising one since no significant changesewsetected with the water vapor
concentration, and above 200 °C the conversionhemsathe thermodynamic one. It seems
therefore that the interaction between gold andhcarhich was highlighted by TPR, results

in an activity enhancement. Actually, Rodriguezakt(Rodriguez et al., 2007) pointed out
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Figure 3.8 — The effect of KO content in the feed stream composition over t@ecGnversion for
each catalyst, at different temperatures. The lmegsesent the thermodynamic conversion. Feed
composition: ¢ , 1) 43.74 %8, (A , 2) 35.39 % kD, (m , 3) 16.90 % kD. In all cases the rest of
the feed is 4.74 % CO, 28.46 %,H0.06 % C®and balance in N

recently that the noble metal nanoparticles prontogepartial reduction of the ceria support
by CO or CO/HO mixtures, creating in ceria surface oxygen vaiemnahere the pD
activation takes place. This evidence corroborétespreview studies by Tabakova et al.
(Tabakova et al., 2003), who have used FTIR speodqmy to find experimental evidence for
modification of ceria in the presence of gold ahe appearance of oxygen vacancies at the

ceria surface after reduction with hydrogen. Ththats stressed the importance of oxygen
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vacancies and showed that the WGS reaction procaedse boundary between small
metallic gold particles and ceria, where CO adsonpdn gold and KD dissociation on ceria

defects take place. The difference in the suppaticibility, as well as its capacity to allow
the formation of OH groups, might be the respomsibl the distinct behavior observed in
the WGS activity of the two Au-based catalysts, whie water vapor concentration is

changed.

In the literature it is reported that the water teo is crucial for the CO conversion
performance of a commercial CuO/ZnO catalyst (Getéal., 1995), in agreement with our
results (Figure 3.8). Comparing both Cu-based ysi®l it can be seen that the
CuO/ZnO/ALO; catalyst is less influenced by theH concentration. This fact can be
connected with the different structures of the @utiples in each catalyst, described as a
possible site for BD activation (Rodriguez et al., 2007). However,rigkinto account the
catalyst bifunctionality suggested by Grenoble kt(&renoble et al.,, 1981), we may
conclude that the support oxide sites are closkeaenaximum capacity to activate the water
vapor. The CuO/ZnO/AD; sample exhibits, once again, higher CO conversiam the

CuO/Al,O3 sample.

3.3.2.4 Deactivation tests

An important issue to take into account for theustdal application of any catalyst in
hydrogen fuel processing is its stability under WeaBditions. WGS copper-based catalysts
are known to be highly stable; however, the golgeldaones, particularly when supported in
ceria, have been subjected to extensive work teenstahd and overcome this problem.
Generally, four issues have been widely discusgéBdthe sintering of the metal particles
(Luengnaruemitchai et al., 2003; Wang et al., 20()the “irreversible” over-reduction of
the ceria support (Ghenciu, 2002), (3) the lossuoface area of ceria (Burch, 2006; Fu et al.,

2005), and (4) the blocking of the ceria surfacefdiynation of surface carbonates and/or
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formates (Deng and Flytzani-Stephanopoulos, 200&rp&nko et al., 2007; Kim and
Thompson, 2005).

The two most promising catalysts of this study wren evaluated in terms of their
stability. The CO conversion levels were measutediféerent temperatures after reduction
of the samples, and the results are shown in FidguBe It can be seen that the
CuO/ZnO/ALO; catalyst showed a better stability than Au/Ge@der the WGS reaction
conditions. CuO/ZnO formulations are known to badated by thermal sintering and/or
poisoning of the catalyst surface at temperatubesye 300 °C (Twigg and Spencer, 2001).
In this case, under our experimental conditionssigas of deactivation were detected, even
at 300 °C, which is reported in the literature as the maximum temperature to avoid the
surface migration of the metal particles over thgalyst support. On the other hand, the
catalytic activity of Au/Ce@decreased progressively at temperatures of 1ZmeC200 °C,

remaining stable at higher temperatures (see Figi@e
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Figure 3.9— The effect of the time on stream in the WGS #gtiat different temperatures. Feed
composition: 4.74 % CO, 35.39 %@l 28.46 % H, 10.06 % CQand 21.35 % N Temperature®( )
300°C, 4 )250°Cs( )200°e, ( )150°C.
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It is therefore clear that the deactivation of ¢fudd-based catalyst is strongly dependent
on the temperature. Such deactivation of Au/€s€ems to be not consistent with literature
references about sintering of the gold particlesanse when temperature increases, changes
in conversion with time are not detectable. It ist mpossible to establish which
deactivation(s) mechanism(s) is/are present; hokavsurface fouling might occur since, at
lower temperatures, where the intermediates decsitipo is slower, reaction species might
block the catalyst sites and consequently decrges€O conversion. With the temperature
increase, the intermediates decomposition is a@telkk and no deactivation happens. This
idea is in line with the work by Jacobs et al. @l&cet al., 2003), where it was concluded
that formates are reaction intermediate species thatl at higher temperatures their
concentration is limited by the WGS reaction rathjle at lower temperatures the formate
surface concentration remains close to the adsovogsorption equilibrium. Karpenko and
coauthors (Karpenko et al.,, 2007) also justifiect teactivation behavior at lower
temperatures, now due to the formation of carbenaesorbed on the ceria support,
blocking the sites. Therefore, the carbonate decsitipn rate is too low to keep the
steady-state carbonate coverage at a low levemaging the catalyst deactivation. The
authors confirmed the carbonate formation, obtgiomplete catalyst activity regeneration
with an oxidation treatment.

A comparison test in terms of CO conversion obthif@ gold/ceria catalysts with
different Au loadings (~ 1.5 wt.% and 2.5 wt.%) when performed at 150 °C. The results
are presented in Figure 3.10.

For the catalyst with higher Au loading a higher €&hversion was obtained during the
first 30 000 s (~ 8.3 h). It is reported in thesddgture that the reaction rate of Au/GeO
catalysts varies as a volcano-type curve as aiimof the gold metal loading. Maxima at
5wt.% (Leppelt et al., 2006) and 3 wt.% (Andreega al., 2002) were reported.

Nevertheless, Figure 3.10 shows also that the ida#ion rate of this catalyst is higher than
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for the 1.5 wt.% Au/ceria catalyst. The activity tbke lower Au loading catalyst seems to
remain nearly constant, after ca. 20 000 s (~ h.@&hfact that can be explained by the
adsorption/desorption equilibrium of carbonates/antbrmates at the catalyst surface. The
higher deactivation observed in the 2.5 wt.% Au&eatalyst might be due to the higher
carbonate and/or formate concentration at theysitalirface, formed at the beginning of the
reaction as a consequence of its higher catalyidopnance, leading thus to a higher

surface coverage and promoting a stronger blockifegt.

Au/CeO,
70
S
L
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o
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Figure 3.10 — The effect of the operation time in the WGS\distj at 150 °C, for Au/Ce@catalysts
with different Au loadings. Feed composition: 49%4CO, 35.39 % kD, 28.46 % H, 10.06 % CQ
and 21.35 % M Au loading: ¢ ) 2.5 wt.%e( ) 1.5 wt.%.

3.4 Conclusions
The catalytic performance of Au/T¥O Au/CeQ, CuO/ALbO;, and CuO/ZnO/AlOz

catalysts has been investigated for WGS reactidghadow temperature range. It was found
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that the presence of reaction products in the $texhm has a higher negative effect on CO
conversion for Cu-based catalysts when comparet thié gold-based ones, namely, at
150 °C. Under the reformate conditions (4.74 % G839 % HO, 28.46 % H, 10.06 %
CO,, balance ), the Au/CeQ@ sample is shown to be the most active (particulatllow
temperatures, i.e.50- 200 °(). The activity of gold/ceria indicates that th@part plays an
important role in this reaction catalysis. The coenocial CuO/ZnO/AJO; catalyst showed
the best relation of activity/stability. In addmipit was found that the CO concentration
present in the reactor feed greatly affects thwiacof all catalysts tested. Depending on the
reaction temperature, this effect is negative ositpe in terms of the catalyst’s
performance. We also observed that water had aiymsiffect on CO conversion for all the
catalysts, except for the Au/Ti@atalyst.

The results of this study indicate that the catafgdection has to take into account the
operation reaction temperature range. At tempezatuP50 °C Au/CeQ is clearly a better
option since it seems not to be affected by thetidedion mechanism and shows a higher
CO conversion than CuO/zZnO/A);. However, at lower temperatures, the stabilityais

negative factor for its selection and the lattemnse to be a better option.
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Chapter 4

Determination of the Low-Temperature
Water-Gas Shift Reaction Kinetics using a
Cu-based Catalyst

In this chapter, an integral packed-bed reactor wasd to determine the kinetics of tije

water-gas shift (WGS) reaction over a CuO/Zn@DAlcatalyst, at no film or intra-particle

resistance operating conditions. Experiments weaeried out over a wide range o

temperatures as well as space times using a sisulleformate gas mixture (4.70 % CQ,

|

34.78 % HO, 28.70 % H, 10.16 % CQ@balanced in B). In the first part of the work, threg

|

different mechanistic rate equations and two emplrikinetic models were proposed

describe the WGS reaction in the entire range ohperatures. For improving the

independence between parameters in using the Auwesnd van't Hoff equations thj
temperature was centered. A good agreement was inedta between the
Langmuir-Hinshelwood (LH) rate equations and thpezkmental results.

Further analysis using two different temperaturginees for parameter’'s estimatio
revealed distinct rate-controlling mechanisms facke range. For temperatures fro
180- 200 °C, the associative (LH) mechanism was predominaniewhe redox pathwa
showed the best fit to the experimental reactidag#n the range 0230- 300 °C.

Finally, an isothermal plug-flow reactor model wased to simulate the packed-be(d

|

tubular reactor for the WGS reaction using the cosgtl kinetics. The reactor model wds

|

assessed against the experimental CO conversionsatigfactory agreement was foung

between model predictions and experimental results.

The contents of this chapter were adapted from:ddenD., Chibante, V, Mendes, A., Madeira, L.
M., Determination of the low-temperature water-ghst reaction kinetics using a Cu-based catalyst.
Submitted to publication, 2010.
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4.1 Introduction

In the literature, two main distinct reaction maclsms for the WGS reaction (equation
1.1) have been proposed. A regenerative (oxidagduoction cycle) mechanism of the
Eley-Rideal type in which the surface is oxidizeg &dsorbed BD and subsequently
reduced by gas-phase CO to form L€&mpleting the catalytic cycle (Newsome, 1980 T
other mechanism normally considered is the asseeiahe, of the Langmuir-Hinsheldwood
(LH) type, which is based on the interaction ofated carbon monoxide and water to form
an intermediate species that subsequently decompiseCQ and H (Rhodes et al., 1995).

Most of the kinetic studies taken so far have beamied out using only water and
carbon monoxide in the feed, in a narrow rangeeofperatures and/or space time values.
The objective of this study is therefore to deterenthe best kinetics (and inherently the
mechanism) for the WGS reaction carried out on mmercial CuO/ZnO/AlO; catalyst
under conditions (pressure, temperature and fesgbasition) close to the ones likely to be
encountered in fuel processors for polymer elegiieolmembrane fuel cell (PEMFC)
applications. This catalyst was selected becauseng other promising samples, it showed
the best relation activity/stability in the tempera range ofL.50— 300 °(C, as mentioned in
the previous chapter. It is also aim of this wdr&ttthe kinetic expression found allows the
obtained experimental data to be fit with a hightistical significance and be used to
simulate a low-temperature WGS converter. This waycan also be useful for other
purposes/applications, for instance when the csttédyused in membrane reactors, as shown

later on (chapters 5-6).

4.2 Kinetic Modeling

4.2.1 Proposed mechanisms and mechanistic-derivetdels
The proposed mechanisms were based on the workybagtédy et al. (Ayastuy et al.,

2005). These authors analyzed a total of 16 mestiamhodels and 70 rate equations for the
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low temperature (LT) WGS reaction over a commerCialbased catalyst. We have selected
three rate equations (two Langmuir-Hinsheldwood )Lhechanisms and a redox one),
taking into account the good fitting obtained te #xperimental results of Ayastuy et al..
The first LH model suggests that both reactantsads®rbed over similar active sites on the
catalyst surface (equations 4.1 and 4.2) forming tbaction products that are further
desorbed (equations 4.4 and 4.5). The formatiorthef intermediate formate/carbonate
species via adsorbed CO andCHcan be considered fast enough and so is not shown

equation 4.3. This pathway can be described byolteving equations:

CO+S o CO 4.9)
H,0+S o H, O (4.2)
CO'S+HO0S CQS+H (4.3)
HyeS o H, +¢ (4.4)
CO,*S » CQ +! (4.5)

A rate equation was then derived assuming the sairf@action between molecularly

adsorbed reactants as the rate determining step (R&yuation 4.3 ):

Pco, P
k(pcophzo_ C?é sz

Model 1:(-r.,) = : > (4.6)
(1+ Kcopco+ Kwopwo"' KCQ pCQ + KH p*&)

where (—rco) is the reaction ratek is the rate constant for the WGS reactidfy, is the
equilibrium constantK, is the equilibrium adsorption constant of spedieand p. is the

corresponding partial pressure. The temperaturerdggmce ofK, is given in chapter 2

(equation 1.2).
A second LH mechanism was proposed by Ayastuy.etugjgesting that the adsorbed
reactants produce an intermediate species (equati)n which subsequently gives rise to

carbon dioxide and hydrogen:
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CO+S & COs (4.1a)
H,O+S « H, O (4.2a)
CO*S +H 0sS~ COOHsS + (4.7)
COOHsS ~ CQ +He (4.8)
2HeS « H, +2¢ (4.9)

The corresponding model rate equation (equatiof)4ahs derived assuming that the RDS
was the surface reaction between molecularly agsbdarbon monoxide and water to give

the formate intermediate.

_ Peo, szj

k( Peo Po = ¢

Model 2: (-r,) = 5 (4.10)
(1+ Kcopco+ KHZOpI-bO-l- KCQ pcq Ff)l-f-i_ K0|-f p%f)

The regenerative or surface redox mechanism, omtier hand, considers two cyclic
steps. In the first one (equation 4.11), water dsand dissociates on reduced sites of the
Cu0O/ZnO/ALO; surface to produce hydrogen and oxidizes the vasi#é® In the second

step, CO is oxidized to GQ@hus reducing and regenerating the active siteggan 4.12).

H,O+S o H, + O (4.11)
CO+0sS o CQ +! (4.12)

The rate equation derived from this model was olethiassuming equation 4.11 as the rate-

determining step:

( Ph,o ~ F:;:ozpsz J
Model 3:(-r.,) = eTLe

1k, e

CO

(4.13)

4.2.2 Empirical reaction-rate models
In contrast to the rate expressions obtained fretaildd reaction mechanisms, there are

simple empirical rate expressions that do not @@rsany mechanism, which are also helpful
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in reactors design and optimization. However, tlaeg of more limited use, since the
parameters obtained are in principle valid onlydoncentration and temperature ranges in
which the kinetic studies have been carried oulnisand Hakkarainen, 1989). In this work,

the experimental data were also fitted to the foilhg equations:
Model 4 (Moe rate equation (Moe, 1962)):

~Teo =K PeoPyo(1-5) (4.14)
and

Model 5 (Power-law rate equation (Koryabkina et 2003)):
o = k p?:o ptn)-ho pf-k p?:q (1_,8) (4.15)
wherea, b, ¢, andd are the apparent reaction orders of the compddént+,0, H, and CQ,

respectively. As referred in chapter 2,is the term to account for the backward reaction or
approach to equilibrium and is defined as:

_ PP, 1

B
Pco szo Ke

(4.16)

The power law model seems to be adequate in mags@nd has been extensively studied
by several groups in kinetic studies for the highd dow temperature WGS reaction
(Koryabkina et al., 2003; Qi and Flytzani-Stephamdps, 2004; Rhodes and Hutchings,

2003).

4.2.3 Modeling

A model was used for simulating the performancthefpacked-bed tubular reactor. This
model comprises the steady-state mass balancei@yuas well as the respective boundary
conditions. It considers the following main assuioé, which are mentioned and validated
below (namely in sections 4.3 and 4.4.1):
1. Fixed bed with negligible axial and radial disgpen;

2. Isothermal operation;
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3. Negligible mass and heat-transfer resistanceéwelee catalyst and bulk gas phase
(external limitations);

4. Negligible mass and heat-transfer resistancehirwithe catalyst particle (internal
limitations);

5. Reaction takes place on the surface of theystial

6. Negligible pressure drop across the bed;

7. ldeal gas behavior.

The mass balance for the limiting reagent is, tlegpressed by:

%(u p)-p,0T(v,R)=0 (4.17)

with the following boundary condition:
p(0)=RY (4.18)
wherei refers to thath componentz is axial coordinatey is the superficial velocityp; is

the total pressure] is the ideal gas constari,is the absolute temperaturg; is the feed
molar fraction of componentand p, is the catalyst bulk density( = 1173.1 kg-m). R

stands for the rate of consumption or formationtled individual species and is the

corresponding stoichiometric coefficient (negafiwereagents and positive for products).
To simulate the WGS reactor, equation 4.17 withréspective boundary condition was

solved numerically via a™ order Runga-Kutta algorithm using the Matlab saftv

package.

4.3 Experimental Section

A commercial CuO/ZnO/AD; (50/40/10 wt.%) catalyst, furnished by REB Reskaic
Consulting, was used for this study.

The kinetic measurements were performed on therapsashown in Figure 3.1 and

described in chapter 3. In these experiments, amm i.d. stainless steel reactor was used
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and the WGS reaction conducted isothermally andl.atbar. A typical run for the WGS
reaction was performed as follow§.072- 2.40 ¢ of the Cu-based catalyst, previously
crushed and sieved to a range of particles siz@5ff— 355u n, was diluted with glass
spheres of the same particle size (to avoid tenyergradients in the bed, which otherwise
could be caused by the exothermic reaction) andeldanto the reactor. The total catalyst
bed height was around 5cm. The bed temperature m@asured by introducing a
thermocouple from the top of the reactor, placingt ithe axial center of the catalyst bed; its
displacement along the axial coordinate revealgfigible temperature profiles (x 1 °C).

The gases were fed to the system by mass flow atars and a Controller Evaporator
Mixer (CEM, Bronkorst) system, as detailed in clea@. Prior to each experimental run the
WGS catalyst was activatea situ with a mixed gas flow of kN, (see chapter 3). Without
catalyst, CO conversion was not detected. The baseproducts were then analyzed in an
on-line gas chromatograph (Dani 1000 GC). Furtletaits concerning the analysis method
can be found in chapter 3 and in Appendix A.

Experimental runs to collect intrinsic kinetic datmere conducted at reaction
temperatures in the range D80— 300 °C and space timew,,, / F&*) ratios in the range of
2.120 to 70.668 g-h-mot*. Under these operating conditions and taking atoount the
characteristic dimensions (particle size, reaatogth, etc.), criteria based on Froment and
Bischoff (Froment and Bischoff, 1990), Rodrigue®@Rgues, 1980) and Perez-Ramirez et
al. (Perez-Ramirez et al., 2000) were applied oleoto guarantee the applicability of the
plug-flow model (neglecting axial dispersion andllwedfects in gas-solid operation) and
neglect pressure drop. For these preliminary catmirls, simplified power law equations
were used to describe the kinetic data. Theseieridee as follows:

1.i>20”|n( 1 ] (4.19)
d,~ Pe  |1- Xy
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where L, is the catalyst bed heighd; is the catalyst particle diameter, is the reaction
order, and X, is the carbon monoxide conversion. The partlRé&elet number(Pg,) is

expressed by:

ud
Pe =—°"

4.20
=20 (4.20)

ax

where &, is the void bed fraction (assuming the ratio & #olume occupied by the voids to

the total bed volume = 0.36). The fluid dispersiomhe axial directionD,_, is calculated by

ax?
the following expression:

0.5u dp

D,, =0.73Dcq 1+ (4.21)

DCO mix
1+9.49—<2mx
ud,

where D, ... is the bulk diffusivity of CO in the gas mixtur&hich, in turn, is estimated

using theWilke methodPerry and Green, 1999) (see Appendix B for motaildeabout the

calculation of D, ). The value forD., ., was found at the maximum temperature of

300 °C and feed composition to be 7.290%t-s”. In these conditions, the axial dispersion
coefficient was estimated to be 5.451%167°-s' (volumetric feed flow rate was kept
constant at 270 ml:min* as explained below). For these conditions amg/ R =
70.67 garh-mol* (higher conversions), the minimum inequality coteputhrough equation
4.19 was 140.9 > 106.9; this establishes thatlfamoaditions employed axial dispersion can
be assumed negligible and that flow pattern canwiedd described by the plug-flow

hypothesis.

. % >10 (4.22)

p

where D, is the internal diameter of the reactor. In thiwky we usedD, /d, > 21.8, which

fulfills this criterion (so wall effects in the gaslid operation can be neglected).



Determination of the low-temperature Water-Gast3hiiction kinetics

15Qu, (1-¢,)° 1.75, (1-
3. Ergun equation ok _ %lg ( ?’) u+ 4 ( fb) W <0.05 1 (4.23)
L, d, €y d, €y L,

where AR, is the pressure drop in the catalyst bigdis the catalyst bed height,, is the gas
mixture viscosity, ang, is the gas density. It was considered that theip@ressure drop

should be smaller than 5 % of the total operaticesgure in the reactor. This was clearly
guaranteed in our work because the minimum inetyuabtained was 2.9xfoPa-m* <
1.2x10 Pa-nt. The properties of the gases were calculated ubmgorrelations presented

in Appendix B.

4.4 Results and Discussion

4.4.1 Film and particle resistances
4.4.1.1 Mass transport limitations — Preliminary tests

Preliminary experiments were carried out in oradedétermine suitable conditions for
which external and internal mass transfer resigt®@ace not predominant. The importance of
the intraparticle diffusion was evaluated by perforg the WGS reaction on catalyst

samples with different average particles si2&)— 500u n. It was observed that, in the

range of the particle sizes tested, no intrapartatiffusion limitation occurred for the
experimental conditions used (rate data were inu#gret ofd,). Considering the effect of

external mass transfer, the total gas feed flow @te) was varied between 167 mmin’

and 285 mi-min® under a constant space time 82.04 g, Oh'Omof, at 300 °C. As
shown in Figure 4.1, the conversion of CO was fotmte independent of the gas velocity
when the total gas flow rate was equal to or highen 235 mi-min*. The following
experiments were performed at 270 wimhin®, thus assuring the absence of external mass

transfer limitations.
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Figure 4.1— Effect of total volumetric feed flow rate on t68©® conversion for the WGS reaction at a
constant space time @&2.04 g, Oh* Oma}, and 300 °C. Dashed line represents the thermodgnam

equilibrium conversion; the continuous line is iimproving the readability.

4.4.1.2. Heat transport effects
The intraparticle heat transport limitation was lgsad using theMears analysis

(Dekker et al., 1995; Mears, 1971; Perez-Ramirez. e2000)criterion:

_ s __p0Obs L2
o { E

where vy, is the internalArrhenius number(evaluated at particle surface condition8),

represents the maximum temperature differenceddatexist in the particle relative to the
surface temperature (also callderater thermicity factorin the surface conditions

(Rodrigues, 1980))y is the internal effectiveness factas,is theThiele modulusE, is the
activation energyT, is the surface particle temperatufeAH, ) is the heat of reactiorGS,

is the CO concentration at the surface of the gsitgdarticle andD,, is the effective mass
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D., .. [8
diffusivity, obtained fromD,_ :(Mj (Fogler, 2006). The effective diffusivit,,
T

was estimated to be 5.375%167-s’ (assuming an average catalyst volume void fraction
e,=0.4 and for feed conditions of composition and tempeea T =300 °C). The
thermodynamic and transport properties were caledlasing the correlations presented in
Appendix B. Here,r is the catalyst tortuosity factor, taken as 5.8€)€ and Jheng, 2007).
Still in equation 4.24,L is the characteristic dimension of the particler (pheres

L=d,/6) and 1 is the effective thermal conductivity of the cattl obtained using the
following correlation (Malek and Farooq, 1997; Yagial., 1960):

l—sp

j‘eff
= 0.75,(Pr)(R 4.25
A {8“0.13&[,—0.0339 6.66179]+ (Pr)(Re,) (4.25)

g

C
where Pr is the Prandtl numbe{Pr :z—ﬂgj and Rg, is the particleReynolds number
g

ud

(Rep = p]. The term}, is the molecular thermal conductivity of the gaktare,
Hg

which was calculated using th&assiliewa correlation(Perry and Green, 1999) to be

6.089x10 kJ-m*-s*-K' (see Appendix B for more details). The effectiveerthal

conductivity (A) was found to be 1.684xEkJ-m's"K™. Both parameters were

computed at the above mentioned conditions. Sulistif these values in the inequality,
equation 4.24, one obtains 3.8%18 5.0x1(". This indicates that the temperature profile
inside the particle is, for steady-state conditjonsegligible. The same result was also
obtained whatever the conditions of the catalyditsrused.

The internal heat transfer resistance was also astrusing th€rater analysigFogler,

2006; Kumar et al., 2008; Rodrigues, 1980), given b

AT (_AH r ) Deff C(S:O

max, particle Y
eff

(4.26)
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where AT

max, particle

Is the upper limit of temperature variation betwéae pellet center and its

surface. A value of 0.15 K was obtained for

nax, particer WHICh shows that the particle has an
approximately uniform temperature profile. Thisremment of temperature corresponds to a
maximum increase of 0.42 % (at 300 °C) on the lgreginstant.

Further, the inexistence of temperature gradieata/éen the bulk fluid and the surface
of the catalyst particle was determined using thiing criterion (Dekker et al., 1995;
Mears, 1971):

_[ E |(_AHr)ka| (—I’ggs)pb

where vy, is the external Arrhenius numbep, represents the maximum temperature

difference that can exist in the film relative toetbulk phase temperatur€a is the
Carberry numbemvhich represents the extent of external mass{afimitation and ranges

from O to 1,a' is the specific external surface area of the gstgarticle @'=6/d, for
spherical particles)h andk, are the heat and mass transfer coefficients betweegas and
the particle, respectively. Both parametebhs g§nd k,) were estimated from a correlation

expressed in terms of ti@olburn Jfactor analogy, equations 4.28—4.30:

k
J, =—S¢é? (4.28)
u
h 2/3
J,=——FPr (4.29)
C,up,
J,=J, = 0.4548 1 go.4oss (4.30)

where J, and J,, are the mass and heat transiefactors, respectively, an&c is the

Hq

Schmidt numbe{Sc: ] A mass transfer coefficient of 0.187 rh-and a heat

pg CO, mix
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transfer coefficient of 0.156 kJns*-K™* were calculated at a temperature of 300 °C and
feed composition conditions. The estimated valuettie y 3 .,Ca product was 6.2x10
which is much lower than the criterion value of 807, indicating the inexistence of
extraparticle heat transfer limitations. This we®ahecked for other conditions.

The heat transfer limitation across the gas filns &0 determined using the following

expression (Kumar et al., 2008; Levenspiel, 1999):

_(-8H ) (-r5) AL

AT . = 4.31
max, film h ( )
where AT« IS the upper limit of temperature difference beswehe gas bulk and the

particle surface. A negligible value of 1.8%18 was obtained, confirming the absence of

external heat transfer limitations.

4.4.1.3 Mass transport effects
The absence of mass transfer resistances was w®dhlagperimentally, as mentioned
above, but also theoretically. The intraparticlieisional resistance was evaluated by the so-

calledWheeler-Weisz modul@®) criterion, which is given by (Dekker et al., 1995):

N (‘rggs)PbLz (n +1

= i j <0.10 (4.32)
DeffCCO 2

The maximum estimated value fap was 0.090, confirming the inexistence of pore
diffusion limitations.

For the exclusion of extraparticle mass transfeistances th&€arberry number(Ca)

must satisfy the following condition:

Ca= (_rggs) Po

alkf Cgo

<5.0x 107 (4.33)
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The maximum estimated value f@@a was 3.2x13. A Carberry numbersmaller than
5.0x107 indicates that observed reaction rate retarddiipexternal mass transfer may be

neglected.

4.4.2 Determination of the reaction kinetics and @rameters estimation

Figure 4.2 shows the CO conversion as a functiaghefatio of weight of catalyst to CO

feed flow rate WV,

cat

| FE£*Y) at reaction temperatures ranging from 180 °COB .

1.0
o _ —— === - o
0.8 < ,3/‘/ é%/" o777 Z ..
o/ o - BN
/ ygé'
0.6 - 74 ?P’/ o
- 7
>§ / Z /s 2
I : A  T=180°C
0.4 v T=190°C
o T=200°C
: o T=230°C
0.2 4 & T=250°C
: o T=300°C
0.0 & : : : :
0 15 30 45 60 75

W,/ Feg o (g, h-mot')

cat

Figure 4.2 — Carbon monoxide conversion in the WGS react®a éunction of the contact time at

various temperatures.

The experimental rates of reaction were obtainedaking the slopes at various points

from the conversion versud/_ / Fe* plot using the differential method (Fogler, 2006;

cat

Froment and Bischoff, 1990):

_dX
(_rCO) - d(W /C;Cfged)

cat

(4.34)
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The experimental reaction rates were then fittethéoabove-mentioned models (cf. sections
4.2.1 and 4.2.2). In all of them, tAerhenius equatiorwas used to describe the variation of

the rate constant with temperature:

K=k, exp(— 5;‘;_] (4.35)

To improve the independence (smaller correlatiogffaoent) between the pre-exponential

factor (k,) and the activation energyE(), the rate constants may be obtained by

temperature centering, choosing an appropriate ¢estyre near the middle of the range of

temperatures studiedT() (equation 4.36). This scaling procedure has aunseces of

providing more robust parameters and reduces meadlity of correlation (Patel and Pant,

2007; Wojciechowski and Rice, 2003). In the presgaty T, = 503 K was used for the

parameter estimation, and tAgrhenius equatiorcan be rewritten as follows:

k= Knexp{—%(%—_riﬂ (4.36)

where k , is the rate constant evaluated at the mean temopersimilarly, the equilibrium

constants of the adsorbed species as a functitenygderature were estimated usingvha't
Hoff expression with temperature centering (equatio)4.3
< =K., exp{ﬂ(z_iﬂ @37)
a\T T,
whereK; . is the adsorption equilibrium constant evaluateithi@ mean temperature.
All the possible rate expressions we have consilbese been tested to reach the best
possible fit for the kinetic data. The parametersnedion is based on the adaptive
random-search algorithm — MSGA (Salcedo, 1992). giitenum parameters were obtained

by minimizing the sum of residual squares. The campa between models was done by



13C Use of Pd-Ag Membrane Reactors in the Water-Gas Bbaction

applying theSetest (also called variance) (Froment and Bischd®90; Patel and Pant,

2007), because the number of fitting parameteragdgmfrom model to model:

Nexp 2

Z ((_rCO)exp,j B (_rCO) pred ,j)
Se=12 (n - p) (4.38)

where (-1e, ), is the measured rate of CO consumption in experiimg-rc,) ., ; is the

corresponding model predicted ratgy, is the total number of experimental points gnd
stands for the number of parameters in the model.

The average values obtained for the reaction-rqtteons parameters are presented in
Table 4.1. It is also given the fitting error asated to each parameter, assuming t-student
and for 95 % confidence level, and computed udmeglt0 best fittings. In the temperature
range of180- 300 °C among the empirical equations it can be seen tti@tpower-law
(model 5) shows the best fit for the kinetic datawgst Se value). Concerning the
mechanistic-derived equations, the lowgst/alue was obtained for model 1. However, due
to the very similar values o%e for models 1 and 2, both can be considered almost
indistinguishable and therefore as good modelssribe the experimental rates. Then, for
the experimental conditions employed and in padictor the wide range of temperatures
used for the parameters estimation, the associdtitf mechanism seems to be the
predominant pathway for the WGS reaction. A conguariof the measured rates of CO
consumption and the model predictions is shownguie 4.3.

A closer look on the data reported in literaturgesded similar results to the ones

presented in this work. Ayastuy et al. (Ayastuglet2005) conducted kinetic experiments
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over a commercial CuO/ZnO/AD; catalyst in a narrow range of temperatures

(180- 217 °C, founding that models 1 and 2 provided also th& bete equations for the

WGS reaction.

Empirical reaction-rate models Mechanistic-derivedmodels
0.14 0.14
O Moe O LH Model 1
0.121 0 Power Law 0.12 4 LH Model 2 o
g 0O Redox Model 3
T 0.104 “0.101
|—|E [m] H“E
Z 0084 o & 0.08- o
o o [=)
£ o E o
3 0.061 o 3 0.061 o
I3 O S
) [ ) O
(8] O
5 0044 < 0.04-
o <
0.02 4 8 0.021 )
B al
0.00 T T T T T T 0.00 T T T T T
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
At 1.
(-rCO)exp (m0|'g:at ) (_rco)exp(mOIIQatl'hl)

Figure 4.3— Parity plots of the CO conversion rates obtaifoedhe tested reaction rate models.

Amadeo and Laborde (Amadeo and Laborde, 1995) wbdethat model 1 was the best
mechanistic equation to describe their experimeWw@sS reaction rates, conducted in the
range of temperatures aB0O- 230 °C. More recently, several authors have been remprtin
detailed studies based on periodic density funatiealculations, proposing the associative
route with the formation of an intermediate spe¢egboxyl) on Cu surfaces (Fajin et al.,
2009; Gokhale et al., 2008). Combining it with acrakinetic analysis, Gokhale et al.
(Gokhale et al., 2008) found very good agreemeivéen the modelling rates and the
experimental values, at 200 °C. The authors sugddkat the dominant reaction mechanism
involves CO oxidation by an adsorbed H@ydroxyl radical) to form an intermediate
species, followed by its decomposition through sprbportionation reaction (model 2,
equation 4.8).

Analysing Table 4.1, it is clear that similar apgraractivation energies were obtained

for the empirical model equations (32.84 kJ-frehd 34.98 kJ-mdlfor models 4 and 5,
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respectively). Those values are lower than the oepsrted in the literature, which range

between ca. 60 kJ-mbhnd 85 kJ-mdi (see Table 4.2). However, this might be explained
by the range of temperatures used in the paramesérmation and by the fact that most of

the data reported in literature were obtained atefotemperatures. To show that, the

parameters were estimated for the power law equé#bioa narrower range of temperatures,
180- 200 °C, Table 4.2. A value of 67.43 kJ-rifolvas then obtained, which is closer to the
literature reported values. Nevertheless, the gsttdbrmulation should be also taken into

account.

In what concerns the mechanistic-rate equationgshnower values were obtained for
the activation energy (cf. Table 4.1). A similarlua of 4.08 kJ-mdl, taking into
consideration the LH model 1 in the temperaturegeanf 180- 230 °C, was reported by
Amadeo and Laborde (Amadeo and Laborde, 1995).chedse of the activation energy was
also justified by the high water partial pressurehie reactant mixture that is responsible for
a increase of the rate of formate decompositiomsand Iwasawa, 1993).

Still for the power law reaction model, the reactmrders found for most of the reaction
species are in the range of values reported iratitee (see Table 4.2). The only exception is
the reaction order with respect to £Qur results revealed that the sensitivity ofri@ction
rate to the water partial pressure is higher tina towards CO, as it was also reported by
Ayastuy et al. (Ayastuy et al., 2008)vesen et al. (Ovesen et al., 1996) and Fishtik and
Datta (Fishtik and Datta, 2002). In the case ofrdection products, our data revealed that
the reaction rate is more sensitive to the,@@rtial pressure than to the hydrogen one. The
CO and HO reaction kinetics dependence decreases for lmagrerature¢180— 200 °C —
Table 4.2. This was also verified by Salmi and Hakkien (Salmi and Hakkarainen, 1989).

As referred above, much discussion exists arouagtbdominance of either associative
or redox mechanisms in the low temperature WGStimradJp to now, this study points out

to an associative pathway in the temperatures rafigh80— 300 °C (models 1 and 2).
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However, we have also considered the possibilityhaking a change in the WGS

mechanism with temperature. Therefore, it is atsdied, in a macrokinetic point of view,

the possibility of existing two different reactiooutes for temperatures ranging from 180 °C
up to 300 °C. To perform this analysis, the medtanmodels proposed (1, 2 and 3) were
tested to reach the best possible fit for the ken#dta at two different temperatures regimes:
180- 200 °C (lower-temperature), and30—- 300 °C (higher temperature). This temperature
range division was the one that originated the bestgs to the selected models. Table 4.3
shows the mean values of the estimated parametatiafed at a 95 % confidence level), for

the best fittings.

Table 4.3 — Calculated parameters for mechanistic-derived eguations (models 1 and 3) for
low- and high-temperature regimes, respectiveltingi errorsassociated to each paramedes

for 95 % confidence level, and computed using thédst fittings.

Parameter T =180- 200 °C T =230- 300 °C
LH (model 1) Redox (model 3)

Ko 1.188 + 0.000 1.841x10+ 0.210x10°

E, 36.658 + 0.000 6.710 +0.399

Keoo 2.283x10°* + 0.000x 10

K00 1.957x10°® + 0.000x1G®

Keo, .0 5.419x10 + 0.002x1¢"  6.343x10" + 0.727x10

Ki,.0 2.349x10" + 0.000x1¢

AH -45.996 + 0.158

AHy 0 -79.963 + 0.172

AH o, -16.474 + 0.009 -19.459 + 0.402

AH,, -13.279 +£0.192

Se 1.025x10P 5.817x10

As it can be seen in Table 4.3, the best fit ferkmetic data was obtained with models 1
and 3 for low- and high-temperature regimes, retbpedg; model 2 proved to produce worse
fittings in each temperature range. This indicated the rate-controlling mechanism for
each temperature interval should be distinct: astve (low-temperature) and redox

(high-temperature). Similar conclusions were akgmorted by Fishtik and Datta (Fishtik and
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Datta, 2002)on a Cu (111) catalyst in a wide range of tempees (100- 450 °C,

although these conclusions were reached throughicaokinetic model (based on the
transition state theory).

It is also noteworthy that the goodness-of-fit fach model is much better in this
narrower range of temperatures as compared tor¢laahed from 180 °C up to 300 °Se(
value of both models decreased to 1/3 of the pusviealue, cf. Tables 4.1 and 4.3). A
comparison between experimental rates and thosdicpgd by the mechanistic rate

equations for low- and high-temperature regimesh@wn in Figure 4.4.

0.06 0.14
0  LH Model 1 -T =180-200 °C 0 Redox Model 3 T=230-300 °C
0.05 - 0.12 4
= T 0101
& 004 ey 6
I+ ©
g Z 0.08 o
g 003 g
% = 0.06-
= = 0
g 0.02 S
= = 0.041
@
[
0.014 0.024
dgo 6%
0.00 & T T T T T 0.00 T T T T T
0.00 0.01 0.02 0.03 0.04 0.05 0.0€ 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
-1 el -1 L
(_rCO)exp (mOI'Qal h ) (-rCO)exp(mc’l'Qal h )

Figure 4.4 — Parity plots of the CO conversion rates obtaifmdmodels 1 and 3 in different

temperature ranges.

Despite the good agreement between calculated a&adured rates, the LH model tends to
underestimate the reaction rates obtained at e $pace time values. Contrarily, for the
same range of space time values, the Redox moalds ti® overestimate the experimental
data.

Finally, to validate the models (LH 1 and Redoxgoanparison was carried out between
the results predicted by both models and thosdardateexperimentally at 215 °C (values not

used for the parameters estimation). From Figube itt.can be seen that both mechanistic
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models fit adequately the experimental reactioasraibtained at this transition temperature.
This indicates the good quality of the parametstsration.

From this work, it can be proposed that the ternaopper-based catalyst can
accommodate the dissociative adsorption of watguired for a redox mechanism but also
the reactions needed to precede the associativeamism. Indeed, the WGS reaction can
proceed via either of the reaction mechanismsydlative rates of the two pathways being

probably influenced by the experimental conditigRfiodes et al., 1995), particularly the

temperature.
© LH Model 1-T=215°C
0.06 - A Redox Model 3 T=215°C
= 6
o
8
= 0.04 -
© 4 A
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)
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(_rCO)exp (mol- Qat-l' h-l)

Figure 4.5— Parity plot of the CO conversion rates obtaifeeanodels 1 and 3 at 215 °C.

4.4.3. Validation of the kinetic model and simulatn study

The kinetic model proposed was used for simula@ngacked-bed tubular reactor
carrying out the WGS reaction for the entire ranfexperimental conditions. This was used
for validating the composed kinetic model. The teamodel assumes plug-flow behaviour,

as described in section 4.2.3 (equation 4.17 wgréspective boundary condition).
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Figure 4.6— Parity plot of the predicted and measured CQrexsion.

As can be inferred from Figure 4.6, the packed-lbedctor model using the

composed kinetics predicts quite well the experit@lenonversion values in the range of

20 % to 100 %.

4.5 Conclusions

The kinetics of the WGS reaction over a commer@alO/ZnO/ALO; catalyst was
investigated using a typical reformate gas mixtarthe temperature range 80— 300 °C.
Three different mechanistic-rate equations weresiclemed to describe the WGS rate data in
the entire range of temperatures. The LH kineticdet® based on surface reaction of
molecularly adsorbed reactants and on the formatbna formate intermediate as
rate-determining steps showed good fit to expertaiatata. Empirical kinetic rate equations
were also proposed and evaluated for the WGS oeaddimong these, and for the operating

conditions, the best fit was obtained for a pova&r €quation.
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Further investigations using two different temperatregimes for parameters estimation,
180- 200 °C (lower-temperature), and30- 300 °C (higher temperature), revealed a better
goodness of fit and thus support the existenceigiindt rate-controlling mechanisms for
these two temperature ranges: associative/LH (madel lower-temperature) and redox
(model 3 — higher-temperature). A good quality bé tparameters estimative for each
mechanistic model was also shown by fitting the et®do experimental data not initially
used in the numerical optimisation (i.e. at anrimidiate temperature of 215 °C).

Finally, an isothermal plug-flow reactor model wased to simulate the packed bed
tubular reactor for the WGS reaction for validatthg combined kinetic model. The reactor
model was assessed against the measured CO comvarsi satisfactory agreement was
found between model predictions and experimentslilte (average absolute deviation of

ca. 3.5 %).

4.6 Nomenclature and Acronyms
a' specific external surface area of the catalysiglar(a'=6/d, for spheres) [

abcd apparent reaction orders for CO(H H, and CQ, respectively

Cd CO concentration at the surface of the catalygtqgte [mol-n?|
CS, CO concentration in the bulk phase [mof]m

c, specific heat capacity of the gas mixture [k3-kg]

d, catalyst particle diameter [m]

D,, dispersion coefficient in the axial direction?st]

Do, mix diffusivity of CO in the gas mixture [frs’]
D, internal diameter of the reactor [m]

D, effective mass diffusivity in the catalyst pamtight-s']

E activation energy for the WGS reaction [J-Hol
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HT

LH

LT

Nexp

Y
PEMFC

P

t

Qfeed
0

R

(_rCO )exp

heat transfer coefficient between gas and pafticte® s*-K™]
high temperature

species involved in the reaction (CO{ CG, or Hy)

rate constant for the WGS reactiandl (g, [(h™ [(Pa"]

cat

pre-exponential factor of the rate constamo[[g, [h™ [(Pa"]

cat

mass transfer coefficient [rif]s

rate constant evaluated at the mean temperatyremol (g, [h* [(Pa"]
equilibrium constant for the WGS reaction

adsorption equilibrium constant of speciegPa" or P&
pre-exponential adsorption equilibrium constdrgpeciesi [Pa’ or P&
adsorption equilibrium constant of speciesvaluated af, [Pa" or P&

characteristic catalyst dimension (for sphenpzaticlesL =d, /6) [m]

catalyst bed height [m]

Langmuir-Hinshelwood
low temperature
reaction order

total number of experimental values
number of parameters in the model according t&#test

partial pressure of compondrPa or bar]
polymer electrolyte membrane fuel cell
total pressure [Pa or bar]

feed volumetric flow rate [m{:min’]

ideal gas constant [J-rifeK™]

rate of consumption or formation of spedi¢snol [, [h']

cat

observed reaction ratenpl &, [h']

cat
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(_rCO) pred
RDS
S

Se

W,

feed
cat / FCO

WGS

predicted reaction raterjol (&, Ch™]

cat
rate determining step

catalyst active site

criteria for comparing goodness-of-fit of the difént models

absolute temperature [K]

bulk phase temperature [K]

temperature adopted in the centering of the Aiitteeand van’t Hoff equations [K]
surface particle temperature [K]

superficial velocity [m§

space time [g¢h-mot']

water-gas shift

carbon monoxide conversion

feed molar fraction of componeint

axial coordinate of the reactor [m]

Dimensionless numbers

Ca

Pe,

Pr

Re,

Sc

_robs
Carberry numbe Ca:m
a'k Co

8b ax

. ud
particle Peclet numbe{rPep = P ]

C
Prandtl numbeE Pr= ;—'UQJ

9

. _ Pgud,
catalyst/particle Reynolds numbeRe, =———
Hg

Schmidt numbe(Sc: Lj

pg CO, mix
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NISEN mass transfer and heat transfer J factor, respectively

k
(JD:FfS(f’?’and\Lz h PF”‘J

C,up,

Greek Letters

B term for the backward reaction or approach toldxisim B:mi
Pco szo Ke
. . . (_AHr ) kf cho
B adimensional number for extraparticle heat trarsg®, = T
b
i i i ; |(_AHr ) Deff Céo
B adimensional number for intraparticle heat transpp. =‘ T ‘
eff 's
: E
Yo external Arrhenius numbery, =—2
OT,
, . E
Y, internal Arrhenius numbery, = —2
OT,
AH, heat of adsorption of componerid-mol']
AH? standard heat of reaction [J-ifjol
AR, pressure drop in the catalyst bed [Pa]
AT ..am  Maximum temperature difference between the bak ghase and the particle surface
[K]
AT o parice  MNAXIMUM temperature variation between pelleteresntd its surface [K]
€ void bed fraction
€, catalyst volume void fraction
n internal effectiveness factor
s n-1
. . _ o |(n+1 k(C ) _ .
@ generalised Thiele modulusg=L — o (k= rate constant per unit
eff

volume [(mol-m'?’)n_1 53))
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Mo effective thermal conductivity of the catalystfit-s*-K™]
Mg gas mixture thermal conductivity [J'ns™-K™]

i (dynamic) gas mixture viscosity [kg'ns']

Py catalyst bulk density [kg-fh

Py gas mixture density [kg-Th

r catalyst tortuosity factor

o) Wheeler-Weisz moduluéﬂ) = n(p?)

Vi stoichiometric coefficient of speciés
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Chapter 3

Enhancing the Production of Hydrogen via
WGS reaction using Pd-based Membrane
Reactors

In this chapter, it is described an experimentaidst regarding the performance of |
Pd-Ag membrane reactor recently proposed and sl@tédr the production of ultra-pureg
hydrogen. A dense metallic permeator tube was dsdsenioy an innovative annealing an
diffusion welding techniqgue from a commercial flasheet membrane of Pd-Ag.
“finger-like” configuration of the self-supportedembrane has been designed and used g
packed-bed membrane reactor (MR) for producingagfture hydrogen via water-gas shi
reaction (WGS).

A CuO/ZnO/AlO; catalyst, from REB Research & Consulting, was deeghacking the
WGS membrane reactor. The performance of the reaets evaluated in terms of C(
conversion and krecovery in a wide range of conditions: temperatdrom 200 °C to
300 °C, feed pressure from 1.0 bar to 4.0 bar, vatland sweep gas modes and wit
simulated reformate feed (4.70 % CO, 34.78 %@H28.70 % H, 10.16 % CQ balanced in
N,). Also, the effect of the reactants feed commsivas investigated and discussed.
conversions remained in most conditions above tieentodynamic equilibrium based o
feed conditions. In particular, it is worth menting that around 100 % of CO conversio

and almost completeHecovery was achieved when operating the MR at°80@ith a feed

space velocity of 1200utkg.a*-h?, a retentate pressure of 4 bar, a permeate pressdr

3 bar and using 1 {:min* of sweep gas.

The contents of this chapter were adapted from:ddsnD., Chibante, V., Zheng, J.-M., Tosti, S.,
Borgognoni, F., Mendes, A., Madeira, L. M., Enhaigcthe production of hydrogen via water-gas
shift reaction using Pd-based membrane reaclats.J. Hydrogen Energy01Q accepted for
publication.
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5.1 Introduction

In recent years, many researchers have focused dkttention in the use of Pd-Ag
membrane reactors for the WGS reaction. A reviewedag the application of Pd-based
MRs is presented in Chapter 2. Among the worksntedacso far, it is worth mentioning the
Pd-based membranes that are made of self-suppontie@l foils with thickness of
25-100um due to their full permselectivity towards hydrogétevertheless, some issues
related to membrane lifetime remain to be solvedh\Whis concern in mind, Tosti et al.
(Tosti et al., 2006) developed a new Pd-based pmonetube, in a “finger-like”
configuration, which reduces the restrictions betmvéhe membrane tube and the module
and avoids the presence of any mechanical (cysiiesses, assuring a long lifetime and no
change in the Kseparation ability.

Most of the experimental and modeling studies coring Pd or Pd-Ag based WGS
reactors and reported so far devoted their attertbothe reaction conversion enhancement
(Adrover et al., 2009; Basile et al.,, 2001; Hwang at, 2010). In fact, a detailed
experimental study on the effect of all operatioparameters (temperature, reaction
pressure, feed flow rate and reactants feed commposin terms of H recovery has been
hardly addressed, with the exception of very fewkso(Bi et al., 2009; Brunetti et al.,
2009). Moreover, most of the simulation studiessider reaction rate models taken from the
literature, where the effect of GOnhibition on the reactor performance (Ma and Lund
2003) is not properly accounted.

Ideal feeds (CO and J@ balanced in an inert gas) and/or very specifierajng
conditions are typically tested in MRs, in partein the Pd-Ag “finger-like” self-supported
membranes, conceived specially for the ultra-py@rdgen production. Indeed, only very
few works studied this type of MR for the WGS réactand the operating conditions
reported are limited and very different from thasethe present work. Therefore, the

objective of this study was to assess the perfoomagboth in terms of conversion
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enhancement and,Hecovery) of such MR employing a CuO/ZnOf®4 catalyst using
simulated reformate gas mixture. In particularwds addressed the effect of the reaction

temperature (from 200 °C to 300 °C), reaction pmeséin the range of- 4 bai), feed gas
hourly space velocity(1200- 10800 |, Okg, O R , reactants gas feed composition, and

different MR operation modes (vacuum and sweepngages). For improving the hydrogen
permeation and the reaction rate it is desirablestohigh feed pressures. In this work, a new
strategy was employed to operate this MR at (nedft) high feed pressures (up to 4 bar,
clearly above the ranges tested so far with thésesy). This was made possible feeding the
sweep gas at a higher pressure so that the maxiprassure difference that the Pd-Ag
membrane can withstand was assured.

The conversions attained in this work were also gan@d with the thermodynamic one
based on the inlet conditions (temperature and ¢eegposition) — maximum limit attainable
in a conventional packed-bed reactor. The resulieeveompared, whenever possible, with

literature data.

5.2 Experimental Section

5.2.1 Membrane tube preparation and module assempl

The thin wall permeator tube was prepared startiogh a commercial 5¢sam Pd-Ag
sheet (with 25 wt.% Ag). To reduce the metal hasdné& was carried out the annealing of
the metal alloy foil (Tosti et al., 2000a). The hgaatment was performed in a high-vacuum
(< 10* mbar) oven, to avoid oxidation, with a heatingaatf 5 °C-mif* up to 900 °C,
staying at this temperature for 1 h. This thin mé&id has been cut to measure, providing
however a sufficient side margin to allow the edigebe overlapped in the area of welding.
Subsequently, the metal alloy thin foil has beeapped around an alumina bar in order to

obtain permeating tubes of length 50 mm and intedi@aneter 10 mm and proceed with the
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joining of the limbs by a diffusion bounding weldinThis welding technique consists in a
thermal treatment (under the same operating camditof the annealing process) where the
limbs of the metal foil, overlapped and compressed special device, are joined mainly
because of the silver atoms diffusion in the malialy. To apply a controlled pressure over
the overlapped limbs of the Pd-Ag tube, a thermatmaical press consisting of Incohel
plates and Invar screws is used. During this skefmil of mica (flogopite) with thickness
25-40um comes arranged between the press and the limihe ¢fd-Ag tube to avoid the
diffusion of the Pd and Ag atoms to the press dutire heat treatment. A dynamometric key
is finally used to allow a controlled and preciggtening over the welding area. Finally, the
Pd-Ag tube with 50 mm of length has been joined &iainless steel VCR connection and a
steel plug by brazing. In this way, the permeatas the stiffness needed to assure a tight
assembly into the membrane module. Figure 5.1 slaoscheme (a) and a picture (b) of the
thin wall permeator tube, which has been insenéula stainless steel module.

a) b)
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Figure 5.1- Scheme (a) and picture (b) of the Pd-Ag “fintilee” configuration membrane reactor.

The assembly of the Pd-Ag membrane has a “finggef-kconfiguration in order to allow
the membrane elongation and contraction due tohgfgrogenation and thermal cycles.
Long-term tests (1 year) already demonstrated theaptete hydrogen selectivity and

durability of these permeators, showing no fornratod defects (holes and cracks) (Tosti et
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al., 2006). As can be seen in Figure 5.1, a stsgngteel tube (O.D. 1/16 inch) is inserted
inside the Pd-Ag membrane in order to feed thestiam; the retentate chamber is in the

annular section.

5.2.2 Experimental setup

Mass flow controllers (Bronkhorst Hi-Tec, model E2@vere used to feed pure hydrogen
or gas mixtures to the MR (cf. Figure 5.2). For exments involving humidified gas
streams, deionized water was metered, vaporizednaimdd in a Controller Evaporator
Mixer (CEM, Bronkhorst) system with the other gabe$ore entering the reactor. The MR
was encased in an electrical oven (Memmert, typ&200), controlled by a programmable
temperature controller. A thermocouple was insettedugh the top of the reactor for
reading the membrane surface temperature (permeaiite), approximately at the axial
center. The pressure in the lumen/feed side wassune@d using a pressure transducer
(Druck, ref. 4010, 7 bar) and adjusted using a faeksure regulator (Swagelok); a second
pressure transducer (Druck, ref. 4010, 5 bar) abdc#-pressure regulator (Swagelok) were
used to read and regulate the shell side presBufferent operation modes were used to
produce a pressure gradient between lumen andsstiell(i) permeate chamber was open to
the atmosphere, (ii) nitrogen was used as sweepgdgiii) the shell side was continuously
evacuated using a diaphragm vacuum pump (Thomasidmsnts, ref.: 7011-0069). In this
case, the permeate feed was closed using an ealgé - Figure 5.2.

The reactor outlet stream (retentate) was passedgh a condenser at room temperature
to remove the condensable water. The dried gasstoesmn flow rate was measured using a
mass flow meter (Bronkhorst Hi-Tec, model F201) Efure 5.2); the permeating hydrogen
stream was also read using a second mass flow gBetarkhorst Hi-Tec, model F201). The

gas phase products,NCO and CQ were analyzed in a gas chromatograph (Dani 1000
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Figure 5.2 — Scheme of the experimental set-up (BPR: bacgspire regulator; CEM: controller-
evaporator-mixer; GC: gas chromatograph; MFC: nfiass controller; MFM: mass flow meter; P1

and P2: pressure transducers; T: thermocouple).

GC), equipped with a chromatographic column Supebaboxen 1010 Plot, 30 m X
0.32 mm I.D., and a TCD (Valco thermal conductiwdgtector); helium was used as carrier.
The relative errors of carbon and nitrogen moldamees were typically lower than 5 %.
Regarding hydrogen, it is difficult to analyze it BC-TCD since the thermal conductivity
of hydrogen is close to that of helium, used asi@agas. Therefore, the,ltomposition in
the retentate stream was calculated from the makmde (difference from 100 %, dry
basis). Further details concerning the analysishatktcan be found in chapter 3 and

Appendix A.

5.2.2.1 Permeation experiments

Pure hydrogen was fed to lumen side (cf. Figurgsabd 5.2) with pressure ranging from

1.1 bar to 2.5 bar, temperature ranging from 20@*@00 °C and flow rate ranging from

50-190 mL, Omin*. Permeance was measured using the stainlesspsteatator sketched
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in Figure 5.1. Upon heating the module, the menmdboraas kept in a Natmosphere until the
desired temperature was reached, themvés introduced. The Heed gas flowed along the
inner side of the membrane and the permeatingmstfeav rate was measured on the shell
side at atmospheric pressure with a mass flow nadter steady state (approximately 1 h)
had been achieved, at the operating temperatuesste differences between retentate and
permeate sides were obtained by varying the pressuthe upstream side and keeping the
downstream pressure constant at 1 bar. Neitherpsgasnor vacuum was used. Pressures in
the two sides of the membrane tube were monitoie@nressure transducers. Frequently, the
selectivity of the membrane was obtained agairntsbgen. When nitrogen was introduced
pressurized in the retentate chamber and the lwsed, no decline in the pressure was
noticed after 8 hours, confirming the full hydrogparmeation selectivity of the Pd-Ag

membrane.

5.2.2.2 WGS reaction tests

In chapter 3, a commercial CuO/ZnO/B% catalyst, supplied by REB Research &
Consulting, was evaluated (among other promisimgpéas) to catalyze the WGS reaction.
The copper-based catalyst showed the best relatibwity/stability for the entire range of

temperatures teste 50— 300 °C using a simulated reformate feed composition.hiis t

chapter, the WGS reaction was performed in the éezatpre range00- 300 °C by packing

a certain amount of the same catalyst into the tusige of the MR (cf. Figure 5.1a). Prior to
the reaction runs, the WGS catalyst was activatesitu with a mixed gas flow of HN,.
The pre-reduction protocol considered heating tlaalgst, in nitrogen, from room
temperature up to 230 °C, at 5 °C-Thithen, a reduction mixture (5 vol.% of/M,, total
flow rate of 100 mk-min') was admitted and the sample maintained at 2301°6 hours.
After reduction, the catalyst was cooled or heatethe reaction temperature (analyzed in

the range 200- 300 °C() and the reactor flushed with,Norior to feeding the reaction
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mixture. Overheating of the catalyst bed and subsetgmetal particles sintering during the
reduction was avoided controlling closely the hypno feed flow rate. The CuO/ZnOAG);
catalyst (1.5 g) was diluted with glass spherethefsame particle siz€50— 355um) to
avoid temperature gradients in the bed (checkedqusly in a packed-bed reactor), caused
by the exothermic reaction. During the experimeogahpaign, in the absence of the reaction
mixture, the system was kept underdtimosphere to avoid re-oxidation.

The reaction tests were carried out using theioiig feed gas composition: 4.70 % CO,
34.78 % HO, 28.70 % H, and 10.16 % C@balanced in B which simulates a reformate

feed. The reaction pressure (that is, the presautee lumen side of the membrane) and the
feed flow rate were varied in the range 4 bar and 30— 270 mL, Omin*, respectively. In

the first set of experiments, hydrogen has beeovezed in the shell side of the membrane
cell by vacuum pumping (shell side pressure ~ 3@nnidhen, nitrogen was fed to the shell
side (sweep gas), at a flow rate ranging from Q300 mly-min™, counter-currently, to
decrease further the hydrogen partial pressurein@uhis procedure, the total pressure
gradient between lumen and shell side was mairdaatel bar (for mechanical reasons).
Additionally, to simulate the performance of a pedked reactor (PBR from now on) for
posterior comparison with the MR operation, thenpeate chamber was closed and data
taken after steady-state was achieved.

The influence of the most important operating Maga (i.e. reaction pressure,
temperature, steam-to-CO ratio, feed space velaity sweeping gas flow rate) on the

reaction conversion and,iecovery were studied.

5.3 Results and Discussion
The catalytic performance and separation abilitytrd Pd-Ag membrane reactor for

conducting the WGS reaction have been evaluatetenms of the steady-state carbon
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monoxide conversionX.,) and hydrogen recovengrg, ). Both parameters were calculated

according to equations 5.1 and 5.2, respectively:

F R, out
Xeo =1- ch — (5.1)
(efe]
F P, out
Re, = He (5.2)

~ R, out P, out
FHz + FHz

where F is the molar flow rate. The superscriitandP stand for retentate and permeate

chambers, respectivelyy andout means inlet and exit of the reactor, respectively.

5.3.1 Permeation tests

The H mass transfer through thick palladium-based mengzrat high temperatures
(> 150 °C) is usually rate-limited by the diffusiafi hydrogen through the metal lattice
(Paglieri and Way, 2002) and is described byRio&’s law:

dc,,

I

(5.3)

where J is the hydrogen diffusion flux through the metattice, D,, is the effective
diffusion coefficient of atomic hydrogen, ai@@}, is the atomic hydrogen concentration at the
spatial positionx along the membrane thickness.
C, is related to the hydrogen partial pressum, , by Sieverts’ law (equilibrium
conditions) (Paglieri and Way, 2002):

C,=Si’ (5.4
where S is the sorption coefficient of hydrogen in thetitd. If the sorbed hydrogen is in

equilibrium with gas phase at both membrane susfaoembining equations (5.3) and (5.4),

and integrating for the membrane thickneésspne obtains:

3, = ng (\/ﬁ—\/ﬁ) (5.5)
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whereL,, is the hydrogen permeability.

Equation (5.5) is valid for defect free membranks.account also for the mass transport

through defects the previous equation is normatijten as:

o " - ﬂfzn) (5.6)
where n stands for the power dependency of the hydrogererdration on its partial
pressuren ranges from 0.5 to 1 and should be obtained @xpetally (Dittmeyer et al.,
2001).

Assuming that the mass transport is controlledheydiffusion of atomic hydrogem &
0.5) within the temperature range considered, thlationship between the hydrogen

permeability and the temperature can be descrigehBrrhenius-type equatio(Dittmeyer

et al., 2001):

L, =L ex _E (5.7)
2 e oT

Combining expressions (5.5) and (5.7) Riehardson’s equatiois obtained:

L, ex;{—DE_T_J
3, = (ﬁ —\/EPZ) (5.8)

)

The permeation tests carried out at different weemabrane pressure differences and

temperatures were used for obtaining the parametezquation 5.6 I(,, andn) and further

its permeation activation energ#”. In Figure 5.3, the results presented indicat¢ thea
permeation rate of His directly proportional to the difference betwdbe square roots of
the H partial pressure in the retentate and permeags $id= %2 in equation 5.6, determined
by regression — data not shown). This shows thatntlass transport is controlled by the

diffusion of atomic hydrogen through the Pd-Ag meame —Sieverts’ law
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The experimental permeability values towards (i, ) at different temperatures)

were then used to estimate the activation energyHfopermeation. Table 5.1 reports a

comparison of the permeation parameters for Pdebasembranes typically found in the

literature with the ones from this work.
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Figure 5.3— Hydrogen flux through the 50n thick Pd-Ag membrane as a function of the diffierse

between the square root of hydrogen partial pressuhe retentate and permeate sides.

Table 5.1— Apparent activation energy and pre-exponengieidr for hydrogen permeation through

dense Pd-Ag membranes determined in this work aehtfrom the literature.

EP/kJ-mort L%,/ mol-m-ni.s™.Pa®® Reference
10.72 5.44x10° This work
11.24 6.64x10° (Tosti et al., 2006)
17.60 2.06x10" (lulianelli et al., 2008)
18.45 3.23x107 (Uemiya et al., 1991a)
18.56 3.85x10" (Davis, 1954)
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The calculated values for the permeation activagarrgy and pre-exponential factor

(L‘,:Z) are in good agreement to other experimental @ataJso shown in Figure 5.4.
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Figure 5.4— Hydrogen permeability versus temperature folRtidased membrane of this work and
others reported in the literature. The line repmesdhe regression of data from this work with

equation 5.7.

5.3.2 WGS reaction in the Pd-Ag MR

In this section the performance of the Pd-Ag MRhgsa copper-based catalyst for the

WGS reaction is analyzed. Such evaluation (perfdrmeterms of catalyst activity X, -
and separation ability Re, ) takes into account the effect of the most impurgperating

variables. Each data point in the graphs resultsnfrithe average of at least three

experiments.
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5.3.2.1 Influence of the reaction temperature

Figure 5.5 illustrates the CO conversion in the Wf@e&ction and the Hrecovery

obtained in the Pd-Ag MR as a function of the terapge. In this section, hydrogen was

collected in the permeate side of the membrane tadiuvacuum pumpingR® ~30 mba,
vacuum mode). A feed pressure of 1.1 bar and a GK#¢ hourly space velocity) =

3200 Ly-kgeai*-h* were used. The dotted curve shows the WGS themawmaig equilibrium

conversion XZ3) calculated based on the inlet reformate gas caitipp — see chapter 2.
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Figure 5.5 — Influence of the reaction temperature on the dd@version and Hrecovery for the

WGS reaction over a Cu-based catalyst in packedrbadtor and in Pd-Ag MRP{ = 1.1 bar,
P? ~30 mbar (vacuum mode), GHSV = 320Qkg.;"-h", and feed composition: 4.70 % CO,
34.78 % HO, 28.70 % H, 10.16 % CQ@balanced in }y.

At conditions close of a packed-bed reactor, thed@@version for 200 °C is below the
equilibrium conversion due to kinetic limitationsf.(Figure 5.5). With the increase of the
temperature the kinetics is favored, and thus ti@&S/onversion in the PBR approaches the

thermodynamic limit, which is not favored by theothermic nature of the reaction (and is
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thus smaller than at 200 °C). Operating with theABdVIR, X, is enhanced in the entire

range of temperatures used. In particular, the shifthe conversion is more noticeable at
higher temperatures because of the largeeXraction from the reaction zone despite the
lower H, partial pressure in the retentate side (lower @anmonoxide conversion). Even
though the H recovery and kinetic rate are both improved byperature (especially up to
250 °C), CO conversion in the MR is penalized bgriiodynamic constraints of the
exothermic WGS reaction.

For the MR properties and operating conditions uselis work, higher CO conversions
(98.0- 98.5 % can be reached at lower temperatures (< 230 °@renthe equilibrium
conversion is favored (cf. Figure 5.5). This obaéion highlights the fact that Pd-Ag MRs
can be advantageously used also in terms of ensmgings when compared with the
conventional reactors.

The optimum performance of a Pd-Ag MR conductirggWGS reaction should balance
a high CO conversion and a high kecovery. Despite the equilibrium conversion being
favored for low temperatures, this is a very limiticondition in terms of Hrecovery. As it
can be seen in Figure 5.5, the lowest recovétyg, ( ~8 5 %) was obtained at 200 °C. As
mentioned previously, Hpermeation through dense Pd-Ag membranes is aunatsct
process; thereforelRg, is not favored when operating at lower temperatuire addition, it
is well-known the blocking effect of the Pd memlgasurface sites caused by CO for
T < 350 °C (Mejdell et al., 2009); this inhibitorjfext decreases with temperature because
less CO is adsorbed on the membrane surface. Thenients of the fHrecovery were more
evident at temperatures < 250 °C (specificallypimywing from 200 °C to 250 °C) where the

H. permeation kinetics are rate limiting. Above 260 Re, did not increase significantly

due to the compromise between the kinetic ratq@WGS reaction, hydrogen permeation



Enhancing the production of¥ia WGS reaction using Pd-based membrane react{iERX NN

through the membrane and the thermodynamic contgraf the WGS reaction. This fact
was also recently observed by other authors (BI.e2009).

In order to improve the performance of the MR diéset in this work, in particular
hydrogen recovery, other relevant operation pararsetvere studied as described in the

following sections.

5.3.2.2 Influence of the feed space velocity

The space velocity was varied by changing the femd rate while keeping the amount
of catalyst constant. The effect of feed spaceoigi@n CO conversion and;Hecovery was
investigated by performing the WGS in the Pd-Ag bfferating in vacuum mode (simulated

PBR performance is also included for comparisohg flesults are indicated in Figure 5.6.
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Figure 5.6 - CO conversion and Hecovery as a function of the gas hourly spacecitgl (GHSV)
for the WGS reaction over a Cu-based catalyst iokgdbed reactor and in Pd-Ag MR

(PF =1.1bar, P° ~30 mbar (vacuum mode) and feed composition: 4.70 % CO78% HO,
28.70 % H, 10.16 % C@balanced in B.

The results show a CO conversion enhancement hati?t-Ag MR as compared to the PBR
for the entire range of space velocities. Moreo@D, conversions at 300 °C remained above
the thermodynamic equilibrium value (curve not shdar simplicity) for the entire range of

feed space velocities tested. The shift on the e@mn (MR vs. PBR) becomes higher at



Use of Pd-Ag Membrane Reactors in the Water-Gd$ Beaction

elevated temperatures, where theretovery is also favored, in line with the resst®wn
in the previous section. From Figure 5.6, it isaclthat lower levels of CO conversions and

H, recoveries are obtained as GHSV increases (ekmet ., in the PBR at 300 °C because

conversions close to the thermodynamic limit aveags reached). In fact, higher feed space
velocities lead to lower residence times, whichdisadvantageous in terms of generation

as well as in terms of Hoermeation through the Pd membrane. Particulat!200 °CX_,

decreases from ca. 99.0 % to ca. 75.9 % — cf. EiguB. For higher temperatures such
decrease is less noticeable, due to the fact thdgrusuch conditions conversion is already
close/above the thermodynamic one and the memipemmeeation is higher (see also Figure
5.5).

The effects of the GHSV obtained in this work ameline with the trends reported in
other works (e.g. (Bi et al., 2009; Criscuoli et @D00; Uemiya et al., 1991b)). In particular,
Uemiya et al. (Uemiya et al., 1991b) studied the SM@action in a 20-um thick palladium
composite membrane obtaining a conversion enhamdefram 75 % to 94 % when the
GHSV was decreased from 2150 to 2%&kb...*-h' (12 g of a ferrochrome catalyst; ideal
feed mixture — HO/CO = 1; 400 °C; feed at atmospheric pressuresesegping the permeate
with Ar).

As shown in Figure 5.6, the MR operating at 300e%@ GHSV = 1200 {-kg.*-h*
produces a maximumjtecovery of 44.3 %. In this work, the Iecovery dependence with
the space velocity follows an exponential decagdrevhatever the temperature used. Bi et
al. (Bi et al., 2009) observed a quick and lineacay on the Krecovery (from 84.8 % to
48.7 %) with an increase of the space velocitynffd050 to 9100 f:kgeai -HY).

From Figure 5.6, it can be seen that very similarrétoveries were obtained for all
range of GHSV tested at 280 °C and 300 °C. Thisbeaexplained by the above mentioned
compromise between the hydrogen permeation anddbiibrium constraints of the WGS

reaction.
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5.3.2.3 Influence of the feed pressure

For a successful application of Pd-Ag MRs in the 8V&action it is important to
achieve high hydrogen permeation rates. This caaché&ved by increasing the hydrogen
partial pressure difference between retentate anchgate sides and hence maximizing the
driving force for hydrogen permeation (see equafids). One method to accomplish this is
to increase the feed pressure despite it does niltence the WGS reaction from a
thermodynamic point of view. Other options are dasing the permeate chamber pressure
by applying vacuum to the permeate side, or byyapgla sweep gas.

In the next sections, the effect of the feed pmessuthe MR performance was studied
for different operation modes (at a GHSV = 12QQkKg..:*-h%): (i) vacuum mode — the
permeate chamber was continuously evacuated byuwaq@umping (the vacuum pressure
was limited to ~ 30 mbar), and (ii) sweep-gas medstrogen was supplied to the permeate
side in a counter-current manner to sweep the padehydrogen. From the mechanical

point of view, it is worth noting that the differem between the lumen and external (total)
pressure cannot overcome 2 bar. Moreover, the poémisure gradienAP = P7 - P”) must

be always positive in order to avoid the collaps¢he membrane. Having these issues in
mind, a new strategy, at least never tested farkimd of membranes, allowed us to achieve

(relatively) high pressures by using a pressurgeeep gas, as shown below.

a) Vacuum and sweep gas mode

Figure 5.7 illustrates the influence of feed pressan CO conversion for the WGS and
H. recovery obtained in the Pd-Ag MR. For the samenpate pressure (~ 30 mbar), the
results show that CO conversion ang técovery increased substantially with the feed
pressure. Particularly, at 300 °C the increase eefd fpressure from 1.1 bar to 2.0 bar

promoted notably the Hecovery, from 44.4 % to 84.2 %, driving up CO wersion from
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96.6 % to 99.1 %. The effect of the feed presssir@scribed to a higher permeation driving
force, as mentioned above. However, it has alsosdipe effect on the WGS reaction rate.
The CO conversion and;Hecovery obtained with the Pd-Ag MR operating aresp

gas mode as a function of the feed pressure, kgepinstant the overall pressure difference

AP = P" -P" =1 bar, is shown in Figure 5.8.
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Figure 5.7- CO conversion and Hecovery as a function of the feed pressure ®MIGS reaction
in the Pd-Ag MR operating in vacuum mode (GHSV 90 2y-kg..:-h™, feed composition: 4.70 %
CO, 34.78 % KO, 28.70 % H, 10.16 % CQ@balanced in .

The use of sweep gas acts positively on the lgairgpermeation, thus allowing a
higher K recovery and enhanced CO conversion — cf. Fighrésand 5.8. Comparing the
MR operating modes (for the same feed pressurghehiconversions and,Hecoveries are
achieved when the permeated hydrogen is swepttbygen. This is a consequence of the
vacuum pump limitations.

From Figure 5.8, one can see that the increaseaaf pressure from 2.0 bar to 4.0 bar
raised the Hrecovery from 90.8 % to 99.2 %, enhancing the G@version from 99.6 % to
100 %, at 300 °C. The decay on CO conversion indhgerature range studied is almost
unnoticeable when Nsweeps the permeated. Dn the other hand, the improvement on the

H, recovery is more evident. It is thus remarkablat tbnder moderate conditions of
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temperature and pressure, almost complete CO csiomeand total kKirecovery have been

achieved.
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Figure 5.8— CO conversion and Hecovery as a function of the feed pressure f@eMIGS reaction
in the Pd-Ag MR operating on sweep gas mode @Weep gas flowrate = 1 ylmin®,
GHSV = 1200 ly-kge.i-h™, feed composition: 4.70 % CO, 34.78 %(H 28.70 % H, 10.16 % CQ

balanced in .

To the best of our knowledge, only a few experirakestudies concerning the evaluation
of the feed pressure effect on the WGS reactiorewarried out on Pd-based MRs (e.g.
(Basile et al., 1996; Pinacci et al., 2009)). AlBo,et al. (Bi et al., 2009) obtained & H
recovery enhancement, from 40.5 % to 89.2 %, a@Daconversion improvement, from
86.0 % to 95.5 %, but by increasing the feed presfiom 4 bar to 12 bar (at 350 °C and
GHSV = 4050 ly-kg.ai*-h* with no sweep gas).

It is important mentioning that, for real applicats, a balance should be done between
the positive effects due to a pressure increagsaeMR performance (higher CO conversion
and hydrogen recovery) and the consequent disaalyesin terms of operating costs linked

to the feed compression.
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b) The effect of sweep gas flow rate

As mentioned above, a sweep gas stream can betosadintain a high K partial

pressure gradient across the membrane, promotingc@®ersion and Hrecovery. The

influence of the sweep gas flow rate ofy, and Rg, was studied and the results are

indicated in Figure 5.9. The reaction was carriatlio the P"

temperatures of 200 °C and 300 °C.
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Figure 5.9- CO conversion and Hecovery as a function of the sweep-gas flow fatehe WGS
reaction in the Pd-Ag MR (GHSV = 120Q,kg.,;-h", feed composition: 4.70 % CO, 34.78 %H

28.70 % H, 10.16 % CQ@balanced in }.

From Figure 5.9, it can be seen that CO conversioth H recovery are generally

favored when the sweep gas flow rate is increabled.positive effect of the sweep gas flow

rate is related to equation 5.5. In other words,rfzyeasing the sweep gas flow rate the
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hydrogen partial pressure in the shell side deesagsulting in a higher driving force for
the hydrogen permeation. So, therelcovery is promoted, favoring the CO shift.
Due to the high conversions achieved, improvemargsmore clearly visible when the

system operates with sweep-gas in the range offlow rates. Particularly, at 200 °C,

P" =4.0 bar and P” =3.0 bar, the H recovery increases from 57.3 % to 66.8 % when the
sweep flow rate increases from 100 to 100Qmiin™. Operating at 300 °C and at the same
pressure conditions, the recovery increased frorh 96to 99.2 %.

Slight decreases on CO conversion anddt¢overy are observed when using sweep gas
flow rates higher than 1000 mimin*, particularly at 200 °C. The use of a very higtesp
gas flow rate can lead to a small temperature dseren the outer surface of membrane,
decreasing the Hoermeability Arrhenius law— equation 5.7).

The positive effects of the sweep-gas flow rate again in accordance with literature
data. In particular, Tosti el al. (Tosti et al.,0B®) report CO conversion enhancement from
84 % to total conversion when the sweep gas flote mmas increased from 230 to
470 mLy-min®. The authors used a MR containing a membranetaaeanly to hydrogen
(60-um Pd layer on a ceramic support) operating at 83arfd using the stoichiometric feed
ratio (H,O/CO = 1) containing only CO plus,8.

It is interesting to highlight the fact that theeusf a sweep gas plays a more important
role in the improvement of the CO conversion whiee MR utilizes a membrane 100 %
selective to H This occurs because otherwise there is permeafiother reactants through
the membrane to some extend. Criscuoli et al. ¢Gak et al., 2000) performed the WGS
reaction on a mesoporous MR &t= 322 °C, HO/CO = 0.73 with both retentate and
permeate pressures at 1 bar. A decrease in theo@@rsion was observed for sweep gas
flow rates higher than 100 mtmin® due to the counter-diffusion effect of, Ksweep gas)

from the shell to the reaction side.
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5.3.2.4 Influence of the steam-to-CO ratio

Commercial processes involving the WGS reactioroperated in the presence of excess
of steam (i.e. high steam-to-carbon monoxide ratms$avor the equilibrium shift. However,
from an economic point of view, the large amount whter vapor required is
disadvantageous because it increases the energyroption (in its vaporization). On the
other hand, Pd-Ag MRs must possess versatilitypierate with WGS feeds from different
reforming processes and hydrocarbon feedstocksrefidre, the study of the reactant’s
molar fraction effect on the WGS MR performancengan important relevance.

The studies concerning the influence of the CO Ba@® content in the feed were

performed in vacuum mode for a better qualitatival@ation of the Pd-Ag MR performance.
The WGS reaction was conducted at GHSV = 12Qkd..~-h*, P* =1.1 bai and in the

200- 300 °Ctemperature range.

a) Influence of the CO content in the feed

From theLe Chatelier's principlean increase of the CO concentration in the ged fe
(lower H,O/CO ratios) favors the CO equilibrium conversias, illustrated in Figure 5.10
(dotted line). However, and as reported previousiya conventional packed-bed reactor
operating at conditions far from equilibrium (kifeetegime) the CO content in the feed has a
negative effect over the activity of the copperdzh8VGS catalyst (see chapter 3). Despite
the importance of studying the performance of thSMMR for various reactants molar
ratios, it is also interesting to observe the ieflae of the CO feed content. The results are
indicated in Figure 5.10, where the CO concentnatvas varied from 2.0 % to 10.0 %.

The experimental results obtained for the Pd-AR 8how that K recovery is favored

by the reactants molar ratio, driving up the COwergion, overcoming the equilibrium
restrictions for all the tested conditions (Fig&d0). Particularly, at 300 °C and.®CO

ratio = 17.39 (2.0 % CO in the feed), a shift of%Ibeyond the equilibrium value of,
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was reached — cf. Figure 5.10. A marginal improveten the conversion (<1 %) was
obtained at 200 °C and,8/CO ratio = 3.48; also only 8.9 %, Hecovery was obtained. At
these conditions Hpermeability is highly affected by temperature amdultaneously by the
stronger co-adsorption of other species at theuFdee, such as carbon monoxide. For each
temperature, it is important to outline that the M&formance in terms of CO conversion
follows the opposite trend as the indicated bytbemodynamic equilibrium. Consequently,
the enhancement of the CO conversion (experimestadquilibrium one) increases with the
reactants molar ratio (lower CO concentration mfieed gas stream). This can be explained
not only because the catalyst becomes more adnewer CO contents (cf. chapter 3), but
also because the effective membrane permeabihktyaris hydrogen increases as the CO
concentration decreases. Indeed, the strong cdvalmaction of CO with the membrane

surface affects pHpermeation.
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Figure 5.10- CO conversion and Hecovery as a function of the CO feed contenttlfier

WGS reaction in the Pd-Ag MR (GHSV = 120Q-kg.;-h* and feed composition:

2.0-100 % CO, 34.78 % KO, 28.70% H, 10.16 % CQ balanced in B. Dotted lines

represent the CO equilibrium conversions for thec#jed inlet conditions.

It is therefore possible to conclude that the PdM¥g conducts the WGS reaction on the

kinetic regime. Therefore, it is also possible tder that the non-equilibrium MR
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conversions obtained depend not only on the opgratonditions but also on the WGS

reaction path, as generally referred by Barbieal etBarbieri et al., 2008).

b) Influence of the H,O content in the feed

In principle, a MR gives the same level of convemsat a lower ratio of steam-to-carbon
monoxide as compared with that achieved in a cdiomeal reactor operating at a higher
ratio. It is obvious, therefore, that a membrareeter serves to reduce the amount of steam
needed to achieve reasonable levels of conver8iget of experiments was then performed

where the HO concentration was varied from 20.0 % to 40.0 %.
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Figure 5.11- CO conversion and Hecovery as a function of the,® feed content for the WGS
reaction in the Pd-Ag MR (GHSV = 120Q kg..;-h™* and feed composition: 4.70 % C@Q- 40 %
H,O, 28.70 % H, 10.16 % CQ® balanced in B). Dotted lines represent the CO equilibrium

conversions for the specified inlet conditions.

It is clear from Figure 5.11 that, in general, teter vapor content enhances the Pd-Ag
MR performance in the temperature range200— 300 °C. In the literature it is reported that
the water content is crucial for the performanca ebmmercial CuO/ZnO catalyst (Ginés et
al., 1995). Operating at conversions beyond thentbdynamic equilibrium, the MR system

behaves in accordance witle Chatelier'sprinciple (see dotted lines in Figure 5.11). This
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fact indicates that the variation of each reactamicentration (CO or $#0) has different
effects on the WGS MR performance. Once again,ettperimental results show that H
recovery is favored by increasing the reactantsamuitio, driving up the CO conversion —
cf. Figure 5.11. At 300 °C, where the Hcovery is higher, CO conversion was promoted
from 91.5 % to 97.2 % by increasing thegACO ratio from 4.26 to 9.58. Even operating the
MR in vacuum mode and at lower temperatures, thalteeobtained follow the same trend as

reported elsewhere (Basile et al., 1996; Uemiya.ei991b).

5.4 Conclusions

In this chapter, Pd-Ag membranes were succesgitdigared by an innovative annealing
and diffusion welding technique in order to sepas@id produce ultra-pure hydrogen. The
combination of an active low-temperature CuO/Zn@MAl catalyst with a high K
permeable and selective Pd-Ag self-supported memebrasulted in a WGS membrane
reactor that exhibited significant improvementgamparison to analogous systems reported
in literature. The influence of various parametsigsh as temperature, pressure, sweep-gas
mode, reactants feed composition, and feed spdoeitye was investigated in a detailed
parametric study.

For this effective H separation/production system, higher CO convessaam generally
be achieved at lower temperatures where the equitibconversion is favored. On the other
hand, H recovery can be improved increasing the operdengperature and/or applying a
higher H partial pressure difference between the reteraatepermeate sides of the dense
Pd-Ag membrane. The performance of the WGS MR d¢sm lae improved operating the
system at lower feed space velocities. Such camditpromote a higher residence time in the
catalytic bed as well as permit that moregdrmeates the Pd membrane interface.

The best operating mode to achieve higher MR p@doce is using a sweep stream for

increasing the hydrogen permeation driving forcee(tb limitations in the vacuum pump
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and membrane mechanical resistance). It is notéydinat around 100 % of CO conversion
and almost complete ;Hrecovery can be achieved operating the MR at G0@Wfh a
GSHV = 1200 ly-kg.ai*-h*, PF =4.0 bar, P? =3.0 bar and using 1 &-min* of sweep gas.
Since the Pd-Ag membrane prepared cannot withstégitpressure differences between
retentate and permeate sides (above 2 bar), forovmg the hydrogen permeation it was
increased the feed pressure as well as the sweaeprgssure. This operating mode resulted
in improved reaction rate and hydrogen recovery.

Higher purge gas flow rates could increase the wanof hydrogen, promoting the CO
conversion, due to the large driving force for loghn permeation. However, the CO
conversion was essentially constant for sweep dms fates above 1000 rptmin’,
indicating that such flow rate was large enoughlierremoval of the hydrogen produced.

It was also found that changing the reactants curaton in the feed has opposite
effects on the MR performance. While carbon monexadnversion (and also hydrogen
recovery) is improved by a higher water contenliofoing the thermodynamic trend, the
reverse effects are noticed for higher CO conctatra in the feed (following the opposite
trend as the thermodynamic limit). It was concludleat the Pd-Ag MR operates in kinetic
regime, where the non-equilibrium conversions aladidepend not only on the operating
conditions but also on the WGS reaction path.

Finally, it is important to remark that the ultrarp hydrogen stream produced (permeate
stream) is suitable to directly feed a PEMFC. Omgastudies concerning the thickness
reduction of the membrane (<uin) are being carried out in order to reduce the brame

costs, increasing the permeance while keepingeleetsvity towards H

5.5 Nomenclature and Acronyms

C, hydrogen concentration in the lattice of the nietabembrane [mol-i
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D, diffusion coefficient ohydrogen atoms [frs’]

EP activation energy for hydrogen permeation [kJ-Hol
FC fuel cell

F molar flow rate of specieggmol-h’]

GHSV gas hourly space velocityylkges-h™]

I, flux of hydrogen through the Pd-Ag membrane [m&tst
L, hydrogen permeability [mol-m-frs®-Pa"

L,'jz pre-exponential factor for hydrogen permeationlfmen?.s*.Pa"|
MR membrane reactor

n hydrogen partial pressure exponent constant

P total pressure [bar or Pa]

p partial pressure of componeérjbar or Pa]

PBR packed-bed reactor

PEM polymer electrolyte membrane

Q volumetric flow rate at normal conditions [rmin™]

0 ideal gas constant [= 8.314 J-thé{”]

Re, hydrogen recovery

S sorption coefficient of hydrogen in the latticedirm®. P&
T temperature [K or °C]

WGS water-gas shift

X spatial position along the membrane thickness [m]

Xeo carbon monoxide conversion

X thermodynamic equilibrium conversion for the W@&ation
Subscripts

[ species involved in the reaction experiments (C),KCQO, H, or Ny)
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Superscripts

in inlet of the reactor

out outlet of the reactor

p relative to the Bpermeation
F feed-side

permeate-side
R retentate-side

sweep sweep gas

Greek Letters

0 Pd-Ag membrane thickness [m]
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Chapter 6

Experimental and Modeling Studies on the
Water-Gas Shift Reaction in a Dense Pd-Ag
Packed-Bed Membrane Reactor

In this chapter, it was investigated the water-gasft (WGS) reaction in a Pd-Ag

|

membrane reactor (MR), using a simulated refornfiegéel. The experiments were performgd

under a broad range of operating conditions of temapure (200- 300 °C and space
velocity (1200- 10800 | O kg, 0 fh ; the effect of feed pressufe- 2 bar) was also analyzed
as well as the operating mode at the permeate sideyum (30 mbar) or sweep gab
(nitrogen at 1 L, Cmin'). It is proposed a one-dimensional, isothermal atdady-state

model that assumes axially dispersed plug-flow gpattin retentate side and no axig
dispersion behavior for the permeate side. Morepiteis considered pressure drop in thg
retentate chamber, but constant pressure for thenpate one. In general, the simulatig
results showed a good adherence to the experimafatd, either in terms of carbo
monoxide conversion and retentate outlet compeostiasing only two fitting parameter
related to the decline of Hpermeability due to the presence of CO.

Both simulation and experimental runs showed thatMR achieves high performancef,
for some operating conditions clearly above the imaxn limit for conventional packed be
reactors. The performance reached is particuladfevant when hydrogen is recovered ja
sweep gas mode (a high sweep flow rate was emp|dyechuse a lower partial pressurg
could be reached than using vacuum pumping. Infits¢ case, almost complete C(

conversion and krecovery could be reached.

The contents of this chapter were adapted from:ddenD., S4, S., Tosti, S., Sousa, J.M., Madeira,
L. M., Mendes, A., Experimental and modeling stadm the water-gas shift reaction in a dense
Pd-Ag packed-bed membrane reactor. Submitted foligation, 2010.
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6.1 Introduction

Several authors have developed mathematical medtisvarious level of complexity
reporting the advantages of using Pd-alloy membraaetors (MRs) for the WGS reaction.
Most of them are steady-state and one-dimensidwhbger et al., 2009; Basile et al., 2001;
Brunetti et al., 2007; Criscuoli et al., 2000; Gaosski et al., 2010), but two-dimensional
including axial and radial gradients are also bemegorted (Markatos et al.,, 2005).
Isothermal MR operation is generally assumed, bigwaother works include also energy
balances, allowing to simulate non-isothermal ofpemaadiabatic or non-adiabatic (Adrover
et al., 2009; Brunetti et al., 2007). However, viawy studies critically compare the proposed
models with experimental results. Moreover, sucmgarisons are mostly based only in
terms of conversion (or conversion enhancement)ak®s into account data reported in the
open literature respecting membrane propertieskaretic reaction rates, most of the times
obtained for very specific conditions, sometimefedent from those employed in the
simulations.

One of the first works that combined experimenéauits with mathematical modeling
was performed by Uemiya et al. (Uemiya et al.,, 399hese authors have conducted the
WGS reaction at 1 bar and 400 °C using a commeirciatichromium oxide catalyst on a
20 um-thick Pd membrane supported on porous glass Arbéleal stream (CO + 1D) was
fed into the MR and argon supplied to the permeaside, counter-currently, to sweep the
permeated hydrogen. To validate the experimentallt® the authors developed a model
based on simple assumptions, namely isobaric asttiesnal operation conditions and a
plug-flow pattern for both retentate and permeaams, but whose results agreed well with
the experimental data. A similar mathematical mada$ also developed by Criscuoli et al.
(Criscuoli et al., 2000) for a Pd-supported memeresactor using a typical reformate gas
mixture for the WGS reaction and kinetic data takam literature. Also here the model

fitted well the experimental results.
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The main objective of the present study was to ldgva comprehensive model and
critically compare it with the experimental resuttistained for a broad range of operation
conditions. Experiments were carried out in a cachgad-Ag membrane reactor, which
arrangement was recently proposed by S. Tosti (Bisal., 2006, Mendes et al., 2010),
packed with a CuO/ZnO/AD; catalyst. This Pd alloy membrane has both higimpability
and selectivity for hydrogen (Tosti et al., 200&)pwing to be suitable to carry out the WGS
reaction. The kinetic equation used in the moded dependent on the temperature operation
range, according to the results obtained in chaptdihe model was validated in terms of
CO conversion and retentate composition, for thneperature, feed space velocity and feed
pressure ranges considered. Additionally, the madesl used to simulate the performance of
the Pd-Ag WGS MR in terms of CO conversion angdretcovery in a wide range of the
parametric space, described by D@mkdhler's numbe(Da) and contact timel{). These
two parameters describe generally the possibleatiparconditions to be used in the reactor,
allowing thus to define the optimal operating regidn terms of CO conversion ang H

recovery.

6.2 Experimental

6.2.1 Palladium-silver membrane tube

The Pd-Ag permeator tube has been produced bysdifiuwelding of an annealed
commercial metal foil (25 wt.% of Ag, from Johnshiatthey) according to a previously
described technique (see chapter 5). In ordenv® thie required mechanical stiffness and to
guarantee the tightness with the membrane modugmimless steel VCRconnection and a
steel plug were brazed at the ends of the memhuduee as shown in Figure 6.1.

The permeator tube was assembled inside the membradule in a “finger-like”
configuration that allows the elongation/contractad the membrane, following thermal and

hydrogen permeation cycles. In this way, mecharstraks is avoided and a long lifetime for
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the membrane is expected (Tosti et al., 2006).WI&S catalyst was packed in the bore side
and the permeated hydrogen was collected in théste. The configuration of the single-

tube MR used is schematically illustrated in Figar2.

Pd-Ag membrane

VCR. conector

Steel plug

Brazed jonts

Figure 6.1 — View of the Pd-Ag membrane tube (geometricalratiristics of the membrane
section: 10 mm I.D., 50m thick and 50 mm of length).
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Figure 6.2— Scheme of the Pd-Ag MR (sweep gas flowing caurterently).
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6.2.2 Experimental setup

The experimental apparatus used for carrying oat WGS reaction, as well as the
evaluation of the membrane separation propertsedivided into three sections, namely: (i)
the feed section, consisting of gas cylinders amdqure regulators, mass flow controllers
(Bronkhorst Hi-Tec, model F201) and a Controlleraporator Mixer (CEM, Bronkhorst)
unit to provide the desired water vapor flow rdig;the reactor section, consisting of the
membrane reactor and an oven (Memmert, type UNEROG)eating it, two pressure gauges
(Druck, ref. 4010, 7 and 5 bar respectively), twackepressure regulators (Swagelok) for
controlling the pressure, a condenser and a digphracuum pump (Thomas Instruments,
ref.: 7011-0069) and (iii) the analysis sectionjahitonsists of two flow-meters (Bronkhorst
Hi-Tec, model F201) to measure separately the ta&erand permeate streams and a gas
chromatograph (Dani 1000 GC) to analyze the retertey gas composition. Further details

concerning the analysis method can be found inteh&oand appendix A.

6.2.2.1 Hydrogen permeation and WGS reaction tests
As mentioned in chapter 5, pure hydrogen permeatests were performed at

temperatures ranging from 200 °C to 300 °C, in rdrege of pressures from 1.1 bar to
2.5 bar, and flow rates ranging froB®— 190 mL, Omin*. The H feed gas flowed along the

inner side of the membrane and the permeatingrstfEav rate was measured on the shell
side at atmospheric pressure with a mass flow nadter steady state (approximately 1 h)
had been achieved, at the desired temperaturehé¥estveep gas nor vacuum was used.
Pressures in the two sides of the membrane tube nvenitored via pressure transducers.

As sketched in Figure 6.2, the MR considered irs thiork is a tube-and-shell
configuration system. The WGS reaction was perfornme the temperature range
200- 300 °C by packing a certain amount of a commercial CuQ/&i,0O3; catalyst,

supplied by REB Research & Consulting, into thedarside of the MR. Prior to the reaction
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runs, the WGS catalyst was activatedsitu with a mixed gas flow of kN,. Details about
the catalyst pre-treatment (reduction) can be faorahapter 5.

The reaction tests, previously described in chaptarere carried out using the following
feed gas composition: 4.70 % CO, 34.78 ¥%H28.70 % H, and 10.16 % Cg@balanced in
N2, which simulates a reformate feed. The reactia@ssure (that is, the pressure in the

lumen side of the membrane) and the feed flow wagee varied in the range- 2 bar and
30- 270 mL, Omin*, respectively. As the driving force for,Hermeation through the

membrane is the difference between the partialspres on both sides of the Pd-Ag
membrane, the permeation flux increases by reduti@dydrogen permeate pressure. This
can be achieved by decreasing the total permeatsyme (pure hydrogen) or using sweep

gas. Two operating modes were then studied: (iydgeh was recovered in the shell side by
vacuum pumping (shell side pressure ~ 30 mbar),(@nan inert gas (N 1 L, (nin™) was

fed into the shell side flowing counter-currentty. (Figure 6.2). Additionally, to simulate
the performance of a packed-bed reactor (PBR from on) for posterior comparison with
the MR operation, the permeate chamber was closdddata taken after steady-state was
achieved.

Different parameters affecting the catalytic reactand the membrane operation have
been studied, namely the feed flow rate, the reactemperature, feed pressure and
operation mode (permeate side under vacuum orsmigep gas flowing counter-currently).
Such effects have been evaluated in terms of th@onamonoxide conversioXéo) and
hydrogen recovery Re, ) at steady-state conditions. Both parameters veateulated

according to equations 6.1 and 6.2, respectively:

R,out ~ R,out

_1_U " Peo
Xeo =1- . . 6.1
co uR,m pcRém ( )

RQ—| B uP,out Iq_I|32,0ut (6 2)
2 uR,out p|-|R2’OUt+ u P,outm:,ou
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where u is the interstitial velocity ang is the partial pressure. The superscrigtand P

stand for retentate and permeate chambers, regggcin and out means inlet and exit of

the reactor, respectively.

6.2.2.2 WGS reaction kinetics
Experimental runs to collect intrinsic kinetic datéth a commercial CuO/ZnO/AD;

catalyst, supplied by REB Research & Consulting;enearried out in a packed-bed reactor
for the temperature rande80— 300 °C. According to the results obtained in chapterwd t
different kinetics models were proposed. For terajpees between 180 °C and 200 °C, the
associative mechanism showed the best fitting wihi&e redox pathway showed the best
agreement in the range @fL5- 300 °C. These two kinetic models, described by equations
6.3 and 6.4 below, were used in the present worHtescribe the catalytic activity of the

catalyst for the WGS reaction carried out in theAgdmembrane reactor.

For temperatures in the ran§j80— 200 °C (lower temperatures — LT):

o ( . pcc;é szj
LT —

R = : (6.3)

|

For temperatures in the rang@&5- 300 °C (higher temperatures — HT):

Pco, Pr,
K

k" ( Peo Py,0 ™
RHT —_

pco (1_'_ Kgng ppCOZ j

CcO

e

(6.4)

wherei refers to thé™ component,R stands for the local reaction rate, is the forward
rate constantK, is the thermodynamic equilibrium constant akd is the equilibrium

adsorption constant of each species. In the memlyeactor, the pressure of each species is

the one at the retentate side.
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The temperature dependence of the reaction ratefai@ adsorption equilibrium constants

are described by th&rrheniusandvan’t Hofflaws, equations 6.5 and 6.6, respectively:

Ek
k=k° exp{——j (6.5)
oT
K®=K?° ex;{—AH‘ j (6.6)
oT

where k° is the pre-exponential factor of the reaction red@stant,E* is the activation

energy for the WGS reactiort) is the gas constant, is the absolute temperatur,*®

refers to the pre-exponential equilibrium adsomptionstant, andH® stands for the enthalpy

of adsorption. The temperature dependence of teentbdynamic equilibrium constant is
described by equation 2.1.

Depending on the temperature regime, the variabfesquations 6.5 and 6.6 have
different values. The mean values of the estimgadmeters, for the best fittings, are
presented in Table 6.1. It is also given the fifterror associate to each parameter, assuming
t-student distribution and for 95 % confidence leaad computed using the 10 best fittings.

Analyzing the parameters for the LT regime, it @@ninferred that, under the operating
condition used in this work, the adsorption of C@l &L,O at the catalyst surface is much
lower than the adsorption of G@nd H. In this way, the kinetic equation consideredha t
simulation calculations performed along this studs simplified to:

Pco, Pu,
K

e

k™ ( Peo Py,0 ™
RLT —

= 5 (6.3a)
(14K Peo, + K TPy,
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Table 6.1 — Calculated parameters for mechanistic-derivel® mquations. Fitting errors of

parameters are for 95 % confidence level (chapter 4

Parameter T =180- 200 °C (LT) T =215- 300 °C (HT)
k® (mollg, Ch*Pa® = 1.188 + 0.000 1.841x10+ 0.210x1C°
E* (kJCmol*) 36.658 + 0.000 6.710 +0.399
K28 (Pa®) 2.283x10°* + 0.000x10*

Ki% (Pat) 1.957x1(P® + 0.000x1G®

Kes, (Pa') 5.419x10" + 0.002x10"  6.343x10" + 0.727x10"
K&? (Pat) 2.349x10" + 0.000x10"

AHZ, (kICmol*) -45.996 + 0.158

AH} o (kICmot*) -79.963 £ 0.172

AHE,, (kICmol*) -16.474 = 0.009 -19.459 + 0.402

AH} (kJOmol*) -13.279 +0.192

" This value is dimensionless.

6.3 Membrane reactor model

6.3.1 Development of the model
The catalytic membrane reactor considered in thiglys has the general features
described above. The pseudo-homogeneous 1-D mogebged for describing this reactor
is based on the following main assumptions:
» Steady-state and isothermal operation;
= Axially dispersed plug-flow pattern in the retemtaide with pressure drop described by
Ergun equation;
= Negligible mass and heat-transfer resistances;

» |deal plug-flow pattern in the permeate side withpnessure drop;

Ideal gas behavior.
It has been found that axial and radial dispergiside the reactor can have a large effect

on the predicted conversion (Koukou et al., 1988)wever, radial concentration gradients
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should be negligible when the permeation flux isnparatively lower than the convective
flux (Tiemersma et al., 2006). So, only axial disp@n was considered.

The assumption of isothermal operation in a reai¢@ends on the extent of the reaction
heat compared to the heat loss/gain through theaewalls. This hypothesis is acceptable
in low-scale (laboratory) reactors due to the higtio between heat transfer area and the
reaction volume or when the consumption or reledideeat is low, but this condition may
not be true when higher process scales are used\&det al., 2009).

Permeation of hydrogen through a dense palladiumbr@ne occurs via a solution-
diffusion mechanism (Dittmeyer et al., 2001). Riehardson’s equatiofbased orsieverts’
law) is typically used to describe the overall pernmeatrate of hydrogen through the
membrane (Basile, 2008).

Due to the high ratio membrane radius/membraneness, the Pd-Ag membrane is
approached to a flat shape, despite its cylindgeaimetry.

The governing equations for the retentate (rearaod permeation sides are:

Retentate side:

Partial mass balance

ddz(u o) - d[D PRddz(iRD+:T;DTJ s\i)\é&m T, R=0 6.7)
Total mass balance

ddz( ) Mo L[] TZV R=0 (6.8)
Pressure drop

LA o) B G uFlu = ¢ (6.9)

dz (sb)s(dp) d, (€,)

Boundary conditions

Danckwertsboundary conditions for retentate side (FromentBischoff, 1990):

R R R,n _ AR E
z=0. 4 p—'R S (p, RH ) uR=urn=1 and PR= pPR"= p*  (6.10)
dz{ P €, Day P &,
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z=1/: d (p—iRj:O (6.11)

wherez is the axial coordinatey, is the reactor lengthy is the interstitial velocityP is the

total pressure),y is the effective axial dispersion coefficient",is the internal radius of the
membraneAR is the cross-sectional area of the retentate chai¥ is the volume of the

retentate chamberg, is the void fraction of the catalyst bed, is the flux through the

membraneW.

L. 1S the mass of catalyst bed aafdis the catalyst particle diameter. is the
stoichiometric coefficient of specids taken negative for the reactants, positive fa th
reaction products, and null for components thabalotake part in the reaction. The viscosity

of the gas mixture,, was obtained by th&Vilke method(Poling et al., 2004). The
respective densityp, , was calculated by the virial equation, with tieefticients taken from

Smith et al. (Smith et al., 1996). The variationtloé effective axial dispersion coefficient,
Dax for the range of conditions tested was negligigerry and Green, 1999); so, the

average value of 5.40xPan*s™* was used.

Permeate side:

Partial mass balance

d(prp 2" —
E(u o)+ f o 0T1=0 (6.12)

Total mass balance
du®

+
dz

m

PP fTDTZJI =0 (6.13)

Boundary conditions

Vacuum mode;:

z=0: =0and F=F (6.14)

Sweep gas modeounter-current operation

z=0 g =" and F= " (6.15)
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whereA” is the cross-sectional area of the permeate chaarze is defined as -1 or +1

according to the flow (either in co- or counterfemt, respectively).

Membrane permeation equation

The transport properties of the Pd-Ag membrane usedhis investigation were
previously studied based on single permeation nmeasents (for details, see chapter 5). The
Pd-Ag membrane showadeal selectivity towards b thereforeN, =0 except fori=H,,
eguations 6.7-6.8 and 6.12-6.13.

The H permeating flux through the Pd-Ag membrane is esged in terms of the
Richardson’s equatiofequation 6.16) and corrected for the temperaianeg theArrhenius

equation(equation 6.17):

L
3y, (2= gz

(\/ 52—y B.( 1) (6.16)

L, =L ex _EY (6.17)
2 e oT

where L,, is the membrane permeability towards hydrogens the membrane thickness,

E® is the permeation activation energy arig is the pre-exponential factor.

Gaseous species such agOHCO, CQ and N inevitably co-exist in the WGS reaction
process, affecting the hydrogen permeance of thé@aBdd membranes, though without
affecting the H selectivity (Barbieri et al., 2008; Unemoto et @007). In the present MR
model, the hindrance effect due to the presenc€@fwas taken into account using an
extended equation, previously proposed by Barbatrial. (Barbieri et al., 2008). By
including a correction factor, the authors arrived a modified equation, named

Sieverts’-Langmuir formulatian

JH2(2)=K1—HJMJ LHZ}(J %, (- ¥.( z) (6.18)

1+ K& Peo
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Y and K%, are adjustable parameters and were obtainedtingfthe H recovery from the
theoretical model to the respective experimentallis, as described below (section 6.4.1).
In this equation, the terrrKcopco/(1+ K@Opco) defines the fraction of the membrane
surface covered by adsorbed CO. The proportionadgfficient, ¢, accounts for the
dimensionless reduction of the permeable area heddey CO molecules. This parameter
depends only on the temperature, wHl@, depends on the temperature and CO pressure.

The previous equation accounts not only for the l@@lering effect, but also affects the

hydrogen adsorption and dissociation (Barbieri.e2808; Mejdell et al., 2009).

6.3.2 Dimensionless equations
The model variables were made dimensionless witpet to the feed conditions’ , to

hydrogen species.,, , to the reactor length, to a reference pressure, 100 kPa, and to a

reference temperature, 273 K. Changing for dimenesgs variables and introducing suitable

dimensionless parameters, equations 6.3a-6.15.48d&come as follows:

1 .+ Poo, Py,
exp(yk'LT (1_T*D( Ro tho‘ccl)(eHJ
2
AHaLT . AHa,LT X
(1+ KgggyLTeXF{ D(-:F)ZJ ref Q?Q+ KiEpLT é_ Dljli j Bf QJ
1 .+ Poo, Py,
) o)
HT - €
Peo| 1+ K23 ex _AHE, | Peo,
co co, OT p*co
di( * ) F}edx( x( j+rT\1 Daty, R=0 (6.21)
X

%(UR*PR*)_i_r-IJZ J- DaTZVi R=0 (6.22)

LT _—
R =

R (6.20)
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*

dPX +apu® +Bp,d |0 |=0 (6.23)

- RC _ RN
x=0: ii(p. j:uR"”*—(p' il ) =" and ¥ = PP (6.24)

Pedx| P = '
x=1: %( g::jzo (6.25)
g )+ froT g =0 (6.26)
(P foT > =0 (6.27)

Vacuum mode:
x=0: p" =P andJd” = ( (6.28)

Counter-current mode:

x=1 p"=g" and & = §" (6.29)
Jaz(x):{(l—w%j exn(v"(l-Tl*jﬂ(J FO-J B0 (630

Where yk’LT = Ek’LT/D Tref ' yk’HT = Ek’HT/D Tref ' yp = Ep/D Tref ' p|* = 9/ I:?ef ’

P =P/R,, U=uuy, L,=1 x=7¢, «a=150 1—sb)2prefureff/(sb)?’(dp)2 P,

2

B=175(1-¢, )My (uy) ¢/d,(e,)’ DT, o=e,A%/A",  Pe=ry,/D, and
[ =A"0T+/ Py L,ef(Tref)/eb U, A . The superscript * stands for dimensionless végi@b

and the subscripef stands for reference component or conditidPes.is thePéclet number
for mass transferl” is the contact time (ratio between the charadierised flow time and
the characteristic permeance time of the referammaponent). TheDamkohler number
(ratio between the reaction rate at the refererogpérature and the feed flow rate to the

reactor) was defined independently for each of kireetic models, depending on the
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temperature range. For the lower temperature rabges WO T, K" ( T.)( B))?/¢e, u, A,

cat ref

while Da=W

cat

0T, K™(T,) B,/e, y, A for the higher temperature range. The remaining

symbols are reported in the nomenclature.

6.3.3 Numerical solution strategy

To simulate the WGS membrane reactor, it is necg$saolve equations 6.21-6.23, and
6.26-6.27 with the respective boundary conditiofisese equations were transformed into
pseudo-transient ones, by adding a time derivaéwa to their right-hand side, avoiding so
numerical instability problems (Sa et al., 2009heTpartial differential equations were
spatially discretized using the finite volumes noeth(S4 et al., 2009) and the resulting
ODE’s were integrated in time by LSODA, a packag#ten by Alan Hindmarsh and Linda
Petzold (Hindmarsh, 2006), until an error critermwas achieved (time derivative of each
dependent variable and for each of the spatialdinate smaller than 1x1). All physical

properties of the gas mixturg{ andp,) were evaluated at local conditions.

6.4 Results and Discussion

6.4.1 Dimensional analysis: model validation

In this section, the effect of temperature, feesicepvelocity and reaction pressure on the
performance of the MR operating in vacuum and swggepmodes was studied. Moreover,
for all the operating conditions considered, théalgat activity (evaluated based on CO
conversion) and the membrane separation abilitgl¢ated in terms of Hrecovery) were
quantified and the results compared with the onesnfthe proposed model. The

experimental conditions and the simulation varialslee summarized in Table 6.2.
As described in section 6.3.4, and K, are adjustable parameters, obtained by fitting

the H recovery from the theoretical model to the respecexperimental results. The
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adjusted values ofyy and K/, were in the ranges 0.6-1.0 and (0.5-1.5)%1Pa",

respectively, considering the values for all terapaies and flow rates. Similar results were
reported by Mejdell et al. (Mejdell et al., 2008 can be realized from Figure 6.3-A the
adherence of the simulated hydrogen recovery texiperimental results is very good. The
comparison between the experimental and the caéollesults for the CO conversion is
illustrated in Figure 6.3-B. Again, the model shaavgood agreement with the experimental
data, with a few exceptions at the lowest carbomorme conversions, obtained for

temperatures of 200 °C.

Table 6.2— Experimental conditions for the Pd-Ag MR runs.

Variable Value/Range Variable Value/Range

T 200-300 °C rm 0.50 cm

P 1-2 bar rehel 1.75 cm

PP 0.030-1 bar EP 10.72 kJ-met

Weat 159 L, 5.445x10° mol-m-nt-s*-pa’®
GHSV 1200-10 800 f-kgeai*-hi* 8 50 um

Quueer 1 Ly-min* dp 300um

l 5cm &, 0.40

Figures 6.4 and 6.5 show the influence of react®mnperature and feed space velocity
(feed flow rate) on the MR performance, both theoa¢é and experimental. The
thermodynamic equilibrium conversion of CO{,, based on the inlet reformate gas
composition, is also included to show the convergnhancement that is possible to attain
with the membrane reactor comparatively to the maxn value possible to be obtained in a

packed bed reactor. Each figure refers to a diffei@eration mode of collecting the

permeated hydrogen: sweep gas mode in Figure@4.f,, =1.0 Ly Cmin®, PP = 1.0 bar,

P" = 2.0 bar) and vacuum mode in Figure &5+ 30 mbarP" = 1.1 bar).
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a function of the reaction temperature in the MRyerating in counter-current mode.

Queep=1.0 Ly Cin*, P" =2.0 bar, and P* =1.0 bar.

Figure 6.4 shows that the model describes quité tveltrend of the CO conversion and

H, recovery as a function of the temperature, forheteed flow rate. For any of the
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operating temperatures, both CO conversion apdedovery increase with the residence
time, that is, they decrease with the gas hourgswelocity — GHSV.

Figure 6.4-A also shows that the CO conversionirathin the MR may surpass the
thermodynamic equilibrium conversion. This convemsenhancement is achieved for the
lower temperatures at the lower feed flow ratesthWhe temperature increase, such
conversion enhancement is attained for higher aigheh feed flow rates. For low
temperatures, the reaction rate is relatively slew,only a limited amount of CO is
converted. Besides, the permeation efitdalso limited, so the equilibrium shifts duethe
hydrogen removal from the reaction medium is lihite this sense, only for low feed flow
rates such enhancement is achieved. As the termapeiatreases, two effects must be taken
into account. On one hand, the increase of thetiorarate with the temperature leads to an
increase of CO conversion (though penalized byddmease of the equilibrium constant —
exothermal reaction) and, consequently, to an asgef the kiconcentration. On the other
hand, the same increase of the temperature leadsitwrease of the permeation rate, so to a
greater capacity of removing,Hrom the reaction medium. From this “synergistéffect
results that a conversion enhancement is attameiddreasingly higher feed flow rate.

Figure 6.4-B shows also that, Hecovery may tend to a plateau, for certain opeyat
conditions. This behavior can be inferred from IFeg6.4-B for low feed flow rates and it is
clear in Figure 6.5-B. This level off (or even desse, see Figure 6.5-B) of the técovery
is attained for a temperature relatively high anthe result of the conjoint effect of reaction
and permeation rates. From one hand, the drivingeféor the permeation tends to vanish.
Due to a depletion of Hrom the reaction side, its partial pressure tandsqual the one in
the permeate side, unless the sweep gas flowgae high that the concentration of id
the permeate side approaches zero. In this caseldteau is attained for 100 % of recovery.
On the other hand, the backward reaction beconsterfavith the temperature (notice that

the WGS is an equilibrium-limited reaction), dewieg the H partial pressure and
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canceling the effect of its removal from the reactmedium. Additionally, the decreasing of
the thermodynamic equilibrium constant with the penature should be taken into account,
which conducts to a decrease of the CO converganfanction of the temperature (Figures
6.4-A and 6.4-B). As shown in the previous chapies, usage of sweep gas revealed to be
an effective way to decrease the hydrogen pantedgure in the permeate chamber.

Figure 6.5 shows the CO conversion anglreicovery results, both experimental and
predicted by the model, as a function of tempeeatund for different feed space velocities in
the same MR. In this case, the permeated hydroges asllected by vacuum pumping.
Again, a good adhesion between model and experaheesults was obtained in what
concerns the Hrecovery (Figure 6.5-B), but not concerning COwarion (Figure 6.5-A),
though only for some of the operating conditionsiyyay, the model still describes the
trend of the experimental results (CO conversiod Bl recovery) as a function of the

temperature and feed space velocity.
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Figure 6.5— Effect of the reaction temperature and feedggase velocity on the CO conversion

(A) and H recovery (B) in the MR, operating in vacuum mdefe=1.1 bar and P” ~ 30 mbar.

Figure 6.6 shows the simulated axial compositiarfiles in the retentate side for each

species (dry basis) in terms of the concerning mdfaction, for the GHSV =
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1200 L, (kg On* and for the two operating modes of the MR, vacana sweep gas, both

with 2 bar in the feed. The experimental composgiobtained at the exit of the reactor are

also included.

0.04
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0.02

CO fraction (mol/mol)

0.01

H,, CO, and N, fraction (mol/mol)

0.00
1.0

Figure 6.6 — Simulated profiles on the reaction side as atfan of the dimensionless reactor
length: Vacuum modeP" = 2.0 bar andP” ~ 30 mbar (A) and sweep gas modi, = 2.0 bar,

PP= 1.0 bar anspeep= 1.0 Ly-min* (B). Other experimental condition$:= 300 °C, GHSV =
1200 Ly-kg.o-ht. Symbolse represent the experimental molar fractiry basis) of each species
measured at the exit of the reactor.

The comparison between the predicted compositiodstlae experimental results at the
exit of the reactor shows also the goodness ofrtbdel fitting (cf. Figure 6.6). As it can be
realized from Figure 6.6, there are clearly twdeadtdnt regions inside the reaction medium.
In the first one, for about 10 % of the initial ¢gh of the reactor, the molar fraction of CO
decreases rapidly, while the molar fraction of idcreases slightly. Since the reaction
temperature is high in both casdsH 300 °C), the reaction kinetics and permeation are
favored. As the reaction condition for the feed tuwig is far away from the thermodynamic
equilibrium condition, the chemical reaction shiffsickly towards the reaction products,

decreasing rapidly the CO concentration. Howevee, itate of H permeation does not
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follow the rate of production from the WGS reacti@nd thus the concentration of H
increases. After this point, the shift of the reactcondition towards the reaction products
depends only on the,Hemoval due to permeation. As a consequence otheesatrations for
both reactants decrease slowly and in a more siilesar way. The concentration profiles of
CO, and N exhibit an increasing trend along the reactor,eb@gause the mixture becomes
richer in the non-permeating species and, mored¥é¥,is a reaction product. The reactor
can then be divided into a region of chemical acdrdnd a region of permeation control, this
accounting for the last 90 % of the reactor length.

The membrane reactor can only withstand to ca.aqressure difference. Higher feed
pressures can only be applied if using a sweepafjas pressure such as the pressure
threshold difference is not overcome. High feedsguee coupled with high sweep flow rates
results in a high Kpartial pressure difference between the two chasnbkethe membrane
reactor. On the other hand, operating at a higked pressure results in an enhancement on
CO conversion besides improving lecovery. Following, lower contents of CO and H
were obtained at the exit of the retentate chamieen the sweep mode was used (c.f.

Figures 6.6-A and 6.6-B).

6.4.2 Influence of Damkohler number and contact the

From the results presented above, it is clear thate are regions where the CO
conversion is almost complete, as well as thegddovery is maximum. However, it would
be of interest to define the parametric regionsretseich variables could be optimized. In
order to do so, it is presented a simulation resiulhe CO conversion and;Hecovery as a
function of the two model dimensionless parameteesnkdhler numbefDa) and contact

time () - Figures 6.7 and 6.8.
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The analysis of the MR operating with vacuum purgpand sweep gas mode is briefly
accessed in terms of dimensionless parametersvalbes fory and K/, were assumed to

be 0.93 and 9.53xT0Pa’, respectively, as reported by Mejdell et al. (Mijet al., 2009).

Figure 6.7-A shows that there is a region in thexpeetric space contact time/Damkohler
number where an almost complete conversion of GCbeaachieved. This happens [ >
=7 andl’ > =0.25. For lower values df, the CO conversion decreases slightly, but forelow
values ofDa, the decrease is abrupt. Figure 6.7-B, on it tushews that the Hrecovery is
maximized in the same parametric region. The mawinmualue attained for vacuum
operation was about 0.93, which is related to Yy@rdgen partial pressure at the permeate
side ~30 mbar. For lower values Bfand in the same region @®a, the H recovery
decreases quickly, with a still high CO conversidihis is a consequence of the quick
decrease of the stage cut, that is, the fractioH.ah the retentate increases. Figure 6.8-B
shows again that the ;Hecovery is much more sensitive to the contacetiman CO

conversion.

These results show that, for a given membraneaeéetth a fixed amount of catalyst —
fixed Damkdohlej and operating in vacuum mode, the CO conversanastly controlled by
feed flow rate, while the Hrecovery depends also strongly on the hydrogemeation
(which depends on the hydrogen partial pressutbeapermeate side and total pressure at
feed side). If the membrane reactor operates iregweode and with 2 bar in the feed, it is
possible to achieve almost 100 % of CO conversigh almost 100 % of Krecovery (as
shown below — Figure 6.8).

The experimental results obtained for vacuum modepeesented in Figure 6.7 (white
line). As it can be inferred, either CO conversimmd H recovery can be “improved”

increasing essentially the contact time paraméhet (s, decreasing GHSV/feed flow rate).
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Figure 6.7 — Effect of Da and ' on the CO conversion (A) and,Hecovery (B) in the MR
operating in vacuum modd. = 300 °CPF =1.1 bar and P” ~30 mbar. The white lines describe
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Figure 6.8 — Effect of Da and ' on the CO conversion (A) and,Hecovery (B) in the MR
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From Figure 6.8-A, it can be seen that CO convarsiependence oRa andI” shows

the same trend as in Figure 6.7-A. However, usiwgep gas to collect the permeated
hydrogen atP™ = 2.0 bar, total CO conversion can be achievethénparametric space

contact time/Damkohler number D& > =7 andl’ >=0.4 — cf. Figure 6.8-A.

6.5 Conclusions

The present study deals with model analysis anceraxental assessment of carbon
monoxide conversion and hydrogen recovery of wgéer-shift reaction conducted in a
membrane reactor. Experimental tests on a Pd-AgwdFre performed under a broad range

of operating conditions such as temperat(280—- 300 °C and gas hourly space velocity
(1200- 10800 |, Ok, O R, using different operating modes (vacuum and svgee). The

simulation and experimental results showed a seitagreement for the MR working in both
sweep gas and vacuum operating modes. The compatietween the predicted
compositions and the experimental results, at thie a&f the reactor, confirm also the
goodness of the proposed MR model. Apart from titond parameters (related with the
decline of permeability due to the presence of @Ghe reaction mixture), all other model
parameters were determined from independent studiamely reaction kinetics and
membrane permeability towards hydrogen.
The model was also used to simulate the performahttee MR in a wide range of the

parametric space, described by Benkdhler's numbeand contact time. This allowed us to

define the optimal operating regions in terms of €&@version and frecovery.

6.6 Nomenclature
A cross-sectional area fn

d, catalyst particle diameter [m]
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D,, axial dispersion coefficient [frs’]

Da Damkohler number

EX activation energy for the WGS reaction [kJ-Hjol

EP activation energy for hydrogen permeation [kJ-thol

f variable related with the operation modie ¢1 for co-currentf = 1 for counter-current)
H? enthalpy of adsorption [J-ml

J flux through the membrane [mol-frs ']

k rate constant for the WGS reactiangl (g, (' (P&’]

K° pre-exponential factor of the rate constamp| (g}, (" [(P&’]

K, equilibrium constant for the WGS reaction

K& equilibrium adsorption constant of CO for theev@rts’-Langmuir formulation,

adjustable parameter (equation 6.18) *|Pa

K? equilibrium adsorption constant of speciefor the reaction rate equation [Ra
K2P pre-exponential equilibrium adsorption constdrepecies [Pa']

14 reactor’s length [m]

L, hydrogen permeability [mol-m-fas*-Pa°®7

L, pre-exponential factor for hydrogen permeationlfm-m?s™*.Pa®’
M molar mass [g-md]

J flux through the membrane [mol-frs ]

p partial pressure [Pa or bar]

P total pressure [Pa or bar]

Pe Péclet number for mass transfer

r internal radius [m]

0 ideal gas constant [= 8.314 J-thé("]

R rate of consumption or formatiomnjol (g, Ch™]

Re, hydrogen recovery
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T temperature [K or °C]

u interstitial velocity [m 3]

VR volume of the retentate chamberf[m
W, mass of catalyst [g]

X dimensionless axial coordinate

Xco conversion of carbon monoxide

Xe thermodynamic equilibrium conversion
z axial coordinate [m]

Subscripts

i species involved in the reaction experiments (C),KCG, H, or Ny)

ref reference component gHor conditions

Superscripts

* dimensionless variable

in inlet of the reactor

k relative to the reaction kinetics
m membrane

out outlet of the reactor

p relative to the Bpermeation

F feed-side

P permeate-side

R retentate-side

Greek Letters
a Ergun equation coefficient (equation 6.23)

B Ergun equation coefficient (equation 6.23)

0 Pd-Ag membrane thickness [m]
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€ void bed fraction

Y Arrhenius’ number

r dimensionless contact time

H, (dynamic) gas mixture viscosity [kgins’]

P, gas mixture density [kg-fh

o dimensionless parameter: ratio between the cexstigal areas of the retentate and the

permeate chambers

Vi stoichiometric coefficient of species the WGS reaction
Y adjustable parameter (equation 6.18)
Acronyms

GHSV gas hourly space velocitykge:*-h™]

HT higher temperature regime
LT lower temperature regime
MR membrane reactor

PBR packed-bed reactor

PEMFC polymer electrolyte membrane fuel cell

WGS water-gas shift
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Chapter 7

Integrated Analysis of a Membrane-based
Process for Hydrogen Production

The aim of this chapter is to investigate the pannce and energy efficiency achievdd
by an integrated system based on two differentnethéuel processor configurations: §

|
|
|

system consists of an ethanol reformer followetMoywater-gas shift reactors operating &

Conventional Reactor (CR) and a Membrane ReactdR)(Mhe CR-based configuratio

high and low temperatures. The final hydrogen peatfon was carried out by a preferenti
oxidizer in order to reduce the CO concentratiorfobe feeding the polymer electroly
membrane fuel cell (PEMFC). A multi-tubular MR pess using thin Pd-Ag tubes has aI (o]
been considered, where the water-gas shift readiwhthe hydrogen separation take pla e
simultaneously.

The analysis showed that the MR process configurapiossesses a simpler systg
design with a minor advantage in terms of enerdiciehcy (30 %) compared with th
conventional system (27 %). Moreover, a detailecpeetric analysis concerning the effec S
of water-to-ethanol molar ratio, reaction pressureformer and MR temperature, sweefp-
gas molar ratio and MR configuration on the achevyeerformance (hydrogen yield) ang
energy efficiency of the system has also been done.

The importance of optimizing integrated systemshiswn since the optimal operating

conditions from a global efficiency analysis pooft view are in general distinct whe

compared with those obtained when focusing on é¢fi@mer reactor or individual proces

units alone.

The contents of this chapter were adapted from:ddenD., Tosti, S., Borgognoni, F., Mendes, A.,
Madeira, L. M., Integrated analysis of a membraaseldl process for hydrogen production from
ethanol steam reformin@atal. Today201Q doi:10.1016/j.cattod.2010.02.029.
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7.1 Introduction

It is being consensual the fact that the full emvinental benefit of a society transition to
hydrogen is achieved only when the hydrogen needs lie derived from renewable
resources, such as water photovoltaic hydrolysidiomass gasification (Deluga et al.,
2004). In this perspective, the interest of proesdsr producing hydrogen from reforming
of ethanol, obtained by the fermentation of biom&sgrowing (Deluga et al., 2004; Liguras
et al., 2003; Ni et al., 2007).

An experimental apparatus for producing pure hydmpdhat feeds a 500 W polymeric
exchange membrane fuel cell (PEMFC), has been duHHNEA facilities, in Frascati — Italy.
The experimental set-up consists of a conventieti@nol reformer followed by a Pd-Ag
multi-tube membrane reactor (MR) performing boté water-gas shift (WGS) reaction and
the separation of the hydrogen produced (Tostil.et2808). However, the preliminary
studies and experiments have been putting intoeeciel the need of considering the
simulation and optimization of these innovative rbeame processes, both in terms of
hydrogen yield and energy efficiency integration.

The system integration of such membrane-based gseseis rarely addressed in the
literature despite its importance under the prodesansification strategy point of view
(Bernardo et al., 2006). In fact, for stationaryplagations the PEMFCs should be highly
integrated systems, including a fuel processorfukkcell itself and a post-combustion unit
that fulfils the energetic demands of the systeher&fore, the integration should not only be
expressed in terms of material flows but also irmte of energy balance (Godat and
Marechal, 2003).

In this chapter, a membrane-based process is prdparsd then compared with a heat
integrated conventional process configuration. Tdesign study starts from the analyses
carried out on a hypothetical conventional prodesgroducing hydrogen via ethanol steam

reforming (SR), WGS reactors, a preferential oxata{PrOx) unit, followed by a PEMFC
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stack. Following the same system design approactgrabrane-based ethanol fuel processor
was implemented replacing the WGS and PrOx readtgra unique multi-tubular Pd-Ag

MR where the WGS reaction is conducted with simmdtaus hydrogen purification.

Commercial process simulation software (HYSYS) waed to solve the mass and energy
balances, and to compute the operating conditimns&ch process unit (HYSYS, 2003). The
effect of key variables such as the reformer teatpee, the reactants molar ratio, the
reaction pressure, the temperature of the membesator and the effect of sweep gas on

the fuel cell system efficiency is also discussed.

7.2 Description of the Ethanol Reformer Systems
Both systems described below, CR standing for Cotmeal Reactor and MR standing
for Membrane Reactor, have in common the followshgracteristics:

« a fuel processor, which chemically converts tleeol into hydrogen, and hydrogen clean-

up equipment(s);
« a fuel cell stack, which electrochemically consdtte hydrogen into electric power;
* associated equipment for heat, oxygen and was@agement; and

* auxiliary equipment such as pumps, compressat®apanders.

Two different configurations were studied: (i) thenventional-based approach — CR
(Figure 7.1) and (ii) the membrane-based approddiR<{Figure 7.2).

In terms of system design, the main difference betwconventional- and membrane-
based configurations is related with the hydrodearcup equipment(s) used and inherently
on the process complexity. In the conventional igumétion, three units were used to allow
reaching a high KHcontent in the PEMFC feed stream: high- (HT-WGB8J) éow- (LT-
WGS) temperature WGS reactors, and finally the Pu@it. On other hand, in the

membrane-based configuration only one unit was useiVGS MR.
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In the simulated systems, both ethanol and watearsis are provided at 20 °C and
0.1 MPa (streams 1 and 2 in Figures 7.1 and H2) tvere pumped to a mixer and finally
fed at 250 g-fh to the ethanol reformer unit. The water flow ragguired for the steam
reformer is controlled by the water-to-ethanol makatio. The process design considers a
burner reactor used for combusting the vent strdeons the fuel processor, which is used to
balance the heat demands of the system, namehefiimg/vaporizing the steam reforming
feed and to heat the reformer itself. The oxygequired for the combustor, fuel cell and
PrOx unit in the conventional configuration systismalso supplied at 0.1 MPa and 20 °C (cf.
stream 3 in Figure 7.1 and Table 7.1). A compresssubsequently used to pressurize this
stream to achieve the specified pressure and perttog CO oxidation reaction.

For simplicity, compressor, expander and pumpshbadiia efficiencies were assumed to
be 75 %. No pressure drops were accounted. Thesegs systems were designed taking
into account that CPis separated from Hand dehydrated in a condenser after the burner
reactor for subsequent release or capture (e.gomamsion) — cf. Figures 7.1 and 7.2.

The MR operation was simulated by an in house-desigprogram, as explained below,
outside the simulator environment. For simplicttys unit was represented by a “conversion
reactor” (the reaction medium according to HYSYB8niaology) and a splitter (the Pd-Ag
membrane) — cf. Figure 7.2. The operating conditioh both systems are summarized in

Tables 7.1 and 7.2.

7.2.1 Ethanol reforming unit

The reaction pathway and thermodynamics of thenelhgteam reforming have received
a significant attention in the published literat@ieannides, 2001; Mas et al., 2006; Ni et al.,
2007; Vaidya and Rodrigues, 2006). Moreover, thgesyof catalysts employed play a
crucial role in the reactivity towards complete ersion of ethanol, hydrogen selectivity,

and inhibition of coke formation. Non-noble metlch as Ni-based catalysts, are promising
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materials to conduct the reaction due to theirtireddow-cost, high activity, selectivity toH
and stability (Ni et al., 2007). In the presentdstuthe steam reforming of ethanol is
considered as an ideal case, where no intermedatgounds are formed, as previously
suggested by Song et al. (Song et al., 2005). éurtbre, each reaction step described by
reactions 7.1 and 7.2 is considered to be at éguiln conditions at the reactor outlet.
Ethanol decomposition reaction:

C,HOH+3HO0 - 2CQ +6H, A %,= 170.41KJ M (7.2)
Reverse water-gas shift (WGS) reaction:

CO,+H, « CO+HO, A B,= 411K mt (7.2)

The dependence of the equilibrium constants withptrature for reactions (7.1) and
(7.2) have been provided by Semelsberger et améberger et al., 2004) and Moe (Moe,
1962), respectively. The equilibrium constantsdach reactionKe) were then interpolated
by HYSYS, obtaining for each reaction a linear egumeof the type:

In(K,)=A+BT '+ CIn(T)+ DT (7.3)
The values of the parameters are described in T/aBle

The reactor is assumed to be isothermal, meaneghthat has to be supplied from an
external energy source to maintain the temperatareonventional tubular steam reforming
adopted for both the CR and the MR configuratidme energy required to drive the
endothermic reforming reactions is assumed to pel®d by the combustion of a portion of

fuel outside the reactor, cf. Figures 7.1 and 7.2.

Table 7.3— Values of the estimated parameters in equat®ifor reactions 7.1 and 7.2.

Reaction A B/K C D/K?

C,H.OH +3H,0 -« 2CQ +6F 4.740x10 -2.276x10 - 2.359x10
CO, +H, o CO+HC 5.268x10" -4.380x10 5.809x10" -4.066x10'
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7.2.2 Water-gas shift reaction unit

Typically, gas can emerge from the reformer with@ level of1-10 vol.%, which gets
adsorbed on the noble catalyst of the PEMFC, paigoit. Therefore, the fuel processor
must be designed to convert the CO content inubedtream to levels that are tolerated by
the Pt catalyst of the PEMFC; moreover, the highveosion of CO increases the hydrogen
yield. This task is partially accomplished by thater-gas shift reactors, where reaction 1.1
takes place.

The performance of these units depends on the igutentration of CO and.B/CO
ratio. Such variables are in turn related to tHermeer reaction pathway as well as to the

water-to-ethanol feed molar ratio {BVEtOH), reformer unit temperaturel (.,..), and
reaction pressure H,,...), Which parametric analysis is done below. Besidts

temperature of the WGS reaction unit affects it6fquemmance because it modifies the CO

conversion.

7.2.2.1 Conventional configuration

In the conventional configuration (Figure 7.1), &GS reaction was assumed to be
carried out, as usual, in two adiabatic shift reectn series with an inter-cooler in between.
This allows a smaller adiabatic temperature risg arbetter steam management, therefore
making the process more economical (Thomas and abpt®97). These units perform the
exothermal WGS reaction that is considered to begailibrium conditions at the reactor
outlet. The HYSYS library was used to obtain thaiklgrium data for the reaction. The first
WGS stage is characterized by working at higher pematures, favoring a fast CO
consumption and minimizing the catalyst bed voluarg] it is called the high-temperature
shift (HT-WGS) reactor. A chromium-promoted ironiae catalyst is assumed to be used in
the HT-WGS reactor. In the next stage the readtidues place at a lower temperature for

obtaining a higher CO conversion, which is limitgdthe thermodynamic equilibrium of the
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exothermal WGS reaction. An inter-stage coolingtayswas thus used to operate the
second WGS reactor at a lower temperature. A cepperalumina catalyst is usually
employed in the LT stage. In this study it was as=sal that the HT- and the LT-WGS

reactors operate at 360 °C and 210 °C, respeciioleapter 2).

7.2.2.2 Membrane-based configuration

In the membrane-based configuration (Figure 7.82)\WGS reaction was supposed to be
carried out in an adiabatic multi-tube membranetsga A membrane reactor consisting of
19 Pd-Ag thin wall tubes has been considered ferdimulation work. These permeator
tubes of 10 mm of internal diameter, wall thickne9.050 mm and 250 mm of length can
be produced by cold rolling and diffusion weldinfyroetal foils made of a Pd alloy with
20-25wt.% of Ag. Such a multi-tube membrane module has beeit at ENEA
laboratories (in Italy) and should be coupled veth00 W PEM fuel cell. The catalyst bed is
assumed to be inserted in the membrane lumen adettmeated hydrogen is collected in
the shell side at 0.1 MPa. The permeate streameidimy pure His then fed to the PEMFC
stack. The retentate stream, i.e. essentially tbdyzed CQ, the CO not eliminated and the
H, not permeated (stream number 9 in Figure 7.2¢prlucted to the combustion unit to
fulfill the energetic needs of the system. The gpeeleased by the expander unit, when the
WGS MR is operated at pressures higher than 0.1, MBs not taken into consideration in
the energy balance.

A computer code developed for simulating a WGS-MRme membrane tube has been
used (Tosti et al., 2009). The model accounts Herkinetics of the WGS reaction over an
iron-based catalyst and the hydrogen transportigation) through the Pd-Ag membrane. A
Langmuir-Hinshelwood kinetic model was used basethe surface reaction of molecularly
adsorbed reactants as the rate determining staphvdads to the following expression of

the reaction rate:
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- kKCOZKHZO( Pco pHZo_( Pco pw/ K)) 7.4)
1+ KeoPeo * Kl-&oszo'*' ch pcg)2

—leo

where -1, is the rate of carbon monoxide consumptiono(-min*-g.), k is the rate
constant,p is the partial pressure of the componefit= CO, HO, H, and CQ), K, is the
equilibrium constant and, is the adsorption constant for spedie3he kinetic constants

have been evaluated by Podolski and Kim (Podols#il&im, 1974) with a 93 % iron and

7 % chromium catalyst:

k= exp(— 2:_56+ 20.29% mol-min g (7.5)

Keo = exp(%élz— 3.392) atm (7.6)
Kio = exp(3_1r28+ 6.42% atm (7.7)
Keo, = exp(%lz - 9.28% atm (7.8)

The MR model is based on the following main assimngt steady-state conditions,
plug-flow, isothermal operation, ideal gas behavioegligible pressure drops, negligible
radial temperature and concentration profiles (afimensional model — negligible
concentration polarization).

Pressure drop is not of concern as it is typicadgligible in the range of flow rates that
are usual for the application of the reactor (Testal., 2008). Besides, all other hypotheses
are in principle valid for the dimensions of thd-gp considered (i.e. for coupling to a
500 W PEM fuel cell).

The tubular membrane reactor is divided into finitelume elements where the
composition of the gas, reaction rate and permigaldwards hydrogen can be considered
constant. Assuming as inlet boundary conditionsefach volume the outlet values of the

previous one, the mass balance for each comporfetiteomixture is performed. The
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computation of mass balances, both at the reteatateat the permeate side of the reactor,
requires the evaluation of reaction rate and petimeaate. These, in turn, depend on the
partial pressures of the gases in the reactor. ddere the permeation rate depends on the
partial pressure of hydrogen at the permeate sidiheo reactor. Therefore, an iterative
method of computation has been set up, as descedlsedvhere (Tosti et al., 2009). The
calculation is iterated up to convergence (error3I*° mol-sh).

Using the code, the molar flow rates of the gasepesies inside each permeator tube of

the membrane reactor have been evaluated.

7.2.3 Preferential oxidation reactor

In the CR configuration, due to the WGS reactionildzrium limitations, the LT-WGS
reactor typically achieves a residual CO conceiotnain the order of0.5- 1.5 dry vol.%.
Thus, the preferential oxidation (PrOx) unit is dige bring down to ppm levels the CO
concentration (cf. Figure 7.1). Supported nobleainedtalysts are typically used to promote
the reaction, in particular, platinum/alumina (Bao et al., 2003). The precious metals used
are efficient, but only start to be active at abdbu® °C. Additionally, they are not active at
low O,/CO ratios because,@nd CO compete for the same sites. Therefores aidded in
slight excess, and so is normal that a small amotihiydrogen is oxidized. In this reactor,

the oxidation of CO using oxygen proceeds accordiitig the following reaction:
CO +%O2 -~ CQ, A B, =- 283.2K) nit (7.9)

As mentioned previously, the selectivity of theatgdt will typically not avoid the
combustion of some hydrogen that is present in ghgs stream through the following
reaction:

H, + %02 ~ H,0, A Mg =-241.0K md (7.10)
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In this study, the @inlet flow is computed as a function of the COwfloate assuming
the requirement of two moles ok @er mole of CO (Francesconi et al., 2007). Inrtfuslel,
the CO oxidation is considered completed afterhiegcl0 ppm at the reactor’s outlet. Since
this combination of specifications cannot be soldadctly, the Adjust operation of HYSYS
was used to automatically conduct the trial-and+eiterations. The remainingQeacts
totally with hydrogen, which represents a seletstiimol H, consumed per mol CO
consumed) of nearly 3 (Francesconi et al., 2007r)aéiabatic operation at a temperature of

200 °C has been considered for the PrOx reactaer(Gih, 2002; Trimm and Onsan, 2001).

7.2.4 Polymer electrolyte membrane fuel cell stack
To investigate the performance of a PEMFC system, exquilibrium-based
electrochemical model has been employed (Francestal., 2007; Godat and Marechal,

2003). The basic expression for the voltage ohglsicell is:

VceII = ENernst+,7 act, an+,7 act, cz;r” ohn (711)

where E.,., is the thermodynamic potentiaj,, ., is the anode overvoltage, a measure of

the voltage loss associated with the anoglg, ., is the cathode overvoltage, a measure of

Jcat

the voltage loss associated with the cathode, /gng. is the ohmic overvoltage, i.e. the

internal losses associated with the proton condiytof the electrolyte and electronic
internal resistances. The three overvoltage temmsilanegative in the above expression and

represent reductions frorg, to give the real cell voltage/.,. For simplification, the

Nernst
operating voltage was set at 0.5 V (Francescoal.e2007; Giunta et al., 2007; Song et al.,
2005).

The current,| is related with the hydrogen molar flow rate tleatonsumed at the

cell ?

anode:

=2F(f = TR e (7.12)

I cell
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where F is the Faraday constant (96,500 C).

The actual electrical power generated by the ¢} X can then be calculated from:

I:)cell :Vcell IceII (7)13
It is assumed that the cell operates with the imkédant fed to the cathode humidified at
a relative humidity of 80 %. The PEMFC is considete be isothermal and isobaric. A
pressure of 0.1 MPa and a fuel cell temperaturédfC are assumed. The fuel utilization is

considered to be 80 % (Francesconi et al., 200d) tae oxygen fed to the PEMFC is

supplied with 30 % of excess concerning the inlet H

7.2.5 Post-combustion unit

The addition of a burner reactor for converting tlemted fuel from the PEMFC (cf.
Figures 7.1 and 7.2) can improve the energy effyeof the system by providing most of
the heat needs (Benito et al., 2007). Therefor¢him study, the generated heat obtained in
the post-combustion unit (operating at 1000 °C @ridViPa) is used to balance the energy
requirement of the overall fuel processing syst&upplementary firing of ethanol is
considered if the energy content of the vented fsielot sufficient to close the energetic
balance. Some assumptions were made:

— the combustion is complete and

— stoichiometric combustion has been consideredrdi with the following reaction:

C,HOH+3Q, - 2CQ +3H O, A Y, =- 1275.56[RJ mh (7.14)

Finally, concerning the heat exchange, the stedonméng unit is the only reactor which
consumes energy due to the endothermic charaateofthe reaction set. There is also
energy consumption for heating the feed and theaation of the additional ethanol that is
fired, prior to entering the reactors, and for #axy equipment such as pumps and

compressors (cf. Figures 7.1 and 7.2).
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7.2.6 Definition of the fuel cell system efficienc
Concerning the evaluation of the overall efficienof/ the integrated systems, an

expression was formulated where the energy outptetimed by the PEMFC is divided by

former

the heating value (HV) of the ethanol consumedenfuel processor for reformings,,
and burning unit ggior"):

oo (7.15)

,7 PEMFC s =
ystem reformer burne
(nEtOH + nEtOH ) HV

The higher heating value (HHV) was used as the &tdr, representing the amount of
heat produced by the complete combustion of thé (fogial and final states at standard

conditions). The value of 1300 kJ-matas then considered.

7.3 Results and Discussion

The two integrated process models have been usddtéomine the effect of the most
relevant operating conditions. The influence of weer-to-ethanol molar ratio, reforming
and membrane reactor temperature, reaction preaadrsweep-gas were studied in terms of

ethanol fuel processor performance as well asrmd@f overall energy efficiency.

7.3.1 Influence of the water-to-ethanol molar ratb and reaction pressure

In this section, the effects of the water-to-ethaie@d molar ratio (HO/EtOH) and
reaction pressureH,,...,,) are investigated. Figure 7.3 presents the resicyglds and the
total yield of the integrated ethanol fuel procedso the conventional and membrane-based
configuration systems. These yields are computedhasratio of moles of hydrogen
produced per mole of ethanol incoming to the refar(y, ).

In this study, the performance in terms of the Itdda yield for both ethanol fuel

processor configurations is favored for highetOHEtOH ratios (Figure 7.3). Due to the
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water excess, the thermodynamic equilibrium coneersf the ethanol reforming reaction
enhances the Hproduction and penalizes the CO concentratiofeatoutlet stream of the
unit (cf. Equations 7.1 and 7.2); therefore, infbptocessors, the WGS step produces less
hydrogen. Moreover, in the WGS membrane reactor lp@rogen yield significantly
decreases with the feed molar ratio. In fact, aresx of water reduces the hydrogen partial
pressure and inherently the IHecovery, decreasing the CO shift effect. In aveotional
ethanol fuel processor, due to the lower CO foromatat the reformer section, the

performance of the PrOx reactor improves, consunasg H.

CR-based configuration MR-based configuration
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Figure 7.3— Reactors yields vs. water-to-ethanol molar ratidifferent reaction pressureg (. ..=

700 °C andT,,, = 360 °C).

The total H yields attained in both fuel processor configunasi are very similar at high
H,O/EtOH values (Figure 7.3). However, a slight difece is noted in the conventional
processor, particularly at the lowest@EtOH value, where a higher amount of I3
consumed during the oxidation of CO at the PrOx. uni

In both configurations, the largest contributiorthie H yield is, as expected, due to the

reformer. Nevertheless, the WGS reactor(s) cortiohwcannot be neglected, accounting up
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to 28 % (for HO/EtOH = 3 anPreaciion= 0.1 MPa) in the conventional unit and up to 22 %
(for HoO/EtOH = 3 anPeaction= 2 MPa) in the MR-based one.

The reaction pressure has distinct effects in bat¢hprocessors, as shown also in Figure
7.3. In the case of the conventional one, the tbkalyield is almost insensitive to the

pressure variation in the range studi@l- 2 MPa. This is related with the fact that the

ethanol decomposition achieves 100% conversionHgD/EtOH > 4, whatever is the
reaction pressure. For,8/EtOH < 4 there is an increasing slight negatifuence of the
pressure, as predicted from the Chatelier’s principle(because there is an increase in the
total number of moles — cf. Equation 7.1). On tltieeo hand, the overall performance of the
membrane-based fuel processor increases with t@h&ioe pressure. Since the pressure
gradient across the membrane increases, thedtimeation through the membrane is
favored, shifting the WGS reaction equilibrium tedsadditional formation of &

Figure 7.4 presents the energy demand of the réfigrneactor, feed heater and ethanol
evaporator of each integrated system versus thersw@ethanol molar ratio at a constant
reforming temperature and reaction presstfgofmer = 700 °C anPreaciion = 2 MPa). The
energy demand evaluation of a MR-based system dhmuperformed at conditions of high
hydrogen recovery.

Despite the high Hyields obtained for both fuel processors foOHEtOH > 4 — Figure
7.3, the higher water feed flow rate demands eatrergy for feed heating and vaporizing,
Figure 7.4. Therefore, additional ethanol shouldraished to the system, decreasing the
energy efficiency, as described later on. The makrinenergy demand is, however, located
at the minimum water-to-ethanol molar ratio duetlie high energy consumptions in the
reformer unit. In opposition, at these conditioms eénergy efficiency is maximized since the
amount of H supplied to the PEMFC becomes higher.

Comparing both system configurations, it is wortentioning that when increasing the

reactants molar ratio the MR-based configuratiostesy shows a lower overall energy
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demand (cf. Figure 7.4). This fact is justified the lower H recovery in the MR that
follows the increase on the,8/EtOH; by increasing the water-to-ethanol molarorghe
enthalpy content of the stream exiting the bursetherefore higher, favoring this way the

heat exchanger performance.
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Figure 7.4— The effect of the water-to-ethanol feed molaioréH,0/EtOH) on the energy demand
of the systemR;eacion= 2 MPa,Tierormer= 700 °C andyr = 360 °C).

In Figure 7.5, a 3D surface is presented wherakbigal efficiency of the system based
on the HHV is shown. The energy efficiency is préed as a function of the water-to-
ethanol molar ratio and reaction pressure. Comgdroth configurations, it can be seen that
only a minor increase on the energy efficiencies ba obtained in the membrane-based
configuration system. Particularly, at a reformemperature of 700 °C, a maximum
efficiency of 29.1 % is achieved at®/EtOH = 3 andPreacion = 2 MPa and of 27.3 % at
H,O/EtOH = 4 andP eaciion= 0.1 MPa for the MR- and CR-based configuratioespectively
(cf. Figure 7.5).

In the work by Benito et al. (Benito et al., 200&)conventional bio-ethanol processor-
PEMFC system, with heat integration, was proposadi evaluated. A similar theoretical
energy efficiency to the one reported here wasiobthaby those authors. Higher energy

efficiency values for CR configurations can be, kwuer, found in the literature. For
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example, Francesconi et al. (Francesconi et aD7R0Godat and Marechal (Godat and

Marechal, 2003) and Perna (Perna, 2007) obtainednman energy efficiencies of around

36 %, 46 % and 43 %, respectively. The differentsuch values compared with the ones

obtained here, for the CR system, is related withdifferent operating conditions and fuel

cell system modeled (e.g. fuel utilization factiuel cell temperature and pressure and real

cell voltage). Moreover, also different heat exadenetworks were considered, which leads

to different efficiencies of the FC systems confajion.
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Figure 7.5 — Effect of the water-to-ethanol molar

efficiency (Treformer= 700 °C andyr = 360 °C).
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From Figure 7.5 it is also possible to conclude tha membrane-based configuration is

more affected by the operating conditions used tharconventional one. In fact,®/EtOH

= 3 favors the MR-based system where a highepaitial pressure is obtained at the outlet

stream of the reformer. Therefore, a higherétovery is obtained at the permeate stream of

the MR, which leads to an increase of the powepwutHowever, when changing the other

parameter, i.e. the reaction pressure, one cathaéé might have a tremendous effect on

the energy efficiency of the MR-based unit (cf. &g 7.5). In the MR-based system, since

the H, permeation flux depends on the partial pressure gradient across the membraise, it
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expected that the increase of the reaction predswms the fuel cell output power and
synergistically the energy efficiency of the systdmlimiting cases, i.e., when the reaction
pressure tends to be very low but the water-torethenolar ratio is simultaneously high
(H2O/EtOH> 7), null efficiencies are obtained. On the othandh the effect of the reaction
pressure on the CR-based system is almost negljgiblile the influence of #D/EtOH is a
bit more notorious. The optimum in the energy &fcy for HO/EtOH= 4 results from the
combination of two facts: by decreasing@4EtOH, higher amounts of hydrogen are
obtained (because the equilibrium conversion effe@most negligible), however for low
H,O/EtOH values a more significant consumption ofrlogeén occurs in the PrOx unit.

At lower water-to-ethanol molar ratio values, esaic for H,O/EtOH < 3, there is the
formation of coke over the steam reforming cataly@bke can “destroy” the catalyst
structure and occupy the catalyst surface, redutiegatalyst activity; besides, the eld
of the process becomes severely reduced due totimation of by-products. So, higher
water-to-ethanol molar ratios are frequently emetbin practice to reduce the rate of carbon
deposition and favor theHroduction. Even at a &/C,HsOH molar ratio of 5, the MR-
based system shows an energy efficiency that i ¢lese to the CR configuration, when
operated at a relatively high reaction pressuregdrE 7.5. The reaction pressure is certainly
an important design variable of the MR-based systthough above 0.5 MPa the energy
efficiency increases only marginally.

It is worth noting that the optimal water-to-ethamaolar ratio and reaction pressure,
considering the reformer alone and the total yi€lds achieved for each fuel processor
configuration (Figure 7.3), does not agree with llest operating conditions from the point
of view of a global efficiency analysis (cf. Figar@.4 and 7.5). This fact indicates the
importance of optimizing integrated systems rathan optimizing process units separately
for different objective functions, as also indichiey Francesconi et al. (Francesconi et al.,

2007).
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Up to now, the MR-based system configuration reagt&b be promising in terms of both
performance and efficiency for the range of condsi studied when compared with the
conventional process. Despite the advantages ofgusie MR-based process, a decisive
selection between both systems should be made @rbdlkis of an economic balance
considering the investment, capital and operatmsisinvolved in each one. The membrane
reactor is probably the most expensive piece ofipagent because it uses hfir thick
palladium-based membranes. However, much thinnenbrenes are being developed and it
is expected that a composite palladium membrapm ick costs only50-100 % more
than the corresponding ceramic support.

In the following sections, the MR-based system tdIstudied in more detail in order to

investigate the effects of some other operatinglitimms.

7.3.2 Influence of the reformer temperature

To reduce the operating costs and increase thayerficiency of the FC system, a
compromise should be made between the temperatdrerassure at the reformer unit; this
should take into account the, Ktields obtained by the fuel processor and the &atpre
limit at which coke formation is negligible.

The effect of the reforming temperature on the M#Rdd configuration is analyzed in
this section consideringJ@/EtOH = 3. The plot of the Hyield in the fuel processor (Figure
7.6) shows that increasing the temperature, tta hydrogen production is favored, which is
in opposition to the performance behavior of tfemaer unit. The ethanol steam reforming
is an equilibrium-limited reaction. Due to its etldermicity, temperature has a positive
effect on the ethanol conversion. In the rangesofgeratures considered, the yeld in the
reformer unit is, however, negatively affected. sThappens because the equilibrium
conversion of reaction 7.1 (which is close to caetiph) is less affected by this variable than

the equilibrium conversion of reaction 7.2. In pardar, the equilibrium conversion for the
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ethanol decomposition increases from 98.39 %O(HtOH = 3, Preaction = 0.2 MPa and
Treformer = 500 °C) to 99.85 % (D/EtOH = 3,Preaction= 0.2 MPa and eformer= 900 °C). For
the RWGS reaction, the conversion increases fron8% to 80.56 %, in the same
temperature range (and equal conditions). This weeyeffect on the RWGS overcomes the
6 mol of B, produced for each mol of ethanol consumed thraeghtion 7.1. Since the CO
content is increased by the effectTafiormes the H production of the fuel processor is then

mainly favored via the WGS reaction (cf. Figure)7.6

6 4

5 4

4 -

=
> _ e - P_.=02MPa
3 A _
—0— Preaction_ 2 MPa

2 4

14

0 T T T T T

400 500 600 700 800 900 1000

T /°C

reformer
Figure 7.6 — Reactors yields vs. temperature of the reforatafifferent reaction pressures for the
MR-based process (B/EtOH = 3 andlyr = 360 °C).

Globally, the H production of the fuel processor is favored byréfermer temperature.
This fact is more evident at higher reaction pressuwhere the Hrecovery and CO shift is
higher. At lower pressures (e.g. 0.2 MPa in Figoi®), the positive effect reached in the
WGS-MR is offset by the negative effect in the refer, being the overall Hyield nearly
independent of the reformer temperature.

In Figure 7.7, the energy efficiency of the MR systis shown as a function of the

water-to-ethanol ratio and reforming temperatur@.@tMPa (high K recovery conditions).
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Higher energy efficiencies are obtained at lowdprmaer temperatures because of the
smaller energy requirements in the reactor and a@asipn. A maximum efficiency of

NMeemec sysen= 30-2 % occurs at the minimum temperature (500f@)e reformer considered

in this study. Additionally, at these conditionsy supplementary firing of ethanol is

necessary.
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Figure 7.7 — The effect of the water-to-ethanol feed moldiorand réormer temperature on th
energy efficiency of the fuel cell system for theRMased configurationP(e,cion = 2MPa and
Tur = 360 °C).

Ethanol steam reforming operation at 500 °C orveesoexperimentally described in the
literature as a promising choice for fuel cell apgtions. The effect of #O/EtOH in the
energetic efficiency is similar to that reported kgure 7.5 (i.e. the smaller the

water-to-methanol ratio, the higher the efficiehegause more Hs produced).
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7.3.3 Influence of the WGS MR temperature

In this section, the reactor’s performance andglbbal energy efficiency of the system
are studied as a function of the WGS MR temperature

The hydrogen diffusion through palladium occurs aiaolution/diffusion mechanism,

which is frequently described as follows (Dittmegeal., 2001):
q) n n
J== (0~ p) (716

where J is the hydrogen permeation flux (mol’ra’), @ is the hydrogen permeability
(mol-m-n¥?-s*-Pd"), & is the metal wall thickness (mj is a model constann(= 0.5
assumingSieverts’ layy, andp; andp, (Pa) are the hydrogen partial pressures upstream a
downstream, respectively (i.e. in the lumen andneatte sides, respectively). Moreover, the
hydrogen transport through the dense palladiumebasembrane is an activated process.
Assuming that the permeability follows tAerhenius’ law it can be written:

® =, expE/OT) (7.17)
where ®_ is the pre-exponential factor (mol-n¥ms'-P&>9), E is the activation energy

(J-morY), O is the gas constant anfl (K) is the absolute temperature. The hydrogen
permeability parameters of the Pd-Ag (23 wt.% Addpyahave been obtained from the
literature (Tosti et al., 2009):

@, = 7.730x10 mol-m-n¥-s*-Pa’>,

E = 6.601x16J-mol".

The hydrogen permeation is then expected to ineremsgh the temperature and
transmembrane hydrogen partial pressure differefiberefore, it is important to evaluate
the influence of these variables on the globalgrerance of the MR-based system.

In Figures 7.8 and 7.9, the effect of the WGS MRerature and reaction pressure on
the global H yield, CO conversion, Hrecovery and energy efficiency are shown; a

H>O/EtOH = 3 and & eformer= 700 °C were considered.
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Figure 7.8a shows that increasing the temperatutkeoWGS-MR, the hydrogen total
yield of the fuel processor has a maximum value3&@ °C, within the pressure range
presented in this study (although more easily edtia the figure aPreaction= 0.2 MPa). This
result is explained by the combined effect that @@ conversion and the,Hecovery
attained in the WGS-MR have with the temperatuee (Sigure 7.8b). In other words, due to
the exothermicity of the WGS reaction, temperatuegatively affects the thermodynamic
CO conversion level based in the feed conditiormwvéter, the shift effect is enhanced by
the increase of the Hecovery, which is favored by the temperature @geation 7.17).
Therefore, an optimal temperature of the WGS MR lsarobtained in order to achieve the

maximum CO conversion and inherently the globalidld.
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Figure 7.8 — The influence of the WGS-MR temperature on a)Hlhyield and b) CO conversion
and H recovery at different pressur&Seformer= 700 °C, HO/EtOH = 3).

The relationship between the catalyst activity d@imel membrane permeation is quite
important on the optimization of the membrane m@adDespite the work performed being
related to a functional model under developmerEMEA, the optimization of the reactor
area/volume aspect ratio can be done usingObmkoler—Permeation (DaPe) nunmbe
(Battersby et al., 2006). The membrane is needgrttmeate hydrogen produced from CO

conversion, which reaction takes place in the fibed delimited by the membrane walls.
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Figure 7.8b plots CO conversion and recovered lgghoas a function of the MR

temperature. From this figure it can be seen thadtraf the produced hydrogen is recovered,

indicating that the reactor aspect ratio is adexjuat
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Figure 7.9— The effect of the reaction pressure and tempezaif the MR on the energy efficiency
of the fuel cell systemT{etormer= 700 °C, HO/EtOH = 3).

From Figure 7.8b, it can be seen that the totaldB@version was not achieved for the
WGS MR module and operating conditions simulatedother words, a retentate stream
containing mainly CQ some steam, non-recovered hydrogen and the noreded CO
(Table 7.2) is obtained. This indicates that imgraents should be made in the membrane
module (e.g. higher permeation area and/or lowenimnane thickness) and/or in the process
conditions (e.g. using a higher reaction presstwe)mprove the H recovery and the
remaining CO consumption.

The WGS MR shows higher energy efficiencies for 360where the KHproduction is

favored, and for reaction pressures above 0.5 NfRpile 7.9). A compromise should then
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exist between the WGS MR temperature and the lujretantate) side pressure, in order to

achieve higher performances and global energyiefiotes.

7.3.4 Influence of the sweep gas and MR configuiah

Up to this point, we assumed that the WGS MR opsratithout sweep gas in the
permeate side, which was settled as ambient pesBaspite the higher simplicity of the
process in terms of final Hourification and cost, these are very limiting ditions for the
H, recovery and yield. This limitation can be overeohy applying vacuum to the permeate
side or by feeding a sweep gas to the permeate drafshell side) of the membrane
module.

In a previous work by Tosti et al. (Tosti et alQ0®), the authors concluded that the
permeating hydrogen should be collected in thel shide using a sweep gas stream in
counter-current mode for increasing the permeatronng force.

Using steam as sweep gas has the advantage of umially available on-site and being
easily separated from the permeated hydrogennaligely, the hydrogen humidified stream
could be directly fed to the fuel cell (Hughes, 2000ften, the higher the sweep gas flow
rate, the greater the permeation rate. Howeveryaperization of water is one of the most
energy intensive operations in industry. Thereftine, flow rate of water sweep gas should
be studied not only in terms of the Kecovery achieved in the MR, but also in termsghef
energy efficiency of the system.

Taking this into consideration, Figure 7.10 sholes éffect of the sweep gas molar ratio
(ratio of the steam sweep flow rate to the ethdlloal rate incoming into the reformer unit)
over the energy efficiency of system, at differegtentate pressures. The role of the steam
sweep-gas molar ratio on the energy efficiencyhefdystem clearly depends on the pressure
of the WGS MR retentate/reaction side. At low reactpressures, where the pressure

gradient across the membrane is low and inhereiiiéy H, recovery, higher energy
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efficiencies are in principle favored by the usaiea higher steam sweep molar ratio.
However, once attained the maximum energy effigigiise increase of the sweep molar
ratio, despite the enhancement of thgrkicovery, is no longer advantageous (cf. Figure
7.10). Extra energy is then necessary to vapohigesiveep gas water, decreasing the energy
efficiency of the system. When operating at highesction pressures, a lower amount of

sweep-gas is needed to achieve higher energyesfyi
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Figure 7.10— The effect of the steam sweep gas molar rattb raaction pressure on the global
energy efficiency. Operating conditions are: tleast sweep gas is fed in counter-current mode and
Treformer= 700 °C, HO/EtOH = 3 andiyr = 360 °C.

At this point it is interesting to analyze the impements obtained using the steam sweep
gas compared with no sweep gas. In Figure 7.1% tompared the performance of the
WGS-based system operating with and without sweeyp ip terms of global Hyield and
energy efficiency, both in a normalized way. Opeatat low pressures, some
improvements on the global performance are possibédbtain using a WGS MR operating

with sweep gas. In particular, the energy efficienan achieve twice as much the one with
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no sweep gas. These differences vanish if highactien pressures are used. In fact, at
Preaciion = 2 MPa the Hlyields in both systems are similar. On the othand) atPreaction =

2 MPa the usage of sweep gas at relatively higlepweolar ratios results in a lower energy

efficiency (cf. Figure 7.11).
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Figure 7.11— Comparison of WGS-MR system performance opegatiith and without steam sweep
gas in terms of the reactor’s yield and global gypesfficiency. Variables are normalized by the

performance of the system without sweep gas. Qiteditions areT eformer= 700 °C, HO/EtOH =3
andTMR = 360 °C.

7.4 Conclusions

A PEMFC/fuel processor stationary system fed wittaeol has been simulated using
HYSYS process simulator. The conventional configgareof a fuel processor was compared
with a configuration using a WGS Pd-Ag membranet@ain terms of hydrogen yield and
energy efficiency. The influence of several vamrabivas simulated and discussed, showing
the importance of analyzing the integrated systems.

Comparing both configurations, it was found thahikr energy efficiencies can be
obtained if the membrane-based system runs undlitams that favor high fHrecovery.

This can be achieved operating at elevated reaghi@ssure with no sweep gas or,
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alternatively, with low lumen (retentate) pressbrg with steam sweep in counter-current
mode.

In the membrane reactor configuration, a maximuiciehcy of 30.2 % is attained at the
minimum temperature of the reformer consideredhis study (500 °C). The membrane
reactor should operate at an optimum temperatuB6@PC in order to attain a compromise
between maximum CO conversion and tdcovery, thus improving theHyield of the
processor and the energy efficiency of the system.

The results obtained show that the usage of watporvas sweep gas improves the H
yield of the processor in a large range of opegationditions. In terms of energy efficiency
of the system, this still holds for low pressurBgs«ion < 0.5 MPa), but the improvements
are marginal and restricted to a narrower rangmn#élitions at high pressures.

Finally, it was shown that the MR-based fuel cgtem is more suitable than the CR
one for producing hydrogen under the operating timm$ used in this study. The MR-based
fuel cell system is simpler than the CR one andashslightly higher energy efficiencies.
Besides, with such a configuration the reductiosyistem complexity (along with synergetic

effects) can be achieved, moving into the logithefprocess intensification strategy.

7.5 Nomenclature and Acronyms

CR conventional reactor

E permeability activation energy [J-ripl

Enernst thermodynamic potential [V]

F Faraday’s constant [= 96 500 C]

FC fuel cell

f,j’;a hydrogen molar flow rate entering the anode [njol-h

f,f:f hydrogen molar flow rate exiting the anode [mol-h]

a

Fr total mass flow rate in a given stream [§-h
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HHV high heating value [MJ-Kj

HT-WGS high temperature water gas shift

| el current of the fuel cell stack [A]

J hydrogen molar flux across the Pd-Ag membrane [midk’]

k rate constantriol-min’* -gz,)

Ke equilibrium constant

Ki adsorption constant for specigs= CO, HO, H,, CO,) [atm’]

LT-WGS low temperature water gas shift

MR membrane reactor

n pressure exponent constant

N ethanol molar flow rate consumed in the reformeolfh’]

e ethanol molar flow rate consumed in the burner {ivip

Peell power of the fuel cell stack [W]

pi partial pressure of componeér{t = CO, HO, H, and CQ)

PEMFC polymer electrolyte membrane fuel cell

Preaction reaction pressure (in the MR it refers to the lampeessure) [MPa]

Prox preferential oxidation

Py hydrogen partial pressure at the retentate sidheoPd-Ag membrane
reactor [MPa]

P2 hydrogen partial pressure at the permeate sidaeoPtl-Ag membrane
reactor [MPa]

H,O/EtOH water-to-ethanol feed molar ratio

O ideal gas constant [= 8.314 J-thél"]

—I'eo rate of reaction regarding carbon monoxide consiompt
(mol-min™ -g.,)

SR steam reformer

T absolute temperature [K]

Tur temperature of the Membrane Reactor unit [K or °C]
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Treformer temperature of the Reformer unit [K or °C]

WGS water-gas shift

Veell fuel cell voltage [V]

Nactan anode overvoltage [V]

Nact, cat cathode overvoltage [V]

Hohmic ohmic overvoltage [V]

Xi molar fraction of componenii = CO, HO, H, and CQ)

YHZ hydrogen yield (ratio of moles of hydrogen prodiiper mole of ethanol

TTeemEC syster

incoming to the reformer)

energy efficiency of the integrated system

) Pd-Ag membrane thickness [m]
) hydrogen permeability [mol-m:frs*- P&’
N permeability pre-exponential factor [mol-nfst-Pa’]
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Chapter 8

Conclusions and
Suggestions for Future Work

8.1 Concluding remarks

The thesis focused on the study of an efficient tmiproduce ultra-pure hydrogen via
the water-gas shift (WGS) reaction using a hybechhology (reaction/separation) based on
a packed-bed membrane reactor. Since the WGS aramtnversion is thermodynamically
limited, the use of a packed-bed membrane reabtuuld allow to overcome the conversion
limitations imposed by the reaction equilibrium @nventional reactors. In this sense,
several topics were addressed from the fundameiftaéhanism and kinetics of the
reaction), to the process development (catalystesing, modeling and simulation) and its
intensification (integration of a packed-bed reaetad a H-selective membrane).

It was first evaluated the catalytic performancepaimising materials to carry out the
WGS reaction in the low-temperature range. For phigose, an experimental set-up was
built at LEPAE able to measure the catalyst's agtivn terms of CO conversion at
temperatures up to 300 °C in the presence of alaietlreformate feed. The same unit, with

slight modifications was also employed for meagytime reaction kinetics and to evaluate
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the performance of the Pd-Ag membrane/membran¢ore@e., for measuring the hydrogen
selectivity and permeability or for carrying ouetitVGS reaction).

The first challenge was to find a catalyst moregadgée for “on-board” fuel processor
operations than the conventional WGS samples. i dbnse, a nano-sized gold-based
catalyst (Au/Ce®@ was prepared and characterized at ITQ (in Vaken8pain) in order to
compare its catalytic activity and stability, fdretlow-temperature WGS reaction, with tree
commercial samples (CuO/ZnO/8l;, CuO/ALO; and Au/TiQ). The prepared sample
revealed to be the most active, in particular,hi@ temperature range @60- 200 °C. A
comparison between gold-based catalysts showscéhnet is a promising support due to its
enhanced redox properties. Among the cupper-baaetplss, it was observed that the
presence of ZnO seems to improve the catalystigctiy was also found that the presence
of reaction products in the feed stream has a higéeative effect on CO conversion for Cu-
based catalysts when compared with the gold-based, mamely, at 150 °C. In this sense,
the use of gold-based catalytic systems to conthectVGS reaction on GOor Hy-selective
membranes might be promising. Additionally, it walsserved that the CO concentration
present in the reactor feed greatly affects thwiacof all catalysts tested. Depending on the
reaction temperature and how far the system opefaden equilibrium, this effect can be
negative or positive in terms of the catalyst'sfpenance.

Concerning the activity/stability properties, themumercial CuO/ZnO/AlO; catalyst
showed to be the best sample. At temperater2s0 °C Au/CeQ@ is clearly a better option
since it is mostly not to be affected by the deatiobn mechanism and shows a higher CO
conversion than CuO/ZnO/#Ds;. However, at lower temperatures, the stabilitg isegative
factor for its selection and the latter materiabwh to be a better option. The results of this
study indicate that the catalyst selection for W&S reaction has to take into account the

operation temperature range. Due to the difficaltieund reproducing active and stable
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Au/Ce(Q, samples, the commercial CuO/ZnO/B¢ catalyst was used throughout the

ensuing work.

It was then studied the type of kinetics (and iehély of mechanism) that controls the
WGS reaction over copper-based catalysts. Theretioeekinetics of the WGS reaction over
a commercial CuO/ZnO/AD; catalyst was investigated using a simulated reftengas
mixture in the temperature range 80— 300 °C. Several kinetic models were proposed,
which were subjected to a rigorous parameter eitmand model discrimination in order
to find the most appropriate oriEhe Langmuir-Hinshelwood (LH) kinetic model based o
surface reaction of molecularly adsorbed reactamd on the formation of a formate
intermediate as rate-determining step showed gabdof experimental data. Further
investigations using two different temperature megg for parameters estimation,
180- 200 °C (lower-temperature) an@30- 300 °C (higher-temperature), revealed a better
goodness of fit and thus support the existenceigifndt rate-controlling mechanisms for
these two ranges: associative/LH (lower-temperatmd redox (higher-temperature).

Finally, an isothermal plug-flow reactor model wased to simulate the packed-bed
tubular reactor for the WGS reaction for validatthg composed kinetic model. The reactor
model was assessed against the measured CO comversil satisfactory agreement was
found between model predictions and experimengllte (average absolute deviation of ca.

3.5 %).

Pd-Ag membranes are seen as good materials tdigelgseparate hydrogen from a gas
mixture obtaining an ultra-pure hydrogen streamweieer, difficulties exist regarding
membrane stability, durability and achievementodélt selectivity towards hydrogen. In this
sense, at ENEA laboratories (in Frascati, Italyy;A membranes were prepared by an
innovative annealing and diffusion welding techradan order to separate and produce ultra-

pure hydrogen. The combination of an active lowgerature CuO/ZnO/AD; catalyst with
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a high H permeable and selective Pd-Ag self-supported manebresulted in a WGS
membrane reactor (MR) that exhibited significanpiovements in comparison to analogous
systems reported in literature. With this effectidg separation/production system, higher
CO conversions were generally achieved at lowerpeatures where the equilibrium
conversion is favored. On other hand, the relcovery was improved by increasing the
operating temperature and/or applying a higheiphrtial pressure difference between the
retentate and permeate sides of the dense Pd-Adprapen
It is noteworthy that around 100 % of CO conversaoil almost complete Hecovery

were achieved operating the MR at 300 °C with a SHas hourly space velocity) =

1200 L, [kg;, (h', a feed pressure of 4 bar, a permeate pressurgbafr and using

1L, Onin™ of sweep gas. The best operating mode to achiéighar MR performance was
N

using a sweep stream because it permits to usefégghpressures and, for sufficiently high
sweep flowrates, the permeate hydrogen partialsprescan be made as low as needed.
Since the Pd-Ag membrane prepared could not witkistegh-pressure differences between
retentate and permeate sides (above 2 bar), farowmy the hydrogen permeation it was
increased the feed pressure as well as the sweeprgssure. This operating mode resulted
in improved reaction rate and hydrogen recovery.

It was also found that changing the reactants curaton in the feed has opposite
effects on the MR performance. While carbon monexadnversion (and also hydrogen
recovery) was improved by a higher water contasitoing the thermodynamic trend, the
reverse effects were observed for higher CO coraions in the feed (following the
opposite thermodynamic trend). It was concluded tha Pd-Ag MR operates in kinetic
regime, where the non-equilibrium conversions ol#di depend not only on the

thermodynamic conditions but also on the WGS reagbath.
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Very few studies on WGS membrane reactors criyiaaimpare the proposed theoretical
models with experimental results. Moreover, suamgarisons are mostly based in terms of
conversion enhancement and take into account dgparted in the open literature
concerning membrane properties and kinetic react®s, most of the times obtained for
specific conditions. In this sense, a comprehenghenomenological model was developed
and validated with experimental results for a broaye of operation conditions, obtained in
the Pd-Ag membrane reactor, packed with a CuO/ZiO¥Acatalyst, and described in
chapter 5. It is noteworthy that, apart from twitirig parameters (related with the decline of
permeability due to the presence of CO in the reachixture), all other model parameters
were determined from independent studies, describ@ugy this thesis (catalyst properties,
kinetic parameters, hydrogen permeation rate eguagtc.). The model was validated in
terms of CO conversion and generally showed a ggodement with the experimental data.
Additionally, the model was used to simulate thefqrenance of the Pd-Ag WGS MR in
terms of CO conversion and;Hecovery in a wide parametric space, describedhiey
Damkdhler's numbe(Da) and contact timell). The two parameters were used to describe
the possible operation conditions to be used inrdsetor, allowing thus to define the
optimal operating region. Operating with vacuumalmost complete conversion of CO can
be achieved in the parametric region (contact aaikdhler numbérof Da > =7 andI’ >
=0.25. However, in this case, the maximumretovery is limited by the performance of the
vacuum pump. In case of operating the MR in swesp rgode, total CO conversion and

almost full B recovery can be achieved in the regioaf> =7 andl" > =0.4.

Finally it was evaluated the benefits resultingrirthe integration of a WGS packed-bed
MR in a H-based plant. This study was based in a pilot eth@fiorming plant developed at
ENEA laboratories. Then, a PEMFC/fuel processaiatary system fed with ethanol was

simulated using HYSYS process simulator. The coneeal configuration of a fuel
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processor (which consists in an ethanol reforméovi@d by two WGS reactors operating at
high and low temperatures) was compared with aigordtion using a WGS multi-tubular
Pd-Ag membrane reactor, in terms of hydrogen yaeld energy efficiency. Comparing both
configurations, it was found that similar energyfiogéncies can be obtained if the
membrane-based system runs under conditions thatr faigh H recovery. This was
achieved operating at elevated reaction pressutte ma sweep gas or, alternatively, with
low lumen (retentate) pressure but with steam sweepunter-current mode.

The results obtained show that the usage of watporvas sweep gas improves the H
yield of the processor in a large range of opegationditions. In terms of energy efficiency
of the system, this still holds for low pressure=ation pressure lower than 5 bar), but the
improvements are marginal and restricted to a marorange of conditions at high
pressures.

Finally, it was shown that the MR-based fuel cslstem is more suitable than the
conventional reactor CR-based one for producingdgeh under the operating conditions
used in this study. The MR-based fuel cell systemsimpler than the CR one and shows
slightly higher energy efficiencies (30 % vs. 27. Bgsides, with such a configuration the
reduction in system complexity (along with syneigeffects) can be achieved, moving into

the logic of the process intensification strategy.

8.2 Suggestions for future work

Membrane reactor technology combines two disticttrees dealt with in this work:
catalysis and membranes. For many researchersljfffoailty is to evaluate which of them
has more relevance in MR development. Howeves, iéasonable to understand that catalyst
performance is certainly an important factor in thesign of better MRs, in particular to
improve H production units, e.g. fulfilling the requiremeritsr the integration of fuel

processors with fuel cells. One of the issues ihaarely addressed in the open literature
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concerns the problems related to poisoning/contameffects. It was reported that the
lifetime of industrial Cu-based catalyst is depariden the sulfur contamination (Lloyd et
al., 1989). Specifically, only a few publicationavie reported the effects oL$ poisoning
(not completely removed in the HDS units) on the SVétalysts under real fuel processing
conditions (Xue et al., 1996). The lack of thesedss is more evident over the promising
precious metal catalysts, and is therefore an dppit of research in the WGS catalysis
field.

Since WGS is such a well-studied process, it isroeissumed that the catalysts used in
present commercial processes will be equally effeavhen used in a Pd-based membrane
reactor. It is known that CQOnhibits the reaction conversion and lowers thectien rate
over conventional WGS catalysts (namely Cu- andb&sed). In a WGS Pd-based
membrane reactor the concentration of,@@reases with the conversion of the reaction and
because hydrogen is removed through the membragece; while current WGS catalysts
are quite effective and sufficiently active wherdisn traditional WGS processes, they may
not be as suitable for being used in Pd-based naraelneactors. Therefore, future research
on catalysis should cover this topic. The develapneé promising materials, such as those
based on precious metals (hamely gold) and Cu;capjpears to be a great opportunity to
overcome this difficulty. Indeed, these catalysts lass sensitive to the presence of carbon
dioxide (see Table 2.2).

Pt-based catalysts have been widely used in themaiitve industry and have been
reported as being high-performance materials talys¢ many reactions in the fuel cell
field. However, much more attention has been giterAu-based catalysts, which have
gained higher academic and industrial recogniti@anferon et al., 2003) (although to the
best of the author’'s knowledge, no industrial aggilons exist using Au-ceria materials for
WGS). Despite the technical performance of thetatbompared with the Pt catalysts, which

are really promising in terms of catalytic activithe greater availability of Au justifies the
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possibility of future developments on these makerighe challenge is significant, however,
since it is expected that the catalytic activityboth of these precious-metal-based catalysts
has to be increaseldd— 100 times over the conventional materials for beconuagpetitive

on a cost basis for WGS (Ladebeck and Wang, 2003).

Particular attention should also be given to theal§tock used for Hproduction, because
it affects the composition of the synthesis gagipced and the presence of contaminants in
such streams. While natural gas is essentially fmestationary applications, it is expected
that alcohols or other more exotic fuels such asama will have a major role in the future
portable applications. This affects not only the ®/Gatalyst selection (namely its tolerance
toward impurities) but also the MR design (typera@mbrane, dimensions, etc.).

A problem that still exists in the area of the W@&ction carried out in MRs is the
inability to compare the performance data obtaiimeanany scientific works, due to the
different operating conditions used in the experitaktests. Moreover, although there are a
considerable number of studies on the WGS reagieriormed in MRs cited in the
literature, only a small number of them concernt emmlysis of these devices. This might be
attributed to the fact that MR technology still peats some deficiencies to be overcome
before implementation at larger scales. Futurearebeshould be devoted to the preparation
of thin and defect-free membranes able to workldog periods at high temperatures and
pressures.

Traditionally, these membranes have a thicknesatdeast 50 um, which limits the
hydrogen flux and inherently the membrane sizearsd. For this reasons, synthesis of new
thin Pd-alloy membranes is crucial. Several demsitnethods have been employed to
prepare thin Pd-Ag composite membranes includingtepng (Jayaraman and Lin, 1995;
Tucho et al., 2009), metal-organic chemical vapepasition — MOCVD (Xomeritakis and
Lin, 1997), electroless plating (She et al., 200&paka et al., 2006) and electro-plating

(Tong et al., 2005). However, the electroless dedtmdeposition techniques require less
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expensive equipments and have the potential for dbst-effective production of the
membranes on an industrial scale (Bunshah, 1994).

Minimizing the palladium loading has been the mainving force behind the
development of Pd-based membranes. In this seoatng of thin Pd films onto appropriate
supports (porous ceramics and metallic materialpyeferred rather than to use free standing
thick foils, achieving in the first case a highgidhogen permeance, lower costs and higher
mechanical resistance for severe conditions (higegures and temperatures).

Another issue worth of noting is the effect of gdmse impurities on metallic
membranes permeability. Generally, when using MRscating membranes completely
hydrogen permselective (dense Pd and Pd-alloy basadbranes), hydrogen permeation
can present deviations frofieverts’ lawdue to contaminants acting on the membrane
surface. For example, using thick palladium-basethbranes, the deviation fro8ieverts’
law can be related to a decrease of the surface oeaciite as a consequence of the
adsorption of such contaminants on the membrarfacusuch as C, S, CO, gCtc. In
particular, the presence of CO can decrease theggd permeation acting as blockage of
the Pd-Ag membrane surface. This effect is morenquaced for lower temperatures
(Amandusson et al., 2001). On the contrary, workihtemperatures higher than 350 °C, no
effects of contamination due to CO are noticed. rétoge, taking into account Pd-Ag
membranes, oxidizing with air &0- 450 °C can favor the contaminant removal (Basile et
al., 2008). Understanding these phenomena is @it gmgportance in WGS MRs operation,
particularly because different feed compositions ba used from process to process, but
also from the modeling point of view; for instanae,chapter 6 all model parameters were
determined in independent studies along this thesisept those related with the decline of
permeability due to the presence of CO, which vadr@ined by fitting to K recovery data

using literature information.



25C Use of Pd-Ag Membrane Reactors in the Water-Gas Bbaction

Still in the modelling field, more elaborated malshould be developed (and validated
against experimental data), for conditions clogerdal practice operation. For instance,
taking into account mass (and eventually heatsteanesistances, either internal or external,
radial profiles, and for higher operation pressures

Once these problems can be solved (i.e. synthésiefect-free, stable and impurity
resistant membranes), the benefits resulting from use of MRs instead of traditional
reactors for carrying out the WGS reaction at imdaisscale could become more realistic.
On the other hand, better economic analyses adedder stimulating improvements in this

area.

8.3 References

Amandusson, H., Ekedahl, L.G., Dannetun, H., Hydrogermeation through surface modified Pd
and Pd-Ag membraned. Memb. Sci2001, 193 (1), 35-47.

Basile, A., Tosti, S., Gallucci, F., Synthesis, rattéerization and applications of palladium
membranes. In Membrane Science and Technology - Inorganic mengistansynthesis,

characterization and applicationMallada, R., Menéndez, M., Eds. Elsevier: Amsiend2008.

Bunshah, R.FHandBook of deposition technologies for films aadtings - science, technology and

applications Noyes publications: Park Ridge, NJ, 1994.

Cameron, D., Holliday, R., Thompson, D., Gold'wfetrole in fuel cell systemd. Power Sources
2003 118 (1-2), 298-303.

Jayaraman, V., Lin, Y.S., Synthesis and hydrogemepation properties of ultrathin palladium-silver
alloy membranesl. Membr. Sci1995 104 (3), 251-262.

Ladebeck, J.R., Wang, J.P., Catalyst developmentditer-gas shift. ItHandbook of fuel cells, fuel
cell technology and applicationdohn Wiley & Sons, England, 2003; Vol. 3, pp. -2901.

Lloyd, L., Ridler, D.E., Twigg, M.V., The water-gashift reaction. InCatalyst handboqk?™ ed.;
Twigg, M.V., Ed. Wolfe Publishing Ltd.: London, 198

She, Y., Han, J., Ma, Y.H., Palladium membranetwedor the dehydrogenation of ethylbenzene to
styrene Catal. Today2001, 67 (1-3), 43-53.



Conclusions and Suggestions for Future Work 251

Tanaka, D.A.P., Tanco, M.A.L., Nagase, T., Okazdki,Wakui, Y., Mizukami, F., Suzuki, T.M.,
Fabrication of hydrogen-permeable composite mengwr@acked with palladium nanoparticlasly.
Mater.2006 18 (5), 630-632.

Tong, J.H., Shirai, R., Kashima, Y., Matsumura, Rteparation of a pinhole-free Pd-Ag membrane

on a porous metal support for pure hydrogen sdpardt Memb. Sci005 260 (1-2), 84-89.

Tucho, W.M., Venvik, H.J., Stange, M., WalmsleyC.J.Holmestad, R., Bredesen, R., Effects of
thermal activation on hydrogen permeation propgiiethin, self-supported Pd/Ag membrarfésp.
Purif. Technol2009 68 (3), 403-410.

Xomeritakis, G., Lin, Y.S., Fabrication of thin ralic membranes by MOCVD and sputterirly.
Membr. Sci1997, 133 (2), 217-230.

Xue, E., OKeeffe, M., Ross, J.R.H., Water-gas stiftversion using a feed with a low steam to
carbon monoxide ratio and containing sulpl@atal. Today1996 30 (1-3), 107-118.






Appendix A

Gas Chromatograph Calibration

A.1 The Gas Chromatograph

A Dani gas chromatograph (GC) model 1000 equippéth & VICI Microvolume
thermal conductivity detector (TCD) was used tolyeathe gas composition of the dry
streams. The GC was fitted with one column, a Swp€larboxen 1010 plot (from Sigma-
Aldrich) of dimensions 30 m x 0.32 mm i.d., for aegting B, O,, N, CO and CQ@

The GC was equipped with a Valco valve to autoradljiccontrol the switching of
sample introduction. It was also equipped with a@a loop to provide precise and

repeatable sample injections to the GC.

A.2 GC Parameter Calibration

Before preparing calibration standards, which eel#te peak areas obtained in a
chromatogram with the composition of the mixturengeanalyzed, it is necessary to
determine which operating parameters are the nubesgjuate for the GC analyses. These

parameters include the volumetric flow of the ga@msrier and reference gas - He), the
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temperature of the GC oven and the temperaturbeoTCD (filaments and detector heater
block).

The volumetric flow rates were controlled in the G&@tware by setting the appropriated
pressure and further verified at the outlet of fikmments by means of a mass flow meter
Humonics ADM 2000. The current settings for gasfl@ates are presented in Table A.1.
The flow rates were adjusted based on a comproaseeen signal stability/resolution and

analysis duration.

Table A.1- Gas flow rate specifications

Type Gas (He), mLy-min™
Carrier 1.15
Reference 1.20

Generally, the detector sensitivity increases astémperature differential between the
detector and the filaments increases, but filaniBntecreases as its temperature increases.
Typically, the filament temperatures should beeaist 50 °C and as much as 100 °C higher
than the detector temperature. In this sense,atectbr and the filaments temperatures were
set as 210 °C and 270 °C, respectively.

Finally, the last parameter that needs to be stieisgemperature of the oven. This value
is limited upwards by the specification of the eolu and downwards by the speed of
analysis. Usually, higher temperatures result stelaanalysis but also in poorer separations.
In this work, has been decided not to use a fiadperature for analysis, but rather a
temperature program, as follows:

= isothermal operation at 35 °C for 7.5 min;
= heating from 35 °C to 80 °C with a rate of 10 °@-hi

= keeping the oven at 80 °C for 8 min.
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Using this protocol, temperature is maintained tamtsfor a certain period and further
increased in order to separate better and spedbeugnalysis. A typical chromatogram is

presented in Figure A.1.
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Figure A.1 — Typical chromatogram from a gas mixture contant,, N,, CO and CQ@ (Rt means
retentation time).

A.3 GC Calibration
The calibration of the gas chromatograph (GC) wlyae and quantify the CO, G@nd
N, species was performed by injecting different migtu of known compositions and
registering the respective peak area values (seen@es of Table A.2 and A.3). The
compositions were chosen to cover a wide rangeabfeg, in particular, to emulate real
concentrations that are expected to exist at argngime inside the reactor.
Multi-component mixtures were prepared on a cylia vessel (V = 0.55xI6 m*; i.d.

= 8.2 cm; h = 10.5 cm) connected to a pressureeggéddgick-PMP 4000 Series - 10 bara).
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After the introduction of all gases, the mixtureswaomogenized using a magnetic stirrer

(Falc — F30).

Table A.2 - Experimental data for mixture 1.

Component Partial pressure Molar composition Average _area*
(bara) (%) (uV-min)
coO 0.009 0.105 1.015x40
CO; 1.206 14.089 1.591x%0
N> 5.930 69.276 6.751x4%0
H, 1.415 16.530 —

" This value is an average of at least three meamunes.

Table A.3— Experimental data for mixture 2.

Component Partial pressure Molar composition Average _area*
(bara) (%) (uV-min)
CO 0.092 1.158 1.002x10
CO, 4.244 53.417 6.233x40
N> 2.125 26.746 2.716x4%0
H, 1.484 18.678 -

" This value is an average of at least three meamunts.

The GC was calibrated periodically to ensure thempe@ent good quality of the analysis.

Examples of calibration plots for CO, ¢@nd N species are shown in the Figures below:
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Figure A.2 — Peak area of CO as a function of the CO molarpasition in the mixture
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Figure A.3 —Peak area of C{as a function of the GOnolar composition in the mixture.
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Figure A.4 —Peak area of Nas a function of the Nmolar compaosition in the mixture.



Appendix B

Calculation of Thermodynamic and
Transport Properties

Available Literature Data

In Chapters 4 and 6, several criteria and mathealathiodels were developed. In order
to solve each one, various transport parametergespaired. This Appendix reports the
correlations used to calculate the different transparameters.

In Table B.1 some physical and thermodynamic prggsenf the species involved in the

reaction experiments are presented.

Table B.1 - Basic properties of CO, 8, CO, H, and N (Perry and Green, 1999; Smith et al.,
1996).

Molecule CO HO CO, H; N2
Molecular weight,M (gCmol™) 28.01 18.02 44.01 2.02 28.01
Normal boiling temperaturel, (K) 81.6 373.2 194.7 204 77.3
Critical temperature], (K) 132.9 647.1 304.2 33.19 126.2
Critical pressureP, (bar) 34.99 220.55 73.83 13.13 34.00

Compressibility factorZ; 0.299 0.229 0.274 0.305 0.289
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Heat of Reaction

The heat of the water-gas shift (WGS) reactiHl, (kJ-motY), at a given temperatufie

(K), is expressed by the following expression ($neit al., 1996):

AC
U

o
p

AH,(T)=AHZ*+0[  —=2dT (B.1)

where AH?**"(= 41.1 kIImof ' is the standard heat of the WGS reactidnis the ideal gas

constant (= 8.314 J-nibK™), and AC, (JCmol* [K™) is the standard heat-capacity change of

the reaction (the individual heat capacities werednined by equation B.17).

Molecular Diffusivity of the gas mixture

The molecular diffusivity of componerit in the gas mixture,D, . (m°[Z"), was

estimated using thé/ilke methodBird et al., 2002):
1_

25
j#l

<

D =

i, mix

(B.2)

\_&<

ij
wheren is the number of components aby, (m? ") is the binary diffusivity of specids

when diffusing into a componeit present asy; mole fraction. For prediction of the gas

diffusivity D. ., the method ofuller was used, as reported in Perry and Green (Pedy an

hj?

Green, 1999):

0.5
00137 Lt 4 1
M, M,
D . = (B3)

P[(Zv)*+(Zv)"]

where M (gCimol*) is the molecular weight of componenmtandj, P (Pa) is the operation

pressure anaZv Is found for each component by summing the atagifficsion volumes
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(i.e., taking into account the atoms present inheggecies). The diffusion volumes for

simple molecules can be found in Table B.2:

Table B.2- Diffusion volumes for simple molecules (Perry aneg&h, 1999).

Molecule,i  Diffusion volume, (Zv)

CO 18.9
H.0 12.7
CO, 26.9
Ho 7.07
N2 17.9

Thermal Conductivity of the gas mixture

The thermal conductivity of the gas mixturk, ,, (W n™[K™), was calculated using a

correlation proposed byassiljiewaPerry and Green, 1999):

n
_w YAy
/]g, mix Zl n (B.4)
VA
-1
where A, ; (W On' [K™) is the thermal conductivity of pure componeat the temperature

of interest and calculated by equation B.8, asarptl above. The, term is the binary

interaction parameter which is obtained by the etbf Lindsay and BromleyPerry and

Green, 1999)

M\ 1/2) 2 T

. + 5.

AJ, =% 1+ A ﬁ _SJ (B.5)
#AM; ) (T+§ T+

where 4 ; (Pa-s) is the vapour viscosity of pure componenj at the temperatur€ (K) of

interest, calculated as explained in the followsegtion. S (K) is a component temperature
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based parameter which takes a value of 79 K fgradd is expressed by equation B.7 for

components CO, #D, CQ and N; §; (K) is obtained from equation B.6.

S =CG/$P B.¢)
S, =1.5T;, (B.7)
whereC is a constant which takes the value of 1.0 exedy@n either or both componernts

andj are very polar; thel€ = 0.73. T, ;(K) is the normal boiling temperature of pure

component orj — Table B.1.
The pure component thermal conductivity was catedlaising the equation proposed by

Euckenas shown below (Poling et al., 1987):

50 C,,
A = | ——+—L= B.8
g,1 /'l'vJ (4 Mi Mi j ( )
where C_ ; is the molar heat capacity at constant pressuommiponent (more details for

C,.; calculation are given below).

Viscosity of the gas mixture

The viscosity of the gas mixturgs, . (Palk), was calculated using the method/dilke

(Rase, 1990), according to the following equation:

n

z Vil Mi0.5
— = (B.9)

ug,mix - n

Z y Mio.s

i=1
where p; is the viscosity of pure componentSuch parameters were calculated by the

Lucas methodPoling et al., 1987), as described by the follagyvguations:

l’Lg,ifgi -

0.807T%%8 - 0 357ex 0449
P 0449, })F,;ia;i (B.10)

+0.340exp (- 4.058], ¥ 0018
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3p4
i'ci

T, e
¢, =0.176x 10’ (ﬁ} (B.11)
where §;; (Pallks; is the reduced inverse viscosity of pure componeaefined by equation
B.11, T, ;(K) is the reduced temperaturg,(K) and P, ,(bar) are the critical temperature

and pressure of componentrespectively (cf. Table B.1)F;;, and Fj, are correction

factors to account for polarity or quantum effeofsspecies. To obtainF;; and F;; a

reduced dipole momenyy, ; (debyes, is required and it can be calculated by the foihg

equation (Poling et al., 1987):

2
W iPc'
W, =52 46% (B.12)

[}

Then, F7; values are found as follows:

Fo =1 &pu,, <0.022 (B.13)
Fo, =1+3055(0292 7, Y™ 0.622 ,<0.075  (B.14)
Fy,=1+3055(0292Z,, %’ 096 O, -0f7) 0.0%5, (B.15)

where Z_, is the compressibility factor of speciest T,; and P,; conditions (see Table
B.1).

The factorFJ ; is used only for the quantum gases Hg,athd D (Poling et al., 1987).

Molar heat capacity of the gas mixture

The molar heat capacity of the gas mixtu, . (JCol'[K"), was calculated as

mix

follows:

Comx =2 %G, (B.16)
i=1
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C,.i is calculated using equation B.17 (Smith et £96):

CPi 2 2
?’ =A+BT+CT + DT (B.17)

whereA, B andD are constants characteristic of the particulassuize (Table B.3). For the

species of concern, parame@m equation B.17 is null (Smith et al., 1996).

Table B.3— Heat capacities of gases in the ideal gas statél{®tal., 1996)

Specie A 10°B  10°D
cO 3.376 0.557 -0.031
H.,O 3470 1450 0.121
CO, 5457 1.045 -1.157
H, 3.249 0.422 0.083
N, 3.280 0.593 0.040

Density of the gas mixture

Assuming ideal gas behaviour, the density of trergturep, (kg-m®) was calculated

according to the following equation:

e Z%(ZMMJ (B.18)
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