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1. Introduction

Hydrogen is one of the most common elements in Earth’s
crust, but it does not occur to a significant extent in elemental
form. It is mostly present in water, biomass, and fossil
hydrocarbons. Hydrogen is considered as a nonpolluting,
inexhaustible, efficient, and cost-attractive energy carrier for
the future. Hydrogen gas is a versatile energy carrier that is
currently produced from a variety of primary sources such
as natural gas, naphtha, heavy oil, methanol, biomass, wastes,
coal, solar, wind, and nuclear? It is a clean energy carrier
because the chemical energy stored in theHHbond is
released when it combines with oxygen, yielding only water
as the reaction product, althought nitrogen oxides,{jN@n
also form during high-temperature combustion in air. Ac-
cordingly, a future energy infrastructure based on hydrogen
has been perceived as an ideal long-term solution to energy-
related environmental probler§.

Itis generally understood that the renewable energy-based
processes of hydrogen production (solar photochemical and
photobiological water decomposition, electrolysis of water
coupled with photovoltaic cells or wind turbines, etc.) would
be unlikely to yield significant reductions in hydrogen costs
in the next few years. Industry generates some 48 million
metric tons of hydrogen globally each year from fossil fuels.
Almost half of this hydrogen goes into making ammohaa,
major component of fertilizers and a familiar ingredient in
household cleaners. Refineries use the second largest amount
of hydrogen for chemical processes such as removing sulfur
from gasoline and converting heavy hydrocarbons into
gasoline or diesel fuel. Food producers use a small percentage
of hydrogen to add to some edible oils through a catalytic
hydrogenation process.

The demand for hydrogen in the next decade, both for
traditional uses, such as making ammonia, and for running
fuel cells, is expected to groW:!' In fact, many car
manufacturers already have produced prototype vehicles
powered by hydrogen fuel cells. At least in the near future,
this thirst for hydrogen will be quenched primarily through
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complex process involving many different catalytic steps,
as long as natural gas (or GQHremains at low or even
moderate cost, including the advent of a carbon tax, SMR
will continue to be the technology of choice for massive
production of H. Over several decades of developments in
catalyst technology, substantial improvements have been
introduced. The SMR process also gives off carbon monoxide
and carbon dioxide, the primary greenhouse gas. Although
this approach generates pollution, these gases are released
in a potentially more manageable way rather than in the case
of billions of automobile engines. A novel re-forming
technology, the membrane reactor (MR), is currently being
developeéf and promises economic small-scale hydrogen
production combined with inexpensive gCapture because

of the high concentration and pressure of the exiting gas
streamt* This could avoid a dedicated hydrogen infrastruc-
ture, facilitate CQ capture at small scale, and thus, possibly,
contribute to a more rapid cut in greenhouse gas emissions.
Because it is expected that significant development of a
hydrogen transportation infrastructure will not occur within
the next decad® the time frame of this study is the medium-
term future (20152025).

Nonetheless, shedding the habit of fossil fuel entirely is
the only way a wholesale shift to hydrogen will work in the
long term. One approach to this goal is to apply steam re-
forming methods to alternative renewable materials. Such
materials might be derived from plant crops, agricultural
residues, woody biomass, etc. Not only do these biomass
conversion schemes turn low-value feedstocks into a valuable

the use of fossil fuels. To make hydrogen, industry uses product, but carbon dioxide released in the processes is
steam methane re-forming (SMR), which is the most widely slowly recycled by the planting of new crops to provide the

used and most economical procésélthough SMR is a

needed biomass, even though time constants of the carbon
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cycle are different. A biomass strategy of hydrogen genera-
tion could be a useful intermediate step between the current
fossil fuel method and the dream of efficient water splitting.
Still, any realistic contender for hydrogen generation must
first suppress the re-forming of fossil fuel as the cheapest
and most efficient process.

Despite the compelling attractiveness of hydrogen, the coronene

realization of a hydrogen economy faces many challenges. H:C503
Perhaps the most important one is the near absence of large-
scale supporting infrastructure for hydrogen distribution.
Interest in hydrogen grew after World War [, but it was in
1970 that General Motors engineers coined the term “hy- , - 5
drogen economy®® Recently, many worldwide agencies heptane
have described hydrogen as the future fuel of chéidée ; | H:C=23
International Energy Agency described a Hydrogen Program | i
with detailed development activities. The report describes 5 /
technical options for small-scale production of hydrogen via i
steam re-forming of natural gas or liquid fuels. Its focus is % methane
on small stationary systems that produce pure hydrogen at i ; H:C=4
refueling stations for hydrogen-fueled vehicté? 5

Although hydrogen production and storage/distribution T
infrastructures are commercially available in chemical and hydrogen
refining industries around the world, existing conversion and .—.J H:C = o0

storage technologies are too expensive for widespread use.. N -
in energy schemes. Finally, as a general rule, the existing?;grergult's. HIC atomic ratios in different hydrogen-containing

energy policies do not promote consideration of environ-
mental and security costs of energy that would facilitate
wider use of hydrogen. Developing hydrogen as a realistic
viable energy option will require an unprecedented level of
sustained and coordinated activities at different levels. This
area remains a fertile ground for improvements. As can be
seen in the sections below, recent important approaches t
hydrogen production involve methane decomposition, partial
oxidation, and C@re-forming of methane, together with the
re-forming of low molecular weight alcohols such as
methanol and ethanol. There are a few relatively complete
reviews covering this field-® A review in 2002 by Rostrup- 2 1.1, Methane

Nielsen et af® provided a coherent description of the ) ) )
catalysis of the re-forming reactions. More recently, Rbss ~ 2.1.1.1. Reaction and MechanismsThe transformation
summarized the steam re-forming and C@&-forming of methan_e to hydrogen ha_ls been a c_hallenglng task because
reactions, discussing some catalysts developed for thesénethane is extremely difficult to activate. Among hydro-

where natural gas was available, methane steam re-forming
' had been performed. By contrast, in Europe during the 1950s,
light naphtha became the most economic feedstock. Later,
however, the discovery of natural gas reserves in The
Netherlands and under the North Sea changed the feedstock
%ituation. Due to its importance, substantial improvements
have been introduced over the years, and research on
catalysts, reactor materials, fluidodynamics, and heat trans-
port continues.

reactions. carbons, the methane molecule has the largest H/C ratio (H/C
= 4), substantially higher than that wheptane (H/G= 2.3),
2 Reactions with Carbon Dioxide and Carbon the boiling point of which falls in the range of gasoline

hydrocarbons, and much higher than that of a highly
condensed polyaromatic structure such as coronene{H/C
: 0.5) (Figure 1). The methane molecule is very stable, with
2.1. Steam Re-forming a C—H bond energy of 439 kJ/mol; hence, methane is
The steam re-forming of hydrocarbon feedstocks (eq 1) resistant to many reactants. In the methane molecule the sp
has for many decades been the preferred method usedybridization of the atomic orbitals of carbon makes the
industrially for the production of hydrogen either as a pure carbon-hydrogen bonds very strong. Methane is readily
gas or as a reactant for the production of ammonia or activated by group 8, 9, and 10 metals and is oxidized to
methanok%2? Generally, the steam re-forming process in- give syngas (CCF H,) first and then hydrogen after WGS
volves two reactions, namely, the splitting of hydrocarbons and CQ removal. Syngas is cooled and then shifted in the
with steam (eq 1) and the water gas shift (WGS) (e6°2): WGS reactor. In older plants, G& subsequently removed
by means of a chemical absorption unit. Modern hydrogen
CoHp + nH,O0 — nCO+ (n+ nM/2)H, plants apply pressure swing adsorption (PSA) to separate
forn=1: AHSge = +206.2 kd/mol (1) hydrogen from the other components, which produces higher
quality hydrogen (99.999% against-998% for scrubbing
CO+H,0—CO,+ H, AHg5«= —41.2 kd/mol (2) systems) at feedstock pressure (ca. 25 Harhe integration
of ceramic ion transport membranes with re-formers opens
The steam re-forming process has been practiced since 1930new possibilities for highly efficient and low-cost hydrogen
The first plant using light alkanes as feed began operation production with CQ capture in the long terr#.
in 1930 at Standard Oil Co. in the United States and 6 years The SMR reaction (eq 1) is highly endothermic and
later at ICI in Billingham, Englané? In the United States, favored at lower pressures. The steam re-forming catalysts

Monoxide Coproduction
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usually contain nickel as the major metallic component. The 2H, CH4 gasification with CO2, H.0 or H,
noble metal catalysts were first used for steam re-forming,

but the cost makes their use prohibitive. For these systems, ﬂ “ / [ ‘

the catalytic activity depends on the metal area, and their 4Hx +C,x— Cpx— encapsulation
properties are dictated by the severe operating conditions \

such as temperatures in the range of 70250 K and steam NiC

partial pressures of up to 30 bar. The actual activity of the

catalyst is not, in general, a limiting factor. Thus, a typical ,/

nickel catalyst is characterized by a turnover frequency (TOF) dissolved carbon

of ca. 0.5 s! at 723 K under conditions approaching {

industrial practice, which corresponds to £ebnversions whisker formation

0 . . i .
around 10%. The main barrier of the steam re-forming Figure 2. Carbon formation and gasification routes during the

reaction is thermodynamics, which determines very high gteam re-forming of methane. Adapted with permission from ref
conversions only at temperatures above 1170 K. In practice, 23, Copyright 1997 Elsevier B.V.

a significant part of the catalyst loaded into the tubes of the

re-former is poorly utilized. The catalyst activity is important H,

but not decisive, with the heat transfer coefficient of the /

internal tube wall being the rate-limiting parameteér. CHy o
Kinetics of methane steam re-forming catalysis are re- c

ported and summarized by Rostrup-Nielsen &t ahd Wei

and Iglesig&® who concluded that CHreaction rates are

limited solely by C-H bond activation steps and unaffected

by the identity or concentration of co-reactants. According

to these studies the following mechanism was proposed:

Ni crystal

Hzo(g) + * — O*(a) + Hz(g) (3a) whisker (graphite)
Figure 3. Schematic illustration of the process by which carbon
CH,(g) + 2* — CH,*(a) + H*(a) (3b) whiskers are formed at the nickel particle during steam re-forming.
CH,*(@) + * — CH,*(a) + H*(a) (3¢) hydrocarbon layer, which slowly degrades into a polymeric

film, blocking the nickel surface. At high temperatures,
ethylene from the pyrolysis of higher hydrocarbons produces
pyrolytic coke, which encapsulates the catalyst particles.
. . . . Whisker carbon is the most common form of carbon
CH*(a) + O*(a) —~ CO*(a) + H*(a) (38)  produced during the steam re-formifg.
Nickel carbide is not stable under SMR conditions. As a
CO*(@)— CO(g)+* (37) consequence, carbon nucleates in the form of filaments after
*(a\ * an induction period, and then the carbon filament grows at
2H*(a) —~ Hy(0) + 2 (39) a constant rate (Figure 3). The importance of step sites on
. , . the catalyst surface for the nucleation of carbon was recently
In egs 3a-3g * denotes a Ni surface atom. According to confirmed by in situ investigations by high-resolution

gléssérr]gggag;sméE‘Oarqe;ctzsvggbzurrlfaé:r% Ne'r?_tonr?esthgrr?g'gggorbtransmission electron microscopy (TEM). These indicate the

. €d 0xyg 9 ydrogen, ssegregation of carbon when the formation of filaments takes
dissociatively on the Ni surface, forming a methyl group that place at specific sites on the nickel surfat&he size of Ni
undergoes further stepwise dehydrogenation steps— CH

: Y ; particles has a direct implication on the nucleation of carbon.
s.peC|es'formed in this way react with adsorbed oxygen and The initiation of carbon formation is retarded on the smaller
finally yield gaseous CO and

2.1.1.2. Carbon Formation.In the production of Hfrom gfkeerlirﬁreyrft?l\i\llti?r? ,tvsc? I\?ie(g?zgsggt?]iv?z t?heerrggg:g\gcmtfvti?c
methane, carbon formation usually takes place in the form b Y 9 y

of fibers or filaments with a small Ni particle at the top of but different metal dispersioris.
each fibe2” Carbon formation may lead to breakdown of The rate of carbon formation was lower on noble metals

; ° . i
the catalyst together with carbon deposits and degradationm:rzﬁ?f?cgl't(:kgfﬁ nggg tr?]:; ;;Dlgrt]g\(ljli(;rsgll\alzecaarrsbé% li)r]et;eelz;l)t%;g to
of the catalysts. There are two major reactions for carbon Y '

formation: Thg qarbqn formed on the surface of n_oble m_etals is almost
: indistinguishable from the catalyst particles. High-resolution
2CO— C+ CO, AHSgg = —172.5kJ/mol (4) TEM images taken from a ruthenium catalyst employed in
the SMR reaction reveal a structure in which a few carbon
CH,— C+2H, AHgg«=+74.9kd/mol (5) layers are deposited on the surface of the Ru part#les.
Several approaches can be followed to minimize coke
The tendency to form carbon on the catalyst surface formation on Ni or other metal surfaces. The first rests on
depends on reaction kinetics, process conditions, and re-the ensemble size contr8lThe formation of carborreither
former desigr:?? These C-forming reactions are carefully dissolved in or deposited on the nickehust require the
balanced by C-consuming reactions{0C0O, — 2CO and polymerization of monoatomic carbon specieg)(@hereas
C + H,O — CO + H,), which in turn also depend on the gasification involves only one of such species. The formation
kinetic process conditions and reactor design (Figure 2). At of more than one species demands more surface sites.
low temperatures, the activated Ni catalyst is covered by a Because the SMR requires the dissociation of methane to

CH,*(@) + * — CH*(@) + H*(a) (3d)
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form a carbonaceous intermediate, coke formation would groups instead of molecular water. In favor of this possibility,
require an ensemble of surface sites that would be largerin a recent study on Ni/MgO and Ni/Ti@atalysts Bradford
than that required for the re-forming reaction. Following this and Vannicé® concluded that surface hydroxyl groups,
reasoning, it was inferred that by controlling the number of located on the support surface, react with the, @algments
sites in a given ensemble it may be possible to minimize adsorbed on the nickel surface to yield a formate-type
coke formation while maintaining the re-forming reaction. intermediate which decomposes intg Hnd CO. These
The basis of the ensemble size control lies in the work of authors also suggested that the support may serve as a sink
Alstrup and Anderseéfon sulfur adsorption on nickel. Those for surface hydroxyl groups and that the active site forQH
authors found that the grid sulfur did not coincide with the formation and subsequent decomposition may be at the
nickel atoms placed in the topmost layer of nickel crystallites. metal-support interface. Activation barriers were found to
Adsorption of sulfur on the catalyst surface thus delineates be higher on Ni/TiQ after significant time on-stream, and
ensembles of sites, with the critical size being reached atthis was attributed to a geometric site blockage mechanism
sulfur coverage above 0.7. Under these conditions, the ratewhereby migrating TiQmoieties or inactive carbon deposits
of the steam re-forming reaction was decreased but cokebreak up the large site ensembles on the nickel surface
formation was almost eliminated. Although sulfur adsorption needed for CHl dissociation. The use of supports able to
is strong, it is diminished during reaction. As a result, it is release bulk oxygen such as yttria-stabilized zirconia indi-
necessary to add small amounts of a sulfur-producing gascates that a spillover of lattice oxygen may be involved in
to the feed. the re-forming reactiof?

The second approach to the control of coke formation is  2-1:1-4. CQ (Dry) Re-forming. At the beginning of the

to prevent carbide formatioi. The electronic structure of ~ Past decade interest arose in so-called “dry re-forming”, the
carbon is similar to that of sulfur and the tetra- and '€-forming of methane to syngas using £& a reactafit

pentavalent p metals (Ge, Sn, and Pb or As, Sb, and Bi)_(eq 6). Carbon dioxide re-forming is typically influenced by'
The tetra- or pentavalent metals could also interact with Ni 1€ Simultaneous occurrence of the reverse water gas shift

3d electrons, thereby limiting the possibility of nickel carbide l(RWGhS) reaction (eq 7), which results in/BO ratios of
formation33 Alloy formation reduces carbide formation but €SS than unity.

is undesirable as active sites on the surface of nickel CH,+ CO,— 2 CO+ 2H, AHSy, = +247.4 k/mol

crystallites are lost. However, carbide formation can be 208K

developed only on the surface layer, and as a result an alloy (6)
formed at the surface layer should be preferred. On the basis €O, T H,— CO+ H,O  AHZgg¢ = +41.2 kd/mol
of these ideas, TrimfA studied the effect of small amounts (7)

of dopants on the catalytic and coking behavior of nickel
catalysts. The effect of tin on steam re-forming was small
for Sn levels below 1.75%, whereas coke formation was
significantly reduced even by the addition of 0.5% Sn. It is
clear that the addition of small amounts of dopant does
substantially reduce coking while having little influence on

the rate of the steam re-forming reaction. Alloying nickel deposition for the stoichiometric dry re-forming reaction

with copper can also reduce carbon formafibbutitisnot — peing significantly higher than that in the equivalent steam

feasible to reach the required high surface coverage of COPPeL torming reactiort* The renewed interest in the early 1990s
atoms, as occurs with sulfur atoms, to remove carbon

d ) he f . f ble allov b ckel arose because several catalysts (e.g., noble metals supported
eposition. The formation of a stable alloy between nickel , 51ymin4) were reported to be effective for the reaction

in35 i i 6 3 g . L.
and tin;> or nickel and. rhgmurﬁ, also appears to be  without exhibiting the serious problems of carbon deposition
responsible for the reduction in carbon formation. All of these ¢,,nd with the more conventional catalysts such as Ni

studies have s_hed some light on the_ improve_ment of CatalyStsupported on alumina. Most of the papers related tg CO
performance in the steam re-forming reactions. HOWeVer, ye forming were introduced with the argument that the
additional work is required to understand the promoting giscovery of an effective catalyst would lead to a solution
effects of various oxides and to discern whether or not the , the greenhouse effect. This is untrue because at the end,
promoters decorate the surface of nickel crystallites. after the shift reaction, 1 mol of GQconsumed yields 2
2.1.1.3. Promoter EffectsThe catalysts are promoted to  mol of CO, (eq 6). Nevertheless, the research led to a new
reduce the risk of carbon formation. Several recent investiga- understanding both of the conditions under which dry re-
tions have reported the effect of catalyst composition on the forming or a combination of dry re-forming and steam re-
activation of methane. Upon looking at the degree of forming could be carried out and of the catalysts to be used.
dehydrogenation of CHspecies (measured by the number  The active catalysts, the reaction mechanisms, and the
of hydrogen atoms per carbon atom) on several metals, itdeactivation processes are similar for steam re-forming and
was observed that was larger for nickel than for cobalt dry re-forming reactions of methai&?¢ The conversion of
catalysts and also larger for magnesia-supported than formethane is restricted by the thermodynamics of re-forming
silica-supported catalyst$.Kinetics experiments revealed reaction. The calculated thermodynamic conversion of
that MgO and alkali dissociate steam, which then transfers methane for various Cf#CH, ratios as a function of
to the nickel particles through a spillover mechannm temperature is shown in Figure#4Assuming that the ratio
similar conclusion was reached from isotope-exchange chosen for operation will be close to unity, it can be seen
experiment$® which demonstrated that the enhanced adsorp- that reasonable conversions will be achieved only at high
tion of water on magnesia support leading to improved temperatures (above ca. 1120 K). The reaction is more
resistance to carbon formation is by nature a dynamic effect. endothermic than steam re-forming and must be carried out
The spillover of water probably takes place through OH at high temperature and low pressure to achieve maximum

This reaction had been first studied by Fischer and Tropsch
in 192842 In a series of papers in the 1960s, Bodrov €¢fal.
had also demonstrated that the steam re-forming ang CO
re-forming reactions over Ni materials had very similar
kinetics and mechanisms. The reaction is notoriously prone
to giving carbon deposition, the chemical potential for carbon
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Figure 5. Model for CG re-forming of CH, over a Pt/ZrQ
catalyst. Adapted with permission from ref 63. Copyright 1998
Elsevier B.V.

in C—H bond activation reactions is greater than for similar
crystallite size of other metals.
Others have proposed that in the mechanism fop @O

. . . forming, CH, and CQ are activated in different ways,
Figure 4. Thermodynamically calculated conversions of methane d di . 8962 Sch & studied
as a function of temperature for a series of different feed ratios. epending on active metal. chuurman et af. studie

Adapted with permission from ref 21. Copyright 2005 Elsevier B.vV. Niand Ru supported on Si@nd AbO; by temporal analysis
of products (TAP). CHl is activated by decomposition in

conversion. NickéP4”and noble metaf84¢4°are active for both metals, producing +and adsorbed carbon. However,
the dry re-forming. In addition, perovskite oxides! and the behavior of C@is different on each metal. GQs
transition metal carbides (especially Mo) have been con- adsorbed on Ni, yielding CO and adsorbed oxygen;&hd
sidered for CQ re-forming®>-54 although under reaction  Cugs react later via a LangmuirHinshelwood mechanism
conditions the later systems seem to be stable only at highto form CO: this is the rate-determining step. Nevertheless,
pressure. on Ru, CQ reacts directly with Gus (Eley—Rideal mecha-

Several attempts have been made to understand thenism) to produce CO. No adsorbed oxygen is present in this
mechanism of Chire-forming with CQ on group 8, 9, and  case, and the rate-determining step is the adsorption of
10 metals. Most of these employ supported platinum catalystsmethane. Other authéis® also postulated that the reaction
because Pt appears to be one of the most active and stables not occurring solely on the noble metal surface but
metals for these reactiof%.5” Platinum supported on  primarily on the metatsupport interfacial region. Thus, a
zirconia, for instance, has been used for the dry re-forming bifunctional mechanism has been proposed for, C&
of CH, for 500 h without detectable deactivatiei®® forming of CH, over a Pt/ZrQ catalyst® In this mechanism
Recently, Wei and Iglest&reported an isotopic tracer and (Figure 5), a molecule of methane reacts at the Pt surface to
kinetic study aimed at probing the identity and reversibility give carbon species and hydrogen is desorbed. Some of the
of the elementary steps required fos®Hand CQ re-forming carbon accumulates on the surface of the Pt crystallite, but
of CH, on supported Pt clusters and to demonstrate the some diffuses to the interface between the Pt and the zirconia
mechanistic equivalence for,8 and CQ re-forming and support, where it picks up oxygen from the support and
CH, decomposition reactions. Re-forming rates were limited desorbs as CO. The oxygen of the support is then replaced
by C—H bond activation of Ch molecule on essentially by the reaction of a molecule of G@vith desorption of a
uncovered Pt crystallite surface unaffected by the concentra-further molecule of CO.
tion or reactivity of CQ co-reactant. Kinetic isotopic effects The major difficulty associated with the realization of dry
appeared to be consistent with the sole kinetic relevance ofre-forming is the thermodynamically favored formation of
C—H bond activationKu/kp = 1.58-1.77 at 873 K). These  coke, which deactivates the catalysts. Thermodynamics
isotope effects and measured activation energies were similapredicts formation of coke under usual conditions of ,CO
for H,O re-forming, CQ re-forming, and Chldecomposition re-forming via either Clidecomposition or CO dispropor-
reactions. CH/CD, cross-exchange rates are much smaller tionation. The catalysts are promoted to reduce the risk of

than the rate of methane conversion in the,God HO carbon formation by means of (i) enhancing the adsorption
re-forming reactions, and thus—-& bond activation steps of CO,, (ii) enhancing the rates of surface reactions, and
are irreversible. (i) decreasing the rate of methane activation. The porous

For the supported platinum catalysts, turnover frequenciesstructure of the support also influences the stability of the
(TOF) for HLO and CQ re-forming and ClHdecomposition metal. On comparing.-Al ;05 with y-Al,03, Si0,, and MgO
increase with increasing platinum dispersion, suggesting thatof different porosities, Lu et &% concluded that porous
coordinative unsaturated surface Pt atoms, present in smalupports favor metal dispersion and contact between the
crystallites, are more reactive than Pt atoms in a low index active sites and reactants, increasing the activity fos @O
surface for G-H bond activation. Platinum dispersion, but forming and stability. Zhang et &f.found that the activity
not TOF, is influenced by the type of support {8k, ZrO,, for CO, re-forming in supported Rh catalysts follows the
Zr1Ce0) .5 This indicates that co-reactant activation on order YSZ> Al,O3 > TiO, > SiO, > La,0; > MgO, which
supports, if it occurs, is not kinetically relevant. The rates is directly correlated with the acidity of the support.
of structure-insensitive CO oxidation reaction are found to Deactivation is controlled by other parameters, becausesince
be similar before and after GHe-forming, and hence this in a specific support it decreases when the particle size of
latter reaction does not influence the number of exposed PtRh increases. Nevertheless, the nature of the support has a
atoms via coverage or sintering by unreactive chemisorbedstronger influence on the catalytic lifetime, which is low on
species. These mechanistic conclusions and metal dispersioiO, and MgO within the mentioned support series. The
effects appear to apply generally to Cteéactions on group  enhanced adsorption of GGn support¥ seems to be
8, 9, and 10 metal®, but the reactivity of surface Pt atoms important for the promoting effect when using basic materials
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Table 1. Composition of Logistic Fuel8 hydrocarbons and olefins are more reactive than. @tso,
gasoline diesel grade 2 jet-A cycloalkanes are more reactive than methane. However, in

, the case of aromatics, due to the stable resonant structure of

paraffins (% vol) 45 55 60 . L

oleffins (% vol) 8 2 2 the rings, reactivity toward steam approaches that of.CH

napthenes (% vol) 12 16 20 2.1.2.2. Catalyst Sulfur PoisoningThe catalyst formula-

aromatics (% vol) 35 27 18 tions used for liquid fuel steam re-forming are more

sulfur (wt %) 0.005 0.005 complicated than those used for methane steam re-forming

2 From Astarita et al. and Naidja et &7 because they must be carefully formulated to achieve high

resistance to both carbon deposition and sulfur poisoning.
The metals included in re-forming catalysts (groups 8, 9,
and 10) are highly susceptible to sulfur poisoning. Under
re-forming conditions, sulfur compounds presents in fuel
(10-50 ppm) react under re-forming conditions with metals,
forming stable metal sulfides that deactivate the catdfyst.
The desulfurization of natural gas (hydrogenation of alkyl
thiol compounds and the subsequent adsorption/absorption
of H,S) is almost quantitative. However, desulfurization of
the organic S compounds present in liquid hydrocarbon fuels
(derivatives of dibenzothiophene) partly removes sulfur, even
using novel hydrotreating catalysts or by deep adsorptive
desulfurization’® Much work has been done to better
understand the sulfur poisoning on Ni-based and noble
metals-based catalysts. However, no highly active sulfur-
tolerant steam re-forming catalyst has been developed, and
only a few papers have been published in the area of catalysts
with improved sulfur resistancé.’® Bimetallic Ni—Re
catalysts have shown promising sulfur tolerance for the steam
re-forming of mixture of hydrocarbons simulating gasoline
in the presence of 20 ppm of S in the feé@dlso, catalysts
based on RANi supported on Ce@modified A,O; have
been presented as excellent catalysts that can successfully
re-form sulfur-containing liquid hydrocarbons, such as jet
fuel, as demonstrated by the re-forming of JP-8 containing
22 ppm of sulfur without deactivation for 100 h time-on-

2.1.2. Liquid Hydrocarbons stream’?
2.1.2.3. Carbon Formation on Catalyst Surfaceln the

steam re-forming of higher hydrocarbons, the coke formation
is much higher than with methad&Rostrup-Nielsen and
Tottrup’® have reported data for a range of hydrocarbons
(Figure 6) showing that olefins and aromatics, in particular,
have the highest tendency for coke formation. Olefins are
ot normally present in the feedstock, but they may easily

(Lax0s, CeQ) as supports for dry re-forming catalysts.
Increasing the concentration of adsorbed,@Osuggested

to reduce carbon formation via CO disproportionation.
Manganese also promotes Niy® for CO, re-forming by
decreasing carbon depositiéfin this case, Ni particles are
partially covered by MnQ patches, and their role is to
promote the adsorption of GQproducing a reactive carbon-
ate. This carbonate reacts with the @kgments, preventing
coke from being formed form these fragments. Additionally,
the MnQ; patches break the Ni ensemble necessary for
carbon formation, without reducing the activity of the
catalyst. Carbon formation during G@e-forming of CH
also depends on the choice of metal. Bradford and Vafiice
studied different C@re-forming active metals (Ni, Co, Fe,
Rh, Pd, Ir, Pt) supported on TiCand SiQ. The TOF
depended on the d-character of the transition metal. In
general, it has been found that Ru, Rh, and Ir supported on
Ew0s*® Mg, and ALOz*® exhibit much less carbon
formation than supported Ni, Pd, and Pt. A beneficial effect
of the addition of Sn to Pt has been describe®t—Sn/
SiO, and Pt+Sn/ZrG, exhibit less carbon deposition during
CO, re-forming than the respective monometallic Pt catalyst
analogues. The reason for this behavior is possibly the
formation of a Pt Sn alloy and remains under investigation.

The wide availability of gasoline, diesel fuel, and jet fuels
would make them ideal as fuels for hydrogen productfon.
Logistic liquid fuels are multicomponent mixtures containing
a large number of hydrocarbons: paraffins, naphthenes,
olefins, aromatics, and sulfur compoufté (Table 1). The
chemical nature of fuel mixtures poses several technical n
E)_;ﬁtﬁlems to the ref-forlrping prOCGSS(;jtheSﬁ_arl’]e ass%datetq V\{iﬂbe formed by thermal pyrolysis of hydrocarbons during
i) the presence of sulfur compounds, which may deactivate . .
catalytic active sites, and (i) the strong tendency for carbon preheating at tempergtures exceeding 8723 K's,o
to be deposited on catalytic surfaces under re-forming 1he carbon formation from thermal pyrolysis may be
conditions solved through adiabatic pre-re-forming (see section 1.2.1.5)

2.1.2.1. Catalytic Reaction and MechanismSteam re- ~ Prior to deployment of the primary re-former or by the use
forming of liquid fuels is performed over catalysts normally ©f cool flames to evaporate liquid hydrocarbon mixtures
containing group 8, 9, and 10 metals (Ni, Co, Ru, Pt, Pd, \/_Vlthout carbon re_S|_due°é.However, steam re-formmg of
Rh, etc.). The reaction of the hydrocarbons present in fuels liquid feeds containing up to 30 wt % aromatics has been
with steam takes place by irreversible adsorption on catalystdone without pre-re-forming units when using desulfurized
surfaces with no intermediate formati&hThe adsorbed ~ feeds and special catalysts with very high coke resistance
hydrocarbon undergoes subsequent breakage-& Bonds and und_er critical control of _preheatlng temperatures and heat
one by one until the hydrocarbon has been converted intoflux profiles on the re-forming reactd.

C: compounds. The steam re-forming reaction (eq 1) is 2.1.2.4. Catalytic Promoter Effects.As in the case of
followed by the establishment of the equilibria of the methane steam re-forming, catalysts used in liquid fuel steam
exothermic water gas shift reaction (eq 2) and the metha- re-forming are mainly based on nickel. Noble metals (Ru,

nation reaction (eq 8): Rh) are more effective than Ni, because of their higher
intrinsic rates for the activation of -©€C and C-H bonds,

CO+ 3H,— CH, + H,0 AH3gg = —206.2 kJ/mol and less susceptible to carbon formation, but are more

(8) expensive. Two strategies are employed in the formulations

of catalysts to re-form liquid fuels in order to decrease carbon
Hydrocarbons present in fuel feeds showed pronounceddeposits on the catalyst: (i) the enhancement of water
differences in reactivities in steam re-formiffg.ong-chain adsorption on catalysts and (ii) the modification of active
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Table 2. Operating Conditions for Adiabatic Pre-re-forming?

naphtha diesel jet-A
inlet temperature (K) 723 753 753
H,O/C ratio (mol/mol) 1.55 2.45 2.40
relative deactivation rate 0.28 2.2 1.2

a Adapted from Christiansel§*

particles and hence remove the nucleation sites for graphite
formation?5:6

Recently there has been increasing interest of investigation
in noble metal-based catalysts (Ru, Rh, and Pd), despite their
cost, because they exhibit the highest intrinsic rates for steam
re-forming and prevent carbon deposition. The rate of carbon
formation was found to be far less on noble metals than on
Ni.2° This result has been explained by the fact that the noble
metals do not dissolve carbéhSome patents and literature
papers have reported on the application of supported Rh or
Ru in the steam re-forming of high aliphatic hydrocarbons
or of naphth&*® A Ru-based (Ru/Al0s) catalyst has been
used for steam re-forming of hydrocarbons while preventing
carbon depositiof’% Suzuki et aP® have successfully

@Rate of C-formation after onset conducted long-term (8000 h) tests of steam re-forming of

Figure 6. Steam re-forming activity and coking tendency of desulfurized kerosene using Ruf®k—CeQ; catalysts.
different hydrocarbons. Adapted with permission from ref 23. 2.1.2.5. Catalytic Pre-re-forming.The problem of carbon
Copyright 1997 Elsevier B.V. formation may be solved through adiabatic pre-re-forming
metal surfaces via the presence of other metals. Enhancedgrior to the primary re-former. In the pre-re-former all high
water adsorption can be achieved using carefully engineeredhydrocarbons are converted directly intq €omponents
supports with the addition of alkali, especially potassium, (methane and carbon oxides) in the low-temperature range,
or magnesium oxides. The improved resistance to carbontypically from 673 to 823 K The products from the pre-
formation on alkali and magnesium supports is caused byre-former can be heated to temperatures up to 1073 K,
an increase in the rate of dissociation of water on the reducing the risk of carbon formation from thermal cracking
supports. As a result, the amount of OH species present onof the fuel before it reaches the re-forming catalyst H&d.
active metal surfaces is increased, thereby enhancing theCarbon formation is the most critical parameter for selecting
removal of CH and delaying the full dehydrogenation of operating conditions for pre-re-forming. The steam-to-carbon
CHy species of the atomic C precursor of carbon deposition ratio and operating temperatures depend on the feedstock.
on metal surfaces. Supports of the types mentioned aboveHeavier feeds require higher steam-to-carbon ratio and higher
have been used in industrial naphtha steam re-forming operating temperatut& (Table 2). The pre-re-forming
catalysts? The addition of lanthanides to supports also catalyst is especially prone to carbon deactivation due to the
improves the stability of re-forming catalysts and decreaseslow operating temperature. Specially precipitated high nickel-
carbon formation during steam re-forming of higher loaded catalysts (N 20—30 wt %) with supports with
hydrocarbong3-8 Wang and Gort¥ investigated the effect  alkaline properties (Mg&= 60—70 wt %) and high surface
of cerium oxide as the promoter of noble metal catalysts for area are used in the pre-re-forming process. Catalysts based
the steam re-forming of various hydrocarbons. Cerium on noble metals have also been used for the pre-re-forming
promotion revealed a beneficial effect by both decreasing of heavy hydrocarbon feeds such as kerosene and dfésel.
the rate of carbon deposition and increasing the catalytic The low operating temperature also requires catalysts with
activity. Ozkan et af® reported that the presence of lan- high resistance to sulfur poisoning. Sulfur poisoning on Ni
thanide elements (La, Ce, and Yb) significantly enhances catalysts varies with temperature, the effect of sulfur poison-
catalytic activity and stability, due in part to the fact that ing being more important at lower temperatufég.aking
lanthanides help to inhibit both the growth of nickel into account the difficulty involved in removing the organic
crystallites and the carbon deposition on catalyst surfaces.S compounds present in fuels (derivatives of diben-
Studies carried out at the Argonne National Laboratory zothiophene) through the conventional hydrodesulfurization
(ANL) have shown that group 8, 9, and 10 metals dispersed process, sulfur must be removed using deep hydrodesulfu-
on doped ceria supports are active catalysts for re-formingrization with novel hydrotreating catalysts or by deep
of a wide range of hydrocarbons, including gasoline and adsorptive desulfurizatioff.
dieselt®8" The improvement in the catalytic performance of ~ 2.1.2.6. Steam Re-forming in Supercritical Water.A
catalysts with regard to their resistance to coke deposition novel noncatalytic re-forming process using supercritical
has been attributed to the high oxygen mobility associated water has been describ&4.In this process, supercritical
with CeQ, which facilitates coke gasificaticii.8° water works both as a highly energized re-forming agent and
Another approach to minimizing carbon formation on as an extraordinary solvent. The process has been tested for
catalysts is by modifying the Ni phases. The addition ofCo, a number of hydrocarbon fuels including diesel and jet fuel.
Mo, W21 Re?? Sr% and Si#*to Ni catalysts has been shown The original efforts were targeted at converting JP-8 fuel
to increase coking resistance under steam re-forming condi-into hydrogen that could be used directly in PEM fuel cells,
tions. It was suggested that the major carbon-preventingand preliminary results show that there is excellent potential
effect of these promoters is to block the steps sites on Ni for this process in more generally applicable on-site produc-
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Table 3. Selectivity Data Obtained in Supercritical Water examined. Because decomposition of methanol in the absence
Re-forming of JP-8 FueF of oxidant usually takes place, this reaction is first considered.

water ~ JP-8 2.1.3.1. Methanol DecompositionMethanol decomposi-
pressure T f:g\tlé f:g\t’; product gas composition (mol %) tion (eq 10) is an on-site source of lnd CO for chemical
(MPa) (K) (g/min) (g/min) H, CHs CO CQ CH, CoHs processes and fuel cells.

329 909 200 24 54 20 20 644 209 07 .
239 978 207 03 373 171 80 300 23 00 CHOH—CO+2H, AHe= +90.1kJ/mol (10)

a Adapted from Lee et af? . .
P The reaction is endothermic and can be performed on metals;

group 10 and 11 metals of the periodic table are active for
tion of hydrogen from a variety of hydrocarbon and oxygen- this reaction, among which Ni and Pd have been the most
ate feedstocks. In the supercritical region, water is an widely studied. These metals have been supported on
excellent solvent for oxygen and hydrocarbons, excluding different oxide substrates such as@®@{, TiO,, Si0,, CeQ,
hydrogen'®®1%4As a consequence of this high solubility the zrO,, and P305.1%5-116 Palladium seems to be the most
re-forming reactions are homogeneous, and hence no catalysgffective for methanol decomposition and, in the case of Pd
is required. Thus, hydrocarbon molecules are directly re- supported on Cefit has been observed that the decomposi-
formed by water according to eq 1. tion reaction of methanol on Pd catalysts depends on the
In the supercritical water re-formation process there is metal crystallite sizé!® Usami et ak% tested a number of
virtually no equilibrium limitation due to the insolubility of ~ metal oxide-supported Pd catalysts and found that PdCeO
hydrogen, which maintains hydrogen concentration in the Pd/PsOs, and Pd/ZrQcatalysts prepared by a coprecipitation
reaction mixture below the ultimate chemical equilibrium procedure were active for the selective decomposition of
of the reaction. The large amounts of CO produced accordingmethanol at temperatures below 523 K. TOF values showed
to eq 1 are further converted to additional hydrogen via the that CeQ and PsO; systems are better candidates thanZrO
water gas shift reaction. A side reaction that takes place for supporting palladium. As Cend PsOs substrates are
simultaneously in the re-formation process, regardless of slightly reduced during activation, a strong metaiipport
being supercritical or not, is the pyrolysis of hydrocarbon interaction is developed, and as a consequence-tt@ kbnd
(eq 9): cleavage of CEDOH becomes inhibited while the decomposi-
tion reaction into CO and Hprevails. Additionally, it was
CH,—CH,+CHy (x=a+cy=b+d) (9 observed that the interaction of Pd and the support influences
the performance of catalysts, in which smaller metal par-

This bvrolvsis reaction is laraelv responsible for the forma- ticles'% and a stronger contact with the support are favorable
pyroy gely resp for the decomposition reaction. For high metal loadings, a

tion of Ilghtgr .hydroca'lrbons such as meyhane, et_h_ane, andcoprecipitation method is preferred in comparison with the
ethylene. It is irreversible under the reaction conditions and

operates over a wide range of temperatures. As a result Of|mpreg.nat|on proced.ure, which produces larger particles and
repeated pyrolytic fragmentation, the resulti.ng fragments lower interaction with the support. In carbon-supported
become favorable for cokifgf via c;}clization processes. All platinum catalysts, the mechanism of CO adsorption has been
hydrocarbons present in the diesel boiling range fractibn andShoWn to depend on the structidfé and the effect of the
also polycyclic aromatic hydrocarbons of low polyaromaticity partlc_lg size has been reported as well when other supportgd

7 transition metals, such as iron and/or copper, are tested in
(number of cycles below 4) are completely soluble in

o : . . the methanol decomposition reactitf.
supercritical water, thus allowing chemical reactions before N ) , )
coking takes place. In addition, LaO; is a particularly attractive support

Supercritical water re-forming of JP-8 fuel at 909 K and because it allows high selectivity and specific activity in the

32.9 MPa yields a very low proportion of carbon oxides (CO metr|1anol hsynthgss reactlona M’?Od'f'ed pa_llad|]9m H
+ CO, = 4.0 mol %) and H (5.4 mol %), whereas methane catar?/st_s ?ve heenl :ceportec,-:@ta e very ?S'Xe t?r the
(64.4 mol %) and ethane (30.8 mol %) are the major reaction synthesis of met ?no rr]om I( hZ) F"';““fes- S the
products. The lack of re-forming products shows that the reverse reaction of methanol synthesis from (€®i,) gas

temperature is too low to re-form the hydrocarbons present tn;g[?c;ezilet?ea rg::?einglf ?De(;%rpgz;if'g?s re‘r”‘;rtr']%?egvﬁtﬁlso
in the JP-8 fraction into a syngas mixture. In contrast, a ysts P

- - . lanthanum oxidé?° In keeping with these ideas, La-modified
roduct gas composition containing up to 37.3 mol % is i X
gbtainedgby supech)riticaI water re—forgmir?g at978 K and 203.9 Pd/CeQ catalysts were .preeared and tested in the reaction
MPa overall pressure. The reaction conditions and productOf methanol decompositioit: The addition of LaOs to a

selectivity employed in both cases are summarized in Table %Z?};/%?eg]ga;ag;;S:g?e'f'ggz%rlsri':)%roovfeg]é?heaﬁgﬂﬁcbe
3. It is likely that higher H yields can be achieved at ' P

. : achieved at around 548 K, which in turn is nearly 40 K lower
somewhat higher temperature, although the experimental '

. than the temperature required for the 2% Pd/Ce&alyst.
process device does not allow 978 K to be surpa¥¥ed. The TPR profiles reveal that the presence ofQashifts

2.1.3. Methanol the reduction temperature of Ce lower values, while at

the same time hindering the reduction of PdO crystallites

Methanol is industrially produced under high temperature due to an accelerated diffusion of oxygen at theQaa-

and high pressure (52373 K, 80-100 bar), using a CeQ interface. A different effect has been found when noble
copper-zinc-based oxide catalyst developed by Imperial metals are used as promoters of supported Pd catalysts.
Chemical Industries Co. Methanol can be converted te-a H Kapoor et ak?? found that 3% gold loading in a 4% Pd/
rich gas mixture by chemical or chemiegihysical methods.  CeQ catalyst increases the conversion at 453 K from 20 to
In the next section, the steam re-forming reaction is 40%. This effect is associated with the formation of the new
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active sites in Awt-Pd bimetallic clusters, where both Au CH, + 0,
and Pd are involved in the reaction mechanism.

2.1.3.2. Methanol Steam Re-formingCurrently, increas-
ing attention is being paid to the low-temperature steam re-
forming of methanol to produce high-purity hydrogen to be
used as a fuel for on-board power generation in fuel cell Mixing layer
vehicles!?® The importance of methanol as a chemical carrier
for hydrogen lies mainly in its ready availability, high-energy
density, and easy storage and transportation. Among the
reactions to be used for the production of hydrogen from
methanol, the most widely applied one is the steam re- Catalytic zone
forming reaction (eq 11):

CH,OH + H,0— CO, + 3H, AHSgg = +49.4 kd/mol
(11)

A large variety of catalysts for steam re-forming of
methanol including copper in their composition have been
reported:?4 131 Commercial Cu/ZnO water gas shift and
methanol synthesis catalysts'?8 have been found to be CO,+H,
active for the steam re-forming reaction. Shimokawabe et
al.*?? have also described that highly active Cu/Zican be
prepared by impregnation of a ZgGubstrate with aqueous
solutions of the [Cu(NR)4](NO3),] complex, which proves
to be more active than the corresponding Cu/Si@alysts.
This particular interest of Zr@as a substrate for the copper
phases has led to the study of highly active Cu/Zzc&alysts
that have been prepared according to a variety of different
methods, including impregnation of copper salts onto the
ZrO, supportt32-134 precipitation of coppet? 137 formation
of amorphous aerogel&*°microemulsion techniqui?and
CuZr alloys™! The central idea in all of these works is to
maintain the zirconia support in the amorphous state under
the calcination and reaction conditions in order to retain a
high level of activity. The major drawback when zirconia
crystallization is produced consists in the drop in both copper
surface area and support specific surface. Additionally, a high
copper-zirconia interfacial area must be maintained to
prevent catalyst deactivation. Tetragonal zirconia can be
stabilized by incorporation of aluminum, yttrium, and lan-
thanum oxidesd; thus preventing, or at least minimizing, 55 1 pethane
its crystallization. o

Breen and Ro$# found that Cu/ZnO/Zr@catalysts are 2.2.1.1. Reaction and Mechanismsartial oxidation of
active at temperatures as low as 443 K but that they methane (POM) to synthesis gas is represented by eq 12:
deactivate severely at temperatures above 590 K. However,
deactivation is inhibited upon incorporation of 8k. As 1 . o — _
stated above, the deactivation may be explained by consider- CH, + 7,0, CO+ 2H,  AHzgq= —35.6 k‘]/mflz
ing the transformation of amorphous zirconia into a crystal- (12)
line metastable tetragonal Zs(hase. It has been shown
that the temperature of crystallization of zirconia is reduced
to a large extent in the presence of sté&twhich accelerates
crystal growth. The improvement of catalyst stability brough

about by AbOs incorporation comes from the increase in 7H . e ; .
y AROs P application of POM is still limited, mainly owing to the

the temperature of crystallization of ZsgOwhich remains . ¢ laH6196 and lear]
amorphous at the reaction temperature. Furthermore, the/€duirement of an oxygen plafit;and as yet no clearly

incorporation of alumina increases both the copper and BET stable supported_metal catalyst is available. This is a mildly
surface areas, increasing also the catalyst's activity. exothermic reaction, and hence no external heating energy
is required. Equilibrium calculations for the POM reaction

2.2. Catalytic Partial Oxidation reveal_eq an_inc_rease i_n both conversion an_d €CH;
o selectivity with increasing temperature. In this sense, at
As stated above, steam re-forming is currently the most atmospheric pressure and 1073 K, the equilibrium predicts

important industrial and economic process for the production a methane conversion of higher than 90% and selectivity of

of hydrogen from hydrocarbons. Nevertheless, steam re-close to 100% (Figure 8). According to stoichiometry of the
forming is a very energy-intensive process, in which reaction, the increase of pressure has a detrimental effect on
overheated steam in a,8/HC molar ratio slightly higher  the conversion.

Figure 7. lllustration of the catalytic partial oxidation principle.

than stoichiometric value is used to avoid carbon deposition.
In this context, new processes for the production gfridm
hydrocarbons, at lower energy costs, are needed. The partial
oxidation processes (PO) are attractive alternatives because
they avoid the need for large amounts of expensive super-
heated steam. Partial oxidation technology, like steam re-
forming, has a long history but attracted much less atention
because supported metal catalysts rapidly become deactivated
under typical reaction temperatures of about 950 K. After
an intensive research period during the 1980s, when the
oxidative coupling of methane (OCM) was considered to be
the future of natural gas conversion, several research groups
noted that, under similar reaction conditions, some catalytic
systems yielded large amounts of hydrogen, with no catalyst
deactivatiorf® Since then, intensive work has been developed
to address the mechanism of the reaction and the parameters
necessary for obtaining a stable catalyst.

The principle of catalytic partial oxidation is illustrated
in Figure 7. The POM reaction has been known from the
t 1990s, as described by York et al. in a recent reviw.
Although great efforts have been made, the industrial
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Figure 8. Methane partial oxidation equilibrium: calculated £¢bnversion (a), CO selectivity (b), and Helectivity (c) at pressures of
1 and 20 atm for a 2:1 CHO, molar feed. Symbols indicate experimental results using a bDAtatalyst. Reprinted with permission
from ref 4. Copyright 2005 Imperial College Press.

The active catalysts for POM are very similar to the of methane at temperatures higher than 973 K, with a
supported metals used in SRM. They all are metals from selectivity to CO+ H, of nearly 95%. Analysis of the
groups 8, 9, and 10 (Ni, Co, Fe, Ru, Rh, Pd, Ir, Pt), among different phases present in the catalytic bed leads to the
which supported nickel, cobalt, and noble metal catalysts conclusion that it is divided into three regions: the first, in
(Ru, Rh, Pt) have been the systems most studied. Pyrochlorecontact with the CHO, reacting mixture, is a NiAD,

oxides (LnRwWwO;*), perovskite oxides (LaNig}*’ spinel, of moderate activity for methane combustion; the
LaNiFe—xO31*8), and hydrotalcite type materials (NMg— second part is NiO/AD;, of high activity for methane

Al hydrotalcited4®-1%%) are other systems that have been used combustion and where the total conversion of oxygen occurs;
as catalyst precursors for POM reactions. and, finally, the rest of the catalytic bed consists of Ni2y,

Two mechanisms have been proposed for the POM which is active for SRM and C&re-forming. The distribu-
reaction: (i) the combustion and re-forming reactions mech- tion of these different regions is temperature-dependent and
anism (CRR¥2 and (ii) the direct partial oxidation (DPO) is the reason for the observed changes in the behavior of
mechanism?3-155 |n CRR, the methane is combusted in the the catalyst, which is activated in the presence of the reactive
first part of the catalytic bed, producing G&nd HO. Along mixture at 1023 K, maintains different degrees of activity
the rest of the bed, and after total oxygen conversion, the when the temperature decreases to 773 K, and deactivates
remaining methane is converted to GOH, by SMR and at lower temperatures (Figure 9).

CO; re-forming reactions. In DPO a C& H mixture is Besides these results confirming the CRR mechanism,
produced directly from methane by recombination of,CH the DPO mechanism is operative in other systems. Hickman
and O species at the surface of the catalysts. and Schimdf315 found that the oxidation reaction of

Dissanayake et &P? validated the CRR mechanism in a methane could be achieved in Pt and Rh monoliths under
Ni/Al .03 catalyst, obtaining an almost complete conversion adiabatic conditions at very short residence times. In this
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Direction of Gas Flow and whiskers of carbon, which do not deactivate the particle
directly but may produce mechanical plugging of the reactor.
l l 1 j, l The catalysts are promoted to reduce the extent of carbon

formation. The improvement of the catalyst's stability can
be achieved using an appropiate support. In the design of
catalysts for re-forming reactions, the influence of the support
has been one of the issues most investigated. Tsipouriari et
al.**® compared Ni/AJOz; with Ni/La,Os; and found that in
the former system the deposition of carbon increases with
the time on stream. In the lanthana-supported catalyst, carbon
is also accumulated, but this carbon deposited on the surface
is constant and does not increase with time. The same effect
is detected on magnesia-supported catalysts due to the
formation of a Mg@—Ni,O solid solution>® In contrast, the
use of ZrQ as a support is not effective, because metal
particles become rapidly sintered due to the low-KiO,
surface interaction. The effect of the support has been also
investigated in other metals, and the tendencies are not the
NiAl,O, + a-Al,04 same in all cases. Bitter et ¥P. found that the trend in
stability on supported platinum follows the order 2r©

o] e
PRRIRIY [
esesoegeses:

26%%e%%%%

< 750° - 750-900° -~ ~600-700° - ~500-600° -~ < 450°

Catalyst Bed Zones:

NiO/a-Al,04 TiO, > Al,Os. This trend is different in supported nickel,
Al,Os-supported nickel being more stable than the corre-
[ Ni/a-Al;04 sponding TiQ-supported catalysf! In the case of Pt, there

Figure 9. Schematic representation of Nik&; catalyst bed Ibslnokewderflcﬁ of Slntermg’ and geacuvbat'on_llﬁ produced by
composition during catalytic partial oxidation of methane at various P'0ckage of the active centers by carbon. The support, in

temperatures. Reprinted with permission from ref 152. Copyright this case, plays a very active r0|_e.f0r the redU(}ib|e oxides
1991 Elsevier B.V. (e.g., TiQ). In the PUTIQ system, it is well-established that

small TiQ, moieties decorate the metal partidfésand may
proposed mechanism, the C® H, gas is produced as so allow the reaction of coke fomation to occur close to the

primary product: metal, affecting adversely the reaction on the metal. Also,
some differences are found in supported Ir catalysts, with
CH, — C(ads)+ 4H(ads) (13a) an activity trend for the POM in the order TiG- ZrO, >

Y,03 > MgO > Al,03 > Si0,.18% In these systems, SRM
C(ads)+ [0]s — CO (ads)— CO (13b) does not change with the support, and the trends for POM
and CQ re-forming are the same. Therefore, a CRR
2H(ads)— H, (13c) mechanism can be concluded for these catalysts. On the Rh/
Al,O31%7 system, water is adsorbed on the alumina surface,

The reaction intermediates formed on the surface of the Which plays the role of the oxygen source in the POM

catalysts, and the way in which they participate in the r€action. Also, in Ni and Ru supported in28k, a similar
reaction mechanism, are different, depending on the active€ff€ct is produced, due to the formation of hydroxyl groups
metal, the support, and their interaction. Li et®lhave 2t the surface of AD; that provide oxygen to the active
followed the surface state of Ni/&D; by a transient response ~ Metal sites. In contrast, when these metals are supported on
technique; they concluded that if oxygen is the most abundant>/Cz the support does not participate in the reaction
surface intermediate, the catalyst is not activr and that a Mechanism.
catalyst in the reduced state, covered by adsorbed carbon, is Improvements in catalyst stability can be achieved not only
essential for the activation of the reactants. This reduced statedy the use of an appropriate support but also by doping the
of the metal surface as a condition for the activation of the catalyst with other metals. In Ni/ADs, a beneficial effect
reactants has also been observed in RIGAlin TAP of the addition of noble metals (Pt, Pd, Ru) has been
experimentd?” because Chlis adsorbed dissociatively on  described® Nichio et al'®® promoted Ni/AbO; by adding
the metal and the pre-adsorbed oxygen reduces this activaa tin organometallic complex to the catalyst in the reduced
tion. Moreover, the degree of oxygen coverage changes thestate (metallic Ni). This procedure allows the collection of
mechanism of reaction: from DPO at low oxygen coverage bimetallic Si-Ni systems with a good interaction between
to CRR at high oxygen coverage. metals and, at concentrations of Sn in the 8:0D5% range
2.2.1.2. Catalyst Deactivation and Promoter Effects.  (Sn/NP¥f < 0.5), the deposition of carbon upon reaction
Because several supported catalytic systems have highdecreases with no appreciable change in the catalytic activity.
activity for the POM reaction, the main topic of research is The Sn causes breaking of the Ni ensembles, active for
the stability of the catalysts. There are three main processescarbon deposition (this is a structure-sensitive reactién),
for the deactivation of the catalyst: carbon deposition, but is not enough to affect the active sites for POM. The
sintering of metal crystallites, and oxidation of metal atoms most typical way to promote nickel catalysts is by the use
by oxygen or steam. Carbon deposition is due to the processof alkaline and alkaline earth metals. Chang é&xplained
of decomposition of Ckl(eq 5) and CO (eq 4). Two different  the promotion with K and Ca of a Ni/NaZSM-5 zeolite by
kinds of carbon can be formed on the surface of the the formation of carbonaceous species, produced by the
catalyst: encapsulated carbon, which covers the metalinteraction of CQ with the promoters. In isotopic effect
particle and is the reason for physieghemical deactivation;  experiments, they also observed that the activation of CH
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at the nickel surface is not the rate-determining step in the 0.4
DPO mechanism. The rate is determined by the reaction of
Oads + Cags as previously shown by Schuurman ef%in i 0—0
Al;Os- and SiQ-supported Ni catalysts. The reduction of 03| 0/
carbon deposition has been also successfully achieved in Ni/z /
y-Al,05 catalysts promoted with Li and L!47-16° L - N
e o
2.2.2. Liquid Hydrocarbons E o2 a8
-4 o—0
2.2.2.1. Reaction and Mechanismdn recent years, the ‘§ - o/o/
catalytic partial oxidation of high hydrocarbons employing o At
very short reaction times (milliseconds) and high tempera- 0.1 - - +:A_K
tures (1123-1273 K) over noble metals supported on porous A A/A/n » o=t
ceramic monoliths has been the subject of much re- o e e S
search4155.170Catalytic partial oxidation of hydrocarbons 0.0 Qe . . L :
is described by the idealized eq 14. 470 480 490 500
Temperature (K)
n m
CnHm + /202_’ nCO+ /sz (14) Figure 10. Partial oxidation of methanol over the catalyst;&u

Zngo: (O) CH30H conversion;£) O, conversion; ©) Hy; () COy;
(a) HO; (v) CO. Reprinted with permission from ref 179.

The oxygen-to-fuel ration) determines the heat of reaction Copyright 1997 Elsevier B.V.

and the hydrogen yield. The direct catalytic partial oxidation
reaction is much faster than the corresponding catalytic steamport being superior to either. The authors attributed this

re-forming reaction by roughly 2 orders of magnitude, but |apavior to a temperature-dependent mechanism involving

the H yield per carbon in the fuel is lower. Despite the e gissociative adsorption of oxygen on the metal following
simplicity of eq 14, the catalytic partial oxidation of liquid ;g spillover to the support.

fuels is a complicated process in terms of the number of
catalytic reactions involved. Partial oxidation commonly 2.2 3. Methanol
includes total oxidation, steam re-forming, €@-forming,
hydrocarbon cracking, methanation, and water gas shift. No
detailed mechanism of hydrogen production from higher
hydrocarbons has yet been established. A basic scfieme
assumes that the reaction is initiated near the catalyst entranc
by complete dissociation of hydrocarbons due to multiple

dehydrogenation and -@C cleavage reactions. This is which shortens the reaction time to reach the working
followed by reaction of the absorbed oxygen With carbon [€Mperature from the cold start-up conditions. In this section,

and hydrogen to form CO, GOand HO, which desorb catalysts and promoters employed and the reaction mecha-

; ; : i ined.
along with H. Aromatics tend to be less reactive than nism are examined. .
n-alkanes in partial oxidation reactiof They are strongly 2'2'3'1' CfOppﬁFtZIEC Catalysi;. C]E)pptir—zmct_c?talygtst_
adsorbed to the metal sites, causing kinetic inhibition, and "8 FESH 2 5 0€ VEry aciive for e partial oxidation
are also more prone to carbon formation than paraffins and®' Methan (eq 15):
cycloparafing’? The complexity of the process and the nature 1
of liquid fuels, with hundreds of different components, have CH,OH + 7,0, —~ CO, + 2H,

Among the different methods employed to produce
hydrogen from methanol (decomposition, steam re-forming,
and partial oxidation), selective production of bl partial
gxidation has some obvious advantages, because it is an
exothermic reaction and a higher reaction rate is expected,

produced slow development at the industrial scale, the AH3ggx = —192.2 kd/mol (15)
process still being in the exploratory stage.
2.2.2.2. Catalyst Deactivation and Promoter Effects. The partial oxidation reaction starts at temperatures as low

There are relatively few experimental studies on the catalytic as 488 K, and the rates of methanol and oxygen conversion
partial oxidation of liquid fuels. Results on catalytic partial increase strongly with temperature to selectively produge H
oxidation of n-hexané/® n-heptané/* n-octanel’® iso- and CQ (Figure 10). The rate of CO formation is very low
octanet’*3and mixtures simulating liquid fuels have shown across the temperature range explored (4428 K), and

that deactivation by both sulfur and carbon deposition are H,O formation decreases for temperatures above 488 K. As
key challenges to the use of catalytic partial oxidation. a general rule, methanol conversion tpadthd CQ increases
Catalysts for partial oxidation of liquid fuels have been with copper content, reaching a maximum with 46Zinso
primarly based on nickéf? platinum?7>176rhodium173:176.177 catalysts (40:60 atomic percentage) and decreasing for higher
and bimetallics.’® Direct comparison among these catalysts copper loadings. The GgZng catalyst with the highest

is reported in only a few cases, rhodium generally being the copper metal area has been found to be the most active and
most active and the most selective to hydro§€i’¢ The selective for the partial oxidation of methanol. Unreduced
advantage of rhodium is attributed to a lower tendency of copper-zinc oxide catalysts display very low activity, mainly
surface H atoms to become oxidized to surface hydroxyl producing CQ and HO and only traces of Kl although the
radicals, leading to the formation of water. As a result, catalysts become eventually reduced under reaction condi-
desorption of the H atoms as; kholecules is the favored tions at high temperatures. From the reaction rates and copper
process on rhodium. A recent wafkhas reported the use areas, turnover frequency (TOF) values have been calculated
of oxygen-ion conducting systems as supports of noble as a function of copper content at constant temperature (497
metals applied to partial oxidation of diesel fuels. The study K). It was observed that both the apparent activation energy
shows that ceria and zirconia were found to be effective in (E;) and the TOF were higher for the low copper content
minimizing carbon deposition, a mixed cefiairconia sup- catalysts and then decreased slightly, tending to constant
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0.20 on the copper surface. It has been proposed that the basic
character of @satoms on copper surfaces would facilitate
H-transfer from the ©-H bond to form a surface methoxy
intermediaté®* The kinetic isotope effectk(/kp = 1.5)
observed for CBOH conversio#f? can be related to this
H-transfer, suggesting that during the §&MHH oxidation
O—H bond cleavage is at least partially involved in the rate-
determining step, especially for the water yield with an
isotopic effect ofky/kp = 2.0. However, for H formation
, , (ka/kp = 0.9), the rate-determining step is related te k€
0.0 0.1 0.2 bond activation, because the—© bond does not break
during the reaction (no CHormation is observed). These
_ : o kinetic results obtained for the partial oxidation reaction on
Figure 11. Effect of O, partial pressure on GJH conversionin -~ cy/znO catalysts are in agreement with the data found for
the reaction with the GidZno catalyst at 488 K. Reprinted with 1o qecomposition and steam re-forming reactions of metha-
permission from ref 182. Copyright 2003 Springer. . .

nol. For these reactions, it has been suggested that a

. 0 . . methoxide species would be rapidly formed and that the rate-
value at Cu loadings above 50% (atomic). The s|multaneousdetermining step would be the cleavage of thekChond

variation of E; and TOF suggests that the enhancement in to form the HCO specied?l 182184190
reactivity would be a consequence of a change in the nature ' . .
of the active sites rather than induced by a simple spillover It has been suggested that oxygen atoms participate in
type synergy. Activity data for the methanol partial oxidation Methanol activation through the abstraction of the hydroxyl
reaction to hydrogen and carbon dioxide over Cu/znO H atom to form methoxide and Qi This OHu species
catalysts obtained with different catalyst compositions and rapidly loses H to the surface, regenerating the O surface
different C metal surface areas have shown that the reaction SPecies® Although all of these reactions occur on the copper
depends on the presence of both phases: ZnO afd Cu surface, ZnO also plays some role in the reaction. The _results
Additionally, Wang et at8found that the presence of ZnO of TPD experiments carried out after the pre-ad_sorptmn of
in silica-supported Cu catalysts allows a higher dispersion the Q/CHsOH mixture on pure ZnO are conclusive in the
of metallic copper, although a high concentration of zinc Sense that CkDH is partly converted into | CO, CQ, and
gives CuO crystallites. On the other hand, for €@n H.CO2 Of the two peaks observed in the TPD profiles,
catalysts, with Cu concentrations in the-480 wt % range,  the one at low temperature (573 K) fop Bind CQ suggests

the copper metal surface area seems to be the main factofhe participation of bulk oxygen, whereas that seen at a
determining the reaction raté. slightly higher temperature (590 K) is related to the formation

The OJCH:OH molar ratio in the feed has a strong of H,CO. As stated above, the Cu metal area determines the

influence on catalyst performance. As illustrated in Figure '€action rate, but the combination of copper with a certain
11, CHOH conversion rates andHind CQ selectivities amount of ZnO seems to be of fundamental importance for

increase almost linearly for Qartial pressures in the range € partial oxidation reaction. Thus, ZnO might also partici-
of 0.026-0.055 bar (/CH:;OH ratios = 0.03-0.063)162 pate in methanol activation and, through a reverse spillover
A further increase in @partial pressure leads to a sharp effec;, transfer species to the metallic surface for further
drop in CHOH conversion and an almost complete inhibition "€&ction.
of H, formation, with the simultaneous production of® The incorporation of small amounts of &z (up to 15%
and CQ. When lower Q partial pressures are returned to, Al at.) to the Cu/ZnO system results in lower activity,
the conversion and selectivity to,ldnd CQ remain constant  indicating that aluminum has an inhibiting effect on the
and at very low values, producing a hysteresis curve. As partial oxidation of methandl’ For the CuoZnssAls catalyst,
revealed by X-ray diffraction patterns, a thick layer of copper this inhibition is clear at lower temperatures, although the
oxide grows on the surface of copper crystallites when activity approaches that of the Al-free §gzingo counterpart
exposed to @pressures above 0.055 bar. Thus, it is inferred at temperatures close to 500 K. Other catalysts with higher
that Cu sites appear to be responsible for the partial Al loadings (CueZnseAlio and CueZnssAlis) do not show
oxidation reaction of methanol. €metal has low reactivity ~ significant activity in the temperature range studi€din
to methanol, and activity is optimized at intermediate surface terms of stability, the behavior of GaZnso and CuoeZnss-
coverages by oxygen. Als catalysts is very different: whereas the,6Zns, catalyst
TPD experiments with pure Gupure ZnO, and the Cu/ loses 43% of activity, with a less marked drop in the
ZnO catalyst show that methanol can be activated by both Selectivity of i and CQ, after 110 h of on-stream operation
ZnO and coppet20n the ZnO surface, methanol may form @t 503 K, no significant deactivation is observed for theCu
intermediates, which in the presence of copper might reactZNssAls catalyst. The addition of aluminum as»@k to the
and desorb more easily, probably via a reverse spillover Cu—ZnO favors the dispersion of the copper phase and
process. Isotopic product distribution of,HHD, D,, H,0, improves catalyst stability by preventing the sintering of
HDO, and DO in the temperature-programmed reaction of Metal particles. This stabilization effect due to the presence
CHsOD shows a slight enrichment in products with H, of aluminum is, in this way, very similar to the one observed
suggesting that during methanol activation on the ZnO some for the steam re-forming of metharist.

o
-
(9]

0.10

0.05

Conversion rate (mol/g_, h)

O, partial pressure (atm)

of the D atoms might be retained by the supp&CH;OH For both binary CtZnO and ternary CtaZnO(Al)
activation via G-H bond cleavage occurs easily on group systems, reduction pretreatments control the structural and
8, 9, and 10 metals at temperatures as low as-200 K183 morphological characteristics of the catalyst surfdé&hese

Nevertheless, C¥DH bond activation on copper catalysts initial characteristics play a central role in the evolution of
requires higher temperatures or the presence of oxygen atomshe oxidation state and structural morphology during the
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100 X-ray photoelectron spectroscopy techniques, a PdZn alloyed

phase was seéf$1%The formation of this alloy has been
also detected in used Pd/ZnO catalysts prepared according
to different methods (microemulsion and impregnatiéh)
and in Pd/ZnO catalysts used in the steam re-forming of
methanol®” The reactivity of the Pdzn alloy is somewhat
different from that of small Pd clusters, as illustrated by the
behavior da 5 wt %Pd/ZnO catalyst, which exhibited fairly
high selectivity to HCHO and CO and where PdZn alloy is
formed to a larger extent than in 1 wt % Pd catalyst. It is
likely that processes such as ¢PH decomposition, the
inability to oxidize the intermediate HCHO, and the low
oxidation rate of CO would be involved in large PdZn alloy
particles, whereas thejtelectivity is favored in small Pd
and Pdzn alloy clusters. Pd/ZnO catalysts prepared by the
microemulsion method also show higher CO yield when Pd
particle size is large¥®

The nature of the support to a large extent determines the
performance of supported catalysts. Thus, the 1 wt % Pd/
ZrO, catalyst exhibits not only oxidation products,(eind

Temperature (K) CQO,), as happens on the parent-€ZnO catalysts, but also

Figure 12. Temperature dependence of 3 conversion during ~ the decomposition reaction seems to occur to a greater
temperature-programmed start-up over the Cu/ZngDétatalyst extent!®4
in different initial states: @) oxidized; @) reduced; M) reduced
+ air exposed. Atmospheric pressure, feed ratiCBlisOH = 0.3, 2.3. Autothermal Re-forming

heating rate= 0.1 K/min. Reprinted with permission from ref 192. _ _ )
Copyright 2002 Elsevier B.V. Hydrogen production using autothermal reforming (ATR)

has recently attracted considerable attention due to its high
reaction, because the dynamic behavior of the catalyst surfaceenergy efficiency with low investment cost due to its simple
is determined by the conditions of the gas atmosphere duringsystem design. The ATR process has been used to produce
the reaction. The temperature dependence ofdFHconver- hydrogen- and carbon monoxide-rich synthesis gas for
sion on a CesZn,Al s catalyst in its oxidized, reduced, and decades. In ATR the heat for the re-forming reactions is
air-exposed pre-reduced states during the partial oxidationsupplied by internal combustion. Consequently, there is no
reaction in an @CH;OH = 0.3 (molar) mixture is shown need to supply heat to the reactor over and above the amount
in Figure 12192 All conversion profiles display a sigmoidal- provided in the preheating of the reactants. The overall
like shape, with a marked increase in §&MH conversion chemical reactions taking place in the ATR include partial
within a narrow temperature range. The reaction starts atoxidation (eq 14), steam re-forming (eq 1), and water gas
416 K on the reduced sample, whereas this point shifts to shift (eq 2).
422 and 434 K in the air-exposed and oxidized samples, The main advantages of the use of the autothermal process
respectively. Conversely, however, product selectivity is the with respect to the steam re-forming process are related to
same in all cases. For a GBIH conversion of around 0.6, economics of scale; much larger single-stream units are
where oxygen is completely consumed, the slope of the possible with adiabatic ATR than with steam re-forming, and
curves changes as a consequence of the overlapping of théhe size of equipment is smaller, because ATRs are very
decomposition reaction. From the data in Figure 11 it is clear compact units compared to steam re-formers. Furthemore,
that the oxidized sample becomes reduced during the partialre-former tube materials limit the outlet temperature from
oxidation reaction, and this reduction process leads to surfacesteam re-formers to a maximum of about 1223 K, whereas
reconstruction with a higher GH decomposition capacity =~ autothermal processes easily exceed 1273 K. This makes
than that of the pre-reduced counterparts. These differencesigher conversion of the feed possible, even at low steam-
are related to changes in the number, but not the characterto-carbon ratios. The main disadvantage of ATR, especially
istics, of the active sites induced by the different reduction with oxygen as oxidant, is that it requires an oxygen source.
potentials of the reacting gases. Oxygen plants are expensive, and the associated investments

2.2.3.2. Palladium CatalystsGroup 10 metals, and more ~ constitute the major part of the total investments.

specifically palladium, are highly active in the partial
oxidation reactiod®1%High yields to H have been obtained 2.3.1 Methane

CH,0H conversion (%)

350 400 450 500 550 600

on pre-reduced Pd/ZnO catalyst undef@H;OH feed ratios The overall chemical reactions taking place in the ATR
of 0.3 and 0.5. For the 1 wt % Pd/ZnO catalyst, Ol reactor are partial oxidation, steam re-forming, and water
conversion reaches 480% within the 503-543 K tem- gas shift. The ATR reactor operates in three zones: (i)

perature range. Upon increase of the reaction temperaturecombustion zone, (ii) thermal zone, and (iii) catalytic zone
CH30H conversion increases, with a simultaneous increase(Figure 13). The combustion zone is a turbulent diffusion
in H, selectivity at the expense of water. Because the oxygenflame where CH and oxygen are gradually mixed and

is completely consumed, this selectivity trend suggests somecombusted. Combustion in ATR is substoichiometric with
contribution of the methanol steam re-forming produced by an overall oxygen to hydrocarbon ratio of 0-53.60.

the water byproduct. Important structural changes take placeTypically, the ATR operates at high temperatures of ca. 2200
at the Pa-ZnO interface during on-stream operation. With K in the combustion zone. In the thermal zone above the
X-ray diffraction, temperature-programmed reduction, and catalyst bed further conversion occurs by homogeneous gas-
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CH, + H,O including a partial oxidation zone and a separate steam re-
forming zone. The oxygen-to-carbon (O/C) and the steam-
l to-carbon (S/C) ratios determine the energy released or
absorbed by the reaction and define the adiabatic temperature
and consequently the concentration ofikl the fuel gag®!
0. —» Higher HO/C ratios reduce the CO yield with lower
2 Burner equilibrium temperaturé®? In the ATR of diesel fuel,
4 % Y combustion zone thermodynamic equilibrium can be achieved at:@H ratio
of 1.25, an Q/C ratio of 1, and an operating temperature of
973 K.

The operating conditions in ATR process require catalysts
and supports with high resistance to thermally induced
deactivation. Coking can be controlled with excess steam
(and/or oxygen injection), whereas the low sulfur coverage
) on catalysts at the elevated temperatures of ATR makes
Catalytic zone desulfurization prior to ATR not necessary.

Noble metal catalysts (Pt, Rh, and Ru) modified with
promoters with high oxygen storage capacity (Ge@rO,,
CeQ, CeGdQ) have exhibited excellent re-forming activity,
with good thermal stability and sulfur tolerance in the ATR
of liquid fuels2°3-2%9 |n recent years, research into catalysts
CO, + H, for the ATR of hydrocarbons has paid considerable attention
to systems with a perovskite structure of general formula
ABQO3.210-212 pergyskite oxides (ABE) are strong candidates

phase reactions. The main reactions in this zone are theas precursors of re-forming catalysts due to the possibility
homogeneous gas-phase steam methane re-forming and shiftf obtaining well-dispersed and stable active metal particles
reaction. In the catalytic zone the final conversion of On a matrix composed of metal oxides that may allow the
hydrocarbons takes place through heterogeneous catalytiémall particles of the metal to be stabilized in position B
reactions at 12001400 K including methane steam re- under the reaction conditions. Investigation into the applica-
forming and shift reactions. The,FCO ratio at the outlet of ~ tion of non-precious group metal-based catalysts for ATR
the reactor can be precisely adjusted by varying th@/H of high hydrocarbons has attracted some attention in the past
CH, and/or Q/CH, molar ratios in the feed. few years. The use of group 6 metal carbides in re-forming
As ATR is a combination of homogeneous partial oxida- @ range of high hydrocarbons was successfully demon-
tion with catalytic steam re-forming, the active catalysts used Strated®*2-?4In contrast with noble metal- and nickel-based
are the same as those for the steam process, namely, théatalysts, bulk molybdenum carbide shows stable perfor-
group 8, 9, and 10 metals, especially Ni, Pt, Pd, Rh, Ru, mance in the ATR of higher hydrocarbons, such as gasoline
and Ir. However, the high temperature of operation requires and diesel, performed under much lower steam/carbon ratios.
catalysts with a high thermal stability. The preferred catalyst
for ATR is a low loaded nickel-based catalyst supported on 2.3.3. Methanol

alumina (-Al0s) and magnesium ajumina spinel (Mga). An even more appealing option than steam re-forming (eq

Spinel has a higher meltj_ng point and in.general a higher 11) and partial oxidation (eq 15) is to combine these two
tlgerma}[l St”fpégggh ?nd stability tt?]an the za]Jurrt]lna-basted C_attaIgISt'reactions, providing the possibility of producing hydrogen

ecent studies-a'so propose the use ot a temperature-stable, o aimost autothermal conditions (eq 18315219
support for nickel phases, consisting of a low surface area
macroporous zirconiahaffnia carrier that shows excellent
resistance to high-temperature treatments. Alternative catalystCH3OH + (1~ 2nH0 +nO, = CO, + (3~ 2nH,
formulations for methane ATR based on bimetallics have (0<n<0.5) (16)
been studied because the activity of nickel catalysts can be

increased by the addition Of |OW contents Of nOble meta|S Copper-based Cata'ysts also d|Sp|ay good performance in
(Pt, Pd, Ir). These findings have stimulated the study of ATR. Agrell et al.2!® using a Cu-ZnO catalyst, reported
several bimetallic nickel CataIyStS.NPt bimetallic CatalyStS that, at differential Q ConversionS, water is produced by
show higher activity during ATR than separate nickel and compustion of methanol. When oxygen conversion is com-
platinum catalysts blended in the same bed, although the reapjete, water production levels off and,Hormation is
mechanism for this increase in activity is not clear. Explana- jnitiated. Then, CHOH conversion and JHand CO selectivity
ti(?nS advanced |nC|Udd (|) the increase in the redUCIblllty of increase, whereas water Se'ectivity decreases. IEM
Ni due to the formation of an alloy or hydrogen spillo¥¥r |0, are incorporated to the GZnO catalyst, the resulting
and (ii) the increase in exposed Ni surface area under reactionatalyst exhibits the best performance for steam re-forming,
conditions assisted by the noble metdl. although the light-off temperature for the partial oxidation
o reaction is lower for the CuZn binary catalyst. CO
2.3.2. Liquid Hydrocarbons formation over these Zrloaded Cu-ZnO catalysts is less
As for methane, the overall reactions taking place in the pronounced than in the other catalysts and still lower than
ATR reactor include partial oxidatiom& 1 in eq 14), steam  in the steam reaction. Purnama et?@lalso found this
re-forming (eq 1), and water gas shift (eq 2). For liquid fuels, beneficial effect of the oxygen addition to the feed during
ATR conditions have been achieved using a re-former steam re-forming of methanol on Cu/Zr@atalysts.

Thermal zone

Figure 13. lllustration of an ATR reactor.
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The oxidative methanol re-forming reactions of methanol CO, re-forming:
have also been investigated over €4nO(Al) catalysts
derived from hydrotalcite-like precursot®:218.22:The oxy- tar+ CO, — xCO + yH, (17¢)
re-forming reactions under£H;OH/H,O = 0.3:1:1 molar . o
ratios in the feed lead to high activity for GEIH conversion ~ Partial oxidation:
and very high selectivity for B production. All of the C.H,, + ",0,—nCO+ ",H, (17d)
catalysts exhibit higher CDH conversions than that attained
under the conditions of the partial oxidation process. Another \WGS:
interesting result is that CO levels at the exit stream are much
lower than in the case of the reaction performed under the
conditions of partial oxidation reaction. Despite the complex- .
ity of the mechanism of the oxy-re-forming of methanol, it methanation:
is likely that the water gas shift reaction may contribute to CO+ 3H,— CH, + 2H,0 (a7f)
the reduction in CO selectivity at the expense of water.

CO+ H,0—CO, + H, (17e)

Partial combustion predominates at high temperatures,
2.4. Gasification of Coal and Heavy whereas total combustion predominates at lower tempera-
Hydrocarbons tures. The water gas shift reaction alters th&® ratio but
S ) does not modify to a significant extent the heating value of
Gasification is another choice technology for the large- the syngas mixture. Methane formation is favored under high
scale production of hydrogen. Gasification involves the pressures (above 8 bar) and low temperatures (about 1100
reaction at high temperatures (1260400 K) and moderate  K), and therefore its formation plays a major role in lower
pressures (510 bar) of a source of carbon, associated or temperature gasifiers. The rates and degrees of conversion
not with hydrogen, with a source of hydrogen, usually steam, for the various reactions involved in gasification are functions
and/or oxygen to yield a gas product that contains C&, H of temperature, pressure, and the nature of the hydrocarbon
CO,, CH,, and N in various proportions. Proportions of these feed being gasified. At higher operating temperatures, the
component gases depend on the ratio of the reactants usedonversion of hydrocarbons to CO angdikcreases, whereas
and on the reaction conditions. It is a versatile process thatthe production of methane, water, and C@ecreases.
can use all carbon-based feedstocks, including coal, petro-Depending on the gasification technology, significant amounts
leum residues, biomass, and municipal wastes, and is theof CO,, CHs;, and HO can be present in the synthesis gas
only advanced power generation technology for coproducing as well as trace amounts of other componéfitdJnder
a wide variety of commodity products to meet market needs. reducing conditions of the gasifier, most of the organic sulfur
Gasification-based systems are the most efficient and envi-is converted to hydrogen sulfide £8)), whereas a small
ronmentally friendly alternatives for the production of low- fraction, usually not surpassing 10%, forms carbonyl sulfide
cost electricity and other useful products and can be coupled(COS). The nitrogen present in organic heterostructures forms
to CO, concentration and sequestration technolo@fes. ammonia (NH) and smaller amounts of hydrogen cyanide
The first companies to convert coal to combustible gas (HCN). Most of the chlorine present in the fuel reacts with
through gasification were chartered in 1912. During the hydrog_en to fqrm hyd.rogen chloride and some pamculqte-
; : e phase inorganic chloride. Trace elements usually associated
1930s, the first commercial coal gasification plants were

ructed. foll dbyt lcati in the 1940 with inorganic matter, such as mercury and arsenic, are
constructed, followed by town gas applications In (e 194YS. yajea5ed during gasification and partitioned between the gas
In the 1950s, chemical process industries started applying

e . arP Y phase and ash fraction. The formation of a given species
gasification for hydrogen production. At present, gasification 5 its partition between the gas phase and solid phase

is a commercially proven mature tephnology with about 40 depend strongly on the operating conditions and gasifier
GW total syngas production capacity around the wéfd.  gesign,

. Several metals and metal oxides catalyze the reactions
2.4.1. Chemistry involved in gasification and may, therefore, modify the values
of their kinetic constants. For example, several aufior$®

The chemistry of gasification is quite complex, involving have found how iron-based speciesABe FeO) affect the

cracking, partial oxidation, steam gasification, water gas shift, rate of the overall steam gasification of coal and/or biomass
and methanation. In the first stages of the gasification, the 9 :

feedstock becomes progressively devolatilized upon increas-ReaCtionS 17c, 17e, and 17f are also catalyzed by nickel.
. progre: Y 1P 236 Calcium-based catalysts are also known to promote steam
ing temperature and yielding simultaneously oils, phenols,

. 35229 gasification under moderate reaction conditions. High-
tars, and light hy%r;)sgarbon 9a ~followed by the water temperature X-ray diffraction studies have demonstrated that
gas shift reactioti®?*and methanation reactions. In a simple

; he basi X Ki q the addition of calcium decreases the reaction temperature
orm, the basic reaction network in an oxygen and steam 5, increases the gasification rat&sBalasubramanian et

fed gasifier can essentially be summarized as follows: al38found that the addition of NiO/AD; and CaO catalysts
- successfully achieved near equilibrium conditions for re-
fast pyrolysis: forming of CH,, water gas shift, and the separation of CO
CH. O, — tar+H, + CO, + CH, + C,H, + ... simultaneously in a single reactor at 823 K.
17a e o
(172) 2.4.2. Gasification with Simultaneous CO, Capture
steam re-forming: The in situ capture of COduring gasification is an
tar + xH,0 — xCO + yH, (17b) especially attractive process because it allows very high H

content with very low (near zero) G@nd tar contents in
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the gasification ga¥®23° Attempts to use CaO in a GO
acceptor process were first conducted by Curran #fahd (18i)
McCoy et al?*! In these studies only half of CO and ¢O

was immobilized in CaO. A new method that combines the carbon oxidation: G+ Fe,0; — CO+ 2FeO AH,y/45«

methanation: G- 2H, — CH, AH, 74«
= +21.7 kJ/mol

gas production and separation reactions (hydrogen production =+9.4kd/mol  (18))
by reactions integrated gasification, HyPr-Ring) in a single e .

reactor was proposed by Lin et 4. In this process, the H, oxidation: H + Fe,0;— H,0 + 2Fe0 AHyq75¢
energy required for the endothermic re-forming reactions is = +29.0 kd/mol  (18k)
supplied by the heat of CGabsorption. Wang and Takara- Oxide Regeneration Stage

da*3reported complete fixation of CQvith Ca(OH), for a I

Ca/molar ratio of 0.6 (stoichiometry dictates the ratio to be decomposition: CaCQO~ CaO+ CO,

1) along with enhanced decomposition of tar and char. In AH,g75¢ = 1+167.6 kd/mol  (18l)

addition, the overall conversion rate of CO to £€an be
enhanced by the inclusion of an oxygen donor in the reaction
zone. The steam re-forming rate of ¢ldnd other light
hydrocarbons released during coal pyrolysis may also be
enhanced by incorporation of a suitable oxygen donor.
Thermodynamic calculations also show that the enthalpy of
the Fét/Fe*t oxide system is suitable for the water gas shift
reaction, a necessary reaction required to convert therCO
Hz mixture to additional hydrogen (eq 17e). However®e 1 vields a gas with the highest Hpurity along with
Ox'dz'ffs H at a rate 210 times higher as compared to Snazgi%um coalgconversion. Thg use c;p Cag anng increases
C_O. This unwanted reaction results in a reduction in the o H yield and purity, whereas incorporation of,Bg alone
yield of H. has a negative effect on the, Mield.

Mondal et ak® reported that selection of F&; and CaO
as the oxygen transfer compound and,@&noval material,
respectively, provides additional benefits in production

by gasification. The net result of these reactions is exother- giotas increased from about 23 M Kin 1996 to about 38

mic, so additional Co and H are produced by CH i Nmsin 2000. A similar growth in H consumption was
re-forming. Then, the reduced FeO is regenerated in an airgpserved for electronics, food-processing, and metal-
(or O,) stream and the heat released from this exothermic nanyfacturing marke$? As stated above in this section,
reaction is used to regenerate the carbonated CaO. Thus, thgteam methane re-forming, coal and residues gasification,
products would result into three separate streams: (i) high- and methanol decomposition processes are mature technolo-
purity H, for use in fuel cells; (ii) sequestration-ready £0  gjes for H, production. However, as long as natural gas (or
and (iii) high-temperature oxygen-depleted air for use in gas CH,) remains at low or even moderate cost, SMR will
turbines. The following are the reactions involved in the continue to be the technology of choice for massive H
process, for which the heats of reaction are reported at 1073production. This trend is expected to continue due to the

oxidation: FeOt+ O, —~ Fe,0; AH, 75«
= —281.4 kJ/mol (18m)

The efficacy of the simultaneous gasificatiolmydrogen
enrichment process can be demonstrated by using a fluid
bed reactor configuratiof¥> Under typical reaction condi-
tions, that is, temperature of 1143 K and 85% steam, the
incorporation of both CaO and §&; [CaO/FeQ0O; = 2:1

2.5. Commercialization Status of Fuel Re-formers
The H, demand for chemical processing in the United

K 235

Hydrogen Enrichment Stage
coal gasification: C- H,O— CO+ H, AH;y;4«
= +135.7 kd/mol (18a)
steam reforming: Ck+ H,O— CO+ 3H, AH, 73«
= +206.0 kJ/mol (18b)
water gas shift: CG- H,0— CO,+ H, AH;q75
= —33.1 kd/mol
Boudouard reaction: 2C& CO,+ C AHj 475«
= —169.4 kJ/mol (18d)
CO oxidation: CO+ Fe,0;— CO, + 2FeO AH, 74«
= —4.8 kJ/mol (18e)

CO, sorption: CaOt CO,— CaCQ, AH, g5«
= —167.6 kJ/mol

(18c)

(18f)
Hydrogen Enrichment Stage
CaO hydration: CaG H,0 — Ca(OH), AH473¢
=—-94.1 kJ/mol (189)
dry re-forming: CH + CO, —2CQ, + 2H, AH,; ;3¢
= +260.8 kJ/mol (18h)

rapidly growing interest in fuel cells (FCs) in stationary and
mobile applications. Accordingly, distributed hydrogen pro-
duction via small-scale re-forming at refueling stations could
be an attractive near- to mid-term option for supplying
hydrogen to vehicles. A brief account of the present status
and/or commercialization of Hproduction technologies
based in fossil precursors is summarized in the next sections.

2.5.1. Steam Methane Re-formers

2.5.1.1. Conventional Steam Methane Re-formers.
Steam methane re-formers have been built over a wide range
of sizes. For large ammonia, refining, and methanol plants
(0.5 x 10° Nm¥day), capital costs (including the re-former,
shift reactor, and PSA unit) are about $200/kW dditput,
and these decrease to about $80/kyffdt a 5 x 10° Nm3/
day plant. On the contrary, scale economics in the capital
cost is increased up to about $4000/kW fidr small 2300
Nm?day plants. This technology can be, in principle, used
for other applications which require much lowes ptoduc-
tion rates such as that required for hydrogen refuelling station
applications. However, the large size of standard re-former
tubes (12 m long) and high cost, due to costly alloy materials
for high-temperature and high-pressure operation, make then
unsuited for small-size re-formers. For these reasons, hy-
drogen needs for FC technology and other niche applications
require more compact, lower cost re-forméfs.
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2.5.1.2. Compact Annular Catalyst Bed Re-formerstor Amoco, Exxon, Standard Oil) and industrial gas companies
small sizes, a more cost-effective approach is to use a low-such as Air Products and Praxair. Argon National Laboratory
temperature, lower pressure re-former, with lower cost and Praxair launched a program to develop compact, low-
components. Steam methane re-formers for FCs in the rangecost hydrogen generators based on a ceramic membrane.
of 0.4—3 kW have been developed and have also beenNatural gas, steam, and oxygen are re-formed in an auto-
recently adapted for stand-alone Idroduction. In these  thermal reactor, for which oxygen is obtained from air by
designs, the re-former operates at lower temperature andmeans of an oxygen transport ceramic membrane that works
pressure (3 bar, 970 K), which facilitates materials avail- at temperatures of about 12002K.The oxygen transport
ability and cost. Estimate costs for small FC type steam membrane has been developed by Praxair, beginning in 1997,
methane re-formers show that the capital cost for H and is now undergoing pilot demonstration.
production plants in the 26200 Nn#/day would be $156
180/kW H, for 1000 units sold. Energy conversion efficien- 2.5.2. Partial Oxidation, Autothermal, and Methanol
cies of 76-80% are achieved with these re-formers. Re-formers

A number of industries have developed compact steam A number of companies are involved in developing small-
methane re-formers for FC applications. Major players in scaje partial oxidation re-formers. Small POX re-formers
this technology are Haldor Topsoe, Ballard Power Systems, haye peen built by Arthur D. Little, Epyx, and Nuvera for
Sanyo Electric, International Fuel Cells (IFC), and Osaka yse in FCs. Epyx is supplying the on-board gasoline
Gas Corp. Praxair, in a joint venture with IFC, has recently processors for the U.S. DOE’s gasoline FC prototype.
commercialized a small stand-alone ptoduction system  sjmijlarly, Nuvera shipped gasoline re-formers to automotive
based on these annular bed re-formers. Sanyo Electric angzompanies for testing in FC-powered vehicles. In addition,
Dais-Analytical Co. built residential PEMFCs powered by  the consortium McDermott Technology/Catalytica and Hy-

H; also generated by steam methane re-forming. This grogen Burner Technologies are developing a multifuel
technology is being commercialized and offers the attractive- nygcessor for a 50 kW FC.

gﬁs‘—fipc;fcﬁglﬂg?f%r(r:ﬁgr';alacso\?vt;|aasscgg1rf§£?n£sconvemlona Autothermal re-fo_rmers (ATR) are being developed by a
' : number of companies, mostly for fuel processors of gaso-

2.5.1.3. Plate-type Steam Methane Re-formerénother  jine, diesel, and logistic fuels and for natural gas fuelled
deSIgn a|tel’natlve f0r steam methane re-formers for FC PEM FC Cogeneration Systems_ Principa' p|ayers in th|s
systems is the plate-type reformer. This type of re-former is technology are Honeywell, Daimler-Chrysler, Analytical
more compact than the conventional long tupe or annular power, IdaTech, Hydrogen Burner Technologies, Argonne
re-formers. The re-former plates are arranged in a stack. Oneyational Laboratory, Idaho National Energy and Environ-
side of the plate is coated with a steam re-forming catalyst, mental Laboratory (INEEL), and McDermott Technologies.
and in the other side, the anode exhaust gas from the FCNEEL with McDermott and Pacific Gas have recently
undergoes catalytic combustion, providing the heat to drive begun the development of a 10 kW ATR system for hy-
the endothermic steam re-forming. The advantages of thisgrogen refuelling statior®® In addition, a consortium of
design are its compactness, low cost, good heat transfer, anqycDermott Technologies, Catalytica Advance Technology,
fast start-up. Ballard BWX Technologies, and Gibbs and Cox is develop-

Osaka Gas Co. has developed a plate steam methane reng a small autothermal re-former for use with diesel and
former for use in PEM FC%'¢ In this design, the different logistic fuels on ships. Particularly important for this
elements, that is, desulfurizer, steam re-former, water gasapplication is the design of a regenerable desulfurization
shift, and CO cleanup, are made up of plates of standardsystem to operate with naval diesel fuel, which contains up
dimensions, greatly reducing the cost. Before commercializa-to 1 wt % sulfur.

tion of this technology, the energy conversion efficiency is Experimental FC vehicles with on-board methanol re-
eXpeCted to increase from 70 to 77% by redUCing heat |OsseSormerS have been demonstrated by Daim|er-Chrys|er,
and increaSing the lifetime from 5 to 10 years. Another plate— Toyota, and Nissan. In addition, small hydrogen production
type methane steam re-former design has been provided bysystems based on methanol re-forming are in commercial
GASTEC. During the development of a 20 kW re-former yse. Although this technology is being developed for fuel
the performances of various re-formers and combustion processors in on-board FC vehicles, it has also been
catalysts, coatings, and substrate materials were reported. Asuggested b might be produced by methanol steam re-
joint venture between GASTEC and Plug Power was forming at refuelling stations. For this latter application, a
undertaken to develop this plate re-former for residential size hydrogen purification step would be needed, either a pressure
fuel cells. swing adsorption unit or a membrane separation stage. The
2.5.1.4. Membrane Reactorsln the membrane reactors cost of the H production via steam methanol re-forming
the steam re-forming, water gas shift, and CO cleanup might be higher than that of Hfrom small-scale steam
processes take place in the same reactor. The reactor, whicilmethane re-forming, because methanol is generally, although
operates under pressure, incorporates on one side a palladiumot always, a more expensive feedstock than natural gas.
membrane through which hydrogen permeates with a high Costs for methanol are about $11/GJ versus abou6$3J
selectivity. Depending on the temperature, pressure, andfor methane at the refuelling station. Assuming an energy
reactor length, methane can be quantitatively converted, andconversion efficiency (feedstock to hydrogen) of 75% for
pure H is obtained. As His removed once produced, the each system, feedstock costs alone would be higher for the
equilibrium is shifted, thus allowing lower reaction temper- methanol steam re-former ($11/63$5/GJ)/0.75= $8/GJ).
ature and lower cost materials. There are many patents issuedhe European Commission also funded two projects to
on membrane reactor re-forming to a number of companiesdevelop on-board processors for FC vehicles. The Mercatox
involved in fuel processor design for FC application and on project aimed to develop a prototype integrated methanol
related ion-transport membranes to oil companies (BP re-former and selective oxidation system. The re-former
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consists of a series of catalytic plates, with combustion of re-forming conditions, allows the use of different feed stocks,
anode off-gas on one side and re-former on the other side.and is very tolerant to sulfur content and carbon depésit.

) The important advantages of this technology for the automo-
2.5.3. Novel Re-former Technologies tive applications are its very short start-up time (few

; ds), the large operating range of fuel power (from 10
2.5.3.1. lon Transport Membrane (ITM) Re-forming. secon :
A large consortium headed by Air Products in collaboration to 40 kW), and its compactness and robustness. The best

with the U.S. DOE and several companies (Cerametec, NorskSteam re-forming showed 95% cqnversion of 4C&hd0
Hydro, McDermott Technology, Chevron, Eltron Research, SPECIfic energy use of 14 MJ/kgequivalent to about 10%

and Pacific Northwest Laboratory) and academic partners of 2th5e3hi‘?hﬁ_r heaﬁing vﬂge of hy(g)roger;]. ;
(University of Pennsylvania, University of Alaska, and --3.4. Microchannel ReactorsOver the past few years
Pennsylvania State University) is developing a ceramic there has been great interest in finding an improved process

membrane technology for the generation ofdhd syngas Lh%t decreaseds bt(.)th the Tvestmept and opera;_tmg "\:A(?Sts of
(CO + Hy) mixtures. ydrogen production via steam re-forming reaction. Micro-

. .. channel reactors are one of the most attractive options to
These membranes are nonporous multicomponent oxides

. - ~reduce capital cost by intensifying reactor equipment and
suited to work at temperatures above 1000 K and have h'ghreducing gperating C{)StS byfyim%roving he?it Fz)ind mass
OX%%_?JI' ﬂE‘l_);] and §?I§ct|y|ty. These r_m(ajmbrafnes a;}re dknown transfer?54255 A conventional methane steam re-former is
as s. The initial design was carried out for a hydrogen X ' .
refuelling station dispensing about 12000 Nof Hy/day. quite large (ca. 450000 Nfwf Ha/day) and operates with a

o . T S contact time of the order of 1 s. However, a microchannel
Ior}ltlglrl]_csc?tset ehsit"r?-atrlgggusrgozlvx Sr'ggl'j'cce%m;ggg%{:gn '?Othﬁf\:/lOSt plant with the same capacity operates with a contact time
technolo inga Fl)ant of ca aFc):i in the range of 39960000 below 10 ms, which corresponds to a plant volume of around

3 gy plant pacity 9 88 Nn?, much lower than the 2700 Nmrequired in
Nm?® of Hj/day. For instance, the cost of the Hroduced

: o conventional methane steam re-former pl&kfis/ery re-
via 'TM. methodology appears to be ca. 27% cheaper than cently, methane steam re-forming experiments have been
the liquid H transported by road.

hi h . dqf ir fed conducted at contact times below 1 ms to demonstrate that
_In this approach, oxygen is separated from air fed to one o microchannel reactors enable high rates of heat transfer
side of the membrane at temperatures around 300 K and

to maintain fast reactior’8’ Experiments conducted at
moderate pressure (0.68.20 bar) and reacts on the other . -t times of 0.090.9 ms in a 0.28 mm thick porous
S'dfe with methane ?nd steam at L\lgher:'pregswe(Bbar) catalyst structure held adjacent to flow gap revealed that a
to form a mixture of CO and H Then this mixture can be  greater than 98% approach to equilibrium in methane
processed downstream to producgarliquid fuels. Among  ¢onyersion can be achieved at 0.9 ms, and 19.7% at 0.09
the different geometries employed for the ITM reactor, the

. ms. In addition, a model was employed to explore micro-
flat-plate system offers some advantages because it reduceghanne| reactor structures that minimize heat and mass
the number of seals and thus makes for safer operation.

> transfer, and sensitivity results suggested that a high approach
2.5.3.2. Sorbent-Enhanced Re-forming. Sorbent- g equilibrium could also have been achieved with a 10%
enhanced steam methane re-forming is another technologyrn—4.59 MgO-Al,0; catalyst at 0.5 ms when it was wash-
explored recently to produce ;A In this concept,  coated on a thick porous catalyst structure up to 0.4 mm.
calcium oxide is mixed with the steam re-forming catalyst,  The use of microchannel reactors demonstrates that a
removing the CQ (and CO) via carbonation of calcium  highly active catalyst allows methane steam re-forming to
oxide. The resulting ICO mixture produced according 1o pe carried out with a contact time of less than 1 ms. Further
this methodology is ktenriched. Thus, a syngas composition  reduction in contact time may be reasonably achieved by
of 90% H, 9.5% CH, 0.5% CQ, and CO levels below 50 increasing the catalyst thickness in a manner that minimizes
ppm has been reported. This reduces the need for downstreameat and mass transport limitations through careful design.
processing (water gas shift and preferential oxidation), which
is expensive in a small-scale steam re-former. In addition, 3. Carbon Dioxide-free Reactions
removal of CQ by calcium oxide makes the reaction occur N
at lower temperature (676770 vs 1076-1270 K), reducing  3.1. Methane Decomposition
heat loss and material costs. Sorbent-enhanced re-forming The decomposition of methane is an attractive alternative
technology is still at the demonstration scale and shows for the production of CQfree hydrogerR¢-261 However,
promise for low-cost kK production. Critical issues in this  this process produces a lower yield of hydrogen per carbon
methodology are sorbent lifetime and system design. atom than other processes (SMR, ATR). The process requires
2.5.3.3. Plasma Re-formersThermal plasma technology a metal catalyst (Ni, Co, Fe, Pt, ...) able to not only break
is also employed in the production of hydrogen and the C-H bonds of the methane molecule but also maintain
hydrogen-rich gases from natural gases and other liquida high and sustained activity for a long time. Methane
hydrocarbons. The role of plasma is to provide the energy decomposition is a moderately endothermic process that
and to create free radicals needed for fuel re-forming. Typical requires 45.1 kJ/mol of Hproduced at 1073 K:
temperatures of thermal plasmas are 3000000 K, which
accelerate the kinetics of re-forming reactions even in the CH,—C+2H, AH;y;5«=190.1kJ/mol (19)
absence of a catalyst. Basically, the hydrocarbon and steam
are introduced into the reactor and, idlus other hydrocar-  Because only hydrogen and carbon structures are produced
bons, that is, €H,, C;Hs, CO, CQ, are formed>252 The during methane decomposition, separation of products is not
new designs of plasma re-former are very flexible: it is an issue. Another important advantage of the methane
possible to change the geometry of the electrodes, thedecomposition as compared to conventional processes of
reaction volume, and the interelectrode gap. It can operatesteam or autothermal processes is the absence of the high-
in a large range of operating conditions, autothermal or steamand low-temperature water gas shift reactions and, CO
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removal steps. To achieve stable operation during methane|
decomposition, it is essential that the metal catalyst should |
remain isolated from the carbon deposit by forming nano
meter-sized carbon structures such as tubes and whiskers|
In contrast, if methane decomposition is accompanied by the|
formation of soot, amorphous or encapsulated carbon on the
metal surface, then activity is very I0i? Catalytic decom-
position of other hydrocarbons has been investig#ted.

3.1.1. Catalysts

Both monometallic and bimetallic transition metal catalysts
accumulate filamentous carbon deposits when used in
methane decomposition reaction. Universal Oil Products
developed a process for the production of hydrogen-based
on methane decompositiéff. This process uses a 7% Ni/ (a) (b)

Al,O; catalyst in aquidized_ bed reactor-regenerator operated Fiqure 14. TEM images of carbon deposited by methane decom-
at 1150. K. The_ reactor exit consists of ca. 94%with the . pogsition at 873 K ovgr Ni/C (a) and N%d/C (b).yReprinted with
rest being mainly unreacted methane. Another alternative hermission from ref 271. Copyright 2003 Elsevier B.V.
proposed by United Technologies &®.involves methane

decomposition on a nickel catalyst deposited in glass fibers. gaseous mixtures of methane with a second hydrocarbon has
At the typical reaction temperature of 1123 K, hydrogen shown that acetylene addition enhances the steady-state
production is accompanied by the formation of a high-density methane decomposition rate. The carbon deposit resulting
carbon residue. from acetylene decomposition is seen to be more active
This technology is still far from commercial application toward methane decomposition than that resulting from
for hydrogen production. The primary issues are low methane alone.
efficiency of conversion and carbon fouling of the catalyst. ~ Zhang and Amiridi¥’? studied methane cracking over
The catalyst must be often regenerated to remove ac-silica-supported metal catalysts to produce CO-free hydrogen.
cumulated carbon, but relatively low capital costs are They showed that a 20% GHHe mixture reaches a 35%
projected due to the simplicity of the system. CH, conversion at 823 K, although this conversion progres-
The influence of reaction conditions on the rate of sively decreases with the time on-stream until the catalyst
formation and nature of carbon deposits has been studied inbecomes completely deactivated after approxirgeddi on-
some detail during the past two decad®e¥52¢° Most of stream. Very recently, methane decomposition was studied
these studies employ nickel catalysts because they formon thermally stable Ni-based catalysts prepared from hy-
carbon deposits at temperatures as low as-BZ3 K using drotalcite-like precursor§?® Results of catalytic methane
CHs, CHe, or CO+ H, feeds. The pyrolysis of methane at  pyrolysis on two Ni/MgAIO ex-hydrotalcite precursors,
temperatures below 873 K produces fish-bone-type nanofi- containing 58 and 19 wt % Ni, show that the amount ef H
bers?%® Metallic Ni particles are sited at the tip of the carbon produced before complete deactivation and the temperature
fibers, which catalyze ClHdecomposition and hence deter- of maximum H production depend only slightly on the Ni
mine the growth of the fibers. The edges of the stacking loading, although there is no direct relationship between the
carbon layers are exposed at the walls of the fibers, and theséNi content and the amount of carbon deposit.
layers adopt a turbostratic graphite structure as a consequence In contrast with nickel catalysts, there are only a few
of the randomly displaced C-atoms with respect to each studies concentrated on the decomposition of methane over
other?’° The sizes of nickel particles, and hence the diameter cobalt catalysts. Wang and Rukenstéiimvestigated carbon
of the carbon fibers, fall in the 20100 nm range. Notwith- ~ formation during methane decomposition at 1173 K over a
standing, the carbon structures are different on-Rid 48 wt % Co-MgO calcined at three different temperatures
bimetallic catalystd’* For a Pd-Ni bimetallic catalyst with (773, 1073, and 1173 K). Precursors calcined at high
a Pd/Ni= 1 atom ratio, branched carbon nanofibers of a temperature lead to more extended cobalt crystallites and
wider size distribution (18300 nm) are developed, which  probably exhibit an ordered structure that templates an
contrasts with the carbon nanofibers formed on supported-ordered nucleus for carbon formation. The carbon nucleus
nickel catalyst (Figure 14). The growth of the carbon fibers formed generates a graphitic filament because the free energy
on PdNi particles is not uniform; fibers tangle with each other of the graphitic structure is the smallest. In contrast, when
and form a coarse texture. These carbon structures lead tdhe Cd crystallites are formed from the more reducible
progressive catalyst deactivation. Co04 and CeMgO, phases, present only at calcination
Nickel and iron catalysts were employed by Muratféy ~ temperatures below 1073 K, large metal particles are
for methane decomposition over a wide range of tempera_generated, and pecause the_lr interactions with the substrate
tures. The results showed that catalyst activity drops with are weaker, their structure is less ordered and many more
the time on-stream due to formation of carbon deposits. To carbon nuclei are formed. Accordingly, the carbon deposits
circumvent the problem of carbon removal, the active tend to coalesce during their growth, hence preventing the
components are supported on a carbon substrate. Among théormation of fibers but generating shapeless tangle shell-
different carbon materials employed as catalyst supports, like structures.
activated carbon produced from coconut shells displays the o .
highest activity, whereas graphite exhibits a poor perfor- 3.1.2. Catalyst Deactivation and Regeneration
mance. These differences can be attributed to the structure Catalyst deactivation is a complex kinetic process con-
and size of the carbon crystallites. The use of methane binarytrolled by the decomposition rate of methane on one side of
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the Ni particle, the rate of diffusion of carbon, and the

graphitization of C-atoms at the other side of the Ni particle. 2" cycle
If the rate of these two processes is not well balanced, the after CQ, reg. \
catalyst becomes deactivated, presumably by accumulating

carbon in the metallic phase (carbide species). No deactiva-
tion occurs when the CHdecomposition or €H bond
cleavage of CHlis the rate-determining step. Collision of a

carbon nanofiber with the active Ni particle on the tip of 2™ cycle
the carbon fiber or coating of the active Ni surface on the after O, reg.
tip of the carbon layer is suggested, among others, to be __

responsible for catalyst deactivation. The Ni K-edge XANES § /
spectra of a fresh 5 wt % Ni/Si@atalyst and under steady-

state conditions in CiHdecomposition are essentially the &

same. However, the Ni K-edge XANES spectrum for the ™ cycle P eycle
deactivated catalyst (C/Nt 900) shows shoulders at 8332 E before CO, reg. ihefore O reg
and 8341 eV and increases in intensity with increases in the &, H

CINi ratio?> These changes in the Ni K-edge due to *
deactivation can be ascribed to the structural change of nickel
particles from Ni metal to a nickel carbide species. For the
bimetallic Pd-Ni system, the Ni K-edge XANES spectrum
of the deactivated catalyst virtually coincides with that of
the fresh counterpart, indicating that the local structure of
the nickel atoms in the PdNi alloy do not change during the
CH, decomposition. The longer life of the Pili catalyst

for CH, decomposition may be ascribed to the PdNi alloy,
which does not react with carbon to form a stable carbide
compound.

Removal of the carbon fibers grown during Céecom- 200 400 600 500
position on the metal surfaces can be satisfactorily achieved T{°c}

by a consecutive gasification process with £Q,, and Fi 15 H duced f talvti th d i
H,0 276 Deactivated silica-supported nickel cataly&tavere o,'ng,lf,r/e (o 2 Producee from catalytic methane decomposition
4 . el i/MgAIO ex-hydrotalcite precursor before and afterddCO,
regenerated with steam, recovering completely their original regeneration. K production is represented by the corresponding
activity. Some clues as to the nature of carbon deposits and(m/z) mass as a function of temperature. Reprinted with permission
their relative reactivity were derived from TEM images. The from ref 273. Copyright 2006 Elsevier B.V.
TEM images showed that the external graphitic skin of the ) ) ) )
filamentous carbon, which roughly represented nearly 30% consequence of the increase of the particle size of the Ni
of the total carbon deposited, was highly resistant toward crystallites along the operation cycle. In contrast with this,
steam regeneration, whereas the inner less graphitic carborin® €xtent of sintering of Ni crystallites is less marked in
was easily removed by steam gasification. Results of catalyticth® NI/TiO, catalyst because of the strongest—NiO,
methane pyrolysis on two Ni/MgAIO ex-hydrotalcite precur- interaction, which prevents th.e formation pf large Ni particles
sors2’3 containing 58 and 19 wt % Ni, revealed that the during the repeated reactionegeneration cycles. The

deactivating carbonaceous deposits produced along theSlrongest interaction between Ni and the, @y surface
pyrolysis process can be removed, at least in part, by g diminishes the extent of formation of Ni crystallites suitable

consecutive oxidation cycle involving ;Qor CO,. Both for CH, decomposition, resulting in lower catalytic activity

regeneration methods are very effective because redispersiof! the first few cycles. Additionally, further decompositien

of nickel phase along the oxidation step is followed by an regeneration cycles cause the grow_th of Ni metal particles,
increase of catalytic activity (Figure 15). Ni particle size of and therefore TOF values progressively decréése.

the regenerated sample decreased with respect to its coun; . .
terpart after the first reduction, indicating redispersion of the 3.2. Theor??'ca' Analysis of Methane

Ni crystallites after CQ@ regeneration. Another reason for Decomposition on Metal Surfaces

the higher activity of the regenerated catalyst is that carbon  Theoretical studies have been carried out to describe the
may also be active for methane decomposi#fdrOn the processes taking place during £ttecomposition on transi-
other hand, dilution of the deposited carbon in the Ni tion metal surfaces. The dissociation of CiHolecules on
crystallites produces nickel carbi@€ which can be more  several transition metals (M) (M Ru, Os, Rh, Ir, Pd, Pt,
active for methane decomposition than metallic Ni. Gasifica- Cu, Ag, Au) was analyzed theoretically by Au et?&.by

tion of carbon deposits with £and HO also reaches levels  simulating the surface by a Mcluster. On the R cluster,
somewhat above 95%, and the process can be repeated ovehe barrier for the first dehydrogenation is estimated to be
several cycles. The gasification of carbon fibers with,CO 0.84 eV. The dehydrogenation of Gkb CH,_; fragments

0., and HO allows the recovery of the original activity of is highly endothermic in the gas phase with dissociation
the Ni/TiO, catalysts, although the TOF values of hydrogen energy De) values of 4.85, 5.13, 4.93, and 3.72 eV for
formation on Ni/SiQ and Ni/AlLO; catalysts do not follow 4, 3, 2, and 1, respectivefy® However, there is significant

the same trend as in the Ni/TiGystem. Indeed, TOF values reduction in theD, values on metal surfaces due to the
for the Ni/SiG catalysts decrease progressively upon in- formation of strong M-CH,—1 and M—H bonds. The first
creasing number of reactiemegeneration cycles as a and second dehydrogenation steps on a Ru surface are nearly
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Table 4. Effects of Acidification and Basification of Impregnating Solution on the Catalytic Performance of 2 wt % Mo/HZSM-5
Catalyst?

selectivity (mol %) yield (mol %)
catalyst CHconversion (mol %) eHy C:He CeHs C/Hs CioHs C aromatics
Mo/HZSM-5 5.2 35 3.2 74.6 3.6 15.1 0.3 4.9
Mo/HZSM-5(N) 5.7 3.1 2.9 74.2 4.2 15.6 0.3 5.4
Mo/HZSM-5(S) 7.6 2.8 2.1 74.3 3.9 16.7 0.4 7.2
Mo/HZSM-5(A) 7.4 2.4 2.3 76.4 4.3 14.6 0.3 7.1

a Reaction temperature 973 K, GHSV= 1600 mL hr* g~%, and data were recordel h after the start of reaction,CC,H, + C,He. Adapted
from ref 284. Copyright 2007 Elsevier B.V.

thermoneutral, whereas the third and fourth steps are slightlypromising route for the direct conversion of methane into
exothermic and endothermic, respectively. On the Rh surfacehydrogen and highly value-added chemical coproducts such
there is one mildly exothermic, one slightly exothermic, and as benzene and naphthal&ie’® (eq 20).
two endothermic steps, but in Cu, Ag, and Au metals all of
the steps tend to be endothermic. For the whole process the 6CH, — 9H, + CgHg  AH3gg¢ = +88.7 kd/mol CH
reaction with the highest activation barrier should be the rate- (20)
determining step. However, among the transition metals the
highest barriers are found to be very similar, and hence from Table 4 summarizes methane conversion, selectivity to
these results it is not easy to predict the catalytic behavior. different hydrocarbons, and aromatics yield on a typical Mo/
The summation of the energies for the four discrete steps, 7ZSM-5 catalyst at temperatures in the range of-97873
which gives the total dissociation energies, is seen to be al Under nonoxidative reaction conditioffs.
more realistic measure for the activity of the metal in  Mostresearch work has focused on Mo/HZSM-5 catalysts,
methane dissociation. The calculations of these sums arePrépared according to different methodologies. Itis generally
conclusive in the sense that the total dissociation of methane2ccepted that both the activation of the-B bond of
on Rh is thermodynamically more favored than that on other Methane and the formation of the initiaHC bond take place
transition metal&’® and the values follow the trend Rh on reduced Mo carbide species, which is formed from the
Ru < Ir < Os~ Pt < Pd. This trend is similar to that reduqtion of MoQ species by Chlin j[he ear_ly stage of _the_
obtained by Schmidt et &19in the partial oxidation of Chi reaction, whgreqs the subsequent oligomerization, cyclization,
to syngas. By contrast, these sums prove to be highly and aromatization of the ZChyd(ocar_bon fragments are
endothermic for Ag, Au, and Cu metals. Two causes can becata_lyzzggzgts)y the Bronsted acid sites of the HZSM-5
responsible for this behavior. First, the adsorption energy of Z80lite**>"***Therefore, a catalyst structure consisting of Mo
H-atom on Ag, Au, and Cu metals is relatively small as SPECies in the close vicinity of the Brgnsted acid sites located
compared with the other transition metals, and, second, thel? the HZSM-5 channels appears to be essential for the
adsorption of the Cklfragments on these metals increases formation of aromatics.
only weakly fromx = 3 tox = 1 and even decreases from
x =1 tox = 0. Therefore, a complete dissociation of CH 3.3.1 Catalysts
to surface Gand H is difficult on Ag, Au, and Cu metals, The kind of molybdenum oxide species that are precursors
in agreement with the experimental observation that theseof the active molybdenum carbide species in MDA is a
latter metals are inactive in the partial oxidation reaction. matter of debate. In the early stages of this reaction, Solymosi
In addition to the direct dissociation of methane on clean €t al*****”and Lunsford et &d?*2*®suggested that the MG
metal surfaces, oxygen-assisted dissociation has also beefiP€cies, highly dispersed on the external surface of the
studied. The dissociation of GHon Rh in the presence of HZSM-5 zeolite, are the active sites and are responsible for
surface oxygen was studied by applying the BOC-MP the initial methane activation. The Mo species in the Mo/
method? in which different surface oxygens at on-top, HZSM-5 catalysts are present in different states and various
bridge, and hollow sites were considered. The BOC-MO Coordination environment§>2*°For Mo loading below ca.
calculations show that oxygen atoms at on-top sites promote? Wt % and calcination temperature below 823 K, these
methane dehydrogenation. Because the H-atoms bind morénolybdenum oxide species are highly dispersed on the
strongly with oxygen at on-top sties than with the clean HZSM-5 surface and interact with the Bransted acid sites
metal, the CH dissociation reaction in the presence of surface Of the HZSM-5 substrate. However, with increasing Mo
Os located at on-top sites has a lower reaction energy due toloading and higher calcination temperature the tendency of
hydroxyl formation. This means that oxygen at on-top sites framework Al extraction by molybdenum oxide species
promotes the dehydrogenation of CHh agreement with ~ becomes more significant. The Mo species on the MoO
the BOC-MP prediction® On the contrary, O-atoms at HZSM-5 catalyst prepared by impregnation include the
hollow locations show a different behavior toward £H M0®'ec species in distorted octahedral coordination, the
dissociation because they increase the adsorption energied10°'sc Species in square pyramidal coordination, and the
of H on Pt, and also on Ag, Au, and Cu, but decrease thoseM0°®" species associated with the Bransted acid Sites.
on other transition metals. Thus, only Pt, Cu, and Au metals Electron spin resonance spectra provide evidence about the

promoted CH dissociation. location of these Mo species. The former two Mo species
exist mainly on the external surface of the HZSM-5 zeolite
3.3. Methane Aromatization and can be readily reduced to Mowhereas the latter resides

primarily inside the zeolite channels. Furthermore, during
Methane dehydroaromatization (MDA) in the absence of the MDA reaction at 973 K, two kinds of M6 species are
gas-phase oxygen has received considerable attention as present in the Mo/HZSM-5 catalyst, one derived from the
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Mog. species interacting with the HZSM-5 zeolite and the
other associated with the Brgnsted acid sites. In addition,
IH MAS NMR spectra have revealed that the amounts of
all hydroxyl groups on Mo@HZSM-5 remain unchanged
after H, pre-reduction at 623 K, and hence further migration
and dispersion of the Mo species onto the external surface
or into the channels of the HZSM-5 zeolite does not occur
during H, pre-reductiort®® Stable3-Mo,C species in hex-
agonally close-packed (hcp) structures can be attained by
temperature-programmed treatment of Mapecies from
room temperature to 973 K in a methane flow, whereas
metastablen-MoC;_ species in face-centered cubic (fcc)
structure can be formed from M@G@pecies through reduc-
tion in H, flow at 623 K and subsequent carburization in
methane&?® The Mo species associated with the Bransted
acid sites can be only partially reduced by £8 form the
MoC,Oy species and is still associated with the Brgnsted acid
sites3® The MoGO, species probably forms an hcp structure
when the Mo/HZSM precursor is activated in CHow,
whereas it yields an fcc structure upon pretreatmentzin H
The reactivity and stability of the latter MgQ, species are

by far higher than those with an hcp structure for the reaction
of MDA.

On fresh MoQ/HZSM-5 catalyst prepared by mechanical
mixing, the Mo species exist mainly in octahedral coordina- > CHO — CO+H
tion, just as they do in bulk Mo Under a reducing  Figure 17. Mechanism of Chdehydrogenation under low spatial
atmosphere due to the presence of methane and highvelocity (102 s) over 3% Mo/HZSM-5. Adapted with permission
temperature, the MogXxould become well dispersed on the from ref 299. Copyright 2006 Elsevier B.V.
surface of zeolite and migrate into the channels to interact
with the Brgnsted acid sites, resulting in the formation of of methane, signals of H CHc" (x = 0—3), H,O", and
Mo species associated with the Brgnsted acid sites, as wellCHO" ions are also detected (Figure 16). This suggests that
as a change in the coordination environment of the Mo the CH, fragments produced from GHiecomposition react
species®® Temperature-programmed reduction (TPR) and with surface oxygen of the catalyst to form a CHO radical,
temperature-programmed oxidation (TPO) results reveal thatwhich then further dissociates into CO and H atoms (Figure
pretreatment in kicould suppress the migration of the Mo 17). CH, dissociates first into CiH(x = 0—3) radicals and
species into the HZSM-5 channels. The crystalline MoO H-atoms over MgC, and then the direct oligomerization and
existing on the external surface of the zeolite transformed aromatization of Ckispecies in forming naphthalene occurs

CO
CH

Intensity (au)
OH H,0
€ cho

0 10 30 40 50
miz

Figure 16. MS signal observed in the induction period of £H

dehydroaromatization at 973 K over 3% Mo/HZSM-5. Reprinted

with permission from ref 299. Copyright 2006 Elsevier B.V.
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to an fcca-MoC,—4 carbide via reduction in hydrogen at
623 K and then carburization in methai2 On the other
hand, the Mo/HZSM samples prepared by physical mixture
exhibit very poor performance in MDA. The fecMoC;«

at the Bransted acidic sites of HZSM-5. Ma et@precluded
ethylene as an intermediate of methane aromatization reaction
because ethylene in gaseous phase is not responsible for the
formation of aromatic compounds. In addition, small mol-

species activate methane regardless of significant cokeecules such as#, and GHe do not appear in the gas phase
deposition, although the amount of benzene formed on thisat contact times of ca. 18 s due to hydrogen deficiency.
catalyst is rather small because of the long distance betweerGraphitic carbon on the surface of the used 3% Mo/HZSM-5
the molybdenum carbide species and the Brgnsted acid sitescatalyst was observed with the HRTEM technique (Figure
Consequently, both the active Mo species and the vicinal 18), and additionally encapsulated carbon originated mainly
Brgnsted acid sites are indispensable for the reaction offrom the successive dehydrogenation and polymerization of
methane dehydroaromatization. CHy radicals or naphthalene graphitization, which is the main
reason for catalyst deactivation. On these grounds, a novel
reaction mechanistic scheme for the formation of naphtha-

. . . lene?*® under rsonic jet expansion condition is pr
When the MDA catalytic reaction occurs at a short time ene?under supersonic jet expansion condition is proposed

scale, in the range of 18 s, which is far from that of the (Figure 17).

usual equilibrium condition, the reaction products may be 3 33 coke Formation

strikingly different?®® Under the imposed short contact time,

desorption of intermediates takes place in the gas phase, In the course of the reaction carbon is accumulated on
thereby restricting interaction of reactive intermediates and/ the catalyst surface and activity progressively drops. TPO
or products with the surface of the catalyst. The study revealsexperiments of coked Mo/HZSM catalysts show three peaks
that the main product of the conversion of methane at 973 around 733, 783, and 833 K. The carbon species burning at
K in such conditions does not follow the usual thermody- high temperatures (833 K) comes from those formed on the
namic equilibrium conversion to produce benzene. In a 3% Brgnsted acid sites of the zeolite, whereas the carbonaceous
Mo/ZSM-5 catalyst, the transformation of Mg@@ Mo,C deposits burning at lower temperatures are located on the
is accompanied by the formation o£@® and CO (or CQ), molybdenum carbide or molybdenum oxycarbitfe°! In

but there is no detectable amount of products such as ethan¢he initial period of MDA reaction, the Mo oxide species
and ethylene. Apart from the signals of dissociated speciesare reduced and carburized by methane and develop active

3.3.2. Reaction Mechanism
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Table 5. Feedstocks and Hydrogen Production during Biomass

Gasification?
feedstock reactor type catalyst 2 %6 vol)
sawdust fluidized bed unknown 57.4 at 1073 K
not known fluidized bed Ni 62.1at1103 K
sawdust fluidized bed #COs 11.27 at 1237 K
CaO 13.32 at 1281 K
pine sawdust fluidized bed unknown 282 at973-1073 K
bagasse 2938 at 973-1073 K
Eucalyptus gobulus 35-37 at973-1073 K
Pinus radiata 27-35at973-1073 K
sewage sludge downdraft unknown  -101
almond shell fluidized bed LaNi—Fe 62.8at1073K
perovskite  63.7at1173 K
switchgrass moving bed GtZn—Al 27.1

a Adapted from Ni et af>

biomass undergoes partial oxidation and/or steam re-forming
reactions yielding gas and char product. The char is
subsequently reduced to form,HCO, CQ, and CH. This
conversion process can be expressed as

CH0,+H,0+ 0, —
H, + CO, + CH, + HCs+ char (21)

Figure 18. HRTEM images of 3% Mo/ZSM-5 catalyst used in
CH, dehydroaromatization at 973 K under low spatial velocity 10 . . . . Lo
s). Reprinted with permission from ref 299. Copyright 2006 Elsevier ~ Unlike pyrolysis, which generates principally liquid oils

B.V. and solid charcoal, gasification of biomass produces mainly

gaseous products. As the products of gasification are mainly
gases, this process is more favorable for hydrogen production
. than pyrolysis. As a general rule, the gasification process is
%pplicable to biomass having a moisture content of less than
35%394.305To optimize the process for hydrogen production,
a number of efforts have been made by researchers to test
hydrogen production from biomass gasification with various
Diomass types and at various operating conditions, as listed
in Table 5%% Using a fluidized bed gasifier along with
suitable catalysts, it is possible to achieve hydrogen produc-
tion of about 60 vol %. Such high conversion efficiency
makes biomass gasification an attractive hydrogen production
alternative.

. . One of the major issues in biomass gasification is the tar
4. Carbon Dioxide Neutral Alternatives formation that occurs during the process. The unwanted tar

Currently, hydrogen is produced almost entirely from polymerizes to a more complex structure, which is not
natural gas, liquid hydrocarbons, and coal. All of these favorable for hydrogen production through steam re-forming.
C-containing sources release massive amounts ofi@@  Currently, three methods are available to minimize tar
the atmosphere during the production of hydrogen. Thus, formatlt_)_n: (i) proper design of the _g_asmer; (i) incorporation
renewable biomass, a product of photosynthesis, is anof _add|t|ves or catalysts; and (iii) control of operation
attractive alternative to fossil feedstocks as it can be variables. _
considered as a G@eutral precursor. Notwithstanding, the ~ Regarding method iii, the operation parameters, such as
hydrogen content of lignocellulosic biomass is very low (ca. 92sifying agent, temperature, and residence time, are key
6.3 Wt % Hb), which contrasts with the almost 4-fold greater factors in the formation and decomposition of tar. Tar can

Mo species; molybdeum carbide and/or molybdenum oxy-
carbide are generally acceptti?®>302The activated methane

Mo species to form coke. Further dehydrogenation and
oligomerization of monocyclic aromatic products also could

lead to the deposition of aromatic-type carbon species on
the Brgnsted acid sites. The nature of these carbon deposit:
is different. Thus, the carbon deposits associated with the
Mo species are reactive and reversible; however, the coke
formed on the Brgnsted acid sites is inert and irreversible.
The latter species is responsible for the deactivation of the
Mo/HZSM-5 catalyst$%3

hydrogen content in natural gas. be thermally cracked at temperatures above 1278 kn
the type ii method, the use of additives (type such as
4.1. Biomass Conversion dolomite, olivine, and even char), also facilitate tar reduc-

) . tion.2%” Dolomite is particularly suited because 100% elimi-

Biomass can be converted into hydrogen and other usefulpation of tar can be achieved with this additif&Catalysts
products through several thermochemical processes suchyiso reduce the tar content, but are particularly effective for
d|ffere.nt g_aSIflcatlon routes, Wh|Ch. haVe received much improving gas product qua“ty and Conversion_ D0|Omite_
attention in recent years. In addition, there are other |paded nickel catalysts and alkaline metal oxides are widely
biochemical processes for the conversion of biomass into ysed as gasification catalysts. In the type i method, a strategy
hydrogen, but these options are beyond the scope of thisconsisting of a two-stage gasification and secondary air
review. injection in the gasifier is also useful for tar minimizati#d.
4.1.1. Steam/Oxygen Gasification _The forma}ipn _of ash is another problem_ inherent to

S biomass gasification. Ash may cause deposition, slagging,

Biomass is also gasified at temperatures above 1000 K infouling, and agglomeratioft® These problems have been
the presence of oxygen and/or water. Under these conditionsusually alleviated by leaching and fractionati®$13!2 Leach-
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(a) fluid-bed gasifier (b) downdraft gasifier (c) updraft gasifier
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Figure 19. Sketch pictures of biomass reactors: (i) fluidized-bed gasifier; (ii) downdraft gasifier; (iii) updraft gasifier (ref 331).

ing is effective for removing the inorganic fraction, as well temperatures above 647 K. In the absence of an added
as for improving the quality of the remaining a¥h.The oxidant, biomass is converted under SCW conditions into
gasification of leached olive oil waste in a circulating fuel gases (eq 22), which are easily separated from the water
fluidized bed reactor was performed for gas production, phase by cooling to ambient temperatéi€3® SCW
showing the feasibility of leaching as a pretreatment tech- gasification is also a promising alternative to gasify biomass
nique for gas productiof?®> Through fractionation, ash  with high moisture contents due to the high gasification
removal is achieved, but it may alter the quality of the (100% conversion) and hydrogen ratios (50% vol).
remaining ash.

4.1.1.1. GasifiersA plethora of different biomass gasifiers ~ C,H,O, + (2x — 2H,0 — XCO, + (2x — z + y/2)H,
can be found in patent bibliography. However, they can be (22)
grouped into three main types, as sketched in Figure 19: (i)

fluidized bed gasifier; (i) downdraft gasifier: and (iii) updraft Detailed thermodynamic calculations in this reactic_m indicate
gasifier313 that at temperatures above 873 K only a gas richinCGH,,

In the fluidized bed reactor (Figure 19a) the biomass, CO, and CQ, with no solid carbon product, is forméd.

which is previously reduced to a fine powder, air, steam, or J"ortunately, biomass does not react directly with steam

oxygen enters at the bottom of the gasifier ’ A High Iinéar at at_rfnospherlc pressufre to y'%ld :]he de5|]rced pr?deCt(‘;" K‘Stead’
: , N . significant amounts of tar and char are formed, and the gas

velocity of the gas stream forces the fine particles of biomass ' . . "

upwa;?:l/ throug?h a bed of silica beads. I?3'yrolysis and char Phase contains higher r;)é(ljarocarbons in addition to hydrogen

gasification take place in this process. This type of gasifier %nfgtggicgg:tﬁggzgﬁi o-rl:[gzseexhg:?rf;n\tl;ei;e\/gl\\// (ierzcot?:

is suited for large-scale applications and has a medium tar P P 9

. o : uick immersion of maple wood sawdust in supercritical
yield of around 10 g/Nni.In the downdraft gasifier (Figure q )
19b) the air or oxygen and biomass particles of a fine powderwater' The sawdust quickly decomposed to tars and some

enter at top of the reactor flow downward and the gas leaves32S Without the formation of char. Cellulose is most stable
at the bottom of the reactor. The product gas contains the COmponent of biomass but suffers rapid decomposition at

lowest concentration of particulates and tars of nearly 1 ﬁggﬁgﬁ‘%ifggtﬁ’ ?:; :gcl)c\)/vg/ ;,g% &”tgc?r;gi@r?%ﬁguﬁn()f
g/Nm2 which is a much lower level than in the fluidized X P ' 9

bed reactor, because most of the tars are combusted. Th@nd hemicellulose reacts via solgzczlysis_a_ft_er only a few
flame temperature in this reactor is 1260600 K. This minutes of exposure to hot waté&P:?1 The initial products

reactor configuration is ideal when clean gas is needed. Theglrj'g;]nzt:d delrr: J?:tioiﬂv?éﬁsrﬁer?zg?% rr?s(,) f?gVﬁIZL t;!iiﬁ“o;r? d
main disadvantage of this gasifier reactor is its low overall condensatio?ff%*?’zg’ and finally form 0as ar?d (2R At
thermal efficiency and also the difficulty in handling ash temperatures above 873 Kyand rgssures exceeding the
content. In the updraft gasifier (Figure 19c) biomass enters __. P | bi . P 4 ng
from the top and air/oxygen/steam flow upward, entering S"tC& prgsil;]red lomass 'r‘:‘ convertls)a 'S.to % gas (T'thge
from the bottom, and the gas leaves from the top. This reactor%ﬁ%?(isdee ?o Ztr:g?(\?vri]t,hmseotmaen%ggz on dioxide, and carbon
forms primarily tars at a very high level (on the order of 4121 ,Lovg-Tem erature SCW GasificationT icall

100 g/Nn¥). The principal advantages of updraft gasifier | DU perature St q d ypically,
include its being a mature technology for heat production, o.\/\ﬁtemhperature g?sn;catmn IS cor& ucted at temperatl%res
its suitability for small-scale applications, and its ability to wit 'In the range ? 6d3873 K, Ian mhmost cases SI%' h
handle feeds with high moisture content. On the contrary, catalysts are employed to accelerate the reaction, althoug

; : B . -2’ complete gasification of feedstock is rarely achie¥#&detal
E)ho?;r?triezleld of this gasifier is very high and has slagging catalysts are active for the gasification of biomass under

nearly supercritical conditions at low temperatures, but only
few of them are suited for this purpose because the metallic
crystallites become oxidized in the hot water environnight.

If the moisture content of biomass exceeds 35%, it is Furthermore, the silica and alumina substrates, usually
possible to gasify biomass in supercritical water (SCW) employed as support of metal crystallites, become severely
conditions. SCW is obtained at pressures above 221 bar andlegraded in this reaction environment as a consequence of

4.1.2. Gasification in Supercritical Water
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Figure 20. Strategies for production of fuels from lignocellulosic biomass. Adapted with permission from ref 388. Copyright 2006 Elsevier
B.V.

their partial solubilization in high-temperature wat&rin CH,. Oil and char are also produced, but their yields were
this respect, new catalyst formulations have been developedvery low. The change of the gas composition revealed that
These include combinations of stable metals such as ruthe-CO, and H are primary products, although a minor propor-
nium or nickel bimetallics and stable supports such as certaintion of CH, is later formed via methanation. The gas yield
zirconia, titania or carbon. Indeed, the TiQutile)- and increases with increasing catalyst loading, and oil and char
carbon-supported nanocrystalline ruthenium particles dem-are produced simultaneously. Separate experiments with the
onstrate stable performance for times on-stream of about 2oil fraction have shown that it does not gasify any further.

h and reaction temperatures in the range of-52&3 K under Sodium carbonate has also been used as an alkali
a pressure of 40 bar. Alkali catalysts have also been Usedcatalysﬁz&f‘%ln the presence of sodium carbonate cellulose
for this purpose, although their recovery from reaction media degrades at substantially lower temperatures (453 K),

makes them less attractive. Sodium carbonate increased thé,§icating that the alkali catalyst lowers the onset temperature

ifi i 6 . 4
gasification rate of cellulos&? . of cellulose degradation. This catalyst also promotes sugar
Some clues on the mechanism of hydrothermal degradationyegradation, with the subsequent increase of oil and gas
of biomass have been derived from experiments carried outy;e|ds, while inhibiting char formation from the oil fraction,

on the conversion of cellulose and glucose in hot compressed, ;s resulting in high oil yield and a low char yield even at
water3?8 In the absence of catalyst, cellulose decomposes high temperature (623 K).

over 473 K to yield sugars, which are water-soluble products. . L .
y g P 4.1.2.2. High-Temperature SCW Gasification.High-

The absence of gas, oil, or char formation indicates that A .
g temperature SCW gasification is conducted in the range of

hydrolysis is the primary step of the gasification reac- ; o :
tign_szé,’saw 523 K[,) ceIIuI):)se g)ecomposgs to form gases 773—1073 K. Due to the high reactivity of biomass at these

oil, char, and water-soluble products, not only sugars but l€mPperatures, high gasification efficiency is achieved when
also other non-sugar compounds. Over 573 K, no cellulose the concentration of the precursor is low, but it falls at higher

is left in the reactor; sugars and oil decomposed, whereastoncentrations.
char production increased. Finally, char is mainly obtained Organic feedstock such as glycerol and glucose can be
with a yield ca. 60% on a carbon basis, with 15% of non- gasified in the absence of catalysts. The gasification of
sugar water-soluble products and 10% of gas, mainly,CO glycerol under SCW and temperatures below 873 K is very
with very small amounts of CO. Strategies for production slow, but the rate approaches a value asymptotically around
of fuels from lignocellulosic biomass are schematically 973 K, and complete gasification can be achieved only at
depicted in Figure 20. Additional experiments using glucose concentrations below ca. 3 wt %. Under these operation
as a feedstock conclude that hydrolysis is the first step of conditions, the yields of Hand CQ increase sharply,
cellulose conversiof?®3%7 For this feedstock, the product whereas that of CO follows an opposite trend. These results
distribution and yield of gas, oil, and char at different reaction indicate greater water gas shift activity at temperatures above
temperatures are essentially the same as that for cellulose873 K, a unique property of SCW. The pressure of the
indicating that hydrolysis is rapid under these conditions. process has hardly any effect on either product gas composi-
Most of the mechanistic work has been conducted in the tion or gasification efficiency within a wide range of
presence of catalysts. As is well-known, metal catalysts, andpressures, including supercritical as well as subcritical
most specifically nickel ones, catalyze gasification reac- pressures (60400 bar). Additionally, the concentration of
tions 328336 The onset temperature of cellulose degradation the feedstock has a major influence on the gas yield. This is
is similar to that found for catalyst-free operation, but the illustrated by the significant drop in the,ifield and carbon
nickel phase catalyzes the gasification of water-soluble gasification efficiency when the concentration of the organic
products into a CO-free mixture containing &®,, and feedstock exceeds3.0%.
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The application of metal oxide catalysts has been reported
recently. Gasification of model compounds such as glucose
and pyrocatechol is enhanced in the presence of KOH,
KHCOs3, and NaC0;.2%" These alkali compounds lead to an
increase in Hand a decrease in CO yield as a consequence
of the acceleration of the water gas shift reacfrSCW
gasification in the presence of KHG@®@ads additionally to
an increased concentration of products in the aqueous
mixture, less coke/char formation, a lower concentration of
furfural, and a higher amount of phenol. It should be
emphasized that salts catalyze many reaction steps and th
whenever gasification experiments with model compounds
are performed, it should be taken into account that real
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decomposition

CHs#CO

+H.0

WGS

Eﬁ COz+H;

Figure 21. Reaction mechanism for steam re-forming of ethanol.

E\fzeprinted with permission from ref 361. Copyright 2004 Elsevier

B.V.

biomass precursors include salts and hence yield similar gasalmost 100%. Among the catalysts tested, Ni/T&dd Ni/

composition, such as glucose with alkali salt, which means
high H, yield and low CO vyield.

Cr,0O5 are promising candidates in that they maintain their
catalytic activity over repeated cycles, keeping the hydrogen

Because the major drawback of alkali salts is their recovery yield almost 100%.

from the reactor effluent, solid catalysts such as zirconia
(ZrO,) were also employed. The ability of Zg@ enhance
the gasification of glucose and cellulose under SCW condi-
tion has been demonstrat&d,although its effect is not as
strong as that of N&O;. Similar results were obtained for
partial oxidative gasification of lignif°

4.1.3. Gasification with Simultaneous CO, Capture
Recently, several methods for one-step production of pure

4.2. Re-forming of Biomass-Derived Products

4.2.1. Ethanol

The production of ethanol by the fermentation of carbo-
hydrates is the primary technology for the generation of
liquid fuels from renewable biomass resources. Among the
bio-fuel candidates for producing hydrogen, ethanol is of
particular interest because of (i) its low toxicity; (ii) its

hydrogen from carbon or biomass were proposed. Saxenamnoderate production cost; (iii) the fact that is a relatively
proposed the formation of hydrogen through the reactions clean fuel in terms of composition; (iv) its relatively high
of carbon materials with NaOH in the presence of water hydrogen content; and (v) its availability and ease of

vapors4t

CH,0O, + aNaOH+ bH,0 — cH, + dNa,CO;  (23)

A similar approach was undertaken by Lin etZaY.who
examined the production of hydrogen through the reactions
of organic materials (coal, wood) with water and CaO at
873-1023 K under high-pressure steam (4.2 MPa). In this
method, organic materials are gasified to formand CQ,
whereas Ca(OHYeacts stoichiometrically with CQo form
CaCQ:

Ca(OH), + CO, — CaCQ, + H,0 (24)

However, the percentages of GHCO,, and CO in the
produced hydrogen are still far from satisfactory for the direct
supply of the hydrogen to PEMFCs. To avoid this, a new
method for the synthesis of hydrogen without CO or,CO
for PEMFCs through the reactions of biomasses (cellulose,
sucrose, glucose, starch, cotton, paper) with alkali metal
hydroxides (NaOH, KOH, or RbOH) and water vapor at
relatively low temperatures (47323 K) under atmospheric
pressure has been propo$&din this method, cellulose
[(CeH100s)q] reacts with NaOH in the presence of water
vapor to produce C@free hydrogen and N&QOs; according
to the overall reaction (eq 25)

CeH, O, + 12NaOH+ H,0 — 6Na,CO, + 12H, (25)

The results confirmed that the one-step production of pure
hydrogen without CO or C@is possible through the
reactions of cellulose with NaOH and water vapor at-473
623 K. In addition, the rate of hydrogen production is
enhanced by the addition of Ni, Co, Rh, or Ru catalyst
supported on AlO; to the mixture of cellulose and NaOH,
and the total yields of hydrogen dramatically improve to

handling.

Hydrogen can be obtained directly from ethanol by two
main processes: steam re-forming (SRE, eq 26) and partial
oxidation (POE, eq 27). The overall processes summarized
in egs 26 and 27 are a complex convolution of elementary
steps that involve several organic intermediates.

CH;CH,OH + 3H,0 = 6H, + 2C0,  AHjgg¢
= +173.7 kd/mol (26)
CH,CH,OH + 1.50,—~ 3H, +2C0,  AHg

—551.8 kd/mol (27)

Whereas POE offers exothermicity and a rapid response,
SRE is endothermic and produces greater amounts of
hydrogen, resulting in higher system efficiencies. A third
option combines the advantages of both approaches by co-
feeding oxygen, steam, and ethanol simultaneously through
oxidative reforming process (ORE, eq 28.

(6 — 2X)H,+ 2CO, (0 < x < 0.5) (28)

AHSg = (173.6-483.6) kJ/mol

4.2.1.1. Steam Re-formingStoichiometrically, the overall
steam re-forming reaction of ethanol can be represented by
eq 26. The process occurs with a catalyst at a temperature
of 823—-1073 K. Ethanol-re-forming reactions involve several
reaction pathways (dehydration, decomposition, dehydroge-
nation, coking), depending on the catalysts and reaction
condition$*® (Figure 21). Therefore, the choice of catalyst
plays a vital role in the re-forming process. Reactions to
avoid are those that lead to @d GH, inductive of carbon
deposition on catalysts surfaces. Accordingly, catalysts for
the steam re-forming of ethanol to produce $¢lectively
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must have catalytic surfaces able to (i) dehydrogenatef
ethanol; (ii) break the carbercarbon bonds of surface |
intermediates to produce CO and £Hnd (iii) re-form these ;
C; products to generate hydrogen. According to the literature, |
different oxide catalyst¥* metal-based catalysts (Ni, Co,
Ni/Cu) 35347 and noble metal-based catalysts (Pt, Pd
Rh)}**8-351 have proven to be active in the ethanol-re-forming |
reaction. The metallic function and the aeidase properties
of the catalysts play a central role in the re-forming reactio
of ethanol. This is illustrated by the Cu/Ni/fdAl,Os
catalyst, which exhibits acceptable activity, stability, and |
hydrogen selectivity at moderate temperature (573 K) and |
atmospheric pressu?é In this catalyst, copper is the active
agent; the nickel promotes-C bond rupture, increasing
hydrogen selectivity, and the potassium neutralizes the acidic
sites of they-alumina substrate and improves the general | b4l
performance of the catalyst. The nature of the support hardly - T EN
influences the catalytic performance of the supported catalyst: ' o

for the steam re-forming of ethanol because it affects the |
dispersion and stability of the metal and may participate in |
the reaction. Lanthanum oxide is one of the best support|
candidates. It has been reported that NiDgor Ni—LayO4/ k
Al,O; catalysts exhibit high activity and long-term stability |
for hydrogen productiof??35 A 20% Ni/LapO3/Al,03 e Co(111)

catalyst eXh'b_'tS good stability at 1(_)23 _K for time on-stree_im Figure 22. HRTEM images of Co/ZnO catalyst used in ethanol
over 150 h, with only a small reduction in ethanol conversion steam re-forming at 873 K. The size distribution of metal cobalt
from 95 to 90%, whereas hydrogen selectivity remains particles ranges from-34 nm to 15-30 nm. Small metal cobalt
essentially constant. These results indicate the uniquenesgarticles are located on ZnO, whereas larger cobalt particles are
of the Ni—La,0s system in terms of its long stability. The encapsulated in carbon filaments. Reprinted with permission from
unusual stability of the NLa,O; catalyst has been attributed  "€f 374 Copyright 2004 Elsevier B.V.

to the scavenging of coke deposition on the Ni surface by
lanthanum oxycarbonate species existing on top of the Ni
particles®®® The effect of basic additives or promoters (K,
Mg, Ca, Ce) that favor water adsorption and OH surface
mobility in Al,Os; supports to lower the rate of coke
deposition on catalyst surfaces has also been investigated
on nickel-based catalysts}3*>Coke formation on bare and
doped catalysts (Ce, K, and Mg) does occur, but with orders M
of magnitude lower than those claimed for Ni supported on . — :
acidic ALOs. 294 202 290 288 286 284 282 280

Binding Energy {eV}
Cobalt-based catalysts have also been proposed as apl':igure 23. C1s core-level spectra of catalysts: (a) 0.98NaCoZn;

propriate for the re-forming reaction. Llorca et’d studied (b) 0.06NaCozn. Reprinted with permission from ref 374. Copyright
the reaction between ethanol and water in the-5733 K 2004 Elsevier B.V.

temperature range at atmospheric pressure over supported
cobalt catalysts. The ZnO-supported cobalt catalyst, in which
the ZnO substrate (specific areal00 nt/g) was prepared

by thermal decomposition of zinc carbonate, exhibited the
highest catalytic performance among the series. Using an
EtOH/H,O = 1/13 (molar ratio) mixture, total conversion
(100%) of ethanol and the highest values of(A3.8%) and

CO, (24.2%) were obtained, and in the absence of deactiva—-l-he production of hydrogen increases-@%) with the Na

tion. Complete EtOH conversion was also reached on the .,htent ynder total conversion in the 6223 K temperature
ZnO substrate, but the yields of ind CQ alone were found  ange  and furthermore carbon deposition decreases, as
to be substantially lower. The decomposition of EtOH into  gyjgenced by HRTEM, XPS, and Raman spectroscopy. The
acetone occurs to a large extent on Co/ZnO catalysts.inhibjtion of carbon formation with increasing Na contents
Because this reaction results from consecutive reactions, sucthas been demonstrated by examination of the C 1s XPS core
as dehydrogenation and aldol condensation, additionaljevels of the used catalysts. The C 1s spectra of two
experiments have indicated that the re-forming reaction representative Na-promoted Co/ZnO catalysts (0.06 and 0.98
preferentially takes place at low contact times, whereas EtOH Na wt %) show four components at 284.3, 284.9, 286.3, and
decomposition to acetone via aldol condensation of acetal-290.0 eV (Figure 23) associated with graphitic carbon,
dehyde is depressed. However, Co/ZnO shows a considerabladsorbed hydrocarbons, species containirgd®onds, and
amount of carbon deposition after the reaction, which causessurface carbonate speci&8respectively. From Figure 23
the deactivation of cobalt catalysts. it is clear that the generation of graphitic carbon is much

2 nm

AU

TEM micrographs of used Co/ZnO catalyst at 873 K reveal
the deposition of graphite-like carbon, as derived from the
C(002) spacing of 0.346 nm calculated directly from lattice-
fringe imaging (Figure 223 The deactivation rate is
dependent on the support used and the temperature. Sodium
incorporation (0.06:0.98 wt %) to Co/ZnO catalysts results
in a better performance in the ethanol-re-forming reaction.
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higher for the 0.06 Na than for the 0.98 NaCo/ZnO The generation of hydrogen from ethanol via catalytic

catalyst. autothermal partial oxidation (eq 29) has been performed at
Noble metals supported on metal oxides of the typ@©Al temperatures of 7661000 K using catalytic systems based

SiO,, CeQ, TiO,, and MgG48:351.357363 display high activity on noble metal%4365 Ethanol oxidation follows a very

in the steam re-forming of ethanol to ¢@nd H. The complex pathway, including several reaction intermediates

support plays a significant role in the steam re-forming of formed and decomposed on both the supports and active
ethanol over noble metals. When ceria/zirconia is used asmetals that integrate the catalytic systeffts®7In light of

the support of noble metals, ethylene formation is not the above studies, it has been claimed that the ethoxy species
observed and the order of activity at higher temperature is generated on the metal and on the support can be decom-
Pt~ Rh > Pd34 Alumina-supported catalysts are very active posed on the metal sites, forming ¢ H,, and CO, whereas

at low temperatures in the dehydration of ethanol to ethylene. part of the ethoxy species generated on the supports is further
At higher temperatures, ethanol is converted intg €O, oxidized to acetate species, which decompose tq &td/

CO;, and CH, with an activity order of metals as follows: or oxidize to CQ via carbonate specié® Thus, supports

Rh > Pd > Ni = Pt3%” Auprétre et al**? studied the effect  with redox properties that help the oxidation of ethoxy
of both the metal and the support in the steam re-forming of species and metals with a high capacity to breakdbonds
ethanol. They found that at 973 K the hydrogen yield on and to activate €H bonds are suitable for use in catalysts
alumina-supported metal catalysts decreased in the followingapplied to the partial oxidation of ethanol. Salge e#6al.
order: Rh> Pd> Pt > Ru. They concluded that the high  studied the effect of the nature of the metal (Rh, Pd, Pt) on
activity of the metals in ethanol steam re-forming and their the performance of catalysts supported op3land CeQ.

poor efficiency in the water gas shift reaction would give The order of effectiveness in hydrogen production for
active and selective catalysts for ethanol re-forming. Apre catalysts supported on &; was R-Ru > Rh > Pd > Pt.

also reported that theyield on Rh/Ce@was higher than  Rh supported on CeQvas the most stable and gave greater
that on Rh/AJO; at 873 K32 It was concluded thata metal  hydrogen selectivity than noble metals supported oAl
ceria interaction affects the absorptielecomposition of  The better activity and stability associated with the presence

ethanol to CH and CO products and their subsequent re- of CeQ, can be related to the capacity of Ge® store
formlng reactions with steam. Cava.”%epor'tEdareacuon oxygen and make it available for reaction via a redox

pattern over Rh/As. First, ethanol is converted to ethylene  reactions68
by dehydration on the AD; surface or to acetaldehyde by
dehydrogenation on Rh particles. The acetaldehyde under-4.2.2. Sugars
goes decarbonylation on the rhodium surfaces to form
methane and CO, whereas ethylene is also steam re-formeq0
on metal particles to Qvery fast reactions). Liguras et P
also found that among the low-loaded catalysts, Rh was

significantly more active and selective toward hydrogen fth feed d ina f 0
formation than Ru, Pt, and Pd. The catalytic performance of of the aqueous sugar feeds under pressures ranging from 1

- ; -~ ~ to 50 bar (eq 30). This technology is being commercialized
Rh was greatly improved by the increase of metal loading. .
Cavallarg ot a)f(.ﬁ?’ r(fported tﬁlat 5 wt % Rh/AD; at 923 K 9 _by Vlre_nt Energy Systems. One_of the advan_tages of APR
had good stability; only 10% of activity was lost after 95 h is that it produces a hydrogen—rlch stream ‘.N'th low Igvels
of reaction. Long-term experiments have demonstrated high]?f ?O ((jl'ocyF}g&ongm), which makes it particularly suited
hydrogen selectivity (up to 95%), which remains constant or feeding S
with time, without carbon formation.

4.2.1.2. Catalytic Partial Oxidation. The partial oxidation CeH1406 + 6H,0 —~ 6CO, + 13H,

of ethanol (POE, eq 27) has also been investigated, but with AH3gg = +443.5 kd/mol (30)
less intensity than in the case of the steam re-forming. Partial

oxidation is a very interesting process for hydrogen produc-  The reaction pathway of APR involves cleavage oft,

tion because these partlal oxidation SyStemS can be rUnC—C’ and G-H bonds of sugar molecules to form adsorbed
autothermally, thereby eliminating the need for external heat. species on the catalyst surface. Adsorbed CO must be
Moreover, POE is much faster than the Catalytic steam re- removed by the WGS reaction to form ¢@nd additional
forming, which allows fast start-up and short response times H,, Undesired parallel reactions also occur and proceed via
to variations in H production. However, use of the pure  C—0 bond splitting followed by hydrogenation to yield
partial oxidation process is not indicated for bio-ethanol re- aicohols or even acids. Thus, good catalysts for the produc-
forming because bio-ethanol is an ethanehter mixture tion of H, by APR reactions must be highly active for-C

in which the removal of all of the water has a significant hond cleavage and also capable of removing adsorbed CO
cost. Therefore, for bio-ethanol partial oxidation the processespy the WGS reaction, but it must not facilitate-© bond

are usually combined with steam re-forming in autothermal cleavage and hydrogenation of €OThe H selectivity
schemes with the stoichiometry shown in eq 29. Additionally, depends on the feed sugar, the catalyst, and the reaction
adding water to the reaction stream is very useful becauseconditions. As a general trend; Selectivity decreases upon
catalyst stability is improved while coke formation is increasing the size of feed molecule.

minimized due to the fact that under pure partial oxidation  Kinetic studies were carried out for the APR of ethylene
conditions an extensive formation of encapsulated carbon isglycol (a probe molecule for sorbitol) over silica-supported

An innovative aqueous-phase re-forming (APR) process
r the conversion of sugars and polyols intg &#hd G—
Cis alkanes has been developed by Dumesic €8%l7?
Hydrogen, CQ, CO, and light alkanes are produced by APR

observed. Pd, Ni, Pt, Ir, Ru, and Rh catalysts at moderate temperatures
(483—498 K) and moderate pressure (22 bar). The catalytic
C,H:OH + 2H,0 + 1/202 —2CO, + 5H, activity for APR of ethylene glycol, as measured by the rate

o — _ of CO, formation per surface atom at 483 K follows the order
AHSgg¢ 68.2 kJ/mol (29) Pt~ Ni > Ru> Rh~ Pd> Ir.372 Sjlica-supported Ni, Ru,
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and Rh catalysts displayed low selectivity fos ptoduction the energy efficiency for the production of ethanol from
and high selectivity for alkane production. In addition, the corn3® In summary, alkanes produced by the APD/H of
Ni/SiO, catalyst became rapidly deactivated at 498 K. On sugars would provide a renewable source of hydrocarbons
the contrary, Pt/Si@and Pd/SiQ catalysts exhibited higher that could fit into the current distribution infrastructure.
selectivity for production of b with lower rates of alkane  Unfortunately, the major compound produced by the APD/H
production. It was also found that both activity and selectivity process is hexane, which in turn has a low value as a gasoline
of Pt-based monometallic catalysts can be enhanced byadditive because of its high volatility. This limitation has
depositing Pt on TiQ carbon, and AlO; substrate¥s or by been overcome at least in part by combining the APD/H
adding Ni, Co, or Fe to a monometallic Pt48; catalyst’ reaction with a base-catalyzed aldol condensation step. This
PtNi and PtCo catalysts supported on alumina with Pt/Co step links carbohydrate-derived units via formatiorC

or Pt/Ni atomic ratios ranging from 1:1 to 1:9 had the highest bonds to form heavier alkanes ranging fromt@ C;s.3% It
turnover frequencies for Hproduction (moles of Hper mole is emphasized that the-<®—C bonds of the sugar molecules

of surface site measured by CO adsorption) with values of are broken under APD/H process conditions, whereas the
2.8-5.2 mir* for APR of ethylene glycol solutions at 483  aldol condensation produces large organic water-soluble
K, compared to a value of 1.9 mihfor the monometallic ~ compounds derived from sugars. Then, these molecules are
Pt/Al,Oz under similar reaction conditions. transformed into alkanes in a specially designed four-phase

Nickel catalysts are also active for APR reactions; dehydration/hydrogenation reactor.
however, they have low selectivity and stability. The H
selectivity of Ni-based catalysts can be enhanced by adding5, Secondary Reactions in Hydrogen Production
Sn to the Ni catalyst, wheres its stability can be improved Schemes
by using bulk Ni catalysts, for example, Raney¥#.The
rates of H production by APR of ethylene glycol over a 51 Hydrogen Production from CO
SnNi catalyst with Ni/Sn atomic ratios up to 14:1 are
comparabled a 3 wt %Pt/Al,Os catalyst, based on reactor 5.1.1. Water Gas Shift Reaction
volume. Incorporation of Sn to Raney Ni catalysts markedly . . )
decreases the rate of methane formation from reactions of 1he WGS reaction (eq 2) is one of the oldest catalytic
CO, with H,, while maintaining the high rates of -6 processes employe_d in the chemical mdustry (hydrogen
cleavage necessary for the production of Notwithstand- ~ Production, ammonia, methanol, ...) for converting the CO
ing, the reactor must operate near the bubble-point pres_present in re_—formate_streams_ in additional hydr_ogen. Cur-
sure of the feed and moderate space times to achieve higHently there is great interest in the WGS reaction for the
H, selectivities over Raney SnNi catalysts. These Raney SnNjremoval of carbon monoxide at small scale for future power
catalysts are stable for more than 250 h time on st&am. 9eneration using FCs for both mobile and stationary ap-

The alkane selectivity can be enhanced by chandin theplications. The use of small WGS catalytic units coupled
: y can y 9Ing T \ith small-scale re-formers imposes different requirements
catalyst and reaction conditions. Alkanes are produced by

aqueous-phase dehydration/hydrogenation (APD/H) reactions™> compared to large-scale hydrogen production units.

. . o Among these requirements, good activity at moderately low
gtﬁ?&?,gg:)ﬁegnilgnwﬂ dasfjitsatlrﬁtec% r:séigrrﬁ]pg aSirgeg:ll (Pt, temperature (below 553 K), stability under typical reformate
able to catalyze hydrogenation and dehydratlizon reactions,conditions, non-pyrophoric formulations, durability under
respectively¥’ Hydrogen is produced for this reaction by 'steady-state and transient conditions, mechanical resistance
APR (eq 3('))_ These APR and APD/H reactions can be to th(_armal shqck, stab|I|t_y to p0|sons_(chlor|n_e283|, and
performed in a single reactor or two separate ones; the net© _5|_de reactions, that is, methangnon, which consumes
reaction is exothermic, in which approximately 1.5 mol of additional hydrogen, are all key requirements to be fulfilled
sorbitol produce 1 mol of hexane. The APD/H reaction by the new generaFlon of WGS catalysts. o
occurs in the liquid phase; therefore, vaporization of the ~ 5.1.1.1. Conventional CatalystsThe WGS reaction is
aqueous feed is not needed, and accordingly the overallan exothermic, reversible reaction. The equilibrium constant
thermal efficiency of the process is improved. The alkane Of the reaction decreases as the temperature increases. To
selectivity depends on the relative rates of-C bond increase the CO conversion, it is thus desirable to perform
cleavage, dehydration, and hydrogenation reactions. TheWGS at low temperatures. However, to achieve sufficiently
alkane selectivity can be modified not only by changing the high reaction rates, it is often necessary to operate in two
catalyst composition, the reactor, and reaction conditions, catalytic stages: a high-temperature shift (HTS) and a low-
but also by co-feeding #with aqueous sorbitol, leading to  temperature shift (LTS). In industrial applications, the
a process in which sorbitol is converted to alkanes and waterconventional catalyst formulations employed areGze-

without the formation of CQ@ Cr,03 and Cu-ZnO—Al,0O; for the HTS and LTS units,
respectivel\’6-37% For typical re-formate streams«80%
CgH,,0¢ + 6H, — CH,, + 6H,0 vol CO), the HTS reactor operating at near equilibrium

o _ _ (623-693 K) reduces the CO level to about 4% vol, whereas
AH5ogc = —264.2kJimol (31) 10" 15 working at 453613 K achieves 0.40.8% vol of
CO. Many studies have been conducted on the prepara-
Alkane production from sugars by APD/H process has the tion %938 kinetics, or reaction mechanisms of conventional
advantage that most of the alkane fraction is spontaneouslyWGS catalyst88383384Notwithstanding, the debate concern-
separated from the aqueous phase, whereas ethanol producedg the mechanism of the reaction continues and, more
by fermentation must be removed from solution by an specifically in the case of the LTS catalyst, about whether
energy-intensive distillation step. A rough estimate for the the mechanism takes place through associative or regenera-
production of alkanes by APR process from corn is double tive pathways (see section 5.1.1.3),0¢-Cr,O3; and Cu-



Hydrogen Production Reactions from Carbon Feedstocks Chemical Reviews, 2007, Vol. 107, No. 10 3983

ZnO—Al,0; catalysts have some drawbacks: the low activity Durability performance has not been reported for these
of the former catalyst at high temperature, the pyrophoric formulations.

nature of the latter, the lengthy preconditioning of both types, Along the development of three-way catalysts (TWC) in
and the large reactor volume dictated by the slow kinetics {he early 1980s, it was discovered that ceria is the best non-
of the Cu-ZnO—Al0; catalyst. These limitations therefore opje metal oxide promoter for Pt, Pd, and Rh nanoparticles
make classical WGS catalysts unsuitable for use in small-\ynen deposited on alumina because these strongly enhance
scale re-formers, where fast response and low catalyst volumene water gas shift reactiéf In parallel, it was demonstrated
are mandatory. Thus, the design of new WGS catalysts for that pt/Ce@catalysts are active in both the methanation and
e}pphcauon in fuel re-formers must overcome such limita- \yGs reactiong?” Pt/CeQ catalysts have been reported to
tions. Improved performance of €&ZnO systems can be e active and non-pyrophoric, with activity higher than that
achieved upon promotion with alk&fi>***Moreover, better  of conventional WGS catalysts in the medium-temperature
activity anq _durz_;\bmty under steady-state operation are_gamedrange (573-673 K), thus demonstrating their potential for
upon modification of Raney CtZnO catalysts with Ti®  yse in WGS reactors. Mechanistic studies on the WGS
or ZrQ, 2 reaction over ceria-supported Pt, Pd, Rh, Ni, Fe, and Co
5.1.1.2. Alternative CatalystsWhen activity and costare = metals have emphasized the importance and implications of
balanced, two trends can envisaged in the development ofthe OSC of Ce@3%3%The high OSC, C@coverage® and
new WGS catalysts for fuel re-formers: non-precious metal surface hydraticti? are proposed as being responsible for
catalysts that are active at high temperature and preciousthe high activity when metaiceria interactions are estab-
metal formulations [Pt group metals (PG) or Au], displaying lished.

high activity over a larger temperature range. The preparation method plays an important role in
Non-precious transition metals are particularly suited for establishing the metalsupport interaction and influences the
the WGS reaction owing to their low cost in comparison |ow-temperature activit§ This is clearly seen on compari-
with PG metal catalysts. As an alternative to commercial son of the performance of Pt/Ce€atalysts. The traditional
CuZnO, the Argonne National Laboratory has developed low methodology, consisting of the impregnation of a ceria
specific area cobattvanadium binary oxide¥, which substrate, develops a standard architecture of supported
display specific activities (normalized to surface area) that catalysts, which consists of highly dispersed nanoparticles
are higher than those of CuzZnO. Similarly, high-surface area on the Ce@substrate with a high concentration of interfacial
molybdenum carbide (M€) has been found to be an active  sites between metal particles and the ceria surface. Notwith-
LTS formulation, with activity comparable to or higher than = standing, the microemulsion methodology gives rise to a
that of Cu-ZnO—Al;0:.%%® These nanocrystalline MG reverse morphology dominated by the coverage of platinum
catalysts, known as active hydrotreating catalysts, are sensiparticles by the cerium oxide. In addition, the microemulsion
tive to oxygen, and their performance under real fuel- pt/CeQ catalyst exhibits unusual performance. Indeed, it is
processing conditions has yet to be studied. highly active for the WGS reaction but does not catalyze
For the HTS reaction, Haldor-Topsoe has recently devel- the methanation reaction between carbon oxides and hydro-
oped a series of alkaline-promoted, sulfur-resistant oxidesgen streams at all. In contrast, the Pt/Ge&xtalyst prepared
based on Mg, Al (magnesium aluminate spinel), La, Nd, Ce, by conventional method produces methane via hydrogenation
Pr, Mn, Co-MgAlI,O,, K-ZSM5, Mg—Zr0,.28 These for- of CQOy.
mulations are moderately active (280% CO conversion) Despite the high initial activity obtained in the meditm
at temperatures above 673 K, but with the benefit over other high-temperature range (59873 K), the Pt-CeQ; catalyst
high temperature formulations, such as Co- or Ni-promoted |oses activity. Such deactivation can be explained in terms
MoOs, V205, and WQ oxides}®° of the absence of metha-  of several mechanisms, including surface coverage with in
nation. Cobaltt-molybdenum or nicketmolybdenum sul-  sjty formed carbonate-like species and partial loss of reoxi-
fide** catalysts or their alkaline-promoted forms are active, dizing ability in the highly reducing CO/Henvironment.
sulfur-tolerant HTS formulations, with a CO conversion An initial decrease in metal dispersion and the total BET
above 40% at low space velocities§000 h%).3%* The = gyrface area has been observed after the first hours of
activity of these formulations at high temperature and their gperation. At extended reaction times, ceria crystallite size
acceptable CO conversions at relatively low space velocitiessjowly increases, leading to a further gradual decrease in
(<20000 h*) means that, for their application in fuel re-  total specific area and to the occlusion of Pt particles in the
formers, additional downstream, more active WGS catalysts sypport. These behaviors suggest multiple operating mech-

are needed. anisms in addition to the redox process generally claimed,
CeOs-containing WGS catalysts have attracted interest on depending on the temperature and inlet concentrations.
the basis of the oxygen storage capability (OSC) of &&8rif> Consequently, multiple deactivation pathways are also avail-

and the cooperative effects developed at the interface betweemble. The overall deactivation using typical re-formate tests
metal particles and the ceria surface. Although ceria or ceria-leads to the partial loss of WGS activity to levels that would
promoted formulations have mainly been reported in con- require overdesign of WGS reactors for long-term opera-
junction with precious metals, non-PG-loaded ceria WGS tion.*?? Start-stop cycles do not lead to significant additional
catalysts have also been developed as potentially bettedosses in activity, indicating that the (hydroxy)carbonate
alternatives to CaZnO—Al,Os. Li et al. reported that Cu  buildup observed on Pt on CeGsurfaces during this
or Ni nanoparticles deposited on high surface area Ce(La)-operational mode is suppressed by the addition of,200
Oy supports, prepared by urea precipitatiaelation3®® the support in a mixed oxid®® No significant deactivation
displayed good LTS activity at high space velocities when is observed during the simulated shutdown with water
tested under CO concentrations in the feed stream of 2%condensation in the catalyst particles, contrary to Pt4CeO
vol. The high activity was interpreted as being due to the In any case, it is imperative to develop Pt catalysts that will
enhanced reducibility of ceria in the presence of the metal. be stable against sintering, given their nontoxicity, their lack
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CO H0 In the adsorptive (or associative) mecharfi$nt?3 (Figure

i 25), CO and HO are proposed to adsorb on the catalysts
and form a surface intermediate, which subsequently de-
composes as +Hand CQ. Many research groups have tried
to identify the nature of the main intermediate species mainly
by isotopic labeling experiments and FT-IR spectroscopy.
H O+ s — Hz+ O« Formaté?4425and carbonate specféghave been proposed
CO+0n~ COs+ as main intermediate surface species evolved in the forward-
Figure 24. Scheme and sketch diagram of the regenerative (or WGS reaction.

redox) mechanism for the WGS reaction. 5.1.1.4. Membrane Reactors.Inorganic and organic
membrane reactors can be used to improve WGS reaction
performance with the in situ separation of products. It is

Ce0;

ﬁ%++*2*—>_)03:+ OHs possible to overcome thermodynamic constraints and increase
2 the CO conversion significantly. In comparison with organic

OHx + CO* — HCOO + » membranes, inorganic membranes have better mechanical

HCOO#* + * — CO* + H* strength and thermal stability. The modeling results o,CO

CO2* — COz + * selective WGS membrane reactors show that a CO concen-

2H* — Hp + 2+ tration of less than 10 ppm, anytecovery of higher than
Figure 25. Scheme of the adsorptive (or associative) mechanism 97%, and an K concentration of more than 54% are
for the WGS reaction. achievable from autothermal re-forming syng&df steam

re-forming syngas is used as the feed gas, thecth-

. . N ) . centration may reach 99.6%. By using palladium or other
of self-heating, and their stability against exposure to air and inorganic B-selective WGS membrane reactors, high CO
start-stop operations, unlike GtZnO—Al,Os catalysts’™  conversion values beyond the equilibrium ones or close

Besides ceria-supported precious metal catalysts,-TiO to 100% are attainetf®*32 However, Pd membranes have
supported systems are also good catalysts, showing activitya high module cost and show performance instability in
close to Cu catalysts in low temperature. Especially,-a Pt the presence of hydrocarbons or steam. Therefore, silica
Re/TiO, catalyst has superior catalytic activity compared to membranes are very attractive fop production by WGS
a commercial CaZn catalysti®> Characterization data of ~ reactions.
the Pt-Re/TiO, catalysts by TEM and XPS measurements  Molecular sieve silica (MSS) membrane-packed bed
have shown that Re acts as an anchor for the Pt particlesreactors using a classical Cu/Zn@®lI,0; catalyst display
under the reaction conditions. Thus, a high dispersion of Pt good performance in low-temperature W&SBy using a
has been achieved. CO/H,0 = 1 (molar ratio) at the inlet, this approach allows

Gold catalysts are attracting rapidly growing interest for & 99% CO conversion to be achieved at 553 K. This CO
WGS owing to their high activity for CO oxidation at low conversion level is well above the thermodynamic equilib-
temperaturd®-48 Gold nanoparticles deposited on Gge3410 rium and achievable bed reactor conversion. In another
TiO,*1! and FeOs*2 display good performance in WGS approach, silicaporous stalnle_s_s steel_ composite membranes
reaction; the improved WGS activity at low temperature is have been successfully modified using nickel and sffféa.
explained as due to the synergism of getdetal oxide. ~ 'he silica top layer was coated on the support by repeating
Gold catalysts, however, are sensitive to the preparationth® whole process of dippirglrying—calcination using
conditions, the desired properties of the final material colloidal silica sol prepared by the hydrolysis of tetraethyl

depending on dispersion, gold particle size, and the metal .orthosil.icate (TEOS). Because highly branched sillica. particles
support interactiod%® The gold particle size has a strong N colloidal sols cannot interpenetrate due to steric hindrance,

impact on the activity and can easily change during the & Microporous thin film is formed during consolidation
reaction. Improved stability has been repoftédecently, ~ While & (?]ense thin film is induced by polymeric silica sols.
but further development is needed for these catalysts toFOr @ 1% CO/H feed mixture, the silica stainless steel

become candidates for the demanding conditions in fuel re- Meémbrane reduces the CO concentration to 81 {5m.
former applications. Hydrophilic membranes undergo pore widening during the

reaction, whereas hydrophobic membranes display no such
behavior and also show increased Hermeation with
temperature.

5.1.1.3. MechanismsThe kinetics and mechanism of the
WGS reaction with various catalyst systems have been
carried out in recent years. On the basis of kinetics results,
two types of me_chz%,ms_ms have been proPosed. 'ghe regens 5 o Removal Reactions
erative mechanism” (Figure 24) and the “adsorptive mech-
anism” (involving in particular formate surface species;  Small amounts of CO present in the ktreams poison
Figure 25). In the regenerative mechani&hi®®398.413417 the Pt electrocatalysts of PEM fuel cells. Although more
(Figure 24), water adsorbs and dissociates on a partly re-effective CO-tolerant fuel cell catalysts are being devel-
duced support, releasing,Hnd reoxidizing the support. oped3”®work is needed to develop catalysts that selectively
In parallel, CO adsorbs on metallic sites to form a metal- remove the 0.51% of CO from the H-rich streams prior
bound carbonyl species, which then reduces the support ando reaching the fuel cell. The approaches undertaken include
releases C@® The applicability of this redox mechanism is CO preferential oxidation, catalytic methanation, and Pd-
by nature restricted to catalysts supported on “reducible” membrane separation. Among these, preferential oxidation
carriers and has been proposed to explain the high WGS(PROX) remains prominent because it is the lowest cost
activity of CeQ-supported coppé¥ (Figure 24) and noble  method available for reducing CO to the desired level without
metalst4417 excessive hydrogen consumption.
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5.2.1. Preferential CO Oxidation impairs both CO and Hoxidation: C@Os and MgO-
supported catalysts are the most strongly affected catalysts.
Au/a-Fe0s catalysts are the most active ones assayed to
date, and complete reversibility of the deactivation can be
achieved simply by flushing the catalyst bed with an inert
gas, suggesting the use of flushing cycles for practical
applications.
1 . There is also evidence that the ratio between the Au and
H, + 7,0, H,0 AHZqe = —241.8kJ/mol  (33)  support oxide particle size affects performance. Au particles
of ca. 5 nm on mixed oxides have been shown to have greater
As both of the reactions are highly exothermic, it is important activity for CO oxidation at low temperaturés.in the Au—
to remove heat from the reactor. Temperature control is MgO—MnO,—AI,O; catalyst, MgO is thought to be a
critical to catalyst selectivity. On the basis of the relative stabilizer for Au nanopartic|es and Mrp@r the Cocata|yst_
heats of adsorption of CO andlén metals that catalyze  H, oxidation is relatively suppressed in this complex catalyst.
the reaction, it is very likely that the selectivity of the The behavior of Au/AJO; catalysts is seen to be anomalous
catalysts to preferentially oxidize CO before, Mill be on comparison of their performance in CO oxidation and in
greatly reduced at higher temperatures. For that reasonselective CO oxidation (in the presence o Hwhereas this
multistage PROX systems with interstage codiifigan be  catalyst is stable in selective CO oxidation, its activity drops
used. An excellent design of PROX reactor is seen in rapidly in CO oxidation, although it is fully restored upon
catalyzed microchannel heat exchandérswhich ensure  exposure to lat ambient temperature. This result suggests
closer to isothermal operation and hence better catalystthat the active sites contain hydroxyl groups, which can be
utilization and a longer life. _ ~ removed by CO oxidation. These weakly bonded hydroxyls,
High activity and selectivity are essential parameters in |ikely on the Au surface, participate in the reaction, possibly
PROX catalysts; the catalyst should oxidize-0136 COto py reaction with CO to form an active intermediate in the
less than 50 ppm without oxidizing a large amount of CO formation pathway. These surface species, possibly a
hydrogen at the selected process temperature, usually becarbonate, can react with,Ho regenerate the hydroxyl
tween the outlet temperature of the WGS reactor and thegroups. Consistent with this interpretation is the high
inlet temperature of the PEM fuel cell (below 363 K). The susceptibility of these catalysts to poisoning by chloride ions,
lower the selectivity of the process, the higher the required pecause chloride may displace the OH groups.
0./CO ratio must be to completely oxidize CO to £@s The kinetics of CO oxidation on a 0.5% P48k catalyst
secondary reactions, reversed WGS and methanation of COhas also revealed that the presence of hydrogen increases
may occur, depending on the reaction conditions. For athe rate of CO oxidation in the low-temperature regfeh,
typical level of CO of 1% in the feed stream, the overall gajthough it falls markedly at temperatures above 523 K. This
CO conversion must be higher than 99.5% for a reduction js pecause the reaction kinetics and selectivity depend on
of the CO level to be less than 50 ppm. _ the steady-state coverage of the metal with CO in the
Considering the high activity required to remove CO while presence of K This simple interpretation explains the
maintaining a hlgh CO oxidation SeleCtiVity, CatalySt for- differences between %A| 203 and AchFezO3 Cata|ystg’r_53
mulations used for PROX involve a PG metal (Pt, Pd, Ru) The decrease in the selectivity of AuFe,0; with temper-
loaded on high surface area suppdtts!** Oxidation of CO  ature as compared to that of j#l,O; is related to the
on these catalysts is a multistep process obeying a singleifference in the CO surface coverage as a function of
site competitive LangmuirHinshelwood mechanism be-  temperature on the two surfac¥3 This kind of behavior
tween CO and @ which compete for noble metal surface. explains the larger range of operation for Pt catalysts in the

These catalysts are characterized by operating at highpRrOX reaction, whereas the Au formulation remains attrac-
temperature (about 470 K) and needing high oxygen excesstjve for low-temperature operation.

for complete depletion of CO, with the corresponding lack
of selectivity. However, they are resistant to deactivation by m
water, although slightly inhibited by GO The key for O Fulure Opportunities

improving CO oxidation is to add sites for oxygen adsorption  There are many challenges to be overcome before hydro-
to have a noncompetitive dual-site mechanism for CO gen can be widely used in energy schemes. Hydrogen
oxidation. Following this line, new catalyst formulations are production, storage, and use are mature technologies that
being developed by addition of promoters that enhance efficiently deliver large quantities of Ho industry. However,
oxygen adsorption. In this sense, Pt-based catalysts aremany existing hydrogen technologies require further devel-
promoted with Fe&35438 Ce#4 Co, Ni*546 and alka- opment aimed at improving performance and reducing costs
lines#47448Copper catalysts on alternative supports such as before they can be commercialized. As mentioned in this
ceria, ceriassamaria, or other ceria-promoted supports are review, the large-scale production of hydrogen from natural
also being developed in an attempt to provide selective gas and other available hydrocarbons through catalytic steam

PROX removes CO from Hrich gas streams by means
of catalytic oxidation with molecular oxygen. In this process
the main reactions involved are

CO+ Y,0,— CO, AHSgg = —283.0 kd/mol (32)

surface oxygen for CO oxidation at low temperatuf€g>° re-forming and other kinds of re-forming remains the
Extremely fine dispersed gold particles have been reportedcheapest source of hydrogen. Even when the cheapest
to be very active at very low temperaturé$.*42 However, production method is used (SMR), some authors deem that

they are very sensitive to the presence of,&GBd steam. hydrogen production is still 4 times the cost of gasoline
Using several oxide substrates, it has been shown that theproduction for the equivalent amount of enefg¥45° Ad-

reaction rates on gold particles of both CO andMkidations ditionally, production from methane does not reduce fossil
depend markedly on the choice of the support oxide. The fuel use or CQ@ emission. Furthermore, this methodology
variations in activity and stability are related to the different not only suffers from technical problems but also has
tendencies of the substrates to form surface carbonates, whiclthemical shortcomings in its advanced application for the
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hydrogen energy economy, typically related to the need for mountain-top removal, and power plant waste disposal
extremely pure hydrogen, for example, for fuel cell applica- remain a problem for even the most advanced coal-fired
tions. Such shortcomings of conventional hydrocarbon re- power plants and carbon sequestration technologies.
forming result in the production of Hmixed with carbon Clean biomass, which includes sustainably grown energy
oxides, which often demands stringent and energy-consumingcrops and sustainable retrievable agricultural wastes, could
extraction and cleaning of hydrogen from the syngas also be an important short-term source of hydrogen for fuel
obtained. cell vehicles and electricity generation. Clean biomass is a
Some improvements in the present technologies for the proven source of renewable energy that is now used for
bulk production of H could be achieved with new catalytic ~generating heat, electricity, and liquid transportation fuels.
systems able to inhibit the formation of carbon deposits and Clean biomass is an appropriate precursor to produce
enhance surface re-forming reactions. Operative re-formershydrogen through a process in which the biomass is
are heat transfer-limited rather than reaction rate-limited and converted to a gas and hydrogen is extracted. Virtually no
are loaded with large excesses of catalysts to reach the spacget greenhouse gas emissions result because a natural cycle
velocities required in the process. Improved or new alloys iS maintained, in which carbon is extracted from the
for the tubes of the re-former as well as improved method- atmosphere during plant growth and is released during
ologies for the transport of heat from the outside to the hydrogen production. Replanting and reforesting are pre-
reaction zone are expected to increase overall yield andrequisites for maintaining a renewable hydrogen supply from
performance. Microchannel reactors are one of the mostbiomass.
attractive options for reducing capital costs by intensifying  There is growing concern about the potential worldwide
reactor equipment and for reducing operating costs by environmental impact that will come from the vast amounts
improving heat and mass transfer. Experiments conductedof carbon dioxide that are released from the combustion of
at contact times below 1 ms in a 0.28 mm thick porous fossil fuels. Possible impacts range from global warming to
catalyst structure held adjacent to the flow gap have shownthe acidification of the ocean. Unless action is taken, future
that a greater than 98% approach to equilibrium methane carbon dioxide emissions will dwarf those produced to date.
conversion can be achieved. Los Alamos National Laboratory (LANL) leads a number
Other no less important research areas include gaining a0f scientific efforts to isolate and dispose of carbon dioxide
precise knowledge of the chemical and physical processesPefore it ever reaches the air and to remove carbon dioxide
involved in re-former operation. These include (i) sulfur from the atmosphere directly.
passivation of highly active surface sites; (i) growth of metal ~ The stability of the world’s economy depends on abundant
particles of the active phase due to thermal sintering; (iii) energy. For economic reasons, the energy supply has been,
metal dust formation; and (iv) efficient use of energy. and inall likelihood will continue to be, dominated by fossil
Because sulfur is present in most feedstocks, efforts shouldfuels, which are still plentiful. Limiting energy use to curtail
be made to address S removal as well as to develop improved-arbon dioxide emissions would stifle economies and leave
S tolerant catalysts. Because re-forming reactions operate athe majority of the world impoverished, because energy use
temperatures above 1000 K, the sintering of nickel crystallites is an enabling agent for wealth. Left unchecked, however,
limits catalyst performance. Therefore, a better understandingthe atmospheric concentration of carbon dioxide will double
of the factors responsible for particle agglomeration and waysin the next 50 years. This doubling will take atmospheric
to prevent this should be explored in detail. An understanding carbon dioxide levels well beyond the highest levels recorded
of the chemical processes involved in the corrosion of the in geologic strata, dating back 10 million years, with the
reactor walls and dust formation is needed, as well as potential for severe global impacts.
investigation of the factor(s) responsible for dust formation.  For permanent sequestration of carbon dioxide, enhanced
Approximately 50% of the fuel spent to heat SMR tubes is mineral carbonation is being explored. This is an accelerated
indeed used to make,Hthe other 50% is recovered in steam version of the natural process that has maintained atmo-
but is not useful for making additional,HResearch aimed spheric carbon dioxide levels at geological time scales.
at unraveling more efficient ways to utilize energy in SMR LANL has pioneered the research to react carbon dioxide
operations must be conducted with a view to increasing with naturally occurring magnesium and calcium silicates
efficiency and reducing COemissions. to form stable carbonates, either by an industrial, above-

To take full advantage of the environmental benefits of 9round process or by the injection of supercritical carbon
hydrogen, low carbon emitting, low-polluting, low-cost dioxide |n.t(_J apprqprlate geological stratfa._Enormous deposits
hydrogen production systems are needed. Today, hydroged?f such silicates in thg form of serpentinite rocks are found
production at large scale is performed by re-forming or In @ number of locations. Future power plants could be
gasification of fossil fuels. These are well-established Io_cated near th_ese dep03|_ts, _allowm_g |mmed|ate, permanent
technologies but produce massive amounts of carbon dioxide disposal of their carbon dioxide emissions.

Carbon sequestration is a process for permanently storing In the 21st century, all of these methods used in some
CO, gas in geologic or ocean reservoirs. If proven to be safe, combination could enable human-dominated systems to
permanent, and environmentally benign, sequestration couldcontinue to grow while maintaining the natural environmental
be used to reduce atmospheric #nissions from burning  balance of the planet.

coal and other fossil fuels, potentially making them more  There is a need to develop nonconventional processes for
acceptable sources of hydrogen or electricity in the short H, production. One emerging technology is the decomposi-
term. However, producing hydrogen from coal can never be tion of methane, either in the presence of catalysts or via
an option unless such carbon can be stored safely for theplasma activation, to carbon ang,Hilthough its industrial
long-term without other adverse environmental impacts. The application seems to be questionable, taking into account the
safety and long-term viability of storage are uncertain, and high energy required to split €4 bonds of the CH

the adverse environmental and health impacts of coal mining,molecule into C and K The advantage of this process is
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the possibility of coupling this Hsource with fuel cells, the
electrocatalysts of which tolerate CO levels up to 10 ppm.
Whichever process is used for the production of the

fundamental objective must be to transform carbon into an
inactive form that may lead to excessive carbon accumulation

in Earth’s atmosphere.
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