3992 Chem. Rev. 2007, 107, 3992—-4021

Methanol Steam Reforming for Hydrogen Production

Daniel R. Palo*

Microproducts Breakthrough Institute, Pacific Northwest National Laboratory, Corvallis, Oregon 97330

Robert A. Dagle and Jamie D. Holladay

Pacific Northwest National Laboratory, Richland, Washington 99354

Contents

1. Introduction
1.1. Scope and Background
1.2. Methanol Production and Use
1.3. The Case for Methanol
1.4. Previous Reviews
2. System Challenges
2.1. Balance-of-Plant
2.1.1. Thermal Management
2.1.2. Water Management

2.2. Military Requirements versus Consumer
Needs

2.3. Competing Technologies
2.3.1. Low-Temperature Direct Fuel Cells
2.3.2. Nonmethanol Fuel Processing
2.3.3. Hydrogen from Other Sources
2.3.4. Summary of Competitive Technologies
3. Catalyst Development
3.1. Copper-Based Catalysts
3.1.1. Reforming Mechanism
3.1.2. Composition and Active Components
3.1.3. Deactivation
3.1.4. Promotion Effects
3.1.5. Preparation Method
3.2. Group VIII Metals
3.2.1. Palladium—Zinc Alloy-Based Catalysts
4. Reactor and System Development
4.1. Low-Pressure Reforming Systems
4.1.1. Metal Reactors
4.1.2. Glass and Silicon Reactors
4.1.3. Ceramic Reactors
4.1.4. Reactor Comparisons
4.2. Membrane-Based Systems
4.2.1. Modeling and Simulation
4.2.2. Membrane Reactor Development

4.2.3. Membrane-Based Power System
Development

4.3. Other Methods of Reaction Enhancement
5. Summary and Future Prospects
6. Acronyms
7. References

* Corresponding author: 1000 NE Circle Blvd, Building 11, Suite 101,
Corvallis, Oregon 97330; dpalo@pnl.gov; (541) 713-1329.

10.1021/cr050198h CCC: $65.00

3992
3992
3994
3994
3997
3997
3997
3998
3998
3998

3999
4000
4000
4001
4002
4002
4002
4002
4003
4003
4003
4004
4004
4004
4006
4007
4007
4010
4011
4012
4012
4013
4014
4015

4016
4017
4017
4018

Received January 8, 2007

1. Introduction

1.1. Scope and Background

Recent years have seen an enormous amount of funding
directed toward fuel cell research and development based
on different fuel sources and fuel cell types. The number of
small and large companies that are seriously working on fuel
cell development is incredible, as seen in the roster main-
tained byFuel Cell Todayonline! One of the most popular
fuels in these endeavors is methanol, whether used directly
or preprocessed by reforming, partial oxidation, or decom-
position. This review is intended to give the reader a broad
look at the research and development activities being
undertaken by groups from universities, government labo-
ratories, nonprofits, small businesses, and large industrial
interests. As would be expected in a research area of this
type, where intellectual property is paramount, many of the
details and much of the activity are not reflected in the open
literature. We have sought to bring together the available
published research activities along with what can be found
of the ongoing industrial development effortwhich are,
understandably, harder to come by.

The number of publications, conference presentations, and
patents dealing with methanol steam reforming has grown
tremendously in recent yeatss illustrated in Figure 1. The
rapid increase in publications from about 1998 reflects the
recent emphasis on fuel cell research undertaken by academ-
ics, government labs, and industry, and parallels the drastic
increase in publications and conferences dealing with fuel
cells, including the incorporation of fuel cell symposia within
larger professional meetings of the AIChE, ACS, ASM, ECS,
IECEC, IMRET, and others.

The purpose of this review is to give the reader an
understanding of recent developments in this field relative
to other fuels and reforming technologies. We provide an
overview of methanol steam reforming from the perspective
of catalyst development and mechanism understanding as
well as reactor and system development and demonstration.
Every application will have its own unique considerations
and requirements, leading to different approaches to convert-
ing methanol to a suitable hydrogen stream.

In describing methanol steam reforming, we have limited
our discussion almost exclusively to what is traditionally
known as catalytic steam reforming (SR). Other methods,
such as partial oxidation (POx), methanol decomposition,
and autothermal reforming (ATR), are not covered in depth
but are discussed only by way of contrast. In fact, the vast
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Figure 1. Publications on methanol steam reforming by year, from
1967 through 2006, according to Chemical Abstracts Service.

CO production does not translate to other hydrocarbon fuels.
The reason is that heavier fuels (i.e., those with@bonds)
require a different conversion mechanism, so SR does not
yield the same advantages over POx/ATR for these fuels.
Put another way, methanol reforming can proceed through
a non-CO-based mechanism, allowing for below equilibrium
concentrations of CO in the reformer exit stream given the
right catalyst and reaction conditions. This is described more
fully in section 1.3.

Military interest in methanol-fueled fuel cells dates back
at least to 1964, with the reported work by Heffner et al. of
the M.W. Kellogg Company, who investigated hydrogen
generation by methanol reforming for use on U.S. Navy
submarineg.Since then, dozens of military fuel cell develop-

majority of the investigations of hydrogen production from ment and demonstration projects have been conducted,
methanol have focused on steam reforming, as it offers including everything from fundamental research on fuel cell
specific advantages over POx, ATR, and decomposition, components up to full system demonstrations and field trials.
especially when considering hydrogen yield and CO produc- Military interest in fuel cell systems is based on a number
tion and subsequent mitigation. The advantage that SR hawf perceived advantages, including silent operation, higher
over the other methanol conversion methods in regard to low efficiency/energy density, longer run time between “charges”,
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Table 1. World Methanol Supply and Demand History and Outlook for the Years 2004-2010, Expressed in 1®Metric Tons (Source:
Jim Jordan and Associates, 2006, Used by Permissidf)

2004 2005 2006 2007 2008 2009 2010
DEMAND
formaldehyde 13476 13969 14449 15034 15363 15869 16414
MTBE 6481 5962 5258 3661 3439 3189 3214
acetic acid 3592 3781 3922 4190 4348 4428 4528
methyl methacrylate 1048 1086 1130 1164 1202 1234 1266
DMT 645 657 668 678 692 705 720
total petrochemicals 25242 25455 25427 24727 25044 25426 26142
gasoline/fuels 1165 1798 1941 3152 4302 5302 5850
solvents 1228 1274 1298 1331 1358 1387 1412
miscellaneous 5486 5745 5926 5723 5740 5711 7477
total other uses 7879 8817 9165 10206 11400 12400 14739
total demand 33121 34272 34592 34933 36444 37826 40881
SUPPLY
capacity 37367 39556 42500 43439 46639 49439 50739
production 33121 34272 34592 34933 36444 37826 40881
total supply 33121 34272 34592 34933 36444 37826 40881
operating rate (demand/capacity) 89% 87% 81% 80% 78% 7% 81%
and lighter loads. Military applications range from subwatt 2CH,+ 3H,0— CO+ CO,+ 7H, Q)
(sensors) to multiwatt (soldier power, sensors), tof1@@tt
(battery charging, auxiliary power), to multi-kilowatt (aux- CO, + 3H, <= CH,OH + H,0O (2)

iliary power, silent watch, base powérjn smaller power

levels, methanol has received a lot of attention despite the In the 1960s, very active Cu-based catalysts were devel-
military’s desire to deploy one fuel forward. For many in oped, revolutionizing this proce8sToday, a finely tuned
the military, methanol is seen as “tolerable” within this CuO/zZnO/ALO; composition is used. Most researchers agree
context for small power, because it can be prepackaged andhat, by using the commercial Cu catalyst, methanol is
treated much like other nonfuel logistics items (e.qg., batteries, synthesized only from CO(eq 2) and that CO does not
ammunition). For some decision makers, methanol is seendirectly take part in the synthesisiowever, CO is involved

as a near-term opportunity to increase deployed energyin the process through the water-gas shift (WGS) reaction:
density over current battery technology while waiting for
solutions to come online that efficiently utilize logistics fuels
such as JP-8 in fuel cell systemdVhere methanol is
concerned, two main technologies have emerged in an effort Thus, the equilibrium reactions (eqs 2 and 3) must be
to fulfill the military requirements for portable power, namely considered simultaneously in methanol synthesis over Cu-
direct methanol fuel cells (DMFCs) and reformed meth- based catalysts. The mechanisms involved for these reactions
anol fuel cells (RMFCs). Commercial interest in methanol are quite complex, and the literature abounds with discussions
power to replace or augment lithium-based consumer bat-concerning detailed kinetic and mechanistic studies for
teries has also seen the competition between DMFCs andmethanol synthesi€:'!

RMFCs, each of which has its advantages and disadvantages. The effectiveness of Cu-based catalysts in the production
We describe DMFCs and some other direct fuel cells briefly of methanol naturally led to their investigation in the steam
in section 2. reforming of methanol, which can loosely be seen as the
reverse of reaction 2, but with the addition of excess steam
to drive reaction 3 to the right. Various catalysts used for
converting methanol to hydrogen are described in detail in
section 3.

World demand for methanol is driven by chemicals
production applications, with the majority of methanol
capacity going into the production of formaldehyde, MTBE
(declining), acetic acid, fuels, and solveftd3Total world
demand for methanol in 2005 was nearly 32 million metric
tons, as shown in Table 1, and continues to rise, as seen in
the projected values through 20¥0ver the period 2004
2006, world demand for methanol has slowly but steadily

CO+ H,0< CO,+H, ©)

1.2. Methanol Production and Use

Methanol has a long history and is currently a worldwide
commodity important in many respects. The first commercial
methanol process, based on the destructive distillation of
wood, dates back to 1830, and the first synthetic methanol
plant was commercialized by BASF in 1923. Since then,
methanol has become one of the largest volume commaodity
chemicals produced in the wortdviethanol can be produced
from a variety of sources, including natural gas, coal, and
biomass through a syngas-to-methanol route. Alternatively,

the direct oxidation of methane also yields methanol, either increased, while overall capacity has more than kept pace,

thermocatalytically or through bioprocessing. However, due indicated by the somewhat decreasing operating rates shown

_to low yle_lds, these processes are not _econon‘iubllt - for the same time period. That is, worldwide capacity exists
increased interest has recently been shown in these alternativi at could absorb additional demand from new anplications
routes, driven by a desire to replace fossil fuels and address PP '

global climate concerns.

For commercial purposes, methanol is primarily formed 1.3. The Case for Methanol
from natural gas through a syngas route. Steam reforming Methanol is a unique and advantageous fuel in many ways,
of methane produces a mixture of @O, and H according which explains the large amount of interest in it as a
to eq 1. Syngas is then converted to methanol at-Z1D hydrogen carrier for fuel cell applications. Methanol has a
°C over Cu/ZnO catalysts according to eq 2. high H/C ratio (4:1), equal to that of methane. It is a liquid
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Figure 2. CO concentration in dry reformate as a function of
reactor temperature. Equilibrium (solid dark line) and reactor results
(data points) obtained for S/€ 1.2 at methanol conversiors
95%. (Reprinted with permission from ref 15. Copyright 2005
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atures, unlike methane or liquefied petroleum gas (LPG). It -_ ) ) ) )
has a low boiling point (65C), which allows for facile F'Q‘:re 3. Freez'?g p?.'”t defpress'on t.’t?ha"'gr (t)f methalmtefr
vaporization in roughly the same temperature range as thatf>" 1e® 35 & é’r?]?s'tcr’;‘ an C;@gg;{?lneé,,az%o%oznagf T
for water. , ) ) _ Ulimann’s Dictionary).1

In terms of environmental impact, methanol is readily
metabolized by ambient organisms in the environment, and
because it is miscible with water, methanol spills do not
spread over wide areas of open water the way oil and
gasoline spills do. An example given by Short reveals that
an instantaneous release of 100,000 tons (300 million gallons)
of methanol into the sea would result in a concentration of
0.1% within a 1-mile radius, at which point the methanol
would be readily metabolized by marine lif&This effect
is minimal when contrasted to the release of an equivalent . o
amount of oil or gasoline. advantage in terms of fuel handling in the system. For

Methanol can be converted to hydrogen at lower temper- INStance, if water recycling is not required, the fuel can be
atures (156-350 °C) than most other fuels>(500 °C) precisely premixed and prepackaged in fuel cartridges. Even

because it contains no carbecarbon bonds that must be if the fuel is not premixed, the mi'scib.ility of Water and
broken, and unlike methane, it is easily activated at low Methanol allows the system to be simplified by providing a

temperatures. Low-temperature conversion leads to low SIN9€ inlet stream to the fuel processor, as well as the use
levels of CO formation, even if the catalyst provides no °f & Single vaporizer. Another advantage of methanol's
special mechanism for selectivity of Gover CO. However solubility in water is the depressed freezing point associated

it should be noted that operation at low temperature without with metha_nol/water mixtures, as _shown in Figure® 3
a catalyst and at long residence times will lead to high levels For the typlgal range of operation in methanol reforming
of methane, which defeats the purpose of reforming the (4560 wt % :cnethanool), the freoezmgd.p(.)lnt O('; the fuel
methanol in the first place. Given a sufficiently active catalyst ][nlxture ranges fror-44°C to —74°C, a distinct advantage
that promotes the reforming of methanol at high space or cold-weather deplgyment of methanol-fu_eled sy.stems.
velocities, methane formation is not a concern. The effect Because methanol is inherently a synthetic fuel, it does
of operating temperature on product selectivity is illustrated Not suffer from sulfur contamination the way that typical
in Figure 2, which shows the equilibrium CO concentration automotive or residential fuels do. This is a big advantage
in dry reformate (dashed line), based on a steam/carbon ratiovhen it comes to fuel reforming, as the system needs neither
(SIC) of 1.2%5 The plot also indicates data points obtained @ front-end desulfurization operation nor sulfur-tolerant
by Palo et al. for a Pd-based reforming catalyst in a catalysts to operate on methanol.
microchannel reactor at high throughput, showing the ad- Although the militaries of the U.S. and other countries
ditional CO avoidance advantage that can be obtained using(e.g., Canada, U.K., Australia) have shown interest in the
selective methanol reforming catalysts at higher operating use of methanol as a fuel for portable power systems,
temperatures. In this case, the kinetics could be increasedmethanol suffers from a major flammethanol is not diesel
200-fold by operating at 368325°C, while maintaining CO fuel and methanol is not JP-8. The U.S. military has a less-
concentrations equivalent to those predicted thermodynami-than-fully implemented policy of “one fuel forward”, but a
cally at less than 200C operating temperature. The low policy nonetheles3For small power systems, the military
temperature of methanol conversion is important for system has seen methanol as an initial entry point for portable power
material selection as well as heating and insulation, all of systems that can exceed the energy density of primary
which can lead to a smaller, more efficient system. batteries and allow the insertion of fuel cell technologies into
While not currently economically viable, bio-based sourc- military applications before JP-8 fueled systems are ready
ing of methanol is an intriguing possibility. Recent demon- for demonstration.

strations, pilot plants, and production plants are producing
methanol from such diverse bio-based resources as landfill
gas, hog manure, sugar beets, driftwood, rice straw, and paper
mill black liqguor.” Methanol is most often produced from
natural gas, but it could also be made from coal, which
represents an abundant resource in the U.S. and has received
much recent attention as an alternative to crude oil.

Methanol is miscible with water, which is a distinct
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Table 2. Calculated Hydrogen Yields Based on the Carried 100
Weight (Adapted from Trimm and Onsan, Copyright 2001 from o0
Catalysis Reiews Adapted by Permission of Taylor & Francis [ MeOH
Group, LLC, http://www.taylorandfrancis.com.) & 80
Gasoline
indirect partial oxidation direct partial oxidation _ 70 _
fuel water/fuet yield®  water/ffuet  yieldP i®
methane 2.8 690 0.8 1470 B %
propane 3.9 1310 2.7 1300 §
iso-octane 10.1 1220 7.2 1250 30
methanol 1.0 1070 0.8 250 2
2 Water/fuel= moles of water per mole of fuel fed to the reaction 10
system Yield = volume of K produced per mass of total fuel/water
fed [mL g71]. o
Source Wellto Sta. Reformer B./Stack Mech.Pow er

Figure 4. Well-to-wheels efficiencies for methanol (from natural
gas) and gasoline, without accounting for the penalty to polish
gasoline to fuel processing grade. (Reprinted from ref 17, copyright
2002, with permission from Elsevier.)

Table 3. Fuel Energy Density and FuetWater Energy Density
for Several Common Fuels Considered for Steam Reforming for
Fuel Cell Systems

fuel energy density  fuel—water energy density

fuel (kwhkg™) (kwhkg™) energy density values reveals two important considerations.
methane 13.9 4.3 First, the energy density of methanol is about half that of
propane 12.7 3.7 typical hydrocarbon fuels. Second, the net energy density
iso-octane 12.3 35

of methanol is roughly the same as that for the hydrocarbon
fuels when the stoichiometrically required water is consid-
* Fuel-water mix represents the stoichiometric requirement for steam ered. This second point is important for systems that do not
reforming, defined as a molar S/C ratio of 2.0 for hydrocarbons and include active water recovery from the fuel cell and/or
1.0 for methanol. .
combustor, as would be the case for some of the simple
portable systems under development. Obviously, though, if
The tradeoffs among various fuels for hydrogen production water recovery were implemented, the significant energy
are numerous, and decisions are made based on whictdensity disadvantage for methanol remains.
parameter is deemed most important for the system being A similar analysis by Joensen and Rostrup-Neil$éor
considered. From a health and toxicity point of view, onboard reforming applications compared methanol to
methanol is worse than some but better than others. Forgasoline on a well-to-wheels basis, as shown in Figure 4.
instance, Short states that, broadly speaking, methanol is safelThey concede that methanol conversion is less complex than
than gasoline but less safe than diéééhgestion is the main  that of gasoline and is thus more efficient onboard a vehicle.
concern with methanol, as it produces formic acid in the However, since methanol requires more energy to manufac-
human body when metabolized. Unlike gasoline or diesel, ture, as from natural gas, the well-to-wheels analysis shows
methanol does not cause vomiting when ingested, so anythe two fuels being nearly equal in net energy.
ingestion that is not dealt with quickly will result in the An onboard hydrogen production study conducted at Los
formic-acid metabolism route internally. Short also cites a Alamos National Laboratory yielded similar results as
study by the Health Effects Institute regarding both liquid mentioned above when considering several common fuels
absorption through the skin and vapor absorption through and the two main conversion methods of steam reforming
the lungst* The conclusion was that methanol’'s overall rate and partial oxidatiod? The study included methanol, ethanol,
of absorption was much less than its rate of metabolism, evenmethane, gasoline, diesel, and jet fuel, and resulted in
in a worst-case scenario of exposure. theoretical process energy needs assessments for each fuel.
For large-capacity consumer applications, such as auto-lImportant conclusions included the following:
mobiles, any fuel must be readily available in large quantities (1) steam reforming of methanol required about the same
and have a distribution network that can support such atheoretical energy input per kilogram of usablgas that of
market. The same can be said for large stationary applica-any of the other fuels considered (145 J képr methanol,
tions, where infrastructure-ready fuels such as natural gas141-148 J kg* for the others);
and LPG are preferred.For other niche applications, where (2) this energy input was lower than was required for the
a fuel is likely to be packaged in discrete quantities, other partial oxidation route using gasoline, diesel, or jet fuel (169
fuels can come into the picture. J kg™); and
As Trimm and Onsan point out, the choice of a fuel and  (3) the reforming of methanol produced an order of mag-
a conversion system is not a trivial offen their review of nitude less CO than the other fuels (0.8% versus2%%).
on-board fuel conversion options, they compare methane, In conclusion, the author suggested that, for onboard
propane, iso-octane, and methanol for indirect partial oxida- reforming applications, methanol was the fuel of choice and
tion (steam reforming) and direct partial oxidation, as listed should be processed with a combination of partial oxidation
in Table 2. In either case, the hydrogen yield for methanol (for rapid startup and transient response) and steam reforming
is lower than that for the other fuels, except in the case of (for steady-state efficiencyy.
indirect partial oxidation of methane. The hydrogen yield If various fuels are compared on the basis of hydrogen
was defined as milliliters of Hproduced per gram of fuel/  content, methanol is at a distinct disadvantage, as shown in
water utilized. Table 4. The table lists the weight percent hydrogen
Another way to look at the issue is on a raw energy density contained in the neat fuel compared to the weight percent
basis, as shown in Table 3 for the same fuels that were hydrogen per fuel when adding “free” water as recovered
investigated by Trimm and Onsan. This comparison of from the fuel cell cathode in an integrated power system.

methanol 5.6 35
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Table 4. Hydrogen Content and Reformed Hydrogen Content of nisms. A year later, a review of fuel processing catalysts by

Cell Applications references, but providing little detail. From a materials
hydfogeg content  reformed hydgogen content perspective, researchers at Englehard Corporation provided

fuel (wt %) (wt %) an extensive review on “material needs for hydrocarbon fuel

methanol 12.6 18.9 processing®’ but they dedicated only a few paragraphs and

ethanol 13.1 26.3 four references to methanol reforming catalysts in a publica-
Eﬁ)’:;;%”e ig'g ig'% tion that describes several fuels and various conversion and

methane 251 503 cleanup methods. In 2004, Holladay and co-workers pub-

o lished a review focused on portable (subwatt to several
aReformed hydrogen content indicates the amount of ngt H

. ; hundred watts) hydrogen production specifically using mi-
produced as a percentage of the fuel weight, assuming complete .
conversion to C@and H, utilizing recycled (i.e., “free”) water within __croreactor technologi?. Since much of the portable power
the fuel cell system. It represents a theoretical maximum hydrogen Work in the literature has been based on methanol, there is
content for each fuel in an ideal steam reforming system. some overlap with this current review, but only where
microreactors and methanol reforming intersect. Similarly,

This is the opposite assumption than was used to generatéOther microtechnology review looking at industrial ap-

Table 3. It assumes a complex fuel processor/fuel cell systemPlications of microchannel reactors in the United Stites

in which liquid water is recovered from combustion and/or Provides a brief overview of methanol steam reforming as

fuel cell exhaust streams. The values of hydrogen contentPart of @ much larger discussion. .

are calculated based on the idealized conversion of all carbon Unlike any of the previous works mentioned above, we

to CO, and all hydrogen to H (that is, no methane here seek to review methanol steam reforming progress as

production). In the case of a nonoxygenated hydrocarbon,applied especially to fuel cell applications. Other similar

the advantage comes in the addition of two moles gbH  Processes, such as partial oxidation and autothermal reform-

per carbon atom, resulting in two additional moles of H ing, are described by way of background information but

obtained per carbon atom in the steam reforming process.are not the main focus of this discussion.

As a result, a fuel such as methane yields an effective

hydrogen content of over 50%. In contrast, methanol has 2, System Challenges

the lowest hydrogen content of any of the fuels listed,

whether on a neat basis or on a reformed basis. This is a The development of a methanol-based power system

distinct disadvantage for methanol relative to typical hydro- involves much more than simply the steam reformer and

carbons, or even ethanol. associated process operations. There are specific system
Because of many specific advantages, and despite somé&hallenges that have great bearing on which type of system

major drawbacks, methanol has its place in the fuel cell iS Selected, how it is operated, how it is deployed, and

arena, even if only in select applications. This is illustrated Ultimately how it performs in practice. In this section we

by the apparently waning interest in methanol as a fuel for seek to bring together the technical c_h_allenges r_elated to the

transportation-oriented fuel cells compared to the continued System as a whole, contrast the military requirements to

strong interest in methanol as a fuel for small or portable commercial needs, and briefly summarize the competing

power applications, whether DMFC or RMFC based. Ulti- technologies. The focus of this section will be on challenges

mately the end users, whether the consumer market or theln the portable power applications, which is where most of
military, will decide the extent to which methanol is utilized the methanol steam reforming work is directed. The obvious

as a hydrogen source for fuel cells, and this will depend on Need for a methanol distribution infrastructure and related
the weight given to the various system tradeoffs when issues regarding government regulations are beyond the scope

considering which fuel to use?® of this work. Interested persons are referred to organizations
such as the Methanol Institute (www.methanol.org) and the

1.4. Previous Reviews U.S. Fuel Cell Council (www.usfcc.com) for more informa-
tion.

A search of the open literature revealed no previously
published extensive and dedicated review of methanol steam 1 Balance-of-Plant
reforming for hydrogen production. This is the case despite
the fact that methanol steam reforming has been investigated Some typical system components for fuel cell balance-
for fuel cell applications since the 196G% and early of-plant (BOP), along with their availability, are found in
1970s??> 24 Some previous reviews were identified, however, Table 5. For transportable (10 kW te&250 W) and stationary
that have relevance to the present work. A 1996 paper bysystems, the components are readily available; however,
Amphlett et al. introduces the reader to the various consid- reliable and inexpensive components for portable systems
erations for the fuel conditioning system (i.e., CO mitigation) (<100 W) are more difficult to obtain, especially for the
for methanol-fueled terrestrial vehicle applications based on lowest power levels <10 W). Table 5 contains a general
polymer electrolyte membrane (PEM) fuel ceéfid.he report listing of the components, and it is recognized that specific
assumes initial conversion to be achieved by the standardresearchers and developers may or may not use all of these
Cu/ZnO/ALO; catalyst and focuses on the various means of components and may add others specific to their applications.
mitigating CO in light of the various PEM fuel cell anode For the lower power applications, the components tend to
specifications. Another review of onboard (vehicle) fuel be too large, too power hungry, or too expengi/€he old
conversion in 2001 by Trimm and Ons#nyreferenced rule of thumb was that the BOP will account for one-third
earlier, contains a section devoted to methanol reforming andof the mass and volume of a fuel cell power supply while
provides 19 references in a discussion about catalystthe fuel processor and fuel cell each account for one-third
formulations, activity, selectivity, and conversion mecha- on their own. However, with new developments in fuel cells
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Table 5. Balance of Plant Considerations for Stationary, Transportable, and Portable Fuel Cell Power Systefns

transportable

stationary (10 kW to 250 W) portable<100 W)
fuel cells expensive expensive expensive
pumps X X expensive
flow meters X X too large, power hungry, expensive
valves X X X
air movers X X inefficient, loud
filters X X X
mufflers X X relatively large
water management X X need orientation independence
radiators X X (large) too large
insulation/thermal management X X X
hydrogen sensor X X too large, expensive
CO sensor X X too large, expensive
electronics X X X
start-up battery X X X

a An “X” indicates that a component is commercially available and well developed.

and fuel processors, this may no longer be ##8:3% As the DMFC would need to operate at 0.5 V at 600 mA€m
fuel cells and fuel processors continue to shrink, the BOP in order to equal the efficiency of the PEM fuel cell system
may turn out to be the size-determining portion of the system. with methanol reforming. Current DMFCs operate at 0.4 V
The most consistent issue with the BOP components for at 300-400 mA cn%3% which, according to Ishihara,
most applications is that they are relatively expensive. corresponds to an efficiency of 32%Since portable devices
Research has indicated that, even with a demonstratedWill be in close proximity to people, the thermal management
increase in performance over batteries, many customers mays particularly important for safe operation. For portable fuel
not be willing to pay premium prices for fuel cell systefds. ~ Ccells, the device not only needs to be well insulated to
Therefore, it is necessary to reduce the number of Compo-e“mlnate hot surfaces, but also the exhaust needs to be cooled
nents and to decrease their cost as much as possible. Fosufficiently that it will not burn anyone. One of the
example, design of the fuel processor such that there is onlyweaknesses of the literature is that the majority of thermal
a small pressure drop on the air side of the system would Management assumes an ambient temperature-t20C,
enable the use of a less expensive and more efficient airbut the actual ambient temperatures can reach as high as 50
blower rather than an air compressor. For a portable device,’C.* Further development is required in this area for both
both mass and volume are at a premium. Many of the methanol and non-methanol systems.
components are rather large, and further development is
required to reduce their size. Multifunctional materials and 2.1.2. Water Management
unit operations will be key to the reduction in BOP Most reformers and fuel cells require water. Proper fuel
component number, size, mass, and ultimately cost. Two cell performance requires good ionic conductivity between
additional issues that need to be addressed for fuel cell-base@lectrodes and catalyst surfaces. For most polymeric mem-
power systems include thermal management and waterbranes, ionic conductivity is strongly dependent on the state

managemerig:30.32 of hydration of the membrarfé Strategies to manage water
include humidifying the fuel and/or oxidant or using an active
2.1.1. Thermal Management air blower to provide the oxidant and remove any excess

water! The water for steam reforming can either be carried,
. .y but with a significant weight penalty, or recycled from
impacts the system efficiency. Often enthalpy balances e thode and combustor exhaust, with a potential system

used to identify where energy is lost and how to improve enalty. For methanol reforming, the theoretical S/C require-

the system; however, an exergy analysis has been shown t‘f&ent is 1.0. In practice, excess water is used to reduce the
be more effectivé? " Exergy deals with the quality of amount of CO produced and avoid coke formatién.

energy in addition to the quantity available, and it can also Conventional water recovery uses a condenser and is

Eﬁe%siggl iﬁe%illuzfd glfefgtrﬁggl fgggscgrf]eesR/eer?%/éaiTﬁg gird ependent on gravity for the actual water separation from
HT ’ ", the gas. For portable and some aeronautical applications, it

example, Ishihara et . performed both an enthalpy and would be preferred that the device be orientation independent.

exergy analysis on a methanol reformer/PEM fuel cell system There has been some development work in this %rea

and a DMFC. The enthal analysis indicated that an . - . . .
enthalpy efficiency of 100%pv)\//as po)s/sible for the reformer/ Qond?rr]]5|ng an'd phas i sc?[paratlon us',[mgf'm%rowmlé technolq—
; . gies, those using wicks to segregate liquids and gases in
Zfﬁg?eﬁzsﬁgs, |ihn(1)i\tlé?jvt?)r<7 5%105 gl)jgrt%%haéniﬁgg;ﬁ rf(;/fe"’g(e)setrhatmicrochannel architectures, has been demonstrated in reduced
y ) ty 0 gravity (<0.04 g) and hypergravity=1.8 g) environment&’

waste heat from the fuel cell because of the low quality (8 P .
. " ; Measured performance indicated that the device was capable
C) of the heat. In addition, this type of study can be used of operating independent of its orientation.

to identify where other thermal recuperation could occur and
also the optimum voltage to operate the fuel cell for the sake o :

of efficiency. For instance, a recuperative heat exchangerz'ezéd'\gmtary Requirements versus Consumer

for the cathode air could be used to recover heat and increasé\I

the system efficiency. Interestingly, when the PEM system  Both the military and the consumer electronics industry
was compared to a DMFC system, the analysis revealed thatare interested in fuel cells for power supplies. Many fuel

Thermal management is important because it directly
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Table 6. Military and Consumer Needs (Adapted from Boltorf)

military consumer
feature criticality comments criticality comments
fuel H prefer logistics fuel and fuel flexibility, will L need to be higher energy density
accept methanol in some circumstances than batteries
operation environments H —45°C to 50°C* M
power quality H M
voltage M 24V preferred, US Mil Std 1332 L
noise signature H US Mil Std 1332 M
thermal signature H preferl °C difference between surface L meet safety regulations

temperature and ambient

weight M must be soldier portable H must be low weight
volume M must be soldier portable H must be compact
ruggedness H must be military hard, i.e., survive an M—L
electromagnetic pulse (EMP) etc.;
see US Mil Std 1332
high altitude operation H US Mil Std 1332 L
air contaminants H must be able to filter out battlefield M must filter out emissions from
contaminants as well as regular consumer environments such as
contaminant$® dust, low level sulfur, NQ PM, etc.
reliability H soldiers’ lives depend upon its operation M must meet consumers’ expectations
operation H minimal operator input required M
cost L H must be competitive
water management H make up water is relatively expensive L can add make up water
efficiency M—L H

a Criticality is how important this feature is: H high, M = medium, L= low.

cell providers view the military as a means to get their power supplies over 1 kW in capacity and preferred for
products into the market place (especially given the higher generators with lower capacity®>” However, due to the
price tolerance of the military) and therefore are trying to difficulties with high sulfur levels (up to 3000 ppmw), high
develop dual use products (i.e., products that have essentiemperatures required for reforming and combustion, high
tially the same function in a military or commercial environ- acoustic signature for most internal combustion systems, and
ment, but are generally ruggedized for military use). Con- emissions, methanol and other prepackaged fuels are con-
versely, the military often looks to leverage commercial sidered for use in military systems to fill the technological
availability with military needs to keep their own procure- gap until systems are developed which can meet military
ment costs down. Fortunately, there appears to be largespecifications$:3>5"The lower capacity systems are typically
overlap in the commercial and military needs, such as divided into two categories: Soldier Advanced Power
high-energy density (greater than currently available lith- Sources (average 25 W) and Portable Field Rechargers
ium ion technology), low parasitic power, simplified BOP, (150-500 W)32° Although there has been some development
high degree of safety, and wide power range. For meth- in methanol-powered auxiliary power units (APUs) and larger
anol-fueled power supplies, consumer applications rangegenerator sets in the pa8tthe logistics fuel requirement
from <1 W to >10 kW, whereas military tolerance of has substantially decreased interest in these systems. The
methanol-based fuel cells extends only up to about 1 advanced power source is expected to be a hybrid system
kw 284449 Indeed, there are some advocates of moving to a using fuel cells, batteries, and capacit#t$he power range
methanol economy rather than a hydrogen econdmyand of this system is close to the laptop power range—18
not without reason, since methanol is an excellent hydrogenW) for consumers, and the military is hoping to leverage
carrier and reasonable energy carrier, without the storage andheir systems with commercial development in an attempt
transportation issues associated with hydrogen. However,to reduce acquisition co3t.The portable field rechargers
methanol’s high toxicity may pose a problem for large scale are expected to be units which can be broken down into
reformers and transportation uses. This debate will continuepieces to spread the weight among the soldikable 6
in the market and the halls of government, where the currentcompares and contrasts the military and consumer require-
focus is squarely on hydrogen and hydrogen storage. ments for fuel cell systems, and as was stated earlier, there
The U.S. military has a great need for high-energy power is plenty of overlap in the requirements, though the priority
supplies and is investigating fuel cells as one way to fill this of each requirement will differ between the two types of
need!3953%5 The U.S. Army currently uses 27 different types application.
of batteries, 16 different chemistries, and 18 different . .
voltages® The average U.S. soldier in a Rifle Platoon for a 2-3- Competing Technologies
5 day mission carries 9 kg of batteries, not including batteries  Across each application space, various technologies are
for contingencies and for personal electronic devi€edf competing for the projected power markets that fuel cells
the batteries currently used by the U.S. military, 80% are compete in. Methanol reforming sees competition from other
primary (single-use) and only 20% are secondary (recharge-methanol conversion methods, especially DMFCs, but metha-
able)® The U.S. military would like to significantly increase nol as a fuel also sees competition from many other fuels
the use of secondary batteries to reduce battery cost andand their associated conversion methods, whether hydrocar-
improve logistics:3° The power requirements for the U.S. bons, ammonia, biomass, or even water by way of electroly-
military depend on the mission type, duration, and equipment sis. In the subsections below, we detail these competing
to be used; therefore, it is difficult to determine an ideal technologies before moving on to discussions of methanol
power size for development. Logistics fuels are required for conversion catalysts and methanol reforming systems.
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2.3.1. Low-Temperature Direct Fuel Cells fuel concentrations (up to 75 wt %) to be u$&d? and they
. . . also have a higher open circuit potential (1.45 V) than

There has been great interest in low-temperature d'reCtmethanoI (1.24 V) or hydrogen (1.21 YA However, uniike
fuel cells primarily for portable electronics, such as cell ethanol and methanol. formic acid is nonﬂamméble, but it
phones, PDAs, and laptop computers, but also for larger s 554 corrosive to skin at higher concentrations. One of
applications, such as automotive and APUs. The appeal ofy, o e significant challenges to this technology is that CO
this technology “?S In its apparent simplicity in fuel storage is formed at the anode as an intermediate in the decomposi-
and feed strategi€8.Direct fuel cells process the fuel on tion of formic acid, which poisons the anode catalyst.
the fuel cell anode to make protons and byproducts such asyjinough this poisoning is reversible, it does limit the
carbon dioxide. Unlike PEM fuel ceII_s operating on hydro- performancé?®In addition, the catalyst' typically Pt/Ru or
gen, there is no external fuel processing or hydrogen storagepy/pt alloy, loading is very ’higfﬁ ranging %rom 2.4'mg cr?
DMFC technology has received the most attention, as; g mg orm2. '

; o ;
described by many authafs,>* while other technologies, Borohydride materials have been used for hydrogen

, 68 1 ic acid : _ _ _
?Bﬁgpaé) e(igigng tdhi?gcotlbgl?fnlzif;/drg;r"eig;rfg;rgo undler storage, but since 2000, there has been increased interest in

development using them directly in fuel cell& The advantages of the

. borohydride systems include a high open circuit voltage
The challenges faced by the DMFC technology include . ; .
methanol crossover; high catalyst usage, which results in(OCV) of 1.6 V and high theoretical energy density. For

. i L o example, solid sodium borohydride has an energy density
higher cost; lower power density; lower efficiency (due to 1 oambi b i
methanol crossover); and shorter operable life compared toOf 9.3kwh k1g74, which is hlgher than that of neat methanol,
direct hydrogen systent85:64 Since methanol is highly 5.5 kW h kg %.""For practical systems, the NaBkhust be

: . e in a solution of typically 30 wt %, which reduces the net
soluble in the electrolyte and the anode reaction kinetics are . ) L e
slow, a small amount passes from the anode to the cathodeEN€"9Y density considerably. Significant development is still

wher t e t reduction n feleficency and recuces (SGLT [0 i chemity. Por  recen rview of diect
the efficiency of the cathode by causing a mixed potential Leon )e/t alt '

effect (decreased voltage by 25 to 100 mV, a chemical short- '

circuit) and a mass transfer effeet100 mV, due to reduced
gas permeability§® To minimize methanol crossover, the
methanol is usually diluted with water{2 wt % methanol) The three traditional techniques used to produce hydrogen
either by feeding diluted methanol to the cell or by diluting from hydrocarbon fuels include steam reforming (SR), partial

a neat methanol stream in the c®llThe need to minimize  oxidation (POXx), and autothermal reforming (ATR). SR of
the crossover effect results in either a reduction in power hydrocarbons is highly endothermic; therefore, it favors high
output or increased BOP complexity to control and monitor temperatures and requires an external heat source. POXx is
the methanol concentratiéAMuch effort is being given to  an alternative to steam reforming where the reaction heat is
decrease methanol crossover by improving the membraneprovided by the partial combustion of the hydrocarbon with
which inhibits methanol crossover or allows for higher oxygen. The third process, ATR, is thermally neutral, as it
temperature operation to increase the anode kirieti¢and combines steam reforming and partial oxidation in a mea-
to improve the anode and cathode catalysts and strifiré. sured ratio. Since all three processes produce large amounts
Current DMFCs typically use a Pt alloy catalyst at a loading of carbon monoxide, one or more WGS reactors are used.
of 2.0-8.0 mg cn? on the anodé® This is much higher  Since the POx and ATR processes are exothermic, they do
than the 0.20.3 mg cm? for both anode and cathode in  not need a complex, heated reactor. However, they either
direct hydrogen PEMFC¥:#1 Even with the higher catalyst require an expensive and complex oxygen separation unit,
loadings, DMFCs have a significantly lower power density or else the product gas is diluted with nitrogen from air.
(0.06 W cn1?) compared to PEMFCs (0.5 W c@) at Steam reforming is typically the preferred process for
ambient pressur®?®! Thus, more active area is required to hydrogen production, since it yields a high hydrogen content
achieve the same amount of power, ultimately resulting in a relative to the other method$.The reader is referred to
larger, more expensive stack. There has been relatively littleseveral in-depth review articles on hydrocarbon reforming
research published on the long-term stability of DMFCs, with for a deeper look into fuel processing than what will be

2.3.2. Nonmethanol Fuel Processing

results showing a 2,000 h operati®n?* which is signifi- presented her&.87-%
cantly less than that for PEMFCs, which have been shown Natural gas, propane, gasoline, and logistic fuels such as
to operate for more than 20,000%h. jet-A, diesel, and JP-8 are readily available. However, all of

DEFCs are similar to DMFCs, in that they use similar these fuels contain varying levels of sulfur, which must be
catalysts and have many of the same challenges. Theirremoved prior to reformation by SR, POx, or ATR, though
advantage is that ethanol is not as toxic as methanol andthe sulfur tolerance varies with each reforming method. For
that it has the potential for higher energy density, but liquid fuels, hydrodesulfurization is typically used to remove

currently DEFCs have lower power density. The primary the sulfur?:°* For gaseous fuels, such as natural gas and
research area for direct ethanol fuel cells has been thepropane, sorbents are typically employéd3.9

development of improved anode electrocatal§/sts For hydrocarbon fuels, the SR, POx, and ATR reactions
DFAFCs and direct borohydride fuel cells are more recent can pe generalized as follows:

innovations that try to keep the advantages of the DMFC

while addressing the low power and methanol crossover giaam Reforming

issues. Formic acid has a lower energy density than methanol

(213 kJ mot* versus 639 kJ mot). The DFAFCs have been C.H,+ mH,0 — mCO+ (m+ /,nH, (4)

shown to have 2 orders of magnitude smaller crossover flux

through Nafion than methanol, which allows much higher CH;OH + H,0— CO, + 3H, (5)
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Partial Oxidation secondary reactors are not necessary. However, if air or water
1 1 is present, then significant G@nd CO emissions will occur.
CoHn + 7,mO, — mCO + /;H, (6) The reaction, sans oxygen or water, can be written in the
following form:
CH,OH + ,0,— CO, + 2H, @) g
1
Autothermal Reforming C.Hp—nC + 7/;mH, (15)
1 1 1 1
CpH, + 1,mH,0 + 7/,mO, — mCO + (/,;m+ 1,n)H, Typical unit operations required for this system include
(8) vaporizers/preheaters, a pyrolysis reactor, and recuperative

1 N heat exchangers. One of the challenges with this approach
CH,OH + /,H,0+7/,0,—CO,+25H, (9) is the potential for fouling by the resulting carb#i.Due
to concerns over COemissions, pyrolysis may play a

Carbon Formation significant role in the future, since it can be performed in
C.H,—xC+C, H. , +xH, (10) ;gc: :0\;;,;%/4?085t0 recover a significant amount of the carbon
2CO— C+CQO, (12) 2.3.2.3. Plasma Reformingln plasma reforming, electric-
ity is used to create a plasma which provides energy and
CO+H,—~C+H,0 (12) the free radicals needed for reforming reacti$is'* When
— water or steam is injected with the fuel;,HOH, and O
CO Oxidation radicals are formed with the electrons creating conditions
CO+ 0,— CO, (13) where both reductive and oxidative reactions can o&gur.
Proponents maintain that plasma reforming offers many
H, + 1/202 —H,0 (14) advantages, such as lack of catalyst, smaller system size and

weight, lower temperature of operation, faster response time,

By optimizing the operating conditions and using selective fuelinsensitivity, and lack of poisoning consideratiéfis:*+1°
catalysts, fuel processing reactors are designed to maximizel he main disadvantages include the electrical requirements
hydrogen production through reactions @ while seeking and significant electrode erosion at elevated presstifes.
t0 avoid reactions 1012 and 147.30.8790.96 2.3.2.4. Aqueous Phase ReformingAqueous phase

Unlike methanol reforming, hydrocarbon fuel processing reforming can also be used to process oxygenated hydro-
typically requires high temperatures §00 °C) 27.30879096 carbons or carbohydrates to produce hydrogeén!4 These
The catalysts can be divided into two typesase metal ~ reactors operate at pressures up te-26 MPa and temper-
(typically nickel) and noble metal (typically Pt or Rh based). atures of 226-750 °C. The reforming reactions are rather
Due to severe mass and heat transfer limitations, conventionacomplex but can be summarized to follow the reaction
steam reformers are limited to an effectiveness factor of Pathways in reaction 4 for reforming followed by reaction 3
catalyst which is typically less than 5% Therefore, the  for the WGS The research to date has been focused on

activity of the catalyst is rarely the limiting factor with ~Supported group VIiI catalysts, with Pt/A); being the most
conventional reacto@, so less expensive and less active aCt|Ve, but nickel-based ones are also attractive due to their
nickel catalysts are used widely in industry. low cost* _ _ o _ .
2.3.2.1. Partial Oxidation and Autothermal Reforming. 2.3.2.5. Ammonia Cracking.Ammonia is an inexpensive
Hydrocarbon POXx is being used in many of the larger scale fuel and has been proposed for use for fuel cells for portable
hydrogen production systems, such as for automobile fuel Power applications?>*1>11%uyre ammonia has an energy
cells18.98-100 The noncatalytic partial oxidation of hydrocar- density of 8.9 kW h kg, which is higher than that of
bons in the presence of oxygen and steam typically occursmethanol (5.5 kW h kg') but less than that of diesel or JP-8
with flame temperatures of 136500 °C to ensure  (13.2 kW hkg?).>* Ammonia cracking is endothermic and
complete conversion and to reduce soot formaffoA is regarded as the reverse of the synthesis reaction. In
catalyst is typically used in partial oxidation to reduce the industry, ammonia synthesis occurs at approximately 500
operating temperature; however, it is proving hard to control °C and 250 atn?® _ _ _
because of coking and hot spot formati&f.96.98100 K rym- Typical catalysts used in both ammonia synthesis and
menacher et & have had success demonstrating catalytic cracking include iron oxide, molybdenum, ruthenium, and
partial oxidation of decane, hexadecane, and diesel fuel. Thenickel. Unlike synthesis, cracking does not require high
high operating temperatures (860000 °C)*® may make pressures, and typically operates at temperatures around
their use for practical portable devices difficult due to thermal 800—-900°C.**>11%Even though ammonia has a high energy
management. Autothermal reforming adds steam to catalyticdensity and decomposes to hydrogen and nitrogen, there has
partial oxidation. Partial oxidation or catalytic partial oxida- Peen relatively limited development of hydrogen production
tion is used to generate the heat needed to drive the steanfystems based on ammonia compared to hydrocarbon
reforming reactions in this process. Many of the technical reforming systems.
Erslges e?l{ Othl'ggpe of reforming are discussed by Krurpétt 2.3.3. Hydrogen from Other Sources
2.3.2.2. Pyrolysis.Pyrolysis is the decomposition of In addition to hydrocarbon reforming, hydrogen is pro-
hydrocarbons into hydrogen and carbon in a water-free andduced by many other methods. A brief description of some
air-free environment®* Pyrolysis can be done with any of the most prominent is included here.
organic material. If no water or air is present, no carbon 2.3.3.1. Hydrogen from BiomassBiomass may be the
oxides are formed. Consequently, this process offers sig-only renewable organic substitute to petroleum currently
nificant emissions reduction. Since no CO or 4©present, known. In the United States it is second only to hydropower
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as a primary energy source among renewable resotirces. important as the ability to convert a fuel more efficiently
There are a wide range of biomass sources, such as animahnd with low emissions. In contrast, military desire for fuel
wastes, municipal solid wastes, crop residues, short rotationcells is driven by the need for higher energy density fuels
woody crops, agricultural wastes, sawdust, aquatic plants,and systems relative to primary batteries. This limits the
short rotation herbaceous species (e.g., switch grass), wastsearch to militarily relevant fuels with high-energy density
paper, corn, and many more. For hydrogen generation, thethat can be converted efficiently in portable or transportable
current biomass technologies include the following: gasifica- systems. From the perspective of agencies such as the DOE,
tion,}18-121 conversion to liquid fuels by supercritical extrac- the focus is on renewable fuel sources such as biomass and
tion, liquefaction, hydrolysis, and biological hydrogen pro- its associated products, like ethanol.
ductioni?2.123 We next turn our attention to the development of active
2.3.3.2. Hydrogen from Water. There has been a great and selective catalysts for methanol, which is a unique fuel
deal of research in splitting water to make hydrogen and compared to the hydrocarbon fuels and, thus, has unique
oxygen. In fact, its commercial uses date back to the 1890s. catalyst considerations.
It can be split into three categories: electrolysis, thermolysis,
and photoelectrolysis. Water splitting in its simplest form 3, Catalyst Development
uses an electrical current passing through two electrodes
typically in a regenerative fuel cell. The most common fuel
cell technology is alkaline based, but more PEMFC systems
are being developed for this purpodé 126
Thermolysis uses high temperature2600°C) to decom-
pose water to hydrogen and oxygéhl?’It is believed that
overall efficiencies of close to 50% are achievable using
thermolysis processé® One of the significant problems
with this technology is development of materials stable at
this temperature and also sustainable heat sotitanalysis
of the different cycles has determined that although great
progress has been made, they are still not competitive with
other hydrogen generation technologies in terms of cost and
efficiency124128
Photoelectrolysis uses sunlight to directly decompose water
into hydrogen and oxygen, and it is similar to photovoltaics,
excep{ thagt the photo%%thode and photoanodl?a are immerseg 1. Copper-Based Catalysts
in an aqueous electrolyg*12 Methanol transformation into gaseous mixtures rich in
2.3.3.3. Chemical Hydrides. Chemical hydrides are hydrogen can be performed in two ways, by methanol
chemical compounds that when heated or reacted with otherdecomposition,
compounds, such as water, release hydréggrhe hydrogen
release rate is controlled either by temperature (hydride CH;OH < CO + 2H, (16)
decomposition) or by mixing rate with water (hydroly-

sis)!3:1%2 There are many different types of chemical or by methanol steam reforming according to reaction 5.
hydrides, but sodium borohydride seems to be the mostThough the methanol synthesis (reaction 2), decomposition
developed® Typically, the sodium borohydride is dissolved  (reaction 16), and steam reforming (reaction 5) reactions are
in water, and these solutions typically contain abotiB8% different, similarities exist in that the products for all three
hydrogen by weight. To cause the hydrolysis reaction to of these reactions are adsorbed strongly on the active'8ites.
occur, the borohydride solution is passed over a catalyst, suchwhile the decomposition and reforming reactions are less
as cobalt or nickel borides, and ruthenit#** This  studied processes, the latter can be described as a reverse
chemistry has many advantages: it is nontoxic, stable at roommethanol synthesis. Over the Cu-based catalyst, similarities

temperature, safe, and odorless; the reactor bed operates ajetween the methanol synthesis and reforming mechanisms
room temperature; and it is easy to control the hydrogen have been showH.

generatiort3¥ 134 1ts major drawbacks include the high cost
of the material £$80/kg, which is approximately 50-fold  3.1.1. Reforming Mechanism
higher than the energy equivalent price of gasoline) and the

high energy requirements to fabricate and/or regenerate the,
material*30-131

Since low-temperature reforming of methanol is desired
due to its favorable thermodynamics (low CO concentration),
much emphasis has been placed on developing highly active
catalysts that provide the desired fast kinetics at low
temperatures. Most of this investigation has focused on Cu-
based catalysts, mainly as an outgrowth of the extensive use
of Cu-based catalysts in methanol synthé%islowever,
because copper has some significant drawbacks, including
deactivation, pyrophoricity, and high-temperature sintering,
groups have sought to either modify the Cu-based formula-
tions to address these issues or develop active and selective
formulations from group VIII metal$®® In this section on
catalyst development, we cover these two main categories
of catalyst for methanol steam reforming.

Methanol steam reforming over Cu-based catalysts was
riginally thought to have involved decomposition (reaction
16) followed by WGS (reaction 3¥. However, in recent
years, there is much evidence to suggest another pathway
including a methyl formate intermediate. The presence of
Obviously, the options for providing hydrogen to PEM methanol methoxy reacts to produce methyl formate, which
fuel cells are numerous. The number of sources as well ashas been shown to be the rate-determining step in methanol
the number of conversion methods are many and varied, andsteam reformindg®136.13"While some agreement exists in
in some cases, the hydrogen is meant to be produceddescribing the existence of formate intermediates, involving
remotely from its point of usein which case, the issue of a direct CQ product pathway, there appears to be some
hydrogen storage enters the picture. The choice of feedstockdiscrepancy in explaining the involvement of the decomposi-
depends on the underlying motivation behind the developertion and WGS reaction's:136
or user. For instance, if reduction of local air emissions is Some argue that WGS is somewhat unimportant, as
the driving force, then the type of fuel may not be as competitive adsorption favors methanol rather than€0O.

2.3.4. Summary of Competitive Technologies
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Others have shown a significant amount of CO to form even sintering. This explains why all modern copper catalysts
when methanol conversion was incompl&ferhis indicates contain one or more metal oxides to minimize thermal
that decomposition is taking place as well. It is argued that, sintering'*? It should be noted that the Cu-based methanol
while much slower than the reforming reaction, decomposi- synthesis catalyst is relatively less susceptible to sintering.
tion still must be accounted for in any kinetic mod&lSuch Differences include the higher temperatures usually needed
a model includes two prevalent active sites. One site activatesfor reforming and the differing partial pressures of reactants
the reforming and WGS reactions while the second activatesand product$;3with the latter inducing different byproducts,
decomposition. In this mechanistic explanation, decomposi- such as methyl formate, that promote deactivation routes via
tion occurs more slowly in the presence of water. Whatever pyrolysis!*® It is generally thought that deactivation from
the role that WGS may play in the reforming mechanism, the Boudouard reaction (reaction 11) via CO disproportion-
its equilibrium and kinetics must certainly be taken into ation appears unlikely. The GO ratios are quite high in
account3® WGS will occur perhaps to some degree, even methanol steam reforming, thus minimizing the thermody-
before all the methanol is reacted, and to a larger degreenamic driving force*® Sintering of the copper catalyst is
once all the methanol is convertédt should be noted that  also thought to be a function of steam concentration, as well
the mechanism for formation of the CO byproduct remains as temperature. Steam strongly promotes sintering of most
a controversial topic. oxidic metals‘*3 Also, the pyrophoric nature of copper when
Whatever the source of CO, measures must be taken toexposed to air is also a severe drawb#ck.
minimize it as much as possible for fuel processing applica- Thus, several routes for deactivation can occur on the
tions where CO is poisonous to the downstream fuel cell. copper-based catalysts. Copper crystallites are susceptible
Although mechanistic arguments are still in debate, it is to thermal sintering or to high steam concentrations. Poly-
generally observed that CO can be minimized by decreasingmeric deposition can occur, which is also temperature
the contact time, increasing S/C to facilitate the WGS dependent. Oxidation state changes of th&Qul active sites
reaction, and decreasing the temperature, which acts tocan cause decreased activity or undesired changes in

suppress CO thermodynamicalf. selectivity. Using the conventional methanol synthesis
N . catalyst as a template, much research in the last several years
3.1.2. Composition and Active Components has looked to optimize catalyst design for the methanol steam

reforming reaction. The focus has been on improved activity,

It is generally agreed that the active component on the minimization of CO selectivity, and increased durability.

CuO/ZnO/ALO; catalyst for any of the reactions, including
methanol synthesis, decomposition, or reforming, is copper. 3.1.4. Promotion Effects

A gooq catalyst formulation conFains_, well dispersed COPPer  Ceria has been the subject of much research in a variety
cystallites’ Generally, catalysts with high copper content give reactions, including methanol steam reformifgCeria

higher conversion and selectiviti€S. The role of ZnO is 135 een shown to affect the degree of dispersion as well as
regarded to be relatively minimal, but it is needed as a yoq4y hehavior and catalytic activit§ As such, Ce-based
textural support in segregating the Cu, which is highly ,iqe catalysts have also been extensively reviewed for the
susceptible to sintering. However, promotional effects of ZnO WGS reactiort#’ Liu et al. were among the first to report
add|t|ve54(gn Cu for the steam reforming reaction have beeny,q ¢a\oraple effects of cerium promotion for methanol steam
reported:®® The use of alumina creates a high surface area yoforming. Cu/Ce@catalysts were compared with Cu/ZnO,
support which serves to increase copper dispersion andCu/Zn(AI)O, and Cu/AJO; catalysts#6 The higher activity
decrease the susceptibility to sinterig.Just as there is ¢he Cu/Ce@catalysts was attributed to a higher dispersion
dispute concerning the details for the mechanism, there IS of the Cu metal particles and strong metalipport interac-
also dispute concerning the oxidation state of the active i, petween the Cu metal and the Gedpport. Improved
components. It is generally agreed that there is an optimumgapijity was also reported. Patel et al. has recently reported
balance between metallic €and oxidized Cufor maximum cerium-promoted CaZn—Ce—Al-oxide catalysts to have

activity/selectivity and this is a function of not only the joh4ved activity as well as suppressed CO formation when
catalyst preparation and composition but also the feed andcompared to CaZn—Al alone 4’ Cerium stabilization was
reaction conditions. also reported in a deactivation study. It was hypothesized
that ceria enhanced stability due to its high oxygen storage
capacity. The partially reduced ceria sites formed under the
Keeping an optimum oxidization state is an important highly reducing environment of the reforming atmosphere
feature of the commercial CuO/ZnOMa). This suggestion  produced the mobile oxygen that facilitated the coke
alone has allowed researchers to question the use of such gasification to inhibit coke deposition. Additionally, it is
catalyst system in a fuel processing environment where surmised that ceria increases the thermal stability against
changes in oxidizing condition are of concéfAHowever, sintering'#’ Cheng et al. reported the promotional effects of
the biggest problem with the Cu-based catalyst is the yttria-doped ceria (YDC}*® The addition of YDC to Cu/
tendency for copper crystallites to readily sinter at temper- Al,Os catalysts drastically enhanced activity. The enhanced
atures> 300°C **although many claim that the temperature activity was attributed to the increase of oxidized copper
of operation should not exceed 26C for conventional sites, CU. These sites were suggested to be more active than
copper-based catalyst¥.For metals, the predominant sin- the metallic copper, Ctt*8 The role of yttria in the YDC is
tering mechanism in the bulk is vacancy diffusion, which suggested to help facilitate the formation of the desireti Cu
suggests a relationship with cohesive enéfgidughs gave sites*® However, the addition of YDC decreased copper
the following increasing order of stability for metals: Ag dispersion, so copper dispersion was enhanced by adding
Cu<Au<Pd<Fe<Ni<Co<Pt<Rh<Ru<Ir< chromium oxidée:*®
Os < Rel*3145|n this analysis lies the rationale for why The promotional effects of zirconium have also been the
copper-based catalysts are more susceptible to thermafocal point for much research. Yong-Feng et al. reported,ZrO

3.1.3. Deactivation
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promotion to increase conversion and improve selectifty.

Palo et al.

over Cu/Zn/Al-based catalyst& It was found that the

ZrO, promotion was shown to increase copper dispersion preparation method affects conversion and selectivity. In their

and weaken the interaction between CuO an®Ato avoid
the generation of a CuhD, spinel type compoun#?
Szizybalski et al. reported a different metalupport interac-
tion resulting in a more stable CuzZg@atalyst when com-
pared to Cu/ZnO% Ritzkopf et al. also report higher meth-
anol conversion and reduced CO formations over CufZrO
catalysts prepared by a microemulsion technifgi@guchi

et al. reported enhanced catalytic behavior when,Zv@s
added to CuO/Cegbased catalyst8? Again, changes in the

copper oxidation state are the results of a synergistic effect

of cerium with zirconia® With CeQ alone, metallic C
is present, but with Zrg) copper is in the form of GD. A
mix of both CuQ and C@ was present when supported on
both ZrQ, and CeQ. Velu et al. studied the oxidative steam

reforming of methanol over reportedly active and selective

CuZnAl(Zr)-oxide catalyst$33-1%° The addition of Zr to the
CuZznAl catalyst was found to improve Cu reducibility and
increase Cu metal surface area and dispersion. Through
mechanistic study it was found that g&nd CO were both

produced as a primary product and CO was subsequently

transformed into C® by the WGS reaction and CO
oxidation53-155

Promotional effects of small amounts of Cr additives were
reported by Huang et al. for both the methanol steam

reforming and WGS reactiort4?1%¢In the same study, the

detrimental effects of Co additives were also reported. It was
suggested that while Cr serves as both a catalytic and

study, a coprecipitation method yielded the best catalyst.
Kawamura reported optimization of the coprecipitation
temperature and pH, important in increasing Cu disper$fon.
Valdes-Sols reported synthesis of nanosized spinel Cu-based
catalysts by a silica template technidi§® Compared to
conventionally prepared catalysts, improved surface areas
were reported, resulting in highly active catalysts. Deactiva-
tion due to coking was observed, although it appeared to be
independent of the synthesis method.

3.2. Group VIII Metals

Group VIII metals such as Pd, Pt, and Ni exhibit different
performance than copper-based cataly{®tsGroup VIl
metals predominantly catalyze methanol decomposition,
reaction 16, transforming methanol to CO ang hh the
presence of water, the kinetically slower WGS reaction

reaction 3) will occur. This secondary reaction of WGS
onverts some of the CO to G&® However, a significant
amount of CO is produced via methanol decomposition. This
makes the use of such metals an unattractive option for
processes where hydrogen is desired.

Takahashi reported the addition of palladium to a CuZr
catalyst, forming an amorphous CuZrPd all8%.This
particular CuZrPd alloy accelerated methanol conversion but
facilitated methanol decomposition, thus producing more CO
than CuZr alone.

structural promoter, Co additives increased activity for the 3.2.1. Palladium-Zinc Alloy-Based Catalysts

decomposition of methanol to CO.
Catalytic activity of Au-base€d” and Au-promoted cata-

lysts'58.159for methanol steam reforming has been reported.
The use of Au offers interesting redox behavior for reactions
such as steam reforming. Additionally, Takahashi et al.

reported that Au may help increase copper dispersion.

However, other promoters may be more suitable, since Au

is not very stable under reaction conditiéfisand has also
been shown to have minimal activity15°

Cu-based catalysts are active and selective for the methanol
steam reforming reaction. However, sintering of the metal
at temperatures> 280 °C and other deactivation issues
remain problematic, including its pyrophoric nature when
exposed to air. Precious metal and other group VIII metals
are active for the conversion of methanol; however, they tend
to notbe selective for the reforming reaction. Other options
include precious metal alloys, not containing copper, with
Pd/znO being the most active and selective for this type of

Papavasiliou et al. reported the performance of manganesegag|ystis

promoted Cu-Mn oxide catalysts to be higher than that of
a CuO-CeQ, catalyst prepared similarff® A correlation
of the formation of a Ct-Mn spinel phase with maximum
activity was found.

3.1.5. Preparation Method
In addition to catalytic metal composition, the method of

Iwasa et al. were the first to report that Pd supported on
ZnO and reduced at300°C has exceptionally high activity
and selectivity to C@ and H.144167170 Combined TPR,
XRD, and XPS methods revealed the formation of a PdZn
alloy under reduction conditions higher than 300167170
It was shown that the reactions proceeded selectively toward
methanol steam reforming over the catalysts having the PdZn

preparation has been shown to be extremely important toalloy phase. Catalysts having the metallic Pd phase exhibited
catalytic performance. Busca et al. reported the performancepoor selectivities to C® Upon alloy formation, Iwasa’s

of CuZnAl catalysts for the oxidative methanol steam

group proposed a reaction different than the decomposition

reforming reaction prepared from ex-hydrotalcite precur- reaction (reaction 16). The reaction in the case of group VI

sors6162]t was found that the activities of such catalysts

metals, such as Pd alone, proceeds through the pathway in

were more dependent on the oxidative nature of the Cu activereaction 17,4168
sites, dependent on the synthesis technique. Furthermore, it

was suggested that catalytic composition had less to do with
activity than the nature of the oxidized Cu species. While

these investigations were focused oxkidative methanol

H,O
CH,0OH— HCHO—CO——CO,+H, (17)

The HCHO species formed in the reaction is rapidly

reforming, the importance of the synthesis procedure can begecarhonylated to CO andsHand then partially transformed
extended to methanol reforming without the addition of 5 co, ang H through the secondary WGS reaction. When
oxygen. Kniep et al. correlated increased activity of copper pq is alloyed with Zn, however, a similar pathway to that

catalyst prepared from aged precipitates for the methanol

steam reforming reacto§® Several preparation methods,

including impregnation, coprecipitation, and hydrothermal
synthesis, were studied by Shen et al. for methanol reforming

over copper-based catalysts is suggested (reactiotf®gy.

H,0O
CH,OH — HCHO——HCOOH— CO, + H, (18)
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The HCHO intermediate formed readily reacts withCH Tsai et al. have suggested that the unique catalytic function
to produce a formate species. It has further been suggesteaf Pd/ZnO for the reforming reaction is governed by the
that both reaction pathways (reactions 17 and 18) occurvalence band structure of the catalyst. This is due to its
competitively over PdZn-based alloys, although reaction 18 similar band structure and catalytic performance to that of
is heavily favored, with reaction 17 producing less than Cul’® It was hypothesized that an intermetallic compound
equilibrium amounts of C@7° may be logically designed by band structure calculations,

It was suggested that the difference in the catalytic perf- replacing a selected metallic element without changing the
ormance of these reactions was due to the difference in thecatalytic function. Activity correlation for a PdZn catalyst
reactivity of the aldehyde intermediate species formed in the was made to a PdCd catalyst.
course of the reactiori$® Studies in surface science have Suwa et al. reported the performance of various supported
revealed that the structures of aldehydes absorbed on Cu ar@d/ZnO-based catalyst&.While much more stable than Cu-
greatly different from that on group VIl metals such as'®d.  based catalysts, deactivation of PdZn catalysts was reported.
In temperature-programmed desorption experiments, it wasA zZn—Pd/C catalyst was found to have a much smaller
found that, on Cu, these aldehydes absorb preferentially indeactivation rate.

a n}(O)-structure (the oxygen in the carbonyl=0, is
bonded to the Cu surface, maintaining its double bond). On 178 i i
group VIl metals, he aldehydes absorb ag@0)-sructure _aercic 2 SETMACIES i S AT e e
(the carbon loses its double bond and absorbs to the metamought to be metallic Pd that was eventually alloyed with
surface, as does the oxygen). Thus, on copper surfaces, g, \,on increasing reduction temperature, resulting in
aldehyde preserves its molecular identity, whereas, on the

group VIl surfaces, the bonds are ruptufééence. lwasa increased selectivity. Furthermore, it was found that larger
o X ; NI . Pdz icles di ly affect the reformi ion.
et al. hypothesized that the difference in the original catalytic dzn particles did not adversely affect the reforming reaction

functi f d VIl tals for the st Dagle et al. reported similar crystallite effects on selectiv-
”?C lons 0 gogpﬁrdan grc:_up " mt(;as Ic_)r e .Sbegnt‘ ity,173where smaller Pdzn crystallites can produce more CO.
:ﬁ eoré?f'fr;?e?]rée ir? Ztrtrjc():%?rr;as '%rf] ?hemacarg i'r?t:rsrﬁg di?';\ te: In fact, an optimum crystallite size which promotes the
formed on these metals. Thus, the novel catalytic function reforming reaction probably exists over Pd/ZnO type cata-

tvoical of C f Pdz t I lysts. Further reports by Agrell et al. confirm a correla-
ypical of LU emerges rom_ h systems as weil. tion between Pd crystallite size and carbon monoxide
Iwasa et al. expanded their work to other group VIIl metals selectivity17®

such as Co, Ni, Ru, Ir, and Pt on various supports such as
In,03 and Ga0s. #4170 1t was found that Pd and Pt both
formed alloys with In, Ga, and Zn, improving the selectivity
for methanol reforming once alloy was formed. However, ?23u;gzncovr\:gﬁiowﬂjma}[léym?gg structurally stable under
of these different compositions, the PAn alloy appears to 9 o P ' ) _

still be the most active and selective for the methanol ~Work utilizing PdZn catalysts for use in microchannel
reforming reaction. Also studied was a Pd/ZnO/Ge@alyst reactors has also been done at the Institute for Micro Process
which had good thermal stability as well as good activity Engineering. It appears that direct wash coating of the PdZn
and selectivity. At an operating temperature of 33D, Catalyst on microchannel walls resulted in hlgh activity for
negligible activity loss was observed. Comparatively, a 20% the reforming reactiof* Kinetic investigations were m‘fslde
loss in hydrogen exit concentration was observed over a@nd compared microchannel reactor data to that of a “global
Cu/znO catalyst under the same conditiéfs. model” kinetic expressiot?

Work at the Pacific Northwest National Laboratory Several investigations of the PdZn type catalyst were made
confirms that formation of a PeZn alloy results in a highly ~ for the oxidative steam reforming of methanol (OSRM)
selective methanol reforming cataly$tPreparation studies ~ reaction. Concerns related to use of the Cu-based catalysts
indicated the use of highly acidic Pd nitrate aqueous in an oxidative environment made it necessary early on to
precursors alters the textural properties such as porosity andind an alternative catalyst for oxidative reformitf§Fierro
crystalline structure, where dissolution is evid€iThe use et al. were some of the first to report high reforming activity
of an organic precursor in the preparation method can and selectivity of the Pd/ZnO catalyst for OSRM reactidfis.
minimize these effectS3 Pd loading and Pd/ZznO ratio A discussion of catalyst preparation and characterization
optimization studies were done on . ®k-supported cata- accompanied reports of a finely dispersed and highly active
lysts17 On a Pd/ZnO/AJO; catalyst, similar activities and ~ Pd—Zn catalyst supported on alumiff&.Chen et al. reported
selectivities were reported as on a conventional Cu-basedthe use of a wall-coated, highly active PAn/Cu—Zn—Al
catalyst at 220C 174 although, due to higher stability of the mixed catalyst for the OSRM reaction in a microchannel
Pd alloy, much higher operating temperatures can be usedeactor:®® High hydrogen yields for the OSRM reaction in
and the increased kinetics can be exploifainetic studies a microreactor were reported by Lyubovsky et&lLiu et
using a Pd/ZnO-based catalyst in a microreactor resulted inal. reported stability issué$? While Cu/ZnO lost its activity
a reported power law expression suitable for the design of awhile maintaining a constant selectivity for CO formation,
miniature fuel processd?. Pd/znO catalysts exhibited more stable activity but showed

Other recent work has continued to examine the unique increasing CO selectivity. It was suggested that carbon
nature of the Pdzn type catalyst. Ranganathan et al. deposits and surface oxidation break down the P alloy
suggested that a Pd/ZnO catalyst favored the reforming!© produce elemental Pd. Catalyst regeneration in hydrogen
reaction due to its higher density of acidic sitésCom-  Was also demonstrated.
paratively, a Pd/Cepcatalyst, which produced a high In summary, the ability to tailor Pd/Zn alloys to mimic
amount of CO, had a higher density of basic sites, which the mechanistic behavior of Cu-based catalysts is noteworthy
favors the decomposition reaction. because Cu catalysts suffer from a lower-temperature operat-

Karim et al. reported crystallite size effects and alloy

Penner et al. reported highly structured—th on a
mechanically stable SiBupport'®° As evidenced by TEM,
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Table 7. Conversion Method Options for Methanol-Based Reforming Systems for Fuel Cells

primary conversion secondary conversion CO mitigation fuel cell
low-temperature steam reforming water-gas shift preferential oxidation standard PEM
high-temperature steam reforming selective membrane separations PEM with tolerant anode
high-pressure steam reforming selective methanation high-temperature PEM
CO adsorption approaches SOFC or other high temp FCs

ing window and have pyrophoricity issues. The ability to by its lack of capacity to generate the necessary pressures
recreate the excellent selectivity of Cu catalysts in a more for the membrane, or if material cost is crucial, the membrane
thermally and oxidatively robust formulation opens additional approach becomes undesirable. On the other hand, due to
options for methanol reforming at higher temperatures and this low-pressure constraint, a developer must deal with the
in less-than-ideal conditions while maintaining high H reduced hydrogen concentration and finite CO concentration

output. (up to 100 ppm) present in the reformate stream exiting a
preferential oxidation reactor, and its subsequent effect on
4. Reactor and System Development PEM operation. Tradeoffs like these explain why various

_ _ _ . companies or research groups have approached similar
Given the foregoing discussion of system challenges, system development targets with varying technology strate-
competing technologies, and catalyst development activities,gies, even for the same power level.

\éve Inow turn 'tl% the subject of devfice demonstrgltion and  These system approaches have been deployed in various
eployment. The vast majority of reactor and SyStem yo,ctor embodiments, with the chosen configuration being

demonstrations to be found in the literature have dealt with dependent on the application. The main reactor body material
small and/or portable systems, such as would power portable, o\ sally been stainless steel, ceramic, or silicon. The

electronic devices, battery chargers, backup/auxiliary pOWer oy, ice of reactor material is significantly affected by the

units, or recreational applications. . reforming and cleanup approach taken, as well as having

Our discussion of reactor and system development is yych to do with the background and experience of the
categorized according to reactortypgs,whmh mewtablyfall investigators. This can be seen especially in the area of
out from the system approach options that are describedsijicon-based reactors for small power applications. Since
below. The reactor types are broadly separated in terms Ofgjlicon has been the material of choice for microelectronics
system pressure. System pressure is most often dictated byng sybsequently MEMS, groups from this area have applied
the CO mitigation approach taken. If a catalytic approach is gjjicon processing technigues to the development of micro-
chosen, which converts CO to something more benign 10 reaciors for fuel processing, including methanol as well as

the fuel cell (e.g., Clf CO,), the system usually will operate  mqre complex fuels. For systems above about 10 W, though,
at low pressures. If, on the other hand, the CO mitigation gjjicon has not been used extensively.

strategy includes a selective membrane separator, a high- _ .
g9y P g While methanol steam reforming has been employed for

pressure reactor is required. v 100 487 and has b d in industrial i
Table 7 lists the system options from the perspective of near;; yea | dan d as been uls_e !N inaustria b?pp Ica-
conversion method, purification method, and fuel cell choice. tions for zevera .ecg es, Its app |_cat|orzj to portable F;]OWF%V
Since methanol is an easiy converted fuel, the low- S%EE TR RIS IV L B tead of the

temperature approach makes the most sense, unless there afgd 9 '

. . . - conventional industrial reactor that utilizes a large packed
other factors that would require deviating from this starting bed of extruded catalyst and indirect reactor heagting these

point, such as the availability of high-temperature waste heat o . - .

to operate the reformer or the need to operate the reformingSmaller appl|cat|0ns' require better deployment options In

reaction at high temperatures to accommodate other down-order to more effectively utilize the catalyst and avoid the
large pressure drops that would result from a small packed

stream processes. As a result of low-temperature operatior\D d (with | | " ticle si Th
with selective catalysts, secondary conversion such as water- ed (with analogously small partic e sizes). The new ap-
roaches also seek to more closely integrate the heat source

as shift is generally unnecessary (see section 1.3, Fi ure’ . . . : )
g) The nex?importgnt consideraﬁo(n is CO mitigation glf (electrical resistance or combustion) with the endothermic

the reformate is to be fed to a high-temperature fuel cell OPerations of methanol/water vaporization and methanol
such as a high-temperature PEM or a solid oxide fuel cell, steam reforming. These new approachgs are |Ilustrateq n
the CO mitigation step is unnecess#tyowever, since most  the work conducted by the groups described below, taking
methanol reforming applications are intended for standard- (€ form of wall-coated catalysts, interleaved combustion and
temperature (6680 °C) PEM fuel cells, CO mitigation to reforming operations, mlcr_ochannel architectures, mtegra_ted
ppm levels is crucial for the proper operation of the fuel systems, and novgl materials that would not be economical
cell 3 The most common CO mitigation approaches have fOr larger applications.

included preferential CO oxidation, selective membrane lllustrated in the reactor and system development examples
separations, and selective CO methanatfdeach approach  of this section are the various independent and dependent
has its advantages and disadvantages, which is illustrated irvariables for methanol steam reformers. These considerations
the various applications and demonstrations described beloware listed in Table 8, and they go well beyond the effects of
Additionally, some of the advantages become irrelevant given temperature and pressure on conversion and selectivity, with
other system constraint®r conversely, some disadvantages each variable change affecting several aspects of the system.
become tolerable given other system constraints. For ex-Each group of investigators has approached the subject based
ample, selective membrane separations give nearly 100%on their own application concept and the weight of various
pure hydrogen, which is a distinct advantage for PEM stack tradeoffs. The result is a variety of reactor sizes, concepts,
operation. However, if a portable application is constrained materials of construction, and purification methods.
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Table 8. Independent Variables Relevant to Methanol Steam
Reforming and the Affected Dependent Variables for Reactors
and Systems

independent system variables dependent variables : [ 6 ¥ ) | Fuel

temperature
pressure

catalyst composition
catalyst form
residence time

S/C

reactor material
construction method
power level

heating method
flow geometry
sweep gas use

methanol conversion
CO selectivity
hydrogen purity
hydrogen yield
hydrogen utilization
reactor size

reactor weight

reactor pressure drop
system efficiency
system energy density
system cost

failure mode

Processor

™

rj._r"{",g )
K3 )

catalyst lifetime
catalyst stability/attrition
BOP implications

fuel cell type

fuel cell lifetime

Figure 5. Sub-watt integrated methanol steam reformer developed
at PNNL, without selective methanation (left) and with selective
methanation (right). (Reprinted from ref 208, copyright 2004, with
permission from Elsevier.)

5).2%8 Demonstrated efficiencies were measured at38%

As was stated earlier, the vast majority of methanol (based on lower heating values), depending on how the
reforming applications are focused on some form of portable SyStem was operategi. The investigators conducted steam
power. Much of this development work has been driven by "€forming of a 60 wt % methanol feed stream at 3630
the military?5:3944.4557.188.18yith an emphasis on powering °C, heated by methanol combustion. In some embodiments,

the war fighter with devices that offer significantly higher the device included a selective methanation reactor that
energy densities than batteries. In parallel, much commercialréduced the CO concentration to less than 100 ffphiong

interest has driven this area of development, with the most With collaborators at Case Western Reserve University, the
prominent commercial players being Motordfg-194 PNNL researchers demonstrated the production of power
Casiol? 200 |datech?01202 Genesis Fueltech? and Ultra- from this reformate stream using a PEM fuel cell based on
cell 204205 These commercial applications include battery 2 phosphoric acid-doped polybenzimidazole membrane, to

replacement or recharging for portable electronics and Produce 23 mW of electric powéf. o
portable power for recreational uses. One of the most important conclusions from this inves-

tigation was that even though the fuel processor and fuel
4.1. Low-Pressure Reforming Systems cell could be developed for such low power applications,
) and even have a very low footprint, the necessary BOP
Because of the variety of approaches and power levels,equipment that would support such a system appeared to be
groups have employed various types of materials and the biggest hurdle. Innovative methods of moving fluids and
fabrication met_hOdS in the productlon of the ref(.)rmers. that Contro”ing the process W0u|d need to be emp'oyed to make
are employed in low-pressure systems. The discussion ofsych a system deployable as a self-contained power source.
|OW-prESSUre reforming, then, is entered into based on reactor A series of papers pub“shed by the group at Germany’s
type, according to fabrication materiahamely metals, |nstitut fur Mikrotechnik Mainz (IMM) describes their
glasses, and ceramics. All of these materials have beengevelopment of microchannel-based fuel processing com-
employed in attempts to develop low-pressure reforming ponents for methanol steam reformfif#j®2%2 and supporting
systems that provide good metrics, such as small volume, eactions (Prox, WGS}+213 Early work by this group
low mass, high throughput, high efficiency, rapid startup, describes a stainless steel microreactor with dimensions of
and rapid transient response. 75 mm by 45 mm by 110 mm, utilizing a wall-washcoated
Cu/Zn catalyst and having an estimated capacity of 90 W
4.1.1. Metal Reactors (net electric output, based on certain system assump-
Metals such as stainless steel, FeCrAlY (“Fecralloy”), tions)#620Actual demonstration results indicated a net output
aluminum, and copper have been extensively employed inof about 30 W, with 65% methanol conversion, and 4500
the production of methanol steam reformers and supportingppm CO content. Operation at these conditions would not
components. This represents the largest category of methanobe acceptable in a final system, especially if efficiency is a
systems and includes much of the work in what are known consideration at all.
as microchannel-based reactors. As will be seen, the vast Further developments reported by the same group included
majority of devices described are microchannel-based. A an increase in output power to 100 W and integration of the
more thorough discussion of microchannel reactors in generalmethanol reformer with a combustor, and integration of a
can be found elsewhef#&29:206.:207 PrOx reactor with high- and low-temperature recuperative
Under a DARPA-sponsored micropower program, re- heat exchangefd!212311The integrated units are shown in
searchers at Pacific Northwest National Laboratory (PNNL) Figures 6 and 7. Estimates of a complete power system based
demonstrated an integrated subwatt fuel processor based oon this integrated processor and including methanol and
methanol steam reformirf§:334445208209The system was  oxygen tanks and a 100 W fuel cell yield an overall size of
heated by methanol combustion and contained several unit280 mm by 100 mm by 400 m#At%211
operations (reformer, combustor, vaporizers, CO cleanup) A forthcoming publication from IMM reports a miniatur-
in an integrated stainless steel unit the size of a transistor,ized version of this concept, with a 20 W net power output,
0.3 cn? in volume and weighing less than one gram (Figure including a dual-stage PrOx urii? The group reports
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Reforming side ’ Air

catalyst

333
32
K339

20 ]
catalyst

H,, side injections

-(ar.;ifwsr i overheating
Figure 6. Microstructured integrated selective oxidation reactor/

heat exchanger prototype developed at IMM. (Reprinted from ref =
311, copyright 2005, with permission from Elsevier.) |
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Figure 8. Folded-sheet reactor concept developed at the Institute
for Chemical Process Engineering, indicating the staged combustion
concept and a dual catalyst bed on the reforming side. (Reprinted
with permission from ref 217. Copyright 2004 American Chemical
Society.)

In conclusion, they found the microreactor design to be
smaller and lighter for both power level cases but that the
microreactor advantage disappears as system output is
increased. This is due to scaling factors. For the microreac-
tors, scaling factors were generally found to be 1.0 or greater
for both volume and mass. On the contrary, and in line with
conventional engineering heuristics, the fixed-bed reactor
design was found to have scaling factors of 1.0 or less for
both volume and mag3? Because of the nature of micro-
channel architecture, the scaling factor will always be around
Figure 7. Combined steam reformer/catalytic combustor for the 1.0, as the way of scaling up is to number up. So, while the
methanol steam reforming system developed at IMM. (Reprinted advantage of microchannels is an ability to minimize heat-
];re?srgr\;:fd nggmﬁﬁgf:t'%?]a?fo%%M International, all rights 5 mass-transfer limitations, once a certain throughput-per-

’ : e volume is established, this will hold at both small and large
scales.

The integrated reactor concept was also investigated by a
group at the University of Stuttgart’s Institute for Chemical
Process Engineerirtd® 28 The concept, called a folded-sheet

. reactor, seeks to integrate the exothermic oxidation reaction
9 . ' . -
full methanol conversion, 0.35% CO out of the reformer, i the endothermic vaporization and methanol steam

and 18 ppm CO out of the PrOX’ This represents a suitable o ming operations, as others have also attempted. In the
product stream composition for st_andard PEM fuel CE.’" USE, tolded-sheet reactor concept, pictured in Figure 8, the
but improvements on the device sizes should be possible aanvestigators utilize an interleaved geometry, where the
are probably necessary for portable use at 20 W. endothermic and exothermic sections are alternated. Ad-
In work related to the IMM developments, in that both ditionally, for the purpose of proper temperature control, the
projects are part of the MiRTH-e program of the European exothermic combustion sections are designed with a staged
Union, researchers at Eindhoven University of Technology fuel feed system!’
in The Netherlands have conducted a modeling investigation The group conducted extensive modeling work, followed
that compares microreactor technology to conventional fixed- by demonstration of 1 kW and 10 kW, demonstration
bed technology for portable hydrogen productiéhThe devices. In the case of the 10 ig\device, 16 reforming
group investigated two reactor types (methanol steamand 17 combustion layers were employed. Testing results
reforming and selective oxidation) for two system sizes (100 over the 5 kW, to 10 kW, range with this device yielded
W and 5 kW) for both the microreactor and the fixed-bed methanol conversions from 70% to 90%, with CO levels
reactor. The microreactor design was based on patterned platéncreasing with increased conversion, which is to be ex-
construction (laser welded or diffusion bonded), where the pectec?'® Overall, the group found the experimental results
catalyst was wall coated on the respective plé&teg>The to agree quite well with the simulation calculations per-
fixed-bed reactor was a shell and tube design with reforming formed?'” but operation of this device should be improved
catalyst packed on the shell side of the reactor. to achieve complete methanol conversion in order to improve

dimensions for the integrated reformer/combustor unit as 120
mm by 36 mm by 25 mm and the PrOx reactor as 104 mm
by 80 mm by 15 mm. Utilizing S/G= 2.0, and operating at
275°C and a throughput of 350 mL mifgea %, they report
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system efficiency. Given the ease of reforming methanol,
this is not a difficult goal to achieve.

Pfeifer and co-workers at the Karlsruhe Research Center
have developed methanol reforming technology based on
microstructured reactors aimed at automotive applica- B
tions181220221Much of the work has been to investigate &
catalyst issues, but reactor demonstrations are also reporteq
Using Pd-based methanol reforming catalysts and micro- ¥,
structured reactors, the group has demonstrat&$% |
conversion at 310C using a S/G= 1.9. CO concentrations
were quite low as well (0:20.5%), but this is to be expected :
when conversion is less than complete. The 200 W reactors”
were electrically heated and were mainly used to investigate J&
the issues of durability and selectivi#§?2L and the effect
of washcoating8!

In addition to the subwatt reforming work conducted at &=
PNNL and described above, researchers there have alsc
developed larger integrated reforming units based on similar . PN
microchannel archltecturéé.lggvzzzEarly work described a ._Figure 9. Integrated methanol steam reformer developed by
breadboarded fuel processing system constructed from staintesearchers at PNNL. The unit includes vaporization, catalytic
less steel that included vaporizers, steam reformer, andcombustion, catalytic steam reforming, and selective methanation
catalytic combustio®® The system was demonstrated as reactors. (Photo courtesy of PNNL.)
thermally self-sustaining after initial startup with electric heat.

Demonstration of this system, with the reformer operating

at about 350°C, and using S/C= 1.8, yielded >99%

conversion of methanol, roughly 0.8% CO in the dry

reformate, an estimated 13 W of power (27,)Vand a net MeOH+H,0 A
thermal efficiency of 45% for the base case. The system was y

further demonstrated over a range of 14 to 8(, With net ‘ :
thermal efficiencies of 5358% for the upper range of 7 /5 7 /7
operationt&? ' |

Subsequent work by the same group resulted in an
integrated reformer containing the same unit operations as
in the breadboard systethilntegration of the unit operations
yielded devices with higher thermal efficiency, and the PNNL  _
researchers demonstrated the integrated units at nominal sizes
of 20, 50, 100, and 150 W. The demonstrated thermal L
efficiencies of these units were reported at up to 85% based | 7
on lower heating values, and S/C was reduced to%91.2.
Additional system development saw the integration of some
of these units with catalytic selective methanation technology
to reduce the CO concentration in the reformate to PEM- ——
tolerant levels, such as the device shown in Figufé®@* 680
The group demonstrated this integrated fuel processor at up ]
10 180 W, at about 70% thermal efficiency and yieiding a LSUE 16, Pitein S meverel el mocesser Seveopen s
CO concentration in the dry reformate of 3000 ppm. The and heat exchénge. (Reprinted from ref 230, copyright 2006, with
reformer technology was also demonstrated as part of apermission from Elsevier.)
semipackaged battery charger system for the U.S. A#f#g°

Researchers at East China University of Science andthe combustor (Pt/ADs), with particle sizes of about 1 mm
Technology have recently reported on a compact 10 W diameter.
methanol reformer based on microchannel architecture. The High methanol conversions were demonstrated, using
diffusion-bonded “FeCrAlY” reactor was heated by an pressures up to 0.04 MPa, temperatures of 2ZIM°C, S/IC
electric furnace in a laboratory setup. Most of the work was of 1.2 to 1.6, and throughputs of 1260600 h'. Under
conducted to look at catalyst compositions for the Cu/Zn these conditions, CO concentrations from the reformer were
system, and the estimated power output of the device, whichpelow 1%, except for the 1200 hthroughput condition
measured 40 mm by 40 mm by 10 mm, was about 10 (resulting from increased WGS conversion at the slower
W 226227 throughput?2° Demonstration of the PFR over time showed

Another embodiment of the integrated combustor/reformer a steady 100% conversion level over 100 h, but the CO
concept has been reported by researchers at China’s Daliartoncentration steadily increased over this time from 0.4%
Institute of Chemical Physics. Labeled a plate-fin reformer, to 1.2%. A second test, conducted on a larger unit, showed
or PFR, the device incorporates methanol steam reforminga steady CO concentration (1.5%0.5%, higher than the
with catalytic combustion of (simulated) anode off §&s23° 100-h test) over the course of 1000 h of operation. However,
Figure 10 illustrates the reactor concept, which included during this same time, the methanol conversion decreased
packed-bed catalyst for both the reformer (Cu/Za0h) and from 100% to 93962°
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Thin film heater Microchannels

Catalytic comt [
Methanol reformer |:

Methanol reformer with
catalytic combustor

CO remover

Vaporizer | "

Vaporizer 2

Holes for gasses passage

Figure 11. Casio-developed multilayered microreactor: (a) schematic cross-section of the reactor body indicating the various sections,
and (b) picture of the device with a U.S. quarter for scale. (Reprinted from ref 195, copyright 2005, with permisison from Elsevier.)

Subsequent work by the team demonstrated an integratec Elzcnie
system that included a preferential oxidation (PrOx) reac-

tor.2%° The size of the final system, including the control

system, was 680 mm by 500 mm by 400 mm, with a mass Insulating ~~ L LxXx = s
of 40 kg. Using S/IC= 1.5, this system processed 70 &< ™ Thin film beatee
mL-min~%, which corresponds to an estimated electrical /

output on the order of 5 kW. The authors also report thermal
efficiencies for this system of 75% and grea®r.

Si0,

SYAVEVAVA TN
layer 4 “' "' "' P ™ Si substrate

Researchers at the Korean Advanced Institute of Science Catadvat ‘ -~
and Technology have demonstrated a plate type methanol g ™ Glass substrate
reformer in the 5.5 W rang&232Using Cu/ZnO catalyst l
coated on the plate walls, they first demonstrated an T
electrically heated devicé&! followed by an internally heated Gas outlet Gas inlet

device based_on interleaved combustion and refolrr?ﬁzhg. Figure 12. Electrically heated methanol steam reforming microre-
The latter device was operated at 2Z90°C and achieved  actor developed by Casio. (Reprinted from ref 200, copyright 2006,
high methanol conversion only at temperature250 °C, with permission from Elsevier.)

with S/C = 1.52%2 However, the CO level of 1:21.4% is

higher than would be expected based on the temperaturesind using S/G= 1.21°° Electric heat for start up was required
and catalyst employed. This is likely due to the higher for the first 30 min of operation as the combustor was
residence times, which allow for the reverse water-gas shift prought online and the temperatures were stabilized.

reaction to occur to a significant extent. A subsequent redesign reported by CASIO yielded an
At the Korean Institute of Energy Research, investigators electrically heated methanol reformer measuring 25 mm by
have developed microchannel-based reformers for methanol7 mm by 1.3 mm and constructed from glass and silicon
processing and demonstrated them at 33 Whd 59  (Figure 12)2°° The developers found sandblasting to be a
Win2332%8 For the 33 W, case, the reactor measured 70 mm  suitable technique for producing microchannels in the plate
by 40 mm by 30 mm and was heated by electric heating materials, and catalyst adhesion to the wall was enhanced
rods. While the CO concentration in the dry gas was held py the resultant surface roughness. The noninsulated device
generally below 1%, greater than 90% methanol conversion consumed several watts in the electric heaters to yield 1 W
was achieved only at low throughput and at higher temper- of electric power, but based on previous demonstrations, the
atures (240 and 26%C).>**?%For the 59 W, case, internal  group expects to rectify this problem. Other future work
combustion was integrated into the design. Operating overidentified included the need to achieve 100% methanol
roughly the same temperature range as the previous reactorgonversion, increase thermal efficiency, and demonstrate
methanol conversion was demonstrated>&89%, but the  durability2°° The work described by the CASIO researchers
CO concentration was considerably higher, at 2.2% in the has also resulted in at least two issued pat&fés?
dry gas?®**2This higher CO concentration creates significant  This work represents the type of integration and “system
challenges for any CO cleanup step located downstream. 5pproach” that is required for such small reforming systems.
412 Glass and Silicon Reactors It is one thing to demonstrate _methanol steam reforming in
e a packed tube in a furnace. It is quite another to develop an

Several publications issued by CASIO Computer Company integrated processing unit that is self-heating, is mu_ltichan-
of Japan describe development work on a glass multilayeredneled, and incorporates all the necessary unit operations such
microreactor for PEM fuel cells for portable electronic device as vaporization, reformation, and CO mitigation, along with
applicationg9:197.199.200Fjgyre 11 shows a schematic and built-in heat generation.
picture of the device they developed, which includes a Researchers at Lehigh University have developed silicon-
methanol reformer, a catalytic combustor, a CO remover based methanol fuel processors at the28 W range,
(PrOx), and two vaporizers, and has dimensions of 22 mm fabricated using photolithography and deep-reactive ion
by 21 mm by 11 mni?® Wall-coated Cu/Zn and Pt/AD3 etching?®"-241 Early work by the group utilized a packed-
catalysts were utilized for the reformer and combustor units, bed serpentine channel configuration employing the Sud-
respectively, and a commercial PrOx catalyst was employed.Chemie Cu/Zn cataly$f The device was heated electrically
The device also incorporates thin film heaters that are usedusing patterned platinum resistance heaters. Reactor dem-
for startup. Demonstration of the device yielded 2.5 W of onstrations at 196200°C and S/C= 1.5 yielded hydrogen
electric power, operating at a 28Q reforming temperature  production of 0.176 mol h at about 88% methanol
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Figure 13. Photos of two different fuel processors made by Motorola using the cofired process. In both cases, the catalysti2fer is

um thick, but the volume fraction of catalyst in the channel differs, bei6§% in (a) and>90% in (b). (Copyright 2006, Motorola, Inc.,
used by permission.)

conversion. The corresponding CO concentration was re-walls. In a demonstration, using electric heat, the device was
ported at less than 1%, but no CO cleanup operations wereoperated at up to 35TC, with a calculated power output of
conducted. The hydrogen power was estimated at 9.5 W. 0.35 W?*’

Because of the long serpentine channel design of this An investigation of kinetic measurements and thermal
reactor, the corresponding pressure drop through the unit wasntegration in microchannel devices conducted at Stevens
found to be 76-100 psigi*® As a result, the same team |nstitute used methanol reforming as a model reaction. As

developed a new embodiment of the small silicon-based part of this work, an electrically heated silicon based reactor
reactor, utilizing a radial flow patterf{® As expected, the  was demonstrated at 2.5 %#

new geometry resulted in a much lower pressure drop
through the catalyst bed, and the reactor was demonstrated,.1,3. Ceramic Reactors
at 98% methanol conversion and about 20 W of hydrogen

production operating at 23@®50 °C. However, the CO Utilizing their expertise in ceramic processing, researchers
concentration was significantly higher than previously re- at Motorola conducted a development effort to produce a
ported, being in the range of 2:B.1%, depending on S/&% ceramic-based methanol reformer for small electronic

Significant improvement in the CO concentration would be applicationsi®1%1%* A catalytic combustor was integrated
required for this system to be useful for common CO with a methanol steam reformer and a methanol/water
mitigation techniques and standard PEM fuel cells. vaporizer. The reforming catalyst (Cu/Zni8k) was de-
Researchers at LLNL demonstrated an electrically heatedP!oyed as a packed bed while the combustion catalyst (Pt)
silicon-based packed-bed microreactor for methanol steamWas washcoated on the ceramic watThick film heaters
reforming in the temperature range of 18800 °C. They were also incorporated into the ceramic structure. A device

conducted extensive modeling, which was confirmed by Méasuring 15 mm by 35 mm by 5 mm housed a reactor
experiments at very low processing rates gL0min~1).204.242 measuring just 5 mm by 15 mm by 1 nffhThe reported
Another silicon-based reformer was reported by research-feed stream had S/C between 0.95 and 1.05, and the reformer

ers at Seoul National University in South Korea. The group Was operated at 18@30 °C. These S/C values and
employed the popular Cu/ZnO/#D; reforming catalyst reforming temperatures are lower than is generally reported
formulation but introduced a new loading method that they for methanol reforming, but tohe Motorola system employed
call “fill-and-dry coating”?#® Thin film heaters were built & high-temperature (15¢225°C) PEM fuel cell that could
into the device, which included two steam reformer sections utilize a hydrogen rich stream containing significant amounts
and a vaporizer. Nearly full conversion was reached at select® COand unreacteQ methanol. It was reported that the sum
conditions, and the maximum output of the device was an ©f these two impurities could acceptably be up to 5% by
estimated 20 W with a corresponding CO concentration of volume?® Mg}cl)ggla holds at least two patents relative to this
2100 ppm. Drastic differences in device performance were technology:*:
observed depending on the method of catalyst application, Recent developments reported by Motorola include a
with the water-based fill-and-dry method being supetér.  switch to a Pd-based catalyst, including wall-coating of both
Researchers at Tohoku University fabricated a silicon- the reforming and combustion catalysts on green ceramic
based microreactor for methanol steam reforming, with an before firing’** The structural results of this process are
emphasis on thermal isolation through suspended structuresillustrated in Figure 13. Motorola reports that their Pd-based
Good thermal isolation was achieved, evidenced by a 100 formulation, developed in cooperation with BASF Catalyst,
°C gradient from the reaction area to the outer wall of this LLC, could survive the 850C ceramic firing temperature
very small device. However, methanol conversion<df% with only 12.7% loss in activity. The activity loss for the
was achieved due to temperature distribution issues andtypical Cu-based catalyst for the same processing conditions
reactant bypas@4 The same group reported elsewhere the was 47.5%, which is not Surprising based on the nature of
demonstration of a silicon-based reformer/fuel cell combina- the two catalyst?*
tion wherein the reformer produced the equivalent of 0.2 W  Like the CASIO example described earlier, this effort by
at a total efficiency of 6%. Details are few, as this result is Motorola illustrates the integrated approach to reforming.
reported in the context of a paper focused on propane andin this case, the approach was to integrate the fuel cell
butane conversioff® directly with reformer unit, which is expected to lead to a
A separate group from KAIST has demonstrated a MEMS more compact and more efficient system. Furthermore, the
reformer based on glass constructiiit*’The reported work  investigation of catalyst deposition on the green ceramic
is concerned mainly with catalyst properties and issues demonstrates an understanding of the need for production-
related to deploying the catalyst as a washcoat on the reactofriendly processing methods.
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Figure 14. Comparison conducted by de Wild et al. for steam
reforming of methanol in three different reactor configurations:
packed-bed reactor, foam monolith filled reactor, and catalyst wall-
coated heat exchanger. (Reprinted from ref 251, copyright 2000,
with permission from Elsevier.)
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A ceramic microreactor was developed by researchers at

Yonsei University in South Korea, which incorporated a

feed vaporizer and a packed-bed catalytic steam reformer

(Cu/ZnO/ALO; catalyst) in an electrically heated ceramic
structure fabricated from low-temperature cofired ceramic
(LTCC).2#High conversion of methanol was achieved only
at 280-340 °C. Subsequent CO preferential oxidation was

demonstrated, which reduced the CO level to about 50 ppm,

but few details are given in terms of selectivity, and only 12
h of durability are reportedt®
Researchers at the University of Michigan have also

demonstrated a LTCC-fabricated methanol steam reformer.

The group coupled two LTCC devices together, one for
methanol steam reforming using a Cu-based catalyst and th
other for hydrogen combustion with a Pt-based catalyst to
heat the reformer. Performance in this wall-coated device
was found to be similar to that of a packed-bed reatt.
would be expected, then, that the wall-coated device would
yield a lower pressure drop for the same performatee
distinct advantage in practice.

4.1.4. Reactor Comparisons
A comparison of catalyst deployment options was con-

ducted by researchers at The Netherlands Energy Researc

Foundation for the case of methanol reforming with Cu-based
catalyst in the multi-kilowatt power rangé: They compared
three different reactor optiongacked bed, monolith foam,

Palo et al.

bed might be favored. However, each of these methods of
catalyst deployment has its disadvantages, such as keeping
a packed bed in place, avoiding reactant bypass when using
a monolith foam, and dealing with flaking or attrition when
using a washcoated wall. As was mentioned earlier, which
disadvantages can be tolerated and which advantages are
most desired will depend on the application in terms of duty
cycle, price point, operator training, and expected device
lifetime.

Researchers from Nippon Telegraph and Telephone Cor-
poration conducted a similar comparison between a plate-
fin type reactor and a packed bed for the reforming of
methanol with a Cu-based cataly3t.The comparison was
made between two reactors constructed of aluminum, with
the same overall dimensions, and each containing a steam
reforming side and a catalytic combustion side. The plate-
fin type reactor was found to have a 28% shorter startup
time, a 16-fold higher heat transfer coefficient, and only one-
ninth of the catalyst volume relative to the packed B&d.

In the area of small glass-based reactors, Datye and co-
workers at the University of New Mexico have conducted
extensive studies comparing wall-coated and packed-bed
catalyst arrangements in quartz tube reactors for methanol
reforming?33-2%5 The group not only demonstrated good
adhesion of a catalyst coating to a nonporous #alhut
also quantified the difference between wall-coated and
packed-bed reactors, revealing that packed-bed reactor
diameters in excess of 3@@n would suffer from significant
thermal gradient®*2%5In contrast, their wall-coated reactors
up to 4.1 mm diameter suffered from neither heat transfer
nor mass transfer issues, and as others have shown, the wall-
coated catalyst demonstrates higher specific activity than
typical packed-bed catalyst®.

An interesting comparison was conducted by Samms and
Savinell at Case Western Reserve University, where metha-

dhol reforming in an idealized plug flow reactor was compared

to the same reaction in an internal reforming fuel cell
(IRFC)2% Despite lower catalyst utilization in the IRFC,
mainly due to nonuniform flow, the researchers verified that
consumption of H by the fuel cell actually accelerates the
methanol conversion, leading to an overall reduced catalyst
requirement for the IRFC compared to an external re-
former?%8 This is similar to the effect seen when utilizing a
selective membrane to remove hydrogen during reforming
operations, and this is described in the next section.

B.2. Membrane-Based Systems

Membrane-based methanol reforming systems have been
extensively demonstrated by several research and develop-

and washcoated chanreind the results are shown in Figure ment organizations. These systems offer a number of
14. Due to enhanced heat transfer, the foam and washcoaadvantages over the low-pressure systems that employ
configurations showed much higher weight-specific activities catalytic CO mitigation. They've been shown to require less
than the packed bed, and the washcoated reactor achievedophisticated temperature and pressure control than their
>95% conversion at a temperature 30 less than was  catalytic counterpart®/ and they provide a hydrogen stream
required for the packed bed. However, a 150-h test showedthat is nearly 100% pure, allowing for dead-ended operation
that the foam and washcoat deactivated much more rapidly,of the fuel cell anode and eliminating the poisoning effects
losing 10% and 15% of their conversion, respectively. During of CO and methanol, and the dilution effects of £/ GH,,

the same period, the packed bed saw a conversion decreasand other byproducts. All of this adds up to higher hydrogen
of only 1.5%725%! The results of this study demonstrate the utilization in the fuel cell. Also, because of the physical
kinds of tradeoffs that are often pondered by developers of removal of b from the reactor zone, the exact CO selectivity
portable catalytic reactors. From a pressure drop standpointjn the reformer is not quite as important, except as it relates
the washcoated wall would be favored; from a shock and to H, yield by reaction 5. Additionally, the continuous
vibration standpoint, the monolith might be favored; and from removal of H from the reaction mixture can result in any

a simplicity of catalyst manufacturing standpoint, the packed number of advantages, including higher conversion, higher
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Figure 15. Geometries used by Basile et al. in their modeling work for methanol steam reforming, showing two cocurrent geometries (a
and b) and one countercurrent geometry (c). (Reprinted from ref 261, copyright 2006, with permission from Elsevier.)

selectivity, lower operating temperatures, and reduced cata-researchers at the W. H. Kellogg Company and reported at
lyst requirements. the 1964 American Chemical Society meeting/ith ap-
Membrane reactors also have their drawbacks, namely theplication to a U.S. Navy submarine, they designed a hydrogen
requirement to operate at high pressure and the often-generating system at 9.1 kg'h(200 kW) with a maximum
encountered fragile nature of thin metal foils, which are also output of 31.8 kg h* (700 kW). The design incorporated a
quite expensive. Steam reforming helps to alleviate this first PA/Ag membrane unit and an undetermined methanol
requirement, in that only liquids need to be fed at the conversion catalyst. Overall, they estimated the system to
membrane working pressure. This at least avoids the needprovide energy densities of 2.2 kW h Kgand 1962 kW h
for air compressors, which can be heavy, noisy, and highly m=3. Suggested follow-on work included development of a
parasitic. The second issue has been investigated by manuitable catalyst, providing a throughput-2000 h* and
groups, but deployment of membrane-based systems is thea useful life of 240 h, both of which have been exceeded in
ultimate test of Pd and Pd-alloy membrane durability. subsequent work by various groups.
Additionally, membrane-based systems have tended to be Basile and co-workers have conducted extensive modeling
quite heavy, but this issue is being addressed as well, as seeand experimental work on methanol reforming in membrane
by the demonstration activities reported by companies like reactors. In their initial simulation work, they sought to fill
Idatech and Genesis, described below. Finally, cost is asome gaps they had identified in the literature, namely the
potential barrier for membrane-based systems entering theanalysis of membrane-based methanol reformers according
marketplace. With Pd being intrinsically expensive, the need to variables other than temperature and pres¥dr&he
to operate very thin membranes reliably is crucial, and much Basile group compared membrane reactors and traditional
progress has been made in the area of thin Pd membrangacked-bed reactors by investigating the parameters of
durability. Ultimately, the higher cost of a Pd membrane temperature, pressure, time factor (residence time), feed S/C,
needs to be weighed against the advantages that membraneand sweep gas flow rate. The membrane was a Pd/Ag alloy
based systems provide. In recent years, most methanolith a thickness of 5Qum. At any given condition, the
reforming demonstration units have been membrane-basedmembrane reactor was found to be superior to the traditional
mainly for the advantageous reasons listed above, and in spit@eactor in terms of conversion, selectivity, and productivity,
of the higher cost and increased weight that the membraneall of which are driven by the constant removal of product
units impose on the system. The general approach tends tchydrogen from the reactor zoA®.These results were later
be aimed at first getting demonstration units in front of the confirmed by experimental studies comparing the two types
potential users as quickly as possible and then addressingf reactord® and further refined by the use of counter-current
the cost and weight issues as interest in these applicationsweep gas operation, as illustrated in Figure 15(c) along with
increases. . two cocurrent geometries, (a) and B).
~ For a general review of Pd membrane reactors, the previous work by Itoh et al. sought to address the back-
interested reader is directed to the extensive review of permeation effect that occurs at the front end of the reforming
Paglieri and Way?® especially section 3 and references ped in membrane reactors, as illustrated in Figur&2Bhis
therein. In the following subsections, we detail the progress jssye arises from a reverse concentration gradient that
achieved and demonstrations conducted by various researcr@gevebps due to low hydrogen production at the beginning
and development groups in this well-researched approachof the reformer bed. Using simulation and experimental
to methanol utilization. studies, Itoh concluded the best hydrogen recovery option
4.2.1. Modeling and Simulation was Fhe use of a sweep gas in co-flow qrientation. However,
St this introduces the disadvantage of diluting the permeate
Some of the earliest high-pressure methanol reforming andhydrogen, and this is not a practical solution for most
Pd membrane separation work was that conducted bynonstationary applications.
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Figure 16. lllustration of the back-permeation phenomenon that
occurs in membrane reactors, where a reverse hydrogen concentra
tion gradient develops at the inlet side of the reactor. (Reprinted
with permission from ref 262. Copyright 2002 American Chemical
Society.)
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In additional work, the Basile group began looking at the Figure 17. Integrated membrane reactor module (a) and multi-
effect of adding small amounts of oxygen to the reformer module (b) developed by Han et al. for methanol steam reforming
feed, a process known as oxidative steam reforming. Theyat up to 10 kW power output. (Reprinted from ref 277, copyright

found that such operation could increase methanol conversionzooz’ with permission from Elsevier.)

i 4
and hydrogen production and reduce CO selectfty? to 74% efficiency and up to 70% hydrogen yiéld.Other

A modeling study by Nair and Harold agrees with o oo imants demonstrated up to 97% hydrogen yield, but
previously reported comparisons where the membrane reactor -, operation does not leave enough combustion fuel to

prowdet_f, enr;anczla(d (;:cl))n\(/jersmr%ée%q_?] pro?ugtmty retlatl\;eéo a thermally sustain the integrated unit. Operation at about 74%
conventional packed-bed reactor. neir study investigate hydrogen recovery was found to provide a system energy

parameters such as particle size, membrane thickness, spa Slance™
ﬁlé);'%'u?%d ;’utrrf:ggotlff) \tl)gltthnggr:aﬁg d?z)é %r:itljizla(iigamén d Mechanlst!cally, they theorize that a reverse s_p|llover
overall productivity. Additionally, they found catalyst particle mechamsm Is responsible for the |mproveq reaction rates
size, membrane th.ickness and1membrane surface-to-volum obtained in Pd membrane reactors containing Cu-based
ratid to be coupled and thljS subject to a variety of tradeoffs %atalys_ts. In essence, the nevyly form_ed hydrogen from_ the
such that the controlling factor varied depending on the’ reformlng reaction is able to migrate directly from the active
relative values of these three paramet&ts Cu site to the Pd membrane surf&tSuch mechanistic
: studies of Pd membrane reactors are beyond the scope of

this discussion, but the interested reader is referred to the
subsequent work by Rei et &P

Researchers at the Research Center Julich have demon- Han and co-workers at SK Corporation have demonstrated
strated a packed-bed reformer based on a tube-in-tube desigseveral integrated membrane reactors for processing metha-
operating at 3.8 bar, and they have quantified many of the nol. Their first reported unit was a 2-kW device with an 89%
relevant parameters for such a system in automotive thermal efficiency (based drigherheating valuegy®and a
applicationg%¢-270 The reactors they describe are meant to power density of about 0.77 kW.276 Similar to the work
be supported by downstream Pd membrane separation of thexf Lin, they operated their devices at about 75% hydrogen
hydrogen from the reformate, but the focus of the work has recovery to achieve thermal energy balance within the
been on the catalyst issues. Working with partners Haldor- systen?’” A second generation device, this time operating
Topsoe A/S and Siemens AG, Julich quantified catalyst at 10 kw, was demonstrated and is shown in Figure 17.
deactivation issues, especially in light of required lifetimes  More recently, Han et al. demonstrated a nominal 25-kW
of 3000 h or moré®®2"0Additional investigations quantified  unit operating at 76 75% recovery and about 75% thermal
the relationship of CO formation to extent of methanol efficiency2’® Peak production on the reformer unit was up
conversioA®”?°and highlighted the sometimes conflicting to 40 kW electric. The device is planned for demonstration
boundary conditions faced by commercial applications of this with a PEM stack (Hyundai Motors) and eventual integration
sort, such as cost ceilings, required yields, high rates, into a hybrid vehicleZ8
dynamic response, partial load behavior, and catalyst life-  Buxbaum details the advantages of membrane reactors,
time 2%” They found considerable deactivation (linear) of the with specific reference to methanol steam reforming. In
copper-based catalyst, with most of the losses occurring onaddition to the removal of pure hydrogen from the reactor,
the inlet end of the bed. Accounting for such deactivation, he further claims that temperature management can be
and sizing the reactor bed accordingly, they projected the enhanced through the inherent counter-current flow of a shell-
possibility of a 4000 h lifetime with no more than 20% loss  and-tube design and that pressure can be used to drive a
relative to original performanc¥?270 reaction that would not otherwise benefit from increased

Lin and co-workers also found significant rate improve- pressure operatioti>?®°REB Research offers several mem-
ments in membrane reactors relative to traditional packed- brane reactors for purchase, as well as complete hydrogen
bed reactord’! They demonstrated an integrated unit, heated generators for lab/stationary use, based on methanol reform-
by combustion of the membrane retentate, and measured upng.?8!

4.2.2. Membrane Reactor Development
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y-Al,O; layer

Pt/SiO, catalysts

Porous stainless
steel substrate

Figure 18. Schematic diagram of the cross-sectional structure of
the Pt-loaded microporous membrane developed by Lee et al.

(Reprinted from ref 284, copyright 2006, with permission from Figure 19. A command and control combat vehicle with a 2kwW
Elsevier.) Idatech fuel cell APU mounted on the front portion of the roof.
(Reprinted from ref 39, copyright 2004, with permission from
Elsevier.)

Wieland and co-workers compared three different Pd alloy
membranes, Pd/Ag, Pd/Cu, and Pd/VAYPd/V/Pd was
found to have high permeation rates but suffered from
instability and could not be tested above 6 bar due to failure.
The Pd/Cu membrane was found to be much more stable
but exhibited the lowest permeation of the thi#€& he group
also found the presence of CO or methanol to significantly
affect the hydrogen flux, decreasing it by up to 70%, a
phenomenon also reported by Arstad et al. for Pd/Ag
membraned?? The decrease is ascribed to competitive
adsorption by CO or methaneh process that is reversible
but is problematic for systems of this sort that inevitably
contain significant concentrations of both CO and methanol.
Wieland further reports methanol steam reforming conversion gjg e 20. IdaTech's iGen Fuel Cell System generates 250 W at
in excess of the equilibrium prediction due to removal of 12/24 vDC using a methanol/water mixture in a fully automated
the product hydrogen. However, this was only observed at system about the size of two lunch boxes. (Copyright 260306,
pressures above 20 bAfr. Idatech, LLC, used by permission.)

Recent work reported by Zhang et al. describes the use of
a carbon membrane reactor in much the same way as Pd#2.3. Membrane-Based Power System Development

based membrane reacté¥éThe carbon membrane was used  peyelopers at Idatech, LLC (formerly Northwest Power

as a 6-mm i.d. tube with a wall thickness of-2B0 «m and Oiystems, LLC) have been reporting on fuel processors and
sealed |p5|de a st_alnless steel tube. As expected, methan omplete power systems based on methanol reforming since
conversion was higher for the membrane reactor compared,g early as 199%27and have developed an extensive patent
to the fixed-bed reactor over the temperature range-200 portfolio around their systems, which incorporate high-
250°C, but the H, CO,, and CO yields were virtually the - pressure reforming with metal membrane purification of the
same. The data were obtained at very low throughput (1.0 hydroger?®-291 The Idatech reformer is a compact, inte-
h™), with S/C= 1.5 and a reactor pressure of 0.2 MPa. The grated unit that includes a packed-bed steam reformer
authors report a permeate stream consisting of-98M6%  coypled with internal combustion and a selective membrane
H; and 2.4-3.1% CQ with “almost no CO”, but the CO  made of a proprietary Pd alloy. Downstream of the mem-
levels were not quantitatively reported. brane, they have also included a catalytic methanation bed
Lee and co-workers have developed a membrane reactoithat catalytically removes any trace CO that may pass through
based on Pt-loaded microporous silica supported on porousthe membrang?6.2%0
stainless steel, as illustrated in Figure?#8/\hile the device U.S. Army CERDEC reported in 2004 the demonstration
showed significant improvement in conversion and a high of an Idatech unit operating on methanol/water and providing
Ho/CO selectivity, the net hydrogen recovery was very low, 2 kW for a silent watch applicatioff.The unit was somewhat
ranging from 2.8% to 9.1% depending on the type of ruggedized and mounted on top of a command and control
membrane used. The authors speculated that use of mesacombat vehicle (see Figure 19), where it was used in

porous membranes would increase hydrogen permeabilitysomewhat realistic environments of wind, dust, cold, heat,
but would also result in decreased CO removal efficiefity.  and vibration.

A comparison of Cu, Ni, and Ru reforming catalysts by ~ While most of the early work conducted by Idatech was
Kikuchi et al. demonstrated that Ni-based catalysts had thefocused on multi-kilowatt systems, more recently they have
most stable activity but suffered from the methanation side demonstrated a 250 W unit for battery charging applications
reaction. However, they found that operation within the Pd for the U.S. military?°? The complete device (Figure 20),
membrane reactor suppressed methanation for this catalystontaining the integrated reformer, fuel cell, and balance of
and led to a higher hydrogen yield than the Cu or Ru catalyst plant, measures 36 cm by 50 cm by 16 cm and provides
systemg® They reported deactivation of the Cu catalyst at 250 W continuous output at 12 or 24 VDC with an estimated
>200 °C and of the Ru catalyst at250 °C, while the Ni fuel consumption rate of 500 mL~h The fuel processor
catalyst remained stable up to 4%0. module is reported to have nearly 2000 h of operational time
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demonstrated, including 229 thermal cycles. Extensive bal-
ance-of-plant validation has also been conducted by Idatech,
showing thousands of operating hours and hundreds of on/
off cycles for components such as cooling fans, air pumps,
liquid pumps, and solenoid valvé®.According to an Idatech

product brochure, the iGen device operates on a 64 wt %

methanol solution, can start up in less than 10 min, and can . _
operate at-22 to 122°F (—30 to 50°C). At full load (250 \/ — :T

Power supply

Reactant gas Products —*TCD, FID-GC

W net), the device consumes 9 mL minof fuel, which
translates to a net fuel-to-electricity efficiency of 15% based
on the lower heating value of methanol.

In the late 1990s, Ledjeff-Hey and co-workers reported
their demonstration of a Pd-based membrane reactor utilizing
the standard Cu-based reforming catafy$They described
an integrated device that included the vaporizer, reformer,

membrane, and catalytic burner in a package measuring 14 pery and co-workers demonstrated through modeling and

cm diameter and 60 cm long and weighing 15.5 kg. The gynerimental investigations that the use of microwave energy
commercial Pd/Ag membrane they employed was 7.5 mm ¢ 14 provide a more uniform temperature distribution in a

thick—much thicker than most membranes recently reported. packed-bed methanol steam reforr#&in essence, the even
Operation of the device Dver a range of temperatures heating provided by the microwave energy avoided the
demonstrated between 40% and 62% hydrogen recovery a.ommon convective and conductive limitations that often

S afm. Increaseq pressure (7 atm) yielded hggher_ reCoVeryrasult in cold spots in an endothermically operating packed-
rates and a maximum overall efficiency of 54%, with some peq reactor. This is definitely an intriguing concept but

identified areas for improvement on thermal performance. yoqyires the integrated generation of microwave power for
Due to leakage issues, the permeate contained between 5¢,, system.
and 80 ppm CO and from 500 to 750 ppm £& The use of plasma to conduct methanol reforming reactions

_ Development work reported by Genesis Fueltech, InC. i catalyst was investigated by Sekine etahs well
includes a reforming system that produces 20 slpm of H ;¢ £\ tamura and Kabashi#2%8While the work of Sekine

(3.6 kW) in an integrated unit that measures 45 cm by 20 et al., illustrated in Figure 21, demonstrated the use of pulsed

cm by 46 cm and weighs 22.7 K& The net thermal di : ;

- scharges for reforming a variety of fuels, and both groups
eff![metncty of the7f5u;l ptr?]pehssort raFgeI)s frogQOO/lo_Sblovyrh demonstrated conversion at low temperatures, both demon-
outputs to over g at igh outputs, based on S- M€Y strations yielded very high CO concentrations in the methanol
further report 8-100% output capacity with rapid transition reformate-much higher than expected from thermodynamic

between output levels. Genesis reports development of &g ijibrium, and a great disadvantage relative to catalytic
proprietary methanol reforming catalyst that replaces the o5 This is not unexpected, as, without a catalyst present,

typical Cu/ZnO formula.oThis provides bettgr high-temper- the reaction proceeds through very nonselective means.
?gure opekr)atlon (?99450 tC) to modreﬂ(]:losely mtteglrgt(e)ovg)ltz fSimilar behavior is observed when noncatalytic methanol
re?o rnr:]ZT orgg;tigrr\)/\?i:ﬁoufi dggra da?i)éﬁreTphoer refc;rmer 0 reforming or methanol decomposition reactions are con-
operates at 150 psig and uses 150 mL of catalyst at the ZOdUCted thermally. Much CO is formed initially, and i

. . insufficient time is allowed for the WGS reaction to convert
slpm design level. Integrated heat exchange provides a 100the CO to CQ, then the CO concentration exiting the reactor

°C exhaust temperature despite reformer bed operation af, . p ; ; P -
o o e considerably higher than the equilibrium prediction.
400 °C. The reported air-side pressure drop through the Like plasma reactors, supercritical water reactors can be

burner is 0.2-1.0 in. of wate?®3 which is a major consid- , . .
eration for integrated systems, as every parasitic load mustoperated in methanol steam reforming .W'thOUt a catalyst
be absorbed by the fuel cell gross power output, reducing (8/though the metal reactor walls provide at least some
the overall efficiency of the device. catalytic activity). This approach has been demonstrated by
a number of research groups, but due to the higher temper-
: atures required for supercritical operation (40@0°C), the
4.3. Other Methods of Reaction Enhancement resulting CO levels are much higher than those in the
In addition to catalysis, thermal heating, and membrane traditional catalytic steam reforming approach. In addition,
separations, some groups have investigated other methodsnethanation of the carbon species is also favored by the high
of enhancing the methanol steam reforming reaction. This pressures and longer residence times characteristic of the
includes methods such as acoustic field application, micro- supercritical reactors. More details on the reactors and
wave-enhanced heating, plasma reforming, supercritical experiments can be found by consulting the works of
reforming, and the liquid-phase reaction, as detailed below. Guptaz®®-30* Boukis?23% and Rice?®>3% The overall
In some cases, the method is meant to enhance the rate oubject of methanol oxidation in supercritical water was
reaction. In others, such as liquid-phase reforming, the recently reviewed by Vogel et &’
product selectivity is enhanced. Liquid-phase reforming of methanol has also been pro-
Recently, Erickson demonstrated the enhancement ofposed as a means of hydrogen generation. The work of
reaction rate in a catalytic methanol steam reformer by Dumesic and co-workers has demonstrated the utility of
applying a controlled acoustic field to the reactrThe liquid-phase reforming of several oxygenated bioderived
enhancement of rate was more pronounced at highermolecules, such as glucose, sorbitol, and glycBfVithin
throughput, while the rate enhancement was almost negligiblethe conduct of this work, they also demonstrated the liquid-
at low throughput. phase reforming of methanol at 22875°C and 29-56 bar,

Figure 21. Experimental setup for nonequilibrium pulsed discharge
reforming of methanol. (Reprinted with permission from ref 296.
Copyright 2004 American Chemical Society.)
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with no reported CO formation in the product gas. The on a number of factors, including price, application, user,
reaction was conducted over a PB4 catalyst at very low reactor type, power output, and the developer’s predisposi-
space velocity (0.008@.0n Jear * h™%).213 In batch experi-  tions.

ments with various silica-supported catalysts, Miyao et al.  Efforts in developing microchannel-based devices for
experienced similarly long reaction times, on the order of methanol steam reforming and its associated unit operations
300 min¥* Unlike the Dumesic group, though, they saw have proven successful. The interleaving of combustion and
significant quantities of CO produced, even at the low reforming channels has been shown to provide a very
temperatures of operation (#7202 °C). Additionally, a  compact device with high efficiency. In this type of deploy-
European patent describes the liquid-phase reforming of ment, though, fabrication can become quite complex and
methanol at 0.324 MPa and 56240°C over a Cu catalyst  expensive if not designed for manufacturing from the early

that includes oxides of Zn, Al, and €t stages. Likewise, several developers have shown the promise
of methanol reforming in a Pdmembrane reactor config-
5. Summary and Future Prospects uration, with the resultant pure,Ho feed to the fuel cell.

Methanol st forming for hvd ducti These developers will need to address cost and weight issues
thanol steam reforming for nydrogen production €on- pa¢qq fy| deployment and acceptance can be expected, but

t||nue3 to bﬁ. an 302;]’9 area oft_Tlesearch. V\t/)||th mucr; frOgTessthey have definitely made an impression through the public
aiready achieved, tnere are stit many problems yet1o SOIVe. 4o manstration of prototype units at the various conferences

Whllg interest in methanol as a PEM fugl cell fuel has and expos that relate to fuel cell power.

remained strong, there seems to be a shift of focus away Methanol reformi i ) b . f

from automotive applications and a sustained emphasis on ethanol reforming will continue to be an active area o
research, even if it only serves as an initial step on the road

portable and small power applications. In the higher power _ ; -
range &1 kW), methanol has several disadvantages relative 1© fuél cells powered by gasoline, diesel, or JP-8. Military
to logistics fuels (e.g., JP-8, diesel) or infrastructure fuels INtErest continues to be driven by a need for higher energy

(gasoline, LPG, NG), especially with regard to distribution density power sources, as they must provide the soldier with
network and energy density. On the low power si¢d@0 more power W|th_out increasing his already large burdgn.
W), where the simplicity of methanol provides an advantage, Methanol reforming is a step to get there. Commercial
RMFCs must compete with advanced battery technology andappllsatlons, ":, successiul, could see methanol become the
DMFCs, both of which are further developed than RMFC NeXt “propane”, where it is sold in single-use containers at
units in general. Furthermore, at these low power levels, BOP _retall outlets for use in portable fuel cell units. This scenario

considerations become increasingly important. As a result, IS Still years away, but if developers can establish an
RMFC units are likely to make their mark on the portable acceptance of methanol as a useful fuel and can establish a

power space in the 1661000 W power range, where the market.for' personal and reqrea_tional fugl cell power systems,
fuel can be treated like a prepackaged consumable and wher%en this is not an outlandish idea. Ultimately, the market,
BOP availability is not as limited. The military will continue oth m_|I|tary and commercial, will determ.me where methanol
to show interest in RMFC devices, even if only as a short- reforming goes from here. In the meantime, 're_s.garchers. and
term solution, with the longer-term focus being on heavy d€velopers will continue to explore the possibilities, hoping
fuels like JP-8 and diesel. Commercial markets may accept!© hit upon an additional breakthrough that will bring this
RMFCs (and DMFCs, for that matter) only if price points important technology closer to commercial application.
can be brought down considerably.

Continued technical advancements will be needed in either 6. Acronyms
case. As seen in section 3, catalygt development has been auxiliary power unit
big focus area for.methanol reforming researchers, but muchag autothermal reforming
more work remains. If Cu-based catalysts are to be usedgop balance of plant
successfully in the long term, the deactivation and sintering DARPA  defense advanced research projects agency
issues need to be addressed. Alternatively, the Pd alloyDEFC direct ethanol fuel cell
formulations being developed could solve many of these DFAFC  direct formic acid fuel cell
problems. However, regardless of the catalyst formulation DMFC  direct methanol fuel cell

used, other tangential factors need to be addressed, such dg1V lower heating value
potential poisoning or passivation of the catalyst due to trace -PG I|q|l|J_ef|ed petroleum gas
contaminants over long operational times. These contami-"" mifflamps .
. . MEMS  microelectromechanical systems

nants could come from several sources, including the millivolts
met_hanol fuell, the.water (carrie_d or recycled), and even the \1gg methyl tert-butyl ether
environment in which these devices are stored and operatedyg natural gas

Reactor and system development activities by groups ocv open circuit voltage
around the world have demonstrated the ability to conduct OSRM  oxidative steam reforming of methanol
methanol reforming at small and large scale, at high PDA personal digital assistant
efficiencies, and for a host of applications. Consequently, PEM polymer electrolyte membrane

material selection and system design vary widely, from the PEMFC  polymer electrolyte membrane fuel cell
very small metal, glass, or ceramic microreactors to the large- 8"'(: c pa}”'a' Oé('dat;ﬁ“ | fuel cell
scale, high pressure, membrane-based hydrogen generator reformed methanol Tuel ce

: o steam-to-carbon ratio
Catalyst deployment methods used have included traditional : .

. standard liters per minute

packed-bed reactors, monolith reactors, and wall-coatedgorc  solid oxide fuel cell
channels, each with its demonstrated advantages and disadsr steam reforming
vantages. In this case, one size does not fit all. For eachTPR temperature-programmed reduction
application, the method of catalyst deployment will depend Vv volts
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We watts electric equivalent

Wi watts thermal

WGS water-gas shift

XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction

YDC yttria-doped ceria
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