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Hydrogen is considered to be the most viable energy carrier for the future. Producing hydrogen
from ethanol steam reforming would not only be environmentally friendly but also would open
new opportunities for utilization of renewable resources, which are globally available. This paper
reviews the current state of the steam reforming process of ethanol, examines different catalysts,
and, finally, makes a comparative analysis. Different catalysts have been used for the steam
reforming of ethanol. Depending on the type of catalysts, reaction conditions, and the catalyst
preparation method, ethanol conversion and hydrogen production vary greatly. It was observed
that Co/Zn0O, ZnO, Rh/Al;03, Rh/CeOq, and Ni/LasO3—AlsO3 performed the best, in regard to the
steam reforming of ethanol. Currently, hydrogen production from ethanol steam reforming is

still in the research and development stage.

1. Introduction

Approximately 80% of the present world energy
demand comes from fossil fuels.! Unlike fossil fuels,
hydrogen gas (Hg) burns cleanly, without emitting any
environmental pollutants.2 In addition, Hs is also abun-
dantly available in the universe and possesses the
highest energy content per unit of weight (i.e, 120.7 kJ/
g), compared to any of the known fuels. Hy is considered
to be the energy carrier of the future! and could have
an important role in reducing environmental emissions.
The shifting of fuels used all over the world from solid
to liquid to gas, and the “decarbonization” trend that
has accompanied it, implies that the transition to Hy
energy seems inevitable.>* Consequently, there has
been a surge in funding devoted for research on the
production, distribution, storage, and use of Hy world-
wide, and especially the countries such as the United
States, the European Union, and Japan.?~7 However,
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Hj has its own problems, and there is a strong debate
on the subject. Some critics doubt that Hy is the right
solution for the energy-related environmental, security,
and sustainability issues. They argue that the current
technology for producing Hy as an energy carrier is too
costly and wasteful of energy.8~1! According to Romm,2
there are two important pillars on which the Hj
economy rests on: pollution-free sources for the Hy
generation, and fuel cells for converting the Hy to useful
energy efficiently. This paper examines the first pillar,
through the production of Hy from ethanol (CoH50H),
which is a renewable source that would contribute to
net-zero carbon dioxide (COs2) emissions.

In nature, Hy is always present in bound form, in
organic compounds and water. Hy can be produced from
different sources, e.g., coal, natural gas, liquefied pe-
troleum gas (LPG), propane, methane (CHy), gasoline,
light diesel, dry biomass, biomass-derived liquid fuels
(such as methanol, CoH;OH, biodiesel), as well as from
water. Among the liquid Hg sources, CoaH50H is a good
candidate for several reasons: (i) ethanol is renewable
and is becoming increasingly available; (ii) it is easy to
transport, biodegradable, and low in toxicity; (iii) it could
be easily decomposed in the presence of water to
generate a hydrogen-rich mixture; and (iv) it is free from
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catalyst poisons such as sulfur.!3-15 In addition, the
steam reforming of CoH50H to produce Hy is thermo-
dynamically feasible.6:17

Currently, almost 90% of the Hs is produced via the
reforming of natural gas or the light oil fraction with
steam at high temperatures.! However, hydrogen pro-
duction from natural gas is always associated with the
emission of greenhouse gases and local pollutants. On
the other hand, Hs production from ethanol steam
reforming would not only be environmentally friendly,
but also would open a new opportunity for the utiliza-
tion of the renewable resources that are globally avail-
able. Therefore, it would be beneficial for those inter-
ested in Hg production research to get an idea about
the current status of this industry, including the chemi-
cal processes involved, suitable catalysts, supporting
materials, operating conditions for high CoH;OH con-
version, and hydrogen selectivity. The objective of the
paper is to review the literature on steam reforming of
CoH50H and make a comparative analysis.

2. Brief Review of Hydrogen Production
Processes

Generally, the technologies for producing Hy fall into
four broad categories: (i) thermochemical, (ii) electro-
chemical, (iii) photobiological, and (iv) photoelectro-
chemical.18

2.1. Thermochemical Technology. Steam reform-
ing is the most widely used thermochemical process to
produce Hy from raw materials such as natural gas, coal,
methanol, CoH50H, or even gasoline. Gasification and
pyrolysis processes are used when the feedstocks are
solids (such as coal, wood, and other biomass) or
semisolid (such as heavy or residual oils).1*~22 Thermo-
chemical processes usually use catalysts in one or more
elements of the conversion process. Currently, the steam
reforming of natural gas comprises almost 50% of the
world feedstock for Hs production.®2? In the United

(13) Marifo, F.; Boveri, M.; Baronetti, G.; Laborde, M. Hydrogen
Production via Catalytic Gasification of Ethanol. A Mechanism Pro-
posal over Copper—Nickel Catalysts. Int. J. Hydrogen Energy 2004,
29, 67—1T1.

(14) Deluga, G. A.; Salge, J. R.; Schmidt, L. D.; Verykios, X. E.
Renewable Hydrogen from Ethanol by Autothermal Reforming. Science
2004, 303 (5660), 993—997.

(15) Fernando, S.; Hanna, M. Development of a Novel Biofuel Blend
Using Ethanol-Biodiesel-Diesel Microemulsions: EB-Diesel. Energy
Fuels 2004, 18, 1695—1703.

(16) Garcia, E. Y.; Laborde, M. A. Hydrogen Production by the Steam
Reforming of Ethanol: Thermodynamic Analysis. Int. J. Hydrogen
Energy 1991, 16 (5), 307—312.

(17) Vasudeva, K.; Mitra, N.; Umasankar, P.; Dhingra, S. C. Steam
Reforming of Ethanol for Hydrogen Production: Thermodynamic
Analysis. Int. J. Hydrogen Energy 1996, 21 (1), 13—18.

(18) EERE, available via the Internet at http://www.eere.energy.gov/
consumerinfo/factsheets/a109.html.

(19) Timpe, R. C.; Hauserman, W. B.; Kulas, R. W.; Young, B. C. In
Hydrogen Production from Fossil Fuels and Other Regionally Available
Feedstocks, 11th World Hydrogen Energy Conference, Stuttgart,
Germany, June 23—28, 1996; pp 489—498.

(20) O’Brien, C. J.; Hochgreb, S. Thermodynamic Analysis of Fuel
Processing, Western States Meeting of The Combustion Institute,
Livermore, CA, April 14—15, 1997.

(21) Asadullah, M.; Ito, S.; Kunimori, K.; Yamada, M. Y.; Mishige,
K. 1. Energy Efficient Production of Hydrogen and Syngas from
Biomass: Development of Low-Temperature Catalytic Process for
Cellulose Gasification. Environ. Sci. Technol. 2002, 36, 4476—4481.

(22) Hanaoka, T.; Yoshida, T.; Fujimoto, S.; Kamei, K.; Harada, M.;
Suzuki, Y.; Hatano, H.; Yokoyama, S.; Minowa, T. Hydrogen Production
from Woody Biomass by Steam Gasification Using a COqy Sorbent.
Biomass Bioenergy 2005, 28, 63—68.

Energy & Fuels, Vol. 19, No. 5, 2005 2099

States, ~95% of Hy is currently produced through steam
reforming.2*

2.2. Electrochemical Technology. The electrolysis
of water is a mature technology that is used to produce
H,.25 Although the efficiencies of commercial electro-
lyzers are in the range of 60%—70%,5 the overall
efficiencies of water electrolysis are in the range of only
~25%.26 Electrolysis is energy-intensive; the energy
requirements for current electrolysis systems are in the
range of 53.4—70.1 kWh/kg of Hy produced,?” and the
price of electricity contributes significantly to the pro-
duction costs.?® If the price of electricity is reduced from
7.89¢/kWh to 4.83¢/kWh, the cost of Hs would be
reduced by 31% for a system capacity of ~1000 kg of
H, production per day.?” This technology would be
competitive only if low-cost electricity (1—2¢/kWh) is
available.?4:25

2.3. Photobiological Technology. Photobiological
systems generally use the natural photosynthetic activ-
ity of bacteria and green algae to produce H,. This
technology covers a wide range of approaches, including
direct and indirect biophotolysis, photofermentation,
and dark-fermentation. Detailed reviews on this tech-
nology could be found elsewhere.26730 One major
limitation of this technology is the relatively slow
production rates. Different rates of photobiological Hy
production have been noted, which ranged from 0.07
mmol Hy L1 h~! in direct biophotolysis with Chlamy-
domonas reinhardtii to 96 mmol Hy L1 h~! in photo-
heterotrophic water gas shift (WGS) with Rubrivivax
gelatinous CBS.3? Because of lower mass transfer and
slower kinetics, biological WGS reactors are not yet
considered to be economical to replace catalytic WGS
reactors.?! Also, these technologies are still immature
and in the experimental stage, and the practical appli-
cabilities are unclear.?°

2.4. Photoelectrochemical Technology. The photo-
electrochemical process produces Hs in one step, split-
ting water by illuminating a water-immersed semicon-
ductor with sunlight. However, this technology is also
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Table 1. Cost and Energy Efficiency from the Selected
Technologies to Produce Hydrogen

cost energy

plant size and technology ($/kg Hy)* efficiency (%)

central plant

natural gas steam reforming 2.11 660

coal gasification 2.17 60¢
midsize plant

methane steam reforming 3.94 704

biomass gasification 7.07 45—50¢
distributed plant

water electrolysis 7.36 27¢

natural gas steam reforming 3.68 70—80¢

water electrolysis 6.82 56—73¢

@ Data taken from ref 4. ® Data taken from ref 37. ¢ Data taken
from ref 38. ¢ Data taken from ref 12. ¢ Data taken from ref 27.

in the early stages of development.3?2 There are some
barriers for developing durable, high-efficiency photo-
electrochemical systems for Hy production.33:3¢ Some of
the major obstacles are (i) poor matching of the semi-
conductor band gap with the solar spectra, (ii) instability
of the semiconductor materials in the aqueous phase,
(iii) difference between the semiconductor band edges
and the electrochemical reactions, and (iv) poor kinetics
of the Hy generation reaction.

3. Hydrogen Production via the Catalytic Steam
Reforming of Ethanol

Steam reforming of natural gas to produce Hs is the
most energy-efficient technology currently available.3536
Furthermore, the reforming process could extract Hg not
only from the hydrocarbon fuels but also from water.
The reaction is fast, although Hy production is limited
by thermodynamic balance.® In addition, catalytic steam
reforming of natural gas is, by far, the most cost-
effective process, when applied at large-scale produc-
tion,2* compared to the other technologies (Table 1).

Steam reforming is a cost-effective and an efficient
process. In addition to ethanol being a biorenewable
resource, the steam reforming of ethanol is a promising
choice in Hy-based energy systems. Stoichiometrically,
the overall steam reforming reaction of CoH5OH could
be represented as follows.39

C,H,OH + 3H,0 — 2CO, + 6H,
(AH®,55 = +347.4 kJ/mol) (1)

However, there are several reaction pathways that could
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Figure 1. Reaction pathways that can occur during ethanol
steam reforming over metal catalysts.

occur in the CoH50OH steam reforming process, depend-
ing on the catalysts used; Figure 1 shows some such
reactions.

A breakdown of the reactions is given below:

(1) CsH50H dehydration to ethylene (CoHy) and
water, followed by polymerization of CeHy to form
coke 14,4043

dehydration: C,H,OH— C,H, + H,O (2)

polymerization:  C,H, — coke 3)

(2) CoH50H decomposition or cracking to CHy, fol-
lowed by steam reforming:*?
decomposition: C,H,OH—CH,+ CO+H, 4)

steam reforming: = CH, + 2H,0 — 4H, + CO, (5)

(83) CoH;0H dehydrogenation to acetaldehyde
(CoH40), followed by decarbonylation or steam

(38) T-Raissi, A.; Block, D. L. Hydrogen: Automotive Fuel of the
Future. IEEE Power Energy Mag. 2004, (November/December), 40—
45.

(39) Velu, S.; Satoh, N.; Gopinath, C. S.; Suzuki, K. Oxidative
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Hydrogen Production. Catal. Lett. 2002, 82 (1), 145—152.

(40) Cavallaro, S. Ethanol Steam Reforming on Rh/Al,O3 Catalysts.
Energy Fuels 2000, 14, 1195—1199.

(41) Llorca, J.; Homs, N.; Sales, J.; Fierro, J.-L. G.; de la Piscina, P.
R. Effect of Sodium Addition on the Performance of Co—ZnO—Based
Catalysts for Hydrogen Production from Bioethanol. . Catal. 2004,
222 (2), 470—480.

(42) Fatsikostas, A. N.; Verykios, X. E. Reaction Network of Steam
Reforming of Ethanol over Ni—Based Catalysts. J. Catal. 2004, 225,
439—452.

(43) Therdthianwong, A.; Sakulkoakiet, T.; Therdthianwong, S.
Hydrogen Production by Catalytic Ethanol Steam Reforming.
ScienceAsia 2001, 27, 193—198.
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reforming of CoH,0:14:40750

C,H,OH—C,H,O+H, (6)
C,H,0 — CH, + CO 7
C,H,0 + H,0 — 3H, + 2 CO(B)

dehydrogenation:
decarbonylation:
steam reforming:

(4) CoH50H decomposition into acetone (CH;COCHj3),
followed by steam reforming:4445:50,51

decomposition:
2C,H,OH — CH,COCH, + CO + 3H, (9)

steam reforming:
CH,COCH, + 2H,0 — 5H,, + 3CO (10)

(5) Steam reforming of CyH;OH to syngas
(CO + Hy):14

C,H.0H + H,0 — 2CO + 4H, (11)

(6) Water gas shift:
CO + H,0 —CO, + H, (12)

(7) Methanation:
CO + 3H, — CH, + H,0 (13)
CO, + 4H, — CH, + 2H,0 (14)

(8) Coking from the decomposition of CHy:
CH,—2H,+C (15)

(9) Coking from the Boudouard reaction:
CO,—0,+C (16)

(10) Dissociative adsorption of water to form acetic
acid (CH;COOH):13

water adsorption:
C,H,OH + H,0 — CH;COOH + 2H,, (17)

The intent of the reforming process is to make as
much Hy and COs as possible by cracking CoH50H in
the presence of steam over a catalyst. However, from
the reaction network, it is clear that the overall reaction
is very complex and involves over a dozen of potential

(44) Llorca, J.; de la Piscina, P. R.; Sales, J.; Homs, N. Direct
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16—19, 2004.
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Fuel Cell: A Comparison Among MgO Supported Rh, Pd, Co and Ni
Catalysts. Presented in the Technical Program, Pisa, Italy, May 16—
19, 2004.

(47) Goula, M. A.; Kontou, S. K.; Tsiakaras, P. E. Hydrogen
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Catalyst. Appl. Catal., B 2004, 49, 135—144.

(48) Té6th, M.; Domok, M.; Raskox, J.; Hancz, A.; Erdohelyi, A. In
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in the Technical Program, Pisa, Italy, May 16—19, 2004.
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Figure 2. Scheme of steam reforming of ethanol. (Legend of
abbreviations: WGS, water-gas shift; HTS, high-temperature
shift; and LTS, low-temperature shift.)

products. Therefore, it is important to reduce the
production of undesirable intermediate compounds.
Reactions to avoid are those that lead to C4 species and
CyHy. The presence of CoHy especially hinders the
overall Hg production reaction by inducing the pathways
toward carbon production and thus causing “coking” of
the catalysts.?2 Section 4 will discuss the catalysts that
have been tried thus far, and an attempt will be made
to identify the promising catalysts to drive the ethanol
steam reforming reaction with less byproducts.

Typically, a reforming process consists of three major
steps: steam reforming, WGS, and methanation or
purification, as depicted in Figure 2.

3.1. Steam Reforming. Steam reforming is the first
step of the Hy production process. This process occurs
with a catalyst at a temperature of ~1023—1073K. In
this stage, CoH5;0H is introduced into a reformer or
reactor, where the liquid is thermochemically broken
down into shorter-chained carbonaceous species. These
compounds would react with steam over the catalyst to
produce a mixture of Hy and other compounds, such as
carbon monoxide (CO), COy, CoH4,O, CoHy, or CH3COCHs3.
Conversion of the CoH50H to Hy may occur through the
reactions depicted below (reactions 18, 5, and 12).43

C,H,0H + H,0 = CH, + CO, + 2H,
(AH® 405 = 51.3 kJ/mol) (18)

CH, + H,0 = CO + 3H,
(AH® 05 = 206.2 kJ/mol) (5)

(AH®y95 = —41.2 kd/mol)
298 (12)

3.2. WGS Reaction. Almost all catalysts used for the
steam reforming of CoHs0OH produce CO.#653-55 The
WGS reaction is an important step in the reforming
process. During the WGS reaction, CO is converted to
CO2 and Hy through a reaction with steam. CO is
poisonous to the noble-metal catalysts, and therefore,
the formation of CO is typically reduced by performing
the reaction in excess steam. At the end of the WGS

CO + H,0 = CO, + H,

(50) Sheng, P. Y.; Idriss, H. Ethanol Reactions over Au—Rh/CeO
Catalysts. Total Decomposition and Hy Formation. J. Vac. Sci. Technol.
A 2004, 22 (4), 1652—1658.

(51) Zhao, S.; Luo, T.; Gorte, R. J. Deactivation of the Water-Gas-
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(52) Amphlett, J. C.; Leclerc, S.; Mann, R. F.; Peppley, B. A,;
Roberge, P. R. Fuel Cell Hydrogen Production by Catalytic Ethanol-
Steam Reforming. Proceedings of the 33rd Intersociety Energy Conver-
sion Engineering Conference, Colorado Sprongs, CO, August 1998,
Paper No. 98-269.

(53) Frusteri, F.; Freni, S.; Chiodo, V.; Spadaro, L.; Blasi, O. D,;
Bonura, G.; Cavallaro, S. Steam reforming of Bio-ethanol on Alkali-
Doped Ni/MgO Catalysts: Hydrogen Production for MC Fuel Cell.
Appl. Catal., A 2004, 270 (1-2), 30.

(54) Srinivas, D.; Satyanarayana, C. V. V.; Potdar, H. S.; Ratnasamy,
P. Structural Studies on NiO—CeOy—ZrO, Catalysts for Steam Re-
forming of Ethanol. Appl. Catal., A 2003, 246 (2), 323—334.
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Ethanol for Internal Reforming Molten Carbonate Fuel Cell. J. Power
Sources 2001, 102 (1-2), 198—204.
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reaction, the CO concentration is between 0.5 mol % and
1 mol %. The chemical reaction for WGS is as shown in
reaction 12. This reaction is the basis for most industrial
Hy production in the world. The WGS reaction is
reversible, and, therefore, the reaction equilibrium shifts
to the right and favors the formation of the Hy and COg¢
as products at lower temperatures. At higher temper-
atures, the equilibrium shifts to the left, limiting the
complete conversion of CO.

Typically, WGS reactors use metallic catalysts in a
heterogeneous gas-phase reaction with CO and steam.
Although equilibrium favors formation of products at
lower temperatures, reaction kinetics are faster at
elevated temperatures. For this reason, the catalytic
WGS reaction is performed in two steps: high-temper-
ature shift (HTS) and low-temperature shift (LTS). The
HTS reactor typically operates at temperature of 623—
643 K. To achieve higher conversions of CO to Hg, the
gas leaving the HTS reactor is then cooled to 473—493
K and passed through a LTS reactor. Thereby, ~90%
of the CO is converted to Hy in the first HTS reactor
and 90% of the remaining CO is converted in the LTS
reactor. However, care should be taken when choosing
WGS catalysts, because the feed composition affects the
catalytic activity. A summary of the catalysts used in
WGS reaction is given in section 4.

3.3. Purification. Further reduction in the amount
of CO in the reformate can be achieved by catalytic
methanation. Methanation reactor converts any re-
sidual carbon oxides back to CHy so that CO concentra-
tion becomes <10 ppm. Note that Hy would be consumed
for the process, and the chemical reactions are shown
below.

CO + 3H, — CH, + H,0
(AH 595 =

CO, + 4H, — CH, + 2H,0
(AH®,505 = —253 kJ/mol) (14)

—251 kd/mol) (13)

In addition to methanation, other methods could be used
to purify Hy, such as pressure swing adsorption, cryo-
genic distillation, or membrane technology in which
~99.9% purity of Hy can be produced, so that metha-
nation is no longer needed.>¢

Three processes—namely, steam reforming, WGS, and
methanation—may occur simultaneously in a single
steam reforming reactor (reformer), depending on the
type of catalysts used. Different catalysts lead to dif-
ferent reaction pathways and different effluent composi-
tions. The following section will discuss the role of
catalysts in the steam reforming of ethanol.

4, Catalysts

Reforming and WGS reactions in steam reforming of
CoH;OH are reversible and not simple to maintain.?3
On the other hand, complete CosHs0H conversion is
essential for the process to be economical. The catalyst
has an important role in achieving this, because it
increases the rate of reaction in such a way that the

(56) Adhikari, S.; Fernando, S. In Hydrogen Separation from
Synthesis Gas. Presented at the 2005 Annual International Meeting,
Tampa, FL, 2005, The Society for Engineering in Agricultural, Food,
and Biological Systems: Tampa, FL, 2005.
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Figure 3. Elemental compounds that were tried as cat-
alysts in ethanol reforming (denoted by circles). (Source of
Periodic Table: Webelements.”™)

system tends toward thermodynamic equilibrium.3>
However, different catalysts induce different pathways
to produce Hs (see Section 3). Therefore, the choice of
the catalyst has a vital role in the reforming process.

Table 2 presents various catalysts from selected
research that have been used for Hs production
via the steam reforming of ethanol. These in-
clude oxide catalysts,*257 metal-based (Ni, Cu,
Co) catalysts,1441743,4546,4849,58-60  metal-mixture-
based catalysts;!®3%61 and noble-metal-based cat-
alysts.1423.40,46-48,50,60,62 64

Elemental compounds that had been attempted as
catalysts for the ethanol reforming process are also
shown in Figure 3 and marked with a circle. The figure
shows that most of the catalysts attempted were metals,
both base and noble compounds. Some studies!463.78
imply that metals alone do not assist He production
significantly. These studies suggest that the perfor-
mances of metal catalysts could be improved using
suitable supporting materials.

4.1. Oxide Catalysts. Alumina (AlyO3) and vanadia
(V205) exhibited high activity in which they were able
to convert 100% CoHsOH at a temperature of 623 K.44
However, these two catalysts produced only small
amounts of Hg, as well as high amounts of CoH4 and/or
C2H40. The activity of the AloO3 catalyst was attributed
to its large adsorption capacity toward CoHsOH,*2
whereas the low Hj yield was attributed to CoH;0H
dehydration to CoHy4 that dominates the reaction path-
way. 4244

Among the oxide catalysts, zinc oxide (ZnO) exhibited
the best performance for the steam reforming of CoH;OH.
This catalyst not only completely converted CoeH;OH,
but also produced considerable amounts of Hy and only

(57) Llorca, J.; Dalmon, J.-A.; de la Piscina, P. R.; Homs, N. In Situ
Magnetic Characterisation of Supported Cobalt Catalysts under Steam-
Reforming of Ethanol. Appl. Catal., A 2003, 243 (2), 261—269.

(58) Haga, F.; Nakajima, T.; Miya, H.; Mishima, S. Catalytic
Properties of Supported Cobalt Catalysts for Steam Reforming of
Ethanol. Catal. Lett. 1997, 48, 223—227.

(59) Machado, N. R. C. F.; Rizzo, R. C. P.; Peguin, P. P. S.
Performance of Catalysts with NbyO; for Hydrogen Production from
Ethanol Steam Reforming. Acta Sci. 2002, 26 (6), 1637—1642.

(60) Fierro, V.; Akdim, O.; Mirodatos, C. On-board Hydrogen
Production in a Hybrid Electric Vehicle by Bio-Ethanol Oxidative
Steam Reforming over Ni and Noble Metal Based Catalysts. Green
Chem. 2003, 5 (1), 20—24.

(61) Marifio, F.; Boveri, M.; Baronetti, G.; Laborde, M. Hydrogen
Production from Steam Reforming of Bioethanol Using Cw/Ni/K/y-AlsO3
Catalysts. Effect of Ni. Int. J. Hydrogen Energy 2001, 26 (7), 665—
668.
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Table 2. Catalysts Used in the Process of Hydrogen Production via the Steam Reforming of Ethanol

catalysts involved research highlight references
Oxide Catalyst Group
MgO; AlyO3; V20s5; ZnO; TiOg; 7m0 is the most promising catalyst. At 723 K, ZnO catalyst 14, 42, 44

Laz03; CeOg; Sm20s;
La203—A1203; CeOQ_A1203;
MgO—A1203

converts CoH50H totally and produces Hg with no CO. Hy yield
is 5.1 mol per mol of reacted CoHsOH.

Co-oxide Catalyst Group

Co/Aly03; Co/LasOs; Co/SiOg;
Co/MgO; Co/ZrOg; Co—ZnO;
Co/TiOg, Co/V20s5, Co/CeOy;
Co/Smg03; Co/CeO2—ZrOy; Co/C

Haga®® reported Co/AlsO3 showed high selectivity by suppressing 45, 46, 57, 58, 65—68
the methanation of CO and decomposition of CoH5OH. Llorca®
reported that Co/ZnO as the best for CoaH5;0H steam reforming.
Co/ZnO catalyst produces 5.51 mol Hy and 1.87 mol CO3, which

converts to 92% of stoichiometrical coefficients.

Ni-oxide Catalyst Group

:Ni/La203; Ni/(La203—A1203);
Ni/Alz03; Ni/MgO; Ni—Cu/SiOg;

Ni/Al303 converted 100% C2:HsOH and produced 70 vol % Ha.43
At a temperature more than 773K and steam to CaHsOH molar

18, 42, 43, 46, 49, 61, T1—74

Ni—Cu/y-AleO3; Ni—Cu—K/y-Al;03 ratio 6:1, Ni/yAl;O3 gave 5.2 mol Hy with 91% Hy, selectivity.®?
Ni/Al,O3 deactivated because of coke formation.”®
Ni/(La203—Al203) showed good activity and stability.*® At
temperatures of >600 °C, CoH;OH conversion was 100% and Hy
selectivity 95%, with CH4 as the only undesirable product.
However, a small deactivation was observed.”

Rh-oxide Catalyst Group

Rh/TiO2, Rh/SiOg, Rh/CeOg,
Rh/ZrOz, Rh/Al;03; Rh/MgO;
Rh/A1203; Rh./CeO2_Zr02;
Rh—Au/CeOz; Rh—Pt/CeO,

Rh/CeO; showed good performance for oxidative steam reforming 14, 23, 40, 48, 64, 72
with 100% activity and produced 5 mol Hs.1* At high Rh loading,

Rh/Al,03 was promising for CoHsOH steam reforming. Hy yield

was 5.5 mol (very close to the stoichiometric coefficient of 6) 7576

Other Catalyst Groups

Pd/CeOg; Pt/CeOq; Au/CeOqy;
Pd/A1203; Pt-Pd/CeOz;
Cu/NbgO5—Al203; Cu—Ni—Al—Zn;
NiO—-CeO3—ZrOq; Pd/C;
Rh(2,2'-bipyridyl)2)Cl; Group VIII
(Fe, Ru, Os) [Rh(bipy)2ICl

small amounts of CoHy, CoH4O, or CH3COCH3. Under
the reaction conditions of 723 K, atmospheric pressure,
a steam:CyH5OH molar ratio of 13:1, and a gas hourly
space velocity (GHSV) of 22 000 h~1, the ZnO catalyst
produced 97.7% Hy and COs, together with molar values
of 5.1 for He and 1.7 for COs, representing 85% of the
stoichiometrical coefficients.** This implies that the ZnO
catalyst is extremely selective to the overall steam

(62) Morton, D.; David, J. C. Rapid Thermal Hydrogen Production
from Alcohols Catalyzed by [Rh(2,2'-bipyridyl)s]Cl. Chem. Commun.
1987, 4, 248—249.

(63) Morton, D.; Cole-Hamilton, D. J.; Utuk, I. D.; Paneque-Sosa,
M.; Manuel, L. Hydrogen Production from Ethanol Catalyzed by Group
8 Metal Complexes. J. Chem. Soc., Dalton Trans. 1989, 3, 489—495.

(64) Diagne, C.; Idriss, H.; Kiennemann, A. Hydrogen Production
by Ethanol Reforming over Rh/CeO;—ZrO, Catalysts. Catal. Commun.
2002, 3 (12), 565—571.

(65) Llorca, J.; de la Piscina, P. R.; Dalmon, J.-A.; Sales, J.; Homs,
N. CO-Free Hydrogen from Steam-Reforming of Bioethanol over ZnO-
Supported Cobalt Catalysts: Effect of the Metallic Precursor. Appl.
Catal., B 2003, 43 (4), 355—369.

(66) Vanhaecke, E.; Roger, A. C.; Vargas, J. C.; Kiennemann, A.
Bioethanol Steam Reforming on Cobalt-Doped Ce—Zr Oxides. Evidence
of an Optimal Partial Reduction State, 1st European Hydrogen Energy
Conference, Grenoble, France, September 2—5, 2003.

(67) Batista, M. S.; Santos, R. K. S.; Assaf, E. M.; Assaf, J. M.;
Ticianelli, E. A. High Efficiency Steam Reforming of Ethanol by Cobalt-
Based Catalysts. J. Power Sources 2004, 134 (1), 27—32.

(68) Kaddouri, A.; Mazzocchia, C. A Study of the Influence of the
Synthesis Conditions upon the Catalytic Properties of Co/SiOy or Co/
AlyO3 Catalysts Used for Ethanol Steam Reforming. Catal. Commun.
2004, 5 (6), 339—345.

(69) Comas, J.; Marino, F.; Laborde, M.; Amadeo, N. Bio-ethanol
Steam Reforming on Ni/AlyO3 Catalyst. Chem. Eng. J. 2004, 98 (1—
2), 61-68.

(70) Fatsikostas, A. N.; Kondarides, D. I.; Verykios, X. E. Production
of Hydrogen for Fuel Cells by Reformation of Biomass-Derived Ethanol.
Catal. Today 2002, 75 (1—4), 145—155.

(71) Frusteri, F.; Freni, S.; Chiodo, V.; Spadaro, L.; Bonura, G.;
Cavallaro, S. K-Doped Ni/Mgo Catalyst: A Suitable Catalytic System
for Hydrogen Production by Steam Reforming of Bio-Ethanol; DGMK
Tagungsbericht, 2003; pp 163—170.

The performance of these catalysts were inferior compared
to the aforementioned catalysts.

23, 39, 47, 50, 54, 59, 62, 63, 77

reforming reaction of CeH5OH. However, no information
was available that was associated with the durability
of this catalyst.

4.2, Oxide-Supported Metal Catalysts. Among
oxide-supported metal catalysts, cobalt/alumina (Co/
Al,O3) was reported to be a promising catalyst for
CoH;0H steam reforming.58 Co/AlsO3 was very selective
toward the overall reaction by suppression of metha-
nation of CO and CoH50OH decomposition. This catalyst
was able to convert 100% of the CoH;0H with a Hy
selectivity of ~70%.58:80 The H; selectivity and product

(72) Fierro, V.; Klouz, V.; Akdim, O.; Mirodatos, C. Oxidative
Reforming of Biomass Derived Ethanol for Hydrogen Production in
Fuel Cell Applications. Catal. Today 2002, 75 (1—4), 141—144.

(73) Marino, F.; Boveri, M.; Baronetti, G.; Laborde, M. Hydrogen
Production via Catalytic Gasification of Ethanol. A Mechanism Pro-
posal over Copper—Nickel Catalysts. Int. J. Hydrogen Energy 2004,
29, 67-T1.

(74) Klouz, V.; Fierro, V.; Denton, P.; Katz, H.; Lisse, J. P.; Bouvot-
Mauduit, S.; Mirodatos, C. Ethanol Reforming for Hydrogen Production
in a Hybrid Electric Vehicle: Process Optimisation. J. Power Sources
2005, 105 (1), 26—34.

(75) Cavallaro, S.; Chiodo, V.; Freni, S.; Mondello, N.; Frusteri, F.
Performance of Rh/Al,O3 Catalyst in the Steam Reforming of Etha-
nol: Hy Production for MC. Appl. Catal., A 2003, 249 (1), 119—128.

(76) Cavallaro, S.; Chiodo, V.; Vita, A.; Freni, S. Hydrogen Produc-
tion by Auto-thermal Reforming of Ethanol on Rh/Al,O3 Catalyst. o/.
Power Sources 2003, 123 (1), 10—16.

(77) Galvita, V. V,; Belyaev, V. D.; Semikolenov, V. A.; Tsiakaras,
P.; Frumin, A.; Sobyanin, V. A. Ethanol Decomposition over Pd-Based
Catalyst in the Presence of Steam. React. Kinet. Catal. Lett. 2002, 76
(2), 343—351.

(78) Wheeler, C.; Jhalani, A.; Klein, E. J.; Tummala, S.; Schmidt,
L. D. The Water-Gas Shift Reaction at a Short Contact Time. J. Catal.
2004, 223, 191—-199.

(79) Webelement, available via the Internet at http:/www.
webelements.com/.

(80) Batista, M. S.; Santos, R. K. S.; Assaf, E. M.; Assaf, J. M.;
Ticianelli, E. A. Characterization of the Activity and Stability of
Supported Cobalt Catalysts for the Steam Reforming of Ethanol. .
Power Sources 2003, 124 (1), 99—103.



2104 Energy & Fuels, Vol. 19, No. 5, 2005

compositions are dependent on the preparation method
and the precursor of support that was used. With the
impregnation method, the Hy selectivity over Co/Al2O3
was 67.3%, whereas with the sol—gel method, the yield
selectivity was just 50.7% under the same reaction
conditions.®® However, Co/AlyO3 formed considerable
amounts of CH4 and Cs compounds (mainly CoH4 and
C2H40) and produced comparatively small amounts of
Hy, deposited a considerable amount of coke, and even
progressively decayed after 2—3 h time on stream 558081
Al;O3 inhibited toward cobalt reduction and the main
reaction was the dehydration of CoH;OH.5” However,
increasing the cobalt content by >8% prevented the
formation of CoHy.%7

A nickel-supported-on-alumina (Ni/AlyO3) catalyst at
673 K converted 100% C2Hs0H and produced 70 vol %
H,.43 At higher temperatures (>773 K) with a steam:
C2H50H molar ratio of 6:1, a Ni/y-AlyO3 catalyst pro-
duced 5.2 mol of Hy with 91% selectivity toward Hs.59
The performance of this catalyst was equivalent to that
of Rh/Al;03.82 However, Ni/AloO3 deactivated quickly
(after a few minutes time on stream), because of coke
formation.”® The addition of lantana (LasOs) formed a
pelleted Ni/(LasO3—Al2O3) that showed good catalytic
performance, in terms of activity and stability for
CoH50H steam reforming.*? AlO3 promoted dehydra-
tion and cracking of CoHsOH and produced CsHy (the
agent of coking), whereas LasOs promoted the dehydro-
genation and cracking of CoH50H.*2 The selectivity and
activity of the Ni/(LayO3—Alx03) catalyst was dependent
on temperature, and increases in temperature resulted
in a decrease in selectivity toward CoH4O. At temper-
atures of >873 K, CoH50H conversion was 100%, Hy
selectivity was ~95%, and the only undesirable product
was CHjy. However, Ni/(LagO3—AlsO3) showed small
deactivations during the first 80—100 h of time on
stream, in which the conversion decreased from 95% to
90%.7°

Among the metal-oxide catalysts studied (which are
listed in Table 2), Co/ZnO showed the best performance,
in terms of activity, selectivity to Hy, and stability.
Although AlyO3 inhibited cobalt reduction, ZnO pro-
moted it.5>7 At 723 K, the Co/ZnO catalyst was able to
convert CoHsOH completely, with a Hg selectivity of
~80% or even 90% after 50 h time on stream. Increasing
the GHSV from 2300 h™! to 22 000 h™! reduced the
undesired byproducts (such as CH4, CoHg, CsHg, and
CH3CHO) but increased Hy selectivity without reducing
the degree of conversion.8! Co/ZnO characteristics were
influenced by the cobalt precursor and pretreatment.
With the Co(NOs), precursor and calcination, the cata-
lyst produced a considerable amount of CoHy, CsHg, and
CH3CHO, as well as Me2CO, with a Hg selectivity of
62%.55 With calcination followed by a reduction process,
the catalyst became active (100% conversion at 623 K
and a Hy selectivity of 73%) without Co and Cs species
and the formation of only small amounts of CH4. Using
Co2(CO)g as a cobalt precursor also resulted in better
performance, with a CaHsOH conversion of 100% and a

(81) Llorca, J.; Homs, N.; Sales, J.; de la Piscina, P. R. Efficient
Production of Hydrogen over Supported Cobalt Catalysts from Ethanol
Steam Reforming. J. Catal. 2002, 209 (2), 306—317.

(82) Auprétre, F.; Descorme, C.; Duprez, D. Bio-ethanol Catalytic
Steam Reforming over Supported Metal Catalysts. Catal. Commun.
2002, 3 (6), 263—267.
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Hj selectivity of 73%, with the production of 5.51 mol
of Hg, 1.87 mol of COq (92% of stoichiometric coefficient)
with no Cy or Cs species produced, and only small
amounts of CHy. The catalyst also did not produce any
CO. The aforementioned stoichiometry suggests that Co/
Zn0O catalyst promotes the CoH;OH steam reforming
reaction via the Hy and CO; pathway (reaction 1).4!
However, Co/ZnO showed a considerable amount of
carbon deposition after the reaction.®® This caused
deactivation of the cobalt catalysts. The deactivation
rate was dependent on the support used and the
temperature.8! The addition of 0.98 wt % of sodium to
the Co/ZnO catalyst improved the catalytic performance,
in terms of the Hy yield and stability, compared to
unpromoted catalyst.*!

4.3. Rh-oxides Catalyst. Rhodium (Rh)-supported-
on-oxide catalysts are promising catalysts for CaHsOH
steam reforming, among the noble metals. Frusteri*6
reported that a Rh/MgO catalyst was able to convert
100% of CoH50H. However, it was also noticed that Rh/
MgO produced significant amounts of CHy (10%). This
implies that this catalyst is active in CaH4O decomposi-
tion and WGS reactions or CO, methanation and is not
active in the CoH50H steam reforming reaction. Another
drawback of Rh/MgO is coke formation, although at a
low rate (<1 mg C/gcat-h).

Another rhodium-based catalyst that showed poten-
tial for CoH5OH steam reforming is Rh/CeQOs. Although
Toth*® found that the activity of Rh/CeOy was lower
than that of Rh/AlyO3, Aupretre et al.82 reported that
the Hy yield on Rh/CeOy was higher than that on Rh/
Aly03 at 873 K. Deluga et al.l* reported that Rh/CeO,
was more stable and showed greater WGS activity than
the noble metal alone. Furthermore, Rh/CeOs was good
for oxidative reforming and converted >95% of CoHsOH
for all C/O compositions with no significant deactivation.

However, this catalyst produced significant amounts of
CO.48

Rhodium supported on alumina (Rh/Al;O3) also
showed good performance for CaH50H steam reforming.
Aupretre®? noted that Rh/Al;O3 was better than other
metal-supported-on-alumina catalysts (M/Al;Os, where
M = Pt, Pd, Ru, Cu, Zn, and Fe). It was also found that
Rh/Al;O3 showed the highest activity among rhodium
supported on oxide (Rh/oxides) catalysts (in which
oxides = CeOq, TiOg, ZrO2, MgO, and SiOy).*® However,
the performance of this catalyst is greatly influenced
by the rhodium loading. At low rhodium loading (0.5
wt %), this catalyst suffers from deactivation and
produces CH4.4070 Cavallaro and co-workers”™7% re-
ported that, on oxidative steam reforming, the formation
of coke at a rate of 0.27 mg/g..;-h was also observed over
this catalyst. The coke formation is attributable to the
polymerization processes of CH, species formed during
reaction. The addition of a small amount of Oz (0.4 vol
%) in the feed gas significantly decreased the catalyst
deactivation but promoted metal sintering. Toth*8 also
mentioned that one of the main products of CaHs;0H
steam reforming over Rh/AlsO3 was CeHy, and its for-
mation rate increased with time on stream. Cavallaro?
offered a reaction pattern over Rh/Al;Os. First, the
CoH50H is converted to CoHy by dehydration or to
C2H4O by dehydrogenation. Next, the CoaH4O undergoes
decarbonylation to form CH4 and CO. Finally, the CHy
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Table 3. Selected Best-Performing Catalysts in the Steam Reforming of Ethanol

Performance
ethanol H,
catalyst temp, T' conversion selectivity
rank (K) (%) (%) comments

Co—ZnO 573—1723 100 85 Llorca8! found ZnO to be the best for CoH;OH steam reforming.
ZmO catalyst produces 5.51 mol Hy and 1.87 mol COg, which
attributes to 85% of stoichiometrical coefficients*!44:45.57

ZnO 573—-723 100 85 Llorca et al.#* stated that ZnO (or as a supporter for Co) was the best
catalyst for steam reforming of CoaHsOH among other oxides. The
working temperature of this catalyst was relatively low (i.e., 623 K).
At 100% C2H50H conversion, selectivity toward Hy was ~73%.

Rh/Al,03 723-923 100 92 This catalyst had good activity and durability without coke
formation.%%-84 Breen et al.85 showed that Rh/AlsO3 was more active
than Pd/Al2Os3, Ni/AlyOs, or Pt/AlsO3. Auprete et al. 8 added that a
rhodium catalyst derived from a chlorinated metal precursor was
better. However, Toth*® stated that CoHy4 formation occurred, which
may have caused coke formation.

Rh/CeOq 573—1073 100 >100¢ Rh/CeO; performed well in oxidative steam reforming.14

Ni/LasO3—Al203 573—-1073 100 > 90 This catalyst showed high activity and selectivity but suffered

deactivation during the first 80—100 h on stream.*24?

@ Not considering both water and ethanol in the selectivity calculation.

undergoes steam reforming, followed by the shift reac-
tion of the CO. Furthermore, the excess water was able
to prevent coking, even after several working hours. The
C2H,4O was decarbonylated by the rhodium to form CH4
and CO, whereas CoHy was converted to C; species by
steam reforming. The coke prevention on an acid
support (AlsO3) was also observed when the process was
conducted at high temperatures. At low rhodium load-
ing, the possibility of application of this catalyst for
CoH50H steam reforming was questionable, because
Al,O3 showed catalytic activity for the production of
CQH4.83

Increasing the rhodium loading improved the perfor-
mance of Rh/Al;03 for CoHs0OH steam reforming. Freni®3
reported that 5 wt % Rh/Al;Os converted 100% of
CoH50H at a temperature of 923 K, pressure of 0.16
MPa, steam:CsH;OH molar ratio of 8.4:1, and GHSV of
37 500 h™1. In full thermodynamic equilibrium condi-
tions, the 5 wt % Rh/Al;O3 catalyst fully converted
CoH50H with no yield of CoHy or CoH4O. Cavallaro and
co-workers™76 observed that, at GHSV = 5000—80 000
h~1, Rh/Al,O3 converted 100% of CoH5OH. At low GHSV
(5000 h~1), Rh/Al;O3 yielded 5.5 mol of Hy per mol of
CoH50H (92% of the stoichiometric coefficient). They
observed that® 5 wt % Rh/Al;O3 at a temperature of
923 K and a pressure of 1.0 bar showed a great
selectivity to C; compounds at high space velocity
(GHSV up to 300000 h™1). Long-term experiments
demonstrated that these characteristics remained con-
stant with time. Finally, the 5 wt % rhodium catalyst
showed no coke formation.

4.4. Other Catalysts. Some other catalysts that have
been used for the CoH50H steam reforming reaction
include Pd/CeOq, Pt/CeOg, Au/CeOq, Pd/AlsO3, Pt—Pd/
Ce0Og, Cu/NboO5—Al303, Cu—Ni—Al—Zn, NiO—CeOy—
ZrQg, Pd/C, Rh(2,2'-bipyridyl)2)Cl, and Group VIII (Fe,
Ru, Os)[Rh(bipy)s]C1.23:39:47,50,54,59,62,63,77 However, the
performance of these catalysts is inferior, compared to
all the aforementioned catalysts.

It can be summarized that, generally, steam reform-
ing of CoaH50H works well at temperatures of >773 K.

(83) Freni, S. Rh-Based Catalysts for Indirect Internal Reforming
Ethanol Applications in Molten Carbonate Fuel Cells. J. Power Sources
2001, 94 (1), 14—19.

Most of the studies referenced in Table 2 show that the
majority of the reactions occur under atmospheric
pressure conditions. To achieve complete conversion, the
mole number of water must be higher than that of
CoH50H, and a Hy0:CoH5;0H molar ratio of 3:1 gener-
ally was used. The amount of catalyst load was also
important and was greatly influenced by the type and
size of the reactor; however, catalyst loads of 50 and
100 mg were noted to be more frequent. Other condi-
tions involved gas flow rate and GHSV. Although gas
flow rates greatly varied from 10 mL/min to 4000 mL/
min, flow rates in the range of 100—300 mL/min were
frequently used. Similarly, the GHSV values also widely
varied, from 5000 h~! to 300 000 h~1, but generally were
in the range of 40 000—100 000 h~L,

Good catalysts are characterized by being efficient
and having wide ranges of operating temperatures, high
selectivity toward Hg, and low selectivity toward byprod-
uct compounds, in addition to being durable, resistant
toward shock, nonpyrophoric (no degradation upon
exposure to air), and cost-effective. Table 3 lists a few
promising catalysts that perform well for the CaH;OH
reforming reaction to produce Hq. These catalysts are
grouped based on their activity (in terms of conversion),
selectivity toward Hy, and coking potential.

As observed in the aforementioned discussion, most
catalysts for CoaHsOH steam reforming also produce CO
where the WGS reaction is required for the full Ho-
producing reaction to occur. Table 4 lists selected
catalysts that performed the combined HTS/LTS—WGS
reaction satisfactorily. These catalysts were chosen
mainly based on their activity and their selectivity
toward WGS reaction and stability. Platinum supported
on CeOs or TiOq, as well as gold supported on CeOg or
Fey03, performed well in this reaction. Ru/ZrOy and Cu/
CeOq were less costly alternatives. For the conventional

(84) Freni, S.; Mondello, N.; Cavallaro, S.; Cacciola, G.; Parmon, V.
N.; Sobyanin, V. A. Hydrogen Production by Steam Reforming of
Ethanol: A Two Step Process. React. Kinet. Catal. Lett. 2000, 71 (1),
143—152.

(85) Breen, J. P.; Burch, R.; Coleman, H. M. Metal-Catalysed Steam
Reforming of Ethanol in the Production of Hydrogen for Fuel Cell
Applications. Appl. Catal., B 2002, 39 (1), 65—74.

(86) Auprétre, F.; Descorme, C.; Duprez, D. Hydrogen Production
for Fuel Cell from the Catalytic Ethanol Steam Reforming. Top. Catal.
2004, 30—31.
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Table 4. Selected Best-Performing Catalysts for the Combined HTS/LTS—WGS Reaction

catalyst

temp, 7'
(K)

CcO
conversion

(%)

others

comments

Ru/ZrO;

Pt/CeOq

Cu/CeOq

Pt/TiOq

Au/CeOq

523—573

827

723

423-723

473—-623

96

95

>95

>95

100% selectivity

stable

stable

stable

Goerke et al.8” reported that this catalyst was able to reduce the CO
content by >95%. Even with selective oxidation, CO content could be
reduced with a conversion of >99%.

Pt-ceria is nonpyrophoric, stable, and has a low selectivity toward CHy.
This catalyst was able to reach 95% activity. Methanation conversion

was reported to be negligible with maximum CO conversion.”™

This catalyst showed high activity (93% CO conversion) and stability at

450 °C in COg-rich and Hg-rich gas streams. COg, which became
problematic for iron-based catalysts (because of its poisoning effects) does
not present severe inhibition with this catalyst.88

Panagiotopoulou and Kondarides8? reported this catalyst was better among
the other noble-metal/TiOy catalysts. Its activity increased with the amount
of metal loading and reached >95%.

Preparation methods and gold loading greatly influence catalytic
performances. Deposition—precipitation with 3—5 wt % gold loading yielded

a catalyst that had high activity and was stable for WGS reaction over a
wide range of temperatures.?0-93

Au/FesO3 423—623 97 (average)

Hua et al.% reported that 8%Au/Fe;0O3 dried at 398 K and calcined at 423 K

showed high activity for WGS reaction (CO conversion of ~98%) over
a wide range of temperatures (423—623 K)

two-stage LTS and HTS process, Fe/CryO3 and Cu/ZnO,
respectively, are the catalysts that are still used com-
mercially.

5. Conclusions

Different catalysts have been used for the steam
reforming of ethanol (CoH5;OH). Depending on the type
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ration method, the CoH5OH conversion and Hy produc-
tion vary greatly. It was determined that Co/ZnO, ZnO,
Rh/Al203, Rh/CeOq, and Ni/LagO3—Al2O3 performed the
best for the steam reforming of CoHsOH. Because many
catalysts produce CO as a byproduct in the CoH;0H
steam reforming process, water-gas-shift (WGS) cata-
lysts also have an important role in the overall reform-
ing process. Recent research has focused more on the
combined low-temperature shift/high-temperature shift
(LTS/HTS) reaction. The study found that Ru/ZrO., Pt/
Ce0Ogq, Cu/Ce0Oq, Pt/TiOy Au/CeOq, and Au/FeqOs per-
formed best in the combined LTS/HTS reaction. Still,
for commercial applications, Cu/ZnO is used for the LTS
reaction, whereas Fe/Cry0j3 is used for the HTS reaction.
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