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1. Introduction

Along with the maturity of the production technology (i.e., fermentation) for a long
history, bioethanol has become one of the most significant chemicals and energy carriers
in large quantity derived from biomass. Although ethanol production from non-food
resources remains challengeable for scientists, how to utilize ethanol in an efficient and
economical way opens more space for all researchers both from industry and academia to
play with.

Hydrogen is likely to play an important role in the energy portfolio of the future due to its
high gravimetric energy density. Especially when it is used in fuel cells, it is an ideal energy
carrier that can offer clean and efficient power generation. In the United States, ~95 % of
hydrogen is produced using a steam reforming process [1]. Over 50% of world’s hydrogen
production relies on natural gas as the feedstock [2]. As the concern for a sustainable energy
strategy grows, replacing natural gas and other fossil fuels with renewable sources is
gaining new urgency. In this context, producing hydrogen from bio-derived liquids such as
bio-ethanol has emerged as a promising technology due to the low toxicity, ease of handling
and the availability from many different renewable sources (e.g., sugar cane, switchgrass,
algae) that ethanol has to offer. An added advantage of producing hydrogen from bio-
derived liquids is that it is quite suitable for a distributed production strategy.

This chapter is aimed to provide a big overview of the current technologies for catalytic
hydrogen production from bioethanol while focusing the discussion on the hydrogen
production through steam reforming of bioethanol over non-precious metal based catalysts,
more specifically, cobalt-based catalysts. By combing the work performed at the author’
laboratories, this chapter will also provide the professional insights on the future
development direction of such technologies. Through the estimated economic analysis of
this process simulated at industrial scale, the ways of final commercialization of the
developed catalyst system specially tailored for central and distributed hydrogen
production from steam reforming of bioethanol will be suggested.

2. Production technology overview

Multiple techniques have been developed during the past decades to convert bioethanol to
hydrogen by following the reaction (1).

C2H5OH(1) +3 H20(1) 2CO,+6H> (AHr,zggK =348 kJ/ mol) (1)
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It is clearly observed that 6 moles of hydrogen can be produced per mole of ethanol fed.
However, the highly endothermic feature of this reaction requires external energy supply.
Depending on the type of energy input, the current hydrogen production technologies can
be categorized into two areas: non-thermal including bio, photo, plasma, and thermal-
chemical processes. Besides, several hybrid systems have also been recently developed to
produce hydrogen relying on the energy supply of more than one source (e.g., photo-
fermentation and thermal plasma). Compared to thermochemical conversion, non-thermal
hydrogen production can take place at much mild conditions with minimal thermo-energy
input requirement from surroundings. However, the biological or photo hydrogen
production efficiency is much lower than acceptable scale for industrial application. Unlike
biological or photo process, thermochemical conversion can happen at much higher reaction
rate, but under relatively severe conditions (e.g., high temperature and pressure) with
notable amount of thermo-energy input. In addition to water, CO; (dry reforming) and O;
(partial oxidation or oxidative reforming) can also act as oxidant to oxidize ethanol for
hydrogen production. Among all the available techniques described in details in this
section, steam reforming might possess the highest potential to be commercialized in the
near term.

2.1 Fermentative hydrogen production

In this process, metabolically engineered microorganisms such as bacteria convert ethanol to
hydrogen under the facilitation of hydrogenase enzymes which are metalloproteins,
containing complicated metal active centres that catalyze the interconversion of protons and
electrons with dihydrogen. According to literature reporting [3-5], two major classes of
hydrogenases are recognized based on their metal active sites: [FeFe] and [NiFe]. Depending
on whether light will be involved, this biological hydrogen production process can be
simply classified as photo- and dark-fermentation processes [6].

During the photo-fermentation process, the hydrogenase enzyme synthesized and activated
under dark anaerobic condition is used to convert ethanol to biohydrogen under light
anaerobic condition. Since the light acts as the energy source, the consumption rate of
substrate is less than that required for dark fermentation. However, the hydrogen efficiency
will be dramatically reduced in the presence of oxygen concurrently produced through
photosynthesis by bacteria, which has been evidenced by many researchers [7].
Furthermore, the ultra-violet wavelength radiation requirement and relatively slower
production rate limit its industrial application at large scale.

Under the dark operation environment, there is no risk for hydrogenases exposed to
oxygen, which makes the hydrogenase enzymes remain active throughout the whole
process, leading to more efficient hydrogen production. Compared to photo-fermentation,
the inherent continuous and fast production feature makes dark anaerobic digestion
economically promising for industrial scale practice. In recent years, many publications
have reported their efforts spent on optimization of operation parameters, development of
genetically modified microorganism, metabolic engineering, improvement of reactor
designs, use of different solid matrices for cell immobilization, etc. to maximize hydrogen
yield. Among many considerations, the blockage of methanogenesis in the anaerobic
pathway is crucial to improve hydrogen selectivity through the inhibition of methane
formation.
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2.2 Photocatalytic hydrogen production

In addition to biological process, photocatalytic oxidation of ethanol provides alternative
interesting approach to generate hydrogen. Similar to photo-fermentation where enzyme is
used to catalyze the conversion, solar energy is again utilized to offer sufficient power to
produce hydrogen from ethanol under the facilitation of inorganic catalyst. Among many
catalysts documented in the literature, TiO, [8-10] is the most commonly used catalyst base
due to its excellent photoreactivity which has a suitable band gap for efficient light photon
absorption. Upon radiation, the electron contained in a semiconductor such as TiO, will be
excited and transferred from valence band to conduction band, resulting in the creation of
an electron-hole pair and in turn providing an active site for redox reaction. As shown in
Figure 1, reaction (1) is a typical redox reaction where H>O serves as the oxidant to oxidize
ethanol while itself being reduced to H». The adsorbed ethanol and water species will react
with each other on the surface of the active sites of the synthesized photocatalyst to produce
Hby. Usually, certain amount of active metal (noble metal or transition metal) will be loaded
to the TiO; support to promote its photoactivity. According to the publications, Cu, Ni, V,
Pt, Pd, Rh, Au, Ir, and Ru have been tested [11-14], among which Pt doped TiO; exhibits the
highest photoactivity toward hydrogen production from bioethanol. Various synthesis
methods have been successfully demonstrated to get TiO. supported catalyst with desirable
particle size and morphology for hydrogen generation maximization. Besides TiO;
supported catalyst, there are multiple other novel semiconductors being developed recently
for effective hydrogen production including CdS [15], VO, [16], WOs3 [17], and ZnSn(OH)s
[18]. Nevertheless, the hydrogen production efficiency from catalytic ethanol oxidation still
remains at very low level probably due to two facts: the fast recombination rate of the
created electron-hole pairs and the low photon absorption efficiency at visible light range.
Although hydrogen evolution rate of 21 mmol/gc.:/h has been reported and is the fastest
rate claimed so far in the literature [19], it is still significantly lower than that obtained from
thermochemical ethanol conversion. Therefore, the technical breakthrough is required in the
field of photocatalysis before the commercialization of this technique can be seriously
considered.

H,0 H,

Conduction Band
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Valence Band
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co, CH,CH,OH

Fig. 1. The schematic diagram of photocatalytic ethanol reforming
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2.3 Aqueous phase reforming

As a low temperature alternative to steam reforming, Aqueous Phase Reforming (APR) has
emerged as a valuable means of converting organic compounds of biological origin to value-
added chemicals and fuel components. Due to its feature of low temperature operation, the
energy required for water and oxygenated hydrocarbon evaporation is eliminated, leading
to the notable reduction of overall energy input, which overcomes the evaporation difficulty
of some organic compounds with high boiling point required for steam reforming. In order
to keep all reactants in the liquid phase at operation temperature (typically ~500 K), certain
pressure (typically 15~50 bar) has to be applied to the whole reactor system. Such operation
temperature and pressure benefit the happening of water-gas shift reaction, making it
possible to produce hydrogen with low amounts of CO in a single reactor. Undesirable
organic compound decomposition can also be minimized under such low reaction
temperature. Furthermore, the relatively high pressure operation will also favour the
downstream gas separation and purification, and even subsequent gas compression,
storage, and delivery. This process is exclusively suitable for the biomass derived organic
compounds with relatively longer carbon chain such as sorbitol, which has been
comprehensively reviewed by the researchers in Dumesic’s group [20]. For smaller organic
compounds like ethanol discussed in this chapter, APR process for hydrogen generation is
less favourable from the overall energy utilization viewpoint, which is concluded by
Tokarev, et al. in their recent publication [21]. Moreover, the relatively high pressure
requirement raises the concerns on safety and operation cost. Hydrogen selectivity is
another big challenge APR has to face, because H, and CO, produced are
thermodynamically unstable and methane formation is favourable at such low temperature.

2.4 CO; dry reforming
In addition to H>O, CO; can also acts as oxidant to reform ethanol to generate gaseous
products. The reaction involved in this process is depicted in Reaction (2).

CszOH(]) + CO, 3H,+3CO (AHr,zggK = 338 k] / mol) (2)

Compared to Reaction (1), although only 3 moles of hydrogen are produced per mole of
ethanol by using dry reforming process, it is still a valuable approach to utilize CO, for
hydrogen or syngas production beneficial for reducing greenhouse gas emission. The
process feasibility and optimal operation parameters have been investigated by W. Wang, et
al. thermodynamically, which is valuable for desirable product yield maximization.
According to the calculations performed in [22], higher temperature, lower pressure,
addition of inert gas, and lower CO; to ethanol ratio benefit the improvement of hydrogen
yield. Several catalysts such as Ni/Al,O3 [23] and Rh/CeO, [24] have been developed in
recent years for hydrogen or syngas production. Generally speaking, CO, is less active than
water in oxidizing ethanol. Therefore, more active catalysts are critical for making ethanol
dry reforming more attractive to industrial investors. Similarly to methane dry reforming,
coke can be formed with high possbility at certain reaction conditions on the catalyst
surface, resulting in catalyst deactivation. Carbon tends to form at low temperature and low
CO,/ ethanol ratio based on thermodynamic prediction, which should be avoided to prevent
catalyst deactivation. However, sometimes as a preferable byproducts, production of
various types of carbon nanofilaments is desired by following Reaction (3), which has been
found to be effectively catalyzed by stainless steel or carbon steel catalysts [25, 26].
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C2H5OH(1) + CO, 2H,+2CO+2C +H20(1) (AHr,zgsK =163 k] / rnol) (3)

2.5 Plasma reforming

The energy required for ethanol reforming can also be provided by the electrical discharge
powered by high voltage transformer. The ethanol solution fed can thereafter be ionized to
plasma state under such discharge, leading to the creation of a variety of chemically active
species and energetic electrons which will quickly react with each other to form product gases.
Depending on their energy level, temperature, and electronic density, plasma state can be
generally classified as thermal and non-thermal plasma. Compared to thermal plasma, the
hydrogen production under non-thermal plasma condition has much lower energy
consumption. The features of low temperature operation, rapid reaction start-up, no
involvement of catalyst handling, and non-equilibrium properties make non-thermal plasma
technique very promising for energy conversion and fuel gas treatment [27]. Comparable
performance has been reported through non-thermal plasma process toward hydrogen
production, which is very close to the ones obtained from catalytic reactors [28]. However, its
relatively high energy requirement, complicated reaction network, and low selectivity remain
the main obstacles preventing it from industrial application at current stage.

2.6 Partial oxidation

Compared to H,O and CO,, O; is much active in partially oxidizing ethanol for hydrogen
production by following a representative Reaction (4) which is a slightly endothermic
reaction, indicating that much less external energy is needed for reaction proceeding.

C2H5OH(1) +050; 3H,+2CO (AHr,zgsK =56 k] / mol) (4)

As a result, the ethanol partial oxidation can take place at much lower temperature (200
~300 °C) in the presence of catalyst than those required for steam or dry reforming (typically
450 ~650 oC). Depending on the reaction conditions and catalyst used, in addition to CO,
various ethanol oxidation products with different oxidation states have been observed
including acetaldehyde, acetone, acetic acid, and CO,. Plenty of catalyst systems have been
extensively studied for catalyzing ethanol oxidation at low temperature. Among them, Ni-
Fe alloy [29] from transition metal group and Pt from noble metal group based catalyst [30]
have drawn special attentions. According to literature reporting, 51% ethanol conversion
and 97% hydrogen selectivity has been successfully achieved at temperature as low as 370 K
over Pt/ZrO; [31]. Although O, usage significantly improves the ethanol reactivity and
lowers down the energy input, it reduces the hydrogen production by half, referring to
Reaction (1). Moreover, the likelihood of hot-spot formation makes the control of this
reaction difficult.

2.7 Steam reforming

As mentioned earlier in this chapter, hydrogen production can be maximized per fed
ethanol through pure steam reforming. However, the highly endothermic feature of this
reaction limits its widely industrial application for hydrogen production. In order to lessen
its heavy dependence on external energy supply, part of ethanol is sacrificed to provide
required energy for steam reforming through the introduction of oxygen, which is named as
oxidative steam reforming (Reaction 5). Depending on the value of 6, the enthalpy change of
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Reaction (5) will become less positive, indicating less energy requirement from
surroundings. The reaction will finally become autothermal at the point where little or no
energy is needed from external sources (e.g., if 6=0.6, AH, 293k =4.4 k] /mol).

C2H5OH(1) +50, + (3—2 6) H20(1) (6-2 6) H, +2 CO, (5)

Although the products from the desired reactions are only CO, and Hj, in reality,
depending on the reaction conditions and catalysts used, the product distribution can be
governed by a very complex reaction network. Possible reactions involved can be as follows.

CH;CH,OH  CH4+CO+H;  (ethanol decomposition) (6)
CH;CHOH  CH3CHO+H;  (ethanol dehydrogenation) (7)
CH;CHOH  CGHy+HO  (ethanol dehydration) 8)
CH;CHOH+H,O 2 CO+4H,  (ethanol incomplete reforming) )
2 CH;CHOH  (CHs)20+HO  (ethanol dehydrative coupling) (10)
CH;CH,OH+H,O  CH3COOH+2H, (acetic acid formation) (11)
CH;CHO CH4+CO  (acetaldehyde decomposition) (12)
2CH;CHO  CH3COCH3+CO+H,;  (acetone formation) (13)
CO+3H, CHy+tHO  (methanation) (14)

CHy  coke  (polymerization) (15)

CH4+2HO COx+4H; (methane steam reforming)l (16)
CH;s; C+2H; (methane cracking) (17)

CO+H,O S CO+H,  (water-gas shift) (18)

2CO CO+C  (Boudouard reaction) (19)

There are many side reactions that might take place during ethanol steam reforming,
complicating the product distribution. To get the highest possible H, yield for industrial
applications, it is essential to investigate the effects of temperature, reactants ratio, pressure,
space velocity as well the catalytic parameters. A thermodynamic analysis was performed
using the software HSC® Chemistry 5.1. All possible products, including solid carbon were
included among the possible species that could exist in the equilibrium state. In the
thermodynamic analysis, the following definitions are used.

moles of H, produced <100

H, Yield % =
6 x (moles of ethanol fed)
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mol of a certain product

Selectivity % = x100

mol of total products

EtOH Conv. % — moles of ethanol converted <100

moles of ethanol fed

The thermodynamic analysis in Fig.2 shows ethanol conversion, yield and selectivity of
main products starting from a reactant composition similar to a bio-ethanol stream from
biomass fermentation (ethanol-to-water ratio of 1:10). Ethanol conversion is not
thermodynamically limited at any temperature. The methanation reaction, which is
exothermic, is thermodynamically favored at lower temperatures (below 400 °C). At higher
temperatures (above 500 °C) the reverse of this reaction, i.e., steam reforming of methane to
CO; and H> becomes favorable. This would suggest that, if operated in a
thermodynamically controlled regime, in order to minimize CHj; concentration in the
product stream, the reaction temperature should be kept as high as possible. However, as
shown in Fig.2, once the temperature is increased above 550 °C, the reverse-water-gas shift
reaction takes off, i.e., CO formation becomes significant and hydrogen yield decreases. At
this ethanol-to-water ratio, there is no solid carbon at the equilibrium state.

100 EtOH Conversion
__‘\H“s) k 2(S)

) \ //

) A%

20 /7 N —— CO,(8)

100 200 300 400 500 600 700 800 900
Reaction Temperature (°C)

Conversion, Selectivity, Yield (%)

Fig. 2. Product distribution from ethanol steam reforming at thermodynamic equilibrium
with EtOH:Water=1:10 (molar), Ceion=2.8%, and atmospheric pressure

Fig.3 shows the effect of ethanol-to-water molar ratio on H; yield. Lower molar ratios of
ethanol-to-water can increase the hydrogen yield, since both water gas shift reaction and
CH4 reforming reactions would shift to the left with increased water concentration. In Fig.3,
solid carbon selectivities for the lowest water concentrations are also included. At high
ethanol-to-water ratios, solid carbon deposition becomes thermodynamically favorable,
especially at lower temperatures.

The effect of dilution with an inert gas on the equilibrium H; yield is shown in Fig.4. The
addition of inert gas increases the equilibrium hydrogen yield at low temperatures and has
no effect at high temperatures. At low temperatures, the dominant reaction is the
methanation/methane steam reforming. Diluting the system favors the methane steam
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reforming, and hence we see a difference at low temperatures. At high temperatures, the
main reaction is the reverse water gas shift reaction, which is not affected by dilution, since
there is no change in the number of moles with the extent of this reaction. Increased
pressure has a negative influence on hydrogen yield at lower temperatures and no effect at
higher temperatures (Fig.5).
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Fig. 3. Effect of EtOH-to-water molar ratio on equilibrium H; yield and C selectivity at (no
dilution)
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Fig. 4. Effect of dilution on equilibrium hydrogen yield (Dilution ratio used: Inert:EtOH:H,O
= 25:1:10)

Although it is important to be aware of the thermodynamic limitations, these analyses do
not provide any information about the product distribution that would be obtained under
kinetically controlled regimes. However, the study is still meaningful for guiding the choice
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of the desirable reaction parameters such that reaction is always controlled by kinetics under
thermodynamically favorable conditions.

Due to its simplicity, flexibility, maturity, and high hydrogen yield, thermal bioethanol
steam reforming has been extensively studied and a variety of technical improvements and
researches directions have been proposed and implemented over the past several decades.
The discussions of the following sections will focus on this technique.

100
90 —1 bar
80 -5 bar
—10 bar
70
g 15 bar INV//4
=Nl el BV A/ /4
o
o 50 —25 bar
>; 40 =—30 bar Pressure increase
I
- / /4
20
10
0 i

100 200 300 400 500 600 700 800 900
Reaction Temperature (°C)

Fig. 5. Effect of pressure on equilibrium hydrogen yield (EtOH:Water=1:10 (molar ratio), no
dilution)

3. Catalyst overview

In order to achieve equilibrated or even higher hydrogen yield especially at lower
temperatures, catalytic bio-ethanol steam reforming (BESR) has been studied increasingly in
recent years. More than three hundreds papers have been devoted to this field within the
last two decades. The catalyst systems developed in these studies can be generally classified
into two categories, i.e., supported noble and non-noble metal catalysts [32, 33]. However,
based on the results reported in the literature, there is no commonly accepted optimal
catalyst system which has excellent performance as well as low cost.

The noble metal catalysts such as Rh, Ru, Pd, Pt, Re, Au, and Ir [34-39] have been extensively
investigated for BESR, which exhibit promising catalytic activity within a wide range of
temperatures (350 °C~800 °C) and gas hourly space velocities (GHSV: 5,000~300,000 h-1).
The outstanding catalytic performance experienced by noble metal catalysts might be
closely related to its remarkable capability in C-C bond cleavage [40]. Among the noble
metal catalysts reported so far, it is evidenced [41-44] that Rh is generally more effective
than other noble metals in terms of ethanol conversion and hydrogen production. Diagne et
al. [45] claimed that up to 5.7 mol H; can be produced per mol ethanol (equal to 95 % H>
yield) at 350 °C-450 °C over CeO,-ZrO; supported Rh catalyst. However, although the metal
loading is relatively low (1~5 wt.%) compared with its non-noble counterparts (10~15 wt.%),
the extremely high unit price still limits its wide-scale industrial applications.
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As a less expensive alternative way to address the cost issue, increasing attention has been
focused on the development of non-noble metal catalysts. According to the publications
documented so far, the efforts are mainly focused on the Cu, Ni, and Co based catalyst
systems, especially supported Ni catalysts. As typical transition metals, the active outer
layer electrons and associated valence states determine their identities as the candidates for
BESR. Similar with noble metals, Ni also works well as it favors C-C rupture. Based on the
observations reported by several authors [38, 43, 46], the non-precious metals are less
reactive than noble metal supported samples. Specifically, Rh sites resulted to be 3.7 and 5.8
times more active than Co and Ni, respectively, supported by MgO under the reaction
conditions used in [43]. For obtaining the same reactivity (Hz yield > 95 %), much higher
temperatures (650 °C) have to be employed [43, 47] over Ni catalysts. Furthermore, the non-
noble metals are more prone to be deactivated due to sintering and coking compared with
Rh. In order to achieve the comparable catalytic performance with noble metals, the
formulation modifications of non-noble metal catalyst systems are worth studying for future
commercialization. After summarizing the papers dedicated to investigation of various
supports, ZnO and LaOs; seem more promising than MgO, Y>0s, and Al,Os in terms of
activity and stability [48, 49]. The basicity of sample surface has been evidenced crucial to
improve its stability by adding La,O; into the Al,O; support aiming to neutralize the acidic
sites present on the Al,O3 surface [50]. The addition of alkali metals (e.g., Na, K) to Ni/MgO
has been observed to depress the deactivation occurrence by preventing Ni sintering [51]. It
is worth noting that the recent interests on Ni catalysts seem to be transferred to CeO; and
ZrO, supported samples, which could be ascribed to its well-known oxygen mobility,
oxygen storage capability (OSC), and thermal stability [52-55], in turn improving coke-
resistance. In addition, the synergetic effects become notable leading to better catalytic
performance (activity, selectivity, and stability) when the second component (Cu) is
incorporated into the Ni catalysts indicated by the work performed by Fierro et al., Marino
et al., and Velu et al. [56-58]. They believe that the introduction of Cu might favor the
dehydrogenation of ethanol to acetaldehyde, one of the important surface reaction
intermediates during BESR. Compared with Ni based catalysts, cobalt samples have been
less studied as catalysts for BESR. However, recent years have witnessed a significant
increase in publications focusing on the development of Co-based catalysts, among which is
the pioneering work by Haga et al. [59, 60]. Then Llorca et al. reported the promising results
that 5.1 mol of H, can be produced per mol of reacted ethanol over Co/ZnO sample [61].
Although the reaction condition is slightly unrealistic for industrial applications, this study
proved that cobalt is also efficient in C-C bond breakage [62]. Neither copper nor nickel
alone supported on zinc oxide appears to have as good reactivity and stability as that of its
Co counterpart for hydrogen production under the same reaction conditions [63, 64]. After
thorough investigation of the product distribution at various temperatures, it was indicated
that the copper sample prefers dehydrogenation of ethanol into acetaldehyde but the
reforming reaction does not further progress significantly into H, and COy. On the other
hand, the nickel sample favors the decomposition reaction of ethanol to CHs and CO,,
accounting for the lower H; yield at lower temperatures. Only at high temperatures can the
methane production be lowered through steam-reforming. Moreover, Co catalysts have
been applied in the Fischer-Tropsch to generate liquid hydrocarbons for more than 80 years.
The knowledge accumulated during the study of Co based catalyst systems provides a good
starting point. With these encouraging initial data, cobalt catalysts merit to be studied
extensively as an alternative solution for reducing the cost from usage of noble metals.
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4. Catalyst optimization strategies

In order to acquire competitive catalytic performance with noble metals, a series of
optimization procedures need to be carried out over cobalt based catalysts. The significance
of support was first explored by Haga et al. [59] indicating that Co/Al,O; shows more
promising activity than SiO,, C, ZrO,, and MgO. A relatively systematic investigation of the
effect of supports was performed by Llorca and his coworkers [65]. Among the supports of
CeO,, Smy03, MgO, ALO3, SiO,, TiO,, ZnO, LayOs, V205 reported in this study, ZnO was
ranked the best.

Recently mixed metal oxides have been employed as the support to improve the behavior of
single metal oxides by doping one or more additional components into the original support
lattice. For instance, in the implementation of Ce;ZriO,, as the washcoat material in three-
way catalysts, support combines the oxygen mobility of CeO, and thermal tolerance of ZrO,
[66-69]. The introduction of Ca creates oxygen vacancies, which is beneficial for the
enhancement of oxygen mobility [70, 71]. Besides, the perovskite-type oxides such as
LaAlO;z, SrTiOs, and BaTiOs have been used as the support for BESR catalysts due to their
highly labile lattice oxygen [72, 73].

The cobalt precursor was proved by several authors [60, 74, 75] to have prominent effect on
catalytic performance, which was proposed to be related to the cobalt dispersion. From the
comparison between several precursor candidates, the one complexed with organic
functional groups gave higher dispersion, which could be attributed to its isolation effect on
the nearby Co atoms from agglomeration. It has been accepted that the active site during
bio-ethanol steam reforming is related to the metal cobalt [76], that is, the higher the
percentage of the cobalt that is available, the better the catalytic performance for BESR.
Therefore, the improvement of cobalt dispersion will benefit the enhancement of
corresponding catalytic activity.

It is expectable that cobalt loading has direct impact on the cobalt dispersion in the final
catalyst. From the studies performed over Ni-based catalysts [53, 77], there exists an
optimal loading, which can obtain the highest metal dispersion, through increasing the
metal loading while avoiding metal sintering occurring at high loading due to the
agglomeration of nearby metal atoms during thermal treatment. To the best of our
knowledge, there is no systematic research of the effect of cobalt loading on its catalytic
performance during BESR. Therefore, executing such a study can provide us better control
of the catalyst optimization.

The impregnation medium is expected to have influence on the diffusion of cobalt precursor
during impregnation and redistribution of cobalt atoms during the subsequent thermal
treatment, which is shown by the experimental observations over Co/SiO; [78]. The smaller
Co0304 crystallite size obtained for samples using ethanol rather than water as impregnation
solvent is attributed to the formation of ethoxyl groups on silica and/or Co3O, surface
during impregnation which hindered the sintering of Co3O4 by physically interfering during
the thermal decomposition of nitrates. As a result, a higher percentage dispersion of cobalt
metal was achieved from reduction of smaller crystallites of Co3O4. In addition, further
sintering of cobalt metal during reduction might be hindered by ethoxyl groups as well.
Since the cobalt dispersion is closely correlated to the activity during BESR as described
above, this effect needs to be further investigated.

It was reported by Enache et al. [79] and Ruckenstein [80] in their studies of cobalt-based
catalysts for Fischer-Tropsch reaction that the parameters used in the sample heat treatment
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before being charged for reaction play a significant role on the cobalt dispersion and in turn
catalytic activity. Thus the synthesis parameters during calcination and reduction need to be
explored to optimize the catalytic performance.

The promotion effect of alkali metal addition has been observed separately by Llorca et al.,
and Galetti et al. [63, 64, 81]. The hydrogen yield enhancement and carbon deposition
inhibition showed the improvement of catalytic performance even when a small amount of
Na and K (~0.7 wt.%) was introduced. As an inexpensive additive, this promising
modification should be further explored.

Similar to Ni catalysts, promotion effect has also been evidenced over the samples with the
formation of metallic alloy. According to the results published so far, the second active
metal in addition to Co can be generally categorized as noble metals (e.g., Rh [82] and Ru
[83-85]) and non-noble metals (e.g., Ni, Cu [63, 86], Fe, and Mn [87]). The integration of each
metal specialized in different functions might be responsible for the synergetic interaction
on the improvement of catalytic performance. The non-noble metal additives also merit
further investigation.

Not only the modifications to the formulation of catalyst system, but also the preparation
methods can impact the catalytic performance. Versatile synthesis strategies have been
developed for obtaining catalysts with high performance during BESR. Incipient wetness
impregnation (IWI) [88-91], wet impregnation [84, 92, 93], sol-gel (SG) [94, 95], and co-
precipitation (CP) [63, 64, 86, 87] are the most commonly utilized methods, each of which
has its own advantages and disadvantages. Impregnation is the most convenient method
to be scaled up, for manufacturing. However, nonhomogeneous distribution of the metal
precursor is the biggest issue associated with the impregnation method, leading to metal
agglomeration, one of the reasons which contribute to catalyst deactivation. On the
contrary, it is easier for SG and CP to achieve homogeneous dispersion of active metal.
However, the synthesis procedure of SG and CP is more complicated compared with that
of impregnation, leading to poor reproducibility between various batches. Also, since
most of the active metal atoms are embedded in the matrix of support, resulting in less
exposure of active metal on the sample surface, SG and CP prepared samples are more
stable but less active than those prepared by impregnation. In addition, several novel
preparation protocols such as hydrothermal [96], solvothermal [97], and microemulsion
[98] have been developed to control the sample particle size and morphology which have
been shown to be highly relevant to catalytic activity. On the other hand, most of the
newly developed methods mentioned involve the employment of organic solvents, which
could be harmful to the surroundings. Although all the preparation techniques
documented up to now supply abundant resources to start with, the establishment of an
appropriate method balancing low cost, easy operation, and environmental benignancy is
important to be researched.

4.1 Cobalt based catalyst performance optimization

A series of catalyst optimization efforts have been carried out in the past several years
aiming to enhance the catalytic performance during BESR. Studies on cobalt-based catalysts
supported on y-Al,O3, TiO,, ZrO, supports have indicated that ethanol conversion correlates
closely with metal dispersion and hence, the metallic Co sites. Among the supports studied,
zirconia is shown to provide the highest metal dispersion and the highest H; yield. H» yields
as high as 92% (5.5 mol of H, per mole of ethanol fed) are achieved over a 10% Co/ZrO,
catalyst at 550 °C [69].
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Investigation of the evolution of the Co-ZrO; catalysts through different stages of the
synthesis process showed that catalyst precursors start out with Co existing primarily in a
nitrate phase and transforming into a Co3O; phase in the fully calcined state. The
reduction proceeds in two distinct steps as in Co30s — CoO and CoO — Co. There is an
optimum in each of the synthesis parameters, which gives the highest metallic Co surface
area. The maximum in metallic Co area is often determined by a series of competing
processes, such as transformation from a nitrate to an oxide phase and onset of
crystallinity versus reaction with the support at higher calcination temperatures,
reduction to metallic state versus sintering at higher reduction temperatures. The
maximum in metallic Co area was seen to coincide with the maxima in both ethanol
adsorption capacity and H» yield in the BESR reaction, suggesting a strong correlation
between metallic Co sites and BESR activity [99].

Although promising activity toward hydrogen production is observed over Co/ZrO,,
steady-state reaction experiments coupled with post-reaction characterization experiments
showed significant deactivation of Co/ZrO, catalysts through deposition of carbon on the
surface, mostly in the form of carbon fibers, the growth of which is catalyzed by the Co
particles. The addition of ceria appears to improve the catalyst stability due to its high OSC
and high oxygen mobility, allowing gasification/oxidation of deposited carbon as soon as it
forms. Although Co sintering is also observed, especially over the ZrO,-supported catalysts,
it does not appear to be the main mode of deactivation. The high oxygen mobility of the
catalyst not only suppresses carbon deposition and helps maintain the active surface area,
but it also allows delivery of oxygen to close proximity of ethoxy species, promoting
complete oxidation of carbon to CO,, resulting in higher hydrogen yields. Overall, oxygen
accessibility of the catalyst plays a significant role on catalytic performance during BESR
[100].

the effect of impregnation medium on the activity of Co/CeO, catalysts was also
systematically investigated under the environment of BESR. The significant catalytic
performance improvement has been observed over ethanol impregnated Co-CeO; catalyst,
especially at lower temperature (300-400 °C), compared with its counterpart with aqueous
impregnation. This promotion effect is considered to be closely related to the cobalt
dispersion amelioration through cobalt particle segregation under the facilitation of surface
carbon oxygenated species derived from ethanol impregnation. Moreover, even better
catalytic performance is achieved using ethylene glycol as impregnation medium in our
recent study, which might be closely related with the achievement of even smaller cobalt
particle size due to its superior ability in preventing cobalt agglomeration probably
originating from the presence of organic surface species [101].

In order to further improve the oxygen mobility within the catalyst, the effect of Ca doping
on CeOs support has been intensively studied. According to the observations obtained from
the various characterization techniques employed, the introduction of calcium into the CeO;
lattice structure leads to the unit cell expansion and creation of oxygen vacancies due to
lower oxidation state of Ca (2+) compared to Ce (4+), which facilitates the improvement of
oxygen mobility. As a result, the catalytic performance has been significantly enhanced
when Ca is present, leading to larger amount of final product formations (H> and CO;) from
BESR reaction [102].

The influence of cobalt precursor on catalytic performance was also systematically
investigated. Multiple cobalt precursors including inorganic salts and organometallic
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compounds were used to prepare Co/CeO; catalysts. The steady-state reaction experiments
show much higher H; yields and fewer side products over the catalysts prepared using
organometallic precursors. Among these, the catalyst prepared using cobalt acetyl acetonate
has the highest H> yield, most favorable product distribution, and best stability. The
superior performance is verified by the transient data. Characterization results point to an
improved dispersion on the surface. It is possible that the organic ligands surrounding Co
ions provide a spatial barrier effect, keeping the particles segregated and leading to better
dispersion [103].

In the interest of figuring out the impact of catalyst preparation method on its performance
during BESR, in addition to conventional Incipient Wetness Impregnation (IWI) method,
solvothermal, hydrothermal, colloidal crystal templating, and reverse microemulsion
methods have also been employed to prepare CeO, support and CeO, supported Co
catalysts with various morphologies. All of the novel preparation techniques led to superior
behavior in ethanol steam reforming reaction compared to IWI method. Among the catalysts
studied, the one prepared with the reverse microemulsion technique showed the best
performance, giving higher H; yields at much higher space velocities. The catalyst also
showed good stability, with no sign of deactivation when it was kept on-line at 400 °C for
120 h. The superior performance is likely to be related to the improved cobalt dispersion,
enhanced metal-support interaction and increased metal-support interphase facilitated by
the reverse microemulsion technique. In addition, the hydrothermal method has also been
employed to prepare the Co/CeO; catalyst. The CeO, particles with various shapes and size
distribution have been successfully achieved in our laboratories by controlling the
parameters during preparation process. The morphological effect on the catalytic
performance will be evaluated in the future [104].

5. Reaction mechanism and kinetic studies

As can be seen in Section 2.7, the reaction network which would possibly occur during BESR
is fairly complicated and heavily dependent on the catalyst system employed. In order to
obtain maximum amount of hydrogen out of ethanol used, the side reactions should be
effectively suppressed, leading to the minimization of byproducts such as methane, carbon
monoxide, acetaldehyde, acetone, acetic acid and so on. For controlling the reaction
proceeding along the desired pathway which will give us the highest hydrogen yield, it is
critical to gain a comprehensive understanding of the reaction mechanisms involved, which
will in turn guide the rational design of catalyst system. There are two approaches we can
follow to achieve our final goal, that is, theoretical and experimental directions. The
theoretical approach (reaction mechanism study through computational chemistry) is still at
its initial stage referring to the papers published in this area and will be covered in detail in
Section 6. However, the experimental route has been widely adopted to study the catalytic
behaviors present during BESR.

As an interfacial phenomenon, any heterogeneous catalytic reaction takes place involving
three basic steps: reactants adsorption, surface reaction, and products desorption. To be a
gas-solid reaction, catalytic BESR must embroil gas composition variation and catalyst
surface evolution. Therefore, in order to attain a complete view of the reaction,
systematical investigation should be performed on both gas and solid phases. Gas
chromatography (GC) and mass spectrometer (MS) are the two popular instruments used
to monitor the gas phase composition and fourier transform infared spectroscopy (FTIR)
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can detect the surface species and their evolutions during BESR. In addition, using other
characterization techniques including nuclear magnetic resonance (NMR) and laser
Raman spectroscopy (LRS) can provide an alternative way to get better insight into the
reaction mechanismes.

Based on the results reported in the literature, the dehydrogenation and dehydration
reactions are the two pathways ethanol can go through first, the choice of which depends on
the catalysts charged. If the catalyst has high acidity (e.g.,, ALO; and SiO, [105, 106]
supported samples), dehydration reaction is favored, resulting in the formation of C,Hs, a
precursor of coking through polymerization. If the catalyst presents basic features (e.g.,
MgO and ZnO [107, 108] supported sample) instead, dehydrogenation reaction is preferred,
leading to the production of acetaldehyde, an important reaction intermediate related to
higher H; yield. Acetaldehyde can then be decomposed into CH4 and CO [109] or undergoes
steam reforming to generate CO and H» relying on the catalyst employed. These single
carbon containing products (CH4 and CO) can be further reformed to CO, and H, through
methane steam reforming and water-gas shift reaction if sufficient water is supplied.
Besides, two acetaldehyde molecules can react with each other to form acetone through
aldol condensation reaction [35] or be oxidized to acetic acid [110]. Carbon can be formed at
various stages from carbon-containing species via either cracking or Boudouard reaction
[111].

Ethanol adsorption and subsequent surface reaction have been extensively studied over
many different catalyst systems employing FTIR technique. Although the exact locations of
the ethanol adsorption bands vary with catalysts tested, the identifications of surface species
and its evolutions are well established. Ethanol can be adsorbed on the sample surface
dissociatively and molecularly [112-114]. The ethoxide species is the result of ethanol
dissociative adsorption. Then the surface acetate species is obtained from the oxidation of
ethoxide by the lattice oxygen coming from the sample surface [115, 116]. The acetate
species can then experience C-C breakage leading to the formation of single carbon
fragments. Whether these fragments will be released directly from the surface or undergo
further oxidation to carbonate species is closely linked to the sufficiency of oxygen stored in
the sample. The adequate oxygen supplies benefit the formation of carbonate species.
Finally CO, originates from the decomposition of carbonate species. However, compared
with ethanol, water adsorption and its role in the subsequent surface reaction remain
unclear for BESR. Therefore, the surface features need to be investigated during water
adsorption and co-adsorption of water and ethanol.

13C NMR technique has been applied into the study of ethanol adsorption behavior to
track the evolution of carbon containing species over Cu/ZnO [117]. Different oxygenate
species have been identified after integrating with the results obtained from MS.
Unfortunately, just 1-C was labeled in the ethanol molecule, in order to get a
comprehensive picture of the surface species and its evolution after ethanol adsorption, 2-
C, even H and O labeled ethanol is also worth being considered. A similar approach is
also applicable for water adsorption and co-adsorption of ethanol and water by choosing
suitable isotopic labeled elements.

Compared with the kinetic studies focused on the steam reforming over single carbon
containing reactants such as methanol [118-122] and methane [123-127] (MSR) which have
been investigated intensively for tens of years, the kinetic investigations performed over
ethanol steam reforming (ESR) reaction are still in their burgeoning stage, which might be
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due to the relatively complicated reaction networks involved originating from the increase
of carbon atom. However, the knowledge accumulated during the systematic explorations
of the kinetic mechanisms occurring during MSR provides a valuable starting point for ESR
researchers to expand upon. In recent years, based on the observations obtained from both
gas phase and sample surface, several kinetic models have been proposed to simulate the
mechanistic behaviors of various catalyst systems [128-132], which will facilitate better
understanding of the reaction mechanisms. If the estimated values are in good consistency
with the reported experimental results, the assumed reaction pathways and rate-
determining step (RDS) will uncover the actual reaction mechanisms to a certain level.
Furthermore, the activation energy measured from this study provides the reference for
molecular simulation. In addition, the outcomes from this kinetic analysis will benefit the
reactor design which can promote mass and heat transfer during reaction.

Based on the TPD and DRIFTS results reported in [133], a possible reaction pathway for
ethanol steam reforming over Co-based catalysts is proposed by our laboratories in Fig.6. In
Scheme 1, the reactant molecules (EtOH and water) diffuse from gas phase to the surface of
the catalyst. The ethanol molecules adsorb dissociatively on the Co sites, forming ethoxide
species. Water, on the other hand, adsorbs on the support, forming hydroxyl groups. The
first H abstracted from ethanol can either form OH groups with the surface oxygen species
or combine with hydrogen from H>O and form H, (Scheme 3). Ethoxide species move to the
interface of metal and oxide support and be oxidized by an additional hydrogen abstraction
forming aceteldehyde (Scheme 4). Acetaldehyde molecules may lead to the formation of
acetone through an aldol-condensation type reaction and acetone molecules are observed
only in the gas phase. Acetaldehyde species have a short surface residence time, converting
readily to acetate species through further oxidation with surface oxygen or OH groups
(Scheme 5). There are multiple routes for the acetate species once they are formed. In one of
the routes, the metal may be involved in C-C bond cleavage leading to the formation of
single carbon species (Scheme 7), leading to the formation of CH,. The carbon-oxygen
surface species may desorb or further oxidize to give carbonate species, especially on
supports with high oxygen storage capacity (Scheme 8), which can desorb as CO, (Scheme
9). In a second route, especially, if oxygen accessibility is high, the CHj3 fragment will
undergo oxidation through H subtraction and O addition (Scheme 10) to form formate,
possibly through a formaldehyde intermediate (Scheme 11), and carbonate (Scheme 12). The
catalyst surface is then regenerated through CO, desorption (Scheme 13) and ready for the
next catalysis cycle regardless of the route followed.

If the surface is highly acidic, ethanol dehydration may dominate the reaction pathway and
result in the formation of H,O and C;Hs which is the major precursor to coke due to
polymerization, as described in Scheme 2 and 6. If the oxygen mobility in the catalyst is not
high enough, the acetate species may remain on the surface and lead to coke formation, as
reported earlier [34, 134].

Briefly speaking, dissociative adsorption of ethanol and water leads to ethoxide species and
hydroxyl groups, respectively. The active metal catalyzes the C-C bond cleavage and
formation of single carbon species. BESR reaction could happen at the interface of the active
metal and the oxide support, which could participate by providing oxygen from the lattice
to facilitate the oxidation of carbon species. The resulting oxygen vacancies can be filled by
the oxygen in the hydroxyl species formed from water adsorption. Therefore, it is necessary
to have rapid oxygen delivery mechanism throughout the oxide support to prevent carbon
deposition on the surface due to deficient oxidation of carbon species. High metal dispersion
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Fig. 6. Proposed Reaction Mechanism for Ethanol Steam Reforming over supported Co
catalysts

will favor the ethanol adsorption and formation of more accessible metal/oxide interfaces as
well as C-C cleavage. High oxygen storage capability and mobility will facilitate the oxygen
delivery through the support and suppress coke deposition. The Co-based systems that
incorporate oxides with high oxygen storage and oxygen mobility could deliver the required
characteristics needed for active and stable BESR catalysts.

6. Computational approaches

Compared to significant amount of experimental efforts spent on catalytic BESR for surface
reaction mechansim investigation, computational approach at molecular level still remains
barely untouched in the past several decades probably due to its extreme complicacy and
limited computation resources. However, recent years have witnessed the rapid
development of computational technology, making the reaction simulation at catalyst
surface technically feasible. For simplifying simulation work, many publications have
purely focused on the ethanol or water alone adsorption and associated decomposition on
single metal clusters [135-139].

Various methodologies have been developed to reasonably represent catalyst surface for
obtaining more accurate simulation results. The slab geometry in contrast to cluster model is
widely adopted to model the catalyst surface with certain thickness. In addition to the top
atomic layer, several successive layers below are also included to simulate the bulk effect on
the surface layer. The surface layer is thereafter allowed to be reconstructed in response to
the constraint from bulk layers. Usually, a vacuum region with certain length is created
right above the top layer of the slab model to prevent the interaction of adsorbed molecules
with its periodic images [140]. The choice of supercell size comes from the compromise
between computation accuracy and computation time span. “Nudged Elastic Band (NEB)”
method [141, 142] is proven by many papers to be effective in transition state and associated
energy barrier estimation and very useful in minimum energy pathway determination
especially for complex chemical reactions. Most of recently published computational results
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are based on the self-consistent periodic density functional theory (DFT) calculation, which
is more accurate than other commonly used computational methods such as ab initio, semi-
empirical, and empirical methods.

According to the published papers, although there are some disagreements on the ethanol
decomposition on model catalyst surface, the proposed pathways can still be generally
classified into two routes. One is CH3CH,OH — CH3CH;O,) — CH2CH20) — CH2CHOy,
— CHzCO(a) — CHz(a)+CO(a)+4H(a) — CH4(g)+CO(g)+H7_(g). In this route, ethanol molecule first
prefers to adsorb at atop sites and binds to the surface through the oxygen atom after O-H
bond cleavage, followed by a six-membered ring of an oxametallacyclic compound
formation through the elimination of the hydrogen atom attached to the 3-carbon. This six-
membered ring is usually located at the interface of active metal and support, creating a
bridge between them. The ethanol decomposition process then continues with two
consecutive eliminations of hydrogen atom attached to a-carbon. Scission of C-C bond then
occurs under the facilitation of active metal, resulting in the formations of a series of
adsorbates which subsequently desorb from substrate at elevated temperature to yield final
gas products such as CHy, CO, and H; [142-144]. The other suggested route follows the track
of CH3CH,OH — CH3CHOH@ — CH3;CHO( — CH3COn — CHCOp — CHCOp) —
CHa)+COf) — CHy(g)+CO@)+Hag)+Ce) [145].

Unlike ethanol decomposition, water dissociation completes only in two steps (i.e., H:O —
H@a+OHp — 2H@+O()), which is obviously due to its rather simple formulation.
Compared to the second O-H bond breakage, the first one can take place with much lower
activation energy [146]. Therefore, it can be easily predicted that hydroxyl group will have
much higher chance to participate in BESR for ethanol oxidation than O* after water
complete dissociation.

After a careful literature review, it is worth noting that the role of catalyst support and co-
adsorption of ethanol and water are barely considered, which is probably attributed to its
awful computational complicacy. In order to give a clear picture of what is really happening
on catalyst surface during BESR and provide a theoretical support to our experimental
observations and proposed reaction mechanism, we launched a computational task in
collaboration with the Chemistry Department at Ohio State University. We employed plane-
wave periodic DFT method implemented in the Vienna ab initio simulation program (VASP)
to investigate the ethanol steam reforming reactions [147-149]. The projector augmented
wave (PAW) method [150, 151], combined with a plane-wave basis set, was utilized to
describe the core and valence electrons. The generalized gradient approximation (GGA)
[152] of Perdew and Wang (PW91) [153] was applied for the exchange-correlation
functional. The convergence of the plane-wave expansion was obtained with moderate
truncation energy of 500 eV, while the electronic relaxation was converged to a tolerance of
1 x 10-4 eV. The Monkhorst-Pack grid [154] served in the generation of the k-points, and a (4
x 4 x 1) k-point grid was used for Brillouin zone sampling for surface calculations. Spin
polarization was applied in all calculations.

The relaxed bulk structure of CeO, with a lattice parameter of 5.46 A was used to construct
the slab model. The CeO, (111) and Co/CeO, (111) surfaces were modeled as 2 x 1 super
cells. A three molecular CeO; thick slab model was constructed, thus nine atomic layers in
total. The super cell has dimensions: a = 7.72 A, b =6.69 A, and c = 23.88 A, and a 16 A thick
vacuum region is included to ensure that there is no interaction between the surface
adsorbates of one layer and the next slab. To optimize the surface structure, the top three
atomic layers of the slab with the adsorbates were allowed to relax. The bottom six atomic
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layers were fixed at the bulk positions of ceria. The NEB method [155-157] was employed to
locate the transition states of various reactions over the catalyst surface. After numerical
differentiation, each transition state was confirmed to have a single imaginary vibrational
frequency.

Ethanol decomposition via steam reforming reaction was computationally studied on the
CeO,(111) and Co/CeO,(111) surfaces. From our results, the most likely reaction pathway is
described below. The decomposition of ethanol starts with the breaking of the O-H bond on
the catalyst surface. The produced ethoxide unit prefers to be adsorbed on the catalyst
surface by the Oe--Co interaction. With the assistance of a surface-bound hydroxyl moiety,
derived from water dissociation, the C,~H bond breaking of the ethoxide unit could proceed
to yield the thermodynamically stable product (adsorbed acetaldehyde and hydrogen atom).
The surface-bound hydroxyl group could act as a better hydrogen acceptor to assist the C,-
H bond-breaking reaction as compared to the surface oxygen atom of ceria. In the
subsequent step, the surface-bound hydroxyl addition to acetaldehyde produces the
hydroxyl adduct, CH3CH(O)(OH), as an intermediate. This CH3CH(O)(OH) intermediate
further undergoes the loss of H from the C, position to generate acetic acid. Acetic acid can
then lose the acidic hydrogen from the hydroxyl unit, yielding an adsorbed acetate and
hydrogen. The acetate could be further converted to the CH>(OH)COO intermediate via H-
atom abstraction and subsequent surface-bound hydroxyl addition reactions. As suggested
by the calculations, the C,-Cs bond rupture from the chemisorbed CH>(O)COO
intermediate generates formaldehyde and CO,. Similar to acetaldehyde, the generated
formaldehyde could react with a surface-bound hydroxyl group to produce the
HCH(O)(OH) adduct that subsequently undergoes a H-atom abstraction reaction to yield
formic acid. Then, formic acid loses the acidic hydrogen of the hydroxyl unit to generate
surface-bound formate. Finally, formate could be converted to CO,. Throughout the
favorable reaction pathway from ethanol to CO,, one of the most energetically costly steps
on the potential energy surface is the Cg-H bond-breaking step of acetate for ethanol
decomposition with the participation of surface-bound hydroxyl groups on the
Co/CeO»(111) surface.

Our modeling indicates that surface-bound hydroxyl groups, which is formed from water
dissociation, plays two critical roles in the ethanol steam reforming reaction. The first is to
assist the hydrogen-abstraction reactions from carbon atoms. The second is their
involvement in addition reactions to form the C=O or C=C double bond intermediates.
Thus, a catalyst on which water could more effectively dissociate to form surface-bound
hydroxyl and hydrogen might be a potentially better catalyst for steam reforming reactions.
On the Co/CeOy(111) surface, our computational work elucidates the formation of
acetaldehyde and acetate intermediates and is consistent with extant experimental
observations [133]. The present computational studies do not account for the generation of
acetone, carbon monoxide, and methane, which are byproducts observed in experimental
studies. A model that includes larger Co particles with some surface-bound hydroxyl
groups would be more realistic and may account for the formation of other byproducts.

7. Economic considerations

Although recent years have witnessed an increasing number of studies in the literature on
BESR reaction, the commercialization of a BESR process for hydrogen production still faces
many obstacles before it can become a reality. The major obstacle is the cost associated with
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the process. While the cost of the catalyst, which is usually precious-metal based, can be an
inhibitive factor, a detailed analysis of the economics involved in the process and an
understanding of the contribution of many cost factors are still lacking.

An economic analysis model based on the cost structures in the United States was thereafter
developed by our laboratories based on a process for hydrogen production from bio-ethanol
steam reforming. The process includes upstream feedstock considerations as well as
downstream hydrogen purification strategies and is analyzed for two different capacity
levels, namely a central production scheme (150,000 kg H/day) and a distributed
(forecourt) production scheme (1,500 kg H>/day). The analysis was based on several
assumptions and input parameters provided by the US Department of Energy and involved
sensitivity analyses of several input parameters and their effects on the hydrogen selling
price.

The detailed methodologies for performing economic analysis and associated results and
discussions can be found in our recent publication [158]. Here we just give a brief summary
of what we have obtained from this study. The hydrogen selling price is determined to be
$2.69/kg H, at central hydrogen production scale. According to cost breakdown analysis,
ethanol feedstock contributes almost 70% of the total cost. Nevertheless, this technique is
still economically competitive with other commonly used hydrogen generation technologies
at same production scale such as methane steam reforming ($1.5/kg H), and biomass
gasification ($1.77/kg H). When the production scale is downsized to forecourt level, the
hydrogen selling price is significantly increased up to $4.27/kg H,, which is mainly
attributed to the significant increase of capital cost contribution. A series of sensitivity
analyses have been performed in order to determine the most significant factor influencing
the final hydrogen selling price. From the analyses, hydrogen yield has a major effect on the
estimated selling price through variation on ethanol feedstock cost contribution, which is
reasonable since higher yield would require less feedstock to produce the same amount of
hydrogen. Feed dilution is another important impact on hydrogen selling price, particularly
at higher dilution percentage. The exponential escalation of hydrogen selling price is clearly
observed when the dilution percentage is higher than 50%. Higher dilution percentage
means that larger amount of gas should be processed to get the same amount of hydrogen.
The effect of molar ratio of ethanol to water variation on hydrogen selling price has also
been evaluated. As expected, hydrogen selling price is increased along with increasing
molar ratio of water to ethanol, because larger amount of water is required to be evaporated
to get the same amount of hydrogen, resulting in the capital and operation cost increase.
However, another factor that is not reflected in this analysis is the fact that excess water (i.e.,
larger water-to-ethanol ratios) would inhibit coking on the surface and extend the active
catalyst life time. So, choosing a higher water input may have additional advantages not
captured by this analysis. Finally, the effect of catalyst cost and associated performance on
hydrogen selling price has also been intensively explored. The estimations indicate the
significance of using transition metal based catalyst for hydrogen production from BESR. If
noble metal based catalyst is used instead, the hydrogen selling price will jump up to
$22.34/kg H» from $4.27 /kg H> where transition metal (e.g., Co) based catalyst is employed
assuming that their catalytic performance is comparable. In order to get the same hydrogen
selling price, the noble metal based catalyst has to either be operated under gas hourly space
velocity 100 times higher or has lifetime 100 times longer than those of transition metal
based catalyst, which is almost impossible from a realistic viewpoint.
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8. Future development directions

The technical advantage of ethanol steam reforming over direct ethanol combustion for
power generation is the improvement of thermal efficiency through hydrogen production
exclusively used for fuel cell. In addition to stationary electricity generation, fuel cell is also
designed for powering portable devices such as automobile. It is unsafe to travel around
with compressed hydrogen tank on board. Therefore, there is a necessity for on-board steam
reformer development where liquid ethanol rather than compressed hydrogen gas is fed
into the storage tank. In order to get better mileage per gallon ethanol fed, the very
important requirement of on-board steam reformer development is its light weight, which
generates great demands on size reduction of on-board reformer. To fulfill the
miniaturization and compactness requirements, various types of micro-structured reactors
have been developed in recent years, which is typically composed of stacks of channeled
blocks. Each micro-channel coated with active catalyst acts as the steam reformer for
hydrogen production. Partial ethanol is combusted in the other side of the channel to supply
heat required for reforming. Such design provides many technical advantages including
rapid mass and heat transport due to large surface area to volume ratios, lower pressure
drop, good structural and thermal stability, and precise control of reaction conditions
leading to higher hydrogen yield [159, 160]. The main challenges faced by this technique
before it becomes final commercialization are system integration, reactor fabrication process,
and catalyst regeneration or replacement.

Combinatorial method originally developed for drug discovery has been introduced into the
catalyst discovery field in the last decade to accelerate the catalyst screening process. By
using this high-throughput approach, large and diverse libraries of inorganic materials can
be prepared, processed, and tested simultaneously under the same reaction conditions for
quickly obtaining potential candidates with desirable catalytic performance, which is
beneficial for significant reduction of time and money spent on catalyst development [161,
162]. However, the relatively complicated algorithms for testing matrix determination,
expensive testing instrument, and representability of the screening results should be better
handled before it can be widely accepted as a standard catalyst development strategy.

The influence of external field (e.g., electric and magnetic field) on catalytic performance
during BESR could be another interesting area to study. Because any chemical reaction
involves electron transfer and rearrangement facilitated by the addition of catalyst, the
application of external field which can exert impact on electron movement is expected to
have influence on catalytic reactivity. Such effect has been recently evidenced by L. Yuan, et
al. that hydrogen yield and selectivity were significantly enhanced when an AC current
passed through Ni/ Al,Os catalyst [163].

According to LeChatelier’s Principle, referring to Reaction (1), continuous removal CO;
from product stream can shift the reaction equilibrium toward products side, leading to the
improvement of hydrogen production. Based on literature review, there are mainly two
methods for CO; in-situ removal: addition of CO; sorbent and CO; selective membrane.
The CO, sorbent used for this purpose has to be regenerated at temperature higher than
reaction temperature for reuse. For doing so, the high temperature CO; sorbent has to be
circulated between reactor and regenerator [164]. The CO, sorbent is usually regenerated
under the hot air environment and has good resistance to high temperature and attrition.
According to literature reporting, CaO and lithium silicate are among the most commonly
used CO; sorbents for hydrogen production. For CO; selective membrane, CO; is either
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rejected by the membrane and stays in the retentate side, or diffuses through the membrane
and swept out as permeate. In order to in-situ remove CO; or perform hydrogen
purification within the reformer, various types of membrane reactors have been developed
in recent years to obtain hydrogen rich gas stream. Moreover, catalytic membrane reactor
has also been invented to perform water-gas shift (WGS) and separation simultaneously
through applying certain catalyst onto the membrane surface, among which Pd-
impregnated membrane is the most reported one for getting purfied hydrogen product [165,
166]. Nevertheless, many technical problems including cost reduction, selectivity and
permeation efficiency improvement, and rigidity enhancement have to be solved before it
becomes economically attractive.

The high cost of ethanol feedstock for steam reforming mainly comes from the downstream
distillation and purification steps of the crude ethanol obtained from fermentation. If the
crude ethanol can be directly used as the feedstock for hydrogen production from BESR, the
large amount of energy wasted during distillation for water and other impurities removal
can be eliminated, leading to the significant cost reduction of ethanol feedstock and in turn
hydrogen produced from BESR. In addition, other oxygenated hydrocarbons contained in
the fermentation broth can also be steam reformed to generate extra 7% hydrogen if crude
ethanol is employed compared to steam reforming of pure ethanol. Although this approach
sounds promising for final commercialization of BESR technique, the challenge still remains
at the catalyst’s tolerance to the impurities present in the crude ethanol solution. According
to related publications, several researchers have conducted such study to evaluate the
impact of impurities on catalytic performance toward hydrogen production. A. Akande and
his coworkers investigated the influence of crude ethanol simulated through adding small
amount of lactic acid, glycerol, and maltose to ethanol aqueous solution on the catalytic
performance of Ni/Al,O3 [128, 167]. Initial catalyst deactivation was observed followed by
stable run within 12 hours test. Similar study has also been performed by our group over
Co/CeOs. ~90% hydrogen yield is achieved and well maintained within 100 hours run. A
more systematic research has been recently implemented by A. Valant, et al. over
Rh/MgAl,O4 [168]. More oxygenated hydrocarbons including esters, aldehydes, amine,
acetic acid, methanol, and linear or branched alchols have been tested for its influences on
catalytic performance of BESR. Catalyst deactivation is observed for certain impurity
additions. Through catalyst modification, much better stability has been achieved using Rh-
Ni/Y-ALOs.

Although high pressure operation will result in inhibition of hydrogen production, as
predicted thermodynamically referring to Section 2.7, it is still worth investigating, because
high pressure operation will significantly lower down the hydrogen compression cost for
storage and transporation. In order to compensate the hydrogen production loss, hydrogen
selective membrane reactor has been recently proposed in combination with high pressure
operation by Argonne National Laboratory [169]. By doing so, the formed hydrogen can be
continuously removed leading to the thermodynamic equilibrium shift toward hydrogen
production.
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