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Preface

As a clean energy carrier with high energy capacity, hydrogen has the potential to
supplement or replace traditional fossil fuels in the near future. The use of renew-
able biomass resources from many different substrates for hydrogen production is
receiving much attention for innovative and robust processes that demonstrate
hydrogen production. This text provides state-of-the-art reviews, current research,
and prospects of producing hydrogen by fermentation, electrochemical, bioelectro-
chemical, gasification, pyrolysis, and solar techniques from many possible biomass
resources. Hydrogen separation, storage, and applications are also covered.

This book is the fifth book of the series entitled Biofuels and Biorefineries, and it
contains 12 chapters contributed by leading experts in the field. The text is arranged
into four key areas:

Part I: Bioconversion (Chapters 1, 2, and 3)

Part II: Thermoconversion (Chapters 4, 5, 6, and 7)

Part III: Electrochemical and Solar Conversions (Chapters 8, 9, and 10)
Part IV: Separations and Applications with Fuel Cells (Chapters 11 and 12)

Chapter 1 focuses on the technological background of dark fermentative hydro-
gen production from lignocellulosic biomass. Chapter 2 gives an introduction to the
feedstocks, primary technologies, feedstock pretreatment methods, microorgan-
isms, fermenter, types and operational conditions for producing biohydrogen.
Chapter 3 presents in vitro synthetic (enzymatic) pathways that can provide high-
yield production of biohydrogen from carbohydrates and water. Chapter 4 focuses
on the analysis of gasification processes and investigation on the possible options
for hydrogen production from the product gas streams from a gasification process.
Chapter 5 provides an overview of different catalytic routes for producing hydrogen
from biomass via pyrolysis processes. Chapter 6 describes techniques for the
production of hydrogen by hydrocarbon decarbonization. Chapter 7 focuses on
innovative technology that generates hydrogen by supercritical water gasification
of biomass-related compounds and various biomass sources such as glucose,
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cellulose, lignin, alcohols, industrial wastewaters and sewage sludge. Chapter 8
reviews the principles, status, and progress in the electrochemical hydrogen pro-
duction process by water electrolysis such as low temperature alkaline electrolysis
cells and polymer exchange membrane electrolysis cells. Chapter 9 deals with
development of microbial electrolysis cell (MEC) technology and introduces
critical factors affecting MEC performance, anodic biocatalysts and technical
challenges, and provides perspectives and outlooks on hydrogen production from
organic waste. Chapter 10 summarizes the current status of solar-aided hydrogen
production technologies, with special emphasis on high temperature thermochem-
ical concepts. Chapter 11 reviews the carbon dioxide and hydrogen sulfide-selective
facilitated transport membranes for low-pressure and high-pressure applications.
Chapter 12 covers recent findings on hydrogen generation from reforming pro-
cesses of bioresources combined with membrane reactor technology.

The text provides current research and prospects of producing hydrogen by bio-,
thermal, and electrochemical methods. Hydrogen separation, storage, and applica-
tions are also covered. The text should be of interest to students, researchers,
academicians, and industrialists in the areas of energy, environmental and chemical
sciences, engineering, resource development, biomass processing, sustainability,
and the hydrogen economy.
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Chapter 1
Dark Fermentative Hydrogen Production
from Lignocellulosic Biomass

Ioannis A. Panagiotopoulos

Abstract This chapter focuses on the technological background of dark fermen-
tative hydrogen production from lignocellulosic biomass. Firstly, the utilization of
biomass with various conversion technologies for biofuel production is described,
and specific biological hydrogen production processes are highlighted. Then, the
basic principles of dark hydrogen fermentation and the current technology of the
process are outlined. Among the different processes for biological hydrogen pro-
duction, dark fermentation is advantageous because it is relatively inexpensive and
it has low energy demands. The influence of the key process parameters on dark
fermentative hydrogen production is summarized and, subsequently, the use of
lignocellulosic raw materials for hydrogen production is examined in detail.
Pretreatment of lignocellulosic biomass is typically required prior to fermentative
hydrogen production because most hydrogen-producing microorganisms cannot
directly utilize cellulose or hemicellulose as a carbon source to grow and produce
hydrogen. In particular, the influence of biomass type and pretreatment method on
hydrogen yield and productivity is discussed. Moreover, the potential of the
coproducts to be further valorized toward the improvement of the economic profile
of the process is explored. Finally, the challenges of dark fermentative hydrogen
production from lignocellulosic biomass as well as the major conclusions drawn
and the perspectives for further development are discussed.

Keywords Biological hydrogen production ¢ Thermophilic fermentation
Agricultural residues * Energy crops ¢ Pretreatment « Hydrolysis ¢ Fermentable
sugars * Inhibitors « Hydrogen yield
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1.1 Introduction

Hydrogen is a gaseous biofuel that is a very important biofuel for the long-term
future [1-3]. Today hydrogen is mainly produced from natural gas. However, the
use of renewable resources such as biomass for hydrogen production [4-6] is
expected to be developed [7]. Biomass is any organic material made from plants
or animals. The use of biomass for hydrogen production has some general advan-
tages such as the local availability of biomass, its renewability, the reduction in
greenhouse gas emissions, and creation of new jobs [8]. In particular, lignocellu-
losic biomass, which includes agricultural and forestry residues, industrial wastes,
and energy crops, has attracted high interest because of its abundance and its high
content of sugars fermentable to hydrogen. Dark fermentation, commonly termed
as “dark hydrogen fermentation” [9], is the process when the organic compounds,
which break down toward hydrogen production, constitute the sole carbon and
energy source providing metabolic energy.

This chapter focuses on the technological background of dark fermentative
hydrogen (H,) production from lignocellulosic biomass. Firstly, the utilization of
biomass with various conversion technologies for biofuel production is described,
and specific biological hydrogen production processes are discussed. Then, the
basic principles of dark hydrogen fermentation and the current technology of the
process are outlined (Sect. 1.2). Among the different processes for biological
hydrogen production, dark fermentation is advantageous mainly because it is
relatively inexpensive and it has low energy demands (Sect. 1.3). The influence
of the key process parameters on dark fermentative H, production is summarized
(Sect. 1.4). Subsequently, the use of lignocellulosic raw materials for hydrogen
production is extensively discussed (Sects. 1.5, 1.6, and 1.7). Pretreatment of
lignocellulosic biomass is typically required prior to fermentative hydrogen pro-
duction because most hydrogen-producing microorganisms cannot directly utilize
cellulose or hemicellulose as a carbon source to grow and produce hydrogen
(Sect. 1.6). The type of pretreatment depends on the type and composition of the
raw material. The role of pretreatment in the efficiency of hydrogen fermentation is
reflected by the term “fermentability.” The fermentability test is a rapid test that is
applied to evaluate the potential for hydrogen production from a pretreated raw
material. In particular, the influence of biomass type and pretreatment method on
hydrogen yield and productivity is discussed (Sect. 1.7). Moreover, the potential of
the coproducts to be further valorized toward the improvement of the economic
profile of the process is explored (Sect. 1.8). Finally, the challenges of dark
fermentative H, production from lignocellulosic biomass (Sect. 1.9) as well as
the major conclusions drawn and the perspectives for further development
(Sect. 1.10) are discussed.
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1.2 Fundamentals of Dark Hydrogen Fermentations

When bacteria grow on organic substrates, these substrates are degraded by oxida-
tion to provide building blocks and metabolic energy for growth. This oxidation
leads to the production of electrons which need to be disposed of to maintain
electrical neutrality. In aerobic environments, oxygen is reduced and water is
produced. In anaerobic environments, other compounds act as electron acceptor
and are reduced to molecular hydrogen. Although different organic compounds,
such as carbohydrates, sugars, proteins, and lipids, enable the production of hydro-
gen during dark fermentation, estimations of potential yields are mostly based on
hexose conversions. According to Eq. 1.1 the maximum theoretical yield of
biohydrogen from glucose fermentation is 4 mol H, per mol of consumed
glucose [10].

C¢H,06 + 4H,O — 2CH3COO™ 4+ 2HCO;3;™ + 4H*" 4+ 4H, (1 1)
AG/() = —206 kJ/mol ’

Concurrent production of energy (206 kJ per mol of glucose) takes place and is
sufficient to support microbial growth. The remainder of the hydrogen production
from hexose is the byproduct acetate and, under non ideal circumstances, more
reduced products like ethanol or lactate. The complete oxidation of glucose to H,
and CO, yields a stoichiometry of 12 mol H, per mol of glucose, but in this case, no
metabolic energy is obtained. In general, glucose fermentation can be accompanied
by the generation of acetate, butyrate, and formate, as well as other, undesired
byproducts such as lactate, propionate, ethanol, and butanol. These byproducts are
typically produced in fermentations with mixed cultures. Their distribution mainly
depends on the culture conditions. For example, it has been reported for
Escherichia coli that for pH values below 7 the production of lactate is favored
[11], thus resulting in reduced hydrogen yields.

Fermentative hydrogen can be produced either through mixed acidogenic micro-
bial cultures, derived from natural environments such as soil or wastewater sludge,
or through defined, pure cultures of hydrogen-producing microorganisms. Such
microorganisms can be mesophilic (2540 °C), thermophilic (40-65 °C), extreme
thermophilic (65-80 °C), or hyperthermophilic (>80 °C), and they have quite
diverse requirements not only in temperature but also in substrate preference, pH,
and other parameters [12]. The main advantage of the use of mixed cultures is that
no medium sterilization is required for the control and operation of the process, so
the overall cost is reduced. The main advantages of the pure cultures are the easier
manipulation of the metabolism with modification of the growth conditions and the
higher hydrogen yields as a result of the reduced production of undesired
coproducts.

There is a wide range of hydrogen-producing microorganisms, which include
strict anaerobes (Clostridia, rumen bacteria, thermophiles, methanogens), faculta-
tive anaerobes (Enterobacter, Escherichia coli, Citrobacter), acrobes (Alcaligenes,
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Bacillus), and co- and mixed cultures. Clostridium butyricum [13—15], Clostridium
beijerinckii  [16—18], Clostridium tyrobutyricum [19, 20], Clostridium
thermocellum [21, 22], and Clostridium paraputrificum [23, 24] are examples of
strict anaerobic microorganisms which produce hydrogen gas during the exponen-
tial growth phase. Enterobacter aerogenes [25-27] and Enterobacter cloacae
[28, 29] have also been investigated for hydrogen production. The highest hydrogen
yields have been obtained by hydrogen-producing extreme thermophilic anaerobic
bacteria, with the strict anaerobic Clostridia producing hydrogen with higher yields
than facultative anaerobes. The highest hydrogen production rates have been
obtained by Clostridia, Enterobacter, and co- and mixed cultures. For the afore-
mentioned reasons, among the hydrogen-producing bacteria, Clostridia,
Enterobacter, and co- and mixed cultures are the most widely studied.

Thermophiles and in particular extreme thermophiles and hyperthermophiles are
preferred for the production of hydrogen from lignocellulosic biomass because the
increase of temperature in principle improves the reaction kinetics [30]. Another
advantage of fermentations at elevated temperatures is that the process is less
sensitive to contaminations by undesirable intruders, so a specific environment
enabling maximum production of hydrogen is created. The main thermophiles
that have been studied include Caldicellulosiruptor saccharolyticus [31-38],
Thermoanaerobacterium thermosaccharolyticum [39-42], Thermotoga
neapolitana [31, 33, 43—46, 90], and Thermotoga maritima [47, 48].

The growth of hydrogen-producing microorganisms can be inhibited with
increased organic loadings [49, 50]; therefore, dilution of the raw waste is typically
required in order to decrease the organic loading and thus prevent inhibition of the
process. To extend the discussion, other parameters such as pH [51-53], tempera-
ture [54], hydraulic retention time (HRT) of the reactor [50, 55, 56], and gas
stripping to avoid high partial hydrogen pressures [57-59] can influence the growth
of the microorganisms, the hydrogen yield and productivity, and the economic
profile of the process. The effects of the process parameters on various aspects of
dark hydrogen fermentations are discussed in more detail in Sect. 1.4.

1.3 Advantages of Dark Hydrogen Fermentations

Fermentative processes for hydrogen production are advantageous against thermal
processes such as gasification and supercritical water gasification. This happens
because fermentative processes convert more efficiently biomass with high mois-
ture content to hydrogen. Moreover, fermentative processes do not require large
installations for economy of scale, so they can be small scale and cost effective. In
particular, dark fermentative hydrogen production has many advantages against
other options of biological hydrogen production. Dark fermentation can produce
hydrogen all day long without the need of light. Moreover, dark fermentation
systems have relatively simple construction, and operation presents low energy
demands, mainly for mixing [9]. High hydrogen production rates are observed with
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dark fermentation, and under certain circumstances, the production can be
maintained at non-aseptic conditions [60]. Another major advantage of dark fer-
mentation is that the fermenting bacteria can utilize a wide range of organic sub-
strates from hexoses, pentoses, and sucrose to starch, cellulose and pectin, and food
wastes and municipal wastes [6, 61-63]. On the other hand, the greatest challenge
for fermentative hydrogen production is that the hydrogen yield is low, due to
thermodynamic barriers [64]. With increased yield, the hydrogen fermentation
becomes thermodynamically unfavorable and the product gas mixture has to be
separated from the contained CO, [65]. The challenges of dark hydrogen fermen-
tations are discussed in detail in Sect. 1.9.

1.4 Effect of Process Parameters on Dark Hydrogen
Fermentation

Temperature is one of the most important parameters affecting dark fermentative
hydrogen production. Most studies have been based on mesophilic temperatures.
However, increased H, yields and rates are observed with change in operational
conditions from mesophilic to thermophilic temperatures. It has been suggested that
the optimal temperature for fermentative hydrogen production seems to be either
close to 37 °C or close to 55 °C [12]. However, the investigation of the effect of
temperature on fermentative hydrogen production with real biomass substrates is
recommended, given that so far mainly pure glucose and sucrose have been used.
Some examples of raw materials that have been investigated in terms of the effect
of temperature on fermentation are sugarcane bagasse [66] and wheat starch [67]. It
should be noted that cultivation at high temperatures can be a viable strategy to
inhibit hydrogen consumers and maximize hydrogen yield. However, the required
energy for the operation of the reactor needs to be considerably less than the energy
recovered as hydrogen in order to make the process economically sustainable.

One of the most studied parameters that influence dark fermentative hydrogen
production is pH. The concentration of H* in the extracellular environment is used
not only to control the directions of the metabolic pathways toward oxidized products
but also to suppress the activity of methanogenic bacteria. Although there are large
variations among different studies, it seems that the optimal pH for hydrogen
production from carbohydrates is in the range of 5.2-7.0. The differences among
various studies are mainly related to different raw materials, microbial populations,
and operational conditions. In particular, an optimal pH of 5.5 has been found by
studies which have used pure sugars [51, 68, 69]. An aciduric E. aerogenes strain
HO-39 has been isolated and has been found able to grow and produce hydrogen at
low pH of 4.5. Generally though, low H, yields are observed when the initial pH is
below 5 [70, 71]. The aforementioned variations in optimal pH also exist when
biomass hydrolyzates are used: Optimal initial pH for H, production from hydroly-
zates has been found 6.5-7.0 with enrichment cultures from cow dung compost [72],
5.5 with C. butyricum [15], and 8.0 with dairy manure bacteria [70].
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Mixed reactors for fermentative hydrogen production can operate in either batch
or continuous mode. Batch-mode fermentative hydrogen production is typically
performed at laboratory scale for research purposes. Batch-mode reactors offer ease
of operation and flexibility. However, continuous bioprocesses are recommended
for industrial-scale fermentative hydrogen production. In particular, a typical reac-
tor for these purposes is the continuously stirred tank reactor (CSTR). The CSTR
offers simple construction and simple control of pH and temperature. The most
important operating parameter in a CSTR is the hydraulic retention time (HRT) of
the reactor. Typically an HRT of 12-36 h provides complete conversion of carbo-
hydrates and high hydrogen yields, avoiding the production of methane during dark
hydrogen fermentation. A HRT of less than 6 h has been recommended to selec-
tively washout the methanogens in continuous reactors [73]. At a high HRT product
inhibition occurs due to accumulation of volatile fatty acids (VFAs).

The partial pressure of hydrogen (pH,) is a very important parameter because
high partial pressures of hydrogen inhibit hydrogen production. It is well known
that thermophilic bacteria shift their end-product formation upon changes in partial
pressure of hydrogen. This has been reported for Caldicellulosiruptor
saccharolyticus and Caldicellulosiruptor owensis where increased pH, led to
increased lactate formation [74-76]. One way to avoid high partial pressures is
gas stripping [57, 77], which typically takes place with an inert gas such as N,
[57]. CO, could also be an interesting stripping gas given that it is relatively easy to
separate from hydrogen [58]. Regardless of the type of gas, the main disadvantage
of the gas-stripping techniques is that the stripping gas dilutes the hydrogen content
in the reactor and thus creates a further decrease in the separation efficiency.
Membrane absorption techniques can be used for hydrogen removal from a gas
mixture. However, the use of membrane-absorption techniques can result in the
development of a biofilm which may favor the emergence of methanogenic
bacteria.

Finally, hydrogen-producing microorganisms can have limited tolerance toward
increased substrate loadings. The relation between substrate loading and hydrogen
yield and productivity is discussed in Sect. 1.7.

1.5 Lignocellulosic Biomass Sources

Lignocellulosic biomass, which includes agricultural, forestry, agroindustrial resi-
dues, and energy crops, can be utilized for biological hydrogen production [78—
80]. It is considered as a sustainable source of fermentable substrates due to its
abundance and low cost. The collection, transport, and processing of lignocellulosic
biomass pose significant challenges to its use in hydrogen production, as well as to
their use in other types of energy production. Concerning the technical suitability of
a lignocellulosic raw material for hydrogen production, the carbohydrate content
and hydrogen fermentability of the raw material are the critical factors. Moreover,
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Fig. 1.1 Sweet sorghum (a) on the field, (b) after removal of grains and leaves, (c) bagasse. Sweet
sorghum bagasse before (d) and after (e) pretreatment with sodium hydroxide. The pretreatment
with 10 % NaOH (w/w dry matter) resulted in a delignification of 46 % (Photo a by A. Glynos,
Peloponnesos, Greece; photos b, ¢ by I. Panagiotopoulos, National Technical University of
Athens, Greece; photos d, e by 1. Panagiotopoulos, Wageningen UR Food & Biobased Research,
The Netherlands)

the characterization of the yield and the value of the coproduct obtained from the
pretreatment step of the process is critical for the selection of the raw material (see
Sect. 1.8). The type of pretreatment typically depends on the type and composition
of the raw material. Raw materials such as energy crops, agricultural residues, and
agroindustrial residues have attracted the highest attention among other raw mate-
rial types for dark hydrogen fermentation. In particular, some representative exam-
ples of pretreated energy crops and energy crops residues that have been examined
for dark hydrogen fermentation are Miscanthus [31], sweet sorghum bagasse
(Fig. 1.1c) [32, 81], sugarcane bagasse [15], and reed canary grass [82]. Represen-
tative examples of pretreated agricultural residues are corn stover [40, 83, 84], corn
cob [70, 85], wheat straw [37, 86, 87], barley straw [35, 85, 88], and rice straw [89—
91]. It should be noted that although energy crops and agricultural residues have
been tested for use as a substrate in fermentative hydrogen production, the explo-
ration of the use of energy crop residues has only recently started. Finally, carrot
pulp [45], potato steam peels [33], sugar beet molasses [92], and cotton-seed cake
[93] are examples of agroindustrial residues with mixed chemical composition that
have been investigated for dark hydrogen fermentation.
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1.6 Methods of Lignocellulosic Biomass Pretreatment
for Dark Hydrogen Fermentations

Biomass pretreatment is needed to make the available carbohydrates accessible for
hydrogen fermentation. The degree of carbohydrate accessibility depends on the
type of the raw material. In the case of sugary biomass, most of the sugars are
readily fermentable, so the pretreatment is relatively simple. In case of raw mate-
rials with “mixed” chemical composition, such as wheat bran or sugar beet pulp, the
pretreatment is usually more complex, often requiring heat and chemicals. Cellu-
lose is by far more difficult to pretreat compared to starch [94], so in the case of
typical cellulose-rich materials, such as agricultural or forestry residues,
pretreatment is necessary and various pretreatment methods have been extensively
described in order to promote the accessibility of polysaccharides in complex
biomass. Typically, the pretreatment step is the first step of the biomass-to-hydro-
gen process, followed by enzymatic hydrolysis and one or more (see Sect. 1.9)
fermentation steps (Fig. 1.2). The step of hydrolysis can be performed with con-
centrated acids, but currently enzymatic hydrolysis is typically performed with
cellulases and hemicellulases.

Lignocellulosic biomass
Lignin

Pretreated solids  C6 (+ residual C5) sugars%

L Pretreatment Enzymat%c Dark fermentation
hydrolysis
T i
i C5 sugars i Organic acids
Residual biomass -
Fermentation and lignin Photofermentation
T T
| | :
| |
v ¥
H, Power generation H,

Fig. 1.2 A schematic outline of a biohydrogen production-based pretreatment process. The
dashed arrows on lignin and C5 sugars represent the potential of the pretreatment for the
fractionation of biomass into lignin, to be used as a substitute for polymeric materials, and C5
sugars, to be used for hydrogen fermentation. This potential depends on the pretreatment method.
The dashed arrows on photofermentation represent the potential to couple dark fermentation with
photofermentation in order to achieve increased hydrogen yields (see Sect. 1.9)
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The pretreatments can be classified into four main groups: mechanical (includ-
ing milling and grinding), thermal (including steam explosion and liquid hot water),
chemical (including acids, alkali, ionic liquids, oxidizing compounds, etc.), and/or
their combinations [95, 96]. Below we present the main characteristics of some
selected pretreatment methods, and we discuss the key work that has been reported
so far and the potential of each method toward hydrogen production.

Mechanical pretreatment leads to a reduction in particle size, which results in an
increase of the available specific surface and a reduction in the degree of polymer-
ization [97]. It is a method of high energy costs due to high power consumption, and
it has not been used so far for biohydrogen production. Considering the need to
decrease the cost of biomass pretreatment for the economically viable production of
biohydrogen [98], it is likely that mechanical pretreatments are not economically
feasible. It should be noted that pretreatments that combine mechanical
pretreatment with chemical pretreatment (see text below) are also common.

Steam pretreatment is one of the most widely used methods for the pretreatment
of lignocellulosic biomass mainly toward ethanol production [99-101]. It is a
method which is expected to be incorporated into many of the first commercial
biorefineries that are based on the hydrolysis procedure. Although the method is
sometimes referred to as “steam explosion” describing the disruption of the bio-
mass with the rapid decrease of pressure, it has been shown that explosion is not
required to achieve good pretreatment and that the main mechanism is rather
similar to dilute-acid hydrolysis [102]. In steam pretreatment, chips of biomass
are conveyed into large vessels and high-pressure steam is applied (at 200-240 °C)
for several minutes. At a set time, some steam is rapidly vented from the reactor to
reduce the pressure, and the contents are discharged into a large vessel to flash cool
the biomass [103, 104]. Iogen (Ottawa, Canada) has developed their own steam
pretreatment process and along with Inbicon (Kalundborg, Denmark) and Abengoa
(Salamanca, Spain) have used the process in a demonstration-scale ethanol plant,
indicating that steam pretreatment could be close to commercialization.

Steam pretreatment has been shown to be particularly effective in the processing
of agricultural residues and hardwoods such as corn stover and poplar, respectively.
Under certain conditions and when sugar yields are considered, steam pretreatment
can be a useful pretreatment method for softwood as well [105, 106]. However,
high severities of steam pretreatment, usually reflected by high temperatures of
200 °C or more, are typically required in order to solubilize the hemicellulose of the
material and achieve high (>75 %) cellulose to glucose conversions after subse-
quent enzymatic hydrolysis. These high temperatures result in the undesirable
phenomenon of lignin condensation [107] which does not allow complete cellulose
conversion mainly due to sorption of the cellulase enzymes [108]. To solve this
problem, the application of various post-treatments has been suggested [109—111],
but obviously, this additional step increases the chemical requirements of the
overall pretreatment process without contributing to the efficient fractionation of
the biomass into its valuable components of hemicellulose, cellulose, and lignin.

Steam pretreatment has been applied for biohydrogen production with corn
stover [83], corn straw [71], and cornstalks [112], giving good results. Given that
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with steam pretreatment the hemicelluloses are solubilized thus making the cellu-
lose better accessible for enzymatic hydrolysis, high C5 and C6 sugar yields are
achieved with the method. This is in favor of applying steam pretreatment for
biohydrogen production because hydrogen-producing microorganisms have been
shown to be able to consume both C5 and C6 sugars. In particular, hydrogen-
producing microorganisms, such as the extreme thermophilic anaerobic bacterium
Caldicellulosiruptor saccharolyticus (see Sects. 1.6 and 1.7), consume simulta-
neously glucose and xylose [31, 32, 61], when these sugars are present in ratios
which can be expected in hydrolysates from lignocellulosic biomass. Other micro-
organisms, such as T. neapolitana, seem to prefer glucose over xylose at the
aforementioned sugar ratios [31]. Notable is that C. saccharolyticus seems to
have a preference for xylose if both sugars are present at equal concentration
[113]. Moreover, one of the concerns about using steam pretreatment for biofuel
production through fermentative pathways is the generation of fermentation inhib-
itory compounds (see details further below) [114, 115]. However, early research
work shows that hydrogen-producing microorganisms, such as C. saccharolyticus
[31, 33, 74] and C. beijerinckii [116], are more tolerant to fermentation inhibitors
compared to typical ethanol-producing microorganisms [114, 117, 118], so steam
pretreatment could be more efficiently used for cellulosic biohydrogen production
rather than cellulosic ethanol production. It should be noted that the inhibition
phenomena in dark hydrogen fermentations have not been elucidated yet.

Pretreatment with liquid hot water (LHW) is similar to steam pretreatment, but in
this case, liquid hot water is used instead of steam. LHW offers the potential for high
xylose yields and reduction in cellulose recalcitrance to enzymatic hydrolysis, while
maintaining the levels of inhibitory compounds at low levels. However, the high
energy demands of this method, which are likely not met with the possible increases
in hydrogen yields [119], make LHW pretreatment rather problematic. The use of
such a method for hydrogen fermentation purposes has not been reported so far.

Unlike steam pretreatment which is primarily focused on solubilization of the
hemicellulose component, organosolv pretreatment acts by extracting the lignin
component by scission reactions that facilitate its solubilization [120]. The rela-
tively high purity and reactivity of the organosolv lignin indicate its potential as a
feedstock for the production of higher value products such as adhesives, antioxi-
dants, and carbon fibers [121]. The effective solubilization of much of the lignin
and hemicellulose during organosolv pretreatment results in a highly accessible
cellulosic fraction which is highly amenable to subsequent enzymatic hydrolysis, at
low enzyme loadings, regardless of the type of biomass that has been treated
[122, 123]. However, organosolv pretreatment has mainly been considered so far
as a typical method for woody biomass (hardwood, softwood) rather than agricul-
tural residues. This is reasonable because of the relatively low lignin content of
most of the agricultural residues and of the cellulase-inhibitory effect [124] of the
increased free phenolic groups in the substrate [125] due to the delignification.
Organosolv pretreatment for hydrogen production purposes has not been studied yet
and is expected to attract more attention with the consideration of woody biomass
as raw material for dark fermentative hydrogen production.
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Fig. 1.3 Barley straw (a) a
before dilute-acid
pretreatment and (b) after
dilute-acid pretreatment
(Photos by Ioannis
Panagiotopoulos)

Acid pretreatment of lignocellulosic biomass has been studied extensively over
the years [126, 127]. Concentrated acids have been traditionally used to treat
lignocellulosic materials, but are toxic and corrosive and their use disturbs the
economic feasibility of the biofuel production [128]. Although the use of concen-
trated acids has been mainly studied for ethanol production, the pretreatment of a
hydrolysate of rice straw with concentrated sulfuric acid, resulting in low hydrogen
yields, has been reported [129]. In general, dilute-acid pretreatment [130—132] has
been more successful and can significantly improve the hydrolysis of polysaccha-
rides, mainly hemicelluloses. The acid is mixed with the biomass at an acid
concentration of 0.1-2.0 %, and the mixture is held at temperatures of 150—
200 °C for periods ranging from seconds to minutes (Fig. 1.3). The hemicelluloses
are consequently hydrolyzed. However, in addition to hydrolyzing the hemicellu-
loses, dilute-acid pretreatment releases substances that negatively affect the quality
of the hydrolysates by decreasing their fermentability [31, 131, 133, 134]. These
substances, known as fermentation inhibitors, include weak acids (mainly acetic
acid), furans (mainly 5-hydroxymethylfurfural (HMF), a hexose degradation prod-
uct and furfural, a pentose degradation product), and phenolic compounds such as
vanillin, syringaldehyde, and catechol which are all formed by partial breakdown of
lignin [135].

In general, fermentation inhibitors have toxic effects on the fermenting organ-
isms, thus reducing the biofuel yield and productivity. The level of toxicity depends
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in part on fermentation variables including cell physiological conditions and pH of
the medium. In addition, the fermenting organisms may, to some extent, be resistant
to inhibitors or may become gradually adapted to their presence. Compounds
inhibiting microbial activity can be either originally present in the biomass or
produced due to too severe pretreatment conditions. The inhibitors that are present
in lignocellulosic biomass are liberated relatively easy during the pretreatment step.
For instance, under relatively mild conditions, acetylated hemicellulose is hydro-
lyzed, and beside monomeric sugars, the organic acid acetic acid is liberated.
Inhibitors that are produced under too extreme pretreatment conditions generally
consist of degradation compounds of sugars. For example, acidic conditions com-
bined with high temperatures during lignocellulose pretreatment often lead to
formation of furfural or HMF [136]. Both furfural and HMF are further degraded
to formic acid and levulinic acid.

Acetic acid is derived from the acetyl groups in hemicellulose. At low pH in the
fermentation medium, the acetic acid is in the undissociated form and may diffuse
into the cells. Once in the cell, the acid dissociates causing a lowering of cell pH
that inhibits cell activity. The toxicity varies according to the fermentation condi-
tions. Since the formation of acetic acid is inherent to hemicellulose hydrolysis, its
formation cannot be prevented. However, a higher fermentation pH can reduce this
effect or the acid can be neutralized before fermentation.

Furfural and HMF affect cell growth and respiration. While HMF is considered
less toxic than furfural and its concentration in (hemi)cellulose hydrolysates is
usually low, it is generally considered that extensive degradation of (hemi)cellulose
is responsible for the formation of the latter inhibitor compounds. Kinetic studies
have shown that the production of furfural strongly increases with temperature and
reaction time [137]. In contrast to undissociated weak organic acids which penetrate
microbial cells and decrease the intracellular pH, furfural derivatives interfere with
fermentative enzymes and disturb the membrane integrity of diverse microorgan-
isms. Nevertheless, both furfural and HMF (at 1 g/L) have been reported to
stimulate the growth of C. beijerinckii BA101 as well as the production of acetone-
butanol-ethanol through non-H,-producing pathways [138]. A higher decrease in
H, yield of T. thermosaccharolyticum W16 with HMF (50.2 %) than with furfural
(17.9 %) at an initial concentration of 1 g/L has been reported [139]. The study of
the relationship between the concentration of HMF and furfural in various ligno-
cellulosic hydrolysates and hydrogen fermentability [85] indicated that the inhibi-
tion of fermentation might be caused not only by typical fermentation inhibitors,
such as HMF and furfural, but also by inhibiting compounds either originally
present in the biomass or by other, undetermined potential inhibitors, such as
phenolic compounds from lignin (Fig. 1.4).

Phenolic compounds have a considerable inhibitory effect on fermentation and
are generally more toxic than furfural and HMF, even at low concentrations. In
particular, phenolic compounds are toxic to microbial cells because they cause
partition and loss of integrity of cell membranes of the fermenting organisms
reducing cell growth and sugar assimilation. At very low concentrations, some
compounds may improve fermentation kinetics, whereas at higher concentrations
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Fig. 1.4 Effect of the concentration of HMF and furfural on the fermentability of (a) wheat straw,
(b) barley straw, (c¢) corn stalk, and (d) corn cob for hydrogen production. Note: The data on
hydrogen are based on measurements after 16 and 40 h of fermentation. The data on HMF and
furfural are based on measurements at the start of the fermentation (Reprinted with permission
from Panagiotopoulos et al. [85], Copyright © 2011 The Japan Institute of Energy)
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they lead to inhibition. According to Quéméneur et al. [87] who used mixed
cultures, the addition of phenolic compounds (phenol, syringaldehyde, and vanillin)
has less impact on the H, yields than the furan derivatives. In particular, the
addition of syringaldehyde at the concentration of 1 g/L resulted in only 23 %
inhibition in hydrogen production. On the other hand, Cao et al. [139], who used
T. thermosaccharolyticum W16, showed a reduction in H, production of 54 % with
syringaldehyde at 1 g/L. Ezeji et al. [138] reported a higher inhibition of
C. beijerinckii cell growth by phenol than by syringaldehyde (at a concentration
of 1 g/L).

The use of the ratio of Xsugars/Zinhibitors (Xs/Xi) has been proposed for the
evaluation of the suitability of barley straw hydrolysates for hydrogen fermentation
purposes [131]. The term Xsugars includes glucose, xylose, and arabinose, but it
depends on the type of lignocellulosic material. For example, if wood is pretreated,
then mannose or galactose may also need to be considered. However, it should be
noted that the method of dilute-acid pretreatment seems to be advantageous for
agricultural residues. The term Zinhibitors includes acetic acid, HMF, furfural,
levulinic, and formic acid. Given that the formation of acetic acid occurs, to some
extent, naturally from the hydrolysis of the acetyl groups in the hemicelluloses of
the straw and thus its formation cannot be prevented, the investigation of the Xs/Xi
can be performed either with or without consideration of acetic acid. The formation
of levulinic acid and formic acid takes place with further degradation of HMF.
Moreover, formic acid is formed when furfural breaks down [140]. With use of the
tool of Zs/Zi, the dilute-acid pretreatment of barley straw has been optimized at the
conditions of 170 °C and 60 min [131]. Under these conditions the production of
undesired inhibitors is 2.1 g acetic acid/L, 0.1 g HMF/L, 0.4 g furfural/L, 0.0 g
levulinic acid/L, and 0.0 g formic acid/L, which should not be problematic for
hydrogen production.
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Various types of agricultural residues have been dilute-acid pretreated toward
the production of biohydrogen. Nguyen et al. [90] used dilute sulfuric acid to
pretreat rice straw for biohydrogen production with T. neapolitana. Cao
et al. [40] used dilute sulfuric acid to pretreat corn stover for biohydrogen produc-
tion with T. thermosaccharolyticum W16. In this study the production of furanic
compounds (0.9 g/L), phenolic compounds (0.1 g/L), and acetate (1.9 g/L) was
reported. Furfural (0.6 g/L) and HMF (0.3 g/L) were the main furanic compounds.
The main phenols in the hydrolysate were vanillin and syringaldehyde, which were
present at very low concentrations. Sodium acetate at concentrations up to 6 g/L
showed stimulatory effect on H, production by T. thermosaccharolyticum W16. On
the other hand, furfural and HMF and potentially vanillin and syringaldehyde were
inhibitors of growth and hydrogen production by T. thermosaccharolyticum W16,
depending on their concentrations. Synergistic effects were shown in combined
inhibitors. This observation is in agreement with the results obtained from
Escherichia coli fermentations carried out in the combinations of furfural with
other aldehydes [141].

The fermentability test is a rapid test that is applied to evaluate the potential for
hydrogen production from a raw material pretreated with dilute acid or other
chemicals [6]. With the fermentability test, the pretreatment method can be rapidly
adapted to improve the fermentability of the hydrolysate. Inhibition of fermentation
is quantified by determining the concentration of the hydrolysate sugars at which
25 % inhibition occurs, compared to the control samples with sugars of analytical
grade. The fermentability of four dilute-acid pretreated and hydrolyzed lignocellu-
losic raw materials (barley straw, wheat straw, corn stalk, corn cob) has been
investigated with the fermentability test, indicating the increased fermentability
of barley straw with hydrolysate sugar concentrations up to 20 g/L [85]. Similar
experimental work was performed by Monlau et al. [132] who studied inhibition of
hydrogen production with increasing volumes of dilute acid hydrolyzate from
sunflower stalks. A sharp decrease of the hydrogen yield was observed from 2.0
to 0.0 mol H,/mol hexose (C6) for volumes higher than 15 % of added hydrolyzate.
However, it should be noted that the dilute acid hydrolysis of that work used an acid
load of 4 % (w/w dry matter) at 170 °C for 1 h, and the degree of inhibition may
depend on the specific chemical and thermal conditions of the pretreatment method.

Given that sulfuric acid seems to be effective as a pretreatment agent in
producing substrates fermentable to hydrogen (Fig. 1.5), Panagiotopoulos
et al. [85] investigated to which extent the dilute sulfuric acid pretreatment of
agricultural residues for hydrogen production is raw material specific. In this study,
barley straw, wheat straw, corn stalk, and corn cob were dilute-acid pretreated and
fermented to hydrogen production with Caldicellulosiruptor saccharolyticus. With
the use of typical pretreatment conditions, it was shown that dilute sulfuric acid
pretreatment is more suitable for hydrogen fermentation with the straws, particu-
larly with barley straw, compared with the corn residues (Fig. 1.4). It should be
noted that the HMF and furfural concentrations of 1-2 g/L have been reported to
result in 50 % inhibition of hydrogen production [31]. The release of acetic acid
during dilute-acid pretreatment does not seem to be a barrier in hydrogen
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Fig. 1.5 Hydrogen production by culture of C. saccharolyticus grown on control medium with
pure sugars (control) and on media with barley straw, pretreated with acid and enzymatically
hydrolyzed. Measurements were done after 16 (light gray bars) and 40 (dark gray bars) h after the
start of the fermentation. The growth of C. saccharolyticus (optical density measured at 580 nm,
ODsg) after O (W), 16 (A), and 40 (x) h of fermentation is also indicated (Figure slightly modified
and reprinted with permission from Panagiotopoulos et al. [35], Copyright © 2012 International
Association of Hydrogen Energy)

fermentations given that the acetic acid concentrations typically observed with
dilute-acid pretreatment should be tolerable by hydrogen-producing microorgan-
isms. For instance, the acetic acid concentration of 9 g/L. was reported to lead to
complete inhibition of the growth of C. saccharolyticus [33], being in agreement
with a previous study of van Niel et al. [74]. T. neapolitana is even more tolerant,
being able to grow at acetic acid concentrations as high as 18 g/L
[33]. C. saccharolyticus has been found to tolerate acetic acid concentrations
lower than 3 g/L in fermentations with real biomass substrates [6]. In conclusion,
there is currently a lack of a clear relation between the concentration of sugar
degradation products in the hydrolysates of dilute-acid pretreated biomass and
hydrogen fermentability.

Although the research work on the comparison of the various pretreatment
methods for biological hydrogen production is currently at an early stage, it should
be noted that higher H, yields are more likely to be obtained by acid than other such
as alkaline pretreatments [142]. However, this comparison needs to be raw material
dependent, so the aforementioned statement should be considered with great care.
Another aspect of dilute-acid pretreatment that has not been elucidated yet, though
important, is the possible presence of sulfate remaining in the hydrolyzates. Sulfate
may support the growth of sulfate-reducing bacteria that compete with hydrogen
producers and consume the produced hydrogen [143]. Similarly, although the
higher HCI1 concentration has been shown to be in favor of the conversion of
lignocellulosic biomass to fermentable sugars, the high C1™ anion concentration
inhibits hydrogen production [72].
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Alkaline pretreatment of lignocellulosic biomass for biofuel production, mostly
bioethanol, has received significant attention. Alkaline pretreatments use sodium
[32, 144, 145], calcium [146-148], potassium, and ammonium hydroxide as reac-
tants. The extensive use of sodium hydroxide over calcium hydroxide is mostly due
to the higher solubility of sodium hydroxide and the higher biomass digestibility
achieved. In particular, treatment with NaOH causes swelling, leading to an
increase in internal surface area, a decrease in the degree of polymerization, a
decrease in crystallinity, separation of structural linkages between lignin and poly-
saccharides, and disruption of the lignin structure. De Vrije et al. [145] achieved a
77 % delignification of Miscanthus with addition of 12 % NaOH (w/w dry matter)
to the biomass during extrusion at 70 °C, whereas Panagiotopoulos et al. [32]
observed a 46 % delignification of sweet sorghum bagasse with 10 % NaOH
(w/w dry matter) and milder pretreatment conditions (Fig. 1.1d, e). Maas [148]
reported a 47 % delignification of wheat straw with 12 % NaOH while the
delignification determined with up to 15 % lime was insignificant. When severe
experimental conditions are applied, lime pretreatment can result in significant but
still low delignification [146].

Alkaline pretreatment is more effective on agricultural residues than on wood
materials. Lignin has a role on this because of its relatively low content in
agricultural residues and high content in woody raw materials. Given that the
efficient recovery of both lignin and hemicelluloses is a key feature of an ideal
pretreatment [149, 150], it is important that alkaline pretreatment recovers lignin in
a high-purity form and with a minimum use of water. The loss of hemicelluloses
which are present in the non-fermentable lignin-rich liquor, known as dark liquor, is
a challenge not only of alkaline pretreatment but also of organosolv pretreatment
(see text above). The loss of hemicelluloses mainly depends on the type of alkali,
the alkali level, and the type of biomass. For instance, the loss of hemicelluloses
with a NaOH load of 12 % (w/w dry matter) has been reported to be 11-13 %
[32, 148].

De Vrije et al. [31] investigated the fermentability of alkaline-pretreated
Miscanthus hydrolysates for thermophilic hydrogen fermentation. They reported
poor fermentability of lime-pretreated Miscanthus whereas fermentation of sodium
hydroxide pretreatment hydrolysate yielded 3.2-3.3 mol H,/mol hexose. These
hydrogen yields are among the highest yields obtained in the fermentation of sugars
in lignocellulosic hydrolysates reported to date (Table 1.1). These results are
comparable with the results of Panagiotopoulos et al. [32] who used the
fermentability test to adapt the severity of the alkaline pretreatment toward maxi-
mum hydrogen production and observed good fermentability of NaOH-pretreated
sweet sorghum bagasse (Fig. 1.6). The aforementioned results suggest that the
application of alkaline pretreatment has a high potential for enhanced hydrogen
production in the future. One of the explanations of the good fermentability of the
NaOH-pretreated biomass is that with mild pretreatment conditions at relatively
low temperatures (7075 °C), the generation of fermentation inhibitors is avoided,
thus ameliorating the hydrogen fermentation.
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Fig. 1.6 Optimization of the pretreatment of sweet sorghum bagasse based on the chemical
(NaOH) loading (and concomitant degree of delignification), the production of fermentable sugars,
and the fermentability to hydrogen. In control fermentations pure sugars were used. Hydrogen
production during fermentation, % of control (square). Sugar production (g/L) after pretreatment
(diamond) (Unpublished material by Ioannis Panagiotopoulos)

The method of ionic liquids is a new concept in the fractionation of lignocellu-
losic biomass and has been applied so far for energy crops such as switchgrass
[151, 152], agricultural residues such as sugarcane bagasse [153], and also woody
biomass [154]. One of the challenges of ionic liquids, apart from their very high
cost, is the stability and activity of cellulases in the presence of small amounts of
ionic liquids co-precipitated with the recovered cellulose [155]. Recently the effect
of the ionic liquids on the growth of Saccharomyces cerevisiae and bioethanol
production was studied [156], but so far, no work has been reported on hydrogen-
producing microorganisms. Therefore, no detailed discussion on ionic liquids is
provided in the current chapter.

Wet oxidation is an effective method in fractionating cellulose from lignin and
hemicelluloses. The main challenge of it is the loss of sugars which takes place due
to non-selective oxidation. In case of wheat straw, the loss of hemicelluloses can be
40-45 % or higher, depending on the process conditions [157, 158]. This is high
compared to the hemicelluloses loss occurred in, for example, alkaline pretreatment
(see text above). Research efforts have focused on the optimization of the process
conditions toward increased hemicelluloses recovery. For example, it has been
shown that an increase in oxygen pressure results in an increase in hemicelluloses
recovery [159, 160]. The non-selective oxidation also results in the oxidation of
lignin which typically results in the formation of undesired aromatic compounds
[158]. This phenomenon can result in inhibition in hydrogen fermentations and can
also decrease the potential income from lignin at industrial scale for biohydrogen
production in the biorefinery. In order to decrease the production of fermentation
inhibitors, Martin et al. [161] used alkaline pH, which yet leads to reduced hemi-
celluloses recovery. Considering all the aforementioned characteristics of wet
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oxidation and the present status of its development, it is rather unlikely that wet
oxidation will be suitable for biohydrogen production any time soon. Although wet
oxidized wheat straw has been reported in the literature to produce hydrogen with
T. neapolitana [44], the aforementioned technical characteristics of wet oxidation
along with the high cost of oxygen render its application rather problematic.

1.7 Hydrogen Yields and Productivities from
Lignocellulosic Hydrolysates

Two key parameters used to characterize the hydrogen production efficiency in
controlled experiments with use of bioreactors are hydrogen yield, which is
expressed as mol hydrogen per mol C6 sugar, and hydrogen productivity, which
is typically used in its volumetric version and expressed as mmol hydrogen per L
culture medium and h of fermentation. Typically, the maximum volumetric hydro-
gen productivity is calculated from the time interval with the highest percentage of
hydrogen in the off gas. Given that the reproducibility of research works which
employ undefined, mixed microflora is difficult, Table 1.1 mainly summarizes
fermentation experiments which employed well-defined species. Moreover,
Table 1.1 mainly includes data of representative studies where the two basic
parameters of hydrogen production, yield and rate, are presented in mol H,/mol
hexose and mmol/(L « h), respectively. Only exceptionally Table 1.1 includes data
from studies where hydrogen production was normalized as per, for example,
chemical oxygen demand. It should be noted that for a fair comparison of the
results, the hydrogen yields should always be reported as H, on hexose (mol/mol).
Moreover, consideration of results should be performed with great care because
hydrogen productivity and yield depend on the operating conditions as well as the
raw material and the microorganism used.

At the present stage of development of hydrogen production from lignocellulosic
biomass, pretreatment of biomass (and subsequent enzymatic hydrolysis) is
required to bring the sugars in a soluble, fermentable form and thus result in
efficient conversion of the sugars to hydrogen. Several studies on thermophilic
bacteria growing on untreated raw materials have shown low yields compared with
the yields observed with pretreated raw materials. According to Eq. 1.2, the
maximum theoretical yield of biohydrogen is 4 mol H, per mol of glucose. This
yield decreases with the generation of undesired byproducts which is not accom-
panied by hydrogen production. Barley hulls have been used without any
pretreatment to produce hydrogen at a yield of 0.2 mol Hy/mol glucose [162]. Sev-
eral studies on thermophilic bacteria growing on untreated wastewater cellulose
have shown yields between 0.8 and 1.2 mol H,/mol glucose [162, 163]. Co-culture
studies of C. thermocellum and T. saccharolyticum on hydrogen production from
microcrystalline cellulose resulted in 1.8 mol Hy/mol glucose [22]. The aforemen-
tioned hydrogen yields compare low against the hydrogen yields of 2-3 mol/mol
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glucose most typically observed with pretreated hydrolysates from lignocellulosic
biomass. Mixed culture studies (35 and 50 °C) on corn stover pretreated with steam
explosion and dilute sulfuric acid resulted in 2.8 mol H,/mol glucose [83]. Acid
hydrolysis of corn stover and subsequent fermentation of the hydrolysate by
T. saccharolyticum resulted in 2.2 mol Hp/mol glucose [40]. The maximal hydrogen
yield observed in batch experiments with C. saccharolyticus on sweet sorghum
bagasse hydrolysates under controlled conditions was 2.6 mol/mol C6 sugar and the
maximal volumetric hydrogen production rate ranged from 10.2 to 10.6 mmol/(L ¢ h)
[32]. At higher substrate concentrations, the production of lactic acid increased at
the expense of hydrogen production (Fig. 1.7). This was also observed by Levin
et al. [21], who used the thermophilic bacterium C. thermocellum in order to
produce hydrogen from delignified wood fiber, and by de Vrije et al. [45] who
used C. saccharolyticus in order to produce hydrogen from carrot pulp. The
aforementioned trend was also observed in case of potato steam peels with
C. saccharolyticus [33], as well as in case of waste ground wheat with use of
anaerobic sludge [164]. However, fermentations with high concentrations of
Miscanthus sugars did not result in high lactate production [31], so the phenomenon
seems to be raw material specific [45].

As it can be seen in Table 1.1, thermophiles and in particular extreme thermo-
philes (65-80 °C) and hyperthermophiles (>80 °C) are preferred for the production
of hydrogen from lignocellulosic biomass. This occurs because the increase of
temperature in principle improves the reaction kinetics [30]. The main thermophiles
that have  been studied include C. saccharolyticus [31-36],
T. thermosaccharolyticum [39, 141, 143], and T. neapolitana [31, 33, 44, 45,
88]. De Vrije et al. [31] used C. saccharolyticus and T. neapolitana in order to
investigate the fermentation of alkaline-pretreated Miscanthus hydrolysates. They
reported poor fermentability of lime-pretreated Miscanthus whereas fermentation
of sodium hydroxide pretreatment hydrolysate yielded 3.2-3.3 mol H,/mol hexose.
These hydrogen yields are among the highest yields obtained in the fermentation of
sugars in lignocellulosic hydrolysates reported to date (Table 1.1). With regard to
hydrogen production rates, it should be noted that thermophiles usually grow at low
densities and therefore typically show relatively low production rates. High cell
densities, achieved through the development of reactor systems with physical
retention of microbial biomass, are needed to maximize their hydrogen production
rates.

Biological hydrogen production by a sequential operation of dark and photofer-
mentation has attracted high research interest in the last 10 years [4, 165, 166]. In
such a system, the anaerobic fermentation of the organic material produces organic
intermediates, such as acetic, butyric, lactic, and propionic acids, Eq. 1.2, which can
be readily fermented in the second step by photoheterotrophic bacteria, Eq. 1.3. The
overall reactions of the process can be represented as:

C¢H206 + 2H,0O — 2CH3COOH + 2CO, + 4H, (12)
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Fig. 1.7 Growth (squares), production of hydrogen (circles), acetate (triangles), and lactate
(diamonds) in cultures of C. saccharolyticus grown on pure sugars (open symbols) and hydrolysate
of sweet sorghum bagasse ( filled symbols). The sum of glucose, xylose, and sucrose concentra-
tions is (a) 10 g/L and (b) 20 g/L. The growth of C. saccharolyticus (optical density, OD) is also
indicated (Reprinted with permission from Panagiotopoulos et al. [32], Copyright © 2010 Inter-
national Association of Hydrogen Energy)

2CH;COOH + 4H,0 — 8H, + 4CO, (1.3)

With use of glucose as the sole substrate in dark anaerobic fermentation, where
acetic acid is the predominant metabolite product, a total of 12 mol hydrogen could
be expected in a combined process from 1 mol of glucose. The detailed description
of this combined process for biological hydrogen production is out of the scope of
the present chapter.
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1.8 Coproduct Valorization

Coproduct valorization is an important parameter of the technical and economic
suitability of a lignocellulosic raw material for dark fermentative hydrogen pro-
duction. Other parameters such as the water content of the raw material, hydrogen
yield potential, sugar mobilization efficiency, and hydrogen fermentability also
affect the technical suitability of a raw material for hydrogen production. Hydrogen
yield potential is the maximum hydrogen yield based on stoichiometric hydrogen
fermentation. Sugar mobilization efficiency is the percentage of all carbohydrates
in the raw material that can be converted to fermentable sugars. Fermentability
describes the tendency of a pretreated raw material to improve or inhibit fermen-
tation. The part of the raw material which cannot be utilized for hydrogen produc-
tion is characterized as coproduct. Coproduct valorization considers coproduct
yield and value. In terms of value, some potential application fields of the non
fermentable coproducts for each raw material are soil enhancement potential,
energy value potential, animal feed potential, and higher value products potential.
The coproduct yield is calculated based on the dry coproduct weight (in kg) per
100 kg dry raw material. Sugar-rich raw materials such as sugar beet juice and
sweet sorghum juice show low coproduct yield mainly due to their low dry matter
content. On the other hand, lignocellulosic raw materials such as wheat straw,
barley straw, and Miscanthus show a high coproduct yield and value because
their hydrolysis residues are rich in dry matter and lignin, respectively. It should
be noted that the feasibility to purify the pretreatment/hydrolysis residue to a form
suitable for the production of lignin-based biomaterials typically depends on the
pretreatment type of a raw material (see Sect. 1.6). For example, the organosolv
lignin has a relatively high extractability, purity, and reactivity, compared to lignins
derived from acidic or alkaline pretreatments. This suggests that it has higher
potential as a raw material for the production of higher value products [121, 171-
174].

Apart from the valorization of pretreatment coproducts that cannot be utilized
for hydrogen production, the valorization of agroindustrial coproducts, such as
sugar beet pulp and wheat bran, is also interesting. Sugar beet pulp is a represen-
tative example of a coproduct which can be valorized toward the technoeconomic
sustainability of dark fermentative hydrogen production. Sugar beet pulp is a
coproduct from the sugar refining industry and contains 20-34 % hemicellulose,
19-27 % cellulose, 18-30 % pectin, and 1-2 % lignin [175-177]. The pulp is
typically utilized for ruminant nutrition, but it has a relatively low protein content
compared to the requirements of most ruminants, so it has to be supplemented with
an extra protein source. Although no alternative industrial utilization of beet pulp in
bulk quantities has taken place so far, its valorization has become an important field
of research [178]. The anaerobic treatment of the pulp for biogas production has
been investigated indicating that the energy from the produced biogas can have a
significant contribution to the energy balance of a sugar beet factory [179]. In
particular, this energy can cover up to 30 % of the daily energy consumption of the



1 Dark Fermentative Hydrogen Production from Lignocellulosic Biomass 27

factory. Another example of sugar beet pulp utilization is its chemical treatment for
the removal of copper from aqueous solutions [ 180]. Moreover, pectin gels from the
pulp could be used for the biosorption of copper, cadmium, and lead [181].

Wheat bran is a coproduct of the industrial milling of wheat. During various
milling operations, several side streams occur, which contain different sections of
the whole wheat kernel and include the starchy endosperm (flour), the wheat germ,
and the outer bran layers. The various side streams are combined into one,
industrial-grade coproduct that is commonly referred to as wheat bran. Depending
on the wheat variety and the milling process, wheat bran typically contains 12-26 %
starch, 41-67 % non-starch polysaccharides, and up to 10 % lignin [182, 183]. Var-
ious biochemicals can be produced from wheat bran. The alkaline hydrogen
peroxide extraction of the non-starch polysaccharides of wheat bran, mainly
glucuronoarabinoxylans, has been studied [183]. The non-starch polysaccharides
of wheat bran have applications as viscosity enhancers, emulsion or foam stabi-
lizers, water absorbents, thickeners, gelling or filling agents, and fat replacers
[183, 184]. Fermentative succinic acid production from wheat bran has also been
studied [185]. Another use of wheat bran could be the production of biofuels. The
production of hydrogen by mixed microflora from an untreated coproduct of white
wheat flour milling has been investigated [186]. Moreover, the production of
butanol from wheat bran with ABE (acetone, butanol, and ethanol) fermentation
has been studied with use of Clostridium beijerinckii [187].

1.9 Challenges

The development of an effective biohydrogen production process at industrial scale
is currently a challenge. The yields and rates of fermentative hydrogen production
are not high enough to make the process economically viable. Based on known
fermentation reactions, the theoretical maximum hydrogen yield is 4 mol H,/mol
glucose. Given that hydrogen production is more feasible at elevated temperatures
[64, 188], H, yields are in general higher for (hyper)thermophiles, reaching easier
the theoretical limit of 4 mol Hp/mol of hexose, compared to the mesophilic
hydrogen producers [9, 64]. Regardless of the type of the microorganism, this
theoretical maximum hydrogen yield can be achieved when the only electron
sinks are H, and acetic acid, Eq. 1.2. With glucose as a substrate and acetic acid
as the predominant metabolite product, 100 % conversion of the e equivalents of
glucose to H, can increase H, yield to 12 mol H,/mol glucose. One methodology to
increase the conversion to biohydrogen is methanogenesis, which is a mature
technology that can be coupled with fermentative hydrogen for the production of
methane from acetate [189—191]. This coupling usually takes place with fermenta-
tions with mesophilic bacteria because these bacteria characteristically produce,
besides hydrogen, other reduced intermediates such as acetate. Another option
which has attracted high research interest is anoxygenic photosynthesis with purple
non-sulfur bacteria. In such a system of sequential operation of dark and
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Fig. 1.8 Scheme of two-step fermentative hydrogen production from biomass (Drawing by
courtesy of Pieternel Claassen and Truus de Vrije (Wageningen UR, The Netherlands))

photofermentation (Fig. 1.8), the bacteria can utilize the soluble organic fermenta-
tion products, such as acetic, Eq. 1.3, butyric, lactic, and propionic acids, as their
electron donor for photosynthetic H, production [192-194].

The research on the sequential operation of dark and photofermentation has
mainly focused so far on the use of pure sugars as the substrate. The observed yields
with the two-step fermentations have been generally found to be higher than single
step fermentations, ranging from 3 to 7 mol H,/mol hexose. Some initial efforts to
produce hydrogen in two steps from sugars from biomass, such as potato steam
peels [194] and cassava starch [195, 196], have been recently reported. The
photofermentative hydrogen production on effluents of thermophilic dark fermen-
tations on a potato steam peels hydrolysate and molasses in indoor; batch fermen-
tations has been investigated [194]. Caldicellulosiruptor saccharolyticus was used
in the dark fermentation step, and Rhodobacter capsulatus was used in the photofer-
mentation step. The overall hydrogen yield of the two-step fermentations was
higher than the yield of single-step dark fermentations. Addition of buffer and
nutrients to dark fermentor effluents was found to improve the overall efficiency of
hydrogen production.

One of the key challenges of the sequential operation of dark and photofer-
mentation is the low photosynthetic efficiency of the second step of the process,
because at even moderate light intensities the main part of captured light is
dissipated as heat [197]. This implies that large surface areas are required resulting
in increasing the total cost of hydrogen production. One main disadvantage of the
light-dependent processes is the more complex design of reactors. Due to the need
to maintain a suitable proportion between reactor surface area and volume when
scaling up, research focus is expected to target toward the design of reactors, which
ideally allow high light availability, homogeneous distribution of light, and high
hydrogen production efficiency.
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The hydrogen production efficiency and the energy efficiency of this coupled
dark and photofermentation can be compared to steam reforming of biogas. The
production efficiency of the coupled dark and photofermentation seems to be
comparable to this of the reforming of biogas but its energy efficiency is lower
[198]. To make the discussion even broader, a techno-economic comparison
between the two-step biological production of hydrogen from barley straw and
biological production of ethanol showed that the production cost of the
biohydrogen process is 20 times higher than the ethanol process, mainly due to
low hydrogen productivity [199]. Given the existing market competition of
biohydrogen with other biofuels, it is expected that in the near future research
efforts will focus on the sequential dark and photofermentation. This will allow
biohydrogen production to further approach practical application in the long-term
future.

Another major challenge in the development of dark fermentative hydrogen
production from biomass is the minimization of the cost of biomass pretreatment
which is required to bring the carbohydrates into a soluble, fermentable form. This
is particularly important in the case of lignocellulosic biomass because its
pretreatment typically requires heat and chemicals to an extent that makes the
process economically unsustainable. Moreover, pretreatment of lignocellulosic
biomass can result in the release of undesired, inhibitory compounds in the hydro-
lysate. Fermentation inhibitors typically include aliphatic acids, furan derivatives,
and phenolic compounds from lignin (see Sects. 1.6 and 1.7 for details). Although
hydrogen-producing microorganisms [31, 85] may be more tolerant to sugar deg-
radation products compared to ethanol-producing microorganisms [117, 118, 200],
the amounts of fermentation inhibitors in the hydrolysate will have to be kept at low
levels. This requires the development of tailor-made pretreatment techniques that
result in easily fermentable hydrolysates. It should be noted that at the present stage
of development of dark hydrogen fermentations, the inhibition phenomena have not
been elucidated.

1.10 Conclusions and Future Outlook

Dark fermentative hydrogen production from biomass is an attractive and promis-
ing method for renewable hydrogen production. Depending on the type of biomass,
pretreatment is needed to make the available carbohydrates accessible for fermen-
tation toward hydrogen production. Sugar-rich raw materials are highly suitable for
dark fermentative hydrogen production. However, sustainable hydrogen production
needs to be based on the use of lignocellulosic biomass, which needs relatively
complicated pretreatment procedures to become amenable to hydrogen fermenta-
tion. Some pretreatment methods, such as steam pretreatment and dilute-acid
pretreatment, seem to be advantageous against others, but it is unlikely that one
method will be suitable for all lignocellulosic raw materials. This becomes even
more important if it is realized that the chemical composition of a lignocellulosic
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raw material is not enough to predict and characterize its suitability for hydrogen
production. The pretreatment methods that have been developed so far target
primarily toward high sugar yield and secondarily toward high hydrogen yield.
The future research on specific pretreatment for biohydrogen production will focus
on achieving high hydrogen fermentability of the produced sugars. Moreover, the
ideal pretreatment should limit the release of inhibitory compounds in the hydro-
lysate because some hydrogen-producing microorganisms are not very tolerant to
these compounds.

In addition to the pretreatment step, dark fermentative hydrogen production from
lignocellulosic hydrolyzates needs to be optimized. At present, most of the studies
on hydrogen fermentation from lignocellulosic hydrolyzates have been conducted
in batch mode. However, continuous reactor studies on hydrogen production from
hydrolyzates are required. In general, future technological progress in dark fermen-
tative hydrogen production will be based on research efforts in the development of
optimal reactor configurations and operating strategies, as well as in the isolation
and development of microorganisms with high hydrogen yields. Moreover, an
alternative method to enable dark fermentative hydrogen production to meet the
needs of large-scale production is the combination of dark fermentation with a
second-step energy recovery from the effluent organics such as acetate. The second-
step process can be either methanogenesis, which is technologically ready today, or
photofermentation with purple non-sulfur bacteria. The sequential operation of dark
and photofermentation has attracted high research interest and is expected to
approach practical application in the long-term future.

Commercial production of hydrogen from lignocellulosic biomass is expected to
take place in 2020-2040. The cost reduction which is needed for this commercial-
ization will be achieved by reducing costs in biomass pretreatment, by optimizing
the efficiency and rate of the fermentations in the thermo- and more importantly in
the photo-bioreactors, and by developing low-cost gas upgrading procedures.
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Chapter 2
Biohydrogen Production via Lignocellulose
and Organic Waste Fermentation

Chen-Yeon Chu and Bing-Shun Huang

Abstract Hydrogen is a promising energy carrier and a replacement for fossil
fuels, since it is clean and has high energy and its application does not contribute to
the greenhouse effect. Renewable resources, such as lignocellulosic materials and
organic wastes, in particular, dark fermentative hydrogen methods, as the feedstock
for hydrogen production have great potential for supplying hydrogen.

The development of novel and effective cellulase enzymes, the optimization and
improvement of cellulase systems, and engineering approaches for cellulose
pretreatment and saccharification to produce biohydrogen have high interest in
the scientific community. This chapter gives an introduction to the feedstocks
(lignocellulosic materials and organic wastes), primary technologies (physical,
chemical, physicochemical, and biological), process of feedstock pretreatments,
microorganisms, fermenter types (continuous stirred tank reactors, upflow anaero-
bic sludge blanket, anaerobic biofilm and granule reactor, membrane bioreactor,
etc.), and operational conditions (substrate concentrations, nutrients, pH, tempera-
ture, hydraulic retention time, etc.) for producing biohydrogen.

Pretreatment and saccharification are at the heart of producing biological hydro-
gen from lignocellulosic feedstocks. Efficient production of biohydrogen via
lignocellulosis and organic waste depends largely on the fermenter type. Selection
of the pretreatment system and fermenter type is the key for economic success of
the biohydrogen production plant. This chapter also aims to develop a fundamental
understanding of key technologies and variables during biohydrogen production
from lignocellulosic raw materials and organic feedstock.
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2.1 Introduction to Feedstocks

Biofuel sources can be classified into first-, second-, and third-generation feed-
stocks. The first-generation biofuel feedstocks are traditionally food related such as
corn for ethanol, vegetable oil, and animal fats. Second-generation biofuel feed-
stocks are of the nonfood crop type, wastewaters, lignocellulosic agriculture, and
forest residues. However, one issue is that the energy crops required for the biofuel
source can compete with land use for agriculture [1]. The key challenge for
developing the next generation of biofuels is acquiring an economically viable
feedstock. Feedstock costs contribute 80-90 % to the final fuel price for many
processes and therefore they are important to the economics of biofuels [2].

The feedstock is made up of organic compounds such as carbohydrates that can
be converted to biohydrogen by biological metabolism [3]. Biological hydrogen is
produced via dark fermentation of organic wastes [4]. Fermentative hydrogen
production is carried out by anaerobic bacteria that ferment organic compounds
to volatile fatty acids (VFAs), alcohols, carbon dioxide, and hydrogen (Fig. 2.1).
Many different substrates can be fermented to produce hydrogen [5]. Dark fermen-
tation has advantages, for example, high rate of bacterial growth, low energy
requirement, no oxygen limitation problems, low cost [6, 7], and biohydrogen
production without light, and various carbon sources can be utilized as the
substrate [8].

Organic wastes

Lignocelluloses

Delignification
Pretreatment

Hydrogen H,, CO,

Se ion |—=CO,

fermentation

i, 1 H,, CO,
Methane Photo-

CO,,

etc. fermentation fermentation

sludge

Effluent

Fig. 2.1 Schematic diagram for biohydrogen production from organic wastes and agricultural
wastes containing lignocelluloses
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Waste materials that have been used as substrate for biohydrogen include palm
oil mill effluent (POME) [6, 9—17], starch-based materials [18-28], food waste [29—
33], and condensed molasses fermentation soluble (CMS) [34-38]. Sugary waste-
water [39-42] is a more efficient source of carbohydrates than raw materials for
biohydrogen production. Simple sugars, such as sucrose and glucose, can be
converted at high temperatures into hydrogen at high conversion efficiencies
[43]. Glucose, which is an easily biodegradable carbon source, is present in many
industrial effluents and can be obtained abundantly from agricultural wastes
[44]. Therefore, sugary wastewater can be considered to be most useful for indus-
trial hydrogen production.

2.1.1 Organic Wastes

Various organic solid wastes or wastewaters have attracted considerable attention
for biohydrogen production due to the advantages of high organic loading possi-
bilities, low nutrient requirements, concurrent wastewater treatment, and positive
net energy gain. Table 2.1 shows complex organic wastes that are considered as
feedstock, such as kitchen, food processing, mixed, and municipal wastes for
biohydrogen production. These organic wastes usually have high concentrations
of protein and fat, making their hydrogen conversion efficiencies lower than that of
the carbohydrate-based wastewaters. As a matter of fact, previous studies show that
the hydrogen production prospective of carbohydrate-based wastes was higher than
that of fat- and protein-based wastes by about 20 times [57]. This is partially due to
the protein degradation that produces nitrogen that consumes the free hydrogen. In
many kinds of wastes, the organic fraction of municipal solid waste (OFMSW) is
considered to be quite favorable as a potential raw material for biohydrogen
production, because it is able to represent up to 70 % of the total MSW produced,
consisting of paper (up to 40 %), food wastes, garden residues, and wood [56]. It
should be noted that the process will lead to an extra cost, because an initial
selection/separation process would be necessary in order to obtain the suitable
substrates. Starchy- and sugary-based biomass and wastes are readily fermented
by microorganisms for hydrogen generation. Although lignocellulosic biomass is
abundant in agricultural residues, it needs pretreatment to be useable.

2.1.2 Lignocelluloses

Lignocellulose is the most abundant renewable biomass in the world with an annual
quantity of about 220 billion tons (dry weight) per year [58]. To use this feedstock,
pretreatment is necessary to decompose the lignin structure and loosen the crystal-
line cellulose structure to promote enzyme accessibility. Pretreated lignocellulosic
materials (e.g., sugarcane bagasse, corncob, wheat straw, cornstalks, grass, energy
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crops, oil palm trunk, and beer lees [59]) can be used for fermentative hydrogen
production. Some studies have focused on biohydrogen and biomethane production
from raw or pretreated solid wastes such as olive pulp, household solid waste, and
potato waste [60-68]. The feedstock costs are high due to processing (shredding,
densifying, pulverizing, and handling), collection, and transportation. Despite the
challenges, these second-generation feedstock options are plentiful and produce
great amounts of fuel. Lignocellulosic material basically consists of three different
types of polymers, namely, cellulose, hemicellulose, and lignin. Agricultural and
forestry residues are rich in carbohydrates and the cost of obtaining these residues is
negligible. However, these do not contain readily accessible free sugars necessary
for efficient fermentation. To convert cellulose, it is necessary to transform the
carbohydrate polymers into fermentable sugars through the use of enzymes and
change the structure of the cellulosic biomass. Therefore, biotransforming it into
hydrogen is a difficult task in most cases. In Table 2.2 different types of residues
used as feedstock for hydrogen production are presented, along with the achieved
hydrogen yields and rates.

2.2 Pretreatment of Lignocellulosic Feedstock

Pretreatment is widely accepted to be an essential step for making lignocellulosic
biomass accessible to enzymatic attack by breaking the lignin seal, removing
hemicellulose, or disrupting the crystalline structure of cellulose [56]. An effective
and economical pretreatment should meet the following requirements: (a) delignify
feedstock for enzymatic attack, (b) avoid destruction of hemicelluloses and cellu-
lose, (c) avoid formation of possible inhibitors, (d) minimize energy demand,
(e) reduce cost for size reduction of feedstock, (f) reduce reactor costs,
(g) produce low residues, and (h) decrease chemical costs [82]. Several methods
have been introduced for pretreating lignocellulosic materials, namely, prior enzy-
matic hydrolysis or digestion. These methods are classified into physical, chemical,
physicochemical, and biological pretreatments. The main principles of each
pretreatment method are illustrated below.

2.2.1 Physical

The objective of the physical pretreatment is to reduce particle size, pore size,
crystallinity of lignocellulosic material, and the degree of polymerization and
increase the specific surface [83, 84]. Different types of physical processes such
as milling (e.g., ball milling, two-roll milling, hammer milling, colloid milling, and
vibro energy milling) and irradiation (e.g., by gamma rays, electron beam, or
microwaves) can be used to improve the enzymatic hydrolysis or biodegradability
of lignocellulosic waste materials [82].
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Milling can be employed to alter the inherent ultrastructure of lignocellulosic
material and the degree of crystallinity and consequently make it more amenable to
cellulase [85]. Milling and size reduction have been applied prior to enzymatic
hydrolysis or even other pretreatment processes such as dilute acid, steam, or
ammonia [85, 86]. Among the milling processes, the colloid mill, fibrillator, and
dissolver are the only ones suitable for wet materials, e.g., wet paper from domestic
waste separation or paper pulps. However, the extruder, roller mill, cryogenic mill,
and hammer mill are usually used for dry materials.

Irradiation by gamma rays, electron beam, and microwaves can improve enzy-
matic hydrolysis of lignocellulosic materials as well. The combination of radiation
and other methods such as acid treatment can further accelerate enzymatic hydro-
lysis [87]. Irradiation has enhanced enzymatic degradation of cellulose into glu-
cose. However, pre-irradiation was found to be more effective in air than in an acid
solution [88].

Ultrasound can be used for disintegration of waste-activated sludge and aqua-
cultural effluents [89, 90] due to its advantage on the mechanical properties of
sludge hydrolysis. In this method, the sludge is disintegrated and the bacterial cell
walls are disrupted [91]. Several factors such as ultrasonic density and intensity,
sludge pH, and sludge concentration have an impact on disintegration [92].

2.2.2 Chemical

Chemical pretreatment for lignocellulosic feedstocks employs different chemicals
such as acids, alkalis, and oxidizing agents, e.g., peroxide and ozone [93]. Among
these methods, dilute acid pretreatment using H,SO, is the most widely used
method. Depending on the type of chemical used, pretreatment can have different
effects on lignocellulose structural components. Alkaline pretreatment, ozonolysis,
and peroxide and wet oxidation pretreatments are more effective in lignin removal,
whereas dilute acid pretreatment is more efficient in hemicellulose solubilization
[94-96].

Alkali pretreatment refers to the application of alkaline solutions such as NaOH,
Ca(OH), (lime), or ammonia to remove lignin and a part of the hemicellulose. The
purpose of alkali pretreatment is to (1) induce swelling of the biomass and lead to an
increase of internal surface area, (2) separate cellulose from hemicellulose and
lignin, (3) reduce crystallinity of cellulose, (4) disrupt lignin structure, (5) eliminate
both hydrolysis and fermentation inhibitors, and (6) improve accessibility of cel-
lulose and hemicellulose toward enzymatic hydrolysis [97, 98]. Alkaline peroxide
is an effective method for the pretreatment of biomass. In this method, the ligno-
cellulose is soaked in pH-adjusted water (e.g., to pH 11-12 using NaOH) containing
H,0, at room temperature for a period of time (e.g., 624 h). The process can
improve the enzymatic hydrolysis after delignification.

Acid pretreatment has received considerable research attention over the years
[99]. Dilute sulfuric acid has been added to cellulosic materials for some years to
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commercially manufacture furfural [100]. Dilute sulfuric acid is mixed with a
biomass to hydrolyze hemicellulose to xylose and other sugars and then continue
to break xylose down to form furfural. The most widely used and tested approaches
are based on dilute sulfuric acid. However, nitric acid, hydrochloric acid, and
phosphoric acid have also been studied.

Processing of lignocellulosic biomass with ionic liquids (IL) and other solvents
has gained importance in the last decade due to the tunability of the solvent
chemistry and hence the ability to dissolve a wide variety of biomass types. lonic
liquids are salts, typically composed of a small anion and a large organic cation,
which exist as liquids at room temperature and have very low vapor pressure [101].

2.2.3 Physicochemical

Pretreatments that combine both chemical and physical methods are referred to as
physicochemical processes. Physicochemical pretreatment for lignocellulosic feed-
stock employs different methods such as steam explosion, steam explosion with
addition of SO,, ammonia fiber explosion (AFEX), liquid hot-water pretreatment,
and microwave—chemical pretreatment [71, 102-105]. Steam-explosion
pretreatment is one of the most commonly used pretreatment options, as it uses
both chemical and physical techniques to break the structure of the lignocellulosic
material. This hydrothermal pretreatment method subjects the material to high
pressures and temperatures for a short duration of time after which it rapidly
depressurizes the system, disrupting the structure of the fibrils. The disruption of
the fibrils increases the accessibility of the cellulose to the enzymes during hydro-
lysis. Particle size is a major contributing factor on the effectiveness of the process,
and it has been observed that relatively large particle sizes have been able to yield
maximum sugar concentrations [106]. The steam-explosion pretreatment process is
a proven technique for the pretreatment of different biomass feedstocks as it is able
to generate complete sugar recovery while utilizing a low capital investment.
Steam-explosion pretreatment also has a low environmental impact in regard to
the chemicals being used and the way the process is implemented. Steam-explosion
pretreatment method is highly efficient [106].

Acid catalysts have been used within the steam-explosion processes in dilute
quantities to improve hemicellulose hydrolysis during the pretreatment stage and
cellulose digestibility in later stages of the process. Dilute acids have the ability to
decrease retention times and temperatures of the current operating systems and
allow for the use of softwoods in this pretreatment technique, where it was
originally thought to be uneconomical. By decreasing the retention time and
temperature with the addition of this acid catalyst, a reduction of inhibitory
compounds formed is observed, nearly all the hemicellulose is removed, and
there is an increase rate of hydrolysis later on in the production [107].
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Table 2.3 Effect of pretreatment methods on the chemical composition and chemical/physical
structure of lignocellulosic biomass

Methods Effects

Uncatalyzed steam explosion, liquid hot water, | Increases accessible surface area and removes
pH-controlled hot water, flow-through liquid hemicellulose, low effect on altering lignin

hot water structure

Dilute acid, flow-through acid, biological Increases accessible surface area, removes
pretreatment hemicellulose, and alters lignin structure
Thermal alkaline Increases accessible surface area, removes

hemicellulose, and alters lignin structure. Low
effect on removing hemicellulose

AFEX (ammonia fiber expansion), ARP Increases accessible surface area, decreases
(ammonia recycled percolation) cellulose crystallinity, removes hemicellulose,
and alters lignin structure. Low effect on
removing hemicellulose

Lime Increases accessible surface area, removes
hemicellulose, and alters lignin structure. Low
effect on removing hemicellulose

Ozonolysis Removes lignin
Organosolv Removes hemicellulose and removes lignin
PEF (pulsed electric field) Increases accessible surface area and alters

lignin structure

ITonic liquids Increases accessible surface area, removes
hemicellulose, lowers cellulose crystallinity,
and removes hemicellulose

2.2.4 Biological

Biological hydrolysis of cellulose is carried out by cellulolytic microorganisms or
by the cellulose enzyme complex [108—111]. In nature, cellulosic materials are
degraded by microorganisms, of which brown-white and soft-rot fungi have proven
to readily degrade lignin and hemicellulose in waste materials and are used in
biological pretreatment processes [112]. A mixed culture [113, 114] comprising of
cellulolytic bacterium and a noncellulolytic bacterium could degrade natural cel-
lulosic materials aerobically or anaerobically without sterilization, thereby having a
high degree of stability to degrade cellulosic material for long periods of time. The
advantages of biological pretreatment include minimal cost, low energy require-
ment, and mild impact on the environment. However, utilizing these microorgan-
isms and enzymes to process natural cellulosic materials without pretreatment
and/or sterilization is difficult and the rate of hydrolysis is also low.

The main aim of pretreatment is to increase accessible surface area, to
decrystallize cellulose, and to remove hemicellulose and lignin. The effects of
different pretreatments are listed in Table 2.3. Several factors are mentioned to
have a positive effect on the overall economy of the process. It is, for example,
favorable to avoid the production of inhibitors [115], because the detoxification of
the liquid fractions showed to be costly and/or ineffective [116, 117], leaving the
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lignin with the substrate and removing it after the hydrolysis of the (hemi)cellulose
will minimize the overall cost of the process [118], and the use of low concentra-
tions of water, energy, and alkali/acid during pretreatment can be attractive for
industrial applications [106].

2.2.5 Organosoly Pretreatment

It is known that organosolvent (organosolv) pretreatment can be applied with a
large number of organic or aqueous—organic solvent systems with or without added
catalysts in the temperature range of 100-250 °C [119], while organic acid
pretreatment can be applied under mild conditions, even at room temperature
[120, 121]. For most organosolv processes, there is no need for acid addition if
the pretreatment is conducted at high temperatures (185-210 °C), as it is believed
that organic acids act as catalysts for breaking the lignin—carbohydrate complex
[122]. However, when acid catalysts are added, the rate of delignification is
increased and high yields of xylose are obtained. Mineral acids (hydrochloric
acid, sulfuric acid, and phosphoric acid) are good catalysts to accelerate
delignification and xylan degradation, while some organic acids such as formic,
oxalic, acetylsalicylic, and salicylic acid also can be wused as catalysts
[123, 124]. Most of the hemicellulose and lignin are solubilized, but the cellulose
remains as solid. The organic solvents used in the process need to be recycled to
reduce the cost. On the other hand, removal of solvents from the system is necessary
because the solvent may be inhibitory to the growth of organisms, enzymatic
hydrolysis, and fermentation. Organosolv pretreatment yields three separate frac-
tions: dry lignin, an aqueous hemicellulose stream, and a relatively pure cellulose
fraction [122].

Heterogeneous catalysis for lignocellulosic biomass conversion is gaining atten-
tion in the literature [125-130]. This type of acid catalyst is a good alternative to
concentrated sulfuric acid for hydrolysis reaction. It has numerous advantages over
sulfuric acid in terms of activity, selectivity, catalyst lifetime, and reusability.
Moreover, the use of solid acid reduces liquid pollutants and cost of wastewater
treatment and thus reduces the costs [131-135].

2.3 Fermentative Hydrogen Production

Biohydrogen production performance is directly determined by operational strategy
and key process parameters such as microorganism, fermenter type, substrate
concentration, pH, temperature, and hydraulic retention time (HRT).
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In a previous review paper, the major hydrogen-producing bacteria identified are
related strictly to facultative anaerobic genera (Escherichia coli, Enterobacter,
Citrobacter), to anaerobic genera (clostridia, methylotrophs, rumen bacteria,
methanogenic bacteria, archaea), and to aerobic genera (Alcaligenes, Bacillus).
Table 2.4 shows hydrogen-producing bacteria and their characteristics. Dark

Table 2.4 Hydrogen-producing bacteria and their characteristics

Organisms Functions Characteristics References
Clostridium spp. H, Obligate and mesophilic anaerobes [136-139]
production The most popular H, producer
Ferment a wide range of carbohy-
drates and produce H,
E.g., Clostridium butyricum,
C. acetobutylicum, C. tyrobutyricum,
C. saccharolyticum
Thermoanaerobacterium | H, Obligate and thermophilic anaerobes | [140]
Spp- production E.g., Thermoanaerobacterium
thermosaccharolyticum
Ethanoligenens spp. H, Facultative anaerobes [141]
production May possess important features such
as salt tolerance
E.g., Bacillus megaterium
Bacillus spp. H, Facultative anaerobes [142]
production May possess important features such
as salt tolerance
E.g., Bacillus megaterium
Enterobacter spp. H, Facultative anaerobes [141]
production Have better tolerance against oxida-
tive stress
E.g., Enterobacter aerogenes
Klebsiella spp. H, Facultative anaerobes [143]
production Have better tolerance against oxida-
tive stress
E.g., Klebsiella pneumonia
Methanogens H, Obligate anaerobes [144]
consumption | Utilize H, for methane production
E.g., Methanobacterium spp.,
Methanococcus spp., etc.
Other H,-consuming H, Obligate/facultative anaerobes [145, 146]
bacteria consumption | Utilize H, as electron donor and pre-

cursors for metabolic compounds

E.g., Lactobacillus spp. and
Bifidobacterium spp.

Adapted from Wong et al. [147] with permission, Copyright © 2014 Elsevier
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fermentative hydrogen production is the most practical to be applied among the
various biological hydrogen production methods [148, 149] due to its efficient
processes to convert organic substrates to energy and electrons. Three types of
metabolism to dark fermentative hydrogen production are as follows. The first type
is for Escherichia coli and Enterobacteriaceae [150, 151], which has two major
enzymes: (1) pyruvate formate lyase (PFL) and (2) formate hydrogen lyase (FHL).
Pyruvate formed via the Embden—Meyerhof—Parnas (EMP) pathway is split into
acetyl-CoA and formate by PFL under anaerobic conditions. H, and CO, are then
generated from formate by FHL [152]. The second type typical for Clostridium
species [153] includes pyruvate:ferredoxin oxidoreductase (PFOR) and
Fd-dependent hydrogenase (HydA) [152]. Pyruvate:ferredoxin oxidoreductase cat-
alyzes the oxidative decarboxylation of pyruvate to form acetyl-CoA and CO,
under anaerobic conditions. The electrons are first transferred to Fd,, with a highly
negative potential (—420 mV) [154]. The electrons in Fd,4 are then transferred to
protons to generate hydrogen by Hyd 4. The third type is reported to exist in many
thermopbhilic bacteria and some Clostridium species for utilizing NAD(P)H to form
hydrogen. This biochemical reaction is catalyzed by two major enzymes, NAD(P)
H:ferredoxin oxidoreductase (NFOR) and Hyd, [155]. NAD(P)H formed during
carbon metabolism by Fd,y reaction. This hydrogen-producing reaction is then
processed by Fd,4 and Hyd,.

2.3.2 Fermenter Types
23.21 CSTR

Continuous stirred tank reactors (CSTR) are commonly used for continuous
biohydrogen production [7, 56, 156-158]. In a CSTR, hydrogen-producing
microbes are completely mixed and suspended in the reactor liquor by the mixing
pattern. Biomass is well suspended in the mixed liquor, which has the same biomass
concentration in the effluent [159]. Under such hydrodynamics, good substrate—
microbe contact and mass transfer can be accomplished. On the other hand, the
CSTR is unable to maintain high levels of fermentative biomass because of the
rapidly mixed operating pattern. Biomass washout may occur at short hydraulic
retention times (HRTs) [160]; thus, the hydrogen production rates are considerably
restricted [7]. To retain high biomass concentrations in reactors, various techniques
have been developed for hydrogen fermentation, including sludge immobilization
[35, 157, 158], utilization of the upflow reactor [42], and immobilization on a
porous support such as loofah sponges, expanded clays, activated carbons [161],
and membrane reactors [162, 163].
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2.3.22 UASB

An upflow anaerobic sludge blanket (UASB) process is a widely applied anaerobic
treatment system that has high treatment efficiency and a short hydraulic retention
time (HRT). UASB hydrogen production systems have been used in granulation
enhancement and granule microstructure [164—166]. Numerous works have dealt
with hydrogen-producing UASBTr, since hydrogen production granule (HPG) for-
mation was first reported by Fang et al. [167], and as mentioned above, this reactor
generally demonstrates a high and stable performance. However, for most studies in
this field, synthetic wastewater is generally applied as a substrate. Chang and Lin
[168] produced hydrogen from sucrose using a UASBr seeded with heat-pretreated
sewage sludge. The highest HY (hydrogen yield) and HPR (hydrogen production
rate) values were 0.75 mol H,/mol hexose and 0.25 1 H,/I'h, respectively, at a HRT
of 8 h. In an effort to decrease the start-up period in the UASBr, Jung
et al. [169, 170] inoculated heat-treated sludge to a CSTR, and then the mixed
liquor in the CSTR was transferred to the UASBTr as a seeding source. As a result,
hydrogen production granule with an average size of 1.9 mm was successfully
formed in the UASBTr after 45 days of operation using coffee drink manufacturing
wastewater (CDMW), which was the first report on the formation of HPG from
actual wastewater.

2.3.2.3 Anaerobic Biofilm and Granule Reactor

To overcome biomass washout problems, an addition of immobilized cells into the
conventional CSTR for increasing the biomass retention in biohydrogen-producing
fermenters has been previously attempted. Biohydrogen-producing fermenters,
such as a carrier-induced granular sludge bed reactor (CIGSB) [160] and continu-
ously stirred anaerobic bioreactor (CSABR) used with the silicone immobilized
cells and agitated granular sludge bed reactor (AGSBR), have been investigated
[35, 171-173]. Attempts to enhance biomass retention by immobilized cells
exhibited a better hydrogen production performance than that of conventional
CSTR, with HPR ranging from 6 to 360 1/1-d [160, 172]. Consequently,
immobilized cells created by natural or synthetic matrices [174] were often used
to allow better retention of hydrogen-producing bacterial cells for stable operations
at high feeding rates. Cell immobilization by surface attachment [175] or self-
flocculation [35, 173], [168, 176, 177] may have higher feasibility in practical
environmental applications. Wu et al. [178] studied the hydrogen production from a
sucrose-rich wastewater in a fluidized bed reactor by immobilized cell. Results
showed that a stable yield of 182 ml H,/g hexose and a hydrogen production rate of
22.3 1/1-d were obtained in the fluidized bed reactor.
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2.3.2.4 Membrane Bioreactor

The membrane bioreactor (MBR) has emerged as an effective means of attaining
performance improvement in wastewater treatment and has been applied to anaer-
obic processes due to its capability of increasing biomass retention via membrane
separation [179, 180]. Attempts have been made to apply the MBR process to
hydrogen production, but relatively little research has been carried out so far. Oh
et al. [181] demonstrated that HPR increased by 25 %-0.32 1/L.h due to a 164 %
increase in biomass concentration from 3.53 to 5.8 g/l with an increase of the slurry
retention time (SRT) from 3.3 to 12 h using an external cross-flow membrane.
Membrane fouling is a key process limitation and remains one of the most chal-
lenging issues with future MBR development [182].

2.3.3 Environmental Operational Conditions
2.3.3.1 Substrate Concentration

Many review reports [61, 65, 183, 184] have summarized the optimum values of
substrate concentration, although most studies focus on lab-scale systems. The
indexes for identifying high biogas production efficiency are biohydrogen or
biomethane production yield (HY or MY, defined as the biohydrogen or
biomethane production per unit weight of consumed substrate, mol H,/g COD or
mol CH,/g COD) and biohydrogen/biomethane production rate (HPR or MPR,
defined as the biohydrogen or biomethane production per unit working volume
per day, 1/1-d).

Finding the optimal substrate concentration in continuous operation mode is
more meaningful and practical, since the batch mode does not take into consider-
ation the hydrodynamic effect, steady state of the substrate concentration, and pH
condition for bacterial growth. The best performance is found to be at 30 g sucrose
COD/1 with HY of 1.09 mol H,/mol hexose using a CSTR [185]. At inlet substrate
concentrations below 20 g COD/], the HY decreases along with a significant
decrease in the n-butyrate/acetate ratio. The appearance of hydrogen-consuming
bacteria and decrease of substrate removal efficiency was observed at over 35 g
COD/I [185].

High substrate concentration allows more energy-efficient operation but product
inhibition is likely to set the upper limit. Certain levels of metabolic products in the
dark fermentative hydrogen production reactor may inhibit the hydrogen-producing
pathway as well as microbial activity. It is known that butyrate has the highest
inhibiting effect on Clostridium sp., among various acids; thus many attempts have
been made to alleviate butyrate inhibition, mostly by chemical extraction [186].

Table 2.5 shows the biohydrogen production performance data in continuous
operation mode in 2013-2015. Most investigators try to use agriculture waste or the
residue from biofuel production processes or food waste to extend the feedstock
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resources for the biohydrogen production. The study trend for enhancement of
hydrogen production rate seems to change the hydrodynamic properties by chang-
ing the fermenter type.

To recover more energy from the biomass substrate, researchers have begun to
explore two-stage (biohydrogen+biomethane) [192—195] production technology
system recently. Two-stage biohydrogen and biomethane production systems can
really increase the energy gain from biomass resource by around 843 % energy
compared with one-stage anaerobic digestion systems [192, 196].

2.3.3.2 Nutrients and Metals

Excluding the main substrate, carbohydrate materials, dark fermentative hydrogen
production (DFHP) requires nutrients for bacterial activity like all biological
treatment processes. The nutrients include nitrogen (N), phosphorous (P), ferrous
(Fe), and some trace metals. Among the many kinds of nutrients, N is the most
essential one for bacterial growth. Optimal C/N ratio is 47 according to Lin and Lay
[197]. P and Fe concentrations affect the metabolic pathway of Clostridium sp., and
hydrogen production potential decreases when their concentrations are limited.

The effect of iron has been investigated many times in DFHP, since it is an
essential component of hydrogenase. Lin and Lay [198] studied the requirement of
11 trace metals in hydrogen fermentation. Magnesium, sodium, zinc, and iron were
found to be the important trace metals with magnesium being the most significant
one. Hydrogen production is enhanced by 30 % at optimal combined concentra-
tions, 4.8 mg Mg?*/l, 393 mg Na*/l, 0.25 mg Zn**/1, and 1 mg Fe**/L.

The effect of metal ions on the fermentative hydrogen production has been
widely studied such as Ni [199-201], Fe [199, 202, 203], Cu [201, 204-206], Cr
[201, 204], Zn [201, 204, 206], Cd [201], and Pb [201] ions. Hydrogenase enzymes
catalyze the reduction of proton to H,. Hydrogenase enzymes are classified into
[Ni-Fe] and [Fe-Fe] hydrogenases, according to the metal content at their active
site [207]. [Ni—Fe] hydrogenases are extensively distributed among bacteria [208],
and both nickel and iron have important effects on fermentative H, yields
[199, 200, 202, 209].

In a biohydrogen production process, electrons are transported via an intramo-
lecular electron transfer chain from the redox partner of the [Ni—Fe] hydrogenases
to the active site, and then the protons are reduced by producing biohydrogen
[210, 211]. Since nickel is a fundamental component making up the [Ni-Fe]
hydrogenases, it plays an important role in fermentative hydrogen production.

Karadag and Puhakka [199] investigated the effect of Fe** and Ni** on contin-
uous hydrogen production in anaerobic completely stirred tank reactor (ACSTR).
They found that hydrogen production increased about by 71 % with the increasing
of iron and nickel supplementation, and the highest yields were achieved at the
concentrations of 50 mg Fe**/I and 25 mg Ni**/l. Wang and Wan [200] reviewed
the effects of Fe>* on anaerobic hydrogen production and reported some inconsis-
tency on the optimal Fe®" concentration. They also found that increasing Ni**
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concentration up to 0.2 mg/l enhanced the hydrogen production by using batch
experiments at 35 °C. Metabolic pathway shifted at different Ni** concentrations
and higher Ni** concentration promoted the growth of hydrogen-producing bacte-
ria. Lee et al. [202] investigated the effect of iron on the efficiency of continuous
hydrogen production in a submerged membrane bioreactor system. They found
FeSO, concentration is the key factor affecting the fermentation pathway for
hydrogen production with the membrane bioreactor. Both increase in the hydrogen
production rate and the hydrogen yield were obtained by adding FeSO,. They
indicated that iron sulfate increased hydrogenase activity and hydrogen production
in a membrane bioreactor when FeSO, concentration closes to 10.9 mg/1.

Lin and Shei [204] investigated the effect of Cr, Cu, and Zn ions on biohydrogen
production using anaerobic sewage sludge microflora. Cr, Cu, and Zn significantly
affect hydrogen-producing microflora enriched from sewage sludge with Zn and Cr
being the most and least toxic metals, respectively. The microflora’s hydrogen
production activity could be reduced by 50 % for a biomass in contact with
4.5 mg Zn/l, 6.5 mg Cu/l, and 60 mg Cr/l. However, low concentrations of 2 mg
Cu/l and 15 mg Cr/l resulted in peak hydrogen production by 20 and 10 %,
respectively. Zheng and Yu have reported that the specific hydrogen production
rate was enhanced by the dosage of Cu at 50—100 mg/l, but was inhibited by Cu
over 200 mg/I from glucose by enriched anaerobic culture [206]. Li and Fang found
that Cu strongly inhibited the bioactivity of hydrogen-producing sludge [201]. Han
et al. [205] investigated Cu®* concentration effect in a sucrose-fed CSTR on
fermentative hydrogen production by mixed cultures. The result shows that
6.4 mg/L Cu®" is the optimal concentration for the CSTR at HRT 4 h. In addition,
copper causes shift in the metabolic pathway.

Li and Fang [201] studied the inhibition of six heavy metals and found the
bioactivity of hydrogen-producing sludge in the following order: Cu (most toxic) >
Ni >Zn > Cr > Cd > Pb (least toxic). Hydrogen-producing sludge exhibited in
general higher resistance to metal toxicity than methanogenic granular sludge.
Furthermore, Han et al. [203] studied the effects of hematite nanoparticle concen-
tration on hydrogen production in batch system. The optimum hematite nanoparti-
cle concentration was 200 mg/l, with the maximum hydrogen yield of 3.21 mol H,/
mol sucrose which was 32.64 % higher than the blank test. The slow release of
hematite nanoparticles had been verified by transmission electron microscopy
(TEM). In addition, TEM analysis indicated that the hematite nanoparticles can
increase the length and narrow the width of bacteria.

2333 pH

The control of pH is crucial to fermentative hydrogen and methane production due
to its effects on hydrogenase activity and metabolic pathways. When the pH of a
fermentation medium is too low, hydrogenase activity and methanogens would be
inhibited or there would be a switch in metabolic pathway resulting in cessation of
hydrogen and methane generation. Anaerobic hydrogen production process is



60 C.-Y. Chu and B.-S. Huang

typical during the exponential growth phase of clostridia [212]. The reactions shift
from a hydrogen/acid production phase to a solvent production phase when the
population reaches the stationary growth phase. The accumulation of volatile fatty
acids such as butyric and propionic acids and hydrogen during the exponential
growth phase prompts this shift. Some researchers claimed that this shift occurred
when the pH dropped to 4.5 or below [213, 214], while others found that the shift
occurred at pH levels above 5.7 due to enzyme synthesis or enzyme activation,
which led to solvent production [215]. Thus, it is important to remove excess
hydrogen from the system and control the pH at an optimal range to maintain
hydrogen production. Otherwise, the biohydrogen production will stop due to the
microbial population shift caused by pH uncontrolled in the desired range.

Khanal et al. [216] investigated the effect of pH on biological hydrogen produc-
tion using sucrose and starch as organic substrates in batch system. Based on the
evaluation of maximum hydrogen production rate, the optimum operational pH
range was about 5.5-5.7. This result could be applied in continuous-flow processes
to maintain a high rate of hydrogen production. Lin and Lay [217] found that
phosphate acted as a better buffer source for hydrogen production than carbonate.
Its addition enhanced hydrogen production by 1.9 times and decreased the lag
period. Cavinato et al. [218] found that recirculation of anaerobic digested sludge
after a mild solid separation to control the pH in an optimal hydrogen production
range of 5-6 resulted in a stable hydrogen production output. The importance of pH
control for continuous hydrogen production has been investigated extensively. The
rapid pH depletion could cause a metabolic change of the microorganisms in the
hydrogen production process, resulting in the shift of intermediate production
pathway and a decrease in hydrogen production or system upset [216].

Reported optimal pH values for different systems or substrates differed substan-
tially from 4.0 to 6.5, but for each specific situation, the optimal pH range was quite
narrow within 0.5 [219]. Chu et al. [220] also reported a pH-phased two-stage
fermentation process (combining thermophilic hydrogen production and
mesophilic methane production) with recirculating digested sludge. These results
show that a recirculation of precipitated digester sludge to a hydrogen reactor can
maintain the hydrogen reactor pH at an optimal range without adding any reagents.
Recently, most researches operated the hydrogen production fermenter at pH 5-5.5
as an optimal condition at mesophilic temperature [54, 69, 221-223].

2.3.3.4 Temperature

Fermentative hydrogen production via mixed cultures is conducted mostly under
mesophilic (2040 °C) and thermophilic (50-60 °C) conditions with only few
studies being carried out under hyperthermophilic (65-75 °C) conditions.
Biohydrogen production temperatures within 23—-60 °C show that hydrogen pro-
duction yield and hydrogen production rate increase along with the temperature
increment [183].
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Vatsala et al. [224] improved hydrogen production from a sugarcane distillery
effluent using co-cultures at 100 m® reactor and found that unsteady hydrogen
production was presumably due to temperature variation during daytime (32—
39 °C) and nighttime (26-32 °C). Zhang et al. [225] reported biogas production
from brown grease at mesophilic temperature (34.3-37.9 °C) in a pilot-scale high-
rate anaerobic digester with a methane yield of 0.40-0.77 m® CH4/kg-VS (higher
than a typical range of other food wastes, 0.11-0.42 m® CH,/kg-VS), a mean
methane content of 75 %, and <200 ppm of hydrogen sulfide.

Cheong and Hansen [226] indicate that thermophilic acidogenesis enhances
hydrogen production consistent with the biochemical pathway of butyrate fermen-
tation. Under thermophilic temperatures (55 °C), the maximum hydrogen produc-
tion potential of 134 ml with a specific hydrogen production rate of 25 ml Hy/h.g
cell can be achieved. Throughout the thermophilic batch experiments, the main
intermediate metabolites were acetate, n-butyrate, and ethanol. Propionate forma-
tion was suppressed completely during fermentation. Yields of produced hydrogen
were correlated with increasing concentrations of n-butyrate, and quantities of
ethanol present were significant in the batches producing lower yields of hydrogen.

Zhang et al. [19] studied conversion of starchy wastewater into hydrogen at
thermophilic condition (55 °C) with batch experiments. The mixed liquor was
composed mostly of acetate (40.2-53.4 %) and butyrate (26.0-40.9 %). Luo
et al. [227] evaluated the pretreatment methods on mixed inoculum for both batch
and continuous thermophilic biohydrogen production from cassava stillage. They
found that butyrate was predominant and accounted for more than 75 % of the total
amount of VFA/ethanol except the case of loading-shock pretreated sludge (56 % in
this study). Butyrate concentration was observed to be correlated with the hydrogen
production. Chen et al. [228] also found highest biohydrogen production was
obtained when butyrate was predominate (70-85 % of the total VFA/ethanol).

Lin et al. [229] studied biohydrogen production with mesophilic conditions with
a mixed microflora on a pilot scale. They found that the primary soluble microbial
products (SMP) were butyrate (iso- and n-butyrate) accounting for 44.4-53.2 % of
SMP. Acetate was also produced and accounted for 21.3-26.4 % of SMP. Pro-
ductions of propionate and ethanol ranged from 7.2—-10.6 % to 14.3-22.3 % of SMP,
respectively. However, propionate and ethanol are unfavorable metabolites for
hydrogen production [158, 172, 230]. The ratios of ethanol/acetate and acetate/
butyrate have been used to indicate the performance of hydrogen production
[231,232]. Wu et al. [172] indicated that there might be an optimal acetate/butyrate
ratio for hydrogen production, but the ratio is highly dependent on the anaerobic
culture or the carbon substrate used.

2.3.3.5 HRT

Shortening hydraulic retention times (HRTs) is a well-used and effective operation
strategy to enhance hydrogen production from organic wastewater and solid wastes
because of its ability to exclude methanogens which have longer generation time.
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The proper HRTs for hydrogen and methane production from organic fractions of
municipal solid wastes (OFMSW) are 1-2 days and 10-15 days, respectively. A
thermophilic hydrogen production reactor operating at HRT 1.3 days and a
mesophilic methane production reactor operating at HRT 5.0 day have been
combined to convert OFMSW into a pilot-scale two-phase fermentation system
[220]. A pilot-scale two-phase hydrogen/methane fermentation system for food
waste was operated at HRT 21 h with a peak hydrogen yield of 1.82 H, mol/mol
glucose. Over 80 % of the methane was produced in the methane fermentation tank
with acetic acid as the dominant organic acid. An economic evaluation shows that
two-phase hydrogen/methane fermentation has greater potential for recovering
energy than that of methane fermentation [233]. Cavinato et al. [218] operated
pilot-scale hydrogen and methane fermenters by using HRTs of 3.3 and 12.6 days
resulting in a specific hydrogen yield of 66.7 1/kg total volatile solids (TVS) and a
specific biogas yield of 0.72 m*/kg TVS respectively.

For most studies on continuously dark fermentative hydrogen production
(DFHP), continuous systems are expected to operate at a low HRT 36-12 h
[222, 234], very low of HRT 12-2 h [69, 229, 235-239], for obtaining a high
biohydrogen production that can be operated at extremely low of HRT 2-0.5 h
[35, 157, 240-243] with immobilized cell in the biohydrogen production fermen-
ters. A mixture of food industry wastewater with rice straw hydrolyzate as substrate
was conducted in a continuously stirred anaerobic bioreactor (CSABR) at HRT 4 h
and found the hydrogen production of 10 1/1-d [69]. The rice straw hydrolyzate as
sole substrate in continuously external circulating bioreactor (CECBR) prevented
biomass washout by using a high volumetric flow rate with HRT of 4-2 h. It was
found that the value of hydrogen production rate of 16.32 1/1-d at HRT 4 h was three
times more than that at HRT 8 h [4].

2.4 Conclusions and Future Outlook

In recent years, the goal of biohydrogen systems has been to design economically
viable hydrogen production processes. In this chapter, the potential feedstock,
pretreatment processes, microorganisms, fermenter types, and operational condi-
tions have been introduced. From this segment, readers will have attained a basic
knowledge on biohydrogen production technologies from biomass waste. However,
commercial biohydrogen production plants are not yet established because abun-
dant and suitable feedstocks are not easily accessible yet. The economic feasibility
of the dark fermentative hydrogen production process is dependent on the avail-
ability of cellulosic materials and organic wastes. Enhancements in the hydrogen
production rate and yield from these feedstocks are important subjects for meta-
bolic engineering. From an engineering point of view, the easily converted and
abundant feedstock should be the first option to supply the biohydrogen production
plants. Carbohydrate-rich organic wastes are a promising feedstock for anaerobic
biohydrogen production. The sugary wastewater has a big potential for hydrogen
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Fig. 2.2 Two-stage biohydrogen and biomethane production pilot plant in Feng Chia University
campus with hydrogen fermenter of 0.4 m® and methane fermenter of 2 m*

fermentation for future industrial applications. The potential economic gains from
the internal rate of return (IRR) evaluation result in the motivation to apply this
technology. From a global economic perspective, sugary wastewater could have
higher profits with biogas energy used on-site for replacing natural gas and also
could satisfy the energy requirements of some local areas. The adoption of fermen-
tative hydrogen production from organic wastes will potentially lead to great
advancements in energy and the environment. Finally, there are many pilot plants
still at work in Spain [244], Taiwan (see Fig. 2.2) [229, 245], Italy [246], and the
UK [247]. Toyota already has the first commercial fuel cell car (Mirai) [248] selling
in Europe and North America right now. We believe that profitable and sustainable
hydrogen production from biomass waste will be achieved in the near future.
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Chapter 3

High-Yield Production of Biohydrogen from
Carbohydrates and Water Based on In Vitro
Synthetic (Enzymatic) Pathways

Jae-Eung Kim and Yi-Heng Percival Zhang

Abstract Distributed production of green and low-cost hydrogen from renewable
energy sources is necessary to develop the hydrogen economy. Carbohydrates, such
as cellulose, hemicellulose, starch, sucrose, glucose, and xylose, are abundant
renewable bioresources and can provide the source of hydrogen. In this chapter,
in vitro synthetic (enzymatic) pathways that overcome the limiting yields of
hydrogen-producing microorganisms are discussed. These in vitro synthetic path-
ways produce hydrogen with theoretical yields from polymeric and monomeric
hexoses or xylose with water of 2 mol of hydrogen per carbon molecule of
carbohydrate. In the past years, hydrogen production rate of in vitro synthetic
enzymatic pathways has been improved to 150 mmol/L/h by 750-fold through
systematic optimization. All of the thermostable enzymes used in the pathways
have been recombinantly produced in E. coli, and some of them are immobilized for
enhanced stability and simple recycling. Redox enzymes are being engineered to
work on low-cost and highly stable biomimetic coenzymes. It is expected that
low-cost green hydrogen can be produced at $2.00/kg hydrogen in small-sized
atmospheric pressure bioreactors in the future.
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3.1 Introduction

3.1.1 Hydrogen

Dihydrogen gas is a colorless, odorless, but very flammable diatomic molecule.
Later on throughout this chapter, hydrogen is used to mean dihydrogen gas for
convenience. Hydrogen atoms widely exist in natural inorganic and organic mat-
ters, such as water, hydrocarbons, and carbohydrates. Hydrogen has been proposed
as a future alternative fuel to reduce our demand on traditional fossil fuel-based
energy consumption due to its clean energy property, enhanced energy conversion
efficiency, and high specific energy density (J/kg) [7, 9, 54]. The combustion or
electrochemical conversion of hydrogen produces only water as a final by-product.
Vehicles equipped with hydrogen fuel cells are far more energy efficient than
traditional internal combustion engine-based vehicles [53]. For example, Toyota
will start producing a large number of affordable hydrogen fuel cell vehicles at
selling prices of $~50,000 in 2016. Hydrogen also has a higher specific mass energy
density than any other fuel sources including gasoline and diesel. However, the low
volumetric energy density of hydrogen is currently the biggest issue for its practical
use. Thus, the development of new types of green hydrogen production and storage
technology remains as challenges.

3.1.2 Hydrogen Production Approaches

Currently most hydrogen is produced from natural gas or coals through a reforming
process or gasification followed by water shifting, respectively. These processes are
not environment-friendly, releasing CO,, and the resources are not sustainable.
Therefore, the use of hydrogen produced in such ways would have little impact on
reducing our demand on traditional fossil fuel-based energy sources [43]. Alterna-
tively, hydrogen can be generated by splitting water molecules with high-
temperature thermal energy sources or electricity. Direct splitting of water mole-
cules requires high-temperature thermal energy over 2,000 °C [43]. Sulfur-based
thermochemical decomposition of water with heterogeneous metal oxide catalysts
can take place at much lower temperatures than direct thermal decomposition, but it
still requires at least 750 °C or higher [14]. The thermal energy required for water
splitting can be derived from solar energy. Water splitting by solar energy to
generate hydrogen, however, is a very slow and inefficient process due to
photocatalysts using limited range of visible light and low insolation flux (e.g.,
~200 W/m?) [30, 58]. Most photocatalytic water-splitting processes have shown
their production rate less than 1 mmol H,/L/h [23]. Much higher rates of hydrogen
production can be achieved with electricity. A stationary electrolyzer with current
technology has been reported to be able to generate hydrogen from water at the rate
of about 40 mol/L/h [22]. In spite of such high hydrogen production rates and purity
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of hydrogen generation by water electrolysis, its practical applicability is limited
due to its high production cost (e.g., ~0.05 US dollars per kWh of electricity). Water
electrolysis cannot be free from environmental issues as long as the electricity for
electrolyzers is generated from coal or natural gas-powered electric generators [17].

Solar energy and electricity can also be applied to microorganisms to produce
hydrogen through photo-fermentation and microbial electrolysis cells (MECs),
respectively. Dark fermentation has a theoretical maximum hydrogen production
yield of 4 mol of hydrogen per mole of glucose (~33 % efficiency) because of the
Thauer limit [42]. Practical efficiency of dark fermentation would be lower than the
Thauer limit [16, 21]. Microbial electrolysis cells can achieve much higher effi-
ciencies of about 80 %, but high costs of apparatus and slow production rates
(~5.4 mmol H,/L/h) are the biggest challenges for large-scale hydrogen production
from MECs [17, 28]. Overall, microbial fermentation is not an efficient way to
produce hydrogen because of the microbial basal metabolism that competes with
hydrogen production and eventually reducing the overall product yield.

3.1.3 In Vitro (Cell-Free) Enzymatic Pathways for Water
Splitting

In vitro synthetic biosystems for water splitting can produce high-purity (i.e., zero
CO production) hydrogen with high yields and rates [59]. In vitro synthetic
biosystems are a new cell-free platform that assembles a number of (purified)
enzymes and cofactors into different in vitro synthetic (enzymatic) pathways for
implantation of various desired biochemical reactions [2, 10, 59, 63]. The optimal
reaction condition for numerous enzymes can be found by examining different
buffers, such as HEPES, Tris and PBS, a broad range of pH, and cofactor concen-
trations, and also multi-metal ions, such as Mg2+ and Mn2+, to meet trade-off needs
of different enzymes. If all enzymes are thermostable, high reaction temperature
could be chosen as an optimal condition. These synthetic pathways can utilize
different carbohydrates and ambient thermal energy as energy inputs to overcome
thermodynamically unfavorable water-splitting reactions to produce hydrogen at
mild conditions (below 100 °C). Near theoretical yields of 12 mol of hydrogen per
mole of glucose unit consumed have been achieved [50, 60]. More important
feature of these synthetic pathways is that they are able to produce hydrogen by
absorbing low-temperature waste heat [63]. As the result, endothermic water-
splitting reactions can generate more output of chemical energy in the form of
hydrogen than input of chemical energy from carbohydrates and water (i.e., 122 %
energy efficiency in terms of higher heating values). It is possible to achieve the
energy efficiency over 100 % because the water-splitting reaction is a very unique
entropy-driven chemical reaction [60]. The in vitro synthetic biosystem for water
splitting is more advantageous for hydrogen production than microbial fermenta-
tion and photocatalytic water-splitting systems, because of the absence of cellular
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membranes and microbial complexity that lower mass transfer and increase bio-
catalyst density [37]. The highest hydrogen production rate achieved by an in vitro
synthetic pathway is about 150 mmol/L/h [38], while microbial fermentation has
been reported to produce hydrogen with the rate of 1.96 mol/L/h [52].

3.2 Design of In Vitro Synthetic Enzymatic Pathways

In vitro synthetic pathways for water splitting powered by carbohydrates are
reconstituted nonnatural catabolic pathways consisting of more than ten enzymes
in four modules: (1) generation of phosphorylated sugars from poly- or mono-
saccharides without ATP, (2) NADPH generation via the oxidative pentose phos-
phate pathway (PPP), (3) hydrogen generation, and (4) G6P regeneration via the
non-oxidative PPP and gluconeogenesis (Fig. 3.1 and Table 3.1). From the first
module, poly- or monosaccharides are converted to their phosphorylated sugar units
by phosphorylases or kinases without the use of ATP. For example, the phosphor-
ylation of starch to glucose 1-phosphate units is catalyzed by starch phosphorylase,
and different sugar substrates are catalyzed by different enzymes, cellodextrins and
cellobiose by cellodextrin and cellobiose phosphorylases, sucrose by sucrose phos-
phorylase, glucose by polyphosphate glucokinase, and xylulose by polyphosphate
xylulokinase. All poly- and oligosaccharides are phosphorylated to be glucose
1-phosphate, which is converted to glucose 6-phosphate by phosphoglucomutase,
and then enter the second module reactions to generate NADPH. Xylose takes a
different pathway to that catalyzed by xylose isomerase and polyphosphate
xylulokinase to produce xylulose 5-phosphate. During the NADPH generation,
glucose 6-phosphate (six-carbon sugar) enters the oxidative pentose phosphate
pathway and becomes ribulose 5-phosphate (five-carbon sugar) by generating
2 mol of NADPH, releasing 1 mol of CO,, and absorbing 1 mol of water molecule.
When 1 mol of six-carbon sugar is completely consumed, 6 mol of CO, are released
with the generation of 12 mol of NADPH. Each mole of NADPH is equivalent to
1 mol of hydrogen production catalyzed by NADPH-dependent hydrogenase. Thus,
in the hydrogen generation module, 12 mol of hydrogen can be produced when
1 mol of six-carbon sugar is consumed for water splitting. In the non-oxidative
pentose phosphate pathway, ribulose 5-phosphates are converted to fructose
6-phosphates and glyceraldehyde 3-phosphates via a carbon skeleton
rearrangement. During the G6P regeneration module, a pair of glyceraldehyde
3-phosphates and dihydroxyacetone phosphate is combined to form a fructose
6-phosphate by multiple enzymes via the gluconeogenesis pathway. At this step,
one extra mole of water molecule is absorbed by fructose 1,6-bisphosphatase.
Finally, all fructose 6-phosphates are catalyzed to regenerate equal moles of
glucose 6-phosphate which enter back to the NADPH generation module by
completing the cofactor-balanced synthetic pathway for water splitting. The overall
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Fig. 3.1 ATP-free cofactor-balanced pathway for hydrogen generation from various types of

carbohydrates with water

Table 3.1 Net reactions of each module and the overall reaction of in vitro synthetic biosystem

for water splitting

Modules Net reactions

Module #1 CgH1005 + H3PO, (= P;) — glucose-6-P

Module #2 (oxidative phase) |6 x (glucose-6-P + 2 NADP* + H,O — ribulose-5-P +
X 6 2 NADPH + 2 H* + CO,)

Module #2 (non-oxidative 2 x (3 ribulose-5-P — 2 fructose-6-P + glyceraldehyde-3-P)
phase) x 2

Module #3 x 12 12 x (NADPH + H* — NADP" + H,)

Module #4 2 glyceraldehyde-3-P + H,O — fructose-6-P + P;
Module #4 x 5 5 X (fructose-6-P — glucose-6-P)

Final reaction equation: Ce¢H 9005 + 7TH, O — 12H; + 6CO;,

reaction of this in vitro synthetic pathway for water splitting can be summarized by
the equation (Eq. 3.1) as shown in Table 3.1. All of the enzymes used for this

hydrogen-producing pathway are listed in Table 3.2.

CH,0(aq) + H,0(1) — 2H(g) + COs (g) 3.

D
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Table 3.2 Enzymes used for in vitro synthetic biosystem for water splitting

Enzyme names

Modules E.C. # (abbreviations) Reactions
Substrate 2.4.1.1 | Glycogen phosphory- Glycogeng,) + P; — glucose-1-P +
phosphorylation lase (aGP) glycogen, _ 1)
2.4.1.49 | Cellodextrin phosphor- | Cellodextring, + P; — glucose-1-P +
ylase (CDP) cellodextring, _ 1)
2.4.1.20 | Cellobiose phosphory- | Cellobiose + P; — glucose-1-P +
lase (CBP) glucose
2.4.1.7 | Sucrose phosphorylase | Sucrose + P; — glucose-1-P + fructose
(SP)
5.3.1.5 | Glucose isomerase Fructose — glucose
(GD
2.7.1.63 | Polyphosphate gluco- Glucose + (P;), — glucose-1-P + (P;),;
kinase (PPGK)
5.4.2.2 | Phosphoglucomutase Glucose-1-P — glucose-6-P
(PGM)
5.3.1.5 | Xylose isomerase (XI) | Xylose — xylulose
2.7.1.17 | Polyphosphate Xylulose + (P;), — xylulose-5-P + (P)),.;
xylulokinase (PPXK)
NADPH 1.1.1.49 | Glucose-6-phosphate Glucose-6-P + NADP* + H,O —
generation dehydrogenase 6-phosphogluconate + NAHPH + H*
(G6PDH)
1.1.1.44 | 6-phosphogluconic 6-phosphogluconate + NADP* —
dehydrogenase ribulose-5-P +NADPH + CO,
(6PGDH)
5.3.1.6 | Ribose 5-phosphate Ribulose-5-P — ribose-5-P
isomerase (RPI)
5.1.3.1 | Ribulose-5-phosphate | Ribulose-5-P — xylulose-5-P
3-epimerase (RPE)
2.2.1.1 Transketolase (TK) Xylulose-5-P + ribose-5-P —
sedoheptulose-7-P + glyceraldehyde-3-P
2.2.1.1 | Transketolase (TK) Xylulose-5-P + erythrose-4-P — fruc-
tose-6-P + glyceraldehyde-3-P
2.2.1.2 | Transaldolase (TAL) Sedoheptulose-7-P + glyceraldehyde-3-
P — fructose-6-P + erythrose-4-P
Hydrogenation | 1.12.1.3 | Hydrogenase (Hyase) | NADPH + H* — NADP" + H,
G6P 5.3.1.1 | Triose-phosphate Glyceraldehyde-3-P — dihydroxyace-
regeneration isomerase (TIM) tone phosphate
4.1.2.13 | Aldolase (ALD) Glyceraldehyde-3-P + dihydroxyace-
tone phosphate — fructose-1,6-
bisphosphate
3.1.3.11 | Fructose-1,6- Fructose-1,6-bisphosphate + H,O —
bisphosphatase (FBP) fructose-6-P + P;
5.3.1.9 | Phosphoglucose Fructose-6-P — glucose-6-P

isomerase
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3.3 Examples of Hydrogen Production from
Carbohydrates

3.3.1 Hydrogen Production from Starch and Cellodextrins

In vitro enzymatic pathways to produce hydrogen from carbohydrates were first
demonstrated by Woodward and colleagues using glucose, xylose, or sucrose with
only a couple of enzymes [47, 48]. These simple enzymatic pathways could achieve
less than 10 % of the theoretical yields of sugars, due to only one NADPH
generation per hexose or pentose. To complete the oxidation, the oxidative pentose
phosphate cycle was coupled with hydrogenase to produce hydrogen from glucose
6-phosphate, resulting in about 96 % of the theoretical yield [49]. High cost of
glucose 6-phosphate prevents its practical application. These in vitro synthetic
pathways were further improved by Zhang and collaborators to demonstrate hydro-
gen production from different types of carbohydrates: starch [60], cellulosic mate-
rials [50], xylose [31], and sucrose [32]. The first hydrogen production from starch
by an in vitro synthetic enzymatic pathway proved its feasibility to produce
low-cost hydrogen from inexpensive starch without ATP by achieving a high
production yield surpassing the theoretical production yield of dark fermentation
[60]. Most enzymes used for this proof-of-principle experiment producing hydro-
gen from starch were off-the-shelf enzymes, and the enzymatic pathway exhibited a
production rate of 0.4 mmol/L/h with 43 % yield (5.2 mol H,/mol glucose con-
sumed) (Table 3.3). A couple of years later, the hydrogen production rates and
yields were enhanced to 0.5 mmol/L/h with 93 % yield and 3.9 mmol/L/h with 68 %
yield when cellobiose or cellodextrins were used as a substrate, respectively, and
through minor optimizations including increased substrate concentration, reaction
temperature, and more rate-limiting enzyme loadings [50] (Table 3.3). The hydro-
gen production rate using cellodextrins was greatly improved by increasing hydrog-
enase loading and substrate concentration to 8 mM. However, low-yield hydrogen
production was observed due to the incomplete reaction. Cellobiose and
cellodextrins were prepared as hydrolytic products of cellulose through incomplete
enzymatic or mixed acid hydrolysis, respectively.

Table 3.3 Comparison of hydrogen production rates and yields from different carbohydrates

Conc. Reaction H, production rates Yield

Substrate (mM) temperature (°C) | (mmol H,/L/h) (%) Ref.
Starch 1 30 0.4 43 [60]
Cellobiose 2 32 0.5 93 [50]
Cellodextrins 8 32 3.9 68 [50]
(cellopentaose)

Xylose 2 50 22 96 [31]
Sucrose 2 37 3.0 97 [32]
G6P 100 60 150 - [38]
Biomass sugar 3.19 40 2.3 100 [36]
G6P 100 50 54 - [36]
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Fig. 3.2 Hydrogen production profiles from xylose (a), sucrose (b), and glucose 6-phosphate (c).
(Reproduced with permission from [31, 32, 36])

3.3.2 Hydrogen Production from Xylose

Hemicellulose is another major component of lignocellulosic biomass besides
cellulose. Xylose is the most abundant pentose and the major component of
hemicellulose. Xylose composes about 20-30 % of lignocellulosic biomass by
weight [31]. Thus, it is essential to use not only cellulosic materials but also the
major portion of hemicellulosic materials to produce low-cost hydrogen from
renewable carbohydrates. One mole of xylose can theoretically produce 10 mol
of hydrogen by splitting 5 mol of water molecule when completely oxidized to
carbon dioxide (Eq. 3.2). Since xylose is a five-carbon sugar, the in vitro synthetic
pathway was modified by replacing hexose-phosphorylating enzymes with xylose
isomerase and polyphosphate xylulokinase (Fig. 3.1). The hydrogen production
from xylose exhibited the production rate of 2.2 mmol/L/h with 96 % yield
(Table 3.3). Such high-yield hydrogen production was achieved with the addition
of extra polyphosphate driving the reaction to completion (Fig. 3.2a), and the
relatively high production rate was achieved with increased reaction temperature
to 50 °C:

CsH;00s(aq) + SH,0(1) — 10H,(g) + 5CO»(g) (3.2)
3.3.3 Hydrogen Production from Sucrose

Sucrose, also known as table sugar, is one of the cheapest carbohydrates because of
its simple production process and abundance of cultivated sugar crops: sugarcane
and sugar beets. Sucrose is a disaccharide composed of glucose and fructose.
Therefore, two additional enzymes are required to convert fructose to equal
moles of glucose 6-phosphate. An in vitro synthetic enzymatic pathway consisting
of total 15 enzymes was designed to catalyze water-splitting process producing
hydrogen powered by sucrose [32]. The hydrogen production from sucrose
achieved the production rate of 3.0 mmol/L/h with 97 % yield (Fig. 3.2b). When
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increased sucrose concentration, the maximum hydrogen production rate was as
high as 9.7 mmol/L/h [32].

3.3.4 Hydrogen Production from Biomass Sugars

The complete conversion of glucose and xylose from plant biomass to hydrogen
and carbon dioxide has been achieved via an in vitro synthetic enzymatic pathway.
Pretreated biomass was hydrolyzed to glucose and xylose by using a commercial
cellulase. Glucose and xylose were simultaneously converted to hydrogen with the
theoretical yield of 2 mol of hydrogen per each carbon molecule [36]. A genetic
algorithm was used to find the best fitting parameters of a nonlinear kinetic model
with experimental data. Global sensitivity analysis was used to identify the key
enzymes that have the greatest impact on reaction rate and yield. After optimization
of enzyme loadings using computational modeling and data analysis methods, the
hydrogen production rate could be increased to 32 mmol/L/h. The production rate
was further enhanced to 54 mmol/L/h by increasing reaction temperature, substrate,
and enzyme concentrations. The production of hydrogen from locally produced
biomass is a promising means to achieve global green hydrogen production.

3.3.5 High-Rate Hydrogen Production from Glucose
6-Phosphate

High-yield hydrogen production from these different carbohydrates has opened up
a new way to produce low-cost hydrogen from renewable biomass. In the past
years, the hydrogen production rate has been increased to 150 mmol/L/h by
750-fold when glucose 6-phosaphte is used as a substrate by an in vitro synthetic
enzymatic pathway (Fig. 3.2¢) [38, 49]. All enzymes used in the pathway have been
replaced with recombinant thermostable enzymes produced in E. coli. Some of
these enzymes are immobilized to enhance their stability. Hydrogen production
rates and yields from different carbohydrates are summarized in Table 3.3.

3.4 Technical Obstacles to Low-Cost H, Production

To achieve low-cost hydrogen production from carbohydrates, a few obstacles have
to be overcome. The ultimate hydrogen production costs are strongly related to the
following factors: costs of substrate, enzyme cost, cofactor cost, and product-
related downstream processing cost especially for product separation and purifica-
tion [61]. It has been shown that the in vitro synthetic biosystem can produce
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hydrogen from various types of carbohydrates in near theoretical yields. Therefore,
the use of inexpensive, abundant carbohydrate sources, such as cellulosic and
hemicellulosic materials, to produce hydrogen can solve one of the major obstacles.
Gaseous products can be easily separated and purified from the aqueous phase
enzymatic reaction, leaving the other two obstacles unsolved. Hydrogen production
rate is also an important factor, because it determines potential implementation of
low-cost hydrogen production techniques from carbohydrates mainly related to
capital investment.

3.4.1 Enzyme Cost and Stability

Enzyme costs are highly related to their production costs, turnover number (TTN),
and stability. The current production costs for enzymes produced as recombinant
proteins in E. coli at lab scales are high, for example, $~1,000,000 per kg of dry
protein, but it is expected that their production costs will decrease to the level of
industrial bulk enzyme production costs of around $5-100 per kg of dry protein
[57]. Increasing TTNs can decrease enzyme costs exponentially through increasing
enzyme efficiency [55]. It is estimated that TTNs over 10°-10° are required to
reduce enzyme costs low enough for industrial-scale use [11, 12, 51]. High TTNs
can be achieved by using thermostable enzymes from thermophilic microbes, or
through enzyme immobilization [33, 44, 54].

The use of thermostable enzymes can decrease their production costs by decreas-
ing enzyme purification costs. Thermostable enzymes cloned from thermophilic
microbes, such as Thermotoga maritima, can be stable at 60—70 °C, which is higher
than the temperature where most of the other enzymes cloned from mesophilic
hosts are stable. Therefore, purification procedures retaining only soluble thermo-
stable enzymes after treating at high temperature for relatively short times (10—
30 min) make it a simple and cost-effective way to purify target enzymes from cell
lysates. Simple enzyme purification will eventually lower the overall production
costs.

Enzyme immobilization is a technique in a relatively mature stage, and various
immobilization techniques have been introduced and used to improve TTNs,
enzyme stability, and catalytic efficiency [24, 33, 41]. Among many techniques,
the cellulose-binding module (CBM) tagged protein immobilization combines
enzyme purification and immobilization into one step [18]. This simple one-step
enzyme purification and immobilization technique showed about an 80-fold
enhanced half-life time of phosphoglucose isomerase (PGI) when the enzyme
with CBM tag was immobilized on regenerated amorphous cellulose (RAC)
(Fig. 3.3) [33]. Enzyme immobilization also enables enzymes to be recyclable.
Enzymes immobilized on magnetic nanoparticles (MNPs) have shown to improve
enzymatic reactions rates and also be able to recycle simply by using a magnetic
force [34]. Green fluorescent protein (CBM-TGC) was used to demonstrate simply
selective recycling of CBM-tagged GFP immobilized on Avicel-containing MNPs
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Fig. 3.3 Comparison of thermal stability between free PGI (a) and immobilized PGI (b) in
different concentrations (Reproduced with permission from Myung et al. [33])
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Fig. 3.4 Selective recycling of enzymes immobilized on Avicel-containing magnetic
nanoparticles (A-MNPs) (a). The simple process of collecting CBM-tagged green fluorescent
proteins (CBM-TGC) adsorbed on A-MNPs by a magnetic force (b) (Reproduced with permission
from Myung et al. [34])

(A-MNPs) (Fig. 3.4). As the result of selective recycling, enzyme-related costs can
be greatly reduced.

Protein protection additives, such as ligands and salts, have been studied as a
simple approach to enhance enzyme storage and reaction stability. DMSO and
glycerol are popular additives as cryoprotectants, stabilizing proteins during multi-
freezing-and-thawing cycles. Various polyethylene glycols have been used as
thermoprotectants. Thermostability of trypsin was increased from 49 to 93 °C
without deteriorating its catalytic properties in the presence of glycol chitosan
[13]. Amines, polyethylene glycol, and glycerol as additives improved catalase
storage stability as well as its enzymatic performance in high temperature and
alkaline pH [6]. These additives may, however, be potential inhibitors to the
reaction system [19]. Therefore, additional dialysis or ultrafiltration may be
required before the reactions.
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3.4.2 Enzymatic Reaction Rates

Reaction rate is an important factor for determining potential applications of the
enzymatic reaction and capital investment. Currently, the fastest hydrogen produc-
tion rate achieved by an in vitro synthetic enzymatic pathway is about 150 mmol/L/
h (=0.3 g H,/L/h) [38]. This current rate is the fastest enzymatic hydrogen produc-
tion from sugars and fast enough for distributed hydrogen generators, but it is
slower than the need of on-demand hydrogen production for hydrogen fuel cell
vehicles. It is anticipated that the production rate can be improved to 20 g H,/L/h
because microbial fermentation, which is usually slower than cell-free enzymatic
reactions, has already achieved a production rate of over 20 g Hy/L/h [5, 54,
62]. Approaches made to increase enzymatic hydrogen production rate include
elevated reaction temperature, optimized enzyme ratio, high substrate concentra-
tion, high enzyme loading, and substrate channeling among cascade enzymes. The
substrate channeling was done by co-immobilizing multiple cascade enzymes, so
that the local enzyme concentration is increased and susceptible intermediates have
less time exposed to reaction solutions [20]. The cluster of multi-enzymes held by
co-immobilizing scaffoldins results in increased reaction rates. Three important
cascade enzymes, TIM, ALD, and FBP, in the enzymatic hydrogen production were
expressed with dockerin domain which can self-assemble with mini-scaffoldin for
co-immobilization on A-MNPs (Fig. 3.5a) [34]. In comparison with
non-immobilized enzymes, the co-immobilized enzyme complex results in about
4.6 times increased reaction rate (Fig. 3.5b).

3.4.3 Cofactor Cost and Stability

Cofactors are chemical compounds required for enzymatic reactions, such as ATP
and NAD(P)H. The issues from cofactor costs and stability have been addressed by
various approaches including cofactor recycling systems [25, 46] and use of
low-cost stable biomimetic cofactors [1, 29]. Although the regeneration of natural
cofactors through recycling systems is economically beneficial to most current
enzymatic reactions, the most farsighted solution would be to replace native
cofactors with low-cost stable biomimetic cofactors. The structures of natural
cofactors and biomimetic cofactors are shown in Fig. 3.6 with their estimated prices
(USD, 2015). By sharing the nicotinamide moiety as a universal binding site for
electron carriers, these natural and biomimetic cofactors vary in the chemical
structures bound to the nitrogen atom in pyridine (Fig. 3.6). The alternative natural
cofactors and biomimetic cofactors with simpler structures than NADP or NAD are
estimated to have lower costs. However, most wild-type redox enzymes have no
activities with such biomimetic cofactors. A number of studies have been done to
change the cofactor specificity or preference through cofactor engineering. Cofac-
tor engineering has three major types of approaches: rational design, directed
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evolution, or swapping modules. Using these approaches, a number of studies have
shown their redox enzymes with changed cofactor preferences from NADP to NAD
[3, 8, 39], or from NAD to NADP [15, 45]. In 2012, Scott et al. discovered that their
engineered alcohol dehydrogenase for broadened cofactor specificity and improved
activity with NAD can utilize a minimal natural cofactor, NMN [4]. Fish
et al. proposed the use of 1-benzyl-3-carbamoyl-pyridinium (BNA) as a biomimetic
cofactor to replace NAD(P)H and discovered that two wild-type enzymes, horse
liver alcohol dehydrogenase and monooxygenase, can actually utilize this cofactor
[26, 27]. Clark collaborated with Fish and demonstrated that engineered P450 with
two amino acid mutations can utilize BNA as a cofactor [40]. Recently, a large
international collaborative group synthetized another biomimetic cofactor, 1-butyl-
3-carbamoyl-pyridinium (BuNA), and demonstrated that wild-type enoate reduc-
tase can utilize it as a cofactor [35]. In most cases, such changes will decrease
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apparent activities greatly. The best example may be the engineered P450. The
mutant P450 (W1064S/R966D) exhibited its activity on biomimetics up to seven
times of that of wild-type enzyme on NADH [40]. Cofactor engineering is in its
early stage, but its success will greatly influence enzymatic synthesis of organic
chemicals and in vitro synthetic biosystems for biocommodity production.

3.5 Conceptual Obstacles to Enzymatic H, Production

In vitro synthetic biosystems consist of numerous enzymes as building bricks,
enzyme complexes as building modules, and/or (biomimetic) coenzymes. These
many components are assembled into in vitro synthetic pathways for implementing
complicated bioreactions. They emerge as an alternative solution for accomplishing
desired biotransformation without concerns of cell proliferation, complicated cel-
lular regulation, and side-product formation. In addition to the capability of achiev-
ing high product yields as the most important advantage, in vitro synthetic
biosystems feature several other biomanufacturing advantages, such as fast reaction
rates, easy product separation, open process control, broad reaction conditions, and
tolerance to toxic substrates or products.

The largest obstacle to the enzymatic hydrogen production is conceptual change.
Microbe-based fermentation has been used by human beings for more than
10,000 years. As a result, most biotechnologists believe that living microbes are
the best biocatalysts because they can duplicate themselves. Indeed, the primary
goal of living microbes is their proliferation while bioconversions are side effects.
Consequently, the success of several examples is needed to convince biotechnolo-
gists of accepting a new paradigm of in vitro synthetic biosystems.

3.6 Conclusions and Future Outlook

Hydrogen is an important commodity chemical with a global market size of
approximately 100 billion US dollars. High-yield hydrogen has been produced
from carbohydrates and water catalyzed by in vitro synthetic enzymatic pathways.
The overall hydrogen production costs are mainly proportional to carbohydrate cost
[59]. Assuming a substrate cost contributes a major portion of hydrogen product
cost, it is expected that hydrogen can be produced at costs less than $2.00/kg
hydrogen when the technology is well developed [59] (Fig. 3.7). Carbohydrates
are the most abundant renewable natural resources on earth, and they are estimated
to cost about $1.50/kg accounting for 75 % of the prospective hydrogen production
cost [59] (Fig. 3.7). The next biggest portion of the hydrogen production cost is
from the initial capital investment and operating expense accounting for about
17 %. The sum of capital and operating expenses would be about $0.35/kg hydro-
gen according to the similar expenses based on anaerobic digestion. Enzyme and
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cofactor costs account for 7 % and 1 % of the enzymatic hydrogen production cost,
respectively, when their TTN values are more than 10° and 107, respectively.

High-yield hydrogen production from carbohydrates will open up several poten-
tial applications for the hydrogen economy, where hydrogen is an alternative
transportation fuel or a short-term electricity storage carrier. The potential applica-
tions include from small-sized distributed hydrogen refueling stations (e.g., 1-2 kg
per day for a single house, or 50-200 kg for village) to the most ambitious
application, such as a sugar fuel cell vehicles [53, 56].

The potential global market size for hydrogen as a future energy carrier
replacing gasoline and diesel could be trillions of dollars. Such great potential,
along with a bright future featuring enhanced energy conversion efficiency, nearly
zero pollutants, and zero greenhouse gas emissions, will motivate the world to solve
the remaining obstacles within next decades.
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Chapter 4
Hydrogen Production from Biomass
Gasification

Sotirios Karellas

Abstract Upgrading of gas streams formed from biomass gasification for the
production of pure hydrogen or hydrogen-rich gases is facing many technical and
technological challenges. Both gasification and hydrogen separation technologies
play a significant role in the total efficiency of the production process. The aim of
this chapter is to analyze gasification processes and examine the possible options
for hydrogen production from the product gas streams from a gasification process.
Gas conditioning and hydrogen purity will be taken into consideration as well as
economic aspects of the integrated process.

Keywords Biomass gasification « Hydrogen production « Membrane separation ¢
Hydrogen production economics

4.1 Introduction

One of the biggest advantages of the thermal gasification of solid fuels is that it
gives the possibility not only to produce heat and power but also to provide valuable
fuels. This is one of the main reasons why thermal gasification has been developed
in the last decades and has been integrated to processes for the production of
gaseous (substitute natural gas SNG, H,) or liquid (bio-methanol, bio-ethanol,
DME, etc.) fuels providing very important technological breakthroughs.
Hydrogen is an extensively investigated fuel, especially during the last few
years, since it is a clean fuel. As environmental concerns increase, gasification
technologies offer promising solutions for efficient application of green technolo-
gies in decentralized systems, since they allow the use of gas engines,
microturbines, or fuel cells for energy production. The end use of the product gas
is not limited to energy production, but it also includes the synthesis of other
flexible products, since it is possible to upgrade the gas in order to produce
chemicals, such as liquid fuels or gaseous fuels, hydrogen and methane being the
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most representative, fertilizers, substitute natural gas, etc. Given the above consid-
erations, hydrogen production from biomass seems to be a very attractive option,
especially regarding decentralized applications [1-3].

The production of hydrogen from biomass can be divided in three steps. In the
first step, woody biomass is thermally gasified producing a synthesis gas which
mainly contains H, and CO as combustible gases. The second includes the treat-
ment of the synthesis gas. In this step, fine particle filtering, desulfurization, and tar
wash-cracking take place. Reforming and water-gas shift reactors can further
increase the hydrogen content in the syngas. After this step, the treated gas is
processed (e.g., by means of membranes) to produce pure hydrogen.

4.2 Biomass Gasification Technologies

The thermal gasification of biomass is a widely known process with a lot of
applications in the field of energy production. The gasification is actually the
third step in the thermochemical conversion process of solid biomass, as shown
in Fig. 4.1, following the steps of drying and pyrolysis of the thermochemical
conversion of solid biomass. In this process, biomass is gasified providing a product
gas, which is combustible and can be further used in an apparatus for combined heat
and power production (e.g., microturbine, fuel cell, internal combustion engines).

Gasification is the aggregated result of a great number of heterogeneous and
homogeneous reactions. The difference between pyrolysis and gasification pro-
cesses is that for the gasification, a gasification medium is needed (air, O,, H,0, or
CO,) as well as a way to provide the heat, for the endothermic reactions. The main
reactions that take place in gasification are:

C + H,0 + Heat < CO + H, (

C + 2H,0 + Heat < CO, + 2H, (
C + CO; + Heat < 2CO (4.

C + 2H, < CH, + Heat (

CO + 3H; + Heat < CH4 + H,0 (

CO + 3H,0 + Heat < H, + CO, (

There are a lot of gasification reactor designs, for example, cocurrent or coun-
tercurrent gasifiers, where the gasification medium and the biomass are contacted in
a co- or counterflow, respectively. The five main types of gasifiers are presented by

\4

Drying Pyrolysis Gasification Combustion

Fig. 4.1 Steps for the thermochemical conversion of solid biomass to gas
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Knoef [4] and Karl [5] and are either fixed bed, fluidized bed, or entrained bed
gasifiers. These gasification types can be seen in Table 4.1.

In Table 4.1, some of the main features of gasifiers are displayed. It can be seen
that the counter-current gasifier has the highest tar content. Tars are higher carbon
number hydrocarbons that are mainly produced in the pyrolysis zone of the gasifier.
In a countercurrent gasifier, the product gas meets the pyrolysis zone before exiting
the gasifier and the tars remain in the tar-rich product gas. On the other hand, in the
case of the co-current gasifier, the product gas after the pyrolysis zone meets the
combustion zone, where the tars are being combusted and, as a consequence, their
content in the product gas is very limited. The fluidized bed gasifiers can be divided
into bubbling (dense) and circulating fluidized bed types. They usually work at
temperatures up to 900 °C, and their tar content is kept at low values. In entrained
bed gasifiers, the gasification temperature is very high (up to 1500 °C), and as a
consequence, it is a tar-free gasification process.

4.3 Autothermal and Allothermal Gasification

Gasifiers can be classified according to the gasification medium and the gasification
process can be defined as autothermal, when heat us being generated from internal
reactions, or allothermal, when heat is supplied from external sources.

In autothermal gasification, air (or oxygen) in low air ratio A (about 0.2-0.3) is
used as the gasification medium. For this case, the heat needed for the gasification is
provided through the exothermic reaction of the partial oxidation of biomass.

In allothermal or indirect gasification, water, steam, or CO, is used as gasifica-
tion medium. In this case, the required heat for the endothermic gasification
reactions has to be provided to the reactor externally (e.g., from a combustion
chamber through a heat exchanger).

Figure 4.2 shows a scheme for autothermal and allothermal gasification. In the
autothermal gasification, about 60—85 % of the fuel input is chemically bounded
energy, whereas 15—40 % corresponds to the sensible heat of the product gas due to
its high temperature which results from the partial combustion of biomass. In the
allothermal gasification process, as presented in Fig. 4.2, about 34 % of the energy
input is introduced into the gasifier from an external combustion process. That
means that the product gas contains approximately 134 % of energy, a part of which
(about 64 %) is being released in the combustion chamber to produce the needed
heat for the gasification. As a consequence, the product gas, which is further used,
contains 70 % of the energy of the fuel input into the gasifier. As shown in Fig. 4.2,
the heating value of the product gas from the allothermal gasifier is more than twice
as high as the one produced in an autothermal gasifier.
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Sensible heat

Chemically-bound
energy 60%-85%

Gas 100%
H,=2000-5000 kJ/kg

100% O

Gasifier

Gasifier
100% O Chemically-bound
energy 122%

'34%
Combustion

Chamber ®
-

Exhaust heat 30%

Gas 70%
H,>10000 kJ/kg

Fig. 4.2 Energy balance of autothermal and allothermal gasification (H, stands for lower heating
value)

4.4 Product Gas Quality

The composition of the product gas from biomass gasification depends on various
factors, the most important of which are [7]:

Type and shape of the fuel (e.g., dimensions, specific surface of the fuel
particles, humidity, chemical composition)

Type and quantity of the gasification medium (e.g., air, oxygen, water steam,
carbon dioxide, mixtures of them)

Design of the gasification reactor (mixture intensity of the fuel and the gasifica-
tion medium, residence time of the fuel and the product gas in the reactor, etc.)
Gasification temperature

Use of catalysts

Pressure conditions in the reactor

The product gas is a mixture of combustible gases like H,, CH,4, CO, and higher

hydrocarbons (C,+) and noncombustible gases like H,O, CO,, and N,.

The chemical reactions that take place during the gasification process can be

divided into those that are heterogeneous and those that are homogeneous. In the
heterogeneous reactions, gaseous molecules react with solid charcoal resulting in



102 S. Karellas

Table 4.2 Heterogenous reactions that occur during the gasification of biomass [6]

Reaction Enthalpy of reaction | Name Type

C+ 0, — CO, AHg = —406 kJ/mol | Oxidation of carbon Exothermic
2C+ 0, — 2CO AHg = —123 kJ/mol Partial oxidation of carbon Exothermic
C+H,0 — CO+H, AHg =+119 kJ/mol Heterogeneous water — gas | Endothermic
C+ CO, — 2CO AHg =+162 kJ/mol Boudouard reaction Endothermic
C +2H; — CHy AHg = —87 kJ/mol Hydrogen gasification Exothermic

Table 4.3 Homogenous reactions that occur during the gasification of biomass [6]

Enthalpy of

Reaction reaction Name Type

CO + %0, — CO, AHg = —283 kJ/ Oxidation of carbon Exothermic
mol monoxide

H, + %0, — H,0 AHgi = —242 kJ/ Oxidation of hydrogen Exothermic
mol

CHy4 4+ 20, — CO; + 2H,0 | AHg = —802 kJ/ Oxidation of methane Exothermic
mol

CO + H,O — CO;, + Hy AHr =—42kJ/ Shift reaction Exothermic
mol

CH4 + H,O — CO + 3H, AHg =+206 kJ/ Reforming Endothermic
mol

gaseous products. Table 4.2 presents the main heterogeneous reactions that take
place during the gasification process.

The homogeneous reactions are the reactions between gaseous components. The
most important reactions that occur during the biomass gasification process, as well
as their endothermic or exothermic properties, are summarized in Table 4.3.

When the gases are in thermodynamic equilibrium, the composition of the
product gas from the biomass gasification process can be calculated taking into
account the above heterogeneous and homogeneous reactions. The gas composi-
tion, as a function of the temperature following the thermodynamic equilibrium,
can be seen in Fig. 4.3. In Fig. 4.3, the composition of the product gas is presented
on a wet and a dry basis.

Figure 4.3 depicts the theoretical thermodynamic equilibrium of the gases
produced in the biomass steam gasification process. However, in reality, after
gasification tests with various gasification technologies and gasification parameters,
it can be concluded that there is a difference between the theoretical composition of
the gas and the actual composition as it is measured from various gasification plants.
The typical measured composition of the atmospheric gasification of biomass with
air and water steam or oxygen is presented in Table 4.4. In Table 4.4, the average
values are written in parenthesis.

As it can be seen in Table 4.4, because of the presence of N, the so-called poor
gas or LCV (low calorific value) gas which is produced in an autothermal gasifier
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Fig. 4.3 Composition of the product gas for various gasification temperatures for stoichiometric
atmospheric steam gasification (reforming)

Table 4.4 Typical composition of the product gas from the gasification of woody biomass [8]

Gasification with

Component Air* (Vol.- %) H,0/0," (Vol.- %)
H, 6.0-19 (12.5) 26-55 (38.1)

CcO 9.0-21 (16.3) 20-40 (28.1)

CO, 11-19 (13.5) 15-30 (21.2)

CH,4 3.0-7.0 (4.4) 4.0-14 (8.6)

Co+ 0.5-2.0 (1.2) 1.5-5.5 (3.0)

N, 42-60 (52) 0

Heating value (MJ/Nm?>) 3.0-6.5 (5.1) 12-16 (13.2)

#Average values from data record: air 15, H,0/O, 9

with air has a lower heating value H, =3.0-6.5 MJ/Nm’. The main combustible
component of this gas is CO. Its content can reach the value of 21 v/v %.

On the other hand, during allothermal gasification, or gasification with O,, a
hydrogen-rich gas is produced, and the lower heating value of the dry gas reaches
values between 12 and 16 MJ/Nm®.

Comparing the measured composition of the product gas from the gasification
processes (Table 4.4) and the theoretical composition of the gas (Fig. 4.3), it can be
concluded that the thermodynamic equilibrium between the gases in the gasifier is
not always reached; thus, the gas composition can vary strongly from its theoretical
value. As a consequence, the composition has to be continuously monitored, and
the measured values have to be taken into consideration when simulating and
planning gasification plants.
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4.5 Supercritical Water Gasification Technology

Supercritical water gasification (SWG) is a process in which the gasifying agent is
water in supercritical conditions of approximately 220 bar pressure (22 MPa) and a
temperature over 37 °C. Via SWG, biomass can be gasified with a high conversion
rate, and the product gas consists of H, and CO, [9]. The chemical conversion can
be presented by the following reaction:

2 —
CH,Oy + (2 — y)H,0 — CO; + ++XH2 (4.7)

This reaction can be divided into two steps, the steam reforming and the water-
gas shift reactions, both described previously. The SWG gasification advantages
over the conventional process are that it requires a single reactor. Furthermore, this
technology is very efficient at low temperatures, below 700 °C, while it has no
requirement for reducing the moisture content of the fuel allowing wet biomass to
be used. Thus the energy-intensive drying processes, required for most solid fuels,
can be avoided [10-12]. In addition, supercritical water has the ability to dissolve
most organic substances, while it has excellent mass transfer performance
[13, 14]. Another advantage is its high-pressure H,, which reduces significantly
the energy costs for its compression during storage [14]. On the contrary, there are
several issues yet to be solved, concerning corrosion and plugging as well as
economical issues, since this process requires external energy to preheat both the
biomass and the reactor, increasing the overall costs.

The reaction performance is of great importance for SCW gasification systems.
Matsumura [15] has formulated two different approaches for SCW type of gasifi-
cation in terms of the temperature: the high temperature, between 773 and 1023 K,
without the presence of any catalysts and the low temperature, approximately 623—
873 K, catalytic SCW gasification.

4.6 Hydrogen Separation from Biomass Gasification

Biomass gasification technologies still have many challenges to face to become
more competitive in the energy market. These challenges include the lack of
consistent fuel availability, the low net calorific value (especially in the state-of-
the-art autothermal gasification technologies) of the produced gas, as well as
several transport and storing issues that make biomass more complex to handle
compared to fossil fuels. Nevertheless, when biomass is used for the production of
hydrogen, there are a wide variety of processes that can be applied.

The next chapters analyze the proposed modules for the separation of hydrogen
from the product gas of biomass gasification.
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4.6.1 Membrane Separation

The preferentially selective permeation of hydrogen from a mixed gas stream
through a polymer, metallic, or ceramic membrane is the base of the membrane
separation technology [16, 17]. The mechanism beyond this technology varies
based on the membrane material and its design (Fig. 4.4).

In microporous polymeric membranes, the separation of the molecules occurs by
a molecular diffusion transport mechanism determined by the pore diameter and
particle size [18]. In metallic membranes, the hydrogen molecule is dissociated into
atoms that pass through the film and then recombine into hydrogen molecules on
the other side of the membrane. On the other hand, in dense ceramic membranes,
the separation of hydrogen is based on the transfer of hydrogen ions and electrons
through the membrane. Dense ceramic membranes require higher operational
temperatures to achieve comparable flux rates to those of other membrane technol-
ogies (Fig. 4.5).

Most suitable materials for hydrogen separation from biomass gasification
products for pressures above 20 bars and temperatures over 700 °C are
palladium-copper membranes [16]. Palladium membrane hydrogen purifiers oper-
ate via pressure-driven diffusion across palladium membranes [19].

One of the main advantages of this technology is the capability of producing
extremely high purity hydrogen for fuel cell applications, i.e., PEM, which operate
only with pure hydrogen. The technological challenges for this membrane technol-
ogy include the high hydrogen flux at low pressure drop; the increase of the
membrane tolerance to contaminants, especially sulfur and carbon monoxide; and
the operation at system temperatures within the range of 250-500 °C [20]. Such
advances would make it possible to achieve a reduction of the cost of membrane
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Fig. 4.5 Functionality of a gas separation membrane

separation technologies, an improvement in their efficiency, and simplify hydrogen
separation and purification systems.

The main configurations in the use of selective membranes are described in the
following chapters.

4.6.2 Membrane Integrated in the Gasification Reactor
(Reformer)

In this concept, the selective membrane is assembled directly inside the gasification
reaction environment to remove the produced hydrogen in situ. In the gasifier
(reformer), catalyst can be used for higher hydrogen yield, and the membrane is
in the form of a tube, allowing the transit of pure hydrogen, as shown in Fig. 4.6.
Through the inner tube, steam is used to drag the permeated hydrogen. This
configuration can also be accomplished by many smaller tubes, increasing the
specific membranes surface per unit volume of the gasifier, and as a result the
overall hydrogen flow rate. The types of membranes used in these reactors are
mainly dense metallic membranes and ceramic membranes.

The main drawback of this technology is that a thermal threshold is needed for
the reliable durability of the membrane as well as for stability problems due to
stress [20].

4.6.3 Reformer and Membrane Modules

Contrary to the integrated system described before, in this configuration the selec-
tive membrane is assembled in proper units after the gasification reactor, to avoid
the conflict of catalyst and membrane operating parameters, subdivided into a series
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Fig. 4.6 Membrane reactor
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of reaction-separation modules. The main benefits of this module are not only the
ability to decouple, if needed, the reforming and separation operating conditions but
also the simpler mechanical design of the membrane tubes compared with the ones
in the membrane reactor concept. On the other hand, the membrane surface needed
for the same methane conversion is greater compared with membrane reactors,
leading to a higher capital cost [20].

Figure 4.7 presents the process in which the selective membrane is placed after
the gasification reactor. Biomass is partially converted in hydrogen in an
allothermal gasifier, and the produced hydrogen is recovered through a palladium
alloy membrane separation module. The remnants can be sent to a reformer module
so that higher purity levels can be achieved, as shown in Fig. 4.7. The operating
temperature, by terms of heat recovery, can be reduced before the membrane unit
down to 450 °C and then increased before entering the second reactor [21].

The remnants of the membrane separator can be also recycled back into the
combustion chamber of an allothermal gasifier, as shown in Fig. 4.8.

Figure 4.8 presents the coupling of an allothermal gasifier called BioHPR
(biomass heat pipe reformer) with a separation module. BioHPR is a gasification
technology in which the needed heat for the reforming reaction is provided to the
gasifier from a combustion chamber by means of liquid metal heat pipes [22]. In the
configuration presented in Fig. 4.8, a palladium membrane is used to separate
hydrogen from the product gas, whereas the rest of the gases are being combusted
and provide the needed heat. Palladium membranes are used in this configuration to
achieve high purity hydrogen, which will allow its further use in PEM fuel
cells [19].
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Fig. 4.8 Allothermal gasifier and separation module (Reprinted with permission from [19]. Copy-
right © 2009, Elsevier)

4.6.4 Water-Gas Shift Reaction

The water-gas shift reaction (WGS) is an exothermic reaction, which is favored at
low temperatures and is independent of the operating pressure:

CO + H,O + CO; + Hy, AHy9g = —41.15 kJ/mol (48)
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Fig. 4.9 Gasifier with water-gas shift reactor

The main advantage over the steam reforming is that this reaction requires no
external heat and as a result no heat exchangers, resulting in a simpler and more
compact design and consequently a lower capital cost. The WGS is on most
occasions performed in two reactors: a high-temperature reactor at 350-500 °C
and a low temperature one at approximately 200 °C [23]. Fe-Cr-based catalysts are
the most common catalysts in high-temperature reactors, while in the
low-temperature reactors, Cu-based catalysts are used [24, 25] (Fig. 4.9).

For hydrogen production from biomass gasification, a water-gas shift reactor is
placed after the biomass gasifier, and the final gas consists mainly of hydrogen and
CO,. Hydrogen can be then very easily separated by means of a membrane.
Therefore, ultrapure hydrogen can be produced from this process.

4.6.5 Water-Gas Shift with Pressure Swing Adsorption

Pressure swing adsorption (PSA) is used for the under pressure separation of gas
species from a mixture of gases, via molecular sieves, manufactured so that their
pore diameter allows the separation of different sized molecules of syngas stream.
The most noticeable feature of this technology is the high level of hydrogen purity
achieved (99.0-99.9 %) as a result of its ability to remove gas phase impurities to
the required level. The operating pressure varies from 18 to 36 bars, while the purity
level does not severely affect the hydrogen yield of the PSA system. The main
drawbacks of this technology are the relatively modest recovery from the feed-
stream hydrogen, approximately 86 % and the low operating temperatures.
Bhattacharya et al. [26] proposed a model for hydrogen production via oxygen-
blown biomass gasification followed by a water-gas shift reactor. The required
oxygen is produced in low pressure cryogenic air separation unit, in which a
nitrogen-rich stream is produced as well. The syngas is produced in a biomass
gasifier. It is then further enriched in hydrogen in a shift reactor by the additional
injection of water and by controlling the reactor temperature. After the drying
process, the two main contents of the gas mixture are H, and CO,. Finally, the
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Fig. 4.10 Hydrogen production by means of PSA

pure hydrogen is received via a PSA system, where the CO, is separated from the
syngas (Fig. 4.10).

4.6.6 Adsorption Enhanced Reforming

A process that improves the hydrogen separation of the product gas from biomass
gasification is the use of calcium carbonate as bed material at a dual fluidized bed
(DFB) gasifier. The use of CaO causes an increase in H, content to a value of up to
70 %. This is done since, parallel to the reforming temperature, the carbonation
reaction takes place and therefore, the equilibrium of the shift reaction is moved to
the products, according to the Le Chatelier principle.

CaO + CO; « CaCOs Carbonation reaction (4.9)
CO +H,0 < CO, +H,  CO shift reaction (4.10)

The CaCOs is discharged in the DFB gasifier and in turn creates CaO. This
so-called adsorption enhanced reforming (AER) process was demonstrated in a
technical scale in the framework of an EU project on a biomass power plant in
Giissing [27]. It is vital that all impurities contained in the raw syngas such as dust,
alkalis, tars, and sulfur compounds are separated before the CO contained in the
syngas is converted into hydrogen in a catalytic two-stage shift reactor.

For the segregation of the remaining CO, this is realized by pressure swing
adsorption (PSA), in which the raw synthesis gas flows at high pressure through,
e.g., an activated carbon bed, where heavy gases such as CO and CO, are heavily
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adsorbed compared to hydrogen, resulting in receiving high purity hydrogen at the
outlet of the adsorber. By switching to a second adsorber, the activated carbon is
regenerated by the reduction of pressure.

For the production of high purity hydrogen, membrane processes are usually
used. Thereby, hydrogen diffuses at temperatures of around 200 °C through
metallic palladium/silver membranes. Hydrogen’s partial pressure at the membrane
is a contributing factor in the rate of the permeation, a deciding parameter on the
required membrane area and consequently on the cost of the process. For this
reason, the syngas has to be compressed to high pressures.

4.6.7 Typical Hydrogen Production Process Integrated
in Biomass Gasification Systems

A process flow sheet for an integrated hydrogen production system with biomass
gasification is presented in Fig. 4.11. At first, biomass is dried to 15-30 % moisture
content and fed into a fluidized bed gasifier [18]. A high amount of steam is fed into
the gasifier, to provide the needed H,O molecules for the high-temperature shift
conversion. Syngas is cleaned from the tars in a reformer, where heavy hydrocar-
bons are treated catalytically at 800-900 °C. After the first shift reactor, which
operates at 350—400 °C, the gas is cooled down to 40 °C via heat exchangers, before
being pressurized to 30 bars and fed to an acid gas removal stage. Steam is again
added at the low temperature shift step and is removed alongside with CO, in a
second acid gas removal stage. The final stage consists of a methanation reaction for
the conversion of CO to CHy. The purity of hydrogen with this process can be as
high as up to 95 % [18]. Figure 4.11 depicts the process for pure hydrogen
production after product gas treatment.

4.7 Hydrogen Production by Reaction Integrated Novel
Gasification

A state-of-the-art method for the production of hydrogen via biomass gasification
has been proposed by Lin et al. [28-30]. This method, called hydrogen production
by reaction integrated novel gasification (HyPr-RING), is a combination of water-
hydrocarbon reaction, water-gas shift reaction, and absorption of CO, in a single
reactor under both sub- and supercritical water conditions. The main reaction is
shown by Eq. 4.11:

C + 2H,0 + CaO — CaCOs + 2H,, AHyo3 = —88 kJ /mol (4.11)



112

Oxygen
plant

)
&

Steam

S. Karellas

HP HP
steam

steam

HT
Shift I

Moist X ;
feedstock Dryer >| Gasifier HReforMIng}—é—b{

HP
steam

LP
steam

Steam

H,0

95 %

it;
I_[2 purity
30 bar

LP
steam

LT LT
Shift I

Shift 11

Acid Gas
Removal Stage
Acid Gas
Removal Stage

Fig. 4.11 Process flow of a traditional hydrogen production process with high and low temper-

ature shift reactions [18]

High Pressure Reactor
Bi > (923-973K) —> H )
C+2H,0+Ca0O — CaCO, +2H,
T T
| + * |
| |
| |
| ! ! |
| ! ! |
| |
| |
| ! ! |
| |
+ 1 1 +
Water cleanup Sorbent > C02
regenerator
Ash

CaCl,, NaS
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Equation 4.11 is exothermic and can produce high-yield hydrogen at relatively low
temperatures, of approximately 923-973 K. The advantages of HyPr-RING over
conventional gasification are that hydrogen separation and gas separation occur in
one reactor at low temperature [31]. Figure 4.12 presents a diagram of the described

method.



4 Hydrogen Production from Biomass Gasification 113

The basic concept of the HyPr-RING consists of two reactors, the gasifier and
the regenerator, as shown in Fig. 4.12. Major products from this process are H, and
CO,, while the raw materials supplied are biomass, water, and CaO. In the gasifier,
CaO reacts with high-pressure water to form Ca(OH),, which absorbs CO, giving
finally CaCO; and releasing heat. The produced CaCOjs is used, in the regenerator,
to regenerate CaO, while CO, is also released through this reaction.

4.8 Economics of Hydrogen Production from Biomass
Gasification

Due to increasing concerns over environmental impact of fossil fuels and their finite
nature, research and development of new energy sources has become inevitable
[32]. Interest is growing in hydrogen from both an environmental and a thermody-
namic point of view, as it is the cleanest and most efficient combustion fuel. Given
that fact, hydrogen contribution to the energy market is expected to increase in
order to keep up with this trend [1-3].

The future of hydrogen market is highly dependent on the availability of a low
and environmental friendly source [33]. At the moment, the least expensive way to
produce hydrogen is via steam methane reforming (SMR), which is used to produce
more than half of the global hydrogen production [11]. The costs for the production
of hydrogen using this method range between 1.27 €/kg (2007), for large facilities,
and 3.18 €/kg (2007), for a smaller 500 kg/d facility [34]. Approximately 52—-68 %
of the final hydrogen price, in this method, is derived from natural gas feedstock
costs, while the remaining costs come from capital costs [35].

On the other hand, the costs of the hydrogen production from biomass range
from 1.05€/kg (2001) to 1.50€/kg (2001), according to Hamelinck
et al. [36]. Based on an assessment, made by Nath et al. [37], the most economic
technology of producing hydrogen from biomass is via biomass gasification yet is
still rather unfavorable compared to SMR, with Spath et al. reporting that hydrogen
by direct gasification of lignocellulosic biomass is about three times more expen-
sive than the one produced by SMR [38]. Ni et al. [28] made a comparison
(Fig. 4.13) of the estimated costs of hydrogen production via biomass gasification
and natural gas SMR [39].

According to Padro et al. the cost of hydrogen produced via biomass gasification
is expected to range between 1.22€/kg (1999) and 2.42€/kg (1999), while the
facilities that use direct gasification to produce hydrogen are expected to have a
5 % higher cost than the indirect method [39]. A study by Mann determined the cost
of hydrogen produced from biomass gasification to be approximately 1.69 €/kg
(2004), when the cost of biomass is assumed 39 €/dry ton (2004) and the facility
daily output is 139.7 t/day [40]. Another economically competitive, although yet in
early development stage, method to produce hydrogen via biomass gasification is
supercritical water gasification. Spritzer and Hong [41] calculated the cost of



114 S. Karellas

9.0 T T

8.5

8.0

7.5
Bagasse

701 ~

oS . N S e -]

,INatural gas 3.83€/GJ ~~~~__

6. ~

Hydrogen Cost [€/GJ]
/

-
e e L T p——

551 Switchgrass i

S0 F=sesucucusssasscsssssssssssssmssmsssssssmssssssssssssssssssssssssssssss=s e

4'5500 1000 1500 2000

Biomass feed to gasifier [tons/day]
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Table 4.5 Estimation of hydrogen production costs from different technologies in € (2007) [43]

Production category Method €/GJ €/kg
Thermochemical Steam methane reforming 5.48 0.66
Coal gasification 9.95 1.20
Hydrocarbon partial oxidation 6.99 0.84
Biomass gasification 8.76 1.05
Biomass pyrolysis 8.93 1.07
Electrolytic Electrolysis 20.36 2.45
Photolytic Solar electrolysis 30.37 3.64
Photobiological production 26.64 3.20

hydrogen produced from supercritical water gasification to be approximately 2.55
€/GJ, about 0.30€/kg (2002). In general, at the moment, hydrogen production via
biomass gasification is not yet considered economically competitive with SMR
processes [14], [42].

Norman [43] presented the estimated hydrogen production costs for the main
technologies, as listed in Table 4.5.
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4.9 Conclusions and Future Outlook

The production of hydrogen from gasification of biomass is a technological concept
that has attracted a lot of interest. On one hand, this is because it provides the
potential to generate a highly efficient, clean, and environmentally friendly fuel,
such as hydrogen, which can be used for power generation but also for the synthesis
of biochemicals. On the other hand, the biomass-to-hydrogen conversion pathway
is in principle associated to zero net carbon emissions, and therefore, it does not
contribute to the greenhouse effect.

In this chapter, a multitude of technological processes allowing the gasification
of biomass and the subsequent upgrading of the produced syngas in order to create a
stream of pure hydrogen as an end product were presented. Each process exhibits
certain technical advantages and disadvantages, while it is associated with different
specific costs dependent on its economics and also its efficiency. For the present,
the production of hydrogen from biomass is substantially cost competitive com-
pared with the other main technologies, and gasification of biomass has a lot of
potential to become gradually more market attractive in the future.
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Chapter 5
Hydrogen Production from Catalytic
Biomass Pyrolysis

Lucia Garcia, Javier Abrego, Fernando Bimbela, and José Luis Sanchez

Abstract An overview is presented on different catalytic routes for producing
hydrogen from biomass via pyrolysis processes. Fundamentals of biomass pyrolysis
along with general aspects related to the types of processes and catalysts are
discussed. Processes that allow hydrogen production in this field have been divided
into single-step and multi-step processes. These processes are reviewed in this
chapter, showing the state of the art. In both strategies, a hydrogen-rich product
gas is obtained which, conveniently conditioned and purified, may serve for various
purposes.

Catalytic pyrolysis of raw biomass feedstocks aiming at producing hydrogen can
be carried out by directly contacting the raw material with a catalyst having a high
selectivity towards hydrogen production inside the pyrolysis reactor, in a single-
step process. Another possibility for producing hydrogen from biomass follows a
strategy based on multiple steps. In the majority of multi-step processes, the
biomass raw material is subjected to fast pyrolysis for producing a liquid product,
denoted as biomass pyrolysis liquids or bio-oil, and afterwards processing the
bio-oil or fractions of it in a catalytic steam reforming process with suitable
catalysts.

Future trends of catalytic biomass pyrolysis process technologies are described
in this chapter.
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5.1 Introduction

Biomass is a renewable resource that can be used for hydrogen production. Some of
the advantages of using biomass are the vast variety of materials and the high
dispersion through the planet. This chapter is centered on lignocellulosic biomass
since it is the most studied one.

Pyrolysis is a thermochemical process that consists in the thermal decomposition
of carbon-containing resources (such as biomass) in a non-oxidizing atmosphere
and in the absence of any other reactant agent. Solid, liquid, and gas product
fractions are obtained with proportions that are much dependent on the process
operating conditions, mainly process temperature, heating rate, and residence time
of the vapors.

Pyrolysis is a thermochemical route of biomass conversion that has been
explored for hydrogen production. There are a large number of research works
focusing on hydrogen production by pyrolysis. These works have identified the
catalyst as the key factor in the process. The catalyst increases hydrogen yield
working at moderate temperatures, which is favorable from an energy point
of view.

Catalytic biomass pyrolysis processes can be divided into one-step and multi-
step processes. In one-step process, only one reactor is used. This reactor converts
biomass into hydrogen. In a multi-step process, at least two reactors are required. In
the first one, biomass pyrolysis takes place, and in the second reactor, pyrolysis
products are converted to a high hydrogen yield. In most cases the biomass raw
material is subjected to fast pyrolysis for producing a liquid product, bio-oil. Bio-oil
is easily transported and different strategies can be employed for hydrogen produc-
tion, for example, catalytic steam reforming of aqueous fraction of bio-oil. In the
1980s, several technologies of fast pyrolysis were developed to generate bio-oil.
Bio-oil is the main intermediate in multi-step processes.

Fundamentals of biomass pyrolysis are presented to understand the main oper-
ating variables involved in the process. Some pyrolysis reactors for bio-oil produc-
tion are included, given the relevance of this intermediate.

In the catalyst section, the main properties and performance of the catalyst in the
biomass pyrolysis process are summarized. Also, many experimental works show
the vast variety of catalysts used, being nickel-based catalysts preferred due to their
price.

The main facts of the one-step processes are presented, analyzing hydrogen yield
and the main findings of the literature works. Recent innovative processes such as
biomass pyrolysis in molten alkali and microwave plasma are also included.

The multi-step processes section is mainly focused on catalytic steam reforming
of bio-oil. This option presents some advantages that can be further implemented at
an industrial scale based on economic studies.
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5.2 Fundamentals of Biomass Pyrolysis

Pyrolysis is a thermochemical process that consists in the thermal decomposition of
biomass in a non-oxidizing atmosphere and in the absence of any other reactant
agent. Heating biomass in an inert atmosphere triggers a complex series of chemical
reactions that include primary breakdown of biomass constituents, as well as
secondary reactions involving the products of direct decomposition of biomass.
All these chemical reactions occur coupled to mass and heat transfer processes, and
solid, liquid, and gas product fractions are obtained. Usually, the term pyrolysis
englobes all these simultaneous processes and not only the thermal decomposition
of biomass. The solid fraction that can be obtained from pyrolysis is usually
referred to as char, or, more recently, biochar. The liquid fraction, frequently
named bio-oil, is a product of great interest for hydrogen production by means of
catalytic processes, especially in multi-step processes. The gas fraction is maxi-
mized operating at high temperatures.

5.2.1 Composition and Characteristics of Lignocellulosic
Biomass

Here, the main characteristics of lignocellulosic biomass will be presented. Note
that other types of biomass materials with significant differences in their composi-
tion, such as animal residues, municipal solid waste, sewage sludge, and others, are
not included in this description; however, they might also have potential for
hydrogen production by means of pyrolysis. The three major constituents of
lignocellulosic biomass are cellulose (40-50 %), hemicellulose (2040 %), and
lignin (5-30 %) [1]. The structure of cellulose, as well as the main monomers of
hemicellulose and lignin, is shown in Fig. 5.1. Some authors have found that
interactions between these components are negligible [2]; thus, the pyrolysis
products could be considered as the summation of the individual contributions
from the three main components.

Apart from the three main components, minor amounts of solvent-extractable
compounds (extractives) can be found in lignocellulosic biomass: triglycerides,
fatty acids, resin acids, steryl esters, sterols, and lignans [3]. Inorganic constituents
can also be found in biomass, with total contents varying in a range from less than
1 % in softwoods to 15 % in herbaceous biomass [4]. Because of the catalytic
effects of most of the main inorganic constituents (K, Ca, Na, P), biomass decom-
position reactions and char formation can be altered by their presence, especially
for cellulose [5].

The original water content of biomass also plays an important role during
pyrolysis for various reasons. First, it influences heat requirements because it
needs to be evaporated in the pyrolysis reactor and may render the process uneco-
nomical. Second, an excessive water content impedes biomass particle size
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Fig.5.1 Main components of lignocellulosic biomass: (a) cellulose, (b) hemicellulose monomers,
and (c) lignin monomers

reduction, which is needed in several types of pyrolysis reactors. Third, most of the
water ends up in the liquid fraction. Finally, the presence of water has been shown
to produce higher yields of char [6, 7].

5.2.2 Reaction Pathways and Types of Pyrolysis

In most cases, the pyrolysis process takes place at moderate temperatures (300—
600 °C) and is driven towards the production of a majority of solid or liquid
fraction. If a major gaseous fraction is preferred, then gasification or combustion
processes at higher temperatures, involving the presence of oxidizing agents such as
air or steam, are more suitable. Bridgwater [8] classified pyrolysis processes and
indicated that the main product obtained is gas when fast pyrolysis is carried out at
temperatures higher than 700 °C.

Traditionally, a distinction between slow and fast pyrolysis, based on the process
heating rate, has been made at the mentioned temperature interval to distinguish
processes with major solid, liquid, or gas yields. However, this classification
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oversimplifies the complexity of the pyrolysis process [5]; the residence time of
devolatilization products and the conditions in which this residence time goes by
are equally relevant. These factors are crucial because primary decomposition
condensable products (sometimes called primary tars) can undergo two competitive
reaction pathways: cracking to non-condensable gaseous products or formation of
secondary solid char depending on the reactor conditions (mainly pressure and gas
flow rate) [7, 9] and inorganic content of biomass, as shown in Fig. 5.2. As a result
of both competitive pathways, the final condensable yield is reduced; thus, they
should be avoided if liquid yield has to be maximized. Therefore, the so-called fast
pyrolysis conditions, i.e., high heating rates, careful temperature control, very low
vapor residence times, and rapid cooling of the vapors, are required for maximum
bio-oil production [10].

The thermodynamics of the pyrolysis process are also determined by these
reaction pathways. For instance, secondary char formation from condensable com-
pounds is an exothermal process [7] that might cause an overall exothermal heat of
pyrolysis if operational conditions are directed towards maximum char formation,
whereas if bio-o0il (condensable products) is preferred, the overall process will be
clearly endothermic.

5.2.3 Product Distribution and Characteristics

The proportions of the solid, liquid, and gaseous product fractions in non-catalyzed
fast pyrolysis can range between 10—40 %, 20-75 %, and 10-30 %, respectively,
and are greatly dependent on the process operating conditions, mainly process
temperature and pressure, heating rate, and residence time of the vapors. The
biomass feedstock composition and properties (moisture, particle size, or density)
also play an important role in product distribution.

The liquid fraction or bio-oil is a complex mixture of water and diverse organic
compounds. Water (15-30 %) comes from both the original biomass moisture and
devolatilization reactions. A typical composition of the whole bio-oil is (average of
different lignocellulosic biomasses, on a dry basis) [11] 56.7 % C, 6.3 % H,
36.8 % O, and 0.2 % N. The maximum amount of obtainable H, is limited by
both chemical composition and water content of the liquid fraction.

Bio-oil can be easily separated into two distinct phases either by fractionation
(water addition) or centrifugation. The aqueous phase is a complex mixture
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consisting of carboxylic acids, aldehydes and ketones, alcohols, sugars, low molec-
ular weight oligomers, and other more complex carbohydrates. The remaining
fraction that is often referred to as pyrolytic lignin or organic phase contains a
wide variety of high molecular mass lignin-derived compounds.

As a whole, bio-oil from lignocellulosic biomass is acidic in nature (with pH
values between 2 and 4) and contains high amounts of oxygenated compounds.
Both characteristics cause chemical instability over time, causing storage problems
[12]. The high oxygen content confers bio-oil a low energy density compared to that
of petroleum-based fuels. Indeed, it has a heating value of less than half of that of
hydrocarbon fuels [13]. Finally, bio-oil might also have high contents of solid
particles in suspension.

The origin of some of the individual components of bio-oil can be directly
related to the main biomass constituents. For instance, levoglucosan,
glycolaldehyde, and cellobiosan are products of cellulose pyrolysis [14], which
has been extensively studied. Their amounts are significantly influenced by inor-
ganic content, and they can further react to form gases or char depending on the
operational conditions. Lignin pyrolysis has been much less investigated [5]; it
produces mainly phenolic compounds such as guaiacols and syringols [15], and
“pyrolytic lignin,” which is composed of relatively large fractions of the original
lignin.

Biomass charcoal, also named char or biochar, is a carbonaceous solid that
retains part of the original biomass structure and can have a carbon content as
high as 90 % [7]. Lignin from biomass produces comparatively higher yields of
char than cellulose and hemicellulose. Lignin also concentrates mostly in the
original inorganic content of biomass. Its main uses are as activated carbon pre-
cursor and as a fuel. Recent research proposes its use as soil amendment with the
additional benefit of long-term carbon capture [16].

The permanent gases from pyrolysis of biomass are mainly composed of CO and
CO,, but also CHy, H,, and light hydrocarbons. Additionally, H,S or NH; may be
present if the amounts of sulfur or nitrogen in the original biomass are high. The gas
mixture can be burned to provide part of the energy needed to drive the pyrolysis
process or be subjected to catalytic treatment in a one-step process to improve H,
yield, as well as to convert the condensable fraction.

5.2.4 Pyrolysis Reactors

Because bio-oil is an important intermediate in hydrogen production by catalytic
pyrolysis of biomass using multi-step processes, this subsection examines pyrolysis
reactors as they pertain to bio-oil production.

At typical fast pyrolysis conditions (500 °C, hot vapor residence time of ~1 s), a
high yield of up to 75 % bio-oil can be obtained. To achieve these operational
conditions, a fluidized bed is the preferred choice. Other reactors will be briefly
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discussed. A more detailed description of the main features of fast pyrolysis
reactors can be found in the literature [5, 17].

Fluidized bed reactors allow a very good temperature control and heat transfer to
the biomass material, but require careful selection of feedstock particle size distri-
bution. They can be scaled up to maximum throughputs of several tons per hour.
Usually, a bed material is required for enhancing heat transfer and fluidization of
biomass, if needed. The bed material can be kept bubbling or be transported
(circulating fluidized beds) to a secondary reactor where char is burned and hot
bed material is recycled to the fluidized bed. In both cases, an inert fluidizing agent
(such as nitrogen or recycled combustion gases) is needed.

At temperatures between 400 and 650 °C, Fig. 5.3 shows a typical product
distribution of non-catalyzed, fluidized bed pyrolysis of lignocellulosic biomass
[18]. The yield of hydrogen is generally very low and increases with temperature
[19] without reaching a maximum value within this temperature interval. The
addition of catalysts significantly alters these product distributions and may trigger
hydrogen formation at lower temperatures, as well as higher concentrations of the
desired product.

In fluidized bed reactors, a catalyst of adequate physical properties and fluid
dynamic behavior can be continuously added to the bed for hydrogen production.
However, catalyst particles are subjected to high attrition rates in fluidized beds,
and regeneration of the spent catalyst may require char separation. Additionally,
char particles carry-over can cause volatile decomposition, decreasing bio-oil yield.
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Fig. 5.3 Product distribution of poplar pyrolysis vs. temperature (Reprinted with permission from
Bridgwater [17], Copyright © 2011 Elsevier)
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The rotating cone reactor, developed at University of Twente [20], uses centrif-
ugal force to mix hot sand and biomass particles. Rapid heating and small vapor
residence time are achieved. Combustion of char provides the necessary heat for the
process, and no carrier gas is needed. It can be scaled up to several tons per day
[5, 21].

In ablative pyrolysis reactors, biomass is pressed against a hot surface, either in
motion (rotating cylinder, disk or blade) or static (vortex or cyclone reactors). The
main advantages of these systems are the possibilities of processing big biomass
particles, using cold gas carriers, and including a catalyst in the hot surface [5]. Its
applicability to large-scale systems is limited because scaling is a linear function of
heat transfer area [21].

Auger and screw reactors involve mechanically mixing biomass with hot sand
and transporting the mixture inside a cylinder. No carrier gas is needed so that auger
and screw reactors offer good potential for scale-up [21].

5.3 Catalysts

Like any other hydrogen production process, biomass pyrolysis requires the use of
catalysts to produce a hydrogen-rich gas. In fact, the catalyst is considered as a
critical factor in the hydrogen production process from biomass to obtain high
selectivity and high hydrogen purity. Key properties for a catalyst to be used for
hydrogen production are C-C and C-O bond cleavage activity, WGS activity, low
coke formation, resistance to deactivation by poisoning, and thermal and mechan-
ical stability. Properties of the catalyst support are also important: usually it also
presents an intrinsic catalytic activity that can enhance the reforming or act as a
deterrent to coke deposition, which is one of the main drawbacks of the process.

The performance of a catalyst depends on its intrinsic characteristics, such as
active metal nature, metal dispersion, and surface area, but also on the chemical
nature of the compounds to be reformed. Thus, the process is not only influenced by
the biomass being treated, but also by the pyrolysis conditions, as explained in
previous sections. Furthermore, the selected process, one-step or multi-step, and the
reactors, fixed and fluidized beds, have also a significant influence on catalyst
performance.

Regarding the nature of catalysts, one approach is the use of noble metals, which
have a high activity towards hydrogen production and lower selectivity to coke
formation. In Table 5.1, several noble metal catalysts used in pyrolysis-based
hydrogen production are shown. As can be seen, platinum is the most widely
used catalyst of this kind.

However, and due to the scarcity in nature and high prices of noble metals, the
use of transition metals, especially nickel, has also been studied, in spite of their
lower activity and higher tendency to coke deactivation.

Apart from noble metals, the use of several different catalysts such as Na,COs,
K,CO3, CaMgCOs;, La/Al,O3, and Cr,0O3, among others, was reported in a recent
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Table 5.1 Noble metal-based catalysts for hydrogen production

Preparation
Reference Catalysts method Parameters analyzed
Takanabe 0.5 % Pt/ZrO, Wet Activity tests with model compounds,
et al. [22— impregnation | reaction and deactivation mechanisms
24]
Rioche Cordierite Pt, Rh, Pd_ | Incipient wet- | Catalyst screening over different
et al. [25] (1 %)/A1,03 Rh, Pd ness model compounds, reaction
(1 %) /CeZrO, impregnation | temperature
Basagiannis | Pt, Pd (1 %)/Al,03 Wet Catalyst screening, reaction tempera-
and 0.5 % Rh/Al,0O5 impregnation | ture, time on stream
Verykios
[26]
Basagiannis |5 % Ru/15 % Wet Long-term stability tests with model
and MgO/AlL 05 impregnation | compounds and the aqueous fraction,
Verykios reaction temperature, space velocity,
[27] structured forms of the catalyst
Basile Dense Pd/25 % Ag Cold rolling + | Permeation tests of the membrane
et al. [28] membrane diffusion reactor, pressure effect
rolling
Iwasa 1-10 % Pt over Al,O5, | Impregnation | Steam reforming of acetic acid in
et al. [29] Zr0O,, and other over the fixed bed
supports support
Dubey 5 % Pt/C Commercial Acetol aqueous reforming, 623—
et al. [30] (Arora- 773 K in fixed bed
Matthey)

review [31]. ZnCl,- and Ni-based catalysts are mentioned as having more potential
towards maximum gas production. The use of other metals is scarcer in literature,
for instance, Shoja et al. [32] used iron fillings for tar cracking in a dual bed reactor,
at 850 °C.

Ni-based catalysts constitute the most solid alternative approach to noble metals
in the design of suitable catalysts for the steam reforming of bio-oil or its fractions.
The advantages of Ni-based catalysts compared to those based on noble metals are
principally high activity and selectivity towards H, production at a much cheaper
cost. However, Ni-based catalysts are more susceptible to carbon formation [33].

Table 5.2 shows both commercially prepared and laboratory-prepared Ni cata-
lysts. Alumina is the preferred support, although many more materials can be found
in the available literature. A previous reduction of the active metal is not always
used, as the presence of a certain amount of hydrogen in the gas, or its in situ
formation, is enough to reduce the Ni oxides at the reactor temperature.

As concluding remarks, and despite the wide range of materials, preparation
methods, raw materials, and experimental conditions, it is clear that the presence of
an active catalyst and a high temperature (over 1000 K) are needed in order to
obtain a hydrogen yield that can reach around 100 g H,/kg of biomass. Still there is
much work to do on the improvement of on-stream catalyst stability over long
periods of time, on the grounds that the economy of the process will significantly
rely on catalyst performance and durability.
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Table 5.2 Ni-based catalysts for H, or H,-rich gas production from biomass pyrolysis

Reference

Catalysts

Parameters analyzed

Wang et al. [34]

UCI G-90C (15 % Ni/70-76 %
ALO3/5-8 % Ca0)

Reaction temperature, S/C ratio,
residence time, activity tests with
model compounds, reaction
mechanisms

Wang
et al. [35, 36]

Commercial catalysts UCI G-90C,
ICI 25-4M, ICI 46-1, UCI G-90B,
BASF G1-258, ICI 46-4, UCI G91

Catalyst screening, feedstock
screening, reaction temperature, S/C
ratio, residence time, space velocity,
long-term stability tests, regenera-
tion cycles

Marquevich
et al. [37-39]

UCI G-90C, ICI 46-1

Activity and long-term stability tests
with model compounds and with
bio-oil, reaction temperature, S/C
ratio, space velocity, reactor scale

Garcia et al. [33]

UCI G91, ICI 46-1, ICI 46-4, Siid
Chemie C11-NK

Catalyst screening in the steam
reforming of the aqueous fraction of
bio-oil, reaction temperature, S/C
ratio, space velocity

Kechagiopoulos | Siid Chemie C11-NK Activity tests with model com-

et al. [40] pounds and with the aqueous frac-
tion, reaction temperature, S/C ratio,
catalyst regeneration

Davidian Johnson Matthey 4 % Ni/2 % K/car- | Bio-oil cracking activity tests, cata-

et al. [41] rier La,O3-Al,03 lyst regeneration cycles, reaction
mechanism

Waheed and 10 % Ni over calcined dolomite, Pyrolysis + steam reforming of rice

Williams [42]

prepared by wet impregnation on the
calcined support

husk, wheat straw, and bagasse. 51 g
H,/kg biomass obtained at 950 °C
from rice husk

Zhao et al. [43]

Ni over cordierite (monolith)

Rice husk pyrolysis in a rotary kiln
and steam reforming of the resulting
vapors. 65 g Hp/kg obtained at

1123 K

Qinglan
et al. [44]

NiMo/Al,O; commercial catalyst

36 g Hy/kg was produced at 723 K
under nitrogen atmosphere in a
one-step fluidized bed process

Zhang et al. [45]

Ni/AlL,O3, Co/Al,O3, NiCo/ALO;

120 g Hy/kg biomass was obtained
with the bimetallic catalyst at 825 °C

Ansari et al. [46]

Ni-Fe/Al,O;, prepared by impregna-
tion or microemulsion

15 % H, in gas, batch experiments
with bagasse at 850 °C

Liu et al. [47]

9 % Ni over calcined sepiolite, pre-
pared by wet impregnation

Two-step pyrolysis +reforming,
heated by microwave radiation.
100 g Hy/kg biomass (hyacinth)
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5.4 One-Step Processes

In one-step processes of catalytic pyrolysis, the catalyst is located in the same vessel
where pyrolysis occurs. Considering the schematic representation of catalytic
pyrolysis proposed by Garcia et al. [48], both stages, being pyrolysis the first and
the action of catalyst the second, occur in the same reactor.

One-step processes have the advantages of process integration and smaller
equipment costs compared to multi-step processes. Process integration can achieve
some energy savings, as endothermic reactions, such as pyrolysis, occur simulta-
neously with other exothermic reactions such as water-gas-shift reaction. Heating
of pyrolysis products is not required, as it happens, for example, in catalytic steam
reforming of bio-oil, one example of multi-step process. The equipment cost
diminishes because only one reactor is required in the process.

The drawbacks of this alternative are more severe catalyst deactivation and
lower hydrogen content in product gas compared to multi-step processes. Consid-
ering a one-step process with a continuously fed fluidized reactor, high liquid yield
is produced at relatively low temperature and the catalyst must convert/transform it
into gases; as a consequence, more “work” for the catalyst is required [48]. In
contrast, considering a multi-step process with two reactors, where in the first
pyrolysis is being carried out at high temperature, more cracking occurs and less
liquid production is generated (also, liquid conversion by thermal cracking can
occur in the piping between the first and the second step, where catalyst is placed);
as a consequence, less “work” of the catalyst is needed and then less catalyst
deactivation will be observed.

The comparison of one-step process such as catalytic pyrolysis in a continuously
fed fluidized reactor [48, 49] with a multi-step process such as catalytic steam
reforming of bio-oil [50] indicates that lower hydrogen content in product gas is
achieved in one-step catalytic pyrolysis than in catalytic steam reforming of bio-oil.
For instance, the content of hydrogen in product gas was 67 vol.% (nitrogen and
steam free) at 650 °C and 0.042 g catalyst h/g organics in the steam reforming of the
aqueous fraction of bio-oil [50], a multi-step process, while in catalytic pyrolysis of
biomass (pine sawdust), a one-step process, the content at the same temperature was
52 vol.% (nitrogen free) at 0.8 g catalyst h/g biomass [48].

In catalytic pyrolysis, one-step process, the moisture of biomass is involved and
no more water is added; thus water-gas-shift reaction hardly takes place. In spite of
the low content of hydrogen, this process can produce a gas with a H,/CO ratio
useful as synthesis gas for processes such as methanol or Fischer-Tropsch, among
others.

In catalytic steam reforming of bio-oil, multi-step process, water is added and
water-gas-shift reaction converts CO into CO, and H,, increasing the hydrogen
content in product gas. If the purpose is the generation of hydrogen-rich gas in
one-step process, the addition of water is required and then the suitable process is
steam gasification [51].
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Table 5.3 Experimental works of conventional one-step catalytic pyrolysis

L. Garcia et al.

Operating Experimental
Institution conditions installation Catalyst Biomass
University of Waterloo |500-700 °C | Continuous-fed flu- | Ni-Al Poplar
(Canada) atmospheric | idized bed reactor, coprecipitated | sawdust
University of pressure diameter = 25.4 mm, |and Ni-Al with
Zaragoza (Spain) biomass flow rate Mg or K
[49, 53] <32 g/h
University of Zaragoza | 650 and Continuous-fed flu- | Ni-Al Pine
(Spain) [48, 54, 55] 700 °C idized bed reactor, coprecipitated | sawdust
atmospheric | diameter = 25.4 mm,
pressure biomass flow rate
<25 g/h
Karadeniz Technical 501-752 °C | Batch, 1.5 g biomass | ZnCl,, Cotton
University (Turkey) atmospheric K,COs3, and cocoon
[56, 57] pressure Na,CO; shell, tea
(impregnated | factory
biomass) waste, and
olive husks
Delft University of 500, Batch, fixed bed of CaO, FeO, Pine saw-
Technology (The 750, and biomass (70-90 g) + | Al,O3, MnO, dust and rice
Netherlands) [52] 850 °C cracking reactor Cr,03, CuO, straw
and Na,CO;
CIRAD-Foret and 700 °C Batch, 10 g biomass | Ni or Fe Oak
Institute Européen des nitrates sawdust
Membranes (France) (impregnated
[58] biomass)
Tianjin University of 450, Continuous-fed flu- | NiMo/Al,O3 Pine, Alas-
Science &Technology | 500, and idized bed reactor, kan spruce,
and Nanjing University | 590 °C diameter = 25 mm, tropical
of Technology (China) |atmospheric | biomass flow rate = lauan, and
[44] pressure 5g/h rice husks
University of Tehran 850 °C Batch, 1 g biomass Ni-Fe/y-Al,O; | Powdered
and Research Institute | atmospheric | (two beds in the bagasse
of Petroleum Industry | pressure same reactor)

(Iran) [46]

One-step catalytic pyrolysis processes can be divided in two groups: conven-
tional and innovative processes. Table 5.3 presents a summary of experimental
works of conventional one-step catalytic pyrolysis processes, carried out at bench
scale. In this table it can be observed that catalytic pyrolysis is carried out at
atmospheric pressure and temperatures from 450 to 850 °C. There are two different
types of experimental installations. In the first type, a batch of biomass is loaded in
the reactor, being 90 g the highest amount of biomass reported [52]. The second
type uses a continuously fed fluidized bed reactor with a biomass feeding rate lower

than 32 g/h [49].

Chen et al. [52] recommended the use of 30 % weight of catalyst load to
biomass. Also, they found Cr,0Oj3 as the best catalyst with stronger catalytic role
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than other metal oxides. Cr,O3 showed the highest yields to total gas and hydrogen
content in gas in their experiments.

In the work of Ansari et al. [46], the reactor contains two beds in a continuous
downflow. This is considered as one-step process because only one reactor is used.
In the first bed the pyrolysis of bagasse is carried out, and the second bed, below the
first one, contains the catalyst and the catalytic cracking of tar is performed. They
tested Ni-Fe/y-Al,O5 catalysts prepared by two methods: co-impregnation and
microemulsion. Using a microemulsion technique with a water to surfactant ratio
of 1, the average metal particle size was decreased to 3.7 nm. Using this catalyst, the
gas yield increased from 0.397 to 0.758 m’/kg and decreased the tar yield from
0.445 to 0.237 g/g biomass compared to the noncatalytic process, while the heating
value of the product gas remained almost constant (10—11 MJ/m?). This last result is
a consequence of the decrease in C,H,, yield due to catalytic cracking.

Qinglan et al. [44] used a fluidized bed, where the primary decomposition and
secondary reactions occurred simultaneously. The catalyst selected was a commer-
cial NiMo/Al,Oj; catalyst. In their study, four biomasses were tested: pine, Alaskan
spruce, tropical lauan and rice husks. They found similar results in gas yields of the
three woody biomass samples. They attributed this result to their similar composi-
tions. Different results were obtained with rice husks compared to woody biomass.
As an example, H, yield of woody biomass was higher than that of rice husks under
the same operating conditions.

Arauzo et al. employed nickel-based catalysts prepared by coprecipitation in the
laboratory [49, 53]. Some catalysts were modified with magnesium or potassium.
They concluded that the addition of magnesium in the catalyst did improve resis-
tance to attrition but resulted in a minor loss in gasification activity and increased
coke production. The addition of potassium had little effect.

Garcia et al. employed also a Ni-Al coprecipitated catalyst prepared in the
laboratory [48, 54, 59]. They studied the influence of calcination and reduction
conditions on catalyst performance. They concluded that carrying out the catalytic
pyrolysis at 650 and 700 °C, the catalyst calcined at 750 °C can be reduced by H,
and CO generated during the pyrolysis reaction. The catalyst calcined at 850 °C
required more severe reduction conditions to achieve the active phase of the
catalyst. In pyrolysis at 650 °C, the most stable catalyst performance is achieved
using the catalyst calcined at 850 °C and reduced during 1 h with a hydrogen flow
rate of 3080 cm’ (STP)/min. At a reaction temperature of 700 °C, the highest H,
and CO yields are obtained using the catalyst calcined at 750 °C without previous
reduction.

Garcia et al. [48] also studied the influence of catalyst weight/biomass flow rate
(W/mb) ratio on gas production using the Ni-Al coprecipitated catalyst calcined at
750 °C without previous reduction. For W/mb ratios >0.4 h, no significant modi-
fications were observed on the initial yields of different gases, with a gas compo-
sition similar to thermodynamic equilibrium. For W/mb ratios <0.4 h, a simple
first-order kinetic equation has been suggested for H, and CO formation. These
authors analyzed gas yield evolution over time. Figure 5.4 shows the results for an
experiment carried out at 700 °C with a W/mb ratio of 0.31 h. As can be observed,
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Fig. 5.4 Gas yield evolution versus time for an experiment of catalytic pyrolysis. Temperature =
700 °C, W/mb = 0.31 h. Total gas B; H, A; CO O; CO, A; CH, x; C, O (Reprinted with
permission from Garcia et al. [48], Copyright © 1998 American Chemical Society)

total gas and H, and CO yields diminish with experimental time, while CO,, CHy,
and C, yields increase. This evolution is a consequence of the loss of catalyst
activity. The deactivation of the catalyst is mainly caused by the formation of
carbon deposits on the catalyst surface.

In all the mentioned studies, the effect of the catalyst is the same: increasing gas
yield and decreasing liquid yield. Hydrogen yield significantly increases with the
presence of the catalyst. In Table 5.4 some results of gas yields and gas composition
extracted from some experimental works are shown.

The comparison of these results is difficult. The temperatures of catalytic
pyrolysis in the works of Qinglan et al. [44] and Garcia et al. [48] are different,
although both studies were performed in an experimental installation with a fluid-
ized bed reactor. Moreover, the catalysts are different. For both studies the maxi-
mum hydrogen content showed in Table 5.4 is around 52 vol.%. For a batch
installation [58] a smaller hydrogen content was obtained, 28.7 vol.%.

It is worth mentioning that gas yield can be as high as 0.9 g gas/g biomass, for
temperatures of 650 and 700 °C obtained in the work of Garcia et al. [48]. The time
for these experiments was 49 and 181 min at 650 and 700 °C, respectively, which
correspond to 20.4 and 50.6 g biomass fed in, respectively.

The use of a different approach to carry out the pyrolysis of biomass in
innovative processes such as the use of a molten alkali reactor or a microwave
plasma deserves also to be mentioned.

Jiang et al. [60] studied six biomass feedstocks (fir sawdust, birch sawdust,
redwood sawdust, rice stalk, cole stalk, and rice husks) in a stainless steel reactor
with about 700 g of molten alkali (NaOH) at temperatures from 350 to 550 °C. The
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Table 5.4 Product distribution and gas composition in noncatalytic pyrolysis and conventional
one-step catalytic pyrolysis

Bru
Garcia et al. [48] Qinglan et al. [44] et al. [58]
650 700 590 700

Temperature (°C) fluidized fluidized fluidized fluidized
experimental installation bed bed bed bed 700 batch
Noncatalytic product yields (g/g biomass)
Gas 0.338 0.496 0.161 0.343 0.280
Liquid 0.506 0.388 — — 0.449
Char 0.038 0.036 — — 0.217
Gas composition (% vol.)
H, 16.9 18.8 29.4 30.6 12.5
CcO 554 55.6 43.5 46.4 46.8
CO, 12.6 9.7 10.9 6.5 27.3
CH,4 10.6 10.6 11.3 10.0 13.4
C, 4.5 54 4.9 6.5 —
Catalytic product yields (g/g biomass)
Gas 0.909 0.916 0.541 0.358
Liquid 0.091 0.031 — 0.379
Char 0.058 0.069 — 0.219
Gas composition (% vol.)
H, 52.1 474 52.9 28.7
CO 40.5 46.1 33.7 35.5
CO, 53 3.0 8.7 28.6
CH,4 2.1 2.4 3.8 7.2
C, 0 1.1 0.9 -

product gas only contained hydrogen and methane. Redwood sawdust was the
biomass with the highest H, yield (65.4 g Hy/kg biomass at 450 °C). The increase
of temperature caused the increase in H, yield with values from 30.7 to 66.5 g H,/kg
biomass at 350 and 550 °C, respectively, using rice stalk as feed. The introduction
of additives, especially NiCl,, led to increased H, yields. H, content in pyrolysis
gas was higher than 80 % in most of the studied conditions.

Microwave plasma reactor was used in the study of Spirulina algae pyrolysis by
Lin et al. [61]. The pyrolysis was carried out at temperatures of 790, 820, and
848 °C and at atmospheric pressure. 1 g of biomass was loaded in a quartz tube.
Although no catalyst was used, significant content of H, in product gas and high H,
yield were obtained, with values of 45 vol.% and 31.5 g H,/kg biomass, respec-
tively, at 848 °C.

Figure 5.5 shows H, yield generated in some one-step pyrolysis processes, both
conventional and innovative. It is generated the highest yield of H, in molten alkali
(NaOH-NiCl,) with a value of 67 g Hy/kg biomass [60].
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Fig. 5.5 Hydrogen yield generated in one-step pyrolysis processes

5.5 Multi-step Processes

The present section aims at presenting an overview of the different multi-step
approaches that have been proposed regarding hydrogen production from catalytic
pyrolysis of biomass.

A scheme of the different multi-step routes that lead to hydrogen from catalytic
pyrolysis of biomass is presented in Fig. 5.6.

As can be seen, after the pyrolysis stage, three main alternatives have been
proposed by various research groups in the literature, which ultimately can be
divided into two: catalytic reforming of bio-oil, fractions of it or from its resulting
products after a preliminary thermal processing of the bio-oil (pre-reforming), and
direct catalytic cracking of the bio-oil. In all these cases, different reactor config-
urations and designs have been proposed in addition to the significant efforts made
by many researchers for developing suitable catalysts for these processes, as
previously discussed in this chapter.

All these routes necessarily require a downstream gas conditioning step if high-
purity hydrogen is sought. Conventional hydrogen purification processes include
further processing downstream of the hydrogen-rich product gas in catalytic water-
gas-shift (WGS) reactors [62] and use of hydrogen-selective membranes [63] or
pressure-swing adsorption (PSA) equipment [64, 65], among others.
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Fig. 5.6 Scheme of multi-step pyrolysis processes for H, production

5.5.1 Catalytic Steam Reforming of Bio-0il

The first studies on hydrogen production from multi-step processes involving
biomass pyrolysis were pioneered in 1993 by the National Renewable Energy
Laboratory (Colorado, USA) [66, 67]. The strategy proposed by the research
group led by Chornet is the catalytic steam reforming of the liquid pyrolysis
products or its fractions. A separation of the bio-oil into two phases by water
addition was used. The lignin-derived fraction would be devoted to the production
of value-added chemicals, benefitting from a high content in phenolic compounds,
whereas the carbohydrate-rich aqueous fraction would be subjected to catalytic
steam reforming in a process similar to that employed in the production of hydrogen
by catalytic steam reforming of natural gas and naphthas [35, 68].

The initial works of this group [34-36] preliminarily explored this process by
means of thermodynamic analyses and also conducting experimental tests in a
laboratory scale, using a dual fixed-bed quartz microreactor system coupled to a
molecular beam mass spectrometer (MBMS). A detailed description of the setup
can be found, for example, in the work of Wang and co-workers [34], where the
possible reaction mechanisms for producing hydrogen were discussed in depth after
conducting the steam reforming of bio-oil model compounds (acetic acid and
hydroxyacetaldehyde). Further on, a catalytic fixed-bed reactor setup at bench
scale was used in the catalytic steam reforming tests using the aqueous fraction
of poplar bio-oil produced at NREL [36]. Screening of catalysts, feedstocks, and
operating conditions was initially conducted with different oxygenates used as
model compounds [35], representative of the complex composition of bio-oils,
and subsequently extended to the aqueous fraction of bio-oil [36]. Both commercial
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and research Ni-based catalysts were tested, along with a commercial
low-temperature shift conversion Cu-based catalyst [35].

In that work, two possible alternatives for hydrogen production from biomass
pyrolysis oil were proposed: a regionalized system consisting of small- to medium-
scale pyrolysis units coupled to a centralized large-scale catalytic reforming unit, in
which the fractionation step would be carried out and subsequently the aqueous
fraction of bio-oil would be processed for producing hydrogen. The other envisaged
possibility was an integrated system consisting of larger processing plants in which
biomass would be directly converted to hydrogen having all the necessary steps:
pyrolysis reactor coupled to a catalytic reformer in which pyrolysis vapors would
yield hydrogen via steam reforming. Given the intrinsic characteristics of biomass
(low energy content, dispersed localization of the feedstock, etc.), from the feasi-
bility analysis carried out, it was concluded that the first alternative was more
adequate for producing hydrogen from biomass pyrolysis.

Later on, Czernik et al. [68] proposed a different configuration for the catalytic
steam reforming reactor, as a result of the major problem encountered in their
previous works, which is catalyst deactivation caused by the formation of carbo-
naceous deposits. Thus, it was proposed that a fluidized bed reactor could be a more
appropriate configuration for the catalytic reformer. As a result, that work and the
subsequent works of this group [69-71] focused on the development of suitable
catalysts for steam reforming of oxygenates using both a microscale fixed-bed
reactor configuration and a 2-in.-diameter fluidized bed reactor setup. A different
approach for hydrogen production via distributed bio-oil reforming was further
followed by this group, which will be discussed in depth later.

Following the approach of catalytic steam reforming of bio-oil or fractions of it,
different research groups have also explored this route ever since. Universidad de
Zaragoza (Zaragoza, Spain) worked on the development of suitable catalysts for the
process using different process configurations as a result of collaborations with
NREL [33].

Afterwards, the research conducted by Universidad de Zaragoza focused on the
development of Ni-based catalysts using both a small bench-scale fixed-bed unit
[50, 72-76] and a bench-scale fluidized bed setup [76—82]. The fluidized bed setup
included a feeding system consisting of a quartz coaxial injection nozzle made of
four concentric tubes which helped feeding the liquid feed in the form of spray
while avoiding clogging as a result of the refrigeration supplied by the external
cooling jacket formed by the outer tubes.

These studies aimed at the development of catalysts with good activity and
selectivity to hydrogen, as well as resistant to deactivation by coke deposition and
to attrition. The effect of the Ni content on the carbon conversion to gas and the
product gas yields, especially H,, was studied. Furthermore, the incorporation of
modifiers to the catalysts was also explored in various works in order to, on the one
hand, decrease the formation of carbonaceous deposits on the catalyst surface and,
on the other hand, increase the mechanical resistance of the catalysts, thus devel-
oping more stable catalysts that ultimately could be used in the fluidized bed reactor
during longer operation times. Other works can be found in the literature aiming at
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the development of suitable catalysts using fixed-bed reactors, both with model
compounds [22, 25, 26, 83—86] and with bio-oil or fractions of it [22, 25, 27, 87—
91]. Li et al. [92] conducted the catalytic steam reforming of the aqueous fraction of
bio-oil using various Ni-based and dolomite catalysts in a stainless steel lab-scale
fluidized bed reactor. A similar approach was followed by Xu et al. [93] using
sieved particles obtained from a milled commercial NiO/MgO catalyst for the
steam reforming of bio-oil from rice husk. Panigrahi et al. at the University of
Saskatchewan also conducted steam gasification of bio-oil aiming at hydrogen
production in an Inconel tubular reactor containing a noncatalytic fixed bed
[94]. The reaction bed was composed of quartz chips, but the possible catalytic
wall effect provoked by the presence of active metals such as Ni, Cr, Fe, or Mn in
the Inconel alloy was not discussed.

Other alternative configuration is that proposed by the University of
Thessaloniki and the Centre for Research and Technology Hellas (CERTH) from
Greece. The production of hydrogen was investigated in a spouted bed reactor at a
pilot scale [95, 96]. The reactor was made of stainless steel and has two differen-
tiated parts: an inverted conical base followed by a 0.05-m inner diameter cylin-
drical part. The main advantage of such reactor configuration compared to others is
related to the efficient heat recirculation caused by the particular solids dynamics in
the spouted bed reactor. On the negative side, spouted bed reactors, similarly to
what occurs in fluidized bed configurations, present significant catalyst losses as a
result of attrition, which compromises the scale-up and development of such
processes at full scale.

These authors explored the steam reforming of model compounds and of the
aqueous fraction of bio-oil at atmospheric pressure, varying the usual operating
process parameters and also studying the addition of small amounts of oxygen
(temperature, steam to carbon molar ratio, and oxygen to carbon ratio). Different
catalysts were tested, both commercial and other Ni based prepared over various
supports. The authors reported good results in terms of limiting the formation of
carbonaceous deposits as a result of the type of reactor used, while particularly a
Ni/olivine catalyst presented an adequate mechanical resistance to attrition and
yielded the most promising results using model compounds. However, the results of
the catalytic steam reforming tests using the aqueous fraction of pine bio-oil
reflected a low reforming activity and, subsequently, low hydrogen yields.

The University of Twente (Netherlands) also developed an interesting proof of
concept for hydrogen production from catalytic pyrolysis of biomass
[97, 98]. Instead of bio-oil fractionation followed by catalytic steam reforming,
the group led by Van Swaaij proposed a different approach, aiming at an industrial
development of hydrogen production from bio-oil. A two-stage reactor concept
consisting of a sand fluidized bed and a catalytic fixed bed was developed. The
proposed alternative aimed at overcoming two main problems. On the one hand,
large-scale fixed-bed reactors would require a high heat supply at the entrance of
the reactor, which could result in a significantly lowered temperature at that point.
On the other hand, decoupling of the evaporation, primary pyrolysis oil conversion,
and gas conditioning enabled to diminish significantly the catalyst deactivation by
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deposition of coke on the catalyst surface, since the preliminary cracking of
organics from the bio-oil upon heating took place in the inert bed of the fluidized
reactor, and simpler molecules could be reformed in the catalytic fixed bed. This
also made it unnecessary to develop catalysts with increased mechanical strength.

The two-stage reactor was also proposed by Wu et al. [99], though in this case,
both primary and secondary reformers were two catalytic fixed-bed reactors made
of stainless steel. The concept proposed by the authors aimed at preserving the
steam reforming catalyst operating lifetime by including a low-cost primary
reforming catalyst (olivine) that could prevent the Ni-based catalyst in the second-
ary reformer from rapid deactivation by coke formation. Kan et al. [100] also
proposed a dual fixed-bed configuration with two reaction beds in a tubular quartz
reactor at lab scale, though in this case the first reaction bed contained quartz sand,
thus serving for the vaporization and cracking of the crude bio-oil, and in a second
catalytic bed, containing a NiCuZnAl catalyst, steam reforming of the bio-oil
vapors took place. More recently, researchers from the University of the Basque
Country (Spain) have also explored this approach [101, 102], by using a two-reactor
configuration composed of a fixed-bed pre-reformer (thermal step) containing an
inert filler (e.g., glass spheres) operating at low temperature (between 200 and
400 °C) and a catalytic fluidized bed reactor for the steam reforming of the bio-oil
vapors using Ni-based catalysts.

Another interesting possibility is the cyclic operation of the catalytic fixed-bed
reactor by means of developing a chemical looping steam reforming process
[103]. This cyclic approach is similar to that initially proposed by the group of
Mirodatos for catalytic cracking of the crude bio-oil [41], which will be further
discussed. The authors claimed that it is possible to use a Ni-based steam reforming
catalyst as an oxygen transfer material operating in a series of cycles of reduction/
oxidation. The bio-oil would be steam reformed during the reduction step, in which
the catalyst could be reduced during the beginning of the step and afterwards the
catalyst could be regenerated in the oxidation step by burning off the carbonaceous
deposits formed on the catalyst surface.

Other reactor configurations include a Y-shaped dual catalytic reactor proposed
by Hu and Lu that aimed at combining steam reforming of bio-oil and dry reforming
of bio-oil using CO, [104]. In one branch of the Y-shaped reactor, there is a
catalytic fixed-bed reactor (catalytic bed I), in which steam reforming of bio-oil
takes place (partial oxidation and oxidative steam reforming are suggested as
alternative processes that could take place in this catalytic fixed bed with the
pertinent selection of catalysts and reactants). In the second branch acting as
inlet, another portion of the bio-oil would directly be fed into the reactor for
conducting catalytic dry reforming using the CO, from the product gas stream
coming out of the catalytic bed I. The catalytic dry reforming takes place in the last
section of the reactor, where a second catalytic fixed bed (catalytic bed I is placed.
Rather than focusing on the production of hydrogen, the goal is to produce syngas,
though by varying the process conditions the syngas could have different H,/CO
molar ratios.
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From an industrial point of view, the most adequate configuration for the bio-oil
steam reforming unit is probably that following a similar approach to what the
University of Twente proposed. Thus, the industrial unit should have a pre-reformer
plus a main catalytic steam reformer, since it would be more flexible in terms of
admitting various feedstocks, would mitigate the catalyst deactivation by carbon
formation, and could have a better energy efficiency, while benefiting at the same
time from a smaller size of the main reformer [105]. This could enhance the
economic viability of the process. Trane et al. [105] proposed a simple flow sheet
of a two-reactor industrial plant for the steam reforming of bio-oil in which the
production of hydrogen takes place in three steps: a low-temperature steam
reforming reactor (pre-reformer), a high-temperature reformer, and a
low-temperature shift reactor. An optional downstream desulfurization reactor
was proposed in two possible locations: after the pre-reformer or right after the
water-gas-shift reactor.

5.5.2 Catalytic Cracking of Bio-0Oil

A different approach was proposed by the group of Mirodatos from the Catalysis
Research Institute in France [41, 106, 107]. The group proposed an alternative
strategy, which is to control the carbon deposition during a cracking step and to
frequently regenerate the catalyst, in resemblance to the catalytic cracking of
methane for hydrogen production. Therefore, the continuous hydrogen production
process requires at least two (or more) parallel reactors. In one reactor the catalytic
cracking reaction producing hydrogen is taking place, while on the other reactor,
the coke is gasified or burned in order to restore the catalytic activity, periodically
switching the cracking/regeneration cycle in each reactor. Thus, this approach is
claimed to operate in autothermic regime, with the combustion of the coke during
the regeneration step in one of the reactors supplying the necessary heat for the
cracking hydrogen production step in the other reactor.

This group designed a double-walled stainless steel tubular reactor at laboratory
bench scale that had an external cooling jacket using water as refrigerant in order to
inject bio-oil at temperatures below 50 °C, thus avoiding undesired polymerization
of bio-oil and clogging of the reactor. Bio-oil without any further addition of water
was injected by means of a syringe pump through a capillary located on top of the
catalytic fixed-bed reactor.

Recently, the research team led by Czernik at the National Renewable Energy
Laboratory (USA) has proposed a different strategy, which is based on distributed
bio-oil reforming aiming at developing an integrated system that will provide
distributed production of hydrogen [108]. The project tackles the challenge of
hydrogen production in a dispersed manner by converting bio-oil to H, at a targeted
total dispensed hydrogen cost between 2 and 4 US$/kg of H, (produced, delivered,
and dispensed, but untaxed). The rationale of the work lies on the much easier
transportation of liquid bio-oil to scattered points in which H, may be required (e.g.,
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fueling stations), which could be delivered and stored in order to be processed into
hydrogen in the vicinity of the demanding points.

The proof of concept aims at developing a compact, low-capital cost and little-
to-none maintenance process. The proposed schematic flow diagram comprises a
multi-step approach, in which bio-oil (blended with an alcohol, such as methanol,
so as to control the physical and chemical properties of the liquid, namely, viscos-
ity) is firstly volatilized using ultrasonic atomization in a nozzle evaporator oper-
ating at temperatures around 400 °C. The vapors would flow through a hot filter at
operating temperatures between 400 and 600 °C in order to collect solid char
formed during the volatilization process. The next step includes a catalytic partial
oxidation/steam reforming packed-bed reactor operating at 800-850 °C in auto-
thermal regime (by adding small amounts of air that will burn part of the feed and
thus provide the necessary heat for maintaining the process in autothermal regime).
The catalyst would either be a Ni-based or a Pt-based. The authors claim that the
best results to date have been obtained in preliminary tests in a bench-scale reactor
system using the latter (a Pt-based commercial catalyst supplied by BASF). The
other elements from the system include a third step consisting of a catalytic WGS
packed-bed reactor operating at 350 °C and further separation and purification of
hydrogen from the product gas stream by means of an electrochemical separator.

5.5.3 Other Approaches

The production of hydrogen by means of aqueous phase catalytic reforming of
bio-oil was explored by the University of Massachusetts [109]. The concept of
aqueous phase reforming of biomass oxygenates derives from the preliminary
studies on hydrogen production by biomass supercritical water gasification devel-
oped by the research group led by Antal [110]. Later on, the research group led by
Dumesic at the University of Wisconsin extensively developed the concept of
catalytic reforming of oxygenates in liquid phase [111-113].

The idea is to conduct the catalytic reforming in liquid medium by using
moderate pressures, typically in the range of 1500-5000 kPa, and thus diminishing
the reforming temperature to values around 500 K. The tubular reactor has an
upflow packed catalytic bed configuration and is made of stainless steel due to the
pressurized conditions. A gas-liquid separator is necessary in order to obtain the
H,-rich product gas. In the work of the research group led by Huber [109], a diluted
aqueous fraction of bio-oil (a concentration of around 4-5 % of bio-oil in the
solution) was subjected to aqueous phase reforming for producing hydrogen over
a 1 wt.% Pt/Al,O5 catalyst, with mixed results. The authors reported low conver-
sions, but high hydrogen selectivity. A process flow diagram for the development of
a bio-oil aqueous phase reforming process was proposed in the PhD thesis devel-
oped by Vispute [114].

Other alternative concepts deal with alternative means for supplying the neces-
sary heat for the reforming reactions, namely, by using an annular Ni-Cr electric
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wire through which an alternative electric current passes [100, 115] or use of
microwave power [47].

5.6 Concluding Remarks and Future Outlook

There are many research works that have studied hydrogen production from
catalytic biomass pyrolysis.

Of the two approaches for producing hydrogen from pyrolysis of biomass, the
multi-step can benefit from the economy of scale, as lignocellulosic biomass is a
naturally dispersed resource, and transporting bio-oil to a central reforming unit, of
bigger size, could be economically more favorable. Thus, bio-oil is the most
important intermediate in the multi-step processes of catalytic biomass pyrolysis.

Catalysts are a key point in the process, and due to the heterogeneity of biomass
available and the different processes, at this moment it has to be tailor-designed for
each application. Research in new processes and new catalyst formulations is
required to solve the inconveniences of catalyst deactivation, although studies are
already being carried out in this direction.

There is lack of economy and energy analyses that can help to spur research and
focus efforts on industrial application. Hydrogen is an important raw gas with
application both in chemical synthesis and as a fuel in high efficiency systems
such as fuel cells. The depletion of oil will increase even more the interest in
hydrogen from renewable sources with pilot or demonstration scale plants probably
becoming feasible as the price of oil rises.
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Chapter 6
Low Carbon Production of Hydrogen
by Methane Decarbonization

Alberto Abanades

Abstract Hydrogen is one of the energy vectors that is proposed to have an important
role in the future. The implementation of the called “hydrogen economy” is a
challenge that requires the development of sustainable production technologies for
hydrogen. Such technologies are intended to be fed by renewable energy sources such
as solar, wind, or biomass. Hydrogen generation from wind and solar photovoltaic
cells will be done via water electrolysis. Direct thermal energy sources such as solar
thermal are expected to use thermochemical methods, either from water or hydrocar-
bons as the main raw material. Biomass can be used in this context in two ways: as raw
material, through the production of syngas or bio-methane to produce hydrogen by
thermochemical processes, and as an electricity producer to generate hydrogen via
electrolysis. In this chapter, techniques for hydrocarbon decarbonization will be
discussed. The general chemical description of methane pyrolysis will be the starting
point to describe concepts for its implementation, mainly applying solar technology.
Other alternatives, such as the use bio-methane as raw material and the integration of
methane pyrolysis with ammonia production or biofuel synthesis will be discussed.
The scientific viability of methane decarbonization has been tested and proven, but
viable industrial implementation of the technology still remains. The status of the
implementation of this technology on an industrial scale will be discussed analyzing
its main technological showstoppers and their potential solutions.

Keywords Low carbon hydrogen production ¢ Methane decarbonization ¢

Methane decomposition * Hydrogen from hydrocarbon

6.1 Introduction

The development of a sustainable energy system is one of the most critical
problems that humankind envisages. One of the objectives for such a system is
based on the reduction or elimination of the greenhouse gas emissions. The
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environmental impact of the anthropogenic activity is affecting the natural balance
of many ecosystems in the earth. The atmosphere, which has a paramount impor-
tance in the global energy balance of our planet, is being exposed to a modification
of its greenhouse gases content (CO,, methane, etc.) due to the combustion of fossil
fuels and other industrial processes. Fossil fuels are limited and their use certainly
will come to an end. The complete consumption of those available resources will
produce huge amounts of greenhouse gases that will dramatically affect the atmo-
spheric environment and produce dramatic changes in the ecosystem.

The deployment of a low-carbon energy system, with the aim of null greenhouse
gases emissions (in particular CO,), is a basic target of the global energy policy,
which should be made compatible with the economic and social development.
Some ideas are considered to achieve this goal in the future. The development of
renewable energies, as the case of biomass, solar, and wind, as main primary energy
sources is a step forward toward sustainability, the increase of the energy efficiency
is also one of the pillars, but one of the most important facts would be the change in
the energy vectors that could make transition to a CO,-free energy utilization
scheme possible, in which current fuels could be substituted by clean liquid fuels,
electricity, or hydrogen.

The hydrogen economy, in which hydrogen becomes one of the basic energy
vectors, requires the development of technologies that can produce large quantities of
hydrogen from any source available in nature, for instance, from water or any other
hydrogenated molecule as hydrocarbons. At present, available hydrogen production
technologies are mainly fossil fuel reforming and gasification, water electrolysis,
biomass fermentation, and thermochemical cycles. In particular, methane steam
reforming, naphtha/oil reforming, and coal gasification are nowadays the main source
of hydrogen because of their economics and their technological maturity. Neverthe-
less, those methods imply the transformation of carbon contained in the fossil raw
material into carbon dioxide, contributing to greenhouse gas emissions. Their appli-
cation in the framework of a low-carbon energy system requires their use with carbon
capture and sequestration (CCS) techniques, which will become a handicap for their
economic viability in the future. Other hydrogen production processes based on
electrolysis, which are very mature from the technological point of view, depend
on the cost of the technology for the non-fossil electricity input (wind, photovoltaic,
solar thermal, geothermal) and its development.

A CO,-free scheme for the transformation of hydrocarbons into hydrogen is of
great interest, not only for its application to fossil resources but also for hydroge-
nated organic renewable sources. One of the sound alternatives is hydrocarbon
decarbonization. The first conceptual proposals and experimental activities for the
development of these techniques have been completed for methane, which is the
main component of the natural gas and biogas and the hydrocarbon with the highest
hydrogen to carbon ratio.

The basic reaction in the methane decarbonization process is

CH; — C+2H, (Ahy=74.85 kJ/mol) (6.1)
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The main characteristic of this process is the absence of oxygen, which eliminates
CO,/CO by-products, making the process very suitable to produce hydrogen for
fuel cell supply. There have been tested several techniques to achieve reaction (6.1),
as direct thermal methane cracking (TMC) or catalytic methane decarbonization
(CMD) that will be described in the next sections.

6.2 Socioeconomic Benefits of Methane Decarbonization

The evaluation of the cost/benefits of technological developments is one of the
main preliminary tasks that should be done to assess their impact in the long term.
This is particularly relevant in the energy sector, which is facing the challenge to
reduce environmental impact and provide secure, stabile, and sustainable energy
resources. Socioeconomic analysis of an existing or new process is based on its
technical performance and its broader environmental, economical, and social
effects.

In the particular case of methane decarbonization, the socioeconomic analysis
may be done from different aspects: resource availability and environmental, social,
economic, and political impacts, even if there is clear interrelation between them.

Natural gas and biogas are called to play a fundamental role in the medium term
in the global energy system. Natural gas conventional reserves, and lately uncon-
ventional resources, will be one of the pillars to satisfy the energy demand. For
instance, the World Energy Outlook [1] estimates that 25 % of the primary energy
in 2035 will come from natural gas in sectors like energy production, transportation,
industry, and petrochemicals. The use the available natural gas resources in an “as
business as usual” scenario will lead to the emission of huge amounts of carbon
dioxide into the atmosphere. In fact, such emissions can imply an increase in the
atmospheric temperature beyond the limits considered acceptable by the IPCC
(Intergovernmental Panel for the Climate Change) of the United Nations [2]. Obvi-
ously, the utilization of fossil fuel will drive to their exhaustion as it is a finite
resource, but they will be needed in the first steps to the transition toward a future
sustainable low-carbon energy system, in which they should be substituted by
renewable energy sources.

Low-carbon alternatives to fossils will be the focus in the reduction of the effects
of CO, emissions with the development of technologies to capture and sequestra-
tion (CCS) or utilize (CCU) such combustion products so as to avoid CO, accu-
mulation in the atmosphere. With those technologies, the carbon (C/CO,) is taken
from the fossils on the earth and isolated or reused, increasing the amount of carbon
in an anthropogenic cycle (production of new fuels or into CO, reservoirs). The
case of bio-methane, for instance, will imply a cycle in which a constant amount of
C/CO, is being recycled through biological absorption of CO, and its human
production for energy production.

The philosophy behind methane decarbonization is that the carbon in the meth-
ane molecule is extracted before its oxidation. The result is a C/CO, cycle in which
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the carbon is reduced or maintained, without passing from the earth to the atmo-
spheric cycle. In the case of using bio-methane methane decarbonization, the net
carbon dioxide in the atmosphere may be reduced or applied to cycles containing
CO, as, for instance, biodiesel production without increasing the long-term carbon
inventory.

In the long-term sustainable future, a pillar of an energy system without CO,
emission might be the development of the hydrogen economy, in which no carbon
is involved. Several processes are available or under study to produce hydrogen.
Many of them intend to treat hydrogenated materials, as biomass hydrocarbons and
water, to obtain hydrogen with electrolysis, fermentation, or other thermochemical
processes. Those processes are certainly of great interest and many of them will be
part of the technological portfolio of the hydrogen economy in the future. Never-
theless, they have to face enormous scientific, technological, and economic chal-
lenges to achieve viability. The fact is that 95 % of the current hydrogen production
worldwide comes from natural gas and oil/naphtha steam reforming and coal
gasification [3].

The production of hydrogen by available techniques is a must to develop its
utilization technology. Without the development and future availability of hydro-
gen applications and machines, there will be no hydrogen demand and the existence
of hydrogen production methods will not be practical. Therefore, the development
of the hydrogen economy needs the current contribution of the fossil fuels to
provide the hydrogen for the development of its end-use technologies. The produc-
tion of hydrogen by low-carbon methods, such as fossil reforming and gasification
with carbon capture, or fossil decarbonization will help to mitigate the greenhouse
gases emissions that could be produced during this transition phase.

The main reason for the current massive utilization of fossil steam reforming and
gasification is its competitive cost with respect to other mature technologies, such
as electrolysis. Nowadays, natural gas is the preferred raw material for hydrogen
production, but this may change in the future, as the availability and competitive
market price of coal will imply the substitution of natural gas by coal in industrial
processes, or in ammonia production due to mobility. The result could be an
increase in the global greenhouse gas emissions in the medium term from hydrogen
production.

The development of cost-effective and low-emission technologies for hydrogen
production such as methane decarbonization will have a positive economic and
environmental impact as it can make available a technology that could change the
described tendency. The cost estimates of methane decarbonization will be
discussed in another section of this chapter. In Table 6.1, a comparison between
methane steam reforming, coal gasification, and methane decarbonization is shown.

From the theoretical analysis of those technologies, it can be seen that the
production of 100 Mtoe (millions tonnes of oil equivalent) of hydrogen may
produce 103.8 Mton (millions metric tonnes) of carbon, avoiding the production
of 255.18 Mton (million metric tonnes) CO, with steam methane reforming (SMR),
or 626.85 Mton CO, in comparison with coal gasification. Moreover, the density of
supercritical CO, is 0.47 kg/m>. Using such a value as a reference for its storage or
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sequestration in liquid form, it can be estimated that if the production of 100 Mtoe
of hydrogen via steam reforming is integrated with CCS (carbon capture and
sequestration) processes, the volume of CO,, which would require an appropriate
storage system, should be on the order of 0.54 billion (10°) of cubic meters (bcm) in
contrast to the 0.054 bcm that would be needed to store carbon (approx. density
1.9 kg/m®) produced via the methane-cracking process. The volume difference
would amount to a factor of 10, which arises from the difference in density (approx.
4) and mass (2.47) between carbon and CO,_

6.3 Methane Pyrolysis Reaction

Methane is a chemically stable molecule in which a considerable research effort has
been devoted to due to its abundance in nature and its vast range of practical
applications as a raw material in industrial processes or as an energy carrier. The
characterization of the methane pyrolysis reaction has been extensively studied.
The thermal dissociation of methane is an endothermic reaction that has previously
described as CH, — C (solid) + H, (gas). Such a reaction is initiated forming a free
radical of the form:

CH4 — CH3* + H* (6.2)

This reaction has the highest activation energy and dominates the kinetics of the
overall reaction. It is followed by the formation of gaseous products via a chain
mechanism of the form:

2(CH3’l< + H*) — C,H¢ + H, — C,H4 + 2H, — C,H, + 3H,
— 2C + 4H, (6.3)

The activation of the methane molecule to initiate methane cracking requires the
splitting of the strong C-H bonds (dissociation energy: 104 kcal/mol). This fact
implies the need of high temperatures for this endothermic reaction in spite of any
catalyst that could weaken this bond. From theoretical thermodynamic analysis, the
Gibbs energy of the methane-cracking reaction has been reported as

J
AG° <mo]> = 8,9658.88 — 102.27 - T(K) — 0.00428 - T(K)?

249,9358.99
- (6.4)
T(K)

When the Gibbs energy of the reaction equals zero, the temperature conditions to
develop the reaction take place. According to this expression, around 819 K
(545 °C), the reaction will theoretically start to develop. The presence of additional
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components in the reaction, such as a catalyst, can reduce this temperature, as they
will reduce the required activation energy to break the C-H bonds.

An additional evaluation of the thermodynamic equilibrium of the methane-
cracking reaction obtained with the Cantera library [6] is represented versus
temperature in Fig. 6.1, showing how around 1200 °C, the full conversion of
methane into hydrogen is theoretically feasible. Nevertheless, the full conversion
in a practical device or experimental mock-up strongly depends on the kinetics of
the reaction. The understanding of the kinetics is already an open issue.

Most kinetic analyses of the methane-cracking reaction have a first-order kinet-
ics with an Arrhenius model of the type:

E,
K(T) = ko -exp( 7 T> (6.5)

The kq corresponds to a pre-exponential factor, and E,, is the activation energy.
From the work of several authors with different types of reactors and temperatures,
those parameters have been ranged experimentally from 10' to 10'® for the case of
the pre-exponential factor and between 330 and 450 kJ/mol for the activation
energy without catalyst [7—15].

Evaluation of several options to catalyze the methane decarbonization has been
made in some studies. Their main challenge is the improvement of the reaction
kinetics so that it is viable to implement a methane-cracking process at tempera-
tures below 1000 °C.

Metallic catalysts have been studied very intensively for methane catalytic
decarbonization (MCD) with Ni, Pt, Co, Pd, or Cu as base materials in several
supports [16]. In general, Ni-based catalysts give better results, and the carbon
formation and diffusion into nickel become an important issue to understand the
growth of the filamentous carbon formation, whose balance with the carbon pro-
duction by methane gasification determines the deactivation of the catalyst by
carbon saturation and coke formation at its surface. Some examples of the activity
of some metallic catalysts are shown in the Table 6.2, obtained from several
research works in the field, showing the maximum conversion achieved and the
reaction temperature.

The possibility of using carbonaceous materials as catalyst for the reaction has
been studied by several researchers. This fact has clear interest, as it might be
possible the autocatalysis of the reaction, using self-produced materials for the
enhancement of the reaction. Table 6.3 reports some data provided by Mudarov
et al. [26] that constitutes a good summary of the initial catalytic activity (Ky) of
carbonaceous materials. Among the main carbonaceous catalyst, activated carbon
(AC) and carbon black (CB) are the most interesting. A higher catalytic initial
activity corresponds to higher initial surface area.

The deactivation of carbonaceous materials is connected to the growing of
carbon aggregates in the surface of the catalyst, reducing its surface area. Some
analysis has been done to evaluate the behavior of this catalyst with time. The group



156 A. Abanades

o

© -
<
<

\
\

N

Hydrogen fraction
O o o 9o S
N w S (6]

o
A\

o

500 600 700 800 900 1000 1100 1200 1300
Temperature (°C)

Fig. 6.1 Conversion rate at the thermodynamic equilibrium of the methane-cracking reaction

Table 6.2 Examples of metallic catalysts for methane decarbonization with carbon yields and
conversions (Conv.) for the given temperatures (")

Catalyst T (°C) | Conv. (%) | Carbon yield (g C/g catalyst) | Ref
2Ni-1Cu-1Al (atomic) 750 70 191 g C/g Ni [19]
15Ni-3Cu-2Al (atomic) 690 60 465 g C/g Ni [19]
23Ni-77La05 (w%) 700 75 78.2 g C/g Ni [21]
50Fe-50A1,05 (w%) 625 4 53 g C/g Fe [22]
19.5Ni-80.5Si0, (W%) 500 35.2 61.3 g C/g Ni [23]
70 Ni-10Cu-10Fe-10A1,03 (mole) | 700 60 17.14 g C/g Ni [25]
NiO 700 10 398 g C/g Ni [18]
90Ni-10Si0, (W%) 700 70 200 g C/g Ni [24]
60 Ni-25Cu-15Si0, (mole) 647 60 801 g C/g Ni [20]

Extracted with permission from [17]. Copyright © 2011, Elsevier

of Serrano [27] (Fig. 6.2) shows the evolution of the catalytic activity of black
carbon (CB black pearls and vulcan), activated carbon (AC), and carbon nanotubes
(MWNT). Apart of the surface area, the pore volume is another important factor. A
high pore volume implies a lower deactivation of the pore as the pore mouths are
not so easily closed by the growing of carbon aggregates.

A graphical summary of applications of the most popular catalysts for the
methane decarbonization reaction is depicted in Fig. 6.3. The thermal methane
cracking without the presence of a catalyst may be practically implemented above
1000 °C. Nevertheless, at this temperature, the conversion and kinetics of the
reaction are rather low. Most authors explore temperatures above 1500 °C for its
practical implementation. The carbon produced is mainly amorphous with an
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Table 6.3 Initial catalytic activity of a selected set of carbonaceous materials

Material Surface area (mz/g) ko (mmol/min-g)
Acetylene black 80 0.22
AC, hardwood 1500 2.04
AC, lignite 650 1.77
AC, petroleum coke 2570 1.43
AC, phenol resin 2260 1.53
CB, black pearls 120 25 0.22
CB, black pearls 2000 1500 1.15
CB, vulcan XC72 254 0.48
Graphite, natural 4-6 0.02
Extracted with permission from [26]. Copyright © 2005, Elsevier
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Fig. 6.2 Evolution of the activity and catalyst weight for some carbonaceous catalysts. AC
activated carbon, CB carbon black, v (vulcan)-bp (black pearls), MWNT (carbon nanotubes)

(Reprinted with permission from [27]. Copyright © 2009, Elsevier)

increasing agglomeration strength obtained at the higher temperatures. Figure 6.4
shows the microstructure of the carbon formed at 1000 °C from the methane
pyrolysis reaction during the experiments done at CIEMAT [28]. It can be observed
the evolution of the carbon formed with the temperature in comparison with the
graphite produced at 1500 °C shown in Fig. 6.5. The carbon particles are tinier at
1500 °C, producing a stronger agglomeration. The surface characteristics at higher
temperatures seem to be more favorable for certain catalytic effects.
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Fig. 6.4 Electron
microscopy of the carbon
formed from methane
cracking at 1000 °C
(Reprinted with permission
from [28]. Copyright ©
2011, Elsevier)
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The most interesting catalyst from the techno-economical point of view may be
based on Ni compounds, as the methane conversion is very significant between
temperatures of 500 and 700 °C for reasonable reaction times (seconds) as shown in
Table 6.2. Cost of Ni compounds is lower with respect to other catalysts such as Pd,
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Fig. 6.5 Electron
microscopy of the graphite
formed from methane
cracking at 1500 °C
(Courtesy of Abanades in
cooperation with CIEMAT)
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Pt, Ru, Mo, or W, and they have an acceptable selectivity. Fe-based catalysts are a
cost-effective alternative, but they require higher temperatures than Ni compounds
for an acceptable conversion. The formation mechanisms of carbon in the catalyst
particles produce carbon filaments in this case.

Carbonaceous catalysts such as activated carbon and black carbon are an option
with a lot of potential for a good techno-economical viability. Their catalytic effect
is less important than metallic catalysts but they require higher reaction tempera-
tures, up to 1000 °C. The carbon produced is concentrated on the surface of the
catalyst, and, therefore, it is highly influenced by its surface characteristics,
reaching the production of graphitic carbon in some cases.

6.4 Technical Options for Methane Decarbonization

The practical implementation of methane pyrolysis might be done through three
main paths: direct thermal cracking at very high temperature, catalyzed thermal
decarbonization, and plasma-torch driven methane pyrolysis.

The direct thermal cracking is exclusively based on the heating of methane up to
temperatures in which the kinetics of the reaction produces very high conversions in
a reasonable time. To achieve these requirements, high temperatures are needed
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(above 1300 °C). Experimental work has reported that almost 100 % conversion of
methane is possible.

A set of designs proposed for direct thermal cracking are based on the utilization
of concentrated solar irradiation to provide the energy required to sustain the
endothermic methane pyrolysis reaction. Those designs use tubular structures in
which the natural gas is flowing and heated to develop its decomposition. The next
section of this chapter will be devoted to these promising concepts.

Catalyzed thermal decarbonization has been widely studied and a lot of exper-
imental work has been reported in relation with metallic and carbonaceous cata-
lysts. Several catalysts of this type have been tested. Apart of experimental tests
regarding the analysis of the heterogeneous catalysis and supports, the challenge is
to design a continuous device that could be used on the industrial scale. As pointed
out, nickel could be applied as catalyst for the reaction between 500 and 700 °C,
which is a convenient temperature for an engineering industrial device. Neverthe-
less, as a consequence of the process, part of the carbon is deposited on the tip of the
catalyst causing its deactivation.

The design of a continuous operating reactor requires a regeneration section for
the catalyst, generally based on the oxidation of the encapsulating carbon that
produced the catalyst deactivation. Different reactor designs have been successfully
used alternating cracking and regeneration cycles in continuous mode, as in parallel
fixed-bed reactors and fluidized-bed reactors. For the case of a fixed-bed reactor,
carbon deposition constitutes an operational problem that leads to the blockage of
the reactor or an elevated pressure drop through the bed. In addition, the low heat
transfer in the fixed bed may lead to high temperatures during the regeneration
phase, which may cause catalyst sintering. The fluidized-bed reactors overcome
some of those problems, but they have high operation costs, as demonstrated for the
case of the HYPRO process [29].

Plasma-torch driven methane pyrolysis has been implemented industrially and is
based on the combined utilization of electricity and heat for the reaction. Similar
methods based on the production of carbonaceous catalysts by plasma arc and heat
have been proposed as well. Among the concepts for this technique, that of
Mudarov [30] shown in the next section and that of the Kvaerner CB&H process
[32] are discussed. In this last case, an industrial plant was built, producing 500 kg/h
of pure carbon and 2000 Nm’/h of hydrogen, equivalent to 10 MW, with a
consumption of 2.1 MW of electricity and 1 MW of high-temperature steam.

6.5 Concept Proposals

Apart of the industrial implementation of the plasma-torch method of Hvaerner
[32], the most active developments in the field, at least from the point of view of
industrial conceptual design, are connected with the utilization of solar energy to
produce hydrogen. Sound initiatives have been proposed either in the United States
or in Europe.
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Table 6.4 Experimental solar devices that implement methane decarbonization according to
reaction temperature (')

T (°O) Catalyst or particle feeding CH4 flow (I/min) Max. conversion (%) Ref
1327 Black carbon BP2000 8.6-15.6 95 [33]
1450 No, Fe(CO)s/Fe(CsHs), 5-9.7 Almost 100 % [34]
1550 No 0.1 75 % [35]
1800 No [36]
1400 Reactor with Rh 3.8 [37]
1700 No 2-10 42 [37]

A summary of the solar devices that have been studied for solar cracking is
depicted in Table 6.4. Most of these experiments aim to reach temperatures above
1300 °C and are mainly linked to research centers in Europe, such as the CNRS
(France) and ETH (Switzerland), but also in Israel (the Weizmann Institute) and in
the United States (NREL, National Renewable Energy Laboratory).

As a clear example of the solar methane cracking, Steinfeld et al. [33] tested a
5 kW prototype of a solar reactor seeded with black carbon particles as solar
irradiation thermal absorber and carbonaceous catalyst for thermal cracking of
methane. The cylindrical reactor was 200 mm in length and 100 mm in diameter,
with 60 mm hole, illuminated trough a 240 mm-diameter quartz window (Fig. 6.6).
They tested the reactor in the temperature range from 1300 to 1600 K. The methane
flow rate was between 8.6 and 15.6 L/min, with carbon volume fraction until
7.107°. They reported maximum methane-to-hydrogen conversion of 95 % at a
residence time less than 2 s and an experimental solar-to-chemical energy conver-
sion efficiency of 16 %.

In Europe, the most important studies have been concentrated in the participants
of the SOLHYCARB project, which was founded by the European Commission, in
which a 10 kW reactor has been tested [36]. A scheme of the reactor is depicted in
Fig. 6.7. The methane decarburation process was tested in the temperature range
1740-2070 K (1466-1796 °C), showing how increasing temperature permits
enhancement of methane conversion, and long residence times reduce the amount
of other hydrocarbon production. It was also reported that a typical carbon mass
balance showed that about half of the initial carbon content in the methane feed was
found on the form C,H, at the reactor exit, 2 % as particles in the filter, 34 % in the
tubes as thermophoretic carbon deposits, or 3 % in the non-converted CH,. The
large amount of acetylene shows how the decarbonization reaction is not complete.

A practical approach to use black carbon produced in the process as catalyst is
based on a decarburation reactor with a catalyst production on-line by plasma-arc
device [30]. The catalyst in this case is a carbon aerosol obtained from methane
plasma-arc pyrolysis that is flowed in the reactor to serve as a seed for thermal
methane-cracking reaction. A schematic view of the process is shown in Fig. 6.8.
The electrical input to that process is estimated as 14 % with respect to the total
energy required, with an overall energy efficiency of 83.9 %, although practical
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Fig. 6.6 Design of aperture insulation
Steinfeld et al. (Reprinted

with permission from
[33]. Copyright © 2009,
Elsevier)
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Fig. 6.7 Indirect heated tubular reactor proposed in the SOLHYCARB project (Reprinted with
permission from [36]. Copyright © 2011, Elsevier)

implementation should include other losses in filters and pumping and include the
heating value of carbon as an output of the process. The experimental data reported
show stable continuous operation of 8 h at 870 °C in a once-through utilization of
the electric arc-produced carbon catalyst.

Another industrial scale proposal is depicted in Fig. 6.9. Concentrated solar
sunlight is used in this case to provide the necessary heating to drive the
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Fig. 6.8 Schematic diagram of a vortex-flow reactor couple with the nonthermal plasma device
for generating carbon aerosol. / Nonthermal plasma reactor, 2 arc discharge, 3 carbon aerosol,
4 vortex-flow reactor, 5 heater, 6 bag filter (Reprinted with permission from [31]. Copyright ©
2009, Elsevier)

endothermic methane-cracking reaction. The core of the concept is a fluid-wall
reactor, in which hydrogen itself as sweeping gas is used to avoid carbon deposition
on the walls of the tubular reactor. The practical implementation of this type of
reactor has encountered some difficulties due to the effectiveness of the sweeping
gas. In fact, attempts to reproduce this operational method have found many
difficulties to work in a continuous mode [37].

Industrial initiatives toward the implementation of methane decarbonization
have been quite active from the beginning of research on the technology. Table 6.5
lists some of the main patents that have a direct practical relationship with direct
methane decarbonization. The methods are directly derived from the experimental
work in the field and include different tube dimensions and gas feeding. The use of a
mixed gas feed includes H, or argon to dilute carbon particles or avoid its clogging
on the reactor walls.

Other more general patents have been released related to methane
decarbonization. For instance, Dahl and Weimer in 2003 (US 6872378) patented
a solar thermal aerosol flow reactor as an environmentally beneficial process using
concentrated sunlight to heat radiation absorbing particles to drive endothermic gas
phase reactions for hydrogen production or other hydrogen synthesis gases. The
scheme of the patent is provided in Fig. 6.10. An intermediate heat exchanger to
preheat the natural gas and a set of bags to catch the carbon produced are a basic
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Fig. 6.9 Scheme for industrial methane cracking suggested by Dahl et al. (Reprinted with
permission from [38]. Copyright © 2004, Elsevier)

part of this process. The cogenerated carbon and hydrogen are the main products of
the process.

Along the same line, in 2012, Muradov (US 8147755) patented the conceptual
design of a proposal as “a novel process and apparatus disclosed for sustainable,
continuous production of hydrogen and carbon by catalytic dissociation or decom-
position of hydrocarbons at elevated temperatures using in-situ generated carbon
particles.” In that patent, the energy input may be produced by a high-temperature
energy source, either plasma (thermal, nonthermal, microwave, corona discharge,
glow discharge, dielectric barrier discharge) or radiation sources (such as electron
beam, gamma, ultraviolet). Muradov referred to oxidative as oxygen, air, ozone,
nitrous oxide (NO,), and other oxidizing agents.

6.6 Economic Analysis

The implementation of a technology is mainly dependent on the economic benefits
that are able to be provided for society. Those benefits are of different natures. For
instance, social benefits are of paramount importance and the creation of quality
jobs is one of its main indicators. This fact is connected to the operation and
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Table 6.5 Main patents related to direct methane decarbonization from solar irradiation
Flow
Patent Dimensions Graphite characteristics rates Problems
Matovich 1.D./O.D. Fluid-wall system H,.1411/ | Difficult to filter
1977 76.2/ min the carbon
(US 4056602) | 101.6 mm particles
L=914.4 mm | Porous graphite tube, 20 pm | CH,:28—
average pore radius 1411/
min
Schramm 1.D./O.D. Fluid-wall system — —
1987 324/330 mm
(US 4643890) | L=1200 mm | Nonporous graphite tube
with perforations of
0.76 mm as diameter
Weimer 2003 1.D./O.D. Fluid-wall system H,:11/ No carbon depo-
(WO 03/ 15/18 mm min sition on the wall
076334) L=440 mm |300 mm porous (49 % CH4:41/ | Without fluid-
porosity), 70 mm of both min wall system,
ends nonporous clogging in 8 min
Promes I.D. 10 mm Fluid-wall system Ar + Clogging in 10—
(Odeillo) L =200 mm Two concentric graphite CHy:1- 60 min
tubes 5 1/min
SOLHYCARB |ID. 8 mm Non-fluid-wall system - Clogging at the
L=320mm | Alumina tube end of the tube

maintenance costs (OPEX) and to a lesser extent to the temporal capital costs
(CAPEX). On the other hand, the environmental benefits are connected as well,
as are the resources being exploited in a sustainable way, and that also implies
sustainable activity of the society.

The economic analysis is focused in the evaluation of the cost of the product
provided by the process and its comparison with the mature and future alternatives.
In the Table 6.6, the production cost of hydrogen is summarized without including
distribution costs. Coal gasification and natural gas steam reforming are the most
competitive technologies for producing hydrogen with biomass gasification in some
specific cases. The centralized production systems benefit from the economy of
scale. Wind and photovoltaic (PV) methods depend strongly on the costs of the
renewable installation. The cost of methane-cracking processes has been evaluated
by some of the proposals previously described.

Methane cracking has been developed as a hydrogen production technique
driven by solar thermal technology so far. In those facilities, the largest cost
share arises from the solar field, which depends strongly on the evolution of the
heliostat cost. In addition, the receiver is also a very important part of the costs. For
instance, in the economic evaluation of the SOLHYCARB [45] project, the capital
cost for the heliostat field was set up to 230 $/m?. Previous analysis done by NREL
established a heliostat cost of 250 $/m2, in the same range of the SOLHYCARB
project cost estimation. In such analysis, the heliostat and solar-related equipment
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Table 6.6 Cost of hydrogen production with various technologies

Technology Fuel Prod. cost ($2008/kg) Ref
Central steam reforming Natural gas 1.5 [40]
Distrib. steam reforming Natural gas 2.6 [43]
Gasification Coal 1.2 [43]
Gasification with CCS Coal 1.8 [40]
Gasification Biomass 1.4 [43]
Distributed electrolysis Grid electricity 6.8 [43]
Central electrolysis Wind 3.8 [43]
Distributed electrolysis Wind 7.3 [43]
Thermochemical cycle Nuclear 1.4 [43]
Pyrolysis/cracking Natural gas + solar 3.0 [41]
Pyrolysis/cracking Natural gas + solar 3.6 [44]
Pyrolysis/cracking Natural gas + solar 4.5 [38, 39]
Steam reforming Natural gas + solar 22 [42]
PV electrolysis Solar 9.1 [40]

Extracted with permission from [4]. Copyright © 2012, Elsevier

amount to 60 % of the total capital costs. These values are in agreement with the
current state of the art in solar tower technology. Nevertheless, those costs have a
large potential to be improved in the future, with a foreseeable target of 100 $/m?
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for the heliostat field, which would reduce the overall capital costs of 30 % leading
to an hydrogen cost of 2 $/kg H,, close to the competitiveness with fossil fuel
gasification.

The cost estimates previously shown are based on the exploitation of solar power
as the main primary energy source to enable the methane-cracking reaction. The
solar technology will most likely undergo further development, leading to a sensi-
tive cost reduction, through the reduction of the heliostat cost, as stated, and
improvements in the scale economy, plant size, and receiver design. Another option
to provide energy for the endothermic methane pyrolysis may be the burning of a
relatively small portion of the H,, which is produced by the process. Such a solution
would eliminate the capital cost of the solar equipment purchase and installation, as
a consequence the H, production cost can be expected to be reduced approximately
50 %, hence achieving an indicative value of 2 $/kg, which is competitive with
steam methane-reforming (SMR) systems without including carbon capture and
sequestration (CCS). It is also likely competitive in the short term with other
alternatives for hydrogen production based on wind or solar PV. That energy may
be also obtained with heat produced by biogas or by any other type of biofuel that
could be used at the temperatures required for the development of the reaction.

The economic viability of the process can be affected by the selling of the carbon
that is eventually produced. This cost effect is taken into account in many of the
economic analyses. Different hypotheses have been evaluated with respect to
internal rate of return (IRR, %) and the initial investment, as well as the price of
natural gas, showing how cost estimates for solar methane cracking are between 2.5
and 4.5 $/kg without taking into account sales of black carbon, being competitive
with standard methane steam reforming from a carbon price on the order of 0.7 $/kg
[35]. Nevertheless, the massive industrial implementation of methane cracking will
reduce the value of carbon to a low level, and its contribution to the economics of
the process will be marginal unless new technologies and applications for the
carbon product are developed.

6.7 Application to Industrial Processes

The utilization of hydrogen has one of its more important markets in its application
to industrial processes. The production of many chemicals requires the generation
of hydrogen to be combined with other molecules to manufacture commodities
such as ammonia or methanol. Nowadays, a significant amount of hydrogen is used
for upgrading heavy oil as well. At the present state of the technology, those
hydrogen production processes are based on fossil fuel reforming or gasification,
leading to a significant amount of CO, production. Other techniques to produce
carbon-free hydrogen are based on electrolysis, which is economically viable in
rather limited cases.
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6.7.1 Ammonia Production

One of the most relevant industrial commodities is the production of ammonia. This
chemical is the starting feedstock for nitrogenous fertilizer synthesis, for which is
dedicated to 80 % of its production. The remaining 20 % is used in the manufactur-
ing of fibers, explosives, amines, amides, plastics, and organic nitrogen compo-
nents, as nitric acid and urea. Since the required H, is currently extracted from fossil
fuels, for instance, natural gas reforming, fertilizer production constitutes one of the
main industrial CO, sources from worldwide chemical industry.

A fraction (30 %) of the CO, produced in the ammonia manufacturing process is
currently removed from the reformer using amines scrubbing and reused in the
production of urea. According to the fertilizer industry (www fertilizer.org), natural
gas is the dominant feedstock for ammonia production, as it has the highest
hydrogen content. Nevertheless, some other fossil fuel feedstocks, such as naphtha,
fuel oil, and coal, are being used in developing countries (e.g., India and China) and
have a higher CO, release.

According to the International Energy Agency [1], natural gas-based ammonia
production contributes up to 72 % of the total amount, with an energy intensity of
41.6 GJ/t NH;3 and a CO, emission level in the order of 2.1 Mton CO,/Mt NH3,
leading to the order of 0.3 GtonCO,/year. The world production of ammonia in
2011 was 164 Mt, with China being the most important producer, with 75 % of its
hydrogen being produced from coal. Huge efforts are being put in place to increase
the energy efficiency of the processes, which can be improved by as much as 20 %.
Nevertheless, the development of a CO,-free process to provide hydrogen may
reduce the greenhouse gases emissions by a relevant factor and can contribute
greatly to the abatement of global greenhouse gas emission.

As a general statement, the introduction of methane cracking in the ammonia
production process (Fig. 6.11) would allow a massive reduction in the associated
CO, emissions. From the previous estimation of the sector emissions, assuming a
methane-cracking ammonia market penetration of 50 %, the CO, abatement as a
result of the application of this technology would be on the order of 0.15 Gton/y.

6.7.2 Biofuel Production

Liquid fuels are hydrogenated chemicals produced by industry from raw materials
containing carbon and hydrogen. The raw materials for their production are fossil
sources such as carbon, natural gas or oil, and biomass. The hydrogen to carbon
ratio of a fuel is one of its most important characteristics. As a general rule, the
highest the H/C ratio has the highest heating value and the lowest the carbon
dioxide emissions. Therefore hydrogen is being added to low H/C fuels to improve
their performance and reduce their specific emissions.
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As an example, the production of biodiesel is based on the transesterification of
vegetable oils and fats with the addition of methanol. A simplified scheme for the
integration of methane pyrolysis in this process is depicted in Fig. 6.12. Methane or
bio-methane may be used as main raw material for the hydrogen production, which
is combined with carbon dioxide to produce methanol for the transesterification
process. The methanol is made from carbon-free hydrogen. The carbon dioxide can
be obtained from carbon capture, closing the carbon cycle with a null net CO,
emission. Alternative advanced processes may be based on hydrogenation of oil
and fats, in which hydrogen should be provided to triglycerides to saturate their
carbon bonds.

In both cases that use either methanol or hydrogen, these chemicals are com-
monly obtained from fossils, mainly natural gas. For the case of methanol, some
industrial initiatives produce methanol from the combination of hydrogen from
geothermal electrolysis and a CO, source in special locations, such as Iceland
[46]. Additional methods may be developed with other low-carbon hydrogen
sources as methane cracking. For the case of hydrogenation, hydrogen is commonly
produced by natural gas steam reforming, and a direct environmental improvement
of the technology might be done by technologies such as methane pyrolysis.

6.8 Main Technological Problems

From the analysis of previous work on the topic, it emerges that the technological
development of the methane decarbonization reaction faces some limitations in its
industrial deployment. The most important source of technical problems is the
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Fig. 6.12 Simplified scheme for the integration of methane decarbonization in a biodiesel
production process

production of carbon particles, which are deposited in the equipment or on the
catalysts producing reactor clogging and catalysis deactivation. An example of this
problem is depicted in the Fig. 6.13, in which the carbon agglomeration is shown, in
which the carbon seeds attached to the walls of the gas-flowing tube and grew. The
most applied treatment to remove such deposits is based on the use of oxidizing
agents such as steam, oxygen, and CO, that produce undesirable carbon oxides. The
mechanical strength of the carbon clogging depends on the temperature of the
process. Temperatures above 1300 °C produce very hard agglomerations that
make it unlikely to extract the graphitic carbon by mechanical methods without
damaging the reactor.

Practical industrial implementation of the process in the case of catalyzed
reactions is limited by the deactivation of the catalyst and its cost. The deactivation
of the catalyst is a process derived from the formation of coke in the surface of the
catalyst that prevents the contact of the methane molecules with the catalyst
surface. In the case of the carbonaceous catalyst, the coke fills the pores, thus
reducing the active surface. In the case of metallic catalysts, the coke covers the
active metallic atoms, at a rate higher than the carbon diffusion trough the metallic
structure and support, thus producing complete deactivation of the catalysts
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Fig. 6.13 Carbon
agglomeration in a
methane-cracking test tube
(Reprinted with permission
from [28]. Copyright ©
2011, Elsevier)

(Fig. 6.14). The result for catalysts such as Ni is the formation of carbon
nanotubes [30].

There have been some projects that have attempted to implement industrial
deployment of the decarburation reaction. The first one was the HYPRO project
by Universal Oil Products in the 1960s, which was based on a fluidized-bed reactor
with Ni-Fe-Co catalyst in Al,O3 support [29]. The system with two fluidized beds
was too complex and expensive and its techno-economical viability was not
successful.

Metallic catalysts have demonstrated their suitability for use at reasonable
reaction temperatures (below 800 °C), but their performance must be increased
an order of magnitude to ensure their viability in a once-through process [4]. Mul-
tiple step processes (deactivation/regeneration) are based on oxidation of the coke
layer around the catalyst producing CO,. Catalyst deactivation is produced when
there is a mismatch between the coke layer formation on the catalyst surface and the
coke diffusion through the metallic particle, leading to the complete encapsulation
of the catalyst and the elimination of its contact surface with the methane gas.

Carbon diffusion through the metallic particle generally produces carbon fila-
ments between the catalyst and its support. The control of carbon diffusion and
filament growth is the key issue for catalyst deactivation. Operating conditions that
are required to effectively produce a steady-state and stable catalytic effect should
be adopted under very strict set points, which make it very difficult to implement a
practical long-term continuous process. Up to know, long-term operation of a
powerful catalyst has not been demonstrated.

As pointed out, the regeneration of spent metallic catalyst is required for an
environmentally friendly and economic process and constitutes a real challenge for
the present state of the art. The regeneration method should be chosen according to
the energy balance of the process, the regeneration time, and the performance of the
regenerated catalyst. None of the state-of-the-art methods can fulfill these condi-
tions [4]. For instance, air regeneration is able to produce energy that will cover part
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Fig. 6.14 Metallic catalyst on the tip of a coke filament produced by catalytic methane cracking
(Reprinted with permission from [47]. Copyright © 1999, Elsevier)

of the energy demand for the methane-cracking process, but it has the drawback of
producing hot spots, catalyst oxidation, sintering, and even disintegration of the
catalyst [46]. Another suitable technique, such as steam regeneration, is more
promising for the catalyst integrity and quality. Many steam regeneration cycles
have been reported for Ni-based catalysts [49], although they tend to reduce catalyst
performance. The main drawback of catalyst regeneration is high complexity of the
chemical process.

Another technological problem associated to the current technological pro-
posals could come from the scale-up of the concepts. The step forward from the
experimental device, based generally on tubular reactor, to an industrial scale
system is not trivial. The industrial system might not be a result of a simple
multiplication of tubes to reach a reasonable amount of hydrogen production, for
instance, 10 MW as in the case of the Kvaerner process. The economic viability of
the system may require the design of reactors with higher volume. A device based
on a gaseous volume is limited if it is intended to keep a stable high temperature as
a result of the thermophysical properties of the gas itself. Thermal conductivity,
for instance, and thermal diffusivity will limit the volume of a temperature
controlled process in which an endothermic reaction takes place. The utilization
of carbon particles for a better thermal homogeneity is potentially a good option
to overcome this problem.
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6.9 Conclusions and Future Outlook

The development of methane cracking for hydrogen production requires a better
understanding of some basic information and the design of reactors that can operate
without problems such as equipment clogging, catalysis deactivation, continuous
operation, and economy.

About the basic information, a lot of uncertainties are still pending in relation to
the kinetic parameters of the methane-cracking reaction. There are several orders of
magnitude in parameters as reported for the pre-exponential factor for Arrhenius-
type modeling. Even the activation energy has a lot of uncertainty. Without this
information, it will be very unreliable to scale experimental devices to the industrial
facility level.

A lot of work has been done on heterogeneous catalysis. Efforts should be made
to synthesize new catalysts that can provide high conversion with high thermal and
chemical stability and high carbon capacity [50]. Fluidized bed reactors with cyclic
methane-cracking reaction and catalyst regeneration sections are a promising
concept that should be developed further so that continuous operation can be
achieved.

The methods based on direct methane decarbonization are mainly searching for
high temperatures provided by solar furnaces. Its main technological problem is the
graphitic carbon produced and how to remove it to avoid clogging of the reactor.
Continuous operation of solar furnaces, generally based on 3-D concentration
systems for the illumination of a central tower or parabolic dishes, will require
research and development to remove such carbon by mechanical or chemical
cleaning. Some attempts have been proposed that use gas stream turbulence or
gas sweeping through porous media, although there are no successes on the
reproducibility and control of these features.

The use of liquid media has been proposed in some patents, mainly the one by
Steinberg and Dong (US 5767165), in which molten iron, tin, or molten salts (NaCl,
NaF) are used. A scheme of this proposal is depicted in Fig. 6.15. The preferred
option in most of the cases for the liquid media is molten metals, as their density is
very different from that of the carbon produced and separation seems to be
achievable by physical means. The use of molten tin or copper has been proposed
[5], in a scheme in which it could be possible to separate the carbon skimming off
the surface of molten metal, as slag is skimmed off the surface of molten iron in a
blast surface. Some experimental work has been done as well to implement the
methane-cracking reaction in the context of nuclear generation IV reactor devel-
opment, to extend liquid metal reactors to hydrogen production [51] using tin and
lead as reaction media. Nevertheless, the reproducibility of those results must be
confirmed. The hydrogen flow rate was quite small in this last case, below 10 ml/
min, and the scale-up of the process will require a device with a capacity of several
orders of magnitude higher.
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Fig. 6.15 Conceptual design of a methane decarbonization process developed on liquid media
(Reprinted with permission from [5]. Copyright © 1999, Elsevier)

The use of molten media (liquid metals and molten salts) to host the methane-
cracking reactions is promising, although a lot of experimental work should be done
to confirm if a continuous operation scheme is feasible on an industrial scale. A
reasonable range for the reaction temperature for a methane-cracking process that
applies liquid media should be determined. The main source of problems might be
the compatibility between hydrogen, carbon, and the molten media and their
thermal stability should be evaluated at the reaction conditions, as well as the
kinetics and rates versus temperature of the reaction. The application of molten
media avoids problems associated with gas flow stagnant and blocking due to
carbon agglomeration, but opens new questions related to corrosion, as most of
the liquid metals are quite aggressive with steel materials. Nevertheless, carbon
separation processes from liquid media should be developed from additional
experimental evaluations.
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Chapter 7
Hydrogen Production by Supercritical
Water Gasification of Biomass

Ekin Kipcak and Mesut Akgiin

Abstract It is widely accepted that hydrogen energy can sustainably provide the
world’s growing energy needs. Currently, hydrogen is produced from mainly
nonrenewable feedstocks through biochemical and thermochemical technologies.
However, to achieve a genuinely sustainable, economic, viable, and environmen-
tally benign technology, hydrogen will need to be produced from renewable energy
sources through innovative production processes. This chapter focuses on one of
these technologies that provide a novel approach for hydrogen production: super-
critical water gasification of biomass. The process has significant potential for the
conversion of biomass to produce hydrogen and other combustible gases. It also has
major advantages when compared with other processes, such as eliminating the
necessity for drying of the feedstock, providing high gasification efficiency and
hydrogen selectivity, enabling the formation of clean gaseous products, and pro-
ducing much lower amounts of tars and chars. To increase the hydrogen selectivity,
the use of catalysts is common, with the preferred catalysts being alkaline salts,
some metals, and metal oxides. The supercritical water gasification process can
exhibit different gas compositions or activities with respect to the feedstock,
reaction conditions, or catalyst used. Therefore, in this chapter, hydrogen produc-
tion from various biomass sources by supercritical water gasification is compara-
tively discussed with examples from the literature. The term biomass covered in
this chapter includes model compounds (such as glucose, cellulose, and lignin),
alcohols, and real biomass (such as industrial wastewaters and sewage sludge). The
effects of reaction time, system temperature and pressure, biomass concentration,
oxidant concentration, catalyst use, and the kind of catalyst on the hydrogen yield
are investigated.
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7.1 Introduction

Hydrogen is the simplest and most abundant element on earth. It is a prominent
feedstock in chemical, petrochemical, metallurgical, electronics, and food
processing industries. For instance, the syntheses of methanol and ammonia, the
processes of hydrotreatment and hydrocracking, the production of reformulated
gasoline, and the hydrogenation of oils and fats, along with fuel cell applications,
benefit the utilization of hydrogen [1-3].

A great deal of interest has been attributed to hydrogen as an alternative fuel.
Currently, the majority of the world’s energy demand is supplied from fossil fuels
(coal, petroleum, and natural gas). However, regarding the gradual increase of the
energy use and the present consumption amounts, it is foreseen that these
nonrenewable energy reserves will be depleted in the near future. What is more, the
use of fossil fuels causes serious environmental problems due to the emission of air
pollutants and greenhouse gases. These conditions encourage scientists to investigate
renewable, sustainable, and environment-friendly alternative energy sources [4, 5].

Hydrogen is one of these potential candidates that have the ability to minimize
humankind’s dependence on fossil fuels and reduce the severe impact of environ-
mental pollution. First and foremost, hydrogen is abundant, as it is the most
plentiful element in the universe. Since the reaction of hydrogen with oxygen is
very fast, it is considered to be an efficient fuel. Another point of emphasis should
be made on the prevention of carbon emissions, as during the utilization of
hydrogen as a fuel, the only combustion product is water [6, 7]. Moreover, hydro-
gen can be used in fuel cells for the purposes of transportation or electricity
generation. Such applications with fuel cells result in considerably higher thermo-
dynamic efficiencies than those of conventional internal combustion engines
[2, 8]. At the same time, hydrogen is not an energy source, but an energy carrier.
Though it cannot be found in its free molecular form, hydrogen is combined with
other elements to form water, biomass, or hydrocarbons that make up fuels such as
natural gas, petroleum, and coal [5, 6]. Therefore, hydrogen should be obtained
from these aforementioned compounds via some biological, electrochemical, and
thermochemical processes.

Biological hydrogen production processes include photosynthesis, biological
water-gas shift reactions, and fermentative hydrogen production. The latter
involves the employment of anaerobic (dark fermentation) or photoheterotrophic
(light fermentation) microorganisms, during which carbohydrate-rich biomass is
used. Hydrogen can also be produced via photosynthesis, with the aid of solar
energy. The biological water-gas shift reaction, on the other hand, requires the
employment of some specific heterotrophic bacteria that are able to perform water-
gas shift reaction at ambient conditions [5]. The main advantages of these processes
are their environmentally friendly nature and the lower amount of energy consump-
tion when compared with other routes. However, biological hydrogen production
processes are not adequate yet to meet the large amount of hydrogen demands in a
hydrogen-oriented economy [2].
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Electrolytic processes have the advantage of being simple and producing hydro-
gen with a high purity. However the energy consumption is very high and the
production rate is limited in such processes, which in turn lead to high operation
costs [6, 9].

Hydrogen production through thermochemical (reforming) processes includes
pyrolysis, conventional gasification, and supercritical water gasification. Pyrolysis
is the thermal degradation of carbonaceous matter into char, liquid, and gaseous
products. The process is carried out in the absence of air or oxygen, at a temperature
above 500 °C. The endothermic reaction proceeding during this process generates a
hydrogen-rich gaseous product. Catalysts may also be used during the process
[5]. Gasification, on the other hand, results in the formation of combustible gaseous
products, with the use of air, oxygen, or steam as the gasifying agents. The process
occurs at higher temperatures than pyrolysis, generally above 800 °C. However, the
traditional gasification technology that involves the use of coal results in lower
hydrogen amounts in the product gas and unwanted tar formations. What is more,
the process necessitates the use of feedstock with moisture content generally less
than 35 %. This, in consequence, leads to the increase of drying costs [5, 6]. On the
other hand, the main advantage of the process is its flexibility with various feed-
stocks. Nevertheless, the steam reforming of natural gas is the most widely used and
well-established process for hydrogen production in today’s world [2]. But the
process has significant drawbacks, as the catalysts used are usually overheated,
sintered, or deactivated during the reforming reaction. Generally low thermal
conductivities within the catalyst bed, the sulfurous or carbonyl groups present in
the fuel, tar, and char formations, are the main reasons for these drawbacks [9].

Supercritical water gasification (SCWG) is a thermochemical hydrogen produc-
tion process that has been attracting significant attention for the last three decades.
The SCWG technology involves the employment of supercritical water (water
above its critical point of 374.1 °C and 22.1 MPa) as the gasifying agent. The
process benefits from the unique properties of water at these conditions, such as its
low viscosity and dielectric constant, tunable dissolving power, increased thermal
conductivity and diffusivity, and lower mass transfer resistance [9—11]. The SCWG
process owns a significant potential for the conversion of hydrocarbons or biomass
to produce hydrogen and other combustible gases. It also has major advantages
when compared with other thermochemical hydrogen production processes. For
instance, SCWG eliminates the necessity for the drying of the feedstock used in the
process. The gasification efficiency and hydrogen selectivity are high, the formation
of clean gaseous products is enabled, and lower amounts of tars and chars are
produced [6, 10, 12].

All of the aforementioned hydrogen production processes have specific advan-
tages of their own. Furthermore, both renewable and nonrenewable energy sources
are important for the further development of these processes. However, to achieve a
genuinely sustainable, economic, viable, and environmentally benign technology,
hydrogen should be produced from renewable energy sources and through innova-
tive production processes. One of these important energy sources is biomass.
Biomass comprises all the living matter present on earth; hence it is considered
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as a renewable and abundant energy source. It offsets the environmental impact of
greenhouse gas emissions, since biomass consumes atmospheric carbon dioxide
during growth. Since biomass contains low amounts of sulfur, nitrogen, and metals,
detrimental gas emissions during its combustion are in negligible amounts [8, 10,
12]. On account of these desirable characteristics of biomass, this chapter focuses
on its conversion by an immense innovative thermochemical technology: super-
critical water gasification. The oncoming sections include detailed information on
the properties of supercritical water, and SCWG processes and studies published in
the literature regarding hydrogen production through supercritical water gasifica-
tion of biomass.

7.2 Supercritical Fluids and Supercritical Water

The idea of supercritical fluids first came forward at the beginning of nineteenth
century, with the discovery of the critical point by Baron Charles Cagniard de la
Tour. His studies led him to the determination of critical temperatures and pressures
of various compounds. These investigations were carried forward, and the nature of
the supercritical state was further debated by scientists such as Michael Faraday,
Dmitri Mendeleev, and Thomas Andrews [13]. With the pioneering work of these
scientists, the concepts of the critical point and the supercritical phase are eluci-
dated in today’s world.

A supercritical fluid is defined as any substance at a temperature and pressure
above its critical point. The liquid and gaseous phases merge together and become
indistinguishable at these conditions. At the same time, the properties of supercrit-
ical fluids are intermediate between those of liquid and gas phases. For instance,
supercritical fluids have gas-like diffusivities and viscosities and liquid-like densi-
ties. Moreover, these properties are tunable, which means that they can be adjusted
by changing the operating temperature and pressure to the desired values.

Owing to such benign properties, a wide range of applications benefit from
supercritical fluids. These applications include pharmaceuticals, cosmetics, poly-
mers, microelectronics, food sciences, powders, nano-systems, biotechnology,
environment, and energy. The employment of supercritical fluids in these areas
brings significant advantages, since most of these substances are nontoxic,
noncarcinogenic, nonflammable, thermodynamically stable, and inexpensive
[13]. Although most of the supercritical fluids have the aforementioned desirable
properties, the most widely used one in industrial processes is supercritical water.

7.2.1 The Physical Properties of Supercritical Water

Being ecologically safe, abundantly available, and as the most important solvent in
nature, water has very interesting properties at supercritical conditions. Below the
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Table 7.1 Some physical properties of water at standard and supercritical conditions

At standard At subcritical At supercritical

conditions [17] conditions [17, 18] conditions [17, 18]
Temperature (°C) 25 300 374 500
Pressure (MPa) 0.10 25 25 25
Density (kg/m®) 997.05 743 322 89.86
Static dielectric constant 78.50 21.48 5.90 1.46
pK. 14.00 11.12 13.84 16.97
Dynamic viscosity (Pa-s)  |89-107° 9.2-107° 51107 |3.107°

critical point, the liquid and gaseous phases are separated by the vapor pressure
curve. However, the properties of these phases become increasingly similar and
completely identical toward and at the critical point, respectively. The critical
temperature (T.) of water is 374.14 °C and its critical pressure (P.) is
22.064 MPa [14, 15]. These relatively high values are due to the strong hydrogen
bonds and consequently the strong interaction between the water molecules. Nev-
ertheless, the transition from ambient to supercritical conditions increases both the
kinetic energy of the water molecules and their intermolecular distances. Hence, it
becomes very difficult to maintain the hydrogen bonds between the molecules,
which in consequence make water to show a solvent behavior comparable to those
of nonpolar fluids [16].

Due to these structural changes, supercritical water (SCW) has properties that
are very different from those of ambient water. Some physical properties of water at
standard and supercritical conditions are comparatively presented in Table 7.1. For
instance, SCW has a much lower density than that of liquid water. The breaking of
the hydrogen bond network reduces the barrier for the translational and rotational
motions of the molecules. This triggers the self-diffusivity of water to increase with
increasing temperature and decreasing density. A decrease in the density of water
from 1000 to 100 kg/m? increases the diffusivity of water by an order of magnitude
[16]. Moreover, SCW has low viscosity. Hence, these favorable transport properties
make SCW an excellent medium for homogenous, fast, and efficient reactions [15].

An interesting change observed above the critical point is the great decrease of
SCW’s dielectric constant. The dielectric constant, or the static relative permittivity
(e) of water, determines its solution properties [2]. At standard conditions, water is
poorly miscible with hydrocarbons and gases. On the contrary, due to its relatively
high dielectric constant of 78.5, it is a good solvent for salts [15]. With increasing
temperature and decreasing density, the dielectric constant of water begins to
decrease, being in the range of 10 at the vicinity of the critical point. Consequently,
SCW is completely miscible with organic compounds and gases, whereas it
becomes a poor solvent for ionic species such as inorganic salts. This important
property allows SCW to be a significant solvent for the homogenous reactions of
organic compounds and gases. Moreover, due to the tunable solvent power of SCW
with temperature and density, different operating conditions can be chosen to
precipitate particles of a controlled size or structure [15, 16, 19].
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Another unique property of SCW is its ionic product (Ky,). At 25 °C, the ionic
product of water is 10~ mol%/L? [20]. At the vicinity of the critical point, this
value increases by almost three orders of magnitude, and the reason for this
tremendous increase is explained by the self-dissociation of water to be endother-
mic [15]. Hence, higher concentrations of H;O" and OH™ ions are formed in
subcritical water and in supercritical water at high pressures, making water an
acidic or basic catalyst precursor. This phenomenon, along with the not too low
dielectric constant values, reinforces ionic reactions. In consequence, this region is
generally preferred for synthesis or hydrolysis reactions [16, 20, 21]. Contrarily,
above the critical point, since the water density and dielectric constant are low, the
solvation power for ionic components decreases [15]. This causes a decrease in the
ionic product. The prominent change in water properties at supercritical conditions
causes the reaction pathways to change in character from ionic to free radical. In
other words, free radical reactions dominate at high-temperature and low-density
conditions [16, 21]. In epitome, due to the evident change of the ionic product,
SCW supports either ionic or free radical reactions. This makes SCW an adjustable
solvent, with respect to different conditions of temperature and pressure.

7.2.2 The Role of Supercritical Water in Chemical Reactions

The previously mentioned physical properties make SCW to have a significant role
in chemical reactions. For instance, due to its low density at supercritical condi-
tions, the intermolecular distances increase. Consequently, it becomes much easier
for molecules to relocate and react with other molecules. The low viscosity and
high diffusivity of SCW make it an excellent medium for fast and highly efficient
chemical reactions. The low dielectric constant causes organic materials to have a
very high solubility and complete miscibility in SCW. Thus, the reactions involving
these materials proceed in a single homogenous phase and without being subjected
to any interfacial transport limitations. Moreover, due to the tunable ionic product
with respect to temperature and pressure, the selectivity of ionic or free radical
reactions taking place in SCW can be adjusted. The work of Kruse and Dinjus [21]
sets a good example for this phenomenon. The authors’ study involving glycerol at
a temperature of 395 °C and a pressure of 25-45 MPa revealed that at high
pressures, the yields of acetaldehyde and formaldehyde as reaction products
increased. On the contrary, during the reactions performed at low pressures, the
yields of methanol and allyl alcohol increased. It was suggested that the latter
products were formed through free radical reactions, whereas acetaldehyde and
formaldehyde were formed by ionic reactions. In other words, the reason for the
change in the yields of different products at different reaction conditions is the
tunable ionic product of SCW.

During the reactions taking place in SCW, water is not only a reaction medium
but also a reactant or a catalyst [15, 16, 21]. For example, water as a reactant leads
to hydrolysis reactions. In such reactions, the breakdown of the polymeric struc-
tures of the reactants takes place, like the hydrolysis of cellulose to sugars. The
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main advantage of these hydrolysis reactions is the high solubility of intermediate
products in SCW. Consequently, the reactions proceed with a high efficiency and
unwanted formations such as chars and tars are inhibited [21-23]. Another example
of water being a reactant is the water-gas shift reaction, in which carbon monoxide
and water react to form carbon dioxide and hydrogen. In SCW media, the excess
amounts of water may drive the equilibrium of the reactions to the forward
direction. Thus, the reaction can proceed without the use of any catalysts and
hydrogen generation is promoted by the water-gas shift reaction [22, 24].

Due to the high ionic product of water at the near-critical region and at super-
critical region for high pressures, greater concentrations of H;O" and OH™ ions are
formed. This condition makes SCW an acidic or basic catalyst precursor. Hence,
many chemical reactions that necessitate the use of a catalyst at normal conditions
proceed without any catalysts in SCW. The dehydration of cyclohexene, the
dehydration of lactic acid to acrylic acid, the Friedel-Crafts reactions that involve
the reaction of aromatic compounds with some alcohols and alkenes, and the
Cannizzaro-type reactions such as the production of ethanol and formic acid from
formaldehyde can be given as examples for this phenomenon [2, 21, 25].

7.2.3 Gasification Reactions in Supercritical Water Media

About four decades ago, Sanjay Amin, who was a graduate student working at the
Massachusetts Institute of Technology, was investigating the decomposition of
organic compounds in hot water. Amin observed that if the experiments were
performed in subcritical water, the reaction produced great amounts of chars and
tars, in addition to hydrogen and carbon dioxide. However, when the experiments
were conducted at conditions of supercritical water, the chars and tars entirely
disappeared [26]. This uttermost discovery was further developed by Michael
Modell from the same university, who provided the basis for the gasification
reactions at supercritical water media.

Supercritical water gasification (SCWG) is a very efficient process during which
biomass is converted to flammable gaseous products at conditions exceeding the
critical temperature and critical pressure of water. Since hydrothermal gasification
processes are performed at both the subcritical and supercritical conditions of
water, SCWG is also called hydrothermal gasification. The SCWG process pro-
vides a novel and efficient approach, due to the very high solubility of organic
materials in supercritical water. Consequently the reactions proceed in a single
homogenous phase, without being subjected to any mass transfer limitations.

The gaseous product obtained in SCWG process involves hydrogen and carbon
dioxide, along with methane, C,—C,4 hydrocarbons (such as ethane, propane, and
propylene), and carbon monoxide. The product gas composition is generally deter-
mined by the operating conditions. In this respect, depending on the temperature at
which the process is employed, the SCWG process is generally categorized in two
groups: high-temperature gasification and low-temperature gasification. High-
temperature gasification is performed above a temperature of 500 °C and hydrogen
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production is favored during the process. Low-temperature gasification, on the
other hand, is performed below 500 °C. Here, a methane-rich gaseous product is
obtained. Hydrogen may also be formed by the aid of catalyst use, though the yields
are lower due to the endothermic nature of the reforming reaction [2, 27, 28]. Even
though the SCWG process is carried out at milder reaction conditions when
compared with conventional steam reforming and pyrolysis reactions, the gasifica-
tion efficiency is much higher [29].

Especially when low-temperature gasification is employed, the use of catalysts is
very common in order to lower the activation energy and therefore reach the desired
gasification efficiency, to increase the amount of the gaseous product, or to enhance
the selectivity of the desired product. Catalysts can also be used to inhibit the
polymerization of oily products or to increase the conversion of reaction interme-
diates to gaseous products, consequently reducing char and tar formations [27]. For
these reasons, the use of homogenous catalysts such as KOH, NaOH, K,CO;, and
Na,COs5 or heterogeneous catalysts such as activated carbon and metal-based
catalysts like nickel, ruthenium, platinum, rhodium, and palladium used with
various supports are very common in SCWG processes.

The advantages of SCWG can be summarized as below:

» Unlike conventional gasification or pyrolysis, the water content of the biomass
feedstock used in SCWG does not constitute a problem. Therefore, the need for
expensive and energy-consuming drying pretreatment steps is eliminated. Dur-
ing gasification reactions carried out in SCW media, biomass with water content
up to 80 % can be employed [29-31].

e The formation of tars and chars is reduced, due to the increased solubility of
reaction intermediates in supercritical water. Instead of polymerizing into such
unwanted formations, these intermediates are transformed to gaseous products
[21, 22, 30].

e The gaseous product has a very high solubility and complete miscibility in
supercritical water. This enables the occurrence of single-phase reactions [2].

¢ Due to the much reduced mass transfer limitations and the occurrence of single-
phase reactions, the reactions taking place in SCWG process are fast [2].

¢ Heteroatoms like sulfur and nitrogen leave the process in the aqueous effluent.
This way, expensive gas cleaning steps are prevented [21, 31].

* A hydrogen-rich gaseous product is obtained during the process [21, 22].

» The gaseous product is not diluted with inert gases [31].

» The selectivity of the process toward a specific gaseous product, such as methane
or hydrogen, can be controlled by adjusting the operating conditions [24, 31].

» The produced carbon dioxide can easily be separated, due to its high solubility in
water [21, 31].

e The acquirement of a highly pressurized product gas prevents costly gas com-
pression steps [31].

» Because of the high operating pressures, compact gasification systems can be
developed. Moreover, the short reaction times lead to the utilization of smaller-
sized reactors [2].
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However, apart from these significant advantages, SCWG process has some
disadvantages as well [2, 24, 31]:

e It may be hard to pump some biomass solutions and sludges in continuous
systems.

e The employment of high temperatures and pressures may cause corrosion.
Hence, the regarding constraint of using corrosive-resistant reactor materials
increases the cost of the SCWG equipment.

e Apart from the high risk of corrosion, the severe operating conditions also
require attentive operational safety throughout the gasification system.

e The endothermic nature of the reforming reactions leads to high energy con-
sumptions. Therefore, a very effective heat exchanger design should be made to
increase the energy efficiency of the system.

» The heating process should be made with extreme care, so that biomass solutions
do not decompose and cause clogging before they reach supercritical conditions.

e The low solubility of inorganic substances may also cause clogging of the
SCWG system.

e If supported heterogeneous catalysts are used in the system, the most significant
drawback is the catalyst’s lifetime. Such catalysts can be deactivated after
several uses due to the char/tar formations on their surface or the presence of
nitrogen/sulfur-containing compounds in the biomass feedstock. Moreover, the
use of these catalysts may cause plugging of the SCWG reactor, since the
reactor’s cross-sectional area becomes much narrower than that of noncatalytic
reactors.

e The problem of reactor plugging may also arise because of homogenous catalyst
use, as the alkali salts have a low solubility in supercritical water. The high pH of
the environment due to the presence of alkali also yields the possibility of reactor
corrosion.

However, scientists in today’s world continue to carry out their studies to solve
these aforementioned problems and benefit from the significant advantages of the
SCWG process.

7.3 Hydrogen Production by Supercritical
Water Gasification

For the last three decades, scientists have been conducting and publishing studies
on supercritical water gasification processes. The studies generally focus on energy
production from biomass and biodegradable organic wastes, the simultaneous
energy recovery and treatment of wastewaters, utilization of efficient catalysts,
and challenges to overcome due to the previously mentioned disadvantages of
SCWG. In this sense, with the current prospects of the hydrothermal processes,
the pioneering work of scientists at Xi’an Jiaotong University (China), Institut fiir
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Technische Chemie Forschungszentrum Karlsruhe (Germany), Hamburg Univer-
sity of Technology (Germany), Tohoku University (Japan), Hiroshima University
(Japan), Korea Institute for Science and Technology (Republic of Korea), Paul
Scherrer Institute (Switzerland), University of Twente (The Netherlands), Yildiz
Technical University (Turkey), University of Leeds (UK), Pacific Northwest
National Laboratory (USA), University of Michigan (USA), Auburn University
(USA), and University of Hawaii (USA) is gratefully acknowledged. The studies
conducted at the aforementioned institutions are elaborately discussed in the valu-
able reviews by Matsumura et al. [32] and Peterson et al. [33].

The biomass used during the investigations conducted at these institutions is
generally in the form of model solutions. Such model biomass solutions include the
building blocks of plant cells like cellulose, hemicellulose, lignin, and glucose;
alcohols like methanol, ethanol, and glycerol; and ketones like acetone. Apart from
the aqueous solutions of model biomass compounds, though smaller in number,
there are also some studies regarding the SCWG of real biomass materials. These
studies involve tobacco, corn, cotton, and sunflower stalks; plant residues such as
corn cob, rice husk, and nut shells; industrial wastes such as sawdust, tannery
wastes, and paper pulp sludge; domestic wastes such as sewage sludge; and
industrial wastewaters such as winery wastes, cheese whey wastewater, textile
wastewater, and olive mill wastewater.

These generally laboratory-scaled studies intend to investigate the gasification of
biomass solutions at supercritical conditions and to elucidate the effect of different
parameters on the reaction mechanism, biomass conversion, gasification efficiency,
and gaseous product composition. The investigations revealed that the main param-
eters effecting SCWG of biomass are temperature, pressure, residence time, feed-
stock concentration, oxidant concentration, and catalyst use. Detailed information
regarding these parameters and feedstocks used will be given in the oncoming
sections. However, the complex and not fully illuminated nature of supercritical
water gasification is the major challenge associated with this process. It is still not
entirely possible to predict the effects of various parameters on the reactions and
reaction products. Nevertheless, possible reactions taking place during SCWG of
biomass are summarized in Table 7.2. Accordingly, the primary reactions taking
place during SCWG processes are endothermic reforming reactions, exothermic
methanation reactions, and the water-gas shift reaction, along with coke gasification
and Boudouard coking.

7.3.1 Influence of Process Parameters on Hydrogen
Production

As shown in Table 7.2, some of the reactions taking place during the SCWG of
biomass are reversible reactions. This condition necessitates the optimization of the
process parameters to obtain the maximum hydrogen yield. The main parameters
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Table 7.2 Possible reactions taking place during SCWG of biomass
Reaction AHyog k (kJ/mol)
Decomposition of organics:

CaHnO, + IZ—I(H30+ +OH) — (n+ p)CO + (? + n> H,
-+ intermediate products(C,Hy,)

Water-gas shift reaction: —41.1
CO + H,O < CO, + H,
Methanation of CO: —206.2
CO + 3H, < CH4 + H,O
Methanation of CO,: —165.0
COZ + 4H2 — CH4 + 2H20
Methanation of C: —75.0
C + 2H, < CHy4
Reforming of methane: 206.0
CH4 + H,0 < 3H; + CO
Boudouard coking (CO disproportionation): —172.4
2CO < C+ CO,
Coke gasification: —131.3
CO+H; <+ C+H,0

affecting SCWG of biomass are temperature, pressure, residence time, feedstock
concentration, oxidant concentration, and catalyst use. Hence, this section evaluates
the effect of each parameter on hydrogen production, comparatively referring to the
studies published in literature.

7.3.1.1 Temperature

Temperature is one of the most important factors affecting the gasification reactions
taking place in SCW media. The relationship of the reaction rate to temperature in
Arrhenius equation causes higher temperatures to be more suitable for thermal
degradation reactions. For instance, in their study regarding methanol reforming in
supercritical water, Boukis et al. [34] reported that a methanol conversion of 22 %
at 400 °C increased up to 99.5 % at 600 °C. Another study with methanol yielded
similar results, stating that a temperature increase from 500 to 700 °C caused high
methanol conversions [35]. Goodwin and Rorrer [36] investigated the SCWG of
xylose as a form of hemicellulose between 450 and 650 °C, at a pressure of 250 bar.
The authors reported that a xylose conversion of about 30 % at 450 °C increased
above 99 % at 650 °C.

The combined steam reforming and water-gas shift reactions have a highly
endothermic nature. Thus, a very high external energy is needed to drive the
equilibrium reaction to form hydrogen. According to Le Chatelier’s principle,
high reaction temperatures shift the equilibrium of the reaction to the forward
direction, thus promoting the production of hydrogen. On the other hand, low
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reaction temperatures favor the production of methane [2, 26]. A lot of published
papers give countenance to this fact. Susanti et al. [9] examined the SCWG of
isooctane at 601-676 °C. The authors stated that the hydrogen gas yield increased
from 0.93 to 2.31 mol/mol isooctane with an increase in temperature from 601 to
676 °C and that this was related with the combined steam reforming and water-gas
shift reaction to be endothermic. Ding et al. [10] obtained similar results regarding
their work on the hydrothermal gasification of cellulose at 400-550 °C. For a water
to biomass ratio of 3:1, the hydrogen yields obtained at 400 °C and 550 °C were
0.50 mmol/g biomass and 0.95 mmol/g biomass, respectively. In their study on the
SCWG of methanol at 550-700 °C and 27.6 MPa, Taylor et al. [35] stated that the
amount of hydrogen in the dry gas composition increased with increasing temper-
ature. In another study investigating the SCWG of xylose at 450-650 °C and
250 bar, per each mol of xylose fed, the amount of hydrogen generated was reported
to increase [36]. Susanti et al. [27] investigated the hydrothermal gasification of
glucose at a pressure of 25 MPa. The experimental results unveiled that as the
reaction temperature was increased from 650 to 767 °C, the amount of hydrogen in
the gaseous effluent increased from 68 % to 71.4 % and the hydrogen yield
increased from 7.9 to 11.5 mol/mol glucose. In another study with glucose at
25 MPa conducted by Jin et al. [37], a temperature increase from 550 to 650 °C
resulted in an increase of hydrogen fraction from 14.68 % to 29.30 % and hydrogen
yield from 4.425 to 8.939 mol/kg. Therdthianwong et al. [38] examined hydrogen
production by ethanol reforming in SCW. The authors stated that both ethanol
decomposition and ethanol reforming were favorable at high temperatures. Accord-
ingly, the reactions carried out at 600 °C showed greater hydrogen selectivities than
those carried out at 500 °C. Guo et al. [39] investigated the reactions of indole,
which is a product from hydrothermal processing of algal biomass, under SCW
conditions. The experiments conducted between 550 and 700 °C showed that the
highest hydrogen molar yields were achieved at 700 °C. Liu et al. [40] obtained
similar results on their paper regarding the hydrothermal gasification of glycerol
between 650 and 800 °C.

The literature studies performed with real biomass present congenerous hydro-
gen tendencies with temperature. For instance, Zhang et al. [41] investigated energy
recovery from sewage sludge with SCW treatment at 400—550 °C. Accordingly the
experiment conducted at 550 °C showed an almost tenfold increase in the yield of
hydrogen, reaching 14.5 mol/kg dried sludge, when compared to that at 400 °C.
Kipgak et al. [42] found similar results in their work regarding the hydrothermal
gasification of olive mill wastewater in SCW conditions. The authors’ experiments
were performed at five different temperatures (400, 450, 500, 550, and 600 °C), for
five different reaction times (30, 60, 90, 120, and 150 s), at a constant pressure of
25 MPa. The change in the hydrogen content of the gaseous product with respect to
reaction temperature and time is presented in Fig. 7.1. As it can be seen from
Fig. 7.1, the hydrogen content of the gaseous product increased dramatically with
temperature, especially for low reaction times, and the maximum amount of
hydrogen (about 11 %) was encountered at 600 °C.
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Fig. 7.1 Change in the
hydrogen content of
gaseous product with
respect to reaction
temperature and time for the
hydrothermal gasification
olive mill wastewater
(Reprinted with permission
from Kipcak et al. [42],
copyright 2011, Elsevier)
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At the same temperature range and pressure as the aforementioned paper, Cao
et al. [43] investigated hydrogen production from SCWG of black liquor in a
continuous flow system and drew likewise conclusions. Their experimental results
showed that temperature had an enormous influence on the SCWG of black liquor.
Both the total gas and hydrogen yields were almost doubled, hydrogen yield
increasing from 6.82 to 11.26 mol/kg. The authors suggested that the alkali present
in black liquor promoted the completion of the water-gas shift reaction, thus
increasing the generation of hydrogen. Lu et al. [44] reported that the most effective
operating parameter on hydrogen yield during the SCWG of corn cob was temper-
ature. Another study on hydrogen production by sewage sludge gasification in SCW
with a fluidized bed reactor, performed by Chen et al. [45], had similar conclusions.
The regarding experiments were made at 480-540 °C and at a pressure of 25 MPa.
The authors reported that as the temperature was increased from 480 to 540 °C, the
molar fraction of hydrogen was increased from 40.13 % to 43.6 %, and the
hydrogen yield was increased from 6.74 to 9.26 mol/kg.

7.3.1.2 Pressure

The effect of pressure on SCWG is mainly influenced by the role of water during
chemical reactions. The previously mentioned physical properties of SCW, such as
the density, dielectric constant, and ionic product, increase with increasing pres-
sure. Hence, at elevated pressures, the rates of ionic reactions like hydrolysis are
enhanced. The increased density at high pressures causes SCW to be an efficient
energy transfer agent and a collision partner in intermolecular energy transfer steps,
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thus promoting such reactions. Moreover, the major steps that generate a typical
chemical reaction are the diffusion of the reactant molecules to each other and their
chemical transformation and the diffusion of the reaction products away from each
other. The primary factor that affects the diffusion of a solute in a solvent is its
diffusivity, which is highly dependent on the solvent’s viscosity. And the solvent’s
viscosity is a parameter that is highly dependent on pressure. Hence, the chemical
reaction rates are strongly dependent on the operating pressures, since the diffusion
taking place at high pressures is hindered by the formation of a solvent cage around
the solute molecules. This phenomenon is called the “cage effect.” As a result of the
cage effect, the reaction products are kept in a cage formed by the solvent molecules
and this condition inhibits fission-type reactions like decomposition. The product
molecules that cannot leave the cage show a tendency to either merge together or
transform into reactants. The cage created by the solvent molecules also isolates the
reactant molecules. This condition promotes solute-solvent interactions (such as
hydrolysis or water-gas shift reaction) rather than solute-solute interactions. Con-
sequently, high pressures are favorable for reactions like the water-gas shift reac-
tion; but at the same time, decomposition reaction rates are reduced [46].

The influence of the cage effect is used by some papers in order to explain the
effect of operating pressure on hydrogen yield during the SCWG of biomass. For
instance, Sricharoenchaikul [46] studied black liquor gasification in supercritical
water. The experiments performed at 220, 300, and 400 atm resulted with hydrogen
fractions of 15.53 %, 13.37 %, and 10.69 % in the gaseous effluent, respectively. On
the other hand, the amount of the total gaseous products and the carbon conversion
remained relatively stable irrespective of pressure, indicating the hindrance of
decomposition reactions due to the cage effect. Karakus et al. [47] investigated
the effect of operating pressure in their study on the catalytic SCWG of 2-propanol.
The experiments performed at 400 °C and 5-25 MPa showed an increasing hydro-
gen trend with pressure, as presented in Fig. 7.2. Accordingly, the hydrocarbon
content of gaseous product such as methane, ethane, and propane decreased with
pressure, whereas the hydrogen content increased. This increase was especially
distinctive for the experiments performed with Pt/Al,O; catalyst, yielding an
increase of hydrogen from 45 % at 5 MPa to 95 % at 25 MPa. The authors attributed
this increment to two significant factors: firstly, high pressures favoring the water-
gas shift reaction and, secondly, the increase in the ionic product of water with
pressure. They stated that the high ionic product of SCW formed greater concen-
trations of H;O" and OH™ ions, which enhanced the hydrolysis of 2-propanol to
yield carbon monoxide and hydrogen.

Gadhe and Gupta [48] also obtained similar hydrogen tendencies with pressure
in their study on methanol reforming in supercritical water. The experiments
performed at 700 °C showed that as the pressure was increased from 69 to
276 bar, the molar hydrogen yield (mol of hydrogen formed per mol of methanol
fed) increased from 0.35 to 1.23.

On the other hand, the rather complex and not fully illuminated nature of SCW
prevents the creation of a general conclusion on pressure effects. With reference to
this fact, some published papers mention that pressure has a negligible effect on the



7 Hydrogen Production by Supercritical Water Gasification of Biomass 193

100 B Methane @ Hydrogen ¢ Propane L
¥ CO2 A Ethane ——Pt/AI203
""" Ru/AI203 I
80 - i
I
60
S
Ie)
=
40 |
20 -
0

0 5 10 15 20 25 30
Pressure, MPa

Fig. 7.2 Influence of reaction pressure on gaseous effluent contents for the catalytic supercritical
water gasification of 2-propanol (temperature, 400 °C; reaction time, 10 s; feed concentration,
0.5 M) (Reprinted with permission from Karakus et al. [47], copyright 2013, Hydrogen Energy
Publications)

formation of hydrogen. For example, Kipgak et al. [42] found similar results in their
work on the hydrothermal gasification of olive mill wastewater. To understand the
effect of pressure, a series of experiments were performed at 550 °C and for a
residence time of 60 s. As the pressure was increased from 100 to 300 bar, the
hydrogen content of the gaseous effluent did not change significantly. But the
authors preferred not to the use low pressures, since smut formations due to
carbonization were observed at such conditions. They reported that the carbon
content of the olive mill wastewater settled to the reactor inner wall as smut, instead
of transforming into gaseous products, which caused system clogging with time.
Boukis et al. [34] noted that the variation of pressure from 25 to 45 MPa showed a
negligible effect on the gas composition during the SCWG of methanol at 600 °C.
In another paper on the hydrothermal gasification of glucose at 23, 25, and 27 MPa,
it was concluded that the employed pressures had no significant effect on the
hydrogen yields [37]. However, it was mentioned that subcritical pressures had
an adverse effect on hydrogen production, due to the properties of water at these
conditions. At the same time, too high pressures caused trouble for the design and
maintenance of the system. Hence, the paper remarked that the ideal operation
pressure was about 25 MPa due to the experimental evidence. In their study on
ethanol reforming in SCW, Byrd et al. [49] reported likewise hydrogen tendencies
with pressure. The experiments conducted at 700 °C showed that an increase of
pressure from 221 to 276 bar resulted in a nearly constant hydrogen yield. D’Jesus
et al. [50] investigated the influence of process variables during the gasification of
corn silage in SCW. The authors pointed out that the amount of gaseous product did
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not vary with an increase of process pressure from 250 to 400 bar. In another study
of the same authors on the gasification of corn and clover grass in supercritical
water, similar conclusions were obtained [51].

7.3.1.3 Residence Time

The effect of residence time on hydrogen production during SCWG depends
explicitly on other process parameters like temperature, pressure, and the kind of
feedstock used. Short-chained hydrocarbons require shorter residence times for
their complete conversion than those of longer chained hydrocarbons. Hence, the
residence times required to obtain maximum hydrogen production vary greatly with
respect to the feedstock properties, such as the chain length, the chemical structure,
and the oxygen content [2]. If excessively long residence times are used, hydrogen
may undergo subsequent reactions such as methanation, which in consequence can
reduce its eventual yield. Moreover, the cited literature studies unveil that model
biomass solutions are gasified in shorter residence times, whereas much longer
residence times are required for the complete conversion of real biomass with
complex compositions. Thus, in conclusion, the residence times employed during
SCWG processes may increase or decrease the hydrogen yields.

The findings of the literature studies that investigate the effect of residence time
support the fact that the residence time may increase or decrease the hydrogen
yields. Kipcak et al. [42] investigated the effects of five different reaction times
during the hydrothermal gasification of olive mill wastewater at 400-600 °C and
25 MPa. As shown in Fig. 7.1, at low reaction temperatures, the increase of reaction
time from 30 to 150 s promoted the hydrogen fraction in the gaseous product. On
the contrary, the fraction of hydrogen was inversely proportional with reaction time
at higher temperatures. The authors interpreted this condition as the degradation of
the formed hydrogen to the final reaction products at elevated temperatures.

Another study on the catalytic gasification of 2-propanol at 400-600 °C and
25 MPa showed similar results [3]. Figure 7.3 presents the change in the hydrogen
yield with respect to reaction time for the employed catalysts at different temper-
atures. Generally, the hydrogen yield exhibits an increasing trend as the reaction
time increases from 10 to 30 s. It should be noted that for high temperatures and for
the Fe-Cr catalyst that showed higher hydrogen selectivity, there was a prominent
increment in the hydrogen yield as the reaction time was increased from 10 to 20 s.
However, as the reaction time was further increased to 30 s, the hydrogen yields
attained an almost constant value, as an evidence for the decomposition of the
formed hydrogen to other gases with the enhancement of temperature.

There are some other studies in literature that show increasing hydrogen forma-
tion with residence time. Susanti et al. [9] investigated the effect of residence time
for the SCWG of isooctane at a fixed temperature of 632 °C and a fixed pressure of
25 MPa. As the residence time was increased from 6 to 33.3 s, almost a fivefold
increase in the hydrogen gas yield from 1.14 to 5.52 mol/mol isooctane was
encountered. According to the authors, the increase in hydrogen gas yield at longer
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Fig. 7.3 Change of hydrogen yield with reaction time for the catalytic supercritical water
gasification of 2-propanol (Reprinted with permission from Akgiin and Kipgak [3], copyright
2014, Elsevier)

residence times indicated the need of an extended period of time for the completion
of the reaction. Goodwin and Rorrer [36] also reported an increased hydrogen yield
with residence time in their work on the SCWG of xylose at 450-650 °C and
250 bar. Lu et al. [44] investigated the influence of different process parameters on
hydrogen production by SCWG of corn cob. The experimental results exhibited an
increased hydrogen yield as the residence time was increased from 20 to 40 s. The
authors state that a more complete gasification of biomass would be realized with
longer residence times and that when compared with the effects of temperature and
pressure, residence time had no significant effect on hydrogen yield, since the
SCWG reaction rate was very rapid in the range of experimental operating param-
eters. In another article on black liquor gasification at SCW conditions, the effect of
residence time was analyzed at 650 °C and 300 bar [46]. It was reported that the
increase of residence time from 5 to 120 s enhanced the hydrogen yields. In their
study on ethanol reforming in SCW conditions, Arita et al. [52] examined the time
dependence of the gaseous product yields at 500 °C. The results showed that the
molar yield of hydrogen increased as the residence time was increased from 10 to
30 min.

On the other hand, there are some studies that report a first increasing and then
decreasing hydrogen yield with residence time. For instance, Byrd et al. [49]
investigated the effect of residence time on hydrogen production by ethanol
reforming in SCW. During the experiments performed at 800 °C and 221 bar, an
increase of residence time from 1 to 4 s promoted the hydrogen yields. However,
further increase of the residence time had an adverse effect on the hydrogen yields.
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The authors noted that at high temperatures, low residence times could prevent the
methanation reactions from reaching equilibrium. This made it possible to signif-
icantly limit the extent of methanation and the consequent hydrogen loss by
operating at low residence times. Boukis et al. [53] also obtained similar hydrogen
trends with residence time. In their work on methanol reforming in SCW for
hydrogen production, the effect of residence times varying between 3 and 100 s
was investigated at 600 °C and 25 MPa. The initial increase in the hydrogen yield
was followed by a steady decrease, as the residence times were elongated. This
effect was attributed to the methanation reaction of carbon monoxide and hydrogen,
as methane formations exhibited a linear increase as a function of time. Susanti
et al. [54] analyzed the noncatalytic gasification of isooctane in SCW. The exper-
iments were conducted at 763 °C and 25 MPa, for a residence time of 60—120 s. The
authors reported that when the residence time was increased from 60 to 91 s, a
significant increase in the hydrogen gas yield from 7.7 mol/mol isooctane to
12.4 mol/mol isooctane was observed. However, the hydrogen yield decreased to
11.8 mol/mol isooctane when the residence time was 120 s. On the contrary, just
like the case in the previously mentioned article, long residence times were seen to
favor methane formations. Thus, the decrease in the hydrogen yield and the increase
in the methane yield at long residence times were interpreted as the indication of
hydrogen consumption by the methanation reactions.

7.3.1.4 Feedstock Concentration

Feedstock concentration is one of the important operating parameters that have a
major impact on the yield and composition of the SCWG products. This impact is
generally attributed to the water-gas shift reaction. If low feedstock concentrations
are used, the excess amount of water may shift the water-gas shift reaction to the
forward direction. This, in consequence, promotes the hydrogen and carbon dioxide
yields in the gaseous product. Moreover, excess amount of water may also shift the
methanation reactions of carbon monoxide and carbon dioxide (Table 7.2) to the
backward direction, thus decreasing the methane yield in the gaseous product.

In the literature, especially studies performed with model biomass solutions
support the aforesaid phenomena. Many articles point out the greater gas yields
and organic matter conversions when low feedstock concentrations are used. On the
other hand, at high feedstock concentrations, a tendency to form char and tar is also
emphasized due to the polymerization reactions. For example on their work on the
SCWG of isooctane, Susanti et al. [9] reported that as the feedstock concentration
was increased from 5.7 to 32.7 wt.%, the total gas yield decreased from 2.13 to
1.27 L/g isooctane and the total organic carbon content of the liquid product
increased significantly from 311.3 to 1600.5 ppm. In another study of Susanti
et al. [27], it was stated that as the glucose feed concentration was increased from
2 to 15 wt.%, the total gas yield decreased from 2.04 to 1.41 g/L and the total
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Fig. 7.4 Influence of feedstock concentration on the gaseous effluent contents during the catalytic
supercritical water gasification of 2-propanol (temperature, 400 °C; reaction time, 10 s; pressure,
25 MPa) (Reprinted with permission from Karakus et al. [47], copyright 2013, Hydrogen Energy
Publications)

organic carbon present in the liquid effluent increased from 20 to 41 ppm. The
authors also stated that gasification experiments could not be performed for glucose
concentrations higher than 20 wt.%, due to the plugging of the feed preheater line.
In their study on methanol reforming in SCW, Boukis et al. [34] reported that the
methanol conversion decreased dramatically for feedstock concentrations greater
than 50 wt.%. In another study performed with methanol, while methanol was
completely reacted for 15 and 25 wt.% feeds, incomplete conversion was observed
for a feedstock concentration of 45 wt.% [35]. Therdthianwong et al. [38] examined
the effect of water to ethanol ratio on ethanol conversions during SCWG. Accord-
ingly, an increase in ethanol conversion was encountered for increasing water to
ethanol ratios. The authors also observed that at high ethanol concentrations, the
formation of coke, char, and high-molecular-weight carbonaceous species plugged
at the sensor of the reactor’s back pressure regulator.

Literature studies also mention lower hydrogen formation with increasing feed-
stock concentration. For instance, Karakus et al. [47] examined the catalytic SCWG
of 2-propanol and a series of experiments were performed at 400 °C, 25 MPa and
10 s, in order to comprehend the effect of feedstock concentration. The tested
2-propanol concentrations ranged from 0.17 to 0.5 mol/L and 1 to 3 mol/L. The
experimental results are presented in Fig. 7.4. Accordingly, the fraction of hydro-
gen in the gaseous product decreased with increasing 2-propanol concentrations for
each of the catalysts used. This decrease was attributed to the inhibition of the
water-gas shift reaction due to the high concentrations of the reactants in the
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reaction medium and the authors suggested the employment of low feedstock
concentrations in order to obtain a gaseous effluent rich in hydrogen.

Susanti et al. [9] investigated the SCWG of isooctane at 630 °C and 25 MPa, for
aresidence time of 18 s. As the feed concentration increased from 5.7 to 32.7 wt. %,
the amount of hydrogen in the produced gas decreased from 56.5 % to 40.1 %.
Moreover, an almost threefold decrease in the hydrogen gas yield was encountered
from 4.90 to 1.72 mol/mol isooctane. Based on equilibrium point of view, the
authors stated that the lower amount of water in the feed shifted the isooctane steam
reforming and the water-gas shift reactions to the backward direction, thus decreas-
ing the hydrogen and increasing the carbon monoxide yields. The equilibrium of the
carbon monoxide methanation reaction then shifted to the forward direction,
increasing the methane yields. Hence, the authors pointed out decreased hydrogen
formations for higher feedstock concentrations. Susanti et al. [27] also investigated
the SCWG of glucose solutions at 740 °C and 25 MPa, with a reaction time of 60 s.
The increase of glucose feed concentrations from 2 tol5 wt.% caused a decrease in
the hydrogen gas yield from 11.2 to 5.7 mol/mol glucose. Ding et al. [10] examined
the SCWG of cellulose for different water to biomass ratios ranging from 3 to 7 and
for different reaction temperatures ranging from 400 to 550 °C. When the water to
biomass ratio was increased from 3 to 7, the hydrogen yield increased by 44 %,
11 %, and 22 % at 400, 470, and 550 °C, respectively. The authors mentioned that at
higher gasification temperatures, the structure of water changed and led to a
reduction in both intramolecular and intermolecular hydrogen bonding. Therefore,
they suggested that water could provide hydrogen and consequently increase the
hydrogen yield. During their study on methanol reforming in SCW, Boukis
et al. [34] mentioned that hydrogen production declined significantly for methanol
concentrations greater than 50 wt.% for experiments carried out at 600 °C, 25 MPa,
and 15 s. Another article on methanol reforming at 700 °C had similar results,
stating that as the methanol concentration increased from 15 to 45 wt.%, the
hydrogen production notably decreased [35]. Therdthianwong et al. [38] investigated
the SCW reforming of another alcohol, ethanol, at 500 °C and 25 MPa. The exper-
imental results indicated an enhanced water-gas shift reaction with increasing water to
ethanol ratios, thus greater amount of hydrogen yields. Another study on the SCWG of
glycerol pointed out a dramatic decrease in the hydrogen yield as the glycerol
feedstock concentration increased from 5 to 45 wt.% [40]. Cao et al. [43] studied
the influence of black liquor concentration ranging from 3 to 9.5 wt.% at 550 °C,
25 MPa with a 7.42 s residence time. Accordingly, the dilution of black liquor favored
hydrogen formations. During the SCWG of 3 wt.% black liquor, maxima in both the
hydrogen fraction (61.02 %) and the hydrogen yield (27.55 mol/kg) were achieved.
Chen et al. [45] had similar conclusions in their work regarding the SCWG of sewage
sludge. The experiments performed at 540 °C and 25 MPa showed that as the
concentration of sewage sludge was increased from 4 to 12 wt.%, the molar fraction
of hydrogen decreased gradually. The article specified that high reaction temperatures
and low feedstock concentrations were favorable for hydrogen production, which
could enhance the steam reforming and water-gas shift reactions better. Yu
et al. [55] investigated the effect of glucose concentration at 600 °C and 34.5 MPa,
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for a reaction time of 34 s. The authors reported that the hydrogen yield decreased by a
factor of two as the reactant concentration increased from 0.1 to 0.8 M.

7.3.1.5 Oxidant Concentration

Some published articles investigate the effect of oxidant use, which is in concen-
trations less than the theoretical oxygen amount required for the complete decom-
position of the organic matter content of a biomass. Generally hydrogen peroxide is
the employed oxidant in such partial oxidation reactions. For instance, Susanti
et al. [9] investigated the effect of partial oxidation during the SCWG of isooctane,
with the aid of hydrogen peroxide as the oxidant. The experiments were performed
at a temperature of 637 °C, pressure of 25 MPa, residence time of 18 s, and
feedstock concentration of 9.9 wt.%. As the hydrogen peroxide concentration was
increased from O to about 2.7 mol/L, the total gas yield increased from 2.08 to
2.94 L/g isooctane. Hydrogen and carbon monoxide gas yields were seen to reach
their maximum values at medium hydrogen peroxide concentrations. As the oxi-
dant concentration was increased from O to 2.7 mol/L, the hydrogen gas yield also
increased from 4.00 to 6.13 mol/mol isooctane, which then decreased to 4.56 mol/
mol isooctane with a further increment of oxidant concentration to about 4.5 mol/L.
It was concluded that high oxidant concentrations in SCW conditions resulted in
complete oxidation of isooctane to form carbon dioxide and water. Williams and
Onwudili [29] examined the impact of hydrogen peroxide in various concentrations
on the SCWG of glucose. The authors reported that in the absence of any hydrogen
peroxide, there was a large amount of carbonization. However, an increase in the
concentration of hydrogen peroxide decreased the amounts of char, oil, and water-
soluble products while increasing the gas yields. Due to the presence of oxygen in
the system, an increment in carbon dioxide concentration was observed. On the
other hand, the amount of hydrogen increased to a point and then started decreasing
for oxidant concentrations above 6 wt.%. It was pointed out that partial oxidation
was selective for hydrogen production, whereas excess amounts of oxidant caused
direct oxidation to carbon dioxide. Jin et al. [37] had similar observations on the
SCWG of glucose and lignin at 600 °C and 25 MPa. The employed oxidant was
hydrogen peroxide, used in concentrations of 0-40 % of the chemical oxygen
demand of the biomass solution. Accordingly, the gasification efficiencies
increased with respect to the increase in the added oxidant amount. Moreover, the
hydrogen yields showed a first increasing and then decreasing trend with oxidant
concentration. It was reported that hydrogen peroxide in SCW formed OH" free
radicals and the presence of these free radicals greatly decreased char and tar
formations, thereby increasing the gasification efficiencies.

Another study with isooctane at 764 °C and 25 MPa, with a residence time of
105 s, investigated the effect of various oxygen equivalent ratios (ER) ranging from
0 to 0.3 [54]. With the aid of hydrogen peroxide as the oxidant, it was seen that the
total gas yield decreased from 4.22 to 3.73 L/g when the ER increased from 0 to 0.3,
indicating that partial oxidation did not promote gas production. The hydrogen gas
yield on the other hand showed a very slight increase from 12.4 to 12.6 mol/mol
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isooctane as the ER increased from O to 0.1. Further increase of the ER to 0.3
decreased the hydrogen gas yield to 10.1 mol/mol isooctane. The authors attributed
this to the high reaction temperatures and stated that it may therefore be unneces-
sary to use partial oxidation reactions to enhance hydrogen gas yields when high
temperatures, long residence times, and low feedstock concentrations are used. Xu
et al. [56] studied the influence of oxidation coefficient on product properties in
sewage sludge treatment by SCW. The experiments performed at 400 °C and
25 MPa, with a residence time of 2.5 min examined hydrogen peroxide oxidation
coefficients (practically added oxidant amount/theoretically required oxidant
amount, denoted with “n” in the article) ranging from O to 2.5. Hydrogen gas yields
were seen to initially increase and then decrease for 0 < n < 1. The maximum
hydrogen yield was encountered for the oxidation coefficient of 0.6. Hence, it was
concluded that small amounts of oxidant helped to generate hydrogen, but exces-
sive amounts caused the gaseous products to be converted to carbon dioxide and
water. It was also concluded that the partial oxidative gasification processes at
supercritical conditions could be used to produce hydrogen while simultaneously
and harmlessly dealing with sewage sludge. A similar conclusion was also drawn
by Kipgak and Akgiin [57] in their work on the oxidative gasification of olive mill
wastewater in supercritical water. The partial oxidative gasification experiments
were performed with hydrogen peroxide as the oxygen source, used in concentra-
tions ranging between about 9 and 182 mmol/L. The experiments were carried out
between 400 and 700 °C, at a constant pressure of 25 MPa and for a reaction time of
30 s. It was seen that the use of an oxidant caused an almost twofold increase in the
gasification yields when compared with the results obtained for hydrothermal
gasification experiments [42]. While the maximum gasification yield was 7.1 mL/mL
wastewater for the case of hydrothermal gasification, it was about 15 mL/mL
wastewater for partial oxidative gasification. On the other hand, increasing oxidant
concentrations were seen to have an adverse effect on hydrogen production, which
was more prominent at high reaction temperatures (Fig. 7.5).

As it can be seen from Fig. 7.5, the increase of oxidant concentration from about
9 to 182 mmol/L decreased the hydrogen fraction from 8.43 % to 4.34 % at 650 °C
and from 9.42 % to 0.14 % at 700 °C. The authors explained this phenomenon by
the degradation of the formed hydrogen into the final reaction products of carbon
dioxide and water, both through the impacts of temperature and oxidant concen-
tration. It was concluded that the use of oxidant concentrations corresponding to
1-2 % of the chemical oxygen demand of the wastewater was sufficient for the
energy recovery and simultaneous treatment of olive mill wastewater.

7.3.1.6 Use of Catalyst

In SCWG processes the use of catalysts is very common for several significant
purposes: to lower the activation energy to reach complete gasification, to convert
biomass feedstock into intermediates that can be more readily gasified, to reduce char
and tar formations, to reach the desired gasification efficiency, and to enhance the
selectivity of the desired gaseous product. For these reasons, a lot of studies have
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been made with the aim of determining efficient, stable, and inexpensive catalysts
that can be used in SCWG processes. The commonly investigated catalysts are either
homogenous alkali catalysts or heterogeneous metal-based catalysts.

7.3.1.6.1 Alkali Catalysts

The main homogenous alkali catalysts employed during the SCWG of biomass are
NaOH, KOH, Na,CO3, and K,CO5 [24, 58]. The primary importance of these alkali
catalysts arises from the enhancement of hydrogen yield through their use by
promoting the water-gas shift reaction [24, 31, 59]. Furthermore, the use of alkali
catalysts may lead to the formation of carbonates from their reaction with carbon
dioxide. The decrease of carbon dioxide in the gaseous effluent may also cause the
equilibrium of the water-gas shift reaction to the forward direction, enhancing
hydrogen formation. Moreover, these catalysts commonly promote the splitting of
the C-C bonds, thereby increasing the gasification efficiency and reducing char and
tar formations [60]. The alkali addition may also increase the reactor wall activity to
catalyze the SCWG reactions. However, the use of these catalysts has three main
drawbacks. Firstly, it is difficult to recover these catalysts from the reactor’s
effluent, which is a considerable problem in terms of economic point of view
[59, 60]. Secondly, the increased pH of the solution due to alkali addition may
corrode the reactor walls [2, 60]. And thirdly, due to their low solubility in SCW,
alkali catalysts have the possibility to precipitate in the reactor system, which in
turn may cause plugging issues [24, 31]. Hence, the aforementioned drawbacks
require greater utilization and investigation of alkali catalyst use.
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NaOH

NaOH is one of the most commonly employed alkali catalysts. Watanabe et al. [61]
investigated the effect of NaOH addition on the SCWG of glucose and cellulose at
673 K and for a reaction time of 15 min. Accordingly, NaOH improved the
hydrogen yield significantly for both biomass solutions. While the hydrogen yields
were about 2 % for experiments performed without any catalysts, they increased
above 20 % for glucose and 10 % for cellulose with the use of NaOH. Moreover, the
yields of carbon monoxide were negligibly small. Hence, the authors suggested that
carbon monoxide rapidly reacted with water to produce hydrogen and carbon
dioxide with the enhancement of NaOH. Another article by Watanabe et al. [62]
showed similar results for lignin gasification at 673 K. It was seen that NaOH
addition significantly enhanced the formations of hydrogen and carbon dioxide.
While the hydrogen yield was about 2.3 % for the noncatalytic runs, it increased to
15 % for NaOH-added runs. Moreover, the carbon monoxide yields were very low.
With these results, it was stated that the rate of water-gas shift reaction was
remarkably promoted by alkali. Osada et al. [63] investigated the noncatalytic
and NaOH-catalyzed SCWG of lignin and cellulose at 400 °C. For the noncatalytic
experiments made with lignin, the hydrogen fraction in the gaseous effluent was
7 mol%. This amount increased to 22 mol% with the use of NaOH. For the case of
cellulose gasification, the experiments performed without any catalysts resulted in a
hydrogen fraction of 14 mol%. This value was further increased to 43 mol% with
the use of NaOH. Onwudili and Williams [64] also investigated the role of NaOH in
hydrogen production during hydrothermal gasification of glucose. The experiments
performed at 450 °C and 34 MPa showed that NaOH addition improved the
hydrogen formations.

KOH

Ding et al. [10] performed the noncatalytic and KOH added SCWG of cellulose and
pinewood at 550 °C, with a water to biomass ratio of 7:1 and for 30 min. For
cellulose, with the presence of KOH, the gas yield increased from 16.4 wt.%
without catalyst to 38.4 wt.% with catalyst. Moreover, the solid product formation
was reduced from 16.9 wt.% without catalyst to 1.0 wt.% with catalyst. The results
also showed that KOH had a high selectivity for hydrogen, which was explained by
the shift of the water-gas shift reaction’s equilibrium toward hydrogen production.
Experiments made with pinewood as the feedstock showed similar results. Accord-
ingly, the hydrogen yield increased from 0.83 to 5.55 mmol/g pinewood with KOH
catalyst. Chen et al. [45] investigated the effects of various alkali catalysts (KOH,
NaOH, K,CO3;, and Na,CO3) during the gasification of sewage sludge at 540 °C
and 25 MPa. KOH showed the highest catalytic activity for improving the hydrogen
yield. With its employment, a maximum hydrogen yield of 15.49 mol/kg and a
maximum hydrogen molar fraction of 55.96 % were achieved. Kruse et al. [65]
studied the gasification of pyrocatechol in SCW with the presence of KOH. The
experiments were performed at 500 °C, 250 bar, and 1 h of reaction time. The
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authors stated that an increase in the amount of KOH from O to 5 wt.% caused a
decrease in the carbon monoxide content of the gaseous effluent and a
corresponding increase in the hydrogen and carbon dioxide yields. This was
explained by the improvement of the water-gas shift reaction by the addition of
the catalyst. Guo et al. [66] examined the effects of various alkali catalysts,
including KOH, on glycerol gasification. Studies performed at 526 °C and 6.5 s
residence time showed that the use of KOH increased the hydrogen and carbon
dioxide yields while decreasing the carbon monoxide yield. For instance, the molar
fraction of hydrogen for the noncatalytic experiment was 57.5 %, which further
increased to 67.4 % with the use of KOH.

N02C03

Xu et al. [60] investigated the effect of Na,COj; catalyst on the SCWG of glycine.
The initial hydrogen yield was considerably low without catalyst use, but increased
sharply with the employment of Na,COj;. Guo et al. [66] analyzed the effect of
Na,COs use on the SCWG of glycerol at 526 °C and for a residence time of 6.5 s. It
was seen that Na,COj3 improved the gasification efficiency and increased the molar
fraction of hydrogen in the gaseous effluent from 57.5 % obtained in the
noncatalytic run to 67.0 %. In their work on the hydrothermal gasification of
glucose at 923.15 K and 25 MPa, Hao et al. [67] investigated the influence of
Na,COs addition. The experiments performed without any catalysts resulted in a
hydrogen yield of 16.8 %, methane yield of 14.2 %, and a carbon monoxide yield of
39.1 %. The addition of 0.01 M Na,COj increased the hydrogen and methane yields
to 23.1 % and 19.3 %, respectively, while lowering the carbon monoxide yield to
2.7 %.

K>CO;

Guo et al. [66] investigated the effects of various alkali catalysts on the gasification
of glycerol at 526 °C, 25 MPa, and a residence time of 6.5 s, the results of which are
presented on Fig. 7.6. It can be seen that the use of alkali catalysts significantly
increased the hydrogen and carbon dioxide yields while decreasing the carbon
monoxide yield. The activity of the catalysts with respect to hydrogen yields
decreased in the order of NaOH>Na,CO;>KOH>K,COj;. Although K,COs3
exhibited the lowest activity for hydrogen formation, it still caused a notable
increase in the hydrogen fraction. The molar fractions of hydrogen, methane, and
carbon monoxide in the gaseous product for the noncatalytic conditions were
57.5 %, 3.4 %, and 19.2 %, respectively. When K,COj catalyst was employed,
the molar fraction of hydrogen increased to 67.4 %, methane decreased to 3.2 %,
and carbon monoxide decreased to 0.31 %. Sinag et al. [68] reported a similar
hydrogen enhancement in their work on the SCWG of glucose with K,COj3 at
500 °C and 30 MPa. With the use of K,COs, the recovered amount of hydrogen per
mol of glucose was approximately twice as much as without catalyst. This, along
with low amounts of carbon monoxide, was interpreted as the enhancement of the
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Fig. 7.6 The gas yields in SCWG of glycerol with different alkali catalysts (temperature, 526 °C;
pressure, 25 MPa; residence time, 6.5 s; feedstock concentration, 10 wt.%; catalyst concentration,
0.5 wt.%) (Reprinted with permission from Guo et al. [66], copyright 2012, Hydrogen Energy
Publications)

water-gas shift reaction with the catalyst effect. Madenoglu et al. [69] investigated
the gasification of glucose at temperatures ranging from 400 to 600 °C and
pressures ranging from 20 to 42.5 MPa, with and without the use of K,COj catalyst.
At 600 °C and 20 MPa, the hydrogen yield was nearly doubled from 2.25 to
3.87 mol/mol glucose, with the addition of the catalyst. K,CO3 was seen to improve
hydrogen and carbon dioxide yields, by lowering the carbon monoxide yield
through the water-gas shift reaction. The influence of K,COj3; was also discussed
in another article on the SCWG of real biomass samples (cauliflower residue,
tomatoes residue, and hazelnut shell) at 600 °C and 35 MPa [70]. In the absence
of the catalyst, the hydrogen yield (mol hydrogen/kg C in the feed) was found as
20.2, 17.9, and 11.7 for cauliflower residue, tomatoes residue, and hazelnut shell,
respectively. With the employment of K,CO; catalyst, these values increased to
32.1 for cauliflower residue, 30.9 for tomatoes residue, and 18.5 for hazelnut shell.

7.3.1.6.2 Metal-Based Catalysts

The use of metal catalysts such as nickel, ruthenium, platinum, palladium, rhodium,
and cobalt employed with various supports is frequently encountered in SCWG
processes. These catalysts generally have a high activity, enabling efficient carbon
conversions even at low reaction temperatures. Their easy separation and recovery,
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along with their noncorrosive nature, are among the other primary advantages of
metal catalysts [24]. However, the catalyst lifetime is a significant challenge
associated with their use. There is a possibility that they can be oxidized in the
hydrothermal operation environment. Moreover, metal-based catalysts may be
deactivated due to tarry compound deposits on their surface or the presence of
sulfur/nitrogen containing compounds in the feedstock [2].

Nickel

Nickel-based catalysts are generally preferred for their lower cost, convenience for
use at high temperatures, prevention of char and tar formations, and efficiency in
accelerating the carbon conversions [24, 58]. What is more, these catalysts gener-
ally increase the rates of water-gas shift and methanation reactions [71, 72]. Litera-
ture studies show that the activities of nickel catalysts usually depend on the
operating temperature and the nature of the support material [28]. However, the
most significant drawback of these catalysts is their easy deactivation, mostly due to
the adsorption of the reaction intermediates onto the catalyst surface
[24, 28]. Hence, it is very common to use compounds like CeO,, La,03, SiO,,
and ZrO,, called promoters, in order to enhance the activity and stability of the
nickel catalysts [59, 73].

Kruse et al. [65] investigated the influence of Raney nickel on the SCWG of
pyrocatechol solutions. The addition of the catalyst led to an increase in the
hydrogen and carbon dioxide yields, but not a significant increase in the methane
yield. The authors reported that, although the effect of Raney nickel was lower than
that of alkali catalysts, it still acted on the water-gas shift reaction by increasing the
hydrogen fraction by 170 % and decreasing carbon monoxide fraction by 70 %
when compared with the experiments without catalyst addition. In another article
on the effect of Raney nickel on glucose gasification at 500 °C and 30 MPa, similar
observations were made [68]. It was reported that Raney nickel addition had a
positive effect on hydrogen, methane, and carbon dioxide formations.

Akgiin and Kipgak [3] studied the behavior of Ni/Al,O3 catalyst on the gasifi-
cation of 2-propanol at 400-600 °C and 25 MPa, in the reaction time range of 10—
30 s. To understand the effect of catalyst addition, noncatalytic experiments were
also performed at 450 °C. The highest gasification yield and the hydrogen content
of the gaseous product in the regarding blank experiments were recorded as 0.15 L/
L feed and 2.5 %, respectively. On the other hand, the use of Ni/Al,O3 catalyst
improved the gasification yield to 9.5 L/L feed and the hydrogen content to 62 %.
Lu et al. [28] investigated hydrogen production by glucose gasification in SCW
over Ni/Al,O; catalyst at 400 °C and 24.5 MPa. The hydrogen and methane yields
were 1.3 mol/kg and 0.8 mol/kg, respectively, without the addition of the catalyst.
With the addition of Ni/Al,O5, the hydrogen yield improved significantly to
10.5 mol/kg, while the methane yield was increased by 257.5 %. Osada et al. [63]
studied the effect of Ni/Al,O3 on the catalytic gasification of cellulose and lignin.
The experimental results unveiled that the use of Ni/Al,O; enhanced hydrogen
production for both biomass compounds. For the case of cellulose, at 400 °C, and
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for a reaction time of 15 min, the hydrogen fraction obtained at the noncatalytic run
was 14 %. This value increased up to 23 % when Ni/Al,03 was employed. At the
same experimental conditions, the use of Ni/Al,O3 improved the hydrogen fraction
from 7 % for without catalyst to 17 %. In another study of Osada et al. [74], lignin
gasification at 673 K was performed. Accordingly the molar fractions of hydrogen,
methane, carbon monoxide, and carbon dioxide obtained were 3.4 %, 69.5 %,
7.9 %, and 19.0 %, respectively, for the experiment without any catalyst use.
Ni/Al,0O5; improved the hydrogen molar fraction to 18.4 % and increased carbon
dioxide to 58.4 % while decreasing the methane fraction to 18.1 % and reducing
carbon monoxide to 4.0 %. Therdthianwong et al. [75] also reported similar results
in their work regarding ethanol reforming in SCW at 500 °C and 25 MPa.

As it was mentioned before, nickel catalysts are sometimes used with promoters
in order to maintain their stability and prevent their deactivation. For instance, Li
et al. [59] studied SCWG of glucose over Ni-Cu/Al,O3, Ni-Co/Al,O3, and Ni-Sn/
Al,Oj3 catalysts at 673 K. The hydrogen selectivity with no catalyst addition was
19.2 %. This value was further improved to 50.2 % for Ni-Cu/Al,0O5 and 61.1 % for
Ni-Co/Al,O3. On the other hand, it was reported that Sn additive retrograded the
catalytic activity of the nickel-based catalyst for hydrogen production. In another
gasification study with glucose at 673 K and 24.5 MPa, Lu et al. [73] investigated
the effect of Ni/CeO,/Al,O5 catalyst. It was reported that catalyst use enhanced
hydrogen, methane, and carbon dioxide formations. Therdthianwong et al. [75]
examined the reforming of ethanol over Ni/CeZrO,/Al,O5 catalyst in SCW at
500 °C and 25 MPa. It was seen that the catalyst significantly improved ethanol
conversion, along with hydrogen and methane yields. Lee [76] studied the influence
of Ni-Y, Ni-Fe, and Ni-Co catalysts on activated carbon supports for the SCWG of
glucose. It was reported that all three of the catalysts improved carbon conversions
along with hydrogen, methane, and carbon dioxide yields. On the contrary, the use
of these promoted nickel catalysts caused a decrease in carbon monoxide
formations.

Ruthenium

Ruthenium catalysts are especially used in low-temperature gasification processes.
The most significant advantage of these catalysts is the long-term maintainability of
their activities and stabilities [24, 59]. They are usually preferred for their enhance-
ment of methanation reactions. On the other hand, ruthenium catalysts may be
subject to catalyst poisoning in the presence of sulfur-containing feedstock. More-
over, their high cost is another disadvantage [11, 59].

Osada et al. [63] investigated the effect of Ru/TiO, catalyst on the gasification of
lignin and cellulose at 400 °C. For the case of lignin, when compared with the
noncatalytic results, the employment of Ru/TiO, increased the hydrogen fraction of
the gaseous effluent from 7 % to 14 % while enhancing the methane fraction from
33 % to 41 %. On the other hand, the results for cellulose gasification were quite
different. Ru/TiO, decreased the hydrogen fraction from 14 % to 9 %, but an
enormous increase in the methane fraction was observed. While it was 3 % for
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Fig. 7.7 The product gas yields for various TiO,- and ZrO,-supported metal catalysts used in the
SCWG of switchgrass biocrude (temperature, 650 °C; pressure, 250 bar) (Reprinted with permis-
sion from Byrd et al. [78], copyright 2011, Hydrogen Energy Publications)

noncatalytic gasification, it increased to 44 % with Ru/TiO; use. In another study
with Ru/TiO, on the SCWG of lignin at 673 K, similar results with those of
cellulose in the previously mentioned article were obtained [77]. For the
noncatalytic experiments, the molar fractions of hydrogen and methane in the gas
product were 21.5 % and 30.6 %, respectively. With the use of Ru/TiO,, the fraction
of hydrogen decreased to 4.5 % and the fraction of methane increased to 49.0 %.
Byrd et al. [78] studied the influence of various titania and zirconia supported metal
catalysts on the gasification of switchgrass biocrude at 600 °C and 250 bar. Their
experimental results are presented in Fig. 7.7. The figure clearly presents the impact
of support material on gas yields. For instance, the second highest hydrogen yield
was seen for Ru/TiO,, but the gas product contained very little hydrogen for
Ru/ZrO,. This catalyst showed the highest methane activity instead. The authors
also mention the poor closure of carbon balance for this catalyst, which was due to
the extensive char formation during its use. On the other hand, the highest hydrogen
yield was encountered for Ni/ZrO, catalyst (0.98 mol hydrogen/mol carbon). For
the case of Co, while the hydrogen yields were not as high as those of Ni and Ru
catalysts, a significant yield of carbon monoxide was observed, especially for
Co/Ti0O,. The authors explain this with cobalt’s low activity for the water-gas
shift reaction.

Al,03 is one of the most commonly used supports for ruthenium. For instance,
Karakus et al. [47] studied the catalytic gasification of 2-propanol over Ru/Al,O3 at
400-550 °C, 25 MPa and a reaction time of 10-30 s. The employment of Ru/Al,O3
catalyst significantly increased the gasification yield (amount of gaseous product
obtained per the amount of 2-propanol solution fed) from about 1 to 27.2 L/L feed.
Moreover, it increased the hydrogen and methane yields. The authors reported that
Ru/Al,05; showed a very high gasification activity toward methane, favoring the
water-gas shift reaction and methanation of carbon monoxide. In a study made by
Byrd et al. [49], ethanol reforming in SCW with Ru/Al,O5; catalyst was
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investigated. It was reported that the use of Ru/Al,O5 significantly increased the
hydrogen yield. Besides, a major reduction in carbon monoxide and methane yields
was encountered. Byrd et al. [79] also studied hydrogen production from glucose
using Ru/Al,O; catalyst in SCW. The experiments were performed at 700 °C and
248 bar, with a glucose concentration of 1 wt.%, for both the noncatalytic and
catalytic runs. The use of Ru/Al,Oj5 increased the hydrogen fraction from 54.5 % to
68.9 %, decreased the methane fraction from 8.5 % to 1.3 %, and lowered the
carbon monoxide fraction from 5.6 % to 0.1 %. The authors suggest that glucose
initially underwent dehydrogenation on the catalyst surface to give adsorbed
intermediates. The subsequent cleavage of C-C bonds led to the formation of
hydrogen and carbon monoxide, the latter then reacting with water to form carbon
dioxide and further hydrogen through the water-gas shift reaction. Onwudili and
Williams [80] investigated the gasification of glucose at 550 °C and 36 MPa, with
and without the employment of Ru/Al,O3 catalyst. Accordingly, the use of
Ru/Al,05 increased the gas production significantly. During the noncatalytic gas-
ification, the obtained gaseous product contained 12 % hydrogen, 3.38 % methane,
3.16 % C,—C4 hydrocarbons, 15.4 % carbon monoxide, and 66 % carbon dioxide by
mol. For the catalytic experiments, on the other hand, the gaseous product was
comprised of 29 % hydrogen, 21.6 % methane, 2.02 % C,—C,4 hydrocarbons, 2.02 %
carbon monoxide, and 48.3 % carbon dioxide. The authors pointed out the evident
selectivity of Ru/Al,O; catalyst toward hydrogen and methane formations.

Other Metal Catalysts

Akgiin and Kipgak [3] compared the hydrogen yields of Ru/Al,O;, Pt/Al,Os,
Ni/Al,O3, and Fe-Cr in their article regarding the catalytic hydrogen production
from 2-propanol in SCW. Figure 7.8 presents the highest hydrogen yields obtained
for each catalyst. While the highest hydrogen yields for Ru/Al,O3, Ni/Al,03, and
Fe-Cr were obtained between 100 and 150 mmol/mol 2-propanol, it was about
1050 mmol/mol 2-propanol for Pt/Al,O;, for the experiment conducted at 400 °C.
Consequently, the authors concluded that Pt/Al,0; was much more selective for
hydrogen production, especially for low reaction temperatures.

Osada et al. [74] investigated the effects of various metal catalysts (Ru, Rh, P,
Pd, and Ni) used with various supports (TiO,, Al,Os3, and C) on the gasification of
lignin at 673 K. The authors reported that the catalyst selectivities to hydrogen were
in the order of nickel > palladium > platinum > rhodium > ruthenium, while the
selectivities for methane were in the order of ruthenium > rhodium > platinum >
palladium > nickel. Yamaguchi et al. [81] also studied the gasification of lignin
with the same catalysts and at the same temperature as the previously mentioned
article. It was reported that the catalyst selectivities for hydrogen were in the
following order: palladium > ruthenium > platinum > rhodium > nickel.

Youssef et al. [82] investigated AC (activated carbon), Pd/AC, Ru/AC,
Ru/Al,05, and NaOH activities during the gasification of hog manure at 500 °C
and 28 MPa. The gas yield distributions of these catalysts are presented in Fig. 7.9.
The major components of the product gas yields for all experiments were hydrogen,
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Fig. 7.8 A comparison of the highest hydrogen yields obtained for various catalysts during the
SCWG of 2-propanol (pressure: 25 MPa) (Reprinted with permission from Akgiin and Kipgak [3],
copyright 2014, Elsevier)

900 —
BH2 ECH4 8CO02

800

700

600

500

400

300

200

100

Gas yield (mmol/mgCODinitial)

Pd/AC Ru/AC Ru/AI203 AC NaOH (A) NaOH (B)
Catalyst type
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methane, and carbon dioxide. Trace amounts of carbon monoxide were encountered
only for the experiments made with NaOH. Similar to the results of [81], palladium
showed greater hydrogen selectivity than ruthenium. The order of hydrogen pro-
duction in catalytic gasification was reported as Pd/AC > Ru/Al,O; > Ru/AC >
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AC > NaOH. On the other hand, the order of feedstock’s chemical oxygen demand
reduction was reported as NaOH > Ru/AC > AC > Ru/Al,O5; > Pd/AC.

As a result, it can be said that catalysts exhibit different activities or gas
compositions depending on the feedstock and the operating conditions used.
Hence it is not possible to affirm that a specific catalyst is superior over another
for a specific selectivity by rigid boundaries. This necessitates additional studies
regarding hydrogen and biofuel production from biomass by supercritical water
gasification.

7.3.2 Literature Studies

In the literature, a lot of valuable studies have been made regarding supercritical
water gasification of biomass for the last three decades. A summary of these studies,
which were elaborately discussed in the previous sections, is presented in Table 7.3
for noncatalytic hydrothermal gasification and in Table 7.4 for catalytic gasifica-
tion. The tables include the feedstock used, the operating conditions, the reactor
type, the kind of catalyst, if used, and the major findings. In the findings section, the
lowest and highest amounts of hydrogen, methane, C,—C, hydrocarbons, and
carbon monoxide are presented.

7.4 Conclusions and Future Outlook

Hydrogen is a promising energy source, which can sustainably provide the world’s
growing energy needs, minimize the dependence on fossil fuels, and reduce the
impact of environmental pollution. Among the biological, thermochemical, and
electrochemical processes that are employed for hydrogen production, supercritical
water gasification owns a significant potential. Due to the unique properties of
supercritical water, SCWG offers many advantages for hydrogen production from
biomass. For instance, since biomass with water content up to 80 % can be used, the
process does not necessitate expensive drying pretreatment steps. A hydrogen-rich
gaseous product is obtained in SCWG. Moreover, the selectivity of the process
toward a specific gaseous product can be controlled by adjusting the operating
conditions. Reduced mass transfer limitations, homogenous and fast reactions, high
levels of conversions, reduced amounts of chars and tars, short residence times, and
smaller-sized reactors are the other advantages that the SCWG process offers.
However, despite these numerous advantages, there are several challenges that
should be overcome for the commercialization of SCWG. The first challenge is
associated with the energy efficiency of the process. The high operating tempera-
tures and the regarding heating requirements necessitate the use of an efficient heat
recovery unit. Secondly, the reactor design should be made with extreme care,
involving adequate safety measures and noncorrosive materials, due to the severe
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reaction conditions employed in the process. Another challenge arises due to the
wall effects of the reactors. Generally, the reactors used for the SCWG processes
are constructed of alloys to avoid corrosion. Apart from being expensive, these
alloys also contain high amounts of nickel. The nickel-containing reactor walls may
act as a catalyst, which may in turn lead to uncertainties in the experimental results.
There are also some challenges associated with the feedstock used. Commercial
SCWG systems will also have to deal with real biomass, which contain inorganic
materials and impurities. These inorganics and impurities may precipitate in the
reactor and cause clogging issues. The formation of chars and tars may also block
the reactors. Hence, the heating of the reactors should be very rapid in order to
minimize such formations. Finally, catalyst use in commercial SCWG systems also
creates some challenges. The use of homogenous alkali catalysts may cause corro-
sion of the reactor. What is more, since alkali salts have a very low solubility in
supercritical water, some problems may arise from their precipitation in the reactor.
Heterogeneous catalysts, on the other hand, are expensive and can be deactivated
after several uses due to char and tar formations on their surface. Catalyst pores are
also prone to being blocked by the impurities and inorganic materials found in the
feedstock. The supports of these heterogeneous catalysts also have the possibility to
oxidize and degrade at supercritical conditions.

In conclusion, once the aforementioned challenges are handled during its com-
mercialization, owing to its unique and significant advantages, supercritical water
gasification will be a sustainable, viable, and environmentally benign technology
for hydrogen production from biomass.
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Chapter 8
Hydrogen Production from Water and Air
Through Solid Oxide Electrolysis

Kongfa Chen, Dehua Dong, and San Ping Jiang

Abstract High-temperature solid oxide electrolyzers (SOEs) or solid oxide elec-
trolysis cells (SOECs) are electrochemical devices for the efficient production of
hydrogen or syngas as feedstock for liquid fuels such as methanol, gasoline, and
diesel using electricity and unused heat from nuclear plants, steelmakers, or renew-
able energy sources. This chapter aims to review the principles, status, and progress
in the electrochemical hydrogen production process by water electrolysis such as
low-temperature alkaline electrolysis cells and polymer exchange membrane elec-
trolysis cells with particular emphasis on the new electrolysis technologies of high-
temperature SOECs. The material and material degradation issues associated with
high-temperature electrolysis processes are reviewed and discussed.

Keywords Hydrogen generation ¢ Solid oxide electrolyzer « Materials * Principles

8.1 Introduction

Hydrogen plays an important role in the energy sector and is one of the most
important feedstocks for the production of hydrocarbon fuels and chemicals.
Hydrogen, which has high energy density and environmental friendliness, is con-
sidered to be an ideal energy carrier for renewable energy storage [1, 2]. However,
hydrogen does not exist in its pure state in nature, like oxygen, and has to be
produced from hydrogen-containing resources such as natural gas, coal, biomass,
and water by reforming, gasification, electrolysis, or thermal decomposition
[3]. Currently, about 96 % of hydrogen is produced from fossil fuels [4, 5]. The
industrial processes produce significant amounts of CO,, which is a major green-
house gas (GHG) and has a strong impact on global warming. Due to the depletion
of fossil fuels, hydrogen production from non-renewable hydrocarbon sources is
not sustainable.
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Fig. 8.1 Schematic representation of the energy cycle using water splitting to store excess solar
electrical energy and fuel cells to provide the electricity during the low peak period

Hydrogen production from water splitting or electrolysis derived from renewable
energy, such as hydro, solar (photovoltaic), or wind energy, is sustainable and pro-
vides an environmentally friendly pathway to contribute toward meeting the con-
stantly growing demand for energy supply and storage [6, 7]. For example,
conversion of intermittent or excess solar (photovoltaic, PV) electrical energy into
chemical energy by water electrolysis into hydrogen fuels can be used to store surplus
solar energy during peak generation periods. During low-generation periods (e.g., the
night), these H, fuels can then be used to efficiently regenerate electricity via fuel
cells. Fuel cells are energy conversion devices that electrochemically convert fuels
such as hydrogen to electricity with high power density, high efficiency, and low
GHG emissions [8]. Using H, as a fuel, the only by-product of the fuel cell reaction is
water, which can be fed back into the water electrolysis process. Figure 8.1 shows a
schematic of the role of water electrolysis (electrochemical or photoelectrochemical
types) and fuel cells in such environmentally friendly energy solutions.

Water electrolysis for hydrogen production has many advantages such as high
purity, simple process, and no GHG emission. Industrial water electrolyzers are
mutual technology and have been established for more than 100 years. However,
the energy requirement in conventional industrial electrolyzers is high, 4.5-5.0 kWh/
m’® H,. Thus, there are urgent needs to enhance the efficiency of water electrolyzers
and reduce energy consumption. The main focus of this chapter is to briefly introduce
the principle of water electrolysis and various types of water electrolyzers with
particular emphasis on the new electrolysis systems of high-temperature solid oxide
electrolyzers (SOEs) or solid oxide electrolysis cells (SOECs). Fundamental and
materials development of SOECs are reviewed and discussed.
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8.2 Water Electrolysis

Water electrolysis uses electricity to drive the reactions and produces hydrogen and
oxygen at cathode and anode, respectively. Charges carried by ionic species such as
OH ™, H, or 02*, move through an ionic conducting electrolyte to maintain the
electrical neutrality of the system. According to the ionic conducting electrolyte,
there are three types of electrolyzers as shown in Fig. 8.2, namely, alkaline
electrolyzer, proton exchange membrane (PEM) electrolyzer, and high-temperature
SOECs.

Cell voltage, U, is an important parameter to represent energy consumption of
water electrolyzers. The thermodynamic decomposition voltage of water is 1.23 V
at 25 °C. According to Faraday’s law, the electric quantity, Q, to produce 1 mol H,
(i.e., 22.4 L at standard condition) is 2 F. Thus, theoretical energy consumption, W/,
to produce 1 m> H, is

1000 1 1
W =UQ0 =123 x <2X22.4X96’485X1000X3600>

=294 kWh/m’H, (8.1)

However, in practical cells, gas evolution reaction occurs at 1.65-1.7 V, and in
industrial cells the cell voltages of water electrolysis are typically in the range of

| 1
I LI
Anode Electrolyte Cathode
Alkaline : 3
electrolyser | 20H—> H,0+0.50,+ 2¢' [ OH 2H,0 + 2e"—>20H" + H,
PEM
electrolyser H*
H,0 —>0.5 0, + 2e"+ 2H* —_——_—— 2H* + 20 —> H,

Solid oxide
electrolysis cells

0%

0¥—> 0.50,+ 2e - H,0 + 26—> 0% + H,

Fig. 8.2 Classification of water electrolyzers
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1.8-2.6 V, due to high overpotential and large ohmic voltage drop. If the cell
voltage is 2.0 V, practical energy consumption, W, is

1000 1 1
W, =UQ =2.0x (Zme%ASSXWXﬁ)

=4.79 kWh/m’H, (8.2)

The energy efficiency, 7., of water electrolysis for hydrogen production is

2.94
= 100 =614 8.3
Te =479 % % (8.3)

Thus, increasing energy efficiency of water electrolysis by reducing the
overpotentials for the H, evolution reaction at the cathode, O, evolution reaction
at the anode, and overall cell resistance will significantly enhance the utilization
efficiency of renewable primary energy.

8.2.1 Alkaline Electrolyzer

Alkaline electrolyzers are the dominant type of units in commercial operation
today. The electrolyte is typically 20-30 wt.% KOH and operating temperatures
are in the range of 70—-100 °C. Porous Raney nickel is the most common electrode
used in alkaline electrolysis cells. The electrode reactions are

Cathode : 2H,0(/) + 2e~ — H(g) + 20H (agq) (8.4)
Anode : 20H (ag) — H,0(l) + 1/204(g) + 2¢~ (8.5)

Under a polarization potential between cathode and anode, water is dissociated into
OH™ and H, on the cathode side, and OH™ moves through electrolyte and reaches
the anode side, where OH" releases oxygen molecules and electrons with a
by-product of water. The electrolysis technology has been developed for commer-
cial applications after being discovered by Troostwijk and Diemann in 1789
[9]. The system is simple and low-cost, and its efficiency is in the range of 47—
82 % [3]. The main disadvantage of the technology is the low purity of hydrogen
product due to the cross diffusion of hydrogen and oxygen between electrodes,
which also causes safety issues related to hydrogen explosion [10].

During water electrolysis, bubbles cannot be removed rapidly from the electrolytic
system. Bubble coverage on the electrode surface and bubble dispersion in the electro-
lyte, i.e., the bubble effect, can lead to high ohmic voltage drop and large reaction
overpotential. The bubble effect is one of the key factors for high energy consumption
and has been extensively reviewed recently [11]. The hydrogen production rate is also
limited by low current load as the electrolysis cells have high ohmic resistances.
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8.2.2 PEM Electrolyzer

PEM electrolyzers use proton-conducting polymeric membranes as electrolytes and
operate at a similar temperature range. In PEM cells, protons produced at the anode
are selectively conducted across a polymer membrane and the following electrode
reactions occur:

Cathode : 2H" (ag) +2¢~ — Ha(g) (8.6)
Anode : HO(l) — 2H"(aq) + 1/20,(g) + 2~ (8.7)

Compared with alkaline electrolyzers, PEM cells can be operated at high current
densities to increase hydrogen production rate. In addition, solid polymer mem-
brane can effectively prevent gas diffusion, thus producing high purity of hydrogen.
The technology is also well developed and efficiency ranges from 48 % to 65 %
[3]. However, the commercialization is limited by the high cost and low stability of
noble metal-based electrocatalysts. The wuse of expensive noble metal
electrocatalysts (typically Pt particles) and expensive membranes greatly increases
capital costs of hydrogen production. Noble metals can be poisoned by impurities
such as CO and lose catalytic activity. Another issue is the oxidation of carbon-
based supports and the gas diffusion layer. Less expensive materials are needed.

8.2.3 Solid Oxide Electrolysis Cells

As the splitting of water is an endothermic reaction, electricity demand and
decomposition voltage decrease with an increase in temperature. Therefore it is
beneficial to operate at elevated temperatures for water electrolysis. Overpotentials
and ohmic voltage drops decrease considerably at high operation temperatures.
High-temperature SOECs are reversibly operated solid oxide fuel cells (SOFCs) as
in Fig. 8.3. SOFC is an energy conversion device to electrochemically convert
chemical energy of fuels such as hydrogen, hydrocarbons, and biofuels to electric-
ity and is the most efficient among various fuel cells [8]. Driven by the difference in
oxygen chemical potential, oxygen ions, O°~, generated at the oxygen electrode
migrate through an oxygen ion-conducting solid electrolyte such as yttria-stabilized
zirconia or YSZ to the fuel electrode where they are consumed by oxidation of
fuels. The same device can be operated under SOEC mode. In SOEC mode, steam
(i.e., H,0) is oxidized at the hydrogen electrode side to produce H, and O*~, which
migrate through YSZ to the oxygen electrode side, producing pure O, [12, 13]. The
SOECs can reach an efficiency of ~90 % [14]. SOECs can also use proton-
conducting electrolytes, which have the same reaction on electrodes as PEM
electrolyzers [15]. Compared with commercial alkaline electrolyzers and PEM
electrolyzers, the SOECs are still in the early stage of development. However, it
is a promising technology for large-scale hydrogen production and attracts wide
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Fig. 8.3 Schematic diagrams of the operation principles of (a) solid oxide fuel cell (SOFC) and
(b) solid oxide electrolysis cell (SOEC)

research interests. High-temperature SOECs have significant advantages over
low-temperature water electrolysis, including high efficiency and no requirement
of expensive noble metal electrocatalysts due to the high operation temperature of
800-900 °C. At such high temperatures, transition metals such as Ni and metal
oxides can be used as the electrodes.

The electrode reactions of an SOEC are shown as below:

Cathode : HyO(g) + 2 — Ha(g) + O~ (8.8)
Anode : O*~ — 1/20,(g) + 2e” (8.9)

Thus, the overall water electrolysis reaction is
H,O(g) + heat + electricity — Ha(g) + 1/202(g) (8.10)

According to reaction thermodynamics, the theoretical energy required for water
electrolysis (AH) is the sum of thermal energy demand (Q,) and electrical energy
demand, i.e., the Gibbs free energy change (AG), and can be expressed as

AH = AG + Q, = AG + TAS (8.11)

The thermal energy demand is equal to the product of the absolute temperature
(T) and the entropy change (AS).

The overall energy requirement is equal to the summary of electrical energy and
thermal energy. Figure 8.4 shows the energy requirements of the electrolysis as it
varies with temperature. At 25 °C, electrical energy demand (AG) and theoretical
decomposition or reversible voltage (U”) are 474 kJ/mol and 1.23 V, respectively.
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Fig. 8.4 Effect of temperature on thermodynamic properties of the water electrolysis process. For

the meanings of symbols, please see text (Source: After Ref. [11]. Reproduced with permission
from Elsevier)

As temperature increases to 900 °C, AG and U? decrease to 366 kJ/mol and 0.95 Vv,
respectively. Since the most electricity is produced by converting thermal energy
into electrical energy, operating at high temperatures decreases the overall energy
requirement. As compared to that at 25 °C, the theoretical energy savings is as
much as 23 %. Moreover, waste heat, such as that from nuclear reactions, can be
used to maintain high-temperature electrolysis [5]. Therefore, high-temperature
SOEC electrolysis can achieve a much higher energy efficiency than
low-temperature electrolysis.

In practical SOECs, the cell voltage required is always larger than the theoretical
reversible voltage because extra voltage is needed to overcome the voltage losses
due to the overpotentials of electrochemical reactions at the anode and cathode, the
internal resistance of the electrodes and electrolyte, and the external resistance of
current collectors.

8.3 Assessment and Application Status

8.3.1 Technical Assessment

As SOECs are essentially reversibly operated SOFCs, electrode and electrolyte
materials developed for SOFCs have been adopted for the development of high-
performance SOECs. For example, both tubular and planar configurations have
been employed for SOEC stacks [16]. Nuclear power plants produce high-quality
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steam and electricity simultaneously, which can be coupled with SOECs to produce
valuable hydrogen fuel [17]. Therefore, from a technical point of view, high-
temperature electrolysis via SOECs is a promising technology for storage of
renewable electricity [18]. Very different from the hydrogen production from fossil
fuels or biomass, water electrolysis does not produce GHGs such as CO,, SOy, and
NO,. As shown above, high-temperature electrolysis requires the least amount of
electricity and has the highest energy efficiency as compared to low-temperature
electrolysis. Moreover, waste heat from chemical, metallurgical, and thermal power
generation industries can be used to preheat steam to operating temperature, thus
achieving better economy. SOECs can also be coupled with other high-temperature
reaction processes, such as methane reforming. The oxygen produced on the anode
side can be used for syngas production via the partial oxidation of methane, leading
to high energy efficiency and eliminating the cost of pure oxygen supply for the
methane reforming by coupling the two processes.

However, there are some challenges needed to be targeted to realize the com-
mercialization of SOEC technologies.

(a) High-performance materials — Power consumption for the electrolysis
depends on electrolysis cell resistances. To reduce the power consumption,
high-performance electrode and electrolyte materials are required. For exam-
ple, cell ohmic resistance is mainly determined by the ionic conductivity of the
electrolyte. Electrode polarization resistances are related to the microstructure
and catalytic activities of electrodes. The conductivities (ionic and/or elec-
tronic) of electrodes and interconnect also affect cell performance.

(b) Performance durability of electrode and electrolyte materials — Some mate-
rials show high performance, but they are not stable under SOEC operating
conditions. For example, Bag 551y 5Cog ,Fe( gO3-based electrodes show very
low electrode polarization resistances owing to high catalytic activity but
degrade rapidly during operation in air because Ba can readily react with
CO, in the air stream to form carbonate. Apart from material stability,
electrode microstructure change during high-temperature operation also can
cause performance degradation. High temperatures induce the agglomeration
and sintering of fine electrode microstructures and reduce the effective reac-
tion areas. For example, Ni is commonly used in the cathode and acts as an
electronic conductor and catalyst. During electrolysis, Ni aggregation results
in reduced conductivity and catalytic activity. In addition, impurities from
input can cause rapid degradation of performance [19].

(c) Capital cost — The issues of the high capital cost of the SOECs are the same as
those facing the development of SOFCs. The SOEC cost includes material
costs and in particular the manufacturing cost and assembly cost. The manu-
facture of the cell components involves many steps, and some steps require
special control or equipment, such as thin electrolyte film deposition tech-
niques. Apart from the materials for the cell components, interconnections and
current collectors are required to construct cell stacks. The limited cyclability
of high-temperature SOEC stacks adds significantly to the overall capital and
maintenance cost of the technology.
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8.3.2 [Economic Assessment

The major issue associated with the commercial viability of water electrolysis is the
high electricity and capital cost. As shown in Fig. 8.5, the production cost of
hydrogen is mainly determined by electricity cost, which depends on electricity
price. As there is no commercial case of hydrogen production by SOECs, the
estimated hydrogen cost based on the data in the laboratory has large uncertainties.
For example, Jensen et al. from Risg National Laboratory (Denmark) calculated the
hydrogen cost of SUS$/GJ (0.71US$/kg) [2]. The hydrogen production cost was
calculated based on performance data of current density of —3.6 A/cm? at the cell
voltage of 1.48 V.

Based on the hydrogen price of 1€/kg, it was concluded that high-temperature
electrolysis becomes competitive with H, production from fossil fuels when the
electricity price is below 0.02-0.03 €/KWh [14]. Brisse et al. reported similar
results [20]. The hydrogen production cost is particularly interesting when electric-
ity price is close to or below 50 €/MWe. With this electricity price the hydrogen
production cost is close to and even lower than the cost obtained with alkaline
electrolyzers (~3.5 €/kg for large H, capacity of electrolyzers).

The development of the SOECs also brings significant environmental benefit. In
the consideration of the shortage of fossil fuels, renewable energy will be the main
energy resource in the future. It is anticipated that hydrogen produced by SOEC is
renewable and will play an important role in renewable energy supply and storage
industries.
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8.3.3 Co-electrolysis of Steam and CO,

CO, is one of the most important GHGs. To reduce CO, emissions, carbon capture
and sequestration (CCS) is developed as a short- to midterm solution to mitigate
environmental impact, and this allows continued use of fossil fuels until renewable
energy technology reaches maturity. However, current CCS technology is consid-
ered to be too expensive [21], and the alternative is to develop CO, utilization
technologies. High-temperature co-electrolysis of CO, and steam via SOECs makes
very efficient use of electricity and heat, provides high reaction rates, and directly
produces syngas (CO/H, mixture) [22, 23]. Syngas is feedstock of liquid fuel such
as gasoline or diesel production by Fischer-Tropsch synthesis route. The reaction of
CO, electrolysis at the cathode is

COy(g) + 2~ — CO(g) + O (8.12)

Compared with water electrolysis, CO, electrolysis consumes more power since
CO; is highly stable. Moreover, CO, electrolysis shows rapid degradation due to
carbon formation on cathode. Ni-based cathodes are commonly used in SOECs
because it is cheaper than noble metals and very active for the electrode reaction.
However, CO can be dissociated into carbon over Ni catalyst via Boudouard reaction:

200 — CO,+ C (8.13)

The carbon species, amorphous or fibrous, cover the Ni catalyst, deactivating the
Ni-based cathode. In the presence of H,O and CO,, co-electrolysis of steam and
CO, occurs via reactions (8.8) and (8.12), producing hydrogen and CO. Compared
with CO, electrolysis, the co-electrolysis requires less power due to lower cell
resistance. One possible reaction is that CO is formed via reverse water-gas shift
(RWGS) reaction, and the required hydrogen for the RWGS reaction is produced by
electrolysis, as shown below:

CO,+ H,— CO + H,0 (8.14)

Another advantage of the co-electrolysis is that carbon formation can be diminished
due to the presence of steam.

Graves et al. [24] did a detailed process and energy balance analysis of a
pathway based on CO, capture from the atmosphere, high-temperature
co-electrolysis of H,O and CO,, and Fischer-Tropsch synthesis (Fig. 8.6). From
the energy balance, electrolysis is the major energy-consuming step. Assuming the
process is entirely driven by electricity and the waste heat is utilized to preheat the
CO, and H,0, the net electricity-to-fuel efficiency was calculated as ~70 %
[24]. The same group also studied the co-electrolysis of H,O and CO, and found
that the performance of SOECs for co-electrolysis of H,O and CO, is higher than
for CO, electrolysis but slightly lower than H,O electrolysis, indicating that RWGS
plays a role during co-electrolysis [25].
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8.4 Key Materials for SOECs

8.4.1 Electrolyte

The 8 mol% Y,0j3-stabilized ZrO, (YSZ) is a commonly used high-temperature
electrolyte material due to its good oxygen ion conductivity and high stability under
oxidizing and reducing atmosphere [16, 26]. Alternative electrolyte materials such
as scandia and ceria co-doped zirconia (10Sc1CeSZ) [27], rare earth metals doped
ceria [28], and Lag ¢Sty 1Gag gMgp 035 (LSGM) [29, 30] with higher ionic conduc-
tivity have been investigated, so as to reduce the internal ohmic loss and maintain
high efficiency at a reduced temperature. However, the drawback of Ce-containing
electrolytes is that the reduction of Ce** to Ce* at high temperatures and under low
oxygen partial pressures on the hydrogen electrode side leads to current leak,
efficiency loss, and even breakdown under the SOEC operating conditions
[31-33]. Therefore, doped ceria is considered not applicable for SOEC. LSGM is
chemically incompatible with Ni, and a doped ceria buffer layer is required. Proton
conducting oxides such as BaCeq 5Zry3Y0203_5 and StZryoYbg 105_s have also
been studied [15, 34, 35], though substantial efforts are needed to demonstrate cell
performance and stability during long-term use.

8.4.2 Oxygen Electrode

Sr-doped LaMnO; (LSM) perovskite oxide is a common oxygen electrode for high-
temperature SOECs [36-38], because of its good catalytic activity at elevated
temperatures, reasonably high electrical conductivity, and excellent thermal and
chemical compatibility with YSZ electrolyte. However, LSM is a predominantly
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electronic conductor with negligible ionic conductivity, and the oxygen oxidation
reaction is primarily limited at the electrode/electrolyte interface [39, 40]. Addition
of ion-conducting oxides such as YSZ to form an LSM-YSZ composite electrode
enlarges the three-phase boundaries (TPBs) to the bulk of the electrode and thus
substantially improves the electrode activity [41, 42].

Mixed ionic-electronic conductor (MIEC) La;_,Sr,Co;_,Fe,O;_s, typically
Lag ¢St 4Cog2Feq sO5_5 (LSCF), is one of the most investigated oxygen electrodes
of SOECs. LSCF possesses oxygen vacancy concentration and ion mobility several
orders of magnitude higher than LSM and therefore shows much better
electrocatalytic activity for the oxygen evolution reaction than the LSM
[43, 44]. LSCF-doped ceria composite electrodes are also investigated to enhance
the electrode activity and/or reduce the TEC of electrode [45, 46]. Other MIEC
oxygen electrodes have been reported including (La,Sr)XO5; (X=Co, Fe, Cu) [44],
Bag 5Srg 5sCog sFe0203_5 [47], SmgsSrgsCo0;3_s [48], SmBaCo,0s,5 [49],
Bag 9Cog.sFep4Nby. 1055 [50], SrCo;_Mo,O3_5 [51], La,_SrCoq sNig504+5
[52], SryFe; sMog 5065 [53], and Ln,NiO4,s (Ln=Nd, La, Pr) [54, 55].

Dispersion of electrocatalytically active nanoparticles such as GDC and Pd into
LSM oxygen electrodes by infiltration substantially enhances the electrode activity
for oxygen evolution reaction [56-58]. Another type of effective nanostructured
oxygen electrode is prepared by incorporating catalytic nanoparticles such as LSM,
LSCF, (La,Sr)CoOj; (LSC) and (La,Sr)FeO5; (LSF), and Pd into porous YSZ
scaffold [59—62]. The thermal expansion coefficient (TEC) of the infiltrated elec-
trode is largely dependent on the YSZ scaffold [63], which is beneficial to mitigate
the large thermal mismatch between cobaltite containing perovskite oxygen
electrode and electrolyte.

8.4.3 Hydrogen Electrode

Ni cermet is a state-of-the-art hydrogen electrode of SOECs, due to its high
electrical conductivity, high electrocatalytic activity, and low price. Addition of
Fe to form a Nig oFe ; alloy is reported to restrict the sintering and agglomeration
of Ni phase, enhances the electrocatalytic activity, and reduces the ohmic resistance
[30]. Ion conducting phase such as YSZ is usually added to form a Ni-YSZ
composite hydrogen electrode, leading to enlarged TPBs and better thermal and
structural stability. The incorporation of electrocatalytically active nanoparticles
such as gadolinium-doped ceria (GDC), SDC, and Moy ;Cey 9O, oxides in the
Ni-YSZ hydrogen electrode enhances the ionic conductivity and TPBs and thus
substantially boosts the electrocatalytic activity and/or operating stability for the
water-splitting reaction [64—66]. Nanostructured Ni-infiltrated samaria-doped ceria
(SDC) is also prepared to maximize the reaction area [67, 68].

Oxide materials such as (Lag 7551¢.25)0.05Cro.sMng sO; (LSCM) [69, 70], (La,Sr)
TiO5 [44, 71], Sr,FeNbOg [72], and Srg94Tig9Nbg 1003_s [73] are investigated as
alternative anode materials due to the high phase and structural stability under
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reducing and inert environment. A small amount of active metal catalyst such as Ni
and Fe nanoparticles is added to enhance the electrocatalytic activity and increase
the current efficiency of the electrode [74, 75]. In situ exsolution under reducing
conditions is an alternative means to uniformly disperse active metal nanoparticles
in the hydrogen electrode. Yang et al. developed nanosized CoFe alloy dispersed
K, NiF,-type Pr( gSr; »(Co,Fe)o sNbg 04,5 by annealing
Prg 4St 6Cog.2Feq 7Nbg 105 _5 perovskite in H, at 900 °C [76]. The cell showed a
high current density of 1.57 A cm™? at electrolysis voltage of 1.3 V, 60 vol.%
absolute humidity at 900 °C, and good stability during the electrolysis test for
200 h. Tsekouras et al. reported that adoption of A-site deficiency of
Lag 4Sr9.4Mo 06Tio 9403.5 (M=Fe>* or Ni**) perovskite oxide facilitates the exsolu-
tion of Fe or Ni nanoparticles [77]. Exsolution of Ni and Cu metals is also found in
(Lag.75510.25)0.95(Cro.5Nio 5)0.05Ni0.0sO03 -5, NbTigsMosOs  (M=Ni,Cu), and
La0.5Sro_5Ti0A75Nio_2503 [78—80]

8.5 Performance Degradation of SOEC Electrodes

A major challenge of developing SOEC:s is the significant performance degradation
of electrodes during long-term operation. The SOECs have a considerably high
degradation rate varying from 5.6 %/1,000 h for an LSCF oxygen electrode
operating for ~4,000 h [81] to as high as ~20 %/1,000 h for an LSM oxygen
electrode operating for 2,000 h [82]. This is much higher than that of the state-of-
the-art SOFCs, such as 0.5 %/1,000 h for an LSM oxygen electrode running for
19,000 h [83] and 1.4 %/1,000 h for an LSCF oxygen electrode operating for
10,000 h [84]. The structural, chemical, and thermal stability of electrodes play a
key role in determining the durability of SOECs.

8.5.1 Oxygen Electrodes
8.5.1.1 LSM

With the influence of anodic current passage under the SOEC operating conditions,
electrode activity and structural deterioration tend to occur on the LSM oxygen
electrodes. Figure 8.7 shows the typical polarization curves of an LSM oxygen
electrode under an anodic current of 500 mA/cm> [85]. It is clear that at the final
stage of test, stage III, the anodic potential, electrode ohmic resistance, and polar-
ization resistance increase dramatically. Complete electrode delamination from the
electrolyte occurred after the test.

Several degradation/failure modes of LSM oxygen electrodes have been pro-
posed. The most common mode of failure is the occurrence of delamination at the
oxygen electrode/electrolyte interface [86]. It is generally considered that the
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Fig. 8.7 Polarization curves of an LSM oxygen electrode as a function of anodic current passage
time at 500 mA/cm? and 800 °C in air. E pogics Ro, and Ry are anodic potential, electrode ohmic
resistance, and polarization resistance, respectively (Source: After Ref. [85]. Reproduced with
permission from Elsevier)

delamination is due to the high oxygen chemical potential produced under an
anodic overpotential, the penetration of evolved oxygen gas into the closed pores/
defects at the electrode/electrolyte interface, and the high oxygen partial pressure
buildup at the interface [86, 87]. On the other hand, Kim et al. [88] suggested that
the densification of LSM-YSZ oxygen electrodes caused by the cation migration is
responsible for the delamination of oxygen electrodes.

Virkar presented an electrochemical model for the delamination of oxygen
electrode [89]. The model predicts the occurrence of delamination of oxygen
electrode is a result of the formation of high internal oxygen pressure within the
electrolyte close to the oxygen electrode. Knibbe et al. [90] observed hole/pore
formation along the grain boundaries of YSZ electrolyte close to the LSM-YSZ
oxygen electrodes under high current densities of 1-2 A/cm?. The degradation in
cell performance is suggested to be related to the nucleation and growth of oxygen
clusters in the YSZ grain boundaries near the oxygen electrode.

Keane et al. [91] observed La,Zr,0O; formation at the electrolyte surface in
contact with the LSM oxygen electrode, and the amount of La,Zr,O; increases
with the increase of anodic bias. The formation of resistive La,Zr,O; phase is
suggested to weaken the contact at the electrode/electrolyte interface and delami-
nation of LSM electrodes.

Chen et al. [42, 85] studied the degradation mechanism of LSM oxygen elec-
trodes. The delamination of LSM oxygen electrodes is related to the formation of
nanoparticles within LSM grains at the electrode/electrolyte interface (Fig. 8.8a).
These nanoparticles can be removed by HCI acid treatment (Fig. 8.8b). The
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Fig. 8.8 SEM micrograph of YSZ electrolyte surface in contact with the LSM oxygen electrode
after the anodic current passage at 500 mA/cm? and 800 °C for 48 h: (a) before and (b) after acid
treatment. Scale bar=200 nm (Source: After Ref. [85]. Reproduced with permission from
Elsevier)

nanoparticle formation is due to the excess local tensile strains caused by the lattice
shrinkage of LSM grains, during the migration or incorporation of oxygen ions
from the electrolyte to the LSM grains under the anodic polarization potential
driving force [85]. A related kinetics model was thus developed to predict the
delamination of LSM oxygen electrodes [92].

8.5.1.2 MIEC Oxygen Electrodes

LSCF is the most commonly investigated MIEC oxygen electrode. Compared with
the LSM oxygen electrode, the LSCF electrode exhibits much more structural and
performance stability under the SOEC operating conditions [93, 94]. However, the
degradation of the oxygen electrode cannot be eliminated. Nguyen et al. reported
that the SOEC with LSCF oxygen electrode has no voltage degradation under a low
current density of 0.3 AJcm? for 2,000 h, though the electrode degradation increases
at high current density [95]. In the case of a longer duration of test for 9,000 h,
Schefold et al. observed a cell voltage loss of 3.8 %/1,000 h at a higher current
density of 1 A/em? [96-98]. The LSCF electrode is partly demixed and Cos0y is
formed. There is distinct microstructure change on LSCF grains close to the
electrolyte by forming crystal facets and edges (Fig. 8.9a). The high mobility of
surface segregated SrO on the LSCF grain surface and its long-range transport is
attributed to the formation of a dense SrZrO; layer at the GDC interlayer/YSZ
electrolyte interface region (Fig. 8.9b).

For LSCF oxygen electrode, another cause of degradation is the gradual sepa-
ration of GDC buffer layer (between LSCF oxygen electrodes and YSZ electrolyte)
after SOEC operations [99-101]. Kim et al. [100] studied the effect of co-sintering
temperature of GDC/YSZ bilayer and found that co-sintering the YSZ/GDC bilayer
at an optimum temperature such as 1,400 °C ensures the intact contact at the
YSZ/GDC interface after the electrolysis operation.
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Fig. 8.9 (a) SEM micrograph of an LSCF oxygen electrode close to the electrolyte and (b)
significant SrZrO; formation in CGO pores after the SOEC was running at 1 A/em?, 780 °C for
9,000 h. Scale bar in (a) is 300 nm (Source: After Ref. [97]. Reproduced with permission from
Elsevier)

The concern of using high cobalt-containing MIEC electrodes is the thermal
incompatibility due to their high TECs. The TECs of LaCoO; (LC), LSCF, and
Bay St sCoo sFep 035 (BSCF) are 21.5 x 107K [102], 15.3 x 10-%K [103],
and 19.95 x 107%/K [104], respectively, much higher than 9.9 x 1075/K of YSZ
[105] and 11.5-11.9 x 107%K of GDC [106]. Thus, it is not surprising that LC
and BSCF were separated from the electrolyte even after a short-term test
[107, 108]. The use of composite oxygen electrode such as LSCF-GDC, rather
than pristine LSCEF, is reported to improve the thermal compatibility and electrode
stability [109].

8.5.1.3 Degradation by Contaminants

Fe-Cr stainless steel alloy is a leading interconnect material for planar SOECs due
to its ease of fabrication, high thermal conductivity, and low cost [110, 111]. The
purpose of adding Cr is to form Cr,Oj3 protective scales on the stainless steel surface
at high temperatures. However, gaseous Cr species such as CrO; and CrO,(OH),
from the Cr,0O; scale are readily generated at the oxygen electrode side, which can
poison the oxygen electrodes. For a manganite oxygen electrode after an electrol-
ysis test for 2,000 h, most gaseous Cr species are captured by the Lag gSrg,Co0O;
(LSC) current collection layer [82]. The Cr deposition is attributed to a long-range
transport of Sr and Co cations to the electrode outmost surface and formation of La-
Cr-O phases [112].

Detailed studies have been carried out on Cr deposition and poisoning of LSCF
oxygen electrodes under the SOEC operating conditions [113]. After polarization in
the presence of Fe-Cr interconnect at 900 °C for 20 h, electrode polarization
resistance and overpotential for the O, evolution reaction on LSCF electrode are
0.413 Q-cm™2 and 127 mV, respectively, which is nearly 7 and 18 times of the
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initial values of the electrode before the polarization. XRD and XPS analysis
clearly identified the deposition of SrCrO,, CrO, 5, and Cr,O5 phases on the surface
of LSCF oxygen electrodes, and their formations are closely related to the increased
segregation of SrO species under anodic polarization conditions. Sr segregation
leads to the Sr deficient at the A-site, thus deteriorating the electrocatalytic activity
of the LSCF oxygen electrodes for O, oxidation reaction. The presence of gaseous
Cr contaminants poisons and degrades the performance of LSCF oxygen electrodes.

Cr deposition and poisoning of LSM oxygen electrodes have been investigated
under the SOEC operating conditions [114]. The presence of chromia-forming alloy
metallic interconnect significantly degrades and poisons the electrocatalytic activ-
ity of LSM oxygen electrodes for the O, oxidation reaction and accelerates the
delamination of the electrodes. Cr deposition occurs in the LSM electrode bulk and
in particular on the YSZ electrolyte surface and on LSM electrode inner surface
close to the electrode/electrolyte interface. The results show the formation of Cr,
CrOpg7, Cry03, Cr,0s, and SrCrO4 on the YSZ electrolyte surface, within the
contact rings and on the LSM inner surface. Very different from the predominant
formation of (Cr,Mn);0, spinels for the LSM electrodes under the SOFC operation
conditions, (Cr,Mn);04 spinel phase could not be found on LSM oxygen electrodes
under the SOEC operation conditions. The fundamental reason for the observation
of SrCrO, formation instead of (Cr,Mn);04 on LSM electrode under SOEC oper-
ation conditions is that anodic polarization promotes Sr segregation and depresses
Mn segregation.

It is well known that segregated SrO plays an important role in the formation of
SrCrO,4 on the LSCF surface in the presence of an Fe-Cr alloy interconnect under
SOFC operating conditions [115]. Backhaus-Ricoult et al. [116] studied the LSM
electrode/YSZ electrolyte interface using in situ photoelectron microscopy and
observed the increased manganese segregation/migration under cathodic polariza-
tion at the interface. This implies that under anodic polarization potential, manga-
nese segregation would be suppressed. Thus, Cr deposition would be dominated by
the interaction between the gaseous Cr species and segregated SrO in the case of
LSM oxygen electrodes under SOEC operating conditions, leading to Cr deposition
and SrCrO, formation in the bulk of the electrode. The substantially higher Cr
deposition at the electrode/electrolyte interface region is most likely related to high
Sr segregation. The high activity between the Sr and Cr can also lead to the spread
of Sr species from the LSM electrode to the YSZ surface. The accelerated migration
and segregation of SrO from the bulk to the free surface and subsequent reaction
between SrO and gaseous Cr species based on the nucleation theory [115] are
schematically shown in Fig. 8.10 [114].

8.5.1.4 Improved Durability via Reversible Operations
An interesting operational approach to mitigate the degradation of LSM oxygen

electrodes is to cycle reversibly between electrolysis and fuel cell modes. Rashkeev
et al. studied the oxygen electrode delamination of SOEC and found that
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Fig. 8.10 Schemes of Cr deposition on LSM oxygen electrodes under the SOEC operation
conditions. (a) LSM nanoparticle formation at the electrode/electrolyte interface and accelerated
SrO segregation from the bulk to the LSM surface under anodic polarization; (b) Co,05/CrOy g7
and SrCrO,4 formation on the LSM surface, at the electrode/electrolyte interface, and on the YSZ
electrolyte surface. The red arrows indicate the migration of SrO/SrCO; from the LSM surface to
the YSZ electrolyte surface (Source: After Ref. [114]. Reproduced with permission from The
Royal Society of Chemistry)

modification of operational regime by applying alternating voltage pulses can
suppress the oxygen electrode delamination and increase the lifetime of SOECs
[117]. Barnett et al. [118] applied alternating current on symmetric LSM-YSZ
composite oxygen electrodes. The reversing current operation at 0.5 A/cm? with a
current cycle period of 1 and 12 h of cathodic current passage is beneficial to reduce
the electrode degradation caused by the anodic polarization, and a shorter cycle
period is effective to avoid electrode delamination. The mitigation effect of revers-
ible operation is believed to avoid the occurrence of structural damage at the
electrode/electrolyte interface during the incubation time before the delamination
occurs [118], though the exact reaction mechanism has not been clarified.

8.5.1.5 Development of Robust Oxygen Electrodes

Design and development of nanostructured electrode are an effective means to
manipulate the stability and durability of oxygen electrodes of SOECs. Chen
et al. [56, 57] developed a high activity GDC nanoparticles infiltrated LSM oxygen
electrode. The infiltrated GDC-LSM electrode retained its high activity and struc-
tural stability for the test at 800 °C for 100 h. The promotion of stability is believed
to be related to the expansion of reaction sites to the bulk of electrode, thus
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mitigating the delamination of LSM electrode at the electrode/electrolyte interface.
The dispersion of Pd nanoparticles also enhances the structural and performance
stability of LSM-GDC composite oxygen electrodes [58, 60].

Another strategy to mitigate the degradation and delamination of LSM electrode
is to incorporate LSM nanoparticles into rigid, well-sintered porous YSZ scaffold.
The strong and intimate contacted YSZ network provides fast ion-conducting path
for rapid transport of oxygen ions from the electrolyte to the electrode and a highly
structural stability and integrity. The infiltrated LSM-YSZ electrode is very stable
after the electrolysis test for 50 h [59]. More importantly, the grain growth of LSM
nanoparticles due to the thermal sintering effect can be offset by LSM lattice
shrinkage by the anodic electrolysis polarization, and therefore infiltrated
LSM-YSZ composite oxygen electrodes have a high potential as highly stable
and active electrodes for long-term electrolysis operation [61].

8.5.2 Ni Cermet Hydrogen Electrodes

Under SOEC operating conditions, a high steam concentration in the hydrogen
electrode can pose a detrimental effect on the structural stability of Ni hydrogen
electrodes. Growth of Ni particles and oxidation of Ni have been reported after the
electrolysis [119-121]. Thus, H, is needed in the cathode side to maintain the
reducing environment for Ni-based hydrogen electrodes.

There are reports regarding relocation of Ni particles within the hydrogen
electrodes under extreme conditions. Hauch et al. reported the formation of a 2—
4 pm dense Ni-YSZ layer close to the electrolyte with high current and high steam
concentration for 68 h [122]. The possible cause is reduction of gaseous Ni(OH), to
form Ni at the electrochemically active electrolyte/electrode interface. In contrast, a
long-term electrolysis test showed that Ni was depleted in the first 10 pm region of
hydrogen electrode adjacent to the electrolyte, while Ni was substantially agglom-
erated in the outer part of electrode [98]. Chen et al. observed the formation of ZrO,
nanoparticles on the surface of Ni particles near the YSZ electrolyte by electrolysis
at high current [120].

Impurities such as silicon from glass sealant and raw cell materials have an
adverse effect on the performance stability of hydrogen electrodes [90, 123]. Under
the SOEC operation conditions of p(H,O) of 0.7 atm and temperature of 850 °C,
volatile Si species Si(OH), with a vapor pressure of ~10~ atm would come out of
the silicate glass sealant and be reduced to glassy phase silica under the reducing
environment in the electrochemically active electrode/electrolyte interface region
[123]. The deposition of Si can block the active TPBs and pose current constrictions
for the current passage from the electrolyte to the Ni-YSZ hydrogen electrode.

H,S of ppm level can attack the Ni electrode of SOFC by adsorption of sulfur
onto Ni grain surface followed by forming nickel sulfide (Ni,S3), which signifi-
cantly reduces the reaction site as well as electrocatalytic activity of the electrode
[124]. In the case of SOEC, ppb level of trace sulfur in the inlet gases also
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significantly poisons the Ni hydrogen electrodes. Ebbesen et al. [125] electrolyzed
industrial-grade CO, with a degradation rate of 0.22—-0.44 mV/h and found that the
degradation is independent of current density and is irreversible. After cleaning the
CO, and/or H; inlet gases, a highly stable operation without notable degradation
was achieved [19, 126, 127].

8.6 Conclusions and Future Outlook

Hydrogen production by high-temperature SOECs coupled with renewable energy
sources is a promising route for the sustainability of energy in the future. The
combination of co-electrolysis of H,O and CO, to produce syngas in an SOEC as
feedstock with Fischer-Tropsch synthesis to convert syngas to liquid fuels such as
gasoline or diesel is a particularly attractive and most promising route for sustain-
able energy, as liquid transportation fuels are a high-value form of energy. The
high-temperature SOECs have significant advantages over the low-temperature
electrolysis. The dominant costs of the SOEC process are the electricity cost and
capital cost of the electrolyzer. The key challenges in the development of highly
efficient, durable, and commercially competitive SOECs technologies are the
performance, reliability, and stability of the electrode and electrolyte materials
under the electrolysis operation conditions. SOECs are still at the R&D stage, and
substantial efforts are required to enhance the performance and durability of the
SOEC technologies.
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Chapter 9
Bioelectrochemical Production of Hydrogen
from Organic Waste

In S. Kim, Euntae Yang, Mi-Jin Choi, and Kyu-Jung Chae

Abstract Bioelectrochemical hydrogen production is a new technology that uses
electrochemically active bacteria under an applied voltage to convert organic
matter into hydrogen. This technology is generally referred to as a microbial
electrolysis cell (MEC). MECs have gained attention as a novel alternative hydro-
gen production method because of their high hydrogen conversion efficiency, low
energy requirement, and their applicability to many organic substrates. Conse-
quently, the technology has been rapidly advanced. However, various technical
challenges remain prior to scale-up and their practical application. This chapter
deals with development of MEC technology and includes the following sections:
definition and history of hydrogen production, principles and advantages, critical
factors affecting MEC performance, anodic biocatalysts and technical challenges,
and perspectives and outlooks of hydrogen production from organic waste.

Keywords Bioelectrochemical system « Biohydrogen ¢ Catalyst « Electrochemically
active bacteria « Microbial electrolysis cell

9.1 What Is Bioelectrochemical Production of Hydrogen?

Bioelectrochemical hydrogen is produced in a bioelectrochemical cell (BEC) that
uses electrochemically active bacteria. The electrochemically active bacteria are
microorganisms that have the capability to extracellularly release electrons and act
as biocatalysts to convert organic matter into hydrogen [1]. A microbial fuel cell is a
biocatalytic conversion system that produces net electrical energy. According to the
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final electron acceptors (e.g., oxygen, ferricyanide, and nitrate), bioelectrochemical
cells can be applied to biohydrogen production [2—4], wastewater treatment [5],
environmental sensors [6], and bioremediation [7]. Specifically, systems for
bioelectrochemical hydrogen production have been referred to using terms such
as biocatalyzed electrolysis [8], bioelectrochemically assisted microbial reactor
process [9], bioelectrochemical cells [2], bioelectrochemical systems [10], and
microbial electrolysis cells [11]. However, microbial electrolysis cells (MECs)
are the most commonly used term in these days [12]; hence, MEC is used as the
basic terminology in this chapter for bioelectrochemical hydrogen production.

9.2 MEC Principles and Advantages

MECs are a modification of microbial fuel cells that generate hydrogen from
organic matter using biocatalyzed electrolysis [3, 4]. Biocatalyzed electrolysis is
also carried out by electrochemically active bacteria [2, 13—15]. Figure 9.1 presents
a typical two-chambered MEC and the principle of hydrogen production in the

a Reduced

mediat

Oxidized
H* mediator

CEM

Fig. 9.1 Conceptual diagram of a microbial electrolysis cell (MEC). This configuration is a
typical two-chambered type of MEC that generates hydrogen in the cathode compartment. The
electrons retrieved from the microbial oxidation of the substrate are transferred to the anode in a
number of ways, including (1) direct electron transfer from the attached bacteria, (2) highly
conductive nanowires produced by specific bacteria as a long distance transfer method, and
(3) using an exogenous mediator or bacterial-origin mediator. The use of a CEM is optional.
S substrate, CEM cation exchange membrane (Reprinted with permission from [22]. Copyright ©
2008, Environmental Engineering Research)
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MEC. A two-chambered MEC consists of an anode chamber and a cathode cham-
ber, separated by an ion exchange membrane. Electrons retrieved from the micro-
bial oxidation of the substrate are subsequently transferred to the anode in a number
of ways, including direct electron transfer from the attached bacteria, highly
conductive nanowires produced by specific bacteria as a long distance transfer,
and using an exogenous mediator or bacterial-origin mediator [16-20]. The elec-
trons produced from anodic organic oxidation then flow through an external circuit
to produce a current, whereas protons are transported through an ion exchange
membrane. The electrons and protons combine with protons at the cathode to form
hydrogen. Here, electrons and protons are retrieved at the anode in the same manner
as for the microbial fuel cell process. However, external power boost is required in
order to overcome thermodynamic barriers since the production of hydrogen from
acetate oxidation is not thermodynamically spontaneous. For example, if acetate is
used as the substrate, the reaction in each chamber is as follows:

Anode : CH;COO™ + 4H,0 — 2HCO;3 + OH" + 8e~ Eunote = —0.28V (NHE)
Cathode : 8H" + 8¢~ — 4H, Ecathode = —0.42 V (NHE)

The potential for the oxidation of acetate (1 M) at the anode and for the reduction
of protons to hydrogen at the cathode is —0.28 V and —0.42 V (NHE), respectively.
Therefore, hydrogen can be produced theoretically at the cathode by applying a
voltage >0.14 V (i.e., —0.42 — (—0. 28) V) [4]. Note that the required voltage is
lower than that needed to produce hydrogen from direct water electrolysis (1.23 V
at pH 7). In practical terms, however, the applied voltage must be supplied that is
higher than 0.14 V due to the high internal resistance in MEC systems; neverthe-
less, the potential required remains lower than for water electrolysis.

Biohydrogen production from MECs has some important advantages over other
technologies (photo fermentation, dark fermentation, and water biophotolysis) in
generating hydrogen from organic matter. First, high conversion efficiency to
hydrogen is achievable. For example, Cheng and Logan reported an efficiency of
8.55 mol Hy/mol glucose at 0.6 V compared with the typical 4 mol H,/mol glucose
obtained by dark fermentation [21].

Second, high purity of hydrogen is produced in the cathode chamber, such that
no further expensive hydrogen purification processes are required. In contrast, for
direct biophotolysis, hydrogen purification processes are necessary, since hydrogen
and oxygen are concurrently generated by the light-driven dissociation of water
(2H,0 + light — 2H, + O,).

9.3 MEC Architecture

To improve the performance of MECs, many researchers have studied ways to alter
their designs to overcome barriers to electrons to promote proton transport and
electrode reactivity (Table 9.1).
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Table 9.1 Reactor designs of microbial electrolysis cells introduced in previous studies

Hydrogen yield
Reactor design Reactor volume (L) (m3/(m3 d)) Ref.
H-shaped two chamber (cation exchange Anode 0.31, 2.9 mol/mol [3]
membrane) cathode 0.31
Two chamber (cation exchange membrane) Anode 0.20, 0.052 [2]
cathode 0.20
Two chamber (cation exchange membrane) Anode 3.3, cathode |0.02 [4]
33
Cuboid two chamber (anion exchange Anode 0.014, 1.10 rn3/(m3 d) [23]
membrane) cathode 0.028
Disk-shaped membrane electrode assembly 33 0.33 [8]
single chamber with gas diffusion electrode
Single chamber with gas diffusion electrode 3.3 0.31 [8]
(anion exchange membrane)
Cuboid single chamber lacking membrane 0.028 3.12 [24]
Rectangular MEC with serpentine-shaped flow | Anode 0.28, 0.63 [27]
channels cathode 0.28
Upflow single chamber 0.161 59 % [28]
Cathode-on-top single chamber 0.3 1.58 [29]
Continuous flow single chamber 0.050 6.32 [30]
Concentric tubular two chamber Anode 0.33, 1.0 mol/mol [31]
cathode 1.29
Multi-electrode continuous flow 2.5 0.53 [32]
Tubular single chamber 2 55.6 mL/d [33]
Sleeve-shaped single chamber 0.8 2.36 [34]
Submersible Anode 1, cathode 0.032 [37]
0.009
Anaerobic-baffled reactor 3.46 20.7 % [35]
Upflow anaerobic sludge blanket type 2 - [36]
Pilot scale 1000 0.19
Cassette style design (pilot scale) Anode 120, cathode |0.015 [39]
2.6

The first MEC configuration was adapted from that of microbial fuel cells. A
typical microbial fuel cell is a two-chambered microbial fuel cell that consists of an
anode and a cathode chamber separated by a cation exchange membrane. At the
early stage of MEC technology, in an H-type MEC reactor, hydrogen generation
was 2.9 mol H,/mol acetate (at a 0.85 V applied voltage), which achieved a 92 %
current recovery as hydrogen [3]. Then, by minimizing the distance between the
anode and the cathode electrodes, 2.1 mol H,/mol acetate (at a 0.8 V applied
voltage) could be generated. Of this, a volumetric hydrogen production rate of
approximately 0.052 m* H,/m? reactor liquid volume/day was generated [2], which
is 2.6 times faster than the 0.02 m> H,/m? reactor liquid volume/day reported by
Rozendal et al. [4]. A compact cuboid two-chambered MEC reactor, which gener-
ated 1.10 m*/(m® d) of hydrogen gas from acetate at a 0.6 V applied voltage, was



9 Bioelectrochemical Production of Hydrogen from Organic Waste 253

subsequently developed using ammonia-treated graphite granules and an anion
exchange membrane [23].

Based on the optimization of the reactor configuration to reduce internal
resistance, a single-chambered MEC was introduced [8, 24-26]. The first single-
chambered MECs were equipped with a disk-shaped gas diffusion electrode-
membrane assembly (i.e., a cation exchange membrane or anion exchange
membrane) and were tested by Rozendal et al. [8]. Call and Logan [24] reported
the generation of 3.12 £ 0.02 m® Hy/(m> d) at a 0.8 V applied voltage using a single-
chambered MEC lacking a membrane.

For practical application of MECs in polishing processes, continuous flow
reactor architectures have been studied [27-33]. A serpentine-shaped flow channel
was installed in an MEC to prevent stagnant areas from developing around the
electrode [27]. Lee et al. [28] and Guo et al. [29] designed upflow single-chambered
MECs by arranging the cathode on top of the MECs so as to efficiently collect
hydrogen. Tartakovsky et al. [30] investigated a membraneless single-chambered
MEC under continuous mode. They found that by removing the membrane and
reducing the distance between electrodes (0.3 mm), a relatively high hydrogen
production rate of 6.32 m> Hy/(m> d) could be achieved at a 1.0 V applied voltage.

To commercialize MEC systems, investigations into determining appropriate
designs for scaling up MECs, and for combining other biological wastewater
treatment processes, have been conducted [31-39]. For example, Kyazze
et al. [31] used a two concentric tubular MEC reactor design having an anode
chamber volume of 0.33 L and a cathode chamber volume of 1.29 L. This tubular
design produced hydrogen at a rate of 0.53 m® H,/(m> d) at a 0.9 V applied voltage.
Rader and Logan [32] then demonstrated that the use of a multi-electrode design
having eight separate graphite brush anode-stainless steel mesh cathode pairs could
enhance the scalability of MECs. More recently, another tubular MEC design was
introduced by Gil-Carrera et al. [33]. This tubular single-chambered MEC having a
2 L chamber volume achieved a moderate hydrogen production rate of 55.6 mL/d
from wastewater at a 4 h hydraulic retention time and 1.0 V applied voltage. The
sleeve-shaped MEC design proposed by Feng et al. [34] obtained a hydrogen
production rate of 2.36 L/(L d), using seven graphite felt anodes and a Pt-coated
mipor titanium tube cathode. In other studies, upflow anaerobic sludge blanket-type
MEC, submersible MEC, and anaerobic-baffled reactor MEC designs were devel-
oped in attempts to easily combine with existing biological wastewater treatment
systems [35-37]. To test pilot-scale MECs, a continuous flow MEC (1000 L)
equipped with 144 pairs of a graphite fiber brush anodes and stainless steel-
304 mesh cathodes was operated using winery wastewater [38]. A pilot-scale
MEC (120 L) having six cassette style modules was constructed using carbon felt
anodes, and stainless steel wire wool cathodes were operated using domestic
wastewater [39]. These pilot-scale MEC tests did not reach the desired hydrogen
production performance, but rather highlighted important challenges for scaling up
the architecture of MECs.
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9.4 Factors Affecting MEC Performance

Factors affecting the performance of MECs include the power supply, electrode,
electrolyte, substrate, temperature, catalyst, and separator [2, 12, 40, 41]. To
improve the hydrogen production yield of MECs and realize their practical appli-
cation, the above performance factors must be investigated and optimized; in this
section, factors affecting the performance of MECs are reviewed.

9.4.1 Anode Electrode Materials and Anodic Biocatalysts

The anode is a primary component that affects the hydrogen production capability
of MEC:s; it is thus essential to select an appropriate anodic electrode material. The
prerequisites for anode electrode materials include large surface area, noncorrosive,
high electronic conductivity, good biocompatibility, high chemical stability, high
durability, and reasonable cost [42, 43]. Table 9.2 describes the anode electrode
materials employed in previous MEC research. Carbonaceous materials, such as
carbon cloth [3], carbon felt, graphite plates, graphite granules, graphite felt,
graphite rods, carbon brushes, and graphite brushes, have been the most common
materials used as anode electrodes in MECs; carbonaceous materials satisfy most of
the essential requirements for the anode electrodes of MECs. In particular, the use
of carbon and graphite fiber brushes provides highly extended surfaces for the

Table 9.2 Summary of reported electrode materials applied to the anode of microbial electrolysis
cells

Hydrogen yield (m3/(m3 d)) or current

Electrode material (size) density (A/m?) Ref.
Carbon cloth® 0.88 A/m” (3]
Carbon cloth® 25 m’/(m? d) [25]
Carbon fiber brush® 0.28 m> /(m? d) [46]
Carbon fiber brush? 0.55 m> /(m? d) [47]
Carbon felt® (10 x 5 x 0.5 cm) 5.4m*/(m’ d) [54]
Carbon paper® (4.0 x 4.0 cm) 0.015 m® /(m® d) [55]
Carbon nanotube-reticulated vitreous carbon | 68 A/m?> [50]
(1.0 x 1.0 x 0.66 cm)

Graphite brush® 292 A/m> [24]
Graphite felt* (0.65 cm thickness) 6.5 A/m? [56]
Graphite granule® 1.1 m?* /m® d) [23]
Graphite plate® (1.5 x 1.0 cm) - [57]
Graphite rod* - [58]
Oxidized stainless steel felt* 19.2 A/m? [51]
Stainless steel mesh + graphite granule® 2.8 A/m? [59]
Fe-NP-decorated® graphite disk (5.2 cm?) 42.5 pAfem? (53]

Two chamber
"Single chamber
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inoculation of microorganisms and a high current density [44—49]. The installation
of graphite granules in the anode can also increase the surface area of anode
electrodes [23]. Flexer et al. [50] developed a three-dimensional scaffold carbon
nanotube-reticulated vitreous carbon electrode. This carbon-nanostructured elec-
trode achieved a very high current density (68 A/m?) by increasing the rate of
bacterial extracellular electron transfer and its high electrode surface. Other than
carbonaceous materials, stainless steel felt has been exploited as an anode electrode
[51]. Stainless steel is attractive candidate for use as an electrode for large-scale
MEC:s because of its high conductivity and low cost, but to date, its poor biocom-
patibility restricts its application as an anode electrode in MECs. In an attempt to
overcome this problem, Guo et al. [51] enhanced the biocompatibility of a stainless
steel electrode by adopting flame oxidation, with flame oxidized stainless steel felt
displaying one of the highest current densities at 19.2 A/m?.

Several MEC studies have employed a modified anode electrode material to
increase the performance of MECs. For example, ammonia treatment improves the
adhesive properties between electrode surfaces and bacteria by making the elec-
trode surface more positively charged; bacteria are generally negatively charged
[43]. Heat treatment promotes the adhesion of bacteria to the surface of anode
electrode materials by increasing nitrogen functionalization [52]. Xu et al. [53]
reported that MECs equipped with Fe nanoparticle-decorated graphite anodes
achieved a 5.89-fold higher average current density than those equipped with
plain graphite anodes; nanoparticle-decorated anodes remarkably upregulated
gene-encoding biofilm formation.

Inoculum sources for anodic biocatalysts can also affect hydrogen production in
MECs. The hydrogen production rate and recovery of MECs inoculated with pure
or mixed cultures were compared by Call et al. [14]. Their results showed that at an
applied voltage of 0.4 V, the MEC inoculated with a mixed culture showed a lower
hydrogen recovery and hydrogen production rate because of an increase in the
methane production due to methanogen in the mixed consortium.

9.4.2 Cathode Electrode Materials and Cathodic Catalysts

Hydrogen evolution occurs at the cathode in MECs; the efficiency and economic
feasibility of MECs are very closely related to the cathode. Similar to the anode
electrode materials, the MEC cathode electrode materials require a large surface
area, high electronic conductivity, high chemical stability, high durability, and
reasonable cost. In MECs, carbonaceous materials are also the most common
materials used for cathode electrodes. Plain carbon cathode electrodes have a
cathodic recovery efficiency of 25.4 +12.1 % due to their high overpotential for
hydrogen production [60]. To reduce the high overpotential, catalysts can be
deposited on the cathodes [11]. Platinum is widely used as a cathodic catalyst in
MECs because of its superior catalytic performance for promoting hydrogen pro-
duction. Call and Logan [24] reported that a membraneless single-chambered MEC
equipped with a Pt-coated carbon cloth achieved a hydrogen production rate of
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3.12 m*/(m? d) and a cathodic recovery efficiency of 96 % at an applied voltage of
0.8 V. However, Pt is a costly precious metal, and this is a critical obstacle for the
commercialization of MECs. Therefore, cost-effective noble metal-free catalysts
and cathodic electrode materials have been investigated as substitutes for Pt.

Electrochemically active bacteria can serve as catalysts for hydrogen evolution
reactions on the cathode electrode in MECs. For example, Rozendal et al. [27] first
attempted to replace Pt with a mixed culture of electrochemically active bacteria in
MECs, which is referred to as a biocathode. Jeremiasse et al. [61] also presented the
proof of concept for a full biological MEC, in which both the anodic and cathodic
catalysts were electrochemically active bacteria. In addition, an MEC having
thermophilic microorganisms as cathodic catalysts, operated at 55 °C, achieved a
comparable cathodic hydrogen recovery of 70 % [62].

It was identified that Ni and Ni-containing electrode materials are promising
alternatives to Pt because of their stability and lower price [41]. Selembo et al. [63]
tested different Ni-containing stainless steel alloys (SS A286, SS 304, SS 316, and SS
420) and Ni alloys (Ni 201, Ni 400, Ni 625, and Ni HX) as cathode electrodes in am
MEC. According to their results, SS A286 showed the highest hydrogen production
rate of 1.50 £ 0.04 m3/(m3 d) and a cathodic recovery rate of 61 &+ 3%. Furthermore, it
was shown that the hydrogen production performance can be increased by electrode-
positing NiOy on the surface of stainless steel and Ni alloys. To this end, NiMo- and
NiW-catalyzed carbon-fiber-weaved cloth electrodes were evaluated in single-
chamber tubular MECs [25]. An MEC having an NiMo cathode exhibited comparable
hydrogen production rate to an MEC having a Pt cathode at an applied voltage of
0.6 V. Nickel powders were then examined by Selemobo et al. [13] and Mamiel
et al. [64] as cathode catalysts at different Ni loading rates and composition in MECs.
To maximize the electrode surface area, a brush-type Ni containing a stainless steel
electrode and an Ni foam electrode were used as a cathode [65, 66]. The Ni foam
cathode generated high-purity hydrogen at a volumetric production rate of 50 m*/(m?
d) [66], which can be considered high, as compared to previous studies.

In addition to Ni, other alternative candidates to Pt catalysts in MECs have been
explored. Notably, Huang et al. [60] developed a Pd nanoparticle-coated cathode.
In their study, the Pd nanoparticle electrode achieved a better hydrogen production
rate (2.6 + 0.5 L/(m? d)) than a Pt-coated electrode (2.1 £ 0.3 L/(m? d)) [60]. Tokash
et al. [67] used MoS,, a well-known photocatalyst for hydrogen production, as the
cathodic catalyst in an MEC. According to their research, the MoS,-catalyzed
cathode generated an analogous average current density of 10.74 1.2 A/m?
[67]. Xiao et al. [68] demonstrated that cost-effective nitrogen-containing core-
shell-structured catalysts N-Fe/Fe;C@C can be used as cathodic catalysts for
hydrogen production in MECs. Chen et al. [69] developed a photocatalytic cathode
using nanostructured TiO, nanorod arrays on conductive fluorine-doped tin oxide-
coated glass, to produce hydrogen without using an applied voltage.

Carbon nanotubes have been employed as catalysts and catalyst supporters to
enhance hydrogen production in several MEC studies because of their nanometer
size, high conductivity, high surface area, and relatively cheap price [70—72]. The
carbon nanotube-based cathodes tested in these studies had comparable perfor-
mance to Pt-based cathodes in MECs (Table 9.3).
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Table 9.3 Summary of cathodic electrode materials and catalysts used in MECs. H, production
rates and cathodic recovery efficiencies (r.,) were obtained from previous studies on microbial
electrolysis cells using the cathodic electrode and catalysts

Electrode H, production rate Maximum
Catalyst material m’/(m> ) efficiency (%) | Ref.
- Carbon paper 0.4 L/(m> d) 25.4 [60]
Pt Carbon cloth 3.12 96 [24]
Pt Titanium mesh 0.3 - [8]
Pt Carbon paper 2.1 41.6 [60]
Pt Carbon cloth 0.29 89.1 [73]
Biocatalyst Graphite felt 0.04 21 [61]
Biocatalyst Graphite felt 0.63 49 [27]
Biocatalyst® Carbon cloth 0.376 mol/(m2 d) 70 [62]
- Stainless steel 1.50 61 [63]
A268
- Stainless steel 0.59 53 [63]
304
- Stainless steel 0.35 27 [63]
316
- Stainless steel 0.58 43 [63]
420
- Stainless steel 1.7 84 [65]
brush
- Ni mesh 0.28 75.7 [73]
- Ti mesh 0.23 73.3 [73]
- Ni 210 0.38 27 [63]
- Ni 400 0.41 31 [63]
- Ni 625 0.79 43 [63]
- Ni HX 0.55 40 [63]
NiO, Stainless steel 0.76 52 [63]
A286
NiO, Ni 625 0.76 52 [63]
NiMo Carbon-fiber- 2.0 86 [25]
weaved cloth
Niw Carbon-fiber- 1.5 52 [25]
weaved cloth
Ni210 Carbon cloth 1.3 79 [13]
Ni210/ Carbon block Carbon cloth 1.2 94 [13]
Ni Carbon paper 54 - [54]
Ni Carbon paper 4.14 103.3 [64]
Ni Ni foam 50 - [66]
Pd Carbon paper 2.6 L/(m2 d) 46.4 [60]
MoS, Carbon cloth 10.7 A/m* - [67]
N-Fe/Fe;@C nanorods Carbon cloth 0.0181 79.8 [68]
Nanostructured TiO, nanorod arrays on 4.2 mL/(m3 d) - [69]
conductive fluorine-doped tin oxide-coated
glass

(continued)
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Table 9.3 (continued)

Electrode H, production rate Maximum I,

Catalyst material m>/(m> d)) efficiency (%) | Ref.
Pt/multiwalled carbon Carbon cloth 1.42 65 [70]
nanotube

Multiwalled carbon Carbon cloth 1.20 62 [70]
nanotube

MoS,/carbon nanotube Carbon cloth 0.01 49.0 [71]
Polyaniline/multiwalled Carbon cloth 1.04 57 [72]
carbon nanotube

*MEC operated at 55 °C

9.4.3 Chamber Volume, Electrode Size, and Electrode
Position

The H-type two-chambered reactors in early MECs had a low hydrogen production
rate (2.9 mol Hy/mol acetate) and a low current density due to their high internal
resistance [3]. Various factors can affect the internal resistance, but this can be
reduced by optimizing the electrode surface area, electrode position, and chamber
volume. As examples, Call and Logan [23] improved the hydrogen production rate
by increasing the anodic surface area using graphite granules. Wang et al. [74]
decreased the internal resistance in an MEC by shortening the distance between the
anode and cathode electrodes from 14 to 4 cm. Cheng and Logan [75] reported that
the hydrogen production rate in an MEC can be increased by reducing the electrode
spacing; the maximum hydrogen production rate they achieved in an MEC had a
2 cm electrode spacing. Gil-Carrera et al. [76] investigated the optimum electrode
size and arrangement in flat-plate MECs. They reported that the optimum electrode
size and arrangement in flat-plate MECs was a two-layer carbon felt anode having a
10 mm thickness and a single gas diffusion cathode. Liang et al. [77] further showed
that optimizing the anode arrangement effectively reduced the internal resistance.
In their study, an MEC separately positioning two anode electrodes at either side of
the cathode in parallel reached a higher current density of 621.3 20.6 A/m’ and
hydrogen production rate of 5.56 m>/m> than an MEC having two anodes at one
side of the cathode (360 A/m® and 2.55 m*/m?).

9.4.4 Separator

A typical MEC design is a two-chambered reactor that consists of an anode, a
cathode, and a separator. Separators play an important role in MECs. Separators
physically divide the anode and cathode chambers and theoretically prevent mass
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Table 9.4 Summary of separators reported in previous microbial electrolysis cell studies

Hydrogen yield | Current

Separator (m>/(m> d)) density (A/m>) | Ref.
Cation exchange membrane® (256 sz) 0.33 2.25 [8]
Anion exchange membrane® (256 sz) 0.31 2.37 [8]
Anion exchange membrane® (30 mm diameter) 1.10 - [23]
No separator® 3.12 292 A/m’ [24]
Cation exchange membrane® (Nafion) About 0.5 mL/h |- [79]
Anion exchange membrane® 2.0 mL/h - [79]
No separator® 6.32 3.7 [30]
Cation exchange membrane® 1.22 1.8 [30]
Anion exchange membrane® 0.43 109 A/m> [80]
Cation exchange membrane® 0.36 92 A/m? [80]
Bipolar membrane® (8 cm?) 0.018 - [83]
Microporous membrane® 0.015 — [39]
Cation exchange membrane® (Nafion; 25 cmz) 12.9 mL — [84]
Cation exchange membrane® (sulfonated polyether | 14.4 mL - [84]
ether ketone based; 25 sz)

4Single chamber
"Two chamber
“Scale-up cassette style design

transport of substrate, hydrogen gas, methane gas, and microorganisms, from
occurring between the anode and cathode chambers, except for protons. Cation
exchange membranes are commonly used for separators in MECs [8, 78-80], but
they have several crucial disadvantages: they require pH gradients between the
anode and cathode chambers, and they have a high cost [42]. Several studies have
compared MECs equipped with cation exchange and anion exchange membranes
[8, 78-80]. The performance of MECs equipped with an anion exchange membrane
is better than those having a cation exchange membrane because the anion
exchange membrane-based MECs have a lower ion transport resistance [78].
However, anion exchange membranes generally show high substrate permeability
and configuration deformation [81, 82]. Call and Logan [24] removed the mem-
brane to thereby increase the hydrogen production rate. Their membraneless single-
chambered MEC achieved a relatively high production rate of 3.12 4 0.01 m*/(m?
d), though concerns about purity of hydrogen remained due to methane produc-
tion by methanogen. A bipolar membrane was then employed as a separator in an
MEC to overcome a thermodynamic barrier for hydrogen production [83]. This
membrane produced hydrogen at a rate of 0.01 m*/(m> d) with no applied voltage.
In a pilot-scale MEC test, microporous membranes were used as the separator
because of their relatively low price and high proton transfer ability [39]
(Table 9.4).
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Table 9.5 Summary of two previous studies on hydrogen production yield or efficiency as a
function of the applied voltage level in microbial electrolysis cells

Applied Hydrogen yield (m>/(m> d))
voltage Cell design Substrate | or efficiency (%) Ref.
0.4V Single chamber 0.20 m*/m* d [26]
0.6 V Anode: carbon cloth 0.53 m*m>d

06V Cathode: carbon cloth with Pt 0.69 m*/m> d

0.1V Acetate Negligible amount [2]
02V Two chamber Negligible amount

03V Anode: carbon felt About 30 %

05V Cathode: stainless steel with Pt About 40 %

06V About 40 %

08V 525 %

9.4.5 Power Supply

Hydrogen production reactions in MECs are nonspontaneous, i.e., to overcome
thermodynamic barriers for the hydrogen production reaction, an external power
supply is required [3]. Indeed, the applied voltage is a crucial factor for determining
the hydrogen production performance in MECs. Previous research has thus inves-
tigated the effect of applied voltage on MEC performance [2, 26]. Theoretically, if
more than a 0.14 V external voltage is applied, the hydrogen production reaction
can occur in MECs. However, in the actual operation of MECs, a minimum of 0.3 V
applied voltage is required due to the overpotential [2]. By increasing the applied
voltage to over 0.3 V, the corresponding hydrogen production performance in
MECs improves [2, 26]. This increase implies that the applied voltage is directly
related to the energy requirement of MECs for hydrogen production. For develop-
ing more cost-effective MECs, the hydrogen production needs to be improved
without increasing the applied voltage (Table 9.5).

To achieve this goal, alternative renewable power sources have been proposed to
apply a voltage to the MEC. Table 9.6 presents various alternative power sources that
have been used with MECs. Notably, Ajayi et al. [85, 86] and Chae et al. [87]
successfully developed solar-powered MECs by installing dye-sensitized solar cells.
Quan et al. [88] modified an MEC by setting up a nanowire photocathode in a cathode
chamber, which is now referred to as a microbial photoelectrochemical cell. This
modified MEC successfully generated hydrogen under white light illumination.
More recently, a photoelectrochemical cell consisting of a Pt cathode, TiO,
nanowire-arrayed photoanode, and microbial fuel cell has been integrated to produce
hydrogen with solar power assistance [89].

Microbial fuel cells have also been investigated as a power source for
MECs [46, 55]. Sun et al. [55] developed an electricity-assisting microbial fuel
cell-MEC-coupled system. In this case, an MEC comprised of three series-connected
microbial fuel cells produced hydrogen at a rate of 14.54 0.12 m*/(m> d).
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Table 9.6 Alternative power supply sources for microbial electrolysis cells

Power source Hydrogen yield or cathode efficiency Ref.
Solar powered (dye-sensitized solar cell) 0.07 m? /(m® d) [87]
Solar powered (dye-sensitized solar cell) 78+2.5 % [85]
Solar powered (dye-sensitized solar cell) T8+2.5 % [86]
Solar assisted (nanowire photocathode) 20 mW/cm?> [88]
Solar assisted (photochemical cell) 4 mL (AM 1.5G, 100 mW/cm2) [89]
Microbial fuel cell 1454 +0.12 m*/(m> d) [55]
Microbial fuel cell 0.28 m*/(m> d) [46]
Reverse electrodialysis stack 0.8 to 1.6 m* /(m3.dm,|yle d) [90]

Kim and Logan [90] used concentration difference in the energy conversion to
sustainably produce hydrogen by inserting reverse electrodialysis stacks between
the anode and cathode chambers of an MEC, which generate electricity from the
salinity gradient between high and low salt concentration solutions.

9.4.6 Substrates

For hydrogen production using MECs, organic carbon compounds such as acetate,
glucose, butyric acid, cellulose, protein, and wastewater have been used as
substrates (Table 9.7). In contrast, simple-structure carbon compounds including
volatile acid and glucose were used in early MECs studies. Acetate, however,
remains the most commonly utilized substrate. Hydrogen has been produced from
acetate at the highest rate of 50 m3/(m3 d) in a continuous-mode two-chambered
MEC equipped with an Ni foam cathode electrode at an applied voltage of 1.0 V
[24]. According to Cheng and Logan [23], comparable hydrogen production rates
have been obtained in glucose-fed and lactic acid-fed MECs using acetate-fed
MECs, with lower hydrogen production rates achieved in butyric acid-, propionic
acid-, and valeric acid-fed MECs.

More complex-structure organic compounds, such as wastewater and waste
biomass, have been employed as substrates in MECs. For example, glycerol—
generated as a by-product from the biodiesel manufacturing process—has been
tested as a substrate in MECs [91]. A two-chambered MEC fed with ultrapure
glycerol obtained a comparable hydrogen production rate of 2.01 + 0.41 m*/(m® d)
to that fed with glucose (1.87 £0.30 m*/(m® d)), though the MEC fed with the
glycerol by-product of biodiesel fuel achieved a much lower hydrogen production
rate (0.4140.13 m’/(m’® d), ie., the glycerol generated from the biodiesel
manufacturing process is impure. To achieve a higher hydrogen conversion
efficiency from glycerol, Chookaew et al. [92] integrated an MEC with a dark
fermentation process.
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Table 9.7 Summary of reported substrate types used for microbial electrolysis cells and hydrogen
yields obtained from previous microbial electrolysis cell studies with the substrate

Substrate Hydrogen yield (m*/(m> d)) Ref.
Acetate 50 [66]
Acetate 1.10 [23]
Butyric acid 0.45 [23]
Lactic acid 1.04 [23]
Propionic acid 0.72 [23]
Valeric acid 0.14 [23]
Formic acid 0.62 [94]
Glucose 1.23 [23]
Sucrose - [101]
Bovine serum albumin (protein) 0.54 [80]
Ultrapure glycerol 2.01 [91]
Glycerol by-product of biodiesel fuel 0.41 [91]
Crude glycerol 106 mL/g COD [92]
Cellobiose 0.96 [94]
Lignocellulose 1.0 [94]
Potato wastewater 0.74 [96]
Winery wastewater 0.28 [95]
Domestic wastewater 0.17 [95]
Swine wastewater 1.0 [48]
Industrial wastewater - [102]
Sewage sludge 7.7 mL [103]
Waste-activated sludge 0.91 [97]
Fermentation liquid of waste-activated sludge 1.2 mL/mg COD [99]
Effluent from anaerobic-baffled reactor 1.31 [100]
Primary effluent — [104]

As another potential source, lignocellulose has attracted attention as a promising
feedstock for hydrogen production in MECs because of its abundance and renew-
ability [93]. However, the direct use of lignocellulose as a substrate for hydrogen
production in MEC:s is difficult; lignocellulose is difficult to degrade using electro-
chemically active bacteria. About half of the hydrogen production rate was
achieved from cellulose 0.11 m*/(m? d) compared with that from acetate [23]. A
two-stage process combining dark fermentation and an MEC was then adopted to
produce hydrogen from lignocellulose [94]. Dark fermentation was used to convert
lignocellulose into acetic, lactic, succinic, and formic acids and ethanol, which are
significantly more easily degradable organic compounds by electrochemically active
bacteria in MECs. The hydrogen production from the effluent of lignocellulose and
cellobiose fermentation was 1.0 +0.19 m*/(m? d) and 0.96+0.16 m*/(m> d) in a
two-stage MEC [94].

Various types of wastewater have been examined as substrates for MECs, but
lower hydrogen production rates were obtained compared with acetate-fed MECs.
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For example, hydrogen was generated from swine wastewater at a rate of 0.9—
1.0 m*/(m® d) in a single-chambered MEC having a graphite fiber brush anode
[48]. Cusick et al. [95] investigated hydrogen production performance and eco-
nomics of MECs fed with domestic wastewater and winery wastewater; the respec-
tive hydrogen production rates were 0.28 + 0.04 m*/(m* d) and 0.17 £ 0.09 m*/(m?
d). The resulting hydrogen production costs were $4.51/kg H, for winery waste-
water and $3.01/kg H, for domestic wastewater [95]. Based on these results, the
first pilot-scale continuous flow MEC (1000 L) having 144 electrode pairs in
24 modules was tested using winery wastewater [38].

In other studies, an MEC supplied with potato processing wastewater generated
hydrogen at a production rate of 0.74 m>/(m”® d) at an applied voltage of 0.9 V
[96]. Waste-activated sludge, which contains a large amount of carbohydrates
undegradable by electrochemically active bacteria, has been tested as a substrate
in MECs [97, 98]. From the raw waste-activated sludge, very low hydrogen was
produced (0.05640.008 m’*/(m> d) in a two-chambered MEC, though with
alkaline-pretreated waste-activated sludge, a larger amount of hydrogen was gen-
erated (0.914+0.10 m*/(m> d)) [97]. As with lignocellulose, a higher hydrogen
production rate was achieved from waste-activated sludge in MECs by combining
an MEC with a fermentation process [99]. Finally, an anaerobic-baffled reactor
(ARB) was utilized to degrade complex organic compounds into volatile short-
chain fatty acids and ethanol, with the ARB effluent then being supplied to MECs
for hydrogen production [100].

9.4.7 Electrolyte

The conditions of electrolytes, such as pH and conductivity, are important factors
that affect the performance of MECs; electrolyte pH can influence the activity of
electrochemically active bacteria and be used to control the redox reaction poten-
tials on the electrode [7]. However, the electrolyte conductivity can affect the
internal resistance of MECs [105]. There have been several research works that
explore the effect of electrolytes on the performance of MECs as described next.
Matthew et al. [105] reported that specific electrolytes can increase the perfor-
mance of MECs by reducing the cathode overpotential or solution resistance
according to its pH; phosphate and acetate electrolytes can improve the perfor-
mance of MECs by decreasing the overpotential at pH 5. However, at a higher pH
(pH 9), carbonate electrolytes increased the performance of MECs by reducing the
solution resistance. Munoz et al. [106] showed that for MECs equipped with a
stainless steel cathode electrode, the existence of phosphate species in an electro-
lyte improved the current density for hydrogen production because of the cathodic
deprotonation reaction. Yossan et al. [44] tested five groups of catholytes in MECs,
including a phosphate buffer, NaCl solution, deionized water, tap water, and
acidified water. The MEC containing a 100 mM phosphate catholyte exhibited
the highest hydrogen production rate because of its high buffer capacity, followed
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by NaCl solution due to its high conductivity, and then acidified water as it provided
extra protons for hydrogen production. Liu et al. [47] investigated the optimal
anolyte pH in MECs and found that the optimal pH was 9 for a maximum hydrogen
production rate of 0.55 m>/(m> d).

9.4.8 Other Operational Factors

Temperature can also affect the activity and selection of microorganisms in MECs.
Omidi and Sathasivan [58] demonstrated, based on the COD removal rate and
amount of biomass in MECs, that 31 °C was the optimum condition for MEC
operation. In general, MEC tests are now conducted at a controlled temperature
range of around 30 °C. However, hydrogen has been successfully generated in a
single-chambered MEC enriched and operated at temperatures as low as 4 °C and
9 °C [107]. Under this psychrophilic condition, methane production by methanogen
is effectively inhibited.

The effects of hydrodynamic force and dissolved oxygen on the MEC perfor-
mance and anode biofilm have been evaluated as operational factors [108]. It was
found that the hydrogen production in an MEC was markedly influenced by the
hydrodynamic force, but not significantly affected by the anode biofilm exposure to
dissolved oxygen.

As final considerations in this subsection, it has been shown that the organic
loading rate and hydraulic retention time can be crucial operational factors under
the continuous-mode operation of MECs [33, 109] (Table 9.8).

9.5 Hydrogen Yield of Organic Waste-Fed
and Scaled-Up MECs

It is often difficult to directly compare the results of different studies because the
MEC operations have been conducted under different experimental conditions and,
in some cases, the key parameters or hydrogen production performance indicators
were not provided. However, in this section, a comparative analysis of hydrogen
production yields for organic waste-fed MECs and scaled-up MECs obtained from
several studies is attempted.

9.5.1 Hydrogen Yield from Organic Waste in MECs

The ultimate goal of MEC technology is to sustainably produce commercially
available hydrogen from organic waste. To achieve this goal, the current trend of
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Table 9.8 Summary of previously reported factors affecting the performance of microbial
electrolysis cells

Performance evaluation
Operational factor Conditions parameter Ref.
Temperature COD removal rate [58]
25°C 16.8 mg/(L h)
29 °C 24.7 mg/(L h)
30°C 34.0 mg/(L h)
31°C 36.2 mg/(L h)
Hydrogen yield [107]
4°C 0.23 m*/(m’ d)
9°C 0.32 m*/(m’ d)
Hydrodynamic force Hydrogen production [108]
Reynolds number 900 198 pmol
Reynolds number 4900 | 314 pmol
Anode biofilm exposure time to Hydrogen production [108]
dissolved oxygen 0Oh About 500 pmol
48 h About 550 pmol
120 h About 700 pmol
Hydraulic retention time Cathodic conversion [33]
efficiency
10h 8.7 %
7h 9.3 %
10 h 23.9 %
Hydrogen production [109]
6.5h 2.03 mol/mol
3.1h 1.88 mol/mol
1.6h 1.81 mol/mol

hydrogen production performance (Fig. 9.2) from organic waste needs to be
realized. As mentioned in the previous section, using pure chemical substrates,
such as acetate and glucose, MECs have already achieved an economical hydrogen
production yield on a lab scale. However, using organic waste, lower hydrogen
production yields have generally been observed, likely due to waste organics
containing complex-structure carbon compounds that are not easily degradable by
electrochemically active bacteria. Among the organic waste substrates, the effluent
from an ethanol-hydrogen coproducing fermentation reactor feeding into a single-
chambered MEC (working volume of 26 mL) having a carbon fiber brush anode and
Pt-coated carbon cloth cathode could achieve a maximum hydrogen production rate
of 2.11 mg’/(m3 d) [110]. However, during the same experiment, without the
assistance of fermentation prior to being fed into the MEC, a much lower hydrogen
production rate of 1.41 m3/(m3 d) was obtained [110]. Overall, it was found that the
utilization of organic waste that was pretreated by other processes gave relatively
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Fig. 9.2 Hydrogen production rates in organic waste-fed MECs; * WAS waste-activated sludge;
® integration with other biological process; © pilot-scale MEC (1000 L)

higher hydrogen production rates [46, 94, 100, 110]; these pretreatments convert
complex compounds into more readily available organic compounds for consump-
tion by electrochemically active bacteria.

9.5.2 Hydrogen Yield in Scaled-Up MECs

Many MEC tests have been conducted using milliliter-scale reactors under rela-
tively optimum operating conditions (Fig. 9.3a). In a lab-scale test, a maximum
hydrogen production rate of 50 m*/(m*® d) was successfully achieved using a
two-chambered MEC (effective anode chamber volume of about 20 mL) equipped
with a graphite felt anode and an Ni foam cathode [66]. However, to develop MECs
that can operate at a practical site, larger-scale MECs are required. Several inves-
tigations of large-scale MECs with 1-1000 L volume reactors have been performed
(Fig. 9.3b). In general, the larger reactor volume exhibits a lower hydrogen pro-
duction rate, likely due to the increase in overpotential and internal resistance. A
two-chambered MEC (anode chamber volume of 3.3 L) fed with acetate showed a
hydrogen production rate of about 0.02 m*/(m?® d) [4]. Single-chambered MECs
(chamber volume of 3.3 L [8] and 3.2 L [59]) fed with acetate generated hydrogen
at a rate of over 0.3 m3/(m3 d) [8] and 0.12 m3/(m3 d) [59], respectively. In the best



9 Bioelectrochemical Production of Hydrogen from Organic Waste 267

[-1]
o
Il

50 qeo

30 +

20 +

10 +

Hydrogen production rate (m¥m?d) @

0 0.2 0.4 0.6 0.8 1
Chamber volume (L)

0.6
0.5
0.4
0.3
0.2

0.1

Hydrogen production rate (m*m?d) T

200 400 600 800 1000 1200

Chamber volume (L)

Fig. 9.3 Hydrogen production rate in (a) lab-scale MECs and (b) liter-scale and pilot-scale
MEQC:s. In the case of two-chambered MECs, chamber volumes were calculated based on the
anode chamber volume

case, an acetate-fed MEC having eight pairs of electrodes (chamber volume of
2.5 L) achieved a hydrogen production rate of 0.53 m*/(m’ d), but this MEC was
afflicted with hydrogen losses due to methanogens [32]. A pilot-scale MEC (cham-
ber volume of 1000 L) obtained a hydrogen production rate of 0.19 m*/(m? d), even
as most of the produced gas was transformed into methane (86 & 6%). Another
pilot-scale MEC (working chamber volume of 88 L) fed with wastewater exhibited
a lower hydrogen production rate of 0.015 m*/(m® d) compared with the previous
pilot-scale MEC (1000 L), but had a lower level of methane production [39].
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9.6 Anodic Bacterial Community

Electrochemically active bacteria play a key role in hydrogen production in MECs;
they oxidize organic matter and release electrons obtained from metabolic pro-
cesses into anode electrodes. Anodic microbial communities in MECs inoculated
with a mixed culture are generally composed of electrochemically active bacteria
and other bacteria symbiotically interacting with the electrochemically active
bacteria [111]. However, the diversity of bacterial species can change according
to MEC operational conditions (e.g., inoculum, temperature, and substrate). Several
studies have reported the species composition of anodic microbial community in
MECs operated in different environments, based on 16S rDNA sequencing and
pyrosequencing analyses (Table 9.9) [13, 33, 35, 37, 95, 96, 107, 111, 112].

In general, o-Proteobacteria, Bacteroidetes, and Firmicutes have been the
predominant microorganism classes used in all MEC research. Anodic bacterial
communities of acetate-fed single-chambered MECs, inoculated with the effluent
of acetate-fed microbial fuel cells, one having a Pt-catalyzed cathode and the other
an Ni-catalyzed cathode, were compared by Selembo et al. [13]. Pelobacter
propionicus and Geobacter sulfurreducens were the most dominant species in
both MEC reactors; it was found that the cathodic catalysts did not affect the anodic
bacterial communities [13]. Cusick et al. [95] examined the composition of anodic
bacteria from a consortia of winery wastewater-fed and daily wastewater-fed
MECs. The difference between the two MECs in terms of bacterial community
present was observed. In the MEC fed with winery wastewater, the most dominant
species was Geobacter sulfurreducens (44 %), but in the MEC fed with domestic
wastewater, Geobacter metallireducens (23 %) was dominant. In addition, Kiely
et al. [96] compared MECs fed with acetate, potato wastewater, and daily waste-
water. Similar to the results reported by Selembo et al. [13], the predominance of
Pelobacter propionicus was observed in the acetate-fed MECs, and the utilization
of acetate as a substrate reduced the bacterial species diversity. Both potato
wastewater-fed and daily wastewater-fed MECs showed more diverse bacterial
species, but had different compositions. Potato wastewater-fed MECs were pre-
dominantly Geobacter species; daily wastewater-fed MECs were dominated by
Clostridium (Firmicutes).

Lu et al. [107] investigated the microbial community structures of MECs
operated at different temperatures. It was found that temperature considerably
affected the anodic bacterial consortia. In MECs operated at temperatures of 4 °C
and 9 °C, Geobacter psychrophilus was the predominant species, whereas
Geobacter chapelleii were dominant in MECs operated at 25 °C. Moreover,
hydrogenotrophic methanogens were detected in MECs operated at 25 °C, though
methanogen growth was inhibited in MECs operated at 4 °C and 9 °C. Lu
et al. [112] also explored the anodic bacterial communities of glucose-fed MECs
at low temperature (4 °C), in which more diverse bacteria species were observed in
MECs fed with glucose, compared to MECs fed with acetate. In the glucose-fed
MEC:s at 4 °C, methanogens and homoacetogenesis were negligible.
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Table 9.9 Summary of the dominant anodic bacterial class or species for microbial electrolysis

cells reported in previous studies

Most dominant class or species Inoculum Substrate Cell type Ref.
Pelobacter propionicus (54.3 %) Acetate-fed Acetate SC (with Ni | [13]
microbial fuel cell catalyst)
Pelobacter propionicus (56.5 %) Acetate-fed Acetate SC (with Pt
microbial fuel cell catalyst)
Geobacter sulfurreducens (44 %) | — Winery SC [95]
wastewater
Geobacter metallireducens (23 %) |— Domestic SC
wastewater
G. metallireducens G. lovleyi - Potato SC [96]
wastewater
Clostridium - Daily SC
wastewater
Pelobacter propionicus - Acetate SC
Geobacter psychrophilus (63 %) Domestic water Acetate SC (4 °C) [107]
Pseudomonas spp. (14 %)
Geobacter psychrophilus (55 %) Domestic water Acetate SC (9°0)
Pseudomonas spp. (7 %)
Geobacter chapelleii (68 %) Domestic water Acetate SC (25°C)
Unclassified genus Geobacter Waste-activated Waste-acti- TC [98]
(12.23 %) sludge vated sludge
Unclassified genus Paludibacter Waste-activated Waste-acti- SC
Geobacter (3.55 %) sludge vated sludge
Shewanella Geobacter Raw sludge Acetate TC [111]
Dysgonomonas Glucose-fed Glucose SC (4 °C) [112]
microbial fuel cell
Unclassified genus Glucose-fed Glucose SC (25 °C)
microbial fuel cell
Clostridium sp. (28 %) Domestic Domestic TMEC [33]
Bacteroidetes bacterium (11 %) wastewater fed wastewater
MEC
Chlorobium limicola (31 %) Domestic Domestic TMEC
Geobacter metallireducens (15 %) | wastewater-fed wastewater
MEC
Bacteroidetes (55.5 %) Wastewater Acetate SMEC [37]
Proteobacteria, Firmicutes — Wastewater BR [35]

SC single chamber, TC two chamber, SMEC submersible microbial electrolysis cell, BR baffled
reactor type, TMEC tubular-type microbial electrolysis cell

Waste-activated sludge-fed MECs were examined based on a pyrosequencing
analysis [98], in which a diverse range of electrochemically active bacteria and
acid-producing bacteria species were found. It was shown that there are symbiotic
interactions between the acid-production bacteria and electrochemically active
bacteria: acid-producing bacteria convert sugars into organic acids, and then elec-
trochemically active bacteria utilize these organic acids or directly use the specific
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sugars. Further, acetoclastic methanogens were dominantly found. Gil-Carrera
et al. [33] reported that complex organic matter was degraded to simpler organic
matters and that electrochemically active bacteria then use this simpler organic
matter in a semi-pilot tubular MEC.

9.7 Technological Challenges for Practical Implementation

Lab-scale MEC systems have achieved satisfactory levels of hydrogen production
[12]. However, it is now imperative to overcome the diverse technological chal-
lenges to scale up these systems for use in field applications. In this section, core
technical challenges related to each MEC component shown in Fig. 9.4 are
addressed.

9.7.1 Challenges Associated with the Anode and Electrolyte
9.7.1.1 Metabolic Diversity
Electron and protons are generated from the oxidation of organic waste by electro-

chemically active bacteria in the anode. Pure simple-structure organic compounds
can be readily used by electrochemically active bacteria. However, during
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Fig. 9.4 Technological challenges for MECs
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hydrogen production using MECs at practical sites, various types of organic waste
are used as electron donors. This organic waste usually consists of a wide spectrum
of organic matter; to degrade this complex organic waste, vast and protein micro-
bial food webs need to be established [113]. However, previous research has shown
that organic waste-fed MECs achieve lower hydrogen production performance
compared to when a simpler pure substrate is used, even though more diverse
bacterial species that consist of electrochemically active bacteria, and bacteria
symbiotically related to electrochemically active bacteria, were found in organic
waste-fed MECs [13, 33, 35, 37, 95, 96, 107, 111, 112]. This indicates that anodic
bacterial communities cannot effectively degrade complex organic compounds, and
as such that more investigation of metabolic diversity is required than for microbial
species diversity [113]. The use of pretreatments to convert organic waste into
easily degradable compounds has been recommended [46, 94, 100, 110].

9.7.1.2 Electron Losses by Methanogens

Substantial electron losses due to competition with methanogens for substrates
reduce the hydrogen production performance in MECs [26, 107, 114]. In particular,
there are notable electron losses due to competition with methanogens in MECs fed
with complex organic compounds, such as glucose and wastewater, due to their
fermentable characteristics [114, 115]. Moreover, hydrogen produced in the cath-
odes of MECs can be converted into methane by methanogens under circumstances
that allow hydrogen to come into contact with methanogens [32, 38]. For this
reason, it is necessary to effectively suppress methanogenic activities to improve
hydrogen production from organic waste in MECs. Methods for operating MECs
under adverse conditions for methanogens, such as intermittent air-exposure [24]
and low temperature [107, 112], and chemical treatments, such as the inoculation of
specific methanogen inhibitors and ultraviolet irradiation [116], might also be
needed.

9.7.1.3 Electrode Resistance

One further challenge associated with the anode material is the electrical resistivity
of the anodic electrode. Popular anode materials are carbonaceous materials
because of their good biocompatibility, low overpotential, and reasonable cost
[42, 43]. However, carbonaceous materials have high electrical resistivity. For
example, graphite has a much higher electrical resistivity (1375 pQcm) than iron
(9.71 pQcm) [113]. In lab-scale MECs, though ohmic losses due to the electrical
resistivity of electrodes are not negligible, when scaling up MECs, these ohmic
losses might reach considerable levels. To reduce ohmic losses from the electrodes,
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electrodes can be modified using nanoparticles [53], and electrodes can be fabri-
cated using new materials, such as graphene [117]; these can be considered as
countermeasures to improve hydrogen production.

9.7.1.4 Electrolyte Buffer Capacity and Conductivity

The low buffer capacity and conductivity of the electrolyte is another challenge that
must be overcome to make MEC use more practical [113]. Low numbers of protons,
released by electrochemically active bacteria, transport out of the anodic biofilm at
a low buffer strength, which leads to a local pH drop in the biofilm. According to
Torres et al. [118], the viability of electrochemically active bacteria can be
suppressed by a local pH drop in the biofilm, and this negatively affects the MEC
performance; anolytes in MECs should have a high buffer capacity. However,
wastewater having low protons, released by electrochemically active bacteria,
transporting out of the anodic biofilm at a low buffer strength generally has a low
buffer capacity. Indeed, wastewater commonly has a low conductivity, which will
then significantly increase the ohmic resistance. In practical applications, this might
restrict the performance of MECs. Adding buffers and salts to wastewater is one
possible option for resolving this problem.

9.7.2 Challenges Associated with the Cathode
9.7.2.1 Expensive Catalysts and High Potential Losses

High potential losses can be observed at the cathode in MECs, although Pt has
commonly been applied to the cathode. This loss is likely due to MECs operating at
a neutral pH and under ambient temperature [113]. Sufficient protons need to be
supplied to the cathode for the hydrogen production reaction. However, operation at
a neutral pH cannot guarantee high concentration of available protons. Similarly,
operation at ambient temperature does not assist hydrogen production reaction
kinetics. If wastewater is being supplied to MECs, Pt catalysts might be damaged
by irreversible poisoning by H,S. Furthermore, Pt is a precious metal; the use of Pt
as a catalyst can considerably reduce the economic feasibility of MECs. Therefore,
alternative catalysts or cathode electrodes to Pt are required to improve MEC
performance and economic efficiency. Excellent alternatives might include inex-
pensive metal catalysts such as Ni and Ti [63, 73], biocatalysts [27, 61, 62], and
extremely high surface area cathodic electrodes [66, 70, 72].
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9.7.3 Challenges Associated with Cell Design and Separator
9.7.3.1 pH Imbalance Between Anode and Cathode Chambers

In MECs, to both physically separate the anode and cathode chambers and to allow
ion transport between the two chambers, ion exchange membranes are used. Pro-
tons, produced by electrochemically active bacteria in the anode chamber, theoret-
ically move into the cathode through ion exchange membranes as electrons,
generated by electrochemically active bacteria in the anode, and transfer to the
cathode through an external circuit in order to maintain the charge balance. Other
ionic species dominantly transfer through ion exchange membranes during actual
MEC operation; these ionic species exist at much higher concentrations in the
electrolyte. As a result, protons accumulate in the anode chamber and become
depleted in the cathode chamber, leading to a pH decline in the anode chamber and
incline in the cathode chamber. According to Sleutels et al. [78], this pH imbalance
contributes to quite a large portion of the overall potential losses in MECs.

9.7.3.2 Biofouling on Surface of Membranes

A tremendous population of microorganisms exists in the anode chamber. These
microorganisms can adhere to and grow on the surface of membranes, that is,
biofouling. Biofouling possibly damages membranes and finally can reduce the
performance of the MEC [119]. In practical applications, biofouling might increase
capital cost of the MECs because severely fouled membranes might need to be
replaced by new membranes.

9.7.3.3 Gas Crossover Through Membranes

High purity of hydrogen production is an advantage of MECs. This might reduce
hydrogen production cost because expensive gas purification process will be not
required [42]. However, membranes, such as ion exchange membranes and porous
membranes, used in MECs are quite permeable to gases [84]. Hydrogen generated
in the cathode can be contaminated by biogases, such as methane and carbon
dioxide, produced in the anode chamber, and undesirable hydrogen losses can
possibly occur.

9.7.3.4 Membraneless Single-Chambered Design

To resolve the challenges associated with separators, membraneless single-
chambered designs have been introduced [24, 120]. These designs resolve the pH
imbalance between the anode and cathode chambers and biofouling on the surface



274 1.S. Kim et al.

of membranes. Furthermore, these designs reduce ohmic losses derived from
membranes and reduce the capital cost of MECs by eliminating membranes.
However, these designs have also faced a number of critical challenges. Impor-
tantly, the drop in hydrogen purity due to biogases generated by microorganisms
cannot be avoided. In addition, hydrogen can be utilized by hydrogenotrophic
methanogens for methane production [32, 38].

9.8 Conclusions and Future Outlook

Despite the remaining technical challenges that have yet to be overcome before
upscaling and commercialization, the outlook of MEC technology for hydrogen
generation is still promising. It is expected that MEC technology will reduce the
overall cost of wastewater treatment and be able to sustainably produce hydrogen.
The challenges and suggestions for MECs discussed in this chapter can be expected
to lead developments toward resolving energy losses and reducing the capital costs
of MECs. Overall, the following conditions need to be developed to fulfill the
potential of MEC:s in the future.

1. More research on operating MECs with actual wastewater and improving the
ability of MECs to degrade complex organic matter needs to be conducted.

2. Designing an appropriate configuration for larger-scale MECs is required.

3. Low-cost and comparable or improved performance for current components for
full-scale MECs needs to be studied.

4. Further research on renewable and alternative energy supply sources for MECs
is required.

5. Cost-effective substitute materials for anode and cathode electrodes and sepa-
rators need to be identified prior to the practical implementation of MECs.

6. More studies on MEC assisting systems or processes, such as anaerobic diges-
tion [103] and dynamically adaptive control systems [121], are required to
improve the performance of MECs.
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Chapter 10
Solar Hydrogen Production

Athanasios G. Konstandopoulos, Chrysoula Pagkoura,
Dimitrios A. Dimitrakis, Souzana Lorentzou, and George P. Karagiannakis

Abstract This chapter summarizes the current status of solar-aided hydrogen
production technologies, with special emphasis on high temperature thermochem-
ical concepts. The required high temperatures are achieved via concentrated solar
irradiation through the respective systems, e.g., solar towers and solar dishes.
Customized, efficient, and robust solar reactor concepts are important to ensure
optimum coupling of the thermochemical phenomenon with the solar source. Of
fundamental importance for such thermochemical processes is the development of
active materials and key components. Some of the most studied and promising
active materials are presented in this chapter along with their relevant advantages
and challenges. Solar hydrogen (/fuels) production is found to constitute an in
principle promising alternative and supplementary solution to currently employed
renewables. Nevertheless, further development is required to increase solar-to-fuel
efficiencies and to overcome long-term stability issues. Favorable solutions
strongly depend on the identification of more active and robust materials as well
as on the definition of solar reactor designs that will ensure optimum exploitation of
solar irradiation.

Keywords Solar hydrogen * Hydrogen production ¢ Solar fuels ¢« Concentrated
irradiation « Thermochemical processes « Water-splitting solar reactors

10.1 Introduction

This chapter provides an overall picture of the past, present, and future perspectives
on the technologies applied in the field of solar hydrogen production with emphasis
on high temperature thermochemical cycles. This work discusses technologies that
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have the potential to be coupled with solar facilities and are able to achieve high
temperatures and eventually substitute energy requirements currently covered from
fossil fuel combustion. The replacement of conventional energy sources with solar
power is a major challenge for the future development of sustainable and renewable
fuels.

The current status of energy consumption worldwide is presented, as well as
possible viable alternatives able to meet the energy-intensive modern way of life in
a sufficient and fossil fuel-independent manner. One of the most promising solu-
tions to this end lies in the utilization of the vast solar potential. Current technol-
ogies used for collecting solar radiation and their capabilities are discussed in the
course of this chapter as well.

The majority of existing industrial scale solar facilities are used for electricity
production. Currently, such systems are coupled with fossil fuel combustion to
produce electricity without interruption that is caused by the intermittent nature of
solar irradiance. These back-up systems are necessary for the support of the
electricity network during operation under insufficient solar radiation conditions
or even during the night. An appealing alternative to solar electricity is that of solar
hydrogen production, i.e., the use of solar energy for the production of hydrogen.
Moreover, the transformation of solar energy into chemical energy addresses the
issue of storage. There are numerous hydrogen sources and possible alternative
routes leading to its production. In this chapter, a section summarizes the possible
alternatives to solar hydrogen production.

Currently, materials for solar hydrogen production are being pursued by many
groups around the world while several promising solar reactor concepts have been
developed. Within this chapter, the production of solar hydrogen from fossil fuels is
presented, followed by a more detailed description of solar hydrogen production
routes from renewable sources that have the potential of providing a sustainable
long-term solution to the energy problem. A particularly interesting approach
combines solar hydrogen with the production of carbon monoxide to form synthesis
gas which can be directly used for the synthesis of conventional fuels.

10.2 The Growing Energy Demand Challenge

Plato in his laws (360 BC) stated: “...The land must be sufficient to maintain a
certain number of inhabitants in a moderate way of life, more than this is not
required. . ..” In its modern version, the above statement is described by the Nobel
laureate in Chemistry 1996 R.E. Smalley, as the “Terawatt Challenge” [1]. The
future energy demands should be calculated in a fair mode, i.e., aiming at the
provision of adequate amounts of resources for the entire global population. The
ideal solution would be to meet the high energy demands of Earth’s population
from carbon-free fuels.

Earth’s population (~7 billion people) is expected to increase by 1.7 billion until
2035 (~25 % increase). This increase is estimated to be accompanied by an even



10 Solar Hydrogen Production 285

higher increase in energy demand (almost as high as ~40 %), since significant
growth is expected to occur in the non-OECD countries [2, 3]. These predictions
highlight the imperative need for finding alternative ways, in order to cover the
future energy demands in an efficient and environmental-friendly way. Currently,
the economy is highly dependent on fossil fuels, and although significant progress
has been recorded with respect to energy efficiency and thus to optimization of
consumed fuels per produced work, further effort must be put on finding less
polluting — i.e., carbon-free — energy sources. Renewable energy sources are
currently developing very fast and have already become immersed in the energy
mixture but still have a long way to go to allow “energy security” and prevention of
“climate change.” It is estimated that until the year 2035, the contribution of
renewables to global energy requirements will not amount to more than 10 %.
Until 2035, fossil fuels (i.e., mainly oil and natural gas) are still expected to be
playing a key role as an energy source for more than half (~50 % [4]) of the future
energy demands.

A very promising solution to meet future energy demands is by exploiting the
Earth’s solar potential. The amount of solar energy reaching Earth surpasses by far
the existing and future energy requirements [5]. While the vital significance of solar
energy has always been indisputable, intensive efforts to convert it into other forms
of energy, besides thermal, have only begun during the last decades, with its
conversion to electricity prevailing. If alternative technologies related to long-
term storage of solar energy into fuels are further developed and if the technologies
related with the collection of the solar potential become economically more afford-
able, solar energy will have higher potential of contributing significantly to Earth’s
energy balance.

10.3 Solar Technologies

This section provides the main principles of the technologies that deal with con-
centrated solar radiation, i.e., technologies that are capable of concentrating solar
irradiance at a target and achieving concentration factors typically higher than ~30.
The principles used in concentrated solar technologies (CST) may be exploited by
several thermochemical technologies that require elevated temperatures for their
operation, ranging from a few hundreds up to more than 1000°.

To depict what happens when solar irradiation “hits” a surface, a simplified
scheme is presented in Fig. 10.1. By applying a thermal equilibrium calculation, a
generic equation for the theoretical maximum temperature (Tgagnation, Eq. 10.4) at
the focal point on the receiver can be established [6].

The following equations are applicable to the illustration of Fig. 10.1.

Guseful = Yabsorbed ~ Yreradiation — Yloss (101)
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Fig. 10.1 Schematic solar
representation of the heat G reflected 4 reradiated
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Quseful = aCl — eoT* — Qoss (103)

The qyserur cOrresponds to the heat that is actually transferred to the working fluid
employed; the factors o and e refer to the absorptivity and emissivity, respectively,
of the irradiated surface; C is the concentration ratio of solar irradiance; / the solar
irradiation, typically taken as /=1000 W/m?” (one sun); ¢ the Stefan Boltzmann
constant (5.67 x 10-8 W/(m?K*); T the temperature developed on the irradiated
surface; and ¢ the heat losses to the environment. In Eq. 10.3, when g gy 1S set
to 0, the system is perfectly insulated and has no heat losses, and the point of
concentration is considered to be a flat area of a perfect receiver that has an
absorptivity and emissivity d.p; = €.p = 1. The stagnation temperature can be
calculated as follows (Eq. 10.4).

Cl 0.25
Tslagnation = <_) (104)

o

The high temperatures required for the production of either steam or heat for
electricity generation or for thermochemical hydrogen production are achieved by
concentrating the solar energy upon a receiver. Currently, there are four different
configurations that can achieve sufficient concentration of solar energy: the para-
bolic trough, the linear Fresnel reflector, the solar tower, and the parabolic dish. An
additional configuration is that of a solar furnace which is a combination of a
sun-tracking heliostat field (similar to the one employed in solar tower systems)
and a nonmoving parabolic dish that concentrates the solar irradiance on a stable
receiver located at its focal point. Since the latter system is mainly used for research
purposes and has no practicality for scale-up/commercial purposes, it will not be
further analyzed here.

The above optical configurations can be classified based on the concentration
ratios they achieve and are divided into three categories. The first category — where
parabolic troughs (Fig. 10.2a, e) and linear Fresnel systems (Fig. 10.2b, f) fall into —
achieves relatively low concentration ratios, i.e., the parameter C ranges between



10 Solar Hydrogen Production 287

-
N
(nearty) Flat I|

mirrors | !

Central Receiver

/

x Heliostat field
) )\ e

et

Fig. 10.2 Schematic representation of the available concentrated solar power (CSP) technologies:
(a) solar trough, (b) linear Fresnel, (c¢) solar tower, (d) solar dish (Adapted from open access
image by Greenpeace International [7]). Images of CSP plants around the world: (e) Holaniku at
Keahole Point solar power plant with parabolic troughs (open access image by Xklaim) [8],
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~30 and 100. The second category refers to systems that achieve moderate concen-
trations, such as the solar tower system (Fig. 10.2c, g). These systems may achieve
concentrations ranging from ~200 and up to 1000. The parabolic dish (Fig. 10.2d, h)
is capable of achieving the highest concentration ratios — starting from C = 1000
and going up to ~13,000.

The actual concentration that can be achieved by each system depends on
various parameters like the inherent properties of the reflective area or the geomet-
ric configuration of the mirrors. The former parameter is characterized by a certain
reflectivity value, which is actually the percentage of irradiance that the mirrors
reflect, while the latter refers to, e.g., curved or flat mirrors. In the following
paragraphs, more details about these systems are presented.

Solar troughs and linear Fresnel configurations both employ a single axis
tracking system that allows them to move throughout the day, usually from North
to South (for systems in the Northern Hemisphere), following the movement of the
sun. These two systems, concentrate the solar irradiance on a linear receiver/tube,
located at their focal line. At this stage, it should be clarified that the term “focus”
refers to a “narrow area” with its shape being strongly dependent on the configu-
ration of the mirrors. Thus, in the cases of the solar troughs and the linear Fresnel
systems, it is a linear area, while in the case of the solar towers, it is the projection of
a parallelepiped mirror. The focus actually resembles a point only in the case of the
solar dishes (Fig. 10.2a) that achieve the highest concentration.

Solar troughs are long reflectors of parabolic shape, mainly used in power
stations for electricity production. The concentrated solar irradiance usually heats
a transfer fluid (e.g., molten salts, oil, or synthetic fluids) that constantly flows
through the receiver tube. Although among the CSP systems compared within this
work parabolic troughs achieve the lowest concentration ratios, they currently
possess the largest share in the market of solar power production. According to
data provided by CSP World [12], the largest solar power facility in operation based
on parabolic troughs was inaugurated in 1984, in the Mojave Desert, USA, with a
total capacity of 354 MW, derived from nine solar plants located at different sites
within the region (SEGS I to SEGS IX). In general, North America currently has the
largest individual installations of solar troughs. Nevertheless, Southern Europe —
throughout which more installations of significantly smaller scale are located — has
cumulatively almost twice the capacity of all North American facilities presently in
operation.

On the other hand, the Fresnel systems (Fig. 10.2b) employ an array of thin flat
mirrors that direct the solar radiation on tubular receivers located at a common
focus line. The receivers — similarly to the solar troughs — are tubes containing a
working fluid that absorbs the heat. Contrary to the wide adaptation of the solar

<
«

Fig. 10.2 (continued) (f) Linear-Fresnel solar power station: Porto Errado 2 (open access image by
Novatec Solar) [9], (g) Solucar PS-10 solar tower (open access image by Afloresm) [10], and
(h) parabolic dish at the Plataforma Solar de Almeria (PSA) in Spain (open access image by
Schlaich Bergermann und Partner) [11]



10 Solar Hydrogen Production 289

troughs in the commercial power market, the first Fresnel commercial plant was
built in 2008 in California and can deliver 5 MW of power (Kimberlina Solar
Thermal Energy Plant). Currently, the largest installation is located in Spain (Puerto
Errado 2, 30 MW), while new, larger projects are planned or are under construction
(e.g., two plants of 100 MW power each, one in India and one in South Africa).

The solar tower plants (Fig. 10.2c) are systems with a solar field comprising a
large number of heliostats, appropriately distributed around a central tower. On the
top of the solar tower where the receiver is placed lies the focal point of the field.
This technology is also less mature compared to parabolic troughs, as the first
commercial solar tower was completed as late as 2007 (the PS10 solar plant in
Spain). Interestingly, these facilities emerged almost two and half decades earlier
than that, almost in parallel with the solar troughs, with the solar facilities of
Themis in France and Solar One in the USA probably being among the first ones
ever to be built (in 1983 and 1982, respectively). This technology did not evolve as
fast, with the total number of commercially available central receiver solar plants
being confined only to five including plants currently in operation. The respective
figure for solar-only parabolic trough technologies — i.e., excluding any hybrid
parabolic trough systems — is at least decuple [12]. The solar tower systems can
achieve high concentrations and thus are capable of developing high temperatures
on the central receiver, ranging from few hundred degrees up to a couple of
thousand degrees. In addition to electricity production, this capacity can be utilized
as the driving force of (typically endothermic) thermochemical reactions. Efforts in
the direction of verifying the feasibility of the concept started earlier than the
establishment of the first commercial solar towers for electricity production with
early thermochemical experiments performed with the aid of solar simulators
dating back to 1992 [13]. Around that period, a directly heated tubular reformer
was installed at the solar tower of Weizmann Institute of Science [14]. The solar
receivers/reactors developed since then are numerous, and the main relevant con-
cepts will be described in the corresponding section of this chapter.

The solar dish technology is the last CST to be described here. Although
parabolic dish technology has the capacity to achieve the highest concentration
ratios, it is the least commercially developed one. Currently, only one pilot plant
based on parabolic dishes, located in China (the 1 MW E Cube Energy Dish Pilot
Plant), is in operation. The solar dishes are most commonly related with Stirling
engines for electricity production, but they are also in principle capable of heating
up a working fluid within a receiver or an actual reactor/receiver at high tempera-
tures. Their main advantage — as compared to solar tower technologies — is their
capability to operate individually, while scaling up is achieved by a simple increase
of their number thus forming larger groups. Solar dishes have also been tested for
thermochemical applications, with one of the first examples being that of the direct
catalytic absorption receiver (DCAR) employed for solar carbon dioxide reforming
of methane (in 1989 in the frame of a research project entitled Caesar in a solar
facility located in Germany) [15].
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10.4 Solar Hydrogen Production

Solar hydrogen has been characterized as the fuel of the future [16]. Hydrogen is
actually an energy carrier, which can be derived from various sources, either
carbonaceous (such as fossil fuels and biomass) or non-carbonaceous (e.g., water
and ammonia) [17, 18]. Conventionally, hydrogen is produced from fossil fuels
through very energy-intensive processes (e.g., reforming of natural gas and hydro-
carbon pyrolysis), and the majority of it is not used to cover energy demands but is
rather used as a chemical in industrial processes such as ammonia synthesis, in
refineries, and in the steel industry [19]. What makes hydrogen a promising future
energy carrier is the potential for its production from totally renewable sources such
as water and solar energy.

With the conventional mainstream technologies employed, hydrogen is pro-
duced at the expense of a significant amount of energy, since either elevated
temperatures or significant power consumption is required. The required energy
usually derives from fossil fuel combustion. The replacement of this energy with a
renewable one is expected to make hydrogen production environmentally friendlier
and thus contribute positively to its penetration into the energy market. Among the
available options for renewable hydrogen production are technologies that are
based on solar energy utilization, a line of research envisioned several decades
ago [20]. At this point, it should be clarified that depending on the feedstock, the
product can be either pure hydrogen (e.g., in the case that the feedstock is water) or
a mixture of hydrogen and carbon monoxide (i.e., syngas) when carbonaceous
sources are employed. In the latter case, hydrogen can be either separated or the
mixture is used “as is” for the production of synthetic hydrocarbons/synthetic fuels.

The existing alternative pathways for the production of solar hydrogen (or solar
syngas) are summarized in the general scheme presented in Fig. 10.3. The alterna-
tive pathways presented are grouped on the basis of whether their operation requires
very high temperatures — and thus the processes can be performed only with the use
of CST capable of providing such temperatures — or not. In the latter case, they can
be powered by technologies that employ non-concentrated solar irradiation. The
last “group” of available processes can be further divided, based on whether the
solar potential is directly used by the process (e.g., in case of photochemical or
photobiological production via direct use of photon energy) or it is first converted to
electricity, which is subsequently used for the hydrogen (or hydrogen/carbon
monoxide depending on the feedstock) production via electrolysis.

As it can be seen from Fig. 10.3, CST systems can be employed for the
production of hydrogen either directly or indirectly. Direct production involves
supplying the necessary heat for direct thermal dissociation of water or for the
thermochemical production of hydrogen (or syngas). In the case of direct thermal
dissociation of water, very high temperatures (>2000 °C) are required, and the
separation of hydrogen and oxygen at such high temperatures to avoid recombina-
tion is also necessary. Direct thermal dissociation of water has major technological
challenges and thus is not the preferred option when it comes to hydrogen
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Fig. 10.3 Pathways for solar hydrogen/fuels production

production. Indirect hydrogen production via CST refers to generating electricity
that is later used for electrolysis of water or water/carbon dioxide. Both these issues
can be dealt with the use of thermochemical processes [21], e.g., reforming or via
cyclic schemes employing two or more sequential steps. The thermochemical
production of hydrogen (or syngas) has the advantage of using materials that
achieve water or water/carbon dioxide splitting at significantly lower temperatures.
In addition, due to the fact that such processes take place in more than one step
issues related to product separation are inherently solved since the production of
hydrogen (or syngas) is typically performed separately to oxygen generation. More
details regarding the available thermochemical processes and the materials
employed are provided in the respective sections of this chapter.

The coupling of hydrogen production with solar energy opens the potential of
introducing new “players” to the energy sector, where importance is shifted from
fossil fuel reserves to the available solar potential. The further development of
promising thermochemical processes that are based on non-carbonaceous sources,
e.g., water or water and carbon dioxide, is expected to further enhance the adapta-
tion of solar technologies for the production of renewable energy, thereby offering a
viable alternative to regions that are dependent on fossil fuels imports. Solar
potential has the benefit of being distributed around the world more evenly than
fossil fuel sources, and thus such technologies can be adapted by a large number of
regions that could create a uniformly distributed hydrogen production network. On
the other hand, the inherent challenge associated with solar power derives from its
intermittent nature, and as a result solar-aided processes cannot be performed
continuously.
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10.5 Thermochemical Processes

In the previous section, pathways leading to solar hydrogen production were
presented. This section intends to elaborate upon available thermochemical pro-
cesses for hydrogen production. By definition, the term thermochemical refers to
processes employing chemical reactions at elevated temperatures (typically above
500 °C). When the required energy input derives from solar power, the term
expands to solar thermochemical processes. Regarding such processes employed
for hydrogen production, there are numerous routes that can be followed and
depend significantly on the reactant feedstock/hydrogen source used. In general,
possible feedstock for hydrogen production can be divided in two categories:
carbonaceous hydrogen sources and non-carbonaceous hydrogen sources. Typical
examples of thermochemical processes employing carbonaceous fossil fuels for
hydrogen production are steam reforming or cracking of natural gas and gasifica-
tion of solid carbon sources (e.g., biomass or coal), while an abundant
non-carbonaceous hydrogen source is water.

Currently, the majority of hydrogen produced is derived from the well-
established technology of catalytic steam reforming of natural gas [18]. The overall
reaction is depicted in Eq. 10.5 and is actually the combination of two reversible
reactions proceeding in parallel: methane reforming (Eq. 10.6) and the water gas
shift reaction (Eq. 10.7). Besides the two main reactions, and depending on the
conditions employed, additional side reactions may occur, for example, methane
combustion (Eq. 10.8) and the Boudouard reaction (Eq. 10.9), resulting to a mixture
of hydrogen with carbon monoxide, carbon dioxide, and steam. Thus, the comple-
tion of the process requires an additional step where the main product (hydrogen) is
separated. The ratio of CO to CO, produced in the final mixture depends on the
operation conditions and the catalyst used. The methane reforming reaction usually
requires temperatures in the range of 800—1000 °C. The reactors typically employed
in such processes are tubular units with packed catalyst beds of transition metal-
based or precious metal-based catalysts supported on ceramic or metallic substrates
[22]. The combination of the conventional/industrial natural gas steam reforming
processes with solar technologies is considered as an efficient way for the short-
term achievement of high-throughput solar hydrogen production. Solar steam
reforming has already been demonstrated by several research programs, among
the first being that employing the cavity-type solar catalytic reactor SCR-3 which
employed a closed-loop system [23] and the 170 kW reactor developed in the
ASTERIX project and operated in Almeria, Spain [24]. Among the most recent
examples of methane-reforming reactors are the 400 kW cavity reactor developed
within the collaborative EU-funded SOLREF project [25] and the SolarGas
reformer of the CSIRO organization [26].

CH4 + 2H,0 <~ CO; + 4H, (105)
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CH, + H,0 « CO +3H,, AH® = —206 kJ/mol (
CO + H,O > CO, 4+ H,, AH =41 kJ/mol (10.7

CHy < C+2H, (

2CO « C+CO, (

A similar process to steam reforming is that of dry reforming (Eq. 10.10), a
process with a product less enriched in hydrogen and thus more suitable for syngas
production with relatively low H,/CO ratio. Combinations between the two
reforming approaches are also possible.

CH; + CO, « 2CO + 2H, (10.10)

A second route for solar hydrogen (or solar syngas) production that has also been
extensively studied is that of solar gasification of, e.g., coal, heavy hydrocarbons,
and biomass. Gasification involves the conversion of solid carbonaceous raw
materials to higher-added-value products through a multistep process [27]. This
can be achieved by various reactions such as pyrolysis, partial oxidation, and
hydrogenation that all lead to a gaseous product containing, in addition to hydrogen
and depending on the route followed, quantities of carbon monoxide and/or diox-
ide, water and gaseous hydrocarbons and amounts of char, and ash and condensable
compounds (tars). For example, in the case of coal gasification, two basic steps take
place [28], the decomposition of coal upon thermal treatment (pyrolysis, Eq. 10.11)
followed by the steam or the carbon dioxide gasification (Boudouard reaction,
reverse reaction of Eq. 10.9). Similar to the reaction steps involved in coal gasifi-
cation are the reactions for biomass gasification. Currently, the term solar gasifica-
tion is very closely related to biomass gasification, an approach that has gained a lot
of interest during the last decades [28], mainly due to the broad availability of
biomass and its renewable nature. As in the case of steam reforming, various reactor
designs have been developed regarding solar gasification [29], employing either
directly [30-32] or indirectly irradiated concepts [33] such as packed bed reactors
[28], fluidized bed reactors [34], etc.

Coal " Char(C) + CO + CO, + H, + CH; + tars (10.11)
Char(C) + H,0 < CO +H,, AH = —131.4 kI/mol (10.12)

Hydrogen can also be derived from direct solar thermal decomposition of
methane (Eq. 10.13). This approach — as compared to the majority of the solar
thermochemical routes employing fossil fuels for hydrogen production — has the
advantage of not producing greenhouse gas emissions (e.g., CO,) [35-37]. The final
products are only hydrogen and elemental carbon (Carbon Black, CB) thus
avoiding the requirement of gas separation steps. To be exact, the final gas product
may contain in addition to hydrogen amounts of unreacted methane; however, these
two gases can be easily separated by standard absorption or membrane separation
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techniques [38]. The prominent challenge of direct methane decomposition is the
high temperature (>1200-1300 °C) required to achieve significant yields and
reaction rates [37, 39, 40].

CH, + C < Cs + 2H,, AH® =75.6 kJ/mol (10.13)

To achieve production of hydrogen at lower temperatures, catalytic methane
decomposition is employed, but this option is accompanied by the requirement for
regeneration of the deactivated catalyst [38]. In the literature, various concepts have
been proposed, among which are those that employ solar reactors heated directly
[41, 42] or indirectly [37, 43—45] and those that achieve direct methane decompo-
sition [45] or catalytic methane decomposition by employing either carbon-based
catalysts [46] or metal-based catalysts [38]. For such purposes, different reactor
designs have been proposed and experimentally evaluated, e.g., fluidized bed
reactors [47] and vortex flow reactors [42].

In the case of hydrogen production from the solar dissociation of water, the
simplest approach would be through direct water splitting from concentrated solar
power (Eq. 10.14). To achieve high conversion rates and avoid production of
intermediate products [42, 48], very high temperatures (>2000 °C) should be
employed, while relatively complex strategies to prevent recombination of the
produced hydrogen and oxygen back to water are necessary.

energy

2H,0 " 21, + 0, (10.14)

One of the first attempts to achieve solar water splitting at low temperatures with
the aid of a two-step thermochemical cycle was the use of the ZnO/Zn redox pair
[20], involving the solar thermal dissociation of ZnO to Zn (Eq. 10.15). The
reduced Zn would subsequently be employed for the dissociation of H,O via its
oxidation back to ZnO (Eq. 10.16).

27n0 — 2Zn + O, (10.15)
27Zn + 2H,0 — 2Zn0 + 2H, (10.16)

Until 1978, a list with more than 100 different thermochemical multistep routes
(that in some cases required up to eight reaction steps) was already available in the
literature for indirect thermochemical dissociation of water for hydrogen produc-
tion at temperatures significantly lower than direct water thermal dissociation
[49]. This list by 2010 [50] had surpassed the value of 200 possible routes and in
its most updated version did not even include cerium oxide- and perovskite-based
thermochemical cycles that have arose over the last years.

This vast number of routes springs from the extensive theoretical studies that
have already been published. For example, studies regarding hydrogen production
from two-step thermochemical processes based on metal oxide pairs are dated
almost a decade earlier than the aforementioned experimental solar dissociation
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of ZnO [16], in a work by Funk et al. in 1966 [51]. In the latter comparative
analysis, it was stated that low efficiency yields should be expected from any
two-reaction step process performed at temperatures lower than 1100 °C. In
accordance with this, in a comparative study based on thermodynamic calculations
carried out few years later, it was stated that a minimum number of three reaction
steps is required to achieve sufficient yields at temperatures between 1000 and
300 K [52]. This struggle to achieve adequately high efficiencies at low temperature
ranges at the expense of process simplicity — i.e., by employing multi-reaction step
processes — was imposed by the fact that at the time, hydrogen production had to be
coupled with heat derived from nuclear energy [53]. The challenge of operating at
higher temperatures could be, at least partially, surpassed by coupling the technol-
ogies with concentrated solar irradiation. To this end, almost in parallel with the
work of Bilgen et al. [20], Nakamura [53] was investigating a second redox pair —
Fe;04/Fe0, iron oxides pair — for solar hydrogen production. This research later on
generated the investigation of a whole new class of materials for solar water
splitting: the ferrites. Since then, both the ferrites [54-58] and the Zn/ZnO pair
[59-62] have received great attention from numerous research teams.

As it has already been stated, thermochemical cycles with redox materials may
proceed via a two-step process (Fig. 10.4). For the case of multivalent metal oxides,
during the first step of the process (Eq. 10.17), the oxide obtains its reduced state
(denoted as MO,.q) and therefore is considered to be prone to oxidation. Thus,
during the second step, the oxide is capable of absorbing oxygen from the steam in
contact with it and converting back to its initial oxidized form (denoted as MO,,).
During this step, pure hydrogen is produced provided that reaction conditions favor
100% steam conversion. In the subsequent step of the process cycle, the oxidized
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form (MO,y) is thermally reduced (typically under elevated temperatures and inert
gas flow), thereby releasing oxygen and hence a cyclic operation is established. As
long as the oxygen released is equal to the oxygen absorbed, the material could
participate in a perpetual operation emitting only hydrogen and oxygen at two
distinct steps in the course of the cycle. The whole procedure can be performed with
the aid of solar energy under the prerequisite that a proper temperature swing is
applied between the two reaction steps, also accompanied by the respective swing
in the applied gas composition. Although the hydrogen production step (performed
when water stream is applied) is an exothermic reaction, relatively high tempera-
tures (e.g., >800 °C) are required for reaction kinetic purposes. The regeneration
step is endothermic and requires even higher temperatures (on the order of 1400 °C)
to achieve sufficient reaction extent and kinetics.

MO,eq + H,0(g) — MO,y + Ha(g) (exothermic) (10.17)
MOgx — MOreq + 1/20;(g)(endothermic) (10.18)

The process described above has been confirmed to be able to produce hydrogen
in a semicontinuous way with the aid of concentrated solar radiation deriving from
a solar tower facility, developed and validated within the research program
HYDROSOL [63]. Additional details about the HYDROSOL concept are provided
in Sect. 7 of this chapter, while a list of materials employed in hydrogen production
from water splitting is stated in the following section.

10.6 Materials for Hydrogen Production

This section focuses on materials employed in two-step thermochemical cycles for
the production of hydrogen from steam dissociation. In such cycles (Fig. 10.3),
redox pairs are usually employed for the facilitation of the steam dissociation
process. As described earlier, the materials used during thermochemical cycling
are subjected to repeated changes between two states. Generally, two categories of
materials/thermochemical cycles can be identified: volatile, if a phase change
occurs in the material during the hydrogen production cycle, and nonvolatile. In
volatile cycles, phase changes of the material occur during the thermal cycling, e.g.,
during the reduction step, the required temperature usually exceeds the vaporization
temperature of the metal oxide [64]. This phase change favors the reaction kinetics.
It also enhances the performance of the material since more oxygen can be released
during the phase change per mass of material than in the solid state. The main
disadvantage of volatile cycles is that once the material is gasified, it has to either be
separated from the rest of the flow or rapidly quenched, procedures that both
consume significant amounts of energy [65]. Typical materials used in volatile
cycles are ZnO, CdO, and SnO,. Materials employed in nonvolatile cycles are those
that do not undergo a phase transition during the thermochemical reactions and
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include iron oxides, ceria, and a large number of spinel phases where usually at least
one of the metals employed is iron, i.e., Me,Fe;_ ,O4 and lately perovskites.

Examples of these two categories of thermochemical cycles are given in
Egs. 10.19 [66] and 10.20 [53]. In the case of zinc oxide, the ZnO solid phase is
reduced to metallic Zn gas, while in the case of the nonvolatile cycle of iron oxide,
the solid phase of Fe;O,4 transforms into the solid phase of FeO. In both cases, the
reduction reactions lead to oxygen production.

Zn*t0 — Zn’(g) + 1/20, (10.19)
Fe3"Fe’"0, — 3Fe’"0 +1/20, (10.20)

An additional example of materials employed in nonvolatile cycles is mixed
oxides, e.g., ferrites doped with a second metal (e.g., Me,Fe;_, 0,4, where Me is the
second metal). The reduction step proceeds in a similar way with the example
presented above and a solid solution of the two component oxides is formed
(Eq. 10.21) [67]. Moreover, examples of mixtures comprising of more than one
oxide have also been reported in the literature for hydrogen production via ther-
mochemical cycles. In this case, a different mechanism is employed during the
thermal cycling known as metal replacement reaction (Eq. 10.22) [67].

MeFes_xO4 — xMeO + (3 — x)FeO + 1/20, (10.21)
CoFe,04 + 3AL,05 — CoALO, + 2FeALO, + 1/20, (10.22)

All cycles described above proceed stoichiometrically. For the case of nonvol-
atile cycles, it is quite common for several such schemes to occur in a
nonstoichiometric way. Typical such examples are those of water splitting with
mixed ferrites (Me,Fe;_ ,O,4, where usually Me: Ni, Co [55]), cerium oxide, and
perovskites. In the nonstoichiometric mechanism, the oxide is not subjected to a
complete structural transformation but involves a transition between a fully oxi-
dized state and an oxygen-deficient one. In Eq. 10.23 and Eq. 10.24, & represents the
oxygen vacancy concentration of the oxygen-deficient state of the material
[68]. Perovskites are represented by the chemical form of ABO;_g, where both
cation sites, A and B, can be substituted with metal ions or rare earths. The recent
consideration of such materials for two-step redox thermochemical cycles further
opened new possibilities in the field of solar-aided water splitting. The first publi-
cations reporting the water-splitting activity of perovskites (e.g., La; ,SryO5_5)
seem very promising [69, 70].

M€,¥F63,XO4 — Me_rFe3,xO4,§ + 5/202 (1023)
CeO,; — CeOy_s + 6/202 (1024)
Each category of material/cycle described above possesses its own pros and cons.

Stoichiometric cycles have the capacity of achieving high hydrogen production
efficiencies per mass of redox material, as the maximum hydrogen production is
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proportionally related to the amount of oxygen subtracted from the oxide. On the
other hand, in the case of nonstoichiometric cycles, only a rather small portion of
oxygen participates in the redox reactions, thereby limiting hydrogen production
potential. Based on the phase diagrams provided in the literature, the vacancy
concentration (8) that ceria can achieve at temperatures higher than 1000 °C is
~0.25 [71], a value that corresponds to a theoretical hydrogen yield of 2.9 mmol H,/
g. This value seems rather low in comparison with the theoretical yield that can be
achieved by the Fe;04/FeO couple (4.3 mmol H,/g) or by the ZnO/Zn pair
(12.3 mmol H,/g). In practice, sufficient reduction of ceria is achieved only at
significantly higher temperatures, while doping of ceria with other materials has
also been reported in the literature as a potentially efficient means of achieving
reduction at lower temperature [72] and therefore increases the oxygen storage
capacity [73]. Main advantages of the nonstoichiometric mechanism are the faster
kinetic rates achieved and the chemical and morphological stability [65] that leads
to good cyclability. Common challenges with stoichiometric cycles are sintering
and consequently deactivation of the materials since temperatures needed for
reduction can often be higher than the melting point of at least one of the two
oxides. This is the case for the reduction of Fe;O, to FeO where the reduction
temperature is >2200 °C [74], while Fe;O0,4 melting point is 1538 °C [75] and the
melting point of FeO lies even lower. Such a reaction scheme is highly dependent
on the available surface of the redox active material so that operation at these
temperatures inevitably would lead to deactivation of the material due to loss of
surface area caused by sintering.

10.7 Solar Reactor Concepts

A significant number of concepts for solar reactors can be found in the literature
referring to hydrogen production from high temperature thermochemical processes.
The different reactor approaches can be classified according to the following
categories:

» Directly and indirectly irradiated

» Structured and nonstructured

¢ Moving active material or moving components and nonmoving/fixed reactors
* Volatile or nonvolatile material cycles

The distinction in direct or indirect irradiated reactors refers to the transfer
mechanism employed to heat the reaction zone via concentrated solar radiation.
In the directly irradiated type (Fig. 10.5a), the reactor and the working fluid are
directly heated by the concentrated solar radiation and are thus directly heated by
it. In such reactors, the front face is usually covered by a transparent window that
allows the incoming radiation to reach the reactor. The window is made of high
temperature-resistant materials (e.g., quartz), capable of withstanding large tem-
perature gradients. The existence of a quartz window at the front is in many cases
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Fig. 10.5 General schematic representation of the transfer mechanism applied in reactors irradi-
ated directly (a) and indirectly (b, ¢) by concentrated solar irradiation. In image (a) a represen-
tation of a volumetric receiver is shown, in (b) of a tubular reactor, and in (c) of an allothermal
reactor

necessary to separate the reaction zone from the external environment. The radia-
tion reaching the reactor directly heats the working fluid subsequently entering the
reaction zone. For the case in which the reaction zone is in porous media, the
so-called volumetric effect takes place, according to which concentrated radiation
is first absorbed within the volume of the porous structure. Subsequently, a part of
the absorbed heat is transferred to a fluid passing through the structure. The
minimization of the heat transfer steps and the intermediate reactor components
achieved in the case of directly heated reactors is a thermally more efficient reactor
concept. The main challenge of this concept relates to the practical difficulties
imposed by the use of the transparent (typically quartz) window.

For the case of indirect irradiated reactors, solar irradiance is concentrated upon
an opaque surface — characterized by high absorptivity and thermal conductivity —
which develops high temperatures and serves as a heat transfer medium to provide
the required energy to the reactor. The simplest example of an indirect heated solar
reactor for hydrogen production is that of a tubular receiver (Fig. 10.5b). In this
case, the tube is the absorbing surface placed at the hot spot of the CSP installation.
The heat that develops on the exterior of the tube is transferred to the interior
surface of the opaque walls by conduction and from there to the working fluid of the
reactor — or in the case that the reactor structure is enclosed in the tube to both the
structure and the working fluid employed — by (forced) convection and conduction.
From the latter example, the indirect irradiated solar reactors can be further
distinguished into two subcategories depending on whether the reactor and the
thermal receiver are decoupled (allothermal reactor, Fig. 10.5¢) or not (Fig. 10.5b).
In the first case, the heat absorbed by the working fluid has to be further transferred
in a following step to the reactor.

The second classification refers to the reactive material used for the production
of hydrogen that can be divided into two large categories depending on whether it is
found in structured or nonstructured state (e.g., particles or powder formulations).
In the case of structured reactors, the reactive material is “ordered” within the
volume of the reactor to create a specific geometry, while in the case of



300 A.G. Konstandopoulos et al.

Fig. 10.6 Schematic representation of (a) a honeycomb structure, (b) a digital image of foam
structure, and (c) a digital image of (nonstructured) packed bed

nonstructured reactors, the active material is randomly arranged. The structured
reactors usually employ a geometry made from an inactive material with respect to
reaction conditions (substrate). Prominent examples are porous medium such as
monolithic honeycombs (Fig. 10.6a), foams (Fig. 10.6b), tubes, or membranes. In
these cases, the active material responsible for the hydrogen production is coated
upon the structure. Recently, efforts of shaping the active material into the desired
final structures have been recorded in lab-scale experiments, in an attempt to
increase the mass of active material per reactor volume [76-78], thereby achieving
more compact formulations. Nonstructured reactors on the other hand usually
employ particles of the reactive material that can be either randomly arranged in
packed beds (Fig. 10.6c) or are forced to behave as fluids, e.g., by mechanical
agitation, fluidized or spouted beds, and falling particle curtain. In this case, the
reactor could even be filled with small pellets shaped from the active material [79].

Another classification categorizes the reactors depending on their operation
principle. Thus, they could be discriminated into fixed and non-fixed/moving
reactors. The first category refers to reactors that do not involve the movement of
any of their components during operation, while the second refers to reactors where
operation is based either on the movement of the active particles or actual move-
ment of some of the reactor components. Two typical examples of moving reactors
are those of the ROCA and the CR5 reactors. The CRS reactor (Fig. 10.7a) consists
of counterrotating rings/disks, at the perimeter of which the active phase is depos-
ited upon fins of proper thickness that are appropriately allocated, in order to
facilitate the solar flux penetration and the transportation of product and reactant
gases [80]. Each ring rotates in the opposite direction to its neighboring one. Since
part of the upper side of the rings is directly exposed to concentrated solar
irradiance, there is a temperature gradient along the perimeter of the rings. Thus,
as the rings rotate, two separate reaction zones are established that allow two
different reaction steps to take place simultaneously but with two different products
evolving in separate reactor compartments.
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Fig. 10.7 Schematic representation of (a) reactor with counterrotating rings/disks, CRS reactor
(Reprinted with permission from Alonso and Romero [84]. Copyright © 2015, Elsevier), (b) a
rotating  kiln reactor, ROCA reactor (Reprinted with permission from Haueter
et al. [82]. Copyright © 1999, Elsevier), and (c) a fluidized bed solar reactor (Reprinted with
permission from Gokon et al. [83]. Copyright © 2008, Elsevier)

The ROCA reactor on the other hand is a rotating kiln (Fig. 10.7b), directly
exposed to the concentrated solar irradiance (the reactor is a windowed cavity),
where the active particles are fed into the reaction zone rotating cavity with the aid
of a screw feeder. After their activation (i.e., solar decomposition of ZnO to Zn), the
particles have to be transferred to a second (nonsolar) reactor where the least energy
demanding reaction of Zn oxidation occurs and leads to the production of H, and/or
CO [81, 82], depending on the feedstock employed. A different reactor concept also
used for ZnO dissociation employs very fine particles of ZnO dispersed in an argon
flow which is directed within the reaction zone [62]. This reactor, in addition to the



302 A.G. Konstandopoulos et al.

Fig. 10.8 Images of the solar reactors employed in the HYDROSOL projects [86]: (a) first
HYDROSOL reactor (10 kW) used for the proof of concept, (b) first dual-chamber reactor for
semicontinuous hydrogen production and (c¢) side view of the 100 kW, dual-chamber HYDRO-
SOL reactor scale tested at PSA in CIEMAT (Almeria, Spain)

constantly moving/flowing reaction zone (i.e., the aerosolized ZnO), contains also a
vibration tray that controls the particle flow rate into a spinning wheel feeder, where
shearing of the particles occurs with the aid of a rotating titanium wheel.

In other cases, the reaction zone is a fluidized bed of reactant particles
(Fig. 10.7c). In such a formulation [83], the reactor zone has two coaxial tubes
where the active particles are shifted upwards through the inner tube with the aid of
gas streams and move back downwards through the space in-between the two tubes
(annulus section). The concentration of solar radiation occurs at the upper side of
the reactor, with the solar irradiation heating the particles directly through a quartz
window. This constant particle circulation enables the energy transfer from the top
region of the fluidized bed to the bottom and thus eliminates unfavorable heat
gradients within the reactor. Another advantage of a fluidized bed reactor — as
compared to a fixed bed configuration — is that effects such as sintering and
agglomeration are significantly confined preventing thus the need of intermediate/
periodic steps of pulverization/grinding of the sintered particles. As stated in the
previous paragraph, the movement of the particles within the reactors can be
realized via several ways, the most common of which are either by forcing the
particles to move or by just relying on gravity.

There are reactors that have no moving parts such as the HYDROSOL reactors
(Fig. 10.8) [63]. The particular reactor type is a volumetric receiver, where a
honeycomb monolithic structure made of siliconized silicon carbide (Si-SiC) coated
by active ferrites is directly irradiated. The front face of the reactor is separated from
the external environment by a quartz window. Since the reactor does not contain any
moving parts, switching between the separate thermochemical steps (i.e., thermal
splitting step and material regeneration) is achieved by control of the solar field to
reach the two different required temperatures (water splitting occurs at lower tem-
peratures than material reduction). In the first reactors tested, the active material
coated upon the Si-SiC monoliths was a Zn ferrite, while currently Ni ferrites [55] are
employed. Recent work has also reported the employment of similar reactors,
manufactured from ceria-based materials, to achieve co-splitting of steam and carbon
dioxide for syngas production [85], thus allowing the synthesis of solar fuels.
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The final classification of solar reactors, as stated in the beginning of this section,
is based on the nature of the cycles that the reactors accommodate. While a range of
cycles has been proposed in the literature for the production of solar hydrogen, for
two step cycles, it is quite common to distinguish them into volatile and nonvolatile
ones. A detailed presentation of the various cycles and advantages/challenges per
case has already been provided in the section referring to materials.

All aforementioned classifications share a common objective, to accommodate
as much of the active material as possible in the reactor with the aim of increasing
product yield. It is also crucial to consider the kinetics of the reactions employed,
especially for the thermal reduction step for which typically very high temperatures
and low oxygen partial pressures are needed. To address this issue, temperature
swing is employed between the two steps of the cycle. During the water splitting, it
must be ensured that the conditions employed are those favoring the oxidation
reaction kinetics and in parallel exclude the occurrence of the reverse step (i.e., the
reduction of the material that would release oxygen). The reduction step usually
occurs at a higher temperature, and the low oxygen partial pressure is achieved by
employing an inert purge gas stream or (less commonly) sufficient vacuum.
Depending on the nature of the thermochemical cycle, the water-splitting step
usually takes place between 1000 and 1400 K, while thermal reduction requires
up to ~400 K higher temperatures. Although in principle the temperature gradient
between the two steps allows adequate control of the two separate steps, for such
temperature swings, it is highly plausible to define heat recuperation strategies in
order to substantially increase process efficiency.

The overall efficiency of a thermochemical reactor (Eq. 10.25) depends on two
separate factors: chemical efficiency (n., in Eq. 10.26) and thermal efficiency (ny,
in Eq. 10.27).

Niotal = Mth + Nch (1025)
My = NR in - XR - AH eqction (Tin - Tr) (1026)
Qsolar + Qaux
T,

v T:
nR,inXRAH,. (Tin‘)Tr> =+ nR,in(l —XR)J CdeT—i-l’ll‘J CpldT

T; T;
= = 10.27
Qsola.r + Qaux ( )

N =

The terms appearing in the above equations are the molar flow of the reactant(s)
at the inlet of the reactor and of the inert gas (ng ;, and n;, respectively, in moles),
the conversion rate of the reactant(s) (Xg, in moles/s), the reaction(s) enthalpy(ies)
(AH, (Tw—Ty)» DT/ moles) from the inlet temperature to the temperature of the
reactor (Tyy — T;,inK), the heat capacities of reactant(s) and inert gas
(Cpr and Cp; respectively in J/moles K), the incoming solar radiation to the reactor,
and the  auxiliary  power  needed to  drive the  reactions
(Qsolar and Oy« respectively in W).
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10.8 Solar Fuels

Naturally, the major challenge in proper exploitation of solar energy is to identify
efficient ways of converting and storing it. An appealing approach towards this is its
conversion to chemical energy via thermochemical processes towards the produc-
tion of “solar fuels” [87]. This term usually includes any energy carrier that can be
stored and transported and is produced via solar energy exploitation process. It can
refer to solar hydrogen, solar synthesis gas (syngas), and any other hydrocarbon that
can occur by further treatment of these two streams (e.g., synthetic fuels like
methanol, gasoline, diesel, and kerosene) but also to metal powders deriving from
reduction of the respective metal oxides [88].

In the section referring to solar thermochemical processes, the routes presented
included pathways not only for hydrogen production but to carbon monoxide and
hydrogen/carbon monoxide mixtures (solar syngas) as well. Syngas is a product of
great value since it can be further exploited via transformation into synthetic fuels via
commercially established technologies, such as the Fischer-Tropsch process. By
using either an organic feedstock (e.g., in the cases of steam reforming of natural
gas and gasification of solid hydrocarbons) or by combining water splitting with
carbon dioxide splitting, syngas can be directly produced. The latter route is a
research field that has gained a lot of interest during the last years. Given the
similarities of the mechanisms of solar thermochemical water and carbon dioxide
splitting, there are numerous examples in the literature employing the same materials
for both CO, and H,O splitting, via either co-feeding or H,O and CO, splitting
occurring separately. Literature references include thermochemical cycles based on
ZnO [89, 90], ferrites [73], CeO, [78, 83, 91, 92], or even combinations of ceria with
iron oxide, e.g., CeO,-modified Fe,O; [88, 93] and very recently also
perovskites [69].

The most profound advantage of producing renewable fuels — in addition to
reducing dependence on fossil-derived ones — is that a new sustainable energy
source in principle capable of being directly incorporated into existing infrastruc-
tures and industrial processes is becoming available. Technological advances
achieved over decades in the evolution of internal combustion engines maintain
their value, since solar fuels can be the source for the production of liquid hydro-
carbons. Additionally, the advantages of hydrocarbon fuels in terms of transporta-
tion, storage, and energy content have placed them in a unique position in the
energy mix. However, the environmental, financial, and political impacts of fossil
hydrocarbons have urged societies to look for alternatives. Solar fuels offer indeed
a promising future alternative regarding the replacement of fossil fuels and over-
coming problems and drawbacks associated with their use in terms of economy,
energy dependence, geopolitical tensions, and environmental problems.

A conceptually viable option for solar fuel production is the coupling of a plant
for their production to a conventional power plant burning carbonaceous fuels. The
emitted CO, can be collected directly at the source, subsequently fed to the solar
plant, and the produced solar fuels can then be returned to the power plant. Until
this point though, multiple challenges have to be addressed. As pointed out in the
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Fig. 10.9 Vision of a sustainable energy future based on renewable solar fuels

previous sections, challenges related to the production of solar hydrogen and carbon
monoxide require advances in materials and solar reactor designs that will improve
the sun-to-fuel efficiency of the technology and eventually make it competitive to
conventional fuels. Additional development of separation technologies [94] is also
needed for the development of solar fuel technologies. The advancement of solar
fuel technology and an opportunity for commercial applications will be influenced
by the fluctuation of fossil fuel costs and imposed emission taxations (CO, credits).

The vision of a transition from the current fossil fuel-dependent society to a
carbon neutral one (Fig. 10.9) could take place over an intermediate technological
step. During such a step, solar upgrading of existing carbonaceous feedstock (e.g.,
fossil fuels, biomass, C-containing wastes) can be used for the transformation into
higher-added-value products, e.g., via solar steam reforming, solar gasification, and
solar decomposition processes.

10.9 Conclusions and Future Outlook

From the previous sections, it becomes clear that existing options for solar hydro-
gen production are numerous, while the field of research is vast as scientists
continue to seek and evaluate more materials and reactor concepts in an effort to
increase hydrogen production efficiency. Solar hydrogen has only been tested at the
pilot-scale level so far with all commercial solar plants being dedicated to electric-
ity generation [12]. The implementation of the available hydrogen production
technologies in CST facilities still has key challenges to overcome. The reasons
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are primarily based on market economy. Based on the rule of supply and demand,
until the hydrogen penetration as fuel/primary energy carrier occurs, its demand is
expected to remain low and no alternative production paths are likely to be sought.
Currently, the conventional techniques that utilize fossil fuels for hydrogen pro-
duction are competitively priced, since both the cost of fossil resources and carbon
dioxide taxation are still at relatively low levels. Therefore, there is no need yet to
seek alternative renewable routes that would imply investment of large initial
capitals for the establishment of solar hydrogen facilities. This trend could be
reversed if market requirements gradually started to change and energy intensive
sectors, such as the transportation sector, started to rely more on hydrogen. This
would probably force the development of solar hydrogen technology, since in this
case the technology would attract industrial funding and scaling up thereby accel-
erating commercialization of most promising technologies.

From the technical point of view, and based on the current market trends in the
hydrogen production sector that currently relies on dissociation of carbonaceous
raw materials, it seems that large-scale hydrogen production via thermochemical
processes has potential. For solar thermochemical hydrogen production, it seems
like from the available CST systems, only two could be coupled with thermochem-
ical routes: the solar tower plants and the solar dish technology, as only these two
can achieve the required high temperatures. The parabolic troughs and the Fresnel
systems would only be employed for indirect production of hydrogen through
electrolysis.

The adaptation of solar dishes to commercial hydrogen production is a very
promising option. Due to their limited size — as compared to solar tower plants —
solar dishes can easily be installed on versatile geographic morphologies and also
have the advantage of being able to be scaled up progressively, depending both on
land and capital availability. Such systems have also the benefit of being stand-
alone systems and offer small-scale decentralized hydrogen production stations.
Although the latter characteristics sound very promising, solar dish implementation
in high temperature thermochemical processes requires addressing first several
technical challenges during their operation. To achieve the required temperatures,
the solar reactor has to be placed at the focal point of the solar dish, which is
constantly aligned with the sun motion. This means that novel flexible materials
have to be used for the piping employed for the removal of the very hot reactor
gases. To this aspect, solar towers probably have the least challenges to face, as
their focal point is controlled by the heliostat field which is decoupled from the
solar reactor. The disadvantages of solar tower systems mainly lie on the initial
capital cost of the installation and their high requirements in terms of land area.
Development of alternative solar tower technologies with lower towers and higher
land coverage with respect to the heliostat field [95, 96] could improve the condi-
tions and make solar tower systems more modular.

Regarding solar reactors, commercialization has still a long way to go. Certain
trends can be observed, arising from the challenges that current solar reactor
designs are facing. Commercialization should target designs that would provide
the maximum efficiency, so directly irradiated solar reactors seem to have an
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advantage over indirect irradiated reactors. The expected lifetime of the reactor is
also a matter of interest — e.g., solar reactors with moving parts in very high
temperatures are very challenging and so is the performance and the long-term
stability of their key components. With respect to the raw reactant stream employed
as a source of hydrogen, the choice should be based on various parameters,
including its hydrogen content, its market value, and the reaction energy require-
ments. If the target is the use of completely renewable sources of hydrogen only,
then water would be the choice, and if the process would be further combined with
carbon dioxide capture and reutilization, then a long-term option for renewable
synthetic fuels via using syngas as raw material can be considered.

To sum up, in this chapter, the importance of clean solar hydrogen has been
presented along with the pathways and technologies currently available and/or
under investigation for its production. Simpler concepts in terms of technological
challenges appear more attractive. Two main aspects have to be discussed: increase
the overall efficiency in terms of heat demands and recuperation and develop
materials providing desired yields at reasonable costs. If this research manages to
reach pre-commercialization levels, a viable option for a CO, neutral (or even
negative) and sustainable global energy system will emerge. Despite the current
challenges in key aspects of solar hydrogen and solar fuel production, breakthrough
research in the field is being conducted, and there are clear signs that new frontiers
in the areas of energy production and storage will be generated. Under such a
positive development, young researchers and innovative companies and industries
will collaborate in the framework of a fruitful ground for novel achievements
towards a more sustainable energy future.
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Chapter 11

Separation and Purification of Hydrogen
Using CO,-Selective Facilitated Transport
Membranes

Varun Vakharia and W.S. Winston Ho

Abstract A crucial step for the use of hydrogen as a clean, renewable source of
energy towards a “hydrogen economy” is the purification of hydrogen from other
gaseous compounds, mainly carbon dioxide and hydrogen sulfide. This chapter
reviews the carbon dioxide- and hydrogen sulfide-selective facilitated transport
membranes for low-pressure and high-pressure applications. Hydrophilic poly-
meric materials have been investigated that are blended with amino acid salts and
polyamines as mobile and fixed-site CO, catriers, respectively.

For low-pressure applications (1-2 atm), novel facilitated transport membranes
have been synthesized in the lab scale containing sterically hindered amines as the
CO; carries in the cross-linked polyvinyl alcohol networks. The membranes have
demonstrated high CO, permeability and high CO,/H, selectivities. For high-
pressure applications (15-30 atm), an improved stability of the membranes was
demonstrated by incorporating fumed silica and multiwalled carbon nanotubes
(MWNTs) to reinforce the mechanical strength of the polymer matrix.

The facilitated transport membranes highlighted in this work are first of a kind
demonstrating the steric hindrance effect of the amine carriers and the presence of
carbon nanotubes in enhancing the CO, transport capacity and long-term stability.
These membranes have shown exceptional potential for industrial applications with
enhanced H, recovery, including low-pressure H, purification for fuel cells and
high-pressure syngas purification in an IGCC power plant or steam reforming of
hydrocarbons.
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11.1 Introduction

The global energy demand is expected to double by 2050 due to growing industri-
alization in the developing nations [1, 2]. The need for an alternative source of
energy is inevitable, due to the escalating energy demand and restricted supply of
conventional energy resources. One of the potential long-term solutions to the
global energy crisis is the adoption of “hydrogen economy” by the use of hydrogen
as an energy carrier [3].

Hydrogen is industrially produced using the steam methane reforming (SMR)
process, followed by the water-gas-shift (WGS) reaction (Fig. 11.1). The hydrogen
content in the final product stream is enriched via the WGS reaction by the reaction
of carbon monoxide and steam to generate hydrogen and carbon dioxide (Eq. 11.1).

CO +H,O0+=CO, +H, (11.1)

Hydrogen can be recovered from the H,-rich gas streams in the refineries or from
synthesis gas (syngas). Syngas is a mixture of CO and H,O along with H,, CO,,
CH,4, N,, and H,S. The syngas is typically sent to the WGS reactor to enrich the H,
content in the resultant product stream. The hydrogen rich product stream can be
used for different applications like power generation or synthesis of value-added
chemicals [4, 5]. The hydrogen rich gas stream can be used as an energy carrier for
fuel cells or it can be directed to the gas turbine (GT) in an integrated gasification
combined cycle (IGCC) power plant for the large-scale power generation [6—
8]. The extent of H, purification depends upon the purity requirements for different
applications. The successful operation of a fuel cell is critically dependent on the
supply of a high-purity hydrogen stream. The use of syngas as an energy carrier for
the proton-exchange membrane fuel cell (PEMFC) could deteriorate the fuel cell
performance if the CO content in the syngas exceeds 10 ppm [7]. Thus, for an
efficient fuel cell operation, the CO levels in the syngas are required to be below
10 ppm along with efficient removal of H,S and other impurities. On the other hand,
the syngas in an IGCC power plant is sent to a CO, and H,S separation unit prior to
GT to limit the H,S, SO,, and CO, emission from the GT exhaust [6, 8].

CO, rich
Oxygen Steam stream
Steam
Methane WGS H, H, rich
Methane React Purification stream
Reformer eactor

Fig. 11.1 Block diagram of the H, production using the steam methane reforming (SMR) process
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The most commonly well-known and industrially used processes for the H,
purification are the adsorption, absorption, and membrane processes. Pressure
swing adsorption (PSA) is a well-developed technology, industrially used to purify
H; up to 99.99 %. PSA is typically associated with high-pressure operating condi-
tion using adsorbents like activated carbon or zeolite [9]. The Selexol® process
(physical absorption and solvent regeneration technology) is a well-established
absorption process for high-pressure CO, and H,S removal from syngas
[6, 10]. However, PSA and Selexol® processes are energy intensive with significant
parasitic power consumption along with high capital costs. On the other hand,
membrane technology holds great potential for the H, purification application by
virtue of high energy efficiency, compact design, maintenance simplicity, and
hence low capital and operating costs. In some cases, membrane technology
could be coupled with other technologies like in the case of the WGS membrane
reactor to achieve a higher H, recovery and purity (<10 ppm of CO content).

11.2 Membranes for H, Purification

The separation performance of a membrane can be characterized by two parame-
ters, namely, selectivity (or separation factor) and permeability. The selectivity of a
two component mixture is defined as

Yily;
o= 11.2
J Xi/xj ( )
The permeability, P;, is defined as
J;
P; = 11.3
Ap;/t ( )

The common unit of P; is Barrer, which is equivalent to 10 cm? (STP) » cm/(cm2
« s » cmHg). The permeance of a membrane for “i"™ component is defined as P;/(.
The common unit of permeance is the gas permeation unit (GPU), which is
equivalent to 107% cm?® (STP)/(cm?® « s cmHg). The selectivity (separation factor)
is a process-dependent parameter. Thus, a more intrinsic parameter for the separa-
tion performance of the membrane is the ideal selectivity, which is defined as the
ratio of permeability of the two components P; and P;:

P;
%/ =P
J

(11.4)

Inorganic membranes, polymeric membranes, and mixed matrix membranes have
been reported in literature for H, purification. There are various types of inorganic
membranes for H, purification: metallic, ceramic, silica, and others [11-16]. The
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Table 11.1 The characteristics of membrane materials with merits and demerits for H,
purification

Membrane

type Transport mechanism Merits Demerits

Inorganic

Metallic Modified solution—diffusion | High-temperature stability Sulfur
(Sieverts’ law) contamination

Ceramic Molecular sieving Superior H; selective Dimensional

transport performance stability

Silica Molecular sieving Scale up

Organic

Polymer Solution—diffusion Low-cost scale up High-temperature
Facilitated transport Sulfur tolerance operation

separation mechanisms for the inorganic membranes differ based on the membrane
material and structure. Dense metallic membranes like palladium and platinum
membranes are highly selective for H, via the modified solution—diffusion mech-
anism [12]. On the contrary, the gas separation in the ceramic and silica membranes
are typically associated with molecular sieving and site-hopping diffusion mecha-
nism, respectively [13—16]. Dense metallic membranes exhibit superior thermal
stability and gas transport performance with theoretically infinite H, selectivity.
However, the expensive scale-up fabrication, surface contamination (on exposure
to sulfur-containing species), and H, embrittlement are major challenges towards
commercialization [12]. Silica-based porous membranes are relatively cheap and
easy to be fabricated as compared to the dense metallic membranes. However, they
exhibit instability in the form of disruptive stresses, densification, and structural
changes in the porous layers during operation [11]. Furthermore, inorganic mem-
branes like palladium and platinum alloys, ceramics, carbons, and zeolites are
difficult to roll and convert into a large-scale module for practical applications.
Compared to the inorganic membrane materials, polymeric membranes offer low
permeance and selectivity but the low cost of fabrication of a scale-up robust
module and tolerance towards sulfur contaminants makes the polymeric mem-
branes attractive for industrial H, purification [8, 11]. These characteristics of
membrane materials are summarized in Table 11.1.

Dense polymeric membranes are CO, selective or H, selective based on the
mechanism of mass transport. The H,-selective polymeric membranes separate gas
molecules based on their molecule size (kinetic diameter) difference via the
solution—diffusion mechanism. Glassy polymers are typically used to synthesize
H,-selective polymeric membranes [11, 17]. The rigid structure in the glassy
polymer matrix results in the desired H,/CO, diffusional selectivity [11, 18—
21]. The smaller-size H, molecule (2.89 A) would experience a lower diffusional
resistance, leading to an enhanced flux for H, permeation.

CO;-selective polymeric membranes separate the gaseous components by the
solution—diffusion mechanism or facilitated transport mechanism. The CO,-selec-
tive solution—diffusion membranes are usually derived from rubbery polymers. The
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kinetic size of H, molecule (2.89 A) is considerably smaller than the CO, molecule
(3.3 A). Thus, the diffusional selectivity (Dcoo/Dyp) always favors H, permeation.
The performance of CO,-selective polymeric solution—diffusion membranes can be
improved by enhancing the solubility selectivity (Sco2/Sh2), keeping the diffusional
selectivity (Dcoa/Dyz) as close to 1 as possible. The higher CO, solubility in the
polymer matrix relative to the H, molecule leads to selective transport of CO,
molecules through the membranes [11, 21-23]. However, such an increase in the
overall CO,/H, selectivity has been observed at low operating temperatures for the
polymeric CO,-selective solution—diffusion membranes. At low temperatures, the
diffusion of the gaseous components is restricted, and the sorption of CO, mole-
cules relative to H, molecules becomes pronounced. But, at high temperatures, the
solubility selectivity reduces significantly, resulting in low CO,/H, selectivity.
Therefore, these polymeric CO,-selective solution—diffusion membranes cannot
be operated at high temperatures due to the low CO,/H, selectivity.

In view of high-temperature performance, CO,-selective facilitated transport
membranes have shown desirable CO,/H, selectivity under such conditions. Facil-
itated transport membranes consist of reactive carriers dispersed in the polymer
matrix on a polymeric support. The carriers react reversibly with CO, or H,S in the
feed gas mixture. The reaction—diffusion mechanism by virtue of gas-carrier reac-
tion and diffusion of the gas-carrier reaction product results in a remarkably high
CO,/H, and H,S/H, selectivity [24-34].

Membranes for the fuel cell (low pressure) or IGCC power plant (high pressure)
require high operating temperatures (>100 °C) for economic feasibility
[34, 35]. Thus, high CO, and H,S permeances along with remarkably high CO,/
H, and H,S/H, selectivities exhibited by the polymeric facilitated transport mem-
branes at high operating temperatures offer great potential for industrial H, purifi-
cation applications. In view of an economically attractive membrane technology for
H, purification, this work reviews the CO,- and H,S-selective polymeric facilitated
transport membranes for low-pressure and high-pressure conditions.

11.3 Polymeric Facilitated Transport Membranes
for H, Purification

The gas molecules (CO, or H,S) react reversibly with the carrier molecules that are
dispersed in the polymeric facilitated transport membranes. Thus, the CO, or H,S
solubility is greatly enhanced in the selective polymer layer. These reactive carrier
molecules are classified as mobile carriers or fixed-site carries. In the case of mobile
carriers, the gas-carrier reaction product can diffuse through the membrane,
whereas the transport of the reaction product for the fixed-site carriers occurs in
the form of “hopping” mechanism [36, 37]. The CO, or H,S partial pressure is
relatively low on the permeate side of the membrane. Thus, the gas-carrier reaction
product can release the gas on the permeate side through the reversible chemical
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Fig. 11.2 Schematic representation of gas permeation through a CO,-selective facilitated trans-
port membrane (Reprinted with permission from Zhao and Ho [38], Copyright © 2013 American
Chemical Society)

reaction. Figure 11.2 shows a schematic representation of the transport mechanism
in facilitated transport membranes.

Early facilitated transport membranes like the supported liquid membranes or
the ion-exchange membranes exhibited desirable CO,/H, and CO,/CH, separation
performances [34, 39, 40]. Despite the high selectivity, it is challenging to obtain
the long-term stability of these membranes. Issues like carrier leakage, low resis-
tance to transmembrane pressure gradients, slow reaction kinetics, and solvent
evaporation have deterred the commercialization of these membranes. However,
there has been significant improvement recently by the emergence of new, nonvol-
atile carriers in form of dendrimers and ionic liquids [41-43].

Facilitated transport membranes based on water-swollen polyelectrolytes have
demonstrated attractive transport results and stability at 23-35 °C [44]. Polyelec-
trolytes are hydrophilic polymers with a high ionic content. Polyelectrolyte mem-
branes containing fluoride (F~) and acetate (CH;COQ") ions are considered for H,
purification by the virtue of the CO,-selective facilitated transport mechanism. The
strong interaction of the fluoride and acetate ions with the hydrogen atom of the
water molecules (via the hydrogen bonding) is expected to increase the electron
density on the oxygen atom of the water molecule. This enhances the reaction
kinetics for the CO,—H,O reaction. The reaction product diffuses from the feed side
to the permeate side via the concentration gradient and eventually releasing the CO,
molecules on the permeate side (by the reversible reaction), thereby facilitating the
CO, transport via the reaction—diffusion transport mechanism. The ions (fluoride
and acetate ions) facilitate the CO, transport and remain well dispersed and strongly
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bonded in the polymer matrix unlike the ion-exchange membranes. It is essentially
the diffusion of the CO,—H,O reaction product, i.e., H;CO; = H* + HCO; ", from
the feed side to the sweep side that enhances the CO, transport. Membranes
containing poly(vinylbenzyltrimethylammonium fluoride) (PVBTAF) are reported
in the literature with a CO,/H, selectivity higher than 80 [44—48]. Quinn
et al. investigated the transport performance of two stacked polyelectrolyte layers.
These dual layered membranes exhibited >200 CO,/H, selectivity [44]. Further-
more, an improved transport performance was demonstrated by incorporating
various fluoride- and acetate-containing salts into the polyelectrolyte membranes.

Among the hydrophilic polymers, those based on carriers blended with a cross-
linked polymer have shown promising high-temperature performances at both high-
pressure and low-pressure conditions. Ho and coworkers have studied the transport
performances of various membranes with amines as CO, carriers that are blended in
a cross-linked poly(vinyl alcohol) matrix. Different mobile carriers (like
2-aminoisobutyric  acid-potassium  salt  (AIBA-K), glycine-Li, and
dimethylglycine-Li) and fixed carriers (e.g., commercial poly(vinyl amine)
(PVAm), polyethylenimine (PEI) and polyallylamine (PAA)) have been investi-
gated at temperatures greater than 100 °C [24-33, 38, 49, 50]. These membranes
simultaneously separate H,S and CO, from the feed gas based on the reversible
reaction and diffusion mechanism. The CO,- and H,S-selective natures of the
membranes not only can be used for carbon capture applications but also can be
employed for hydrogen sulfide cleanup, required for the protection of fuel cell
catalysts and low-temperature WGS reaction catalysts.

The transport performance and the long-term stability of membranes containing
various amines as mobile and fixed-site carriers at different pressures are described
in the following sections. Moreover, the potential industrial applications of the
aforementioned amine-containing membranes at different operating conditions are
discussed.

11.4 Membranes for Low-Pressure H, Purification

11.4.1 CO, Transport Properties

Ho and coworkers have studied various amines as mobile and fixed-site carriers for
the CO,-selective facilitated transport membranes. Zou et al. investigated the
transport performance of membranes containing AIBA-K and KOH as mobile
carriers and PAA as a fixed-site carrier [26, 29]. Various temperatures between
100 and 180 °C were investigated for the transport measurements, and CO,
permeability of >5,000 Barrers and CO,/H, selectivity of >300 were reported at
2 atm feed pressure. Moreover, these membranes demonstrated remarkably high
CO,/CO selectivity at >100 °C operating temperature with 1 % CO content in the
feed gas [26, 29, 34].
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Zhao and Ho developed the next generation of CO,-selective facilitated trans-
port membranes by exploring the steric hindrance effect of the amine-containing
fixed-site carriers [38, 50]. The reversible reaction between CO, and a conventional
amine consumes 2 mol of amines to convert 1 mol of CO, into carbamate ion.
However, in case of a sterically hindered amine, the formed carbamate ion is
unstable (due to the attached bulky group) and undergoes hydrolysis to yield a
bicarbonate ion [38, 50-53]. Hence, it results in an enhanced CO, loading of 1 mol
of hindered amine consumed for each mole of CO, molecule reacted (as shown in
Eq. 11.5) [38].

CO, + R; —NH — R, + H,0 = R|R, — NH," + HCO;~ (11.5)

The steric hindrance effect in the membrane was first demonstrated by Zhao and
Ho, using different sets of membranes containing 70 % polyamines and 30 % cross-
linked PVA at 110 °C [50]. The membranes with sterically hindered PAA exhibited
an improved CO, permeability (average 297 Barrers; although not high, but greater
than a factor of 5 relative to sterically unhindered PAA) and an improved CO,/H,
selectivity (by a factor >2) compared to membranes with sterically unhindered
PAA [50]. The CO, permeability was further enhanced by incorporating mobile
carriers along with polyamines in the cross-linked PVA matrix. The membranes
containing sterically hindered poly-N-isopropylallylamine (PAA-C3;H,) as a fixed-
site carrier along with 2-aminoisobutyric acid-potassium salt (AIBA-K) and potas-
sium hydroxide (KOH) as the mobile carriers were synthesized and investigated for
transport performance [38]. PAA-C;Hj is a sterically hindered polyamine derived
from PAA by the modification reaction [54]. The mobile and fixed-site carriers
were dispersed into the polymeric matrix and cast into a thin film on a microporous
polysulfone support. Poly(vinyl alcohol) (PVA) was used as the hydrophilic poly-
meric matrix because of the good film-forming capacity, good compatibility with
carriers, and strong reactivity of the hydroxyl groups for cross-linking. PVA was
polycondensed with (3-aminopropyl)triethoxysilane (APTEOS) and cross-linked
by glutaraldehyde (GA) to form a strong polymer (PVA-POS) network. The
transport performances of the membranes were compared with the membranes of
similar composition but containing sterically unhindered PAA as a fixed-site
carrier. Figure 11.3 shows the transport performances of membranes containing
PAA and PAA-C;H; as fixed carriers, tested at 110 °C, and 2 atm feed pressure. The
25-pm selective layer comprised of 20 wt.% PVA-POS (100 mol% degree of cross-
linking), 17.2 wt.% PAA or PAA-C5H; as fixed-site carriers, 25.7 wt.% AIBA-K,
16.6 wt.% KOH, 12 wt.% SiO,, and 8 wt.% APTEOS [38].

As seen from Fig. 11.3, significant enhancements in both CO, permeability and
CO,/H; selectivity were achieved by incorporating sterically hindered polyamine
as the fixed-site carrier. The total solid content in the membrane contained more
moles of amines with PAA as a fixed-site carrier as compared to the membranes
with PAA-C3;H; as a fixed-site carrier (at the same weight content). Moreover, the
reaction rate constant of the CO,-PAA reaction would be larger than the rate
constant for CO,-(PAA-C3H;) reaction (due to the steric hindrance effect).
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Fig. 11.3 Gas separation results of cross-linked PVA/poly(siloxane)-based facilitated transport
membranes containing amines (25-pm selective layer thickness), tested at 110 °C, and 2 atm feed
pressure using a feed gas composition of 20 % CO,, 40 % H,, and 40 % N, (on dry basis) with
40 % water vapor content on the feed side (The figure has been plotted from the transport results
published in Zhao and Ho [38])

However, the enhancement in CO, loading for CO,-(PAA-C3H;) reaction due to
the steric hindrance effect resulted in more moles of free amines available for the
reaction with CO,. Thus, improved transport performances were demonstrated by
membranes containing (PAA-C5H-) as a fixed-site carrier.

Ho and coworkers have investigated the performances of membranes containing
commercial polyvinylamine (PVAm) as a fixed-site carrier. The synthesized mem-
brane contained AIBA-K and KOH as mobile carriers. The commercial PVAm
composed of more than 60 % of salts with the rest containing the polymer. The salt
content was believed to aid in water retention, thereby enhancing the transport
performance of the commercial PVAm-containing membranes. The mobile and
fixed-site carriers were dispersed in a cross-linked PVA matrix using GA as the
cross-linking agent. The transport performances of the membranes containing
various compositions of AIBA-K and commercial PVAm as CO, carriers are
shown in Fig. 11.4. The thickness of the amine-containing selective layer was
varied from 10 to 20 pm. These membranes were tested at 106 °C and 2 atm feed
pressure with 40 % steam content on the feed side using 20 % CO,, 40 % H,, and
40 % N, as the dry feed gas composition. In spite of the performance variation
shown in this figure due to various membrane compositions and thicknesses, an
average CO, permeability greater than 3,000 Barrers and an average CO,/H,
selectivity greater than 200 were exhibited by the membranes. The AIBA-K and
KOH contents (mobile carriers) for these membranes were varied from 20-27 % to
13-18 %, respectively. The commercial PVAm (fixed-site carrier) content was
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Fig. 11.4 Gas separation results of cross-linked PVA-based facilitated transport membranes
containing various compositions of AIBA-K and commercial PVAm as CO; carriers, tested at
110 °C, and 2 atm feed pressure using a feed gas composition of 20 % CO,, 40 % H,, and 40 % N,
(on dry basis) with 40 % and 57 % water vapor contents on the feed and sweep sides, respectively
(feed flow rate = 60 cm’/min (dry basis) and sweep flow rate = 30 cm’/min (dry basis))

varied from 17 % to 24 %, and the cross-linked PVA content was varied from 25 %
to 34 %. The mobile carrier and fixed-site carrier contents are required to be
optimized for a desirable transport performance. These membranes demonstrated
highly attractive CO,/H,, CO,/CO, H,S/CO,, and H,S/H, selectivities [55].

Considerable research activities are currently focused on using novel mobile
carries such as triethylenetetramine (TETA), glycine-K, and N,N-dimethylglycine-
K along with the use of different fixed carriers such as PEI and high molecular-weight
PVAm for low-pressure H, purification application. Ho’s membrane research group
has also made significant progress towards the synthesis of thin membranes (<1 pm)
for the CO, removal from the simulated flue gas [55]. Although the CO, removal
from flue gas was not related to H, purification application, the potential of fabricat-
ing a very thin amine-containing polymeric layer for CO, removal is emphasized. A
thinner selective layer would increase the CO, and H,S permeance because of a
lower diffusional resistance. The transport results of H,S for the amine-containing
membranes are discussed in the next section.

11.4.2 H,S Transport Properties

Amine-containing facilitated transport membranes (discussed in the previous sec-
tion) are selective for CO, and H,S transport. Amine carriers (mobile and fixed-site
carriers) dispersed in a cross-linked PVA matrix have a higher reaction rate with
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H,S as compared to CO, by the virtue of the proton transfer reaction (as shown in
Eq. 11.6). Thus, H,S molecules are able to permeate through the amine-containing
hydrophilic polymeric matrix much faster than CO, [29, 55].

H,S + RNH, = HS™ + RNH;" (11.6)

The initial H,S transport results reported in the literature are with membranes
containing AIBA-K and KOH as mobile carriers and PAA as a fixed-site carrier
[56]. The PVA was cross-linked using formaldehyde as the cross-linking agent. The
transport measurements were carried out at 2 atm and 1 atm pressures on the feed
and sweep sides, respectively, using a dry feed gas composition containing 50 ppm
of H,S, 1 % CO, 17 % CO,, 37 % N,, and 45 % H, (40 % water vapor content on the
feed side). The H,S permeability was approximately three times the CO, perme-
ability. A H,S permeability of greater than 20,000 Barrers and a H,S/H, selectivity
of higher than 600 were demonstrated [34, 55].

The H,S transport properties were also explored using the membranes
containing AIBA-K and KOH as the mobile carriers and commercial PVAm as a
fixed-site carrier [55]. Membranes with a selective layer thickness varying from
10 to 15 pm exhibited high H,S and CO, permeability. The transport measurements
were carried out at 2 atm feed pressure with a 40 % water vapor content on the feed
side. The membranes demonstrated greater than 3,000 Barrers of CO, permeability
with the H,S/CO, selectivity in the range of 2.5-3.5.

11.4.3 Membrane Stability

Membrane stability is important for commercial viability of a membrane technol-
ogy. The long-term operational membrane stability is a challenging task for the
polymeric facilitated transport membranes. Early facilitated transport membranes
experienced several instabilities due to carrier leakage and solvent/carrier evapo-
ration. But the new generation of facilitated transport membranes has shown
promisingly stable performances. A membrane stability of over 25 days was
demonstrated by fluoride-containing cross-linked poly(vinyl amine) membranes
(membranes containing PVBTAF/CsF) [43, 46, 47], poly(vinyl alcohol)/polyeth-
ylene glycol/polyethylenimine blend membranes [57], and diethanolamine/PVA-
based membranes [58]. The transport stability was obtained at a low-temperature
range of 23-35 °C. On the other hand, the membrane technology is economically
more attractive for H, purification application when operated at high temperatures
to reduce the energy penalty. In the context of high-temperature membrane stabil-
ity, amine-containing membranes have shown promising performance. The mem-
branes containing PAA-C;H; and AIBA-K as CO, carriers have demonstrated
430 h (>18 days) of stable transport performance at 110 °C and 2 atm feed
pressure [50].
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Fig. 11.5 Schematic of the water-gas-shift membrane reactor (Reprinted with permission from
Zou et al. [29], Copyright © 2007 American Chemical Society)

The membrane process with attractive transport performance can be integrated
with other processes to improve the final product quality and/or process intensifi-
cation. One of the examples of such integration is the use of a membrane reactor.
The CO,- and H,S-selective natures of the membrane can be combined with the
water-gas-shift (WGS) reaction kinetics in an integrated system of WGS membrane
reactor. The following section illustrates some of the transport performances using
the WGS membrane reactor.

11.4.4 Water-Gas-Shift (WGS) Membrane Reactor

The CO,- and H,S-selective facilitated transport membranes can be applied for CO
cleanup using the WGS membrane reactor, in which H,S is cleaned up before the
WGS where a H,S-sensitive catalyst is used. Figure 11.5 shows the schematic
representation of the membrane reactor [55, 56]. As seen from the figure, a
membrane reactor is the use of a semipermeable membrane in a chemical reactor.
The reversible WGS reaction was shifted in the forward direction by continuous
removal of the reaction product CO, using the CO,-selective membrane.

Ho and coworkers have demonstrated the use of amine-containing CO,- and
H,S-selective polymeric facilitated transport membranes in the WGS membrane
reactor for CO cleanup [29]. The CO content was shown to be reduced to less than
10 ppm in the H,-rich product stream using the feed gas containing 50 ppm H,S,
1 % CO, 17 % CO,, 45 % H,, and 37 % N,. These experimental results were
demonstrated using an effective membrane area of 343 cm? at 2 atm feed pressure
and 150 °C. Commercial Cu/ZnO/A1203 was used as a low-temperature WGS
catalyst. Less than 10 ppm of CO content in the H,-rich product stream (equivalent
to 100 % conversion) was demonstrated for various feed flow rates ranging from



11  Separation and Purification of Hydrogen Using CO,. . . 327

Fig. 11.6 Pilot-scale membrane coating machine consisting of the coating section, rinse tank, and
thin-film-casting (TFC) assembly

20 to 70 cc/min. The experimental results agreed reasonably well with those
predicted by the WGS membrane reactor modeling using the WGS reaction kinetics
and membrane mass transport [56].

The CO, and H,S transport results using the amine-containing facilitated trans-
port membranes have demonstrated optimum transport performance in the temper-
ature range of 100—120 °C. On the other hand, a higher operating temperature (140—
150 °C) would aid the CO cleanup (higher CO conversion) via the WGS reaction
kinetics in the WGS reactor. Hence, the two advantages were coupled together in a
two-stage configuration. The membrane separation process was used as a stand-
alone unit for CO, removal before the conventional low-temperature WGS reactor.
The first-stage membrane unit demonstrated >99 % CO, removal at 120 °C and the
subsequent low-temperature WGS reactor (operated at 150 °C) reduced the CO
content from the membrane unit retentate to less than 10 ppm [59].

11.4.5 Pilot-Scale Membrane Fabrication

The CO,- and H,S-selective membranes discussed above were synthesized in the
laboratory using the casting knife (doctor’s blade) with a controlled gap setting.
Recently, the pilot-scale continuous membrane fabrication machine was success-
fully installed by Ho’s membrane research group (Figs. 11.6 and 11.7). The
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Fig. 11.7 Pilot-scale membrane casting machine for fabricating nanoporous membranes using the
phase inversion process

machine consists of two sections: the coating machine and the casting machine. The
casting machine can be used to fabricate nanoporous substrates using the phase
inversion process. The coating machine comprises the coating assembly, rinse tank,
and thin-film-casting (TFC) assembly. As a whole, the machine can be used to
fabricate state-of-the-art and new gas separation and desalination membranes.
However, the TFC assembly could be operated independently as stand-alone
equipment for the fabrication of multilayer composite membranes by the knife-
casting technique. The TFC unit can be considered as a scale-up unit of the
laboratory membrane synthesis technique using the casting knife. The schematic
representation of the TFC assembly for the fabrication of polymer membranes is
shown in Fig. 11.8.

Ho and coworkers have fabricated pilot-scale membranes containing AIBA-K
and commercial PVAm using the TFC assembly. More than 300 ft long and 14 in.
wide membranes have been fabricated via a semicontinuous process for pilot-scale
membrane fabrication. The transport results of small flat-sheet membrane samples
(3.4 cm?) taken from the pilot-scale long fabricated membranes appeared to be in
agreement with those exhibited by laboratory-synthesized membranes [55]. An
important step towards commercialization was demonstrated by polymer mem-
brane fabrication using the pilot-scale continuous membrane fabrication machine.

All the above sections have summarized the performance of CO,- and H,S-
selective facilitated transport membranes operated at close to 2 atm pressure. The
following section reviews the transport results of the CO,-selective facilitated
transport membranes operated at high pressures.
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Fig. 11.8 Schematic representation of the pilot-scale thin-film-casting (TFC) machine for scale-
up fabrication of thin-film composite membranes

11.5 Membranes for High-Pressure H, Purification

The development of polymeric facilitated transport membranes for high-pressure
H, purification applications is more challenging. In an IGCC power plant, an
operating pressure greater than 15 atm is preferred for the membrane technology
to be economically more competitive with the well-known absorption process.
However, the CO, permeability is typically lowered at high pressure due to the
characteristic “carrier saturation” phenomenon of facilitated transport membranes.
The increase in the feed pressure would increase the available driving force for both
the gas components (H, and CO,). The H, molecules are transported through the
membrane by the solution—diffusion mechanism, and the flux of the H, molecules
would then proportionately increase on the increasing the feed pressure. However,
in case of CO,, the flux does not increase proportionally and eventually does not
change appreciably as the feed pressure increases. This can be attributed to the
reaction—diffusion transport mechanism and the finite number of CO,-reactive
carriers available in the membrane matrix. Thus, the CO, permeance and CO,/H,
selectivity are typically lowered on increasing the feed pressure. Moreover, it is
quite challenging to develop a polymer matrix that is durable against the trans-
membrane pressure difference and compressive forces (during >10 atm operating
pressure). Despite these challenges, CO,-selective facilitated transport membranes
still hold a competitive edge towards the development of economically feasible
membrane technology for high-pressure and high-temperature H, purification.
Attractive transport performances have been reported for membranes containing
PVAm and NH,F at a relatively high CO, partial pressure of 2 atm [43, 60]. PVAm
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was incorporated as a fixed-site carrier to facilitate the CO, transport. Moreover,
NH4F provided the ionic character to the membrane matrix that enhanced the CO,/
H, selectivity by reducing the H, solubility. Some published papers also
highlighted the role of fluoride ions in facilitating the CO, transport [61]. Due to
the hydrogen bond interaction between the hydrogen atom of the water molecule
and the fluoride ion, the water molecule was believed to be more basic for the
reaction with CO,. Although the hydrogen transport data were not reported, the
PVAm- and NH,F-containing membranes demonstrated 1,143 CO,/CH, selectivity
at a high CO, partial pressure of 2 atm.

Significant research efforts are focused on improving the transport performance
and durability of facilitated transport membranes under harsh industrial operating
conditions. New carriers with a higher reaction rates are desired to improve the
performance. Furthermore, a stronger polymer matrix is imperative for the dura-
bility of the membrane at harsh conditions. Mixed matrix membranes have recently
gained significant attention for coupling the two advantages: (1) transport perfor-
mance offered by carriers and (2) the durability offered by incorporating inorganic
particles within the polymer matrix. Various inorganic fillers have been reported in
the literature, including fumed silica [28], sol—gel silica [62—66], carbon nanotubes
[67, 68], and carbon-silica microspheres [69]. The addition of nanofillers resulted in
an increased free volume and a higher CO, sorption due to disruptions in the
polymer chain packing. The dimension of the increase in the size of the free-
volume element would vary with different types and dimensions of nanofillers.
Optimizing the carrier and the inorganic additive contents in the polymer matrix is
vital for a stable membrane performance.

11.5.1 Mixed Matrix Membranes

Polymer/silica mixed matrix membranes have gained importance in recent years
especially for high-pressure applications. Ho’s research group has done several
studies using different amines as efficient CO, carriers for high-pressure transport
measurements. Membranes containing amine carriers like AIBA-K and PAA, along
with silica particles as inorganic nanofillers, have demonstrated attractive transport
results. The mechanical and thermal properties of the membrane were improved by
incorporating silica as nanofillers. Moreover, silica particles were believed to offer
swelling stability to the membrane against excessive compressive forces [28].
Amine-containing facilitated transport membranes without consisting of fillers
demonstrated attractive transport results at high pressures initially. However, the
CO, permeability and CO,/H, selectivity decreased with time, up to 16 % and
19 %, respectively, during 170 h of testing at 15 atm feed pressure and 107 °C
[70]. Membrane compaction was believed to be one of the governing reasons for the
transport result reduction at high pressures. However, Xing and Ho improved in the
gas transport performance and stability of the amine-containing facilitated transport
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membranes by incorporating sol—gel silica and fumed silica nanoparticles in a
hydrophilic cross-linked PVA matrix [28]. Mixed matrix membranes containing
AIBA-K and KOH as mobile carriers and PAA as fixed carriers were investigated
for high-pressure syngas purification. CO, permeability greater than 1,200 Barrers
and CO,/H, selectivity as large as 87 were reported at 15 atm feed gas pressure and
107 °C. The temperature sensitivity studies were also carried out and 107 °C was
concluded to be an optimum temperature for operation. The fumed silica content
was varied from 4 % to 31 %, and a fumed silica loading of 23 % demonstrated
optimum transport result for a given amine (CO, carriers) content in the
membrane [28].

Numerous studies have demonstrated improved mechanical properties (espe-
cially, compression effect) of PVA-carbon nanotubes composites [71-75]. Zhao
et al. developed advanced CO,-selective facilitated transport membranes for high-
pressure testing by incorporating multiwalled carbon nanotubes (MWNTSs) in the
polymer matrix. MWNTSs were used as mechanical reinforcing fillers within the
amine-containing cross-linked PVA-POS matrix. The transport results and the
stability of the amine-containing membranes with untreated MWNTs and acid-
treated MWNTs as nanofillers were investigated. Amine-containing membranes
with 2 wt.% of untreated MWNTs loading demonstrated a significant improvement
in the membrane stability during the 792 h of testing. The membrane showed a
stable CO, permeability of 836 Barrers and a stable CO2/H2 and CO2/N2 selec-
tivities of 43 and 407, respectively, for initial 444 h of testing. However, a dropping
trend in the transport results was observed after the 444th hour. The membrane has
shown significant improvement in stability as compared to the membranes with no
fillers. The membranes containing 3 wt.%, 4 wt.% ,and 8 % untreated MWNTs
were also tested for transport stability. It was concluded that 2 wt.% of untreated
MWNTs was the optimal loading for the high-pressure stability tests.

The gas transport results and membrane stability were also explored for the
membranes containing acid-treated MWNTSs. A series of membranes containing 2—
8 wt.% acid-treated MWNTSs were tested. The membrane containing 4 wt.% acid-
treated MWNTs demonstrated an impressive stability for 250 h in a gas permeation
experiment carried out at 15 atm feed pressure and 107 °C. The membranes
containing 4—6 wt.% acid-treated MWNTSs showed higher CO2 permeability than
the rest. Moreover, the membranes containing acid-treated MWNT showed higher
selectivity as compared to the membranes with untreated MWNT [70].

Zhao et al. showed that the mixed matrix membranes prepared by randomly
dispersing MWNTs (acting as mechanical reinforcing fillers) in the polymeric
facilitated transport membranes can potentially achieve both improved membrane
stability and the separation performance at high pressures and high temperatures.
Moreover, the previously discussed amine-containing facilitated transport mem-
branes operated at low pressures (2 atm) have demonstrated attractive separation
performances and transport stability. The well-developed membranes with impres-
sive CO, and H,S permeances and exceptional CO,/H, and H,S/H, selectivities
can potentially be used for various industrial applications.
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11.6 Potential Industrial Applications

The membrane separation performances at different pressures ranging from 2 to
15 atm and at >100 °C have been reviewed in the previous sections. Those
membranes serve as an attractive platform for the development of an economically
feasible separation technology for hydrogen purification applications. Different
potential applications at low pressures as well as high pressures are discussed in
the following subsections.

11.6.1 Low-Pressure H, Purification for Fuel Cells

In view of low-pressure H, purification, the transport results of the membranes with
amine as CO, carriers were investigated at 2 atm feed pressure and temperatures
ranging from 100 to 120 °C. The separation performances were investigated at
different water vapor contents on the feed and sweep sides. These membranes offer
great potential for the fuel cells by the virtue of exceptional selectivity at >100 °C.
The gas stream containing H,, CO,, H,S, CO, and other impurities can be sent to a
stand-alone membrane separation unit for the removal of CO, and H,S. The CO,
removal is essentially targeted at enriching the H, (fuel) content in the resultant
stream, whereas the H,S removal is aimed at avoiding the downstream sulfur
poisoning of the WGS catalyst or the fuel cell catalyst. The retentate stream from
the stand-alone membrane separation unit can be sent to the WGS reactor for an
overall CO cleanup to less than 10 ppm. In terms of a system design, the combi-
nation of membrane separation unit and a WGS reactor can result in efficient CO,,
H.,S, and CO cleanup to generate a H,-rich product stream (Fig. 11.9). Moreover, a
single unit of WGS membrane reactor can potentially be incorporated as stand-
alone equipment for the WGS reaction along with separation of CO, and H,S to
enhance the H, content.

The membrane technology used for both configurations could significantly
increase the fuel cell efficiency and reduce the overall costs by generating H,
(fuel)-enriched product stream via an economic H, purification and recycle process.

H,S and
CO, rich
stream
H.. CO Membrane WGS H,
cza H 3 — for H L enriched
S 2 Reactor fuel
H,S Purification

Fig. 11.9 Schematic representation of a two-stage H, purification process to enhance the fuel (H,)
recovery
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11.6.2 High-Pressure H, Purification

Syngas purification in an IGCC power plant using CO,-selective membranes has
attracted considerable attention in recent years. The CO, removal from syngas
would enhance the H, content in the resultant gaseous stream. The H,-rich gas
stream can either be used for large-scale power generation or the resultant stream
can be directed towards the manufacture of valuable chemicals. Various techno-
economic feasibility studies have been published in literature for use of membrane
processes at an IGCC power plant in conjunction with CO, capture. Merkel
et al. have published a techno-economic study for three different process configu-
rations in an IGCC power plant with carbon capture: (1) CO,-selective membrane,
(2) Hy-selective membrane, and (3) a hybrid process (using CO;-selective and
H,-selective membranes) [8]. The hybrid process was evaluated to be economically
more feasible, resulting in an 18 % increase in the cost of electricity (COE). The
process was designed for CO, capture with co-sequestration of H,S from syngas in
an IGCC power plant. An additional 5 % increase in the COE was estimated for
integrating the Selexol® process for H,S removal [6, §].

In a process modeling study, Ho and coworkers estimated around 17 % increase
in the COE for integrating CO,-selective membrane technology to an IGCC power
plant. The experimental separation performances exhibited by the amine-
containing facilitated transport membranes of high CO, and H,S selectivities
were used for the techno-economic study of syngas purification in an IGCC
power plant. The use of 2-stage membrane process for CO, removal resulted in
>99.9 % H, recovery for 90 % CO, capture from the syngas in an IGCC power
plant. Moreover, the cost of separating H,S from the syngas using the Selexol®
process was incorporated in the estimate of 17 % increase in the COE.

The cost of power generation from the IGCC power plant can further be reduced
by developing a membrane technology that can potentially replace the energy-
intensive Selexol® process for H,S removal. The development of membranes with
higher H,S/CO, selectivity could potentially result in significant cost reduction by
eliminating the use of expensive absorption process for H,S removal. Thus, syngas
purification in an IGCC power plant has the potential of incorporating cost-
effective membrane processes for CO, and H,S removal.

Hydrogen is industrially produced by the SMR process. Steam reforming is a
process of generating a syngas stream containing H,, CO,, H,0, and CO from a
fuel, like methane, in a reformer. The fuel value (H, content) of the gaseous product
stream is enriched by the high-pressure and high-temperature WGS reactor. Similar
to the IGCC power plants, a membrane technology can be incorporated after the
WGS reactor as a cost-efficient H, purification process. The development of
advanced WGS membrane reactors for high-pressure applications can result in
significant cost reductions for industrial H, production or large-scale power
generation.
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11.7 Conclusions and Future Outlook

In summary, the CO,- and H,S-selective facilitated transport membranes reviewed in
this work have shown promising transport performance and stability at various
industrially relevant operating conditions. The potential of incorporating a cost-
effective membrane technology for different applications using such membranes
has been emphasized. Considerable future directions for research have been available
and discussed to develop a promising membrane technology for H, purification.

Some potentially important industrial applications of the membrane technology
for H, purification have been discussed in this chapter. The development of mem-
brane materials should be aimed at the economic feasibility of the overall system
design. The CO,-selective polymer facilitated transport membranes for low-pressure
and high-pressure H, purification have shown promising CO,/H, selectivity and
impressive transport stability. However, the development of membranes with higher
CO, permeance is essential. Membranes with greater CO, permeance (at a desirable
COy/H, selectivity) will be cost effective as it will reduce the membrane area
requirement for a given degree of separation. The CO, permeability of such mem-
branes can be improved further by the development of novel mobile and fixed-site
carriers. The new generation of mobile carriers with higher reaction rate constants
with CO, (to reduce the reaction resistance) and a smaller size of the molecule
(to reduce the diffusion resistance) is desired. For the high-pressure H, purification
applications, the development of novel fixed-site carriers with a stronger polymer
backbone (for stability against the compression forces) and higher interchain and
intermolecular interactions (for stability against carrier leakage) is essential. For both
low- and high-pressure H, purification, the development of advanced WGS mem-
brane reactors can result in significant cost reductions for industrial H, production or
large-scale power generation.
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Nomenclature

J Steady-state permeation flux (cm3 (STP)/((:m2 s))

y4 Membrane thickness (cm)

P Permeability (Barrer)

p Pressure (cmHg)

pf  Feed side pressure (cmHg)

ps  Sweep (permeate) side pressure (cmHg)

Ap Pressure difference between the feed and permeate sides (cmHg)
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X Retentate molar fraction
y Permeate molar fraction
D Diffusion coefficient

S Solubility

Greek Letter

a  Selectivity

Subscripts

i,j Species
Abbreviations

COE Cost of electricity

1IGCC Integrated gasification combined cycle
MWNT  Multiwalled carbon nanotubes
PEMFC Proton-exchange membrane fuel cell
PSA Pressure swing adsorption (PSA)
SMR Steam methane reforming

WGS Water-gas shift
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Chapter 12
Hydrogen Production for PEM Fuel Cells

Angelo Basile, Adolfo Iulianelli, Giuseppe Bagnato, and Francesco Dalena

Abstract Today, hydrogen is seen as the most convenient energy carrier for a
number of applications and, particularly, for proton exchange membrane fuel cells
(PEMEFCs). In the specialized literature, many studies address the production of
hydrogen derived from renewables. Therefore, the scope of this chapter is to review
the recent findings about hydrogen generation from reforming processes of
bio-sources combined with membrane reactor technology. A deep discussion is
presented about the general classification of the membranes, with special attention
being paid toward palladium-based membranes. Furthermore, an overview on the
representative results on the reforming of ethanol and methanol as renewable
sources performed in membrane reactors is given.

Keywords PEM fuel cell « Hydrogen « Membrane reactor » Steam reforming
reaction

12.1 Introduction

The growing attention toward climate change and air pollution related to the
emissions caused by the exploitation of fossil fuels, associated to their depletion,
has pushed both academia and industry to seek alternative technologies and
renewable energy sources to mitigate the effects of harmful emissions. There-
fore, proton exchange membrane fuel cells (PEMFCs) can be considered, for
example, since they are electrochemical devices capable of producing electricity
directly from hydrogen and oxygen, without combustion, making the process
clean and nonpolluting (Fig. 12.1). PEMFCs present several advantages such as
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Fig. 12.1 General
schematic of a proton
exchange membrane fuel
cell (From GreenSpec, Fuel
Cells: Heat and Electricity
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(http://www.greenspec.co. HYDROGEN —
uk/building-design/fuel- DN ‘
cells/))
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low operating temperatures (60—100 °C), sustained operation at a high current
density, compactness, fast start-up, and suitability for intermittent operation [1—
5]. In the last decades, PEMFCs have been particularly attractive for power
production in both automotive and stationary applications due to their ability to
convert the chemical energy of a fuel (hydrogen) directly into electrical energy
with relatively high efficiency, their adaptable size, and low operating tempera-
ture [6—8]. Furthermore, PEMFCs represent a viable energy solution, since they
have zero greenhouse gas emission. Nevertheless, the main drawbacks affecting
negatively their full commercialization are represented by the high cost of the
membrane, the fuel crossover, and the anodic catalyst poisoning mainly caused
by COy [9-11]. As a consequence, PEMFC supply imposes the purification of
hydrogen, which currently takes place in second-stage processes, namely, water
gas shift (WGS) reaction performed in two reactors operating in series at high
and low temperatures, partial oxidation (PROX), and pressure swing adsorption
(PSA) [12].

The aforementioned stages of hydrogen purification negatively affect the overall
process in terms of costs and efficiency. Thus, at the scientific level, much attention
has devoted to the development of alternative technologies to generate high purity
hydrogen or, at least, COx-free for PEMFC supply. Among them, membrane
reactor (MR) technology plays an important role as an alternative solution to the
conventional reactors (CRs), besides further stage of hydrogen purification devices,
in terms of combination in a single stage of the reforming reaction for generating
hydrogen and its purification without the need for any further processing
[13, 14]. As a characteristic of the aforementioned technology, inorganic MRs
possess several benefits over CRs [15-17]. This is reflected by the extensive
literature on hydrogen production through the use of these devices based on both
dense and supported Pd-based membranes [18-23], particularly because they
possess high permselectivity to hydrogen with respect to all other gases. The
scope of this chapter is to illustrate the current state of the art of inorganic MR
utilization for producing PEMFC-grade hydrogen.
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12.2 Membrane Reactors

Since the 1950s, the concept of MRs has been associated with the use of new
inorganic materials and the development of high-temperature membrane processes.
Growing scientific interest toward the research and application of MR technology
is, today, testified by extensive literature regarding different applications and
scientific fields. As a general comment, an MR strictly depends on the membrane
typology housed inside. As a general subdivision, MRs can be summarized as
follows [14, 24-30]:

(a) Dense and porous inorganic membrane reactors

(b) Electrochemical membrane reactors (fuel cells, electrolytic cells, etc.)
(c) Zeolite membrane reactors

(d) Photocatalytic membrane reactors

(e) Polymeric membrane reactors

(f) Biomedical membrane reactors or membrane bio-reactors

The combination of membranes using chemical and biochemical reactions
makes it possible to intensify the whole process. As a consequence, membrane
subdivision plays an important role as discussed in the following sections.

12.2.1 Membrane Categories

Generally, membranes are categorized by their material or structure, and they are
defined as a layer of material, acting as a selective barrier between two phases,
remaining impermeable to specific particles, molecules, or substances under a
specific driving force.

Fundamentals for performance evaluation of a generic membrane are (1) the
permeating flux through the membrane and (2) its selectivity.

The permeating flux through a membrane can be expressed as flux or permeation
rate (J), and it is defined as the volume flowing through the membrane per unit area
and time. Since the transport through the membrane takes place as a result of a
driving force acting on the components in the feed, the permeation rate through the
membrane is proportional to this driving force as in Eq. 12.1:

dy
J=—A— 12.1
p (12.1)

In Eq. 12.1, A represents the phenomenological coefficient and dY/dx the driving
force, expressed as the gradient of Y as a variable indicating temperature, concen-
tration, and pressure along with a coordinate x perpendicular to the transport barrier.

Equation 12.1 is not limited to mass transport description, but is also useful for
describing heat, volume, momentum, and electrical flux, as expression of the
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Table 12.1 Phenomenological equations relating flux and force

Driving force Relationship Theory

Mass flux Jn=—D dc/dx Fick’s law
Heat flux Jp=—A dT/dx Fourier’s law
Volume flux J,=—L, dp/dx Darcy’s law
Momentum flux Jy,=—v dv/dx Newton’s law
Electrical flux Ji=—-1/R dE/dx Ohm’s law

phenomenological equations (relating flux and force) shown in Table 12.1. The
membrane selectivity can be expressed as the retention (R) or the separation factor
(). For dilute aqueous mixtures, consisting of a solvent and a solute, the selectivity
can be expressed in terms of the retention toward the solute. The latter is partially or
completely retained, whereas the solvent molecules pass freely through the mem-
brane. The retention can be defined as reported below:

R=SF"C_y_Cr (12.2)
cr cr

in which ¢ is the solute concentration in the feed and ¢, is the solute concentration
in the permeate. R can vary from 0 (solute and solvent pass through the membrane
freely) to 100 % (complete retention of the solute).

The separation factor («), usually used for gas mixtures and mixtures of organic
liquids, can be defined for a mixture consisting of two components as shown in
Eq. 12.3:

au/p = 24/ (12.3)
Xa/Xp
where y, and yp are the concentrations of the mixture components A and B in the
permeate and x4 and xp their concentrations in the feed. If the permeation rate of
component A through the membrane is larger than that of component B, the
separation factor is represented by the ratio a,,p; if component B permeates pref-
erentially, then the separation factor is represented by ap/s. If asp =ap, =1, no
separation occurs. However, another kind of membrane classification distinguishes
these on the basis of their nature, geometry, and separation regime [31]. Concerning
the classification by nature, membranes can be subdivided into biological and
synthetic. Then, they are different for functionality and structure. Biological mem-
branes are easy to manufacture, but they present different drawbacks such as
limited operating temperatures (below 100 °C), limited pH range, not easy to
clean up, and susceptibility to microbial attack due to their natural origin.
Regarding the synthetic membranes, a further classification distinguishes them
into organic (polymeric) and inorganic (ceramic, metal), and the main difference is
related to the operating temperature limit. Indeed, polymeric membranes normally
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operate at temperature below 200 °C, while inorganic ones operate at temperatures
above 250 °C. Furthermore, the latter membranes show greater chemical, mechan-
ical, and thermal stability than that of organic materials, even though they can
become brittle in such conditions and they are more expensive.

Regarding the morphology and/or membrane structure, the inorganic mem-
branes can be further classified into porous and dense. In fact, IUPAC defines
porous membranes according to their pore diameter in microporous (d, <2 nm),
mesoporous (2 nm < d, <50 nm), and macroporous (d,>50 nm) [31]. Dense
metallic membranes can be classified into supported and unsupported ones [14].

12.2.2 Palladium-Based Membranes

Several types of inorganic materials can be used for preparing membranes such as
ceramic, carbon, silica, zeolite, oxides (alumina, titania, zirconia), as well as
palladium, silver, etc. and their alloys. Generally, inorganic membranes are used
in a temperature range between 300 and 800 °C and, sometimes, up to 1,000 °C
(ceramic membranes). Robustness is favorable among the characteristics of inor-
ganic membranes, meaning that they can be operated in harsh environments,
showing quite high resistance to large pressure drops. Furthermore, they are inert
toward microbiological degradation, they are easy to clean after fouling, and they
can be easily reactivated. On the other hand, inorganic membranes possess some
drawbacks. Regarding the metallic membranes, they have high cost and can suffer
from embrittlement phenomenon, particularly, in the case of palladium membranes.
Furthermore, they possess low permeability when showing high hydrogen
permselectivity at moderate temperatures.

Concerning the ceramic membranes, the difficulty of achieving high hydrogen
permselectivity is the most significative limitation, while for both inorganic typol-
ogies, the low membrane surface per module volume and not easy membrane-to-
module sealing at high temperatures represent other significant limitations. How-
ever, it is worth of noting that much literature exists on palladium-based mem-
branes, particularly in the field of high-grade hydrogen generation due to their high
hydrogen solubility and permselectivity [18].

Palladium absorbs about 600 times its volume of hydrogen at room temperature,
even though some palladium alloys show higher hydrogen permeability than pure
palladium. Therefore, in the specialized literature, several groups have studied the
influence of metals alloyed with palladium, but particularly significant is the study
of Hwang and Kammermeyer [32], in which the hydrogen permeating flux through
a dense palladium membrane is depicted over the content of the alloyed material
(Fig. 12.2).

Furthermore, palladium alloys present some benefits regarding the issue of
hydrogen embrittlement. In particular, when pure palladium membranes are
exposed to hydrogen flux, the amount of hydrogen absorbed into the membrane
lattice induces a phase transition from a to f palladium hydride [15]. This
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Fig. 12.2 Hydrogen flux through palladium alloy membranes against metal content (Adapted
with permission from [32], Copyright © 1975 Wiley Interscience)

phenomenon is called “hydrogen embrittlement,” and it is due to the dissolved
hydrogen that makes several elongations of the metallic film (involving in the a-f
hydride transformations), causing fractures after repeated thermal cycles. As an
example, by considering the palladium-silver alloy, the membrane lattice is
expanded by the silver atoms, making the alloy less influenced by the hydrogen
permeation and, thus, less brittle than the pure palladium [33]. In dense self-
supported Pd-based membranes, the molecular transport takes place via solution-
diffusion mechanism, which involves the following activated steps [15]:

. Dissociation of molecular hydrogen at the gas/metal interface

. Adsorption of the atomic hydrogen on the membrane surface

. Dissolution of atomic hydrogen into the palladium matrix

. Diffusion of atomic hydrogen toward the opposite side

. Recombination from atomic to molecular hydrogen at the gas/metal interface
. Molecular hydrogen desorption

AN BN

Each one of the aforementioned steps can be responsible for hydrogen perme-
ation through the dense palladium membrane, all of which also depend on variables
such as temperature, pressure, gas mixture composition, and thickness of the
membrane.

The hydrogen transport through a generic membrane can be expressed as the
hydrogen permeating flux, as follows:

JH2 = P€H2(an2,retentare - anZ,permeate)/é (124)

where Jy;, represents the hydrogen flux permeating through the membrane, Pey;, the
hydrogen permeability, 6 the membrane thickness, pyz_rerentare A Pr2_permeate the
hydrogen partial pressures in the retentate (reaction side) and permeate (side in
which hydrogen permeating through the membrane is collected) zones,
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respectively, and n (variable in the range 0.5-1) the dependence factor of the
hydrogen flux on the hydrogen partial pressure. For membranes having a thickness
higher than 5 pm, Eq. 12.4 becomes the Sieverts-Fick law (12.5):

_ 0.5 0.5
JHZ,Sie'vs'rtsfFick - P€H2 : (p H2,retentate ~— P H2,permeate)/6 (125)

At high pressures, the hydrogen-hydrogen interactions in the palladium bulk are not
negligible, so that n becomes equal to 1:

JHZ = PeHZ : (pHZ,retentare - pHZ,permeaie)/(s (126)

Furthermore, if the hydrogen permeability is expressed as an Arrhenius-like equa-
tion, the Sieverts-Fick law becomes Richardson’s Eq. 12.7:

Jm = P€0H2 [exp(_Ed/RT)] ' (pO'SHZ,/'etenmte - pO.SHZ,permeate)/é (127)

In the presence of contaminants such as hydrogen sulfide, SO,, Hg vapor,
thiophene, arsenic, unsaturated hydrocarbons, or chlorine carbon, dense Pd-based
membranes are irreversibly poisoned [34]. The presence of CO strongly affects the
hydrogen permeation performances of the membrane. Particularly, at lower tem-
peratures (below 150 °C) or at high CO feed concentrations, this effect is due to the
adsorbed CO that displaces the adsorbed hydrogen, covering the hydrogen adsorp-
tion sites [35]. A negative effect on the hydrogen permeation through dense Pd
membranes can be also due to steam, which affects the water vapor dissociation/
recombinative desorption, contaminating the palladium surface with adsorbed
oxygen [36].

During the last years, special attention has been paid to composite Pd-based
membranes with the intent of reducing the amount of palladium and, consequently,
lowering the cost. In detail, composite membranes can be constituted by a thin
dense layer of palladium or its alloy deposited onto a porous support among porous
Vycor glass (silica gel), SiO,, Al,O3, and B,O5 or porous stainless steel (PSS) and
pencil [20, 37]. In particular, a thermal expansion coefficient of the aforementioned
supports close to palladium makes the composite membrane durable and resistant to
cracks due to the thermal cycles, simplifying the gas sealing. Sometimes, at
relatively high temperatures, PSS supports alloy the palladium, lowering the hydro-
gen permeability. Then, as a consequence, a PSS-supported Pd-based membrane
can offer an optimal compromise among moderate cost, high H, permeability and
permselectivity, and good mechanical resistance. Nevertheless, thin selective Pd
layers can be fulfilled directly onto the specific support, and depending on the
membrane preparation process, a threshold about the minimum thickness obtain-
able by the deposition method can be encountered. This limits the performance of a
composite membrane and it is more emphasized at higher support pore sizes.
However, the reduction of the palladium layer involves two opposing effects. On
the one hand, thin Pd layers can induce an atomic H diffusion time reduction with a
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consequent enhancement of the membrane permeance, meanwhile decreasing the
cost due to a lower Pd content. On the other hand, the hydrogen diffusion resistance
can be increased owing to the need of reducing the pore size of the support. Another
important issue associated with the deposition of palladium on a support (porous or
dense) is the entire membrane stability. For example, owing to different thermal
expansion coefficients within the Pd layer and the selective layer volume variation
due to the hydrogen diffusion in the palladium lattice, the membrane support could
show an instability at the interface Pd layer/support in terms of adherence loss,
flaking off, and cracking.

Furthermore, the interaction between the selective Pd layer with the support and
the gaseous environment can introduce other forms of instability due to the Pd layer
microstructure. Therefore, thin Pd layers, small grains, and high density of grain
borders are related to grain size growth, impurity dissolution, grain border diffusion,
and alloy segregation. All of the aforementioned issues on instability can result in a
reduction of the membrane performance, particularly evident at higher temperatures.

The general difference between dense self-supported and composite Pd-based
membranes is related to the hydrogen permselectivity with respect to all other
gases. Indeed, for dense Pd membranes, it is full, while for the composite Pd
membranes, it can vary depending on many parameters such as Pd layer, preparation
technique, support, and support preparation [38]. The composite Pd-based mem-
branes are commonly not fully hydrogen permselective and the hydrogen permeating
flux can be determined by using Eq. 12.4, as given earlier in this chapter.

In this case, the n value, variable from 0.5 (used for indicating Sieverts-Fick law
and applied for dense Pd membranes) to 1 (used when, at high pressures, the
hydrogen-hydrogen interactions in the palladium bulk are not negligible), is calcu-
lated for a supported Pd-based membrane. A linear regression equation can be used
with experimental points obtained by considering the experimental hydrogen per-
meating flux against transmembrane pressure at different “n,” with the associated
response factor R? (Fig. 12.3). The most coherent “n” factor is, then, the one
associated with the linear regression and the maximum R” factor.

In the field of hydrogen separation and purification from COy for fuel cell
supply, both dense self-supported and composite Pd-based membranes have the
peculiarity of being hydrogen permselective with respect to all the other gases.
Thus, both kinds of membranes, when housed in MRs, make it possible to over-
come the thermodynamic restrictions of equilibrium-limited reactions due to the
removal of hydrogen from the reaction side for the selective permeation through the
membrane (“shift effect”). Indeed, due to Le Chatelier’s principle, the reaction can
be shifted toward the reaction products, with a consequent enhancement of the
conversion and with the further benefit of collecting high-grade hydrogen on the
permeate side of the MR. Therefore, dense self-supported Pd-based MRs seem to be
more adequate to generate PEMFC-grade hydrogen due to the full hydrogen
permselectivity of the membrane, while — depending on the finite value of hydrogen
permselectivity of the composite membrane — the purified hydrogen can be supplied
to other kinds of fuel cells or to high-temperature PEMFCs, whose CO content can
be up to 20,000 ppm [40].
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Fig. 12.3 Calculation of “n” factor for a composite Pd-based membrane based on the experimen-
tal hydrogen permeating flux versus transmembrane pressure (Reprinted with permission from
[39], Copyright © 2015 Elsevier)

12.3 High-Grade Hydrogen Generation for Fuel Cells from
Reforming of Renewables in MRs

In the last decade, MRs have been particularly studied in the field of reforming
reactions of renewable sources to generate high-grade hydrogen. Among the renew-
ables, ethanol seems to be the most promising because it can be produced renew-
ably from biomass, even though other renewable bio-feedstocks such as methanol,
glycerol, acetic acid, and diethylether have been also studied via MR technology. In
the following sections, representative results regarding the hydrogen generation in
MRs from renewables are reported.

12.3.1 Ethanol Steam Reforming in MRs

Ethanol steam reforming (ESR) reaction has been studied in the specialized liter-
ature with conventional fixed-bed reactors for producing hydrogen. It is worth of
noting that, besides hydrogen, other undesirable by-products are produced during
the reaction owing to a complex reaction system. In particular, ESR reaction has
been studied in CRs by several groups, who have paid attention to the role of the
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Table 12.2 Literature studies on ethanol steam reforming reaction with membrane reactors

Pd/Pd
alloy H2 H2 H2
Membrane |layer |T P Conversion |recovery |yield |purity
material [pm] [°C] | [bar] |[%] [%] [%] [%] Reference
Dense 50 400 1.5 |95 30 ~20* | =100 |Tulianelli
Pd-Ag and Basile
[42]
Dense 50 400 3.0 |~100 90 53% ~100 | Iulianelli
Pd-Ag et al. [43]
Dense 50 400 1.0 |50 <10 16 ~100 |Iulianelli
Pd-Ag et al. [44]
Dense 50 400 1.3 |[~100 15 ~56 ~100 |Basile
Pd-Ag et al. [45]
Dense 50 500 3.5 199 ~27 - ~100 | Basile
Pd-Ag et al. [46]
Dense 150 450 50 |- 93 70 ~100 | Borgognoni
Pd-Ag et al. [47]
Dense 50 450 1.0 |- - ~50 ~100 | Mironova
Pd-Ru et al. [69]
Composite |30 700 |~7.0 |- - 75 - Papadias
Pd-Ag et al. [48]
Composite | <8 450 3.0 |81 - 70 >90 Lin
Ni-Pd-Ag et al. [49]
Composite | 8 400 30 |98 67 - ~97 Tulianelli
Pd on et al. [50]
Composite | 25 400 8.0 | 100 55 - ~95 Basile
Pd on PSS etal. [51]
Composite |25 400 |12.0 |87 12 17 ~95 Seelam
Pd on PSS et al. [52]
Composite | 30 650 4.0 |100 - ~35 - Hedayati
Pd-Ag on et al. [70]
PSS
Composite | 4-5 480 |10 100 - 80 ~100 | Murmura
Pd on et al. [71]
“Calculated

catalysts on the reaction performance in terms of conversion, hydrogen yield, and
selectivity, strictly depending on the catalyst used [41, 42].

Some representative literature studies on ESR reaction performed in different
MRs are summarized in Table 12.2, which provides the most important and up-to-
date results in terms of high-grade hydrogen generation.

As addressed in a number of studies in the literature, Pd-based MRs seem to be
dominant over other kinds of MRs, and Table 12.2 is split in two parts: (i) dense
self-supported and (ii) composite supported Pd-based membranes in MRs. In the
last several years, the need for decreasing the Pd content in a Pd-based membranes
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has strongly emerged for reducing the membrane cost, mainly affected by the Pd
content, and for potential scaling up of this technology in industry. As shown in
Table 12.2, the purity of hydrogen produced during the reaction is ~100 % in the
case of dense Pd membranes and between 90 % and 100 % in the case of composite
Pd membranes in MRs.

Our group at CNR-ITM has been involved in the study of the ESR reaction,
paying special attention to both dense and composite Pd-based MRs [42—46, 50—
52]. By including the various MRs studied previously, we obtained a variety of
results, depending on the operating conditions adopted as well as the catalysts used.

However, most of the research of Basile’s group was realized using dense Pd-Ag
membranes that have a thickness of 50 pm which are produced at ENEA Frascati
and that have full hydrogen permselectivity. More recently, Borgognoni et al. [47]
used a 150 pm thick dense Pd-Ag membrane in an MR at 450 °C and 5.0 bar to
obtain a 70 % hydrogen yield and more than 90 % hydrogen recovery with a
hydrogen purity of 100 %. On the contrary, Mironova et al. [69] used a Pd-Ru
dense membrane 50 pm thick in an MR, reaching around 50 % hydrogen yield with
the hydrogen recovered being 100 % pure at 450 °C and 1.0 bar.

In the last few years, much attention has been devoted to developing composite
Pd-based MRs. For example, Papadias et al. [48] performed the ESR reaction in an
MR allocating a composite Pd-Ag-based membrane having a Pd-Ag layer of around
30 pm, reaching 75 % hydrogen yield at 700 °C and around 7.0 bar. Lin et al. [49]
developed an MR housing a supported Ni-Pd-Ag membrane with an active layer
<8 pm, allowing a hydrogen recovery of about 70 % with a purity >90 %, while
reaching an ethanol conversion of 80 % at 450 °C and 3.0 bar. More recently,
Hedayati et al. [70] prepared a composite Pd membrane with a dense layer of
around 30 pm deposited via electroless plating technique onto a porous stainless
steel support, globally obtaining at 650 °C and 4.0 bar complete ethanol conversion
and a hydrogen yield around 35 %. Murmura et al. [71] developed an MR housing a
really thin Pd layer supported on alumina, produced by ECN. In this case, 100 %
ethanol conversion, 80 % hydrogen yield, and a 100 % hydrogen purity were
obtained with this technological solution.

12.3.2 Methanol Steam Reforming in MRs

Not only ethanol can be produced renewably but also methanol, which can react
with steam in a reforming process to generate hydrogen for fuel cell applications
[12]. Methanol steam reforming (MSR) reaction is performed in conventional
reformers at relatively low temperatures in the range between 240 and 260 °C.

CO formation as a by-product of hydrogen represents the main drawback of this
reaction because it acts as a poison. Therefore, MR technology has been studied
combined to MSR reaction for producing PEMFC-grade hydrogen [40]. Table 12.3
summarizes representative results in the field, particularly reporting the literature
data about both dense and composite Pd-based MRs.
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As in the case of the ESR reaction, our group at CNR-ITM has reported many
results on Pd-based MR technology [40, 53—-60], paying much attention to different
kinds of MRs. In these studies, the MSR performance in MRs was compared with
those in CRs, by analyzing the influence of the parameters of reaction temperature,
pressure, residence time, feed molar ratio, sweep gas flow rate, and oxygen addi-
tion. In all investigated cases, it was found that Pd-based MRs had clear superiority
in terms of methanol conversion, selectivity, and productivity over the CRs,
operating at the same experimental conditions. In Table 12.3, the most representa-
tive results regarding a dense self-supported Pd-Ag MR are reported in which MSR
reaction was carried out reaching 80 % of hydrogen recovered with a purity of about
100 % and a hydrogen yield of 70 % at 300 °C and 3.0 bar [54]. Furthermore, a
composite Pd-based MR was also studied to achieve 85 % of methanol conversion
recovering 40 % of hydrogen with around 100 % of purity and a CO content lower
than 10 ppm, as required by low-temperature PEMFCs.

However, regarding dense membranes, other researchers developed MRs (hous-
ing dense and unsupported Pd membranes at different thickness) to carry out MSR
reaction by optimizing the experimental conditions, achieving complete methanol
conversion and high hydrogen recovery with around 100 % of hydrogen purity
[16, 61].

Table 12.3 shows that, by reducing the palladium thickness in the composite
Pd-based membranes, the high H,/other gas permselectivity is maintained some-
times at the same level of the dense ones showing high performance during MSR
reaction in terms of methanol conversion and hydrogen recovery. For example,
Israni and Harold [62] obtained 100 % of methanol conversion with a correspon-
dent hydrogen recovery of 95 % at a purity of around 100 %, at 250 °C and 10 bar.

On the contrary, in the work of Rei et al. [63], low performance was achieved
(less than 40 % of methanol conversion and 20 % of hydrogen recovery at 200 °C
and 10 bar), confirming that the solution of thin Pd layers deposited onto porous
supports is not really effective.

However, as a general consideration, the generation of hydrogen from renew-
ables in MRs seems to be very attractive, and this chapter has only described
ethanol and methanol steam reforming, even though other kinds of reactions
could be applied to produce PEMFC-grade hydrogen, for example, from glycerol,
acetic acid, etc., as reviewed in the existing literature [63—68].

12.4 Conclusions and Future Outlook

This chapter has described the generation of proton exchange membrane fuel cell-
grade hydrogen from reforming processes of renewables such as ethanol and
methanol by utilizing membrane reactor technology. This option instead of the
conventional system could make it possible to enhance hydrogen-generating
devices, allowing the integration of membrane reactors with the proton exchange
membrane fuel cells. In fact, an important issue, not commonly addressed in the
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specialized literature, takes into account that natural gas, or other derived of fossil
fuels, is essentially used for stationary applications, generating high-impact prod-
ucts for the ambient. Otherwise, it would be expected that renewable sources such
as methanol and ethanol could drive the production of hydrogen by taking care the
ambient and harmful emissions. Nevertheless, the development of membrane
reactor technology demonstrates that efforts are still needed to solve some defi-
ciencies related to its utilization on a larger industrial scale.

Acronyms

CR Conventional reactor

ESR Ethanol steam reforming

1D Internal diameter

MR Membrane reactor

MSR Methanol steam reforming

PEMFC Proton exchange membrane fuel cell
PPS Porous stainless steel

PrOX Preferential oxidation

WGS Water gas shift

Symbols

A Phenomenological coefficient

cr Solute concentration in the feed

Cp Solute concentration in the permeate

dp Pore diameter

E, Apparent activation energy

H Permeation rate

J2 Hydrogen flux permeating through the membrane
k Rate coefficient of reactions

K Adsorption constant

K

eq Equilibrium constant of reactions
n Dependence factor of the hydrogen flux to the hydrogen partial
pressure
p Partial pressure
Pey Pre-exponential factor
Peys Hydrogen permeability

Dr2-permeare  Hydrogen partial pressures in the permeate side
Pr2-rerentate  Hydrogen partial pressures in the retentate side

r Reaction rate

R Universal gas constant

T Absolute temperature

X Coordinate

XA.XB Concentrations of the mixture components A and B in the feed

Y Variable indicating temperature, concentration, pressure, etc.
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Ya.YB Concentrations of the mixture components A and B in the permeate
o Separation factor
o Membrane thickness
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