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Foreword

The book discusses solutions to the existing problem related to the production of
hydrogen. Similar to electricity, hydrogen is a high-efficiency energy carrier, which
can lead to zero or near-zero emissions at the point of use. Ironically, the production
of hydrogen is an energy intensive process and thus nullifies its inherent advantage.
The required energy is mainly provided by burning fossil fuel which subsequently
emits a huge amount of CO, per unit of hydrogen. Over the years, a lot of attention
has been given to mitigate emission of CO, during hydrogen production. This book
presents various clean methods to produce hydrogen using both fossil and non-
fossil energy sources. Moreover, the book illustrates novel techniques based on the
inclusion of oxides and hydroxides in the existing major hydrogen production
technologies. Such methods provide a local minimal solution to a global problem.
Depending on how the carbon binding solid is used, the carbon dioxide emission
may be delayed or permanently prevented.

The information in this book can be useful for engineers, scientists, researchers
and practitioners involved in the various fields of hydrogen production and CO,
mitigation techniques. The book reviews the latest development in these areas,
presents novel methods and also critically evaluates the efforts made so far.

Miami, FL, USA Prof. S.K. Saxena
CeSMEC, Florida International University
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Chapter 1
Role of Hydrogen in the Energy Sector

Abstract The vast depletion of fossil fuels, the increase in carbon dioxide levels in
the atmosphere, and the related environmental hazards represent a growing concern
for the mankind. Therefore, over the past few decades, significant efforts have been
made to establish hydrogen economy. Hydrogen is a high-efficiency energy carrier,
which can lead to zero or near-zero emissions at the point of use. Moreover, it has
been technically shown that hydrogen can be used for transportation, heating, and
power generation, and could replace current fuels in all the present applications.
Besides the challenge of storing hydrogen, development of clean hydrogen pro-
duction methods is considered as a prime hindrance to establish the hydrogen
economy. Here, the focus is to provide a brief overview of all the processes based
on both renewable and non-renewable energy sources that have been proposed to
produce clean hydrogen.

Keywords Fossil fuels - Hydrogen economy - Clean hydrogen

1.1 Introduction

Fossil fuels, which include oil, natural gas, and coal, continue to be the primary
energy source for electricity, transportation, and residential services. Formed from
organic material over the course of millions of years, fossil fuels have significantly
contributed to global development over the past century. According to recent figures
published by the US Department of Energy and Energy Information Administration,
the world energy consumption is projected to increase from 524 quadrillion British
thermal unit (BTU) [1 quadrillion BTU = 1.055 x 10'® J] in 2010 to as high as 820
quadrillion BTU by 2040 (Energy Information Administration, 2013) [1]. In other
words, the world energy demand will grow by 56 % between 2010 and 2040. Owing
to the economic growth and expanding population, the global energy consumption is
mostly concentrated in the developing countries [non-organization for Economic
Cooperation and Development (OECD)]. As can be seen in Fig. 1.1a, the use of

© The Author(s) 2015 1
S. Kumar, Clean Hydrogen Production Methods,
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Fig. 1.1 World energy consumption by a nations b fuels [1]

energy will grow by 90 % in non-OECD countries; in OECD countries, the increase
is only 17 % [1].

Although renewable energy and nuclear power are the world’s fastest growing
energy sources, fossil fuels are expected to supply almost 80 % of world energy use
through 2040. Natural gas is the fastest growing fossil fuel, increasing by 1.7 % per
year. The growth in the contribution of natural gas is due to the increasing supply of
tight gas, shale gas, and coal bed methane. The use of coal is assumed to grow
faster than petroleum and other liquid fuel till 2030, primarily because of its
growing demand in the developing countries (Fig. 1.1b).

Fossil fuels are attractive because of their relatively low cost compared with
renewable sources such as biomass, wind, geothermal, and solar power. As fossil
fuels have limited reserves, the crucial question is “how long these resources will
last.” According to Edigera et al., the fossil fuel production for Turkey will be
exhausted by 2038 [2, 3]. Similarly, India, China, Russia, and USA will see their
coal reserves depleted in 315, 83, 1,034, and 305 years, respectively [4]. Countries
such as the USA, India, and Ethiopia are already looking for new coal reserves and
investing to innovate clean coal technologies [5, 6]. On the contrary, Lior et al.
argued that despite the rise in consumption, more reserves are found or exploited,
leading to a higher amount of fossil fuels available on the world market, and the
ratio of resources to production has been nearly constant for decades, around 40, 60,
and 150 for oil, gas, and coal, respectively [7]. In 2009, Shafiee et al. modified the
Klass model (the model calculates the ratio of reserves usage and helps to predict
the depreciation time of fossil fuels [8]) and assumed a continuous compound rate.
The work predicts that oil and gas will be exhausted earlier than coal [9]. The
depletion time for oil, gas, and coal is computed to be around 35, 37, and 107 years,
respectively. Therefore, coal reserves will most likely be the only fossil fuel
remaining after 2042 and will be exhausted by 2112.

There are so many factors affecting future projections that it can be difficult to
prepare any model that can precisely show the future trends in natural resources.
The factors affecting future predictions for fossil fuels include economic growth,
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production and consumption rate, total reserves, development of unconventional
methods for extracting resources, and population growth. Despite the differences in
time estimates, it is certain that these resources can only continue for a finite period.

Another major concern in using fossil fuels is the emission of greenhouse gases
such as carbon dioxide (CO,). Natural greenhouse gases (CO,, CHy, N,O, CFCs,
HFCs, PFCs, SF¢, and H,0) absorb a considerable fraction of solar thermal radi-
ation. Further, these gases reradiate the solar energy to the surface of the earth in the
form of visible light and thus prevent heat from escaping the earth’s atmosphere.
Trapping this heat in the atmosphere raises the temperature of the earth to 33 °C,
making it habitable [10]. However, concentration of greenhouse gases in the
atmosphere has increased significantly since the industrial revolution [11]. CO, is
considered as the prime contributor to global warming and accounts for 64 % of the
increased greenhouse effect [12]. Recent studies do indicate that global warming is
human induced [13]. There is a growing belief that if such extensive use of fossil
fuels continues for another 50 years, the CO, concentration will rise to 580 ppm,
which would trigger a severe climate change [14].

In early 2014, the atmospheric CO, concentration was 397.8 ppm, which is
about 42 % higher compared to that in year 1800 [1]. Figure 1.2a depicts the world
energy-related CO, emissions. According to International Energy Outlook (IEO)
2013, the emission is projected to increase from 31.2 billion metric tons in 2010 to
45.5 billion metric tons in 2040 [1]. Non-OECD countries rely on the supply of
fossil fuels to fulfill their energy needs and consequently emits huge amount of
CO,. Figure 1.2b illustrates the annual CO, emissions form the use of different fuel
types such as coal, liquid fuels, and natural gas. Among fossil fuels, the use of coal
itself contributed to 44 % of overall CO, emission in 2010 and is projected to
increase to 47 % in 2020-2030, before dropping marginally to 45 % in 2040. On
other hand, liquid fuels have the slowest growth, resulting in an increase of only
3.5 billion metric tons of CO, from 2010 to 2040. As can be seen from Fig. 1.2b,
the consumption of natural gas is growing faster compared to coal or liquid fuel.

(a) (b)
22

46 Coal

44 i 20

42 18
T 40 T
o o' 16
© 38 © Liquid Fuels
S 36 g1
< 34 £ 12
9] @ [
E 32 E J0 Natural Gas
c c
2 30 S
@ ,g o 8

26 I 6

2005 2010 2015 2020 2025 2030 2035 2040 2005 2010 2015 2020 2025 2030 2035 2040
Year — Year —

Fig. 1.2 World energy-related carbon dioxide emissions by a year b fuel type [1]
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As natural gas has relatively low carbon intensity, its contribution to world
energy-related CO, emissions might be only 22 % in 2040.

The current world energy requirement for transportation and heating (2/3rd of
the primary energy demand) is mainly supplied by petroleum and natural gas. These
two fuels are preferred due to the relative ease of transportation of liquid or gaseous
forms. It is noteworthy that the combustion of hydrocarbon fuels for transportation
and heating contributes over half of all greenhouse gas emissions and a large
fraction of air pollutant emissions [15]. It has been estimated that the carbon
emissions have to be reduced to one-third of its present value in order to maintain
the CO, level in the atmosphere while meeting the ever-increasing global energy
demands.

In essence, the vast depletion of fossil fuels, the increase in carbon dioxide levels
in the atmosphere, and the related environmental hazards represent a growing
concern for the mankind. The enormity of global warming is daunting. Thus, one of
the proposed solutions is to use an alternative fuel.

1.2 Hydrogen as an Alternative Fuel

An ideal alternative fuel should be inexpensive, convenient to use, clean, and have
lower carbon content. Among various alternatives, hydrogen fuel offers the highest
potential benefits and possesses most of the key criteria for an ideal fuel. Similar to
electricity, hydrogen is a high-efficiency energy carrier, which can lead to zero or
near-zero emissions at the point of use. Therefore, for past 50 years, researchers and
several industrial organizations have promoted hydrogen fuel as the solution to the
global warming. However, hydrogen economy is not a new concept. In 1874, Jules
Verne stated that “water will be the coal of the future” [16]. After few decades,
Rudolf Erren suggested the use of hydrogen as a transportation fuel [17].

Hydrogen is a potentially emissions-free alternative fuel with a very high specific
energy content of about 140.4 MJ/kg (gasoline has only 48.6 MJ/kg) [15]. The huge
interest for hydrogen production and utilization is based on the premise that the fuel
cell is a proven technology and hydrogen is abundant on the Earth. However,
hydrogen on the Earth is in its oxidized state (H,O), which has no fuel value, and
there are no other natural resources for hydrogen. Fortunately, hydrogen can be
produced using both renewable and non-renewable resources. The available tech-
nologies for hydrogen production are the reforming of natural gas, gasification of
coal and biomass, and the splitting of water by water electrolysis, photo-electrolysis,
photobiological production, water-splitting thermochemical cycle, and high tem-
perature decomposition. Figure 1.3 illustrates the sources and methods of hydrogen
production [18].

Currently, steam methane reformation (SMR) is the most common and least
expensive method to produce hydrogen. It is a two-step process. At first step,
methane reacts with steam at temperature 700-1100 °C to form Syn gas (CO + H,),
and then, carbon monoxide reacts with steam to produce additional hydrogen.
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Hydrogen, when produced from reforming of hydrocarbons, generates CO, as a
by-product. About 2.5 t of CO, is vented into the atmosphere for each ton of
hydrogen produced from reforming of hydrocarbons [19, 20]. Similarly, coal
gasification process is another such matured technology and has no exception to
huge CO, emissions. Here, coal (CH,Oy) reacts with O, or steam to produce
hydrogen. Such enormous emission of CO, downgrades the use of the conventional
techniques to produce hydrogen. Thus, it is essential to develop methods that can
produce hydrogen without or with reduced CO, emissions. A brief overview of the
proposed CO, capture techniques for the SMR and coal gasification processes is
provided in Chaps. 3 and 4, respectively.

A high CO, emission during hydrogen production nullifies its inherent advan-
tages. Thus, the focus is to review the modified or new hydrogen producing
technologies that do not lead to carbon emissions. Another possibility is to capture
the CO, produced in these processes to avoid its release to the atmosphere. There
are mainly two such ways to capture CO,: (i) in situ capture (at the point of
emission) and (ii) from the air (direct capture). However, at present, the input
energy for CO, capture processes is mainly provided by burning fossil fuels. Thus,
it is obvious that to run such CO, capture processes may accelerate the depletion
rate of the global fossil fuel reserves. Several methods have been proposed to
mitigate overall carbon emission during hydrogen production, but most of them are
either expensive compared to those using fossil fuels, or are in their very early
stages of development.

Interestingly, hydrogen can also be produced using non-fossil resources, pri-
marily water [21, 22]. Unlike hydrocarbons, water does not emit CO,[H,0 —
H, + 1/20,] directly during hydrogen production. However, the direct splitting of
water is a very energy intensive process and generally requires very high
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temperature (>2,000 °C) [23]. Of course, generation of such high temperature
involves the burning of fossil fuels. Various techniques have been suggested to
directly split water and that includes electrolysis, photoelectrochemical, photocat-
alytic, photobiological, and thermal decomposition. Among these, electrolysis
process has potential to be a viable process at large scale in the midterm future.
Moreover, the efficiency of the electrolysis of water is favorable (~75 %), but the
cost of generation is several times higher than that from fossil fuels [24, 25]. The
high endothermic water-splitting process, when assisted by burning fossil fuels,
leads to huge CO, emissions. Thus, renewable energy sources such as solar or wind
need to be developed for the electrolysis of water in the foreseeable future.

Fortunately, solar energy can also be used to break water into its chemical con-
stituents (hydrogen and oxygen). Recently, US Department of Energy also suggested
that the solar photodecomposition of water can be the long-term CO,-free method
for mass production of hydrogen [26]. However, the solar-based process requires
huge land area, which is a matter of concern. In this regard, several modifications to
solar-based process have been recently proposed. For instance, hydrogen can also be
produced from metal/metal oxide systems with the aid of solar energy [27]. These
reactions generally involve two steps: (1) dissociation of metal oxide to metal and (2)
reaction of metal with steam to produce hydrogen. Such reactions are thermody-
namically more favorable than the direct water-splitting process. However, one more
challenge is to develop construction material that can withstand such high temper-
ature, thermal shock, and oxygen, as well as prevent the reverse reaction in the first
step while maintaining high efficiency. The investigation shows that the inclusion of
H,SO,4 or HI in thermal chemical cycles can reduce the operating temperature to
approximately 850 °C or approximately 450 °C, respectively [28]. Recently, Ibrahim
et al. summarized the solar-based hydrogen production systems and can be found
elsewhere [29].

In addition, the next generation fission reactors can utilize heat to directly split
water. Hydrogen production using nuclear energy offers one of the most attractive
strategies and can be considered as a potential candidate for large-scale hydrogen
source. The net efficiency of the process is the product of the efficiency in the
reactor in producing electricity, times the efficiency of the electrolysis cell.
Thermochemical water-splitting process has heat-to-hydrogen efficiencies of 50 %
and thus gained substantial attention [30]. Nuclear energy can generate hydrogen in
several ways which includes: (a) electrolysis of water, (b) high temperature elec-
trolysis using minor heat and major electricity from the nuclear reactor, (c) nuclear
heated steam reforming of natural gas, and (d) thermochemical water-splitting
process using major heat and minor electricity from the nuclear reactor [15].
Currently, the fission process cannot be considered as a sustainable alternative.
However, a demonstration of safe recycling of nuclear fuel may gain the social
acceptance for nuclear fission process and can pave its pathway for large-scale
application.

In the places where natural gas is scarce, on-site hydrogen can be produced from
water, methanol, or ammonia, via electricity derived from renewable energy sources
such as solar, wind, or biofuels [31, 32]. Wind energy is abundant, clean, safe, and
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inexhaustible source of energy with only a minor environmental impact caused
mostly during the time of installation of its equipment [33]. As a result, the efforts
have been made for the electrolytic hydrogen production using large-scale wind
installations. However, wind energy system cannot produce electrical energy at a
very high percentage in a system, and thus, its installation can be advantageous only
in certain sites with high wind potential and suitable geographical conditions. The
electricity generated from wind energy can be coupled with the hydrogen producing
stacks of electrolyzers and that would reduce energy conversion losses and capital
costs investment. The cost of hydrogen production is estimated to be $4/kg or less
at high wind class sites, class 4, or higher [34].

Interestingly, solar and wind power do not need water to generate electricity. So these
resources are not only sustainable carbon-free system, but also reduce water require-
ments for electricity generation. Photobiological [35] and Photo-electrochemical
processes [36—38] are solar- and water-driven methods for the economic production of
hydrogen. It is obvious that the electricity derived from renewable sources such as wind
and solar may generate local hydrogen, but certainly will not meet up the global
hydrogen demand. Similar limitation exists with the application of biological refor-
mation of biomass using microorganisms. Although biomass is a carbon neutral fuel,
use of fertilizers for its production incurs “CO, cost.” As the synthesis of fertilizers
requires ammonia, which itself is produced from hydrogen and nitrogen, the former
mainly produced by burning of fossil fuels. Additionally, biomass can be converted to
valuable liquid fuels such as methanol, ethanol, biodiesel, and pyrolysis oil, which could
be transported and used to produce hydrogen on-site. Since biomass can either act as a
chemical feedstock or an energy source, the obvious question arises: how efficiently it
should be used in this food and carbon constrained world? [39].

In summary, continuous process and equipment improvements made over the
past 25 years have led to a reduction of 20 % of CO, emissions at hydrogen plants
[40]. However, still a lot needs to be done to further reduce the CO, emission
during hydrogen production. It seems certain that meeting the global energy
demand, requires the exploration and deployment of a clean fossil fuels-based
hydrogen production method in the coming years.

1.3 Conclusion

As discussed in this chapter, the continuous use of fossil fuels for hydrogen pro-
duction faces severe challenges. Besides hydrogen storage, clean hydrogen pro-
duction is seen as another big obstacle to realize hydrogen economy. Most of the
conventional hydrogen production techniques emit huge amount of CO, per ton of
hydrogen generated. Such vast CO, emission nullifies the inherent advantage of
hydrogen. Thus, the modification of existing conventional methods or development
of innovative methods is necessary. Fortunately, in recent times, several methods
have been investigated and developed that can resolve the CO, emission issue
during hydrogen production. Some of them use renewable energy sources, while
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others are merely modified version of existing fossil fuel-based methods. Considering
the fact that renewable sources may fall behind meeting up the global hydrogen
demand, and here, considerable attention is given to technologies based on non-
renewable energy sources. A detailed information about the new and modified fossil
fuel-based clean hydrogen production techniques are provided in the following
chapters.
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Chapter 2
Sodium Hydroxide for Clean Hydrogen
Production

Abstract Hydrogen can be generated in several ways utilizing either renewable or
non-renewable sources. However, the lack of a clean hydrogen generation methods
at a large scale is considered to be one of the obstacles to implement hydrogen
economy. The role of sodium hydroxide is increasing as a valuable ingredient to
produce hydrogen. However, the vast use of sodium hydroxide is limited due to its
(1) corrosive nature and (ii) high-energy-intensive production method. Various
current technologies include sodium hydroxide to lower the operating temperature,
accelerate hydrogen generation rate as well as sequester carbon dioxide during
hydrogen production. Sodium hydroxide finds applications in all the major
hydrogen production methods such as steam methane reforming (SMR), coal
gasification, biomass gasification, electrolysis, photochemical and thermochemical.
Sodium hydroxide, being alkaline, acts as a catalyst, promoter or even a precursor.

Keywords Hydrogen economy - Energy-intensive - Sequester - Steam methane
reforming - Coal/biomass gasification - Electrolysis - Photochemical/thermochemical

2.1 Introduction

Hydrogen has a potential to become an environmentally benign energy carrier for
the future. However, clean production methods for hydrogen are yet to be identi-
fied. Hydrogen’s source is either hydrocarbons or water. The primary methods for
the generation of hydrogen involve reactions of coal, char, or hydrocarbons with
steam at high temperatures. Hydrocarbons are preferred because of their inherent
advantages such as their availability, comparable cost, ease of storage and
distribution, and relatively high H/C ratio [1]. As stated earlier, water can also
produce H, (electrolysis process). However, the electrolysis of water is a very
energy-intensive process. As burning of fossil fuel is the main energy source for

© The Author(s) 2015 11
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water electrolysis, splitting of water into its chemical constituents (H, and O,)
indirectly leads to vast carbon dioxide emissions. Because of the aforementioned
reasons, it seems certain that hydrocarbons are likely to play a significant role in
hydrogen production in the near- to medium-term future.

The methods for hydrogen production using hydrocarbon feedstock can be
categorized either as follows:

(a) Oxidative (uses oxidants or their combination—O,, H,O, CO,) or
(b) Non-oxidative (splitting of the C—H bond using energy input).

Most of the industrial hydrogen production processes (e.g., steam methane ref-
ormation (SMR), partial oxidation, auto-thermal reforming) belong to the oxidative
category. The use of oxidants is always accompanied by the vast release of carbon
dioxide. A typical oxidant-based hydrogen plant with a capacity of 2.5 million m’
hydrogen per day vents 1 million m® of CO, into the atmosphere [1]. Fortunately, the
non-oxidative method does not require any oxidant, and therefore, no carbon dioxide
is directly emitted via this process. However, the non-oxidative method (e.g., water
electrolysis) produces carbon dioxide indirectly through the consumption of
fossil-derived electricity.

Of course, the aim is to mitigate carbon emission during hydrogen production.
The possible ways are as follows:

(a) use of carbon dioxide absorption unit at a hydrogen plant,
(b) use of nuclear reactors, and/or
(c) thermal dissociation of hydrocarbons into hydrogen and carbon.

However, none of these technologies can completely curb CO, emissions and
they tend to emit greenhouse gases directly or indirectly. Thus, at present, all these
suggested methods have their own limitations. For instance, the integration of
carbon dioxide capture unit with hydrogen production process would increase the
cost of hydrogen production by about 25-30 % [2]. In the same line, the use of
nuclear reactors for hydrogen production gained substantial attention in the last
decade because nuclear reactors already produce enough heat for changing water
into steam and the electricity for splitting the steam down into hydrogen and
oxygen. However, these nuclear reactors are very expensive and cannot be eco-
nomically feasible to serve world energy demand. As mentioned earlier, another
possible way is to thermally dissociate hydrocarbons to produce hydrogen and solid
carbon. The thermal dissociation process produces solid carbon, which is far easier
to separate compared to gaseous carbon dioxide. It is noteworthy that such method
is free of CO, separation step, which is highly energy-intensive process. However,
at present, the thermal dissociation process itself is fossil-derived and thus cannot
eliminate the emission of CO,.

Currently, there are no other known methods of hydrogen production that do not
involve carbon emission, other than those using non-fossil energy. Having this in
mind, fossil fuel-based processes that can mitigate carbon dioxide will be worth
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investigating. Recently, many researchers have proposed the inclusion of sodium
hydroxide to the existing hydrogen production technologies. For instance,
Reichman et al. [3] suggested a process called Ovonic Renewable Hydrogen
(ORH). This method involves sodium hydroxide for the reformation of organic
matter to produce hydrogen gas. Moreover, Onwudili and William [4] used sodium
hydroxide as a promoter to produce hydrogen gas via hydrothermal gasification of
glucose and other biomass samples. Similarly, Kamo et al. [5] pyrolyzed dehy-
drochlorinated polyvinyl chloride (PVC) and activated carbon with sodium
hydroxide and steam to generate hydrogen gas and sodium carbonate with methane,
ethane, and carbon dioxide as by-products.

The use of sodium hydroxide for the production of hydrogen has been in
application since the nineteenth century. Sodium hydroxide has been proposed as
an essential ingredient for most of the present hydrogen producing technologies.
Below, sodium hydroxide-based modifications for the methods using fossil fuels,
biomass, metal, organic compounds, and water are reviewed. The related concepts
and their results are discussed in the following sections.

2.1.1 Overview of Sodium Hydroxide (NaOH)

Previous technology for sodium hydroxide production involved mixing of calcium
hydroxide with sodium carbonate. This process was named as “causticizing.”

Ca(OH),(aq.) + Na,CO3(s) = CaCO; | +2NaOH (aq.) (2.1)
Currently, sodium hydroxide is produced by the electrolysis of brine (NaCl):
2NaCl + 2H,0 =2NaOH + Cl, T +H 1 (2.2)

Reaction (2.2) is an energy-intensive process and thus has significant carbon
footprint. Besides sodium hydroxide, reaction (2.2) also produces toxic chlorine
and hydrogen as by-products. It is necessary to modify reaction (2.2) in such a way
that can significantly reduce the emission of CO, and toxic chlorine to the
atmosphere.

Figure 2.1 illustrates the membrane cell used for the electrolysis of brine [6]. The
three commercially available production methods for sodium hydroxide are com-
pared here (Table 2.1). The strength of soda solutions and amount of required steam
varies for different production methods. As a diaphragm cell produces the least
concentrated soda solutions, evaporation is required to raise the concentration up to
50 wt% solution as in mercury cell process.
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Fig. 2.1 Membrane cell process schematic for the production of sodium hydroxide previously
published in [6], with permission from Formatex Research Center © 2013

Table 2.1 Comparison of the commercially available production methods for NaOH [81]

Factors Diaphragm Mercury Membrane
Use of mercury No Yes No
Chlorine as a by-product Yes No Yes
Operating current density (kA/m?) 0.9-2.6 8-13 3-5

Cell voltage (V) 2.9-3.5 3.9-4.2 3.0-3.6
NaOH strength (wt%) 12 50 33-35
Energy consumption (kWh/Mt Cl,) at a 2,720 (1.7) 3,360 (10) 2,650 (5)
current density (kA/mz)

Steam consumption (kWh/MT Cl,) for 610 0 180
concentration to 50 % NaOH

% NaOH produced in USA 62 10 24

2.2 Hydrogen Production
2.2.1 Fossil Fuels

Currently, SMR is the most common and the least expensive industrial technology
to produce hydrogen [7]. Methane reacts at a high temperature (700-1,100) °C with

steam to form syngas (CO + H,).
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CH4(g) + HZO(g) = CO(g) + 3H2(g)AH1227 oc = 397 kJ/IIlOl (23)

Syngas can further react with steam to form additional hydrogen at a lower
temperature.

CO(g) + H>0(g) = CO(g) + Ha(g) AHzz7:c = —242 kJ/mol (2.4)
Thus, the combined reaction is
CH,(g) + 2H,0(g) = CO,(g) + 4Hy(g) 4Hy,,.c = 431 kJ /mol (2.5)

The enthalpy change (AH) is provided for temperatures at which the reaction is
producing the maximum hydrogen and calculated using FACTSAGE™ software. It
should be noted that the equilibrium values of the gases are different from what is
given by stoichiometric proportions of species on the product side of the equations.

Figure 2.2 depicts the simplified block diagram of SMR technique equipped with
carbon dioxide absorption unit and a methanation reactor. The main operating units
include natural gas feedstock desulphurization, catalytic reforming, water—gas shift
reactor, and CO, gas separation and hydrogen purification [8].

In the desulfurization unit, sulfur-based organic compounds (such as thiols) are
first converted into H,S by catalytic hydrogenation reaction (Co—Mo catalysts, 290—
370 °C) [9]. Further, H,S reacts with ZnO to form ZnS. (H,S + ZnO —
ZnS + H,0, 340-390 °C). Natural gas feedstock must be pretreated before mixing
with steam (2.6 MPa). And then, the mixture should be heated to 500 °C prior to
sending the SMR unit. SMR is favored by low pressure and performed in the
reactor at usually 2.0-2.6 MPa. The gaseous mixture (H,, CO and steam) leaves the
reformer at 800-900 °C. It is cooled rapidly to 350 °C and fed to the water—gas shift

NMatural Gas Natural Gas

§ § 5 =
E i z
= 3
] 2 :
pe =
a!\ A
Sleam Steam

Fig. 2.2 A schematic of hydrogen production by SMR—with solvent removal of CO, and a
methanation unit [8]
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reactor, where reaction (2.4) is operated. Reaction (2.4) produces hydrogen and
carbon dioxide. Carbon dioxide is captured using amine-based solvent—mono-
ethanolamine (MEA). And the remaining residuals, CO, and CO, are fed to
methanation reactor, where the mixture is converted to CH4 in the presence of
hydrogen (320 °C, Ni or Ru on oxide support as catalyst) [8].

Interestingly, a simple calculation shows that about 10.5 g of CO, is emitted per
gram of H, production via SMR technique. Such an undesired vast emission of CO,
endangers the prolonged use of conventional SMR technique to produce hydrogen.
However, as mentioned earlier, the integration of an amine-based CO, capture unit
to hydrogen production process would significantly increase the cost of hydrogen
per ton. Therefore, at present, most of the SMR sites are not equipped with CO,
absorber unit.

In this regard, several new methods are proposed that could solve the existing
problems [10-15]. Berthelot described the reaction between NaOH and CO which
yields sodium formate (HCOONa). When heated above 250 °C, HCOONa trans-
forms into oxalate with the release of hydrogen:

NaOH (s) + CO(g) = HCOONa (s) (2.6)
2HCOONa(s) = Na,Cr04(s) + Ha(g) (2.7)

In 1918, Boswell and Dickson demonstrated that when carbon monoxide is
heated with excess of sodium hydroxide at temperatures at which formate is
transformed into oxalate, oxidation almost quantitatively convert to carbon dioxide
occurs with the evolution of an equivalent amount of hydrogen [16]:

2 NaOH(s) + CO(g) = Na,COs(s) + Ha(g) (2.8)

Similarly, Saxena proposed the inclusion of sodium hydroxide as an additional
reactant to the conventional SMR system. The addition of sodium hydroxide serves
the dual purpose of carbon sequestration and H, production [17].

2NaOH(s) + CHy4(g) + HoO(g) = Nap,CO;5(s) + 4Ha(g) AHa7-c = 244 kJ/mol
(2.9)

Figure 2.3 compares the standard SMR (5) and modified SMR (9). It can be
observed from the phase equilibrium diagram that unlike modified SMR method,
conventional SMR technique produces a more complex composition of gas (CO,
CO,, H,0, H,) and also requires comparatively more energy (431 kJ/mol at 927 °C
versus 244 kJ/mol at 427 °C).

Coal gasification is another well-established technology to produce hydrogen.
However, it is also an energy-intensive process. Here, oxygen or steam is passed
over coal to produce a gaseous mixture of H,, CO, and CO, from which H, is
separated (Fig. 2.4).
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Fig. 2.3 Calculated equilibrium in the system a conventional SMR and b modified SMR reactions

Fig. 2.4 Production of
hydrogen from coal
gasification [1]
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2C(s) + 3H,0(g) — CO(g) + CO(g) + 3Hy(g) AHazzec = 95.73 kJ/mol
(2.10)

Coal-made hydrogen has applications in the production of ammonia, methanol,
methane, and Fischer—Tropsch products. However, coal gasification suffers critical
limitations [1], and it is given as follows:

(a) not as cost-effective as producing hydrogen from oil or natural gas;
(b) an endothermic reaction; and
(c) with vast emission of CO,.

Figure 2.5 illustrates the thermodynamic calculation on [NaOH(s) + C(s) + H,O
()] using Factsage™ software. The inclusion of sodium hydroxide to the coal—
steam system can significantly reduce the energy input (95.73 kJ/mol reduced to
64.58 kJ/mol at 327 °C) [18]. The system not only captures CO, in the form of soda
ash but also produces hydrogen. Moreover, the system does not produce complex
mixture of gases.
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Fig. 2.5 Calculated 0.5C+0.5H,0 + NaOH
equilibrium in the system H,
2NaOH(s) + C(s) + H,O(g) 1.0 /
3
E
] N?_,__CO .
2 0.5 I
<
NaOH H,0O
Y J
0.0= v T v T v T . J
200 400 600 800 1000
Temp. (°C)

2NaOH(s) + C(g) + HyO(g) = Na,CO;5(s) + 2H,(g) AHazzec = 64.58 kJ/mol
(2.11)

Table 2.2 summarizes the thermodynamic calculation and the effect for the
addition of sodium hydroxide to methane and coal. It can be observed that the
inclusion of alkali reduces both the operating temperature and carbon dioxide
emission. As a consequence, the amount of coal required to run these processes is
also reduced. Table 2.2 summarizes the inclusion of sodium hydroxide to CH, and
C in the presence of steam. Sodium hydroxide captures CO, and forms sodium
carbonate (Na,CO3), which has huge application in different chemical sectors such
as glass manufacturing, electrolyte, textiles, and domestic use.

Sodium hydroxide is already in use for hydrogen production at industrial scale.
For instance, the black liquor gasification process utilizes alkali hydroxide to serve
the dual purpose of hydrogen production and carbon sequestration. In a typical
pulping process for paper production, approximately one-half of the raw materials
are converted to pulp and other half are dissolved in the black liquor. The black
liquor solution consists of well-dispersed carbonaceous material, steam, and alkali

Table 2.2 Thermodynamic properties for different hydrogen production methods after inclusion
of NaOH [82]

CH, + H,O NaOH + CH4 + H,O C + H,O NaOH + C + H,0
Temperature (°C) 700-1,100 600-800 800-1,200 500-700
Enthalpy (AH, kJ/mol) 431 (927 °C) 244 (427 °C) 95.73 (327 °C) 64.58 (327 °C)
Mixture of product gases CO, CO,, Hy H, CO, CO,, H, H,
Coal/H, (g/g) 1.64 0.93 3.73 3.49
CO./H; (g/g) 10.5 3.41 13.67 1.80
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metal which are burned to provide part of energy for the plant. Due to the presence
of carbonaceous material and water in the liquor, the following carbon-water
reaction dominates:

C(s) + H20(g) = CO(g) + Ha(g) (2.12)
CO(g) + H,0(g) = COs(g) + Ha(g) (2.13)

However, due to the thermodynamic limitations, reaction (2.13) never proceeds
toward completion; therefore, hydrogen concentration does not exceed a certain
limit. Interestingly, in the presence of NaOH, CO, capture medium, the equilibrium
can be shifted to drive reaction (2.13) toward completion and therefore maximize
hydrogen concentration. Consequently, the concentration of CO and CO, is
reduced significantly in the product gases.

It is noteworthy that the modifications based on the use of sodium hydroxide
cannot be considered as a solution on the global scale. Sodium hydroxide itself is
produced using electrolysis of brine which is a highly energy-intensive process.

2.2.2 Biomass

Biomass is a renewable energy source and is regarded as a carbon-neutral fuel. It
consumes the same amount of carbon while growing as much it releases when burnt
as a fuel.

Biomass gasification means incomplete combustion of biomass resulting in the
production of combustible gases consisting of CO, H,, and traces of CH,.

Biomass + heat + steam — H, + CO + CO, + CHy4
+ Light/Heavy hydrocarbons + Char (2.14)

The major challenges that the gasification process mainly faces are as follows:
(1) undesirable tar formation and (2) huge carbon emission. The tar may cause the
formation of tar aerosol and a more complex polymer structure, which are not
favorable for hydrogen production through steam reformation. The suggested
solutions to minimize tar formation are as follows:

(a) proper designing of gasifier;
(b) proper control and operation; and
(c) use of additives or catalysts.

The addition of sodium hydroxide to biomass gasification can solve some of the
existing problems [19]. Firstly, inclusion of sodium hydroxide can reduce the
carbon emission. Cellulose [CsHi9Os], D-glucose [Ce¢H[,Og], and sucrose
[C12H2,04,] react with water vapor in the presence of sodium hydroxide to form
sodium carbonate and hydrogen. The mechanism of the alkali-promoted reaction
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suggests that the dehydrogenation of cellulose in presence of Na* and OH™ ions
yields hydrogen. The concentration of Na* and OH™ ions strongly influences the
dehydrogenation of cellulose [20, 21]. However, the product also consists of
hydrocarbons such as CH, and lowers the percentage of hydrogen yield. But nickel
catalysts supported on alumina can reduce the formation of CH, and maximize the
hydrogen yield [4, 20-22].

Secondly, sodium hydroxide can also reduce the pyrolysis temperature of bio-
mass species [23]. Sodium ions, being small, can penetrate into the biomass texture
and break the hydrogen bridges. Consequently, devolatilization occurs rapidly. Su
et al. used a new catalyst derived from sodium aluminum oxide (Al,03.Na,0),
Al,03.Na,0.xH,0/NaOH/AI(OH)3, to increase the hydrogen yield for steam gas-
ification of cellulose. The gasification temperature was kept below 500 °C to pre-
vent any tar formation [24, 25].

Sodium hydroxide acts as a promoter of hydrogen gas during the hydrothermal
gasification of glucose and other biomass samples. However, the cost of alkali
metal and its proper recycling are major concerns for the use of sodium hydroxide
in the biomass gasification.

2.2.3 Metals

Metals can react with sodium hydroxide in the presence or absence of water to
produce hydrogen. Transition metal reacts with sodium hydroxide to form metal
oxides and hydrogen [26]. Ferrosilicon too generates hydrogen on reacting with
sodium hydroxide [27].

Here, the reaction of aluminum (the most abundant metal in Earth’s crust) is
considered with sodium hydroxide in the presence of water vapor. As can be
expected, hydrogen gas is generated from the chemical reaction between Al and
water (3.7 wt% H,, theoretical yield) [28]. AI/H,O system is indeed a safe method
to generate hydrogen. But the system has kinetic limitations as the metal surface
passivation in neutral water occurs more easily and the metal activity with water is
extremely low. Thus, aluminum activity in water needs to be improved. To solve
the problem of surface passivation of Al, various solutions have been suggested so
far. The solutions either include the addition of hydroxides [29, 30], metal oxides
[31, 32], selected salts [33, 34], or alloying Al with low melting point metal
[35-38]. The alkali-promoted AI/H,O system is favored over other metal systems
because of the high hydrogen generation rate.

The reaction between Al and H,O with sodium hydroxide solution produces
hydrogen, which can be expressed as follows:

2Al + 6H,0 + NaOH — 2NaAl(OH), | +3H, (2.15)

NaAl(OH), — NaOH + Al(OH), | (2.16)
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Sodium hydroxide consumed for the hydrogen generation in exothermic reaction
(2.15) will be regenerated through the decomposition of NaAl(OH), via reaction
(2.16). Reaction (2.16) also produces a crystalline precipitate of aluminum
hydroxide. The combination of above two reactions completes the cycle and
demonstrates that only water will be consumed in the whole process if the process is
properly monitored. Some of the previous work conducted in this sphere reported
kinetics of the reaction between Al and H,O with sodium hydroxide solution and
calculated the activation energy in the range of 42.5-68.4 kJ/mol [39, 40].

Many researchers examined the effects of other crucial parameters that control
the hydrogen generation properties for alkali-assisted Al/H,O system. The param-
eters include temperature, alkali concentration, morphology, initial amount of Al,
and concentration of aluminate ions [41, 42]. Moreover, Soler et al. compared the
hydrogen generation performance for three different hydroxides: NaOH, KOH, and
Ca(OH),. They observed that sodium hydroxide solution consumes Al faster
compared with other two hydroxides [42]. Similarly, S.S. Martinez et al. treated
Al-can wastes with NaOH solution at room temperature to generate pure hydrogen.
The by-product (NaAl(OH),) was used to prepare a gel of AI(OH); to treat drinking
water contaminated with arsenic [43].

2.2.4 Water-Splitting Thermochemical Cycle

Water is a basic source of hydrogen. However, direct splitting of water in hydrogen
and oxygen requires huge amount of energy. Therefore, researchers are exploring
innovative methods to resolve such issue. One interesting concept is the utilization
of renewable sources (such as solar energy) to split water in the presence of metal
oxides [44-46]. Figure 2.6 illustrates this concept, which commonly known as
water-splitting thermochemical cycles.

The figure conveys a three-step water-splitting process:

1. reduction of oxides (energy-intensive process, 800—1,000 °C)

2. reaction of reduced oxide with sodium hydroxide (hydrogen generation step),
and

3. hydrolysis reaction (sodium hydroxide recovery step).

(I) MO(ox) = MO(red) + 0.50; (2.17)
(I1) MO(red) + 2 NaOH = Na,O - MO(ox) + H, (2.18)
(II) Na O - MO(0x) + H,0 = MO(ox) + 2NaOH (2.19)

Any thermodynamically favorable oxide can be selected to generate hydrogen. Thus,
so far, a large number of oxides have been considered. The water-splitting
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thermochemical cycle reactions can be mainly classified as (1) two-step
water-splitting process [47-51] (2) iodine—sulfur process [52-54] and (3) calcium—
bromine process [55-57].

Table 2.3 summarizes the findings for various alkali metals used for water-
splitting thermochemical cycles. Sodium hydroxide is able to generate hydrogen at
a reduced temperature. Recently, Miyoka et al. [58] considered sodium redox
reaction and conducted several experiments in a non-equilibrium condition but
could not achieve a 100 % conversion. It was attributed to the slow kinetics of both
the hydrogen generation reaction and sodium recovery. Moreover, sodium
hydroxide facilitates oxidation in the water-splitting step. But the volatility of
sodium hydroxide at temperatures higher than 800 °C and incomplete Na*
extraction by water to recover sodium hydroxide limit its application. Several
research groups concluded that even though sodium- or sodium hydroxide-assisted
reaction has major advantages, their recovery could be a big challenge. In the same
line, Weimer et al. recommend membrane separation to recover sodium hydroxide
[59]. In recent times, few researchers also investigated the use of Na,CO;3 as an
alternative to NaOH [60-62].

Besides sodium hydroxide recovery, there are other limitations too. For instance,
the reduction of oxides requires very high temperature. To attain such high tem-
perature, a large-scale solar heat plant will be required. At present, the construction
of a large thermochemical hydrogen plants is limited by the location, cost,
and safety issues. Therefore, techniques to lower the operation temperature of
water-splitting process should be investigated. A low temperature water-splitting
process will allow the utilization of small-scale solar heat systems or even exhaust
heat from industries. As sodium hydroxide can significantly reduce the operation
temperature of the water-splitting process, it could be considered for such use.
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2.2.5 Organic Compounds

2.2.5.1 Formic Acid (HCOOH)

Formic acid and its solution are industrial hazards. Any use of such chemical waste
will be of a great advantage for environment. Formic acid can produce hydrogen
using two methods: (1) thermo catalytic decomposition and (2) electrolysis in the
presence of sodium hydroxide.

Formic acid thermally decomposes to produce H, and CO,
[HCOOH (1) — H; (g) + CO, (g), AG® = —32.9 kJ/mol, AH® = 31.2 kJ/mol)], the
reversible reaction of CO, hydrogenation [63-71]. Electrolysis of formic acid
solutions in the presence of sodium hydroxide requires theoretically much lower
energy than water [72]. The electrochemical reaction for the electrolysis of formic
acid solutions is as follows [73]:

Anode: HCOOH + OH" — CO ,+ H,0 +2¢
Cathode: 2H,0 +2¢ — H,+20H (2.20)
Overall reaction: HCOOH — H,+CO,

Figure 2.7 demonstrates the scheme of electricity generation via the combined
use of alkaline hydroxide (sodium hydroxide) for the electrolysis of formic acid
(HCOOH) and fuel cell. The separation of H, and CO, is desired prior to injection
in the fuel cell.
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Fig. 2.7 Electricity generation using alkaline hydroxide (NaOH) for the electrolysis of HCOOH
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2.2.5.2 Formaldehyde (HCHO)

An aqueous solution of formaldehyde reacts with sodium hydroxide to produce
small amounts of hydrogen [74]. The generation of hydrogen competes with the
disproportionation of formaldehyde to form corresponding alcohol and acid
[75, 76]. Further, Ashby et al. [77] proposed a mechanistic explanation of this
process. The mechanism indicates that one hydrogen atom originates from the water
and the other from the organic moiety. According to an experimental study, when a
dilute solution of formaldehyde (4 x 10~* m) reacts with concentrated sodium
hydroxide (19 m) at room temperature, hydrogen is produced in a significant
amount [77]. However, when concentrated solution of formaldehyde interacts with
dilute sodium hydroxide solution, only a trace amount of hydrogen is produced.
Moreover, when a solution of hydrogen peroxide mixes with formaldehyde and
sodium hydroxide, hydrogen is generated again [78]. Hydrogen peroxide oxidizes
formaldehyde to formic acid and sodium hydroxide further neutralizes the acid.

H,0, -+ 2HCHO + 2NaOH = 2HCOONa + H, + 2H,0 (2.21)

However, no trace of hydrogen is observed in the absence of sodium hydroxide
[79, 80]. The reaction (2.21) is limited by slow kinetics and requires a large excess
of alkali hydroxide. When hydrogen peroxide is replaced by cuprous oxide,
hydrogen is generated in a quantitative amount.

2.3 Conclusion

Sodium hydroxide locks CO, in the form of valuable chemical compound, Na,COs;.
The use of sodium hydroxide for the production of hydrogen results in high
hydrogen generation rates, lower operation temperatures, and overall reduction in
carbon emission. Apparently, sodium hydroxide has significant role to play for the
methods using either renewable or non-renewable energy sources. But the energy-
intensive production method of sodium hydroxide (electrolysis of brine) limits its
application at a large scale. Thus, it will be of a great interest to invent or modify a
method that can produce sodium hydroxide using renewable resources such as solar
energy, water, and wind. Moreover, new hydrogen generation concepts that can
replace sodium hydroxide with industrial hazards or waste should also be explored.
In the following chapter, a detail for the role of sodium hydroxide to the industrial
hydrogen production technologies such as SMR and coal gasification is provided.
The chapter also presents the effect of different catalysts over the kinetics of these
modified reactions.
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Chapter 3
Modified Steam Methane Reformation
Methods for Hydrogen Production

Abstract Over the past few decades, extensive efforts have been made to modify
the conventional hydrogen production technologies. In particular, a review of those
methods that are intended to reduce the carbon emission and improve the process
efficiency for steam methane reformation (SMR) is provided here. So far, several
such methods have been proposed based on both fossil and non-fossil energy sources
which primarily include the use of membranes, metal oxides as a CO, sorbent, and
nuclear and solar energy. Moreover, this section also includes a brief summary of an
innovative process which suggests the inclusion of sodium hydroxide as a reactant to
the SMR process. The addition of sodium hydroxide to the SMR process can serve
the dual purpose of hydrogen production and CO, capture. Certainly, these methods
have the potential to reduce CO, emission during hydrogen production. Therefore,
here, the status and perspective of all these methods are presented.

Keywords Carbon emission «+ SMR . Membrane - CO, sorbent

3.1 Introduction

Currently, global hydrogen production is dominated by the steam methane refor-
mation (SMR). Since the establishment of the SMR process in 1930, intensive
research and development in the field has been responsible for higher catalyst
performance and better reactor tube materials [1]. The efforts have been made
continuously to

(i) improve the catalyst performance to provide enhanced activity, higher
mechanical strength, better resistance to carbon formation and sulfur poison-
ing [2-4], and

(i) also improve the ability of the reactor tube material to withstand higher
stresses at elevated temperature and thermal flux [5-9].

Since about 1970, another research area emerged related to the reforming reactor
configuration and the suitability of the multi-tube fixed bed reactor for the
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Modification to the SMR process

Non-Fossil Energy Sources Fossil Energy Sources

Nuclear Solar Sorption-Enhanced SMR Chemical-looping SMR Membrane Reactor

Fig. 3.1 Modifications to the SMR technique

reforming reactions. To date, numerous attempts have been made to radically
improve the performance of reforming process through changes in reactor config-
uration. The improvements that have been proposed are as follows: (i) changing
from a fixed bed to fluidized bed reactor, (ii) changing from external firing to direct
heating, and (iii) utilizing membrane technology to drive the reaction beyond the
thermodynamic equilibrium conversion [10-12]. A thorough analysis of these areas
of improvement and the suitability of proposed configurations for different
reforming applications can be found elsewhere [13].

SMR is an energy-intensive process that adds a significant amount of carbon
dioxide per unit of hydrogen produced. Therefore, in 1988, Brun—Tsekhovoi et al.
[14] proposed a process for catalytic steam reforming of hydrocarbons in the
presence of CO, acceptors. Here, the aim is to list all similar methods related to
SMR technique. Figure 3.1 summarizes such schemes and categorizes them on the
basis of the type of energy input. A detailed explanation of each proposed technique
is provided in the following sections.

3.2 Steam Methane Reforming Using Non-fossil Energy
Sources

The use of alternative energy sources, such as high-temperature nuclear and solar
heat for hydrogen production, has gained substantial interest of researchers
worldwide. Besides being energy efficient, these alternative energy sources have the
capacity to significantly mitigate carbon emission. However, one of the foremost
challenges is to develop these techniques at a large scale. A short description for
both high-temperature nuclear and solar heat methods is as follows:

3.2.1 Nuclear Energy

Nuclear power systems, a relatively clean and abundant energy source, have the
potential to contribute to hydrogen economy. Nuclear energy can be used to
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generate both electricity and hydrogen. The production of hydrogen through
nuclear energy is economically sound but would require major technological
development in the coming years [15]. Moreover, the future goal should be to
change the public perception about nuclear energy in a manner that significantly
contributes to the hydrogen economy.

Nuclear energy can produce hydrogen via water electrolysis, thermochemical
splitting, or a hybrid process. To facilitate these hydrogen production technologies,
nuclear plants can provide both heat and electricity. There are three ways to utilize
the nuclear energy for hydrogen generation:

(i) electricity for electrolysis of water,
(i) both heat and electricity for high-temperature steam electrolysis or hybrid
process, and
(iii) heat to run thermochemical processes (generates hydrogen from hydrocarbons
or water).

As thermochemical processes are very energy intensive, nuclear energy can be
seen as a solution. Thus, here, a short description for coupling nuclear reactor with
the SMR process is given.

The generation of hydrogen through nuclear energy has important advantages
over other processes. For instance, it does not require fossil fuels, which results in
lower greenhouse gas emissions, and can lend itself to a large-scale production. The
hydrogen production properties determine the type of reactors that can suitably be
coupled to the hydrogen production scheme. The design for the electrochemical and
thermochemical hydrogen production technology should consider the following
requirements:

(i) high-temperature for achieving high thermal to hydrogen efficiency,
(i) high thermal to electrical power conversion efficiency,
(iii) minimum temperature loss for the reactor coolant in order to achieve
effective heat transfer rate to the chemical plant,
(iv) minimum pressure losses in the primary loop,
(v) selection of chemically inert coolants to ensure high safety, and
(vi) low capital costs.

Since high temperature is required for the thermochemical or electrochemical
process of hydrogen production, gas-cooled reactors, molten-salt-cooled reactors,
and heavy-metal-cooled reactors, all coupled with gas power cycles, appear to be
the most promising technologies for the hydrogen production [16].

A modular helium nuclear reactor (MHR) can substitute for the natural gas
burning furnaces as a heat source for the SMR process. As the MHR can operate at
about 850 °C, the efficiency of the process is about 80 %. The concept to integrate
MHR to the SMR process can be potentially cost competitive to the conventional
SMR. Also, the MHR-SMR can significantly reduce CO, emissions.

In MHRs, recycled helium is heated to 850 °C, which is suitable for the SMR
reaction. The operating pressure of the MHR is 70 bars. Hot helium flows inside an
indirectly heated heat exchanger countercurrent to methane and steam. In the
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Table 3.1 Overview of nuclear hydrogen production technologies using thermochemical SMR
process [20]

Feature SMR

Reaction Reforming: CH4 + H,O — CO + 3H,, endothermic
(750-800 °C)
Shift: CO + H,O — CO, + H,, exothermic (350 °C)

Temperature (°C) >700

Efficiency (%) >60, Temperature dependent
Energy efficiency coupled to >60, Temperature dependent
MHR (%)

Advantage Mitigate CO, emission
Disadvantage Depends on methane prices

process, helium releases its sensible heat to methane steam streams through the
reformer tube and eventually cools down to 600 °C [17]. The reformer tube has an
inner helical tube through which heat is dissipated to the catalyst-filled tube. Helium
heat carrier present in the core of a high-temperature nuclear reactor is heated to run
the process. Such reactor has been examined at a pilot scale and is anticipated to be
commercialized for syngas production, thermochemical sulfur—iodine process [18],
or the Westinghouse sulfur process [19]. The system can incorporate electricity
generation equipment to meet cogeneration needs. Moreover, the reformed gas can
be used to produce valuable chemicals (such as H,, NH3, and CH30H) or transfer
heat to long distance (in conjunction with methanation) (Table 3.1).

The key challenge is to couple the nuclear reactor system with steam methane
reforming process. In 2004, Japan Atomic Energy Agency (JAEA) demonstrated a
nuclear-heat-driven small-scale SMR-based hydrogen production unit. It can be
easily understood that the economy of nuclear steam reforming strongly depends on
the cost of natural gas [21].

3.2.2 Solar Energy

Similarly, attempts have been made to harness solar energy. There are basically
three ways of producing hydrogen with the aid of solar energy: electrochemically,
photochemically, and thermochemically. At present, solar concentrators can pro-
vide solar flux concentrations in three ranges: trough concentrators (30—100 suns),
tower systems (500-5,000 suns), dish systems (1,000-10,000 suns). For a solar
concentration of 5,000, the optimum temperature of the solar receiver is about
1,270 °C, attaining a maximum theoretical efficiency of 75 %; a theoretical effi-
ciency is defined as the portion of solar energy that can be converted to chemical
energy of fuels [22]. Such a high temperature is sufficient to conduct energy-
intensive methods such as SMR and CO, reforming of methane. One should note
that the solar chemical reactors are equipped with a well-insulated enclosure with a
small opening (the aperture) that allows the solar radiation to penetrate in.
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The solar energy can be used via two processes: (a) open loop and (b) closed
loop. Figure 3.2 shows the schematic of both process options. In the open-loop
system, the hydrocarbon feedstock uses solar energy to produce on-site syngas for
subsequent combustion in a conventional gas turbine or a combined cycle power
plant. Notably, this route is energetically more favorable compared to simply
producing steam using the solar energy because it harvests the solar energy in a
chemical form, rather than as sensible heat. Syngas can be directed to fuel cells or
be utilized for the formation of specialty chemicals and plastics and liquid fuels
(methanol and gasoline).

(a) COM2

e

=
Solar Energy (Input) !

CO2/ CHa
H20/ CH4

Combustion Products

CO/MH2
(b) Storage or

: : Transport

Solar Energy (Input)

)

Energy Output

¥

Process Heat Superheated
Steam
CO2/H20/ CHs4

Storage

©

Fig. 3.2 Concepts for a open- and b closed-loop thermochemical heat pipes based on CH4/CO,
reforming and solar energy adapted from [23]
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Figure 3.2b shows the closed loop, where methane feedstock is converted to
syngas using solar energy. The syngas can then be either stored or transported off-
site prior to conversion to methane in a methanation reactor that recovers solar
energy in the form of heat to run industrial processes or generate electricity. Both
methanation reactions (CO + 3H, — CH, + H,0 and 2CO + 2H, — CH,4 + CO,)
are exothermic in nature and in principle and can be integrated with a conventional
steam turbine power plant or be used for the production of high-grade process heat.
The heat should be extracted in a controlled way, and thus, maintaining the tem-
perature is a critical task for exothermic methanation reactions. Conventionally, the
temperature control was performed by using a high recycle and thus diluting the
inlet gas in order to keep the temperature below 450 °C. Currently, there are various
ways to recover the heat as high-pressure supersaturated steam at 100 bar/540 °C,
which can be sent directly in a steam turbine power cycle [24].

Solar reforming of methane is performed in solar furnaces as well as in solar
simulators using different reactor configurations and catalysts. Solar chemical
reactor for highly concentrated solar system uses a well-insulated enclosure with a
small aperture to allow in concentrated solar radiation. Aristov et al. [25] conducted
experiments for steam reforming of methane under direct illumination of a catalyst
by concentrated light in the energy receiver with a transparent wall. Such reactor
showed a considerable increase in both the specific rate of hydrogen production and
the specific power loading of the light-to-chemical energy conversion compared to a
conventional stainless steel reactor. Precisely, 1 g of catalyst generated 130 Ndm>/h
of hydrogen and a power of 50-100 W/cm®. The increase in the reaction rate is
attributed to the direct absorption of light by catalyst granules, which intensified the
energy input to the catalyst bed. Yokota et al. [26] used xenon lamp (a solar sim-
ulator) to conduct steam reforming of methane over Ni/Al,Oj; catalyst. The ratio of
H,O/CH,4 = 1/1 was fixed, but the temperature varied in the range of 650-950 °C. At
850 °C, methane conversion was in excess of 85 % under atmospheric pressure.

The reaction between methane and steam is preferred if hydrogen is the desired
product. However, if methanol is desired as end product, then CO, reforming of
methane is chosen. Recently, a new configuration has been tested which involves
the mixed reforming (both steam and CO,) for methane. The process is particularly
advantageous for biogas, with a high CO, content (45-70 mol% CH,; and
30-45 mol% CO,) [27, 28]. In summary, considerable efforts have been made
recently for coupling renewable solar energy and conventional fossil fuels to
synthesize hydrogen or valuable chemicals.

3.3 Steam Methane Reforming Using Fossil Energy Sources

In this section, a review of the modified SMR technique based on the use of fossil
fuels is provided. Most of these proposed methods include metal oxides, per-
ovskites, alkali, and membrane that can result in less carbon emission compared to
the SMR method. As can be understood, such methods cannot completely eliminate
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the carbon emission via the SMR process but would mitigate these emissions to a
large extent. Considering the availability of fossil fuels for a definite period, these
methods currently have a role in satisfying the ever-increasing global energy
demand. In the following paragraphs, these methods are presented with their
relevant experimental results.

3.3.1 Sorption-Enhanced Steam Methane Reforming
(SE-SMR)

Sorbent-enhanced steam methane reforming (SE-SMR) is a technology for the
production of high-purity hydrogen from hydrocarbons with in situ CO, capture.
Figure 3.3 depicts the sorption-enhanced reforming scheme. In the SE-SMR process,
hydrocarbon reforming, Eq. (3.1), water gas shift, Eq. (3.2), and CO, separation
reactions Eq. (3.3) occur simultaneously in a single reaction step over a reforming
catalyst mixed with a CO, sorbent. The overall reaction is given in Eq. (3.4).

CHa(g) + H,0(g) < CO(g) + 3Hx(g) (3.1)
CO(g) + H20(g) < COx(g) + Ha(g) (3.2)

MO(s) 4 CO,(g) <> MCO3(s) (3.3)

CH.(g) + 2H,0(g) + MO(s) < MCOs(s) + 4H,(g) (3.4)

MO denotes metal oxide that transforms to carbonate (MCOQO3) after reaction with
CO;. An ideal sorbent should lead to high yields of hydrogen and negligible con-
centrations of CO, CO,, and unreacted methane. As can be seen that the hydrocarbon
reforming is endothermic but by inclusion of a carbonate-forming sorbent, the

Fig. 3.3 Schematic for Hz2 (95%) CO2
sorption-enhanced reforming
of methane T
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overall reaction turns out to be thermoneutral. However, the sorbent regeneration
step requires substantial energy input. The SE-SMR method has been proposed to
(i) avoid the operational complexity of the SMR technique and (ii) alleviate the high
costs associated with the amine-based CO, capture technology. The advantages of
the SE-SMR process are as follows: (1) fewer processing steps; (2) improved energy
efficiency; (3) elimination of the need for shift catalysts; and (4) reduction in the
temperature of the primary reforming reactor by 150-200 °C [29, 30].

It has been realized that the integration of heat between the exothermic sorption
reaction and the endothermic reforming reaction can improve the energy efficiency.
Since both the SE-SMR process and the sorbent regeneration are solid—gas meth-
ods, a fixed bed or fluidized bed reactors can be employed [31-34]. Lindborg and
Jakobsen [35] mentioned that the circulating fluidized bed reactor may have better
advantages compared to fixed bed reactors regarding heat integration and contin-
uous operation for both the sorption of CO, and the regeneration of the sorbent. To
date, an extensive amount of experimental as well as modeling work has been
performed using the fixed bed reactor for the SE-SMR process. Wang et al. [36]
have not only listed most of the previous work based on fixed bed reactors but also
simulated a circulating fluidized bed reactor operating in a continuous mode within
two sets of 3D cylindrical coordinates for the downer and riser. Interestingly, Yi
and Harrison [37] obtained high H, and very low CO concentrations in their
experiments for SE-SMR process conducted at relatively low reaction temperatures
(400-460 °C) and low pressure (1-5 bar) over H,O-CH, feed ratio (3:1) in a
laboratory-scale fixed bed reactor. Similarly, Balasubramanian et al. [32] showed
that the combination of sorption and reforming reaction was significantly fast and
the equilibrium was almost attained under all the reaction conditions performed
[temperature (450-750 °C), CH4 to feed gas (6-20 mol%), steam-to-methane ratio
(3-5), total gas feed rate (200-1,200 cm’ STP/min), reforming catalyst (3—7 g), and
CaO (7-10 g)]. The selection of suitable reactor type primarily depends on the
capacity of the sorbent and the rates of adsorption and desorption. A fixed bed
reactor is mostly suited for high capacity and low reaction rate, and the reverse is
true for fluidized bed reactor.

Different CO, sorbents, such as CaO, dolomite [38, 39], lithium zirconate
(Li,ZrO3) [40], sodium zirconate (Na,ZrOs3) [41], lithium silicate (Li4SiO,4) [42], or
hydrotalcite [43, 44], have been assessed for the SE-SMR. A detailed review which
presents a comparative study of these sorbents with CO, can be found elsewhere
[45]. These sorbents should (i) lock enough CO, in the temperature range of
400-600 °C; (ii) withstand Pyp0/Pcoz > 20 at a steam reforming condition; (iii) be
stable both mechanically and chemically for long hours at such high-temperature
and high-pressure conditions; and (iv) have fast adsorption and desorption kinetics.

Ca-based sorbents are more widely investigated and used because of their high
CO, capacity and rapid reaction rate, as well as lower cost [46, 47]. Currently, most
of the efforts are dedicated to improve the multi-cycle durability of CaO [48]. The
capture of CO, using CaO is based on the well-established carbonation—calcination
cycle. CaO can reversibly lock CO, in the form of calcium carbonates (CaCOj3)
(reaction 3.6).
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CH,(g) 4 CaO(s) + 2H,0(g) — CaCOs(s) + 4H(g) AHgg = —13kJ/mol
(3.5)

CaCOs3(s) — CaO(s) + COx(g) AHjgex = +178.1 kJ/mol (3.6)

The heat released by the exothermic carbonation reaction (CaO(s) + CO,(g) —
CaCOj;(s), AH%o9gx = —178.1 kJ/mol) balances the heat input required by the
endothermic reforming reaction (a reverse of the carbonation reaction). Therefore,
additional fuel may not be required in the reforming reactor. Recent work of
Ochoa-Fernandez et al. [46] illustrated that in spite of high regeneration energy
demand, CaO-based SE-SMR processes can attain thermal efficiencies as high as
82 % compared to 71 % for a conventional process scheme based on amine
solvents.

Figure 3.4 depicts the thermodynamic equilibrium calculation for the CH4—
H,0-CaO system using the software FACTSAGE™ and the databases therein. The
thermodynamic calculation clearly shows that (i) the modified reaction captures
CO; in the form of CaCO; (stable at a high temperature); (ii) hydrogen can be
produced at relatively lower temperatures in the proposed system; and (iii) about
88 % methane can be converted, and that would result in 95 vol.% H,. The
regeneration of the spent CaO can be accomplished in the adiabatic fluidized bed
reactor generator at about 975 °C. Once regenerated, CaO can be fed back to the
reforming reactor.

Several issues that limit the application of CaO for the SE-SMR at a large scale
are as follows:

(i) high regeneration temperature of CaO (>975 °C) leads to vast energy penalty;

(i) continuous separation of reforming catalyst and the CO, acceptor (CaO); and

(iii)) need to improve the durability of CO, acceptor for conducting multiple-cycle
operations

Fig. 3.4 Equilibrium in the CH, +2H,0 + Ca0
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CaO-derived calcination of naturally occurring limestone has poor cyclic CO,
capture stability. The decrease in CO, uptake of limestone with increasing number
of calcination and carbonation cycles has been attributed to thermal sintering
resulting in the loss of pore volume within pores of diameter <100 nm [49, 50]. So
far, several methods have been proposed to improve the CO, capture properties of
limestone that include the thermal pretreatment or hydration [51-53]. Also, CaO is
stabilized using high-Tammann-temperature support such as Al,O3, ZrO,, or MgO,
to achieve a sinter-resistant material [54—60]. Recent finding suggests that hydrogen
concentration in the product stream was higher for Ni/CaO compared to Ni/Al,O3.
At 600 °C, 1 atm and steam-to-methane ratio of 3, 12.5 wt% of Ni/CaO has
produced 80 % hydrogen concentration. This result illustrates that multi-functional
catalysts can be used as a better alternative to Al,O3 and can also reduce the reactor
size [61]. Moreover, to achieve the slower capacity degradation of CaO-based
sorbent, these sorbents have been doped with inert materials such as KMnO, [62],
CaTiO3 [63], C312A114033 [64, 65], and CagA16018 [66]

Owing to the existing issues related to CaO, recent efforts have been aimed to
modify CaO-based sorbents or employed synthetic sorbents. Among synthetic
sorbents, layered double hydroxides (LDH) are extensively studied due to their high
surface area, low regeneration temperature, faster kinetics compared to CaO, stable
framework, slow degradation in sorption capacity, and presence of abundant basic
sites (favorable for reaction with acidic CO,) [67-71]. However, the main issue
with LDH is the low CO, capture capacities of about 1 mmol/g. Extensive work has
been carried out to improve the CO, capture capacities of LDH which includes the
doping of LDH with alkali metal carbonates, precipitation on different support to
improve the LDH surface area, and the surface modification [66]. Despite con-
siderable efforts, no significant improvement related to the CO, capture capacity of
LDH has been reported so far.

To date, sorbents have been primarily assessed for their multi-cyclic properties
to capture CO,, and thus, relatively little information is available on their appli-
cation in the overall sorption-enhanced hydrogen production process. Due to less
favorable thermodynamic properties of these CO, acceptors, the equilibrium CO,
pressures are generally high. Moreover, slow kinetics of the CO, sorption impedes
the use of SE-SMR for hydrogen production on a large scale.

3.3.2 Chemical Looping Steam Methane Reforming
(CL-SMR)

Chemical looping combustion (CLC) of fossil fuel has not only an inherent
advantage of nearly zero energy consumption in capturing CO,, but also has the
ability to generate pure hydrogen [72, 73]. Thus, numerous researchers have studied
CLC systems that focus mainly on fossil fuels [74-76]. In this method, a reducing
agent is employed to reduce metal oxide, and then, an H,O oxidation step is
performed to reoxidise the metal and produce hydrogen [77]. A CLC configuration
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comprises of two reactors: (i) reduction reactor (reduces fuels using metal oxide as
an oxygen carrier) and (ii) oxidation reactor [air oxidation of reduced oxygen carrier
(N is obtained as the product gas)]. CLC system has high thermal energy efficiency
and has application in thermal power generation. In general, CLC uses fluidized bed
reactor and works at above 900 °C [78, 79]. However, sintering and fast degra-
dation of oxygen carriers as well as carbon deposition have emerged as issues to
overcome [80, 81].

In order to produce clean hydrogen, Ryden et al. [82] proposed a model that
integrates both CLC and SMR. The reactor system consists of two interconnected
fluidized beds. The oxidation reactor is a high-velocity fluidized bed acting as a
riser, while the reduction reactor is low-velocity bubbling bed. Metal oxide can be
used as bed material. The high gas velocity in the oxidation reactor ensures the
continuous circulation of particles between the beds. Oxidized patrticles are col-
lected in the cyclone and fed to the reduction reactor. Reduced oxygen carrier is
transferred back to the oxidation reactor with the aid of gravity. As can be expected,
heat for endothermic reforming reaction is provided by the exothermic reaction in
the oxidation reactor and transferred to the reduction reactor with the particle
circulation. Few advantages could be listed for such system: no formation of
thermal NOx, H,-rich off-gas, hot fluidized particles maintains the temperature of
reformer tube walls, relatively easy reactor design as CLC takes place at ambient
pressure and modest temperature, and off-gas from the pressure swing adsorption
unit is used as fuel in the reduction reactor.

CLC uses metal oxides to circulate oxygen (Fig. 3.5). Thus, a suitable metal
oxide needs to be identified. So far, NiO has gained the maximum attention as it has
excellent reactivity, significant thermal stability, high oxygen-carrying capacity,
and low volatilization at a high temperature [83-85]. However, NiO is expensive
and toxic [86]. In the same line, Fe-oxides have been extensively studied owing to
its low cost, high melting point, and almost zero carbon deposition [87-89].
Another vital issue is Fe,O3 cannot be directly reduced to Fe, but only to FeO [90].
Oritz et al. [91] evaluated an iron-based waste as oxygen carrier obtained from
aluminum manufacture called “sand process.” This material showed enough high
oxygen transport capacity (2.4 wt%) and reactivity to be able to convert a simul-
taneous syngas to CO, and H,O at 880 °C. However, lower conversion of fuel was
noticed for methane-containing fuels. Cho et al. [92] used 20 wt% Fe,O5/ZrO, as
oxygen carrier for SR-CLC process. The results illustrated the average steam
conversion is 35 %, but decreases sharply in the later oxidation zone. Another study
showed an improvement in the redox reactivity of SR-CLC process by using
Ce,_,Fe,O,_5 [93]. However, overall, the reactivity of Fe-oxides is inferior to
Ni- and Cu-based oxygen carriers [94, 95].

Interestingly, Cu shows high reactivity as well as significant oxygen-carrying
capacity and also does not react with inert components [96]. Moreover, the
reduction of CuO and oxidation of Cu are both exothermic in nature. Thus, CuO
does not require heat to maintain the working temperature for reduction. However,
Cu-based oxygen carriers suffer from the sintering problem as melting point of
metallic Cu is relatively low, 1,083.4 °C [97]. Hence, in order to use Cu-based
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Fig. 3.5 Schematic of SMR-CL system for syngas and hydrogen production

oxygen carriers, one needs to reduce the reaction temperature. Zheng et al. [98]
prepared CuO-SiO, oxygen carrier through wet impregnation method and illus-
trated the reduction in the CLC working temperature by transforming CH, to H,
and CO. Other oxides such as Mn,0O5 [99, 100], CoO [101], and CaSO, [102, 103]
have also been considered as potential oxygen carriers. A recent study considered
bimetallic carriers based on iron and manganese (MnyFe;_,—CeO,) supported on
CeO, as oxygen carriers in CLC. The results showed that the use of ceria as support
resulted in stable operation. Fe-rich carriers exhibited an unusual reversible deal-
loying/realloying behavior during cyclic redox reactions. However, Mn-rich carri-
ers showed a noticeable increase in carrier reactivity and selectivity for total
oxidation of methane [104].

In 2014, Zhao et al. [105] reported the synthesis of a three-dimensionally
ordered macroporous (3DOM) LaFeO3 and nano-LaFeO; perovskites which can be
used as oxygen carriers for SR-CLC process. The performance of the perovskites as
oxygen carriers to produce syngas and hydrogen was investigated. The net reactions
of SR-CLC can be illustrated as follows:

Methane reduction: LaFeO3; 4+ H,O — LaFeOs_(5115) + (CO+H,)  (3.7)
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Steam oxidation: LaFeO;_(51457) + H2O — LaFeO3;_5; + Hy (3.8)
Air oxidation: LaFeO3_g5, + O, — LaFeO; (3.9)

The results showed that 3DOM LaFeO; perovskites have good repeatability,
more stable reactivity of methane oxidation, and better resistance to carbon for-
mation than nano-LaFeOs;. The better reactivity of 3DOM LaFeO5; was attributed to
its higher surface area. Another set of studies were conducted for perovskites
(Lag 6S19.04C00.02Fep.803—5 and Lag;Srg3FeO3;—5) against two supported metal
oxides (60 % Fe,O5/Al,05; and 20 % NiO/Al,O3). Lag;Sry3FeO; s and 60 %
Fe,03/A1,0; exhibited better performance than other combinations. However, due
to the formation of FeAl,O,, the performance for 60 % Fe,03/Al,0; was down-
graded for large number of cycles (~ 150) [106].

The aforementioned limitations of metal oxides (CuO, NiO, and Fe,O3) have led
to grow interest for perovskites materials, which so far seems very interesting. It is
certain that there is a need to develop SR-CLC process for the generation of clean
hydrogen. However, an efficient oxygen carrier with sufficient carrier stability and
fast redox kinetics is still to be explored. The continuous cycling of particles
between reduction and oxidation reactor subjects the oxygen carrier to chemical,
thermal, and mechanical stress. Therefore, efforts need to be focused to develop
efficient oxygen carriers that can cope with such harsh environment.

3.3.3 Hydrogen Membrane Reactor

The concept of a hydrogen membrane reactor is based on Le Chatelier’s principle
according to which the hydrogen produced in the reactor permeates through a
membrane and exits through the reaction zone (Fig. 3.6). Membranes are several
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Fig. 3.6 Schematic of hydrogen membrane reactor
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microns thick and generally made of Pd [107] or Pd/Ag [108] or other Pd-based
alloys [109]. Pd is the most used membrane material for hydrogen permeation
because it is infinitely selective to hydrogen and has shown to have high perme-
ability. Pd is usually alloyed with metal to increase permeability and reduce the
effect of hydrogen embrittlement [110].

The main advantages of the membrane technique are as follows: (a) no limita-
tions of chemical equilibrium for the hydrogen-producing reaction, which means
the equilibrium is shifted more toward product, (b) higher conversion of methane
can be achieved at lower temperatures, (c) generation of separate H, and CO,
streams, (d) no need of additional CO-shift converters, (e) more simple and compact
reactor configurations, and (f) high overall efficiency owing to the relatively low
temperature resistance of the Pd-based membranes; hydrogen membrane reactors
operate at temperatures of 400-600 °C (compared to 800-950 °C typical of con-
ventional reformers).

To mention, Barbiery et al. performed SMR reaction using a membrane reactor
which generates pure hydrogen [111]. The membrane reactor comprised of two
tubular membranes: one Pd based and another made from porous alumina. The
reactor run at 350-500 °C with no sweep gas, and the steam/methane molar ratio
was in the range 3.5-5.9. A 7 % increase in methane conversion over the ther-
modynamic equilibrium value was observed for the membrane.

Membrane performance is adversely affected by the presence of other gases and
thermal cycling. For instance, the gases such as N,, steam, CO, and CO, can
significantly decrease the permeability of the membrane. Such negative effect on
the permeation rate is attributed to the competitive adsorption of these gases with
the hydrogen [112]. However, at higher temperature (>500 °C), such effects can be
diminished [113]. Therefore, at normal working temperatures (500-600 °C), these
inhibition effects will not be significant.

Membrane reactors are able to achieve higher methane conversion at lower
temperature and higher total efficiency compared to the conventional SMR tech-
nique. However, more research needs to be conducted to enable the production of a
membrane that combines a thin layer, high flux, and stability in all operating
conditions. Membrane materials other than Pd could provide an inexpensive
alternative and should be explored.

3.4 In Situ CO, Capture Using NaOH

As mentioned briefly in Sect. 2.2.1 of Chap. 2, sodium hydroxide when included in
the conventional SMR technique can simultaneously capture CO, and generate
hydrogen. Such modification may lead to less energy or carbon penalty. The
inclusion of sodium hydroxide produces not only hydrogen as a product, but also
soda ash, which has huge commercial value. A similar approach called Skymine®
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technology (Skyonic) has received a lot of interest and is currently under deploy-
ment. However, such method has its own inherent disadvantages and will be dis-
cussed in the later part of this section.

We also performed a series of work at laboratory scale to illustrate the feasibility of
modified steam methane reformation (MSMR) (CH, + NaOH + H,0 = Na,COs + H,)
reaction [114]. Moreover, a detailed catalytic study was also performed and can be
found elsewhere [115]. The result showed that the MSMR is a single-step reaction
and can yield 98 % conversion at 600 °C under 25 ml/min of CH,. The catalytic effect
on the conversion of NaOH to Na,CO; is most pronounced at low temperatures
(300 °C), but the effect decreases as temperature increases to 600 °C. With the use of
variously milled nickel catalysts, the reaction temperature can be further lowered.
Using Scherrer equation, the crystallite size of variously milled nickel catalysts was
calculated. The crystallite sizes of raw, 2-h-, 3-h-, and 4-h-milled nickel particles
were 304.8,265.7,239.9, and 184.7 A, respectively, whereas the average particle size
increased from 3—4 pm (raw nickel) to 33-38 um (4-h-milled nickel). It is obvious
that prolonged milling of nickel catalysts (time = 4 h) caused the particles to coalesce
and grow in size decreasing the reaction rate. The best catalytic performance was
exhibited by 2-h-milled nickel catalysts. The study showed that then decrease in
catalytic activity of nickel is dependent on the crystallite size and thus milling time.
Here, a detailed explanation is provided to clarify the phenomenon behind the
reduction in catalytic performance of nickel upon prolonged milling.

Figure 3.7 shows the schematic of the morphology transformation observed for
nickel catalysts at different milling time.

It is well known that the mechanical milling is controlled by the two processes—
(1) cold welding and (ii) fracture. The particle size and morphology of catalysts are
determined by the competition between cold welding and fracture process. As can be
seen here, the milling process is dominated by the cold welding process. On milling,
nickel powders are cold welded and eventually form elongated powders. The for-
mation of disk-shaped particles demonstrates the severe ball-powder interaction
induces large stress for the nickel powders. Considering that the morphology and the
thickness of the disk-shaped nickel catalysts are quite similar to those of sticked
powder, it seems that the disk-shaped particles are formed by breaking off of the
powder sticked on the ball surfaces and the mill container walls (due to spalling
action of the ball). Flake-shaped particles have high diameter-to-thickness aspect
ratio. Due to its high aspect ratio, a flake particle has a larger specific surface area
than a spherical particle of the same volume, which can increase the chemical
reactivity [116, 117]. The heat inside the milling jar increases with increase in
milling time. Hence, the agglomeration occurs causing the particle size to increase
accordingly. Here, the particle size for 3-h or 4-h-milled samples is relatively larger
than 0-h or 2-h-milled particles. As a consequence, the aspect ratio of nickel particles
drastically decreases for more than 2 h milling time. Similar agglomeration behavior
has been previously reported for ductile metals such as Cu and Ni [118, 119].

We also explored the behavior of different alkali for MSMR technique [120].
Figure 3.8 shows the effect of alkali hydroxide on the methane transformation rate
at 400 °C for three alkali hydroxides.
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The carbonate formation rate becomes higher in the following order:
KOH ~ NaOH > LiOH. The similar observation of hydroxide reactivity is reported
by Ishida et al. [121] for the coal-alkali hydroxide—steam reaction and by Kamo
et al. [122] for PVC or activated carbon steam gasification reaction. Ishida et al.
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[121] correlated such a change in hydroxide reactivity with their melting points. In
this case, the reaction occurs with high rate well below the melting point of the
hydroxides. Thus, change in reactivity of alkali hydroxides can be attributed to their
alkalinity rather than to melting point differences.

Also, it is noteworthy to check the economic viability of MSMR process. For
instance, when 80 tonnes of NaOH reacts with 16 tonnes of methane, we can
achieve maximum of 8 tonnes H, and 106 tonnes of soda. If the efficiency of the
process, capital, operational, and other costs is not taken into account, then the price
difference between soda and the hydroxide would largely determine the production
cost of hydrogen [123]. One such method for calculation is shown in Fig. 3.9. It
suggests that if there is not much difference between the price of the product soda
and the reactant hydroxide, a plant owner with access to the hydroxide can gain
substantial benefit. If the demand for soda and hydrogen decreases, then the MSMR
technique would not be profitable. However, if the proposed method is employed, it
seems certain that the price of soda increases due to the demand of hydrogen.

As mentioned in Chap. 2, sodium hydroxide is produced by the electrolysis of
brine as [as shown in (3.10)]

2NaCl + 2H,0 — Cl, + H, + 2NaOH (3.10)

The reaction generates almost equal amount of chlorine and sodium hydroxide.
The degree of demand would determine which compound (chlorine or NaOH) can
be regarded as a by-product, and the price will vary accordingly. The price fluc-
tuations can be extreme: In times of oversupply, caustic soda prices can be as low as
$20-30 per tonne, whereas in short supply, prices can be $300 or higher per tonne
[124]. It would be wise to convert the caustic soda to soda in order to offset the
vagary of the price fluctuation as caustic soda can be replaced by soda ash in many
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Fig. 3.9 The price difference in soda and sodium hydroxide determines the price of hydrogen. In
this example, the price of hydrogen is fixed at $1,000/tonne. If the price of soda goes below the
sodium hydroxide by $30/tonne, the method may not be profitable
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applications, especially in the pulp and paper, water treatment, and certain chemical
sectors [125].

It is unfortunate that the chlor-alkali plants produce more carbon dioxide than is
demanded. The chemistry of the electrolysis process is bound to emit huge carbon
dioxide. Moreover, the number of chlor-alkali plants may even grow all over the
developing countries. The above-mentioned method reduces the emission of these
plants and can also provide benefit to the plant owners. In addition, the use of clean
hydrogen will benefit the environment.

In summary, there is a way to produce hydrogen with zero emission by using the
sodium hydroxide from existing chlor-alkali plants. This modified SMR process
removes a major impediment in the use of hydrogen for vehicular transportation in
a commercially viable way.

3.5 Conclusion

It is encouraging to see that currently various novel methods are being investigated
and developed to reduce the carbon emission emitted by the SMR technique. These
methods are primarily based on the use of metal oxides or alkali as CO, sorbent,
renewable energy sources, and membranes. In this chapter, the shortcomings for
these novel methods are presented with their proposed solutions. Unfortunately, for
most of these methods, fossil fuels continue to be a prime energy source. Overall,
there are some challenges to overcome before these proposed methods can be
deployed at a large scale. Owing to the scale of global energy demand, renewable
energy-based methods can be stationed in the near-to-far term. However, it is
important to concurrently develop all these methods as there will not be any single
solution. Rather, optimal solution may vary with regions depending on their energy
source, availability of raw materials, and end use of hydrogen. It is very critical to
establish net reduction in CO, emissions since only then the continuous use of
hydrogen can be justified.
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Chapter 4
Modified Coal Gasification Process
for Hydrogen Production

Abstract A significant amount of work has been performed to modify the
conventional coal gasification process. This chapter presents a brief review of
the methods that are supposed to reduce the vast emission of carbon dioxide during
the process. Most of these proposed methods include CaO as a CO, sorbent.
Moreover, efforts have also been made to integrate gasification of coal and biomass
which can offer several advantages. Similar to Chap. 3, the present chapter briefs
about the addition of sodium hydroxide (as a reactant) to the conventional coal
gasification process. The sodium hydroxide-assisted reaction operates at a relatively
mild condition and has potential to substitute the conventional method. However,
there are several existing issues related to the proposed technique which needs to be
resolved prior to its deployment.

Keywords Coal gasification - Sorbent - Biomass

4.1 Introduction

As coal reserves are available only for a definite time period, it must be used
effectively. Coal gasification is a chemical process in which solid coal reacts with
high pressure and high temperature steam and oxygen to form a synthetic gaseous
mixture of hydrocarbons, which can be used as a gaseous fuel or can be refined to
produce hydrogen gas. However, the hydrogen production using steam coal gasi-
fication process suffers severe disadvantages as mentioned in Sect. 2.1.1. Thus, new
technologies have to be developed to improve the efficiency of hydrogen produc-
tion and capturing carbon dioxide during hydrogen production. In the following
section, innovative techniques are listed which intend to produce clean hydrogen
using coal.
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4.2 Coal Gasification Using Fossil Energy Sources

4.2.1 HyPr-RING

Itis well known that the conventional steam coal gasification (C + H,O — CO + H,)
is an endothermic process and requires high temperature (>1,000 °C), whereas water—
gas shift reaction (CO + H,O — CO, + H;) is an exothermic reaction and does not
require such high temperatures to obtain a higher conversion of the CO as itis governed
by equilibrium (K. = Pco,Pn, /PcoPu,0). HyPr-RING is an acronym for hydrogen
production by reaction-integrated novel gasification. HyPr-RINGs first proposed in
1998; and only after 2 years, Japan started this project to develop at a commercial scale
HyPr-RING performs both conventional steam coal gasification and water-gas shift
reaction in a single step in presence of CO, sorbent (i.e., CaO) [1]. Figure 4.1 illustrates a
simple schematic for gasifier reactor of HyPr-RING process.

The raw materials supplied are hydrocarbons, CaO, and water; the major
products are hydrogen and pure CO,. HyPr-RING process involves two reactors: a
gasifier and a regenerator. The HyPr-RING method concurrently performs coal
gasification, CO, separation, and water—gas shift reaction in a single gasifier. This
method is performed without combustion and produces very high concentration of
hydrogen. The inclusion of CO, sorbent (i.e., CaO) to the reaction system serves
dual purpose of CO, capture and hydrogen generation. Besides H,S absorption
(CaO + H,S — CaS + H,0), CaO can also catalyze NH; and tar decomposition.
The spent CaO can be regenerated in another reactor called regenerator.
Equation (4.1) illustrates the overall HyPr-RING process.

C + CaO + 2H,0 — CaCOs3 + 2H,AHjgg x = —88kJ/mol (4.1)
CaO first reacts exothermally with high pressure steam to form reactive Ca(OH)s.

Simultaneously, coal reacts with steam to generate CO, and H,. Further, Ca(OH),
and CaO lock CO, in the form of CaCOs. In the regeneration reactor, CaCOj is

Fig. 4.1 Schematic of HyPr- H2 [99%]+ CH4
RING gasifier process
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decomposed to regenerate CaO and liberate pure CO, gas stream (CaCOz; —
CaO + CO,). In such way, the gasification-regeneration gets complete.
Previously, the successful integration of endothermic steam coal gasification and
exothermic water—gas shift reaction has been experimentally demonstrated [2].
Shiying et al. performed a detailed thermodynamic study of the system between CaO,
Ca(OH),, and CaCOs and reported that at 650 °C, CaO, and Ca(OH), are in equi-
librium at a steam partial pressure of 8.2 bar (the equilibrium favors Ca(OH), when the
pressure is >8.2 bar) [3]. Moreover, they also suggested that with the increase in CO,
partial pressure, CaCO;5 can be formed from both CaO and Ca(OH), phases. The
phase equilibrium calculation also indicates that at any given temperature, higher CO,
partial pressure is required for the formation of CaCO3 using Ca(OH), than CaO. They
supported their thermodynamic calculation by performing experiments. Their
experiments show that even at a low temperature (650 °C), calcium compounds were
crystallized and formed bigger particles with a carbon conversion of 60-80 %.
However, at high temperature (700 °C), solids melted and blocked the reactor.
Moreover, the mass and energy flow was also calculated for a typical HyPr-RING
process of 1,000 t coal per day [4]. These calculations showed that a fuel gas com-
prising an equilibrium mixture of 91 % H, and 9 % CH,4 can be obtained by gasifi-
cation of coal at 650 °C and 30 bar. The amount of the fuel gas produced was
calculated to be equivalent to 1.4 Nm?>/kg-coal, giving high cold-gas efficiency (=heat
value of fuel gas/heat value of coal) of 0.77. The result shows that the equilibrium gas
compositions are very sensitive to the temperature and pressure change. In particular,
the yield of hydrogen doubles with an increase in temperatures from 650 to 700 °C.
Moreover, the yield of hydrogen increases by 1.5 times with an increase in total
pressure from 10 to 60 atm and in the steam partial pressure from 7 to 42 atm [5].

4.2.2 ZECA

Los Alamos National Laboratory proposed a new concept for hydrogen production
called “zero emission coal alliance” (ZECA) [6]. ZECA integrates coal gasification
without combustion, hydrogen production with CO, absorption, and regeneration.
Interestingly, in ZECA process, coal is hydrogasified with hydrogen to produce
methane. Figure 4.2 shows the schematic of ZECA process. As mentioned, this
process involves three reactions and their operation conditions are mentioned in
parentheses:

1. Coal is hydrogasified to produce methane
C + 2H, — CH4(815 °C, 62 bars) (4.2)

2. Methane is reformed by steam to produce CO, and H,, CO, is fixed by CaO to
CaCO;
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Fig. 4.2 Schematic of ZECA H2 CO2
process

CH4/H2/H20

CH, 4 2H,0 — CO, + 4H,(815 °C, 30 bars) (4.3)
3. CaCO;s is sent to regenerator

CO; + Ca0 < CaCO03(1,130 °C, ~ 1 bar) (4.4)

As can be seen from Fig. 4.2, coal is first hydrogasified to produce CHy4. The
hydrogasification reactor functions at 8§15 °C, 62 bars. The gas leaving this reactor
is mainly composed of CH4 and H, as well as steam, CO and CO,. The produced
gas from hydrogasification reactor can then be sent to a reformer with CaO bed
material. In this reactor, CH4 reacts with H,O in presence of CaO to form H, and
CaCOs;. The reformer reactor works at 815 °C, 30 bars. The used CO, sorbent as
CaCOs can further be sent for CaO regeneration to a regenerator reactor, which
operates at a very high temperature (1,130 °C) but ambient pressure.

4.2.3 CCR (Carbonation—Calcination Reaction)

The Ohio State University proposed a method to integrate coal gasification with a
carbonation/calcination reactions (CCR) process to generate clean hydrogen [5].
Coal gasification produces the synthesis gas containing CO, CO,, H,, and H,O
(Fig. 4.3). The synthesis gas is then fed to water—gas shift reactor in the presence of
CaO-based sorbent. The obtained CaCO5 produced can further be sent to a rotary
calciner and reused.

All the involved reactions in the integrated coal gasification and CCR process
are mentioned below:
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Fig. 4.3 Diagram of CCR
process

Ash |

v
C + 2H,0 — CO + 2H, (4.5)
CO + H,0O — CO, + H, (4.6)
CO, + Ca0O « CaCOs; 4.7)

4.2.4 AGC: Advanced Gasification Combustion

The National Energy Technology Laboratory (NETL) and General Electric and
Environmental Research Corporation (GE-EER) developed advanced gasification
combustion (AGC) project. As shown in Fig. 4.4, AGC uses three fluidized bed
reactors. In gasification reactor, coal is partly gasified with steam in the presence of
Ca0. CaO captures CO, and forms Ca-carbonates. Further, the CO, sorbent, CaO,
is regenerated using the heat released by the combustion of char, which finally
releases CO,. Currently, AGC is performed at a pilot scale.

1. Coal is partly gasified with steam in the presence of CaO
C+H;0 — CO+H; (4.8)
CO + H,0 — CO; + H, (4.9)

2. Heat released by the combustion of char is used to regenerate CO, sorbent
(Ca0)

CO, + CaO < CaCO;3 (4.10)
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Fig. 4.4 Schematic of AGC H2
process

CaCoOs3

CO/H2/H20

Coal

Ash

I S

As can be seen, all the above-proposed techniques use CaO as a CO, sorbent.
However, these methods are still in their development stage. The CO, capture
concept is based on the earlier mentioned carbonation—calcination reaction cycle
[CaO(s) + CO,(g) <> CaCOs(s)]. Figure 4.5 illustrates the equilibrium in the
C-H,0-CaO0 system at 1 bar. The thermodynamic equilibrium calculation shows
that the system can (i) produce hydrogen at a relatively lower temperature; (ii)
capture CO, in the form of CaCO;, which is stable in the reaction condition; and
(iii) form Ca(OH), as an intermediate, which decomposes at temperatures higher
than 500 °C. The phase diagram suggests that at constant Pco,, stability of CaCOj3
decreases with decrease in Pp,o [3]. The equilibrium of C-H,0-CaO system at
various pressure and temperature is provided elsewhere [1]. It shows that in the
C-H,0-CaO0 system, [CO], [CO,], and [CH4] are lower, and [H,] is higher than

Fig. 4.5 Equilibrium in the C+2H,0 + CaO
system C—H,O0-CaO
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those in the C—H,O system. [CO] and [CO,] decreases with increasing pressure and
reaches approximately zero at pressure >40 bars. The fixation of CO, by CaO is
significant to reduce the [CO] and [CHy4] and increase [H,].

4.3 Coal Gasification Using Non-fossil Energy Sources

4.3.1 Biomass

Co-gasification of coal and biomass offers several advantages over coal or biomass
gasification [7]. Coal gasification emits high greenhouse gas compared to biomass
gasification due to the high carbon content and low volatile percentage in coal
[8, 9]. Liu et al. [8] reported that greenhouse gas emission index (GHGI) for coal
gasification was 1.91 which significantly reduced to 0.96 when a mixture of 40 %
biomass and 60 % coal was used as feedstock. Besides the obvious benefits of using
renewable resources, it also allows biomass gasification to be performed at a larger
scale with high efficiency and lower specific operating costs than conventional one
[10, 11]. One such example is of IGCC plant at Buggenum (Netherlands), where
co-gasification of up to 50 % w/w biomass were performed to reduce CO, emission
[12]. In the same context, Maxim et al. [13] designed the concept of integrating
CCS at IGCC plant based on coal gasification of coal and biomass.

Numerous laboratory-scale studies have been reported based on co-gasification
of coal and biomass in fluidized and fixed bed reactors under varying conditions. It
has been observed that synergy effects in co-pyrolysis and co-gasification lead to
high reactivity [14], high fuel conversion [15], change in H,/CO ratio in product gas
[16], and reduced tar production [17]. Recently, Howaniec et al. [18] performed
steam coal gasification of Polish hard coal and Salix Viminalis blends in a fixed bed
reactor under ambient pressure and temperature of 700-900 °C. They concluded
that in co-gasification of blends of 20 and 40 % w/w content of biomass, the total
volume of product gas was increased when compared to coal or biomass gasifi-
cation. However, at higher biomass content of 60 and 80 % w/w, a slight decrease
in the volume of product gas was observed. In their recent study, a correlation
between ash composition and the synergy effects was mentioned. Further, they also
determined the optimal operating conditions of energy crop types and steam co-
gasification in terms of hydrogen-rich gas production [19]. Moreover, Wang et al.
[20] simulated a model comprises of two sub-models (i.e., combustion and gasi-
fication models) to test a single fluidized bed performing two-step gasification
process and predicted the H, generation at various conditions. They observed that
the molar concentration of hydrogen increases with the increase of steam/coke ratio,
a value of 1.8 is highly desired. Moreover, a ratio of % for coal/biomass can
produce highest amount of hydrogen.

It is noteworthy that addition of biomass to coal gasification can not only mit-
igate carbon emission but also control the emission of sulfur and ash contained
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in coal. This could be achieved due to the biomass, which has almost no sulfur and
low ash content [9]. However, biomass is expensive to gasify and produces large
amount of tar. In Chap. 2, a summary of the increasing use of alkali to control the
undesired tar formation during biomass gasification is provided. In essence,
co-gasification can not only reduce the cost of feedstock but also control the
problem of tar formation.

4.3.2 Solar-Driven Gasification

As gasification is an energy intensive process, it requires an external energy source
to maintain a high-temperature environment inside the gasifier. Solar-driven gasi-
fication uses concentrated solar energy to provide such enormous energy and thus
have potential to reduce overall CO, emission. The credit goes to Gregg et al. [21]
who first demonstrated the solar-gasification of sub-bituminous coal, activated
carbon, coke, and a mixture of coal and biomass in a fixed bed using a 23-kW solar
furnace. The sunlight was focused on the bed through quartz window. Similarly,
Taylor et al. [22] used a 2-kW vertical-beam solar furnace to gasify carbonaceous
materials in a packed bed reactor. They compared the performance of fluidized bed
reactor to a packed bed reactor and found that the fraction of the incident solar
energy utilized to produce CO (stored) was 10 % in the case of the fluidized bed
reactor and 40 % for the packed bed reactor. Another study dealt with a bench scale
unit of the UNH Gas Recirculation System for coal carbonization that has been
tested using an electric heater to simulate solar energy with nitrogen as the heat
carrier gas [23]. This study shows the successful carbonization of coal by indirectly
transferring simulated solar heat, using the gas recirculation technique. The prod-
ucts obtained are similar to those from a conventional carbonization unit. To date,
significant improvements have been made in this field. However, the main chal-
lenge lies in scaling up the solar-based methods. Recently, Dincer et al. [24] pre-
sented a detail study on the role of solar energy for hydrogen production and could
be worth reading.

4.4 In Situ CO, Capture Using NaOH

The inclusion of sodium hydroxide to the steam coal gasification technology
transforms the process to a much simplified-single step reaction (4.11).

2NaOH(s) + C(s) + H,0(g) — NayCOs(s) + 2H,(g)

(4.11)
AH327 oc = 64.58 kJ/mol
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A brief introduction to the method is given in Sect. 2.1.1. As mentioned earlier,
sodium hydroxide can facilitate steam coal gasification process (4.12) to generate
hydrogen at a relatively low temperature.

2C(s) + 3H,0(g) — CO(g) + CO2(g) + 3Ha(g)

(4.12)

AH327 oc = 95.73 kJ/II’lOl
Figure 4.6 shows the thermodynamic calculation for sodium hydroxide-assisted
coal gasification process [NaOH(s) 4 C(s) 4+ H,O(g)] using Factsage™ software.
The use of sodium hydroxide to the coal-steam system requires less energy input
(95.73 kJ/mol reduced to 64.58 kJ/mol at 327 °C) [19]. The system not only locks
CO, in the form of soda ash but also generates hydrogen. Moreover, the system
does not produce complex mixture of gases.

Table 4.1 compares the energy requirement for sodium hydroxide-assisted coal
gasification process with the conventional coal gasification method. It is apparent
that the inclusion of alkali has potential to lower the operating temperature and
carbon dioxide emission as well. Consequently, relatively less amount of coal
would be required to operate such modified reaction. The by-product of reaction
(4.11), sodium carbonate (Na,COs3), has huge application in different chemical
sectors such as glass manufacturing, electrolyte, textiles, and domestic use.

Sodium hydroxide has previously been used for hydrogen production in
industries. For instance, the black liquor gasification process uses alkali hydroxide
for both hydrogen production and carbon sequestration. In a typical pulping process
for paper production, approximately one-half of the raw materials are transformed
to pulp and other half is dissolved in the black liquor. The black liquor solution has
well-dispersed carbonaceous material, steam, and alkali metal which act as energy
source for the plant. Reactions (4.13) and (4.14) dominate in the presence of
carbonaceous material and water in the liquor:

Fig. 4.6 Calculated 0.5C+0.5H,0 +NaOH
equilibrium in the system H,
2NaOH(s) + C(s) + H,O(g) 1.0 /
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Table 4.1 Thermodynamic
properties for different C +H,0 NaOH + C + H,0
hydrogen production methods ~_Temperature (°C) 800-1,200 500-700
after inclusion of NaOH [20]  Enthalpy (AH, kJ/mol) |95.73(327 °C) | 64.58 (327 °C)
Mixture of product CO, CO,, H, |H,
gases
Coal/Hy(g/g) 3.73 3.49
CO,/H,(g/g) 13.67 1.80
C(s) + H20(g) = CO(g) + Ha(g) (4.13)
CO(g) + H20(g) = COz(g) + Ha(g) (4.14)

However, reaction (4.14) is thermodynamically limited and thus never proceeds
toward completion and that prohibits hydrogen concentration to exceed a certain
limit. Interestingly, in the presence of NaOH, the equilibrium can be shifted to drive
reaction (4.14) toward completion and maximum hydrogen concentration can be
achieved. As can be expected, the concentration of undesired CO and CO, is
reduced considerably in the product gases.

We performed the experimental study over reaction (4.11) and determined the
optimal catalysts and their sizes [21, 22]. Prior to the selection of suitable catalysts
for the modified coal gasification reaction, we established the correlation of coal
particle size with the reaction yield. Coal particles were mechanically milled for O,
1, 2, and 4 h. The corresponding average particle size was 15.07, 9.29, 6.27, and
13.97 um for raw, 1, 2, and, 4 h, respectively. Further, reaction (4.11) was carried
out at 600 °C using various coal particle sizes. The experimental results showed that
higher coal particle size leads to a lower % conversion of sodium hydroxide to soda.

Moreover, catalytic study was also performed over 2-h-ball-milled coal (mean size of
6.27 um) using nickel (100 mesh) and Raney nickel (=325 mesh) at 600 °C. The
experimental results exhibited that in the presence of Raney nickel catalysts, reaction
has the maximum yield at any time. Raney nickel possesses highly porous micro-
structure and thus is more active than nickel catalyst for reaction (3.8). After the
selection of appropriate catalysts for the reaction, we performed mechanical milling to
correlate the reaction yield with catalysts particle size. Therefore, Raney nickel catalysts
were milled for O, 1, 2, or 4 h time and the corresponding crystallite size (calculated
using X-ray diffraction pattern and Scherrer equation) was calculated. The calculation
showed that the crystallite sizes of raw 1-, 2-, or 4-h-ball-milled Raney nickel are 413,
347, 209, and 190 A, respectively. As expected, the crystallite size decreased due to
mechanical milling. Moreover, the average particle sizes of the variously milled Raney
nickel catalysts were 11.74, 12.18, 15.72, and 13.72 um for raw, 1-, 2-, and 4-h-milled
particles. Two-hour-milled Raney nickel showed the highest reaction kinetics at 500 °C.
The reason could be attributed to both geometrical and morphological factors. The
geometrical factors include combined effect of the particle and crystallite size. As can be
seen, mechanical milling was performed to correlate the catalytic performance of Raney
nickel catalyst with its particle and crystallite size. The average particle size of the Raney
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nickel increased till 2 h milling time and that indicates the dominating cold welding
process. However, prolonged milling reduced the average particle size for 4-h-milled
sample and reveals the increasing dominance of fracture process. The reduced perfor-
mance of 4-h-ball-milled Raney nickel can also be due to either a high mechanical
abrasion of the catalysts surface or thermally induced deactivation. During longer
milling hours, the temperature inside the jar increases that influences the surface area of
particles. Moreover, 2-h-milled Raney nickel catalyst has maximum % reduction in the
crystallite size. Therefore, a large number of generations and movement of dislocations
or vacancies led to a high catalytic performance for 2-h-ball-milled Raney nickel
catalysts.

As seen above, the inclusion of sodium hydroxide can reduce the operating
condition of coal gasification process. The use of 2-h-milled Raney nickel (milled
with powder to ball ratio of 1:54) can further lower this condition. However, there
are other important factors (such as corrosiveness and sources of sodium hydroxide,
recyclability of catalysts, and reactor design) which must be investigated in detail to
scale up the reaction. As indicated in the previous chapters, the inclusion of sodium
hydroxide to fossil-fuel-based hydrogen production methods can have huge benefits
if renewable sources can be the prime energy contributor.

4.5 Conclusion

It is evident that significant work has been dedicated to modify the conventional
coal gasification process. Most of these modified routes primarily integrate CO,
sorbents (CaO, NaOH) or renewable resources (biomass, solar) in the reaction
system to reduce vast CO, emissions. However, at present, these new reaction paths
also inherit challenges and needs to be resolved soon. Overcoming these challenges
can help in establishing the hydrogen economy.
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