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Earth Abundant Catalysis for Ammonia )
Synthesis ot o

Bilge Coskuner Filiz and Aysel Kantiirk Figen

Abstract The sustainable ammonia (NH3) synthesis is not only one of the most
attractive processes but also one of the most challenging catalytic ones under ambient
conditions. The exothermic characteristic of synthesis reaction and also stability and
inert behaviour of atmospheric nitrogen (N;) make the conversion of N, to NHj3 hard,
while N is available in 78% in air. The industrial operations have been conducted
under high temperature—pressure conditions by conventional Haber—Bosch process.
The high energy requirement due to harsh operating conditions and the evolution of
greenhouse gases (e.g. CO,) during the synthesis make this process unsustainable for
NHj; synthesis. Besides, this process has made a lot of contribution to the catalysts
field for nourishing, the sustainable and novel improvements have been still looked
for more ambient and green synthesis process. The low synthesis efficiency and harsh
operating conditions depend on the process that has still required to be improved and
attracted many researchers’ interests. In this chapter, earth abundant catalysis for
NH; synthesis was gotten the point of classical and sustainable process approaches.

Keywords Earth abundant metal - Catalyst - Ammonia - Synthesis

1 Introduction

Ammonia (NH3) synthesis has been grown one of the most major processes that
have been used more than 1% of power consumption all over the world. Since 1910,
the studies on the catalytic hydrogen and nitrogen reaction for the synthesis of NHj
have been still gone on. Up to today, catalytic ammonia synthesis has led to many
remarkable progress and novelty for industrial and academically. Two of the Nobel
Prizes have been granted an award on innovation of catalysis due to noteworthy effect
on this field. During the researches on this field, the fundamentals and new concepts
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such as promoting, poisoning and structure sensitivity have been developed. Efforts
for the development of completely new catalyst formulation with new metals or
improving the conventional catalytic system have been still going on [1-3]. Several
efforts have been done to develop a industrial preferred catalyst a century ago by
multi-promoting of iron catalysts [4].

The USA Department of Energy (DOE) organised a day-long meeting “to break a
new ground the scientific struggles associated with improving sustainable ammonia
production processes in beginnig of 2016. It was focused on discovery of reusable,
recyclable, repeatable and highly active catalysts for sustainable ammonia synthesis
in DOE Roundtable Report. The substantial carbon footprint of the current indus-
trial process must be addressed to build foundational principles. The design of the
next generation of sustainable N, reduction catalysts, that are active under ambient
conditions, such as homogeneous, heterogeneous, chemical or biological catalysts
are alternative to the high temperature—pressure required processes’s catalysts [5].
Currently, there is no viable catalytical system has been known that shows all of
the requirements as product selectivity, catalytically active, easily scalable and long-
lived for sustainable ammonia synthesis. Various types of earth abundant catalysts
for ammonia synthesis have been synthesised up to today. Many classifications could
be done according to the ammonia synthesis or type of catalyst precursor metal as
shown in Fig. 1.

e —
Magnetite Based
Catalysts
Iron Based /
Catalysts \
Wustite Based
Catalysts
Thermo-catalytic Iron-cobalt Based
Process Catalysts Catalysts
ey
Molybdenum
Based Catalysts e ——
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Synthesis Catalysts Photo-catalytical
Process
Electron-driven / Molten Salt
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Sustainable Electrocatalyst
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fr———
Liquid Type
Electrocatalyst

Fig. 1 Classification of ammonia synthesis catalysts according to process
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2 Catalysts Based on Process

2.1 Thermocatalytic Process

The thermocatalytic ammonia synthesis has been applied in industrial ammonia
production all over the world. The synthesis reaction is based on the interactions
between the molecular nitrogen and hydrogen in the presence of catalyst as given
below:

N, + 3H, <> 2NH; (1)

Due to the reaction is reversible and hard to break the highly stable N=N bond
with high binding energy (962 kJ mol~!) in N, molecule and also the total vol-
ume/pressure of reactants and products decreases with the progress of the reaction,
the high temperature and pressure are required for driving the reaction on the ammo-
nia side by increasing the synthesis yield and conversion. Besides the harsh reaction
conditions, the most preferred process by industry has been this approach [6-9].

2.1.1 TIron-Based Catalysts

The iron-based catalysts used in thermocatalytic process, as called Haber—Bosch pro-
cess, that carried out at high pressure (150-350 atm) and temperature (350-550 °C)
with low conversion (10~15%) of NH3 and high energy consumption (485 kJ mol~)
[10-12]. The iron-based catalysts have been investigated for almost a century.
These could be classified into two categories as conventional magnetite-based and
wustite-based catalysts.

Magnetite-Based Catalysts

The iron-based catalysts firstly prepared from magnetite. Fe3O4-based catalysts
were deeply investigated for ammonia synthesis, and later on, several researches
on improving a new type of catalysts gained importance. The new type of Fe-based
catalyst—Fe;_,O (A301 and ZA-5) has been invented (US Patent 5,846,507, 1996;
European Patent 0,763,379, 2002; and Germany Patent 69430143T2, 2002.) that
gain attraction due to its much lower reduction temperature and higher activity than
the conventional magnetite-based catalysts. The catalytic activity of Fe;_,O-based
ZA-5 and Fe;O4-based A110 catalysts were different based on their structural prop-
erties: Fe;_,O-based catalyst exhibited lower reduction temperature with faster rate.
Besides the concave cube-shaped active sites of Fe;O4-based catalysts have more
(110) plane, the active parts of Fe;_,O-based ZA-5 are mixture of sphere and cube
with more exposed (211) and (111) planes but less subjected (110) plane [13]. In the
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iron catalysed systems, the strong adsorption of nitrogen led to negative order, while
hydrogen is positive during equilibrium with hydrogen and ammonia [14].

Magnetite-based catalysts are called to be conventional catalysts for ammonia
synthesis. They mainly consist of iron oxide Fe;O4 and metal oxide promoters as
aluminium (Al,03), calcium (CaO) and potassium (K,0O). The type and composition
of promoter and Fe*/Fe* ratios have been investigated for a long time for ammonia
synthesis. According to the classical volcano shape, the appropriate Fe?*/Fe?* ratios
were determined to be 0.5 for efficient catalytic activity [15]. Haber—Bosch process
industrially used multi-promoted iron catalyst in the past century for ammonia syn-
thesis. Advantages of iron-based catalyst are being high reactivity, a long lifetime
and low cost for the ammonia synthesis, yet at high NH3 concentrations, its overall
activity is strongly affected by the decreasing synthesis [1].

Alkali metal is widely used and investigated as promoters in thermocatalytic
production of ammonia synthesis. The importance and complexity of promoting
have been taken attraction in this field. Aluminium (Al), potassium (K) and cal-
cium (Ca) strongly enrich the surface of catalyst. Oxide forms of Al and Ca are
structural promoters from separate particles. Especially, K as an electronic promoter
provides good catalytic performance by covering the iron sites and localised active
sites/regions on the surface of fused-iron catalyst. Another important factor is dis-
tribution of promoters on catalysts surface that affect the reduction and ammonia
production [16].

Waustite-Based Catalysts

Waustite-based catalyst discovered by Liu et al. in 1986. This catalyst shows much
higher activity and lower temperature of reduction than the conventional magnetite-
based catalysts. Several metal promoters such as niobium and cobalt (Co) have been
investigated for improving the catalytic properties of Fe-based catalysts. Niobium
promotion on wustite-based iron catalyst was enhanced the reducibility of wustite-
based catalyst which is highly desired by industry due to decrease time needed for
catalyst regeneration and pre-treatment processes. Besides this, niobium promoting
inhibited the formation of [2 1 1] plane that is effective for ammonia production [17].
Cobalt addition into wustite catalyst showed a positive catalytic effect on ammonia
synthesis reaction. The reduction temperature was shifted to the lower values than
wustite catalyst and a reduction rate of catalyst reached the maximum [15].

2.1.2 TIron-Cobalt-Based Catalysts

Cobalt-based catalysts became one of the most investigated ones to develop lower
NHj3; inhibition and highly active catalytic systems in recent years, due to cobalt has
almost maximum of volcano curve of an intermediate binding energy to nitrogen for
NH; synthesis similar to Fe and Ru. Despite it is located on the right-handed side
that means has lower catalytic activity, higher activation energy and less sensitivity
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to NHj concentration in the gas phase, several strategies such as promoting, alloying
and supporting have been applied successfully for improving its activity, general
catalytic properties and thermostability [1, 18].

Co-precipitation prepared Co-catalysts exhibited in higher reactivity than the com-
mercial iron catalyst (KM 1) [2]. This widely used technique has important parameters
as a precursor of an active phase, pH of solutions, a precipitating agent temperature
or ageing time that strongly affects the catalysts’ properties. The using of differ-
ent precipitating agents has not been led to a difference in textural properties and
active phase surface area for cobalt-based catalysts. Yet using different promoters
such as potassium (K), barium (Ba), cerium (Ce) and their combination strongly
influences the catalytic activity of the materials for ammonia synthesis [19, 20].
Especially, barium reported being an efficient promoter for Co-based catalysts com-
pared with Fe-based catalysts [1]. Several researchers reported that promoting by a
second element such as Ce improved the Co-based catalysts’ properties [21, 22].

Rarég-Pilecka et al. reported that promoted unsupported cobalt catalysts with
barium and cerium showed more reactivity than the commercial iron catalyst (KM
I, H. Topsoe) in ammonia process commonly. The cerium oxide acts as a structural
promoter role, inhibiting the sintering of cobalt species and stabilizes the hcp phase of
metallic cobalt during process. Also, synergistic relation between barium and cerium
improved the catalytic performance of cobalt catalyst. Barium promoting is not only
improved the activity but also modified the active phase in the cobalt oxide catalysts
[2, 21, 22]. Potassium promoting reported to being decreasing effect of Co/CeQO,
catalyst by altering the adsorption performance of hydrogen and nitrogen molecules,
rather than its electronic property [19].

Besides this, using different promoting procedures affects the catalyst’s activity.
Ce promoting by co-impregnation technique showed better dispersion on catalytic
material—Co-Ba/C catalysts that have higher activity compared with subsequent
impregnation prepared one [18].

The advantage of the promoting of Co-based catalysts by Ba and Ce elements is
being less inhibition by ammonia than the commercial magnetite catalysts [18]. It
must be noted that also the amount of promoter is an important factor for improving
the catalytic performance; otherwise, higher promoting quantities on the catalyst
structure could be results with lower activity [19].

Cobalt molybdenum nitride (Co3MosN) was indicated to be potentially the more
active catalyst due to the active sites for a number of metals than industrial iron
catalysts and promoted ruthenium for ammonia synthesis [4, 23]. The promoting by
alkali metals such as Ce, K in optimal concentration optimum improved the catalytic
behaviour. Ce promotion provides stability under process conditions [23].

The low dispersion of Co metal in catalytic materials resulted in low rate of
reaction with respect to metal mass [22]. The improving of dispersion has been
increased by using supporting materials such as carbon [18] and cerium (CeO,) [19].
Not only the type of the supporting materials affect the activity, but also morphology
of the same crystalline structured support does the same. Polyhedral, nano-rod and
hexagonal-shaped CeQO, supports have altered the oxidation catalyst content that
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resulted to altering in reactivity. The highest ammonia synthesis activity was obtained
by using polyhedral CeO,-support which led to higher concentration of Ce*? and
lower binding energy of Co species [24].

2.1.3 Molybdenum-Based Catalyst

The nitride form of molybdenum as a non-noble metal is stable under ammonia syn-
thesis conditions that make it a simple material to improve the highly active catalyst
[25]. According to volcano-shaped relation of turnover frequency—nitrogen adsorp-
tion energy curve of several catalysts for ammonia synthesis, solely Mo-catalyst
showed lower activity than the Fe-, Ru- and Co-based catalyst and higher activity
than the Ni-based ones. Using combination of Mo and other metal in catalyst struc-
ture was suggested to create active sites for desired activity. Mo metal is too strongly
binding with N, Co metal is vice versa. This combination was developed to obtain
better activity than Fe and Ru catalysts [26]. The bimetallic forms of these catalysts
with iron, cobalt or nickel metals performed improved performance as Co-Mo >
Fe-Mo > Ni—Mo. Besides these, their ammonia synthesis performance decreased
significantly during a prolonged run [27]. Molybdenum nitride catalysts such as
CoszMosN, Ni-Mo-N, Fe-Mo-N and Mo, N had almost same activation energy val-
ues. The addition of a Co, Ni or Fe component into catalyst changed the catalytic
activity. The increase in pressure resulted in increased in ammonia production rate
similar to iron catalysts, while Cs-promoted CosMo3N catalyst showed higher activ-
ity than Fe—-K,0-Al,0O3 especially under high pressure [28]. Alkali addition on
molybdenum catalyst led to decrease the surface area of CosMosN, yet led to devel-
opment active catalyst for ammonia synthesis [25]. Small amount of Cs promoting
in CosMosN catalysts proved to have higher activity than that of the commercial
multi-promoted iron catalyst [4].

The new catalysts proposed and worked at non-Haber—Bosch conditions. It was
mentioned that it was theoretically possible to synthesise the most active catalyst at
low pressure and temperature Haber—Bosch process. They discussed the new classes
of catalyst materials as transition metal compounds by calculating transition state
energies. They calculated the dissociative chemisorption energies for N,, CO, O,
and NO on the (110) stoichiometric surface of oxides, and it is found that this class
of materials is up and coming for ammonia synthesis if the oxide with ideal binding
energy of nitrogen could be discovered [29].

2.2 Electron-Driven Process

Ammonia synthesis by the electron-driven process is based on the reduction of nitro-
gen molecules by using hydrogen or water molecules to ammonia as given below in
Egs. (2) and (3):
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Na(g) + 3Hag) — 2NHj( )

Na(g) + 3H20() — 2NHj(g) + Oz 3)

Due to H; production is also over costing process, water is more promising hydro-
gen source. The reactions are strong endothermic and six electrons along with six
protons are needed to transfer to formation of ammonia molecules. The catalysts in the
field of electron-driven processes mainly classified into two sections: Photocatalytic
and electrochemical ammonia synthesis.

2.2.1 Photocatalytic Process

Photocatalytic process for ammonia synthesis is based on the redox reactions. The
semiconductors and metal clusters are components of the system that use as photo-
catalysts in the process. The metal active sites provide dissociative and associative
adsorption of reactants and play curial role in improving the photocatalytic activity.
Au, Ag, Cu, etc. metals with large free electron density could be easily excited by
visible light and brought out collective vibration to form holes and electrons in metal
structure. If energy of electron passes beyond Schottky barrier height between semi-
conductor and metal, electrons transfer to the semiconductor and ammonia synthesis
is successfully completed.

The general classification of this class of catalysts could be done as several
metal oxides, oxyhalides, graphitic—carbon, transition metal sulphides based cata-
lysts [30]. TiO,, Fe, O3, Fe(O)OH, CuO, WOy, Sm,03, Ti-exchanged zeolite, V,03,
GaP, BisOy1, etc., several semiconductors have been improved as photocatalysts. The
first investigation on the semiconductor types was started with TiO, and the phase of
rutile was found to be more active [31]. The high temperature heat treatment and pro-
moting by using noble metal oxides such as iron made the photocatalytic behaviour
of TiO, more active due to creating the impurity states or defects in the band gap of
material [32, 33].

The facet design, vacancies design, doping, structure design and co-catalysts
design strategies have been developed to obtain more efficient synthesis [31].

The facet design strategy includes bismuth oxyhalides, two-dimensional (2D)
materials, ultrathin (UT) materials and layered double hydroxide (LDH) with ultra-
thin layered structure developments. The UT design provides facile synthesis perfor-
mance by creating defect-abundant structures in materials that affect the electronic
structure and lead to metal-metal electron transfer [34].

The vacancies design approach grounds on creating vacancies in materials
structure to generate electrons and donating them to the N, molecules. Bismuth
oxyhalides, TiO, and ternary metal sulphides have been investigated up to today.
Bismuth oxyhalides (BiOX, X: Cl, Br or I) as a 2D semiconductors have been taken
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an attention of having good photocatalytic activity due to easily generation of vacan-
cies in their structure. The only obstacle prevents the sustainability of the material is
easy oxidisation of the bismuth oxyhalides during the process [35].

The doping of photocatalysts by metal additives has been useful for promoting
the ammonia synthesis. Cu, Mo, Cr, Fe, Ce, V, Mg, Al, etc. elements have been used
for adsorbing and activating the nitrogen molecules to transferring the electrons to
the adsorbates [36—42].

One of the other strategies to design effective photocatalysts is structure design.
Transition metal has been used in co-catalysts design to enhance catalytic activity
by promoting the fine-tuning adsorption and electron—hole separation such as homo-
geneously disperse metal structures supported on the surface of photocatalysts as
graphene and TiO, [43, 44]. Some of the researchers promoted the co-catalysts by
addition of oxides such as Al,Oj3 in the catalyst’s structure to improve the catalytic
features [45].

Transition metal sulphides are one of the other interesting alternatives for ammonia
synthesis due to their relatively narrow band gaps in the photocatalysts. Despite the
first studies showed very low production yield, the studies are still popular. The first
investigated one was CdS and then, by addition of different transition metals such as
Zn, Mo, Ni, etc. into structure, the ammonia synthesis yield was aimed to be increased
[30]. By modifying the surface vacancies of photocatalytic sites, the process will be
improved for sustainable ammonia production.

2.2.2 Electrochemical Process

Electrochemical process to ammonia synthesis has driven an attention due to reducing
the energy consumption (20%) and providing a more sustainable and alternative
approach compared with Haber—Bosch process. Series of functional materials as solid
oxide electrolytes, molten salt electrolytes, polymer-type electrolytes, liquid-type
electrolytes have been developing for catalytic electrochemical process [46].

The theoretical researches concern the ammonia production electrochemically at
the ambient temperature and pressure. The density functional theory calculations for
electrochemically ammonia formation on pristine earth abundant metal electrodes
have been investigated. Mo, Fe, Rh and Ru are found on top of the volcano dia-
grams with the most active surfaces; besides this, hydrogen gas formation will be
a competing reducing reaction to the faradaic efficiency. It was shown that early
transition metals such as Sc, Y, Ti and Z could yield the formation of ammonia [47].
For more detail, the classification of electrochemical catalytic materials was given
and explained below.

Solid Oxide Electrocatalysts
Solid oxide type electrolytes perform ammonia synthesis at high temperatures beyond

500 °C. The solid oxide electrolytrocatalysts could be classified as a perovskite-type
(ABO3), pyrochlore-type (A;B,07) and fluorite-type oxides (AO,) [48].
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The perovskite-type solid oxides are consisted of a rare earth abundant element
(A site) such as strontium, barium, lanthanum and a transition metal (B site) such as
zirconium, cerium and gallate. Barium cerate oxide (BaCeO3), strontium zirconate
(StZrO3) and lanthanum gallate (LaGaO3) are typical examples for this class of elec-
trolytes. The divalent (Ca®*) and trivalent (Yb**, Nd*, Y3*, Gd**) cations (M site)
could be included in perovskite structures, formulated as AB; xMxO3_s. The ammo-
nia synthesis in presence of this oxide system generally occurs at high temperature
range as 500-1000 °C. Doping agent as Gd used in the barium cerate structures for
increasing the electrical conductivity of the system by several researchers and under
atmospheric pressure —480 °C temperature ammonia synthesised.

The pyrochlore-type solid oxides maintain A** and B** cations that have a higher
value than 1.22 for their radius ratio. The value is lower than the fluorite structure
that is obtained during preparation. Pyrochlore structure transform into fluorite at
higher preparation temperature as 1370-2230 °C. Despite, the perovskite-type oxides
have high proton conductivity in H, atmosphere; the pyrochlore types only have this
ability at high temperatures. The fluorite-type solid oxides generally have large radius
tetravalent cations (A*") in their composition such as (Ce**, Th*, U**, etc.) [48].

In solid oxide materials, the biggest problem is low catalytic activity due to their
proton activity is high at only at higher working temperature. For this reason, the
structures with high Faradaic efficiency and high ammonia synthesis rate required to
develop a more accurate temperature range (200-500 °C).

Molten Salt Electrocatalysts

Molten salt type electrolytrocatalysts have been grown interested due to mild working
temperatures (200-500 °C), wide electrochemical window, thermodynamic stabil-
ity, low vapour pressure and high ionic conductivity in electrochemical ammonia
synthesis. Generally, molten salts form from NaOH, KOH, LiCl, KCl, CsCl, LisN
and their eutectic mixtures [46, 49, 50]. Depending on the electrodes such as Fe, O3,
CoFe, 04, Ni, etc. and their specific properties, ammonia synthesis could be achieved
with high rate and lower temperature. In the presence of nano-catalysts in the molten
salt, the electrical conductivity and synthesis efficiency were improved to the higher
values [51].

Polymer-Type Electrocatalyst

Polymer-type solid systems are generally maintained membranes such as Nafion,
sulfonated polysulfone, etc. and catalytic materials. The biggest advantage of this
type of materials is lower working temperature (—80 °C) compared to the previous
systems. The proton conductivity of membranes was improved by additives. For this
aim, Ni, Li ... etc. additives used and they affected the whole process in a differ-
ent way. The ammonia synthesis efficiency needs to improve in these systems, by
decreasing the working temperature below 80 °C and prohibit the back decomposition
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of ammonia to nitrogen which leads to low ammonia synthesis rate [46, 52, 53]. For
electrochemical synthesis of ammonia, samaria-doped ceria Cey gSmg 0, —3 (SDC)
and SmFe(;Cug3_, Ni, O3 (x = 0-3) were sol-gel technique synthesised to be used
as cathode. The ammonia synthesis was performed at low temperature—atmospheric
pressure by using a Nafion-membrane electrolyte, Ni-doped SDC anode and Ag-Pt
paste current collector. The ammonia production rate in cells with several potentials
at 25 °C for SmFe 7-xCug 3_,Ni, O3 (SFCN) materials with several Cu:Ni contents as
the cathode and at variety of temperatures and 2 V potential were measured. Accord-
ing to the optimisation results, the ammonia evolution rate was obtained in higher
values in the case of using SmFeq7Cug ;Nip,0O3 cathode. The highest evolution rate
was reached 1.13 x 10~% mol cm~2 s~! under conditions as 80 °C and 2 V [54].

Liquid-Type Electrocatalysts

Liquid-type electrolytes provide ammonia synthesis at atmospheric pressure—room
temperature in a more relevant way. Efforts on improving electrocatalysts such
as gold, iron, etc. in designed structures have been taken an attraction of several
researchers in this field. Several earth abundant metals such as Mo, Co, Fe, Cu, Ni,
Ag and Ti, etc. have been studied for this process [55]. By changing of the par-
ticle size of electrocatalysts, electrolyte medium, temperature, supporting material
or type of active metal; the yield of the process alters. The liquid medium could
be acidic or basic depending on the selection of electrocatalysts in these systems.
When the air is preferred as a N, source in the strong alkali medium such as KOH,
NaOH, etc., alkaline material reacted with CO, in air and forms carbonates. As a
result of this interaction, low ammonia synthesis yield is obtained. This problem
could be prohibited by using less concentrated alkali formulations. Also, it was
reported that strongly acidic mediums provide highest yields [56]. The performance
of liquid-type electrocatalysts affects from temperature change, even they work at
low temperature 5-65 °C and have some limits in mass transfer due to this [57].
Similar to Haber—Bosch process, Mo metal shows good catalytic ability for the elec-
trocatalytic ammonia production [58]. Also, transition metal nitrides, such as W, V,
Nb and Cr, reported as being most active ones [59, 60]. VN nano-wire/carbon cloth
(VN/CC) was developed as a highly active catalyst for reduction reaction of nitrogen
under ambient conditions in acidic media for the purpose of making the Haber—Bosch
process much sustainable route. They also provide the new strategy to synthesised
transition metal nitrides for reaction of nitrogen reduction. The VN/CC nano-wire
array was fabricated based on V,0Os nitridation and used to form ammonia by the
Mars—van Krevelen mechanism. Ammonia yield and faradaic efficiency of system
was reported as 3.58% and 2.48 x 107!° mol s~! cm~2, respectively. In addition to
this, catalyst had shown the excellent selectivity and N,H4 was not formed [61].
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2.3 Alternative Sustainable Catalysts for Ammonia Synthesis

Such alternative sustainable catalysts have been trying to improve with high efficiency
and recyclability. Up to the day, several efforts have been done not only for industrial-
scale but also for laboratory-scale ammonia production. Catalytic transformation of
non-noble metal-dinitrogen complexes under ambient conditions is an alternative
method for developing more sustainable ammonia synthesis processes as explained
in following Eq. (4):

Transition metal—dinitrogen complexes —> Hy SO42NH3 + non-noble metal species (4)

Protonation of Mo— and W—dinitrogen complexes with inorganic acids leading to
ammonia and it is called a Chatt cycle. High valent metal (VI) species and hydrazine
(H,N-NH,) are also obtained as a rather by-product in some cases after the catalytic
reaction [62]. Although V, Fe and bimetallic iron—dinitrogen complexes were also
used for catalytic transformation, the ammonia production yield is lower compared
with Mo and W—dinitrogen complexes [63—65].

Schrock cycle is also established in terms of sustainability for ammonia produc-
tion on the principles of reduction of dinitrogen using a Mo—dinitrogen complex in
relation to a tetradentate triamidoamine ligand as a catalytic material [66]. In addi-
tion to this, it was reported several [HIPTN3;N] Mo systems for ammonia production
in the presence of electrons and protons at room temperature—pressure. It also men-
tioned that dinitrogen is reduced at V or Fe sites. Unfortunately, it was difficult to
design nonenzymatic V or Fe, because they are less efficient than Mo [67]. The main
difference between Chatt and Schrock cycles is the oxidation states of the central
molybdenum atom. Oxidation states of Mo(0) to Mo(IV) were proceed in Chatt cycle,
when Schrock cycle proceeds between Mo(III) to Mo(VI) oxidation states [68].

3 Conclusion

The catalysts are the most important issue in the ammonia synthesis. Up to today,
several efforts have been done not only for improving the process but also for creating
new catalytic materials. It cloud be said that the fundamentals and several aspects of
the catalysis have been strongly related to ammonia synthesis. Such key terms and
knowledge have been introducing in this field thanks to the ammonia production.
The sustainable development of the ammonia synthesis is based on the green
practical approaches. The one of the most important ones is catalysis as an operating
tool in process. The earth abundant catalysts provide lower capital investment and
higher activity for this process. Thermocatalytic process to sustainable approaches,
earth abundant metals have been most interesting ones with their catalytic activities.
Iron-based catalysts are still popular in the industrial-scale ammonia synthesis today,
have been most important catalytic process and earning the Haber Nobel Prize in
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1918. Using this type of metals for the gigantic-scale synthesis played a major role
in the most chemical process worldwide. By the modification of the structure of
wustite-based catalysts, the sustainable production could be provided. Moreover,
several efforts need to supply the ammonia synthesis with more sustainable and
green approach for meeting the biggest demand of growing society such as fertilizers
for improving the crop yields. And, the key point is improving the earth abundant
catalysts not only produce ammonia with high yield but also in ambient conditions
with good stability.
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Reactor Design, Modelling and Process )
Intensification for Ammonia Synthesis i

Ilenia Rossetti

Abstract Different ammonia synthesis processes have been considered, based on
commercial converters and the relative synthesis loops. Starting from thermodynamic
and kinetic modelling considerations, the attention is focused on reactors’ design and
on the configuration of the ammonia synthesis converter, as included in the whole
plant. Examples of processes operating at different pressure and with different cat-
alytic materials are reviewed. Various options for process intensification and energy
saving are also discussed.

Keywords Reactor design - Process design - High pressure converter - Kinetics of
ammonia synthesis

1 Introduction

Ammonia production is likely the most important and widespread industrial chemical
process since one century. The possibility to fix and activate atmospheric, inert nitro-
gen opened the possibility to employ it in a variety of compounds as an inexpensive
and abundant source.

Ammonia is currently produced as 146 million tons per year worldwide (in 2016
[1]), of which ca. 48 in China, 12 in Russia, 11 in India and 9 in the USA. Ammonia
is principally produced through the Haber—Bosch process [2] on a productivity scale
that often reaches 1000 t/d, with super-giant plants operating on a capacity of 2—
3000 t/d and projects for 4-5000 t/d plants. This technology is one of the major
successes of the heterogeneous catalytic process applied at a large scale [3, 4].

Its uses are logically linked to the fact that it is an activated, more reactive molecule
with respect to Nj. So, besides its direct transformation into urea, ammonium salts
or direct derivatives, it is oxidised to NO, for the production of nitrites and nitrates.
Therefore, it is an indirect way to obtain more oxidised products than elementary
nitrogen, given that the direct N, oxidation is less favourable.
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The current uses of ammonia are for ca. 85% the production of fertilisers, mainly
urea, ammonium phosphate, ammonium nitrate and calcium ammonium nitrate. Ca.
5% of ammonia is oxidised to nitric acid, 5% feeds the polyamides production and
the remaining 5% is for other uses.

Looking at the food production in China, a linear proportionality can be found
between food production and chemical fertilisers’ production [5]. Similar conclu-
sions apply to India [6] and the developed northern countries, e.g. USA, Canada and
Europe [7].

Ammonia synthesis occurs through a reversible exothermal reaction (R1) [8]:

Na(g) 4+ 3H»(g) = 2NH3(g) AH° = —46kJ mol ™! (R1)

Therefore, thermodynamic constraints would suggest operation at low tempera-
ture to favour reactants conversion. However, the stability of the reactants, nitrogen in
particular, forces to increase the operating temperature in order to achieve detectable
and practically relevant productivity for kinetic reasons. Furthermore, a catalyst is
used to offer a kinetically reasonable pathway for the reaction at moderate temper-
ature (350-500 °C). Yet, to push the thermodynamics to sufficient yield at such a
temperature, high-pressure processes must be developed. To date, pressure higher
than 65 bar was industrially used, preferentially higher than 140 bar.

Different materials have been investigated as catalysts for this reaction. As for
the industrial application, multiply promoted iron-based catalysts from magnetite
(Fe;04) as precursor dominated the scene up to the end of twentieth century [9—
13]. Alternative formulations based on wustite (Fe;_,O) as iron precursor [11, 14]
or bimetallic Fe—Co formulations were proposed [15]. Furthermore, supported Ru
catalysts were applied in the Kellogg Advanced Ammonia Process (KAAP), which
constituted one of the hugest advancements in ammonia synthesis deployment at
the end of last century and stimulated a strong investigation on these new catalytic
materials in order to improve their resistance to deactivation and their economic
sustainability [16—18]. KAAP is adopted at least in seven plants, sized to produce
ca. 2000 t/d of ammonia [8] at pressure as low as 90 bar. The main issues with
Ru/C catalysts are (i) the inhibition by H,, which suggests the use of H,/N, feeding
ratio below the stoichiometric composition and (ii) the poor carbon resistance to
methanation, the reaction catalysed by Ru that may corrode the C-based support
[19-29]. Ru demonstrated more active than Fe and has similar sensitivity to oxygen-
containing poisons, but it is less sensitive to sulphur [17, 18].

The search for an active catalyst is of course a milestone for this application.
Improving activity means the possibility to achieve higher conversion per pass under
the same conditions (i.e. higher revenues at the same operating costs) or to achieve
the same conversion per pass at lower pressure (i.e. same revenues at lower operating
costs).

However, the catalyst, the catalytic converter and the whole process layout repre-
sent a synergistic loop that should be optimised at once in order to improve process
efficiency and/or decrease the operating costs: in modern terminology, in the last
half century the attention has been focused on process intensification. Thus, besides
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the improvement of materials performances, reactors and process design have been
optimised, to reduce energy and raw materials consumption.

Since the reaction does not pose any selectivity problem, i.e. no by-products or
separation issues are relevant, the optimisation criteria rely substantially on the atom
economy (from a well-to-wheel balance perspective) and energy efficiency. In order
to understand the effect of the different process parameters, some details on kinetics
and modelling issues are provided in the following paragraph. Further paragraphs
focus on the different reactors proposed and on whole industrial process layouts. At
last, strategies for heat recovery and process intensification are considered.

2 Kinetics and Modelling Issues

The equilibrium constant of the reaction can be calculated from equilibrium data. A
good model for its estimation as a function of temperature was proposed (E1) [30]
as follows:

59.9024 N 37656
R RT
—5.519265 % 10T + 1.848863 % 1077 (E1)

logiy Keq = — —2.691122 % log;, T

The equilibrium ammonia concentration for stoichiometric mixtures is exem-
plified in Fig. 1, which evidences a decreasing maximum ammonia concentration
with increasing temperature, according to the exothermal character of the reaction.
Furthermore, an increase of pressure favours reactants conversion.
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Fig. 1 Equilibrium concentration of ammonia versus temperature with stoichiometric Ha/N».
Pressure increasing from bottom-up: circles = 70 bar; triangles = 100 bar, squares = 150 bar
[31]
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From the kinetic point of view, ammonia synthesis is a multi-step heterogeneous
catalytic process, in which adsorption/desorption of reactants and product, as well
as many intermediate species formed through surface elementary steps, contributes
to the complexity of the reaction [30, 32].

Ny(g) +20 22N —o (R2)
Hy(g) +20 2 2H — 0o (R3)
N—o+H-0c2Z2NH-0+o0 (R4)
NH-oc+H—-02NH,—0 +0o (RS)
NH, -0 +H—-0 =NH;—0 +o0 (R6)
NH; — o = NH;3(g) + o (R7)

The reaction proceeds through a series of adsorption, dissociation, surface reaction
and desorption steps [33], involving the surface active sites (o). The kinetic param-
eters of each elementary step are a function of the surface coverage and structure.
Similar microkinetic mechanism (R2—-R7) can be foreseen for either Fe- or Ru-based
catalysts, but in most cases R2, i.e. the dissociative N, adsorption is considered the
rate determining step.

Historically, the best fit of experimental data for Fe-based catalysts was obtained
through an original model developed by Temkin [32] (E2), which accounts for the
reversibility of the reaction and for the inhibition of the surface active sites by
ammonia [10].

A Temkin-type equation has the following formulation:

3 o 2 11—«
) KazaNz[M} —[M] (E2)

de (aNHs ) : (aHz ) ’

where k is the kinetic constant historically referred to ammonia decomposition reac-
tion (rather than the synthesis), Ka is the equilibrium constant, g; is the activity of
species i, and A(g) is adjusted according to the reactants feeding ratio. « is an adap-
tive parameter, function of the catalyst, to be set at a constant value (normally 0.75)
[14, 34].

A genuine Langmuir—Hinshelwood—Hougen—Watson (LHHW) approach did not
allow to fully represent catalyst performance for any catalytic system [35]. Therefore,
the Temkin equation was modified to extend it to Ru-based catalysts, due to the fact
that Fe-based catalysts are kinetically limited by the strong surface adsorption of NH3,
while, on the contrary, Ru is inhibited by competitive adsorption of H,. Accordingly,
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a hybrid formulation for a modified Temkin model was developed to better describe
Ru catalysts’ performance. A sort of mixed Temkin—-LHHW approach was used, by
adding a denominator to the Temkin rate equation to account for strong hydrogen
adsorption, as reported in E3 [34]:

(a )0.5 (EH2)0,375 L (i, )0.75
dn . N2 (aNH3 )0‘25 K. (aHz_) 125
d_ = (@) 0.3 0.2

T 1+ Ku,(an,) ~ + Knn, (anu,)

(E3)

where K, represents the equilibrium constant, dn/dt the consumption rate of the
limiting reactant (depending on feeding stoichiometry) in molh~! dmc_a?, k is the
kinetic constant of the direct reaction (not the inverse as in the original Temkin
formulation), and a; the activities of reactants and product. A(g) is again an adaptive
parameter depending on the feeding stoichiometry, specifically set for Ru-based
catalysts to 1 or 1.2 when the H,/N, feeding ratio is 3 or 1.5.

The equilibrium constants of adsorption to be set at the denominator were
calculated from the optimised AH,4s and AS,4s for H, and NHj [34] (E4, ES):

56.9024 37656
log, Kn, = — R + RT (E4)

34,7272 29228
10ge KNH3 = — R =+ RT (ES)

Coupling thermodynamics and kinetics requirements for ammonia synthesis reac-
tion allows to predict the effect of the main operating parameters on catalyst perfor-
mance, so determining the optimal operating points for the plant to be designed. For
instance, the isobaric dependence of catalyst performance on contact time 7 [here
reported as gas hourly space velocity (GHSV (h~!) = 1/1)], needed for reactor sizing,
is reported in Fig. 2. Increasing the contact time allows an increase of conversion at
the same temperature. These curves present a maximum, which is interpreted as the
conditions of maximum rate, which should be selected as the best operating point.

Nevertheless, the reaction is exothermal, so while the reaction is progressing, heat
release provokes the increase of catalyst bed temperature, which in turn disfavours
the reaction from the thermodynamic point of view. This feature of the reaction
suggests different approaches, which will be better described in the next sections.

A first approach would be to remove efficiently the heat released within the catalyst
bed. This is hardly accomplished by structuring the reactor itself as a heat exchange
reactor and by selecting an appropriate service fluid and heat exchange network.
Another option is to quench the reacting system through injection of cold reactants
within the bed. A further possibility is to let operate the catalyst bed (or better a
portion) adiabatically, subtracting the reaction heat at bed outlet through appropriate
heat exchange.

The overall concept is to design a converter operating line, which lies nearby the
points of maximum rate and increase step by step the ammonia concentration. This
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Fig. 2 Equilibrium NH3 concentration versus temperature (continuous line) compared with con-
centration predicted from the modified Temkin kinetic model for a Ru/C catalyst at different space
velocity. P = 70 bar, Hy/Ny = 1.5 v/v, GHSV = 2.0 x 10°> h™! (triangles) and 0.5 x 10° h~!
(squares) [31]

task consists of selecting the most appropriate operating conditions for each catalyst
portion (in case constituted by different catalysts types, e.g. in the KAAP option) and
achieving suitable heat removal to maintain sufficiently favourable thermodynamic
boundaries. Needless to say that, while former ammonia synthesis plants achieved
heat exchange by wasting most of the heat subtracted from the converter (only some
steam production was coupled), this point is now one of the keys to improve the
energy efficiency of the process. Indeed, through this approach, besides preheating
the reactants, heat can be made available for other sections of the plant, and high-
pressure steam can be produced (mainly in the synthesis gas production section) to
operate steam turbines, which in turn drive the compressors to pressurise the synthesis
gas. Exhaust steam is further recovered as process heat.

A reliable kinetic model is the primary input for the simulation of reactive systems.
Only few reports are available on a full ammonia synthesis process implementing
detailed kinetic expressions [31, 34]. The kinetics of NHj3 synthesis was used for
the rating of a coal-based process designed to produce synthetic natural gas and
ammonia [36]. The control structure of an ammonia synthesis process was studied
[37-39] through a Temkin reaction kinetics.

Arora et al. [40] focused on small-scale ammonia synthesis from biomass, but
the simulation was based on Gibbs and equilibrium reactors, rather than rate-based
models to describe the ammonia reactor. Ammonia production starting from biomass
gasification was also investigated [41], but even in this case the converter was rep-
resented as a Gibbs-type reactor. The simulation of a rather low-pressure ammonia
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Fig. 3 Sketch of a multi-bed reaction loop used for the simulation of an ammonia synthesis plant
[42, 43]. Readapted from [31]

synthesis reactor, operating at 120 bar, was proposed [31], relying on detailed kinet-
ics [14, 34] for a multi-bed converter including different catalyst loading options: Fe
from magnetite or wustite or Fe + Ru/C catalyst, as in a KAAP logic (Fig. 3).

Process modelling is achieved by coupling two differential equations, one rep-
resenting the mass balance in the flow reactor through the kinetic equation and the
second computing the temperature profile through a thermal balance. The latter is
strictly dependent on the converter design, in particular the heat removal system.
Additional equations account for the thermal exchange in heat exchangers [44, 45].
Multi-bed quench converters are also modelled as in the following references [46,
47]. A one-dimensional (1D) isothermal reaction and diffusion model was also devel-
oped for the magnetite (A301) catalyst, which is typically characterised by irregular
shape (granules). The kinetic equation was obtained fitting data collected from 75 to
105 bar [48].

Optimisation problems as a function of operation parameters are often found. An
alternative approach to solve this boundary-value problem and to assess the optimal
operation point is shown in [49]. The reactor model coupled with the kinetic equation
defines a nonlinear differential-algebraic problem. These differential-algebraic equa-
tions are discretized through a finite elements method, so that the resulting algebraic
equations are written as equality constraints.

Single and multiple-shooting methods are used with a MATLAB code to solve
the ordinary differential equation integration routine [50]. Optimised temperature
defines an objective function value of 5.015 x 10% $/year for an optimised reactor
size of 6.695 m. Multiple-shooting method was better than single-shooting one to
account for poor initial guesses of the reactor size.
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The multiplicity of steady states that may characterise an ammonia synthesis loop
is studied from a microkinetic point of view by Mendéz-Gonzales et al. [51]. In
particular, the presence of adjacent surface sites justifies the existence of multiple
steady states.

Multivariate optimisation is addressed by Nguyen et al. [52]. The optimal problem
requires the maximisation of a multi-variable objective function, including the feed
temperature, reactor length and answering to a number of equality constraints. The
solution method involved the cyclic search over the coordinate to go through the
multi-variable optimisation. A golden section approach allowed to find the maximum
value.

Power-to-ammonia loops for use with renewable energy supply characterised
by intermittency have been considered, searching for the operating boundaries for
steady-state operation of a three-bed autothermal ammonia synthesis reactor through
a pseudo-homogeneous model [53].

Finally, the simulation and optimisation of an autothermal ammonia synthesis
reactor have been studied [54].

3 Commercial Processes for Ammonia Synthesis

What is conventionally named “ammonia synthesis process” is indeed a complex mix
of unit operations, which includes the ammonia converter and ammonia separator,
the conditioning of the synthesis gas, i.e. the compression and preheating stage.
However, the reactants, hydrogen and nitrogen, must be synthesised in the appropriate
feeding ratio, so in common sense, the ammonia synthesis process includes the
operations for the synthesis of the reactants starting from raw materials. Nitrogen
is supplied through air, while hydrogen can be derived from different feedstocks,
currently mostly of fossil source, though some alternatives from renewable sources
are now under investigation.

The synthesis gas fed to the ammonia synthesis loop is conventionally constituted
of Hy, N, CHy and Ar, while oxygen-containing compounds are kept in a ppm
concentration level because they are poisons for the catalyst. The Hy/N, feeding
ratio depends on the optimum performance needs of the catalyst, i.e. 3 mol/mol for
Fe-based catalysts and ca. 1 mol/mol for Ru-based ones, but also on the optimised
operation of the hydrogen production process.

Hydrogen is commonly obtained through different processes starting from light
or heavy hydrocarbons or from solid C-containing material, typically coal. Interest is
now focused on the use of renewable solid raw materials, e.g. biomass. With natural
gas or light hydrocarbons as feedstock, the preferential process is steam reforming,
followed by autothermal reforming or partial oxidation, while for heavy oil or coal,
partial oxidation or gasification is the preferred routes. The H, produced per mole of
C consumed (also determining the environmental footprint in terms of CO, emissions
and atom economy) is different for these processes. When natural gas is economically
available, it usually ensures higher efficiency and lower environmental impact.
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All these processes lead to a mixture of H, and CO/CO,, plus residual water.
These oxygenates are not allowed to contact the ammonia synthesis catalyst, so a
deep purification train is a fundamental part of the synthesis gas production and
conditioning step. This is achieved through sequential steps of water gas shift, which
converts CO into CO, according to RS, methanation (R9) or methanolation (R10).

CO + H,O0 =2 CO, + H, (RB)
CO + 3H, = CH4 + H,O (R9)
CO + 2H, = CH;0H (R10)

Alternatives or supplementary treatment in some processes is the gas scrubbing
with liquid nitrogen, which removes solid particulate (e.g. for coal gasification pro-
cesses) and condenses most impurities. Older options were based on a copper liquor
wash. CO; removal is usually accomplished through scrubbing with amines or other
specific solvents, or, more recently, through pressure swing adsorption (PSA). Some
details on the main units are reported in the following and compared among different
industrial processes layouts in Paragraph 5.

3.1 Steam Reforming

The reaction occurs through steam addition to a light hydrocarbon (R11 reports the
example of CHy as feed) as follows:

CH; + H,0 — CO +3H; AH° = 206kJ/mol R11)

This reaction is strongly endothermal, and it is always accompanied by the water
gas shift reaction (R8), which is instead exothermal, so disfavoured at the high
temperature of the steam reforming. Nevertheless, some CO, is commonly found in
equilibrium in the products’ distribution. Steam to carbon ratio between 3 and 4 is
typically used, but modern plants try to lower as much as possible this ratio to save
energy. Feed pre-treatment by desulfurisation is also usually accomplished to prevent
poisoning of all the synthesis gas production, purification and ammonia synthesis.

In order to supply heat for the steam reforming, the reaction is typically car-
ried out in tubes host in furnaces, where part of the hydrocarbon feed is burnt. The
heating efficiency strongly impacts on the overall hydrogen yield. An adiabatic sec-
ondary reformer is usually added in series, where air is admitted to autothermally
or exothermally convert the residual methane fraction. The extent of conversion of
the primary reformer (temperature and pressure of operation) and of the secondary
one (air inlet and adiabatic temperature raise) is optimised for different commer-
cial plants according to various considerations. One is the stoichiometric rather than
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over-stoichiometric desired ratio between N, and H,. Indeed air addition in the sec-
ondary reformer, besides accomplishing almost full methane conversion, represents
the point of N, inlet in the synthesis loop. If excess air is admitted in the secondary
reformer, some adjustment of the synthesis gas composition may be needed.
Typical operating conditions in the primary reformer are 750-820 °C, raising to
950-1025 °C in the secondary reformer, 25-30 bar, using Ni-based catalysts [13].
It should be stressed that from a thermodynamic point of view the steam reforming
reaction would be favoured at low pressure. However, the tendency is to increase
as much as possible the reforming pressure in order to decrease the pressure gap
between the synthesis gas preparation and the ammonia synthesis loop. Indeed, the
compression duty between these two sections represents one of the main cost factors.
Therefore, the operating pressure of the reforming and purification units should be
optimised carefully based on economic considerations on the whole process layout.
A methane fraction of 8-12 vol.% (dry basis) exits the primary reformer and
is converted in the secondary one, which is operated adiabatically using Ni-based
catalysts, converting methane to a residual 0.3—1.0 vol.% (dry basis).
Higher hydrocarbons (e.g. naphta) are usually converted in a pre-reformer located
before the main conversion reactor.

3.2 Partial Oxidation

The alternative partial oxidation or gasification are flexible solutions, adaptable to
widely different feedstocks, when natural gas is not available or not an economic
option.

CuHp +1/20; — nCO + m/2 Hp (r12)

The partial oxidation can be applied preferentially to heavy oil or to solid feed-
stocks, and the main examples are the Texaco and Shell processes. Besides oxygen,
some steam is usually added to prevent carbon deposition, and the reaction is oper-
ated around 1500 °C, at higher pressure with respect to steam reforming, i.e. 60 bar
for the Shell process and 80 bar for the Texaco one. The yield of H, per mole of C
is lower, but the possibility to operate at such a high pressure has strong advantages
on compression costs savings.

3.3 Gasification

Itis suitable to treat solid feedstock, mainly coal or lignite [55-57]. Itis gaining higher
attention currently due to the interest in exploiting solid biomass as a renewable
material for hydrogen production.
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Commercial processes are classified into low pressure (Koppers-Totzek, mostly
used, and Winkler) or high pressure (Lurgi and Texaco). The Koppers-Totzek [58—
61] uses powder coal, added with oxygen and steam, at 1550-1650 °C with very
short contact time. The Winkler process is based on a fluidised bed operating at ca.
1000 °C [13]. The Lurgi process operates at 30 bar with a moving bed [13, 62], while
the Texaco one starts from a coal/water slurry and operates at 40 bar, ca. 1400 °C
[63-65].

The mixture leaving the gasifier is quenched with water, which also serves as
scrubber to remove carbon particles, then removed from water and recycled to the
gasifier.

3.4 CO Removal

All the processes cited above lead to the formation of a H,/CO/CO, mixture. CO
should be removed till very low concentration (few ppm), and this is efficiently
accomplished at first through a water gas shift process (RS).

The reaction is moderately exothermal, but kinetically limited at low temperature.
The industrial practice usually prescribes a two-stage treatment using a first reactor
to achieve a gross conversion of ca. 90% CO, called high-temperature water gas shift
(HT-WGS). The reactor is operated at 350 °C, with a Fe—Cr oxide catalyst [66, 67].
This leaves 1-3 vol.% residual CO in the gas, which is further removed down to 0.1—
0.3 vol.% in a second, low-temperature WGS reactor (LT-WGS), operating at 200—
250 °C with a Cu-based catalyst [68]. In this way, the HT-WGS step takes advantage
of the higher temperature to improve kinetics even with a cheap, not extremely active
catalyst. The LT step further refines CO conversion with a much more active, but more
expensive catalyst, allowing to decrease the operating temperature so to improve the
CO conversion (but operating on a small CO residual fraction) for thermodynamic
reasons.

Alternatively, preferential oxidation of CO to CO, can be selected, using selective
catalysts (e.g. the Selectoxo process [69]).

3.5 CO; Removal

The synthesis gas contains up to 20 vol.% CO; (dry basis) which can be separated by
physical or chemical absorption or by adsorption, which eliminates the major part of
this gas. The final removal of the remaining CO and CO; is achieved by methanation
(R9).

Different commercial processes are available for chemical absorption of CO,, such
as scrubbing with alcanolamines or hot potassium carbonate [12], among which the
former is better for the easier and quantitative recovery of the amine in a regenera-
tion tower, which is however one of the main costs of this unit operation [12, 70].
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Different solvents have been proposed to decrease the energy consumption and to
minimise other drawbacks of the amine process, such as corrosion [71]. Among the
physical absorbers, the first choice was water [12, 13], followed by various, more effi-
cient solvents, such as sulfolane + diisopropanol (Sulfinol process [12]), methanol
(Rectisol process [72], particularly suitable in case of high CO, content) and various
mixtures based on polyethylene glycol (Selexol [73, 74] or Sepasolv MPE processes
[75]). The advantage of physical absorption with respect to chemical scrubbing is
that the regeneration of the solvent is accomplished by depressurisation or stripping,
requiring very limited energy input with respect to the heat needed to regenerate
chemical absorbents.

3.6 Final Purification

Besides a very old option based on “copper wash”, the purity level required by
ammonia synthesis loops is met by using two options.

One is the cryogenic purification (Braun process [13]), which uses liquid nitrogen
to condense excess N; added in the secondary reformer and abates contemporane-
ously CHy4 and Ar. Before the cryogenic unit (ca. —190 °C), the gas should be dried
and last traces of CO, be removed to avoid freezing, but this leads to a very dry
and pure synthesis gas, so to higher energy efficiency of the synthesis loop. The gas
exiting this step contains H, 4+ 10 vol.% N, (additional pure N, is needed from air
separation units), with ca. 100 ppm of inerts. This low inert composition is particu-
larly interesting for some purge-free synthesis loops, which constitute an economic
advantage avoiding the loss of H; through the purge. Some gas elimination through
purging is instead mandatory in case of higher inerts concentration to avoid their
accumulation and consequent progressive dilution of the synthesis gas partial pres-
sure. This option on the other hand needs an air separation plant that guarantees less
than 10 ppm O;.

Another option is the use of PSA to accomplish the final purification (e.g. ICI-LCA
process [76]).

Methanation is a third way, by far the most used, which operates at 250-350 °C
over a Ni-based catalyst [12, 13], eliminating CO, below 10 ppm. An alternative
is methanolation, which however implies methanol removal by water, its possible
separation and recycle as feed to the reformer, and guarantees much lower purity
than methanation.

3.7 Synthesis Gas Compression

This is one of the main cost items in the whole plant, since the pressure of the
synthesis gas must be improved from 25 to 30 bar to the operating pressure of the
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Fig. 4 Examples of block schemes of typical process flowsheets. a Steam reforming-based
processes; b partial oxidation/gasification processes [13]

synthesis loop (widely variable between 150 and 300 bar, with peaks at 80 bar for
the Mont Cenis process [77] or 1000 bar in the original Claude process [13]).

The pressure of the synthesis loop, especially in the past, affected the choice of
the types of compressors, and, in turn, the latter limited the maximum capacity of the
plant. Indeed, very high pressure (e.g. 300 bar) was reachable only by using recip-
rocating compressors, expensive, with high maintenance cost and poor reliability,
needing some further purification of the gas due to contamination with lubricating
oil. In the 1960s, centrifugal compressors became available, allowing a considerable
increase of capacity from 300-400 to 1000 t/d, however limiting the maximum oper-
ating pressure to ca. 150 bar. Improvements from this point of view allowed both an
increase of capacity to the current records of 2—3000 t/d and even higher operating
pressure to 220 bar. The only disadvantage of centrifugal compressors is their lower
efficiency with respect to reciprocating ones.

Examples of block schemes for different integrated processes are reported in Fig. 4
[13].

4 Reactors and Loops Design

4.1 Structure of the Ammonia Synthesis Loop

The ammonia converter is the core or the ammonia synthesis loop, which includes
one or in few cases two heterogeneous catalytic reactors, a cooling unit for ammonia
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recovery with the relative separator, the recycle of the unreacted H, 4+ N, with a
make-up and conditioning system. The latter includes preheating and pressurisation
to recover the pressure drops across the synthesis loop. The recycle of the unreacted
gas is needed due to the low conversion per pass achieved, typically from 12 to 16.5
vol.% NHj3, which can increase to 19-19.5% in advanced processes. An adiabatic
temperature rise is expected from 174 to 232 °C (up to 286 °C for the KA AP process),
which drives the energy recovery strategy, which can valourise up to 93% of the
energy output.

When inerts concentration is relevant, i.e. always except in some cases of cryo-
genic separation, a purge stream should be withdrawn to prevent their accumulation
that causes the progressive dilution of the synthesis gas and intrinsically unsteady
operation. The best choice would be to purge at the highest inert concentration, lowest
pressure and lowest ammonia content. However, different strategies can take place,
strictly depending on the upstream gas processing. Figure 5 exemplifies possible
ammonia synthesis loops with their main components. The one reported in Fig. SA
is one of the most used, both in old and modern ammonia synthesis plants (e.g.
ICI-AMYV, M.W. Kellogg, Braun, Fauser, Linde) [13].

Indeed, the synthesis loop shown in Fig. 5a, with respect to different designs,
allows the separation of ammonia before addition of the make-up gas, i.e. at its
highest concentration. Furthermore, the purge is withdrawn where the concentration
of inerts is the highest and that of ammonia and synthesis gas to be recycled the
lowest. The lowest possible gas volume (with minimum ammonia concentration) is
sent to the compressors, with consequent energy savings with respect to other options.
The purge gas contains up to 30 vol.% of inerts (CH4 + Ar and some He), some %
NHj3;, while the remaining is the synthesis gas mixture. Ammonia is recovered from
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Fig. 5 Examples of ammonia synthesis loops
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the purge by scrubbing with water and subsequent distillation, while the remaining
gas, containing Hj is valourised as a fuel, e.g. for the reformer.

Modern plant concepts try to improve hydrogen utilisation by recovering it through
membranes (hollow fibres, polymeric membranes), by cryogenic separation or PSA
(e.g. Union Carbide, UOP, Linde processes). Metal hydrides such as LaNis, FeTi or
Mg, Cu can also be used. Hydrogen recovery can be up to 90-95% for membrane
technologies, 80-85% for PSA and 90-93% for hydride-based ones.

In particular, ceramic membranes were simulated as permeation devices to achieve
hydrogen recovery. A decrease of the gas recycle flowrate up to 8.4% was achieved,
reducing the related costs for recompression [78].

Disadvantages of this design reside in the fact that possible purification is made
before the addition of fresh make-up gas, with consequent feed to the converter of
possible impurities. This latter point is the one that forces in some cases different
designs. For instance, an additional purification step of the make-up gas is added
before injection into the converter. Sometimes, the passage in the ammonia separator
before feeding the make-up gas to the converter is sufficient to ensure abatement of
impurities and inerts (Fig. Sb—d).

When the make-up synthesis gas is not very pure, its injection is done before the
ammonia separator, referred as three- (Grande Paroisse, Uhde and Topsge processes)
or four-nozzle loops (Casale and M. W. Kellogg processes). This allows the absorp-
tion of residual water and CO; in the liquid ammonia, but of course this implies a
dilution of the mixture to be condensed and separated (lower ammonia partial pres-
sure). Furthermore, the purge is diluted and carries away part of the fresh feed [79,
80]. The main consequence is a lower energy efficiency of the loop, to be carefully
evaluated balancing it with the advantage of a less demanding upstream purification.

Multiple ammonia separators may be present, especially for pressure over 250 bar.
It should be remarked that the choice of high operating pressure allows higher tem-
perature for ammonia recovery, so that cooling water usually suffices for quantitative
condensation of ammonia, while low operating pressure implies the adoption of cryo-
genic units for valuable ammonia recovery (down to —25 °C). Of course, an increase
of pressure allows higher conversion per pass, and hence, lower recycle flowrate, but
at the expenses of a higher power consumption for the compression stage. Careful
economic optimisation is needed to contemplate all these features. An economic
optimum has been found around 155 bar operating pressure.

Moreover, a less efficient ammonia separation implies lower recovery and its
higher recirculation in the converter which is unfavourable from a thermodynamic
point of view.

4.2 Converter Design

The converter holds the catalytic bed(s), but also accomplishes the most efficient
heat exchange, since it was already stressed the need of effective removal of the heat
of reaction. The goal is to allow each catalyst to operate near the optimum reaction
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temperature, i.e. at the highest allowed reaction rate. Meanwhile, the pressure drop
across the catalyst bed should be as low as possible. Very different arrangements are
possible, operating between 12,000 h~! for plants operating at 150 bar and 35,000 h™~!
when operating at 800 bar. The temperature ranges between 350 and 530 °C, which
is often considered the upper limit for catalyst resistance.

A first option prescribes a direct heat exchange with cooling pipes located within
the catalyst bed, or alternatively (but less used) a shell and tube heat exchanger reactor
with the catalyst inside the tubes and coolant in the shell. Co-current, counter-current
or cross-flow arrangements are possible, and the coolant is the fresh synthesis gas to
be preheated or boiler feed water. This arrangement is mainly used in small-medium
converters and leads to difficult temperature control with slow dumping (“hunting”)
[9].

An alternative is the use of cold feed to quench the catalyst, distributing the
quencher inside the bed through distribution nozzles or between two adjacent
adiabatic beds.

A third option is to run the catalyst beds adiabatically and to remove the reaction
heat at once at bed exit, through inter-bed heat exchangers.

Mixed arrangements are also possible.

It is necessary to cope with the very high operating pressure, relatively high
temperature, in the presence of hydrogen and nitrogen, which may embrittle most
construction materials due to corrosion phenomena, in particular nitriding, hydrogen
attack and stress corrosion. Alloy steel can be safely used below 400 °C; whereas
stainless steel, Incoloy and Inconel materials should be used for higher temperature.
To cope with these points, the so-called cold-wall arrangement is usually adopted.
The hot side containing the catalyst bed, often called the cartridge, is constituted of
an internal vessel, around which the inlet fresh feed flows (after moderate preheat-
ing, e.g. at 200 °C). The wall of this internal basket is subject to high temperature
and is in contact with the synthesis gas, but experiences a small pressure gradient,
corresponding essentially to the pressure drop in the loop (5-10 bar). By contrast,
the highest pressure gradient is in charge of the external pressure vessel, which is
however in contact with a relatively cold fluid, thus allowing less expensive materials.

Different designs are possible, as exemplified in the following. Figure 6 represents
a converter where the reactants are split in multiple entrance points and flow in axial
direction through the catalyst. A heat exchanger is located in the bottom of the
converter, and a complex flow of the synthesis gas accomplishes internal cooling
of the catalyst bed. In particular, the coolant flows inside tubes, which is a more
common configuration than hosting catalyst in the tubes (Fig. 6, left). An example
of this configuration is the TVA converter, used commonly in small size plants, up
to 300 t/d (e.g. Topsge and ICI processes). SBA converters and, more recently, the
ICI-LCA ones use a counter-current cooling fluid flow always through cooling pipes
and with a cold shell.

A co-current arrangement (Fig. 6, right) is instead used in the NEC and Chemico
design, which better ensure a profile of temperature that resembles the highest rate
one. More efficient heat removal is accomplished at the beginning of the catalyst bed
where the maximum temperature gradient and reaction rate are located.
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Fig. 6 Cold-wall axial flow converters with internal heat exchanger. Readapted from [13]

The quenching by cold (125-200 °C) feed is exemplified in Fig. 7, left. This
arrangement is appropriate for big capacity plants and is very widespread though
progressively substituted by indirect cooling which has intrinsically higher efficiency
(Fig. 7, right). Examples are the Uhde and the BASF converters. Multiple inter-bed
quenching is provided in the Kellogg-type converter (Fig. 8, left), which has a cold-
wall design and hosts a conventional heat exchanger on the top. In this way, a zig-zag
temperature profile is searched, to lye around the optimal rate operating line. The
example proposed on the left of Fig. 8 keeps an axial flow design, while in the right
is proposed a conceptually similar heat exchange system, but based on a radial flow.

The step from axial to radial flow configuration was a milestone. Indeed, axial flow
converters are typically characterised by higher pressure drop, which can be partially
limited by employing bigger catalyst particles. However, the latter are characterised
by internal diffusional limitations, and hence, low effectiveness factors. The only
alternative is to limit the catalyst bed length by increasing the reactor diameter,
which is not straightforward for the design requirements of the high-pressure vessel.
Therefore, the conversion into a radial flow design allowed to limit the pressure
drop across the catalyst bed without affecting significantly the reactor diameter.
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Fig. 7 Cold-wall axial flow converters with quenching (left) or inter-bed indirect heat exchange
(right). Readapted from [13]

Much smaller catalyst particles can be used in radial flow converters, even reaching
an effectiveness factor equal to 1, i.e. with negligible diffusional limitations. This
means full catalyst utilisation, and hence, lower catalyst bed volumes with respect
to axial flow converters [81]. Similar designs are proposed by Topsge in the S-100,
S-200 and S-300 converter series (Fig. 9) [82].

A 1D heterogeneous model was applied to an intercooled horizontal reactor, by
comparing a solution with two quench flows. Mass, energy and momentum balances
have been numerically integrated by Runge—Kutta fourth-order algorithm imple-
mented in a MATLAB code. The simulation results were compared with real plant
data with good matching [84, 85].

Hydrodynamic problems encountered in the reconstruction of radial flow con-
figurations have been discussed in [86], where alternative approaches to the design
of distributing devices are considered to ensure the radial feed of reagents into the
catalyst bed and their uniform distribution.

A mixed axial/radial flow concept has been introduced by Ammonia Casale [87].
This mixed flow pattern is due to multiple gas inlets, in part from the top, which
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Inter-bed
quenching

Quenching

Fig. 8 Design of a Kellogg-type converter with inter-bed quenching. Left: axial flow; right: radial
flow. Readapted from [13]

would imply axial downward direction, part from perforation of the co-axial wall,
which induces radial direction across the annular catalyst bed. A 2D model has been
developed to model an axial-radial ammonia synthesis reactor. Mass and energy
balances were solved by a finite volume method, implemented in MATLAB. By
contrast, momentum balance and the general continuity equations were handled
with COMSOL Multiphysics with a finite element method. The two tools were
linked to achieve the simultaneous solution of momentum, mass and energy balance
equations. Simulation results were validated with real performance results obtained
in a petrochemical plant [88].

A disadvantage of quench cooling is the partial catalyst bed utilisation by the
recycle gas, which is injected and allowed to cross only a portion of the catalyst.
This increases the catalyst volume with respect to indirect heat exchange, but no extra
space is required to allocate the internal heat exchanger. Hence, the total volume of
the converter remains almost the same.

Finally, converters with indirect cooling are shown in Fig. 7, right, where heat
exchangers placed in the converter, e.g. between catalyst beds, accomplish the
removal of the heat of reaction. The cooling fluid can be water, allowing to obtain
high-pressure steam, both in axial flow (e.g. Fauser—Montecatini technology [77, 89,
90], OSW [13]) or radial flow configuration (e.g. the horizontal Kellogg converter
[91, 92], Fig. 10).

The design of the KAAP process, besides introducing an innovative Ru/C catalyst
in a multi-bed configuration, also modifies the converter design, going back to a hot-
wall design, possible thanks to the much lower operating pressure (ca. 90-100 bar).
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Fig. 9 Design of a Topsge, three-bed, radial flow, quench-cooled S-300 converter. Readapted from
[83]
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Fig. 10 Horizontal M.W. Kellogg converter with indirect heat exchanger. Readapted from [13]

A horizontal-type industrial ammonia synthesis (Kellogg) with three axial flow
catalyst beds and an internal heat exchanger has been also modelled by Dashti et al.
[93] through a one-dimensional and non-homogenous model. The optimisation of
different ammonia synthesis reactor configurations, with internal direct cooling reac-
tor, adiabatic quench cooling and adiabatic indirect cooling was presented [94].
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A 1D pseudo-homogeneous model has been applied to check the role of different
parameters on reactor performance and optimisation through a differential evolu-
tion algorithm, with N, conversion as an objective. Internal direct cooling was more
advantageous in the presented case.

Feed-effluent heat exchanger increases thermal efficiency, but could induce hys-
teresis phenomenon. A double-bed reactor has been dynamically modelled, tuning
the quenching ratio to overcome hysteresis [95].

4.3 Ammonia Separation

The separation of pure ammonia is achieved by cooling until liquefaction. For high-
pressure synthesis loops, air or water cooling is suitable to lower the residual NHj
partial pressure in the recycle stream; whereas, for low-pressure cycles, refrigerating
systems are needed, down to —25 °C. Liquid ammonia is separated and further
flashed to 20 bar to free the absorbed gases, often valourised as additional fuel, and
further flashed to near ambient pressure for storage. Possibly, recovery of ammonia
from the flash vapour lines is accomplished by scrubbing with water and distillation
of the solution obtained.

Alternative options are the recovery of ammonia through scrubbing with dilute
ammonia solutions at ambient temperature, leaving a residual ammonia concentra-
tion in the loop stream ca. 0.5 vol.% (SnamProgetti) [96]. A further possibility is
adsorption on solids [97].

5 Process Intensification

Ammonia synthesis industry accounts for 3% of the world’s energy consumption.
The revamping of existing plants or the design of new plant configurations from the
grass roots answers in most cases the need of higher energy efficiency. This is often
accomplished through an intensification of energy recovery to preheat the feed and
to produce high-pressure steam, up to 120 bar. Advanced ammonia concepts produce
up to 1.5 t of high-pressure steam per ton of ammonia, corresponding to ca. 90%
recovery of the reaction enthalpy [9].

The temperature reached in different process steps is reported in Fig. 11, as a basis
for the design of an optimised heat exchanger network.

High-level surplus energy is available from the reformer. Steam produced is
usually employed in the turbines that drive the synthesis loop compressors.

The development of better catalysts is a valid strategy for process intensification,
even in the case of expensive materials. Indeed, the cost of the catalyst is less than
1% of the production cost of ammonia (0.26—-0.6% according to [11]), justifying the
search for much more active materials. For instance, the KAAP process includes a
Ru-based catalyst, which is by far more expensive than the traditional Fe-based one.
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Fig. 11 Temperatures of the different process units. Readapted from [9]

However, the possibility to operate down to 91 bar allows 20% savings in equipment
and piping, which justifies fully the higher cost.

Another strategy is often to reduce the H,/Nj ratio, to increase the net value of
NHj3; in the synthesis loop and save energy in the synthesis gas preparation section.

Moreover, pinch analysis and the optimisation of the heat exchanger network are a
must, allowing the recovery and interexchange of most heat flows. Typical examples
of steam generation circuit and its use in steam turbines to drive the synthesis loop
compressors and of recovery of low-grade heat are reported in Figs. 6.21, 6.22 and
6.3 in [13].

The efficiency of the process can be expressed on the basis of the atom economy,
considering the starting raw material. For instance, when hydrogen is produced by
steam reforming of natural gas, ca. 0.44 mol of CH, is needed per mol of liquid
ammonia produced. The “energy efficiency” of the process can be consequently
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Table 1 Energy analysis, readapted from [13]

HHV LHV Exergy

Reformer feed 24.64 22.26 23.26
Fuel 7.87 7.07 7.45
Total energy to HP steam production 11.59 11.59 5.52
Losses

Reforming 0.38 0.38 4.94
Steam generation 0.33 0.33 2.38
Gas purification 1.30 1.30 0.67
Synthesis 1.72 1.72 1.55
Turbines + compressor 6.53 6.53 0.54
Total losses 11.55 10.92 10.54
Energy in NH3 20.96 17.11 20.13

Values reported in GJ/t NH3

referred to the lower or higher heating values (LHV or HHV) of the starting material,
or by looking at the exergy analysis. The latter approach has the advantage to identify
the main plant losses due to irreversibilities, which is a valuable tool to improve the
process efficiency. For instance, it was evidenced that most of the exergy loss resides
in the reforming section (60-70%), mainly due to the low efficiency of combustion
and process steam generation [98]. An example of exergy analysis is reported in
Table 1.

A detailed plant (1000 t/d) optimisation based on the minimisation of exergy
destruction has been proposed [99]. The proposed objective function resulted very
sensitive to some variables, causing convergence issues. Within the synthesis loop,
the ammonia converter and the refrigeration were in charge for 71-82% of the
total destruction of exergy (38.8 MW for the base case operating conditions, while
25.6 MW for the optimised ones).

Exergy losses were calculated by dividing the process into functional blocks
[100]. The reforming block was responsible of the largest exergy loss (3098 kJ/kg).
Therefore, this is the block with the hugest potential for intensification. Strategies
include preheating the cold feed using an economiser and pressure drop reduction
in the secondary reformer. The second widest exergy destruction is represented by
the ammonia synthesis loop (3075 kJ/kg). The strategies suggested for optimisation
were to limit the temperature increase in the compressor, thermal insulation of the
latter, reducing undesired compounds (e.g. Ar) in the feed and decrease the temper-
ature for reactor outlet streams. Exergy losses in the residual ammonia removal unit
(833 kl/kg) were attributed to the stripper and the absorber column, so that improved
column design is needed.

The energy consumption for the production of 1 ton NH;3 has been reduced from
41.8 t0 29.3 GJ, thanks to substantial energy recovery, integration between different
plant sections and optimisation of the operating conditions. In two words, by process
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intensification. This result has been achieved, e.g. by increasing the steam reform-
ing pressure, to save power during the further gas compression and decreasing the
steam to carbon ratio to save process steam, one of the causes of inefficiency. How-
ever, this imposes harder conditions for reforming, requiring improved materials and
reformer tubes. The matching with a secondary reformer also needs optimisation.
The primary reforming can be less demanding, i.e. allowing a decrease of tempera-
ture, admitting a higher discharged amount of methane, to be converted in the sec-
ondary unit. However, in this way, the secondary reforming operates with higher air
flowrate, which requires additional compression power. Additionally, the resulting
gas is characterised by higher N, amount than required, needing its separation.

The gas purification sections have been improved in the past by adding a low-
temperature shift and also CO, recovery, by optimising the absorption procedure. For
the ammonia synthesis loop, attention has been paid to the design of the converter,
to guarantee maximum heat recovery and exploitation. The valourisation of H, by
recovering it from purge streams also improved the efficiency of the process.

A comparison between the energy consumption of different processes and the rel-
ative ratio with respect to the theoretical one has been calculated [11] and summarised
in Table 2. The comparison evidences that the most efficient way to accomplish syn-
thesis gas production is the steam reforming of natural gas, especially by increasing
its operating pressure, while coal is a low efficiency raw material, even working at
high pressure, due to lower hydrogen yield.

Exergy analysis allows to define the links within a system and the intensifica-
tion potential from a thermodynamic point of view. For instance, two synthesis loop
configurations were analysed in [101]. The first scheme includes a three-stage adi-
abatic reactor, with intermediate quench cooling, while the other design includes
a cooled reactor. The exergy destruction could be reduced by enhancing the waste
heat utilisation through a steam generator and improving the performance of the

Table 2 Energy consumption for NH3 production starting from various starting materials (values
referred to a ton of liquid NH3) [11]

Raw material | Synthesis gas Capacity (t/d) | Energy Ratio with
production consumption (GJ) | theoretic energy
demand
Natural gas SR 36 bar 1000 28.4 1.41
SR 30 bar 1000 354 1.76
Light oil SR 33 bar 900 41.8 2.08
Residual 0il | G 85 bar 1000 38.5 1.92
Coal Pressurised 1000 50.4 2.50
Gasification
(Lurgi)
Pressurised 1000 44.1 2.19
Gasification
(Texaco)

SR steam reforming; G gasification
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main compressor. Reactor design does not play a key role, since the improvement
potential is small. However, it was tackled as the most important component due to
its effect on the heat integration.

The use of ammonia as the solar energy storage system has been recently pro-
posed [102]. Concentrated solar energy can be used to thermally drive the endother-
mal ammonia decomposition and is then recovered during the exothermal synthesis.
The heat released is transferred to a fluid that can be superheated steam, or, more
efficiently, supercritical CO;. In order to improve the thermal energy recovery, super-
critical CO, heating and its use in a Brayton cycle have been investigated in compar-
ison with superheated steam generation to be employed in a conventional Rankine
cycle [103]. A bi-annular reactor configuration has been tested, with an outer annulus
where synthesis gas preheating is achieved. This is fed to an intermediate annulus
hosting the catalyst bed and in the internal pipe, and the heat of reaction is trans-
ferred to CO,. A detailed numerical simulation of ammonia-based thermic cycles
is proposed by Abdiwe and Haider [104]. The effectiveness of this configuration is
higher than external heat exchange and, besides the very specific application, may
suggest next developments to efficiently exploit reaction heat [102, 103, 105].

Next generation catalysts have been developed to improve the conversion per pass,
also decreasing the recycle needs, or to decrease the operating pressure at the same
productivity. Provided that the activity of a catalyst can be improved at the same
volume of about four times, an energy saving of ca. 0.84 GJ/t NH;3 can be achieved.
This value increases if a decrease of temperature can be achieved at the same time
[11].

The selection of low-pressure operation allows to save energy, but optimisation
suggests minimum overall costs for ca. 150 bar. The cost of compression impacts
both on installation and operating costs and should be carefully addressed. Typical
operating ranges are reported in Table 3. For instance, a lot of low capacity plants
are active in China (100-600 t/d) operating at 300 bar, which are currently being
revamped to higher capacity and lower pressure (150 bar) to reduce the energy
consumption. It should be also reminded that higher operating pressure allows easier
ammonia separation, decreasing the refrigeration power.

It is visible that the main power consumption is correlated with the synthesis
gas compression, thus there is a tendency to increase the synthesis gas production
pressure. This is rather easy in case of solid raw materials, where some commercial
gasification processes allow producing the synthesis gas at high pressure (75-95 bar),

Table 3 Examples of centrifugal compressors [11]

Compressor Natural gas Air Synthesis gas and recycle Ammonia
P-range (bar) 6.8-41 41 27-151 0-18
Power (MW) 1.1 6.3 13.0 7.8

Power expressed for a productivity size of 1000 t/d NH3
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so that the further compression of the gas is no more needed, provided that a low-
pressure ammonia synthesis loop is selected. Nevertheless, the great majority of the
processes need synthesis gas compression.

The overall energy saving when decreasing the operating pressure was estimated
for both small and large capacity plants [11]. For a 1000 t/d plant, the decrease of the
loop pressure from 220 to 75 bar allows 1.3 GJ/t energy saving, value which slightly
increases for a 300 t/d capacity to 1.38 GJ/t.

Furthermore, the energy consumption of a synthesis loop operating at different
pressure with a wustite-based ZA-5 commercial catalyst has been reported for a plant
with small capacity (330 t/d, Table 4) [11].

The situation in the 1990s led to only five licensers for proprietary ammonia
technologies Braun, ICI, M. W. Kellogg, Haldor Topsge A/S and Uhde GmbH.

The typical coupling between catalyst choice and process type is summarised in
Table 5, while comparison between different processes is provided in Table 6.

At last, due to decreasing catalytic activity during time, an increase of operating
pressure is usually planned, also reducing the inert and ammonia inlet to the converter.
Alternatively, the increase of the recycle flow is accomplished, which should be taken
into account during sizing and, of course, worsens the energy profile of the process.
A compromise is searched between the frequency of shut down to replace the catalyst
and the admissible loss of activity compensated by worse operating conditions. For
small-scale plants, the catalyst life is typically 2-3 years increasing to more than 5

Table 4 Energy consumption calculated for the synthesis loop of a 330 t/d loaded with a ZA-5
catalyst [11]

Pressure (bar) 100 300
Power of the fresh syngas compressor (MW) 7.97 10.4
Power of the circulating compressor (kW) 295 240
Power of the refrigeration compressor (kW) 311 184
Amount of vent gas (m3/h) 1853 1405
Catalyst volume (m?) 19.94 5.78
Total power consumption (MW) 13.6 21.6
Specific power consumption (MW/t NH3) 1.05 1.66

Table 5 Ceriteria for selection

Catalyst | P P b Ei
of catalysts and processes atlys rocess ressure (bar) c :rfsrﬁznpti on
(i (GJ/t NHs)
Fe Small-medium | 300 29.3
scale
Fe Kellogg 150 1.4
Fe-Co ICI-AMV 120 30.1
Ru Kellogg, 91 26.8
KAAP
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for large-scale plants. This means that sizing has to account for widely varying, more
and more demanding conditions, especially for large-scale installations. An example
is reported in [11], for a plant with a nominal capacity of 1000 t/d, operated at +5%
(1050 t/d) for the first 7 years, to account for the loss of performance down to 900 t/d
for the next 8 years.

The combination of the ammonia synthesis reaction with some endothermal pro-
cesses has been investigated at a level of conceptual design. This strategy may be
helpful to find the potential to exploit a high revenues product as an economic driver
to sustain small-scale, delocalised ammonia production plants.

A new integrated process was designed for a gas-to-liquid (GTL) plant for offshore
applications. The coupled cogeneration of NHj increases the commercial feasibility
of the GTL process and exploits the already available N, and H,. The combined GTL-
NHj3; process is self-sufficient as for power and water demands and, thus, suitable for
application in remote locations [106].

The naphtha reforming process as the endothermic reaction has been coupled with
ammonia synthesis [107]. Increased thermal efficiency and reduced operating costs
were reported together with reduced thermal load of condensers for the ammonia
loop. The results were compared with conventional reactors, showing an increase in
aromatics yield, but reduced conversion of nitrogen. Some parameters were tuned
through a genetic algorithm to find the best solution, which was characterised by
some penalty for ammonia productivity.

Similarly, the simultaneous production of ammonia and methyl ethyl ketone
(MEK) has been investigated with a plant model [108], comparing co-current and
counter-current flow configurations. The heat released from the exothermal ammo-
nia synthesis reaction inside heat exchanger reactor tube supplies the required heat
for the endothermic 2-butanol dehydrogenation reaction in the co-axial shell. The
hydrogen co-produced with MEK by dehydrogenation of 2-butanol is used to supply
ca. 30% of the ammonia synthesis feed in the exothermic side. Different conceptual
layouts have been also proposed [108, 109].

Furthermore, a solid oxide electrolyser (SOE) can efficiently exploit the reaction
enthalpy to produce renewable hydrogen. An integrated ammonia synthesis reactor,
a SOE and an air separator have been simulated with Aspen Plus to develop a plant
model. A reduction in 40% energy input has been claimed [110].

A production facility has been simulated and economically evaluated to produce
ammonia from air and water as raw materials. N, is separated from O, through the
Linde process. H; is produced by water splitting. A three-bed packed reactor with
either direct or indirect cooling is presented. Duties for compression and electrolysis
are derived from renewable sources, such as photovoltaic or wind. Too high invest-
ment is envisaged (1.5 GEuro), though promising production cost of ammonia, i.e.
1.35 Euro/kg [111].
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6 Conclusions

To conclude, the evolution of ammonia synthesis plants is double, on the one hand
super-giant plants, with capacity of 2000 t/d, are under construction, however accom-
panied by spread medium-small-scale plants (400-600 t/d). The steam reforming of
natural gas is the best, most energy-intensive option, provided that this raw material
is available. Heavy fuel oil or coal is still valid alternatives for some countries, such
as China, due to largely available feedstocks [10]. Radial flow converters with small
particle size catalysts and indirect cooling are currently the preferred options.

This process is at the basis of industrial chemistry since a century, but renovation
of reactor concepts is continuous to allow process intensification. This is the key
to ensure the economic sustainability and availability of cheap raw material for the
fertilisers industry.
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A Review on Ammonia Derivatives m
as Corrosion Inhibitors for Metals e
and Alloys

Chandrabhan Verma, M. A. Quraishi and Eno E. Ebenso

Abstract Nowadays, metallic corrosion is one of the most challenging and damag-
ing phenomena that is associated with huge economic and safety losses. The corro-
sion damages become more severe during some industrial cleaning processes where
metallic materials are allowed for their surface treatment for their further process-
ing and applications. Therefore, corrosion inhibitors, mostly organic compounds are
employed during these processes. Most of the investigated inhibitors are associated
with salient features, including the presence of heteroatoms (N, S, O, P, etc.) and
aliphatic chains and aromatic rings. Generally, organic inhibitors adsorb and form
defensive film that isolates the metal(s) from surrounding corrosive environment and
protect from corrosion. Literature survey reveals that ammonia derivatives are highly
used in almost all kinds of electrolytic media. Aliphatic and aromatic amines, amino
acids, hydrazine and phenylhydrazine and their derivatives are most frequently used
ammonia derivatives as corrosion inhibitors. Present chapter dealing with the collec-
tion of few major reports available on the topic “ammonia derivatives as corrosion
inhibitors.” Amino acids (AAs) can also be regarded as mono-substituted amines;
therefore, present chapter also includes literature available on AAs as corrosion
inhibitors.
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1 Introduction

Corrosion is defined as the deterioration of metallic materials (metals and alloys)
and their properties by their interactions with the constituents of surroundings [1].
Corrosion is a highly challenging and damaging phenomenon that results in very
high safety and economic damages. A corrosion cost study conducted by NACE in
2016 revealed that the annual cost of corrosion was $2.5 trillion USD that consti-
tuted about 4.2% of world GDP [2]. Corrosion is a universal problem for numerous
countries including USA, Australia, Japan, China, Korea, India and South Africa,
etc. In India and South Africa, annual corrosion cost is about $100-billion USD and
$9.6-billion USD, respectively [3]. Nowadays, metallic corrosion and its inhibition
are attracting the particular attention of scientists and engineers because of increased
use of metallic materials in household and industrial applications. Because of their
very high mechanical supremacy and profitable behavior, metallic materials are fre-
quently used as constructional materials for various industries, including oil-gas and
petroleum industries, bridges, railway tracks and transportation pipelines. Corrosion
inhibition of these metallic assets requires very high maintenance, economic and
safety costs [4]. Apart from the corrosion of constructional resources dissolution
of metallic components, cleaning processes are also connected with immense eco-
nomic losses. In order to avoid the unwanted metallic loss during aggressive cleaning
processes, inhibitors are added in the aggressive solution. Several types of corrosion
monitoring techniques have been employed previously in order to reduce or avoid the
unwanted loss of metallic materials via corrosion. Figure 1 represents some prac-
tices of metallic corrosion inhibition. Most of the inhibitors contain electron-rich
substituents such as >C=0, >C=N, -N=0, >C=S, -N=N-, -COO-R, —-CO-NH,,
—CO-X, —C=N, -C=C-, etc., and multiple bonds of functional groups and aromatic

Measures for corrosion
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Fig. 1 Measures for corrosion protection
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rings that help in their adsorption on metallic surface [5, 6]. Mechanism of metallic
corrosion in the absence of organic inhibitors can be accessible as follows [7, 8]:

M + nH,0 «—> M(H,0)n,4 (1)
M(H,0)n,45 + 2X~ <—> M[(H;0),,(X) Jads )
M[(H20),(X); lads = M[(H20), (X)2]ads + 2¢™ (3)
M[(H;0),, (X)]ags = M?>* + OH™ +2X~ + H* (4)

Whereas, in the presence of inhibitors, the following mechanism can be operated
[7, 8

M + I’leO <> M(HQO)nads (5)
MH;0)na45 + 2X™ «— M[(H20),,(X); Jags (6)
M(H;0), (X3 )]ags + INH — H" — M(H;0),,(X),INH — H] 4 (7

In the above equations, M represents the metal; X is the counter ion of the aggres-
sive medium, e.g., Cl of HCI and INH is the inhibitor. In acidic medium rapid oxi-
dation of metal outcomes addicted to the gathering of the positive charges (M"*) on
the surface, which attracts the positively charged counter ions (X) by electrostatic
force of attraction.

Therefore, firstly organic inhibitors adsorb by using their electrostatic force of
attraction. However, after the release of hydrogen at cathode inhibitors become neu-
tral with the free unshared pair of electrons on heteroatoms. The unshared elec-
tron pairs are transferred into the vacant d-orbital that results in the co-ordination
bonding (chemisorptions) between the inhibitors and the metallic surface. This is
recognized as a donation. However, in order to minimize inter-electronic repulsion,
some of the metallic electrons are transferred to empty anti-bonding orbitals through
retro-donation. Schematic illustration of the binding between metal and inhibitors is
presented in Fig. 2.

2 Ammonia Derivatives as Corrosion Inhibitors

Ammonia and its derivatives including hydrazine and aliphatic and aromatic amines
are used as corrosion inhibitors for a variety of conditions. Various nitrogenous het-
erocyclic compounds, including pyridine, imidazole, pyrrole, furan and thiophene,
purine and pyrimidine and pyrazine derivatives are employed as effective inhibitors
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(a) Physisorption
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Fig. 2 Mechanism of physisorption (a) and chemisorption (b) of organic nitrogenous inhibitors in
acidic medium

[9]. Inhibitiveness of these inhibitors depends upon abundant aspects, for example,
solubility, temperature, pressure, presence of humidity and salts and their structure.
Generally, an inhibitor having higher solubility shows better inhibition efficiency
than the inhibitor having lower solubility. Increase in temperature causes a signifi-
cant reduction in the protection efficiency of the inhibitor molecules which can be
attributed to the fragmentation, rearrangement and/or decomposition of the inhibitor
molecules at the high temperature [9, 10]. More so, increased kinetic energy at ele-
vated temperature can also decrease the attraction between inhibitor molecules and
metallic surface. Apart from these, electronic structure of the inhibitor molecules
has marked effect on their protectiveness as an inhibitor partaking electron-donating
substituents for instance -NH,, -NHMe, -NMe,, —-OH, —-OCHj3;, etc., shows better
protection efficiency than their counter parts such as -NO,,—CN and —COOE:t. Effect
of substituents can be described using Hammett equations accessible below [9, 10]:

K
log = =R = po ®)
Ky
1 —n%
log = — 17k _ oy )
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H Or
= po — log = 10
Con po — log on (10)

In the above Hammett equations, o represents the value of Hammett constant
that gives information about the electronic influence of the substituents on the center
of metal-inhibitor interactions. Generally, its positive value indicates the electron-
withdrawing effect of the substituents, whereas the converse is true for substituents
having negative values of Hammett constant. The K, n% and 6 represent the equilib-
rium constant for metal-inhibitor reactions, inhibition efficiency and surface coverage
for inhibitors without any substituent (—H) and with substituent (—R). Obviously, the
negative value of Hammett constant is interrelated with electron-donating aptitude,
and therefore, high protection efficiency of the inhibitor molecules and the converse
is true for the positive value of Hammett constant. Present chapter mainly focuses
on the collection of corrosion inhibition effect of ammonia derivatives, including
aliphatic and aromatic amines and hydrazine derivatives.

The aliphatic and aromatic amines are highly used because of their high basicity
and high electron-donating ability that generally offers strong metal-inhibitor inter-
actions. Amines represent the open chain or cyclic aliphatic class of mono-, di- or
tri-substituted ammonia derivatives. Generally, in amines polar head containing nitro-
gen (amine group) interact/attach with metallic surface and non-polar hydrophobic
tail flag into the electrolyte. Therefore, amines form surface protective films avoid
the contact of metallic surface with corrosive solution. Inhibitiveness of the amines
is fundamentally contingent upon the nature and length of the hydrophobic carbon
chain. Obviously, high inhibition effectiveness is associated with larger hydrophobic
carbon chain. Several amines are investigated (as inhibitors) in numerous corrosive
media, including HCI, NaCl and H,SOy. Inhibition property of two amines namely,
1,8-diaminooctane and tetraethylenepentamine and their derivatives were evaluated
for their anticorrosive behavior on carbon steel [11]. Investigated amine derivatives
performed as mixed type inhibitors and their efficiency was concentration depen-
dent. Adsorption of the amine derivatives obeyed the Langmuir adsorption isotherm.
The inhibition effect of N-heterocyclic compounds on iron corrosion in 1 M HCIO4
showed that they are acted as mixed type inhibitors and their adsorption obeyed the
Langmuir adsorption isotherm [12]. It was further observed that inhibition effect of
the investigated amines further depends upon the electron density over the nitrogen
atom. Yadav and associates [13] described the inhibition consequence of two sub-
stituted amines on N80 steel in 15% HCI solution using. Both the amine derivatives
acted mixed type inhibitors. In another study [14], the inhibition effect of amine-
based surfactants on carbon steel corrosion in formation water (deep well water) was
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examined. Investigated amine-based inhibitors showed 86-96% inhibition efficien-
cies at different concentrations ranging from 200 to 400 ppm. Results showed that
inhibition efficiency upsurges on enhancing the length of the hydrophobic chain and
the maximum value of 96% were obtained for surfactant IV. They behaved as anodic
type inhibitors and their adsorption obeyed the Langmuir adsorption isotherm. The
effect of two amines on carbon steel corrosion in seawater system has been investi-
gated elsewhere [15]. Further, the effect of hydrophobic chain length on other amine
derivatives has also been investigated in literature [16—18]. Generally, the inhibition
efficiency of the amines derivatives increases on increasing the length of hydrophobic
chain; however, increase in the chain of carbon chain beyond certain limit decreases
the inhibition efficiency. This is because increase in hydrophobic chain length causes
significant decrease in the solubility of the inhibitors into the polar media and there-
fore inhibition efficiency. Beside mild and carbon steel, amines by-products have
also been used as inhibitors for other metals [19-22]. Some common representatives
are presented in Table 1.

Aniline (also known as benzenamine or aminobenzene) and its derivatives repre-
sent a special class of biologically and industrially useful compounds including in the
field of metallic corrosion inhibition [23]. Aniline can be regarded as one of the most
important aromatic derivatives of ammonia which serves as starting chemical for the
synthesis of several industrially and biologically useful nitrogenous compounds [24].
Generally, they are synthesized by the reduction of their nitro-analog. Aniline and its
derivatives are associated with high electron density that resulted due to availability
of non-bonding electrons of nitrogen and m-electrons of the aromatic ring therefore
generally they act as efficient corrosion inhibitions [25]. In view of this, pyridine
and its numerous derivatives derived from natural and synthetic sources have been
employed as corrosion inhibitors. Henriquez-Roman and coworkers [26] studied
the inhibition effect of aniline and its para-substituted methyl, methoxy and nitro
derivatives on corrosion of copper in 1 M HCl solution using computational studies.
They demonstrated that investigated inhibitors preferably adsorb on the active places
present over the metallic surface. Nature of substituent greatly affects the adsorption
tendency of the inhibitor molecules. Similar observation was reported by another
group of authors [27] while demonstrating the effect of aniline and p-bromoaniline,
m-chloroniline, o-chloroaniline, p-chloroaniline and p-methyl aniline on corrosion of
copper in phosphoric acid solution having different concentrations. Results showed
that methyl aniline and aniline showed the highest and lowest protection efficiencies,
respectively. Interactions of the investigated inhibitor molecules obeyed the Flory-
Huggins and Langmuir adsorption isotherm models. Inhibition property of the azo
rhodanine derivatives of aniline for protection copper corrosion in acidic medium has
also been studied elsewhere [28]. Nasser [29] functionalized brominated Jojoba oil
using aniline and its two derivatives and tested them for their anticorrosive property
on mild steel in 1 M HCI. They observed that inhibitor II which is constituted by 2,
4-dimethyl aniline displayed the uppermost protection efficiency among the investi-
gated inhibitors. Inhibition effect of numerous anilines along with pyridine deriva-
tives on steel corrosion in 1 M HCI was reported elsewhere [30]. In the study basicity
values of the investigated compounds were correlated with their protection efficiency,
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and it was observed that corrosion rate was lesser for the inhibitor having high basic-
ity. In another study [31], it is demonstrated that p-methoxy aniline showed better
protection efficiency followed by p-methyl aniline and finally by aniline onQD36
steel corrosion in 0.5 H HCI. Inhibitive effect of aniline and its derivatives are also
reported elsewhere [23, 32-34]. Anticorrosive behavior of D-glucose-based hete-
rocyclics for mild steel in 1 M HCI showed that inhibition effectiveness followed
the order: GPH-3 (-OCH3)> -GPH-2 (-OH) > GPH (-OH) [23]. Table 1 represents
some main collection on aniline-based corrosion inhibitors. Aniline-based corrosion
inhibitors are also tested for aluminum [35] and zinc [36-38].

Hydrazine derivatives represent a special class of ammonia derivatives in which
two nitrogen joined together by nitrogen-nitrogen covalent bond. Hydrazine and its
derivatives (mostly phenyl hydrazine) are used in versatile condition. Generally, their
extraordinary inhibitiveness is resulted due to the availability of unshared electron
pairs of nitrogen and widespread conjugation responsible or strong metal-inhibitor
interactions. Hydrazine derivatives are tested as inhibitors in another study [39]. A
good agreement in the results of DFT and experimental studies was observed. Three
similar hydrazine derivatives are studied as inhibitors [40]. Chafai [41] synthesized,
characterized and investigated the protection efficiency of p-methyl phenyl hydrazine
derivative of m-nitro benzaldehyde (E-NBPTH) on carbon steel in 0.5 M H,SOy4.
Four phenyl hydrazones differing in the nature of substituents were synthesized
and investigated as effective corrosion inhibitors for brass in hydrochloric acid (2 M)
solution [42]. Synergistic consequence of KI on the inhibitiveness of hydrazones was
further studies and it was observed that addition of KI in small amount significantly
enhanced the inhibition effect of investigated hydrazones.

Carbazides, semicarbazides and thiosemicarbazides are other very important
classes of ammonia derivatives that show very high industrial and biological appli-
cations. They are also used as corrosion inhibitors and they showed high inhibi-
tion effectiveness [43—45]. Among the carbazides, semicarbazides and thiosemicar-
bazides, thiosemicarbazides have been used most extensively. Some major collec-
tion on thiosemicarbazides as corrosion inhibitors are presented in Table 2. Mah-
goub and S. M. Al-Rashdi [46] investigated the inhibition effect thiosemicarbazide
(TSC) on mild steel in 0.5 M H2SO4 using electrochemical and SEM techniques.
Study further suggested that TSC adsorb on the metallic surface using chemisorp-
tion mechanism. In another study, the inhibition effect of thiosemicarbazide (TSC)
and phenyl thiosemicarbazide (PTSC) on carbon steel corrosion in 2 M H3PO4
solution is reported at their different concentrations using electrochemical tech-
niques [45]. Ameer et al. [47] studied the inhibition effect of numerous thiosemicar-
bazide derivatives on carbon steel corrosion in phosphoric acid medium using weight
loss and electrochemical techniques. Adsorption of the thiosemicarbazide deriva-
tives followed the Flori-Huggins isotherm model and the tested inhibitors acted as
mixed type corrosion inhibitors. Inhibition effect of thiosemicarbazide derivatives
has also been reported elsewhere for carbon and mild steel and copper [48-55]. Along
with thiosemicarbazides, several carbazide derivatives are also studied as corrosion
inhibitors [56-59].
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Abstract Ammonia has been produced over the last centuries in several ways, with
the Haber—Bosch process leading current production due to its efficiency and feasi-
ble deployment. However, previous to the leading positioning of the Haber-Bosch
process, ammonia used to be manufactured using coal-based gas works. Coke, a
remnant of the process, has been widely used for steel production processes, thus
making reasonable the integration of these gas facilities into the production of steel
for better economic profiles. Although this ammonia production process is currently
used only in a minor share of the total ammonia market, there are locations where it
is still employed to obtain the chemical for fertilizing applications. This chapter is
dedicated to the production of ammonia from such steelworks, detailing some of the
history, fundamental and current trends behind the process that set the foundations
of ammonia as one of the main global chemicals. Steel, which will still be produced
over decades, can indirectly provide a chemical that supports a more sustainable
agenda if better process integration is achieved, minimizing emissions and energy
losses.

Keywords Ammonia - Cove oven Gas - Steel - Mond * Energy

1 Background

Since the 1860s, ammonia obtained from the destructive distillation of coal was
used as a source of nitrogen for fertilizer purposes. Ammonia liquor was recovered
by sulfuric gas absorption that was employed after scrubbing coal gas with water.
Ammonium sulfate, the resultant from the process, was then used as fertilizer [1]. It
is estimated that approximately 140,000 tons/year of this chemical were produced
around Europe by the end of the nineteenth century.

It was in 1889 that Ludwig Mond, a German-British chemist, discovered, dur-
ing his search of a process to manufacture ammonium sulfate, that coal combustion
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could produce ammonia when the reaction takes place with air and steam. The pro-
duced gas, in combination with other species, was named Mond gas [2]. His findings
suggested that low-quality coal could react with superheated steam producing high
valuable gas. Dilute sulfuric acid sprays were then employed to remove the ammonia,
forming ammonium sulfate in the process. Different from other processes, Mond’s
modification was based on the restriction of the supplied air, which was then filled
with steam to generate low-temperature atmospheres. Since these low temperatures
were lower than the temperatures required to dissociate ammonia, the recovery of the
latter was maximized [2]. Mond realized at the time the great potential of this process
to produce ammonia to satisfy the fertilizer market, although his initial interest was
to ensure the supply of ammonia to his alkali factory.

Mond’s process was utilized at Brunner from 1902, which was followed by imple-
mentation at various other sites in Britain, Argentina, Spain and the USA by 1903.
These plants required massive capital investment to be economically viable. Over
182 tonnes of coal per week were employed to produce ammonia profitably with effi-
ciencies as high as 80% [3]. It is estimated that the production of British ammonium
sulfate reached ~220,000 tons/year by 1902, with 68% obtained from gas works and
9% from coke, carbonizing and Mond gas works [1]. Two-thirds of the total produc-
tion were exported across the globe and used as fertilizer. An important destination
for British fertilizer was Japan until the beginning of World War I [1]. By then, the
production of ammonium sulfate was estimated at around 270,000 tons/year [4].

Further technological advances took place across Europe driven by companies
such as Semet and Evence Coppee that developed new techniques to increase the
ammonia recovery from coke ovens. Amongst other leaders that worked on this
subject, Heinrich Koppers introduced the coke oven process into the US industry in
1907. Establishing Heinrich Koppers AG in 1904, he created the so-called half direct
process for recovery of tars and ammonia from coke oven gas. By 1923, 90% of all
coke oven plants in the Ruhr district used this process [5].

Before World War 11, significant quantities of ammonia were manufactured from
derived coke producing processes via coal conversion. Coal-based ammonia produc-
tion dominated the industry until then [6]. It is estimated that around 2.7 million
tons of ammonia per year were produced in this manner [7]. However, the situation
would change by 1960, where most of the ammonia (by this time, 16 million tons
per year) was obtained using natural gas from which hydrogen was obtained. Close
to the end of the last century, coal and coke only accounted for 10.9% of the feed-
stock to produce ammonia. Nowadays, some industries still produce ammonia from
steelwork gases using these processes, although most have closed down from their
glorius years, Fig. 1. Examples are the fertilizer plants located in India at Durgapur
(West Bengal), Rourkela (Orissa) and Bhilai (Madhya Pradesh) and those at Burnpur
and Kulti (West Bengal) [8].

However, with the technological advancements and for the first time, some com-
panies have returned to the use of steelwork gases for the production of ammo-
nia. ThyssenKrupp recently announced the production of ammonia using steel mill
gases [9]. Findings obtained through the Carbon2Chem project in collaboration with
Fraunhofer-Gesellschaft, the Max Planck Society and 15 other partners (with an
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Fig. 1 Former South Staffordshire Mond gas company works [3]. Courtesy of the National Grid
Archive, UK

estimated €60M budget) revealed that ThyssenKrupp succeeded in producing pure
chemicals from these steel waste streams in 2018. The first ammonia production
took place in the Carbon2Chem technical centre in Duisburg, a pilot plant in which
laboratory results were validated under practical industrial conditions using gases
from regular steel mill operations [9]. The steel mill gas is comprised of 44% nitro-
gen, 23% carbon monoxide, 21% carbon dioxide, 10% hydrogen and 2% methane
(vol), thus making it suitable for the production of carbon and hydrogen synthetic
gases such as ammonia. The solution developed in Duisburg could be transferred to
over 50 steel mills worldwide [9]. This scenario, combined with new energy storage
trends, opens again the possibility of producing ammonia from steelworks through
reduced cost and increased efficiencies, whilst minimizing emissions and reducing
energy losses for more sustainable and integrated processes.

2 Production

Coke oven gas (COG) is a mixture of gases produced in steel plants during the
carbonization of coal. It contains a great variety of gases, which vary depending on
the process and coal source. However, concentrations tend to be around 50% H,,
25% CHy, 8% CO, 6% N, and minor amounts of hydrocarbons, CO, and impurities
(i.e. ammonia, hydrogen sulfide, hydrogen cyanide, ammonium chloride, benzene,
toluene, xylene, naphthalene, tars and carbon disulfide, in volume) [6, 10]. Coke
oven gas is still employed to produce ammonia by steam reforming or by separation
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of hydrogen by cryogenic processes [10]. Before these processes, the precipitation
of tar is required to avoid corrosion and unwanted emissions [11]. The cryogenic
processes involve liquid nitrogen wash [6, 8], which is obtained from air separation
units to produce oxygen for the steelworks [7]. The combination of nitrogen and
hydrogen, as in the following reaction, yields ammonia [12].

N2 + H2 —> NHg ArHO =—-459 kJ/mol

The general principle observed in the sequence of operation in the by-product plant
is to follow the tar/liquor separation from the gas by sequential removal of compo-
nents [4]. The operation is usually carried out at positive pressures (70-150 mBar)
to avoid air in-leaks. The normal sequence of operation is as follows [10],

Tar and liquor separation
Primary gas cooling
Compression in exhausters
Electrostatic tar droplet removal
Secondary/final gas cooling
Ammonia removal

Benzole removal

Naphthalene removal

Hydrogen sulfide removal.

WX b LW —

Sequences may vary depending on the by-product plant and any specialized
processes.

3 Ammonia Removal Processes

The retrieval of by-products from steelworks is significant as there are many potential
benefits. Nevertheless, COG needs to be treated and purified of contaminants that
have the potential to foul and corrode pipeworks [10, 13, 14]. Yields from this
treatment depend on several factors, mainly related to the carbonization conditions
[10].

Historically, COG by-product constituents were valuable, often more so than the
coke itself, particularly within the agricultural sector (i.e. fertilizers). Currently, the
emphasis on the by-product plant to purify COG became more about the treatment
of the gas to produce environmentally clean fuel and less about the recovery of
by-products. There has been a significant focus on optimizing the industrial purifica-
tion process of coke oven gas in order to achieve cost-efficient and environmentally
friendly practices. Germany, in particular, has developed coke plants that have the
highest environmental standards in comparison with other coking facilities. Never-
theless, there is still further research being carried out to improve the efficiency and
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environmental standards of coke plants across the globe [14]. Amongst the COG
components, the recovery of ammonia is of particular interest due to economic and
environmental reasons.

As mentioned above, COG is a complex gas with many constituents, some of
which are useful for many applications; for example, hydrogen, methane and carbon
monoxide are retained for the production of steel and production of extra power;
paraffinic and unsaturated gases are also retained for further uses [10, 14]. Small
traces of harmless, inert gases such as nitrogen or CO, are also kept in the final gas
[10]. Ammonia removal from both COG and the flushing liquor is now a universal
requirement of coke ovens as it is corrosive to carbon steel pipework, forming nitrogen
oxides during oxidation, which are detrimental to the environment due to the over-
nitrification of groundwaters and soils besides the formation of NO, noxious gases.
However, this removed ammonia can potentially be used for other purposes, for
example, power or combined fertilizer/energy storage concepts. Methods presented
in this section could be used in a more integrated manner to recover ammonia for
energy storage, power and heating, raising overall efficiency whilst reducing losses.

3.1 Ammonia Removal from Flushing Liquors

Conventionally, excess flushing liquor was commonly used to quench the hot coke.
However, this is no longer an acceptable practice for environmental reasons. Alter-
natively, the flushing liquor distillation followed by further treatment in a biological
effluent treatment (BET) plant would remove the ammonia content. The distillation
stage reduces operational costs, for example, by feeding the flushing liquor to a
distillation column and feeding a counter-current flow of stripping stream beneath
it, which causes the ammonia to vaporize out of the overhead vapours before fur-
ther treatment. The treated liquor is then cooled and passed onto the BET plant for
further ammonia removal by decomposing, for instance, ammonium chloride and
ammonium sulfate, upon alkali addition.

Traditionally, calcium hydroxide was used as the alkali source as it was inexpen-
sive and readily available. However, the formation of insoluble calcium salts caused
fouling problems. Alternatively, sodium carbonate is used as insoluble salts were
not formed, although the impurities present caused similar problems of fouling. Cur-
rently, sodium hydroxide is used, and although it is more expensive than traditional
alkaline salts, it outweighs previous fouling limitations.

3.2 Ammonia Removal from COG

An estimated 2.5-3.0 kg of ammonia is produced per ton of coal employed for
the production of coke due to the high temperatures of the process. The current
technology to remove ammonia from COG streams is well established, Fig. 2, and
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Fig. 2 Tata Steel Port Talbot, UK. Although not commercialized anymore, ammonia traces from
COG processing can potentially be used for new purposes. Courtesy of Tata Steel, UK

although the so-called water-wash is the more conventionally method, other methods

such as the ammonium sulfate and Phosam processes are also employed [10, 13].
The ammonium sulfate method involves the retention of NHj in solution by the

addition of sulfuric acid (H,SO,) generating ammonium sulfate (NH4),SOy) [10].

NH3 + stO4 — (NH4)HSO4 + NH3 — (NH4)2804

The NH4(HSO,) is recovered by crystallization before the formed crystals are
centrifuged, washed, and then dried. This method of NH; recovery differs in practice
depending on the type of gas/liquor contacting device and the equipment used for
crystallization. There is, however, an economic disadvantage with the ammonium
sulfate process; the price of H,SOy4 required to form (NH4),SOy4 can cost twice as
much as the value of the produced ammonium sulfate crystals.

As previously stated, ammonia or ammonium sulfate scrubbed from COG gas is
still employed as fertilizer in various places across the world. There are three methods
used for this recovery: direct, indirect and semi-direct [6, 7]. These are described in
Table 1.

The Phosam method for ammonia recovery was developed in the USA to produce
pure anhydrous NHj3. The high-value product means that this process is much more
economically favourable than the ammonium sulfate processes. The Phosam process
selectively absorbs NH3 from COG via direct contact with an aqueous solution of
phosphate, which is added only in minimal quantities to the reaction. This process has
very high efficiency achieving >99% recovery of NH;3 from the COG [16]. Through
the reaction,

NH; + H3PO4 — (NH4)H,PO4 + NH3; — (NH4),HPO4 + NH3; — (NHy4);PO4
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Table 1 Ammonium sulfate scrubbing methods [6, 7, 15]

75

Method Description Advantages Disadvantages
Direct Tar is removed by High recovery of Products could be
cooling down the inlet effluents with low contaminated (i.e. tar,
gas. The gas is then investment and reduced | pyridines and chloride).
passed through a operating expenses If the reactor is used as
saturator and washed scrubber and crystallizer,
with HySOy4. the pH is difficult to
Ammonium sulfate is handle to reduce
produced, centrifuged, impurities. Chloride
washed and dried from fuel or water could
also react with the
mixture and generate
corrosion problems
Indirect The gas is cooled and The method has The effluent disposal is

liquefied. Liquors are
passed through a
bubble-cap still. “Free”

considerable flexibility,
with a product (i.e.
ammonium sulfate) free

highly problematic, with
high ammonia losses
because of the reduced

ammonia from the salts of impurities reaction and absorption.
is released when the Due to the higher
liquors get in contact complexity, the
with steam, whilst operation is more
posterior treatment expensive than with the
through lime direct method
decomposes the “fixed”
ammonium salts.
Ammonia can then be
stripped with water or
combined with sulfuric
acid to form ammonium
sulfate

Semi-direct | This method offers a The method is the Although superior to the

solution that
incorporates concepts
from both the indirect
and direct processes. The
gas is cooled, and traces
of tar are removed.
Aqueous condensates
are sent to ammonia
spill. The mainstream
and the released
ammonia are combined
and heated up to 70 °C.
The gas is scrubbed with
a nearly saturated
ammonium sulfate
solution comprised of
5-6% H,SOy4. This last
part of the process takes
place at temperatures
between 50 and 70 °C

preferred option for
extensive facilities, with
more significant
ammonia recovery and
salts free from impurities

direct and indirect
methods, the water
balance during the
saturation operation
needs to be carefully
controlled to enable the
proper reaction of
species. Moreover, salt
incrustation could lead
to maintenance problems
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The water-wash method involves the use of water to strip contaminants from
COG [13]. Aqueous absorption liquor is fed into an NH3; washer vessel in a counter-
current flow to the COG, leading to an ammonia solution of high concentration. The
following step is distillation and recirculation of the condensed phase, which usually
is biologically treated to eliminate any residual NHj.

The washer vessel is usually placed after the tar precipitator in the by-product
plant. The COG requires cooling before it enters the washer. Since this part of the
process is temperature dependent, it has been found that NH; removal is more efficient
at low temperatures. Indeed, the solution of gases such as NHj3 depends on the
liquid phase temperature according to Henry’s law of solubility. However, in the
steelwork industry, the washer must not be operated at lower temperatures than the
outlet temperature of the gas cooling stage in order to avoid fouling by naphthalene
precipitation.

Alternative new technologies such as membranes are easing even further the
removal of ammonia from flushing liquors [17]. Membrane distillation is being
investigated worldwide as a highly efficient and affordable technology [17, 18].
Hydrophobic membranes (flat-sheet, hollow fibre and spiral wound) are preferred
for ammonia extraction due to their hydrophobic characteristics, excellent organic
resistance and chemical stability with acidic and alkaline solutions [17]. The strong
hydrophobicity of the membrane prevents liquid transportation through it, thus facil-
itating the separation of species with different vapour pressures [19]. The partial
pressure gradients across the membrane result in the transfer of the volatiles from
the liquid phase to the vapour phase. As the temperature gradient is maintained across
the membrane, the transport of water vapour occurs continuously. Meanwhile, other
species remain on the other side of the membrane, thus separating water from the
mixture. Conventional flat-sheet porous has been applied for membrane distillation
with efficiencies varying between 70 and 90% [20].

4 Utilization of Ammonia from Steelworks

Ammonia from steelworks can be used in many ways. Similar to ammonia produced
by any other method, the versatility of the chemical enables its use for fertilizing,
heat production and chemical process applications. However, different from other
processes, ammonia from steelworks can be employed using gaseous waste streams
only available onsite to reduce cost or to generate extra heat/power for processes
needed to produce steel. Therefore, this section is dedicated to evaluating some of
these specific processes.
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4.1 Ammonium Sulfate

Ammonium sulfate can be used as a fertilizer. Although its use for this applica-
tion is relatively smaller when compared to urea, ammonium nitrate solutions and
anhydrous ammonia [6], ammonium sulfate can still be employed as a fertilizer
if available. The manufacturing and delivery method will vary depending on the
customer’s specifications.

4.2 Incineration

Incineration of ammonia vapours product of the coke oven gas process has been a
common practice since the 1960s [4]. Ammonia, with a low heating value (LHV) of
18 MJ/kg, can be burned using a pilot flame without the need of other doping agents
[21]. Companies around the globe employ these systems to reduce costs and mitigate
contaminants, many of which are intrinsically dedicated to the production of steel
[22]. However, the process carries out the production of emissions such as NO, and
SO,, which are extremely detrimental to the atmosphere. Since ammonia contains
nitrogen, its combustion at elevated temperatures generates NO, emissions higher
than those established for environmental regulatory purposes, requiring the imple-
mentation of novel combustion techniques to reduce temperatures whilst burning
chemicals such as sulfur content species.

Therefore, the presence of these unwanted emissions in the stack has led to a close
review of the process, with new installations now being used only for standby or emer-
gency applications as short-term measures, i.e. for maintenance or unstable operation
[4]. Moreover, some companies have looked at incineration as a possible solution
to some of their heating requirements. Specialized steel production, which employs
ammonia as part of their process, has attempted to utilize ammonia-containing gases
for additional heating applications [23].

4.3 Concentrated Ammonia Liquor

Ammonia liquor can be produced from various ammonia vapour streams or water-
washed methods. A preliminary condensation is carried out to minimize water con-
tent. The condensate is returned to the distillation column, with the remaining vapours
then condensed to produce ammonia liquor [4]. Ammonia liquor produced by this
method has a limited concentration of 15-20% ammonia, a consequence of the
ammonium carbonate that is also formed on the condenser surface. This problem
can be reduced by reducing acid gases such as carbon dioxide by “deacidification”
processes via steam stripping [4].
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A standard method to cool and condense ammonia vapours is by direct contact
with recirculated cooled ammonia, thus avoiding localized sub-cooling that can lead
to crystallization and fouling. The production of concentrated ammonia liquor is also
used to provide a low-cost standby in plants where the regular ammonia handling
facilities are out of service for maintenance [4].

Another option is to use the concentrated ammonia liquor or anhydrous ammo-
nia, i.e. obtained from the former, for power purposes. Hewlett et al. [13] examined
the potential of using ammonia in both its ammonia vapour (AV) and recovered
anhydrous ammonia (AA) forms, to produce power using gas turbine (GT) tech-
nology. The priority of the study was to minimize NO, concentrations and other
harmful emissions whilst optimizing operational performance. After analyses using
0-D, 1-D and ASPEN software with various combinations of ammonia and COG
blends, the group concluded that ammonia from steelworks could be used to pro-
duce power >4 MW at efficiencies up to 46%. Further information can be found in
[13]. Figure 3 shows a representative flame obtained with such blends. According
to numerical analyses, adding 15% COG to both the AV and AA gives the optimal
balance of reactivity and lower pollutant products. Therefore, the potential of using
ammonia product from coke processes might have a viable application to support
energy storage in steelwork complexes.

Fig. 3 Ammonia-COG flame
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4.4 Catalytic Destruction

Another option presented by the industry was to destroy ammonia by cracking the
molecule. Instead of producing contaminants (NO,, SO,) or adding extra costs to
the production of ammonium sulfate, the concept seeks to recover hydrogen from
the ammonia molecule, therefore enabling the use of hydrogen in other parts of the
process as a doping agent to increase combustion performance.

The process employs COG that, in conjunction with vapours, air and ammonia
are fed to a burner with high flowrate controls. The reaction favours the combustion
of COG, thus creating an atmosphere consisting of ammonia vapours and COG
combustion products at ~1150 °C. A catalytic nickel-based bed is used, which cracks
the ammonia into hydrogen and nitrogen. Hydrogen cyanide reacts with the water
vapour producing nitrogen, hydrogen and CO;. The gases then pass through a waste
heat boiler to be cooled down to 300 °C. The gases may pass directly to the raw
COG main, thus closing the loop, or they may be further cooled by water for other
purposes [4]. This process enables a reduction of NO, or SO, emissions.

4.5 Final Remarks

Ammonia obtained from steelworks used to be the primary source for the production
of fertilizers before the end of the first half of the twentieth century. However, due
to the increasing introduction of natural gas and its cleaner processing, ammonia
from steelworks was relegated, now sharing less than 12% of the overall ammonia
production worldwide. Although some developing economies still use the concept
for fertilizing applications, costs and environmental regulations have led to a decline
of ammonia production via this method.

However, since steel is a significant component of today’s society, the use of
ammonia from the generation of coke oven gas or steel mills can still be a poten-
tial source for chemical storage that could be implemented for backup applications
in power and/or heating auxiliary processes. Processes that are used to remove NHj
could be integrated with other developments to raise efficiency and mitigate unwanted
emissions. Current studies and various industrial projects show that ammonia, recov-
ered from waste streams found in the steel production chain, can have significant
advantages for energy support and chemical production. Thus, further progress
on the topic should be expected in the years to come, as the use of these waste
streams in an integrated manner can raise efficiencies whilst mitigating emissions,
thus contributing to the sustainability steelworks.

Acknowledgements Cardiff University gratefully acknowledges the support from the Welsh
European Funding Office (WEFO) through its programme “Flexible Integrated Energy Systems
(FLEXIS)”, project no. 80835. REFERENCES NEED TO BE AMENDED. - REF 3 HAS "COM-
MAS", AND INSTEAD OF HAVING [ONLINE] IT SAYS -AVAILABLE ONLINE-, REF 5 ONLY
1 "COMMA".



80

A. Valera-Medina and A. Roldan

References

10.

11.

12.

13.

14.

18.

19.

20.

21.

22.

23.

. Travis AS (2018) Nitrogen capture. The growth of an international industry (1900-1940).

Springer, 410 p

. R.D. Wood and Co. Philadelphia (1903) Mond gas. [Online] https://archive.org/stream/

mondgasOOwoodrich#page/n5/mode/2up. Accessed 14 Feb 2019

. CLAIRE (2014) “Gasworks profile D: produced gas plants” supported by National Gas Grid and

Parsons Brinckerhoff. Available Online https://www.claire.co.uk/component/phocadownload/
category/9-other-cl-aire-documents ?7download=433:gasworks-profile-d-producer-gas-plants.
Accessed 9 May 2019

. Vroomen H (2013) The history of ammonia to 2012. [Online]. By The Fertilizer Institute.

Available in www.firt.org/sites/default/files/2Vroomen.pdf. Accessed 20 March 2019

. Dierschke A (1955) “Development of the coke oven industry”’[Online]. By the JSTAGE. Avail-

able in https://www.jstage.jst.go.jp/article/jie1922/35/3/35_3_157/_pdf. Accessed 20 Mar
2019

. Vasant G, Krishnamurthy VN, Gowariker S, Dhanorkar M, Paranjape K (2009) The fertilizer

encyclopedia. Wiley, 860 p

. United Nations Industrial Development Organization (UNIDO) (1998) Fertilizer manual, 2nd

edn. Kluwer Academic Publishers, 619 p

. Kolay AK (2007) Manures and fertilizers. Atlantic Publishers and Distributors, Weinheim,

Germany, p 55

. BioAge Group. ThyssenKrupp produces ammonia from steel mill gases; Carbon2Chem.

Available in Green Car Congress [Online] www.greencarcongress.com. Accessed 14 Feb 2019
Wright K (2005) Coke oven gas treatment. Tar, liquor, ammonia. In: The coke oven manager’s
year book, pp 221-257

Caillat S (2017) Burners in the steel industry: utilization of by-product combustion gases in
reheating furnaces and annealing lines. Energy Procedia 120:20-27

Uribe-Soto W, Portha J-F, Commenge J-M, Falk L (2017) A review of thermochemical
processes and technologies to use steelworks off-gases. Renew Sustain Energy Rev 74:809-823
Hewlett SG, Valera-Medina A, Pugh DG, Bowen PJ. Gas turbine co-firing of steelworks ammo-
nia with coke oven gas or methane: A fundamental and cycle analysis. In: Proceedings of the
ASME turbo expo 2019, Phoenix, USA. Ref. No. GT2019-91404

Razzaq R, Li C, Zhang S (2013) Catalytic methanation of CO and CO; in coke oven gas over
Ni-Co/Zr0O;,-CeO;. Fuel 113:287-299

. Sweeney MP (1953) Coke oven by-product recovery process. Patent US2943911A. Available

Online https://patents.google.com/patent/US2943911. Accessed 23 May 2019

. Ratnayaka DD, Brandt MJ, Johnson KM (2009) Water supply, 6th edn. Butterworth-

Heinemann, 744 p

. Kunz A, Mukhtatar S (2016) Hydrophobic membrane technology for ammonia extraction from

wastewaters. Engenharia Agricola 36:377-386

Zhao ZP, Xu L, Shang X, Chen K (2013) Water regeneration from human urine by vacuum
membrane distillation and analysis of membrane fouling characteristics. Sep Purif Technol
118:369-376

Udert KM, Wichter M (2012) Complete nutrient recovery from source-separated urine by
nitrification and distillation. Water Res 46:453-464

El Bourawi MS, Khayet M, Ma R, Ding Z, Li Z, Zhang X (2007) Application of vacuum
membrane distillation for ammonia removal. J] Membr Sci 301(1-2):200-209

Valera-Medina A, Xiao H, Owen-Jones M, David WIF, Bowen PJ (2018) Ammonia for power.
Prog Energy Combust Sci 69:63-102

Masons P. The port talbot steelworks (Power Generation Enhancement) order. TATA Steel,
Report MAH1.01, p 211

Fatla OHM, Valera-Medina A, Robinson F, Cichuta M, Beynon N (2018) Development of
convection in high temperature coil annealing furnaces using rotating cylinder technique. Appl
Therm Eng 129:1392-1402


https://archive.org/stream/mondgas00woodrich#page/n5/mode/2up
https://www.claire.co.uk/component/phocadownload/category/9-other-cl-aire-documents%3fdownload%3d433:gasworks-profile-d-producer-gas-plants
http://www.firt.org/sites/default/files/2Vroomen.pdf
https://www.jstage.jst.go.jp/article/jie1922/35/3/35_3_157/_pdf
http://www.greencarcongress.com
https://patents.google.com/patent/US2943911

Catalytic Ammonia Decomposition )
for Hydrogen Production: Utilization oo
of Ammonia in a Fuel Cell

Lateef Jolaoso and Sharif Fakhruz Zaman

Abstract Ammonia is one of the best potential hydrogen storage materials, having
a high volumetric (121 kg Hy/m?) and gravimetric (17.75 wt%) hydrogen capacity.
Its properties fully correspond to the DOE’s (Department of Environment, USA)
hydrogen storage requirements as a commercial hydrogen storage material. Ammo-
nia can be used for onboard clean (COx free) hydrogen generation (2NH3 < N, +
3H,) for fuel cell-driven vehicles. The main challenge of using ammonia to produce
clean hydrogen via an onboard catalytic decomposition process necessitates a catalyst
able to decompose 100% ammonia at a low temperature (>400 °C) and supply pure
hydrogen to the fuel cell. Currently, only ruthenium-based catalysts showed activ-
ity to complete decomposition of ammonia at 400 °C and above but the scarcity of
precious ruthenium put an economic constraint in the wide application of ruthenium-
based catalysts and drive researchers to look for alternative (non-precious) catalytic
materials for this reaction. This chapter describes briefly about hydrogen and current
hydrogen production and storage technologies, the cost of hydrogen production from
different processes, ammonia and current status of ammonia production followed by
a detailed discussion of different ammonia decomposition catalysts.

Keywords Hydrogen - Ammonia decomposition * Transition metal catalysts -
Bimetallic catalysts

1 Introduction

Our world is currently facing the greatest challenge of adverse climate change mainly
for anthropogenic causes, i.e., excessive and inefficient use of fossil fuel (coal, oil, and
natural gas) and building up of CO; in the atmosphere instigating global warming
[1, 2]. For the adoption of an International Climate Agreement, there have been
frequent meetings among countries since 2011 under the UN framework. In 2015 at
the 21st conference of the parties in Paris, an agreement was made to make a shift in
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social and economic activities toward sustainable and climate-friendly actions [3].
In the sequel to this, researchers are working to develop a CO,-free alternative fuel
and energy vectors that would serve the current and future global energy demands
for transportation vehicles as around 26% CO, emission is from the transportation
sector. There is a need for the replacement of fossil fuels as an energy source in
transportation vehicles. Hydrogen (H,) is one of the most potential alternatives and
environmentally friendly transportation fuel, termed as the next-generation energy
carrier when coupled with a fuel cell, in which the efficiency of the engine can be
raised to more than 60% while the conventional internal combustion engines run on
less than 30% efficiency. The evolution and adoption of the fuel cell as a replacement
for the battery have grown considerably in the twenty-first century. This is due to its
ability to continuously supply electricity from an external hydrogen fuel source in
comparison with the limited energy storage capacity of a battery which would also
require a long time to recharge. Despite the preponderant availability of the battery
technologies and its use, manufacturing it is still expensive.

The problem of storage and transportation of hydrogen is yet another signifi-
cant challenge for its feasible utilization as fuel [4]. The present high pressure—
~700 bar—hydrogen storage is energy demanding and extremely expensive which
causes restrictions on tank dimensions [5], and this is a big challenge in the success
of hydrogen-powered vehicles. In proffering solution to this setback, huge research
is going on to search for a suitable hydrogen storage material. Ammonia has proven
to be an excellent choice of hydrogen source as it does not generate any CO, (x = 1,
2) and the unconverted ammonia (NHj3) can be lessened to below 200 ppb level using
appropriate absorber [6] and can be cracked catalytically for in situ generation of
hydrogen for a small/medium vehicle powered by a fuel cell. This chapter describes
briefly about hydrogen and current hydrogen production and storage technologies,
the cost of hydrogen production from different processes, ammonia and current sta-
tus of ammonia production followed by a detailed discussion of different ammonia
decomposition catalysts.

2 Hydrogen

Hydrogen is the simplest and most abundant of all the elements on earth and is the
lightest gas in the universe with a very high gravimetric energy density of 141 kJ/g
compared to fossil-derived fuels. It does not exist alone but usually combines with
other elements like oxygen as water and carbon as hydrocarbons [7]. It is a major
constituent of natural gas (CHy is about 95% of the natural gas), oil, water and
also present in all living organisms [8]. Biomass (cellulose) also contains hydrogen.
There are different primary energy sources, such as nuclear, solar, wind, hydropower,
and geothermal, with which the extraction of hydrogen can be done in a sustainable
carbon freeway mainly from water splitting. Diverse sources of hydrogen (fossil,
biomass, water, etc.) have made its production easy virtually in all parts of the world
[9]. Figure 1 shows the energy sources from where hydrogen can be extracted. After
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the production of molecular hydrogen from its feedstocks, the present energy within
the molecule can be released, by reacting it with oxygen to form water. This can be
realized either by the fuel cell or an internal combustion engine [8].

Production of hydrogen can be categorized based on its separation process from
its feedstock. There are two major processes: the chemical process and the thermal
process. The third one which is a biological process is under development.

Nearly all the produced hydrogen today (about 95% of produced hydrogen) uses
the thermal process, i.e., steam reforming of natural gas and many other hydro-
carbons. This method will continue to dominate even though there are some other
methods yet to reach their peak of development. There are other processes such as

e Electrolytic processes
e Solar-driven processes
e Biological processes.

For a chemical fuel to be used in new technologies, its higher energy content
should agree with its higher H/C ratio, and eventually, hydrogen is the most powerful
of the chemical fuels [7] as shown in Fig. 2. These qualities resuscitated the idea
of hydrogen economy in the 1990s and also in this era, fuel cell technology was
growing to have efficient use of energy compared to the internal combustion engines
[10]. The challenges of hydrogen to be used as a fuel in a fuel cell with its low
volumetric energy density requires high pressure (300-700 bar) and or cryogenic
system (—252.8 °C) to store hydrogen on board which also raise the safety issue.
To meet these challenges, researchers are looking for a suitable hydrogen storage
material, both chemical and physical, which has high hydrogen storage (gravimetric
and volumetric) capacity and low cost of storage and generation. Different hydrogen
storage methodologies are shown in Fig. 3. The featured target of hydrogen utilization
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Fig. 2 Gravimetric density
and volumetric energy
density of several fuels.
Energy calculation is based
on the lower heating value
(LHV). Source https://www.
energy.gov/eere/fuelcells/
hydrogen-storage
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is set by the US Department of Environment (DOE) in onboard light-duty vehicles,
portable power generation, and material handling equipment.

3 Ammonia

Due to the inability of hydrogen to exist alone in nature and the challenges of storing
and transporting it because of its small molecular size and low volumetric energy
density, there is a need to find an alternative hydrogen vector [10]. Ammonia is one
of the potential chemicals for storing and transporting hydrogen. It is a gas which is
easy to liquefy and made up of three hydrogen molecules and one nitrogen molecule.
It has a relatively high liquid density of 0.6 kg/l in comparison with that of hydrogen
which is just 0.071 kg/1 and the heat of combustion of ammonia is 11.2 MJ/l compared
to 8.58 MJ/1 for liquid H, [11].

In recent times, eminence attention has been gained by the concept of ammo-
nia (NH3) economy [12]. Similar to hydrogen, ammonia is not a greenhouse gas.
Ammonia ranks as the second most extensively produced inorganic chemical com-
modity (Haber-Bosch process) in the world after sulfuric acid [13]. Over 130 million
tonnes of ammonia is annually produced in the world, of which about 85% is used in
fertilizer production [14]. The liquefaction of ammonia can be carried out at a pres-
sure range of 8—10 bar at room temperature and can be stored following a similar
storage technology as propane. The curve in Fig. 4 is a 2-Verhulst-functions fit for
the global annual production of ammonia data. It is produced in over 80 countries,

World Ammonia Production (106 tonnes)
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Fig. 4 2-Verhulst-functions fit for the global annual ammonia production [16]
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Fig. 5 Ammonia production by region [17]

and China is the highest producer of ammonia with 32.1% of the global production
followed by India and Russia with 8.9% and 7.9%, respectively [15]. Figure 5 shows
the production of ammonia by region.

The primary feedstock for ammonia is natural gas. However, there are lots of coal-
based ammonia plants presently being used for ammonia production [18]. Ammo-
nia, as a hydrogen storage material, would not only provide a short term need but
also a long-term solution to the transportation sector with a projection of 200 years
since there are already established and developed infrastructures with simultaneous
sequestration of CO, for zero-carbon emission [19, 20].

The Haber-Bosch process is one of the most studied chemical processes for the
synthesis of ammonia [21]. The process is performed at temperatures from 300 to
550 °C over a multi-promoted iron catalyst under pressures of 200-300 bar in a reactor
having 2—4 catalyst beds gives about 15% ammonia conversion and recycling of the
unconverted reactants (synthesis gas) [22]. Ammonia has several benefits which
have been discussed in different books and journals, it is one of the cheapest energy
sources compared to hydrogen, gasoline, methanol compressed natural gas (CNG),
and liquefied propane gas (LPG) based on the higher heating value (HHV). The
estimated energy (per kilowatt-hour) cost from ammonia is US$ 1.2, which is low
compared to energy production from methanol and hydrogen which will cost US$ 3.8
and US$ 25.4 per kilowatt-hour, respectively [23]. So, ammonia is a cost-effective
and viable chemical to be used as a hydrogen storage material. The cost of production
of hydrogen from different sources and energy density is shown in Tables 1 and 2. The
cost of production of hydrogen using ammonia cracking (with available technology)
will be less if it is for the low scale of production (i.e., 10 m3/h), which makes it
viable for use it in light transportation vehicles.
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Table 1 Hydrogen production cost from different sources [24]

Scale of Hy Cost of Hy production, US$/(m3/h)

prozduction Water Natural gas Methanol Ammonia
(m*/h) electrolysis reformation reformation cracking
10 0.943 0.390 0.380 0.343

100 0.814 0.261 0.285 0.279
1000 0.739 0.186 0.226 0.241

gﬁ)‘gﬁjiol:zgg R Price (USD) Energy density (Wh/1)
sources with energy density Ammonia 425 per ton 4325
[24] Hydrogen 10 per kg 2600

Natural gas 3.02 per MMBtu 6400

CPG 575 per MT 2500

LNG 0.16 per MT 7216

Methanol 1.5 per gallon 4600

Gasoline 2.49 per gallon 9700

4 Ammonia Decomposition for Hydrogen Production

The research on decomposition of ammonia is as old as its catalytic synthesis through
the Haber-Bosch process in the early 1900s [25] which is the most studied catalytic
reaction [26]. The traditional studies and works before the 1990s that were done on the
decomposition of ammonia were purposefully to gain more insight about ammonia
synthesis and its kinetics [27, 28]. But over the time, there was a gradual change
since ammonia nowadays is well accepted as a promising vector of hydrogen and
storage medium [12], i.e., using pure ammonia feed in the reactor to generate CO,-
free hydrogen [29]. Green, in 1982, was the first person to propose the production
of carbon-free hydrogen through ammonia decomposition and to use it in a proton
exchange membrane fuel cell (PEMFC) [30].

Some criteria were set by the US Department of Energy (DoE) for economically
feasible hydrogen storage (physical storage system) in 2015. They are operational
temperatures less than 60 °C, low-cost, speedy system filling, inert and non-toxic
materials, high storage capacity with 81 g/L. volumetric capacity and 9 wt% hydrogen
content as shown in Fig. 6 [31]. Ammonia has proven to be an excellent choice of
hydrogen source as it does not generate any CO, (x = 1, 2) (CO is poisonous to
the platinum electrode of the fuel cell) and the unconverted NHj3 can be reduced
to below 200 ppb level using appropriate absorber [6, 29, 32]. It is easier to store
compared to hydrogen being a liquid at 25 °C and pressure of 8 atm [33] and has well-
established infrastructure (current gasoline tank in the transportation vehicles can be
used to store ammonia) for its management and transportation [34]. In comparison
with all carbonaceous compounds, ammonia possesses the highest gravimetric Hj
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density, 17.75 wt% [35], and energy density of 3000 Wh/kg which is greater than
those of methanol and other fuels [6]. Also, it has a very high volumetric H, density
of 121 kgH2/m3 in the liquid form [5].

From the previous reports, it is well known that decomposition of ammonia can
start to take place at temperatures over 300 °C [34]. And 99% of conversion is possible
to achieve at atmospheric pressure at 400 °C attained from the thermodynamic study
[35]. But catalytically much higher temperature is required. Different research efforts
have been made to develop catalysts which are very active for this decomposition
reaction. Different transition and noble metals, bimetallic alloys and mono-, bi-, and
tri-metal carbides/nitrides have been investigated for ammonia decomposition as a
catalyst [5, 6, 29, 31, 35] which will be discussed in the following sections.

5 Ammonia Decomposition Catalyst

5.1 Ruthenium-Based Catalysts

Ammonia decomposition study was mainly studied earlier to gain an insight into the
ammonia synthesis reaction. Ruthenium-based catalysts are the most active at low
temperate for this reaction and the most studied catalyst for this process. But the
scarcity of this noble material put an economic constraint over the industrial use of
the catalysts. Later, we have discussed other potential catalysts (low-cost transition
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metals and bimetallic and nitride- and carbide-based) for ammonia synthesis. The
activity of the Ru-based catalysts is reported in Table 3. Figure 7 shows a volcano
curve depicting the activities (N—H bond dissociation) of different transition metals
used for ammonia decomposition with ruthenium at the apex of the curve.
Choudhary etal. [37] performed a comparison study of ruthenium, nickel, and irid-
ium supported on silica for their catalytic activity for NH3 cracking/decomposition
and revealed that ruthenium has the highest rate of decomposition along with the
highest rate of conversion of ammonia. They also compared the activity of ruthenium
on different supports, i.e., silica and alumina, and found that the catalytic activity of
silica-supported catalysts was higher than that of alumina-supported ones. Yin et al.
[33] also studied support effect for the Ru-based catalysts and graded their catalytic
activities as Ru/CNTs > Ru/MgO > Ru/TiO; > Ru/Al,O3 > Ru/ZrO > Ru/AC >
Ru/ZrO-BD. They ascribed the excellent catalytic activity of Ru/CNTs to the high
purity and graphitization of the CNTs and high dispersion of Ru particles over the
support. Yin et al. also reported ammonia decomposition activity of ruthenium-based
catalyst (Ru/CNTs) at 350 °C achieving a conversion of 6.31%, which was 8—40 times

Table 3 Activity of different Ru-based catalysts for NH3z decomposition reaction

Catalyst Temperature (°C) GHSV (h™ 1) Conversion (%) Reference
RuwK-CNT 400 150,000 ml 7.3 [6]
RuwK-ZrO-BD 400 150,000 ml 5.3 [6]
Ru/CNT 400 60,000 ml 9.0 [36]
Ru/MgO-CNT 400 60,000 ml 13.0 [36]
Ru/ZrO, 550 30,000 ml 77.0 [33]
Ru/SiO; 600 30,000 ml 97.0 [37]
Fig. 7 A correlation 10 5
between the rate of ammonia E ]
decomposition on several E ]
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greater than those studied over the supported Rh, Ni, Pt, Pd, and Fe catalysts at the
same temperature with H, production rate of 2.11 mmol/(min gc,).

Also, Li et al. [39] investigated the activity of Ru catalysts supported on different
carbon supports for the decomposition reaction to gain an insight into the effect
of carbon graphitization. They found out that graphite carbon (GC) to be the best
support for ruthenium and ranked their catalytic activity in the following descending
order; 5%Ru/GC > 5%Ru/CNTS > 5%Ru/CBS > 5%Ru/CB-C > 5%Ru/CMK-3
~ 5%Ru/AC. They concluded that the graphitic structure of the carbon-supported
catalyst takes preference for better catalytic activity compared to the pore structures
of the carbon supports.

Tsai and Weinberg [28] used the first principle method to study the steady-state
decomposition of ammonia on Ru(001), they found that the rate-limiting step is
temperature-dependent. At high temperatures, there is a competition between the
ammonia desorption and N-H bond dissociation in chemisorbed ammonia while
at low temperature, desorption of nitrogen controls the reaction. Egawa et al. [40]
did further first principle investigation on this reaction on flat Ru(001) and stepped
Ru(1110), and their results disclosed that over Ru(1110) nitrogen formation rate is
an order of magnitude higher than that on Ru(001) in which the elimination of the
edge effects have been done. Dietrich et al. [41] also reported a more open structure
Ru(1121) and showed it to be more active than Ru(0001).

From experimental and theoretical investigations so far, Ruthenium is reported
to be the most active catalyst component for ammonia decomposition which is
enhanced when carbon materials, particularly carbon nanotubes (CNTs) are used
as supports [6, 31, 42] and potassium hydroxide, KOH as a promoter [33]. At
737 K, Ru-K/CNT have 99.74% NH; conversion at a GHSV of 30,000 ml/(gcy
h). However, there are reports that claimed that cesium promoted ruthenium
which is supported on graphite is the best and most active catalyst known [6]. Differ-
ent findings also claimed that barium is a good promoter for ruthenium for ammonia
decomposition [43], and recently, Wang et al. [44] claimed a superior performance
of ruthenium supported on barium hexaaluminate having 99% conversion at 773 K
at GHSV of 30,000 ml/(gcy h).

5.2 Monometallic Catalysts (Non-Ruthenium-Based
Catalysts)

From previous research, different monometallic (transition metal) systems of cata-
lysts have been studied for the decomposition of ammonia for hydrogen production.
The activity of these catalysts’ is dependent on some other factors such as the con-
ditions of decomposition reaction, and the catalyst supports and promoters. Thenard
and Dulong [45] are the first to report metals that were recognized as catalysts for
the decomposition of ammonia in 1823, and their activities are categorized in the
following ascending: Pt < Au < Ag < Cu < Fe. Further, Fe, Ir, Rh, Pd, Ru, W, Ni,



Catalytic Ammonia Decomposition for Hydrogen Production ... 91

Mo, Pt, carbides of molybdenum, vanadium, tungsten, and iron (MoC,, VC,, WC,,
FeC), nitrides of molybdenum, vanadium, and tungsten (MoN,, VN,, WN,), as well
as ZrON were studied for ammonia synthesis. Majority of the tested catalysts from
the list showed good activity, but ruthenium and iron have been studied extensively
in a plan to regenerate their activities toward ammonia synthesis [42]. For ammonia
decomposition, the reactivity comparison for different transition metals are usually
in the decreasing order as: Ru > Ir > Rh > Ni > Pt > Pd > Fe, these were reported by
Choudhary et al. [37], Tanaka and Tamaru [46], Yin et al. [33] and Papapolymerou
and Bontozoglou [47]. In a review by Bell and Torrent-Murciano [31], a more general
activity trend involving additional metals was listed and having their activities in the
following order Ru > Ni >Rh > Co > Ir > Fe > > Pt > Cr>Pd > Cu > Te, Se, Pb, and
this trend are based on using activated alumina as a support. Among them, cobalt,
nickel, and iron were/are studied extensively for this process except for ruthenium
and are discussed in the following sections.

5.3 Transition Metal (Co, Ni, Fe) Catalyst

Transition metals like Co, Ni and Fe are investigated as a potential catalyst for NHj
decomposition [4] as an alternative to Ru as for their availability and low cost.

Cobalt-Based Catalysts
The investigation performed by Sorensen et al. [43] in which they compared four
non-promoted transition metals, Co, Fe, Pd, and Ru supported on alumina, with one
another, at temperatures ranged between 848 and 923 K and gas mixture having
50 vol.% of argon and ammonia each. It was established that Co has the best activ-
ity for NH; decomposition reaction among Co, Fe, and Ni. Zhang et al. [48] found
that complete ammonia conversion was nearly reached over a CNTs-based catalyst
containing 4.1 wt% Co at 973 K and flow of 2000 cm® g~! h~!, thereby showing
that commercial CNTs having Co nanoparticles to be very effective in the ammonia
decomposition reaction. Lendzion-Bielun et al. [49] compared the industrial iron cat-
alyst promoted with potassium and cobalt-based catalyst promoted with aluminum
and calcium. They found that cobalt-containing catalysts have higher activity com-
pared to iron-based one for ammonia decomposition, and this was apparent from,
respectively, their activation energies of 138 and 111 kJ/mol for iron and cobalt cat-
alysts. In a later work, Yin et al. [33] studied the effect of the hydrogen—ammonia
gas compositional mixtures on the kinetics of the decomposition of ammonia over
cobalt-based catalysts. They concluded that ammonia decomposition rate increases
with an increase in the nitriding potential (P) which they defined as the ratio of
ammonia partial pressure to hydrogen partial pressure with an optimum potential P
= 0.0019 Pa=%7 after which the decomposition rate was declined.

Different support materials have been used with cobalt, and it was found that cobalt
catalyst is greatly influenced by them and their roles have been related to activity, sta-
bility, and cobalt particle size. Owing to the mechanical stability of carbon materials,
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they are the most studied supports for this reaction. They form an excellent metal-
support with cobalt which brought about an improvement in the transfer of electron
and thereby result in nitrogen desorption energy reduction [50]. Multi-walled carbon
nanotube (MWCNT)-supported cobalt catalyst showed a better activity compared to
that of corresponding nickel and iron [50]. The pre-treatment of these catalysts in
nitrogen has been reported to improve its activity, and the pre-treatment temperatures
also have a great impact on the cobalt particle size; i.e., the particle size increases
as the temperature increases [51]. Zhao et al. [52] reported a case carbon CMK-3
treated with nitric acid; even though they did not test the activity of this material
for the decomposition of ammonia, they found that the size of cobalt particles is
also been controlled by the pre-treatment of the carbon materials with acid and this
brought an improvement on the cobalt particles’ dispersion on the carbon materials.

More works are still required to be done on cobalt-based catalysts for ammonia
decomposition since no specific optimum cobalt particle size has been reported to
give the best ammonia conversion [53, 54].

Iron-Based Catalysts

Iron is one of the early transition metals studied for the decomposition of ammonia
to have an in-depth understanding of ammonia synthesis kinetics in the early time
[55]. Significantly, iron promoted with alumina, silica, CaO, and K,O at temper-
atures above 673 K is the most popularly used catalysts for large-scale ammonia
synthesis. This has made iron catalysts to be widely investigated for the decomposi-
tion of ammonia [56]. Focused has been on ruthenium-based catalysts for ammonia
decomposition but considering the cost—benefit, the bulk price of ruthenium is 50,000
higher than that of iron, thereby calls for the need to develop an iron-based catalyst
with the high catalytic performance [39].

Very few investigations are reported on iron-based catalysts for ammonia decom-
position mainly for its poor activity and stability in contrast to ruthenium-based
catalysts. This was related to the very strong iron—nitrogen interaction unlike the
ruthenium-—nitrogen interaction [57], and this strong Fe—N interaction leads to sub-
nitrides (stable nitrides) formation or even bulk nitrides, and this was considered in
the early studies to be the inhibitors for the ammonia decomposition reaction and
eventually deactivate the catalyst [31, 58]. To achieve high activity of the iron cata-
lyst, the deactivation process could be reversed with high energy, whereby the large
energy barrier for nitrogen desorption is overcome using high reaction temperature,
which again brings about the sintering of iron particles and leads to irreversible
deactivation of the catalyst due to the loss in active surface [59].

Several works have been performed to investigate the NH3; decomposition kinet-
ics over iron-based catalysts. In general, the rate-limiting step of this dissociation
reaction is the combination of N atoms and desorption from the catalyst surface [31].

The decomposition of NH3 over iron catalysts has led to the derivation of different
types of rate equations with Temkin—Pyzhew equation being the most frequently used
equation to describe the kinetics for ammonia decomposition [60, 61] as described
below.
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Arabczyk and Zamlynny [60] studied the rate of reaction of catalytic decom-
position of NHs over iron nitride (Fe4N) and clean iron (Fe) and compared their
activities and the promoting effect of potassium on the catalysts. They found that
reaction rate is directly proportional to ammonia concentration over iron nitride and
fourfold faster compared to when the nitrides are covered with potassium; this was
due to the strong Fe-N bond enthalpy that can bring about the formation of surface
nitrides which is not suitable for ammonia decomposition. Also, the activation energy
of clean iron is twofold higher than that of the iron nitride. Potassium on the catalyst
surface decreased the activation barrier of the reaction.

Nickel-Based Catalysts

Another cost-effective transition metal for this decomposition reaction is nickel,
which can be used as a catalyst and has attracted the attention of researchers as
a substitute for ruthenium [31, 62]. Earlier studies on nickel as a catalyst mainly
focused on ammonia decomposition kinetics as a supplementary study for under-
standing ammonia synthesis reaction mechanism. Majority of these reactions were
done under some conditions for example under low ammonia concentration and very
low pressure, or in a mixed condition, e.g., decomposition of ammonia with other
reactions (in parallel) [62, 63].

It has been reported from the previous studies that Ni is a very active catalyst, e.g.,
Ni/Al, O3, for ammonia decomposition [29, 64] with the ammonia conversion reach-
ing almost completion (greater than 99%) at atmospheric pressure and moderately
high temperature (greater than 550 °C) [65].

The first N—H scission step energy, in NH3 dissociation surface elementary reac-
tion steps, for Ni-based catalysts is lower than that of iron- and cobalt-based catalysts
and so does the associative desorption energy of nitrogen, which is confirmed by the
computational (first principle molecular simulation) investigation. This was corrob-
orated with kinetic studies which were carried out experimentally and proposed
that the recombination of nitrogen is the rate-limiting step for nickel catalysts [66].
Addendum to this, in the work by Ertl and Rustig [67], they calculated and found the
activation energy of the decomposition of ammonia to be 197 kJ/mol and this was
over clean a clean nickel surface.

Muroyama et al. [4] showed Ni/Al,Oj3 catalyst exhibited the highest activity of all
their studied catalysts with Ni/La,O3; showing similar activity to that of Ni/Al,O3,
though La, O3 has its surface area much smaller compared to that of Al,O3. Studies
showed that ammonia decomposition is promoted by the rear earth metals, i.e., La
and Ce [62, 68, 69].

Chellappa et al. [29] reported the kinetic data for a Ni-based catalyst for
NH; decomposition at pressures above 100 Torr and temperatures greater than
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793 K. It is a first-order reaction with a rate constant, k, of 1.309 x 10'2
exp(—49,229/RT)/(gcat h).

Deng et al. [70] reported high activity with high surface area Ce( gZry,0; solid
solution supported Ni catalysts for NH; decomposition where 95.7% NHj; conversion
at 550 °C was achieved for this catalyst. Cao et al. [71] showed Ni/MRM catalysts
to have very high activity in catalytic ammonia decomposition, with the 12 wt%
Ni/MRM catalyst that was calcined at 600 °C displaying the highest activity having
95.5% conversion at 700 °C at 30,000 h—' GHSV.

Even though substantial efforts have been directed toward the development and
design of nickel in recent time, satisfactory investigations of many support materials
for nickel catalysts are yet to be done.

The activity of nickel-based catalysts for NH; decomposition is greatly affected by
some factors which include nickel particle size, phase formation, and nickel loading.
In the study of reaction kinetics by Zhang et al. [72], a significant influence of Ni
particle size is on the turnover frequency (TOF). They cited that a decrease in the
average size of the nickel particle from 4 to 2 nm brought about tenfold increase of
TOF. The TOF relationship with the nickel particle size is shown in Fig. 8, revealed
that nickel particles having an average size lesser than 2.9 nm with the peak value of
2.3 nm is highly active for NH3 decomposition [62].

The methods of preparation of nickel catalysts have also been reported to play a
role in their activity. Co-precipitation methods had been found to give more active
catalysts than the impregnation method due to the variation in nickel particle size
and metal (nickel) dispersion [62, 72].

The nickel loading is another influencing factor that impacts the reactivity. The
loading effects are felt on the nickel particle size as well as the formed phase. The
trend is shown in Fig. 9 for nickel loading on Al,O3 support. At low loading, high
coverage of Ni over the support is achieved which are majorly a-NiO phase while
y-Ni is formed at high loading and this phase formation affects their activity. The
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latter phase brings about a decrease in the surface area and as a result decreases in
activity [72].

Even though enormous research efforts have been expended, irreducible nickel
compound formation, the high sensitivity of nickel structure and high binding energy
of nickel active sites with hydrogen are pending matters that need further research.
Likewise, the physicochemical properties’ effect on the rate of reaction and appli-
cable elementary steps are yet to be well established, and this has resulted in many
conflicting proposals which are still been put forward by researchers.

5.4 Bimetallic (Transition Metal) Catalysts

Recently, bimetallic catalysts are turning to be a novel set of materials in the field of
heterogeneous catalysis due to their increased activity and selectivity coupled with
enhanced stability which cannot be matched up by their corresponding monometallic
catalysts, and this has been reported to be due to the synergetic effect of the metal
combination [73, 74].

The volcano-type interaction of the nitrogen atom binding energy on the transition
metal surface with the activity of ammonia decomposition has stimulated the develop-
ment and design of different bimetallic catalysts which have a similar activity or supe-
rior to that of ruthenium-based catalysts [75, 76]. However, the nature of the active
sites and cause of the enhanced activity are yet to be completely understood, e.g., if
the loading of the guest metal is ~50%, the bimetallic surface would have improved
activity. Likewise, it was shown by the combined scanning tunnel microscopy and
density functional theory (DFT) studies that isolated metal atoms, defect, and surface
microstructure can significantly affect the ammonia decomposition reaction [74].

Depending on the distribution of the two metals, the classification of the bimetallic
systems are of different kinds. But basically, two of them will be discussed below:
alloys and monolayer bimetallic.

An alloy is formed when there is an even distribution of atoms both within the
core and surface. There is a pure phase composition of the two combined metals
through the bulk and surface [77]. Figure 10 shows a diagrammatic representation
of a bimetallic alloy structure.

In this type of bimetallic structure system, the bimetallic surface properties are
assumed to be an approximation of the linear combination of the mother metals
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Fig. 10 A bimetallic alloy
representation with uniform
atom distribution [78]

and the prediction of this kind of active catalyst structure can be done by periodic
interpolation method which involve the mixing of metals with low binding energy
with one of high binding energy of nitrogen to get a bimetallic of intermediate binding
energy for this cracking process [79].

The Co—Mo bimetallic catalysts are examples of this kind of structural system,
with Co and Mo with low and high binding energies for nitrogen, respectively. They
are also very active in this decomposition reaction and [80]. Figure 11 shows the
volcano-type relationship of the turnover frequency (TOF) which measures the cat-
alytic activity of different monometallic catalysts and Co—-Mo for ammonia synthesis
and their individual nitrogen binding energy. From the figure, we can see that Co-Mo
bimetallic catalyst has the highest activity for the decomposition of ammonia, and
this has made a lot of experimental works to focus on it for ammonia decomposition
and Co3MosN was claimed to be the active phase which was created on the surface
during the reaction process [35, 78]. The effect of supports for Co-Mo system for

“CoMo*
Ru
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Fig. 11 Turnover frequency versus nitrogen binding energy [79]
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NHj; decomposition has been reported to be in the following descending order of
activity y-Al,03 > MCM-41 > SiO, [78].

More often, there is a segregation of one metal of the metals to the surface for many
bimetallic alloys owing to adsorbate-induced configuration or due to alloyed system
surface energy minimization and have different surface properties to that of the
perfectly alloyed surface due to the segregation. The segregation thus invalidates the
periodic interpolation prediction method to create a bimetallic catalyst with desired
properties [78].

As for the monolayer bimetallic system structure, it contains a monolayer of an
admetal in the upper layers of a host metal. A core—shell bimetallic (one metal is
encased on the surface by the monolayer of the second one) can be model from these
surfaces, and likewise, they can be used for the representation of the segregated
surface of an alloy. A surface configuration can be formed when the admetal is over
the host metal while a subsurface configuration is formed when the admetal is below,
as shown in Fig. 12. It has been shown both by DFT calculation and experimentally
that these two configurations have very different properties from themselves and
from the parent metals [78]. Depending on the configuration, the binding energies
of the monolayer bimetallic surface are higher or lower than the parent metals and
they do not depend on the binding energies of the parent metals. This nonlinear
characteristic has also hindered the rational design of this unique catalyst [81].

The high stability of bimetallic catalysts during the reaction and their segregation
to monometallic phase will change the surface properties and subsequently affects
their catalytic activity [75]. Also, the thermal treatment conditions or high reaction
temperatures which enhance the formation of less reducible oxides like Co-Si, Ni—
Al, Co-Al, and Fe-Al when supported on silica or alumina, can consequence in a
lower catalytic activity [82].

Like Mo—Co catalyst, Fe—Co is another potential bimetallic catalyst for ammo-
nia decomposition which has shown experimentally to be very active when con-
fined on the internal surface of CNT with the rate of formation of hydrogen being
4080 mol/mol h at 600 °C [82]. It is important to confine the Fe—Co on the internal
surface of CNT to prevent it from sintering, and this also enhances its stability for
more than 1000 h of operation.

Surface Configuration Subsurface Configuration

Fig. 12 A core-shell (monolayer) bimetallic representation with the colors indicating different
metals [78]
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Also, other supports have been reported to possess positive effects on the activity of
the bimetallic systems, for example, NiFe/Al,O3 gives a higher hydrogen formation
rate (640 mol/mol h) than Fe—Co (79 mol/mol h) at low temperature 500 °C. Also,
NiFe showed the highest activity having alumina and/or Mg—Al-spinel as support
compared to TiO,, ZrO,, and SiO,, and this has been attributed to the latter supports
surface area loss due to reduction at 800 °C [78].

A lot of work is being done to design and develop different bimetallic catalysts
with the hope that it will give an optimum and economic solution to the catalytic
decomposition of ammonia.

5.5 Transition Metal Nitrides

The number of accessible nitride materials has increased in the late century due to
the advancement in preparation methods [83], e.g., the nitrides with spinel structure
were recently prepared for the first time [84] even though oxynitrides of the same
structure have been reported earlier.

Transition metal nitrides/carbides have been the focus of much attention due to
two major themes:

(i) Good documentation of the ability of some transition metal nitrides to demon-
strate good catalytic properties for numerous reactions due to their electronic
(DOS) similarities with the Group 8 noble metals [77, 83, 85, 86].

(i) The acid—base characteristics of nitrides and oxynitrides.

There are three subdivisions of nitrides:

(i) Ionic (salt-like) nitrides: They are formed from electropositive elements like
Ca, Ba, Mg, Cu, Li, and Zn, and they have a formula based on the combination
of N3~ ions with metal ions.

(i) Covalent nitrides: They are formed by less electropositive elements like Si, P,
S, and C.

(ii1) Interstitial nitrides: They are formed by the transition metals having their
interstitial sites occupied by nitrogen in close-packed metallic structures.

The nitrides are also classified based on the number of metals in the main structure
as:

(1) Binary (with one metal); (ii) ternary (with two metals); (iii) quaternary (with
three metals).

Of all these classifications, the interstitial nitrides have been of high attention
in heterogeneous catalysis, most especially due to their acid—base features. From
all these catalysts, the most well deeply studied is the binary molybdenum nitrides.
Among the three different phases (y-, -, and 3-phases), the catalytic behavior of
y-molybdenum nitride has been the most widely reported [83, 87]. The best descrip-
tion for the y-Mo;N is a face-centered cubic arrangement of Mo atoms with a half
octahedral interstice being occupied by nitrogen atom as shown in Fig. 13.
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Fig. 13 y-Mo;N unit cell;
molybdenum—white,
nitrogen—black [88]

Zheng [59] studied and compared the activity of molybdenum nitride and carbide
for NH3 decomposition and observed that the nitrogen catalyst interaction which
happened over the step locations and terrace of the Mo,C and MoN are the preferred
active sites for this dissociation reaction. The nitrogen atom is more tightly bound
to the step edge on MoN than that of Mo,C, and Mo,C has the advantage of N-N
recombination by surface diffusion.

Just in recent years, there are reports on ternary nitrides with CozMosN being
the most widely reported [88]. Duan et al. [89] reported Mo—Co bimetallic catalyst
and reported that during ammonia decomposition reaction the Co3sMo3;N phase was
formed which is responsible for high activity of the catalyst for this reaction.

As for ammonia synthesis and decomposition, the interactions between metals
and nitrogen are of great significance since the rate-determining steps for the two
reactions are absorption and desorption of nitrogen, respectively [57].

Molybdenum- and vanadium-based transition metal nitrides have been tested for
ammonia decomposition, and the high activity and low cost of molybdenum nitride
have attracted the development of molybdenum nitride-based catalysts. There are
other reports as well that suggested that the phases of Mo, N, Ni;Mo3;N, NizMo;N,
and CosMosN are the active species for the ammonia decomposition reaction [90].

For ammonia decomposition, there are reports that suggest that Mo, N is promoted
by the addition of Co, Ni, and Fe species and showed higher activity compared to the
base catalyst. Jolaoso et al. [91] concluded the higher yield by CosMo3N was due to
the synergistic effect of Co and Mo by the decrease in the N-adsorption energy by
Co over Mo, N, and Srifa et al. [90] reported the same. From all the above-mentioned
species, Zaman et al. [92] reported the highest activity, >95% conversion at 6000 h~",
GHSYV for ammonia decomposition over Ni;Mo3N at 525 °C making Ni to be the
best structural promoter reported so far for Mo, N and also mentioned that the high
yield was also due to their method of preparation (sol—gel chelatization), in attaining
higher surface area, of the catalyst. Also, in another report by Zaman et al. [93]
showed that Fe;Mo3N is not a good catalyst for this reaction (Table 4).

Also, Zaman [96] reported a DFT simulation over Mo3 N, cluster (modeling Mo, N
catalyst) for ammonia decomposition and found that the abstraction of the second
hydrogen from ammonia is the rate-limiting step according to the following surface
elementary reaction (NH;, *,g — NH*,4 + H*,4) similar to Pt(111) and Ni(110) plane.
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Table 4 Catalytic activity of different nitride-based catalysts for ammonia decomposition

Catalyst Temperature GHSV Conversion Activation Reference
C) G (%) energy, E
(kJ mol~1)
Mo, N 550 6000 71.9 131.30 [91]
CosMo3N 550 6000 97.0 60.11 [91]
FesMosN 550 6000 78.2 72.88 [93]
NiMosN 550 6000 99.0 66.10 [92]
NizMosN 550 6000 83.0 83.80 [90]
NipMo3N 550 30,000 84.0 66.10 [92]
NiMoN/a-Al,O3 | 600 3600 79.0 - [94]
NizMosN 500 21,600 29.0 - [95]

The energy barrier for nitrogen dissociation is 35.19 kcal/mol on the Mo3N,, much
higher compared to ruthenium and vanadium catalysts, which makes Mo, N much
less active catalyst compared to Ru catalysts. Later on, Srifa et al. [90] suggest that
incorporation of Ni and Co reduces the nitrogen recombination energy for Mo,N
catalysts and thus shows better activity compared to Mo, N.

With all these been done, more works are still required for the mechanism of for-
mation of different metal nitrides through different preparation methods for stability
and activity optimization for both ammonia decomposition and other reactions.

6 Conclusions

Ammonia decomposition to generate CO,-free hydrogen is a quite viable and envi-
ronmentally friendly solution to the onboard hydrogen generation for fuel cell-driven
vehicles. The challenge is to generate hydrogen by cracking ammonia at low tempera-
ture, i.e., less than 500 °C. Unfortunately, except the precious noble metal ruthenium,
none of the catalysts showed 100% conversion at high GHSV (>30,000h~") at 500 °C.
This chapter has discussed several alternative options compared to ruthenium-based
catalysts that have been investigated so far by different researchers. Of them, ternary
nitrides (Co3Mo3;N and Ni,Mo3;N) have shown permissible potential for ammonia
decomposition at low temperature compared to other nonprecious reported catalysts.
In the near future, more research based on these ternary nitride-based catalysts will
be available and a viable solution for ammonia decomposition will be achievable.

Acknowledgements Authors gratefully thank for the support provided by the Chemical and Mate-
rials Engineering Department, Faculty of Engineering, King Abdulaziz University, Jeddah, Saudi
Arabia. Special thanks to Professor Lachezar Angelov Petrov, SABIC Chair of Catalysis at King
Abdulaziz University, for his suppot to allow Dr. Sharif F. Zaman to work in the field of ammonia
decompostion reaction.



Catalytic Ammonia Decomposition for Hydrogen Production ... 101

References

11.

12.

13.
14.
15.
16.
17.
18.
. International Energy Agency (IEA) (2007) Key world energy statistics
20.
21.
22.
23.
24.
25.

26.

27.

. Doelle M (2004) Climate change and human rights: the role of international human rights in

motivating states to take climate change seriously. Macquarie J Int Comp Environ Law 1:179

. IPCC fourth assessment report (2007)
. High human cost of weather-related disasters detailed in report, News and Media, United

Nations Radio (2015)

. Muroyama H, Saburi C, Matsui T, Eguchi K (2012) Ammonia decomposition over Ni/La;O3

catalyst for on-site generation of hydrogen. Appl Catal A: Gen 443-444:119-124. https://doi.
org/10.1016/j.apcata.2012.07.031

. William IFD, Joshua WM, Samantha KC, Hazel MAH, James DT, Thomas JW, Martin OJ

(2014) Hydrogen production from ammonia using sodium amide. ] Am Chem Soc 136:13082—
13085. https://doi.org/10.1021/ja5042836

. Yin SF, Xu BQ, Zhou XP, Au CT (2004) A mini-review on ammonia decomposition catalysts

for on-site generation of hydrogen for fuel cell applications. Appl Catal A 277:1-9. https://doi.
org/10.1016/j.apcata.2004.09.020

. Léon A (ed) (2008) Hydrogen technology: mobile and portable applications. Springer series

in green energy and technology. Springer

. Web source: https://energy.gov/eere/energybasics/articles/hydrogen-and-fuel-cell-technology-

basics

. Web source: www.HydrogenAssociation.org
. Cheddie D (2012) Ammonia as a hydrogen source for fuel cells: a review. In: Minic D (ed)

Hydrogen energy—challenges and perspectives. InTech. https://doi.org/10.5772/47759
Avery WH (1988) A role for ammonia in the hydrogen economy. Int J Hydrogen Energy
13:761-773. https://doi.org/10.1016/0360-3199(88)90037-7

Christensen CH, Johannessen T, Sorensen RZ, Norskov JK (2006) Towards an ammonia-
mediated hydrogen economy. Catal Today 111:140-144. https://doi.org/10.1016/j.cattod.2005.
10.011

Jensen JO, Vestbo AP, Li Q, Bjerrum NJ (2007) The energy efficiency of onboard hydrogen
storage. J Alloys Compd 446—447:723-728. https://doi.org/10.1016/j.jallcom.2007.04.051
Web source: United States geological survey publication. https://minerals.usgs.gov/minerals/
pubs/commodity/nitrogen/mcs-201 1-nitro.pdf

Web source: United States geological survey publication: https://minerals.usgs.gov/minerals/
pubs/commodity/nitrogen/mcs-2017-nitro.pdf

Web source: http://www.roperld.com/science/minerals/ammonia.htm

Web source: http://www.greener-industry.org.uk/pages/ammonia/l ammoniaapq.htm

Clausen JF, Zee CA, TRW-Systems and Energy, EPA Contract 68-02-2635

B.P. Statistical review of world energy, June 2007.

Schlogl R (2003) Catalytic synthesis of ammonia—a “never-ending story”? Angew Chem Int
Ed 42:2004-2008. https://doi.org/10.1002/anie.200301553

Appl M (2007) Ullmann’s encyclopedia of industrial chemistry: ammonia. Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim

Kaye IW, Bloomfield DP (1998) Portable ammonia powered fuel cell. In: Conference of power
source, pp 408-409

Lipman T, Shah N (2007). UC Berkeley Transportation Sustainability Research Center, UC
Berkeley. Retrieved from: http://escholarship.org/uc/item/7z69v4wp

White AH, Melville WM (1905) The decomposition of ammonia at high temperatures. J] Am
Chem Soc 27:373-386. https://doi.org/10.1021/ja01982a005

Haber F, Van Oordt G (1904) Z Anorg Chem 43:111; 44:341 (1905); Topham SA (1985) The
history of the catalytic synthesis of ammonia. In: Anderson JR et al (eds) Catalysis. Springer,
Berlin, Heidelberg. https://doi.org/10.1007/978-3-642-93281-6_1

Hansen JB (1995) In: Nielsen A (ed) Ammonia, catalysis and manufacture. Springer,
Heidelberg, pp 149-198


https://doi.org/10.1016/j.apcata.2012.07.031
https://doi.org/10.1021/ja5042836
https://doi.org/10.1016/j.apcata.2004.09.020
https://energy.gov/eere/energybasics/articles/hydrogen-and-fuel-cell-technology-basics
http://www.HydrogenAssociation.org
https://doi.org/10.5772/47759
https://doi.org/10.1016/0360-3199(88)90037-7
https://doi.org/10.1016/j.cattod.2005.10.011
https://doi.org/10.1016/j.jallcom.2007.04.051
https://minerals.usgs.gov/minerals/pubs/commodity/nitrogen/mcs-2011-nitro.pdf
https://minerals.usgs.gov/minerals/pubs/commodity/nitrogen/mcs-2017-nitro.pdf
http://www.roperld.com/science/minerals/ammonia.htm
http://www.greener-industry.org.uk/pages/ammonia/1ammoniaapq.htm
https://doi.org/10.1002/anie.200301553
http://escholarship.org/uc/item/7z69v4wp
https://doi.org/10.1021/ja01982a005
https://doi.org/10.1007/978-3-642-93281-6_1

102 L. Jolaoso and S. F. Zaman

28. Tsai W, Weinberg WH (1987) Steady-state decomposition of ammonia on the ruthenium (001)
surface. J Phys Chem 91:5307. https://doi.org/10.1021/1003042034

29. Chellappa AS, Fischer CM, Thomson WJ (2002) Ammonia decomposition kinetics over Ni-
Pt/Al, O3 for PEM fuel cell applications. Appl Catal A: Gen 227:231-240. https://doi.org/10.
1016/S0926-860X(01)00941-3

30. Green L (1982) An ammonia energy vector for hydrogen economy. Int J] Hydrogen Energy
7:355-359. https://doi.org/10.1016/0360-3199(82)90128-8

31. Bell TE, Torrent-Murciano L (2016) H production via ammonia decomposition using non-
Noble metal catalysts: a review. Top Catal 59:1438—1457. https://doi.org/10.1007/s11244-016-
0653-4

32. Georgeta P, Aline A (2011) The poisoning level of Pt/C catalysts used in PEM fuel cells by
the hydrogen feed gas impurities: the bonding strength. Int J Hydrogen Energy 36:6817-6825.
https://doi.org/10.1016/j.ijhydene.2011.03.018

33. Yin SF, Zhang QH, Xu BQ, Zhu WX, Ng CF, Au CT (2004) Investigation on the catalysis of
CO,-free hydrogen generation from ammonia. J Catal 224:384-396. https://doi.org/10.1016/
j-jcat.2004.03.008

34. Klerke A, Christensen CH, Ngrskov JK, Vegge T (2008) Ammonia for hydrogen storage:
challenge and opportunities. ] Mater Chem 18:2304-2310. https://doi.org/10.1039/B720020J

35. Podila S, Zaman SF, Driss H, Alhamed Y, Al-Zahrani AA, Petrov LA (2016) Hydrogen pro-
duction by ammonia decomposition using high surface area MopN and Co3MosN catalysts.
Catal Sci Technol 6:1496—-1506. https://doi.org/10.1039/C5CY00871A

36. Yin SF, Xu BQ, Wang SJ, Ng CF, Au CT (2004) Magnesia-carbon nanotubes (MgO—CNTs)
nanocomposite: novel support of Ru catalyst for the generation of CO,-free hydrogen from
ammonia. Cat Lett 96:113-116. https://doi.org/10.1023/B:CATL.0000

37. Choudhary TV, Sivadinarayana C, Goodman DW (2001) Catalytic ammonia decomposition:
CO,-free hydrogen production for fuel cell applications. Catal Lett 72:197-201. https://doi.
org/10.1023/A:1009023825549

38. Ganley JC, Thomas FS, Seebauer EG, Masel RI (2004) A priori catalytic activity correlations:
the difficult case of hydrogen production from ammonia. Catal Lett 96(3—4):117-122. https://
doi.org/10.1023/B:CATL.0000030108.50691.d4

39. Li L, Zhu ZH, Yan ZF, Lu GQ, Rintoul L (2007) Catalytic ammonia decomposition over
Ru/carbon catalysts: the importance of the structure of carbon support. Appl Catal A: Gen
320:166—-172. https://doi.org/10.1016/j.apcata.2007.01.029

40. Egawa C, Nishida T, Naito S, Tamaru K (1984) ammonia decomposition on (1 1 10) and
(0 0 1) surfaces of ruthenium. J Chem Soc Faraday Trans 1: Phys Chem Condens Phases
80:1595-1604. https://doi.org/10.1039/f19848001595

41. Dietrich H, Jacobi K, Ertl G (1996) Decomposition of NH3 on Ru(111). Surf Sci 352-354:138-
141. https://doi.org/10.1016/0039-6028(95)01120-X

42. Zheng W, Zhang J, Zhu B, Blume R, Zhang Y, Schlichte K, Schlogl R, Schiith F, Su DS
(2010) Structure—function correlation for Ru/CNT in the catalytic decomposition of ammonia.
ChemSusChem 39:226-230. https://doi.org/10.1002/cssc.200900217

43. Sorensen RZ, Nielsen LJE, Jensen S, Hansen O, Johannesen T, Quaade U, Christensen CH
(2005) Catalytic ammonia decomposition: miniaturized production of CO,-free hydrogen for
fuel cells. Catal Commun 6:229-232. https://doi.org/10.1016/j.catcom.2005.01.005

44. Wang Z, Cai Z, Wei Z (2019) Highly active ruthenium catalyst supported on barium hex-
aaluminate for ammonia decomposition to CO,-free hydrogen. ACS Sustain Chem Eng
7(9):8226-8235. https://doi.org/10.1021/acssuschemeng.8b06308

45. (a) Robertson AJB (1975) The early history of catalysis. Platin Met Rev 19:64-69. (b)
Amano A, Taylor H (1954) The decomposition of ammonia on ruthenium, rhodium and palla-
dium catalysts supported on alumina. ] Am Chem Soc 76:4201-4204. https://doi.org/10.1021/
ja01645a057

46. Tanaka KI, Tamaru K (1966) On one general principle of the catalytic activity of metals.
Kinetikai Kataliz 7:242-247


https://doi.org/10.1021/j100304a034
https://doi.org/10.1016/S0926-860X(01)00941-3
https://doi.org/10.1016/0360-3199(82)90128-8
https://doi.org/10.1007/s11244-016-0653-4
https://doi.org/10.1016/j.ijhydene.2011.03.018
https://doi.org/10.1016/j.jcat.2004.03.008
https://doi.org/10.1039/B720020J
https://doi.org/10.1039/C5CY00871A
https://doi.org/10.1023/B:CATL.0000
https://doi.org/10.1023/A:1009023825549
https://doi.org/10.1023/B:CATL.0000030108.50691.d4
https://doi.org/10.1016/j.apcata.2007.01.029
https://doi.org/10.1039/f19848001595
https://doi.org/10.1016/0039-6028(95)01120-X
https://doi.org/10.1002/cssc.200900217
https://doi.org/10.1016/j.catcom.2005.01.005
https://doi.org/10.1021/acssuschemeng.8b06308
https://doi.org/10.1021/ja01645a057

Catalytic Ammonia Decomposition for Hydrogen Production ... 103

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.
. Schlogl R (2008) Ammonia synthesis. In: Ertl G et al (eds) Handbook of heterogeneous
58.

59.

60.

61.

62.

63.

64.

65.

Papapolymerou G, Bontozoglou V (1997) Decomposition of NH3 on Pd and Ir compar-
ison with Pt and Rh. J Mol Catal A: Chem 120:165-171. https://doi.org/10.1016/S1381-
1169(96)00428-1

Zhang J, Comotti M, Schuthe F, Schlogl R, Su DS (2007) Commercial Fe- or Co-containing
carbon nanotubes as catalysts for NH3 decomposition. Chem Commun 19:1916-1918. https://
doi.org/10.1039/B700969K

Lendzion-Bielun Z, Pelka R, Arabczyk W (2009) Study of the kinetics of ammonia synthesis
and decomposition on iron and cobalt catalysts. Catal Lett 129:119-121. https://doi.org/10.
1007/s10562-008-9785-x

Zhang H, Alhamed YA, Al-Zahrani AA, Daous MA, Inokawa H, Kojima Y, Petrov LA (2014)
Tuning catalytic performances of cobalt catalysts for clean hydrogen generation via variation
of the type of carbon support and catalyst post-treatment temperature. Int J Hydrogen Energy
39:17573-17582. https://doi.org/10.1016/j.ijhydene.2014.07.183

Zhang J, Xu HY, Jin XL, Ge QJ, Li WZ (2006) Highly efficient Ru/MgO catalysts for NH3
decomposition: synthesis, characterization and promoter effect. Catal Commun 7:148-152.
https://doi.org/10.1016/j.catcom.2005.10.002

Zhao C, Yang Y, Wu Z, Fiel M, Fang XJ (2014) Synthesis and facile size control of well-
dispersed cobalt nanoparticles supported on ordered mesoporous carbon. J] Mater Chem A
2:19903-19913. https://doi.org/10.1039/C4TA04561K

Podila S, Alhamed YA, AlZahrani AA, Petrov LA (2015) Hydrogen production by ammonia
decomposition using Co catalyst supported on Mg mixed oxide systems. IntJ Hydrogen Energy
40:15411-15422. https://doi.org/10.1016/j.ijhydene.2015.09.057

Gu YQ, Jin Z, Zhang H, Xu RJ, Zheng MJ, Guo YM, Song QS, Jia CJ (2015) Transition
metal nanoparticles dispersed in an alumina matrix as active and stable catalysts for CO,-free
hydrogen production from ammonia. J Mater Chem A 3:17172-17180. https://doi.org/10.1039/
C5TA04179A

Love KS, Emmett PH (1941) The catalytic decomposition of ammonia over iron synthetic
ammonia catalysts. J] Am Chem Soc 63:3297-3308. https://doi.org/10.1021/ja01857a019
Dannstadt S (2000) Ullmann’s encyclopedia of industrial chemistry. Wiley, Weinheim

catalysis. Wiley

Mittasch A, Frankenburg W (1950). Early studies of multicomponent catalysts. In:
Komarewsky VI, Frankenburg WG, Rideal EK (eds) Advances in catalysis. Academic Press,
pp 81-104. https://doi.org/10.1016/50360-0564(08)60375-2

(a) Zheng W (2011) Nanomaterials for ammonia decomposition. Ph.D. thesis, Universitat
Berlin. (b) Zheng W, Cotter TP, Kaghazchi P, Jacob T, Frank B, Schlichte K, Zhang W, Su DS,
Schiith F, Schlogl R (2013) Experimental and theoretical investigation of molybdenum carbide
and nitride as catalysts for ammonia decomposition. ] Am Chem Soc 135:3458-3464. https://
doi.org/10.1021/ja309734u

Arabczyk W, Zamlynny J (1999) Study of the ammonia decomposition over iron catalysts.
Catal Lett 60:167-171. https://doi.org/10.1023/A:101900702

Kielbasa K, Pelka R, Arabczyk W (2010) Studies of the kinetics of ammonia decomposition
on promoted nanocrystalline iron using gas phases of different nitriding degree. J Phys Chem
A 114:4531-4534. https://doi.org/10.1021/jp9099286

Zhang J, Xu H, Li W (2005) Kinetic study of NH3 decomposition over Ni nanoparticles: the
role of La promoter, structure sensitivity and compensation effect. Appl Catal A 296:257-267.
https://doi.org/10.1016/j.apcata.2005.08.046

Tsai W, Vajo JJ, Weinberg WH (1985) Inhibition by hydrogen of the heterogeneous decom-
position of ammonia on platinum. J Phys Chem 89:4926-4932. https://doi.org/10.1021/
j1002692009

Roy SK, Ray N, Mukheriee D (1975) Kinetics and mechanism of ammonia decomposition
over alumina supported nickel catalysts. Plan Dev Div 41:485-495

Okura K, Miyazaki K, Muroyama H, Matsui T, Eguchi K (2018) Ammonia decomposition over
Ni catalysts supported on perovskite-type oxides for the on-site generation of hydrogen. RSC
Adv. 8:32102-32110. https://doi.org/10.1039/C8RA06100A


https://doi.org/10.1016/S1381-1169(96)00428-1
https://doi.org/10.1039/B700969K
https://doi.org/10.1007/s10562-008-9785-x
https://doi.org/10.1016/j.ijhydene.2014.07.183
https://doi.org/10.1016/j.catcom.2005.10.002
https://doi.org/10.1039/C4TA04561K
https://doi.org/10.1016/j.ijhydene.2015.09.057
https://doi.org/10.1039/C5TA04179A
https://doi.org/10.1021/ja01857a019
https://doi.org/10.1016/s0360-0564(08)60375-2
https://doi.org/10.1021/ja309734u
https://doi.org/10.1023/A:101900702
https://doi.org/10.1021/jp9099286
https://doi.org/10.1016/j.apcata.2005.08.046
https://doi.org/10.1021/j100269a009
https://doi.org/10.1039/C8RA06100A

104 L. Jolaoso and S. F. Zaman

66. Duan X, Qian G, Liu Y, JiJ, Zhou X, Chen D, Yuan W (2013) Structure sensitivity of ammonia
decomposition over Ni catalysts: a computational and experimental study. Fuel Process Technol
108:112-117. https://doi.org/10.1016/j.fuproc.2012.05.030

67. Ertl G, Rustig J (1982) Decomposition of NH3 on nickel: absence of a magneto-catalytic effect.
Surf Sci 119:314-318. https://doi.org/10.1016/0039-6028(82)90173-X

68. McCabe RW (1983) Kinetics of ammonia decomposition on nickel. J Catal 79:445-450. https://
doi.org/10.1016/0021-9517(83)90337-8

69. Liu H, Wang H, Shen J, Sun Y, Liu Z (2008) Promotion effect of cerium and lanthanum oxides
on Ni/SBA-15 catalyst for ammonia decomposition. Catal Today 131:444—-449. https://doi.org/
10.1016/j.cattod.2007.10.048

70. Deng QF, Zhang H, Hou XX, Ren TZ, Yunan ZY (2012) High-surface-area Ce( gZr( 20> solid
solutions supported catalysts for ammonia decomposition to hydrogen. Int J Hydrogen Energy
37:15901-15907. https://doi.org/10.1016/j.ijhydene.2012.08.069

71. Cao JL, Yan ZL, Deng QF, Wang Y, Yuan ZY, Sun G, Jia TK, Wang XD, Bala H, Zhang ZY
(2015) Mesoporous modified-red-mud supported Ni catalysts for ammonia decomposition to
hydrogen. Int J Hydrogen Energy 39:15411-15422. https://doi.org/10.1016/j.ijhydene.2014.
01.169

72. Zhang J, Xu H, Jin X, Ge Q, Li W (2005) Characterizations and activities of the nano-sized
Ni/Al,O3 and Ni/La—Al,O3 catalysts for NH3 decomposition. Appl Catal A: Gen 290:87-96.
https://doi.org/10.1016/j.apcata.2005.05.020

73. Web source: https://www.strem.com/uploads/resources/documents/electroless_deposition_
for_the_synthesis_of_bimetallic_catalysts.pdf

74. Guo W, Vlachos DG (2015) Patched bimetallic surfaces are active catalysts for ammonia
decomposition. Nat Commun 6:8619-8626. https://doi.org/10.1038/ncomms9619

75. Hansgen DA, Vlachos DG, Chen JG (2010) Using first principles to predict bimetallic cata-
lysts for the ammonia decomposition reaction. Nat Chem 2:484-489. https://doi.org/10.1038/
nchem.626

76. Boisen A, Dahl S, Norskov JK, Christensen CH (2005) Why the optimal ammonia synthesis
catalyst is not the optimal for ammonia decomposition. J Catal 230:309-312. https://doi.org/
10.1016/j.jcat.2004.12.013

77. Leclercq L, Provost M, Pastor H, Grimblot J, Hardy AM, Gendembre L, Leclercq G (1989)
Catalytic properties of transition metal carbides: 1. Preparation and physical characterization
of bulk mixed carbides of molybdenum and tungsten. J Catal 117:371-383. https://doi.org/10.
1016/0021-9517(89)90348-5

78. Hansgen DA (2011) Rational catalyst design for the ammonia decomposition reaction. Ph.D.
thesis

79. Jacobsen CJH, Dahl S, Clausen BS, Bahn S, Logadottir A, Norskov JK (2001) Catalyst design
by interpolation in the periodic table: bimetallic-ammonia synthesis catalysts. ] Am Chem Soc
123:8404-8405. https://doi.org/10.1021/j2a010963d

80. Duan X, Ji J, Yan X, Qian G, Chen D, Zhou X (2016) Understanding Co—Mo catalyzed
ammonia decomposition: influence of calcination atmosphere and identification of active phase.
ChemCatChem 8:938-945. https://doi.org/10.1002/cctc.201501275

81. Chen JG, Menning CA, Zellner MB (2008) Monolayer bimetallic surfaces: experimental and
theoretical studies of trends in electronic and chemical properties. Surf Sci Rep 63:201-254.
https://doi.org/10.1016/j.surfrep.2008.02.001

82. Zhang J, Muller JO, Zheng W, Wang D, Su D, Schlogl R (2008) Individual Fe—Co alloy
nanoparticles on carbon nanotubes: structural and catalytic properties. Nano Lett 8(9):2738—
2743. https://doi.org/10.1021/n18011984

83. Oyama ST (1996) In: Oyama ST (ed) The chemistry of transition metal carbides and nitrides.
Blackie Academic and Professional, Glasgow. https://doi.org/10.1007/978-94-009-1565-7_1

84. Scotti N, Kockelmann W, Senker J, Trallel S, Jacobs H (1999) Sn3N4, a tin (IV) nitride—
syntheses and the first crystal structure determination of a binary tin—nitrogen compound. Z
Anorg Allg Chem 625:1435-1439. https://doi.org/10.1002/chin. 199947033


https://doi.org/10.1016/j.fuproc.2012.05.030
https://doi.org/10.1016/0039-6028(82)90173-X
https://doi.org/10.1016/0021-9517(83)90337-8
https://doi.org/10.1016/j.cattod.2007.10.048
https://doi.org/10.1016/j.ijhydene.2012.08.069
https://doi.org/10.1016/j.ijhydene.2014.01.169
https://doi.org/10.1016/j.apcata.2005.05.020
https://www.strem.com/uploads/resources/documents/electroless_deposition_for_the_synthesis_of_bimetallic_catalysts.pdf
https://doi.org/10.1038/ncomms9619
https://doi.org/10.1038/nchem.626
https://doi.org/10.1016/j.jcat.2004.12.013
https://doi.org/10.1016/0021-9517(89)90348-5
https://doi.org/10.1021/ja010963d
https://doi.org/10.1002/cctc.201501275
https://doi.org/10.1016/j.surfrep.2008.02.001
https://doi.org/10.1021/nl8011984
https://doi.org/10.1007/978-94-009-1565-7_1
https://doi.org/10.1002/chin.199947033

Catalytic Ammonia Decomposition for Hydrogen Production ... 105

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Petterson PM, Das TK, Davis BH (2003) Carbon monoxide hydrogenation over molyb-
denum and tungsten carbides. Appl Catal A 251:449-455. https://doi.org/10.1016/S0926-
860X(03)00371-5

Claridge JB, York APE, Brungs AJ, Marquez-Alvarez C, Sloan J, Tsang SC, Green MLH
(1998) New catalysts for conversion of methane to syngas: molybdenum and tungsten carbide.
J Catal 180:85-100. https://doi.org/10.1006/jcat.1998.2260

Marchand R, Gouin X, Tessier F, Laurent Y (1996) In: Oyama ST (ed) The chemistry of
transition metal carbides and nitrides. Blackie Academic and Professional, Glasgow, p 252,
chapter 13

Mckay D (2008) Catalysis over molybdenum containing nitride materials. Ph.D. thesis,
University of Glasgow. http://theses.gla.ac.uk/id/eprint/174

Duan X, Qian G, Zhou X, Chen D, Yuan W (2012) MCM-41 supported CoMo bimetallic
catalysts for enhanced hydrogen production by ammonia decomposition. J Chem Eng 207—
208:103-108. https://doi.org/10.1016/j.cej.2012.05.100

Srifa A, Okura K, Okanishi T, Muroyama H, Matsui T, Eguchi K (2016) CO,-free hydrogen
production via ammonia decomposition over molybdenum nitride-based catalysts. Catal Sci
Technol 6:7495-7504. https://doi.org/10.1039/C6CY01566B

Jolaoso LA, Zaman SF, Podila S, Driss H, Al-Zahrani AA, Daous MA, Petrov L (2018) Ammo-
nia decomposition over citric acid induced y-Mo;N and CozMo3N catalysts. Int J Hydrogen
Energy 43:4839-4844. https://doi.org/10.1016/j.ijhydene.2018.01.092

Zaman SF, Jolaoso LA, Podila S, Al-Zahrani AA, Alhamed YA, Daous HA, Petrov L (2018)
Ammonia decomposition over citric acid chelated y-Mo,N and Ni;MosN catalysts. Int J
Hydrogen Energy 43:17252-17258. https://doi.org/10.1016/j.ijhydene.2018.07.085

Zaman SF, Jolaoso LA, Al-Zahrani AA, Alhamed YA, Podila S, Driss H, Daous MA, Petrov
L (2018) Study of FesMosN catalyst for ammonia decomposition. Bulg Chem Commun
50(Special issue H):181-188

Liang C, Li W, Wei Z, Xin Q, Li C (2000) Catalytic decomposition of ammonia over nitrided
MoN,/a-Al,O3 and NiMoNy/a-Al,O3 catalysts. Ind Eng Chem Res 39:3694-3697. https://
doi.org/10.1021/i€99093 1n

Leybo DV, Baiguzhina AN, Muratov DS, Arkhipov DI, Koles-nikov EA, Levina VV, Kosova
NI, Kuznetsov DV (2016) Effects of composition and production route on structure and catalytic
activity for ammonia decomposition reaction of ternary Ni-Mo nitride catalysts. Int J Hydrogen
Energy 41:3854-3860. https://doi.org/10.1016/j.ijhydene.2015.12.171

Zaman SF (2018) A DFT study of ammonia dissociation over Mo3N, cluster. Bulg Chem
Commun 50(Special issue H):201-208


https://doi.org/10.1016/S0926-860X(03)00371-5
https://doi.org/10.1006/jcat.1998.2260
http://theses.gla.ac.uk/id/eprint/174
https://doi.org/10.1016/j.cej.2012.05.100
https://doi.org/10.1039/C6CY01566B
https://doi.org/10.1016/j.ijhydene.2018.01.092
https://doi.org/10.1016/j.ijhydene.2018.07.085
https://doi.org/10.1021/ie990931n
https://doi.org/10.1016/j.ijhydene.2015.12.171

Electrocatalytic Nitrogen (Nz) Reduction m

Check for
updates

Chayanika Chaliha and Eeshan Kalita

Abstract Ammonia (NH3) is an industrially important chemical for its use in man-
ufacturing fertilizers, carbon-free fuel and synthesis of essential biological building
blocks and as energy carrier. The most widely used industrial process NH; pro-
duction, the Haber—Bosch process, has several bottlenecks such as high operational
costs and high energy consumption and is a severe detriment for environment due
to its large carbon footprint. In recent decades, electrocatalysis of Nj to produce
NH; has emerged as a sustainable alternative and provides an efficient means for
the production of NH3 from N, under ambient conditions. Till date, various kinds of
electrocatalyst have been developed for N, reduction which covers a wide range of
materials that includes noble metals, transition metals, single-atom catalyst and var-
ious carbon-based metal-free composites. Also, to increase the catalytic potential,
different operational strategies have been developed that generate electrocatalysts
with low overpotential. Molecular dynamics simulation-based studies have enabled
the development of new generation electrocatalysts and have been investigated for
their thermodynamics and mechanism in nitrogen reduction reaction (NRR). The
combination of the theoretical and experimental provides a promising perspective
to develop efficient electrocatalyst with increased surface active site, selectivity and
durability in NRR.

Keywords Nitrogen - Ammonia - Electrocatalyst - NRR

1 Introduction

Ammonia (NH3) is one of the most essential constituent chemicals for living beings
as well as the earth’s ecosystem as an essential biological building block. It is an indis-
pensable precursor for fertilizers in agriculture production, a convenient hydrogen
carrier and an emerging clean fuel [1]. Given the importance of ammonia, Nitrogen
(N») fixation through the reduction of atmospheric nitrogen (N;) to ammonia (NHj3)
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is considered to be one of the most important processes on earth [2]. In nature, N,
fixation to ammonia is generally carried out by microorganisms catalyzed by the
nitrogenase enzymes which contain iron-molybdenum cofactor (denoted as FeMo-
co), and the required energy is delivered by ATP [3, 4]. In spite of the low energy
and high electron efficiency of this method, the ultralow reaction rate restricts its
use for practical application in large-scale ammonia synthesis [5]. However, the
industrial Nj reduction is primarily carried out through the Haber—Bosch process,
wherein Fe/Ru-based catalyst processes nitrogen and hydrogen molecule at high
pressure and temperature. The process operates at a cost of more than 1% of global
energy consumption owing to the intense inertness of N, with N=N bond energy of
940.95 kJ/mol accompanied with CO, emissions of ~2 ton, per ton of NH3 produced
[6]. Also, a capital expenditure of at least a million US dollars has to be invested
during the construction of a Haber—Bosch chemical plant and is regarded as a major
roadblock toward the establishment of fertilizer plants in developing countries. Thus,
the energy consumption, environmental effect and production cost associated with
Haber—Bosch process urge the development of an efficient, sustainable, cost effective
and environment-friendly nitrogen fixation strategy that can be carried out with min-
imal infrastructure facility, low energy and at atmospheric pressure. Lately, various
strategies have been explored, viz. biochemical, organometallic, photocatalytic and
electrochemical approaches for the catalytic nitrogen reduction reaction (NRR) [7].
In recent times, electrocatalytic nitrogen reduction reactions have gained significant
interest owing to the facile conditions during operation and renewable electric energy
sources utilization. Also, electrocatalytic NRR facilitates low CO, emissions, as the
proton source used herein is water instead of hydrogen gas used in Haber-Bosch
process [8].

Fundamentally, in electrochemical NRR, ammonia synthesis is achieved via ther-
modynamic force controlled by applied voltage at room temperature and atmospheric
pressure. The basic mechanism of electrochemical NRR involves a dissociative, an
alternating associative and a distal associative pathway (Fig. 1) [9]. During the dis-
sociative pathway, the triple bond of N, molecules is cleaved prior to the addition of
any hydrogen. After cleavage, hydrogenation takes place via the alternating associa-
tive and a distal associative pathway. In the alternating pathway, hydrogenation takes
place on the two N atoms with electron transfer coupled with proton, and at the final
step, sequentially two NH3; molecules get released. In the distal associative pathway,
addition of hydrogen takes place in the distal N atom from the catalyst surface, and
after the release of the first NH3 molecule, the process repeats again [7].

2 Efficient NRR Electrocatalysts Design Strategies

The efficiency of a developed electrocatalyst is mediated by different factors related
to its size, morphology, chemical and electronic structure. Tuning of these properties
greatly enhances the electrocatalytic efficiency of the catalyst by lowering overpoten-
tial and increasing FE following which high yield of NHj is achieved. Various design
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Fig. 1 Mechanism of Electrocatalytic nitrogen reduction reaction (NRR) a, Dissociative path-
way b, Distal associative pathway ¢, Alternating associative pathway d (Reprinted from [10] with
permission)

strategies of catalyst have been investigated with the main objective to increase the
number of active sites and/or increase the catalytic activity of each surface active
site (Fig. 2) [11]. Some of the efficient design strategies explored so far include the
morphology and size engineering, crystal facet regulation and defect engineering via
introduction of vacancy and doping that induces lattice distortion [12—14]. Insights
into the mechanisms of these tunable design strategies to develop highly efficient
NRR electrocatalyst are discussed in the following sections.

2.1 Engineering Size and Morphology

Modulating the size and morphology of electrochemical catalyst has been found
to effectively enhance the catalytic property of the electrocatalyst [16]. Engineer-
ing of size and morphology result in tuning of the coordination sites, the binding
strength of various reactants and the surface area with active sites. These properties
greatly enhance the selectivity and durability of the electrocatalyst, thereby creating
an impact on the catalytic performance of the electrocatalyst [17, 18]. For instance,
hollow Au nanocages were found with higher electrocatalytic efficacy when com-
pared to nanocubes, nanospheres and nanorods of Au. Here, the enhanced efficacy
resulted due to the increased surface area with exposed active sites [19].
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Fig. 2 a Defect Engineering Strategy for the Synthesis of SACs. (A and B) The most stable
configuration and charge density difference of a single Pt atom trapped on Ni(OH), nanoboards with
abundant Ni2* vacancies (A) and without NiZ* vacancies (B) by DFT calculations. (C) The synthesis
process for isolated Au atoms stabilized on defective TiO2 nanosheets with oxygen vacancies. (D)
HAADF-STEM image (left) and corresponding enlarged image (right) of single Co atoms anchored
by S vacancies of MoS;. (E) Schematic illustration of single Pt atoms located at the CeO, step
edges, based on DFT calculations. b Spatial Confinement Strategy for the Synthesis of SACs. (A
and B) AC-STEM images (A) and model (B) of single Pt atoms located in the zeolite KLTL. (C)
Schematic preparation process of single-atom Fe catalyst. (D) Formation procedure of single Ru
atoms immobilized on the carbonized skeleton of UiO-66-NH,. ¢ Coordination Design Strategy
for the Synthesis of SACs. (A) Illustration of the synthesis of single Co atoms stabilized on hollow
nitrogen-doped carbon. (B) Formation process of single Co atoms with precise N-coordination. (C)
The most stable structure of single-atom Pt on PMA, based on DFT calculations. (D and E) Atomic-
resolution scanning tunneling microscopy image (D) and the corresponding simulation image (E)
of single Cu atoms embedded in nitrogen-doped graphene. (F) AC-STEM image of single Co atoms
stabilized on nitrogen-doped graphene. (G) Schematic illustration of atomically dispersed transition
metal (e.g., Fe, Co, or Ni) catalysts (Reprinted from [15] with permission)

2.2 Defect Engineering

Defect engineering tailors the electronic structure of the electrocatalyst, thereby mod-
ulating the catalytic performance. The introduction of artificial defects to modulate
electrocatalytic performance includes vacancy of a lattice position due to missing of
an atom, incorporation of foreign atoms (dopant) on the lattice of host materials and
the strain on the surface of the electrocatalysts that alters the bond length and surface
space of atom, thereby shaping the electronic structure [10, 20]. Vacancy engineering
enables the transfer of charge between reactants and enhances adsorption energetics
[21]. The vacancy engineering includes both anion and cation vacancies, wherein
introduction of oxygen, cobalt and other metal atoms (Fe, Ni, W) has been widely
explored [22, 23]. Introduction of O vacancy facilitates low activation energy whereas
cation vacancy enhances the electrocatalytic property due to their orbital distribution
of electron. The O vacancy induced by the removal of lattice oxygen atoms facilitates
the adsorption of N, molecule by accumulating excess electrons through coordinately
unsaturated metal atoms (CUS) [24, 25]. CUS metal sites are electron rich which acts
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as an active site, thereby promoting electron transfer between reactants in NRR [26].
Use of a dopant to artificially modulate electronic structure is a promising approach
to increase the catalytic performance of electrocatalyst. The doped atoms are placed
into the intermediate space in the lattice resulting in an enhancement in the activation
of adsorbed molecules [27, 28]. Both metal and nonmetal atoms have been explored
for their use as dopants that modulate the band gap resulting in low overpotential
and high electrocatalytic efficiency [29]. For instance, carbon materials anchored
to various nonmetals (S, N, P, B, F, etc.) and metals (Fe, Co, Ni, Cu, etc.) have
been explored for their efficient use as catalysts in NRR [30, 31]. Further, in recent
times, single metal atoms attached to the substrate materials is one form of doped
composites wherein the doped atoms act as efficient catalytic sites modulating its
electrocatalytic reduction of N, [32—-34]. Hence, the defect engineering results in the
development of microscopic strain that alters the electronic band structure, atomic
bond length and spacing in surface, thereby effecting catalytic property.

2.3 Crystal Facet Engineering

Crystal facet engineering strategy mediates the atomic arrangement and coordination
of a crystalline material employed for the exposure of facets that act as active sites for
catalytic activity [35-37]. The exposed crystal facets greatly influence the enhance-
ment of N, adsorption, thereby affecting the catalytic performance [38, 39]. Studies
have shown that crystalline facets act as favorable active sites, and the intermediate
reactants in NRR have strong binding efficiency toward these crystal facets as com-
pared to flat facets, thereby enhancing electrocatalytic efficiency [40]. For instance,
in Mo nanofilm, the diffraction plane at (110) was increased in four plane orientation
which enhanced the catalytic efficiency to achieve NHj yield rate of 3.09 x 10~!!
mol s~! cm~2 with FE 0.72% at 0.49 V versus reversible hydrogen electrode (RHE)
[41]. Owing to the strong adsorption on crystal facets, sulfate anions adsorption on
the diffraction plane (1 1 1) of single-crystal Pt leads to a reduction in catalytic
efficiency due to blocking of the active sites [20].

Till date, a large variety of electrocatalysts have been explored for NRR with
various design strategies that include noble metal-based materials, transition metals
and their composites, single-atom catalysts and carbon-based materials (Table 1).
The electrocatalysts developed for NRR reactions and their catalytic efficiency are
categorized and discussed in detail in the following sections.

2.4 Noble Metals

Noble metals have been explored for their application as electrocatalysts for N,
reduction to ammonia owing to their good electrical conductivity. The morphology-
controlled synthesis of noble metal to modulate geometric structures and electronic
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Table 1 Summary of reported electrocatalyst for NRR
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Material Catalyst NH3 yield FE (%) Potential | Refs.
(V vs.
RHE)
Transition | y-Fe;O3 589 nmolh~! cm=2 | 1.96 0 [42]
metal nanoparticle
Fe,O3 nanorod | 15.9 mgh~'mg~! 0.94 —-0.8 [43]
Mo,N 1.99 pgmg=! h~! 423 —0.05 [44]
MoS, nanosheet | 8.08 x 107! 1.17 —0.5 [45]
mol s 1em™!
MoS, 2928 pgh~! 8.34 -04 [46]
nanoflower mg~!cat
Mn304 11.6ugh™ mg='cat | 3 —0.8 [47]
nanocube
Nb,Os 43.6 mgh~! mg~lcat | 9.26 —0.55 [48]
nanofiber
Cr03 25.3 pgh-1 mg”cat 6.78 —-0.9 [49]
microspheres
CeO; nanorod 16.4 png h! mg_lcat 3.7 —-0.5 [50]
THH Au 1.648 ugh™! ecm™2 | 1.4 -0.2 [51]
nanorod
AuH nanocage 3.74 ng cm~2 h! 35.9 —0.4 [52]
BisV,01;—CeO; | 23.21 mgh~'mg~'cat | 10.16 -0.2 [53]
PdCu alloy 399 ugh™! mg~'cat | 1.22 —0.25 [54]
BD-Ag/AF 2.07 x 1071 7.36 —-0.6 [55]
mol s~! cm—2
Fe304/Ti 5.6 x 107" mols~! | 2.6 —0.4 [56]
cm—
Mn3;O4 @GO | 17.4 pgh~'mg~'cat | 3.52 —0.85 [57]
Carbon Boron doped 9.8 mgh~'cm2 10.8 —-0.5 [58]
based graphene
Carbon doped 140mmolg~! h=! | 1.42 -0.9 [59]
nitrogen
NP-C-MOF-5 | 577 x 10-* pgh~! | - —0.1 [60]
mg_lcat
PCN 8.09 mgh~' mg~'cat | 11.59 —0.1 [61]
B4C nanosheet | 26.57 pgh™! 15.95 -0.75 [62]
mg‘lcat

(continued)
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Material Catalyst NH3 yield FE (%) Potential | Refs.
(V vs.
RHE)
Crp03-rGO 333 pugh™ mg_lcat 7.33 —0.7 [63]
PdCu/rGO 2.80 ng h™! mg~'cat | 3.7 —-0.2 [64]
0-Au/CeO,—GO | 8.3 ugh~! mg=lcat | 10.1 -0.2 [65]
Single Ru SAs/N-C 1209 pgh! 29.6 —-0.2 [66]
atom mg~!cat
LiN3 (7.9 +1.6) x 10~° 18.5 - [67]
mol cm™! s7!
Bi nanosheet 13.23 ng h! 10.46 + 1.45 —0.8 [68]
mg~ ! cat
Noble Ru nanoparticle 21.4 mg h~! m—2 54 —100 [69]
atom Rh nanosheet 23.88 g h~! 0.217 —-0.2 [32]
mg~!cat
Au 2557 pgh™! 6.05 -0.2 [70]
microstructure mg~!cat
Ag nanosheet 4.62 x 1071 4.8 —0.6 [71]
mol s~! cm—2
RuPt alloy 5.1 1072 gs! 13.2 —0.123 [72]
cm™2

states results in altered structure—property relationship, thereby tuning electrocat-
alytic efficiency [10]. The commonly explored noble metals with catalytic effi-
ciency are Ru, Rh, Pd, Au and Ag [71]. Earlier studies have explored the elec-
trocatalytic property of hybrid material consisting of noble metal (Pd, Ru, Rh, Pt,
Au or Ag) by dispersing graphite oxide on the respective metal salts. The hybrid
materials were found to enhance the heterogeneous electron transfer owing to the
surface defects on the hybrid materials [73]. Ru nanoparticles have been used as
efficient electrocatalyst in NRR condition with NH3 yield rate of 21.4 mg h=! m—2
at 60 °C. Ru NPs were anchored on a carbon fiber paper (CFP) synthesized via
oleate-assisted thermal decomposition/reduction method. The N, adsorption was
favored by the side on adsorption on two Ru atoms promoting the transfer of the first
electron pair [69]. Ultrathin 2D Rh nanosheets have been synthesized via cyanogel
reduction method that acts as an efficient electrocatalyst in NRR at ambient con-
ditions. NH3 yield of 23.88 wg h™! mg~!cat. has been obtained at a low potential
of —0.2 V versus RHE due to its high specific surface area and modified electronic
structure with numerous defective atoms [32]. Surfactant-free synthesis of an Rh
flower-like structure was carried out via hydrothermal reduction of Rh precursor.
The excellent catalytic activity during hydrogenation suggests that the material is
an effective electrocatalyst in NRR [74]. Efficient electrocatalytic property for NRR
was harbored by a flower-like Au microstructure with NH; yield of 25.57 pg h™!
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mg~! at potential —0.2 V versus RHE with FE of 6.05% owing to the available sur-
face active sites of Au atoms [70]. Molecular dynamics simulation studies show that
Ru single atom anchored on carbon material graphene as an efficient electrocatalyst
in NRR. The DFT calculations provide the four possible mechanisms of dissociation
as depicted below:

(a) *NNH species attack by the first H" 4 e~ pair results in the dissociation of NN
bond;

(b) Dissociation into *N and *NH, from *NNH, species;

(c) *NHNH, decomposes to *NH and *NHy;

(d) Generation of two *NH; from *NH,NH,.

During associative mechanism, the upper N atom adds electron to N; by forming
*NNH as intermediate species [75]. Nanosheet of Ag has been explored for electro-
catalytic N, fixation with a yield rate of NH3, 4.62 x 107'! mol s™! cm™? at voltage
—0.60 V versus RHE with FE of 4.8% under ambient conditions. The material was
found with high electrochemical stability and durability up to 24 h of electrocatalysis
[71]. A hybrid ruthenium—platinum (RuPt) alloy was developed and found to achieve
NHj yield rate of 5.1 x 10 g s~' cm~2 with a 13.2% FE at 0.123 V versus RHE at
ambient conditions. The synergistic effect of Ru and Pt mediated the high yield of
ammonia with high selectivity and stability up to 48 h [72].

2.5 Transition Metal

Transition metal-based catalysts are found with d-orbital electrons which carry out 7t-
back donation process that makes them efficient catalyst lowering the kinetic energy
for activation of N=N bond. Fe is one of the most commonly used cost effective and
environmental friendly transition metal NRR catalyst. Till date, various studies have
been carried out on oxides and composites of Fe that have been efficiently used as
electrocatalyst for NRR. In a recent study, y—Fe,O3 nanoparticle has been reported
as an efficient NRR catalyst in alkaline media with highest rate of faradaic efficiency
(FE) of 1.96% and NH; formation of 58.9 nmol h~! cm~2 at 0.0 V RHE. Here, anion-
exchange membranes electrode assembly (MEA) were used for ion-conduction with
N;-saturated basic aqueous solution that resulted in a three-fold increase in the cat-
alytic activity of the catalyst [42]. In a different study on Fe-based nanostructure
for NRR, Fe,O3 nanorods were found to be efficient electrocatalyst for NRR with
a NHj yield rate of 15.9 mgh~'mg~'catalyst and FE of 0.94%. The electrocatalyst
showed efficiency at a moderate temperature and atmospheric pressure operating at
a voltage of 0.8 V versus RHE [43]. Molybdenum (Mo)-based electrocatalyst has
been studied for NRR reaction. The catalytic ability of tetragonal Mo, N for the NRR
was investigated and synthesized via urea glass route method wherein titanium was
used as a substrate for catalyst loading. The electrocatalyst was found with a FE
of 42.3% obtained at —0.05 V versus RHE and NHj yield of 1.99 pug mg=! h~!
[44]. Molybdenum disulfide (MoS,) nanosheet array was found with NH; yield rate



Electrocatalytic Nitrogen (N;) Reduction 115

of 8.08 x 107" mol s™' cm™! in 0.1 m Na,SO, at high FE (1.17%) and voltage at
—0.5 V versus RHE. The DFT calculations indicated the role of positively charge Mo
edge to polarize and activate N, molecules. The reductive protonation of adsorbed
N,, which is the potential-determining step (PDS), was achieved at an energy barrier
of 0.68 eV which is much lower to the usual range of 1-1.5 eV [45]. Defect-rich
MoS,; nanoflower has been reported as efficient electrocatalyst with a NH3 yield
rate of 29.28 wg h~! mg~!cat. at voltage —0.40 V versus RHE. On the other hand,
defect-free MoS; was found with much lower average NHj yield (13.41 pg h™!
mg~'cat.) and FE (2.18%) at —0.50 V versus RHE. Based on the density functional
theory (DFT) calculation, the association mechanism behind DR-MoS, electrocat-
alytic activity shows distal associative pathway to be more favorable with a free
energy of 1.59 eV. During proton—electron coupling transferring process, the lower
energy barrier (0.68 eV) of PDS can be related to the more positive NRR poten-
tial [46]. An efficient electrocatalyst for NRR reactions and Mn3O4 nanocube was
synthesized via hydrothermal route with superior electrochemical stability and dura-
bility. NH3 yield rate of 11.6 ng h™' mg~'cat. at voltage —0.8 V versus RHE was
achieved in 0.1 m Na,;SO,4 aqueous solution at FE of 3.0%. The high electrocatalytic
NRR efficacy of Mn3O4 can be attributed to the strong Ny triple bond activated due to
the distortion of the atomic lattice structures of Mn3 Q4 [47]. Oxides of Nb and Nb,Os
nanofibers have been developed as high-performance electrocatalyst with NH3 yield
of 43.6 mgh*'mg’lcat. at F.E of 9.26%. Here, N, is adsorbed on Nb,Os surface in
the Nb edge atom, and hydrogenation follows the distal pathway [48]. On the other
hand, multishelled hollow Cr,O3; microspheres (MHCMs) have been used to bring
about NH3 yield of 25.3 jLgh~! mg~! cat. wherein hydrogenation is achieved via distal
association and partial alternative association pathway [49]. Electrocatalytic activity
of CeO; nanorods reduced with hydrogen (r-CeO; nanorods) had been analyzed, and
16.4 pg h™! mg~'cat. NH; yield rate at —0.5 V versus RHE and FE of 3.7% at —
0.4 V versus RHE had been achieved. The electrocatalytic efficiency CeO, owes to
the Ce** and Ce** oxidation state transitions that act as catalytic site for N, adsorption
and *NHNH,—*NH,;NH, being the potential rate determining step with energy bar-
rier ~0.77 eV. Also, the catalytic efficiency has been enhanced by oxygen vacancy
defects which influence the electronic structures of metal oxides [50]. Nitrides of
transition metals have been reported to show an electrocatalytic property for NRR.
For instance, cubic vanadium (III) nitride and niobium (III) nitride supported on
carbon cloth have been explored for electrocatalytic properties under ambient condi-
tions [76]. Gold (Au) is studied as one of the efficient electrocatalysts for NRR and is
found with low hydrogen evolution reaction efficacy. Tetrahexahedral gold nanorods
(THH Au) have shown electrocatalytic NRR property with a high production yield
of 1.648 g h™! cm™2 at —0.2 V versus RHE at ambient conditions. The catalytic
mechanism starts with the chemisorption of N, on the Au crystal facets that act as
the active sites following which activated H from H,O electrocatalysis forms stable
N-H bond. This is followed by the hydrogenation of N, from the electrolyte and
electrode [51]. Au thin film was studied for NRR wherein the reduction mechanism
involves associative pathway simultaneously with the N, dissociation and N atoms
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hydrogenation [77]. In a separate study, Au hollow nanocage (AuHNCs) was syn-
thesized wherein the optimal size of pores and density in the walls were investigated
that show the highest electrocatalytic NRR activity. The chronoamperometry (CA)
tests, conducted at —0.4 V versus RHE, have shown the highest ammonia yield to
be at a rate of 3.74 g cm ™2 h™! and FE 35.9%. For AuHNCs, it was found that the
pore size of the electrocatalyst is inversely proportional to the selectivity property
of NRR due to the fluctuation in surface area and the ineffective reactants captivity
within the HNCs cavity [52].

In recent times, various hybrid composites have been synthesized that have been
found with efficient electrocatalytic NRR efficacy. Amorphous BisV,0,;—CeO,
hybrid was synthesized for the use as catalysts in NRR with high NH; yields of
23.21 mgh~'mg~!cat. and FE of 10.16%. In this case, the high electrocatalytic
activity of the composites was attributed to the amorphous nature that indicates
a distorted structure with dangling bonds and the significant defects that act as active
sites which can reduce the energy barrier. Further, rapid interfacial charge transfer
is facilitated by the introduction of band alignment by CeO, e with Bi4V,01; [53].
Bimodal nanoporous PdCu alloys with 3D hierarchical interconnected porous net-
work and tailored Pd/Cu atomic ratios were studied for electrocatalytic NRR with
high reduction of NH; from N, with a yield rate of 39.9 g h~! mg~'cat. at ambient
conditions. The structural integrity of the alloy Pd;Cu; has been found to facili-
tate its high stability during NRR keeping it 100% efficient up to 18 h of operation
[54]. Bromide-derived Ag Porous film (BD-Ag/AF) has been developed via electro-
chemical reduction of AgBr film on Ag foil (AgB1/AF) as a highly effective NRR
electrocatalyst with a high FE of 7.36% at —0.6 V versus RHE in 0.1 N Na,SOy. The
high efficiency owes to the fact that Ag is very easily reduced from AgBr due to its
unstable nature, and the Br~ ions are facilitated to be adsorbed onto the electrode that
suppresses hydrogen evolution reaction (HER). The BD-Ag/AF was found with high
electrochemical stability with efficient electrocatalytic activity up to 10 consecutive
cycles [55]. Ti mesh with a spinel Fe;O4 nanorod (Fe;O4/Ti) displays efficient NRR
electrocatalytic property with high stability that achieved NH3 yield of 5.6 x 107!
mol s~! cm~2 under in 0.1 M Na, SOy, with a high FE of 2.6% and at —0.4 V versus a
RHE [56]. Mn304 nanoparticles@rGO (Mn304@rGO) composite was synthesized
to function as an efficient electrocatalyst for NRR that achieved 17.4 pgh~'mg~'cat.
NHj3; yields at a FE of 3.52% and potential at —0.85 V versus RHE while displaying
excellent selectivity and electrochemical stability. The Mn3;O4 @rGO composite was
found with high transfer rate of charge resulting in rapid NRR kinetics when com-
pared to native Mn3 Q4. Further, the binding energies calculated from DFT analysis
indicate bonding between N, molecule and the Mn atoms [57].

2.6 Single-Atom Catalyst

In recent times, the use of single-atom catalyst (SACs) e for various electrochemi-
cal processes has significantly increased owing to its high specificity and catalytic
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activity. In SACs, the single atom acts as the active center dispersed on a support,
which results in a distinct electronic structure and low coordination state with a
100% utilization of the active sites [78, 79]. One such electrocatalyst was designed
with single-atom Mo (Mo-SAs) on N-doped carbon wherein the two carbon atoms
and one nitrogen held the single metal atoms. The synthesized catalyst was found
with two distinct kinds of active sites, Mo—N,C; and Mo—Nj3, both possessing the
same adsorption efficiency toward N, and was found to enhance with the increase
in the coordinated N atom number (from Mo-N;C, to Mo—-N,C; to Mo-Nj3). Dur-
ing hydrogenation, electrons contribution to graphene and *N,H is carried out by
Mo-N,C, displaying both distal and alternative associative pathway [78]. The idea
of low cost and highly efficient catalyst mediated the synthesis of Fe atom catalyst
embedded on Nx-doped (x = 1, 2, 3) graphene wherein adsorption of N, molecule
took place in two different ways via N, positioned parallel to the graphene plane
on top of Fe atom and vertically against graphene plane through the single atom N.
The energy of N atom adsorption is strengthened by the Fe magnetic moment that
mediates the transfer of charge between N, molecule and substrate that results in
the lower potential of NRR [80]. Geng with his group in 2018 developed nitrogen-
doped carbon with single-atom Ru (Ru SAs/N-C) by pyrolyzing zeolitic imidazolate
which showed a high catalytic performance of NH; yield of 120.9 g h™! mg~!cat.
with FE 29.6% at —0.2 V versus RHE. The mechanism of NRR followed the distal
associative pathway, and the Ru atoms acted as the active sites for N, adsorption
with a turnover frequency (TOF) number 376 h~! based on surface Ru atoms. The
electrochemical stability of Ru SAs/N-C was found to be static up to 12 h, and the
Ru single atoms were dispersed after electrolysis [66]. A systematic investigation
based on DFT calculation was carried out for transition metal atoms (Sc to Zn, Mo,
Ru, Rh, Pd and Ag) anchored on defective boron nitride (TM—BN) as an analog to
graphene for NNR activity. Boron nitride monolayer with Mo atom with the boron
monovacancy exhibited better performance in adsorption of N, and destabilization
of NH, species that results in the reduction of overpotential of PDS of 0.19 V [81].
In a similar study, graphitic carbon nitride-based SACs anchoring with five single
atoms (Ti, Co, Mo, W and Pt) have been investigated using DFT computations for
electrochemical nitrogen reduction. The SACs with highest electrocatalytic activity
were assessed by analyzing the free energy changes and PDS for different pathways.
The adsorption of N, on metal atom followed end-on configuration for all the SACs,
and W @C;N, showed the highest catalytic activity with the lowest negative potential
of —0.35 V and associative enzymatic pathway [15]. Models have been constructed
using single boron atom attached to 2-D materials, viz. boron sulfide (BS), boron
nitride (BN), graphene (G), S-triazine-based g-C3Ny (S), black phosphorus (BP),
h-MoS, (h), tri-s-triazine-based g-C3;Ny4 (T) and T-MoS; (t) to investigate for their
elctrocatalytic property for N, reduction. The models have been designed for three
boron states—substituted (S), lattice boron (D) and adsorbed (A). The calculated
AG values for energy barriers indicate catalysts hS1 and G-A as efficient in NRR
with small activation barriers of 0.31 and 0.46 eV. The DFT calculations showed
the distal associative pathway, favored in the NRR mechanism [82]. §12 phase of
the boron monolayer (BM) anchored with V atom (V/B12-BM) was investigated for
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electrocatalytic property based on MD simulation. The composite was found with
a very low overpotential of 0.28 V. This low potential owes to the fact that during
side on N, adsorption on V/g12-BM, N, 1x orbital gets ionized elongating the N—
N bond and decreasing its strength. The designed SAC was also found with high
thermodynamic stability and was effective in suppressing HER during NRR (Z [83].
Studies have been reported on lithium-mediated electrocatalytic N, reduction, spon-
taneously splitting nitrogen triple bond to form lithium nitride (LiN3). The highest
NHj3; yield rate was found to be (7.9 £ 1.6) x 10" molem~! s~! at FE 18.5% [67]. A
2D-mosaic bismuth nanosheet (Bi-NS) was synthesized for electrochemical reduc-
tion of N, that resulted in NH3 yield of ~13.23 wg h™'mg~!cat. with FE 10.46 +
1.45% at —0.8 V versus RHE. The p-orbital electron delocalization of bismuth and
its semi-conductive property limiting the accessibility of surface electron results in
the high FE indicating that structure modulation greatly affects the electrocatalytic
property of synthesized catalyst [68]. Ru single atom sites anchored in N-doped
porous carbon were synthesized using a coordination-assisted strategy that enabled
high NH3 yield rate of 3.665 at —0.21 V versus RHE. The coordination of ligands
was tuned that enabled high catalytic efficiency [84].

2.7 Carbon-Based Composites

In recent times, carbon-based materials have been explored for their electrocatalytic
properties owing to their cost effective, environment-friendly and noncorrosive nature
and are electrochemically stable with a high surface area. Also, carbon materials
are found with high conductive nature with hierarchical pore structure facilitating
electron transfer [69, 85]. Tuning of catalytic activity of these materials is achieved by
doping with heteroatoms, thereby creating more surface defects to modulate energy
band gap, spin density and charge density [86, 87]. Boron-doped graphene (BG) is one
such materials synthesized by thermally annealing graphene oxide and boric acid for
electrochemical NRR. The dopant boron have been found to enhance electrocatalytic
property of graphene with NH; yield of 9.8 mg h™'cm™2 and the FE 10.8% at —
0.5 V versus RHE. The electron-deficient environment at the position of boron doping
facilitates the binding of N,, and the BCs-type bond structure has been found with
highest catalytic activity due to the lowest reaction energy barrier of 0.43 eV [58].
Porous carbon doped with nitrogen (NPC) has been used for electrochemical NRR.
The pyridinic and pyrrolic N act as primary active sites for the N, adsorption and
dissociation. The hydrogenation pathway calculated from DFT analysis was found
to be *N=N — *NH=NH — *NH,-NH, — 2NHj;, and the rate of NH; was
1.40 mmol g~! h™! at potential —0.9 V versus RHE [59]. Carbon-based catalyst co-
doped with N and P (NP-C-MOF-5) has been found with electrocatalytic activity for
NRR under atmospheric pressure and temperature. NHj; yield of 5.77 x 10~ pugh~!
mg~!cat. was achieved at —0.1 V versus RHE. The N,Hy formation and detection
of NoHy - H>O in the FTIR studies suggest the associative pathway as the probable
mechanism of NRR by NP-C-MOF-5 [60]. In the context of defect engineering
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to develop electrocatalyst, polymeric carbon nitride (PCN) matrix is synthesized to
introduce nitrogen vacancy defects which modulate w electron delocalization that
redistributes the extra electrons to adjacent carbon atoms, thereby enhancing N,.
The achieved NH3 yield was 8.09 mgh~'mg~!cat. and FE of 11.59% [61]. Sulfur
dots—graphene nanohybrid has been found with appreciable electrocatalytic activity
with NHj3 yield of 28.56 pg h™! mg~'cat. and FE 7.07% at —0.85 V versus RHE
in LICIO4. The electrocatalyst was found with high electrochemical stability up to
24 h of electrolysis [88].

Boron carbide (B4C) nanosheets have been found with electrocatalytic efficiency
under atmospheric pressure and temperature in 0.1 M HCL. The achieved NHj3 for-
mation rate and FE are 26.57 ug h~! mg~'cat. and 15.95%, respectively, at —0.75 V.
This aqueous-based NRR electrocatalysts performed catalytic activity with stabil-
ity up to 30 h. For both the end-on and side-on configuration of N, adsorbtion,
wherein one and two terminal N atom is bonded to the B atom on the B4C surface,
the adsorption potential energies were calculated to be almost similar 0.65 eV and
0.63 eV, respectively [62]. Evenly dispersed Cr,O3 with rGO has been developed that
was found to achieve electrocatalytic activity in NRR with highly efficient selectivity
and electrochemical stability. The reaction mechanism follows the distal association
pathway and the even dispersion on rGO enhances the adsorption sites on the hybrid.
The electrocatalyst resulted in a large NH; yield of 33.3 g h™! mg~!cat. and FE
of 7.33% at —0.7 and —0.6 V versus RHE [63]. In a study on rGO-based bimetal-
lic alloy, PACu/rGO composite had been synthesized by anchoring PACu amorphous
nanoclusters on rGO, and NH3 yield rate of 2.80 jLg h~! mg~'cat. has been achieved.
The synthesis was carried out by coreduction of GO and the metal precursors under
controlled size and composition. The catalytic efficiency of the hybrid composites
wase found to be influenced by the stoichiometric ratio of Pd or Cu precursors owing
to the active sites available on Pd and Cu. However, the addition of rGO as sup-
porting matrix greatly enhances N, adsorption, thereby modulating NRR activity by
the dispersion of catalytic active sites [64]. A a—Au/CeOx—RGO hybrid nanocom-
posite has been developed following coreduction route, and ammonia yield rate of
8.3 wg h™! mg~'cat. is achieved with a FE of 10.10% and at —0.2 V versus RHE.
Here, the presence CeOx mediates amophization of Au nanoparticles owing to the
strain around Ce** and Ce** that enhance the electrocatalytic activity as compared
to crystalline Au due to structural distortion [65].

3 Conclusion

Electrochemical nitrogen fixation has achieved greater heights owing to the devel-
opment of various heterogeneous electrocatalysts with commendable efficiency of
nitrogen-to-ammonia conversion. The developed electrocatalyst has been found to
possess catalytic property with desirable characteristics of cost effectivity and eco-
friendly nature. The most significant characteristic of electrocatalytic nitrogen reduc-
tion stems from the fact that electrochemical NRR is driven by renewable energy
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source under ambient conditions. However, the impending search for electrocatalyst
with high efficiency, selectivity and durability to achieve high yield of ammonia has
been on process wherein design engineering of the materials have been extensively
carried out to develop new electrocatalysts. As discussed, MD simulation-based DFT
calculation provides valuable insights into the screening and designing of reliable
electrocatalyst for NRR and enables better understanding of the catalytic mechanism
and the thermodynamics of NRR. To summarize, electrochemical nitrogen reduction
provides an efficient means to produce NH3; which can be regarded as an alternate
means to Haber—Bosch process.
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Komal P. Mehta, Rama Rao Karri and N. M. Mubarak

Abstract The major challenges encountered in ammonia production are the surface
adsorbates and catalyst structures under conditions significant for ammonia synthe-
sis. The discovery of scalable, active, and long-lived catalysts plays an important role
in producing sustainable ammonia synthesis. Other factors that influence the ammo-
nia production are the development of low-pressure and -temperature processes and
the development of photochemical and electrochemical routes for N, reduction based
on homogeneous (molecular) and heterogeneous catalysis. In this chapter, the favour-
ing conditions for low-pressure ammonia production are reviewed and discussed in
detail. Approaches to be adapted to achieve the improved yield, increase N,/H; con-
version to ammonia, lowering the capital costs, and consumption of less energy were
discussed.

Keywords Ammonia - Catalysts - Haber—Bosch process + Quasi-compounds *
Electrocatalysis and photocatalysis * Adsorption

1 Introduction

Ammonia (NH3) is the highest contributing factor in chemical industries producing
more than 140 million tons of nitrogen. The main usage of NHj is in fertilizer
industry (>75%), besides it is also extensively used as a refrigerant gas, production
of textiles, plastics, pesticides, and other significant chemicals. It is also used as
a cleaning agent in household and industries. Even though ammonia production
exists for many years, there are problems associated with its production in terms of
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manufacturing and instrumentation issues. Due to that, it poses a severe threat to
mankind and the environment [1].

Ammonia is the main component in the chemical industry. Known and accepted
innovation of the twentieth century is the production of NH; by Haber—Bosch process
[2]. More than 50% requirement of nitrogen for human use is met by ammonia
production processes. Industrial production of NHj3-based fertilizers is met by this
process and is operated at high temperature and pressure. The information represented
in Fig. 1 demonstrates how the production of NH; correlates with the population
growth during the period 1900-2015. This clearly indicates that, the NH; generation
is increased many folds to meet the demand.

An acceptable solution as a substitute of carbon is ammonia production based on
a biological one. It is not possible that the existing process can be replaced by more
energy efficient biological process, but renewable sources like wind or solar may
give energy. If on-demand fertilizer production near the farm can be practiced, it will
help to solve problems of runoffs, nitrogen pollution related to the fertilizer industry
(Fig. 2) [3].

The capital expenditure, energy consumption, and environmental impact of this
well-known process have encouraged the researchers to develop a renewable and
affordable process under mild conditions [4]. At high temperature and pressure,
ammonia synthesis is feasible for market and also energy producing. High pressure
and fast kinetics inhibit the production of the reverse reaction. Ammonia is a synthetic
nitrogen fertilizer [5]. Without ammonia (fertilizer) which is hydrogen carrier and
carbon-neutral liquid fuel, the availability of food for 50% population would have
been a great challenge. The necessity of new catalyst is highly required as now
manufacturing process for ammonia is known though high temperature and pressure
are still challenge for chemical industry to solve [6, 7].

Plant life is supported mainly by ammonia, which is used for the production of
protein and is also used as cleaners (glass and window, toilet bowl, waxes, oven, and
drain—mainly diluted ammonium hydroxide) and in preparation of environmental
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Fig. 2 Schematic diagram showing the losses and overall efficacy of nitrogen produced, delivered
and uptake by carnivorous and vegetarian diets [3]

impacting things like plastic, dyes, drugs, explosives, HNO3 and NH,OH. Aquatic
animals generate ammonia, available in dissolved form in water bodies at or near
the waste site. At hazardous waste sites (attached with soil particles), ammonia gets
converted into vapor without any residuals. The nitrogen cycle is balanced from
animals and plants decomposition, and by excreta of animals, ammonia is returned
to the aquatic system. It is one of the important pollutants to be taken care of as a
toxic, lower rate of growth, or reproduction. The production of renewable NHj3 is
two to three times costly than usual [8].

In this chapter, the issues faced in the production of ammonia are thoroughly
discussed as well as difficulties faced in various stages of production. The Haber—
Bosch process is a widely accepted method but the limitations/difficulties in this
process are reviewed. The various possible alternatives for ammonia synthesis and
challenges in these processes are discussed.

2 The Haber-Bosch Process

Till the twentieth century, this process was mainly used for development of production
[9]. At temperature (400 °C) and pressure (>100 bars), the pure N, reacts with H,
over iron catalyst takes place.

0.5N>(g) + 1.5H,(g) <> NHi(g); AH° = —46kJ/mol

The reaction is thermodynamically favored at lower reaction temperatures. This
methods develops a more active catalyst allowing a reduction in stringent conditions.
Production of NHj3 by this process meets 1 to 2% of total energy demand world while
[10, 11]. Economically beneficial and environmentally friendly methodology is much
awaited. If more active catalyst that be operated at low pressure and temperature,
with necessary kinetics which can produce equilibrium yield. It is considered as a
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great challenge to find a method for lower temperature and pressure. Whereas, N,
reduction to NHj3 is performed at high temperature and pressure [12].

Catalysts that can replace the current one in Haber—Bosch process must be able
to perform well under lower temperature and pressure condition. Ruthenium based
catalyst have been identified to be a good catalyst [13—16]. Increasing temperature
and decreasing pressure improved the hydrocarbons conversion and H,/CO ratio
[17].

3 Manufacturing of Ammonia

Ammonia is produced on a larger scale with steam reforming on natural gas. Till
date, major reasons reported are reforming, and synthesis loop. Failures and technical
issues do occur frequently in the NH3 plant even after following all the standards of
safety and risk assessment, which largely impacts the environment and thus market

[1].

3.1 Ammonia Production

Production of ammonia is in practice by natural gas or naphtha. The four stages of
ammonia production are shown in Fig. 3.

Primary and Secondary Reforming of Natural Gas (Catalytic)

Syntheis Gas Purification

At desirable Pressure Compression of Gases

Synthesis Loop

Fig. 3 Four stages of ammonia production
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3.2 Stage 1: Catalytic Reforming

3.2.1 Desulphurization and Primary Reforming

Steam reforming produces synthesis gas.

Removal of sulfurous compounds with an increase in temperature at 400 °C.

Reaction: ZnO + H,S — ZnS + H,O.

Passing natural gas to the primary reformer.

Fed the steam with very high temperature into reformer with methane with required

temperature tubes containing catalyst nickel.

e Tubes are heated externally due to the combustion of fuel to approximately 770 °C.
CO/CO; is formed by CHy in the presence of catalysts H. Converted gas is synthesis
gas. The range of operating pressure is more than 25 bars.

e Process gas mixture is to be sent to the auto-thermal reformer. Outlet of reformer

contains methane 6 mol%; carbon oxides 8%:; carbon dioxides 6%; H, 50%; and

water molecules 30%.

Dai [18] studied the prediction for numbers of years of usage of the material
for tubes (which are under pressure) used in the manufacturing of ammonia at very
high temperature greater than 800 °C. With heat treatment, the life of such tubes
increased to more than double the life expected. But, due to the increase in temper-
ature, reformer furnace can explode, which is also a failure of stress corrosion and
welding [19]. Ray et al. [20] investigated failure study of tubes due to high tempera-
ture. Swaminathan et al. [21] concluded that due to changes in the design of pigtail,
the end of the pipe in ammonia production plant has led to shortening of pipe and
added stress to it. So the possibility of expansion of tubes decreased. It led to failure
of tubes in ammonia plant over the years resulting incidents like fire [22].

3.2.2 Secondary Reformer

For entering into the secondary reformer, the produced gas is cooled up to 750 °C
and gets mix with air for supplying the required quantity of N, for the process of
synthesis gas. The reaction between methane and oxygen is highly exothermi, which
favors the production of more hydrogen. The main chemical reactions that take place

in the process are:

20, + CH4 — 2H,0 + CO,

O, + CHy — CO, + 2H,

02 + 2CH4 — 2C02 + 4H2
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CO; + H,O — CO,; + H,

Heat is required in the secondary reformer in the air mixing process. Water, CO,,
CO, CHy, and catalysts are required to be removed from the gas stream. Iron oxidation
can be prevented by the removal of gas from the stream which may occur in shift
conversion, CO, removal, and methanation. Metal dusting possibility will be high
due to the increase in the rate of carburization. Temperature and gas composition
falls in the range of carburization; metallic components may be degraded in parts of
reforming [23].

In newly developed techniques, the fire tube furnace can be replaced by heat
exchanger reformer, so the integration of energy is of a good level [24]. Singh et al.
[25] explained the study of fire in the plant of ammonia production. The pressure shell
of interconnecting pipe of reformers was the responsible factor for the same. The
accident stopped the plant for 15 days, and a detailed study was done for ruptured
pipe and failure. Due to short-term high-temperature stress rupture, local damage
took place, which led to failure. The possibility of ignorance of voids and cracks
was also explained. Repair work in boiler and nozzle area gave a shock of failure
of refractory. Jahromi et al. [26] presented a case study of downstream of secondary
reformer failure of old waste boiler tubes.

3.3 Stage 2: Synthesis Gas Purification

3.3.1 Shift Conversion

In stage 2, the reformer will be followed by water gas shift reactors for converting CO
to CO,, which can be used in the synthesis of urea. To get comfortable equilibrium
in water gas shift, iron oxide at 400 °C is followed by 200 °C on a copper-based
catalyst.

3.3.2 CO; Removal

Purification of synthesis gas is taken care by removal of CO; (reduction to 5-10 ppm)
by absorption. Absorption is with hot K,COs3, Selexol (most commonly used), or
MEA [27]. Simple flashing can regenerate with lower consumption of energy. Pure
carbon dioxide is sent to urea plant for compression after removing water. Carbon
steel walls are corroded by CO,, which also has a solution for processes. The major
reason of corrosion is given in Fig. 4.

Harjac et al. [28] explained the main reasons that caused accidents/incidents of
corrosion in hot K,COj3 acid gas removal plant. Pande et al. [29] presented a case
study that hydrogen presence can cause destruction of pipeline, while the transfer of
pipeline for CO; from ammonia plant to urea plane.
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3.3.3 Methanation

Pretreatment of removal of carbon gases is performed using methanator. This is puri-
fying process before it enters to ammonia converter. In the design of tubes, factors to
be considered are balancing heat transfer, optimization of catalyst volume, and min-
imization of thermal volume. In a conventional plant of ammonia production, these
factors are major issues. Temperature increase or decrease may result in more leak-
age of carbon monoxide from shift converter, which passes from a unit of absorption,
thus increases the temperature in methanator [30].

3.4 Stage 3: Compression Process

After the removal of condensed water, the mixture of gas is cooled and compressed in
the centrifugal compressor at a pressure of 150-300 bar with decrease in temperature.
They are operated by steam turbines with the use of self-generated steam, which is
also significant approach for reduction of energy usage in the plant. Krivshich et al.
[31] discussed the possibility of maximizing the reliability of compressors with dry
gas seal (DGS) systems.
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3.5 Stage 4: Synthesis Loop

After cooling the mixture of gas, removal of ammonia (liquid form) from separator
takes place. Rapid decompression of ammonia causes production of byproducts like
CH,4 and H,. The gas mixture over the liquid NH3 is removed and sent back to the
recovery unit. The system uses water as a solvent, and the gases remained are used
as fuel in the primary reformer. Majority of ammonia is mostly used for produc-
tion of urea and for storing. Metals and activated carbon exhibit high efficiency, and
compounds poison the catalysts in further reactions. Anwar et al. [32] discussed the
failure of synthesis loop in heat exchanger, describing the possibilities of hydro-
gen attack combined with fatigue loading. Shah et al. [33] gave useful designs for
ammonia and urea plant for ribbon wound vessels.

3.6 Accidental Releases of Ammonia

Toxicity of Ammonia

Ammonia has toxicity, used on a larger scale; lower molecular weight makes it
possible to form denser, so ammonia can control the hazard as it has such an important
property to control it [34].

Dispersion into atmosphere

Preferable storage of NHj is in iron or steel container as it can be corrosive to metals.
There is possibility of flash fire, if it is stored as a liquefied gas. Depending on
temperature conditions, it can be less dense and forms clouds.

Other Important Studies

Khan et al. [35] presented a case study of the analysis of the failure of ammonia by
fitting Weibull distributions and simulation modeling technique. With the use of exist-
ing plant configurations, they estimated the availability of plant and improvement
possibility by modification or change of strategy.

4 Electron/Proton Driven Processes for NHz Production

4.1 Photocatalysis and Electrocatalysis

Figure 5 depicts the production of NH; with N;RR catalysts (a direct electrocatalytic
or photocatalytic) by oxidizing H,O to release electrons and protons for the N,RR
in production of ammonia.

The overall reaction is 2N, + 6H,O — 4NH;3; + 30,.
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Fig. 5 Direct electrocat- electrocatalyst/photocatalyst development:
alytic/photocatalytic N,+6(H'+e) 22NH,

pathway to NH3 production

NH,

electrocatalyst/photocatalyst development:
H,0 = O,+4(H'+e)

Fig. 6 Indirect electrocat- electrocatalyst/photocatalyst development:
alytic/photocatalytic 2H+e) FH,
pathway for NH3 production

electrocatalyst/photocatalyst development: th | catalyst develop
H,0 2 0,+4(H'+e) 3H,+N, <»2NH, (low T,p)

A thermally catalyzed NH3 production process is coupled with electrocatalysis
or photocatalysis to produce renewable H, (See Fig. 6). Here, the reactions taking
place are

2H20 — 2H2 + 02

N, + 3H; — 2NH;

In existing conventional process with the replacement of H, which is normally
derived by renewable sources. It can reduce emissions of CO; [36-39].

4.2 Electrochemical NH3 Synthesis

With less efficiency, N is reduced to NHj. It is a challenge to stop contamination of
ammonia with other sources. Till date, the literature supports ammonia production
with contamination. To resolve the stated problem, ammonia is synthesized in the
presence of argon.
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4.3 Photocatalytic NH3 Synthesis

The major challenge in this process is availability of high-energy UV light require-
ment for reduction of nitrogen. The use of more efficient catalysts can sub-
side the issues and enhance the production process. For a photo-electrochemical
characterization, proper catalysts and more feasibility studies are required.

4.4 Electrocatalytic Oxygen Evolution Reaction

To meet the deficiency of kinetic losses, higher potentials are required in spite of
catalytic materials. This is a significant challenge to overcome, and new catalysts
that are able to reduce the scaling are yet awaited.

4.5 Electrocatalytic Hydrogen Evolution Reaction

Compared to NH3, one hydrogen evolution reaction (HER) method is also practiced
for aqueous electrochemical systems. It controls the catalytic surface by promoting
the reduction of dinitrogen. Mitigation of surface protons, while reduction of N, and
H,O in the synthesis of NH3_ is an unsolved challenge to be addressed. The economy
of HER can give clean H; stream with reduction of carbon-based fuels as the hydrogen
source. At lower temperature and pressure, thermal catalyst can reduce the effect on
the environment by the process of ammonia production. Platinum is active for acidic
or alkaline media, but comes with higher cost. Chances of improvement in acidic
and alkaline media are higher in case of catalyst based on non-precious metal. Its
performance is good per unit area for activities of best electrodes having a high
capacity of loading. Higher magnitude than non-precious catalyst has effect for both
the photocatalytic and electrocatalytic processes. In the first process, incoming light
can be obstructed by high loading and in and out the transportation of water and gas
can face issues which are of concern be operated in the absence of light. For both
media, non-precious HER catalysts development is a challenge [40—45].

5 Grand Challenges

In identifying the optimal ammonia production process that can take place at lower
temperature and pressure, there are many challenges that need to be addressed:
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i. Discovery of scalable, active, and long-lived catalysts for sustainable NHj
synthesis. Homogeneous redox/electrochemical/petrochemical surface pro-
cesses can meet few requirements, but there is no catalyst that can fulfill all
requirements.

ii. Enhancement in photochemical and electrochemical approaches for N, reduc-
tion via electron and proton transfer.

iii. Development of thermal process which can take place at low pressure (<10 atm)
and temperature (<200 °C).

iv. Owing the possibility of H, production through photo-electrochemical or elec-
trolysis process, it is necessary to find substitute catalyst that can enhance the
process, which can operate at lower temperature. Such a catalyst can develop
low-pressure process compatible for small-scale production.

v. Enhancementin biochemical routes to N, reduction. For sustainable energy into
biological process require possible options for enzymes, including nitrogenase,
on electrode surfaces.

vi. Development of solar-based thermochemical methods. Nitrogen activation
should be enhanced using photons generated by solar thermal process via the
metal nitridation/reduction cycles.

vii. Characterization of catalyst structures (chemical, physical, and electronic) and
surface adsorbents for favorable ammonia synthesis. Catalyst structures can
vary in terms of physical, chemical as well as electronic. The characterization of
active catalyst needs to be thoroughly analyzed through numerous experimental
studies.

viii Process integration and optimization of catalyst design. This integration pro-
vides a breakthrough in catalyst design and provides insights in homogeneous
and heterogeneous enzyme catalysis. This approach can be a test bed for more
integrated approaches for controlled catalyst synthesis.

6 Ciritical Steps of the Reaction-Absorption Process

Absorbents at high temperature and presence of ammonia leads to hard solid struc-
ture. No impurity should be allowed. The pressure at each stage of the experiment
should be checked to confirm proper operation of the recirculation cycle. Recycle
of unreacted gases is presented in Fig. 7, which expresses the relationship between
pressure change and pump flow. Small reciprocals are in proportion to large chem-
ical reactions. Rate is more at a higher flow of the pump. This limit is near to the
fastest reaction, and slope line indicates recycling effects [46—48]. The experiment
confirmed that a lower pressure reaction is feasible for ammonia production. In this
study, 80% conversion with fast ammonia synthesis rates are obtained. At lower
pressure of 25 bars, higher level of production is possible with removal of ammonia.
Characteristics of this process are reaction time, separation time, and recycle. The
efficiency of the plant is controlled by the chemical reaction rate which is proportional
to the time of reaction.
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7 Performance of absorbents in re-use

Conclusions

Low-pressure process is proposed in which Nj is produced from air using pressure
swing adsorption, and Hj is produced by electrolysis of water, which reacts around
400 °C with catalyst. A thermally catalyzed NH; production process is coupled with
electrocatalysis or photocatalysis to produce renewable H,. Solar thermochemical
looping is seen as a possible option for sustainable ammonia production, avoiding
fossil CO, emissions. The studies indicate that the viability of the absorption reac-
tion process for the enhanced production of NH; takes place at considerably lower
pressures.
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