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ABSTRACT

AMMONIA SYNTHESIS REACTION UNDER TIME INTERRUPTED
CONDITIONS

Aslan, Mustafa Yasin
Doctor of Philosophy, Chemical Engineering
Supervisor: Prof. Dr. Deniz Üner

September 2019, 140 pages

The objective of this thesis study is to demonstrate a solution for a sustainable
ammonia production process based on the unsteady state operating conditions under
milder temperatures and atmospheric pressure. In this framework, the elimination of
the ammonia synthesis catalyst deactivation was investigated to improve the rates
under milder operating conditions.
The hydrogen adsorption /desorption characteristics over SiO2 and Vulcan supported
Ru catalysts with different Ru metal loadings were investigated. It was shown that Ru
metal dispersion decreased with increasing Ru metal loading. In addition, It was
observed that Vulcan support Ru catalysts accommodated higher amounts of hydrogen
compared to SiO2 supported Ru catalysts. It was demonstrated that dissociated
hydrogen over Ru metal migrated from Ru metal surface to support surface and higher
temperatures were needed to desorbed the spilled over hydrogen from the support
surface.
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The inhibition effect of ammonia was conducted in the context of the study. Ammonia
synthesis reaction experiments were performed with zeolite-Y, hydroxyapatite (HAp),
and Vulcan supported Ru catalysts at 300 – 400 °C and atmospheric pressure. It was
observed that ammonia synthesis catalyst was poisoned and deactivated by
synthesized ammonia within 1 h., regardless of surface acidities of the supports. N2
pulses were used to diminish the poisoning effect of ammonia. It was demonstrated
that under pulsed flow conditions, the inhibition effect of ammonia was eliminated.
In the final part of the study, Co3Mo3N as a next generation ammonia synthesis
catalyst was investigated. This catalyst operates through a different mechanism, by
involving lattice nitrogen in the process. Ammonia synthesis reaction experiments
were performed with different H2:N2 ratios between 0.05 and 3.0. It was observed that
ammonia synthesis rate did not change between H2:N2 ratio of 3.0 and 0.5. Besides,
ammonia synthesis rate decreased with decreasing H2:N2 ratio below 0.5. On the other
hand, N2 pulses was also applied to the ammonia synthesis reaction over Co3Mo3N,
but no improvement was obtained. As a result, it was demonstrated that ammonia
synthesis reaction over Co3Mo3N catalysts can be carried out with similar rates using
lower hydrogen amount (H2:N2=0.5:1) compared to stoichiometric H2:N2 ratio of 3:1
under steady flow conditions.

Keywords: Ammonia Synthesis, Hydrogen Spillover, Ru Catalysts, Cobalt
Molybdenum Nitride, Forced Unsteady State
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ÖZ

ZAMAN KESİNTİLİ ŞARTLAR ALTINDA AMONYAK SENTEZ
REAKSİYONU

Aslan, Mustafa Yasin
Doktora, Kimya Mühendisliği
Tez Danışmanı: Prof. Dr. Deniz Üner

Eylül 2019, 140 sayfa

Bu tez çalışmasının amacı, düşük sıcaklıklarda ve atmosferik basınç altında yatışkın
olmayan operasyon koşullarında sürdürülebilir bir amonyak üretim prosesi için bir
çözüm sunmaktır. Bu çerçevede, daha ılımlı operasyon şartlarında amonyak sentez
hızını iyileştirmek için, amonyak sentez katalizörünü deaktive eden (zehirleyen)
faktörlerin ortadan kaldırılması araştırılmıştır.
Farklı miktarlarda Ru metali yüklenmiş SiO2 ve Vulcan destekli Ru katalizörler
üzerinde hidrojenin adsorpsiyon/desorpsiyon karakteristikleri incelenmiştir. Ru metal
yükleme oranı arttıkça, Ru metal dağılımının azaldığı gösterilmiştir. Buna ek olarak,
Vulcan destekli Ru katalizörlerin, SiO2 destekli Ru katalizörlere göre daha fazla
hidrojene ev sahipliği yaptığı gözlemlenmiştir. Ru metali üzerinde parçalanmış
hidrojenin Ru metalinden destek madde üzerine göç ettiği ve destek madde üzerine
göç eden hidrojenin desorplanması için yüksek sıcaklık gerektirdiği ortaya
konulmuştur.
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Amonyağın destekli Ru katalizörleri üzerinde zehirlenme etkisi bu çalışmanın
kapsamında incelenmiştir. Amonyak sentez reaksiyon deneyleri 300 – 400 oC ve
atmosferik basınçta zeolite-Y, hidroksiapatit (HAp) ve Vulcan ile desteklenmiş Ru
katalizörleri varlığında yapılmıştır. Destek maddenin yüzey asitliğine bakılmaksızın,
amonyak sentez katalizörünü, bir saat içerisinde, üretilen amonyak tarafından
zehirlendiği ve deaktive edildiği gözlemlenmiştir. N2 vuruları amonyağın zehirlenme
etkisini yok etmek için kullanılmıştır. Vuru akış koşullarında, amonyağın zehirleme
etkisinin ortadan kaldırıldığı gösterilmiştir.
Bu çalışmanın son kısmında, gelecek nesil Co3Mo3N amonyak sentez katalizörleri
araştırılmıştır. Bu katalizör, kristal yapısındaki azot atomunu kullanan farklı bir
mekanizma ile çalışmaktadır. Amonyak sentez reaksiyon deneyleri farklı H2:N2
oranlarında 0.05 ve 3.0 aralığında gerçekleştirilmiştir. Amonyak sentez hızının 3.0 ve
0.5 H2:N2 oranları arasında değişmediği gözlemlenmiştir. Diğer taraftan, N2 vuruları
Co3Mo3N katalizörü varlığında amonyak sentez reaksiyonuna uygulanmış, fakat bir
gelişme elde edilememiştir. Sonuç olarak, amonyak sentez reaksiyon, Co3Mo3N
varlığında, yatışkın akış koşullarında, H2:N2 (3:1) oranına göre daha düşük H2:N2
(0.5:1) oranlarında, benzer amonyak sentez hızlarında yürütülebileceği gösterilmiştir.

Anahtar Kelimeler: Amonyak Sentezi, Hidrojen Taşması, Ru Katalizörleri, Kobalt
Molibdenum Nitrür, Zorlanmış Yatışkın Olmayan Hal
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CHAPTER 1

1

1.1

INTRODUCTION AND SCOPE

Ammonia Production vs. Energy

In a recent publication, ammonia production was defined as “Never Ending Story”
[1]. The core meaning of this statement mainly originated from ammonia molecule
itself because of its fixed nitrogen content. Ammonia is one of the main sources of
nitrogen that has been used in nature. The significant effect of the invention of
ammonia production process from its elements, called the Haber-Bosch process, at the
beginning of the 20th Century on the rapid increase of the world population is given in
Figure 1.1. [2]. The production of nitrogen based fertilizers and the increase in the
world population have supported each other through the years. In the scope of
sustainable manufacturing, technology of ammonia production requiring lower
temperatures and pressures is needed.

Figure 1.1. Trends in human population with and without synthetic nitrogen
fertilizers throughout the 20th Century [2], [3]

1

Figure 1.2. shows that ammonia is the most produced commodity chemical and at the
same time it is the one of the most energy-intensive processes among petroleum based
industry [4]. The Haber-Bosch process consumes annually 2% of world energy
production and 4 % of the total natural gas output [5]. The ammonia production
process operates under high temperature and high pressure operating conditions due
to its mildly exothermic thermodynamics. High temperatures is needed to obtain
significant reaction rates, and high pressure is needed to shift the reaction in the
forward direction. R&D efforts have focused on inventing a more sustainable and
energy efficient ammonia production process. Moreover, the U.S. National Academy
of Engineering have set the management of the nitrogen cycle problem as one of the
14 Grand Challenges of Engineering that need to be overcome in the 21st Century[6].

Figure 1.2. Energy consumption vs. production volume diagram of the most
produced chemicals all over the world [4]
1.2

Haber-Bosch Process

In 1909, Fritz Haber and his assistant, Robert Le Rossignol, synthesized ammonia
from its elements at a rate of ~2 ml/min in an experimental setup that had the capability
of operation at high temperatures and high pressures [7]. Later, the BASF company
purchased all the rights of the experimental demonstration of ammonia synthesis to
develop an industrial high pressure ammonia synthesis process. One of the process
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engineers working for the BASF company, Carl Bosch, was tasked with the
industrialization of ammonia synthesis. In 1910, BASF company announced the first
industrial high pressure ammonia production process. The process was termed the
Haber-Bosch process. The general operating conditions of the Haber-Bosch process
are 150-250 bar and 400 – 500 oC in the presence of a magnetite derived catalyst.
In Figure 1.3., the general flow diagram of the Haber-Bosch process is given [8].
Hydrogen can be obtained through two different methods: steam reforming or partial
oxidation. After the completion of the required steps to obtain stoichiometric H2:N2
ratio, the gas mixture is compressed and sent into the ammonia synthesis reactor.
Compressors, the ammonia synthesis reactor and separation of ammonia units are
operated in a cycle, which means the unreacted gas recycles to the ammonia synthesis
reactor.

Figure 1.3. Flow diagram of ammonia synthesis process with different hydrocarbon
raw materials: a) Steam reforming route, b) Partial oxidation route
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1.3

Sustainable Ammonia Production

Figure 1.4. shows the decrease in energy requirement for production of ammonia over
a number of years [9]. It can be easily seen that discovery of the Haber-Bosch process
is a milestone for ammonia production. Although there has been a great improvement
within 100 years in terms of energy efficiency and even low energy need with respect
to the biological systems (500 kJ/mole NH3) [10], today’s technology is insufficient
for sustainable ammonia production. High-energy intensive characteristics, CO2
emissions, extra energy requirement for hydrogen production and recycling of
unreacted synthesis gas in ammonia synthesis loop were the main drawbacks of the
Haber-Bosch process [5]. Large investment costs and the lack of a sustainable catalyst
make the process more inefficient.

Figure 1.4. Energy consumption for ammonia production through the years and
comparison with biological ammonia production [9]

Recent research studies showed that an agent is required to reduce the molecular
nitrogen, which has the stable triple bond, to atomic nitrogen for the ammonia
synthesis. Norskov et al. stated that a sustainable and active catalyst (agent) should

4

synthesize ammonia at a rate of 1 (

)(

.)

[11]. Biological ammonia synthesis

is a catalytic route utilizing nitrogenase enzyme, which does not need any renovation
throughout the years [7]. There are many efforts attempting to invent a new ammonia
synthesis route that can replace Haber-Bosch technology and that can be operated at
room temperature and atmospheric pressure such as electrochemical routes [12],
photocatalytic routes [13], (solar) chemical looping [14]and biochemical routes [15].
Although these new routes are promising, they still cannot be efficient as a
conventional method for production.
Ammonia and ammonia derivatives also can be good candidates as hydrogen carriers
due to their high gravimetric hydrogen content, non-hazardous by-products.
Furthermore, ammonia and derivatives satisfy the DOE targets, in terms of hydrogen
amount in their structure, in principle [16], [17]. One of the main advantages of
ammonia as an energy carrier is that transportation of ammonia is well established
compared to hydrogen. Ammonia can be one of the carbon free fuels due to easiness
of its shipment and storage although the production of ammonia with industrial HaberBosch process releases significant amount of CO2.
1.4

Objective of the Thesis

The aim of this thesis is to demonstrate a solution for a sustainable ammonia
production process based on surface reaction characteristics of ammonia synthesis
using unsteady state operating conditions under milder temperatures and atmospheric
pressure.
Ammonia synthesis is a thermodynamically limited reaction. Therefore, steady state
production of ammonia eventually reaches equilibrium, and per pass conversion is
about 30% under industrial operating conditions (400-500 oC and 100-300 bar). In
order to sustain ammonia production in a more efficient way, one should either
increase the conversion, which require operating at lower temperatures, hence
sacrificing rates, or decrease the cost of the process at similar conversion.
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In order to achieve higher ammonia synthesis rate under milder temperature and
pressure conditions over supported Ru catalysts, the effects that deactivate the
supported Ru catalysts should be eliminated. Ammonia synthesis reaction is inhibited
by hydrogen and ammonia in the presence of Ru based catalysts. In the framework of
this study, the ways of elimination of inhibition effects of hydrogen and ammonia are
investigated.
Another way of improving the efficiency of ammonia production is to decrease the
cost of the process. One of the main cost items of ammonia production is production
of hydrogen. In this circumstance, the efficient use of hydrogen in the process is
investigated over Co3Mo3N catalyst using unsteady flow conditions.

1.5

Scope of Thesis

In the scope of this thesis, the following studies are carried out in order to propose a
potential unsteady state ammonia synthesis production method to achieve reasonable
rates under milder temperature and pressure conditions:
In chapter two, a general literature survey on ammonia synthesis reaction over
supported Ru and Co3Mo3N catalysts were given. The parameters that influence the
ammonia synthesis rate over supported Ru catalysts and related studies are explained
such as effect of Ru particle size, support type, addition of alkaline/earth alkaline
promoters. In addition, the inhibition effects of hydrogen and ammonia and related
solution strategies were mentioned.
From an experimental point of view, hydrogen poisoning was monitored by adsorption
and desorption characteristics as well as spillover on Ru based catalysts in chapter
four. The effect of Ru metal loading and support type on the amount of hydrogen
adsorption and the energetics of hydrogen adsorption/desorption over supported Ru
catalysts were investigated.
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In chapter five, the effect of ammonia retention on the ammonia synthesis rate was
studied over Ru/zeolite-Y, Ru/HAp and Ru/Vulcan catalysts. It was observed during
steady state ammonia synthesis reaction experiments that ammonia eventually
inhibited and stopped the reaction regardless of surface acidity of the support material.
In order to revive the deactivated supported Ru catalyst under steady state flow due to
the poisoning effect of synthesized ammonia, N2 pulses were fed to the reactor in a
specified time period of 10 min. As a result, supported Ru catalysts were re-activated.
Finally, unsteady state ammonia synthesis reactions experiments were performed over
Co3Mo3N catalyst. It was shown that there was no effect of H2:N2 feeding ratio on the
ammonia synthesis rate over Co3Mo3N for H2 partial pressures greater than 100 Torr.
This pressure was determined as the pressure the catalyst surface saturated with
adsorbed hydrogen by static chemisorption experiments. Similar ammonia synthesis
rates were obtained under steady and pulse flow conditions.
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CHAPTER 2

2

AMMONIA SYNTHESIS

In the 19th Century, ammonia was produced with different methods such as the electric
arc process and cynamide process [18]. The main disadvantage of traditional ammonia
production processes at that time was to use of energy; for example, cynamide process
consumed approximately 190 GJ per ton of ammonia [18]. The trials to synthesize
ammonia from its elements started in the beginning of the 19th Century. A strong basis
of knowledge on the equilibrium thermodynamics was needed before the attempts
were successful [18].

Fritz Haber developed first process that could be scaled up

where ammonia could be produced from nitrogen and hydrogen molecules. The
reaction stoichiometry of ammonia production is given below:
N + 3H

⇌ 2NH

∆H

(298 K) = −46.4

kJ
mol NH produced

The thermodynamics of the ammonia synthesis reaction give important details relating
to the production strategy. Figure 2.1 represents that decreasing the feed ratio of H2:N2
from 3.0, which is the stoichiometric ratio, to 1.5 improves the equilibrium conversion
value at the same operating conditions. At low pressure conditions, equilibrium
conversion line of ammonia synthesis reaction shifts to the left. In addition, while
ammonia synthesis reaction is a spontaneous reaction (ΔG = -16.6 kJ/mol at 300 K),
ammonia synthesis reaction at higher temperatures become a non-spontaneous
reaction (ΔG = 15.8 kJ/mol, at 600 K). Although it seems to be an advantage to carry
out production process at milder conditions (in terms of temperature and pressure),
ammonia synthesis rates are extremely low at milder temperature and pressure
conditions. In addition, Le-Chatalier’s principle dictates higher operating pressures to
shift the reaction in forward direction.
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Figure 2.1. Equilibrium conversion vs. temperature diagram of ammonia synthesis
reaction at different feed ratios (H2:N2) and operation pressure.

2.1

Catalytic Ammonia Synthesis Rates

There are several type of catalysts used for ammonia synthesis reaction. Traditional
magnetite catalyst, supported Ru based catalysts and molybdenum nitride based
catalysts are the well-known catalysts. For a sustainable ammonia production,
Norskov and his coworkers stated that a catalyst having ammonia synthesis activity
of 1 turnover frequency (TOF, (

)(

) at 373 K and 1 bar pressure can be said

.)

as to be an ideal catalyst [11]. Activities of different type of ammonia synthesis
catalysts are given in Table 2.1. Although supported Ru based catalysts have higher
activity with respect to magnetite catalysts at same operating conditions, most of the
industrial process use magnetite as ammonia synthesis catalyst due to that magnetite
is three orders of magnitude cheaper than ruthenium.
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Table 2.1. Experimental NH3 Synthesis Reaction Rates at Steady State Operating
Conditions

Reference

Catalyst

Metal
Loading,

Temperature,

Pressure,

K

bar

%wt

2.2

Flow
Rate,
ml min

-1

Rate,
μmol g-1s-1

[19]
[20]
[21]
[21]
[22]

Cs-Ru/MgO
Cs-Ru/MgO
Ru/BHA
Ru/BHA
Ru/C12A7:e-

5.0
5.0
8.0
8.0
1.2

588
673
588
588
633

1
63
1
11
1

120
--60
60
60

0.40
11.40
0.23
0.33
0.76

[23]

Co3Mo3N

---

673

1

60

0.05

[24]

Co3Mo3N

---

673

31

60

2.78

[24]

Cs-Co3Mo3N

---

673

31

60

5.83

[25]

Ru/Al2O3

7.0

373

4

40

1.10

[26]

Fe3O4

---

673

86

---

2.72

[27]

Ba-Ru/Graphite

5.4

673

50

40

32.80

Proposed Rate Equations

The reported semi-empirical ammonia synthesis reaction rate expressions throughout
the years are given in Table 2.2. Ammonia synthesis rate expression derived based on
Langmuir-Hinshelwood model assuming that N2 adsorption and dissociation is the
rate limiting step is also given. When ammonia synthesis rate expressions are
examined, it is seen that the activity coefficients (or partial pressures) of both
hydrogen and ammonia are in the denominator which mean that they inhibit the
reaction. In some of the expressions, α appears. “α” is the ratio of linear variation of
change of activation of nitrogen adsorption with respect to nitrogen coverage to linear
variation of heat of adsorption of nitrogen with respect to nitrogen coverage. The value
of α changes between 0.4-0.5 [28].
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Table 2.2. Rate expressions for the ammonia synthesis reaction.
Rate Expressions

Temkin and
Pzyhev [28]

P

k

Cappelli and
Collina [30]

a K

−

1+K

a
a

r=

P
Temkin Adsorption Model
1
r = kP
P
1+K
P .

r = k λ(q)
Iron surface
k P
r=
(1 + KP )

Rambeau et al.
[32]–[34]

a
a

.

a

.

(a )

Rossetti et al. [31]

2.3

P

−k

Langmuir Adsorption Model
1
r = kP
P
1+K
P .

Ozaki et al. [29]

Reaction Rate
derived from a
microkinetic
model

P

r=k P

.

−

a
1 + K (a ) . + K
Ruthenium Surface
k P
r=
P
r = kP θ

1
K

.

a
a
(a

.

)

.

Osmium Surface
k P
r=
P (1 + KP )

θ
1

=
1+ K P

/

1
+
K K K K K

.

P

.

+

1
1
+
K K K K P
K K K . P

.

+

1
K

P

Literature on Catalytic/Enzymatic Ammonia Synthesis

The research studies to find the best catalyst for ammonia synthesis reaction are
focused on supported ruthenium catalysts and cobalt molybdenum catalysts in recent
years. The parameters that affect the ammonia synthesis reaction over ruthenium
based catalysts are explained. In addition, the problems and suggested solutions
related to ammonia synthesis reaction in the presence of supported Ru catalysts are
mentioned.
Cobalt molybdenum nitride (Co3Mo3N) catalysts are getting attention due to due to its
nitrogen transfer characteristics and long-term stability for the ammonia synthesis
reaction. A general literature survey on ammonia synthesis reaction over Co3Mo3N
catalysts are given in the literature survey part of the thesis.
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Ammonia synthesis reaction in the nature are carried out in the presence of nitrogenase
enzyme at ambient temperature and atmospheric pressure conditions. Therefore, the
studies in the literature to enlighten the mechanism of ammonia synthesis over
nitrogenase enzyme is one of the subjects of the researchers. Discovery of the details
of the ammonia synthesis mechanism over nitrogenase enzyme can be a very
important milestone for producing of ammonia at milder temperature and pressure
conditions.
2.3.1

Supported Ruthenium Catalysts

Supported Ru based catalysts are termed as the second-generation ammonia synthesis
catalysts [35]–[37]. The reason is to show the higher activity at same operating
conditions with respect to traditional magnetite derived catalysts. Since there are many
studies in the literature for Ru based ammonia synthesis catalysts, the effective
parameters and related literature will be discussed in this section. A brief literature
survey is given below for the parameters that affect ammonia synthesis rate:
2.3.1.1 Effect of Particle Size
Studies in the literature showed that ammonia synthesis is a highly structure sensitive
reaction in the presence of supported Ru catalysts [27], [38]. B5-type active sites
(shown in Figure 2.2) were proposed as the responsible sites for the nitrogen molecule
adsorption and dissociation, which is known to be the rate determining step for
ammonia synthesis [27], [38], [39]. van Hardeveld and van Monfoort described the
B5-type sites, which are three atoms located in a triangular coordination with two
adjacent atoms located in one layer above, using the marble models of a Ni face
centered cubic (fcc) crystal with basic orthorhombic surface morphology [40]. Their
modelling calculations showed that B5-type active sites could be present when the
metal particle size change between 1.8-2.5 nm.
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Figure 2.2. Two possible types of B5-type active sites
There are several studies in the literature on the effect of Ru particle size on the
ammonia synthesis reaction. Experimental studies showed that Ru metal particle size
is an important parameter for catalytic activity. Most of the experimental studies
showed that highly active supported Ru catalysts have an average particle diameter
app. 1.5 – 3.0 nm [38], [41]–[44].
Jacobsen et al. performed both an experimental and theoretical study on the effect of
Ru metal particle size upon the ammonia synthesis reaction rate [38]. Single crystal
and electronic DFT calculations showed that the ammonia synthesis reaction is a very
structure sensitive reaction due to the possibility of the existence of B5-type active
sites on Ru particles. They also presented a correlation between the ratio of B5-type
active sites to the total number of surface atoms and particle diameter. According to
calculation, the density of B5-type active sites is maximum when the particle diameter
is 1.8-2.0 nm. They also explained the activity loss of Ru/MgAl2O4, which showed
the highest catalytic activity, with time as the increasing particle diameter of Ru due
to sintering under reaction conditions.
Rarog-Pilecka et al. carried out a similar research study on the presence of B5-type
active sites and the relationship between the Ru particle diameter and ammonia
synthesis rate [44]. According to theoretical calculations, it was found that the density
of B5-type sites in 3-4 nm particles were higher than for 1-2 nm particles. Experimetal
studies showed for all promoted (Ba+Cs, Cs, Ba) Ru/C catalysts that the ammonia
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synthesis reaction rate was optimum in the presence of 1.5-2.0 nm diameter Ru metal
particle. TOF values increased with increasing Ru metal particle size. They also
extrapolated the TOF vs particle diameter graph and commented that there should not
be any activity observed below 0.7-0.8 nm particle diameter.
Lin et al. investigated the effect of Ru particle size on the ammonia synthesis rate [42].
They also examined factors, such as metal loading and pre-treatment conditions that
influence the Ru metal particle diameter. They showed that the Ru metal particle
diameter increased with increasing the temperature in either hydrogen reduction
treatment or air calcination treatment. It was also shown that metal loading increased
the metal particle diameter. According to the results of experimental study, they could
not find a direct relationship between Ru particle size and TOF values. They reported
that increasing the metal loading increased the ammonia synthesis rate but decreased
the TOF values due to the fact that increasing the metal loading decreased the number
of B5-type sites because of the particle size increase. They obtained the maximum
TOF value in the presence of 2.2 nm Ru particle diameter catalyst.
By contrast to the observation there is an optimum Ru particle diameter for ammonia
synthesis reaction, there are several studies which report that there is a synergistic
effect when supported Ru catalyst have a broad Ru metal particle size [25], [45]–[48].
Fernandez et al. synthesized broad particle size distributed Ru/Al2O3 catalysts with Ru
metal loading in the range 3 – 7 wt% [45]–[48]. According to catalytic activity
experiments, the catalyst having a broad Ru particle size distribution showed the
highest catalytic activity. The authors argued that while large particles were
responsible for dissociative hydrogen adsorption and diffusion to small particles via
surface hydroxyl groups over support surface, small particles were responsible for
ammonia synthesis. Therefore, the cooperation of small and large particles showed a
synergy in both reaction rate promotion and hydrogen mobility. They concluded that
for high activity in ammonia synthesis in the presence of Ru based catalysts, a broad
particle size distribution was needed.
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A similar experimental study was carried out by Karim et al. [48] for the ammonia
decomposition reaction over Ru/Al2O3 catalysts. On the contrary to the literature
values, for optimum Ru particle diameter which was determined via both theoretically
and experimentally, they observed the highest activity with the catalyst having
approximately 7 nm Ru particle size. They explained this observation with the
structural shape of the metal particles. They showed that the number of B5 type sites
for elongated shape Ru metal particles was observed when the particle diameter was
about 7 nm. In addition, for hemispherical Ru metal particles, the number of B5-type
sites were maximum when the particle diameters were between 1.8 and 3.3 nm. They
proposed that broad Ru metal particle size distribution was responsible for high
catalytic activity.
There are also DFT studies on the influence of Ru particle size on the ammonia
synthesis reaction [49], [50]. Dooling et al. investigated the effect of particle size and
surface structure of Ru on the catalytic activity [50]. They determined that the
adsorption energy of nitrogen molecule on the Ru particles closely related with the
surface Ru atom coordination. Ishikawa et al. carried out a DFT study with Ru, Os,
and Rh based catalysts. In this study, they correlated the number of step sites with
metal particle size. It was shown that the ratio between step sites and total number of
particle sites was maximum when the Ru particle size is equal to 2.5 nm. This relation
(between the ratio of number of step sites to total number of sites) was also coupled
with experimental reaction rate values.
2.3.1.2 Hydrogen Poisoning and Suggested Solutions
The inhibition effect of hydrogen as a reactant for ammonia synthesis reaction over
supported Ru catalysts is already acknowledged. The results of experimental studies
of both Siporin and Davis [51] , and Muhler et al. [52] showed that hydrogen poisons
the reaction with an order of ca. -1 over Ru/MgO catalyst. The reported solutions for
the removal of inhibition effect of hydrogen in the literature are addition of
alkaline/earth alkaline/lanthanide promoters, use of a feed ratio of H2:N2 =1.5:1
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instead of using stoichiometric (H2:N2=3:1) ratio and operate the reactor under forced
unsteady state conditions.
Alkaline/Earth Alkaline/Lanthanide Promotion
Alwin Mittasch had shown that alkali addition to the iron based ammonia synthesis
catalysts increased the catalytic activity [53]. In the same manner, Aika et al. reported
that addition of alkali promoter to Ru/carbon catalysts increased the catalytic activity
remarkably [54]. Besides they showed that the activity increase was a function of
alkali promoter type which is in order of Cs > K > Na. They proposed the reason of
activity increase to be related to the charge transfer from the alkali promoter to the Ru
metal to easily reduce the molecular nitrogen.
Later, Aika et al. investigated the effect of alkali addition to Ru/Al2O3 catalysts using
XPS and TPR [55]. They reported that alkali promotion both increased Ru metal
dispersion and TOF values of the catalysts. In addition, XPS and TPR results showed
that hydrogen reduction at 400 oC caused the chemical conversion of the alkali nitrate
phase to alkali hydroxide. Therefore, the authors concluded that electron donating
properties of the alkali hydroxide determine the promotion in catalytic activity.
Murata and Aika studied the effect of lanthanide (La(NO3)3, Ce(NO3)3, Sm(NO3)3)
based promoters over Ru based catalysts in the ammonia synthesis reaction [56]. They
observed that lanthanide promoters were more effective than alkali promoters. They
also proposed that while alkali promoter (CsNO3) located on the support surface
(Al2O3), lanthanide promoters covered Ru metal particles. Therefore, even the
electron donation tendency of the lanthanide oxides were low compared to alkali
oxides, the close interaction of lanthanide oxide with Ru metal facilitated the high
catalytic activity. In a follow-up study, Niwa and Aika investigated the effect of
reduction temperature on the catalytic activity of Ru/MgO catalyst promoted with
lanthanide oxide promoters [57]. When they reduced the catalysts at high temperature
(873 K), the catalytic activity increased five times and they attributed such catalytic
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improvement to the partial reduction of lanthanide oxides and easy electron donation
to Ru metal.
Kadowaki and Aika investigated the effect of Sm2O3 promoter over a Ru/Al2O3
catalyst in terms of dependence of the rate equation to the hydrogen partial pressure
[58]. The kinetic study showed that in the presence of Sm2O3 promoter, hydrogen
poisoning on Ru/Al2O3 catalyst diminished. Moreover, the ammonia synthesis rate
increased with increasing operating pressure in the presence of Sm2O3-Ru/Al2O3
catalysts while the opposite effect was seen in the presence of CsOH-Ru/Al2O3
catalysts.
Becue et al. studied the effect of alkali/earth alkaline promoters and their loading
scheme over Ru/Zeolite-X catalyst on the kinetics of the ammonia synthesis reaction
[59]. Successive impregnations of Ba precursor on Ru/Zeolite-X resulted in a Ru/BaX
catalyst with an earth-alkaline-metal loading beyond the ion-exchange capacity of
Zeolite-X. Their experimental studies showed that alkaline earth promoted Ru
catalysts exhibited higher performance with respect to alkali promoted ones. The BaRu/BaX catalyst especially had similar catalytic activity to Cs-Ru/MgO, which had
shown the highest catalytic activity up to that time.
Rossetti et al. investigated the effect of promoters on singly (Ba), doubly (Ba+Cs,
Ba+K) and triply (Ba+Cs+K) promoted Ru/C catalysts upon catalytic activity and
stability [60]. It was shown that the maximum catalytic activity was obtained in the
presence of the triply promoted Ru/C catalyst. Besides, they explained the
improvement of promoters on the catalyst as Ba increasing the catalytic activity, Cs
increasing the resistance to metal sintering and K improving the catalytic activity
further. Furthermore, they supported their arguments with activity measurements,
XRD and XPS results. Kowalczyk et al. carried out a similar study [61]. O2
chemisorption experiments indicated that Cs containing Ru/C catalysts had a higher
O2 uptake amongst the other catalysts. They suggested that Cs was highly reduced
under ammonia synthesis operating conditions. They also observed that doubly
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promoted (Ba+Cs) Ru/C catalysts showed the highest activity. They proposed a
structural scheme of the location of Ba and Cs promoters, -very similar to Murata and
Aika’s approach-, that while Cs promoter covered mainly carbon support surface and
acted as an electronic promoter due to that Cs atoms encircled the Ru atoms/particles
as a ring, Ba was located on the Ru metal surface and acted as either a structural or an
electronic promoter.
Several studies were performed in order to find out the state of promoters on supported
Ru catalysts using XPS [62]–[64]. Guraya et al. studied the effect of alkali/earth
alkaline promoters upon Ru/C catalysts in terms of changing their electronic structure
[62]. They reported that addition of Ba promoter to Ru/C did not change the electronic
structure of the catalyst. XPS of K promoter addition to Ru/C catalyst indicated that
the density of occupied sites at the Fermi level increased. This caused a shift of Fermi
level to the conduction band due to the charge transfer from K promoter to support
material. Shitova et al. investigated the effect of nature of alkali promoters (Cs, K)
over Ru/Sibunit catalyst using XPS, EXAFS and electron microscopy [63]. XPS
results showed that a portion of Cs and Ru were in the metallic phase during the
reaction conditions. Larichev et al. reported that while Cs were both in a close
interaction with Ru and the support, Rb did not show any interaction with the support
material [64]. The authors also investigated the effect of addition sequence of
promoters to catalytic activity. They observed that when the Cs promoter was added
before Ru metal precursor, the synthesized catalysts did not show any activity.
According to the studies examined up to now, the reason of increase of ammonia
synthesis activity with the addition of alkaline, earth alkaline and lanthanides was
explained as the electron donation from promoter to Ru metal particle surface to be
used for breaking the triple bond of nitrogen. However, the researchers have not been
able to put forth a real proof about the transfer of electron from promoter to Ru metal
particle.
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The studies on the ammonia synthesis reaction kinetics showed that the ruthenium
catalyst is poisoned by hydrogen [31], [51], [65], [66]. Siporin and Davis studied the
intrinsic reaction kinetics of ammonia synthesis over Ru and alkali promoted Ru
catalysts [51]. It was observed that in the presence of alkali promoted Ru catalyst the
reaction order for hydrogen was - 0.37, but for Ru, it was -1.
The effect of alkali promoters on Ru catalysts on the mechanism and kinetics of
adsorption of H2 were investigated by Uner et al. via solid state 1H NMR and H2
chemisorption techniques [67]. Solid-state NMR spectroscopy allowed them to
identify two different adsorbed states of hydrogen, α and β, over a Ru/SiO2 surface.
The α state was revealed to hydrogen in close proximity to the surface, with a chemical
shift equal to the chemisorbed hydrogen. The β state, on the other hand, was weakly
bound adsorbed hydrogen that is in rapid exchange with the gas phase. 1H-NMR
measurements revealed that in the presence of Na promoter, the β state peak could not
be observed.
Uner [68] later demonstrated through a reaction modelling study that weakly bound
hydrogen has an important role for the Fischer-Tropsch reaction in terms of product
distribution. In the presence of weakly bound hydrogen, products of the FischerTropsch reaction shifted to paraffinic materials. In the absence of the β state hydrogen,
the products shifted to olefin based products, which are desired due to their high
reactivity compared to paraffinic products.
In addition, Uner et al. [69] further demonstrated that alkali promoter interacts with
silanol groups, the hydroxyl groups on the SiO2 support, decreasing the number of
protons on the support surface. They demonstrated that alkali promoters on the support
surface inhibited hydrogen spillover. This study was further used in the literature to
design a highly selective catalyst for selective CO oxidation reaction. Pedrero et al.
[70] have demonstrated that by the elimination of spilled over hydrogen, using alkali
promoters, it was possible to increase the CO conversions in selective CO oxidation
reaction.
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The other hypothesis about the effect of alkali promoters on Ru based ammonia
synthesis catalysts is that alkali promoters blocks the sites over Ru metal particles
therefore the adsorption of hydrogen is restricted. This hypothesis has direct
experimental proofs such as the results of

1

H NMR and H2-chemisorption

experiments. Moreover, the kinetic studies with different reactions verify the idea. In
the light of experimental findings, it seems that alkaline promoters act as a structural
promoter (site blocking) instead of electronic promoter (e- donation). Future studies
may prove the influence of electron donation properties of alkaline promoters for
dissociation of N2 over Ru based catalysts.
Feed Ratio
Another solution to overcome the inhibition effect of hydrogen over supported Ru
catalyst is to operate the reactor at substoichiometric H2:N2 ratios. Rosowski et al.
have investigated the ammonia synthesis under substoichiometric H2:N2 mixtures in
the range 5:95 - 75:25 (by volume) over Cs2CO3-Ru/MgO catalyst [65]. Tennison has
also published industrial kinetic data over a Ru/C catalyst [26]. Both of these studies
have reported higher rates up to five times depending on the experimental conditions
for ammonia synthesis reaction under substoichiometric H2:N2 flows.
Forced Unsteady State Ammonia Synthesis Reactor Operation
Unsteady state (periodic, forced) reactor operation is generally used to increase
conversion, selectivity of desired product and to reduce catalyst deactivation[71]. The
main advantage(improvement) of changing the operation conditions of a
heterogeneous catalytic reaction from steady state to unsteady state can be explained
with the possibility of modification of the surface of the catalyst such that the
productivity of the process is significantly increased [72]. Matros stated that an
optimized unsteady state operation cannot be less efficient compared to an optimized
steady state operation [73]. Matros emphasized that the most important bottleneck for
the commercialization of unsteady state catalytic reactor operations was the absence
of sufficient information on the catalyst surface dynamics.
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Rambeau and Amariglio have performed cyclic ammonia synthesis experiments with
pre-adsorbed hydrogen and/or nitrogen on powder ruthenium to demonstrate that
cycling the reactants decreased the inhibition by hydrogen [74]. Their results show
that the reaction rate is increased up to three orders of magnitude with pre-adsorbed
hydrogen and gas phase nitrogen.
The only study was performed unsteady state ammonia synthesis reaction over
ruthenium catalyst by Rambeau and Amariglio [33], [74]. The other studies related on
the unsteady state reactor operation were carried out over the magnetite derived
catalysts. Therefore, in the upcoming paragraphs, ammonia synthesis reactor under
unsteady state conditions will be explained.
Ammonia synthesis under time interrupted conditions has also been considered as an
alternative to overcome the thermodynamic equilibrium barrier of the reaction [75].
Under cyclic conditions, the rate of reaction is anticipated to increase with respect to
its steady state rate value. Along these lines, Jain et al. have reported a 30%
improvement in reaction rate for ammonia synthesis over Fe catalysts under cyclic
conditions (from pure hydrogen to pure nitrogen) in comparison to steady state rate
[76].
Cussler group presented a different approach to forced unsteady state. Cussler group
has published two consecutive papers for obtaining 95% ammonia synthesis
conversion by placing an ammonia adsorbent inside the same reactor [77], [78]. The
absorbent would hold up ammonia and shift the reaction equilibrium to right. When
the absorbent is saturated the reactor conditions are set to desorb ammonia. The same
research group has also studied a small-scale plant for the following three resistances:
ammonia synthesis rate, condensation and separation. They reported that the
resistance of catalytic reaction is at least three orders of magnitude higher than that of
condensation and separation processes [79].
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2.3.1.3 Ammonia Poisoning and Suggested Solutions
The inhibition effect of ammonia over supported Ru based catalyst is due to the partial
pressure of ammonia in the denominator in all of the suggested/proposed ammonia
synthesis rate expressions [28]–[31]. Researchers proposed that support type is an
effective parameter on the ammonia synthesis rate due to its surface acidity
characteristics [19], [35], [51], [80]–[82] . While Siporin and Davis carried out a
kinetic study over Ru/MgO and estimated that the effect of ammonia on the reaction
rate is almost negligible [51], Rosowski et al. found out that the order of partial
pressure of ammonia vary between -0.3 and -0.5. over Ru/MgO and Ru/Al2O3
catalysts [65].
Most of the investigators concluded that support materials having basic surface
characteristics showed higher activity compared to acidic supports [19], [35], [51],
[80]. They attributed the reason of the high activity to an electron donation of basic
support materials to Ru metal surface to facilitate dissociation of the molecular
nitrogen.
On the other hand, Larichev et al. investigated the effect of support material on the
reaction rate via X-ray photoelectron spectroscopy (XPS) [81], [82]. In XPS studies,
the binding energy of Ru 3d5/2, which is 280.5 eV, was measured in a Ru/MgO catalyst
as 1 eV decreased compared to Ru/Al2O3 and Ru/SiO2 catalysts. Although the results
are in agreement with the literature, Larichev et al. commented on that the decrease in
binding energy of Ru 3d5/2 was not caused by the donated electrons by the MgO
support but the local differences in the electronic states of Ru metal. Therefore, they
could not find any direct relationship between the surface acidity of support material
and reaction rate. A similar study was performed by Muhler et al. and observed a 1
eV decrease in the binding energy of Ru 3d5/2 from 280 eV to 279 eV after addition of
Cs promoter due to electron transfer from Cs to Ru [52].
You et al. compared the activity of Ru/MgO and Ru/BHA (barium hexaaluminate) to
investigate the effect of support material on the reaction rate [21]. According to
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experimental results, since the BHA support material showed a similar surface basicity
with BaO, the electron donation tendency is higher. Besides, they also found that the
surface layers of BHA are very similar to those of activated carbon. Therefore, they
explained the superior catalytic activity of Ru/BHA with these arguments. Wang et al.
carried out a similar study [83]. They prepared and examined Ru/BaTiO3 and
compared with Ru/TiO2 in terms of catalytic activity for ammonia synthesis. They
determined a strong relationship between Ru metal particles and the BaTiO3 support
material using CO2-TPD, H2-TPR and HR-TEM. They commented that there is a high
probability that electron transfer from BaTiO3 to Ru metal particles can take place at
reaction conditions with respect to the TiO2 support material. The high activity of
Ru/BaTiO3 can be explained with this argument.
2.3.2

Molybdenum Nitride Catalysts

Nitride based materials (especially molybdenum nitrides) have attracted great
attention in recent years due to catalytic activity for ammonia synthesis at high
temperature (400 oC) and atmospheric pressure [84]–[86]. In molybdenum nitride
materials, nitrogen is doped to the material as atomic nitrogen. In other words,
molybdenum nitride catalysts are a potential source of activated nitrogen which is very
important for ammonia synthesis.
Volpe and Boudart reported that molybdenum nitride catalysts are active materials for
ammonia synthesis reaction [84]. Mittasch found that molybdenum nitride materials
are active when they combined with iron, cobalt or nickel [53]. Aika and coworkers
studied the Co3Mo3N catalyst at high temperatures and atmospheric pressure [24],
[85], [87], [88]. They reported that the activity of Co3Mo3N catalyst is similar to
magnetite derived catalyst. Further, they promoted Co3Mo3N catalyst with Cs. The
activity of Cs-Co3Mo3N catalyst was reportedly became higher than magnetite derived
catalyst.
Hargreaves and co-workers have been recently studying the structure, morphology
and activity of the molybdenum nitride materials for the ammonia synthesis reaction
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[23], [86], [89]–[93]. In their lab, many molybdenum nitride materials have been
synthesized up to now such as Ni2Mo3N, Co3Mo3N, β- Mo2N0.78, γ- Mo2N etc.
Hargreaves and McKay investigated the reactivity of the lattice nitrogen of Co3Mo3N
and Ni2Mo3N catalysts [23]. They found that ammonolysis is a better option for
nitriding the CoMo and/or NiMo like species compared to H2/N2 pretreatment. In
addition, XRD analysis showed that the Ni2Mo3N catalyst derived from NiMoO4
consists of some metallic Ni after each nitriding process. Reactivity of lattice nitrogen
was proved by reaction of both catalysts with C6H6 and H2. As a result of treatment of
catalysts with C6H6, carbide structures were formed. In the same manner, as a result
of treatment of catalysts with H2, Co6Mo6N and Ni2Mo3N1-x were obtained.
Furthermore, Hargreaves’ group studied the regeneration ability of Co3Mo3N catalyst
during ammonia synthesis reaction [90], [91], [93]. They showed that when they
carried out ammonia synthesis reaction at 700 oC with Ar/H2 feed and ambient
pressure, Co3Mo3N catalyst structure is changed to Co6Mo6N structure. The formation
of Co6Mo6N structure is proved via powder neutron diffraction analysis. In order to
regenerate the catalyst, catalyst was further treated with N2 at 700 oC for 6 hours. At
the end of the pretreatment, Co3Mo3N structure is obtained with the same theoretical
nitrogen content inside the catalyst.
Mckay et al. investigated the reactivity of lattice nitrogen of the Co3Mo3N catalyst at
different operational conditions for ammonia synthesis [89]. When they treated
catalyst at 400 oC with H2/N2 flow, there was not observed significant nitrogen content
change in the catalyst. When they used Ar/H2 flow at 400 oC, a small amount of
nitrogen was lost from the catalyst. In the presence of these data, they treated catalyst
with same streams given above at 700 oC. At the end of the study, they show that the
nitrogen content was the half of the initial amount (Co6Mo6N) in the presence of Ar/H2
flow. Furthermore, they sent H2/N2 flow at 700 oC and regenerated the Co3Mo3N
structure. These results suggested that lattice nitrogen was used in each stream
condition. Besides catalyst could regenerate itself when stream contained N2. In other
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words, the catalyst potentially operates through Mars-van Krevelen mechanism for
nitrogen reactivity.
2.3.3

Enzymatic (Biological) Ammonia Synthesis Route

Biological ammonia synthesis is carried out by the nitrogenase enzyme (shown in
Figure 2.3) in nature. The atomic/molecular structure of the nitrogenase enzyme was
determined via XRD at a 2.7 Å resolution by Kim and Rees [94], [95]. XRD studies
on the nitrogenase enzyme revealed that it consisted of MoFe and Fe proteins. Spatzal
defined the nitrogenase as the largest and the most complex metal-containing enzyme
known in biological systems [96]. The stoichiometry of the biological ammonia
synthesis reaction is given below:
N + 8H + 8e + 16 MgATP → 2NH + H + 16MgADP + 16P
It is important to note that for 1 mole of nitrogen reduction, 2 mole of ammonia and 1
mol hydrogen are produced. The energy requirement of the reaction is provided by the
hydrolysis of 16 mole of MgATP to MgADP, which corresponds to approximately
500 kJ/mol [97].

Figure 2.3. Crystal structure of nitrogenase enzyme [98] (reproduced by the
permission of Springer Nature. Permission to reuse must be obtained from the rights
holder)
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Fe-protein has been defined as a dimer of two identical subunits coordinating with a
[4Fe-4S]-cluster [94]. Fe protein is mainly responsible for electron transfer to MoFe
protein. According to the literature, Fe protein, first, is reduced by either ferredoxin or
flavodoxin then electrons are transferred to MoFe protein. At the same time,
hydrolysis of MgATP to MgADP has occurred. The details of oxidation of Fe protein,
binding of MgATP to Fe protein and hydrolysis mechanism to MgADP, and electron
transfer to MoFe protein steps occurred during the nitrogen reduction to ammonia
have not yet been clarified in the absence of isolation of any intermediate [94].
The main duty of the MoFe protein is reported to be to produce ammonia and hydrogen
[95]. The MoFe protein is a tetramer that has two identical subunits named as α and
β. The MoFe protein has two metallic centers inside its structure which are the FeMo
cofactor and P-cluster ([8Fe:7S]-cluster) pair. Although most studies have assumed
that the FeMo cofactor (or MoFe protein) is responsible for the nitrogen reduction,
there is not any evidence to prove this assumption [10], [99].
Thorneley and Lowe studied the ammonia synthesis reaction mechanism over the
nitrogenase enzyme and proposed the Thorneley-Lowe mechanism (given in Figure
2.4) [100]. Besides, they reported kinetic paramaters for each step. In their mechanistic
model, they proposed the oxidation of Fe protein, hydrolysis of MgATP to MgADP,
electron transfer from Fe protein to MoFe protein, reduction of nitrogen molecule, and
the corresponding production of the hydrogen molecule. They also found out that
hydrogen synthesis is inhibited over MoFe protein by Fe protein due to the Fe protein
being bound to the MoFe protein which is a required condition for nitrogen reduction
according to their mechanism.
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Figure 2.4. Lowe-Thorneley nitrogen reduction reaction mechanism [100]
(reproduced by the permission of Portland Press Ltd. Permission to reuse must be
obtained from the rights holder)

Varley et al. carried out a DFT study in order to calculate the required energy levels
for nitrogen reduction in a very similar reaction mechanism model to Thorneley-Lowe
[101]. Their model also consisted of 8 H+ and 8e- transfer as well as the obligatory
synthesis of hydrogen while reducing the nitrogen molecule. As a result of the DFT
calculations, they found out that Fe site was critical in the initiation of the reduction
process of nitrogen molecule similar to the traditional iron catalyst. The calculated
energy levels also explained the possibility of ammonia synthesis at ambient
temperature and atmospheric pressure conditions according to the mechanism
proposed by Lowe and Thorneley [100].
Schrock and co-workers also investigated the mechanistic steps of the ammonia
synthesis reaction with nitrogenase [102]–[105]. They proposed a mechanism based
on the Mo center of the FeMo cofactor involving stepwise addition of protons and
electrons. The proposed the mechanism given in Figure 2.5. Before they proposed the
nitrogen reduction mechanism, they studied their analogous nitrogenase enzyme
system and wanted to isolate and characterize the reaction intermediates during the
reaction via X-Ray diffraction. As a result of experimental studies, they showed that
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the oxidation states of Mo(III) and Mo(IV) could be responsible for nitrogen reduction
in nitrogenase.

Figure 2.5. Proposed reaction mechanism by Yandulov and Schrock and intermediates
in the reduction of dinitrogen at a hypothetical Mo center through the stepwise
addition of protons and electrons [106] (reproduced by the permission of Science
AAAS. Permission to reuse must be obtained from the rights holder)

2.4

Process Intensifications and Energy Improvements

In this part of the literature survey, the improvements on the ammonia production are
given throughout the years to increase the efficiency of the process.
Some of the improvements in the ammonia synthesis process can be listed as
application of radial flow ammonia synthesis reactors [107]–[113], innovations in H2
production (synthesis gas production and purification), and heat recovery systems
[112]. With the help of these improvements, the energy requirement for ammonia
synthesis process has been decreased from ~100 GJ/ton NH3 to ~28 GJ/ton NH3.
Although there have been significant developments in the process, there still have been
many bottlenecks to overcome the energy efficiency problem of the ammonia
production process.
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The main cost items of the ammonia synthesis process are synthesis (producer) gas
production, the ammonia synthesis loop, and the purification steps [8]. 70% of the
energy requirement for the ammonia production process is consumed for synthesis gas
preparation and purification, and the rest is needed for compression, ammonia
synthesis and refrigeration [8], [114].
There have been several developments in the ammonia production process in terms of
energy efficiency in previous years [115]–[119]. Most of the energy saving
investigations were performed on the synthesis gas section of the process.
Approximately 10-15 GJ/ton NH3 of energy saving improvement was obtained due to
developments in synthesis gas section with the addition of a pre-reformer unit,
installation of a gas turbine, modification of coils in the convective heating section of
furnace, increased-radiation heating in the furnace, reduction of the steam to carbon
ratio, and new developments in CO2 sequestrations technologies.

30

CHAPTER 3

3

MATERIALS AND METHODS

3.1 Catalyst Preparation
3.1.1

Incipient Wetness Impregnation Method

1 wt% supported Ru catalysts (Supports: SBA-15, SiO2 (Merck, granular), carbon
nanofiber (CNF) (ElectroVac, Klosterneuburg, Austria), and Vulcan Carbon (Cabot
Inc., XC72R)) were prepared using incipient wetness impregnation method. Prior to
the catalyst preparation, the amount of water needed to wet the support surface was
measured. Ruthenium nitrosyl nitrate (Sigma Aldrich, 1.5 wt% Ru metal) salt was
used as metal precursor. 0.67 g ruthenium nitrosyl nitrate salt was dissolved in 2-3
ml/g water to bring about incipient wetness and added to the supports to prepare a
slurry to obtain 1.0 g catalyst. Due to the hydrophobic nature of Vulcan, 2-3 droplets
of NH4OH solution was added to the aqueous ruthenium metal solution. The slurry
was mixed until a uniform paste was obtained and dried at room temperature
overnight.

For the case of 3 and 5 wt% metal loaded catalysts, initially 1 wt% Ru/Support
catalysts were prepared as explained above and required amount of ruthenium nitrosyl
nitrate was sequentially added. Then, the slurry was mixed, dried under vacuum
conditions and (if needed) the same procedure was applied up to required amount of
metal loading was achieved.

3.1.1.1 Synthesis of SBA-15
SBA-15 support material was prepared according to a procedure described by Zhao et
al. [120]. In order to synthesize pure SBA-15 molecular sieve, 9 ml of
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tetraethoxyorthosilicate (TEOS) was added to 150 ml of 1.6 M HCl solution
containing 4 g triblock poly(ethylene oxide)–poly(propylene oxide)–poly(ethylene
oxide) (EO20-PO70EO20, Aldrich). The mixture was stirred for 24 h at 40˚C and was
allowed to react at 100˚C overnight in Teflon bottles. The solid material obtained after
filtering was finally calcined in air flow at 500 ˚C for 5h.
3.1.2

Ion-Exchange Method

1.37 wt% Ru/Zeolite-Y and 1-4 wt% Ru/HAp catalysts were synthesized using ionexchange method according to the procedure describe elsewhere in [121]1.
3.1.3

Synthesis of Co3Mo3N Catalyst

In order to synthesize Co3Mo3N, required amounts of Co(NO3)2.6H2O and
(NH4)6Mo7O24.4H2O were weighed. Metal salts were dissolved in 200 ml de-ionized
water and heated to 80 oC over a magnetic stirrer in a fume cupboard. The indication
of the starting of the reaction between metal salts were defined as the color change at
high temperature (ca. 80 oC). The color of the aqueous solution changes from red to
purple. After the color change occurred, mixing was carried out for 1 h. Then, the
solution was filtered and filter cake was washed two times with water and ethanol.
The filter cake was dried overnight at room temperature and scratched out from the
filter paper. The purple powder was put into watch-glass and dried in oven at 150 oC
overnight. After drying process was completed, the cobalt-molybdenum precursor was
calcined in a tubular furnace in the presence of air at 500 oC for 3 hours (temperature
ramp: 20 oC/min). After calcination, the cobalt-molybdenum oxide powder was put
into ammonolysis rig for nitridation process in the presence of 50 ml/min ammonia
flow. The details of temperature program is given in Figure 3.1. At the end of the
ammonolysis process, catalyst was exposed to 2% O2 in Ar flow (10 ml/min) for
passivation. After passivation, amorphous Co3Mo3N powder was synthesized. In order

1

The samples were prepared by Serdar Akbayrak
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to get crystalline phase Co3Mo3N material, the powder was treated at 700 oC
(temperature ramp: 10 oC/min) for 3 h in the presence of H2:N2=3:1 flow at 60 ml/min.

Figure 3.1. Temperature program scheme of ammonolysis process

3.2
3.2.1

Catalyst Characterization
BET Surface Area Measurements

BET surface area of the support materials were measured using a Micromeritics
Tristar II instrument using N2 adsorption isotherms determined at 77 K. Prior to the
surface area measurement, samples are heated to 120 oC and evacuated for 12 hours.
3.2.2

X-Ray Diffraction

Powder diffraction analyses were performed using a Siemens D5000 instrument
operating with a Cu Kα X-ray tube. A 2θ range between 5o and 85o was scanned using
a counting rate of 1 second per step with a step size of 0.02o.
3.2.3

CHN Analysis

Elemental analysis of Co3Mo3N was carried out using an Exeter Analytical CE-440
elemental analyzer.
3.2.4

ATR-IR Spectroscopy

ATR-IR spectra of Ru/Vulcan catalysts were obtained in a Perkin Elmer Spectrum
Two ATR Spectrometer. In all measurements, pure KBr (Sigma Aldrich, FTIR grade)
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spectrum was used as background. The samples were diluted to 1/100 wt% with KBr.
32 scans were recorded with 4 cm-1 resolution in the range of 4000 – 500 cm-1
wavenumbers.

3.2.5

H2-Chemisorption

Volumetric hydrogen chemisorption experiments were conducted in a home-built,
constant volume, Pyrex high vacuum manifold (shown in Figure 3.2) equipped with a
ultra-high vacuum pump (Pfeiffer, up to 10-9 atm), high vacuum Teflon valves (ACE
Glass), a capacitance gauge (MKS Baratron, up to 100 or 1000 Torr) at room
temperature. Prior to dispersion determination experiments, the catalysts were reduced
in the presence of H2 gas. The step by step reduction procedure as well as measurement
of total and weak adsorption isotherms were given in the Appendix C.

Figure 3.2. Schematic Representation of Chemisorption Manifold

In order to determine the dispersion of the supported Ru catalysts, the difference
between the total and weak adsorption isotherms is used to calculate the strong
hydrogen amounts. Ru metal dispersion of the catalysts were determined assuming
that strongly bound hydrogen to ruthenuim metal ratio equal to one (H:Ru=1)
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In case of hydrogen chemisorption experiments of Co3Mo3N catalysts, a similar
experimental procedure was applied to the sample with an exception that the catalyst
was reduced at 773 K.

It is important to note that hydrogen exposure durations are selected to ensure that
thermal and chemical equilibrium over the metal is reached, but slower processes are
inhibited.
3.2.6

Microcalorimetry

Heat of adsorption measurements are conducted on a Setaram C-80 Tian-Calvet
calorimeter coupled to the multiport high-vacuum pyrex glass manifold (Figure 3.3),
as described in H2-chemisoption section. A desired amount of sample (~0.50 g) is
loaded into the sample cell, which is then attached to one end of the tee connection
and inserted into the sample port of the microcalorimeter. The other end of the tee
connection is attached to an empty sample cell inserted into the reference port of the
microcalorimeter. The reduction procedure that applied in microcalorimeter setup is
the same as the H2-chemisorption experiment. The only difference is the reduction
temperature of the catalysts. The maximum allowable temperature of the
microcalorimeter instrument is 250 oC. Therefore, the catalysts are reduced at 250 oC.
The heat of adsorption of hydrogen over supported Ru catalysts is measured at 50 oC.
Total adsorption isotherms of the catalysts are also obtained during the heat of
adsorption measurements.
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Figure 3.3. Schematic Representation of Chemisorption Manifold and
Microcalorimeter
3.2.6.1 Measurement of Heat of Adsorption of Ammonia over HAp
Heat of adsorption of ammonia over HAp measurement was also carried out on the
adsorption calorimetry setup using pure ammonia (99.9%) gas. Prior to the ammonia
adsorption, the dead volume of the sample was measured with He gas and then the
temperature of the calorimeter was increased to 383 K with a temperature ramp of 2
o

C/min while the manifold was being kept at vacuum. After heat treatment, the

temperature was decreased to 323 K and incremental amounts of ammonia was sent
to the sample starting from 1.0 Torr of ammonia pressure.
3.2.6.2 Measurement of Acidity of HAp, Zeolite-Y and Carbon Vulcan
Acidic properties of bare and commercial support materials (Na-Y, HAp, and Vulcan
Carbon) were studied by adsorption calorimetry (Setaram, C80 Tian-Calvent
calorimeter, Figure 3.3) using ammonia as a probe molecule at 323 K. In order to
measure the heat of adsorption of ammonia in helium gas (5.0% volume NH3 in He),
the same preparation steps were applied with the experiments of the heat of adsorption
of H2 over supported Ru catalysts with excluding the catalyst reduction procedure.
After dead volume measurement was performed, the temperature of the calorimeter
was set to 383 K and kept 383 K for ca. 2 hours to remove adsorbed moisture and
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impurities. After that, the sample (and microcalorimeter) was cooled to 323 K.
Following the stabilization of heat flow, 515 Torr of NH3 in He (5.0% mol NH3 in He)
was sent to the sample. When the system reached the thermal equilibrium, the final
pressure inside the manifold was recorded.

3.2.7

High Resolution Transmission Electron Microscopy (HR-TEM)

Surface morphologies and particle size distributions of supported Ru catalysts are
investigated using JEOL 2100 F high resolution transmission electron microscopy
(HR-TEM). In order to obtain TEM images of the catalysts, suspensions of Ru catalyst
samples in ethanol were prepared and sonicated for 15 min. Then, samples are
transferred to a Cu grid for TEM analysis.
Ru metal particle size distributions of supported Ru catalysts are obtained by the help
of high-resolution TEM images. The diameters of all metal particles are measured
against the scale in the image. All particles are assumed spherical. After sizing the
metal particles shown in TEM images, histograms of particle size distributions are
obtained.

3.2.8

Temperature Programmed Analysis

Temperature programmed analysis experiments are performed in Micromeritics
Chemisorb 2720 instrument. Sample holder of the instrument with pre-weighed
supported Ru catalyst is connected to the manifold. Temperature programmed
reduction (H2-TPR) experiment for supported Ru catalysts is carried out under the
flow of H2 in Ar (10% H2) at a rate of 25 ml min-1 and at a temperature ramp of 5 oC
min-1 up to 700 oC. After H2-TPR profiles are obtained, immediately the catalysts are
cooled to room temperature in the presence of H2 in Ar (10% H2) flow in order to
observe the hydrogen uptake behaviors of the catalysts. After room temperature is
reached, temperature programmed desorption (TPD) experiment was carried out under
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the flow of pure He at a rate of 25 ml min-1 using a temperature ramp of 5 oC up to
700 oC.
Temperature programmed reduction (TPR) of Co3Mo3N was carried out under flow
of 10% H2 in Ar gas at a rate of 25 mL/min with a temperature ramp of 10 oC/min up
to 900 oC.
The calculations for the temperature programmed reduction was performed using a
calibration factor which was determined by the reduction of Ag2O reference material.
The area under the H2-TPR pattern of Ag2O reference material was calculated. Then
corresponding H2 consumption for reduction of Ag2O to Ag was determined using the
reduction stoichiometry as 7.30x10-5 mol H2 per unit area that determined under the
reduction curve of Ag2O to Ag.
3.2.8.1 O2-Titration
O2-titration experiments are performed in Micromeritics Chemisorb 2720 instrument.
Prior to the experiment, supported Ru catalysts (supports: SiO2 and Vulcan) are purged
and dehydrated under 25 ml min-1 He flow up to 150 oC for 30 min. After dehydration,
the Ru/SiO2 catalysts are cooled to room temperature in He flow, oxidized under flow
of 25 mL min-1 O2 in He (2% O2) up to 200 oC, and followed by reduction under 25
ml min-1 H2 in Ar (10% H2) flow and a temperature ramp of 5 oC min-1 up to 500 oC.
After reduction process is completed, the Ru/SiO2 are cooled to 25 oC in He flow.
Then, Ru/SiO2 catalysts are oxidized in the flow of 25 ml min-1 O2 in He (2% O2) with
a temperature ramp of 5 oC min-1 up to 200 oC.
Ru/Vulcan catalysts are oxidized in the flow of 25 ml min-1 O2 in He (2% O2) at room
temperature for 30 min to avoid burning of the carbon based support material. The
oxidized catalysts are cooled to room temperature in the presence of He flow. Then,
Ru/Vulcan catalysts are re-reduced in the flow of 25 ml min-1 H2 in Ar (10% H2) with
temperature ramp of 5 oC min-1 up to ca. 300 oC. Hydrogen consumption/Ru atom
values are quantified.
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3.3
3.3.1

Ammonia Synthesis Reaction Studies
In-situ DRIFTS Measurements

DRIFTS measurements are performed in a Perkin Elmer Spectrum 100 DRIFT
Spectrometer combined with a Pike reaction cell and the Pike Temperature Control
Unit. The schematic representation of experimental setup is given in Figure 3.4. 128
scans are recorded with 1 cm-1 resolution in the range of 4000 – 450 cm-1. Gas flow
rates are adjusted using Teledyne mass flow controllers and Terralab mass flow
control unit. The catalysts are pressed into pellets, then crushed to an average diameter
of ~2 mm and about 50 mg of these pellets is placed in the sample holder covered by
an IR transparent window (ZnSe window). The reference DRIFTS spectrum is
measured prior to any treatment under 50 mL min-1 Ar flow. The catalyst is first
reduced with H2:Ar (Linde, 99.999%) (3:12 ml min-1) flow with a temperature ramp
of 2 oC/min. After temperature of the sample holder reached 250 oC, reduction
continued at this temperature and at same H2:Ar flow for 2 hours. At the end of 2
hours, the system was cooled to room temperature, still under 15 ml min-1 H2:Ar flow.
Finally, N2 gas (Linde, 99.999%) is sent to the sample holder at a rate of 4 ml min-1
overnight at room temperature and atmospheric pressure.

Figure 3.4. Schematic representation of experimental setup for ammonia synthesis
using DRIFTS spectrometry
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3.3.2

Steady State Ammonia Synthesis Reaction

NH3 synthesis experiments are carried out at 300-400 oC, atmospheric pressure and
under 100 mL min-1 (H2:N2:Ar=3:1:2) gas flow. Experimental setup for ammonia
synthesis reaction under steady flow conditions is represented in Figure 3.5. The flow
rates were adjusted by mass flow controllers (MKS) and driven by a control station
(Terralab). The 6.0 mm OD reactor was heated in a temperature controlled tubular
furnace. 70.0 mg of Ru catalysts with a particle diameter between 38.0 and 106.0 μm
are loaded into the reactor. Prior to the activity measurements, the catalysts are
reduced under 100 mL min-1 H2 in Ar (1:3) flow at 300 oC for 2 hours. The effluent
gases are sent to a wash bottle containing 1.10 mM H2SO4 solution. The reaction rate
of ammonia synthesis is determined by following the change of conductivity of H2SO4
solution with respect to time at 25 oC and atmospheric pressure. At the end of kinetic
measurements, the sample is purged under 100 mL min-1 pure Ar flow to monitor total
amount of NH3 desorption from the catalysts.

Figure 3.5. Experimental Setup for Ammonia Synthesis Reaction under Steady Flow
Conditions.
3.3.3

Unsteady State Ammonia Synthesis Reaction

Unsteady state experiments were carried out under 100 mL min-1 total flow rate by
switching between H2:N2 (3:1) and pure N2 flows. An illustration of experimental
setup for ammonia synthesis reaction under pulse flow conditions is given in Figure
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3.6. A time controlled 4-way valve (VICI Valco) is used to switch the gas flows. The
time period of each reactant streams sent to reactor is selected as 10 min. The ammonia
synthesis activity is measured in a similar manner to the steady state reaction tests.

Figure 3.6. Experimental Setup for Ammonia Synthesis Reaction under Unsteady
State Flow Conditions
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CHAPTER 4

4

FUNDAMENTALS OF HYDROGEN ADSORPTION & STORAGE
PROCESSES OVER Ru/SIO2 AND Ru/Vulcan2

4.1

Introduction

Hydrogen is a clean and efficient energy that can be used especially for fuel cell
vehicles and portable devices [122]–[124], albeit suffering from problems related to
its low density under standard temperatures and pressures [125]. A safe, lightweight
and relatively small storage tank is needed for high pressure (700 bar) hydrogen
storage for fuel cell cars [126]. Another solution is the solid state storage of hydrogen.
The main bottleneck of solid state storage of hydrogen in such materials are the
requirement of high pressure (10 bar and above) and/or low temperature (77 K)
conditions for storing the hydrogen, high hydrogen release temperatures (200 oC and
above) and slow kinetics [127]. US Department of Energy (DOE) started a long term
initiative to meet safety, cost and performance needs for onboard vehicle hydrogen
storage systems that allow for a driving distance of more than 500 km [128]. US DOE
target for 2020 is 4.5 wt% gravimetric hydrogen storage, -40/85 oC for operating
temperature and at least 1500 cycles for storing and releasing hydrogen in 3-5 min
[16], [129]. Similar targets and projects ensued by European Union (EU). For
example, Solid State Hydrogen Storage Testing Facility (SoITEF) of EU is responsible
for researching and testing on potential hydrogen storage materials [130].

Hydrogen storage materials reported in the literature can be grouped into four
categories as i) adsorbent type materials (MOF, carbon based materials etc.) [131]–
[134], ii) metal hydrides (MgH2, Mg2NiH4 etc.) [135]–[140], iii) complex metal
2

This chapter is a slightly modified version of the article published as “M.Y. Aslan and D. Uner,
International Journal of Hydrogen Energy, 44 (2019), 18903-18914”

43

hydrides (LiBH4, NaAlH4 etc.) [141]–[143], and iv) chemical storage of hydrogen in
ammonia borane type materials [144], [145]. In Table 4.1, the hydrogen storage
capacities, heats of adsorption values (Table 4.1(a)), hydrogen release temperatures
(Table 4.1(b)) and hydrogen solid bond energies (Table 4.1.(c)) of various hydrogen
storage materials are summarized. Experimentally reported hydrogen storage
capacities of materials are changing between 1.3 and 7.5 wt% while theoretical
estimates can increase up to 9.0 wt%. Reported heat of adsorption of hydrogen over
storage materials are in the range of 4 – 20 kJ/mol.

The studies in the literature showed that one of the best materials for hydrogen storage
MgH2, needs Ni addition in order to alter the kinetics of hydrogen storage and release
processes [146]. Addition of Ni assist H2 dissociation and atomic hydrogen is
accommodated very rapidly [135], [147], [148]. Ni (or metals such as Pd, Pt, Ru)
doped carbon based materials were used as hydrogen storage material [[132], [149],
[150] and references therein], [151]–[153]]. The enhancement in the hydrogen uptake
of the material after addition of Ni (or transition metal) was explained with the
spillover of dissociated hydrogen from metal surface to support surface. Zhang et al.
carried out a DFT study on the effect of Ni addition to the hydrogen storage capacity
of Mg17Al12 alloy. They found out that hydrogen dissociation energy barrier is
calculated as 0.23 eV lower in the presence of Ni [149]. Li and Yang observed the
increase on the hydrogen uptake capacity of metal-organic-framework type material
(IRMOF) in the presence of Pt metal [132].
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Table 4.1. Hydrogen storage materials and reported adsorption/desorption
characteristics data
Table 4.1.a. Heat of hydrogen adsorption/desorption of storage materials
Material

NOTT-103

Pt/ACIRMOF
Pd/MIL-100
(Al)
Mn2+
decorated
MOF
In-based MOF

MOF-324

NU-125

10 wt% 9NiMg-Y added
MgH2
NiCMK/MgH2
Ni50Co/MOF74
†

Ni decorated
h-BN
†Theoretical

Storage
Capacity
, wt%
2.56 (1
bar, 78
K)
4.0 (100
bar, 298
K)
1.3 (4
MPa, 77
K)
6.9 (90
bar, 77
K)
2.61 (78
K, 1.2
bar)
4.2 (77
K, 79
bar)
8.8 (100
bar, 77 K
to 5 bar,
160 K)
5.0 (350
o
C, 500
s)
5.5

Heat of
Adsorption/Desorption
, kJ/mol
4-6

3.0 (14
bar, 77
K)
3.0

10.0

Notes

Reference

[131]

20

[132]

[133]

10.1

@ Maximum
Capacity

[134]

6.5

Independent of
coverage

[154]

6.2

Near zero
coverage

[155]

5.1

Calculated

[156]

78

Measured
desorption
enthalpy
Calculated
desorption
enthalpy
Initial

[157]

74.7

38.6-49.2

(DFT) studies
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[137]

[158]

[159]

Table 4.1.b. TPD based H2 release temperatures of storage materials
Material
2LiBH4MgH2/CS
2LiBH4LiAlH4/RFC
LiBH4
MgH2+V
Ni-CMK/MgH2
MgH2+NbF5
CeH2.73-MgH2-Ni
MgH2+5.0 wt
CeO2
9Ni-Mg-Y/MgH2
(D1)
†
Sc-Graphene
MWCNT/SnO2
†Theoretical

Storage
Capacity, wt%
7.5 (@ 400 oC)
5.7 (reversible,
350 oC, 50 bar)
5.0
5.5
5.5
3.5
4.0
4.0

H2 release temperature
(peak temperature), oC
150 (starts)
327 (main)
120 (starts)
280 (main)
470,
200 (SiO2 addition)
235
245
280
232
375

Reference

210 (starts)

[161]

124 - 391
220-510

[162]
[163]

3.5 (350 oC, 8
min)
8.0
0.8

[141]
[142]
[160]
[136]
[137]
[138]
[139]
[140]

(DFT) studies

Table 4.1.c. Hydrogen solid surface bond energies of storage materials.
Material

Storage
Capacity, wt%
8.0
7.5
8.0
9.0

Hydrogen solid surface
bond energy, kJ/mol
16.4
28.9
43.4
5.8-17.3

Reference

MWCNT/SnO2

0.8

32.8-46.3

[163]

†

9.3

19.3-25.1

[167]

6.8

1.9-80.1

[168]

7.2

5.8-20.7

[169]

†

Sc-Graphene
Sc-C60
†
Ti-SWNT
†
Li12C60
†

Li decorated
Be3C2
†
Mg/Mg2Ni
interface
†
Ti-doped BNNT
†Theoretical

(DFT) studies
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[162]
[164]
[165]
[166]

Hydrogen spillover is defined as the migration of dissociated hydrogen from a
hydrogen-rich phase to a hydrogen poor-phase [170]. The phenomenon was first
observed through the change of color of WO3 from yellow to blue in the presence of
Pt/Al2O3 [171]. Later, Kramer and Andre demonstrated that hydrogen spillover is an
activated surface diffusion process [172]. Roland et al. discussed the proposed ideas
on the chemical nature of the spilled over hydrogen species such as atomic H, H+,H+H- ion pairs, and H3+ and concluded in the light of electrical conductivity and Electron
Spin Resonance (ESR) spectroscopy measurements that spilled over hydrogen species
is electrically charged. Moreover, H atoms and H+ ions coexisted on the support
surface [173], [174]. The experimental methods used include 1H Nuclear Magnetic
Resonance (NMR) [175]–[177] for quantitative identification of adsorbed hydrogen
species in different chemical environments, IR [178]–[180], for observing the H-D
exchange process, ESR [181], for determining the charge of the noble metal
(especially Pt), Inelastic Neutron Scattering (INS) [182]–[184], for the identification
of the chemical nature of spilled over hydrogen over support material, and temperature
programmed analysis [185]–[187] to study the relation of adsorption-desorption
characteristics of the hydrogen with temperature over supported metal catalysts.

Hydrogen spillover is exploited in many industrially important reactions such as
hydrocracking and hydroprocessing [188]–[190]. In recent years, it was demonstrated
that spilled over hydrogen can also play a crucial role in hydrogen storage technologies
[132], [191], [192], Fischer-Tropsch [193], [194] and ammonia synthesis [45], [195]
reactions. The studies reported in the literature indicated that, metal particle size [196],
[197] presence of hydroxyl groups on the support surface [198], reduction temperature
of catalyst [185], and support type [199] influence the rate and amounts of spilledover H2. Effect of support type on the adsorption-desorption characteristics of
hydrogen were studied over various supports [132], [173], [185], [200]. Although the
experimental evidence surmounts for hydrogen spillover over supported metal
catalysts, the chemical nature and mechanism of the process, especially over non-
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reducible support materials, are still waiting to be clarified.

DFT studies report storage capacities and energies of hydrogen atom over a variety of
support materials [162], [164]–[169], [201]. Hydrogen spillover on defect free nonreducible oxides such as MgO and SiO2 are reported to be energetically impossible
[202], [203] while contrary findings are also reported [204]–[206]. Spreafico et al.
proposed that the main parameters that influence the spillover rate over Pt/TiO2 and
Pt/Al2O3 were the hydrogen partial pressure and thickness of support material [206].
While TiO2 had a homogeneous spilled over hydrogen coverage due to that spillover
rate was not affected by co-adsorbed water molecules and faster compared to
Ti(III)/proton migration process, spilled over hydrogen can go up to a few atomic
distance from Pt metal particles in the presence of Al2O3 due to having similar
diffusion and desorption rates of hydrogen.

In this study, the effect of metal particle size and support material type in terms of H2
adsorption-desorption characteristics, including surface migrations, over Ru/SiO2 and
Ru/Vulcan materials are reported. Volumetric chemisorption experiments and HRTEM were used to determine the average metal particle sizes of Ru metal. Temperature
programmed analysis techniques were applied to reveal the reduction, H2 uptake and
release characteristics of the catalysts. Experimental results were evaluated in the
framework of hydrogen uptake and release conditions of supported Ru hydrogen
storage materials.

4.2
4.2.1

Results and Discussion
Dispersion of Ru Particles over Ru/SiO2 and Ru/Vulcan catalysts

HR-TEM images of 1, 3, and 5 wt% Ru/SiO2 catalysts were given in Figure 4.1. The
particle size distributions of the Ru/SiO2 catalysts with different metal loadings were
given in Figure 4.2. Although some agglomerations were observed in the HR-TEM
images of 3 and 5 wt% metal loadings, generally Ru metal distributions were uniform.
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HR-TEM images indicated that the average Ru metal particle size increased with
increasing metal loading. The average particle diameters of 1, 3, and 5 wt% Ru/SiO2
were determined as 1.2, 2.1 and 2.5 nm, respectively.

a)

b)

c)

Figure 4.1. HR-TEM images of a) 1 wt% Ru/SiO2, b) 3 wt% Ru/SiO2, c) 5 wt%
Ru/SiO2
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Figure 4.2. Ru metal particle size distributions of Ru/SiO2 catalysts

HR-TEM images of Ru/Vulcan catalysts were given in Figure 4.3. HR-TEM images
of Ru/Vulcan catalysts exhibited well dispersed Ru metal nanoparticles. In addition,
some agglomerated particles were observed with increasing metal loading. In Figure
4.4, the average Ru metal particles size distribution of 1, 3 and 5 wt% Ru/Vulcan
catalysts determined from HR-TEM images were given. Similar to the Ru/SiO2, the
average diameter of Ru metal particles were increased with increasing metal loading.
The average particle diameters of 1, 3, and 5 wt% Ru/Vulcan were determined as 2.1,
6.3 and 9.4 nm, respectively.
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a)

b)

c)

Figure 4.3. HR-TEM images of a) 1 wt% Ru/Vulcan b) 3 wt% Ru/Vulcan, c) 5 wt%
Ru/Vulcan
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Figure 4.4. Ru metal particle size distributions of Ru/Vulcan catalysts

4.2.2

Temperature Programmed Analysis

4.2.2.1 Temperature Programmed Reduction
Ru/SiO2
H2-TPR patterns of 1,3, and 5 wt% Ru/SiO2 materials were given in Figure 4.5 in the
flow of H2 in Ar (%10 H2) at a flow rate of 25 ml min-1 and with a 5 oC min-1
temperature ramp. All the Ru/SiO2 materials have a sharp peak at 194 oC, which was
attributed to the reduction temperature of Ru salt (Ru(NO)(NO3)3) located inside the
pores of SiO2 support. Nurunnabi et al. also reported that the reduction of Ru nitrosyl
nitrate precursor over Al2O3 occurred at 199 oC [207]. In addition to this, all catalysts
had a small peak before the peak at 194 oC, which may be attributed to the easily
accessible Ru salt particles compared to the particles reduced at 194 oC. When the
hydrogen consumption amounts were examined in terms of required hydrogen
amounts in order to reduce Ru salt, it can be seen that, consumed hydrogen amounts
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were higher than theoretical hydrogen amounts. Quantitative analysis of this process
is given in Table 4.2

Figure 4.5. Temperature Programmed Reduction of 1,3 and 5 wt% Ru/SiO2
catalysts.

Table 4.2. H2 consumption amounts of fresh Ru/SiO2 catalysts during H2-TPR

1 wt% Ru/SiO2
3 wt% Ru/SiO2
5 wt% Ru/SiO2

H2 Consumption for
Ru(NO)(NO3)3 reduction,
mol/gcatalyst
2.56x10-3
3.41x10-3
5.38x10-3

Theoretical H2 Consumption,
mol/gcatalyst
3.96x10-4
1.19x10-3
1.98x10-3

Ru/Vulcan
In Figure 4.6, H2-TPR profiles of 1, 3, and 5 wt% Ru/Vulcan catalysts were given.
Two peaks were observed in the H2-TPR patterns of Ru/Vulcan catalysts. The peak
observed at 190 oC (for 1 and 5 wt% Ru/Vulcan materials 203 oC) can be attributed to
the reduction of Ru(NO)(NO3)3. Another broad peak centered at 540 oC was also
observed. The amount of hydrogen consumption during H2-TPR analysis were
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determined (see Table 4.3) and the results revealed that hydrogen consumption
amounts were higher than the required amount of hydrogen to reduce the Ru metal
over the Vulcan support. The higher amount of hydrogen required for reduction is
attributed to the reduction of carbonyl (1840 cm-1) and hydroxyl (1382 cm-1) groups
formed over Vulcan support during impregnation, identified by ATR-IR spectroscopy
as shown in Figure 4.7.

Figure 4.6. Temperature Programmed Reduction of 1,3 and 5 wt% Ru/Vulcan
catalysts.

Table 4.3. H2 consumption amounts of fresh Ru/Vulcan catalysts during H2-TPR

1 wt% Ru/Vulcan
3 wt% Ru/Vulcan
5 wt% Ru/Vulcan

H2 Consumption for Ru(NO)(NO3)3
reduction, mol/gcatalyst
9.64x10-3
2.38x10-2
1.87x10-2
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Theoretical H2
Consumption, mol/gcatalyst
3.96x10-4
1.19x10-3
1.98x10-3

Figure 4.7. ATR-IR spectra of a) pure Vulcan, b) fresh 1, 3, and 5 wt% Ru/Vulcan
catalysts, c) 1, 3, 5 wt% Ru/Vulcan catalysts after H2-TPR, TPD and O2-titration
experiments
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4.2.2.2 Temperature Programmed Desorption and O2-Titration
TPD behavior observed in this study is consistent with the similar results in the
literature. A low temperature peak attributed to desorption from the metal and a high
temperature peak attributed to desorption from the support were consistently observed
and reported [185], [187], [208]–[210].
Ru/SiO2
TPD profiles of the Ru/SiO2 catalysts were given in Figure 4.8. All of the catalysts
exhibit a broad desorption peak at low temperatures (150 – 195 oC). This broad peak
never reached the baseline for high metal load samples. For the sample with 1 wt%
Ru, a desorption peak centered at 548 oC was also recorded, for over 3 and 5 wt%
Ru/SiO2 catalysts, a second desorption process was initiated at the later stages, but due
to the instrumental limitations, the full behavior could not be observed.

Figure 4.8. Temperature Programmed Desorption profiles of Ru/SiO2 materials.

Adsorbed(consumed)/desorbed amount of hydrogen during TPD, O2-titration and H2chemisorption analyses of Ru/SiO2 catalysts were compared in terms of their H/Ru
ratios for Ru/SiO2 (Table 4.4) and Ru/Vulcan (Table 4.5). All of the methods indicated
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a decrease in dispersion with increased metal loading. The absolute dispersion values
determined from oxygen titration and HR-TEM results were in closed agreement. The
total amount of hydrogen desorbed from the material was also given in the same table
in terms of H/Ru Ratio. It is seen that, over Ru/SiO2, the total hydrogen desorbed is
not too much, and the amount does not depend on dispersion, suggesting that spillover
is not substantial over this material.

Table 4.4. Ru metal dispersions of Ru/SiO2 catalysts obtained from different
methods.
Ru, wt%
1
3
5

H/Ru from
TPD
0.59
0.56
0.50

O2 titration,
%
74
42
38

H2-chemisorption,
%
22
10
7

HR-TEM,
%
83
48
40

Ru/Vulcan
TPD profiles of Ru/Vulcan catalysts were given in Figure 4.9. Two hydrogen
desorption process were observed: one at a low temperature (around 100 oC) and
another one at a high temperature (around 400 oC). When a Redhead analysis [211]
on the low temperature desorption peak shown in Figures 4.8 and 4.9, attributed to
desorption from the metal sites, with a choice of desorption pre-exponential of 1013
for a mobile desorption, approximately 100 kJ/mol desorption activation energy was
obtained. The high temperature peaks exhibited similar shapes for all Ru/Vulcan
materials. Low temperature peak of 3 wt% Ru/Vulcan was significantly higher in area
than the corresponding peaks of 1% and 5% samples.
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Figure 4.9. Temperature Programmed Desorption profiles of Ru/Vulcan materials.

The comparison of adsorbed(consumed)/desorbed amount of hydrogen obtained from
TPD, O2-titration and H2-chemisorption methods for Ru/Vulcan catalysts were given
in Table 4.5. When Table 4.5 was analyzed, it was seen that H/Ru ratio decreased with
increasing Ru metal loading. On the other hand, it was obvious that the H/Ru obtained
from TPD analysis one order of magnitude higher than the other analysis methods.
The high H/Ru ratio can be indication of desorption of hydrogen not only from the Ru
metal surface but also from the support surface. This argument can be supported with
the observation of high temperature peaks in Figure 4.9, which can represent the back
diffusion of spiltover hydrogen species from support surface to metal surface at high
temperatures.

Table 4.5. Ru metal dispersions of Ru/Vulcan materials obtained from different
methods
Ru, wt%
1
3
5

H/Ru
from TPD
4.75
4.78
2.14

O2-titration,
%
84
70
16
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H2-chemisorption,
%
28
5
4

HR-TEM,
%
48
16
11

Ru metal dispersions of Ru/Vulcan materials obtained from O2-titration, HR-TEM and
volumetric chemisorption analysis methods were given in Table 4.5. The dispersion
data obtained from these three different methods agree slightly, probably due to the
support related influences during O2-titration and hydrogen chemisorption.

.
Figure 4.10. Differential heats of adsorption of hydrogen on 1 wt% Ru/Vulcan at 50
o
C
In order to differentiate hydrogen on the metal and over the support, adsorption
calorimetry measurements were conducted. Coverage dependent differential heats of
adsorption over 1 wt% Ru/Vulcan are shown in Figure 4.10. The initial heat of
adsorption was approximately 100 kJ/mol H2, attributed to Ru sites. This value is
consistent with the desorption activation energy obtained by Redhead analysis of the
low temperature TPD peaks for both Ru/SiO2 and Ru/Vulcan. The measurements at
increasing coverages indicated a linear decrease in adsorption heats with coverage,
until approximately H/Ru ratio was 2. At this coverage, the heats of adsorption were
around 10 kJ/mol, indicating a weakly bound state. The isosteric heat of adsorption
value of hydrogen on transition metal “promoted” storage materials were reported to
be between 4 – 20 kJ/mol [131], [132], [134], [154], [155]. On the other hand, the
condensation enthalpy of hydrogen at 20 K and atmospheric pressure was reported as
0.891 kJ/mol [212]. The comparison of the results of adsorption microcalorimetry and
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literature findings indicated that the heat of adsorption of hydrogen value are nearly
same with the multilayer adsorption of hydrogen over material surface at high
hydrogen coverages. In addition to experimental studies, DFT studies also showed
that while first hydrogen molecule was dissociately adsorbed on the Pt/SWCNT
material, the other hydrogen molecules were adsorbed molecularly on the Pt/SWNT
with an increase in H-H bond length [201].

High temperature peaks observed during H2 TPD experiments indicate a slow and/or
highly activated desorption process. Along the same lines with the similar studies in
the literature (e.g. ref. [172]), we propose that once dissociated hydrogen leaves the
metal and is on the support, its migration will be by diffusion. The reversal of the
adsorption, i.e. desorption, will proceed through diffusion as well, but still requiring
metal sites for associative desorption (Figure 4.11). High amounts of hydrogen uptake
by carbon-based materials in the presence of noble metals was attributed to C-H bond
formation [202]. We will particularly note here the XPS study by Bhomwick et al.
[213]: Using C 1s region of XPS spectra, they showed C-H bond formation through
the suppression of sp2 hybridization (C-C bonding) with concurrent increase in sp3
hybridization upon hydrogen exposure over Pt/SWCNT catalyst.

Figure 4.11. Hydrogen release at lower hydrogen coverages is diffusion limited,
requiring higher temperatures.
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4.3

Chapter Summary

The question addressed in this part of the study was to investigate the fundamentals
of the hydrogen adsorption and desorption over various support materials promoted
with Ru.

It was observed that the dissociated hydrogen migration by spillover is a

slow process and desorption of spilled over hydrogen may require excessive
temperatures (while MgH2 releases hydrogen at 300 oC and above, Ru/SiO2 and
Ru/Vulcan based materials need 450 oC and above). The results of hydrogen
adsorption by calorimetry performed at 50 oC indicated that after the precious metal
surface layer saturates, hydrogen adsorption heat values decrease, but still higher than
the heat of condensation of H2. In other words, the process is no longer governed by
adsorption and migration of the dissociated hydrogen only but also by the multilayer
adsorption of hydrogen.
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CHAPTER 5

5

5.1

SUPPORT EFFECTS IN AMMONIA SYNTHESIS3

Introduction

Ammonia synthesis by Haber-Bosch process consumes ~ 2% of the world energy
annually. As a result, it is one of the most energy intensive industrial chemical
processes [112], [214]. Primary consumer of synthetic ammonia is the fertilizer
industry[1], [7]. Ammonia is also being considered as a hydrogen storage material, as
a feedstock for CO-free hydrogen production [215], [216]. The challenge of ammonia
synthesis remains to be finding an active catalyst that can improve rates at lower
temperatures.
N + 3H

⇌ 2NH

Equation 5.1

Ammonia synthesis reaction (Equation 5.1) is a thermodynamically limited reaction.
Besides, it is established that the rate-determining step of ammonia synthesis reaction
is the dissociation of nitrogen step [29], [33], [37], [217], [218]. The following steps
in the reaction mechanism are the subsequent hydrogenation of dissociated nitrogen
molecules, which are in equilibrium. Therefore, the ammonia synthesis rate can be
expressed as the nitrogen activation rate (adsorption rate of N2 to catalytic metal
surface) on the catalyst surface. If a general ammonia synthesis rate expression is
derived based on the mechanism of ammonia synthesis over a catalytic surface
proposed in the literature [37], [217] assuming Langmuir-Hinshelwood model, it is
seen that the concentrations (partial pressures) of both H2 and NH3 are appeared in the
denominator. It means that hydrogen and ammonia poison the ammonia synthesis
reaction. In addition, there are several studies in the literature that reported semi3

This chapter is prepared for publication in “Applied Catalysis A: General” with the co-authors of
“M.Y.Aslan, S. Akbayrak, S. Özkar, and D. Uner”
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empirical ammonia synthesis rate expressions which indicate the poisoning of the
ammonia synthesis reaction by ammonia and hydrogen [29], [31], [33], [34], [116],
[218]. In a more detailed perspective: when the partial pressure of hydrogen increases,
the surface coverage of hydrogen increases over the catalyst surface depending upon
the adsorption equilibrium constant of hydrogen. On the other hand, the poisoning
effect of ammonia is originated from the surface coverage of ammonia. Ammonia is
synthesized during the reaction as a product. As a result, the source of the gas phase
ammonia is the ammonia coverage on the catalyst surface. In addition, increase of the
surface coverage of ammonia also increases the reverse rate of ammonia synthesis
reaction.
Ruthenium is the most active metal among ammonia synthesis catalysts in terms of
nitrogen activation at same operating conditions [33], [52], [74], [219], [220]. The
ammonia synthesis rates and corresponding apparent activation energies reported in
the literature at high temperature (300 – 400 oC) and atmospheric pressure conditions
are summarized in Table 6.1 and 6.2. However, the studies reported in the literature
reveal that the apparent activity of ruthenium catalysts are in the same order of
magnitude with iron [33]. On supported Ru catalysts, the poisoning effect of hydrogen
become more prominent [31], [51], [55], [65], [195]. However, the inhibition effect of
ammonia can also be another parameter that influences ammonia synthesis rate.
Rosowski et al. reported ammonia synthesis rate expressions based on power law
kinetics and showed that ammonia inhibited the ammonia synthesis reaction over
supported Al2O3 and MgO supported Ru catalysts, respectively. [65]. On the other
hand, Siporin and Davis studied on the ammonia synthesis kinetics using power law
kinetics over Ru/MgO catalyst that ammonia nearly has no effect on the ammonia
synthesis rate [51]. In addition to the poisoning effect of synthesized ammonia on the
catalyst (Ru) surface, the possibility of inhibition effect of ammonia retained on the
support surface is an open question.
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Table 5.1. Ammonia synthesis reaction rates, TOF values and the related operating
conditions reported in the literature over supported Ru based catalysts

Reference

Catalyst

Ru
loading,
wt%

[19]

Ru/Al2O3

5.0

[19]

Ru/MgO

5.0

[43]

Cs-Ru/HT

10.0

[21]

Ru/MgO

8.0

[21]

Ru/BHA

8.0

[221]

Ru/KY

2.5

Operating
Condition
s
315 oC, 1
bar
315 oC, 1
bar
325 oC, 1
bar
380 oC, 1
bar
380 oC, 1
bar
400 oC, 1
bar

Flow
Rate
(H2:N2=
3:1),
mL/min

Catalyst
Amount,
g

Space
Time,
s

GHSV,
hr-1

Rate,
μmol
/gcat-h

TOFa,
s-1
(x10-4)

120

0.138

0.02

229000

89

0.3

120

0.138

0.02

229000

684

2.2

167

5.0

0.60

7000

377

0.5

60

0.20

0.05

77200

2017

2.3

60

0.20

0.05

77200

3497

3.3

40

0.3

0.20

15500

445

4.8

Table 5.2. The reported apparent activation energies of Ru based catalysts used for
ammonia synthesis reaction.
Reference
[220]
[58]
[58]
[222]
[223]
[51]
[51]
[31]

Catalyst
Ru/MgO
Ru/Al2O3
Ru-CsOH/Al2O3
K-Ru/MgO-CNT
Ru/BaX
La-Ru/MgO
Ru/MgO
Ba(Cs or K)-Ru/C

EA, kJ/mol
74
63
116
88
113
86
107
96

GHSV, hr-1
13900

31290
4800
90240
90240
50000

Conditions
1 bar, 270 – 350 oC
1 bar
1 bar
2 bar, 325 – 415 oC
20.7 atm, 350 – 420 oC
20.7 atm, 325 – 450 oC
20.7 atm, 325 – 450 oC
70-100 bar, 360 – 460 oC

Surface acidity of the support materials can be an important parameter on the ammonia
synthesis reaction rate which can be related with inhibition effect of ammonia [19],
[35], [80], [81], [224]–[226]. According to the studies in the literature, ammonia
formation rate in the presence of basic supports are reported to be higher than that of
in the presence of acidic supports. It is claimed that basic supports can provide more
electrons to Ru metal to dissociate nitrogen molecules effectively [19], [21], [35], [80],
[83], [226]. On the other hand, semi-empirical models for the reaction rate expressions
that ammonia synthesis reaction is poisoned by ammonia and hydrogen. The surface
characteristics of the support materials (either acidic or basic) would affect the surface
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coverage of ammonia so that the rate of ammonia formation can be affected
accordingly.
In the literature, in order to improve ammonia synthesis rate over various type of
catalysts, the unsteady state reactor operation were proposed as one of the solutions.
The suggested unsteady state reactor operations were constructed in two basis: i) the
removal of ammonia from the reaction environment using an appropriate absorbent
and ii) feeding the reactants in a pure and/or mixture form in a cyclic manner. In the
light of theoretically derived and published semi-empirical ammonia synthesis rate
expression in the literature, the possibility of removing the inhibitory effects of
ammonia and hydrogen over supported Ru catalysts (supports: zeolite-Y, HAp,
Vulcan Carbon) depended on the acidity of the support during ammonia synthesis
reaction is studied. In this framework, the density and the strength of the acidic sites
of support materials are measured using differential and single point heat of ammonia
adsorption experiments. Ammonia synthesis reaction rates are measured at 300 – 400
°C and atmospheric pressure over zeolite-Y, Vulcan and HAp supported Ru catalysts,
under steady and unsteady flow conditions.

5.2

Results and Discussion

The objective of the study is to investigate the possibility of reducing and/or
eliminating the inhibitory effects of ammonia and hydrogen over supported Ru
catalysts (supports: Zeolite-Y, HAp, Vulcan Carbon) depended on the type (acidity)
of the support material during ammonia synthesis reaction using an unsteady state
flow strategy. The poisoning effect of hydrogen over supported Ru catalysts are well
established. The acidity of the support material can be a parameter for the poisoning
of the catalyst by ammonia. The synthesized ammonia can accumulate on the support
and/or Ru metal surface. In this framework, differential and single point ammonia
adsorption experiments were performed to measure the strength and density of acidic
sites of the supports. Ammonia synthesis experiments were conducted in the presence
of supported Ru catalysts that having similar Ru metal dispersions to ensure that

66

ammonia formation rate was not affected by the Ru metal dispersion. Ammonia
synthesis reaction experiments were carried out under steady gas flow
(H2:N2:Ar=3:1:2) between 300 and 400 oC and atmospheric pressure. Following the
ammonia synthesis experiments under steady flow, total amount of ammonia that
accumulated on the catalyst surface was measured under Ar flow. The relation
between the total amount of synthesized ammonia within 1 h and total amount of
desorbed ammonia over the catalysts revealed the degree of inhibition by ammonia.
In order to reduce/eliminate the poisoning effects of both ammonia and hydrogen, an
unsteady state flow strategy (forced unsteady state) was proposed such that H2:N2=3:1
and pure N2 flows were send to the reactor as pulses. The unsteady state flow strategy
was tested in the presence of HAp supported Ru catalyst to demonstrate the revival of
the ammonia synthesis reaction that inhibited and stopped under steady flow
conditions.
5.2.1

Support Characterization

5.2.1.1 Support Acidity
The density and strength of acid sites of bare HAp were measured with two different
methods: i) single point ammonia adsorption using 5.0 % (vol.) NH3 in He gas
mixture, ii) differential heat of adsorption of ammonia using pure ammonia gas. The
results of ammonia adsorption performed on bare HAp material with two different
methods gave consistent results as shown in Figure 6.1. Therefore, single point heat
of ammonia adsorption experiments were also carried out for zeolite-Y and Vulcan
supports. Zeolite-Y and Vulcan supports adsorbed higher amounts of ammonia
compared to HAp as given in Table 5.3. On the contrary, higher energy release was
observed over HAp (28.3 kJ/mol) as compared to Zeolite-Y (7.3 kJ/mol) and Vulcan
(3.0 kJ/mol). This indicates the availability of sites with acidic nature over HAp
surface. These results are consistent with the reported studies in the literature revealing
that HAp represented amphoteric characteristics [227], [228].
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Figure 5.1. Heat of adsorption of ammonia over HAp at 323 K; • belongs to
differential heat of adsorption of ammonia, ∎ belongs to single point heat of
ammonia adsorption at 515 Torr.

5.2.1.2 Surface Area of Support
BET surface area, monolayer ammonia adsorption based on the BET surface area,
surface area of supports estimated based on ammonia coverage and the kinetic
diameter of ammonia were given in Table 5.3 which shows that surface area of HAp
material estimated based on ammonia coverage was in a good agreement with the BET
surface area. However, monolayer coverage of ammonia estimated from the BET
surface area of zeolite-Y and Vulcan were 7-10 times higher compared to
experimentally measured amount of ammonia coverage. In summary, single point
ammonia adsorption experiments indicate that while adsorbed ammonia covers 100%
of HAp surface, only 10-15% of the surface of Zeolite-Y and Vulcan is covered by
adsorbed ammonia.
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Table 5.3. Comparison of surface area of supports using BET and amounts of
adsorbed ammonia
BET surface Monolayer Amount of NH3
Energy
Surface Area
area of
coveragea,
adsorbed,
Released,
covered by
support,
mmol/g
mmol
kJ/mol
adsorbed NH3b ,
m2/g
NH3/gsupport
NH3
m2/g
Zeolite-Y
744
12.4
2.2
7.3
70.3
Vulcan
222
3.7
1.0
3.0
31.9
HAp
13
0.2
0.5
28.3
16.0
a
Monolayer NH3 adsorption coverage was calculated based on BET surface area of support with the
assumption of 1015 site/cm2 [211]
b
Surface area estimated using the experimentally measured NH3 adsorption on supports and kinetic
diameter of NH3 [229]
Support

5.2.2

Characterization of Ru Nanoparticles

HR-TEM images of Ru/Zeolite-Y, Ru/Vulcan and Ru/HAp (Fig. 5.2a-c) and
corresponding particle size distribution histograms (Figure 5.2d-f) show a uniform Ru
metal particle size distribution. In Table 5.4, metal loadings determined by ICP-OES
and Ru metal dispersions of the catalysts obtained by H2-chemisorption and HR-TEM
analyses are reported. H2-chemisorption based average particle size of the all catalysts
are in the range of 3.0 and 3.6 nm slightly bigger than that is estimated from TEM.

Table 5.4. Loading, dispersion and average particle diameter of supported Ru0
nanoparticles

Catalyst

Ru loading,
% wt.

Ru/Zeolite-Y
Ru/HAp
Ru/HAp
Ru/Vulcan

1.37*
3.96*
2.00*
1.0

Ru
dispersion,
%
(H2-chem.)
30
30
12
28

Average Ru
particle
size, nm
(H2-chem.)
3.3
3.3
8.3
3.6

*determined by ICP-OES analysis
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Ru metal
dispersion,
%
(HR-TEM)
18
25

Average
Ru particle
size, nm
(HR-TEM)
5.5±1.8
4.2±1.3

48

2.1±0.5

Figure 5.2. HR-TEM images of a) 1.37 wt% Ru/Zeolite-Y, b) 4.0 wt% Ru/HAp, c) 1.0
wt% Ru/Vulcan and corresponding particle size distribution histograms of d) 1.37
wt% Ru/Zeolite-Y, e) 4.0 wt% Ru/HAp, f) 1.0 wt% Ru/Vulcan
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5.2.3

Ammonia Formation Rates

Formation rates of ammonia is measured under steady flow of 100 ml/min H2:N2 (3:1)
between 300 and 400 oC and atmospheric pressure using a fixed bed reactor. Ammonia
synthesis activities reported in Table 5.5 indicate that the catalytic activity of
Ru/Vulcan and Ru/Zeolite-Y are similar, while Ru/HAp catalysts have lower
activities. Experimentally obtained nitrogen conversions over supported Ru catalysts
and equilibrium conversion of ammonia synthesis reaction given in Figure 5.3 shows
that the reaction is away from the equilibrium conditions. It must be mentioned here
that the rates measured on HAp supported catalysts are independent of metal loading.
The values reported in Table 5.5 are consistent with the reported values for
atmospheric pressure data given in Table 5.1. High pressure operating conditions [3638] and alkali promotion [31], [51], [54], [223], [230] or highly basic supports [81]–
[83], [225], [231] can give rise to higher rates than that were reported in Table 5.1.

Table 5.5. Initial NH3 formation rates over supported Ru catalysts (H2:N2:Ar=3:1:2)
Temperature,
°C
300
325
350
375
400
Apparent
activation
energies,
kJ/mol

Formation Rates, μmol NH3/gcat-h
Ru/HAp
Ru/HAp
Ru/Zeolite-Y
(2.0% wt. Ru) (4.0% wt. Ru) (1.37% wt. Ru)
49
103
304
169
127
323
229
304
308
261
321
332
299
329
468
92.2

63.7
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24.7

Ru/Vulcan
(1.0 wt. Ru)
249
250
316
349
422
22.4

Figure 5.3. Conversion vs. temperature graph of ammonia synthesis reaction over
supported Ru catalysts
The apparent activation energies calculated using Arrhenius plot over supported Ru
catalysts are also reported in Table 5.5. Apparent activation energies over Ru/ZeoliteY and Ru/Vulcan catalysts indicated possibility of mass transfer (diffusion) limitations
despite the significant precautions taken to overcome these barriers during the
experiments. This situation could be the result of the high porosity of Zeolite-Y and
Vulcan supports.
5.2.4

Degree of Ammonia Retention

The total amount of ammonia obtained in the reactor exit during one hour excursion
of the reaction is presented in Table 5.6. In the same table, post-reaction desorbed
ammonia is also reported. The highest and lowest amount of ammonia productions are
observed over 1.37 wt% Ru/Zeolite-Y and Ru/HAp catalysts, respectively. The
produced and desorbed amounts of ammonia over the catalysts are compared. While
the produced and desorbed amounts of ammonia have nearly equal values in the
presence of Ru/HAp catalysts, the produced amount of ammonia is higher than
desorbed amount of ammonia in the presence of Ru/Zeolite-Y and Ru/Vulcan. These
results indicate that significant amount of ammonia accumulation on the surface of the
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catalysts are determined, especially over Ru/HAp catalysts, which hint towards an
inhibition by ammonia over the catalysts.
Table 5.6. Total amount of NH3 production during one hour of the synthesis and
desorbed amounts after the reaction over supported Ru catalysts.

Temperature,
°C
300
325
350
375
400

Total amount of NH3, μmol NH3/gcatalyst
Ru/HAp
Ru/HAp
Ru/Zeolite-Y
Ru/Vulcan
(2.0% wt. Ru)
(4.0% wt.
(1.37% wt.
(1.0 wt. Ru)
Ru)
Ru)
produced

desorbed

produced

desorbed

produced

desorbed

produced

desorbed

60.0
115.0
100.0
123.0
96.0

125
117
108
67
75

83.0
75.0
130.0
80.0
160.0

35
65
155
120
90

387.0
265.0
141.0
263.0
212.0

150
155
100
115
100

156.0
118.0
73.0
107.0
200.0

145
95
80
75
100

The data presented in Table 5.6 are also reported as parity plots in Figure 5.4. A linear
correlation can be found between the amount of desorbed ammonia and total amount
of ammonia synthesized within 1 h over Ru/HAp catalysts (Figure 5.4.a) at various
temperatures. On the other hand, while the total amount of ammonia synthesized
increases with increasing temperature, the amount of desorbed ammonia remains
constant over Ru/Zeolite-Y and Ru/Vulcan catalysts (Figure 5.4.b). As a result, parity
plots reveal a higher degree of inhibition by ammonia over Ru/HAp catalysts
compared to Ru/Zeolite-Y and Ru/Vulcan.

Figure 5.4. Comparison of desorbed amount of ammonia and total amount of
synthesized ammonia during reaction tests a) 2 wt% HAp and 4 wt% HAp; b) 1.37
wt% Ru/Zeolite-Y and 1 wt% Ru/Vulcan (Reaction tests were carried out app. for 1
hr.)
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5.2.5

N2 Pulse Experiments

The removal of the ammonia accumulated on the surface of the catalysts and/or
decreasing the partial pressure of hydrogen in the reaction environment can enhance
the ammonia formation rates according to previously reported studies on the unsteady
state reactor operation of ammonia synthesis in the literature [74], [232], [233]. In
addition, Rambeau et al. published a series of papers for unsteady state ammonia
synthesis at high temperature and pressures using ruthenium and osmium powders
[33], [34]. Their ammonia synthesis rates were with cycles of hydrogenation of
preadsorbed nitrogen over ruthenium up to three orders of magnitude larger than the
corresponding steady state values. Similarly, Uner and Aslan [195] estimated up to
two orders of magnitude higher rates under incremental hydrogen feed flow
conditions. Improvement on the ammonia formation rates under pulse/cyclic flow of
reactants either in pure or mixture form was also demonstrated by several researchers
over various catalysts [75], [234]–[238]. In this framework, use of N2 pulses can
decrease/eliminate the inhibition by ammonia and hydrogen over supported Ru
catalysts. In this section, the results of the experiments that performed using unsteady
state (pulse) flow strategy intended to remove inhibition by ammonia will be
presented.
Ammonia synthesis activity measured under the flow of H2:N2 (3:1) is shown in Figure
5.5. Also in the same figure, N2 pulses cycled with a time-period of 10 min and steady
state H2:N2 (3:1) flow conditions were compared. Ammonia synthesis activity under
steady state flow conditions decreased until no activity was observed after about 2 h.
However, the production of ammonia under unsteady state flow conditions did not
exhibit such inhibitions. After each nitrogen pulse, a constant ammonia production
was measured under H2:N2=3:1 flow.
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Figure 5.5. Cumulative ammonia synthesis with time under pulse flow (H2:N2=3:1 –
10 min & N2 – 10 min, 100 mL/min) and steady state flow (H2:N2=3:1, 100 mL/min)
conditions over 2.0 wt% Ru/HAp at 400 °C. The dashed-vertical lines correspond to
end of H2:N2=3:1 flow, the straight-vertical lines correspond to end of pure N2 flow
under pulse flow

Whether the activity loss under steady state flow was due to surface modifications of
the support was investigated using IR spectra of fresh and used Ru/HAp catalysts.
Particular attention was paid if there was any change in the concentration of the
phosphate ions located on the HAp surface. The IR spectra of fresh and used Ru/HAp
catalysts shown in Figure 5.6 indicated no significant change in the concentration of
phosphate ions (1200 – 900 cm-1 and 700 – 400 cm-1).

Figure 5.6. IR spectra of fresh and consumed 4 wt% Ru/HAp catalysts
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Figure 5.7. Ammonia synthesis reaction over 2.0 wt% Ru/HAp operated under firstly
at steady state flow conditions, followed by pulse flow conditions at 400 oC and
atmospheric pressure.
In Figure 5.7, ammonia synthesis reaction over 2.0 wt% Ru/HAp was carried out
initially at steady flow conditions under 25 mL/min reactant flow (H2:N2=3:1) at 400
C and atmospheric pressure. No activity was observed after 50 min under steady state
flow condition. At that moment, N2 pulse was given for 10 min, followed by a pulse
of H2:N2=3:1 flow. The recovery of ammonia synthesis after the nitrogen pulse was
observed (Figure 5.7).
Moreover, ammonia adsorbs very strongly over HAp support surface revealed by the
single point ammonia adsorption experiment reported in the previous sections. On the
other hand, ammonia synthesis activity over the same catalyst could proceed under
flow of H2:N2 and N2 pulses for 3 hours (Figure 5.5). The deactivated ammonia
synthesis catalyst could be re-activated with switching from steady state flow to pulse
flow (Figure 5.7). These results indicate that the type (acidity) of the support has an
important role on the activity of supported Ru catalysts due to the ammonia coverage
on the surface of the catalyst. In the same direction, Cussler and his coworkers applied
a strategy to remove the synthesized ammonia from the reaction environment by
absorbing the ammonia in an absorbent to shift the ammonia synthesis reaction to
forward direction (product side) [77], [239]–[241]. In this study, a similar strategy,
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removal of the synthesized ammonia from the reaction environment, is applied to
decrease the ammonia coverage over supported Ru catalysts by feeding pure N2 pulses
to the reactor. As a result, pulse flow strategy to enhance the ammonia synthesis rates
can be applied due to decreasing the poisoning effects of hydrogen and ammonia.

5.3

Chapter Summary

Ammonia synthesis reaction was carried out at high temperature and atmospheric
pressure conditions over Zeolite-Y, HAp, and Vulcan supported Ru catalysts. The
differential and single point ammonia adsorption experiments showed that HAp
support material has monolayer ammonia coverage with a relatively high-energy
release while Zeolite-Y and Vulcan supports had lower ammonia coverage with low
amount of energy release. Total amount of synthesized ammonia and amount of
desorbed ammonia after obtained ammonia synthesis experiments showed that the
degree of inhibition by ammonia is higher over Ru/HAp catalysts compared to
Ru/Zeolite-Y and Ru/Vulcan due to acidic nature of HAp surface. Forced unsteady
state conditions imposed on the reactor by giving periodic N2 pulses could sweep
ammonia adsorbed on the surface and decrease the surface coverage of ammonia,
increasing productivity by suppressing ammonia inhibition.
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CHAPTER 6

6

NH3 SYNTHESIS over Co3Mo3N UNDER TIME INTERRUPTED
CONDITIONS4

6.1

Introduction

Ammonia production is one of the most energy intensive chemical processes and it
consumes approximately 2% of the world energy production [112], [214]. One of the
main operating costs that influence the price of ammonia is the cost of hydrogen.
According to the analysis of U.S. Department of Energy (DOE) in one of their reports,
the percent cost of H2 per ton of produced NH3 is about 70% [242]. Moreover,
according to the estimation of International Energy Agency, 70% of CO2 emissions is
sourced from the common production method of hydrogen, steam methane reforming,
is the raw material of ammonia manufacturing [243].
So far in this thesis, it is established that catalytic ammonia synthesis reaction is
poisoned by hydrogen [32], [51], [65]. Zeinalipour et al. carried out a study on the
mechanism of ammonia synthesis reaction over Co3Mo3N catalyst using DFT[244]
and showed that Eley-Riedal/Mars van Krevelen mechanism is energetically favorable
compared to Langmuir-Hinshelwood mechanism which both of the mechanisms
include the hydrogen adsorption step. In contray to this fact, Kojima and Aika reported
an ammonia synthesis rate expression over Co3Mo3N catalyst at 673 K and 31 bar
operation conditions based on power law kinetics that the order of hydrogen was 0.8
[87]. Therefore, the effect of partial pressure of hydrogen on the ammonia formation
rate over Co3Mo3N catalysts is in a conflicting situation. In this circumstance, a
question can be asked as to whether limiting the use of hydrogen (in terms of sending
4

This chapter is prepared for publication in Faraday Discussions with the co-authors “M.Y.Aslan, J.S.
Justin Hargreaves, and D. Uner”. Abstract is submitted to “Reaction Mechanism in Catalysis: Faraday
Discussions” which will be held on 22-24th, April 2020
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to the reactor) can improve the bottlenecks of ammonia synthesis using an unsteady
state reactor operation strategy over Co3Mo3N catalysts.
Unsteady state reactor operation was suggested in the literature for ammonia synthesis
over various types of catalysts in order to improve the efficiency of the reaction [33],
[234], [235], [238]. Some rate improvements were achieved in all of the studies at
different cyclic operation conditions based on the type of the catalyst. Furthermore,
Cussler and coworkers studied the absorption of synthesized ammonia on an
absorbent. Their studies showed that supported absorbents (e.g. MgCl2 supported on
zeolite-Y) can be used in a packed column instead of using a high pressure condenser
in order to separate ammonia at high temperature and low pressure process conditions
[77], [78], [245]–[247].
Co3Mo3N catalysts are promising for application as a nitrogen transfer agents. It was
known from the earlier studies that molybdenum nitrides possess activity for ammonia
synthesis [248], [249]. Volpe and Boudart showed that high surface area Mo2N
materials can be synthesized using temperature programmed reaction of MoO3 and
NH3, which is named ammonolysis, between 25 oC to 710 o C [84]. They emphasized
that a low value of temperature ramp should be selected such as 0.01 oC/second during
the ammonolysis reaction to obtain high surface area Mo2N. Kojima and Aika [87]
used Co3Mo3N for ammonia synthesis and observed significant NH3 synthesis rates at
300-400 oC and atmospheric pressure. Kojima and Aika also reported the apparent
activation energy of ammonia synthesis over Co3Mo3N as 56 kJ/mol between 315 and
400 °C and 31 bar[87]. Hargreaves and coworkers showed while ammonia synthesis
reaction under flow of H2:N2 can be carried out for longer times, in the presence of
Ar:H2 flow initially ammonia production was observed then the productivity of the
catalyst disappeared due to phase change from Co3Mo3N to Co6Mo6N [89], [90],
[250]. They also reported the regeneration of Co6Mo6N to Co3Mo3N [91]. Recently,
Zeinalipour-Yazdi et al. worked on the mechanism of ammonia synthesis over
Co3Mo3N using DFT calculations [244], [251], [252]. The results of DFT calculations
showed that the ammonia synthesis reaction should proceed over Co3Mo3N obeying
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Mars-van Krevelen mechanism due to that it has the lowest energy required reaction
pathway [244].
The studies in the literature showed that ammonia synthesis reaction can be carried
out at lower H2:N2 ratios (H2:N2 < 3.0) due to that hydrogen adsorption to catalytic
surface is not a rate determining step. In this study, the possibility of operating the
ammonia synthesis reaction over Co3Mo3N at lower H2:N2 ratios is investigated in
terms from the perspective of economics of the ammonia production process. In this
scope, hydrogen adsorption characteristic over Co3Mo3N surface is determined at
different temperatures. Steady state ammonia synthesis experiments were performed
at different H2:N2 ratios in the light of H2 adsorption experiments. Forced unsteady
state ammonia synthesis experiments were performed to verify that higher ammonia
synthesis rates can be obtained in the presence of intermittent hydrogen pulses in the
light of steady flow experiments.

6.2
6.2.1

Results and Discussion
Characterization

6.2.1.1 XRD and Elemental Analysis
The XRD pattern of Co3Mo3N material is given in Figure 6.1. The main peak that
determine the formation of Co-Mo-N structure is obtained at 42.4o. The other peaks
observed in the XRD pattern are labeled with their corresponding planes as given in
JCPDS-ICDD standard (Co3Mo3N: 89-7953) which are in agreement with the
literature [85], [89].
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Figure 6.1. XRD Pattern of Co3Mo3N (the peaks marked with a diamond belong to
Co3Mo3N)
Elemental analysis of Co3Mo3N given in Table 6.1 showed that the theoretical and
experimentally measured amount of nitrogen is in reasonable agreement. When the
data given in Figure 6.1 and Table 6.1 were evaluated together, it can be said that
Co3Mo3N was successfully synthesized.
Table 6.1. Elemental analysis results (nitrogen content) of Co3Mo3N
Material

MW, g/mol

Co3Mo3N

478.52

Theoretical,
%
N
2.93

Experiment 1,
%
N
2.70

Experiment 2,
%
N
2.70

6.2.1.2 Temperature Programmed Reduction
H2-TPR profile of Co3Mo3N catalyst is given in Figure 6.2 under flow of H2 in Ar (10
% H2 in Ar) at a rate of 25 mL/min with a temperature ramp of 10 oC/min. It is
observed two peaks at 475 oC and 495 oC, respectively. The hydrogen consumption is
calculated as 3.0x10-3 mol H2 gcatalyst-1 using the calibration experiment of reduction of
Ag2O to Ag (the calculation details is given in Appendix G).
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Figure 6.2. H2-TPR pattern of Co3Mo3N

It is known that the surface of Co3Mo3N catalyst is passivated with oxygen as a part
of the preparation procedure. The possible oxide structures on the oxidized surface
can be said as CoO, MoO3, and CoMoO4. In this framework, the consumed amount of
hydrogen can be compared with the amount of oxygen sites on the surface of the
oxides to determine which type of oxide can be dominant on Co3Mo3N surface before
reduction. In Table 6.2, the required amount of hydrogen for reduction of each
possible oxide type given. It is noted that BET surface area of passivated Co3Mo3N
catalyst is measured as 9 m2 g-1. The values in Table 6.2 is lower compared to amount
of H2 consumption during H2-TPR experiment. Therefore, the peaks can be attributed
to both the reduction of surface oxide species and atomic nitrogen species on the
structure of Co3Mo3N.
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Table 6.2. Comparison of required amount of H2 to reduce the possible oxides on
passivated Co3Mo3N surface

a

Oxide type

Crystal Structure

CoO

Simple cubic

MoO3

Orthorhombic

CoMoO4

Orthorhombic

a

Amount of oxygen sites,
O sites/cm2
0.55x1015
1.70x1015 (Plane 1)
0.58x1015 (Plane 2)
0.54x1015 (Plane 1)
0.48x1015 (Plane 2)

Required amount of H2,
mol H2/gcatalyst
8.2x10-5
2.5x10-5
8.7x10-5
8.1x10-5
7.2x10-5

The amount of oxygen sites per cm2 is calculated using the crystal structures of the oxides

6.2.1.3 H2 Adsorption Isotherm

Figure 6.3. H2 adsorption isotherms of Co3Mo3N at 25 oC, 50 oC, and 100 oC

H2 adsorption isotherms of Co3Mo3N catalyst at 25 oC, 50 oC and 100 oC given in
Figure 6.3 show that the amount of H2 adsorption with temperature decreases. In
addition, a plateau is observed after 100 Torr H2 pressure especially at 373 K. This
plateau is interpreted as the saturation of the catalyst surface with strongly bound
hydrogen.
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6.2.2

Kinetic Studies

6.2.2.1 NH3 Synthesis Experiments under Steady State Flow
Ammonia formation rates experiments measured between 400 – 475 °C and
atmospheric pressure are given in Table 6.3. The apparent activation energy calculated
from the kinetic data is also given in Table 6.3. The reported ammonia synthesis rate
over Co3Mo3N in the literature was 167 μmol/gcat-h at 400 oC[89]. The low ammonia
synthesis rate at 400 oC reported in Table 6.3. can be justified with the experimental
operating conditions such as space velocity.
Table 6.3. Measured ammonia formation rates and calculated apparent activation
energy over Co3Mo3N catalyst
Temperature,
°C
400
425
450
475

Ammonia Formation
Rate, μmol/gcat-h
115
182
330
571

Apparent Activation Energy,
kJ/mol
89.9

6.2.2.2 NH3 Synthesis Experiments at Different H2:N2 Ratio
Ammonia synthesis rate measurements performed with different H2:N2 ratios under
constant flow of 100 mL/min at 400 °C and atmospheric pressure are reported in
Figure 7.4. No significant change was observed with the change of H2:N2 ratio on the
ammonia synthesis rate when H2:N2 ratio is greater than 0.5. The corresponding partial
hydrogen pressures between H2:N2=3.0 and H2:N2=0.5 are 570 and 253 Torr,
respectively. On the other hand, ammonia synthesis rate decreases with decreasing
H2:N2 ratio, when H2:N2 ratio is lower than 0.5. When the decrease in the ammonia
formation rate at lower H2:N2 ratios (H2:N2 <0.5) and the hydrogen adsorption
behavior over Co3Mo3N at lower hydrogen pressures (PH2 < 100 Torr) are evaluated
together (Figure 6.4), it is observed a direct relationship between the amount of
adsorbed hydrogen on Co3Mo3N surface and ammonia formation rate. Therefore, it
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can be said that the strongly bound hydrogen is the reactive form over Co3Mo3N
catalyst for ammonia synthesis reaction.

Figure 6.4. Effect of H2:N2 ratio on the ammonia formation rate over Co3Mo3N
catalyst at 400 oC

After it was observed that ammonia synthesis rate over Co3Mo3N catalyst was not a
function of H2:N2 ratio when H2:N2 ratio is 0.5 or above, it was decided to carried out
ammonia synthesis reaction under pulse flow with different H2:N2 ratios while pure
N2 flow remained constant as shown in Figure 6.5. In the first experiment, 100 mL/min
of H2:N2=3:1 and pure N2 pulses were send to the reactor with a time period of 10
min. In the second experiment, the same procedure was applied with H2:N2=0.5:1. It
was observed that cumulative ammonia synthesis was slightly higher in the presence
of H2:N2=3:1 & N2 pulse flow with respect to H2:N2=0.5:1 & N2 pulse flow. The
results of H2 adsorption isotherms and ammonia synthesis experiments under steady
and unsteady flow conditions indicated that when H2:N2 ratio is above 0.5:1, the
strongly bound hydrogen coverage over Co3Mo3N surface did not change
significantly. Therefore varying the H2:N2 ratio between 0.5:1 and 3:1 did not
influence the ammonia synthesis rate under different operating conditions due to
presence of required amount of hydrogen on the catalyst surface.
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Figure 6.5. Cumulative ammonia synthesis with time under pulse flow of H2:N2=3:1
& N2 and H2:N2=0.5:1 & N2 under 100 mL/min at 400 °C. The valve switching time
was 10 min.
6.2.2.3 Pulse Flow Experiments
Prior to pulse flow experiments, ammonia synthesis reaction experiment was
performed in a manner that initially steady state H2:N2=3:1 flow was fed to the reactor
as shown in Figure 6.6. After steady state ammonia synthesis was observed, the flow
was switched from H2:N2=3:1 to pure N2 at constant gas flow of 100 mL/min. Under
pure N2 flow, an increase was initially observed and then cumulative amount of
synthesized ammonia remained constant. The increase in the synthesized amount of
ammonia for a limited time can be explained by the desorption of ammonia from
Co3Mo3N surface. After the sweeping of ammonia from the catalyst surface again
flow was switch from pure N2 to H2:N2=3:1. This cycle was repeated for two times.
The results represented in Figure 6.6 revealed that amount of synthesized ammonia
can be increased under N2 pulses.
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Figure 6.6. Cumulative NH3 synthesis under 100 mL/min H2:N2=3:1 and pure N2
flows over Co3Mo3N at 400 oC and atmospheric pressure

Figure 6.7. Cumulative ammonia synthesis with time under pulse flow (H2:N2=3:1 –
10 min & N2 – 10 min, 100 mL/min) and steady state flow (H2:N2=3:1, 100 mL/min)
conditions over Co3Mo3N at 400 °C.

Unsteady state ammonia synthesis experiments under 100 mL/min pulsed flow of
H2:N2=3:1 for 10 min and followed by pure N2 flow for 10 min are shown in Figure
6.7. The results of ammonia synthesis experiment under steady flow (H2:N2=3:1) was
also given in Figure 6.7 for comparison. It was observed similar ammonia synthesis
rates under steady flow and pulse flow. It should be noted that in case of steady flow
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continuously H2:N2=3:1 was sent to the reactor while H2:N2=3:1 flow was fed to the
reaction interruptedly in pulse flow. It means that although half of the reactant was
sent to the reactor in pulse flow compared to the steady flow, similar yields were
obtained.

Figure 6.8. Cumulative ammonia synthesis for long period of times under pulse flow
(H2:N2=3:1 – 10 min & N2 – 10 min, 100 mL/min) and steady state flow (H2:N2=3:1,
100 mL/min) conditions over Co3Mo3N at 400 °C.

The ammonia synthesis rates were observed for steady and pulse flow conditions for
longer time reaction operation (5 h). In Figure 6.8, the cumulative amount of ammonia
synthesized under steady and pulse flow were given. No significant change in
ammonia synthesis rates was observed. After the reaction operation experiments, 100
ml/min Ar flow was fed to the reactor in order to sweep the adsorbed ammonia on the
catalyst surface. The total amount of synthesized ammonia and desorbed amount of
ammonia under Ar flow are given in Table 6.4. A significant amount of ammonia was
desorbed after H2:N2=3:1 steady flow operation compared to desorbed amount of
ammonia after pulse flow of H2:N2=3:1 and pure N2 flow conditions. When the
desorbed amount of ammonia after previously performed for small time periods (1-2
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h) was taken into account, similar amounts of ammonia were measured. Therefore, it
can be said that the amount of ammonia accumulated on the Co3Mo3N surface under
steady flow conditions did not change with reaction time.
Table 6.4. Summary of amount of formed and desorbed NH3 during/after reactor
operation
Cumulative Amount of NH3 Formation, μmol/gcat
Amount of Desorbed NH3, μmol/gcat
Total, μmol/gcat

6.3

Steady State
Operation
223.5
108.3
331.8

Pulse
Operation
199.2
20.8
220

Chapter Summary

H2 adsorption isotherms over Co3Mo3N catalyst were obtained at 25 oC, 50 oC, and
100 oC. H2 adsorption isotherms revealed that Co3Mo3N surface saturated with
strongly bound hydrogen at 100 Torr pressure. Ammonia synthesis was carried out
over a Co3Mo3N catalyst under steady and pulse flow conditions at atmospheric
pressure and high temperatures (400 °C and above) and the apparent activation energy
was calculated as 89.9 kJ/mol. It was observed that there is no effect of H2:N2 ratio on
the ammonia synthesis reaction under steady flow conditions between the H2:N2 ratio
of 3.0 and 0.5. At lower H2:N2 ratios than 0.5, ammonia synthesis rate decreased with
decreasing H2:N2 ratio. Pulse flow experiments were also conducted but no
improvement was observed on ammonia synthesis rate with respect to steady flow
experiments. As a result, ammonia synthesis reaction can be operated over Co3Mo3N
catalyst with H2:N2 ratio of 0.5 instead of 3.0, which can improve the efficiency of
process in terms of hydrogen consumption.
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CHAPTER 7

7

CONCLUSIONS

The objective of this thesis study was to suggest a solution to improve the
sustainability of the ammonia synthesis reaction based on time interrupted flow
conditions at lower temperature and pressure with respect to operation conditions of
Haber-Bosch process. In this framework:
The hydrogen adsorption and spillover characteristics over supported Ru catalysts
(Support: Vulcan and SiO2) was investigated with different Ru metal loadings. It was
demonstrated that Ru metal dispersion decreased with increasing Ru metal loading. It
was observed that hydrogen migration from metal surface to support surface is a slow
process and desorption of spilled over hydrogen from the catalyst surface required
high temperatures.
The inhibition effect of ammonia over supported Ru catalysts was studied over support
materials with different surface acidic characteristics. The steady flow experiment
over supported Ru catalysts (Support: HAp, zeolite-Y, Vulcan) showed explicitly the
poisoning effect of ammonia. The poisoning effect of ammonia over supported Ru
catalyst was eliminated by using a N2 pulse strategy. In this way, the adsorbed
ammonia over the support surface was swept and the deactivated catalyst was revived.
Ammonia synthesis experiments were carried out under steady flow conditions over
Co3Mo3N under atmospheric pressures. It was demonstrated that similar ammonia
synthesis rates can be achieved with a H2:N2 ratio of 0.5 instead of 3.0 under steady
flow conditions. The forced unsteady state (pulse) flow strategy was also applied
ammonia synthesis reaction over Co3Mo3N catalysts to investigate if higher ammonia
formation rates could be measured with the use of lower amount of hydrogen, but no
improvement was obtained. As a result, it can be concluded that use of lower amount

91

of hydrogen compared to stoichiometric amount can be beneficial in terms of process
economy.
To sum up, the inhibitory effects of hydrogen and ammonia was tried to be diminished
over ammonia synthesis catalysts under specific applications of time interrupted flow
conditions. The findings obtained in this study indicated that unsteady state reactor
operation can be a good way to find solutions to get rid of inhibitory effects that
influence the reactions such as ammonia synthesis.
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CHAPTER 8

8

RECOMMENDATIONS

In the scope of this thesis study, ammonia synthesis reaction experiments were carried
out under atmospheric pressure conditions. It is known that industrial ammonia
synthesis is carried out at elevated pressures such as 100 – 300 bar. The positive effect
of pulse flow strategy on support Ru catalysts under high pressure conditions can be
investigated whether similar results were obtained.
Ammonia synthesis reaction experiments in this thesis study was carried out at low
conversions (< 1%). Similar to the investigation of the high pressure effect, the
operation of ammonia synthesis at higher conversions condition would be beneficial
of implementation of pulse flow strategy at pilot/industrial conditions.
Ammonia synthesis experiments that will be operated at high pressures and
conversions will reveal if pulse strategy is meaningful. If the results of the experiments
is promising then a pilot scale ammonia synthesis can be constructed to investigate
heat and mass transfer effects.
It was shown that while pulse flow strategy is found as an effective method to improve
ammonia synthesis rates over supported Ru catalysts, it is not found as an effective
method over Co3Mo3N catalyst. Operating ammonia synthesis reaction over a
supported Co3Mo3N catalyst may improve the rates.
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APPENDICES

A. Supplementary Information – Fundamentals of Hydrogen Storage Properties
over Ru/SiO2 and Ru/Vulcan
A.1.

H2-Chemisorption Experiment

Figure A.1. H2-chemisorption results of 1,3, and 5 wt% Ru/SiO2 at 300 K
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Figure A.2. H2-chemisorption results of 1,3, and 5 wt% Ru/Vulcan at 297 K
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A.2.

Average Particle Size Distribution of Ru/SiO2 and Ru/Vulcan

Table A.1. Summary of Results of H2-Chemisorption and HR-TEM Analysis of
Ru/SiO2

1 wt% Ru/SiO2
3 wt% Ru/SiO2
5 wt% Ru/SiO2

Total Weak Strong
dp, nm
H/Ru H/Ru H/Ru H2-Chemisorption
0.25 0.03
0.22
5
0.12 0.02
0.10
10
0.12 0.05
0.07
14

dp, nm
HR-TEM
1.2
2.1
2.5

Table A.2. Summary of Results of H2-Chemisorption and HR-TEM Analysis of
Ru/Vulcan
Total Weak Strong
dp, nm
H/Ru H/Ru H/Ru H2-Chemisorption
1 wt% Ru/Vulcan 0.29 0.01
0.28
3.6
3 wt% Ru/Vulcan 0.07 0.02
0.05
20.0
5 wt% Ru/Vulcan 0.05 0.01
0.04
25.0

A.3.

dp, nm
HR-TEM
2.1
6.3
9.4

Cooling in H2 Flow

As a part of temperature programmed analysis, the catalysts were cooled down to
room temperature in the presence of H2 flow (%10 H2 in Ar) and TCD signals were
recorded as shown in Figure A.3 and A.4. When Figure A.3 was analyzed, H2
adsorption started for 1,3, and 5 wt% Ru/SiO2 catalysts at 408 oC, 317 oC, and 166 oC,
respectively. When the cooling down in H2 flow profiles of 1,3, and 5 wt% Ru/Vulcan
materials were examined (Figure A.4), a peak at high temperature (above 500 oC) and
a peak at medium temperature (310 oC) were observed. It can be said that the hydrogen
uptake continued over Ru/SiO2 and Ru/Vulcan materials during the cooling process
under the flow of H2 to room temperature.
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Figure A.3. Cooling profiles of Ru/SiO2 catalysts under 10% H2 in Ar flow. The
profiles were obtained after TPR analysis

Figure A.4. Cooling profiles of Ru/Vulcan catalysts under 10% H2 in Ar flow. The
profiles were obtained after TPR analysis
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B. Supplementary Information – Support Effects in Ammonia Synthesis
B.1.

Heat of Adsorption of H2 and CO Measurement

The heat of adsorption of H2 and CO over 1.37 wt% Ru/Zeolite-Y were determined
and shown in Figure B.1. The initial heat of adsorption value of CO and H2 were
measured as 233 kJ mol-1 and 98 kJ mol-1, respectively. Both H2 and CO adsorbates
exhibited a relatively constant heat of adsorption until a saturation coverage of 0.30
adsorbate/Ru stoichiometry, indicating energetically uniform active sites.

Figure B.1. Differential heats of adsorption of hydrogen and CO over 1.37 wt%
Ru/Zeolite-Y.
B.2.

Ru metal dispersions of Ru/HAp catalysts

Table B.1 H2-chemisorption results of Ru/HAp catalysts with different Ru metal
loadings.

1 wt% Ru/HAp
2 wt% Ru/HAp
3 wt% Ru/HAp
4 wt% Ru/HAp

Metal Loading
(ICP-OES), wt %
1.00
2.00
2.93
3.96

H2 Chemisorption, %
8
12
16
30
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Average Particle Diameter, nm
(H2-chem.)
12.5
8.3
6.2
3.3

B.3.

Details of Single Point Ammonia Adsorption Calorimetry

Ammonia Adsorption
The change of heat flow during the adsorption of ammonia over Zeolite-Y, HAp, and
Vulcan are given in Figure B.2. It is obvious that HAp material has a sharp heat flow
peak with respect to Zeolite-Y and Vulcan materials. On the contrary, Zeolite-Y and
Vulcan have a tail-like behavior with time.

Figure B.2 Heat flow during 515 Torr NH3 adsorption at 50 oC

The summary of single point integral heat of adsorption of ammonia obtained by
adsorption calorimetry on Zeolite-Y, HAp and Vulcan Carbon support materials are
given in Table 3. While the lowest ammonia adsorption is measured over HAp, the
highest heat release is calculated over HAp.
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Evacuation
Following ammonia adsorption at 50 oC, the heat flow during the evacuation of the
manifold at 50 oC is also monitored and given in Figure B.3. Zeolite-Y and Vulcan
materials give one negative peak during the evacuation. While, the heat flow over
Vulcan material reaches its starting value with time, the heat flow does not turn back
to its starting value over Zeolite-Y. On the contrary, two negative peaks are observed
in the presence of HAp material. The observed negative peaks during the evacuation
of the manifold (Figure B.3.) is due to desorption of adsorbed ammonia from the
support materials.

Figure B.3. Heat flow during evacuation at 50 oC after 515 Torr NH3 adsorption
B.4.

Effect of reactant pressure on NH3 synthesis reaction rate

Table B.1 Ammonia formation rates at various reactant partial pressures at 300 oC

4 wt% Ru/HAp
1.37 wt% Ru/Zeolite-Y
1 wt% Ru/Vulcan

NH3 formation rate
with Ar flow,
μmol NH3/gcatalyst-h,
H2:N2:Ar=3:1:2
100 mL/min
103
304
249
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NH3 formation rate
without Ar flow,
μmol NH3/gcatalyst-h,
H2:N2=3:1
100 mL/min
981
1118
518

The results of ammonia formation rate experiments, operated at 300 oC and
atmospheric pressure and under flow of 100 mL/min gas mixture, in the
presence/absence of Ar flow are given in Table B.1. It can be seen from Table B.1 that
initial ammonia synthesis rates are higher in the absence of Ar content in the reactant
flow. In both cases, the highest ammonia synthesis reaction rate is observed in the
presence of 1.37 wt% Ru/Zeolite-Y catalyst at 300 oC and atmospheric pressures.
The higher ammonia synthesis reaction rates obtained in the absence of Ar flow can
be explained with the increase in the partial pressures of N2 and H2 over the catalyst
surface. In addition to this, A.K. Santra et al. showed that increasing the partial
pressure of hydrogen promoted the desorption rate of ammonia from the catalyst
surface [253].

B.5.

Ammonia synthesis rate with quartz dilution

Table B.2 Initial NH3 formation rates over Ru catalysts diluted with quartz (1:1, by
weight), (H2:N2:Ar=3:1:2)

300 oC
325 oC
350 oC
375 oC
400 oC

4 wt% Ru/HAp
μmol NH3/gcat-h
TOF, s-1
48.5
0.10x10-4
63.0
0.13x10-4
161.6
0.34x10-4
167.2
0.35x10-4
432.5
0.91x10-4

Reaction Rates
1.37 wt% Ru/Zeolite-Y
μmol NH3/gcat-h
TOF, s-1
78.1
0.48x10-4
150.4
0.92x10-4
307.2
1.88x10-4
364.5
2.24x10-4

1 wt% Ru/Carbon
μmol NH3/gcat-h
TOF, s-1
93.5
0.74x10-4
148.0
1.16x10-4
184.2
1.45x10-4
250.3
1.97x10-4
410.1
3.22x10-4

Ammonia synthesis reaction experiments over Ru catalysts diluted with quartz with a
weight ratio of 1:1 were also performed at different temperatures under flow of 100
ml/min (H2:N2:Ar=3:1:2) gas mixture. Initial ammonia formation rates, reported in
Table B.2 exhibited an increasing trend with increasing temperature indicating that
the reaction is far away from equilibrium. The highest activity, in terms of turnover
frequency, is calculated as 3.22 x 10-4 s-1 over 1 wt% Ru/Vulcan at 400 oC.
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B.6.

Ammonia desorption over Ru catalysts diluted with quartz

Table B.3 Total desorbed amount of NH3 after the reaction over Ru catalysts diluted
with quartz with a weight ratio of 1:1

300 oC
325 oC
350 oC
375 oC
400 oC

Total amount of desorbed NH3, μmol/gcatalyst
4 wt% Ru/HAp 1.37 wt% Ru/Zeolite-Y 1 wt% Ru/Vulcan
113
55
92
108
105
92
120
85
88
92
90
79
84
75
63

The desorbed amount of ammonia decreases with increasing temperature for all
catalysts as shown in Table S.4. The studies in the literature reported a low (180 – 200
o

C) and a high (370 – 450 oC) desorption temperature of NH3 over supported noble

metal catalysts [254],[255]. It can be said that the amount of ammonia adsorption
decreases with increasing temperature due to that at higher temperatures ammonia can
desorb easily from the catalyst surface.

B.7.

Conversion vs. Space Time Graph

N2 conversion is calculated as follows:
Conversion =

F

(

)

F

−F
(

(

)

)

Where FN2 is the molar flow rate of N2. The molar flow rate of N2 at the inlet of the
reactor can be calculated as follows:
F

(

)

= 100
×

mL of gas mixture
1 mL of N gas
1 min
×
×
min
6 mL of gas mixture 60 sec
1 mol of gas
1 L of gas
×
= 1.24 × 10
22.4 L gas at STP 1000 mL of gas
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mol N
sec

In order to calculate molar flow rate of N2 in the outlet of the reactor, the material
balance around the reactor should be set up:
F

(

)

−F

(

)

−R

×W

=

dN
dt

Where RN2 is the consumption rate of N2 in the reactor and W is the weight of the
catalyst. The ammonia formation rate is measured as 49 μmol gcatalyst-1 h-1 over 2 wt%
Ru/HAp catalyst at 300 oC. The accumulation term equal to zero due to that ammonia
synthesis reaction is carried out under steady state conditions.
F

(

)

mol N
sec
μmol NH
1h
1 mol
1 mol N consumed
− 49
×
×
×
g h
3600 sec 10 μmol 2 mol NH produced

= 1.24 × 10

×

1g
1000 mg

× 70 mg

= 1.2399 × 10

mol N
sec

Finally, conversion can be calculated as
Conversion =

1.24 × 10 − 1.2399 × 10
1.24 × 10

= 8.06 × 10

In Figure B.4, the change of conversion with space-time over HAp supported Ru
catalysts were given. As it can be seen Figure B.4, the N2 conversion over Ru/HAp
catalyst increased with increasing space-time (decreasing volumetric flow rate).
Theoretically, the conversion increases with decreasing flow rate (or increasing spacetime), if the reaction is carried out at lower conversions. As a result, theoretical and
experimental data are in an agreement.
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Figure B.4. Conversion vs. space-time plot for ammonia synthesis reaction over
Ru/HAp catalysts at 400 oC and atmospheric pressure.

The change of conductivity with time during ammonia synthesis reaction for different
volumetric flow rates given in Figure B.5. indicate that the behavior of conductivity
change is different in each case which validate the data obtained in the kinetic study.

Figure B.5. Change of conductivity with time over HAp supported Ru catalysts at
400 oC and atmospheric pressures
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C.

H2-Chemisorption Experiment

C.1. Reduction Procedure
1. The appropriate amount of supported Ru catalyst is put into sample holder and
sample holder is connected to the manifold.
2. Sample holder and manifold are evacuated for approximately 10 min and leak
test is performed.
3. If the leak through the inside of the manifold is sufficiently low (for example;
leak rate < 0.01 Torr/min), 600-700 Torr of helium gas is taken to the manifold
and sample holder is started heating to the 150 oC with a temperature ramp of
ca. 2 oC/min.
4. The sample was heated to 150 oC and kept at 150 oC for 30 min, followed by
evacuation for 10 min.
5. After that, 100 Torr of hydrogen gas is admitted to the manifold and the
temperature of the sample is increased to the 350 oC with a ramp of 5 oC/min.
6. After 30 min treatment under 100 Torr of hydrogen gas, the system is
vacuumed for 10 min.
7. The same hydrogen treatment procedure (item 6) was repeated for 3-4 times
with 500-600 Torr of hydrogen pressure.
8. After reduction of the catalyst at high temperature, the catalyst is cooled to the
room temperature while the manifold is evacuated. The sample is vacuumed
for at least 3 hours before chemisorption measurement was started.

D.2. Measurement of H2 Adsorption Isotherms
1. After the reduction of the catalyst is completed, the dead volume measurement
is conducted. Approximately 50 Torr of helium gas is taken to the manifold
while the valve of sample chamber is closed. The valve of the sample chamber
is opened and waited for ca. 10 min before the pressure is recorded. Finally,
the valve of the sample holder is closed and pressure is recorded again.
2. After dead volume measured is done, the manifold is evacuated for 10 min.
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3. To obtain total hydrogen adsorption isotherm, a hydrogen gas pressure
between 0.1 and 0.5 Torr is admitted to the manifold while valve of sample
chamber is closed. The gas pressure in the manifold is recorded as P1. Then,
the valve of sample holder is opened, waited for 10 min. At the end of 10 min,
the pressure of manifold is recorded again as P2. After valve of sample
chamber is closed, the pressure is recorded for the last time as P3.
4. The procedure for hydrogen gas adsorption is repeated with increasing the
pressure of hydrogen that taken to the manifold incrementally up to 600 – 700
Torr. The same explained in item 3 was repeated at each pressure.
5. After total adsorption isotherm is obtained, the manifold and sample chamber
are evacuated for 10 min at room temperature.
6. After evacuation, weak adsorption isotherm is obtained with the same method
that applied to get total adsorption isotherm.
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D. Heat and Mass Transfer Limitations
D.1. External Mass Transfer Resistance
Experimental Study
Ammonia synthesis experiments were carried out at two different total flow rates (60
mL/min and 120 mL/min) in order to check if there was observed external mass
transfer resistances over 4wt% Ru/HAp catalyst. In Figure D.1, the data corresponding
to cumulative ammonia synthesis with respect to time a different flow rates at 375 oC
is given.

Figure D.1. Cumulative ammonia synthesis with respect to time at different total flow
rates at 375 oC and atmospheric pressure. Gas flow mixture is H2:N2=1.5:1
As it can be seen in Figure D.1, the amount of ammonia synthesis with time is nearly
same in the presence of different total flow rates. As a result of experimental study,
external mass transfer limitation is not observed.
Theoretical Study
Mears’ External Mass Transfer Criterion
The equation for criterion is given below:
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(−

)

2

< 0.15

(-RA)p is measured rate during the experimental study, ρb is the density of the catalyst
bed, dp is the catalyst particle diameter, n is the reaction order, km is external mass
transfer coefficient and CA,b is the bulk concentration of reactant A.
The data and/or parameters obtained during the experimental studies are given in
tabulated form in below:
Data
(-RA)p, kmol/kg-s
ρb, kg/m3
dp , m
CA,b, kmol/m3
n (assumption)

Value
3.0x10-4
3541
1.0x10-4
3.03x10-3
1

Estimation of External Mass Transfer Coefficient
In order to estimate external mass transfer coefficient, Figure 2.7 in [256] and the
relationship given in equation 2.43 [256] are used as given in below:
j =

k ρ μ
G ρD

kg
m
d (uρ) (1.0x10 m) 0.133 s 0.346 m
Re =
=
= 0.17
kg
μ
2.71x10 m ∗ s
From Figure 2.7 in [256] page 35,
j ≅ 4.0
Using the relationship given above for jD and km, we can estimate km as:
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0.346
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2.71x10
0.346
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m
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m∗s

3.57x10

m
s

⇒ k

= 1.46

m
s

Finally, if the values are used in Mears’s criterion for external mass transfer limitation;
1.0 10
2
(1.46)(3.03 10 )

(3.0 10 )(3541)

(1)
< 0.15 ⇒ 0.012 < 0.15

Which means that there is no external mass transfer resistances in experimental study.
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E.2. Heat Transfer Resistance
Experimental Study – Intra Particle
During the ammonia synthesis experiments over supported Ru catalysts (Support:
HAp, zeolite-Y, Vulcan Carbon), a bench of experiments were carried out in order to
check if there were a heat transfer problem over the catalyst surfaces. Powder quartz
was used in order to increase the heat transfer rate over the quartz-catalyst physical
mixture. Quartz was added to the catalysts with a weight ratio of 1:1. The results of
ammonia synthesis experiments in the presence of supported Ru catalysts with quartz
dilution is given in Figure D.2.

Figure D.2. Comparison of ammonia formation rates over supported Ru catalysts with
and/or without quartz dilution between 300-400 oC and atmospheric pressure. 100
ml/min of H2:N2:Ar (3:1:2) gas flow is fed to the reactor.
As it can be seen in Figure D.2, ammonia synthesis rates measured in the presence of
quartz dilution are nearly same with the rates measured in the absence of quartz
dilution especially at high temperatures although it was observed some differences at
300 and 325 oC. As a result, it can be said that there is no distinct heat transfer
limitation detected over supported Ru catalysts.
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Theoretical Study
Mears’ External Heat Transfer Resistance Criterion
The equation for criterion is given below:
(−∆H )(−R

)

ρ

d
(E )
2

hT R

< 0.15

(-RA)p is measured rate during the experimental study, (-ΔHR) is the heat of reaction,
ρb is the density of the catalyst bed, dp is the catalyst particle diameter, EA is the
apparent activation energy, h is heat transfer coefficient and R is the ideal gas constant.
The data and/or parameters obtained during the experimental studies are given in
tabulated form in below:
Data
(-RA)p, kmol/kg-s
(-ΔHR), kJ/mol
ρb, kg/m3
dp , m
EA, kJ/mol
R, kJ/mol-K

Value
3.0x10-4
46.0
3541
1.0x10-4
63.7
8.314x10-3

Estimation of External Heat Transfer Coefficient
In order to estimate external heattransfer coefficient, Chilton-Colburn analogy is used
so that it is assumed that jD ≈jH.
j = j = 4.0 =

h C μ
C G λ

m
kg
d (uρ) (1.0x10 m) 0.133 s 0.346 m
Re =
=
= 0.17
kg
μ
2.71x10
m∗s

Using the relationship given above for jH and h, we can estimate h as:
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4.0 =

7.63

h
kJ
7.63
kgK

m
0.133
s

kg
0.346
m

kJ
kgK

2.71x10

0.194x10

kg
m∗s

kW
mK

⇒ h = 1.34

kW
m K

Finally, if the values are used in Mears’s criterion for external mass transfer limitation;
1.0x10
(63.7)
2
< 0.15 ⇒ 3.1x10
(1.34)(673 )(8.314x10 )

(46)(3.0x10 )(3541)

< 0.15

Which means that there is no external heat transfer resistances in experimental study.
Weisz-Prater Criterion for Internal Transport Resistances
Weisz-Prater criterion is used to show the absence of diffusional limitation during the
reaction. The equation is given below as:
⎡(−R ) ρ
ηφ = ⎢⎢
D C
⎢
⎣

d
2
,

⎤
⎥ ≪ 1.0
⎥
⎥
⎦

Estimation of effective diffusion coefficient
An expression is given in [257] to estimate the effective diffusion coefficient using
turtosity, τ=3.0, porosity, φp=0.4, and constriction factor, σc=0.8 of the catalyst.

D =

D

ϕ σ
=
τ

3.57x10

m
(0.40)(0.8)
s
= 3.81x10
3.0

m
s

If the data and/or parameters are put to the Weisz-Prater criterion;
⎡(3.0 10 )(3541) 1.0 10
2
=⎢
(3.81
)(3.03
)
10
10
⎢
⎣

⎤
⎥ ≪ 1.0 ⇒ 0.02 ≪ 1.0
⎥
⎦

Therefore, it can be said that there is no diffusion limitation in the reaction conditions.
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F.

Calculation for Conductivity Measurements

The mean conductivities five different measurement of 0.00108 M H2SO4 solution
and corresponding (NH4)2SO4 salt are given in Table E.1.
Table E.1. Conductivities of 1.1 mM sulfuric acid and ammonium sulfate solutions
Measurement
1
2
3
4
5
Mean

Conductivity of 0.00108 M
H2SO4
860
879
853
875
862
866

Conductivity of 0.00108 M
(NH4)2SO4
344
355
334
360
348
348

The amount of H2SO4 (in moles) can be calculated as follows:
moles of H SO in wash bottle = (0.00108 M H SO ) × 0.14 L = 1.512 × 10

mol H SO

The neutralization reaction of H2SO4 with NH3 is given below:
H SO + 2NH

→ (NH ) SO

Therefore, the required amount of NH3 (in moles) to completely neutralize the H2SO4
solution can be calculated as:
moles of NH = 1.512 × 10

mol H SO ×

2 mol NH
= 3.024 × 10
1 mol H SO

mol NH

During the neutralization reaction of H2SO4, the total conductivity change is
Conductivity change = conductivity of H SO − conductivity of (NH ) SO
Conductivity change = 866 − 348 = 518 μScm
The corresponding conductivity change with consumption of NH3 can be calculated
as:
# of moles NH
3.024 × 10 mol NH
=
= 5.83 × 10
total conductivity change
518 μScm
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G.

Calculation of H2 Consumption in Temperature Programmed Analysis

H2 consumption and/or desorption during TPR and TPD experiments is calculated
using the calibration factor that is obtained from H2-TPR experiment of standard Ag2O
material. In Figure F.1, H2-TPR profile of Ag2O is given. The peak centered at 122 oC
is attributed to the reduction of Ag2O to Ag, which is determined by Micromeritics as
119 ± 15 oC.

Figure F.1. H2-TPR profile of Ag2O under 25 mL/min flow of H2 in Ar (10% H2 by
volume) with a temperature ramp of 10 oC/min [adopted from Deniz Kaya, 2016, The
Role of Precious Metal Nanoparticles on the Oxygen Exchange Kinetics from Ceria,
M.Sc. Thesis, METU, Ankara]
The area under TCD signal is calculated as 1.4116. The reduction stoichiometry of
Ag2O to Ag is given in Equation F.1.:
Ag O + H

→ 2Ag + H O

Equation F.1

The initial amount of Ag2O is weighed as 0.024 g. It is assumed that Ag2O is
completely reduced to the Ag. According to the reaction stoichiometry given in
Equation F.1, 1 mol of H2 is needed to reduce Ag2O. As a result, amount of H2
consumption per unit area can be calculated as given in below:
0.024 g Ag O ×

1 mol Ag O
1 mol H
1
×
×
= 7.30 × 10
231.74 Ag O 1 mol Ag O 1.4116 unit area
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