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Abstract

In terms of environmental pollutants, sulfuric compounds are one of the major contaminants
in hydrocarbon-based fuels. Furthermore, sulfur-containing fuels (e.g. jet and diesel fuels)
lead to massive performance degradation when used in fuel-cell-based systems. Therefore,
the ultra-deep desulfurization of hydrocarbon-based fuels is of major importance from an
environmental, technological, and economical point of view. However, via the currently used
hydrodesulfurization process, ultra-deep desulfurization below 10 ppmw of total sulfur is
both expensive and inefficient. Several alternative technologies have been investigated in
recent years, among which adsorptive desulfurization has shown great potential as a cost-
effective and efficient method for the desulfurization of hydrocarbon-based fuels. The simplicity
of the adsorptive approach makes it particularly attractive for both stationary and mobile

applications.

This thesis focuses on the use of adsorptive on-board desulfurization units to operate solid-
oxide-fuel-cell-based auxiliary power units (SOFC-based APUs) with jet and diesel fuels. For the
adsorptive approach, silver-based adsorbents are investigated since these types of adsorbents
provide the possibility of thermal on-board regeneration in an oxidizing atmosphere. Within
this work, several specific aspects of on-board desulfurization and regeneration are considered;
thus, this thesis is divided into the following three parts: (i) Identification and characterization
of the main adsorption mechanisms, (ii) evaluation and quantification of the desulfurization
performance under realistic operating conditions, and (iii) development, characterization, and

quantification of a novel and system-integrated regeneration strategy for SOFC-based APUs.

Comprehensive experimental investigations, theoretical considerations, and a wide range of
different methods of analysis are used within this work. The major findings are as follows: (i)
Three adsorption mechanisms are identified as the major interactions involved in the overall
adsorption of sulfur heterocycles on silver impregnated aluminum oxide (Ag-Al,O3). The two
stronger interactions use silver cations as adsorption sites, whereas the significantly weaker
interaction uses acidic centers of the aluminum oxide. However, the incorporation of silver into
the porous structure of aluminum oxide significantly increases the number of acidic centers. In
addition, (ii) it is found that the selectivity of adsorption is strongly influenced by the type of
sulfur heterocycle as well as the presence of polycyclic aromatic hydrocarbons (PAHs), where

the latter decreases the adsorption kinetics of the sulfur heterocycle dibenzothiophene. Both



the adsorption selectivity and the influence of PAHs on the adsorption of sulfur heterocycle are
thereby influenced by the adsorption temperature. Further, (iii) the novel regeneration approach
using hot APU off-gas achieved full regeneration of the adsorption capacity of Ag-Al,O3 over
14 cycles of operation. The regeneration mechanisms identified shows that a higher amount of

water in the regeneration gas makes it possible to reduce the regeneration temperature.

These findings provide essential insight into the process of adsorptive desulfurization via
silver-based adsorbents. The adsorption mechanisms identified are therefore important for
an understanding of different adsorption results under various conditions. This knowledge
is essential for the design of on-board desulfurization units and for the synthesis of further
optimized adsorbents. The novel and system-integrated regeneration strategy presented herein
is thus of major importance for real applications since it is both very efficient and requires
no bulky heat exchanger, nor any additional tanks or reagents. In addition, to the best of the
author’s knowledge this is the first time that full thermal regeneration has been reported for
any type of adsorbent in an oxidizing atmosphere after adsorption of dibenzothiophene. All
of these findings highlight the fact that adsorptive desulfurization provides the possibility to
operate SOFC-based APUs with commercial hydrocarbon-based fuels, such as jet and diesel

fuels.



Kurzfassung

Schwefelverbindungen in kommerziellen Kraftstoffen sind verantwortlich fiir schwerwie-
gende Umweltverschmutzungen. Dartiber hinaus fithren schwefelhaltige Kraftstoffe (wie zum
Beispiel Kerosin und Diesel) zu massive Degradationserscheinungen bei der Verwendung
in Brennstoffzellen-basierten Systemen. Aus diesem Grund ist die Tiefentschwefelung von
Kohlenwasserstoff-basierten Kraftstoffen aus dkologischer, technologischer und ckonomischer
Sicht von enormer Bedeutung. Allerdings ist die Tiefentschwefelung unter einen Gehalt von
10 ppm Schwefel mit Hilfe der konventionellen hydrierenden Entschwefelung in Raffinerien
ineffizient und kostspielig. Aus diesem Grund wird intensiv an alternativen Technologien
geforscht. Im Zuge dessen wurde die adsorptive Entschwefelung als effiziente, wirtschaftliche
und zukunftstrachtige Technologie identifiziert. Die Einfachheit des Verfahrens ist dabei von

besonders grofser Bedeutung, sowohl fiir stationdre, als auch mobile Anwendungen.

Der Fokus dieser Arbeit liegt auf adsorptiven on-board Entschwefelungseinheiten um Hilfs-
aggregate basierend auf Festoxidbrennstoffzellen (SOFC-APUs) mit Kerosin und Diesel zu
betreiben. Fiir die adsorptive Entschwefelung wurden silberbasierte Adsorbenzien untersucht,
da diese die Moglichkeit einer thermischen on-board Regeneration in oxidierender Atmo-
sphére ermoglichen. In dieser Arbeit wurde im speziellen auf die relevanten Aspekte einer
adsorptiven on-board Entschwefelung eingegangen. Dadurch ergeben sich folgende Schwer-
punkte: (i) Identifizierung und Charakterisierung der relevanten Adsorptionsmechanismen, (ii)
Evaluierung und Quantifizierung der Entschwefelungsperformance unter realitdtsnahen Be-
triebsbedingungen und (iii) Entwicklung, Charakterisierung und Quantifizierung einer neuen

und systemintegrierten Regenerationsstrategie fiir SOFC-APUs.

Im Zuge dieser Arbeit wurden umfangreiche experimentelle Untersuchungen, theoretische Be-
trachtungen und eine Vielzahl an analytischen Methoden durchgefiihrt. Folgende Erkenntnisse
sind dabei Entstanden: (i) Drei relevante Adsorptionsmechanismen wurden fiir die Adsorption
von heterozyklischen Schwefelverbindungen an Silber impragniertem Aluminiumoxid (Ag-
Al>,O3) identifiziert. Bei den zwei starkeren Interaktionen fungieren Silberkationen als aktive
Zentren. Die deutlich schwéchere Interaktion basiert auf Sdurezentren, wobei die Impragnie-
rung mit Silber die Anzahl der aktiven Sdurezentren deutlich erhoht. Zuséatzlich zeigte sich,
dass (ii) die Selektivitit der Adsorption signifikant vom Typ der Schwefelverbindung und

der Anwesenheit von polyzyklischen aromatischen Kohlenwasserstoffen (PAHs) abhédngig ist,



Vi

wobei PAHs vor allem die Adsorptionskinetik der Schwefelverbindungen Dibenzothiophen
verringert. Die Selektivitdt der Adsorption und auch der Einfluss von PAHs wird dabei durch
die Adsorptionstemperatur beeinflusst. Dariiber hinaus zeigen die Ergebnisse der neuen Rege-
nerationsstrategie basierend auf heiffem APU-Abgas (iii) eine vollkommene Regeneration der
Adsorptionskapazitdt von Ag-Al,Os tiber 14 Betriebszyklen. Der identifizierte Regenerations-
mechanismus zeigt dabei, dass ein hoherer Wassergehalt im Regenerationsgas die Moglichkeit

bietet, die notige Regeneratiosstemperatur zu senken.

Diese Forschungsergebnisse fithren zu wichtigen Erkenntnisse tiber die Vorgange der adsorpti-
ven Entschwefelung mit Hilfe von silberbasierten Adsorbenzien. Die identifizierten Adsorpti-
onsmechanismen sind dabei von besonderer Bedeutung, um ein tiefgreifendes Verstandnis des
Verhaltens der Entschwefelungsperformance unter verschiedenen Umstidnden zu erlangen. Dies
ist im Speziellen fiir die Auslegung von on-board Entschwefelungseinheiten, aber auch fiir die
Optimierung der Adsorbenssynthese essentiell. Die in dieser Arbeit vorgestellte Regenerations-
strategie ist sehr effizient und damit von enormer Bedeutung fiir reale Anwendungen, da weder
sperrige Warmetauscher, noch zusitzliche Reagenzien und Tanks benétigt werden. Dartiber
hinaus ist dies, nach bestem Wissen des Autors, die erste Arbeit, die tiber eine vollstandige
thermische Regeneration in oxidierender Atmosphére nach Adsorption von Dibenzothiophen
berichtet. All diese Ergebnisse unterstreichen, dass mit Hilfe der adsorptiven Entschwefelung
die Moglichkeit geschaffen wird, SOFC-APUs mit kommerziellen Kraftstoffen wie Kerosin und

Diesel zu betreiben.
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Introduction

This chapter is intended to provide a basic understanding of fuel-cell-based auxiliary power
units (APUs) operated with liquid hydrocarbon-based fuels from petroleum feedstock, as well
as to establish why the desulfurization of these fuels is essential. Fuel-cell-based APUs can
be operated by different liquid hydrocarbon-based fuels, including jet and diesel fuels. For
such applications, both low-temperature fuel cells (e.g. proton exchange membrane fuel cells
(PEMECs)) and high-temperature fuel cells (e.g. solid oxide fuel cells (SOFCs)) are feasible. as
has been explored by different researchers [3-8].

This thesis focuses on SOFC-based APUs operated with jet or diesel fuels and having a
power output of 1 - 10kW,;. Such SOFC-based APUs are a promising source of on-board
electricity supply for e.g. trucks, ships, and airplanes. Nonetheless, the desulfurization approach
investigated in this work is a basic unit operation, and is thus also relevant for APUs based on
low-temperature fuel cells. In addition, the fundamental findings regarding the desulfurization
of jet and diesel fuels presented in this work are also relevant for other liquid hydrocarbon-

based fuels, such as gasoline and heating oils, and are not limited to on-board applications.

1.1. Motivation

Emissions of sulfur and its derivatives are one of the primary health hazards present in
the environment. These emissions are responsible for acid rain and smog, both of which
have direct and indirect negative effects on the environment and human beings. As a result,
environmental regulations have successively reduced the maximum allowable sulfur levels in
fuels. For example, the allowable sulfur levels in diesel fuels in the EU was successively reduced
from 500 ppm to 10 ppm between 1996 and 2009 [9]. At the same time, the US Environmental
Protection Agency reduced the allowable sulfur levels in diesel fuels from 500 ppm to 15 ppm

[9]. However, logistic fuels still contain up to 3000 ppm of sulfur [10].
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In addition to the environmental issues, fuel cells are one of the main reasons that desulfuriza-
tion has gained in relevance in the last decade. Fuel cell systems are not only more efficient,
but also generate less emissions and less noise in comparison to conventional combustion
engines [11, 12]. Hydrocarbons are still the major feedstock for worldwide H; production [13].
Hydrocarbon-based fuels in particular are ideal for on-board applications and decentralized H,
and syngas production as a result of their high energy density and availability. High conversion
yields for H, and syngas production can be achieved via catalytic reforming at moderate
temperatures (600 - 800 °C) [14, 15]. In this step, sulfuric compounds are converted to H,S. A
lot of research has been carried out in order to improve the fuel flexibility of different types of
fuel cells and to increase their tolerance of all kinds of contaminants, including H,S. However,
even 10 ppm of sulfur leads to degradation in most common types of fuel cells [16]. This means
that fuel cells cannot be operated with commercial sulfur containing fuels, and thus, one of the
most effective tools for energy conversion is unable to use one of the most common types of
fuels. As a consequence, ultra-deep desulfurization of hydrocarbon-based fuels is essential in

order to overcome the main drawback of fuel-cell systems’ sensitivity to sulfur.

1.2. Auxiliary Power Units (APUs) Based on Fuel Cell Technology

Fuel cells are one of the most effective tools to convert chemical to electrical energy; this
technology is based on the electrochemical conversion of a fuel. Different sources of hydrogen
and carbon-based compounds, e.g. CO or CHy, can be used as fuel, depending on the type of
fuel cell [17]. Fuel cell technology is not only suitable for stationary approaches [18], but is also
an alternative technology for mobile applications. Thus, fuel-cell-based APUs are a promising

source of on-board electricity for all kinds of vehicles, ships, and aircraft [11].

The primary advantages of a fuel-cell-based APU are their higher efficiency, reduced emissions,
and lower noise generation in comparison to conventional combustion engines [12, 19]. Most
vehicles, ships, and airplanes use liquid hydrocarbon-based fuels to operate their main engines.
Consequently, it is logical that the fuel-cell-based APU be operated using the same type of fuel
that is already available on-board. To operate the fuel cell system, a liquid hydrocarbon-based
fuel has to be converted into a hydrogen-rich syngas or even high purity H,, depending on
the type of fuel cell [17]. This conversion can be achieved by means of a catalytic reformer
based on partial oxidation [20], steam reforming [21], or autothermal reforming [22], which is a
combination of steam reforming and partial oxidation. Within this reforming step, hydrocarbons
are transformed into syngas by the addition of O, only (partial oxidation) or O, and H,O
(steam reforming and autothermal reforming). More information on the relevant reaction
mechanisms can be found elsewhere [16, 23]. A schematic flow sheet of an SOFC-based APU
is provided in Figure 1.1. Within this basic concept, the liquid fuel is desulfurized before it is

transformed into syngas in the reformer unit in order to operate the SOFC stack.
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To main engine of e.g. ship, tuck, or airplane

Fuel tank

I Reformer —» SOFCstack ——F——»
4 APU off-gas
Desulfurization 1
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|

unit . |
Air blower Water ¢ -

Basic concept of an SOFC-based APU system

Figure 1.1.: Basic concept of an SOFC-based auxiliary power unit (APU) for ships, trucks, or airplanes.

The catalytic reforming of hydrocarbon-based fuels is part of the fuel processing step. During
fuel processing, the hydrogen-rich syngas is typically produced by a Ni catalyst [16]. Further
purification of the hydrogen-rich syngas depends on the type of fuel cell. For example, the
advantage of high-temperature fuel cells (e.g. SOFCs), is in their tolerance to carbon monoxide
in comparison to low-temperature fuel cells (e.g. PEMFC) [12]. Consequently, additional
purification of the hydrogen-rich syngas is only necessary when low-temperature fuel cells are
used. In the case of SOFCs, no further purification of the hydrogen-rich syngas is necessary. For
this reason, this work focuses on SOFC-based APUs. Additional discussion of low-temperature

fuel-cell-based APUs can be found in Section 6.5.

As mentioned above, fuel-cell-based APUs with a power output of 1 - 10kW,; are a very
promising source of on-board electricity supply. This power range of 1 - 10 kW, is particularly
relevant for airplanes, ships, and heavy-duty trucks [24], as indicated in Figure 1.1. The main
engines of airplanes, heavy-duty trucks, and ships are usually operated with either jet or diesel
fuel, which is why only jet and diesel fuels were used for the experimental investigations
within this work. However, it is important to note that the fundamental findings regarding the
desulfurization of jet and diesel fuels presented in this work are also relevant for other liquid

hydrocarbon-based fuels from petroleum feedstock.

1.3. Sulfur Threshold Limits for SOFC-based APUs

SOEFCs are high-temperature fuel cells with operating temperatures of between 600 - 1000 °C
[25]. These high operating temperatures enable the catalytically activated internal reforming
of hydrocarbons, generally to H, and CO (basically syngas) together with some CO; [26, 27].
Both H, and CO are then electrochemically oxidized to CO; and H,O. This is different in the

case of low-temperature fuel cells, where even small quantities (10 ppm) of CO are poisoning
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[16, 26]. The ability to convert CO to CO; is thus a major advantage of SOFCs in comparison
to low-temperature fuel cells since it dramatically simplifies the fuel processing unit (no CO
clean-up). In addition, the high operation temperature of an SOFC increases its sulfur tolerance
to about 1 ppm of total sulfur [16, 28]. This 1 ppm of total sulfur represents the threshold limit
for the SOFC stack.

The advantage of on-board reforming is significantly dampened by the fact that commercial
hydrocarbon-based fuels contain 10 - 5000 ppm of total sulfur, depending on the class of fuel
and the purpose of its use [10]; a more detailed discussion of sulfur in liquid hydrocarbon-based
fuels can be found in Sections 2.1 and 2.1.1. As a result of the inconsistency with regard to the
sulfur content and sulfur tolerance of commercial hydrocarbon-based fuels and SOFC stacks,
respectively, on-board desulfurization is crucial in order to achieve the threshold limit of 1 ppm
of total sulfur for the SOFC stack. As shown in Figure 1.1, the reformer is placed upstream of
the SOFC stack. Consequently, the total sulfur threshold limit of the reformer catalyst also has

to be considered.

Comprehensive research has been carried out over the last decade on increasing the sulfur
tolerance of the reforming catalyst [14, 29, 30]. Several researchers have reported the high sulfur
tolerance of a newly developed catalyst [22, 31—-33]. However, it is interesting to note that there
is a tendency for the investigated time on stream in these experiments to decrease as the sulfur
level in the feedstock increases [22, 32, 33]. As reported by Murata et al. [34], the activity of
the reforming catalyst can decrease suddenly and dramatically after several hours of stable
performance. This was observed in experiments with a Ni/Sr-ZrO, reforming catalyst, where
the conversion rate suddenly dropped after 30/ on stream at 3.8 ppm of sulfur [34]. This is
an important observation since it underline the importance of long-term experiments. At this
point, it is important to emphasize that both operation temperature and steam-to-carbon ratio
have a significant influence on the sulfur tolerance of the reforming catalysts [22]. It is thus
recommended to keep the sulfur level in the feedstock well below 50 ppm in order to prevent

the long-term performance degradation of the reforming catalyst [35, 36].

A sulfur threshold limit of 50 ppm for the reformer is well above the 1 ppm sulfur threshold limit
of the SOFC stack. Consequently, the sulfur tolerance of the SOFC stack is the limiting factor
with regard to the level of desulfurization required. However, the sulfur concentration in the
feed is diluted within the reformer as a result of the chemical conversion of the hydrocarbons
and the addition of H,O and O, as shown in Figure 1.2. The overall chemical reaction in
Figure 1.2 does not represent the real conversion of fuel to syngas in a reformer unit, but is
rather used to show the principle dilution mechanisms of the total sulfur concentration during
reforming. The real factor of dilution is 10, as has been reported by several researchers [37, 38].
Consequently, desulfurization of the fuel to < 10 ppm of total sulfur is sufficient to protect both
the reforming catalyst and the SOFC stack. This 10 ppm of total sulfur in the liquid fuel is thus

defined as the sulfur breakthrough at the outlet of the desulfurization unit within this thesis.
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Fuel Reforming Syngas

CgHeS + CsHig|+{530, + 5H,0| — [16CO + 16H, + H,S

|cs = 16 g-S/mol-fuel | — cs = 0.97 g-S/mol-syngas

Factor of dilution = 16.5 for this principle case

Figure 1.2.: Principle dilution mechanism of the total sulfur concentration during the reforming process.

1.4. Objectives and a Short Outline of the Thesis Structure

This thesis is based on both analytical and experimental investigations of the ultra-deep
desulfurization of liquid hydrocarbon-based fuels from petroleum feedstock. As reflected by
the title of this work, this thesis will focus on mobile applications, and thus, on on-board
desulfurization. The on-board desulfurization unit developed in this thesis is intended to make
it possible to operate SOFC-based APUs with a power range of 1 - 10 kW,; using commercial
jet or diesel fuel. This approach would provide an efficient on-board supply of electrical energy
for trucks, ships, or airplanes, even when the main engine is turned off. As a result of this
aim, different aspects were considered than would be relevant to large-scale and stationary

desulfurization approaches. From this point of view, the following research questions arose:

1. Which desulfurization approach fulfills the specific requirements of on-board applica-
tions?

2. What is the mechanism behind this desulfurization process?

3. How is this mechanism influenced by different types of liquid hydrocarbon-based fuels?

4. What is the service/regeneration interval of this desulfurization approach?

This thesis is basically structured according to the order of above questions. Chapter 2 provides
more informations so as to develop the questions above in more detail. This includes the
characterization of hydrocarbon-based fuels from petroleum feedstock and their sulfuric
compounds. Chapter 2 also contains a basic discussion of the most prevalent and industrially
relevant hydrodesulfurization (HDS) process and reasonable/potential alternative technologies.
Within this short overview of alternative desulfurization approaches, research question 1 is
answered, as adsorptive desulfurization is identified as the most promising approach for
on-board desulfurization. Chapter 3 provides an overview of the experimental designs and
analyses that were carried out and used within this work. More detailed descriptions and the

boundary conditions of the experiments are provided where appropriate.

Chapter 4 discusses the fundamentals of adsorption mechanisms at room temperature. This

chapter also includes the overall adsorption mechanism proposed for the Ag-Al,O3 adsorbent,
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based on three individual interactions and thus provides the answer to research question
2. This answer constitutes an important finding since it provides the basic understanding
necessary for further adsorbent optimizations and simulations. The proposed overall adsorption
mechanism is based on findings reported in literature as well as the comprehensive theoretical
considerations and experimental investigations carried out within this work. In addition,

Chapter 4 also discusses the experimental investigations at equilibrium.

Chapter 5 answers research question 3 by discussing the dynamic adsorption behavior of
Ag-Al,O3; under a wide range of reasonable conditions. This includes investigations of the
adsorption kinetics, the influence of the jet and diesel fuels” composition, as well as important
operating conditions. Chapter 6 focuses on reasonable on-board regeneration strategies. Within
this chapter, a novel and system-integrated regeneration strategy based on hot APU off-gas is
presented and studied. This discussion includes the proposed overall regeneration mechanisms
under APU off-gas conditions. With this novel approach, full adsorbent regeneration was
achieved over 14 cycles of regeneration without any evidence of performance degradation.
This is an excellent result and underlines the importance of this work. Chapter 6 also answers
research question 4, which is of great interest to real applications. In Chapter 7 of this thesis,
the new findings and results were used to design a basic on-board desulfurization unit for a
5.5kW,; SOFC-based APU. This chapter is intended to outline the suitability of the identified
desulfurization concept for on-board desulfurization. The final, Chapter 8, summarizes the
findings in this thesis and provides possible answers to the research questions in a condensed

form.



Hydrocarbon-based Fuels and Related

Desulfurization Technologies

This chapter is intended to provide more fundamental information about hydrocarbon-based
fuels from petroleum feedstocks as well as their sulfuric compounds. In addition, this chapter
gives a short overview of both the conventional hydrodesulfurization (HDS) process and
alternative approaches, with a focus on adsorptive desulfurization. It thus provides an answer
to research question 1: which desulfurization approach fulfills the specific requirements of

on-board applications?.

2.1. Hydrocarbon-based Fuels from Petroleum Feedstocks

Hydrocarbon-based fuels from petroleum feedstocks can be categorized into three main refining
streams: naphtha (gasoline), kerosene (jet fuel), and gas oil (diesel) [39]. Gasoline is a complex
mixture of hydrocarbons with a typical boiling range of 38 - 205 °C [40]. Jet and diesel fuels
are typical streams of the middle distillate fraction [38]. Jet fuel in particular is a blend of
the middle distillate, with a narrower boiling range of 140 - 280 °C in comparison to diesel
fuel [38, 40]. Anti-oxidants, metal deactivators, static dissipaters, corrosion inhibitors, icing
inhibitors, biocides, and thermal stabilizers are commonly added to jet fuels [41]. The primary
source of jet fuel blending stocks is the kerosene fraction from atmospheric crude oil distillation
since stringent smoke-point specifications limit the amount of cracked feedstock that can be
used [40]. This is also why jet fuel typically contains lower amounts of polycyclic aromatic

hydrocarbons (PAHs) in comparison to diesel, as seen in Table 2.1.

Jet fuel denotes several commercial and military fuels, of which the most important are
represented by (i) jet A, (ii) jet A-1, and (iii) JP-8. The difference between jet A and jet A-1 is
the slightly lower freezing point of jet A-1 (—47 °C), which is the jet fuel used internationally
for civil aviation. Jet A, on the other hand, is used primarily within the US. JP-8 is the

common military jet fuel in the western part of the world, and only differs from jet A-1 in its
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Table 2.1.: Typical content of monoaromatics and PAHs in jet and diesel fuel.

Fuel Monoaromatics PAHSs
Jet fuel® 15 - 25 v0l.% 0.1 - 1.700l.%
Diesel fuel® 15 - 25 wt.% 4 -10wt.%

? Ref. [42-44]
P Ref. [45, 46]

additive composition [38]. Diesel fuel has a boiling range of 180 - 400 °C, and includes several
subcategories, such as automotive diesel fuel and railroad diesel fuel [40]. The main feedstocks

of diesel fuel are the middle distillate and cracked stocks.

All hydrocarbon-based fuels from petroleum feedstocks contain a wide range of different non-
sulfuric aromatic compounds. These compounds are monoaromatics, PAHs, and heterocyclic

aromatics. Typical compounds of these groups are shown in Table 2.2.

Table 2.2.: Overview of typical non-sulfuric aromatic compounds in commercial diesel fuel.

Aromatics Typical compounds? Range of content
(wt%)b
Monoaromatics Alkylated benzenes 15-25

such as toluene

PAHs Naphthalene, fluorene, 4-10
phenanthrene

Heterocyclic aromatics (N) Indole, quinoline, ppm level
carbazole

? Ref. [45, 47, 48]
P Ref. [45, 46]

The overview provided in Table 2.2 reflects the contents of commercial diesel fuel. Jet fuel
contains similar compounds, but the range of content is different: the content of PAHs in

particular is significantly lower in comparison to diesel fuel, as was shown in Table 2.1.

2.1.1. Sulfur in Hydrocarbon-based Fuels from Petroleum Feedstocks

The sulfur content of crude oil is in the range of 0.05 - 10% [49], with a world average content
of about 1.25% [40]. The sulfur content and compounds in crude oil differ depending on the
source of crude oil. The common types of organosulfur species are mercaptans (thiols), sulfides,
disulfides, and thiophenes. After the crude oil is refined into the three main refining streams,
naphtha (gasoline), kerosene (jet fuel), and gas oil (diesel), the sulfur content is reduced in a

desulfurization step (typically HDS) so as to meet the fuel-specific requirements. Typical sulfur
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compounds in commercial fuels include thiophene, benzothiophene (BT), dibenzothiophene
(DBT), and their derivatives, such as 4,6-dimethyldibenzothiophene (4,6-DMDBT); the presence
or absence of particular sulfur compounds depends on the type of fuel. An overview of the

corresponding sulfur heterocycles is provided in Table 2.3.

Table 2.3.: Types of fuels and their corresponding sulfur heterocycles [50].

Type of fuel Type of sulfur heterocycles

Gasoline Thiophene, BT and derivatives
Jet fuel BT, and derivatives

Diesel fuel BT, DBT, and derivatives such as 4,6-DMDBT

After HDS, the sulfur levels of liquid fuels are in the range of 10 - 5000 ppm, depending on the
type of fuel and the correlated legal requirements [10]. A more detailed description of fuel
desulfurization, including the industrially relevant HDS process, is provided in the following

sections.

2.1.2. Commercial Hydrodesulfurization (HDS)

Hydrodesulfurization (HDS) is the most prevalent and industrially relevant process currently
used to desulfurize the common refinery streams to a particular level of total sulfur. This HDS
technology consists of a catalytic process under severe conditions, including temperatures
of 300 - 400°C and an H, operating pressure of 20 - 100 bar [50, 51]. Typical catalysts are
CoMo/v-Al,O3 and NiMo/vy-Al, O3 [52, 53]. Within this catalytic process, the sulfur compounds
undergo a direct (hydrogenolysis) or hydrogenation pathway, as shown in Figure 2.1, to form

hydrocarbons and H»S gas [39, 52]. The HS gas is then removed by means of amine washing,

—

using the Claus process [52].

Direct Hydrogenation
\/
s

o6 OO0

Figure 2.1.: Reaction pathways for the catalytic HDS process [53].

Within the hydrogenation pathway, prehydrogenation of one aromatic ring is followed by
extraction of the sulfur atom, as shown on the right side of Figure 2.1 [53]. Knudsen, Cooper,

and Topsoe [53] reported that NiMo-based catalysts have a relatively higher selectivity for



2.1. Hydrocarbon-based Fuels from Petroleum Feedstocks 10

desulfurization via the hydrogenation pathway, whereas CoMo-based catalysts desulfurize
primarily via the direct route. Within the direct pathway, the sulfur atom is directly extracted
from the molecule, as shown on the left side of Figure 2.1. However, this direct pathway is
diminished when alkyl groups are attached to the carbon atoms next to the sulfur atom [53].
As pointed out by C. Song [50, 54], the reactivity of the HDS reactions generally decreases as
the size and complexity of the sulfur containing molecule increases, which is illustrated in
Figure 2.2. Consequently, even more severe conditions (higher temperatures and higher H,
operating pressure) are required to desulfurize heavier feeds containing polycyclic aromatic
sulfur heterocycles (PASHs), such as BT, DBT, and their derivatives. Hence, the majority of
sulfur containing compounds after HDS are the less reactive ones. This is also why the PASHs
of jet fuel are typically BT and its derivatives, whereas the typical PASHs of diesel fuel are DBT

and its derivatives, as shown in Figure 2.2.

A
Mercaptanes: e.g.

R-SH

Thiophenes: e.g.

B

S

Gasoline range

Benzothiophenes: e.g.

Cn

S

Jet range

Relative reaction rate in a.u.

Dibenzothiophenes: e.g.

Diesel range

\/

Increase in molecule size and difficulty for HDS desulfurization

Figure 2.2.: Influence of molecular size and structure on HDS reactivity [54].

Due to increasingly stringent regulations regarding the sulfur content of fuels, the desulfur-
ization of hydrocarbon-based fuels has become an area of great interest to researchers over
the last decade. Total desulfurization by means of HDS would be possible by increasing the
severity of the reaction conditions; however, this would create several problems, including
increased capital and operating costs, decreased catalyst cycle length, and more hydrogen con-
sumption [55]. Several alternative desulfurization technologies have already been investigated
for their potential to overcome the inefficient conversion of the more complex PASHs under

mild conditions. An overview of these different technologies is provided in the next section.
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2.2. Alternative Desulfurization Technologies: A Short Review

Apart from HDS, different desulfurization technologies have been developed, rediscovered,
and investigated in recent years. These technologies vary in terms of their efficiency, operating
conditions, and whether they use additional reactants or not. The focus of all such alternative
technologies is to overcome the drawback of HDS’ poor performance when it comes to the
desulfurization of PASHSs. The ultra-deep desulfurization of jet and diesel fuels below 10 ppm of
total sulfur is particularly challenging thanks to their high concentrations of BT, DBT, and their
derivatives (cf. Table 2.3 and Figure 2.2). The following review of alternative desulfurization
technologies is intended to provide an answer to research question 1: Which desulfurization

approach fulfills the specific requirements of on-board applications?

2.2.1. Extraction

Desulfurization via extraction has been studied by several researchers in recent years. A wide
range of different solvents have been investigated to extract organic sulfur compounds from
hydrocarbon-based fuels, ranging from common polar organic solvents to ionic liquids [56].
The main advantages of extraction over HDS is the simple process design and mild (ambient)
operating conditions [57, 58]. In this process, a suitable solvent, e.g. ionic liquids or an aqueous
solution of hydrochloric acid or nitric acid [58, 59], is mixed with the fuel. With proper mixing,
the PASHs are transferred to the solvent phase due to their higher solubility. After phase
separation, the solvent is regenerated via distillation. However, the reported results show poor
selectivity with this method, achieving less than 50% desulfurization in one extraction cycle.
This is due to the fact that the polarity of PASHs is too close to other non-sulfuric aromatic

compounds [56].

2.2.2. Oxidative Desulfurization

In order to increase the selective extraction of PASHs, oxidative desulfurization (ODS) is one of
the oldest desulfurization technologies [60]. In the first step of ODS, the PASHs are oxidized
to form the corresponding sulfoxides and sulfones by means of a suitable oxidant, leading to
polar compounds. This first oxidation step can be activated using different catalysts, such as
acetic acid, formic acid, sulfuric acid, phosphotungstic acid, or V,0s [51, 61, 62]. In the second
step, the sulfoxides and sulfones are separated via extraction or adsorption. This multi-stage
process requires a continuous supply of an oxidant such as H,O,, which represents a major

drawback for mobile applications.
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2.2.3. Pervaporation

Pervaporation is a common separation technique for organic-organic mixtures [63] and is
already used commercially for desulfurization in Grace Davison’s S-brane process [64]. In
the case of desulfurization, this separation technique is based on the use of a non-porous
polymeric membrane that usually serves as the separating barrier [65, 66]. When the fuel
feed is in contact with the membrane, the sulfuric compounds can be separated due to the
higher affinity and/or quicker diffusivity in the membrane. During this separation process,
the hydrocarbons and the sulfur species adsorb into the membrane with various affinities,
permeate through the membrane, and can be collected as the permeate. Consequently, both the
more permeable species (sulfuric compounds) in the permeate stream and the less permeable
compounds (hydrocarbons) in the feed can be concentrated. In order to increase both perme-
ability (productivity) and selectivity (separation efficiency), hybrid membranes have begun to
be investigated in recent years [67]. However, at reasonable operating conditions, the selectivity
of the membranes are still too low to achieve a total sulfur threshold of < 10 ppmw in the
hydrocarbon feed [68]. This is also the major drawback of desulfurization via pervaporation
for mobile applications. To overcome this drawback, Y. Wang et al. [69] proposed a two-stage
desulfurization process, combining a membrane separation unit with a subsequent adsorption
unit as a polishing step. However, such a combined desulfurization unit is a much more com-
plex system than a single-step desulfurization unit, and would require additional equipment,
such as a vacuum pump and condenser [65, 69]. Thus, the increased complexity of a two-stage
process, along with the additional equipment necessary, and the question of the membrane’s
durability [68] all constitute the main reasons why pervaporation is less than attractive for

on-board desulfurization units.

2.2.4. Biodesulfurization

In addition to physical methods, biodesulfurization is an alternative desulfurization approach.
Two different pathways are investigated: both the destructive and non-destructive pathways.
In the destructive pathway, the target molecule is biologically oxidized, wherein the molecule
is destructed in multiple steps. Additional attempts have been made to isolate bacterial
strains that would remove the sulfur in a non-destructive way. However, such non-destructive
attempts have been futile so far. A more in-depth overview of biodesulfurization is provided
in Ref. [70]. In general, reports on biodesulfurization have not successfully accomplished
efficient desulfurization to sulfur levels as low as 10 ppm [55]. Thus, the major challenge for

biodesulfurization is to isolate or design microbial strains that are more efficient [51].
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2.2.5. Adsorptive Desulfurization

Adsorptive desulfurization is one of the simplest alternative approaches, which makes it a very
promising approach when used as a polishing step after HDS to produce ultra-low-sulfur fuels
in a cost-effective process. This approach is based on the interaction of adsorptives from the
bulk phase with the surface of the adsorbent. In the case of selective interactions, the adsorbent
surface is enriched with the target compounds of adsorptives, which turn into adsorbates
once adsorbed. In the case of adsorptive desulfurization, the target adsorptives are the sulfuric
compounds. With this technology, two different approaches are possible: reactive and non-
reactive adsorption. In the reactive pathway, the sulfur atom is split off from the adsorptive
and remains on the surface of the adsorbent as an adsorbate, while the remaining hydrocarbon
is recovered. Usually this approach works at high temperatures and requires a more complex
system, and is thus more appropriate for stationary applications. Examples of these high
temperature/reactive approaches are “"TReND” and “Z-Sorb” [50]. In the non-reactive pathway,
the organosulfur compound adsorbs as a whole. This simple process can be efficiently operated

at temperatures as low as 20°C.

Figure 2.3 shows a possible implementation of adsorptive desulfurization in the current fuel
processing system. After the refining of crude oil and the HDS step, ultra-low-sulfur fuels can
be produced by an additional and stationary desulfurization step in the refinery. This would be
an efficient way to provide ultra-low-sulfur fuels for commercial use in fuel-cell-based systems,
for example. However, the implementation of an additional desulfurization process is also
related to policy decisions in terms of whether the allowed sulfur content in fuels is reduced to
< 1ppm of total sulfur. This is particularly essential for systems driven by low-temperature
fuels cells. Independent of policy decisions, mobile desulfurization units provide full flexibility.
For example, adsorptive on-board desulfurization makes it possibility to use any type of

commercial hydrocarbon-based fuel to operate any type of fuel-cell system.

From the discussion above, it becomes clear that adsorptive desulfurization is the most promis-
ing approach for on-board desulfurization units. Its fuel flexibility and simplicity can be seen
as major advantages in comparison to other approaches. Hence, adsorptive desulfurization is
the answer to research question 1: which desulfurization approach fulfills the specific require-
ments of on-board applications? Extensive research has been carried out and is still ongoing
to improve the selectivity and adsorption capacity of organosulfur compounds. The focus
of recent activities is, in particular, the development and investigation of new adsorbents.
However, very few studies consider the additional requirements of fuel-cell-based APUs and
small stand-alone systems with a power range of 1 - 10kW,;. These systems require simple
process design and in situ adsorbent regeneration to keep the whole system small and light.
The following section provides an overview of different adsorbent formulations as well as their
advantages and disadvantages in terms of the on-board desulfurization of hydrocarbon-based

fuels from petroleum feedstocks.



2.2. Alternative Desulfurization Technologies: A Short Review 14

Crude oil »  Refining
Commercial | _ HDS
fuel - (Hydrodesulf.)
e R =
= § [ Adsorptive I Adsorptive [ S §
S = | | desulfurization | | | | desulfurization | |-Z =
= o Lo | & &
Q (oh
S N N _d___o W1 3
\i \J
Reforming and —— — Ultra Low
Fuel Cell Sulfur Fuel

Figure 2.3.: Adsorptive desulfurization as part of the current fuel processing system.

2.2.6. Adsorptive Desulfurization: Composition and Preparation of Adsorbents

As mentioned above, extensive research has been carried out and is still ongoing in the
effort to develop and prepare an efficient, highly selective, and cheap adsorbent. Improving
the selectivity and adsorption capacity are still major issues that need to be resolved. This
section is intended to provide a comprehensive overview of the current state of knowledge of
adsorbent formulations for the adsorptive desulfurization of liquid hydrocarbon-based fuels
from petroleum feedstocks. However, a complete comparative analysis of the different kinds of
adsorbents is difficult because the differences in experimental conditions, fuel properties, such
as sulfur compounds and concentration, as well as adsorbent formulation all have a significant
influence on their overall performance [39]. An overview of the complexity of the adsorbent
formulation is provided in Figure 2.4, which shows that the choice of support material, for
example, influences the thermal stability and, further, the incorporation of additional functional
groups, which then determine whether this adsorbent requires activation in a reducing or
an oxidizing atmosphere. Thus, this section is structured according to the most influential
parameters: support material, thermal stability, reaction pathway, additional functional groups,

and activation, as illustrated in Figure 2.4.

The support material provides the essential porous structure, and should have a high specific
surface area. Most of the adsorbents used in literature are based on zeolites, metal oxides, or
activated carbon from different sources. Recently, metal-organic frameworks (MOFs) [71, 72] and
molecularly imprinted polymers (MIPs) [73] have also attracted considerable attention. Carbon
materials are well known as adsorbents from different adsorption processes. Activated carbon
from different sources is one of the least expensive adsorbent materials among all commercial
options. Desulfurization experiments with activated carbon have shown promising results for

model fuels [74, 75]. However, selectivity towards organosulfur compounds is still a major
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Figure 2.4.: Complexity of adsorbent formulation.

challenge, as can be seen from results using commercial fuels [45, 76]. Different modifications
have been investigated that attempted to increase the functionality of carbon-based materials as
a sulfur adsorbent [48, 77, 78]. In addition to activated carbons, ordered mesoporous carbon has
also been investigated as an adsorbent for desulfurization [79]. The advantages of its regular
mesoporous pore structure and narrow pore size distribution are dampened by its higher costs
for preparation. MOFs have similar advantages compared to ordered mesoporous carbons. In
recent studies, MOFs have been used as adsorbents for organosulfur compounds and shown
promising results [71, 80]. A major drawback of all carbon-based adsorbents is their lack of
thermal stability. High temperatures cause both surface reduction and pore collapse, thus
limiting their thermal regeneration performance [74, 81-83]. Zeolites and metal oxides have a
high thermal stability even in oxidizing atmospheres [84-86], and thus provide the possibility
of thermal regeneration in oxidizing atmospheres. This is important because reducing gases

are not available in the case of on-board applications.

As outlined in Section 2.2.5, adsorptive desulfurization can occur via two reaction pathways:
the reactive pathway and the non-reactive pathway. The reactive pathway is strongly dependent
on higher operating temperatures (> 100 °C) and the type of additional functional groups, as
shown in Figure 2.4. For example, adsorption via the reactive pathway with Ni/ZnO-Al, O3
adsorbent showed good desulfurization performance at 350 °C in the presence of hydrogen [87].
Efficient desulfurization in the absence of hydrogen was also reported for Ni-based adsorbents
in the temperature range of 150 to 220 °C [88—90]. Low-temperature adsorption is preferred
for various applications, such as mobile and small stand-alone systems. Adsorption via -
complexation (non-reactive pathway), as proposed by Hernandez-Maldonado and R. T. Yang

[91], works at temperatures as low as 20 °C.

As discussed above, high selectivity is still a major issue. This is why additional functional
groups are incorporated into the porous structure of the support materials. These functional

groups are mainly composed of transition metals. In addition, surface acidification via different
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techniques had a positive effect on the overall adsorption of the basic organosulfur compounds,
such as BT and DBT [92, 93]. Different transition metals are primarily incorporated by wet
impregnation [41, 94, 95]. Table 2.4 provides a comprehensive overview in alphabetical order
of which transition metals were studied to increase the selectivity and adsorption capacity
of different types of support materials. It is important to mention, that the listed elements
do not represent the actual chemical state, but rather the element involved in the adsorbent

synthesis.

Table 2.4.: Overview of different transition metals that were investigated for the adsorptive desulfurization of liquid
hydrocarbon-based fuels.

Transition References

metal

Ag? [41, 85, 94-120]

Au? [121]

Ceb [35, 95, 100, 108, 116, 117, 122—-132]

Co? [78, 101]

Cu? [41, 68, 72, 78, 82, 89, 91, 101, 104, 113, 117, 128, 132—147]
Fe? [41, 113, 125, 131, 148]

LaP [122, 141]

Mn? [41, 101]

Mo? [130, 149]

Ni? [35, 36, 47, 87, 89, 90, 100, 101, 113, 117, 124, 126, 129, 130, 136, 139, 141, 150-161]
Pd? [137, 143]

Pt? [162, 163]

Ti? [94, 102, 123, 127, 164]

Zn? [72, 87, 113, 117, 125, 139, 141]

@ d-block metal in the periodic table
b f-block metal in the periodic table

For example, Danmaliki and Saleh [131] reported that loading the activated carbon with Ce
via thermal co-precipitation significantly improved adsorption performance in comparison to
blank activated carbon. Ion exchange of an ultrastable zeolite Y (a synthetic faujasite) with La
significantly increased the adsorption capacity for thiophene and BT [141] from modeled fuel.
Other experiments with ion-exchanged zeolites showed very good adsorption capacities for
both modeled and real transportation fuels [165, 166]; in particular, the ion exchange of d-block
metals, such as Cu and Ag, led to the increased adsorption capacity of organosulfur compounds
[113, 128]. Many other metals from the d and f-block of the periodic table were incorporated
into the porous structure of different types of support materials, as can be seen in Table 2.4.
The detailed experimental conditions, observed selectivities, and adsorption capacities can be

found in the corresponding references. Alongside d-block metals, metal halides can also form
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m-complexation, as was reported by Y. Wang, R. T. Yang, and Heinzel [137]. For example, the
high adsorption capacity of a palladium-halide-based adsorbent was demonstrated for jet fuel

[137] and gasoline [163] at room temperature.

Almost all adsorbents have to be dried at around 100 °C after additional functional groups
are incorporated, in order to remove solvents from the synthesis process. Depending on the
precursor of the transition metal and the synthesis method, further thermal treatment may be
required for most of the adsorbents to transform the additional functional groups into their
active forms. The activation step is carried out between 190 and 550 °C in either a reducing
or an oxidizing atmosphere [94, 96, 102, 128, 154]. This adsorbent characteristic is referred
to as ”Activation” in Figure 2.4 and is related to the chemical state of the adsorbent. Hence,
adsorbents can be classified according to their active state in (i) reduced and (ii) oxidized
adsorbents. For example, Cu-based adsorbents need to be reduced in order to obtain Cu(I)
oxide as the active phase [91]. The active Cu(I) oxide is obtained through the thermally induced
reduction of Cu(Il) in a H, or He atmosphere at temperatures between 190 and 231 °C [91, 128].
A similar reduction has to be done, for example, when Ni is used as the active compound [36,
154, 167]. Silver is one of the transition metals that forms additional functional groups, which
are transformed into the active phase by means of calcination in oxidizing atmospheres [94,
97]. Besides Ag, Ce, Fe, and Mn were also investigated in their oxidized forms, but were found
to achieve lower adsorption capacities in comparison to Ag [41, 100]. In addition, S. Nair and
Tatarchuk [101] showed that Ag performed significantly better as the active compound than
Ni and Cu when these metals were incorporated into porous SiO; and subsequent calcined in

ambient air.

The adsorbent characteristic of “Activation” is of only minor importance as long as the
desulfurization unit is part of a large plant, in which reducing gases such as N, or H, are
easily available. However, this work focuses on mobile desulfurization units for e.g. trucks,
ships, or airplanes, which do not typically carry any of those reducing gases. Consequently,
adsorbents which are active in their reduced forms do not allow of on-board regeneration since
these adsorbents would require subsequent activation via reduction. As described above, Ag
exhibited the best desulfurization performance of all transition metals when the adsorbent
was transformed into the oxidized form via calcination. Thus, this work focuses on Ag-based
adsorbents since these provide the possibility of on-board regeneration. The importance of
adsorbent regeneration for on-board desulfurization units is elaborated upon in the following

section.

2.2.7. Adsorbent Regeneration

The sulfur adsorption capacity at breakthrough for different adsorbents is reported to be

in the range of 0.22 to 12.6 mg-S/g-ads for real fuels [168], and is thus significantly lower
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in comparison to other adsorption processes. For example, a SO, adsorption capacity of
more than 1000mg/g is reported in Ref. [169]. This is why adsorbent regeneration in the
context of adsorptive desulfurization has been increasingly discussed within the scientific
community in recent years. Effective adsorbent regeneration is of major importance for on-
board desulfurization units in particular since constantly replacing the adsorbent is both

inefficient and significantly increases operating costs.

There are two main types of regeneration strategies: (i) solvent-based and (ii) thermal regenera-
tion. Solvent-based regeneration refers to the ability of different solvents to elute the adsorbed
compound. This solvent-based approach has been explored in many studies, in which different
polar solvents were used. Common solvents are benzene [137, 166], toluene [170, 171], diethyl
ether [103, 112], and acetonitrile [149, 164]. After adsorbent regeneration, the solvent itself needs
to be regenerated; thus, an additional operation step is required. For this reason, solvent-based
regeneration strategies are not suitable for on-board applications, as they would require an

additional solvent regeneration unit and large tanks to store both the fresh and used solvent.

Thermal regeneration, on the other hand, is based on the thermal decomposition of adsorbed
organosulfur compounds, which are then desorbed from the surface. This approach is especially
interesting for fuel-cell-based APUs with a power output of 1 - 10 kW,; and stand-alone systems
where no solvents are available. Thermal regeneration can be performed in different gas
atmospheres, which can have a significant influence on regeneration performance [98]. Typical
gas atmospheres are N, [72, 172], He [35, 82], Hy[90, 162], or ambient air [74, 101]. The choice
of the gas atmosphere depends in particular on the chemical state of the active phase of the
adsorbent, and whether it needs reduction or not. As outlined in Section 2.2.6, reducing gases
are not available for the on-board desulfurization units that are integrated into fuel-cell-based
APUs in trucks, ships, or airplanes. Consequently, only thermal regeneration in an oxidizing
atmosphere (e.g. ambient air) is suitable for on-board applications. A more detailed description
of the thermal stability and chemical state of the active phase of adsorbents is provided in

Section 2.2.6.

Thermal regeneration in an oxidizing atmosphere is still a major issue in the field of adsorp-
tive desulfurization. The problem is based on two properties of this process: (i) selectivity
during adsorption and (ii) the thermal stability of the adsorbent during regeneration. Higher
adsorption selectivity would increase the adsorption capacity, which is often combined with
a stronger adsorbate-adsorbent interaction. For regeneration, the strong adsorbate-adsorbent
interaction needs to be broken down, and thus requires a high energy input. Consequently,
full regeneration risks thermally destructing the adsorbent. This is why the overall adsorption
and desorption mechanisms need to be thoroughly investigated to gain deeper insight into
the chemical surface reactions. Within this work, every effort was made to provide a greater
understanding of the overall adsorption and desorption mechanisms of silver-based adsor-

bents. Additionally, this work investigates and presents a novel regeneration strategy, which
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shows very promising results and fulfills all of the requirements for full integration into a 1 -
10 kW,; SOFC-based APU for trucks, ships, or airplanes operated with jet or diesel fuels. These
regeneration experiments are intended to provide an answer to research question 4: what is the

service/regeneration interval of this desulfurization approach?

Chapter 3 provides detailed descriptions of the experimental investigations as well as all
relevant boundary conditions, such as adsorbents synthesis, fuel properties, and investigated
regeneration gases. This information is important in order to understand the results that will
subsequently be presented and discussed. In addition, all methods of analysis used within this

work are defined in Chapter 3.



Adsorbent Synthesis and Related

Experiments

This chapter provides relevant information on all of the experimental investigations carried
out within this work. This includes adsorbents synthesis, characterization of the investigated
fuels and other reagents, as well as detailed descriptions of all experiments. These experiments
are necessary in order to answer the research questions on page 5 of this work. All of the
experiments were carried out several times in order to ensure high reproducibility. In addition,

all sample preparations and methods of analysis are described at the end of this chapter.

3.1. Adsorbent Preparation and Physical Properties!

Two different types of metal oxides were investigated as support materials: y-Alb,O3 and
anatase TiO,. All samples were obtained from commercial suppliers. The five different y-Al,O3
supports are consecutively numbered as Al,O3/1 - Al,O3/5, as listed in Table 3.1. The two
different TiO, supports are designated as TiO,/1 and TiO;/2. The Brunauer-Emmett-Teller
(BET) surface of the TiO, supports was in the range of 40.7 - 124.0 m?/g, and thus significantly
lower in comparison to the y-Al,O3 supports with a BET surface of 163.8 - 268.8 m?/g. The
material properties of all supports are provided in Table 3.1, including the BET surface,

Barrett-Joyner-Halenda (BJH) pore volume, and mean pore diameter.

All support materials were used as received (no crushing) and dried at 110 °C for 6 h under
atmospheric conditions before further modifications were made. The blank y-Al,O3 and anatase
TiO, supports used in the equilibrium saturation experiments (see Section 3.3.1) were both

calcined at 450 °C for 2 h before every experiment.

'Parts of this section were published in Energy & Fuels under the title “Adsorptive Desulfurization: Fast
On-Board Regeneration and the Influence of Fatty Acid Methyl Ester on Desulfurization and in Situ Regeneration
Performance of a Silver-Based Adsorbent” [96].
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Table 3.1.: Properties of various y-Al,O3 and anatase TiO,-based support materials used within this work. Addi-
tional information, such as product name and vendor, is provided in the appendix in Table A.1

Designation Support Shape BET surface BJH pore BJH mean pore
(m?/g) volume (cm®/g)  diameter (nm)

Al,O3/1 v-Al,O3 1.5mm spheres 163.8 0.47 114

Al,O3/2 v-Al,O3 1.6 mm pellets 184.7 0.58 12.5

Al,O3/3 v-Al,O3 1.6 mm extrudates 268.0 0.88 8.5

Al,O3/4 v-Al,O3 1.4 mm pellets 254.6 1.11 10.8

AlL,O3/5 v-Al,O3 @ 2mm pellets 214.0 1.04 11.7

TiO, /1 anatase TiOy 1.6 mm pellets 40.7 0.32 37.8

TiOy /2 anatase TiO, 1.6 mm extrudates 124.0 0.57 32.5

2 4.5% CaO, 1% MgO, 0.5% SiO;

An aqueous solution of AgNO3 was used as a silver precursor to incorporate additional
functional groups into the porous structure of all the support materials listed in Table 3.1. Silver
was used as the active compound because it requires no activation in a reducing atmosphere,
and can thus be regenerated in an oxidative atmosphere without additional activation, as
discussed in Section 2.2.6. This is a major advantage for on-board desulfurization units in
particular, where no reducing atmospheres are available. The aqueous solution of AgNO3 was
prepared by dissolving solid AgNOj3 of 99% purity (Alfa Aesar) in deionized water in a spray
bottle made of amber glass. The elemental silver content was 12 wt.% at time of impregnation,
and the volume of the solution was equal to 100% of the pore volume of the corresponding
support material. For example, 1.8901 g of AgNO3 was dissolved in 4.70 ml of deionized water
in order to impregnate 10 g of Al,O3z/1. For the impregnation, the dried support was sprayed
with the aqueous AgNO3 solution while the support particles were being thoroughly mixed.
After infiltration in a sealed glass vessel for 14 h, the adsorbent was dried and calcined at 110

and 450 °C in atmospheric conditions for 6 and 2 /i, respectively.

3.2. Fuels and Sulfur Compounds

In this work, several different fuels were used to investigate the influence of fuel composition on
the adsorption behavior of different types of PASHs. For this investigation, three different types
of PASHs were used, including BT (Alfa Aesar, 98% purity), DBT (Alfa Aesar, 98% purity),
and 4,6-DMDBT (Alfa Aesar, 97% purity). These three types of PASHs are representative
sulfur heterocycles for commercial hydrocarbon-based fuels from petroleum feedstocks. BT is
a typical compound in lighter refining streams, such as naphtha (gasoline) and kerosene (jet
fuel), whereas DBT is related to gas oil (diesel) [50]. The 4,6-DMDBT compound is known to

be one of the most challenging types of PASHs in terms of adsorptive desulfurization [37] and
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is a sulfuric compound typical of diesel fuel with a higher degree of HDS [94]. As discussed
in Section 2.1.2, BT, DBT, and 4,6-DMDBT in particular have a low conversion rate during
HDS, and thus tend to be the major PASHs found in commercial fuels. For example, Ref. [173]
reported that DBT was the major PASH in a high-sulfur diesel fuel with 2284 ppm of total
sulfur, whereas, in a diesel fuel with 433 ppm of total sulfur, the concentration of DBT was
only the second highest. Ref. [94] reported a high concentration of DBT in a diesel fuel with
452 ppmw of total sulfur. Schade and ]. T. Andersson [174] reported that DBT was still the major
PASH in a diesel fuel containing 76 ppmw of total sulfur. Schade and J. T. Andersson [174] also
found that, even in a low-sulfur diesel 12 wt.% of 13 ppmw of total sulfur was represented by
DBT. S. A. Hussain and Tatarchuk [94] analyzed an ultra-low-sulfur diesel (high degree of
HDS) with 7.5 ppmw of total sulfur that contained only 4,6-DMDBT and other substitutes of
DBT. The fuels analyzed above show that BT, DBT, and 4,6-DMDBT are representative PASHs,
which is why they where used within this study.

The three different types of PASHs were dissolved in two different commercial fuels with an
initial total sulfur concentration of < 5 ppmw. This approach makes it possible to investigate
both the individual and competitive adsorption behavior of BT, DBT, and 4,6-DMDBT in a
more precise manner. The commercial fuels jet A-1 (Air BP) and diesel fuel (BP) were used
because they are typical fuels for fuel-cell-based APUs in trucks, ships, and airplanes. The
detailed aromatic compositions of both commercial jet A-1 and diesel fuels can be seen in
Table 3.2, which shows that the total concentrations of aromatics are similar for both jet A-1
and diesel fuel. However, the diesel fuel contains significantly higher amounts of PAHs in
comparison to the jet A-1. This is in agreement with literature (cf. Table 2.1), which found
that jet fuel contains significantly lower amounts of PAHs than diesel fuel, due to its narrower
boiling range and stringent smoke-point specifications; a more detailed discussion can be found
in Section 2.1.

Table 3.2.: Content of monoaromatics and PAHs in jet A-1 and diesel fuel used within this work.

Fuel Fuel density Monoaromatics PAHs Total content of aromatics
Jet A-1 785kg/m3 15.8 vol. % 0.25v0l.%% 16.05vol.%*
Diesel 826kg/m3  14.0wt.%P 19wt %> 159 wt. %P

@ Analyzed according to ASTM D 6379
b Analyzed according to EN 12916

In order to investigate the role of monoaromatics and PAHs, a model fuel was prepared by
dissolving the relevant sulfur heterocycles in n-octane (Alfa Aesar, 98% purity). The influence
of fatty acid methyl ester (FAME) (also referred to as biodiesel) on desulfurization performance
was also investigated by dissolving the relevant sulfur heterocycles in a commercially available
diesel fuel (BP) with 6.63 wt.% FAME. This diesel fuel has a total aromatic content of 14.8 wt.%
according to its data sheet; the fuel density is 828 kg /m?> and the initial total sulfur concentration

is < 7 ppmuw.



3.2. Fuels and Sulfur Compounds 23

All of the fuels used within this work are listed in Table 3.3. Each fuel is designated according
to a fixed scheme as follows: "Type of fuel”/”dissolved type of PASH”_"total sulfur concen-
tration in ppmw”. For example, the fuel based on jet A-1 with added DBT and a total sulfur
concentration of 900 ppmw is designated as “jet/DBT_goo” while the fuel based on diesel with
added BT and a total sulfur concentration of 300 ppmw is designated as “diesel/BT_300”. An
overview of all of the fuels investigated is provided in Table 3.3, where detailed descriptions of

the types of PASHsadded and the final total sulfur concentrations can be found.

Table 3.3.: Overview of fuel properties and total sulfur concentrations of all fuels used within this thesis.

Designation Fuel Added sulfur Total sulfur
compoundy(s) concentration (ppmw) f
octane/BT _goo n-octane 2 BT 900
octane/DBT_goo n-octane ? DBT 900
jet/BT_goo Jet A-1P BT 900
jet/DBT _goo Jet A-1P DBT 900
jet/4,6-DMDBT goo Jet A-1° 4,6-DMDBT 900
jet/MIX-3_9o0 Jet A-1P BT, DBT, 4,6-DMDBT¢ 900
diesel/BT_300 Diesel ¢ BT 300
diesel /BT _goo Diesel © BT 900
diesel/DBT _goo Diesel © DBT 900
diesel/F/BT_300 Diesel with FAME ¢ BT 300
diesel/F/BT_goo Diesel with FAME ¢ BT 900

@ Vendor: Alfa Aesar; initial total sulfur concentration: 0 ppmw

b Vendor: Air BP; initial total sulfur concentration: < 1 ppmw

¢ Vendor: BP; initial total sulfur concentration: < 5 ppmw

4 Vendor: BP; initial total sulfur concentration: < 7 ppmw and with 6.63 wt.% FAME
¢ Equimolar amount of each PASH

5%

This large variety of fuels was used in different desulfurization experiments. By dissolving only
one type of PASH in different commercial fuels, it was possible to investigate the influence of
fuel composition on the overall adsorption behavior. In addition, varying the type of PASH
allows to scrutinizing proposed adsorption mechanisms in a comprehensive manner. Each of
these investigations with different types of fuels are essential in order to provide answers to
research questions 2 and 3: what is the mechanism behind this desulfurization process, and

how is this mechanism influenced by different types of liquid hydrocarbon-based fuels?
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3.3. Desulfurization Experiments

For the desulfurization experiments, both static and dynamic breakthrough tests were carried
out in order to investigate adsorption performance and adsorption kinetics under a wide
range of conditions. Hence, all of these desulfurization experiments are essential in order find
answers to research questions 2 and 3: what is the mechanism behind this desulfurization
process, and how is the mechanism influenced by different types of liquid hydrocarbon-based

fuels?.

3.3.1. Equilibrium Saturation Experiments

Static equilibrium saturation experiments were carried out at atmospheric pressure and three
different temperatures: —10, 20, and 60 °C. These temperatures were investigated because they
represent the relevant temperature range for an on-board desulfurization unit integrated into a
fuel-cell-based APU in e.g. trucks, ships, or airplanes. For each experiment, 1 ¢ of adsorbent
was mixed with 10mL of fuel in a cylindrical flask, which was then placed in a thermostat
to control the adsorption temperature. The sulfur concentration of the equilibrated fuel was
analyzed after 48 i to determine the equilibrium saturation capacity, according to the following

formula:

. Vfuelpfuel(CS,O - CS,l)
4 Mygs X 100

(3-1)

where g, (mg/g) is the equilibrium saturation capacity, Vf,,; (mL) is the fuel volume,
Ofuel (kg/m?) is the density of the fuel, mg4s (g) is the initial mass of the adsorbent, and
cso and cgy (ppmw) are the total sulfur concentrations at the beginning and end of the

experiment, respectively.

3.3.2. Kinetic Experiments

Kinetic experiments were performed by mixing 20 mL of fuel with 2 ¢ of the adsorbent in a
flat cylindrical vessel with an inner diameter of 90 mm. In this experimental setup, the 2 ¢
of adsorbent formed a single layer on the bottom of the vessel. This experimental setup is
designed so as to imitate a single layer of adsorbent in a real adsorber, as shown schematically
in Figure 3.1 and thus makes it possible to gain deeper insight into fundamental adsorption
behaviors. It is important to note that the boundary conditions of these kinetic experiments
are different than those of the dynamic breakthrough experiment described in the following

sections. In the kinetic experiments, there was no filling og the adsorber; hence, the time scale of
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the fundamental adsorption behaviors observed differs from that of the dynamic breakthrough

experiment.

Adsorber

Kinetic experiment

Adsorbent
bed

an

Single layer of adsorbent

Figure 3.1.: Setup of kinetic experiment.

The kinetic experiments were performed over a period of 48 h without agitation. Six samples
were taken during the 48/ (at 0, 0.55, 2.55, 4.72, 31, and 48 ) to determine the concentration
changed of individual PASHs in the bulk phase. The amount of fuel and adsorbent was
increased by a factor of 2 in comparison to the equilibrium saturation experiments in order to
minimize the influence of sampling. The total sulfur concentration of each sample was analyzed

to calculate the corresponding sulfur adsorption capacity, according to Equation 3.2:

ViuelP fuel
Ge41 = gt + {Z %(Cs,t - CS,H—l)} (3-2)
where g; (mg/g) is the amount of total sulfur adsorbed at time ¢ (s) and cg; (ppmw) is the

total sulfur concentration at time ¢.

3.3.3. Dynamic Breakthrough Experiments

All of the dynamic breakthrough experiments were carried out at 20°C and atmospheric
pressure in an individually designed test rig using 14 ¢ of adsorbent. The flow sheet of the
experimental setup is illustrated in Figure 3.2, which shows the set-up of both the dynamic

breakthrough experiments and the regeneration experiments (see Section 3.4).

The gray dashed lines in Figure 3.2 indicate the desulfurization experiment. In these experi-
ments, the adsorbent was loaded into the vertical stainless-steel adsorber supported on both
sides by stainless-steel sieves with a mesh size of several micrometers. The fuel was pumped
vertically upward through the adsorber at a constant flow rate during the whole experiment
using a peristaltic pump (Ismatec Reglo Digital). The effluent fuel was periodically sampled

and analyzed to determine the total sulfur concentration of each sample.

The breakthrough curves illustrated in this work were obtained by plotting the transient

sulfur concentration versus the time-dependent cumulative volume of treated fuel normalized
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Figure 3.2.: Flow sheet diagram of the laboratory-scale desulfurization unit with thermal in situ regeneration [98].

by the mass of adsorbent (cs(t) versus Vi, (t)/m,). All sulfur breakthrough capacities
Joreak Were calculated according to Equation 3.3 where Vel preak / Mags is determined from the
corresponding breakthrough curve at cg p,e0x = 10 ppmw via linear interpolation. The value of
Cspreak = 10 ppmw represents the threshold limit of total sulfur for an SOFC-based APU, as

described in Section 1.3, and was thus defined as sulfur breakthrough.

Vuel break P fuel€s,0
Ybreak = fuclbrea fliEO6 (3:3)

Myds

Equation 3.3 represents the 10 ppmw sulfur breakthrough capacity gy, in (mg/g), where
Vel break (ml) is the volume of treated fuel at breakthrough, p e (kg/ m?) is the fuel density of
the treated fuel, cso (ppmw) is the initial total sulfur concentration of the treated fuel, and 1,45

(g) is the mass of adsorbent used for the breakthrough experiment.

3.4. Regeneration Experiments

All regeneration experiments were performed in situ and subsequent to the dynamic break-
through experiments on the same test rig, shown schematically in Figure 3.2. After each
desulfurization experiment, the experimental set-up was switched into regeneration mode, as
shown by the red lines in Figure 3.2. The remaining fuel inside the adsorber was gravimetrically
discharged before the adsorber was flushed with regeneration gas. Three different gas mixtures
were used for regeneration; these are given in Table 3.4. The first gas mixture is ambient air
(referred to as ambient air (AIR;)) with a constant moisture content of 0.1m0l%. The second
gas mixture is similar in its composition to the hot off-gas of an SOFC-operated APU, and
thus referred to as APUg. The moisture content of APUy is 4.5mo0l%. This gas composition
is based on an operation mode in which sulfur-free diesel is used as a fuel to operate the
SOFC-based APU. The third gas mixture is based on APUg with 3 times the H,O content, and
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is thus referred to as APUg et The detailed gas composition of all three gas mixtures can be

seen in Table 3.4.

Table 3.4.: Detailed gas composition of the three different regeneration gases: AIRg, APUg, and APUg /et

Molar fraction of gas mixtures

AlRg (mol/mol) ~ APUg (mol/mol)  APUg /et (mol/mol)

N 0.790 0.763 0.700
O, 0.209 0.168 0.154
CO, 0 0.024 0.022
H,O 0.001 0.045 0.124

The regeneration gas mixture was preheated in two stages before it was fed to the adsorber
at a flow rate of 2 - 5L/min at standard conditions. The flow rate of each individual gas
was controlled by mass flow controllers (MFC: Vogtlin, red-y, accuracy of +1%). The gas
temperature was increased from 20°C to a final temperature Tfina in a stepwise manner,
according to the prescribed temperature profile. Different final temperatures were investigated,
including 450, 500, and 525 °C. All temperatures were measured with type K thermocouples of
tolerance class 1. The heating rate during the regeneration experiments was in the range of 3.5
- 8.8 K/min. At the same time, the adsorber walls were heated to the same temperature (+20 K)
to provide an almost homogeneous temperature distribution within the adsorber. During the
regeneration experiments, the concentration of total hydrocarbons (CxHy) in the off-gas was
measured with a flame ionization detector (FID). The O, and CO; concentrations in the off-gas
were recorded with a continuous gas analyzer from ABB for cross-checking. In all experiments,
the adsorber was cooled down by flushing with AIR; at a flow rate of 5 L/min at standard

conditions.

3.5. Analysis of Fuel

The total sulfur concentration of liquid fuel samples was analyzed by means of inductively
coupled plasma optical emission spectroscopy (ICP-OES) using an Arcos SOP from Spectro.
Prior to the ICP-OES, each sample was digested with nitric acid in a microwave assisted

autoclave system (Multiwave 3000, Anton Paar).

In addition to the total sulfur analysis, a sensitive and selective method was used based on gas
chromatographic separation with tandem mass spectrometric detection to analyze individual
sulfuric compounds. A Shimadzu TQ 8o4o triple quadrupole system equipped with a Shimadzu
AOC autosampler was used for the quantification of BT, DBT, and 4,6-DMDBT in the multiple
reaction mode. Separation was carried out on a non-polar column (Phenomenex ZB-5 MS;j,
30m x 0.25 mm inner diameter and 0.25 um film thickness). The carrier gas was helium (purity

5.0) with a linear velocity of 40 cm /s, operated in the constant flow mode. The temperature
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program started at 50 °C (1min) and was increased to 250 °C with a temperature ramp of
10°C/min. After the run, the temperature was raised to 310 °C for 2 min. Aliquots of 1 uL were
injected in the split mode at a split ratio of 1 : 50. The Injector temperature was set to 240 °C,
the interface temperature was 280 °C, and the ion source temperature was 200°C. For the
quantification, external calibration was used with three calibration levels of 0.1, 1, and 10mg /L.

All of the calibrated compounds showed excellent linearity with a regression of > 0.999.

The composition of aromatic compounds in jet A-1 and diesel fuel was determined via high
performance liquid chromatography (HPLC) analysis according to ASTM D 6379 and EN 12916,

respectively.

In the EU, commercial diesel fuel can be blended with up to 7 vol.% of FAME, which is also
referred to as biodiesel. The FAME content in the diesel fuel used within this work was

determined by mid-infrared spectrometry, according to EN 14078:2009.

3.6. Analysis of Gases

During the regeneration experiments, the CxHy concentration in the off-gas was measured
with a FID FID2010T-NMHC from TESTA. The suction nozzle of the FID was placed at the
outlet of the adsorber and the gas was transferred to the FID through a heated pipe. The length
of the heated pipe was about 1.5m which, led to a small time shift in the CxHy, concentration
profile. This small time shift was taken into account during the analysis and interpretation of
the data.

The O, and CO; concentrations in the off-gas were recorded by an AO2000 continuous gas
analyzer from ABB, equipped with the Uras 26 and Caldos 17 modules. Again, due to the
length of the suction pipe, the O, and CO, concentration profiles have a small time shift, which

was taken into account during the analysis and interpretation of the data.

3.7. Material Analysis

3.7.1. XRD Analysis

X-ray diffraction (XRD) measurements were carried out using a Bruker D8 ADVANCE powder
X-ray diffractometer with Cu K« radiation (radiation wavelength = 0.154 nm) operated at 40 kV
and 40 mA. The XRD analysis was carried out at 20 °C with a step size and scanning speed of
0.02° and 10s/step.
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3.7.2. SEM/EDX Spectroscopy

The adsorbent microstructure was examined using a Zeiss Ultra 55 field emission scanning
electron microscope (SEM). All samples were coated with Cr to ensure proper conductivity.
For the SEM analysis, an acceleration voltage of 7.0 kV was used, which is also referred to as
extra high tension (EHT) (EHT = 7.0kV). Energy-dispersive X-ray (EDX) spectroscopy was

used for the chemical characterization of the adsorbent samples.

3.7.3. N; Physisorption Analysis

The physical properties, such as the BET surface and pore volume of the adsorbent, were
characterized by means of N, physisorption using a TriStar II 3020 from Micromeritics. All
samples were out-gassed at 120 °C for 2 h prior to N> physisorption in order to remove moisture.

The N; adsorption/desorption isotherm was conducted at —195.8 °C.

3.7.4. Temperature Programmed Desorption of Ammonia - NH3-TPD

The surface acidity of the adsorbents was determined by means of the temperature programmed
desorption (TPD) of ammonia using a TPDRO 1100 from Thermo Scientific; 0.2 ¢ of adsorbent
was used for this analysis. The samples were purged with high purity helium (11 mL/min) by
increasing the temperature to 450 °C at 10 K/min. The sample was kept at 450 °C for 10 min,
and then cooled down to 120 °C under the same helium flow. The purged samples were then
saturated with NHj3 at 120 °C for 30 min. Subsequent flushing with helium (11 mL/min) was
conducted at 90 °C for 15min, and the samples were then cooled down to 35 °C to remove the
physisorbed NHj3. The analysis was then carried out by increasing the temperature to 650 °C at
10 K/min. The illustrated TPD profiles were recorded using a thermal conductivity detector
(TCD).

3.7.5. Elemental Analysis of the Adsorbent

The total silver content of the final adsorbent was analyzed using ICP-OES. For each sample,
35mg of ground adsorbent was digested with 7mL of nitric acid and 0.2 mL of hydrofluoric
acid in the microwave assisted autoclave system. A similar procedure was used to determine
the elemental sulfur content of the adsorbent. Prior to the ICP-OES analysis, each sample
(100 mg) was digested with nitric acid in a microwave-assisted autoclave system. The carbon
content in the adsorbent was analyzed by means of an element analyzer (Leco RC612), using

200 mg for each sample.



Selective Adsorption and Related

Mechanisms

This chapter provides an introduction to the basics of adsorptive desulfurization and discusses
the fundamental related adsorption mechanisms. Within this work, effort was made to gain
deeper insight into all of the adsorption mechanisms of silver-based adsorbents. The proposed
adsorption mechanisms presented in this work are based on theoretical considerations and
comprehensive experimental investigations, and provide an answer to research question 2:

what is the mechanism behind this desulfurization process?

4.1. Adsorption Mechanisms at Room Temperature!

Adsorptive desulfurization under ambient conditions offers a promising alternative technology
to produce “sulfur free” fuels (< 1 ppmw) in an effective and cost-efficient manner. Different
types of support materials have been doped with different elements (e.g. Ni, Zn, Fe, Ce,
Ag, Cu; cf. Table 2.4) using various preparation techniques in order to synthesize selective
adsorbents and increase their overall sulfur adsorption capacity. However, the understanding
of the relevant adsorption mechanisms at room temperature is still incomplete. Speaking of
multi-cyclic adsorption, the adsorbate-adsorbent interaction has to be below a certain value of
bond energy to enable desorption and regeneration of the spent adsorbent. An overview of the
different types of bindings and their typical range of bond energy is provided in Figure 4.1. For
each type of multi-cyclic adsorption, King [175] proposes a bond energy of below 60 k] /mol for
easy adsorbent regeneration. The lower limit of bond energy is determined by the selectivity
of the adsorption sites. Too little bond energy and selectivity can lead to the occupation of
adsorption sites by other non-sulfuric compounds with similar molecular structures. This is

a real challenge since hydrocarbon-based fuels contain high amounts of several non-sulfuric

'Parts of this section were published in the Chemical Engineering Journal under the title “Acid base interaction
and its influence on the adsorption kinetics and selectivity order of aromatic sulfur heterocycles adsorbing on
Ag-Al203” [97].
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aromatic compounds, as discussed in Section 2.1. The restriction of the bond energy to 8 -
60 kJ /mol still includes several bond types, such as the Van der Waals interaction, acid-base
interactions, and pi bonds, as shown by the likely range for reversible chemical complexing in

Figure 4.1.

Likely rangefor reversible
chemical complexing

Vander Waas |
é Acid base interations
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Bond energy in kJ/mol

Figure 4.1.: Different types of bindings and their range of bond energy [175].

Adsorption based on chemical complexation bonds can have a high capacity and selectivity
for diluted solutions in comparison to weaker Van der Waals forces, as suggested by King
[175]. Yet, chemical complexation bonds are weak enough to be broken by simply increasing
the temperature. This approach was investigated by Yang and co-workers [91, 166, 176],
who proposed m-complexation between d-block metals and PASHs as selective adsorption
mechanisms. The m-complexation is based on two PASH interactions with metal cations:
the metal cations form the usual o-bonds with their s-orbitals. In addition, the d-orbitals of
the metal cations can back-donate electron density to the antibonding 7-orbital (7*) of the
thiophenic ring [91]. This adsorption mechanism is referred to as a 77-M interaction, in which M
represents a d-block metal. A 77-M interaction is stronger with a thiophenic ring in comparison
to a benzene ring [155], and thus allows the selective adsorption of PASHs. However, the
experimental investigations carried out within this work indicate that at least one additional
adsorption mechanism has to be involved in the overall adsorption of PASHs on silver-based
adsorbents such as Ag-Al,Os. For the sake of clarity, these results will be presented later
in this work (Section 4.1.3 et seq.). Nonetheless, these experimental investigations combined
with comprehensive theoretical considerations form the basis of the adsorption mechanisms

proposed below, which were also published in Ref. [97].

The role and importance of acidic centers on solid surfaces are well known from a wide
range of industrially relevant heterogeneous reactions. Acid centers on solid surfaces can be
categorized into two types: Lewis and Bronsted. Lewis acid sites are electron acceptors, which
are coordinatively unsaturated centers, whereas Bronsted sites are proton donors. PASHs,
such as BT and DBT, have two lone-pairs of electrons on the sulfur atom [177]; accordingly,

PASHSs are Lewis bases. This basic characteristic of PASHs enables to form additional chemical
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complexation via acid-base interactions. One possible acid-base interaction is based on metallic
cations such as Ag™ (a Lewis acid) which interacts with BT (a Lewis base) to form a stable
adduct [110]. In this chemical complexation, the metal cation interacts with the sulfur atom of
BT, where the lone pairs of electrons are located; this adsorption mechanism is referred to as
S-M interaction. This type of interaction was also reported for cerium (Ce) doped TiO, [127]
and Ce-exchanged zeolite [135], which showed good selectivity towards BT in the presence of

naphthalene.

Several non-metallic acid sites are known from catalytic processes. These non-metallic acid
sites, including different types of hydroxyl groups (-OHs) and carboxylic groups (-COOHs),
represent additional adsorption sites for acid-base interactions besides metal cations [92, 178].
The interaction of a basic PASH with a non-metallic acid site is referred to as an S-H interaction,
where H represents a general non-metallic acid site. The acidic strength of acid sites strongly
depends on the nature of their constituents, composition, preparation, and pre-treatments
of the solid material [179, 180]. Previous research has dealt with the correlation between the

preparation method and the strength and concentration of acid sites [92].

The adsorptive desulfurization of liquid fuels at room temperature is a complex process
that includes the competitive adsorption of PASHs via different adsorption mechanisms and
of different strengths. From comprehensive investigations carried out within this work the
following adsorption mechanisms are proposed for silver-based adsorbent: the three types of
7t-M, 5-M, and S-H interactions are shown for a silver incorporated aluminum oxide (Ag-Al,O3)

in Figure 4.2 where the metal cation M is represented by silver (Ag).

< Incorporated Ag <» Surface acid group

(a) T-complexation between (b) acid base interaction of the (c) acid base interaction of the
sulfur heterocycle and sil- sulfur atom and the silver sulfur atom and a general
ver cation (77-Ag) cation (S-Ag) surface acid group (S-H)

Figure 4.2.: Relevant adsorption mechanisms for sulfur heterocycles adsorbing on the Ag-Al,O3 adsorbent at room
temperature [97].

The 7-Ag interaction is based on the findings of Herndndez-Maldonado and R. T. Yang [91],
where the thiophenic ring interacts with the Ag™ cation as shown in Figure 4.2a. In addition, the

S-Ag interaction is based on an acid-base interaction in which the sulfur atom interacts directly
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with the Ag™ cation, as shown in Figure 4.2b. The S-H interaction is an additional acid-base
interaction, in which the sulfur atom of the sulfur heterocycle interacts with a non-metallic
acidic group, as shown in Figure 4.2c. These three types of 77-M, S-M, and S-H interactions are
important adsorption mechanisms for silver-based adsorbents at room temperatures, and thus
provide the answer to research question 2: what is the mechanism behind this desulfurization
process? A more detailed discussion of the active silver phase and further characterization of

the S-Ag and S-H interaction can be found in Section 4.1.3.

4.1.1. The Role of Support Material?

Different types of porous metal oxides have been investigated in recent years as researchers
study the influence of different support materials on overall desulfurization performance [94,
95, 101]. The influence of the support material is two-fold: (i) it makes it possible to incorporate
active materials (e.g. Ni, Cu, Ag) into the porous structure of the support material, and (ii) it
provides additional active adsorption sites for PASHs adsorption. Both effects are influenced
not only by the type of material used, but also by the preparation method and precursors used

to synthesize the porous metal oxides [181].

Within this work, commercially available metal oxides were screened in order to identify
a highly active support material. Figure 4.3 shows the equilibrium saturation capacity for
jet/DBT_goo fuel (cf. Table 3.3) determined according to Equation 3.1 for all types of support
materials investigated (cf. Table 3.1). The BET surface of the corresponding support material is

also given in Figure 4.3.
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Figure 4.3.: Equilibrium saturation capacity and BET surface of various support materials (adsorbent: Al;O3, TiO»;
fuel: jet/ DBT_goo; adsorption temperature: 20 °C).

?Parts of this section were published in the Chemical Engineering Journal under the title “Acid base interaction
and its influence on the adsorption kinetics and selectivity order of aromatic sulfur heterocycles adsorbing on
Ag-Al203” [97].
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The adsorption of PASHs on blank support materials, such as Al,O3 and TiO;, is based on the
S-H interaction, as discussed in Section 4.1. The common thermally activated supports SiO,
and TiO, usually have lower surface acidity in comparison to y-Al,O3 [102, 182]. This is in
agreement with the results presented in Figure 4.3 where support materials based on y-Al,O3
showed higher equilibrium saturation capacities in comparison to support materials based
on anatase TiO;. In the case of y-Al,O3 supports, the lowest equilibrium saturation capacity
of 1.22mg-S/ g-ads was observed for support material Al,O3/4. By contrast, the equilibrium
saturation capacities of TiO,/1 and TiO,/2 were observed to be 0.11 and 0.41 mg-S/g-ads,
respectively, which are both significantly lower in comparison to all equilibrium saturation

capacities observed for y-Al,O3 supports.

Apart from their acidity, anatase TiO; supports also have a lower BET surface in comparison
to the y-Al,O3 supports, which is one of the major drawbacks of TiO,-based adsorbents and
catalysts [183]. However, from these results it can be concluded that the adsorption capacities of
AlyO3, SiO,, and TiO; are not influenced by the BET surface, but rather by the surface specific
density of active acidic sites. For example, Al,O3/1 has a BET surface of 163.8 m2/ g, which is
well below the BET surface of 268.0m?/g¢ in the case of Al,O3/3. However, the equilibrium
saturation capacity of Al,O3/3 was observed to be 1.97 mg-S/g-ads and thus only marginally
higher in comparison to Al,O3/1, with 1.87 mg-S/g-ads. This result indicates that Al,O3/1 has
a higher surface specific density of active acidic sites in comparison to Al,O3/3. This is not
only important for adsorption, but also for the incorporation of silver into the porous structure

of support materials as will be discussed in the following section.

4.1.2. The Role of Silver?

Silver is one of the few metals which is active in its oxidized form [96, 97]. This is a major
advantage for mobile and stand-alone systems because Ag-based adsorbents can be regenerated
in oxidizing atmospheres without subsequent activation in H, or N». Consequently, Ag was
used as the active metal to impregnate the different support materials based on y-Al,O3; and
anatase TiO; listed in Table 3.1. The procedure of the adsorbent synthesis is described in

detailed in Section 3.1.

The effect of Ag impregnation was investigated by means of equilibrium saturation experiments
using jet/DBT _goo as fuel. Figure 4.4 shows the equilibrium saturation capacity g.; according
to Equation 3.1 for all blank and Ag impregnated supports listed in Table 3.1. Additionally, the
surface specific equilibrium saturation capacity (mg-S/m?-ads) of Ag impregnated supports
is shown in Figure 4.4; this is calculated by dividing the equilibrium saturation capacity

(mg-S/ g-ads) by the corresponding BET surface (m?-ads/g-ads).

3Parts of this section were published in the Chemical Engineering Journal under the title “Acid base interaction
and its influence on the adsorption kinetics and selectivity order of aromatic sulfur heterocycles adsorbing on
Ag-Al203” [97].
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Figure 4.4.: Influence of Ag incorporation on saturation capacity (adsorbent: Al;O3, Ag-Al,O3, TiO,, Ag-TiOy; fuel:
jet/DBT_goo; adsorption temperature: 20 °C).

Incorporating active Ag into the porous structure significantly increased the equilibrium
saturation capacity of all of the support materials. For example, the equilibrium saturation
capacity of Al,O3/5 increased significantly from 1.82 to 2.94mg-S/g-ads when Al,O3/5 was
impregnated with Ag. It can be seen in Figure 4.4, the effect of Ag incorporation has a stronger
impact on the equilibrium saturation capacity in the case of anatase TiO, supports (TiO>/1
and TiO,/2). The equilibrium saturation capacities of both blank TiO,/1 and TiO;/2 more
than doubled after Ag impregnation, reaching 0.52 and 1.06 mg-S/ g-ads, respectively. However,
their equilibrium saturation capacity is still low in comparison to the Ag impregnated y-Al,O3
adsorbents. In particular, the equilibrium saturation capacity of support Al,O3/1 increased

significantly from 1.86 to 3.76 mg-S/ g-ads after Ag incorporation.

As discussed in the previous section, the BET surface should be also considered in comparing
different support materials. Thus, the surface specific saturation capacities for Ag-incorporated
adsorbents can also be seen in Figure 4.4, which represents their equilibrium saturation capacity
in relation to the surface area (mg-S/ m?-ads). The results show that TiO,-based adsorbents
have a high density of active adsorption sites after Ag impregnation. For example, the silver
impregnated support TiO»/1 has a surface specific saturation capacity of 1.27x1072 mg-S/m?-
ads which is well above the surface specific saturation capacity of the Ag-impregnated support
Al,O3/4, achieving 0.85x 1072 mg-S/m?-ads. However, the low specific surface area of the
TiO»/1 support (40.7m?/g as can be seen in Figure 4.3) leads to a very low mass-based
equilibrium saturation capacity of only 0.52mg-S/g-ads only. The highest mass and surface
specific saturation capacities were observed for Ag-impregnated Al,O3/1, at 3.76 mg-S/g-ads
and 2.30x 102 mg-S/m?-ads, respectively. This is interesting because support Al,O3/1 has the
lowest BET surface of all the investigated y-Al,O3 supports. Consequently, Al,O3/1 was chosen
as the most suitable support to prepare the Ag-Al,O3 adsorbent by means of the synthesis
procedure described in Section 3.1. These results further highlight that neither adsorption
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capacity nor the potential to incorporate additional adsorption sites are limited by the specific

surface area, but rather by its chemical composition.

Additional effort was made to gain deeper insight into the processes that take place while
the adsorbent is being synthesized. For this reason, a break through experiment was carried
out using the blank Al,O3/1 support. In this experiment, 0.6 g of dried Al,O3/1 support was
loaded into a micro adsorber made of polytetrafluorethylene (PTFE). A stock solution with
2.99 +0.09wt.% Ag was prepared by dissolving AgNOj3 in deionized water. This aqueous
AgNOs solution was pumped into the micro adsorber at a volume flow rate of 0.025mL/min
at standard conditions. At the bottom of the micro adsorber, the effluent solution was collected

over the time and analyzed by ICP-OES to determine its elemental silver content.

Figure 4.5 shows the breakthrough curve of elemental silver from the experiment described
above. The Ag content of the first sample (at t = 19min) of the effluent aqueous AgNO;
solution was 0.97 wt.% which is well below the initial Ag content of 2.99 wt.%. With time, the
Ag content in the effluent solution increased to a final value of 2.58 wt.% after 72 min. This
breakthrough curve clearly shows that not only does the aqueous AgNOj3 solution fill the
pores of the support, but also that the silver phase of the dissolved AgNO3 adsorbs on the
surface of the Al,O3/1 support. This is an important finding since it indicates the homogeneous
distribution of the Ag phase within the porous structure of the support during infiltration.
This homogeneous distribution of the Ag phase was confirmed by a SEM analysis, which is

presented and discussed in Section 4.1.3 (cf. Figure 4.8).

4+ |— — —Initial Ag concentration
—{— Breakthrough curve of Ag
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Figure 4.5.: Breakthrough curve of elemental silver obtained by pumping an aqueous AgNOj3 solution through

an adsorber filled with Al,O3/1 (adsorbent: Al,O3/1; liquid: aqueous AgNO3 solution; adsorption
temperature: 20 °C).

L. Yang et al. [107] proposed inhomogeneous distribution of the silver phase during wet
impregnation of mesoporous silica with an aqueous solution of AgNO3;. They suggest that
during solvent volatilization, the solution concentration increases in the inner part of the pores,
leading to a gradient distribution on the support surface [107]. This phenomenon was reported

for a mesoporous SiO;, but does not apply to porous y-Al,Os supports, including Al,O3/1.
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As clearly indicated by the Ag breakthrough curve in Figure 4.5, the active adsorption of the
silver phase during infiltration prevents a gradient distribution during solvent volatilization
in the case of Al,O3/1. Thus, it is concluded that acid sites are involved in the adsorption of
the silver phase during infiltration. Consequently, active adsorption of the silver phase during
infiltration is limited in the case of SiO, supports since SiO, has a significantly lower surface

acidity in comparison to y-Al,O3 supports [102, 182].

The physical properties of the adsorbent, such as BET surface and pore volume, were deter-
mined by N, physisorption so as to further analyze the effect of incorporating Ag into the
porous structure of the support material. Table 4.1 shows the physical properties of blank
Al,O3/1 and Ag-Al,O3 based on Al,O3/1 support material.

Table 4.1.: Physical properties of blank and silver incorporated Al,O3/1 adsorbents.

Adsorbent BET surface BJH pore BJH mean pore
(m?/g) volume (cm3/g)  diameter (nm)

ALOs3/1 163.8 0.47 9.3

Ag-Al,O3?  141.1 0.42 9.5

@ Based on the Al,O3/1 support material

The BET surface was reduced from 163.8 to 141.1m? /g by incorporating silver into the porous
structure of the Al,O3/1 support. The BJH pore volume decreases only slightly from 0.47 to
0.42cm®/ g in the case of Ag-Al;O3; whereas the BJH mean pore diameter increased slightly.
The pore size distribution of blank Al,Os/1 and Ag-Al,O3 based on the Al,Os3/1 support

material is shown in Figure 4.6.
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Figure 4.6.: Pore size distribution of blank Al,O3/1 and after silver incorporation (Ag-Al,O3) [97].

All results show that the silver phase was successfully and homogeneously dispersed on
the surface of the pore channels of the support material (cf. also SEM image in Figure 4.8¢)
with pore size distribution in the range of 1.9 — 50 nm (cf. Figure 4.6). All of the experiments
subsequently reported and discussed within this thesis were carried out with the Ag-Al,O3

adsorbent based on the support Al,O3/1.
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4.1.3. The Active Silver Phase and the HSAB Theory*

As described in Section 4.1, the active Ag adsorption site for both 7-Ag and S-Ag interaction
is the Ag™ cation [109, 184]; metallic Ag particles are not able to adsorb sulfur heterocycles
[109]. The active Ag phase is formed during the thermal treatment of the Ag impregnated
support. Figure 4.7 shows the XRD pattern of the Ag-Al,O3 adsorbent. In addition to y-Al,O3
(ICSD database; PDF: 10-425), AgrCO3 was also detected by XRD analysis [185]. This Ag,COs
represents the active Ag phase, as reported in Ref. [109]. The XRD pattern also shows the peaks
for metallic silver [186]. This metallic silver is related to metallic Ag particles on the surface

of the Ag-Al,O3; adsorbent particle, which were also detected by SEM analysis, as shown in

Figure 4.8a.
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Figure 4.7.: XRD pattern of Ag-Al,O3 [99].

The metallic Ag particles detected are in the range of 1 - 2 ym, as shown in Figure 4.8a, and are
not distributed homogeneously on the surface of the Ag-Al,O3 adsorbent. This inhomogeneity
results from the preparation method (cf. Section 3.1), during which excess AgNO; solution
remains on the particle surface and forms these small Ag particles [96]. The formation of
metallic Ag particles on the surface demonstrates that the process of synthesizing the adsorbent
has the potential to be significantly improved, and further indicates a potential opportunity
to reduce the Ag content of the adsorbent without decreasing the number of active Ag
adsorption sites. This correlates with results reported by S. A. Hussain and Tatarchuk [94],
where the impregnation of Ag/TiO, with 12 and 8 wt.% Ag showed similar desulfurization

performance.

Figure 4.8b shows the EDX pattern from the center of the fractured surface of the Ag-Al,O3
adsorbent. In addition to the support’s O, and Al elements, the EDX pattern clearly shows the
presence of Ag and C, which are related to AgrCOs3, representing the active silver phase. The

corresponding SEM image from the center of the fractured surface is shown in Figure 4.8c and

4Parts of this section were published in the Chemical Engineering Journal and Energy & Fuels under the titles “Acid
base interaction and its influence on the adsorption kinetics and selectivity order of aromatic sulfur heterocycles
adsorbing on Ag-Al203” [97] and “Thermal in Situ and System-Integrated Regeneration Strategy for Adsorptive
On-Board Desulfurization Units” [98].
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Figure 4.8.: Material analysis of Ag-Al,O3: (a) SEM image of the surface of Ag-Al,O3, (b) SEM image of the
fractured surface of Ag-Al,O3, and EDX pattern of Ag-Al,Os.

shows the homogeneous distribution of the active Ag phase particles (bright dots) in the range
of 40 nm within the porous structure of the adsorbent. Both SEM and EDX analysis showed no
radial Ag gradient on the fractured surface of the Ag-Al,O3 adsorbent, and thus confirm that
the active Ag phase is homogeneously distributed within the porous structure of the Al,O3/1

support (cf. discussion of Figures 4.5 and 4.6).

The interactions with the active silver phase can be further characterized as follows: according
to the hard and soft acid base theory proposed by Pearson [2] (HSAB theory), stable interactions
are formed favorably between acids and bases of a similar hardness. The Ag™ cation of the
active Ag phase is a soft acid according to the HSAB theory [113]. Both BT and DBT are Lewis
bases, in which the S atom of the thiophenic ring has two lone pairs of electrons; one ¢ lone-
pair and one 7t lone-pair of electrons [177]. This electron configuration enables thiophenic
compounds to act as either hard or soft bases [177]. According to the HSAB theory, the S-Ag
mechanism can be described as soft-soft interactions where the Ag™ cation acts as a soft acid
and interacts with the sulfur heterocycle as a soft base (7 lone-pair of electrons). Within this

S-Ag interaction, the S atom donates its 7t lone-pair of electrons to the Ag™ cation [135].

In contrast to the S-Ag mechanism, the S-H mechanism can be described as a hard-hard
interaction. Consequently, the ¢ lone-pair of electrons (hard base) of the sulfur heterocycle
interacts favorably with a hard acid site of the adsorbent. Additional analyses were carried out
to gain deeper insight into the surface acid composition of the Ag-Al,O3 adsorbent. TPD of
probe molecules is a common method to analyze the surface acidity of catalysts and adsorbents
[152]. In this work, the hard base NH3 [187] was used as a probe molecule to investigate the
overall surface acidity of the blank Al,O3/1 support and the related Ag-Al,O3 adsorbent. The
corresponding NH3-TPD profiles are shown in Figure 4.9.
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Figure 4.9.: NH3-TPD profiles of (1) blank Al,O3/1 and (2) Ag-Al,Os [97].

Both NH;3-TPD profiles show two considerable peaks: the first in the range of 100 to 200 °C and
the second in the range of 500 to 600 °C. These two peaks indicate weak and strong acid sites
on both the blank Al,O3/1 support and the Ag-Al,O3 adsorbent[188]. The NH3-TPD analysis
showed a loss in strong acid sites for Ag-Al,O3 in comparison to the blank Al,O3/1 support.
This loss in strong acid sites indicates that the incorporation of Ag replaced some of the strong
acid sites, as was also observed in Ref. [102]. In contrast, the Ag impregnation significantly
increased the number of weak acid sites in comparison to the blank Al,O3/1 support. This
phenomenon is in agreement with results reported by S. A. Hussain and Tatarchuk [102], who
related the increased acidity to additional -OH groups formed during preparation. These -OH
groups provide a HT cation, which is a hard acid [187]. The higher amount of weak but hard
acid sites (-OH groups) in the case of Ag-Al,O3 confirms the importance of the S-H interaction,
which can also be described by the HSAB theory.

4.2. Adsorption Selectivity

Adsorption selectivity is a complex phenomenon based on the interaction of the active adsorp-
tion site, the adsorbate, and potential adsorptives. Consequently, the adsorption selectivity
of Ag-Al,O3 depends on the fuel composition and the types of PASHs present in the fuel. In
addition, the physical conditions, including the adsorption temperature, have a strong impact
on the selectivity of adsorption. Thus, it is important to investigate and quantify the influence
of these parameters on the desulfurization performance of an Ag-Al,Os-based desulfuriza-
tion unit under relevant conditions for fuel-cell-based APUs. To investigate the adsorption
selectivity of Ag-Al,Os, several fuels with and without non-sulfuric aromatic compounds were
used. More details on the experimental set-up and fuels used are provided in Section 3.3. The
results of the comprehensive investigations reported in this section are intended to provide an
answer to research question 3: how is the mechanism influenced by different types of liquid

hydrocarbon-based fuels?
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4.2.1. Influence by the Type of PASH®

A more fundamental investigation of the relevant adsorption mechanisms is necessary in
order to understand the adsorption selectivity of different types of PASHs. For this reason,
equilibrium saturation experiments were carried out under the same conditions, but with
different types of PASHs. This approach made it possible to investigate the adsorption behavior
of individual PASHs more specifically. For these experiments, BT, DBT, and 4,6-DMDBT were
used as representatives of the most common types of PASHs in gasoline, jet fuel, and diesel
fuel, as discussed in Section 2.1.1. In addition, jet/MIX-3_300 was used as a fuel containing BT,
DBT, and 4,6-DMDBT (cf. Table 3.3) in order to study the influence of competitive adsorption
on adsorption selectivity. The results of these equilibrium saturation experiments are shown
in Figure 4.10. The results clearly show a selectivity order of BT > DBT > 4,6-DMDBT for
individual adsorption on Ag-Al,Os. The equilibrium saturation capacities observed for BT,
DBT, and 4,6-DMDBT are 4.6, 3.76, and 2.45mg-S/g-ads, respectively.
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Figure 4.10.: Individual and competitive equilibrium saturation capacity of Ag-Al,O3 for different types of PASHs
(adsorbent: Ag-Al,Og3; fuel: jet/BT_goo, jet/ DBT_goo, jet/4,6-DMDBT _goo, jet/MIX-3_goo; adsorption
temperature: 20 °C).

Several researchers have reported different individual selectivity orders for Ag-SiO, and Ag-
TiO, than that of Ag-Al,Os. For Ag-SiO, and Ag-TiO,, DBT was the most adsorbed sulfur
heterocycle, leading to an individual selectivity order of DBT > BT [41, 103, 107]. These
experiments were performed with a model fuel using a single PASH dissolved in n-octane or
decane. Within this work, additional saturation experiments were carried out using n-octane
as a model fuel (octane/BT_goo and octane/DBT_goo, cf. Table 3.3). These experiments were
carried out in order to exclude the possibility that aromatic compounds and fuel additives in
real jet A-1 change the selectivity order for Ag-Al,Os. The results in Figure 4.11a show that
the selectivity order of Ag-Al,O3 is BT > DBT in both n-octane and jet A-1. Consequently, the

5Parts of this section were published in the Chemical Engineering Journal under the titles “Acid base interaction
and its influence on the adsorption kinetics and selectivity order of aromatic sulfur heterocycles adsorbing on
Ag-Al203” [97].
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different selectivity order of Ag-Al,O3 in comparison to Ag-SiO, and Ag-TiO, must originate
from the contribution of the support material to the adsorption mechanism itself. This insight
is of great importance since it was the basis of this investigation of additional adsorption
mechanisms (as presented in Section 4.1 and further discussed in Section 4.1.3) and makes
it possible to understand the change in the selectivity order of Ag-Al,O3 in comparison to
Ag-5i0; and Ag-TiO,.

The drying and calcination of Ag impregnated metal oxides lead to the formation of Ag™
cations on the surface of the adsorbent [184]. These Ag™ cations allow sulfur heterocycles to be
adsorbed via 71-Ag as well as S-Ag interaction (cf. Section 4.1). Both 7-Ag and S-Ag interactions
are based on the Ag™ cation, and thus do not involve the support material itself, but rather
the active Ag phase. However, surface acidic groups from the support material are involved
in the adsorption of basic compounds like thiophenic molecules via the S-H interaction, as
described in Section 4.1. A. H. M. S. Hussain et al. [110] performed density functional theory
(DFT) calculations for the adsorption of sulfur heterocycles on a Ag-TiO, complex. The results
of these DFT calculations are summarized in Table 4.2 and are extended with selectivity order

determined by Gao et al. [177].

Table 4.2.: Adsorption mechanisms of Ag-based adsorbents and the related adsorption energies for BT and DBT.

Type of Adsorption energy Adsorption energy Relative strength
binding of BT (kj/mol)? of DBT (k] /mol)? of adsorption

n-Ag —117.9 —126.2 DBT > BT
S-Ag —104.7 -117.3 DBT > BT
S-H —544 - BT > DBTP
a Ref. [110]
b Ref. [177]

The 77-Ag interaction has the highest adsorption energy of all three types of bindings, according
to Table 4.2. Within this 77-Ag interaction, DBT has a higher adsorption energy than BT.
Consequently, the selectivity of the 77-Ag interaction is DBT > BT. The same is true for the S-Ag
interaction, which differs only in terms of the slightly lower adsorption energies, but has the
same selectivity order of DBT > BT. The S-H interaction has a significantly lower adsorption
energy in comparison to the strong 77-Ag and S-Ag interactions. Within this S-H mechanism,
the o lone-pair of electrons of the S atom interacts with one of the support material’s acid sites.
As shown by Shiraishi et al. [189], BT has a higher electron density on the ¢ lone-pair orbital
than DBT. This leads to a selectivity order of BT > DBT in the case of the S-H interaction

[177].

Competitive saturation experiments were carried out with jet/MIX-3_goo to scrutinize the theo-
retical consideration of the main adsorption mechanism. In these experiments, an adsorption

capacity of 3.52 mg-S/g-ads was observed for Ag-Al,O3 (cf. Figure 4.10). This equilibrium
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saturation capacity is between the individual equilibrium saturation capacities of DBT and
4,6-DMDBT. The species composition of the equilibrated jet/MIX-3_goo fuel was analyzed to
gain deeper insight into the competitive adsorption. Figure 4.11b shows the initial and final
concentrations of BT, DBT, and 4,6-DMDBT in the bulk phase of jet/MIX-3_goo during static
saturation experiments with Ag-Al,O3. Analysis of the bulk phase showed that the total sulfur
concentration of BT dropped from 285 to 49 ppmw, whereas the total sulfur concentrations
of DBT and 4,6-DMDBT decreased by only 151 and 65 ppmw, respectively, after reaching
the equilibrium state. Hence, these results show that BT was the most adsorbed PASH. The
overall competitive selectivity order for jet/MIX-3_9goo is thus the same as was observed in the

saturation experiments carried out with individual sulfur compounds (cf. Figure 4.10).
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Figure 4.11.: Individual and competitive adsorption on Ag-Al,Os: (a) equilibrium saturation capacity of Ag-Al,O3
and (b) composition of the bulk phase (jet/MIX-3_9oo) at the beginning and at equilibrium [97]
(adsorbent: Ag-Al,O3; fuel: octane/BT_goo, octane/DBT _goo, jet/BT_goo, jet/DBT_goo, jet/ MIX-3_-900;
adsorption temperature: 20 °C).

In comparison to individual adsorption, in the competitive adsorption investigations both
the adsorption capacities of DBT and 4,6-DMDBT were substituted by BT. The enhanced
adsorption of BT in the case of individual adsorption (cf. Figure 4.10) indicates that the S-H
interaction plays a major role in reaching the final selectivity order of BT > DBT > 4,6-DMDBT.
Furthermore, the selectivity order of the S-H interaction (BT > DBT) from Table 4.2 corresponds
to the results observed in the competitive adsorption experiment shown in Figure 4.11b. The
different selectivity order reported for Ag-SiO, and Ag-TiO, in Ref. [41, 103, 107] seems to be
caused by the acidic properties of the supports, and thus emphasizes the impact of the S-H
interaction. As discussed in Section 4.1.3, the Ag-Al,O3 adsorbent has a high number of weak
acid sites, which are involved in the S-H adsorption mechanism. According to literature, the
common thermal activated supports SiO, and TiO; have lower surface acidities in comparison
to the y-AlbO3; support [102, 182]. This correlates with the selectivity order observed, as

described above.
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Figure 4.12.: Equilibrium saturation capacities for different types of fuels at adsorption temperatures of —10, 20,
and 60 °C (adsorbent: Al,O3, Ag-Al,O3; fuel: jet/BT_goo, jet/DBT_goo, diesel /DBT_goo; adsorption
temperature: —10, 20, 60 °C) [99].

The weak S-H interaction (specific selectivity order of BT > DBT) is responsible for the overall
adsorption selectivity order of BT > DBT at 20 °C. The influence of the adsorption temperature
on the adsorption capacity is shown in Figure 4.12 for —10, 20, and 60 °C. This range of —10 -
60 °C covers the reasonable operating temperatures of fuel-cell-based APUs for trucks, ships,
and airplanes. At —10 and 20°C, the equilibrium saturation capacity of BT is in the range
of 4.5mg-S/g-ads whereas only 3.7 mg-S/ g-ads was observed for DBT. This effect is caused
by the weakness of the S-H interaction, which only plays a role at temperatures < 60°C. At
temperatures of > 60 °C, however, the S-H interaction is too weak to contribute to the overall
adsorption. Consequently, the equilibrium saturation capacity of BT drops to the same level
as that of DBT (3.6 mg-S/g-ads). In the case of jet A-1 fuel, both the stronger 7-Ag and S-Ag
interactions showed no decline in the selectivity of adsorption for the whole temperature
range of —10 - 60 °C. However, in the case of diesel fuel, the average equilibrium saturation
capacity was observed to be 3.5mg-S/g-ads at -10 °C, then decreased slightly to 3.4 mg-S/g-ads
at 20°C, and finally dropped to 2.1 mg-S/g-ads at 60 °C. These are important findings, since
they characterize the three adsorption mechanisms identified (77-Ag, S-Ag, and S-H interaction)
in a comprehensive manner. This characterization of the important adsorption mechanisms
is essential in order to be able to model and predict the adsorption behavior of Ag-Al,O3 for
different types of PASHs under relevant operation conditions for mobile desulfurization units.

The influence of fuel type on adsorption selectivity is discussed in the next section.
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4.2.2. Influence by the Type of Fuel®

Different types of fuels, such as jet or diesel fuel, contain different types of PASHs (cf. Table 2.3).
In addition to the type of PASH, non-sulfuric aromatic compounds, fuel additives, and nitrogen-
containing compounds have a significant influence on the adsorption capacity. PAHs have
similar molecular structures to PASHs, and thus compete, in particular, for adsorption on the
surface of the adsorbent [45, 148, 190]. The concentrations of monoaromatics and PAHs in
the jet A-1 and diesel fuel used within this work are given in Table 3.2. Both types of fuels
contain similar amounts of monoaromatics. However, the PAHs concentration in the diesel fuel
is significantly higher in comparison to jet A-1, which has also been reported in literature (cf.
Table 2.1).

Equilibrium saturation experiments were carried out with modeled (n-octane) and real fuels
(jet A-1 and diesel) to quantify the effect of aromatic compounds and fuel additives on
the desulfurization performance of Ag-Al,Os; the results of these equilibrium saturation
experiments are shown in Figure 4.13. The competing effects of the aromatics and fuel additives
can be clearly seen in Figure 4.13, which shows a decrease in the equilibrium saturation capacity
of the real fuels (jet A-1 and diesel) in comparison to the model fuel, n-octane. This effect is
independent of the type of PASH.
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Figure 4.13.: Equilibrium saturation capacity of BT and DBT, and the influence of the type of fuel (adsorbent: Ag-
AlyOg3; fuel: octane/BT_goo, octane/DBT_goo, jet/BT_goo, jet/DBT_goo, diesel /BT_goo, diesel /DBT_goo;
adsorption temperature: 20 °C) [99].

As shown in Figure 4.13, the average equilibrium saturation capacity of BT in n-octane was
6.0 mg-S/g-ads and thus 1.0 mg-S/ g-ads higher in comparison to DBT in n-octane. This differ-
ence is related to the weak S-H interaction, which makes a major contribution to the overall
adsorption mechanism of BT, but only a minor one in the case of DBT, as discussed above. The

reduced equilibrium saturation capacity of DBT was also observed for both the jet A-1 and

®Parts of this section were published in Journal of Power Sources and Enerqy & Fuels under the titles “Adsorptive
on-board desulfurization over multiple cycles for fuel-cell-based auxiliary power units operated by different types
of fuels” [99] and “Adsorptive Desulfurization: Fast On-Board Regeneration and the Influence of Fatty Acid Methyl
Ester on Desulfurization and in Situ Regeneration Performance of a Silver-Based Adsorbent” [96].
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diesel fuels; for all fuels, the equilibrium saturation capacity of DBT was 0.75 - 1.0 mg-S/ g-ads
lower in comparison to BT. These results indicate that the selectivity of the S-H interaction
does not lose its selectivity in the presence of aromatics. However, the selectivity of the 7-Ag
and S-Ag interactions seems to slightly decrease in the presence of aromatic compounds. This
becomes clear by comparing the average equilibrium saturation capacities of BT and DBT in
the case of n-octane (no aromatics) with those of the two real fuels (high aromatic content, cf.
Table 3.2). The average equilibrium saturation capacity of DBT dropped from 5.0 in the case
of n-octane to 3.7 mg-S/g-ads when DBT was adsorbed out of jet A-1. In the case of DBT in
diesel, the average equilibrium saturation capacity was 3.4mg-S/g-ads and thus at the same
level as DBT in jet A-1. Similar results were observed for BT, where the presence of aromatics
reduced the average equilibrium saturation capacity from 6.0 mg-S/g-ads in n-octane to 4.6 and
4.1mg-S/ g-ads in jet/BT and diesel/BT, respectively. Consequently, the equilibrium saturation
capacity of Ag-Al,O3 for both BT and DBT is reduced by 1.3 - 1.9 mg-S/ g-ads in the presence

of aromatics and fuel additives.

As discussed above, the declines in the equilibrium saturation capacities in the case of jet A-1
and diesel fuel are related to the presence of fuel additives, and aromatics, in particular [41, 45].
These compounds compete for adsorption, and thus reduce the amount of PASHs adsorbed on
Ag-Al,O3. At an adsorption temperature of 20 °C, this competitive effect is slightly higher in
the case of diesel in comparison to jet fuel, as shown by the results presented in Figure 4.13.
In this study, both jet A-1 and diesel fuel have similar contents of total aromatics, which are
16.05v0l.% and 15.9 wt.%, respectively. However, the PAHs concentration in diesel is 1.9 wt.%,
and thus significantly higher in comparison to jet fuel, with a PAHs concentration of 0.25vol.%
(cf. Table 3.2).

The influence of the higher PAHs concentration in diesel fuel can be clearly seen by comparing
the results presented in Figure 4.12. In both fuels, jet/DBT_goo and diesel/DBT_goo, DBT is the
target compound of adsorption with the same concentration of 900 ppmw of total sulfur. The
average equilibrium saturation capacity of DBT in jet A-1 fuel is 3.7 mg-S/ g-ads for the whole
temperature range of —10 - 60 °C. In the case of diesel, the average equilibrium saturation
capacity of DBT is 3.5mg-S/g-ads at —10°C and decreases to 3.4, and finally 2.1 mg-S/g-ads
at 20 and 60 °C, respectively. Similar results were also reported in Ref. [45, 156], where the
adsorption capacity of diesel fuel had already significantly decreased at room temperature. In
the case of the Ag-Al,O3 adsorbent, this effect becomes relevant at an adsorption temperature of
> 60°C, where the m-Ag and S-Ag interactions significantly lose their selectivity towards DBT
in the presence of PAHs. Consequently, the adsorption temperature of mobile desulfurization
units should be kept below 60 °C so as to best exploit the excellent desulfurization performance

of Ag-Al,Os for all types of fuels.

In the case of automotive diesel, FAME, which is also referred to as biodiesel, is blended into

diesel fuels in order to replace fossil fuels with renewable ones. The admixture of FAME to
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regular automotive diesel is regulated in the US and the EU, which allow up to 5 and 7 vol.% of
FAME, respectively [157, 191]. The effect of FAME on the adsorption capacity was investigated
by means of equilibrium saturation experiments, as described in Section 3.3.1. Figure 4.14a
shows the equilibrium saturation capacity of the two fuels, diesel/BT_goo and diesel /F/BT_goo,
which contain 0.0 and 6.63 wt.% of FAME, respectively (cf. Table 3.3).
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Figure 4.14.: Influence of Ag incorporation on the Saturation capacity of Al,O3/1 for (a) sulfur and (b) FAME
(adsorbent: Al;O3/1, Ag-Al;Og3; fuel: diesel/BT_goo, diesel/F/BT_goo; adsorption temperature: 20 °C)
[96].

As discussed above, the incorporation of active silver into the porous structure of Al,O3/1
significantly increased its equilibrium saturation capacity. In the case of diesel/BT_goo, the
incorporation of silver increased the equilibrium saturation capacity from 1.0 to 4.1 mg-S/ g-ads.
The equilibrium saturation capacity of Ag-Al,O3 dropped significantly, to 0.63 mg-S/g-ads,
when the same experiments were carried out with the FAME-containing diesel, diesel /F/BT_goo.
Additional saturation experiments were carried out with the blank support material Al,O3/1
in order to quantify the promoting effect of silver in the presence of FAME. The corresponding
results are depicted in Figure 4.14a, which shows that FAME nearly deactivates the promoting
effect of silver. These results indicate that the active adsorption sites for BT are blocked by
FAME-molecules, which thereby inhibit the adsorption of BT on the adsorbent surface. Similar
results were reported by Pieterse et al. [157], where FAME had a great influence on the sulfur

adsorption performance of an activated Ni-based adsorbent.

The same saturation experiments were repeated by mixing 2.5 ¢ of adsorbent with 5mL of
diesel/F/BT_goo. In these experiments, the FAME concentration in the bulk phase was analyzed
to determine the saturation capacity of FAME for the blank Al,O3/1 and the corresponding
Ag-impregnated Ag-Al,Os. These results are presented in Figure 4.14b and show a FAME-
saturation capacity of 76.7mg/g-ads in the case of blank Al,Os;/1. This FAME-saturation
capacity was significantly reduced to 47.7 mg/ g-ads when the blank Al,O3/1 was impregnated
with Ag to synthesize Ag-Al,Os. These results confirm that FAME adsorbs within the porous
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structure of the adsorbents. By incorporating Ag into the porous structure of Al,O3/1, the
adsorption of FAME was significantly reduced. However, at the same time, the sulfur adsorption

capacity only slightly increased.

From these results, it can be concluded that the incorporation of silver deactivates more
FAME adsorptions sites than are formed, and thus, that incorporating silver increases the
selectivity towards PASH in comparison to FAME adsorption. These results also demonstrate
the sensitivity of the desulfurization performance of Ag-Al,O3 in terms of fuel substitutes
based on FAME. Nonetheless, this finding is more of scientific interest than it is relevant
for real applications since the admixing of FAME is only regulated in the US and EU for
ultra-low-sulfur diesel (< 10 ppmw of total sulfur) only. Nevertheless, these results once more
highlight that adsorption selectivity is strongly influenced by fuel additives and substitutes,

and thus outline the importance of experiments with real, sulfur-rich fuels.

4.3. Summary of Adsorption Mechanisms Related to Ag-Al,0;

Adsorptive desulfurization is a very promising approach for the ultra-deep desulfurization of
hydrocarbon-based fuels. For the selective adsorption of sulfuric compounds, the adsorptive-
adsorbent interaction strength has to be above a certain value. However, in the context of
regeneration, adsorptive strength should not exceed a certain value in order to enable full
regeneration of the adsorbent. Chemical complexation bonds can have a high capacity and
selectivity for diluted solutions, and are thus an ideal adsorption mechanism. Furthermore,
acid-base interactions provide a wide range of possible adsorption mechanisms that allow both

selective adsorption and easily break down during regeneration.

Several support materials have been investigated in literature with regard to their own ad-
sorption capabilities, and the possibility of incorporating active adsorption sites into their
micro-structures. Previous research has included activated carbons, MOFs, zeolites, and metal
oxides. For mobile and stand-alone desulfurization units, only thermal regeneration in an
oxidative atmosphere is reasonable, as discussed in Section 2.2.7. Consequently, activated
carbons are not suitable for mobile or stand-alone systems since they are not stable at higher
temperatures in oxidative atmospheres. Metal oxides are thermally and chemically stable, and
are thus ideal supports for adsorbent synthesis. In addition, metal oxides provide different
types of acidic centers, which are potential sulfur adsorption sites, and which are also important
for the incorporation of active d-block metals. Of all the d-block metals, silver is one of the few
that is active in its oxidized form, and can thus be regenerated in an oxidative atmosphere

without subsequent reduction.

Silver-incorporated aluminum oxide (Ag-Al;O3) is active in its oxidized form and provides

the possibility of m-complexation between sulfur heterocycles and the active silver phase.
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Moreover, direct sulfur-metal interactions and the possibility of acid-base interactions with
sulfur heterocycles underline the suitability of Ag-Al,O3 as a potential adsorbent for mobile
and stand-alone desulfurization units. The adsorption mechanisms proposed in this chapter are
able to explain the different adsorption behaviors of Ag-Al,O3 observed in the experimental in-
vestigations. The major findings of these investigations are, in particular, the characterization of
the adsorption selectivity under various conditions and the contribution of the three individual
adsorption mechanisms to the overall adsorption behavior of Ag-Al,Os. Hence, the adsorption
mechanisms proposed in Section 4.1 were validated comprehensively, and furthermore provide
an answer to research question 2: what is the mechanism behind this desulfurization process?
In addition, research question 3 - how is the mechanism influenced by different types of liquid
hydrocarbon-based fuels? - is also partly answered within this chapter by investigating the
influence of different fuel compositions on the desulfurization performance of Ag-Al,O3 at
equilibrium. The adsorption kinetics and breakthrough performance of Ag-Al,O3 are discussed
in Chapter 5. The results presented so far emphasize the fact that Ag-Al,O3 is an excellent
adsorbent for use in on-board desulfurization units for fuel-cell-based APUs operated with jet

or diesel fuel, and thus also the importance of further investigations in this research area.



Dynamic Adsorption and Related

Kinetics

Within this chapter, the adsorption kinetics and the dynamic adsorption performance of
Ag-Al O3 are investigated and discussed. Different experiments were carried out in order
to determine the contribution of the three identified adsorption mechanisms to the overall
dynamic adsorption behavior of PASHs. For this study, different kinetic models were used to
analyze the experimental data. In addition, every effort was made to quantify the dynamic
influence of different types of liquid hydrocarbon-based fuels on the three identified adsorption
mechanisms in order to provide an answer to research question 3: how is this mechanism

influenced by different types of liquid hydrocarbon-based fuels?

5.1. Introduction and Relevant Models to Analyze the Kinetic Data

The general adsorption process can be described by the reaction equation expressed in Equa-
tion 5.1, where the adsorptive X adsorbs on the adsorbent A; the opposite reaction is defined

as desorption [192].

X+A+— XA (5.1)

The equilibrium of the adsorption reaction in Equation 5.1 can be described by different
isotherm equations. Both the Freundlich and Langmuir isotherm equations are typically
used to describe the adsorption of sulfur heterocycles on different adsorbents [129, 154]. In
these equations, equilibrium adsorption capacity is a function of the adsorptive concentration.

According to this correlation, an increased concentration of sulfur heterocycles in the bulk phase
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leads to higher adsorption capacities [193]. This is especially important for weak adsorptive-
adsorbent interactions with low adsorption energies, such as the S-H interaction (cf. Table 4.2).
In the case of the stronger 7-Ag and S-Ag interactions, even low adsorptive concentrations

lead to high adsorption capacities [175].

The adsorption of adsorptives from the bulk phase is a complex process, including film or
external diffusion, pore diffusion, surface diffusion, and adsorption on the adsorbent. The
adsorption kinetics describes the rate of adsorption of the adsorptive onto the surface of the
adsorbent. Consequently, the adsorption kinetics is defined as the reaction rate of Equation 5.1,
which describes the transient behavior of adsorption until the macroscopic state of equilibrium

is reached.

5.1.1. Adsorption Kinetic Models!

Several theoretical models can be used to express the adsorption mechanisms of solute onto
sorbent. Within these models, the pseudo-first and the pseudo-second order equations are
two of the most popular [194]. The pseudo-first order equation by Lagergren [195] is based
on an empirical rate equation and is used to describe sorption kinetics in systems, that are
not far from equilibrium [194], or for the initial period of the first reaction step [196]. The
pseudo-first order equation is provided in the appendix as Equation A.1 (see page 113). For the
whole adsorption process and systems including the adsorption of aromatic compounds, the
pseudo-second order model applies [196]. This pseudo-second order model is based on a highly
efficient empirical equation [197, 198] that is able to represent systems in which intraparticle
diffusion or the adsorption reaction itself is the rate limiting step. Within this work, the kinetic
experiments consider the whole adsorption process of PASHs, which are aromatic compounds.
Consequently, the highly efficient pseudo-second order model was used to analyze the data
from the kinetic experiments. The frequently used pseudo-second order model proposed Ho

and McKay [199] is described by Equation 5.2,

dqt
—p = Fa(deg — q1)? (5.2)

where q; (mg/¢) is the adsorption capacity at time ¢ (h), g.; (mg/g) is the adsorption capacity
at equilibrium, and k, (g/mgh) is the pseudo-second order rate constant. Integration of
Equation 5.2 with the boundary condition of g, ;) = 0 and rearrangement of the equation

results in the non-linearized form of the pseudo-second order model, as shown in Equation 5.3.

'Parts of this section were published in the Chemical Engineering Journal under the title “Acid base interaction
and its influence on the adsorption kinetics and selectivity order of aromatic sulfur heterocycles adsorbing on
Ag-Al203” [97].
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This non-linearized form can be transformed to a linearized form of the pseudo-second order

model, as seen in Equation 5.4.

%= 15k Jort (5.3)
t 1 1
— t (5-4)

= — 4+
QG Geq  K2Geq?

Analysis of the kinetic data monitored is usually based on Equation 5.4 by plotting ¢/g; versus
t, which should show a linear relationship. This procedure makes it possible to determine
the g.; and k; parameters directly from the slope and the intercept of the linearized plot,

respectively.

5.1.2. Diffusion Models?

Two different diffusion models were used to analyze the experimental data. The film-diffusion
model by Boyd [1] can be used to evaluate whether or not diffusion is limited by film-diffusion
or other steps within the adsorption process [200]. The intraparticle diffusion (IPD) model by
Weber and Morris was proposed to evaluate whether only the IPD alone or two or more steps

influence the overall adsorption process [193].

The film-diffusion model by Boyd [1] is a single-resistance model, which assumes that the
main resistance of diffusion is in the boundary layer that surrounds the adsorbent particle.
This model describes the transient behavior of the fractional attainment of equilibrium F(t)
according to Equation 5.5, where g; (mg/g) is the adsorption capacity at time ¢ (s) and g,
(mg/g) is the adsorption capacity at equilibrium; the variable B represents the Boyd number
which is defined by the Equation 5.6. This model is based on the assumption of a spherical
adsorbent particle with a radius 7, and D; (m?/s) represents the effective intraparticle diffusion

coefficient.

> 3 <nlz>exp(—n23t) (5-5)

B— > (5.6)

?Parts of this section were published in the Chemical Engineering Journal under the title “Acid base interaction
and its influence on the adsorption kinetics and selectivity order of aromatic sulfur heterocycles adsorbing on
Ag-Al203” [97].
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By applying the Fourier transformation and then integrating Equation 5.5, Reichenberg [202]
obtained the following approximations for F(¢) < 0.85 and F(t) > 0.85, shown in Equations 5.7
and 5.8, respectively. In order to obtain the values for Bt, the fractional attainment of the
equilibrium F(t) is calculated by gq:/ge;. This value of F(t) is then used to determine Bt
according to Equations 5.7 and 5.8. A plot of Bt versus t can thereby lead to a multi-linear plot,

indicating that film-diffusion is only the rate controlling step in the initial time period [200].

2
F(t) < 085: Bt= (ﬁ— w— 7T21;(t)> (5.7)

F(t) > 0.85: Bt=— lnrg2 —In(1— F(t)) (5.8)

The IPD model proposed by Weber and Morris [201] is also a single-resistance model based
on a general representation of the kinetics according to Equation 5.9, where the intercept is
related to the mass transfer across the boundary layer [203]. Within Equation 5.9, q; (mg/g)
is the adsorption capacity at time t (s), k;, (mg/gh") is the general intraparticle diffusion rate

constant, and C is an experiment specific constant:

qr = kit" +C (5.9)

The IPD model proposed by Weber and Morris [201] is based on Equation 5.9, expecting the
value of the exponent to be n = 0.5 (for Fickian diffusion and plate geometry) [203], as seen in

Equation 5.10, where k; (mg/g h'/?) is the intraparticle diffusion rate constant:

gt = kitl/2 +C (5.10)

This IPD model is based on the assumption that the external mass transfer resistance (film-
diffusion) is not significant or only significant for a very short time period at the beginning of
diffusion [200]. The different mechanisms of mass transfer involved in the overall process can
be seen in the different slopes in the linear plot of g; versus t'/2, obtained by piecewise linear
regression. These different slopes in the linear plot can further be related to different steps
occurring during adsorption [204]. The following section contains a more detailed discussion

of the different steps.
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5.2. Adsorption Kinetics and the Contribution of Different

Adsorption Mechanisms?

The following section presents and discusses the results obtained from different kinetic experi-
ments for Ag-Al,Os. All of these experiments were carried out as described in Section 3.3.2.
Within these kinetic experiments, the concentration of BT or DBT in the bulk phase was ana-
lyzed over time. Both of the time-dependent bulk concentrations from the individual kinetic
experiments with BT and DBT are illustrated in Figure 5.1. The bulk concentration of total
sulfur significantly decreased within the first 60 min in both the BT and DBT experiments.
However, the bulk concentration of DBT decreased faster than that of BT, indicating a faster
adsorption kinetics of DBT. It is interesting to note that the final bulk concentration in the
BT experiment was 308.6 ppmw of total sulfur, and thus significantly below the final bulk
concentration of the DBT experiment, which was only 490.5 ppmw of total sulfur. These results
indicate that the adsorption kinetics of DBT is faster than that of BT, but that more BT adsorbs

at a slower rate.
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Figure 5.1.: Total sulfur concentration in the bulk phase obtained from individual kinetic experiments with

jet/BT_goo and jet/DBT_goo using Ag-Al,O3 as adsorbent (adsorbent: Ag-Al,O3; fuel: jet/BT_goo,
jet/DBT_goo; adsorption temperature: 20 °C) [97].

The results of the kinetic experiments were analyzed using the pseudo-second order model. Lin-
earized and non-linearized fits according to Equations 5.4 and 5.3 are presented in Figure 5.2a
and 5.2b, respectively. The plot of t/g; versus t shows a linear relationship, and thus indicates
that the adsorption of BT and DBT both obey pseudo-second order kinetics. Figure 5.2c shows
the magnified area a) from Figure 5.2b, where it is evident that the selectivity order is separated
into two areas. In the first area, g; is in the order of DBT > BT until t = 1.3 h. In the second area,
q: changes to BT > DBT, including the final equilibrium adsorption capacity g, at 48 h. This
final selectivity order of BT > DBT at t = 48 h was also observed in the equilibrium saturation

experiments presented and discussed in Section 4.2.1.

3Parts of this section were published in the Chemical Engineering Journal under the title “Acid base interaction
and its influence on the adsorption kinetics and selectivity order of aromatic sulfur heterocycles adsorbing on
Ag-Al203” [97].
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Figure 5.2.: Analysis of kinetic data by the pseudo-second order model: (a) linearized fit according to Equation 5.4,
(b) non-linearized fit according to Equation 5.3, and (c) magnified area a) of panel (b) (adsorbent:
Ag-AlyOs; fuel: jet/BT_goo, jet/DBT_goo; adsorption temperature: 20 °C) [97].

Table 5.1 provides the model parameters and the corresponding correlation coefficient R? of
BT and DBT for the linearized pseudo-second order model, according to Equation 5.4. The
results show that the calculated adsorption capacity at equilibrium g, ... differs only slightly
from the value obtained from the experiments at ¢t = 48 /1, while the correlation coefficient R?%is

> 0.9997 for both types of PASHs.

Table 5.1.: Pseudo-second order model parameters for the adsorption of BT and DBT on Ag-Al;O3 from jet A-1

fuel.
qeqfexp qeq,calc k2 R2
(mg-S/g-ads) (mg-S/g-ads) (g/mgh)
jet/BTgoo  4.67 471 0.40 0.9997
jet/DBT goo  3.65 3.66 1.22 0.9999

These results show that the adsorption of BT and DBT both obey pseudo-second order kinetics,
and thus, that the overall adsorption rate is limited by intraparticle diffusion or the adsorption
reaction itself [197]. Additionally, the kinetic data were analyzed by the pseudo-first order
equation by Lagergren [195] in order to verify the findings of Plazinski, Rudzinski, and
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Plazinska [194] and Ho and McKay [196], who state that the pseudo-first order equation
is not suitable for the present case (cf. Section 5.1.1). The results and relevant equations of
the pseudo-first order model are found in Appendix A.2, and confirm that the pseudo-first
order model is not suitable for the present case. These results reinforce the interpretations of
the pseudo-first and pseudo-second order models’ characteristics as proposed by Plazinski,
Rudzinski, and Plazinska [194] and Ho and McKay [196].

The kinetic data were further analyzed using Boyd'’s film-diffusion model [1] as well as the
intraparticle diffusion (IPD) model proposed by Weber and Morris [201]. These two models
were used to gain deeper insight into the adsorption kinetics of BT and DBT. Figure 5.3 shows
the plot of Bt (according to the discontinuous function given by Equations 5.7 and 5.8) versus ¢

for the kinetic data obtained from the kinetic experiments with BT and DBT.
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Figure 5.3.: Boyd’s plot of the two individual kinetic experiments with BT and DBT as representative types of
PASHSs (adsorbent: Ag-Al,Og3; fuel: jet/BT_goo, jet/DBT_goo; adsorption temperature: 20 °C) [97].

According to Boyd’s model, the plot of Bt versus t (also referred to as Boyd'’s plot) is a linear
plot and passes through the origin when the IPD controls the rate of mass transfer. If the plot is
non-linear or linear but does not pass through the origin, it can be concluded that mass transfer
is controlled by either film-diffusion or a chemical reaction [200]. In Figure 5.3, the curves
of BT and DBT are clearly non-linear curves, which thus indicates that film-diffusion is the
rate-controlling step at the beginning of adsorption for both types of PASHs. The results of the
kinetic experiments shown in Figure 5.1 indicate that initial adsorption occurs via the stronger
n-Ag and S-Ag interactions, where the overall adsorption rate is limited by film-diffusion
according to the Boyd'’s plot (Figure 5.3). The non-linearity of both curves in Figure 5.3 further
indicates that IPD eventually takes control of the overall adsorption rate in the second period.
This transition from film-diffusion to the IPD stage is based on a significant reduction in the

adsorptive concentration in the bulk phase.

The IPD model by Weber and Morris [201] was used to further examine the overall adsorption
of PASHs. The plot of g; according to Equation 5.10 versus /2 can lead to multi-linearity,
indicating that two or more steps occur [204]. This plot of g; versus t!/2 (also referred to as a

Weber Morris plot) is presented in Figure 5.4 and shows three-stage behavior for both BT and
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DBT adsorption. These three stages are indicated by (1), (2), and (3), where the beginning and
end of each stage is indicated by a letter (A, B, C, D) on the top of Figure 5.4.
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Figure 5.4.: Weber Morris plot of the two individual kinetic experiments with BT and DBT as representative types
of PASHs (adsorbent: Ag-Al,Os3; fuel: jet/BT_goo, jet/ DBT_goo; adsorption temperature: 20 °C) [97].

The first sharp line in the Weber Morris plot represents external surface adsorption and
instantaneous adsorption. In this first stage (1) of the Weber Morris plot, both DBT and BT
adsorb via the stronger 77-Ag and S-Ag interactions, in which film-diffusion is the rate-limiting
step, according to the Boyd’s plot. The second step is the gradual adsorption stage (2), where
IPD dominates. In this second stage (2), the S-H interaction with the selectivity order of BT
> DBT becomes more relevant due to the fact that much higher amounts of BT (from 2.52 -
3.78 mg-S/ g-ads) adsorb in comparison to DBT (from 2.99 - 3.27 mg-S/g-ads); see Figure 5.4.
Adsorption via S-H interaction is influenced by the concentration of adsorptives in the pores.
The increase in the adsorptive concentration in the pores is controlled by the IPD, thereby
reducing the adsorption kinetics in the second stage. The third step is the final equilibrium
step. This third stage can be caused by two phenomena: (a) an extremely low concentration of
adsorptive in the solution, or (b) an excess of micro pores [193, 204]. In this study, the third
stage (3) is related to the diffusion and adsorption of adsorptive into the micro pores. This is
determined by the fact that the equilibrium total sulfur concentration was above 300 ppmw
after 48 h (cf. Figure 5.1). The same kinetic behavior was reported for the adsorption of DBT on

activated Al,O3 from n-octane by Srivastav and Srivastava [193].

Scheme 5.1 illustrates the gradual adsorption of BT/DBT on Ag-Al,O3 according to the
three stages identified in the Weber Morris plot (Figure 5.4). The first stage (1) is the time
between A-B, the second stage (2) is the time between B-C, and the third stage (3) is the time
between C-D. The white circles in Scheme 5.1 represent dissolved BT/DBT molecules, and
thus adsorptives, whereas the gray and black circles represent adsorbed BT/DBT molecules,
and thus adsorbates. The bulk concentrations of BT/DBT shown in Scheme 5.1 correspond

to the data from the kinetic experiments shown in Figure 5.1. Within the first stage (A-B),



5.2. Adsorption Kinetics and the Contribution of Different Adsorption Mechanisms 58

the high bulk concentration of BT/DBT leads to a high diffusion rate of adsorptive into the
pores. Once BT/DBT collides with the pore wall, it adsorbs on the surface, most likely via the
strong 7-Ag or S-Ag interaction. In this stage (1), the adsorption rate of BT/DBT is limited
by film-diffusion. The pore size distribution of the Ag-Al,O3 adsorbent is in the range of 1.9 -
50 nm, with a mean pore diameter of 9.5 nm (cf. Table 4.1 and Figure 4.6). The size of both BT
and DBT molecules is below 1nm [141]. Consequently, the adsorption rate is not influenced by

the pore size distribution of Ag-Al,O3; within stage (1).
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Scheme 5.1: Gradual adsorption of BT/DBT on Ag-Al,O3 according to the three identified stages: First stage A-B,
second stage B-C, and third stage C-D [97].

The faster adsorption of DBT in the first stage is related to the higher binding energy of the
nt-Ag and S-Ag interaction in comparison to BT. This higher binding energy leads to a higher
probability of adsorption, thereby maintaining a low adsorptive concentration in the pores.
The lower DBT concentration in the pores results in an increased diffusion rate, and thus leads
to the overall faster adsorption rate of DBT in comparison to BT. The transition from the first
stage to the second is caused by the decreasing adsorptive concentration in the bulk phase. In

the second stage (B-C), the adsorptive concentration increases within the pores, as illustrated in
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Scheme 5.1. Consequently, the diffusion rate is reduced by a decreasing concentration gradient,
and finally limited by IPD. The S-H interaction is strongly influenced by the concentration
of adsorptives in the pores, and thus becomes more relevant in the second stage. Both the
slower diffusion rate and weaker interaction (via S-H interaction) are responsible for the
slower adsorption rate in the second stage in comparison to the first. For DBT, the adsorption
rate is even lower, which is caused by the weaker S-H interaction and lower concentration
gradient in comparison to BT. In the third stage (C-D), most of the adsorption takes place in
micro-pores, where the adsorption rate is limited by diffusion and adsorption into micro-pores.
As determined from the Weber Motris plot shown in Figure 5.4, the contributions to the overall
adsorption capacity are 11 and 18% for DBT and BT in the third stage, respectively. In this
stage, the molecule sizes of BT and DBT are relevant factors, where the smaller critical diameter
for BT (0.6 nm) leads to a 7% higher overall adsorption capacity in comparison to DBT, which

has a critical diameter of 0.8 nm [205].

These findings are important for the scientific community because they make it possible
to correlate different adsorption behaviors with the relevant adsorption interactions. These
correlations are essential in order to describe and further predict the overall adsorption
behaviors of PASHs adsorbing on Ag-Al,O3. In addition, these results validate the adsorption
mechanisms that were identified and discussed in Section 4.1, and are thus fundamental to
this work’s ability to answer research questions 2 and 3: what is the mechanism behind this
desulfurization process, and how is the mechanism influenced by different types of liquid

hydrocarbon-based fuels?

5.3. Breakthrough Performance

The ultra-deep desulfurization of fuels is essential in order to protect catalysts and electrodes
in the reformer and the fuel cell from sulfur poisoning. As a consequence, breakthrough
performance is the parameter used to quantify desulfurization performance for real applications.
As discussed in Section 5.2, the adsorption kinetics describes the rate of adsorption and is thus

the link between equilibrium and breakthrough performance.

The sulfur threshold limit of fuel cells is < 1 ppm of total sulfur [16, 206]. Upstream of the
fuel cell stack, the total sulfur concentration is diluted in the reformer [38] by a factor of 10.
Consequently, a total sulfur concentration of 10 ppmw at the outlet of the desulfurization unit
is the maximum total sulfur concentration, which fulfills the required sulfur concentration
of < 1ppm at the inlet of an SOFC stack. Therefore, 10 ppmw of total sulfur were defined
as breakthrough. The sulfur threshold limits in an SOFC-based APU and dilution during
reforming are discussed in more detail in Section 1.3. The breakthrough curves illustrated in
this work were obtained by plotting the transient sulfur concentration versus the cumulative

volume of treated fuel normalized by the mass of adsorbent. All of the breakthrough capacities
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reported herein were calculated from the related breakthrough curve at the 10 ppmw sulfur

threshold limit, and are given as mg sulfur per g of adsorbent (mg-S/g-ads).

5.3.1. Influence of the Type of PASH*

Breakthrough experiments with different types of PASHs were carried out to investigate the
influence of the type of PASH on breakthrough performance. This was necessary because the
adsorption mechanisms and related strengths differ for each type of PASH, as discussed in
Section 4.1. The kinetic experiments described in Section 5.2 were carried out in order to better
understand the contribution of the three identified adsorption mechanisms to the adsorption
kinetics. These investigations were carried out as batch experiments, which have different
boundary conditions (no filling of the adsorber), and thus a different time scale than break-
through experiments (cf. discussion of Figure 3.1). For this reason, additional breakthrough
experiments were carried out to quantify the dynamic desulfurization performance at a time
scale relevant to real on-board desulfurization units. However, the findings from the kinetic

experiments are essential to an understanding of the following results.

Figure 5.5 shows the breakthrough curves of Ag-Al,O3 for the three different types of PASHs
BT, DBT, and 4,6-DMDBT in jet A-1 at an liquid hourly space velocity (LHSV) of 0.85/~!. The
breakthroughs of BT, DBT, and 4,6-DMDBT were detected at 2.26, 3.20, and 1.25ml/ g, respec-
tively. The corresponding breakthrough capacities are calculated according to Equation 3.3 and
are 1.63, 2.21, and 0.90mg-S/g-ads for BT, DBT, and 4,6-DMDBT, respectively. By comparing
the breakthrough capacities with the corresponding equilibrium saturation capacities from
Figure 4.10, the following can be observed. In the case of BT and 4,6-DMDBT, the breakthrough
capacity (1.63 and 0.90 mg-S/ g-ads) was around 35% of the corresponding saturation capacity
(4.60 and 2.45mg-S/ g-ads). This differs from the case of DBT, where the breakthrough capacity
(2.21mg-S/ g-ads) was about 60% of the corresponding saturation capacity (3.76 mg-S/g-ads).
This is interesting because all three breakthrough experiments with BT, DBT, and 4,6-DMDBT
were carried out at the same LHSV of 0.85/ 1. These results show that the individual break-
through capacities decrease in the following order: DBT > BT > 4,6-DMDBT. This selectivity
order differs from that observed in the individual saturation experiments, which was observed
to be BT > DBT > 4,6-DMDBT, as shown in Figure 4.10. Hence, these results indicate that DBT
has a faster adsorption kinetics than BT, which correlates with the findings of the investigation

of adsorption kinetics presented and discussed in Section 5.2.

As identified by the kinetic analysis in Section 5.2, the overall adsorption is described by
three stages, as schematically illustrated in Scheme 5.1. Within the first stage, the high PASH

concentration leads to a high diffusion rate of adsorptives into the pores of the adsorbent. Once

4Parts of this section were published in the Chemical Engineering Journal under the title “Acid base interaction
and its influence on the adsorption kinetics and selectivity order of aromatic sulfur heterocycles adsorbing on
Ag-Al203” [97].
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Figure 5.5.: Breakthrough curves of different types of PASHs dissolved in jet A-1 fuel at the same LHSV of 0.85 1!
(adsorbent: Ag-Al,Os3; fuel: jet/BT_goo, jet/DBT_goo, jet/4,6-DMDBT _goo; adsorption temperature:
20°C; LHSV: 0.85h71).

the PASH molecule hits the adsorbent wall, it most likely adsorbs via one of the two strong
1t-Ag or S-Ag interactions. The diffusion coefficients of both BT and DBT are similar [207], and
thus are only a function of the PASH concentration and the temperature. Consequently, the
faster adsorption rate of DBT in the first stage is related to the higher binding energy of the
rt-Ag and S-Ag interactions in comparison to BT. This higher binding energy leads to a higher
probability of adsorption, thereby keeping the concentration of adsorptives in the pores low.
The lower concentration of DBT in the pores results in an increased diffusion rate, and thus

leads to the overall faster adsorption rate of DBT in comparison to BT.

In the second stage shown in Scheme 5.1, the concentration of adsorptives within the pores
increases, leading to a reduced diffusion rate, which is finally limited by IPD as described
in Section 5.2. With an increasing concentration of PASHs within the pores of the adsorbent,
the weak S-H interaction becomes more relevant. However, this weak S-H interaction only
plays a crucial role for BT, and thus, the BT adsorption capacity becomes significantly stronger
and exceeds DBT’s adsorption capacity at the end of the second stage, as seen in Figure 5.4.
In the third and final stage of the adsorption kinetics, most of the adsorption takes place
in micro-pores. This stage is negligible in terms of breakthrough performance at an LHSV
of 0.85h~! and will thus not be discussed further in this section (see Section 5.2 for more

discussion).

From the above, it becomes clear that the contribution of the S-H interaction in the second stage
is the key to an understanding of the different selectivity orders at breakthrough (DBT > BT)
and at equilibrium saturation (BT > DBT). As mentioned above, the change from DBT > BT to
BT > DBT takes place within the second stage. This is also shown in Figure 5.2¢ for the kinetic
experiments, where the time of change was determined to be t = 1.3h. Consequently, the
selectivity order of DBT > BT for individual breakthrough experiments at an LHSV of 0.85/ !

can be related to t < 1.3/ of the kinetic time scale. At this point, it is important to reiterate
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that the time scales of the kinetic and breakthrough experiments are not the same as a result of
their different boundary conditions (cf. discussion regarding Figure 3.1). These results show
that the influence of the type of PASH on breakthrough performance differs from its influence
at equilibrium saturation capacity because of the different adsorption mechanisms involved in
the overall adsorption process. The selectivity order at breakthrough is also strongly influenced
by the LHSV, and thus underlines the importance of this operating parameter for the design of
adsorptive desulfurization units. A more detailed discussion of the influence of the LHSV on

the desulfurization performance is found in Section 5.3.3.

Besides individual breakthrough experiments, breakthrough experiments with the fuel jet/MIX-
3_9oo were also carried out to study the influence of the competitive adsorption of BT, DBT, and
4,6-DMDBT on the breakthrough performance of Ag-Al,Os. Figure 5.6 shows the breakthrough
curve for the Ag-Al,O; desulfurizing jet/MIX-3_goo at an LHSV of 0.85h~!. The composition
of sulfur compounds in the effluent fuel is marked by contrasting colors. The competitive
breakthrough capacity was 1.04 mg-S/g-ads and thus only 0.14 mg-S/ g-ads above the individual
breakthrough capacity of 4,6-DMDBT. The main sulfur heterocycle in the effluent fuel was
4,6-DMDBT, in addition to a significant lower concentration of DBT; no BT was detected at
breakthrough. The observed selectivity order of BT > DBT > 4,6-DMDBT for competitive
adsorption differs from that observed in the individual breakthrough experiments (DBT > BT
> 4,6-DMDBT).
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Figure 5.6.: Breakthrough curve of jet/MIX-3_9oo showing the detailed PASH composition of the effluent fuel
(adsorbent: Ag-Al,Os; fuel: jet/MIX-3_9oo; adsorption temperature: 20 °C; LHSV: 0.85 11 [97].

The relative adsorption strengths of BT and DBT could be the key to understanding the
different selectivity orders of competitive and individual adsorption. As discussed above, the
nt-Ag and S-Ag interactions in the first stage, together with the S-H interaction in the second
stage, contribute to the breakthrough performance of individual PASHs at an LHSV of 0.85/4 1.
Consequently, the same interactions are relevant for the competitive breakthrough performance
since the LHSV was kept at 0.85h~! for both the individual and competitive breakthrough
experiments. Therefore, both BT and DBT adsorb on Ag-Al,O3 at the same time via 77-Ag and

S-Ag interaction in the case of competitive adsorption. According to Table 4.2, the relative
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adsorption energies for the 71-Ag and S-Ag interactions are in the order of DBT > BT. However,
the substitution of adsorbed BT with DBT might be negligible within the short time period of
the first two stages since the relative strengths of adsorption are very close to each other (cf.

Table 4.2); hence, with an increased time scale substitution may occur.

The switch in the selectivity order to BT > DBT in the case of competitive adsorption seems to
be caused by the contribution of the weak acid-base interaction, S-H. All of the results presented
so far have shown that the selectivity order of the S-H interaction is BT > DBT. Hence, the
additional S-H adsorption sites for BT seem to lead to a final competitive selectivity order
of BT > DBT > 4,6-DMDBT in the competitive breakthrough experiments. These results are
confirmed by S. A. Hussain and Tatarchuk [94], who used Ag/TiO;-Al,O3 as their adsorbent,
prepared by incorporating titanium before silver into a blank y-Al,O3 support. They observed
the same selectivity order of BT > DBT > 4,6-DMDBT for real fuels containing various sulfur

heterocycles.

5.3.2. Influence of the Type of Fuel®

Desulfurization performance strongly depends on the type of fuel, as discussed in Section 4.2.2
with regard to equilibrium saturation. The influence of the type of fuel is related to its
constituents, including non-sulfuric aromatic compounds, fuel additives, nitrogen-containing
compounds, and different types of PAHs. These PAHs have similar molecular structures to
the sulfur heterocycles, and thus compete, in particular, for adsorption on the surface of the
adsorbent [45, 148, 190]. For this reason, it is crucial to understand and quantify the influence of
PAHs on the breakthrough performance of Ag-Al,Os in order to design a fuel-flexible on-board
desulfurization unit for SOFC-based APUs.

Breakthrough experiments were carried out to investigate the influence of the type of fuel
on the overall breakthrough performance. This includes not only selectivity at equilibrium,
but also the time-dependent selectivity at breakthrough, which is a function of the diffusion
and substitution mechanisms of different compounds. DBT was used as the representative
PASH and was dissolved in jet A-1 and diesel fuel. Figure 5.7 shows the breakthrough
curves for jet/DBT_goo and diesel/DBT_goo at the same LHSV of 0.85k~!. The corresponding

breakthrough capacities in mg-S/g-ads were calculated according to Equation 3.3.

As shown in Figure 5.7, the breakthrough capacity for jet/DBT_goo was observed to be 2.2 mg-
S/ g-ads. This breakthrough capacity dropped to 1.0 mg-S/g-ads when DBT was adsorbed out
of diesel fuel (diesel/DBT_900). Similar results were reported by Xiao et al. [45], using activated

carbon as their adsorbent. Ma, Sprague, and C. Song [156] also reported good desulfurization

5Parts of this section were published in Journal of Power Sources and Energy & Fuels under the titles “Adsorptive
on-board desulfurization over multiple cycles for fuel-cell-based auxiliary power units operated by different types
of fuels” [99] and “Adsorptive Desulfurization: Fast On-Board Regeneration and the Influence of Fatty Acid Methyl
Ester on Desulfurization and in Situ Regeneration Performance of a Silver-Based Adsorbent” [96].
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Figure 5.7.: Breakthrough curve of jet/DBT_goo and diesel/DBT_goo at the same LHSVs (adsorbent: Ag-Al,Og3; fuel:
jet/BT_goo, diesel/DBT_goo; adsorption temperature: 20 °C; LHSV: 0.851~1) [g9].

performance using a Ni-based adsorbent for gasoline and jet fuel, but not diesel fuel. In both
Ref. [45, 156], this effect is related to the adsorption mechanism having insufficient selectivity
towards PASHs in the presence of PAHs.

These findings differ from the present work because the equilibrium saturation capacities
of Ag-Al,O3 for both jet/DBT_goo and diesel/DBT_goo are 3.7 and 3.4 mg-S/g-ads, and thus
at the same level at 20°C (cf. Figure 4.12). However, the lower breakthrough capacity of
diesel/DBT_goo in comparison to jet/DBT_goo, shown in Figure 5.7, is related to its slower
adsorption kinetics rather than insufficient selectivity. The results indicate that the slower
adsorption kinetics is caused by the significantly higher concentrations of PAHs in diesel fuel
(1.9 wt.%) in comparison to jet fuel (0.25v0l.%, cf. Table 3.2). The concentration of PAHs in
diesel/DBT_goo is thus more than 21 times that of DBT (900 ppmw of total sulfur). Consequently,
the probability of PAHs adsorption is much higher than DBT in the case of diesel/DBT_goo.
The subsequent substitution of the adsorbed PAHs with DBT is only a matter of time, and
eventually forced by a slightly higher selectivity towards DBT. This substitution with DBT leads
to the same equilibrium saturation capacity after 48 i for both types of fuels (cf. Figure 4.12)

when the adsorption temperature is below 60 °C.

Beside PAHs, FAME also influences the desulfurization performance of Ag-Al,O3, as discussed
in Section 4.2.2 for the equilibrium saturation capacity. The influence of FAME on breakthrough
capacity was investigated by performing the same breakthrough experiment with diesel /BT _300
(FAME-free) and diesel/F/BT_300 (6.63 wt.% FAME). The results of these experiments are
presented in Figure 5.8a. In the case of diesel/F/BT_300, a breakthrough capacity of 0.17 mg-
S/ g-ads was observed. This breakthrough capacity is around 77% of the correlated saturation
capacity of 0.22mg-S/g-ads. The breakthrough capacity for diesel/BT_300 was 1.04mg-S/g-
ads. These results show that a FAME content of 6.63 wt.% reduced the breakthrough capacity
by over 83% compared to the breakthrough capacity of diesel/BT_300. This indicates that
FAME molecules block the active adsorption sites of Ag-Al,Os. This inhibiting effect was also
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observed by Pieterse et al. [157] using an activated Ni-based adsorbent. They also suggest hat
the inhibiting effect may also be caused by the additional additives required to stabilize the
FAME-containing diesel [157].
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Figure 5.8.: Influence of FAME on the breakthrough capacity of Ag-Al,O3 (adsorbent: Ag-Al,Og3; fuel: diesel/BT_300,
diesel /F/BT_300; adsorption temperature: 20 °C; LHSV: 0.2 1~ 1) [96].

In this work, the adsorption dynamic of FAME adsorbing on Ag-Al,O3 was studied by
performing dynamic breakthrough experiments and simultaneously analyzing the FAME
concentration at the adsorber outlet. Figure 5.8b shows the breakthrough curves of FAME
and sulfur using Ag-Al,O; to desulfurize diesel/F/BT_300 at an LHSV of 0.2/~ !. The FAME
concentration in the first sample was < 10 ppmw, and increased in the following samples. The
results in Figure 5.8b show the close relationship between sulfur breakthrough and blockage of
the active sites by FAME molecules. The probability that a FAME molecule will adsorb before
BT is higher because the FAME concentration of 6.63 wt.% is 220 times the sulfur concentration
(300 ppmw). Once a FAME molecule adsorbs on an active site, that site is blocked for BT

molecules.

The following result further indicates that the deactivating effect of FAME is enhanced by
limiting the diffusion of fuel within the porous structure of the adsorbent. A preliminary
breakthrough test with diesel/F/BT_300 and a LHSV of 0.8/~ ! led to an immediate break-
through of sulfur at the outlet. This diffusion limitation seems to be caused by the long carbon
chains of FAME. The FAME molecules are in the range of 2.3 nm, compared to the mean pore
diameter of 9.6 nm. When a long-chain FAME molecule adsorbs on the Ag-Al,O3 surface, it can
easily narrow (or even block) pore mouths, resulting in diffusion resistance [208]. In addition,
diesel/F/BT_300 has a higher viscosity than FAME-free diesel [209]. This higher viscosity
increases the diffusional resistance of the external fluid film covering each adsorbent particle in
the adsorber [208]. Desulfurization’s diffusion limitation was also observed by H. Chen et al.

[105], where the sulfur molecules were in the same range as the pore size of a CuY zeolite.



5.3. Breakthrough Performance 66

These results show that both the type of fuel and its non-sulfuric compounds can have a
significant influence on the dynamic desulfurization performance of Ag-Al,O3. Consequently,
it is essential to investigate and quantify the different phenomena involved in the adsorption
mechanisms and dynamics. The results presented above describe and quantify the influence
of different types of fuels and their related fuel compounds on the adsorption mechanisms
involved, and further quantify the desulfurization performance of Ag-Al,O3, and thus pro-
vide answers to research question 3: how is the mechanism influenced by different types of
liquid hydrocarbon-based fuels? In addition, the results further show that the breakthrough
performance of Ag-AlbO3 can be greatly reduced in the presence of FAME. However, this
study is purely of scientific interest, because diesel is only blended with FAME in the EU and
US for automotive diesel fuel where the sulfur content is limited by < 15 ppmw. This level
of sulfur does not present a challenge for the reforming process of a fuel-cell-based APU,
in which all hydrocarbons are converted to syngas and H,S (cf. Section 1.3). To achieve the
< 10 ppmw sulfur threshold limit for the SOFC stack, adsorptive desulfurization in the gas

phase downstream of the reformer is advised.

5.3.3. Influence of the LHSV

The LHSV has a great influence on the breakthrough performance, as pointed out in Sec-
tion 5.3.1. This influence was further studied and quantified for both jet A-1 and diesel fuel
in order to provide reasonable data for the final basic design of a Ag-Al,O3 based on-board

desulfurization unit, as will be presented in Section 7.2.

The adsorption kinetics of PASHs is faster in jet A-1 than in diesel fuel, as discussed in
Section 5.3.2. This can be clearly seen by the breakthrough curves in Figure 5.7 for an LHSV of
0.85h1, where the sulfur breakthrough at the adsorber outlet occurred significantly later in
the case of jet/DBT_goo (red line) in comparison to diesel/DBT_goo (green line). This indicates
that it is possible to operate the adsorptive desulfurization unit at lower LHSVs when jet A-1 is
desulfurized in comparison to diesel fuel, while still achieving similar adsorption capacities
for both types of fuels. Hence, additional breakthrough experiments were carried out with
jet A-1 at an LHSV of 1.7k~ ! in order to quantify the influence of the LHSV on the fuel’s
breakthrough capacity. The breakthrough curves of jet/BT_goo are illustrated for both LHSVs in
Figure 5.9. The corresponding breakthrough capacities in mg-S/g-ads were calculated according

to Equation 3.3.

As can be calculated from Figure 5.7, the original breakthrough capacity of 1.63 mg-S/g-ads
at LHSV = 0.85h~! dropped to 0.50 mg-S/g-ads when the LHSV was increased to 1.7 h~ 1.
This result indicates that the breakthrough capacity is reduced by a factor of 3.2 when the
LHSV of 0.85/h ! is increased by a factor of 2; hence, the breakthrough capacity is not directly

proportional to the LHSV. This is in agreement with the results of the kinetic experiments,
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Figure 5.9.: Breakthrough curves of jet/BT_goo at different LHSVs (adsorbent: Ag-Al,Os; fuel: jet/BT_goo; adsorp-
tion temperature: 20 °C; LHSV: 0.85, 1.7 b,

which showed that the adsorption of BT obeys pseudo-second order kinetics (cf. Section 5.2). As
known from previous results and discussions, the breakthrough behavior at LHSV > 0.85 h1
corresponds to the kinetic time scale of t < 1.3/ of the kinetic experiments (cf. Figure 5.2¢).
This is also apparent from the exponential reduction of the breakthrough capacity from 1.63 to
0.50 mg-S/g-ads when the LHSV was increased to 1.7 h~!. As shown by the kinetic analysis,
the overall adsorption within the first 1.3/ of the kinetic experiments is characterized by
two different stages (A-B and B-C in Scheme 5.1). In the first stage, the film-diffusion is the
rate-limiting step. In the second stage, the overall adsorption is limited by IPD. It thus can be
concluded that, in the case of breakthrough experiments, the reduction of the breakthrough
capacity from 1.63 to 0.50 mg-S/g-ads, as shown in Figure 5.9, is related to diffusion resistance.
However, from these results it is not possible to distinguish whether film-diffusion or IPD is

the dominant type of diffusion resistance.

The breakthrough capacity of Ag-Al,O3 observed for diesel/DBT_goo is 1.0 mg-S/g-ads at an
LHSV of 0.85k~!, and thus at the lower end compared to the breakthrough capacities observed
for jet A-1 fuels. In order to obtain reasonable breakthrough capacities for diesel fuel, the
LHSV was decreased to 0.34 1. The breakthrough curves of diesel/DBT _goo for both LHSVs
are shown in Figure 5.10. The corresponding breakthrough capacities in mg-S/g-ads can be

calculated according to Equation 3.3.

The original breakthrough capacity of 1.0 mg-S/g-ads at LHSV = 0.85h~! significantly in-
creased when the LHSV was reduced, as seen in Figure 5.10; this result correlates with the ex-
pected behavior. At LHSV = 0.34 ™!, the observed breakthrough capacity of diesel/DBT-goo
was 2.59mg-S/g-ads and thus 2.6 times higher compared to the breakthrough capacity at
LHSV = 0.85h~!. This shows that the LHSV strongly influences breakthrough capacity, and is
thus an important design parameter for real applications. This is particularly relevant when
fuels with high PAHs concentrations are desulfurized, a process in which the substitution of

adsorbed PAHs with PASHSs is one of the limiting steps of the overall adsorption mechanism.
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Figure 5.10.: Breakthrough curves of diesel/DBT_goo at different LHSVs (adsorbent: Ag-Al,Os; fuel:
diesel/DBT_goo; adsorption temperature: 20 °C; LHSV: 0.34, 0.85 1~ 1).

The findings presented above not only confirm the accuracy of the adsorption mechanisms
proposed in Section 4.1, but also demonstrate the influence of different parameters on the
desulfurization performance of Ag-Al,O3 in a qualitative and quantitative manner. In particular,
the characterization of the influence of PAHs on dynamic adsorption behavior is essential to
be able to describe and predict the desulfurization performance of Ag-Al,O3. In addition, the
ability to quantify the influence of the LHSV on breakthrough performance is essential in order

to design an optimized adsorber for real applications (cf. Chapter 7).



Adsorbent Regeneration

This chapter discusses the thermal regeneration of spent Ag-Al,O3 adsorbent in oxidizing
atmospheres at different final temperatures, in the range of 450 - 525 °C. Both ambient air and
synthetic off-gas from an SOFC-based APU with different moisture contents were used as
regeneration gases, with an gas hourly space velocity (GHSV) of 6771 - 16927 h1. All of the
experiment parameters were set so as to represent reasonable and practical values for real
applications. The results of these experiments are discussed in a comprehensive manner and
provide deeper insight into the desorption and overall regeneration mechanism of adsorbed
PASHs. This understanding is crucial in order to develop an efficient on-board regeneration
strategy for mobile desulfurization units that can be integrated into SOFC-based APUs. Hence,
this chapter is intended to provide the findings that will make it possible to answer research

question 4: what is the service/regeneration interval of this desulfurization approach?

6.1. Introduction

The on-board desulfurization of liquid fuels is essential in order to operate fuel-cell-based
APUs with commercial hydrocarbon-based fuels containing 10 - 5000 ppmw of total sulfur [10].
In the last decades, different desulfurization technologies have been investigated for mobile
applications. Of all of these technologies, adsorptive desulfurization is the most promising
for mobile applications, as was discussed in Section 2.2. However, due to the low adsorption
capacities of adsorbents, on-board regeneration of the adsorbent is essential in order to operate
the APU continuously, without constantly needing to replace the adsorbent. There are two
main categories of strategies for adsorbent regeneration, as illustrated in Figure 6.1: these are

(i) solvent-based and (ii) thermal regeneration.

Solvent-based regeneration is based on the elution of adsorbed compounds by a solvent.
Different types of polar solvents, including benzene, toluene, and diethyl ether, have been

investigated and reported on so far [103, 137, 171]. One of the main drawbacks of solvent-based
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Figure 6.1.: The two main adsorbent regeneration strategies where only thermal regeneration in oxidizing atmo-
sphere is reasonable for mobile applications.

regeneration is the large amount of solvent required for regeneration [103, 112]. Furthermore,
the loaded solvent needs to be regenerated, and thus requires an additional operation step.
This is why solvent-based regeneration strategies are not considered to be suitable for on-board
applications, as this approach would require large tanks to store both the fresh and used
solvent. Because this work focuses on mobile applications, only thermal regeneration in an

oxidizing atmosphere is discussed in the following sections.

6.2. On-Board Regeneration with Ambient Air!

In mobile desulfurization units, thermal regeneration in ambient air is the most common
regeneration approach for adsorbents that are active in their oxidized form. Promising results
for thermal regeneration with ambient air have been reported in Ref. [94, 101, 102, 105] for
a final regeneration temperature of 200 - 450 °C. However, specific heating rates and total
regeneration times are missing [100-102, 123, 126, 154]. The heating rate during regeneration
is a very important parameter since slow heating rates demand large desulfurization units
in order to overcome the long regeneration time. For example, a total regeneration time of
24 h was reported in Ref. [105]. Such long regeneration times are unexceptionable for real

applications.

Within this work, thermal regeneration in ambient air (referred to as AIRy) was carried out with
a final regeneration temperature of Tf;,, = 450 °C. During heat up, the temperature inside the
adsorber was kept at 120, 250, and 450 °C for 1, 2, and 1, respectively, combined with heating
rates of 3.5 - 8.8 K/min. These high heating rates led to a total regeneration time of around 6/,
including heat up and cool down. A more detailed description of this process, including the

flow rates used during regeneration, is provided in Section 3.4.

'Parts of this section were published in Energy & Fuels under the title “Adsorptive Desulfurization: Fast
On-Board Regeneration and the Influence of Fatty Acid Methyl Ester on Desulfurization and in Situ Regeneration
Performance of a Silver-Based Adsorbent” [96].
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Figure 6.2 shows the temperature profile measured inside the adsorber as well as the CO,
concentration profile at the adsorber outlet during regeneration with AIR; after the desulfuriza-
tion of diesel/BT_300. The temperature and CO, peaks at 1.5h clearly indicate an exothermic
reaction, which led to a sharp temperature peak of > 800 °C. The small time gap between the

temperature and CO; peak is caused by the experimental set-up, as described in Section 3.6.
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Figure 6.2.: Measured temperature profile within the adsorber and the corresponding CO, concentration at the
adsorber outlet during regeneration after desulfurizing diesel/BT_300 (adsorbent: Ag-Al,Os3; fuel:

diesel/BT_300; adsorption temperature: 20 °C; regeneration: AIRg; final regeneration temperature:
450°C) [96].

Further analysis was carried out to measure the concentration of CxHy in the off-gas in order
to scrutinize whether autoignition took place. The corresponding CxHy concentration profile
during the uncontrolled exothermic reaction is shown in Figure 6.3. At 1.5k, a high peak in the
CxHy concentration can clearly be seen in Figure 6.3, which reinforces the assumption of an

autoignition at 1.5 h.
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Figure 6.3.: CxHy concentration in the off-gas during regeneration using an uncontrolled and temperature-controlled
flow rate of AIRg (adsorbent: Ag-Al,Os; fuel: diesel/BT_300; adsorption temperature: 20 °C; regenera-
tion: AIRg; final regeneration temperature: 450 °C) [96].
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6.2.1. Temperature Controlled Flow Rate (TCFR) during Regeneration?

Thermal regeneration in an oxidizing atmosphere (e.g. ambient air) carries the risk of un-
controlled autoignition at elevated temperatures, as shown in Section 6.2. Such uncontrolled
autoignition has to be avoided for the following reasons: (i) due to safety issues and (ii) because
it causes the thermal destruction of the adsorbent. Autoignition was not mentioned in any of
the related works, but neither were any specific heating rates or total regeneration times, as
mentioned above. Only S. A. Hussain and Tatarchuk reported a slow heating rate [94]. The
problem of vague and incomplete regeneration reports was pointed out by Dasgupta et al. [210].
To avoid autoignition, a slow heating rate would be necessary in order to reduce the volume
flow rate of the evaporating fuel. However, slow heating rates require larger desulfurization
units in order to overcome the long regeneration time, which would significantly increase the

size and weight of mobile desulfurization units.

In this work, the dynamic flow rate of AIR; was investigated as a means to avoid uncontrolled
autoignition. Via this approach, the flow rate of AIR; is a function of the bed temperature.
When the bed temperature exceeded a certain threshold, the flow rate of AIRg was reduced.
Further, the maximum bed temperature was set to 500 °C to protect the adsorbent from thermal
destruction. This novel approach is dubbed regeneration with a temperature-controlled flow
rate (TCFR). The effect of the TCFR on the temperature within the adsorber is illustrated in

Figure 6.4a, while the corresponding flow rates of AIR; are shown in Figure 6.4b.
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Figure 6.4.: (a) Temperature profile within the adsorber and (b) flow rate of AIRg during uncontrolled and TCFR
regeneration approaches after desulfurizing diesel/BT_300 (adsorbent: Ag-Al,O3; fuel: diesel/BT_300;
adsorption temperature: 20 °C; regeneration: AIRg; final regeneration temperature: 450 °C) [96].

As can be seen in Figure 6.4a, the bed temperature exceeded 800 °C when the flow rate of AIRg
was uncontrolled. In comparison, when TCFR was used, the flow rate of AIR; was significantly
reduced at around 1.5h. This approach makes it possible to keep the temperature within

the adsorber below the prescribed temperature of 500 °C, as shown in Figure 6.4a. At 3.75h,

*Parts of this section were published in Energy & Fuels under the title “Adsorptive Desulfurization: Fast
On-Board Regeneration and the Influence of Fatty Acid Methyl Ester on Desulfurization and in Situ Regeneration
Performance of a Silver-Based Adsorbent” [96].
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the flow rate of AIR; was reduced from 5 to 2 L/min during both uncontrolled and TCFR
regeneration in order to obtain high heating rates (cf. Figure 6.4b). The CxHy concentration
in the off-gas was also analyzed in the case of TCFR. As shown in the magnified area of
Figure 6.3, the CxHy concentration at the end of regeneration was the same for TCFR as for the
uncontrolled case. This is important since the ineffective removal of hydrocarbons can lead to

carbon deposition.

The likelihood of autoignition during regeneration depends on the type of fuel used, as well as
its boiling range and composition. The experimental investigations conducted for this work
showed that autoignition was observed for all types of diesel fuels, but not for jet fuels (cf.
Table 3.3). Regardless of the type of fuel, the TCFR approach makes it possible to regenerate
adsorbents in a controlled manner with high heating rates. This is important for desulfurization
units integrated into fuel-flexible APU systems. Furthermore, the TCFR approach also allows
for fast regeneration cycles, and thus, compact design of on-board desulfurization units.
Consequently, this approach was used in all of the regeneration experiments that are presented

and discussed in the following sections.

6.2.2. Regeneration Efficiency: Ambient Air (AIRg)3

This section presents the experimental results of thermal in situ regeneration with ambient
air (AIRg) for different types of fuels. During regeneration, the temperature was increased in
a step-wise manner with a final regeneration temperature of T;,, = 450 °C. This approach
was chosen in order to prevent the thermal destruction of the adsorbent’s micro-structure.
A detailed account of the regeneration procedure is provided in Table 6.1. In all of these
regeneration experiments, the flow rate of AIR; was controlled by means of the TCFR approach,

which was discussed in the previous section.

Table 6.1.: Temperatures and corresponding gas flow rates during thermal in situ regeneration with AIRg.

Temperature Gas flow rate Hold time
“C) (L/min) (h)

20 - 160 5 -

160 5 1

160 - 300 4 -

300 4 1.5

300 - 450 2 -

450 2 1

450 - 20 (cool down) 5 -

3Parts of this section were published in Energy & Fuels under the title “Thermal in Situ and System-Integrated
Regeneration Strategy for Adsorptive On-Board Desulfurization Units” [98].
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Regeneration efficiency was evaluated by comparing the breakthrough capacities of the first
and second desulfurization cycles. Figure 6.5 shows the average breakthrough capacities of both
fresh and regenerated Ag-Al,O3 using AlRg as the regeneration medium and T, = 450°C
as final regeneration temperature. The results show high regeneration efficiencies of > 90%
for all types of fuels, except in the case of jet/DBT_goo, where the regeneration efficiency was
< 55%.
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Figure 6.5.: Regeneration efficiency for different types of fuel after one cycle of regeneration using thermal regener-
ation in AIRg (adsorbent: Ag-Al,O3; fuel: jet/BT_goo, jet/ DBT 900, jet/4,6-DMDBT _goo, diesel /BT _300;
adsorption temperature: 20 °C; LHSV: 0.85/h~!; regeneration: AIRy; final regeneration temperature:
450°C).

These results show that AIRg-based regeneration combined with a final regeneration temper-
ature of Ty, = 450°C is only effective for fuels containing no DBT. When DBT is present,
the regeneration efficiency significantly decreases at these conditions. This conclusion is in
agreement with those found in literature: Several promising results were reported with regard
to the adsorption of thiophene and BT using ambient air as the regeneration medium. For
example, S. Nair and Tatarchuk [101] used Ag/TiO, to desulfurize jet fuel (JP5, containing
no DBT or any of its derivatives) with a total sulfur concentration of 1172 ppmw. Thermal
regeneration in flowing air at 450 °C showed high regenerability over 10 cycles. However, only
a few publications deal with thermal regeneration after adsorption of DBT, and none of them
reported full regeneration [74, 211]. The difference between DBT and BT regeneration is in the
stronger adsorption of DBT, as discussed in Section 4.2.1. This effect is especially relevant when

the adsorption is based on m-complexation and direct metal sulfur (5-M) interaction [97].

Additional regeneration experiments were carried in order to investigate whether a final
regeneration temperature of 525 °C would be sufficient to fully regenerate Ag-Al,Os after the
adsorption of DBT. For these experiments, the temperature profile was slightly modified in
comparison one shown in Table 6.1. The slightly modified regeneration procedure with an
increased final regeneration temperature of 525 °C is displayed in Table 6.2. In order to reduce
the chances of the thermal destruction of the adsorbent, the hold time at the final regeneration

temperature of 525 °C was set to be only 0.33 h.
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Table 6.2.: Temperatures and corresponding gas flow rates during thermal in situ regeneration with AIR; at

T finat = 525°C.
Temperature Gas flow rate  Hold time
°C) (L/min) (h)
20 - 160 5 -
160 5 1
160 - 300 4 -
300 4 1.5
300 - 450 2 -
450 2 0.33
450 - 525 2 -
525 2 0.33
525 - 20 (cool down) 5 -

The results of the experiments with a final regeneration temperature of 525 °C are shown in
Figure 6.6. The observed breakthrough capacities of fresh and regenerated Ag-Al,O3 were 2.18
and 2.21 mg-S/g-ads, and thus achieved 100% regeneration of the breakthrough capacity at
a final regeneration temperature of 525 °C. To the best of the author’s knowledge, this is the
first time that full thermal regeneration in an oxidative atmosphere has been reported after the
adsorption of DBT.
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Figure 6.6.: Regeneration efficiency in AIRg at 525°C (adsorbent: Ag-Al,O3; fuel: jet/DBT_goo; adsorption tempera-
ture: 20°C; LHSV: 0.851~1; regeneration: AlRg; final regeneration temperature: 525 °C).

The problem with regeneration after the adsorption of DBT is the higher adsorption energy
of the two main adsorption mechanisms (77-Ag and S-Ag interaction) in comparison to those
of other PASHS, such as BT [g97]. DBT is also a more stable compound than BT [54], and thus
requires higher temperatures to decompose. These obstacles are the reasons that full thermal
regeneration in an oxidizing atmosphere after adsorption of DBT had not previously been
reported for any type of adsorbent. For example, Han, H. Lin, and Y. Zheng [74] reported a 23%

capacity loss in the second desulfurization cycle for DBT in a model diesel fuel (763 ppmw of
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sulfur) after thermal regeneration in air. This capacity loss was related to a significant reduction
of the BET surface and the incomplete removal of sulfur from that surface. Xiao and colleagues
[123, 127] also performed their regeneration experiments in air, and reported a regenerability
of 90 - 95% for a TiO,-CeO, based adsorbent. In their experiments, an ultralow-sulfur diesel
was used with 15 ppmw of total sulfur. However, the type of sulfur was not further specified.
Hence, the results shown in Figure 6.6 are very promising since they demonstrate that the
breakthrough capacity of Ag-Al,O3 can be fully restored by means of thermal treatment in an
oxidizing atmosphere, even after the adsorption of DBT. However, preheating the ambient air
to 525 °C requires large heat exchangers or even additional electric heating. This is why a novel
system-integrated thermal on-board regeneration strategy was developed and investigated

within this work.

6.3. System-Integrated On-Board Regeneration using Hot APU
Off-Gas*

Within in this work, a novel system-integrated thermal on-board regeneration strategy, based
on hot off-gas from a SOFC-driven APU was developed and investigated. This innovation
is important because there is a lack of efficient on-board regeneration strategies for mobile
desulfurization units. So far, reasonable regeneration experiments have been carried out in
reducing atmospheres (N>, Hy, or He) or ambient air. However, N, Hy, or He are not available
on-board, and experiments with ambient air failed to recover 100% of the initial adoption
capacity after adsorption of DBT (cf. Section 6.2.2). This is why a novel and reasonable
regeneration approach for adsorptive on-board desulfurization units is urgently needed. The
schematic flow sheet of the novel approach is illustrated in Figure 6.7. This approach, based
on hot APU off-gas, requires no additional regeneration medium, no additional tanks, and
no additional bulky equipment and can thus be fully integrated into the concept of an SOFC-
operated APU for on-board electricity supply.

6.3.1. Basic Regeneration Performance under APU Off-Gas (APU,) Conditions®

This section presents the results of thermal in situ regeneration with hot APU off-gas (APUy).
The fuel jet/DBT_goo with DBT as a representative PASH was used in most of the experiments.

This is because DBT has the strongest adsorption energy compared to other relevant sulfur

4Parts of this section were published in Energy & Fuels and Journal of Power Sources under the titles “Thermal
in Situ and System-Integrated Regeneration Strategy for Adsorptive On-Board Desulfurization Units” [98] and
“Adsorptive on-board desulfurization over multiple cycles for fuel-cell-based auxiliary power units operated by
different types of fuels” [99].

SParts of this section were published in Energy & Fuels under the title “Thermal in Situ and System-Integrated
Regeneration Strategy for Adsorptive On-Board Desulfurization Units” [98].
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Figure 6.7.: Schematic flow sheet of the novel system-integrated thermal on-board regeneration strategy, based on
hot off-gas from an SOFC-operated APU [99].

heterocycles [97, 110], and thus presents a significant challenge for the thermal on-board regen-
eration of used adsorbent (cf. Figure 6.5). After breakthrough experiments with diesel /DBT_goo,
the test rig was switched into the regeneration mode described in Section 3.4. For regeneration,
the adsorber was flushed with APU,. The composition of the APU; is shown in detail in
Table 6.3, and is similar to real, hot APU off-gases from an SOFC-based APU [19].

Table 6.3.: Detailed composition of the hot off-gas from an auxiliary power unit with 4.5 mol% HO (APUg) used as
regeneration medium.

APU off-gas (APUy)

composition in (mol /mol)

N» 0.763
O, 0.168
CO, 0.024
H,O 0.045

For the first regeneration experiments with APUg, the same temperature profile with a final
regeneration temperature of T, = 525°C was applied as was used for regeneration with
AlIRg (cf. Table 6.2). The regeneration procedure is described in detail in Table 6.4. In all of
the regeneration experiments, the flow rate of APUg was controlled using the TCFR approach

presented in Section 6.2.1.

The breakthrough curves of jet/DBT_goo and the average breakthrough capacities of DBT in
the first and second desulfurization cycles are shown in panels (a) and (b), respectively, of
Figure 6.8. A breakthrough capacity of 2.21 mg-S/g-ads was observed in the first desulfurization
cycle. After regeneration with APUyg, the breakthrough capacity was 2.20 mg-S/¢-ads, thus
indicating 100% recovery. This is a very promising result since it highlights the fact that the
hot off-gas from SOFC-based APUs can be used as a regeneration medium for the in situ
on-board regeneration of spent adsorbent. Accomplishing the regeneration of the adsorbent on-

board is essential in order to keep the whole APU small and light. Additional comprehensive
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Table 6.4.: Temperatures and corresponding gas flow rates during thermal in situ regeneration with APU, at a final
regeneration temperature of T final = 525 °C.

Temperature Gas flow rate  Hold time
°C) (L/min) (h)
20 - 160 5 -
160 5 1
160 - 300 4 -
300 4 1.5
300 - 450 2 -
450 2 0.33
450 - 525 2 -
525 2 0.33
525 - 20 (cool down) 5 -

investigations were carried out in order to investigate the influence of the gas composition of

the hot APU off-gas on the overall desorption and regeneration mechanism. These results are

presented and discussed in the following section.

Figure 6.8.:
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(a) Breakthrough curve of jet/DBT_goo in the first and second desulfurization cycles and (b) the
corresponding average breakthrough capacities of DBT in the first and second cycles using APU, as
regeneration medium (adsorbent: Ag-Al,Os3; fuel: jet/DBT_goo; adsorption temperature: 20 °C; LHSV:
0.85/~1; regeneration: APUg; final regeneration temperature: 525 °C) [98].

6.3.2. Regeneration Mechanism under APU Off-Gas Conditions®

The experimental investigation with hot APU off-gas showed excellent regeneration perfor-

mance. In order to better understand the positive effect of the APU off-gas composition in

®Parts of this section were published in Energy & Fuels under the title “Thermal in Situ and System-Integrated
Regeneration Strategy for Adsorptive On-Board Desulfurization Units” [98].
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comparison to ambient air, effort was made to gain deeper insight into the overall regeneration
mechanisms under APU off-gas conditions. The regenerated adsorbent was therefore analyzed
using several different techniques, and the results of these analyses will be compared and
discussed in depth. All of the types of analysis and their corresponding positions in the overall
experimental process are illustrated in Figure 6.9a. The results of all of the analyses shown in

Figure 6.9a will be presented and discussed consecutively in the following paragraphs.
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Figure 6.9.: (a) Overall experimental and analytic procedure, (b) elemental sulfur contents of fresh, loaded, and
APUg-regenerated Ag-Al»O3, and (c) XRD patterns of (1) fresh Ag-Al,O3 and (2) after APU, regenera-
tion (adsorbent: Ag-Al,Os; fuel: jet/DBT_goo; adsorption temperature: 20 °C; regeneration: APUyg; final
regeneration temperature: 525 °C) [98].

The results of the elemental sulfur analysis of fresh Ag-Al,O3, Ag-Al,O3 after the first desul-
furization experiment, and Ag-Al,Os; after the regeneration experiment (cf. Figure 6.9a) are
presented in Figure 6.g9b. The sulfur content of fresh Ag-Al,O3 was below 0.02mg/g. After
the first breakthrough cycle, the sulfur content increased to 3.6mg/g (loaded) due to the
adsorption of DBT on the adsorbent surface. This sulfur content was measured at the end of
the experiment (not at breakthrough), and is thus above the total sulfur breakthrough capacity.
After APU, regeneration, the sulfur content dropped to 1.2mg/g. This result shows that not
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all of the sulfur was removed during regeneration. This latter point is of great interest: the
breakthrough capacity was 2.2mg/ g in the first desulfurization cycle, and in the subsequent
regeneration step, not all of the sulfur was removed. However, in the second desulfurization
cycle, the breakthrough adsorption capacity of Ag-Al,Oz was again 2.2mg/g (cf. Figure 6.8b),
thus indicating that 100% of the adsorption sites had regenerated. Similar results were also
observed in the case of jet/BT_goo (not shown), indicating the same overall regeneration

mechanism for both types of PASHs.

The carbon content of the adsorbent was determined in order to investigate whether the
remaining sulfur was an organic or inorganic compound. The carbon-to-sulfur ratio (C/S
weight ratio) of DBT is 4.5. The C/S weight ratio for the regenerated Ag-Al,O3 was 0.7,
and thus well below the C/S weight ratio of DBT. These results indicate the formation of
inorganic rather than organic sulfur compounds during regeneration. Similar results were
reported by Samokhvalov et al. [212], who investigated the thermally induced desorption of
thiophene from Ag-modified titania under a high vacuum. In their work, surface sulfur content
dropped by one-half after the adsorbent was annealed at 525 °C under X-ray photoelectron
spectroscopy (XPS) conditions (working pressure of 10-8 - 10~ Torr, which is equal to 10~
- 107? bar). The sulfur compound detected on the surface was assigned to AgyS [212]. After
the addition of O, (1072 Torr, which is equal to 1072 bar) at 525 °C, all of the sulfur completely
disappeared, according to the XPS analysis. Bezverkhyy et al. [213] also observed the formation
of Ag,S at temperatures above 200 °C. However, Ag,S was also detected by XRD after thermal

regeneration in flowing N at 300 °C.

In the present work, XRD analysis was carried out to identify any changes in the active silver
phase. The XRD patterns of fresh and regenerated Ag-Al,O3 are presented in Figure 6.9c. The
XRD pattern of the fresh adsorbent (1) was identical to the XRD pattern after APU,; regeneration
(2). These results indicate proper regeneration and correlate with the desulfurization results,
in which the breakthrough capacity was 2.2 mg/ g in both the first and second desulfurization
cycles. Aside from y-Al,O3 (ICSD database; PDF 10-425) metallic silver [186] was also detected
by XRD analysis. This metallic silver is related to the small Ag particles on the surface of the
adsorbent that are formed during preparation, as discussed in Section 4.1.3. The active silver
phase in the XRD analysis is represented by Ag,CO3 (not metallic silver, cf. Section 4.1.3) which
was clearly detected in both samples. The same XRD patterns were also observed in the case of
jet/BT_goo and are shown in Figure A.2, in Appendix A.3. The similar XRD patterns for BT
and DBT indicate that the overall regeneration mechanism is the same for both types of PASH.

However, no crystalline Ag,S was detected in any sample.

Figure 6.10a and Figure 6.10b show the SEM images and the corresponding EDX patterns
of the fractured surface of fresh and regenerated Ag-Al,O3 particles, respectively. Both EDX
patterns clearly show the presence of Ag and C which are related to the Ag,CO;3 phase.
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Figure 6.10.: SEM images and EDX patterns of the fractured surfaces of (a) fresh Ag-Al,O3 and (b) after one cycle
of regeneration with APUg (adsorbent: Ag-Al,Ogz; fuel: jet/DBT _goo; adsorption temperature: 20 °C;
regeneration: APUy; final regeneration temperature: 525 °C) [98].

The SEM images of both fractured surfaces in Figure 6.10 show a homogeneous and nan-
odispersed active silver phase (bright dots) within the porous structure of the adsorbent,
but no Ag agglomeration was observed during regeneration. Both the XRD and SEM-EDX
analyses confirmed a stable active silver phase under APU off-gas conditions, which is in
agreement with the experimental results presented in Section 6.3.1. However, the EDX pattern
in Figure 6.10b shows no evidence of sulfur, indicating its homogeneous distribution within
the bulk phase, and hence, a sulfur level that is below the EDX detection limit (detection limit
of 0.1 - 0.2 wt%).

On the basis of the results presented and discussed so far, the following overall desorption
mechanism for PASHs in APU off-gas atmosphere is proposed and illustrated in Scheme 6.1.
The adsorption of PASHSs is favored by the strong 77-Ag and S-Ag interactions on silver cations
(cf. Chapter 4), as illustrated in Scheme 6.1. At the beginning of regeneration, CO; from the
APU off-gas adsorbs on y-Al,O3 at temperatures below 60 °C. At temperatures above 60 °C, the
CO, desorbs from the surface [214], and further acts as an inert compound. As the temperature
increases (from 90 - 200 °C), weakly bound (physisorbed) PASHs evaporate. More strongly
bound (by 7-Ag and S-Ag interactions) PASHs start to decompose at temperatures above
200 °C, with the formation of “coke” [215, 216] and AgpS in the presence of silver (cf. step 1 in
Scheme 6.1). The formation of Ag,S was also observed by both Samokhvalov et al. [212] and
Bezverkhyy et al. [213], who used Ag-modified titania and Ag-modified zeolite as adsorbents,

respectively.

Ag>S is a relatively stable chemical compound, and thus requires higher temperatures to
decompose. The straightforward oxidation of Ag,S by molecular O, according to Equation 6.1
is a possible reaction pathway at temperatures between 400 and 525 °C [217, 218]. At the same
time (300 - 525 °C), the thermal decomposition of “coke” takes place [85, 219]. Both processes
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Scheme 6.1: Desorption/regeneration mechanism of DBT from the surface of Ag-Al,O3 during thermal regeneration
under APU off-gas conditions [98].

are illustrated in step 2 in Scheme 6.1. A second reaction of Ag,S could proceed according to
Equation 6.2, which has sufficiently fast reaction kinetics at temperatures above 300 °C [220].
This reaction requires AgrO, which was definitively not detected in this work (cf. Figure 6.9¢),
nor reported by Heinzel [114], who investigated the active phase of silver in Ag-TiO, and
Ag-5i0,. Consequently, Equation 6.2 is not involved in the case of thermal regeneration of
Ag-Al,O3; under APU off-gas conditions. However, the preservation of Ag,S, as reported by
Bezverkhyy et al. [213], is caused by a lack of O, as the regeneration was performed in N,
and thus no reaction according to Equation 6.1 could occur. In addition, the reaction of Ag)S
according to Equation 6.2 was suppressed because of the insufficient residence time at 300 °C

before cool down.

AgrS + 0y —+ 2Ag + SO, (6.1)

2A$0 + Ag2S — 6Ag + S50, (6.2)

The role of SO, still needs to be understood to explain the remaining sulfur in the present
work. This is particularly interesting because the results showed that the remaining inorganic
sulfur compounds neither block nor react with the active adsorption sites under APU off-gas
conditions. The final products of all reactions are Ag and SO,. Consequently, SO, must be the
educt of any further reaction. Alumina (Al,O3), mostly in its y form, is a common catalyst in
the Claus process. As is known from the Claus process, even small amounts of O, results in
performance degradation through the formation of aluminum sulfates [221]. The formation of
aluminum sulfates upon SO, adsorption on y-Al,O3 has also been reported in the presence
of O, at temperatures above 400 °C by Saur et al. [222] and Chang [223]. Gradual thermal
decomposition of aluminum sulfates is reported to start above > 600 °C, including complete
conversion of the anhydrous sulfate at about 920 °C [224]. SO, adsorption on y-Al,O3 at 200°C
was also reported in a N, atmosphere [225], which, in turn, led to the formation of surface

sulfite [223] rather than sulfate. However, increasing the temperature to 500 °C led to the



6.3. System-Integrated On-Board Regeneration using Hot APU Off-Gas 83

desorption of SO, [225]; only negligible amounts of SO, stayed on the surface, which can
be attributed to strongly chemisorbed SO, [226]. It is important to highlight the fact that,
in the presence of O,, the adsorption of SO, on y-Al,O3 was significantly increased [225].
This phenomenon was reported for the whole temperature range of 200 - 500 °C and is one
explanation for the different results that were observed by Samokhvalov et al. [212] in a high

vacuum, where no sulfur remained on the adsorbent.

SO, adsorption on porous TiO; has yielded similar results in literature. In the presence of O,
SO; leads to the formation of TiOSO,, which is thermally stable up to 650 °C [222]. However, a
lack of O, leads only to the formation of sulfite, which decreases significantly upon heating to
500 °C. This explains the results reported by Samokhvalov et al. [212], where O, was available
only at 525°C and 10~° bar to oxidize AgyS according to Equation 6.1. Hence, the adsorption
of SO, and the subsequent formation of sulfite or sulfate, as reported in Ref. [222] and [227], is

prevented by providing O, only at a high temperature of 525 °C.

In this work, all of the regeneration gas mixtures used had O, contents in the range of 15 -
21 mol% (cf. Table 3.4). From the results discussed above, it is most likely that the emission of
SO, during regeneration partly leads to the formation of highly thermally stable aluminum
sulfates, which is illustrated in step 3 in Scheme 6.1. The fact that no aluminum sulfates were
detected by XRD analysis (cf. Figure 6.9c) indicates that the aluminum sulfates are formed as
bulk aluminum sulfates. This was also reported by Hamzehlouyan et al. [228], who provide a
more detailed account of the mechanisms and thermodynamic data for the formation of bulk
aluminum sulfates by adsorption of SO, on y-Al,Os. In addition, She et al. [229] also observed
the formation of aluminum sulfates on a Ag/Al,O3 catalyst for the selective catalytic reduction
(SCR) of NO with methane. The formation of aluminum sulfates on Ag/Al,O3 was observed
when SO; (and O,) was present in the gas stream at 625 °C. All of these results confirm the

validity of the proposed overall desorption mechanism illustrated in Scheme 6.1.

The adsorption of PASHSs in subsequent desulfurization cycles is not affected by the formation
of aluminum sulfates. This becomes apparent by comparing the first and last stages presented
in Scheme 6.1. PASHs are adsorbed primarily through silver cations (cf. Section 4.1), whereas
aluminum sulfates are formed on the alumina surface. This is why the full adsorption capacity
of Ag-Al,O3 was regenerated, as shown in Figure 6.8b. The overall regeneration mechanism
proposed in Scheme 6.1 can bee seen as an essential finding in order to improve the novel and
system-integrated regeneration strategy based on hot APU off-gas. In addition, this overall
regeneration mechanism provides the fundamental understanding necessary to answer research
question 4: what is the service/regeneration interval of this desulfurization approach?. However,
further discussion is needed regarding the thermal stability of the active silver phase in order

to predict the long-term stability of the Ag-Al,O3 adsorbent.

According to She et al. [229], Ag clustering of the dispersed silver phase on the surfaces

of Ag/Al,O3 SCR catalyst was observed at an operating temperature of 625°C in a gas
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stream of CHy, NO, and O,. This phenomenon is well known for various supports, including
Si0,, TiO,, and Al,O3 [229, 230]. Within 60/ on stream, the highly dispersed Ag phase
(nanoparticles with a particle size < 20nm) of the Ag/Al,O3 SCR catalyst started to form
large silver agglomerates with a particle size of up to > 1um. In the present work, no Ag
agglomeration was observed during the first regeneration cycle, which had a final regeneration
temperature of 525 °C, as shown by the SEM images in Figure 6.10. However, additional long-
term experiments and comprehensive material analyses were carried out in order to exclude the
possibility of Ag agglomeration in the long run. The results of these long-term experiments are
presented and discussed in Section 6.4.2. Prior to the long-term experiments, comprehensive
studies were carried out to investigate the role of H,O during thermal regeneration in an
oxidizing atmosphere as well as the influence of different types of PASHs, fuels, and LHSVs on

regeneration performance.

6.3.3. The Role of H,0 during Thermal Regeneration in Oxidizing Atmosphere’

One difficulty posed by thermal on-board regeneration is finding a source of hot regeneration
gas. For mobile applications in particular, preheating the ambient air with a heat exchanger
or electrical heating device requires additional bulky equipment and is inefficient. Using
the freely available, hot off-gas from an SOFC-driven APU as regeneration gas not only
significantly increases the overall efficiency of this approach, but also makes it possible for the
desulfurization unit to be smaller and lighter in design. The APU off-gas differs in composition
from ambient air in that it contains CO, and significantly higher amounts of water (about
4.5v0l.% [19]). The increased H,O content of the APU off-gas implies the increased heat
capacity of the regeneration gas, which has a positive effect on the thermal decomposition of
PASHSs. The higher H>O content of the APU off-gas also inhibits carbon deposition. This is
known from the fields of steam reforming [30] and the internal reforming of hydrocarbons in
SOEFCs [25, 26, 231, 232]. One negative aspect of this higher heat capacity of the regeneration
medium would be thermal destruction of the adsorbent. This is why the physical properties of
both fresh and regenerated Ag-Al,O3 were analyzed by means of N, physisorption. The results
in Table 6.5 depict the thermal stability of Ag-Al,O3 at 525°C under APUg conditions.

Table 6.5.: Physical properties of fresh Ag-Al,O3 and Ag-Al,Oj after regeneration with APUg at a final temperature
of 525°C (adsorbent: Ag-Al,O3; fuel: jet/ DBT _goo; regeneration: APUg; final regeneration temperature:

525°C).
Adsorbent BET surface BJH pore BJH mean pore
(m?/g) volume (cm3/g)  diameter (nm)
Fresh 145 0.42 9.5
APUg-regenerated 143 0.42 9.4

7Parts of this section were published in Energy & Fuels under the title “Thermal in Situ and System-Integrated
Regeneration Strategy for Adsorptive On-Board Desulfurization Units” [98].
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Only a minor surface reduction, from 145 to 143m?/g, was observed for the regenerated
adsorbent in comparison to the fresh material. This surface reduction of 1.7% was not thermally
induced, but was rather the result of aluminum sulfate forming during regeneration. This
conclusion is based on the fact that the same surface reduction was observed for Ag-Al,O3 when
the final regeneration temperature was 450 °C and thus equal to the calcination temperature of
the adsorbent, as reported in Ref. [96]. No analysis of the BET surface was carried out after

regeneration in AIR; since the focus was placed on APUg,.

Additional experiments were carried out with an APU off-gas containing 12.4 mol% H,O,
which is three times higher than that of APUg. Thus, this gas is referred to as APUg yet;
its composition is provided in detail in Table 3.4. The final regeneration temperature for
these experiments was set to Ty = 450°C, and is thus the same as that of regeneration
experiments performed with AIR,. The experiments were set up in this way in order to study
the influence of the increased H,O content in the regeneration gas since regeneration with
AlRg at Tinq = 450 °C failed to fully restore the initial adsorption capacity after adsorption of
DBT. Figure 6.11 shows the results of the breakthrough experiments using APUyg /et and AIRg

as regeneration gases at a final regeneration temperature of 450 °C.
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Figure 6.11.: Breakthrough capacity of DBT for fresh and regenerated Ag-Al,O3 using APUg /et and AlRg as
regeneration gas with a final regeneration temperature of T'f;,, = 450 °C (adsorbent: Ag-AL,O3; fuel:

jet/DBT_goo; adsorption temperature: 20 °C; LHSV: 0.85 h 1 regeneration: APUg Jwetr AlRg; final
regeneration temperature: 450 °C) [98].

In the case of AIRg, the average breakthrough capacity dropped from 2.17 to 1.23 mg-S/ g-ads,
and thus, only 57% of the breakthrough capacity was recovered in the second cycle after
regeneration. In contrast, 100% of the breakthrough capacity was recovered when APUy /et
was used as the regeneration gas. This is a very promising result, and this finding highlights the
positive impact of the APUg gas’s composition on regeneration. In addition, the regeneration
temperature can be significantly reduced when the H,O content of the regeneration gas is
increased to 12.4 mol%, which leads to 100% regeneration after DBT adsorption even at 450 °C.

It is important to note that it seems possible to lower the final regeneration temperature for
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regeneration with APUg /et even further; however, in the present work, these experiments

were only carried out to highlight the positive effect of H,O in a more qualitative manner.

The positive effect of H>O is not only related to its higher heat input. Its ability to displace
adsorbed compounds such as PASHs should also be taken into account. The reaction kinetics
of the thermal decomposition of PASHs also seems to increase in the presence of H,O, as this
effect was also observed for other polycyclic aromatic compounds [233]. Further, the presence of
H,O reduces the adsorption of SO, and, consequently, can impede the formation of aluminum
sulfates. This effect was reported by S. Andersson, Pompe, and Vannerberg [225], who found
that SO, adsorption on y-Al,Oj3 significantly decreased in the presence of humidified air over
the whole temperature range of 200 - 500 °C. These results are supported by a DFT study,
which found that SO, preferentially adsorbs on a water-free surface of y-Al,O3 [226]. However,
the results obtained so far have indicated that neither the adsorption of SO,, nor the subsequent
formation of aluminum sulfates have a negative influence on the desulfurization performance
of Ag-AlOs.

6.4. Regeneration Efficiency: Hot APU Off-Gas (APU,)

This section presents an experimental investigation of the regeneration efficiency of APUy at a
final regeneration temperature of T ;,, = 500 °C. The detailed temperature profile and corre-
sponding gas flow rates are shown in Table 6.6. A heating rate in the range of 4.2 - 8.2°C/min
and the TCFR approach were used. This regeneration procedure is a first step towards the
creation of an optimized regeneration profile in comparison to the basic investigation of APUy

regeneration that was presented and discussed in Section 6.3.1.

Table 6.6.: Optimized temperatures and corresponding gas flow rates during regeneration with APUy.

Temperature (°C) Gas flow rate (L/min)® Hold time (h)
20 - 160 5 -

160 5 1.0

160 - 300 4 -

300 4 1.0

300 - 450 2 -

450 2 0.33

450 - 500 2 -

500 2 0.33

500 - 20 (cool-down)? 5 -

a At standard conditions

b Cool-down with ambient air
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In this section, the slightly optimized regeneration profile that is presented and used for
all experiments is based on a shorter hold time of only 1/ at 300 °C. Moreover, the final
regeneration temperature was reduced by 25 K to T'fj,, = 500 °C. This reduction in temperature
decreases the amount of time necessary for both heat up and cool down, which is important
for a fast overall regeneration cycle. The following section presents the results of regeneration

efficiency experiments for different scenarios.

6.4.1. Influence of the Type of Fuel, Type of PASH, and LHSV®

State of the art regeneration with ambient air has several disadvantages, including the bulky
equipment required for preheating. Furthermore, the efficiency of regeneration with ambient air
significantly decreases after the desulfurization of a DBT-rich fuel, as shown in Figure 6.5, while
regeneration using APUg achieved full regeneration after desulfurization of a DBT-rich fuel (cf.
Section 6.3.1). In this section, regeneration with APU, was investigated more comprehensively

in order to evaluate its regeneration efficiency in different scenarios.

Figure 6.12 shows the average breakthrough capacities of jet/BT_goo, jet/DBT_goo, and
diesel/DBT _goo for the first and the second desulfurization cycles. The results of the re-
generation experiments showed that APU off-gas is an ideal regeneration medium. In all cases,
breakthrough capacity was restored to 100% after regeneration with APUg, showing excellent

reproducibility, as seen in Table 6.6.
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Figure 6.12.: Breakthrough capacities of different types of fuels for fresh and regenerated Ag-Al,O3 adsorbent using
APUg as regeneration gas with a final regeneration temperature of T, = 500 °C (adsorbent: Ag-
AlyOs3; fuel: jet/BT_goo, jet/ DBT_goo, diesel /DBT_goo; adsorption temperature: 20 °C; LHSV: 0.85 hL;
regeneration: APUy; final regeneration temperature: 500 °C) [99].

8Parts of this section were published in Journal of Power Sources under the title “Adsorptive on-board desul-
furization over multiple cycles for fuel-cell-based auxiliary power units operated by different types of fuels”

[99].
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These results confirm that hot APU off-gas is able to fully regenerate breakthrough capacity at
a final regeneration temperature of T;,, = 500 °C regardless of the type of fuel or the type
of PASH adsorbed. This finding is crucial for real applications because it provides them with
high fuel flexibility.

Additional breakthrough experiments were carried out at LHSVs of 0.85 and 0.34/~! over
5 cycles to investigate whether or not regeneration efficiency was independent of the fuel
residence time. This investigation was carried out with diesel/DBT_goo, as this fuel was the
most challenging in terms of regeneration. Additionally, diesel/ DBT_goo showed the lowest
breakthrough capacity at LHSV = 0.85h~! as shown in Figure 6.12. Consequently, the influence
of the LHSV on the breakthrough capacity is of special interest in the case of diesel/DBT_goo.
The results in Figure 6.13 show that, during the breakthrough experiment, the LHSV has no
influence on regeneration performance. Consequently, the efficiency of on-board regeneration
with hot APU off-gas is independent of all relevant adsorption parameters, including type of
fuel, type of PASH, and LHSV, which thus highlights the extreme efficiency and flexibility of
this system-integrated regeneration strategy. Figure 6.13 shows that the breakthrough capacity
at LHSV = 0.34h~! (green bars) significantly increased in comparison to the breakthrough
capacity at LHSV = 0.85h~! (red bars), but is still about 0.8 mg-S/g-ads below the average
equilibirum saturation capacity (dotted line). A more detailed discussion of the influence and

importance of the LHSV on the desulfurization performance can be found in Section 5.3.3.
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Figure 6.13.: Breakthrough capacity of diesel/DBT_goo over 5 cycles at different LHSVs using APUy as the re-
generation medium at a final regeneration temperature of Tf;,, = 500°C (adsorbent: Ag-Al,Oj;

fuel: diesel/DBT_goo; adsorption temperature: 20 °C; LHSV: 0.85, 0.34 h1 regeneration: APUyg; final
regeneration temperature: 500 °C) [99].

The breakthrough capacity slightly fluctuated over the 5 cycles of desulfurization at an LHSV
of 0.34h~! with an average breakthrough capacity of 2.6 mg-S/g-ads. This slight fluctuation
can be linked to the uncertainty of the experimental procedure and analysis, but it is within the
range of fluctuation that was also observed for the repeated saturation experiments (cf. average
saturation capacity in Figure 4.10). In the case of LHSV = 0.85h 1, the average breakthrough

capacity was 1.1 mg-S/g-ads. However, no fluctuation was observed, but rather a slight increase
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in the breakthrough capacity. This increase in the breakthrough capacity, however, is again
within the uncertainty of the experimental procedure and analysis. The stronger fluctuation at
LHSV = 0.34h~! can be related to the long duration of the experiment (14 1) in comparison
to a duration of only 34 at LHSV = 0.85 h—1 since deviations in the flow rate are added
up over the experiment’s duration. Nonetheless, no tendency towards the of degradation of
the breakthrough capacity was obtained in either experiment. This is a very promising result
that indicates stable desulfurization performance over multiple cycles, and thus long service
intervals (meaning that the adsorbent seldom has to be replaced) for the mobile desulfurization
unit. Further long-term experiments were carried out over 14 cycles in order to study the
long-term stability of the adsorbent. The results of these investigations are presented and

discussed in the following section.

6.4.2. Long-Term Regeneration Performance with Hot APU Off-Gas®

Additional breakthrough experiments were carried out over 14 cycles using APUg as the
regeneration medium in order to investigate the long-term desulfurization and regeneration
performance of Ag-Al,Os. The results of these experiments are illustrated in Figure 6.14
and depict full thermal regeneration over 14 cycles of operation. An additional equilibrium
saturation experiment was carried out after 14 cycles of operation to investigate the chemical
and thermal stability of Ag-Al,O3 from an experimental point of view. This experiment was
performed with the Ag-Al,O3 adsorbent that had been regenerated 14 times, according to
the procedure described in Section 3.3.1. The equilibrium saturation capacity observed was

3.3mg/g, and is given as the 15" desulfurization cycle in Figure 6.14. This is the same level

+0.06
—0.14

Figure 4.12) and thus confirms both the thermal and chemical stability of all relevant active

as the average equilibrium saturation capacity of fresh Ag-Al,O3 (3.4 mg-S/g-ads, cf.
adsorption sites under APU off-gas conditions over 14 cycles of operation. To the best of this
author’s knowledge, this is the first time that the adsorbent has been successfully regenerated

after desulfurization of a DBT-rich fuel over 14 cycles without degeneration.

Comprehensive material analyses, including N> physisorption and an elemental analysis, were
carried out to investigate the thermal and chemical stability of the Ag-Al,O3 adsorbent in more
detail. The physical properties of fresh Ag-Al,O3, Ag-Al,O3 after 1 cycle of operation, and
Ag-Al, O3 after 14 cycles are shown in Table 6.7. The initial surface area of 141.7 m? /¢ decreased
only by 1.3% after one cycle of operation. After the first cycle, the surface area remained stable
over the following 13 cycles of operation. These results confirm the excellent thermal stability

of the porous structure of the Ag-Al,O3 adsorbent under APU, conditions at 500 °C. The minor

9Parts of this section were published in Journal of Power Sources under the title “Adsorptive on-board desul-
furization over multiple cycles for fuel-cell-based auxiliary power units operated by different types of fuels”

[99].
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Figure 6.14.: Breakthrough capacity of diesel /DBT_goo over 14 cycles of operation and comparison of the equilibrium
saturation capacity of fresh and 14 times used Ag-Al,O3 (adsorbent: Ag-Al,Og3; fuel: diesel /DBT _goo;
adsorption temperature: 20 °C; LHSV: 0.85/~! regeneration: APUy; final regeneration temperature:
500°C) [99].

deviations in the BET surface, BJH pore volume, and BJH mean pore diameter from Table 6.7

in comparison to Table 6.5 are the result of different batches of adsorbents.

Table 6.7.: Physical properties of fresh Ag-Al,03, Ag-Al,Os after 1 cycle, and Ag-Al,Os after 14 cycles of operation
with diesel /DBT_goo (adsorbent: Ag-Al,O3; fuel: diesel /DBT_goo; adsorption temperature: 20 °C; LHSV:
0.85h~1; regeneration: APUy; final regeneration temperature: 500 °C).

Adsorbent BET surface BJH pore BJH mean pore
(m?/g) volume (cm®/g)  diameter (nm)

Fresh 141.7 0.42 9.5

After 1 cycle 139.9 0.42 9.9

After 14 cycles  139.6 0.42 9.9

Further element analyses of both fresh and regenerated Ag-Al,O3; were also performed,
and their results are illustrated in Figure 6.15. The average carbon content of the adsorbent
(Figure 6.15a) increased only slightly in the first cycle from 1.4 to 1.5mg /g and did not increase
further over the following 13 cycles. This result correlates with the BET surfaces observed
for fresh and regenerated Ag-Al,O3 (cf. Table 6.7) and indicate the efficient decomposition
of DBT during regeneration with APUg. The average sulfur content (Figure 6.15b) increased
from < 0.015 to 1.4mg/g after the first cycle. This phenomenon is related to the formation
of bulk aluminum sulfates, where SO, from decomposed PASHs adsorbs and reacts with the
v-Al,O3 support, as discussed in Section 6.3.2. These bulk aluminum sulfates are stable under
APU off-gas conditions and only begin to decompose at higher temperatures (800 °C) [223].
This highlights the importance of long-term experiments to investigate whether the chemical
stability of the adsorbent is preserved over multiple cycles. The subsequent analysis of the
adsorbent used in 14 cycles of operation showed that the average sulfur content was stable

after cycle 1 (cf. Figure 6.15b). It can thus be concluded that the formation of bulk aluminum
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sulfates is restricted to a limited number of adequate adsorption sites for SO,, which correlates
with results reported in Ref. [228]. These potential sites are saturated within the first cycle of

regeneration, after which stable conditions were observed over multiple cycles.
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Figure 6.15.: (a) Average carbon content, (b) average sulfur content, and (c) SEM image of the fractured surface of
fresh and regenerated Ag-Al,O3 (adsorbent: Ag-Al,Os3; fuel: diesel /DBT_goo; adsorption temperature:
20°C; LHSV: 0.85h71; regeneration: APUy; final regeneration temperature: 500 °C) [99].

The main adsorption mechanisms of PASHs on Ag-Al,Os are 71-Ag, S-Ag, and S-H interactions,
as described in Section 4.1. Consequently, the thermal and chemical stability of the active Ag
sites (71-Ag and S-Ag interaction) as well as the acidic surface groups (S-H interaction) are
important to describe and predict the long-term desulfurization performance of Ag-Al,O3
under realistic conditions. Additional analyses were carried out to investigate the thermal
and chemical stability of the relevant Ag-Al,O3; adsorption sites. The SEM images of the
fractured surface of fresh Ag-Al,O3; and Ag-Al, O3 after 14 cycles of operation are depicted in
Figure 6.15¢c. Both SEM images show the uniform distribution of the active Ag phase (bright

dots), indicating that no thermal induced clustering takes place after 14 cycles of operation.

Figure 6.16 illustrates the XRD patterns of fresh Ag-Al,O3 and Ag-Al,O;3 after 14 cycles of
operation. The XRD patterns of both fresh and 14-times regenerated Ag-Al,O3; showed the
same relevant peaks of y-Al,O3 (ICSD database; PDF: 10-425) and Ag,COs [185], representing
the active Ag phase for PASH adsorption [109]. Thus, both the SEM and the XRD analysis
confirm the results of all desulfurization experiments, indicating a stable active Ag phase under

APU off-gas conditions over 14 cycles of operation.

The breakthrough capacity slightly increased within the first 5 cycles of operation and was
stable in the subsequent g cycles of operation, as can be seen in Figure 6.14. This is interesting
to note, as this result suggests an increase in potential adsorption sites, even if the increase in
breakthrough capacity is only a tendency and not significant. The long-term results presented in
Figure 6.14 show the breakthrough capacity for DBT at LHSV = 0.85h~!. At these parameters,
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Figure 6.16.: XRD patterns of fresh Ag-Al,O3 and Ag-Al,O3 after 14 cycles of operation (adsorbent: Ag-Al,Og3; fuel:
diesel/DBT_goo; adsorption temperature: 20 °C; LHSV: 0.85 ! regeneration: APUy; final regeneration
temperature: 500 °C) [99].

only the silver involved 71-Ag and S-Ag interactions are relevant, as discussed in Section 5.2.
Consequently, the assumption of an increase in potential adsorption sites indicates the thermally
activated dispersion of the active Ag phase during regeneration under APU, conditions, even if
this phenomenon runs counter to the well-known phenomenon of Ag agglomeration at higher
temperatures. The well-known case of thermally activated Ag agglomeration was reported
by She et al. [229] for a Ag-Al,O3 SCR catalyst in a gas stream of CHy, NO, and O, at 625°C.
However, exactly the same phenomenon of the thermally activated dispersion of the active Ag
phase was observed by She et al. [229] when the same Ag-Al,O3; SCR catalyst was operated in
the presence of 250 - 1070 ppm of SO, (gas stream of CHy, NO, O,, and SO;) at 625 °C. This
stabilizing and re-dispersing effect of SO, for Ag-Al,O3 has not yet been fully understood, but
a more detailed discussion of the observed phenomena as well as possible explanations thereof
are provided in Ref. [229]. The results reported by She et al. [229] support the conclusion that
the increase in breakthrough capacity is related to the thermally activated dispersion of the

active Ag phase of the Ag-Al,O3 adsorbent during regeneration with hot APU off-gas.

In the present work, the increase in the breakthrough capacity, and thus in the thermally
activated dispersion of the active Ag, was only observed at a very low level, close to the
uncertainty allowance of the experimental procedure and analysis. This can be related to the
significantly lower SO, concentrations (< 60 ppm) during the thermal regeneration of the
adsorbent [219], which weaken the dispersive effect of SO, [229]. Nevertheless, the results
show that the active Ag phase is stable over multiple cycles. This is an excellent result and
highlights the efficiency of regeneration with APU off-gas, which showed no degradation in
desulfurization performance over multiple cycles. Apart from Ag,CO3, both XRD patterns in
Figure 6.16 also show the presence of metallic silver [186] related to small Ag particles on the
surface of the adsorbent, which are formed during preparation as reported and discussed in

Section 4.1.3. This metallic silver phase is not included in the overall adsorption mechanisms of
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PASHs [97, 109].

The weaker S-H interaction involves surface acidic functional groups from the Ag-Al,O3
adsorbent [97]. Temperature programmed desorption (TPD) of ammonia was used to analyze
the thermal chemical stability of the relevant surface acidity of fresh and regenerated Ag-
Al,O3. The NH;3-TPD profiles of fresh Ag-Al,O3 and Ag-Al,O3 after 14 cycles of operation are
illustrated in Figure 6.17. Both NH3-TPD profiles show a similar peak at 200 °C indicating a
large number of weak acid sites on both materials. These weak acid sites are mainly related to
-OH groups [102], which are formed during the preparation of Ag-Al,O3 [97]. The NH3-TPD
profile of Ag-Al,O3 after 14 cycles of operation levels off at a slightly higher temperature of
around 400 °C. This result indicates a slightly lower number of strong acid sites after 14 cycles
of operation. The strong acid sites are not relevant for the three main adsorption mechanisms
of PASHs (cf. Section 4.1).

(1) Fresh
(2) After 14 cycles
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Figure 6.17.: NH3-TPD profiles of fresh Ag-Al,O3 and after 14 cycles of operation (adsorbent: Ag-Al,Os; fuel:
diesel/DBT_9o0; adsorption temperature: 20 °C; LHSV: 0.85 h 1 regeneration: APUg ; final regeneration
temperature: 500 °C) [99].

It is thus possible to concluded that the decrease in strong acid sites is related to the formation
of bulk aluminum sulfates within the first cycle of operation, as discussed above. However, the
relevant weak acid sites are stable under APU, conditions over multiple cycles. Consequently,
all of the results from the N, physisorption, elemental analyses, SEM and XRD analyses, and
NH;3-TPD analysis prove that the relevant adsorption sites (active Ag phase and weak acid
sites) are both thermally and chemically stable in APU off-gas conditions over multiple cycles;
this finding also correlates with all of the experimental results performed within the scope of

this work.
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6.5. Alternative Regeneration Strategy for Low-Temperature,
Fuel-Cell Based APUs!?

A desulfurization unit based on highly thermally stable Ag-Al,O3 is a promising technology
for stationary applications, and for mobile applications, in particular. The ability to efficiently
desulfurize liquid fuels via adsorption and 100% regeneration of the Ag-Al,O3 adsorbent
means that it is also possibility to operate fuel cell systems, such as auxiliary power units or
hybrid vehicles, with commercial hydrocarbon-based fuels. The novel regeneration strategy, as
introduced in Section 6.3, highlights the synergy between high-temperature fuel cell systems

and the thermal on-board regeneration of spent adsorbent using hot APU off-gas.

Additional regeneration experiments were carried out with APUy /yet, which contains 12.4 mol%
of HyO. At this level of H,O, a regeneration temperature of only 450 °C is required to achieve
the full regeneration of Ag-Al,O3, as shown by the results presented in Figure 6.11. This H,O
content of 12.4mol% is similar to the HyO content of typical exhaust gases of combustion
engines [234], which present an alternative option for use as the regeneration gas for hybrid
applications. The schematic flow sheet of such a hybrid application is illustrated in Figure 6.18.
In this application, the fuel (red line) is desulfurized upstream of the APU. For regeneration,
the hot exhaust gas from the combustion engine is used as the regeneration medium (green

line,) where the temperature is adjusted through the admixing of ambient air.

Combustion Exhaust gas

r— — — ™ engine -
|
|
|
\
|

Fuel cell stack
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Cathode

Desulfurization unit

P~ Offburner P Exhaust

Fuel tank
APU/Heat management

Air blower

Figure 6.18.: Flow sheet diagram of APU process intensification by means of adsorbent regeneration with hot
exhaust gas from a combustion engine [98].

In such a hybrid application (combustion engine and fuel cell system), not only high-temperature,

but also low-temperature fuel cell systems can be operated with the hot regeneration gas pro-

°Parts of this section were published in Energy & Fuels under the title “Thermal in Situ and System-Integrated
Regeneration Strategy for Adsorptive On-Board Desulfurization Units” [98].
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vided by the combustion engine. The hot exhaust gas can then be mixed with ambient air to
adjust the regeneration temperature, as shown in Figure 6.18. The higher CO, concentrations
found in combustion exhaust gases do not have a negative influence on regeneration perfor-
mance because CO, desorbs from the surface of y-Al,O3 at temperatures above 60 °C [214].
This alternative regeneration strategy was not further investigated in this work, but should
underline the flexibility of the on-board regeneration of spent Ag-Al,O3 adsorbent using hot

off-gases from combustion engines.

6.6. Summary of Reasonable On-Board Regeneration Strategies

Adsorptive desulfurization is a promising technology for on-board desulfurization units that
make it possible to operate mobile fuel cell systems with commercial hydrocarbon-based fuels
from petroleum feedstocks. The main drawback of the adsorptive desulfurization approach is
the low adsorption capacity of adsorbents, which further requires the cyclic regeneration of the

adsorbent in order to operate the desulfurization unit in a cost-effective manner.

Two main regeneration approaches are available: (i) solvent-based and (ii) thermal regeneration.
According to several publications [73, 149, 235], regeneration with solvents is very efficient.
Within this approach, the adsorbed sulfur heterocycles are eluted by polar solvents. However,
large amounts of solvents are necessary to fully regenerate the adsorbent [103, 112]. In contrast,
thermal regeneration is based on the thermal decomposition of adsorbed sulfur heterocycles,
which are subsequently flushed out by a gas stream. This approach can be performed in
both reducing and oxidizing atmospheres. Regeneration in reducing atmospheres has several
advantages, including the ability to use a wide range of very selective adsorbents. Common
reducing atmospheres for adsorbent regeneration and activation are Hy, Ny, or He [35, 72, 90].

However, none of these reducing gases are available on-board.

Regeneration in oxidizing atmospheres has the advantage that ambient air can be used as
the regeneration medium. Promising results have been reported for different adsorbent desul-
furizing jet fuels, which contain thiophene, BT, and their derivatives [69, 94]. Similar results
were obtained within this work, and showed the high regeneration efficiency of Ag-Al,O3
after adsorption of BT or 4,6-DMDBT and its subsequent regeneration in ambient air at a
final temperature of 450 °C. However, when DBT was present during the desulfurization cycle,
regeneration efficiency dropped by 55 %. There are only a few other publications that deal
with thermal regeneration in ambient air after DBT adsorption, and none of them reported
full regeneration [74, 211]. Besides inefficient regeneration after DBT adsorption, regeneration
with ambient air also requires an external source of heat or a bulky heat exchanger to heat up
ambient air to the final regeneration temperature of about 450 °C. This presents a major obstacle

since it leads to larger desulfurization units and decreases the APU’s overall efficiency.
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Within this work, a novel and system-integrated regeneration strategy was developed, presented
and discussed in Section 6.3. This regeneration strategy is based on reusing hot APU off-gas as
the regeneration medium. To adjust the temperature, ambient air is admixed with the hot APU
off-gas, which makes it possible to fully integrate the desulfurization unit into a SOFC-based

APU system. The main advantages of this novel approach are the following;:

e No external source of heat

No bulky heat exchanger

No additional tanks or pressurized container

Regeneration temperature is controlled by admixing of ambient air

No additional reagents, e.g. solvents or gases

Reduced final regeneration temperature

Comprehensive investigations were carried out in order to study the desorption mechanisms
and the overall regeneration efficiency of this approach under APU off-gas conditions. The
water content in the off-gas of an SOFC-base APU is about 4.5 mo0l%. The results showed that
this increased water content has a positive effect on the thermal decomposition of adsorbed
PASHSs, and thus makes it possible to have a lower final regeneration temperature compared to
the temperature necessary for regeneration with ambient air. The presence of CO; in the hot
APU off-gas had no negative influence on regeneration performance. This can be related to the
fact that CO; desorbs from the adsorbent surface at temperatures above 60 °C [214], and further
acts as an inert compound. This insight also highlights the possibility of using hot off-gas from
a combustion engine as a regeneration gas when an APU is based on a low-temperature fuel
cell rather than an SOFC.

The regeneration experiments with hot APU off-gas achieved full regeneration for different
types of fuels and PASHs, including the challenging DBT compound. This is an excellent result
since, to the best of the author’s knowledge, 100% regeneration after the adsorption of DBT
has not yet been reported for thermal regeneration in an oxidizing atmosphere. Additional
long-term experiments did not show any sign that the adsorption capacity degraded over 15
cycles of operation. This result was confirmed by comprehensive material analyses, which
demonstrated the full thermal and chemical stability of the Ag-Al,O3 adsorbent and its related

active adsorption sites.



Basic Design

This chapter presents the basic design of an Ag-Al,Oz-based on-board desulfurization unit. All
of the boundary conditions used for this basic design were obtained from the results presented
and discussed in previous chapters of this work. This chapter is intender to provide an answer
to research question 4 - what is the service/regeneration interval of this desulfurization
approach? - in the context of real applications, such as an SOFC-based APU operated with

sulfur-rich diesel fuel.

7.1. Introduction

The basic design of the desulfurization unit is based on the flow sheet provided in Figure 7.1,
which used hot APU off-gas (red line) as its regeneration medium. As indicated in Figure 7.1, a
two-adsorber concept is used to enable the continuous desulfurization of the liquid fuel, as the
two adsorbers are operated in alternation. This basic design depicts only one adsorber since

the concept is based on the use of two identical adsorbers.

Fuel tank

—
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| Desulfurization unit I—-> Offburner T .
T ___ _ | Aj —
X - Air preheater Exhaust
Air blower APU/Heat management

Figure 7.1.: Conceptual system design of an SOFC-operated APU with an integrated on-board desulfurization unit
based on a two-adsorber concept [98].
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The calculations of the basic concept presented above were carried out for the simulated and
optimized 5.5kW,; SOFC-based APU reported in Ref. [8]. The relevant parameters of this
SOFC-based APU are provided in Table 7.1. The simulation of the APU in Ref. [8] is based
on the use of n-dodecane as fuel, which is a typical compound of diesel fuel. Hence, the
experimental results obtained in Section 6.4 of this work for diesel/DBT_goo were used in order

to design a suitable on-board desulfurization unit.

Table 7.1.: Relevant parameters of the simulated 5.5 kW,; SOFC-based APU reported in Ref. [8].

APU parameters [8]:
Electrical Power 5.5kW 2

Fuel consumption V ¢, 16L/h?
APU off-gas flow rate Vs f.ga 450 L/ min &b
APU off-gas temperature dyfr.¢ps  506°C

APU off-gas density p,ff.¢as 1.282kg/m3 P

a At full load

b At standard conditions

The calculations for the basic design are based on the results obtained from the lab-scale
desulfurization experiments with diesel/DBT_goo presented in Section 6.4. The important
results of these experiments are provided again in Figure 7.2. As indicated by the dashed
line in Figure 7.2a, an average breakthrough capacity of gy = 2.6 mg-S/ g-ads was observed
for diesel/DBT_goo at an LHSV of 0.34 /1. Regeneration was performed using APUj as the
regeneration medium, with the detailed gas composition seen in Table 7.2. The corresponding
temperature profile and the GHSV of APUg during regeneration can be seen in Figure 7.2b as
Oser (t) and GHSV,xp(t), respectively.
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(a) Average breakthrough capacity (b) Temperature and flow rate during regeneration

Figure 7.2.: Boundary conditions for the basic design: (a) Average breakthrough capacity of diesel/DBT_goo at
an LHSV of 0341~ ! and (b) temperature profile and the corresponding GHSV for the adsorbent
regeneration (adsorbent: Ag-Al,Og3; fuel: diesel/BT_goo; adsorption temperature: 20 °C; LHSV: 0.34 h1;
regeneration: APUy; final regeneration temperature: 500 °C).
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Table 7.2.: Detailed composition of hot off-gas from an auxiliary power unit with 4.5mo0l% HyO (APUyg) used as
regeneration medium.

APU off-gas (APUyg)

composition in (mol /mol)

N, 0763
0, 0.168
CO, 0.024
H,O 0.045

For the scale up, the space velocity (SV) was kept constant, as seen in Equation 7.1. This
makes it possible to use the breakthrough capacity gp..x from the lab-scale experiments (cf.
Figure 7.2a) as the boundary condition in the basic design since g4 is a function of the LHSV.

The same approach was used for the GHSV of the hot APU off-gas during regeneration.

|
Svscale up — SVexp (7.1)

The discussion of the basic design of the on-board desulfurization unit is divided into two
sections. Section 7.2 discusses the design of the adsorber in desulfurization mode. Section 7.3
contains an integration study that discusses the regeneration of the aforementioned adsorber
with the available APU off-gas.

7.2. Basic Design of the Desulfurization Cycle

This section discusses the basic design of the adsorber’s desulfurization mode for the simulated
and optimized 5.5 kW,; SOFC-based APU reported in Ref. [8]. As described in the previous
section, the calculations for the adsorber are based on the same LHSV of 0.34 1~! that was used
in the experiments presented above (cf. Figure 7.2a). The LHSV during adsorption is defined
as the ratio of the fuel flow rate to the volume of the adsorber: LHSV s,y = Vfuel/ Vadsorber-
Rearrangement of this definition leads to Equation 7.2, which can be used to determine the
volume of the adsorber V,srper (L) at a given LHSV (h"1and a given APU fuel consumption
Vfuel (L/h).

Vel
Vadsorber = LHé?;fl (7'2)
e
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The operation time of the given adsorber with V50,4 can be calculated according to Equa-
tion 7.3. Within Equation 7.3, the operation time f,peration is defined as the time during which
the total sulfur concentration in the effluent fuel is < 10 ppmw at the adsorber outlet and
at a constant fuel flow rate of Vfuel. The 10 ppmw sulfur threshold limit in Equation 7.3 is
considered by the breakthrough capacity gpeqx (cf. Equation 3.3), which itself is a function of
the LHSV and strongly depends on the type of fuel as wella as its initial sulfur concentration
¢s,0, as discussed in Sections 5.3.1 - 5.3.3. Hence, all three parameters of gpreak, 0 fuer, and csp

relate to one experiment performed at an LHSV of 0.341 1.,

o theak(LHSV)

topemtion -

0 V |
Vf“elpfuelcs,o adsorberPbulk,ads (7 3)

The first and second parts of Table 7.3 provide the relevant parameters of the 5.5 kW, SOFC-
based APU as well as the experimental and physical boundary conditions necessary in order
to determine the adsorber volume V,45rp- and the related operation time #perqtion according to
Equation 7.2 and Equation 7.3. The values given in the second part of Table 7.3 correspond to the
experimental results shown in Figure 7.2a. The results of the basic design of the desulfurization

mode are given in the last part of Table 7.3.

Table 7.3.: Relevant parameters, experimental /physical boundary conditions, and results of the basic adsorber
design for the simulated 5.5 kW,; SOFC-based APU reported in Ref. [8].

APU parameters [8]:

Fuel consumption V g, 1.6L/h?

Experimental/physical boundary conditions:

Assumed LHSV during adsorption LHSV .,  0.34 h1

Breakthrough adsorption capacity qp,eqx 2.6 mg-S/g-ads ¢
Fuel density pgy. 826.7kg/m3 ©
Initial total sulfur concentration cg 900 ppmw
Adsorbent bulk density pp,k ads 790 kg /m?3

Results of basic adsorber design

Adsorber volume V ,450,per 47L

Operation time of adsorber t,peration 81h?

2 At full load
b Atan LHSV of 0.345 !
¢ At a temperature of 20°C

The basic design of the desulfurization mode shows that an adsorber volume of V,450per = 4.7 L

provides sulfur-free diesel fuel with < 10 ppmw of total sulfur that is suitable for the operation
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of a 5.5kW,; SOFC-based APU with diesel/DBT_goo for t,,eration = 8.1 at full load. The sulfur
threshold limit of 10 ppmw is essential in order to protect the SOFC stack from sulfur poisoning
(cf. Section 1.3). As discussed in the previous chapters, desulfurization performance strongly
depends on the type of fuel used and its composition. Further experimental investigations with
real sulfur rich fuels and different total sulfur concentrations are necessary in order to carry out
more detailed calculations. However, the most important design parameters are provided given
in Equation 7.2. In addition, the desulfurization performance of an adsorber is significantly
influenced by its overall aspect ratio, as reported by Velu et al. [36], which is defined according

to Equation 7.4:

H
Ao _ adsorber

(74)
D adsorber

where H,jsorper is the height of the adsorber and D, jsoper is the diameter of the adsorber.
The desulfurization performance of an adsorber significantly improves as the overall aspect
ratio increases, until A, = 40 [36]. In the present work, the calculated operation time of
toperation = 8.1h (cf. Table 7.3) is based on an overall aspect ratio of A, = 0.83 (Hugsorper =
160.3 mm, Dygsorber = 193.2 mm). Hence, the operation time of the adsorber with a volume of
Vadsorver = 4.7 L could be significantly increased by increasing the overall aspect ratio. However,
aspect ratios of A, > 8 lead to undesirable adsorber geometries that are not practical for real

applications.

The results calculated above further highlight the importance of on-board regeneration since
reasonable adsorber volumes are not sufficient to operate the APU for more than a few days. In
order to continuously operate the 5.5 kW,; SOFC-based APU, a second adsorber is necessary to
provide the possibility of regeneration, as schematically shown in Figure 7.1. In addition, the
operation time f,peration Of One adsorber has to be longer than the corresponding regeneration

time t,, to keep the system running. Hence, Equation 7.5 has to be fulfilled.

topemtion > treg (7-5)

The regeneration experiments carried out within this work have shown that the regeneration
time t,., of one adsorber is 6.3 h. These 6.3 h include cool down of the adsorber from the final
regeneration temperature of 500 to 50 °C with ambient air (8,;, = 20°C) at a GHSV of 16930 L.
This final adsorber temperature of 50 °C is within the optimal operating temperature of
—10 < 60 °C for the subsequent desulfurization cycle (cf. Section 4.2.1 and 4.2.2). Consequently,

the regeneration time t,.,, = 6.3 h is significantly shorter in comparison to the operation time of
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toperation = 8.1h, and thus Equation 7.5 is fulfilled. This result shows that only two Ag-Al,Os-
based adsorbers with a volume of 4.7 L each are necessary to continuously operate a 5.5 kW,
SOFC-based APU with high sulfuric diesel at full electric load. Such a small desulfurization unit
can easily be integrated into an SOFC-based APU, which highlights the potential of adsorptive
desulfurization for mobile applications. The following section discusses the basic design of the
regeneration mode in order to determine whether the required amount of regeneration gas can
be provided by the hot APU off-gas from the 5.5 kW,; SOFC-based APU reported in Ref. [8].

7.3. Basic Design of the Regeneration Cycle

A novel, system-integrated on-board regeneration strategy was developed and investigated on a
lab scale, as described in Section 6.3, and hot APU off-gas was used as the regeneration medium.
The outcome of this investigation is a proposed temperature profile combined with a related
GHSV for the hot APU off-gas, shown in Figure 7.3 as 0 (t) and GHSV,,(t), respectively.
The integration study presented in this section will be carried out for the adsorber designed
in Section 7.2 for the 5.5 kW,; SOFC-based APU that was reported in Ref. [8]. The volume of
adsorber and the corresponding operation time can be seen in the last part of Table 7.3. For the
regeneration of the scaled-up adsorber, the same temperature profile of 9y (t) from the lab

scale experiments was applied (cf. Figure 7.2b).

In order to regenerate the adsorber according to the prescribed temperature profile 9. (t),
the hot off-gas from the APU (8,7r.40s = 506 °C) has to be cooled down. This can be done
by mixing the hot APU off-gas with cool ambient air, as indicated in Figure 7.1. The flow
rate of ambient air required for admixing can be calculated according to Equation 7.6. This
time-dependent air flow rate V,;,(t) is based on the heat flux necessary to cool down the hot
APU off-gas V, Ff-qas from a temperature of Ty ¢f.q,s to the prescribed temperature Tset (t). Within
Equation 7.6, the temperature dependency of the specific molar heat capacities of Cy, p Ff-gas
and Cy,p ;. are considered by Equation 7.7 where ¢, and ¢ represent the relevant temperatures
in °C. The specific molar heat capacities of ambient air and APU off-gas (composition according
to Table 7.2) for the temperature range of ¢ = 0 to ¢; are calculated by means of polynomial
ST™ [

fits (Equations A.3 and A.5 on pages 114 and 115) obtained from the software EE 236].
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By admixing ambient air to the hot APU off-gas, the possible flow rate of regeneration gas from
the APU increases according to Equation 7.8. Because the regeneration temperature increases
over time (cf. d.(¢) in Figure 7.2b), the required flow rate of ambient air V,ir(t) decreases over

time, and thus, the available flow rate of regeneration gas Vreg(t) also decreases.

Vreg(t) = Vm‘r(t) + Voff-gas (7.8)

In order to determine whether the time-dependent regeneration gas flow rate Ve, (t) from the
APU (according to Equation 7.8) is sufficient for regeneration, the GHSV can be calculated

according to Equation 7.9 where V50,1, is the volume of the adsorber designed in Section 7.2.

Vieg (1)
GHSVscaleup(t) = Vr;g ) (7.9)
adsorber

Table 7.4 provides the relevant parameters of the 5.5kW,; SOFC-based APU as well as the
physical boundary conditions required to determine the necessary flow rate of ambient air
V,ir(t) and the possible GHSV of regeneration gas GHSV, ., up(t), according to Equation 7.6
and Equation 7.9, respectively.

Table 7.4.: Relevant parameters and physical boundary conditions for the integration study of on-board regeneration
integrated into the simulated 5.5 kW,; SOFC-based APU reported in Ref. [8].

APU parameters [8]:
APU off-gas flow rate V,ff_ga 450 L/min b

APU off-gas temperature 0, f.qss 506°C

Adsorber volume V,j501p¢r (cf. Section 7.2) 4.7L

Physical boundary conditions:

Molecular weight of APU off-gas Myf.qss  28.61kg/mol

Molecular weight of ambient air M,;, 28.96 kg /mol
Density of APU off-gas pff.gas 1.282kg/m3 P
Density of ambient air p,;, 1.292kg/m3 P
Temperature of ambient air ¢, 20°C

a At full load

b At standard conditions

The results of the integration study are shown in Figure 7.3. The same temperature profile of
Oset () was applied for both the lab-scale experiments and the scaled-up adsorber, as shown by

the red dash-dotted line in Figure 7.3 . The corresponding GHSV of the lab-scale experiments
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GHSVeyp(t) and the scaled up adsorber GHSVicge up(t) are also shown in Figure 7.3 as a solid

and dashed blue lines, respectively.
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Figure 7.3.: Prescribed temperature profile and GHSV during regeneration of the lab-scale experiment and the basic
scale up design for the 5.5 kW,; SOFC-based APU reported in Ref. [8].

For the first temperature ramp (20 - 160 °C) in Figure 7.3, the achievable GHS V4, ,,p is higher
than that used in the lab-scale experiment. Within this ramp, the main target of the regeneration
cycle is to evaporate and flush out the weakly bound PASHs and fuel that remain after the
gravimetric discharge of the adsorber. Consequently, higher values of the GHSV would increase
the evaporation and mass transfer rates, thus shortening the regeneration time. At this stage,
the gas composition of the regeneration gas has no impact on regeneration efficiency since no
relevant chemical reactions are taking place (cf. Section 6.3.2). However, reasonable GHSVs

during the first ramp are limited by the pressure drop of the adsorber.

Within the second ramp (160 - 300 °C) in Figure 7.3, the more strongly bound PASHs and
high boiling compounds from the fuel start to decompose and evaporate. As can be seen
in Figure 7.3, the achievable GHS Ve yp in the second ramp is below that of the lab-scale
experiment. Within this second ramp, the GHSV of the regeneration medium is not as important
as in the first. This is due to the fact that the amount of high boiling compounds, even for
diesel fuel, are limited, as can be seen by the CyHy profile shown in Figure 6.3. Hence, only
the few high boiling compounds need to be evaporated and flushed out. Consequently, the
slightly lower GHS Vg1 up has a negligible influence on the regeneration efficiency. In addition,
the CxHy concentration peak in Figure 6.3 is very sharp, indicating that the hold time at 300°C
could potentially be reduced.

In the last ramp (300 - 500 °C) in Figure 7.3, the value of GHS V4, up(t) is at the same level
as in the lab-scale experiments. Within this last ramp, the silver-based adsorption sites are
activated, and any carbon depositions that formed during the second ramp are burned off.
These processes must be performed in an oxidative atmosphere. As indicated by the low CO,

profile in Figure 6.2 (where the temperature is above 300 °C), the required amount of O, and
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thus the GHSV can be very low to burn off the carbon depositions. Hence, it might be possible
to reduce the GHSV even further.

The results show that the temperature profile ds.(t), developed and proposed for regeneration,
is not only suitable for full adsorbent regeneration, but is also operable within the temperature
range of hot APU off-gas from an SOFC-based APU. This means that a desulfurization unit
using the novel regeneration strategy proposed in this work could easily be fully integrated
into an SOFC-based APU. This integration study has outlined the synergy between high-
temperature fuel cell systems and the thermal on-board regeneration of spent adsorbent via hot
APU off-gas. The achievable GHSV of this regeneration medium is close to that investigated in
the lab-scale experiments, and thus validates the conceptual system design of an SOFC-based

APU with an integrated desulfurization unit as presented in Figure 7.1.

These results further provide an answer to research question 4, in terms of real applications:
what is the service/regeneration interval of this desulfurization approach? As demonstrated
by the integration study above, this novel and efficient regeneration strategy based on hot
APU off-gas can be fully integrated into SOFC-based APUs. Furthermore, the experimental
investigations showed no degradation in the desulfurization performance of Ag-Al,O3 over 15
cycles and confirmed the full chemical and thermal stability of the adsorption sites involved.
Based on these findings, one adsorber for the 5.5kW,; SOFC-based APU can be operated for
8.1h before it needs to be regenerated. Both adsorbers are capable of performing at least 15
cycles of operation. Thus, the 5.5 kW,; SOFC-based APU can be operated continuously for 243 h
at full electric load (2 adsorber x 8.1 h/adsorber x 15 cycles = 243 h). Neither the experimental
investigations nor the theoretical background of the overall regeneration mechanism (cf. Sec-
tion 6.3.2) showed any indication that performance degradation would occur, and thus that it
may be possible to operate the SOFC-based APU for significantly longer than 243 h before the
adsorbent needs to be replaced. The real number of achievable operating cycles will have to be
examined by means of long-term experimental investigations, which are a recommended topic
for future research. Further recommendations for future studies will be discussed and outlined

in the following chapter.



Conclusions and Recommendations for
Future Works

8.1. Conclusion

The on-board desulfurization of hydrocarbon-based fuels is a challenging and interdisciplinary
field of research. This thesis has aimed to provide answers to the research question that were

stated in the Introduction of this work:

e Which desulfurization approach fulfills the specific requirements of on-board applica-
tions?

e What is the mechanism behind this desulfurization process?

e How is this mechanism influenced by different types of liquid hydrocarbon-based fuels?

e What is the maintenance interval of this desulfurization approach?

This chapter will provide condensed answers to the above questions, and its structure follows

the same order as the research questions.

Which desulfurization approach fulfills the specific requirements of on-board applications?

Commercial hydrocarbon-based fuels from petroleum feedstocks contain 10 - 5000 ppm of
total sulfur, depending on the class of fuel and its purpose of use [10]. Fuel-cell-based APUs
are especially attractive when commercial, hydrocarbon-based on-board fuel can be used to
produce hydrogen-rich syngas via reforming, which is subsequently fed to the fuel cell. This
approach requires no additional tanks or pressured container and keeps the fuel logistics
simple. However, the electrodes and catalysts of both the fuel cells and the reformer can easily
be poisoned by sulfur-based impurities. Hence, most suppliers of fuel cells (including proton-

exchange membrane, molten-carbonate, and solid oxide fuel cells) recommend to using feed gas
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with well below 1 ppmw of total sulfur [16]. This requires a maximum total sulfur concentration
of 1 - 10 ppmw in the hydrocarbon feed upstream of the reformer. This requirement means that

on-board desulfurization is essential.

Thus the answer to the first research question is as follows: Adsorptive desulfurization in
the liquid phase appears to be the most promising approach; its simplicity, in particular, makes
it attractive for on-board applications. Other desulfurization approaches, such as oxidative
desulfurization or extraction, have multiple stages and often require additional reagents (e.g.
oxidants or solvents). Because it requires only one stage, adsorptive desulfurization allows
for the design of a compact desulfurization unit. This thesis has shown that adsorptive
desulfurization, in its current state, provides a fuel-flexible approach that can be used to
hydrocarbon-based fuels, such as jet and diesel fuels, down to < 10 ppmw of total sulfur, and

thus fulfills the specific requirements of on-board applications in SOFC-based APUs.

What is the mechanism behind this desulfurization process?

Adsorptive desulfurization is based on the selective adsorption of sulfuric compounds. The
adsorption mechanisms involved therein strongly depend on the composition of the adsorbent
as well as the active adsorption sites. One major challenge of adsorptive desulfurization is its
selectivity towards certain sulfuric compounds. This challenge is due to the fact that sulfuric
compounds are similar to other major compounds in hydrocarbon-based fuels. Intensive
research has been carried out, and is still ongoing, in the effort to increase the selectivity of
adsorption. Several promising adsorbents have been reported in recent years. However, most
of these adsorbents are not practical for mobile applications since they need activation in
reducing atmospheres, which would require additional tanks and reagents, and thus negate

the advantages of the adsorptive desulfurization approach.

Silver-based adsorbents are one of the few materials that are active in their oxidized state. This
characteristic makes silver-based adsorbents very attractive for on-board applications since
no activation is necessary. Incorporating the active silver phase into the porous structure of
metal oxides provides both a thermally and chemically stable adsorbent. y-Al,O3 and TiO, are

promising metal oxides as they provide additional active adsorption sites.

To answer the second research question: According to the current state of knowledge, three
main adsorption mechanisms are involved in the overall adsorption of sulfur heterocycles on the
surface of Ag-Al,Os. The strongest adsorption interaction is based on a t-complexation between
the sulfur heterocycle and the silver cation, which is referred to as the 7-Ag interaction. The
second interaction is an acid-base interaction, in which the sulfur atom of the sulfur heterocycle
directly interacts with the silver cation; hence, it is referred to as the S-Ag interaction. This S-Ag
interaction is only slightly weaker in comparison to the 77-Ag interaction. The third adsorption

mechanism is also an acid-base interaction, but it does not involve any active silver phase.
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Within this third adsorption mechanism, the sulfur atom of the sulfur heterocycle interacts with
an acidic surface group, which can be related to active hydroxyl groups. This third adsorption
mechanism is referred to as the S-H interaction and is significantly weaker compared to the
m-Ag and S-Ag interactions. As stated above, the S-H interaction does not involve any active
silver phase; however, the results obtained within this thesis and in related publications indicate
that the incorporation of silver has a strong influence on the formation of active hydroxyl

groups.

How is this mechanism influenced by different types of liquid hydrocarbon-based fuels?

The adsorption capacity and thus the adsorption selectivity of Ag-Al,Os is strongly influenced
by the fuel composition. Transportation fuels, such as gasoline, jet fuel, and diesel fuel, are
related to the three main refining streams: naphtha (gasoline), kerosene (jet fuel), and gas oil
(diesel fuel). It is thus apparent that the fuel compositions of gasoline, jet fuel, and diesel fuel
differ in both the concentrations and the types of hydrocarbons and sulfuric compounds they
contain (e.g. benzothiophene (BT) and dibenzothiophene (DBT)). The strength of the interaction
is not only dependent on the adsorption mechanism, but is also influenced by the type of

sulfur heterocycle and the correlated electron density in the relevant orbitals.

The answer to the third research question is as follows: The two stronger 7-Ag and S-Ag
interactions have a higher adsorption energy for DBT in comparison to BT. This is different
than the weak S-H interaction, in which the selectivity of adsorption is BT > DBT. As was
demonstrated by the comprehensive experimental investigations carried out for this work,
the weak S-H interaction becomes more relevant when the adsorptive concentration within
the pores increases. Consequently, the selectivity order of adsorption depends on the state
of equilibrium. The initial selectivity order is DBT > BT. With increasing time, the S-H
interaction becomes more relevant and changes the selectivity order to BT > DBT. In addition
to the sulfuric compounds, the non-sulfuric compounds also have a strong influence on the
adsorption performance of Ag-Al,Os. Within these non-sulfuric compounds, the polycyclic
aromatic hydrocarbons (PAHs), in particular, need to be taken into account. These PAHs
have similar molecular structures in comparison to the most relevant sulfuric compounds.
Consequently, PAHs and sulfuric compounds compete for adsorption, and thus, high PAH
concentrations decrease the adsorption kinetics. This is why adsorptive desulfurization via Ag-
Al>,O3 is more challenging for diesel fuel in comparison to jet fuel, since diesel fuel generally
has a higher content of PAHs than jet fuel, for example (cf. Table 2.1). This work further
shows that the selectivity of the weak S-H interaction does not decrease its selectivity in the
presence of aromatics at 20 °C. This is different in the case of the two stronger 7-Ag and S-Ag
interactions, which seem to slightly lose their selectivity in the presence of aromatic compounds.
However, at 60 °C, the contribution of the S-H interaction to the overall adsorption mechanism

is significantly decreased. In addition, at this temperature the selectivities of both the 7r-Ag
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and S-Ag interactions towards PASHs also significantly decrease in the presence of high PAH

concentrations.

What is the service/regeneration interval of this desulfurization approach?

In the case of real fuels, the sulfur adsorption capacity is low, even for the most selective
adsorbents. Consequently, an adsorber of a reasonable size is only able to operate for a few
days before the adsorbent needs to be replaced. This highlights the importance of regenerable
adsorbents as well as reasonable on-board regeneration strategies to make the adsorptive

desulfurization approach a successful story.

Adsorbent regeneration strategies can be categorized into two main approaches: (i) solvent-
based and (ii) thermal regeneration strategies. As their description indicates, solvent-based
regeneration strategies use different types of solvents to restore adsorption capacity. However,
this approach requires additional tanks and reagents, and thus negates the inherent advantages
of the adsorptive desulfurization approach. Thermal regeneration can be carried out in different
atmospheres; however, in terms of mobile applications, only an oxidizing atmosphere (e.g.
ambient air, or off-gas from APU/combustion engine) is reasonable for regeneration since
reducing gases are not available on-board. Several promising results have been published
showing high regeneration efficiencies for thermal regeneration with ambient air. Nonetheless,
only a few studies have used thermal regeneration with ambient air after adsorption of DBT,
and none of them have reported full regeneration. This failure to completely regenerate the
adsorbent was also confirmed by the experiments carried out within this work, which showed
similar results. The difficulty of adsorbent regeneration after adsorption of DBT can be linked
to the high adsorption energy of the two strong 7-Ag and S-Ag interactions in the case of DBT.
In addition, regeneration with ambient air requires cool air to be heated via electricity or a

bulky heat exchanger in order to reach regeneration temperatures > 450 °C.

This thesis presebts a novel and system-integrated regeneration strategy based on hot off-gas
for an SOFC-based APU. The results show full regeneration regardless of the type of fuel. This
is an excellent result since 100% regeneration after adsorption of DBT has not yet been reported
for thermal regeneration in oxidizing atmospheres. Further studies of this novel regeneration
strategy confirmed its constant performance as well as the thermal and chemical stability of

the Ag-Al,O3; adsorbent and its active adsorption sites over 14 cycles of operation.

To answer the last research question: The results reported herein prove that the Ag-Al,O3 ad-
sorbent can be regenerated over 14 cycles without showing any tendency towards degradation.
However, both the identified adsorption and regeneration mechanisms, as well as theoretical
considerations and material analyses, lead one to assume that a significantly higher number
of regeneration cycles would be feasible; from the current state of knowledge, there is no

reason why the desulfurization performance of the Ag-Al,O3 adsorbent should significantly
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degrade over multiple cycles when this novel regeneration strategy is applied. Furthermore,
this strategy, based on hot APU off-gas, does no require any additional reagents, tanks, or

pressurized containers, and can thus be fully integrated into SOFC-based APUs.

The answers to all of the research questions investigated in this thesis show that the adsorptive
desulfurization of liquid hydrocarbon-based fuels is both feasible and a very promising concept
for on-board applications. This approach provides the possibility of operating fuel-cell systems
- as one of the most effective technologies for energy conversion - with the most common types
of fuels. The concept presented in this thesis proves the feasibility of a 5.5 kW, SOFC-driven
APU with an integrated on-board desulfurization unit based on Ag-Al,O3; and provides a
fundamental understanding of the adsorption and regeneration mechanisms involved in the

adsorptive desulfurization approach.

8.2. Recommendations for Future Works

Improvement and development of new materials

The synthesized Ag-Al,O3 adsorbent in this thesis shows great potential for improvement. As
shown by the SEM and XRD analyses, high amounts of metallic silver are not transformed into
the active Ag phase during calcination. Consequently, the amount of silver could potentially
be reduced without decreasing the adsorption performance. Such optimizations have also
been reported for other silver-based adsorbents [94, 106]. In addition, deeper insight into the
incorporation mechanisms of the active Ag phase would make it possible to further optimize
the dispersion rate of active silver during synthesis. At the same time, the role of SO; on the
re-dispersion of the active Ag phase during regeneration has not yet been fully understood. The
Ag-Al,O3 adsorbent has shown good performance in desulfurizing commercial jet and diesel
fuels containing BT, DBT, and/or 4,6-DMDBT. Additional experiments with commercial sulfur-
rich fuels are advised in order to fully understand the impact of different sulfur heterocycles
and PAHs on the desulfurization performance of Ag-Al,Os. This is also important in order to
further quantify the desulfurization performance under realistic conditions. The possibility also
remains that other support materials, or even other adsorbent formulations, could increase the
desulfurization capacity. For example, ZrO,, MgO, and mixed metal oxides are other potential
support materials. From the current state of knowledge, however, such improvements would

not replace the importance of on-board regeneration.

Improvement and development of on-board regeneration strategies

The novel regeneration strategy presented herein is both a very efficient and very effective

approach. However, the regeneration profile was not optimized in terms of regeneration
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temperature and time. The overall regeneration mechanism identified within this work provides
an ideal basis for further improvement of the regeneration cycle. The final regeneration

temperature and hold time in particular seem to have great potential to be reduced.

Within this thesis, emphasis has been placed on understanding desulfurization and regenera-
tion mechanisms. Additional long-term experiments over more than 500 cycles of operation are
advised in order to scrutinize the presented findings and the thermal and chemical stability of
Ag-AlOg3 in particular. Further investigations should consider the process design of practical
desulfurization units. The process conditions should be thoroughly optimized in terms of
adsorbent particle sizes, flow rates, and adsorber design, with a focus on both the desulfuriza-
tion and regeneration modes. For desulfurization, the adsorber should be designed to achieve
a sharper breakthrough since this is more desirable in a real application. For regeneration,
the flow rate and temperature should be adjusted so as to enable full system-integration into
the APU concept. As shown by Goll, Samsun, and Peters [8], reduced off-gas temperatures
and intensive heat exchange within the APU system do not necessarily imply higher system
efficiency. For regeneration, reduced flow rates of the regeneration medium are also desirable
in order to reduce the pressure drop within the adsorber. The integration study and the
development of the overall process control could thereby be assisted by a process simulation
software. Finally, investigations should be undertaken on a full-size scale (1 - 10 kW,; APU) for

real applications.



Supplementary Data and Analyses

A.1. Supports Used for Adsorbent Preparation

Different support materials based on y-AlO3 and anatase TiO, were used to synthesize
adsorbents according to the preparation method described in Section 3.1. The following
Table A.1 provides the product name and vendor of all blank support materials used within

this work.

Table A.1.: Additional information to Table 3.1 regarding the various y-Al,O3 and anatase TiO,-based support
materials used within this work.

Designation Support Product name Vendor

Al,O3/1 v-Al,O3 v-Alumina Strem Chemicals
Al,O3/2 v-Al,O3 SA 6173 Saint-Gobain-NorPro
ALO3/3 v-AL O3 SA 6175 Saint-Gobain-NorPro
Al,O3/4 v-Al;O3 SA 6176 Saint-Gobain-NorPro
AlL,Os3/5 v-Al;O3 (92.8%) SA 61169 Saint-Gobain-NorPro
TiOy/1 anatase TiO, ST 31119 Saint-Gobain-NorPro
TiO, /2 anatase TiO, ST 61120 Saint-Gobain-NorPro

A.2. Pseudo-First Order Equation

Equation A.1 shows the differential form of the pseudo-first order equation proposed by
Lagergren [195]. Integration of Equation A.1 with the boundary conditions g, ;—g) = 0 and
rearrangement leads to the linearized form of the pseudo-first order equation as shown by

Equation A.2.
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d
B =k ) (A1)
ln(qeq —q) = Inge; — kit (A.2)

Figure A.1 shows the linearized plot of In(g.; — q;) versus t according to Equation A.1. The
corresponding model parameters are given in Table A.2, which obtains correlation coefficients
of R? < 0.9916 for both types of PASHs.
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Figure A.1.: Linearized pseudo-first order fit according to Equation A.2 (adsorbent: Ag-Al,Oj3; fuel: jet/BT_goo,
jet/DBT_goo; adsorption temperature: 20 °C).

Table A.2.: Pseudo-first order model parameters for the adsorption of BT and DBT on Ag-Al,O3 from jet A-1 fuel.

eq,exp Jeq,calc k1 R?

(mg-S/g-ads) (mg-S/g-ads) (h~1)
jet/BT_goo 4.67 1.58 0.114 09716
jet/DBT_goo 3.65 0.58 0.109 0.9916

A.3. Additional XRD Analysis of the Adsorbent

Figure A.2 shows the XRD patterns of fresh and regenerated Ag-Al,O;3 after desulfurizing
jet/BT_goo. The regeneration was carried out using APUg as the regeneration medium at a
final regeneration temperature of 525 °C. The regeneration procedure is described in detail in
Section 6.3.1. The XRD patterns are identical to those observed in the case of jet/DBT_goo (cf.
Figure 6.9c).
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Figure A.2.: XRD patterns of (1) fresh Ag-Al,O3; and (2) after APUg regeneration (adsorbent: Ag-Al,Os; fuel:

jet/BT _9oo; adsorption temperature: 20 °C; regeneration: APUyg; final regeneration temperature: 525 °C).

A.4. Specific Heat Capacities

Specific Heat Capacity of Ambient Air

The temperature dependency of the specific heat capacity of ambient air Cy,,..(9) is taken

into account by Equation A.3.

1
lepair 9=0 = Po,air T Pl,airﬁl + pZ,airﬁlz + Ps,mﬂ913 (A3)

The parameters for the polynomial fit and the corresponding correlation coefficient are provided
in Table A.3. This polynomial fit is based on the thermodynamic data for dry air as calculated
by the EES™ software [236], and has a range of validity from 20 - 550 °C.

Table A.3.: Fit parameters for Equation A.3.

Fit parameter Value

P0,air 1.00601834921903
P1,air —2.51591370364829 x 10~°
P2,air 5.79677755017655 x 10~

P3,air —4.57138912067958 x 10~ 10

R2 0.999903
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Specific Heat Capacity of APU off-gas

The specific molar heat capacity of the APU off-gas is calculated according to Equation A.4,
where x; is the mole fraction of the component i and Cy, ; the corresponding specific molar

heat capacity. The mole fractions of all components of APU off-gas are provided in Table A 4.
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Table A.4.: Detailed composition of hot off-gas from an auxiliary power unit with 4.5 mol% H;O (APUg) used as
regeneration medium.

Mole fractions of
APU off-gas (mol /mol)

N, 0763
0, 0.168
CO, 0.024
H,O 0.045

The temperature dependency of the specific heat capacity of APU off-gas Cy,p, Ff-gas (9) is taken
into account by Equation A.5.

%
Cm/ﬁoff-gas 920 = Po,off-gas T pl,off-gasﬂl + PZ,off—gusﬂl2 + p3,0ff-gasl913 (A.5)

The parameters for the polynomial fit and the corresponding correlation coefficient are provided
in Table A.5. This polynomial fit is based on the thermodynamic data for APU off-gas (cf.
Table A.4) calculated according to Equation A.4 by the EES™ software [236] and has a range
of validity from 20 - 550 °C.

Table A.5.: Fit parameters for Equation A.5.

Fit parameter Value

P0,of f-gas 1.05383310926373

P1off-gas 8.50010689583036 x 10~°
P2,0ff-gas 6.10861184907079 x 10~7
P3,0f f-gas —4.81207617971745 x 1010

R2 0.999947
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