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Preface

This book is largely the result of courses we have given. Its main purposes are to bring alive the concepts
forming the basis of the Chemical Process Industry and to give a solid background for innovative process
development. We do not treat Chemical Process Technology starting from unifying disciplines like chemical
kinetics, physical transport phenomena, and reactor design. Rather, we discuss actual industrial processes that
all present fascinating challenges chemical engineers had to face and deal with during the development of these
processes. Often these processes still exhibit open challenges. Our goal is to help students and professionals
in developing a vision on chemical processes taking into account the microscale ((bio)chemistry, physics),
the mesoscale (reactor, separation units), and the macroscale (the process).

Chemical process technology is not exclusively the domain of chemical engineers; chemists, biologists,
and physicists largely contribute to its development. We have attempted to provide students and professionals
involved in chemical process technology with a fresh, innovative background, and to stimulate them to think
“out of the box” and to be open to cooperation with scientists and engineers from other disciplines. Let us
think in “conceptual process designs” and invent and develop novel unit operations and processes!

We have been pragmatic in the clustering of the selected processes. For instance, the production of syngas
and processes in which syngas is the feedstock are treated in two sequential chapters. Processes based on
homogeneous catalysis using transition metal complexes share similar concepts and are treated in their own
chapter. Although in the first part of the book many solid-catalyzed processes are discussed, for the sake of
“symmetry” a chapter is also devoted to heterogeneous catalysis. This gave us the opportunity to emphasize
the concepts of this crucial topic that can be the inspiration for many new innovations. In practice, a large
distance often exists between those chemical reaction engineers active in homogeneous catalysis and those
in heterogeneous catalysis. For a scientist these sectors often are worlds apart, one dealing with coordination
chemistry and the other with nanomaterials. However, for a chemical reaction engineer the kinetics is similar
but the core difference is in the separation. When, by using a smart two-phase system or a membrane, the
homogeneous catalyst (or the biocatalyst) is kept in one part of the plant without a separation step, the
difference between homogeneous and heterogeneous catalysis vanishes. Thus, the gap between scientists
working in these two areas can be bridged by taking into account a higher level of aggregation.

From the wealth of chemical processes a selection had to be made. Knowledge of key processes is essential
for the understanding of the culture of the chemical engineering discipline. The first chapters deal with
processes related to the conversion of fossil fuels. Examples are the major processes in an oil refinery,
the production of light alkenes, and the production of base chemicals from synthesis gas. In this second
edition we have added biomass as an alternative to feedstocks based on fossil fuels. Analogously to the
oil refinery, the (future) biorefinery is discussed. Biomass conversion processes nicely show the benefit of
having insight into the chemistry, being so different from that for processes based on the conversion of the
conventional feedstocks. It is fair to state that chemical engineers have been tremendously successful in the
bulk chemicals industry. In the past, in some other important sectors, this was not the case, but today also in
these fields chemical engineers are becoming more and more important. Major examples are the production
of fine chemicals and biotechnological processes. These subjects are treated in separate chapters. Recently,
the emphasis in chemical engineering has shifted to Sustainable Technology and, related to that, Process
Intensification. In this edition we have added a chapter devoted to this topic.
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In all chapters the processes treated are represented by simplified flow schemes. For clarity these generally
do not include process control systems, and valves and pumps are only shown when essential for the
understanding of the process concept.

This book can be used in different ways. We have written it as a consistent textbook, but in order to give
flexibility we have not attempted to avoid repetition in all cases. Dependent on the local profile and the
personal taste of the lecturer or reader, a selection can be made, as most chapters are structured in such a
way that they can be read separately. At the Delft University of Technology, a set of selected chapters is the
basis for a compulsory course for third-year students third year. Chapter 3 is the basis for an optional course
“Petroleum Conversion”. In addition, this book forms a basis for a compulsory design project.

It is not trivial how much detail should be incorporated in the text of a book like the present one. In
principle, the selected processes are not treated in much detail, except when this is useful to explain concepts.
For instance, we decided to treat fluid catalytic cracking (FCC) in some detail because it is such a nice
case of process development, where over time catalyst improvements enabled improvements in chemical
engineering and vice versa. In addition, its concepts are used in several new processes that at first sight
do not have any relationship with FCC. We also decided to treat ammonia synthesis in some detail with
respect to reactors, separation, and energy integration. If desired this process can be the start of a course on
Process Integration and Design. The production of polyethene was chosen in order to give an example of the
tremendously important polymerization industry and this specific polymer was chosen because of the unusual
process conditions and the remarkable development in novel processes. The production of fine chemicals and
biotechnology are treated in more detail than analogous chapters in order to expose (bio)chemistry students
to reactor selection coupled to practice they will be interested in.

To stimulate students in their conceptual thinking a lot of questions appear throughout the text. These
questions are of very different levels. Many have as their major function to “keep the students awake”, others
are meant to force them in sharpening their insights and to show them that inventing new processes is an
option, even for processes generally considered to be “mature”. In chemical engineering practice often there
is not just a single answer to a question. This also applies to most questions in this book. Therefore, we
decided not to provide the answers: the journey is the reward, not the answer as such!

Most chapters in the book include a number of “boxes”, which are side paths from the main text. They
contain case studies that illustrate the concepts discussed. Often they give details that are both “nice to know”
and which add a deeper insight. While a box can be an eye opener, readers and lecturers can choose to skip it.

We are grateful for the many comments from chemists and chemical engineers working in the chemical
industry. These comments have helped us in shaping the second edition. For instance, we added a section on
the production of chlorine to the chapter on inorganic bulk chemicals. This gives insight in electrochemical
processing and gives a basis for considering this technology for a chemical conversion process.

We hope that the text will help to give chemical engineers sufficient feeling for chemistry and chemists for
chemical engineering. It is needless to say that we would again greatly appreciate any comments from the
users of this book.

Jacob A. Moulijn

Michiel Makkee

Annelies E. van Diepen

Delft, The Netherlands, October 2012



1

Introduction

Chemical process technology has had a long, branched road of development. Processes such as distillation,
dyeing, and the manufacture of soap, wine, and glass have long been practiced in small-scale units. The
development of these processes was based on chance discoveries and empiricism rather than thorough
guidelines, theory, and chemical engineering principles. Therefore, it is not surprising that improvements
were very slow. This situation persisted until the seventeenth and eighteenth centuries.! Only then were
mystical interpretations replaced by scientific theories.

It was not until the 1910s and 1920s, when continuous processes became more common, that disciplines
such as thermodynamics, material and energy balances, heat transfer, and fluid dynamics, as well as chemical
kinetics and catalysis became (and still are) the foundations on which process technology rests. Allied with
these are the unit operations including distillation, extraction, and so on. In chemical process technology
various disciplines are integrated. These can be divided according to their scale (Table 1.1).

Of course, this scheme is not complete. Other disciplines, such as applied materials science, information
science, process control, and cost engineering, also play a role. In addition, safety is such an important aspect
that it may evolve as a separate discipline.

In the development stage of a process or product all necessary disciplines are integrated. The role and
position of the various disciplines perhaps can be better understood from Figure 1.1, in which they are
arranged according to their level of integration. In process development, in principle the x-axis also roughly
represents the time progress in the development of a process. The initial phase depends on thermodynamics and
other scale-independent principles. As time passes, other disciplines become important, for example, kinetics
and catalysis on a micro/nanolevel, reactor technology, unit operations and scale-up on the mesolevel, and
process technology, process control, and so on on the macrolevel.

Of course, there should be intense interaction between the various disciplines. To be able to quickly
implement new insights and results, these disciplines are preferably applied more or less in parallel rather
than in series, as can also be seen from Figure 1.1. Figure 1.2 represents the relationship between the
different levels of development in another way. The plant is the macrolevel. When focusing on the chemical

!'This remark is not completely fair. Already in the sixteenth century Agricola published his book “De Re Metallica” containing
impressive descriptions of theory and practice of mining and metallurgy, with relevance to chemical engineering.

Chemical Process Technology, Second Edition. Jacob A. Moulijn, Michiel Makkee, and Annelies E. van Diepen.
© 2013 John Wiley & Sons, Ltd. Published 2013 by John Wiley & Sons, Ltd.



2 Introduction

Table 1.1 Chemical process technology disciplines

Scale Discipline

Scale independent  Chemistry, biology, physics, mathematics
Thermodynamics
Physical transport phenomena
Micro/nanolevel Kinetics
Catalysis on a molecular level
Interface chemistry

Microbiology
Particle technology
Mesolevel Reactor technology
Unit operations
Macrolevel Process technology and process development

Process integration and design
Process control and operation

conversion, the reactor would be the level of interest. When the interest goes down to the molecules converted,
the micro-and nanolevels are reached.

An enlightening way of placing the discipline Chemical Engineering in a broader framework has
been put forward by Villermeaux [personal communication], who made a plot of length and time scales

Scale-up ,
Operation
Process control
Macro .
Process design
Process technology
Reactor technology
o) Meso
© Unit operations
O
w
Particle technology
Micro/nano Interface technologly
Kinetics and catalysis
Independent Physical transport phenomena
I
Thermodynamics

Level of integration —»

Figure 1.1  Disciplines in process development organized according to level of integration.



Introduction 3

MACRO
process design

MESO
particles, reactors
reactor selection,
design

MICRO/NANO H,S C“
H

sites, molecules, |

intermediates

kinetics

Figure 1.2 Relationship between different levels of development.

(Figure 1.3). From this figure it can be appreciated that chemical engineering is a broad integrating disci-
pline. On the one hand, molecules, having dimensions in the nanometer range and a vibration time on the
nanosecond scale, are considered. On the other hand, chemical plants may have a size of half a kilometer,
while the life expectancy of a new plant is 10-20 years. Every division runs the danger of oversimplification.
For instance, the atmosphere of our planet could be envisaged as a chemical reactor and chemical engineers
can contribute to predictions about temperature changes and so on by modeling studies analogous to those
concerning ‘“normal” chemical reactors. The dimensions and the life expectancy of our planet are fortunately
orders of magnitude larger than those of industrial plants.

Rates of chemical reactions vary over several orders of magnitude. Processes in oil reservoirs might
take place on a time scale of a million years, processes in nature are often slow (but not always), and
reactions in the Chemical Process Industry usually proceed at a rate that reactor sizes are reasonable, say
smaller than 100 m?. Figure 1.4 indicates the very different productivity of three important classes of
processes.

It might seem surprising that despite the very large number of commercially attractive catalytic reactions,
the commonly encountered reactivity is within a rather narrow range; reaction rates that are relevant in practice
are rarely less than one and seldom more than ten mol mg> s~! for oil refinery processes and processes in
the chemical industry. The lower limit is set by economic expectations: the reaction should take place in a
reasonable amount of (space) time and in a reasonably sized reactor. What is reasonable is determined by



4 Introduction

length (m)
102 7 | ‘ Chemical
solar system technology
10°
5 planet
10° A
km 103 A :'Itaym mole chemical hwyman life age of
A vibration reatcions universe
m 1 —+reactor T T T T T T T T T T
1015101210° 10 10% 1 103 108 |10° 102 100 time (s)
mm 10 - drop ng uUs ms s hd
particle
um 106 7 crystal Chemistry
molecule
nm 10° 1 atom
10712 Physics
electron

Figure 1.3 Space and time scales []. Villermaux, personal communication].

physical (space) and economic constraints. At first sight it might be thought that rates exceeding the upper
limit are something to be happy about. The rates of heat and mass transport become limiting, however, when
the intrinsic reaction rate far exceeds the upper limit.

A relatively recent concept is that of Process Intensification, which aims at a drastic decrease of the sizes
of chemical plants [2, 3]. Not surprisingly, the first step often is the development of better catalysts, that
is, catalysts exhibiting higher activity (reactor volume is reduced) and higher selectivity (separation section
reduced in size). As a result, mass and heat transfer might become rate determining and equipment allowing
higher heat and mass transfer rates is needed. For instance, a lot of attention is given to the development
of compact heat exchangers that allow high heat transfer rates on a volume basis. Novel reactors are also
promising in this respect, for instance monolithic reactors and microreactors. A good example of the former
is the multiphase monolithic reactor, which allows unusually high rates and selectivities [4].

In the laboratory, transport limitations may lead to under- or overestimation of the local conditions (tem-
perature, concentrations) in the catalyst particle, and hence to an incorrect estimation of the intrinsic reaction
rate. When neglected, the practical consequence is an overdesigned, or worse, underdesigned reactor. Trans-
port limitations also may interfere with the selectivity and, as a consequence, upstream and downstream
processing units, such as the separation train, may be poorly designed.

Petroleum Biochemical Industrial
geochemistry processes catalysis
I I I I I I I I
10 106 1038 1 108

Reactivity (mol / (mg® s))

Figure 1.4 Windows on reality for useful chemical reactivity [1].
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Figure 1.5 Typical chemical process structure.

QUESTIONS
What would have been the consequence of much lower and of much higher reactivity of
petroleum geochemistry for humanity?
Which factors determine the lower and upper limits of the window for biochemical processes?
Given a production rate of between 10% and 10° t/a of large volume chemicals (bulk chem-
icals), estimate required reactor volumes. Do the same for the production of petroleum
products (10° —10% t/a).
A — B — C kinetics in which B is the desired product is often encountered. Explain why
the particle size of the catalyst influences the observed selectivity to B.
How would you define the “intrinsic” reaction rate?

Every industrial chemical process is designed to produce economically a desired product or range of
products from a variety of raw materials (or feeds, feedstocks). Figure 1.5 shows a typical structure of a
chemical process.

The feed usually has to be pretreated. It may undergo a number of physical treatment steps, for example,
coal has to be pulverized, liquid feedstocks may have to be vaporized, water is removed from benzene by
distillation prior to its conversion to ethylbenzene, and so on. Often, impurities in the feed have to be removed
by chemical reaction, for example, desulfurization of the naphtha feed to a catalytic reformer, making raw
synthesis gas suitable for use in the ammonia converter, and so on. Following the actual chemical conversion,
the reaction products need to be separated and purified. Distillation is still the most common separation
method, but extraction, crystallization, membrane separation, and so on can also be used.

In this book, emphasis is placed on the reaction section, since the reactor is the heart of any process,
but feed pretreatment and product separation will also be given attention. In the discussion of each process,
typically the following questions will be answered:

Which reactions are involved?

What are the thermodynamics of the reactions, and what operating temperature and pressure should be
applied?

What are the kinetics, and what are the optimal conditions in that sense?

Is a catalyst used and, if so, is it heterogeneous or homogeneous? Is the catalyst stable? If not, what is the
deactivation time scale? What are the consequences for process design? Are conditions feasible where
deactivation is minimized? Is regeneration required?
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Apart from the catalyst, what are the phases involved? Are mass and heat transfer limitations important?
Is a gas or liquid recycle necessary?

Is feed purification necessary?

How are the products separated?

What are the environmental issues?

The answers to these questions determine the type of reactor and the process flow sheet. Of course, the
list is not complete and specific questions may be raised for individual processes, for example, how to solve
possible corrosion problems in the production of acetic acid. Other matters are also addressed, either for a
specific process or in general terms:

e What are the safety issues?

e (Can different functions be integrated in one piece of equipment?
e What are the economics (comparison between processes)?

e (Can the sustainability of the technology be improved?
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2
The Chemical Industry

2.1 A Brief History

Chemical processes like dyeing, leather tanning, and brewing beer were already known in antiquity, but it was
not until around 1800 that the modern chemical industry began in the United Kingdom. It was triggered by the
industrial revolution, which began in Europe with the mechanization of the textile industry, the development
of iron making techniques, and the increased use of refined coal, and rapidly spread all over the world. One of
the central characteristics of the chemical industry is that it has experienced a continuous stream of process
and product innovations, thereby acquiring a very diverse range of products. Table 2.1 shows a number of
selected milestones in the history of the chemical industry.

2.1.1 Inorganic Chemicals

Sulfuric acid and sodium carbonate were among the first industrial chemicals. “Oil of vitriol”, as the former
was known, was an essential chemical for dyers, bleachers, and alkali' manufacturers. In 1746, John Roebuck
managed to greatly increase the scale of sulfuric acid manufacture by replacing the relatively expensive and
small glass vessels used with larger, less expensive chambers made of lead, the lead chamber process. Sulfuric
acid is still the largest volume chemical produced.

QUESTIONS:
What is special about lead? What materials are used in modern sulfuric acid plants?
Why are these materials preferred?

The demand for sodium carbonate in the glass, soap, and textile industries rapidly increased. This led the
French Academy of Sciences, at the end of the eighteenth century, to establish a contest for the invention of
a method for manufacturing inexpensive sodium carbonate (Na,CO3). It took Nicholas Leblanc five years to
stumble upon the idea of reacting sodium chloride with sulfuric acid and then converting the sodium sulfate

! Alkali was an all-encompassing term for all basic compounds such as sodium and potassium carbonates and hydroxides (Na;CO3,
K,CO3, NaOH, KOH).

Chemical Process Technology, Second Edition. Jacob A. Moulijn, Michiel Makkee, and Annelies E. van Diepen.
© 2013 John Wiley & Sons, Ltd. Published 2013 by John Wiley & Sons, Ltd.
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Table 2.1  Selected events in the history of the chemical industry.

Year Event

1746 John Roebuck starts producing moderately concentrated sulfuric acid in the lead chamber
process on an industrial scale.

1789 Nicholas LeBlanc develops a process for converting sodium chloride into sodium carbonate. In
many ways, this process began the modern chemical industry. From its adoption in 1810, it
was continually improved over the next 80 years, until it was replaced by the Solvay process.

1831 Peregrine Phillips patents the contact process for manufacturing concentrated sulfuric acid, the
first mention of heterogeneous catalysis for a large-scale process. For various reasons, the
process only became a success at the end of the nineteenth century.

1850 The first oil refinery, consisting of a one-barrel still, is built in Pittsburgh, Pennsylvania, USA, by
Samuel Kier.

1856 Seeking to make quinine, William Henry Perkin, at the age of 18, synthesizes the first synthetic
aniline dye, mauveine, from coal tar. This discovery is the foundation of the dye synthesis
industry, one of the earliest successful chemical industries.

1863 Ernest Solvay perfects his method for producing sodium carbonate. This process started to replace
Leblanc’s process in 1873.

1864 The British government passes the “Alkali Works Act” in an effort to control environmental
emissions; the first example of environmental regulation.

1874 Henry Deacon develops the Deacon process for converting hydrochloric acid into chlorine.

~1900 With the coming of large-scale electrical power generation, the chlor-alkali industry is born.

1905 Fritz Haber and Carl Bosch develop the Haber process (sometimes referred to as the
Haber—Bosch process) for producing ammonia from its elements, a milestone in industrial
chemistry. The process was first commercialized in 1910.

1907 Wilhelm Normann introduces the hydrogenation of fats (fat hardening).

1909 Leo Baekeland patents Bakelite, the first commercially important plastic, which was
commercialized shortly after.

1920 Standard Oil Company begins large-scale industrial production of isopropanol from oil, the first
large-scale process using oil as feedstock.

1923 Matthias Pier of BASF develops a high-pressure process to produce methanol. This marks the
emergence of the synthesis of large-volume organic chemicals.

Franz Fischer and Hans Tropsch develop the Fischer—Tropsch process, a method for producing
synthetic liquid fuels from coal gas. The process was used widely by Germany during World
War Il for the production of aviation fuel.

1926 Fritz Winkler introduces a process for commercial fluidized-bed coal gasification at a BASF plant
in Leuna, Germany.

1930 First commercial steam reforming plant is constructed by the Standard Oil Company.

First commercial manufacture of polystyrene by 1G Farben.
Wallace Carrothers discovers nylon, the most famous synthetic fiber. Production by DuPont
began in 1938; output was immediately diverted to parachutes for the duration of World War II.

1931 Development of ethene epoxidation process for the production of ethene oxide.

1933 Polyethene? discovered by accident at ICI by applying extremely high pressure to a mixture of
ethene and benzaldehyde.

1934 First American car tire produced from a synthetic rubber, neoprene.

1936 Eugene Houdry develops a method of industrial scale catalytic cracking of oil fractions, leading

to the development of the first modern oil refinery. The most important modification was the
introduction of Fluid Catalytic Cracking in 1941.

2The IUPAC naming terminology has been used but some traditional names for polymers are retained in common usage, for example,
polyethylene (polyethene) and polypropylene (polypropene).
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Table 2.1 Selected events in the history of the chemical industry (Continued).

Year Event

1938 Commercialization of the alkylation process for the production of high-octane alkylate.

Otto Roelen discovers the hydroformylation reaction for the formation of aldehydes from alkenes.

1939 Start of large-scale low-density polyethene (LDPE) production at ICI.

Start of large-scale poly(vinyl chloride) (PVC) production in Germany and USA.

1940 Standard Oil Company develops catalytic reforming to produce higher octane gasoline.

1953 Karl Ziegler introduces the Ziegler catalyst for the production of high-density polyethene (HDPE).

1954 Introduction of chromium-based catalysts for the production of HDPE by Phillips petroleum. This
process became the world’s largest source of polyethene in 1956.

1955 Start of large-scale production of poly(ethene terephthalate) (PET).

1957 First commercial production of isotactic polypropene. Made possible by the development of the
Ziegler catalyst.

1960 Commercialization of two industrially important processes: ethene to acetaldehyde (Wacker),
and acrylonitrile production (SOHIO).

1963 BASF develops the first commercial methanol carbonylation process for the production of acetic
acid based on a homogeneous cobalt catalyst. In 1970, Monsanto builds the first
methanol-carbonylation plant based on a homogeneous rhodium catalyst.

1964 Many new and improved catalysts and processes are developed, for example, a zeolite catalyst
for catalytic cracking (Mobil Qil) and the metathesis of alkenes.

1966 First low-pressure methanol synthesis commercialized by ICI.

1970s Continued invention of new and improved processes and catalysts.

Birth of environmental catalysis. Development of a catalytic converter for Otto engine exhaust
gas (1974).

Energy crises (1973 and 1979).

Start of large-scale bioethanol production in USA and Brazil.

1980s Several new catalytic processes are introduced. One of the most important is the selective
catalytic reduction (SCR) for controlling NO, emissions. A revolutionary development in
polymerization is the development of a process for the production of linear low-density
polyethene (LLDPE) by Union Carbide and Shell.

Biotechnology emerges.

1990s Sumio lijima discovers a type of cylindrical fullerene known as a carbon nanotube (1991). This

material is an important component in the field of nanotechnology.
Improved NO, abatement in exhaust gases by NO, trap (Toyota).
2000s Introduction of soot abatement for diesel engines by Peugeot (2000).

Ultra-efficient production of bulk chemicals.
Green chemistry and sustainability, including biomass conversion, become hot topics.
New paradigms and concepts, Product Technology, Process Intensification

formed into sodium carbonate. Although Leblanc never received his prize, Leblanc’s process is commonly
associated with the birth of the modern chemical industry.

QUESTIONS:

What reactions take place in Leblanc’s process?
What were the emissions controlled by the United Kingdom’s “Alkali Works Act”?

The Haber process for the production of ammonia, which was first commercialized in 1910, can
be considered the most important chemical process of all times. It required a major technological
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breakthrough — that of being able to carry out a chemical reaction at very high pressure and tempera-
ture. It also required a systematic investigation to develop efficient catalysts for the process, a scientific
revolution. Originally developed to provide Europe with a fertilizer, most of the ammonia at that time ended
up in nitrogen-based explosives in World War L.

2.1.2 Organic Chemicals

In 1856, the English chemist William Henry Perkin was the first chemist to synthesize an organic chemical for
commercial use, the aniline dye mauveine (Box 2.1). Until then dyes had been obtained from natural sources.
The development of synthetic dyes and, subsequently, of other synthetic organic chemicals in the following
decades, mainly by German chemists, sparked a demand for aromatics, which were mostly obtained from
coal tar, a waste product of the production of town gas from coal.

QUESTION:
Many chemical concepts have evolved from the coal industry. Companies producing coal-
based chemicals often were major producers of fertilizers. Explain.

Box 2.1 Mauveine

The serendipitous discovery of mauveine by William Henry Perkin was the birth of the modern organic
chemical industry. In 1856, Perkin, at the age of 18, was trying to make the antimalarial drug quinine,
as a challenge from his professor. At that time, only the molecular formula of quinine was known
and there was no idea of how atoms are connected. By simply balancing the masses of an equation,
Perkin thought that two molecules of N-allyl toluidine upon oxidation with three oxygen atoms (from
potassium dichromate) would give one molecule of quinine and one molecule of water (Scheme B2.1.1).

2 C10H13N +30 ——» 020H24N202 ar Hzo

\©\ HO
NH

N A

e X

N-allyl toluidine Quinine
Scheme B2.1.1 Perkin’s first attempt at the synthesis of quinine.
The experiment failed to produce quinine, but produced a solid brown mess instead, which is not at

all surprising knowing the structures of N-allyl toluidine and quinine. In fact, the complete synthesis
of quinine was only achieved 88 years later [1].
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To simplify the experiment, Perkin oxidized aniline sulfate, which was contaminated with toluidines,
with potassium dichromate, again producing a very unpromising mixture, this time a black sludge.
While trying to clean out his flask, Perkin discovered that some component of the mixture dissolved in
ethanol to yield a striking purple solution, which deposited purple crystals upon cooling. This was the
first ever synthetic dye, aniline purple, better known as mauveine. Perkin successfully commercialized
the dye, replacing the natural dye, Tyrian purple, which was enormously expensive.

The actual molecular structure of mauveine was only elucidated in 1994 by Meth-Cohn and Smith
[2]. They found that the major constituents are mauveines A and B (Figure B2.1.1). In 2008, Sousa
et al. [3] found that mauveine contains at least ten other components in smaller amounts.

Mauveine A (Cy6H23N,) Mauveine B (C,7H25N,)

Figure B2.1.1 Mauveine.

A modern laboratory procedure for the synthesis of mauveine consists of dissolvinga 1 : 2 : 1 mixture
of aniline, o-toluidine, and p-toluidine (Figure B2.1.2) in sulfuric acid and water followed by addition
of potassium dichromate [4].

A, JO ?5

Aniline o-Toluidine p-Toluidine

Figure B2.1.2 Reactants in the synthesis of mauveine.

2.1.3 The Oil Era

The use of crude oil (and associated natural gas) as a raw material for the manufacture of organic chemicals
started in the 1930s in the United States, where oil-derived hydrocarbons were recognized as superior
feedstocks for the chemical industry relatively early. This so-called petrochemical industry got a further boost
in World War II, when North American companies built plants for the production of aromatics for high-octane
aviation fuel. In Europe, the shift from coal to crude oil only took place at the end of World War II and in
Japan the shift took place in the 1950s.
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The invention of the automobile shifted the demand to gasoline and diesel, which remain the primary
refinery products today. Catalytic cracking of oil fractions, a process developed by Houdry in 1936, resulted
in much higher gasoline yields. This process is one of the most important chemical processes ever developed.

The use of crude oil as a substitute for coal provided the chemical industry with an abundant, cheap raw
material that was easy to transport. The period from the 1930s to the 1960s was one of many innovations
in the chemical industry, with an appreciable number of scientific breakthroughs. Many new processes were
developed, often based on new developments in catalysis. Production units multiplied in the United States,
Europe, and Japan. Synthetic polymers were the major growth area during this period. With an increase in
understanding of the structure of these materials, there was a rapid development in polymer technology.

During the late 1960s and early 1970s, the world started to become aware of the environmental impact of
the chemical industry and the discipline of environmental catalysis was born. The most notable example is
the catalytic cleaning of car exhaust gases. The exhaust gas catalyst system is now the most common catalytic
reactor in the world.

In the 1980s, when technological developments slowed and international competition increased, the chem-
ical industry in the developed countries entered a more mature phase. Many petrochemical processes had
started to reach the limit of further improvement, so research became more focused on high-value-added
chemicals.

In the period between 1980 and 2000, tremendous industrial restructuring took place, as traditional com-
panies had to decide whether to stay in or to quit the production of highly competitive petrochemicals and
whether to shift to the production of higher value specialties [5].

2.1.4 The Age of Sustainability

During the first decade of the twenty-first century, the concept of sustainability has become a major trend in
the chemical industry. It has become clear that for chemical companies not only economic aspects (investment
costs, raw material costs, etc.) are important, but also environmental issues (greenhouse gas emissions, wastes,
etc.) and social matters (number of employees, number of work accidents, R&D expenses, etc.).

A company needs to use economic resources at least as efficiently as its peers. However, this is not sufficient.
The environmental impact of chemical production processes needs to be as small as possible; the more waste
is produced the less sustainable is the production process. Furthermore, waste may be more or less hazardous.
Evidently, hazardous waste has a larger impact on sustainability than non-hazardous waste. Especially in the
fine chemicals and pharmaceutical industries, where the amount of waste produced per amount of product
has traditionally been large, much progress has been made, but a lot is still to be gained in this respect.

Currently, with fossil fuel reserves dwindling, there is a focus on the use of renewable feedstocks (biomass)
and recycling of materials and products. This is an enormous challenge, as new synthesis routes have to be
developed that must be competitive from an economic viewpoint as well. These new routes must be more
sustainable than existing routes and production processes. Incentives are the reduction of the amount of
(hazardous) waste produced and better energy efficiency, which leads to reduced CO, emissions.

QUESTIONS:
Greenhouse gases are generally considered to be an environmental burden. How can their
emissions be minimized? What is your opinion on the recent increase of the use of coal in
this respect? Explain. What is the position of nuclear energy?
How would you assess the number of employees of a company? From a social perspective,
is a large number positive? Is R&D primarily a cost item in view of sustainability or not?
What is the relation between large-scale power generation and the chlor-alkali industry?
What does the acronym BASF stand for?
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2.2 Structure of the Chemical Industry

In the chemical industry, raw materials are converted into products for other industries and consumers. The
range of products is enormous, but the vast majority of these chemicals, about 85%, are produced from a
very limited number of simple chemicals called base chemicals, which in turn are produced from only about
ten raw materials. These raw materials can be divided into inorganic and organic materials. Inorganic raw
materials include air, water, and minerals. Oil, coal, natural gas — together termed the fossil fuels — and biomass
belong to the class of organic raw materials. Conversion of base chemicals can produce about 300 different
intermediates, which are still relatively simple molecules. Both the base chemicals and the intermediates can
be classified as bulk chemicals. A wide variety of advanced chemicals, industrial specialty chemicals, and
consumer products can be obtained by further reaction steps. Figure 2.1 shows this tree-shaped structure of
the chemical industry.

Figure 2.2 presents a survey of the petrochemical industry. Crude oil and natural gas are the primary raw
materials for the production of most bulk organic chemicals. The first stage in the petrochemical industry is
conversion of these raw materials into base chemicals:

W

N , . . 1 Advanced
: Plastics, electronic materials, .
Final products (ca. 7 ; chemicals,
fibers, solvents, detergents, o
30 000) ; i » specialties &
— perfumes, insecticides, p———
O ‘U pharmaceuticals oroducts
N
s Acetic acid, formaldehyde,
Intermediates urea, ethene oxide,
(ca. 300) acrylonitrile, acetaldehyde,
terephthalic acid
Bulk
chemicals
Ethene, propene, butene,
Base chemicals benzene, synthesis gas,
(ca. 20) ammonia, methanol, sulfuric
I acid, chlorine
Fue1|% LPG, gasoline, diesel,
(ca. 10) kerosene
Raw materials Qil, natural gas, coal,
(ca. 10) rock, sulfur, air, water

Figure 2.1  Structure of the chemical industry.
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Figure 2.2 Survey of the petrochemical industry.

lower alkenes: ethene, propene, butadiene;
aromatics: benzene, toluene, xylenes (“BTX");
synthesis gas (mixture of mainly hydrogen and carbon monoxide), ammonia, methanol.
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This division also represents the most important processes for the production of these chemicals. The
lower alkenes are mainly produced by steam cracking of ethane or naphtha (Chapter 4), while aromat-
ics are predominantly produced in the catalytic reforming process (Chapter 3). Synthesis gas, which is
the feedstock for ammonia and methanol, is predominantly produced by steam reforming of natural gas

(Chapter 5).

In the second stage, a variety of chemical operations is conducted, often with the aim to introduce
various hetero-atoms (oxygen, chlorine, sulfur, etc.) into the molecule. This leads to the formation of
chemical intermediates, such as acetic acid, formaldehyde, and ethene oxide, and monomers like acry-
lonitrile, terephthalic acid, and so on. A final series of operations — often consisting of a number of steps —
is needed to obtain advanced chemicals, industrial specialties, and consumer products. These products

include:

e plastics: for example, poly(vinylchloride) (PVC), polyacrylonitrile;
e synthetic fibers: for example, polyesters like poly(ethene terephthalate) (PET), nylon-6;
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Consumer
chemicals
12.8%

Figure 2.3 EU chemical market excluding pharmaceuticals (2010). Total sales: € 491 billion (US$ 685
billion) [6].

elastomers: for example, polybutadiene;

paints and coatings;

herbicides, insecticides, and fungicides (agrochemicals);
fertilizers: for example, ammonium nitrate;

vitamins;

flavors and fragrances;

soaps, detergents, and cosmetics (consumer chemicals);
pharmaceuticals.

In general, with each stage, the complexity of the molecules becomes larger and the added value of the
chemicals becomes higher. Of course, this three-stage classification shows exceptions. For instance, ethene,
a base chemical formed from hydrocarbons present in oil, is a monomer for the direct formation of plastics
like polyethene, so the second stage does not occur. Another example is acetic acid. Depending on its use, it
can be classified as an intermediate or as a consumer product.

The output of the chemical industry can be conveniently divided into five broad sectors, for which Figure
2.3 shows the 2010 European Union (EU) sales figures.

Petrochemicals have a relatively low added value but, due to their large production volumes, they still hold
a large part of the market. This is not surprising since they are feedstocks for the other sectors except for most
of the inorganic chemicals. However, even some inorganic chemicals are produced from petrochemicals:
ammonia, which is a large-volume inorganic compound, is produced mainly from oil or natural gas. An
interesting case is sulfur (Box 2.2).

Box 2.2 Sulfur

The consumption of sulfur falls into two main sectors; approximately 65% is used to produce fertilizers
via sulfuric acid and approximately 35% is used in the chemical industry. Sulfur compounds are present
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in fossil fuels in small quantities. Hence, chemicals and fuels produced from these raw materials also
contain sulfur. For many products (e.g., gasoline and diesel) maximum sulfur limits exist, mainly for
environmental reasons. As a consequence, many processes have been developed to meet these standards
by removing the sulfur-containing compounds. The majority of the sulfur demand is now produced
as a by-product of oil refining and natural gas processing. In fact, with increasingly stricter demands
on sulfur content, the amount of sulfur produced in refineries already exceeds or soon will exceed the
demand! Therefore, currently several new uses, such as sulfur concrete and sulfur-enhanced asphalt
modifier, are being pioneered.

2.3 Raw Materials and Energy

2.3.1 Fossil Fuel Consumption and Reserves

From the previous section, it is clear that feedstocks for the production of chemicals and energy are closely
related. Indeed, the main raw materials for the chemical industry are the fossil fuels. These are also the most
important sources of energy, as is clear from Figure 2.4. Until 1973 energy consumption was increasing
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Figure 2.4  Total world energy consumption in million metric tons oil equivalent [7].
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Figure 2.5  Fossil fuel reserves, 2010, R/P = reserves-to-production ratio. If the total proved reserves at the end
of a year are divided by the production in the same year, the result is the length of time that the
reserves would last if production were to continue at that rate. Shale gas reserves are not included
in the natural gas reserves [7].

exponentially, rising faster than the world population. Then, until the mid-1980s, consumption was fairly
stable. Since then it has been growing, but at a lower rate than in the years prior to 1973, despite continuing
economic growth. The main reason for this is the more efficient use of energy. In the first decade of the
twenty-first century, however, the average annual energy consumption is increasing faster again. The use of
other energy sources, such as nuclear energy and hydroelectricity, has also increased but the overall picture
has not changed: fossil fuels are still the main energy carriers.

QUESTIONS:
Why are fossil fuels still the major source of energy?
What are advantages and disadvantages of fossil fuels compared to other energy sources?
What are advantages and disadvantages of the individual fossil fuels?

The major source of energy is still oil, currently accounting for 34% of total energy consumption. The
share of natural gas has increased from about 16% in 1965 to 24% in 2010. Coal accounts for 30% of total
energy consumption. The reserves of fossil fuels do not match the current consumption pattern, as illustrated
in Figure 2.5.

The coal reserves are by far the largest. Although far less abundant, natural gas reserves exceed the oil
reserves. In fact, the proved natural gas reserves have more than doubled since 1980 and despite high rates of
increase in natural gas consumption, most regional reserves-to-production ratios have remained high. About
65% of the natural gas reserves are located in a relatively small number (310) of giant gas fields (>10'! m?),
while the remainder is present in a large number (~25 000) of smaller fields [8].

The natural gas reserves used for the calculation of the R/P ratio in Figure 2.5 do not include so-called
shale gas (Box 2.3). Current estimates of recoverable shale gas reserves at least equal those of estimates for
conventional natural gas [7, 9].



18 The Chemical Industry

Asia Pacific Proved reserves North Production  North
3% . 1383.2 America South & Asia Pacific, 82095 ARBHGS

Africa 5%  Central 10% \ 75

> (]

9%

10%

Asia Pacific

Middle East

Africa
12%

South and
Central
America
9%

Europe &
Eurasia
10%

Refinery capacity
91791

Consumption

Hozth 87382

America
23%

Asia Pacific

South & 31%

Bl Central

South &
Central
America
7%

Figure 2.6  Global distribution of proved crude oil reserves, production, refinery capacity and consumption.
Numbers are in thousand million barrels at the end of 2010 for the proved reserves and in thousand
barrels daily in 2010 for the others (1 barrel = 0.159 m? ~ 0.136 metric ton) [7].

QUESTIONS:

In 1973, at a share of 48%, the contribution of oil to the world energy consumption was
at its peak. What happened in 19732 From 2000 on, the share of coal has been increasing
again, after a steady decline from a share of 39% in 1965 (similar to that of oil) to 25% in
1999. What would be the explanation for this?

Find out where the mega giant (>10'3 m?) and super giant (>10"> m?) gas fields are located.

Figure 2.6 shows the reserves, production, refinery capacity, and consumption of crude oil. Crude oil
reserves are distributed over the world very unevenly: more than half the reserves are located in the Middle
East, the reserves in the rest of the world are much smaller. The production of crude oil shows a different
picture. Although the reserves are limited, the production in the Western world is relatively high.

Refinery capacity shows a similar picture to the crude oil consumption, which is very different from that

of the reserves.

Box 2.3 Shale Gas

Conventional natural gas formations are generally found in some type of porous and permeable rock,
such as sandstone, and can be extracted through a simple vertical well.
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In contrast, shale gas is natural gas that is trapped in non-porous rock (shale) formations that
tightly bind the gas, so its extraction requires a different approach. Recently, improved (horizontal)
drilling and hydraulic fracturing technologies have enormously increased the exploration and production
capability of shale gas. Hydraulic fracturing, or “fracking”, uses high-pressure water mixed with sand
and chemicals to break gas-rich shale rocks apart and extract the gas.

Extracting the reserves of unconventional natural gas (also including gas from coal seams) was long
thought to be uneconomical, but rising energy prices have made exploration worthwhile. Shale gas has
thus become an increasingly important source of natural gas in the United States over the past decade,
and interest has spread to potential gas shales in the rest of the world. Shale gas as a percentage of the
total North American gas production has increased from virtually nothing in 2000 to over 25% in 2012!

Recently, however, criticism has been growing louder too. There are increasing concerns about air
and groundwater pollution and the risk of earthquakes. Another fear is that the exploitation of shale gas
as a relatively clean fuel may slow the development of renewable energy sources.

In the near future, energy consumption patterns are likely to show major changes. Conversion of coal
into gas (coal gasification) and production of liquid fuels from both coal gas and natural gas is technically
possible and has been demonstrated on a large scale. Undoubtedly, these processes will gain importance.
Another reason for natural gas becoming more important is that it is a convenient source of energy and it
is well-distributed over the regions where the consumers live. In fact, the trend away from oil and towards
natural gas and coal is already apparent.

Renewables will also play a more important role in the future; renewables are based on biomass, but
hydroelectricity, wind and solar energy also can be considered as part of this class. In the more distant
future, solar energy might well become a major source for electricity production. Although the contribution
of renewables other than hydroelectricity to the energy pool is still minor (<1%), its percentage growth
is appreciable. For example, the production of biofuels, that is bio-ethanol and biodiesel, has increased at
an average of about 20% per year during the first decade of this century (from circa 9000 metric tons oil
equivalent (toe) in 2000 to circa 60 000 toe in 2010).

Only a small fraction of the crude oil demand is used as a raw material for the petrochemical industry,
while most of the remainder is used for fuel production (Figure 2.7). This explains why, despite the relative
scarcity of oil, the driving force for finding alternative raw materials for the chemical industry is smaller than
is often believed. Nevertheless, as in the production of fuels, a trend can be observed towards the production
of chemicals from natural gas and coal, mostly through synthesis gas (CO/H,), the so-called C,-chemistry.
In addition, biomass conversion is increasingly considered for the production of chemicals.

2.3.2 Biomass as an Alternative for Fossil Fuels

From the point of view of desired sustainability there is an increasing global urgency to reduce the dependence
on oil and other fossil fuels. Biomass holds the promise of allowing a really sustainable development for the
production of energy, fuels, and chemicals. The first question to be answered is: “Is there sufficient biomass
available?”

Biomass is the product of photosynthesis. The energy flow of the sun reaching the earth is roughly 1 kW/m?.
This number translates into the huge amount of four million EJ/a (exajoules/a). In the order of 0.1% of these
photons is captured in photosynthesis, resulting in an energy production of 4000 EJ/a. Is this a high number?
In Table 2.2, this number is compared with the present energy consumption (440 kJ/a) and the consumption
data for fossil fuels and the present usage of biomass.
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Figure 2.7  Petrochemical share of total world oil demand.

QUESTIONS:
Find the heats of combustion for different fuels. From the value for biomass calculate the
production in kg/m?. Is this a reasonable number?

Thus, the present worldwide energy consumption corresponds to about 10% of the biomass produced.
In the year 2050 this number is expected to increase to 40%. At first sight these numbers seem slightly
alarming. Several research groups have evaluated the potential for an increase in biomass production [10].
These studies show that waste streams are sizeable but not sufficient and that the agricultural methodology
for the production of biomass has to be critically evaluated. Present agriculture cannot provide the amounts
of biomass needed without affecting the food and feed industries. Surplus land, which is not used for forestry
production, nature reserves, or animal grazing, has to be involved in biomass production; the good news is
that this land is available in the world. In the studies, algae were not taken into account. Undoubtedly, these
can provide significant additional amounts of energy.

Table 2.2 Comparison of energy production by photosynthesis with current and future consumption. Source:
IEA World Energy Outlook 2008.

Energy flow
TW EJ/a Remarks Years reserve (R/P)

Radiation reaching earth 125000 4000000 1 kW/m? sustainable
Natural photosynthesis 130 4000 sustainable
Energy consumption (2005) 14 440 mainly cooking, heating  sustainable

Biomass 1.5 50

Coal 4.4 140 190

Oil 5.2 170 42

Natural gas 3.6 110 63

Energy consumption (2050 estimate) 49 1550 3.5 times that of 2005
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Biomass is not only a sustainable basis for energy production. Similar to fossil fuels it can be used as
feedstock for the chemical industry. Assuming that the global chemical industry is responsible for not more
than 10% of energy consumption (which is a reasonable assumption, compare Figure 2.7), it is clear that
there is plenty of biomass available to serve as a feedstock for this industry.

The source crops for biomass production can be grown renewably and in most climates around the world,
which makes biomass a good alternative for the production of fuels and chemicals.

2.3.3 Energy and the Chemical Industry

The chemical industry uses a lot of energy. The amount of hydrocarbons used to provide the required energy
is of the same order as the quantity of hydrocarbons used as feedstock. Fuel is used in direct heaters and
furnaces for heating process streams, and for the generation of steam and electricity, the most important
utilities.

2.3.3.1 Fuels for Direct Heaters and Furnaces

The fuel used in process furnaces is often the same as the feedstock used for the process. For instance, in
steam reforming of natural gas (Chapter 5), natural gas is used both as feedstock and as fuel in the reformer
furnace. Fuel oil, a product of crude oil distillation, which is less valuable than crude oil itself, is often used
in refineries; for example, to preheat the feed to the crude oil fractionator.

2.3.3.2 Steam

The steam system is the most important utility system in most chemical plants. Steam has various applications;
for example, for heating process streams, as a reaction medium, and as a distillation aid. Steam is generated
and used saturated, wet, or superheated. Saturated steam contains no moisture or superheat, wet steam
contains moisture, and superheated steam contains no moisture and is above its saturation temperature. Steam
is usually generated in water-tube boilers (Figure 2.8) using the most economic fuel available.

The boiler consists of a steam drum and a so-called mud drum located at a lower level. The steam drum
stores the steam generated in the riser tubes and acts as a phase separator for the steam/water mixture. The
saturated steam that is drawn off may re-enter the furnace for superheating. Circulation of the water/steam
mixture usually takes place by natural convection. Occasionally, a pump is used. The saturated water at the
bottom of the steam drum flows down through the downcomer tubes into the mud drum, which collects the
solid material that precipitates out of the boiler feed water due to the high pressure and temperature conditions
of the boiler.

The flue gases discharged during the combustion of the fuel serve to heat the boiler feed water to produce
steam. In steam reforming of natural gas, the natural gas is usually also used for heating, and steam is
generated in a so-called waste heat boiler by heat exchange with both the furnace off gases and the synthesis
gas produced.

Steam is generally used at three different pressure levels. Table 2.3 indicates the pressure levels and their
corresponding saturation temperatures. The exact levels depend on the particular plant. In the flow sheets
presented in this book, the steam pressures are generally not shown. When an indication is given (HP, MP or
LP), the values shown in Table 2.3 can be assumed to be valid. The thermodynamic properties of saturated
and superheated steam have been compiled in so-called steam tables, which can be found in numerous texts
[11]. Figure 2.9 shows the saturation pressure as a function of temperature.
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Table 2.3  Typical steam pressure levels.

Operating conditions

Pressure (bar) Temperature (K) Saturation temperature (K)
HP (high pressure) steam 40 683 523
MP (medium pressure) steam 10 493 453
LP (low pressure) steam 3 463 407
Flue gas
Stack 1

=——» Steam

Steam drum
Riser

Downcomer
tubes

tubes
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Figure 2.8 Water-tube boiler based on natural convection. Only one riser and one downcomer tube of the
multiple tubes are shown.
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Figure 2.9  Steam saturation pressure versus temperature.
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2.3.3.3 Electricity

Electricity can either be generated on site in steam turbines or be purchased from the local supply company.
On large sites, reduction of energy costs is possible if the required electrical power is generated on site in
steam turbines and the exhaust steam from the turbines used for process heating. It is often economical to
drive large compressors, which demand much power, with steam turbines. The steam produced can be used for
local process heating. A recent development is the building of so-called cogeneration plants, in which heat and
electricity are generated simultaneously, usually as joint ventures between industry and public organizations.
Examples are central utility boilers that provide steam for electricity generation and supply to a local heating
system, and combined cycle power plants that combine coal gasification with electricity generation in gas
turbines and steam turbines (Chapter 5).

2.3.4 Composition of Fossil Fuels and Biomass

All three fossil fuels (oil, coal, and natural gas) have in common that they mainly consist of carbon and
hydrogen, while also small amounts of hetero-atoms like nitrogen, oxygen, sulfur and metals are present.
However, the ratio of these elements is very different, which manifests itself in the very different molecular
composition (size, type, etc.) and physical properties. In addition to carbon and hydrogen, biomass contains
a relatively large amount of oxygen. The C/H ratio is a characteristic feature of hydrocarbons. Figure 2.10
shows the C/H ratio for the major fossil fuels, biomass, and some other hydrocarbons. Clearly, the relative
amount of carbon in coal is much larger than in crude oil. Methane (CHy4) obviously has the lowest C/H ratio
of all hydrocarbons. The C/H ratio of natural gas is very similar to that of methane, because methane is the
major constituent of natural gas.

QUESTION:

CO; is the most important greenhouse gas. Do the various hydrocarbons differ in their
contribution to the greenhouse effect?

methane |
transportation fuels H
crude oil I
residual oils |
shale oil [ ]
biomass |
coal liquids I
coal |

0 0.5 1 1.5 2 2.5 3
C/H atomic ratio

Figure 2.10 C/H atomic ratios of hydrocarbon sources and some products.
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Table 2.4 Composition of selected non-associated natural gases (vol. %) [12, 13].

New North N.
Area Algeria  France  Holland  Zealand Sea Mexico Texas Texas Canada
Hasi- West Rio
Field R'Mel Lacq Gron. Kapuni Sole Arriba Terrell  Cliffside Olds
CHy4 83.5 69.3 81.3 46.2 94.4 96.9 45.7 65.8 52.4
CoHe 7.0 3.1 2.9 5.2 3.1 1.3 0.2 3.8 0.4
CsHg 2.0 1.1 0.4 2.0 0.5 0.2 — 1.7 0.1
CsHio 0.8 0.6 0.1 0.6 0.2 0.1 — 0.8 0.2
Cst 0.4 0.7 0.1 0.1 0.2 — — 0.5 0.4
N, 6.1 0.4 14.3 1.0 1.1 0.7 0.2 26.4 2.5
CO, 0.2 9.6 0.9 44.9 0.5 0.8 53.9 — 8.2
H,S — 15.2 trace — — — — — 35.8

2.3.4.1 Natural Gas

Natural gas is a mixture of hydrocarbons with methane as the main constituent. It can be found in porous
reservoirs, either associated with crude oil (“associated gas™) or in reservoirs in which no oil is present (“non-
associated gas”). Natural gas is of great importance not only as a source of energy, but also as a raw material
for the petrochemical industry. Besides hydrocarbons, natural gas usually contains small (or sometimes large)
amounts of non-hydrocarbon gases such as carbon dioxide, nitrogen, and hydrogen sulfide. Tables 2.4 and
2.5 show the composition of a wide variety of natural gases.

Natural gas is classified as “dry” or “wet”. The term “wet” refers not to water but to the fact that wet
natural gas contains substantial amounts of ethane, propane, butane, and Cs and higher hydrocarbons, which
condense on compression at ambient temperature forming “natural gas liquids”. Dry natural gas contains only
small quantities of condensable hydrocarbons. Associated gas is invariably wet, whereas non-associated gas
is usually dry. The terms “sweet” and “sour”” denote the absence or presence of hydrogen sulfide and carbon
dioxide.

Non-associated gas can only be produced as and when a suitable local or export market is available.

Associated natural gas, on the other hand, is a coproduct of crude oil and, therefore, its production is
determined by the rate of production of the accompanying oil. It has long been considered a waste product

Table 2.5 Composition of selected associated natural gases (vol.%) [12]

Area Abu Dhabi Iran North Sea North Sea N. Mexico
Field Zakum Agha Jari Forties Brent San Juan County
CH, 76.0 66.0 44.5 82.0 77.3

CyHg 11.4 14.0 13.3 9.4 11.2
C3Hg 5.4 10.5 20.8 4.7 5.8
CsHqo 2.2 5.0 11.1 1.6 2.3

Cs* 1.3 2.0 8.4 0.7 1.2

N, 1.1 1.0 1.3 0.9 1.4

CO, 2.3 1.5 0.6 0.7 0.8

H,S 0.3 — — — —
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Table 2.6  Composition of selected shale gases (vol. %) [14-16].

Shale Barnett Marcellus Antrim

Well? 1 4 1 4 1 4
CH4 80.3 93.7 79.4 95.5 27.5 85.6
CyHg 8.1 2.6 16.1 3.0 3.5 4.3
C3Hg 2.3 0.0 4.0 1.0 1.0 0.4
N, 7.9 1.0 0.4 0.2 65.0 0.7
CO, 1.4 2.7 0.1 0.3 3.0 9.0

?For each gas shale data were reported for four different wells (1-4). The gas compositions of wells 2 and 3 are in between those of wells 1
and 4.

and most of it was flared (for safety reasons). With the present energy situation, however, associated gas
represents a feedstock and energy source of great potential value. Moreover, utilizing, instead of flaring,
is in better agreement with environment protection measures. An increasing number of schemes are being
developed to utilize such gas.

QUESTION:
Why would associated natural gas always be “wet”?

Table 2.6 shows the composition of shale gas from two wells for three gas shales in the United States.

QUESTION:
No data for C4 or Cs hydrocarbons or H,S have been reported for shale gases. Would these
components be present?
Where would exploration companies preferentially develop new wells to drill for shale gas,
in regions containing dry or wet gas?

Natural gas from the well is treated depending on the compounds present in the gas. A dry gas needs
little or no treatment except for H,S and possibly CO, removal if the amounts are appreciable (sour gas).
Condensable hydrocarbons are removed from a wet gas and part can be sold as liquefied petroleum gas (LPG,
propane, butane) or be used for the production of chemicals (ethane). The other part, Cs™ hydrocarbons, can
be blended with gasoline. So, once natural gas has been purified and separated, a large part of the gas is a
single chemical compound, methane.

2.3.4.2 Crude Oil

The composition of crude oil is much more complex than that of natural gas. Crude oil is not a uniform
material with a simple molecular formula. It is a complex mixture of gaseous, liquid, and solid hydrocarbon
compounds, occurring in sedimentary rock deposits throughout the world. The composition of the mixture
depends on its location. Two adjacent wells may produce quite different crudes and even within a well the
composition may vary significantly with depth. Nevertheless, the elemental composition of crude oil varies
over a rather narrow range, as shown in Table 2.7.

Although at first sight these variations seem small, the various crude oils are extremely different. The high
proportion of carbon and hydrogen suggests that crude oil consists largely of hydrocarbons, which indeed
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is the case. Detailed analysis shows that crude oil contains alkanes, cycloalkanes (naphthenes), aromatics,

Table 2.7  Elemental composition of crude oil.

Element Percentage range (wt%)
C 83-87

H 10-14

N 0.2-3

O 0.05-1.5

S 0.05-6

Trace metals <0.1

polycyclic aromatics, and nitrogen-, oxygen-, sulfur- and metal-containing compounds.

QUESTION:

Does the elemental composition agree with the presence of these compounds?

The larger part of crude oil consists of alkanes, cycloalkanes, and aromatics (Figure 2.11). Both linear
and branched alkanes are present. In gasoline applications the linear alkanes are much less valuable than
the branched alkanes, whereas in diesel fuel the linear alkanes are desirable. One of the aims of catalytic
reforming is to shift the ratio of branched/linear alkanes in the desired direction. Aromatics have favorable
properties for the gasoline pool. However, currently their potential dangerous health effects are receiving

increasing attention. The most important binuclear aromatic is naphthalene.

QUESTION:

Crude oil does not contain alkenes. Is this surprising? Why or why not?

Alkanes

Normal

Branched

Cycloalkanes (Naphthenes)

Alkylcyclopentanes

Alkylcyclohexanes

Bicycloalkanes

Figure 2.11

Aromatics
CHg-CH,-R
CHS-CHZ-(EH-R Alkylbenzenes
CH,

Aromatic-cycloalkanes

Fluorenes

(:O Binuclear aromatics

QR
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Examples of alkanes, cycloalkanes and aromatics present in crude oil.
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Figure 2.12  Examples of polycyclic, polynuclear aromatics in crude oil.

The heavier the crude the more polycyclic aromatic compounds it will contain. Generally, heavier crudes
yield a lower proportion of useful products. A further disadvantage of the heavier crudes is that they
contain more polynuclear aromatics (PNAs), which tend to lead to carbonaceous deposits (“‘coke”) during
processing. The implications of coke formation play an important role. Figure 2.12 shows examples of
polycyclic polynuclear aromatics.

Crudes do not consist exclusively of carbon and hydrogen; minor amounts of so-called hetero-atoms are
also present, the major ones being sulfur, nitrogen, and oxygen. Of these, sulfur is highly undesirable because
it leads to corrosion, poisons catalysts, and is environmentally harmful. Therefore, it must be removed.
Chapter 3 discusses the technology for sulfur removal from oil fractions.

Figure 2.13 shows examples of sulfur-containing hydrocarbons. They are ranked according to reactivity:
sulfur in mercaptans is relatively easy to remove in various chemical reactions, whereas sulfur in thiophene
and benzothiophenes has an aromatic character, resulting in high stability. Aromatic sulfur compounds are
present in heavy crudes in particular.

The nitrogen content of crude oil is lower than the sulfur content. Nevertheless, nitrogen compounds
(Figure 2.14) deserve attention because they disturb major catalytic processes, such as catalytic cracking and
hydrocracking. Basic nitrogen compounds react with the acid sites of the cracking catalyst and thus destroy
its acidic character. Nitrogen compounds, as are aromatic sulfur compounds, are present in the higher boiling
hydrocarbon fractions in particular.

Although the oxygen content of crude oil usually is low, oxygen occurs in many different compounds
(Figure 2.15). A distinction can be made between acidic and non-acidic compounds. Organic acids and
phenols are counted as part of the class of acidic compounds.

Metals are present in crude oil only in small amounts. Even so, their occurrence is of considerable interest,
because they deposit on and thus deactivate catalysts for upgrading and converting oil products. Part of the
metals is present in the water phase of crude oil emulsions and may be removed by physical techniques. The
other part is present in oil-soluble organometallic compounds and can only be removed by catalytic processes.
Figure 2.16 shows examples of metal containing hydrocarbons.
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Figure 2.13  The most important sulfur-containing hydrocarbons in crude oil.

Figure 2.17 shows the metals contents of various crudes. Most of the metal-containing compounds are
present in the heavy residue of the crude oil. Clearly, the metal contents vary widely. The most abundant
metals are nickel, iron, and vanadium.

2.3.4.3 Coal

In contrast to crude oil and natural gas, the elemental composition of coal varies over a wide range (Table 2.8).
The composition range is based on only the organic component of coal. In addition, coal contains an
appreciable amount of inorganic material (minerals), which forms ash during combustion and gasification

Basic nitrogen compounds Non-basic nitrogen compounds
H
® [&j
Pyridines N/ Pyrroles | |

H
|

X
Quinolines , P N
N Indoles |Q©
X
idi H
Acridines , _ |
N N
Carbazoles Ol |O

Figure 2.14 The most important nitrogen-containing hydrocarbons present in crude oil.
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Figure 2.15 Oxygen-containing hydrocarbons present in crude oil.
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Figure 2.16  Examples of metal-containing hydrocarbons in crude oil.
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Figure 2.17  Metal content of various crudes.
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Table 2.8 Elemental composition of organic material in coal.

Element Percentage range (wt%)

60—-95
2—6
0.1-2

2-30

0.3-13

L OoOZIO

(Chapter 5). The amount ranges from 1 to over 25%. Furthermore, coal contains water; the moisture content
of coal ranges from about 2 to nearly 70%. The high C/H ratio reflects the fact that a major part of the coal is
built up of complex polycyclic aromatic rings.

QUESTION:
Show that most coals must be aromatic.

Many scientists have been fascinated by the structure of coal and have been working hard trying to elucidate
it. This structure depends on the age of the coal and the conditions under which it has been formed. Figure
2.18 shows a model of a typical structure of a coal particle.

2.3.4.4 Biomass

In a simplified analysis, biomass can be divided in three groups, that is, oils and fats, sugars, and lignocellulosic
biomass. A simple economic analysis shows that lignocellulosics are most attractive, both with respect to
resources and price.

Figure 2.18 Model of a typical coal structure.
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Figure 2.19 Typical vegetable oil triglyceride.

Animal fats and vegetable oils are primarily composed of triglycerides, esters of fatty acids with glycerol.
Figure 2.19 shows an example of a typical vegetable oil triglyceride.

Lignocellulosic biomass consists mainly of three components: cellulose (35—50 wt%), hemicellulose
(15—25 wt%), and lignin (15—30 wt%). Plant oils, proteins, different extractives, and ashes make up the
rest of the lignocellulosic biomass structure. Figure 2.20 shows an average composition. The structure of
lignocellulosics is complex. A schematic representation is given in Figure 2.21. Although the material is very
important, there is no full agreement on the structure (yet). Recent research suggests that the lignocellosic
biomass mainly consists of cell wall components built up from cellulose and hemicellulose held together by
lignin. The hemicellulose in turn is a matrix containing the cellulose fibers.

Cellulose is the most abundant organic polymer on earth and its chemical structure, which is largely
crystalline, is remarkably simple (Figure 2.22). It consists of linear polymers of cellobiose, a dimer of
glucose. The multiple hydroxyl groups of the glucose molecule form hydrogen bonds with neighbor cellulose
chains making cellulose microfibrils of high strength and crystallinity.

Hemicellulose is chemically related to cellulose in that it comprises a carbohydrate backbone. However,
due to its random and branched structure hemicellulose is amorphous. It also has a more complex composition
than cellulose. Figure 2.23 shows the structure of xylan, a representative polymer of hemicellulose. Whereas

Others
5%

Carbonydrates

Figure 2.20 Average composition of lignocellulosic biomass.
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Figure 2.21  Structure of lignocellulosic biomass.
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Figure 2.22  Chemical composition of cellulose; n = 2500—5000.
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Figure 2.23  Chemical composition of xylan, a typical hemicellulose; n = 3—40.

cellulose is completely built up from glucose monomers, hemicellulose consists of a mixture of five-carbon
sugars (xylose, arabinose), six-carbon sugars (glucose, mannose, galactose), and uronic acids (e.g., glucoronic
acid) (Figure 2.24). Xylose is the monomer present in the largest amount.

Lignin, the third main component of the lignocellosic biomass (Figure 2.25), is an amorphous three-
dimensional polymer which fills the spaces in the cell wall between cellulose and hemicellulose. It is
aromatic and hydrophobic in comparison with cellulose and hemicellulose. The complexity and variability
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Figure 2.25 Chemical composition of a small piece of a lignin polymer.
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Figure 2.26  Composition of some major lignocellulosic crops [18].

of the lignin composition and its chemical resistance make its utilization quite difficult. A comprehensive
review on the catalytic valorization of lignin has been published [17].

Not surprisingly, the composition of different crops is very different; some typical representatives are
compared in Figure 2.26. Obviously, there is a danger of energy based on biomass competing with the food
chain. Ethically, it is preferable to give priority to food and feed applications. So-called second-generation
plants process residual plant material such as straw and bagasse (fibrous residue from sugar production) rather
than starch and sugar. As an example, in sugar cane processing, first sugars are taken out at sugar mills and
the remaining bagasse is used as a primary fuel source to provide electricity and heat energy used in the mills.

Besides the composition of the crops, the productivity in harvesting solar energy, characterized as dry
weight per hectare per year, (Table 2.9), is the most important characteristic. Sugar cane shows the highest
productivity followed by sugar beet, while soybeans have a very low productivity [18].

Table 2.9 Productivity of selected crops [18, 19].

Crop Largest producer Production? (tha/a)
Cassava Nigeria 50
Grass Netherlands 14
Jatropha seeds Zimbabwe 8
Maize USA (lowa) 14
Rice straw Egypt 11
Palm oil Malaysia 25
Potato Netherlands 65
Soybean USA (Illinois) 4
Sugar beet Germany 100
Sugarcane Brazil 125
Sunflower France 6

?Best practice technology.
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Figure 2.27  Production of some base chemicals and fuels (2010). Based on data from various sources.

2.4 Base Chemicals

The vast majority of the products from the chemical industry are manufactured from a very limited number
of simple chemicals, called base chemicals. The most important organic base chemicals are the lower alkenes
(ethene, propene, and butadiene), the aromatics (benzene, toluene, and xylene, also referred to as “BTX”), and
methanol. Synthesis gas, a mixture of hydrogen and carbon monoxide in varying ratio, can also be considered
an organic base chemical. Sulfuric acid and ammonia are the two most important inorganic base chemicals.
Most chemicals are produced directly or indirectly from these compounds, which can be considered real
building blocks. Figure 2.27 shows the world production of base chemicals in comparison with two major
energy carriers, gasoline and diesel. Although base chemicals account for most of the chemicals production,
gasoline and diesel production individually are larger than the combined production of these base chemicals,
which illustrates the huge consumption of these fuels.

The feedstock chosen for the production of a base chemical will depend on the production unit, the local
availability, and the price of the raw materials. For the production of light alkenes, in broad terms, there is a
difference between the USA and the Middle East and the rest of the world, as illustrated by Figures 2.28 and
2.29.

One of the reasons for these differences lies in the consumer market: in the USA, the production of gasoline
is even more dominant than in the rest of the developed world. As a consequence, lower alkenes are primarily
produced from sources that do not yield gasoline. This development became possible by the discovery of
natural gas fields with high contents of hydrocarbons other than methane (Table 2.6). Natural gas from these
fields is very suitable for the production of lower alkenes. The availability of low-cost gas in the Middle East
has resulted in a large growth of the production of lower alkenes in this region.

Historically, the production of the simple aromatics has been coal based: coal tar, a by-product of coking
ovens, was the main source of benzene, toluene, and so on. At present, nearly 95% of the aromatic base
chemicals are oil based. Figure 2.30 shows the main processes involved in aromatics production.

The main sources of aromatics, that is, catalytic reforming and steam cracking, are also producers of
gasoline. Therefore, production of aromatics is closely related to fuel production; aromatics and gasoline
have to compete for the same raw materials. The demand for benzene is greater than the demand for the
other aromatics. Hence, part of the toluene produced is converted to benzene by hydrodealkylation (and by
disproportionation to benzene and p-xylene).
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Figure 2.31 Chemicals derived from synthesis gas.

Ammonia and methanol are two other important base chemicals that are derived from organic raw materials.
Their production generally involves the conversion of synthesis gas, a mixture of mainly hydrogen and carbon
monoxide, which can be produced from any hydrocarbon source. Figure 2.31 shows the processes used for
the conversion of different raw materials.

Most of the processes referred to in Figures 2.28 to 2.31 will be the topics of subsequent chapters.

2.5 Global Trends in the Chemical Industry

As mentioned earlier, organic chemicals are produced mainly from a few base chemicals. The production
of these base chemicals is thus a useful indicator of the growth of the petrochemical industry. In the 1950s
through to the 1970s, essentially exponential growth of the petrochemical industry took place in North
America and Western Europe, as illustrated in Figure 2.32. In the 1980s and 1990s, the chemical market
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Figure 2.32  Crowth of the petrochemical industry: production of six major base chemicals (ethene, propene,
butadiene, benzene, toluene, and xylenes) [20,21].
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Figure 2.33  Growth of the ethene production capacity. Data from various sources.

growth was only modest in these regions, among other things as a result of a steep rise in competition from
producers in Japan and other parts of the world, referred to as “Rest of World” in Figure 2.32. The latter
category includes countries in the Asia-Pacific region (e.g., Singapore, Taiwan, Korea, China, and India) and
the Middle East. It is not surprising that growth is taking place in these regions in particular.

Figure 2.33 clearly shows that in the last few decades the growth in the production capacity of ethene, the
largest volume organic base chemical, has mainly been the result of added capacity in the Asia-Pacific region
and the Middle East.

A more general indicator of a nation’s industrial strength is its sulfuric acid production. Principal uses
of sulfuric acid include fertilizer production, ore processing, oil refining, and chemical synthesis, but there
are many more. In fact, the uses of sulfuric acid are so varied that the volume of its production provides an
approximate index of general industrial activity. Figure 2.34 compares sulfuric acid production in the USA
and China and also shows the total world production.
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Figure 2.34  Sulfuric acid production in the USA, China and worldwide. Data from [22] and various other
sources.
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Figure 2.35 World chemical sales by region [6].

Not only has the production of chemicals been shifting from West to East, but so too has consumption,
as can be seen from the sales figures in Figure 2.35. In the Western world, the chemical industry in many
respects is mature and investments tend to be stable or even decreasing for various reasons. Firstly, partly
due to good maintenance the lifetime of the plants is much longer than anticipated. Secondly, capacities of
existing plants have been increased by good engineering (‘“‘debottlenecking”). For instance, new packings in
distillation units, new catalysts, and new control systems can rejuvenate a plant. Thirdly, notably due to their
feedstock advantages, countries in the Middle East attract very high investments in petrochemicals.

Meanwhile, new drivers for radically novel plants have been emerging. For instance, environmental con-
cerns call for new technology. It is generally accepted that a sustainable technology is desired. Elements are
renewable feedstocks and energy, less polluting production routes, and more efficient processes. Many new
concepts fall under the umbrella of “Process Intensification”.

Although in the past decade much progress has been made in the conversion of biomass, a lot of work still
needs to be done before biomass can replace fossil fuels as a primary source of energy and/or chemicals.
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3

Processes in the Oil Refinery

Refining of crude oil is a key activity in the process industry. About 700 refineries are in operation worldwide
with a total annual capacity of over 4000 million metric tons and individual capacities of about one to over
30 Mt/a [1]. The goal of oil refining is threefold: (i) production of fuels for transportation, power generation,
and heating purposes; (ii) production of specialties such as solvents and lube oils; and (iii) production of
intermediates, especially for the chemical industry.

3.1 The Oil Refinery — An Overview

Oil refineries have become increasingly complex over the years. They constitute a relatively mature and highly
integrated industrial sector. Besides physical processes such as distillation and extraction, a large number of
chemical processes are applied, many of which are catalytic. Figure 3.1 shows a flow scheme of a typical
complex modern refinery.

After desalting and dehydration (not shown in Figure 3.1), the crude oil is separated into fractions by
distillation. The distilled fractions cannot be used directly in the market. Many different processes are carried
out in order to produce the required products. In this chapter, most of the processes in Figure 3.1 are discussed.
They can be divided in physical and chemical processes, as shown in Table 3.1. Oil refineries show large
differences and, besides the processes mentioned here, many others are applied. For example, Figure 3.1 and
Table 3.1 do not show processes for treating refinery off-gases and sulfur recovery (discussed in Chapter 8)
and facilities for wastewater treatment, and so on.

The reason that such a complex set of processes is needed is the difference between the properties of the
crude oil delivered and the requirements of the market. Especially for fuels in the transport sector, extensive
processing is required in order to obtain products with satisfactory performance. Another reason for the
complexity of an oil refinery lies in environmental considerations. Legislation calls for increasingly cleaner
processes and products. In fact, at present legislation related to minimizing the environmental impact is the
major drive for process improvement and the development of novel processes.

Chemical Process Technology, Second Edition. Jacob A. Moulijn, Michiel Makkee, and Annelies E. van Diepen.
© 2013 John Wiley & Sons, Ltd. Published 2013 by John Wiley & Sons, Ltd.
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blocks.

3.2 Physical Processes

3.2.1 Desalting and Dehydration

Crude oil often contains water, inorganic salts, suspended solids, and water-soluble trace metals. These con-
taminants can cause corrosion, plugging, and fouling of equipment and poisoning of catalysts in catalytic

Table 3.1

Typical physical and chemical processes in a complex oil refinery.

Physical processes

Chemical processes

Thermal Catalytic
Desalting Visbreaking Hydrotreating
Dehydration Delayed coking Catalytic reforming
Distillation Flexicoking Catalytic cracking

Solvent extraction®
Propane deasphalting
Solvent dewaxing?
Blending?

Hydrocracking
Catalytic dewaxing?
Alkylation
Polymerization
Isomerization

?Not discussed in this book; see, for example, References [2, 3].
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Figure 3.2 Simple atmospheric crude distillation.

processes. Therefore, the first step in the refining process is desalting and dehydration. This can be accom-
plished by adding hot water with added surfactant to extract the contaminants from the oil. Upon heating, the
salts and other impurities dissolve into the water or attach to it. The oil and water phases are then separated
in a tank, where the water phase settles out. Wastewater and contaminants are discharged from the bottom of
the settling tank and the desalted crude is drawn from the top and sent to the crude distillation tower.

3.2.2 Crude Distillation

The desalted crude has to be separated into products, which each have specific uses. Crude oil consists of
thousands of different compounds and, as a consequence, it is impossible and undesirable to separate it into
chemically pure fractions. The central separation step in every oil refinery is the distillation of the crude,
which separates the various fractions according to their volatility. Figure 3.2 shows a schematic of a simple
atmospheric distillation unit.

After heat exchange with the residue the crude oil feed is heated further to about 620 K in a furnace. It is
discharged to the distillation tower as a foaming stream. The vapors flow upward and are fractionated to yield
the products given in Figure 3.2. A distillation column typically is 4 m in diameter and 20—30 m in height
and contains 15—30 trays. The stripping columns, which may be 3 m high with a diameter of 1 m, serve to
remove the more volatile components from the side streams.

QUESTION:
Assuming a distillation capacity of 10 Mt/a of crude oil, estimate the flow rate in the
distillation tower (in m’>/h).

With this simple distillation unit a satisfactory set of products is not obtained. The market calls for clean
products (no sulfur, nitrogen, oxygen, metals, etc.), gasoline (high octane number), more diesel (high cetane
number), specific products (aromatics, alkenes, etc.), and less low-value fuel oil. The logical steps to meet



44 Processes in the Oil Refinery

Crude Oil > (Gases
Y o
reflux water
o » Naphtha
circulating reflux [~~~
(@ 9 L___ Slops
=" vacuum

s P e
<$ circulating reflux [~~~ > 1 | ... "l!l’
77 stoam — .
[~ bkl vacuum Intermedlate
[ \d ” 1~ gas oil
/ I\ [ F-- vacuum Heavy
— > residue gas oil
F > Kerosene
steam » Light
gas oil
Furnace Main Strippers Furnace Mild vacuum Driers
fractionator column

Figure 3.3 Modern crude distillation unit consisting of atmospheric and vacuum distillation.

these demands are more sophisticated distillation and other physical separation steps, followed by chemical
conversion steps.

The major limitation of atmospheric distillation is the fact that hydrocarbons should not be heated to very
high temperature. The reason is that thermal decomposition reactions take place above a temperature of
about 630 K. Decomposition reactions (“thermal cracking” or “pyrolysis”) are highly undesirable because
they result in the deposition of carbonaceous material, also referred to as coke, on the tube walls in heat
exchangers and furnaces.

Figure 3.3 shows a typical modern two-column distillation unit, consisting of an atmospheric distillation
column and a column operating under reduced pressure (<0.1 bar) for fractionation of the atmospheric residue.
This advanced distillation requires a substantial amount of energy and, therefore, optimal heat recovery is
essential. Preheating of the feed by heat exchange with the residue, as is done in a simple distillation unit,
is not convenient because the residue is further distilled. Therefore, the crude oil passes through several heat
exchangers, where it recovers heat from circulating reflux streams. This provides an optimal heat recovery
and temperature control system.

The feed enters the first distillation column at 570—620 K, depending on the feedstock and the desired
product distribution. As the vapor passes up through the column heat is removed and the vapor is partially
condensed by the circulating reflux streams, thus providing a flow of liquid down the column. As a result, the
circulating reflux streams also improve the composition of the fractions that are withdrawn as side streams by
establishing a new vapor-liquid equilibrium. The light gas oil side stream is stripped with steam to recover
more volatile components. The kerosene side stream is heat exchanged with the column bottom product. In
this case no steam is used for stripping in order to meet the water content specification for use of the kerosene
as aviation fuel.
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The heavy liquid fraction leaving the bottom of the main fractionator is sent to a mild-vacuum column
for further fractionation. Heat is withdrawn from the vacuum column at various levels by circulating reflux
streams. The residue from the mild-vacuum column may be further processed in a high-vacuum fractionator
to recover additional distillates, which are used as fuel oil or as feedstock for catalytic cracking.

A vacuum column usually has a much larger diameter (up to 15 m) than an atmospheric distillation column
because of the large volumetric flow rate due to the low vapor pressures.

QUESTION:
Packed columns allow larger liquid-gas contact areas than tray columns. Two types of
packing can be applied, that is, a structured and a random packing. What would be the
preferred packing for a vacuum distillation column?

3.2.3 Propane Deasphalting

The coke-forming tendencies of heavier distillation products (mainly atmospheric and vacuum residue)
can be reduced by removal of “asphaltenic” materials (large aromatic compounds) by means of extraction.
Liquid propane generally appears to be the most suitable solvent, but butane and pentane are also commonly
applied. Propane deasphalting is based on the solubility of hydrocarbons in propane, that is, on the type of
molecule, rather than on molecular weight as in distillation. Figure 3.4 shows a schematic representation of
the propane deasphalting process [3,4].

The heavy feed, usually vacuum residue, is fed to the deasphalting tower and is contacted with liquefied
propane countercurrently. Alkanes that are present in the feed dissolve in the propane, whereas the asphaltenic
materials, the “coke precursors”, do not dissolve. Propane evaporates on depressurization and is condensed
and recycled to the deasphalting tower. The remaining deasphalted oil is stripped with steam to remove any
residual propane. The asphaltenic material that leaves the deasphalting unit undergoes similar treatment. The
asphalt residue is then sent to thermal processes, such as visbreaking, delayed coking, and “Flexicoking”
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(Section 3.3). It may also be processed in a hydroprocessing plant (Section 3.4.5) or blended with other
asphalts.

QUESTIONS:
Why would asphalt be the bottom product?
Typical propane deasphalting temperatures are 310-330 K.
What would be the pressure in the deasphalting tower? What would it be for butane
deasphalting (first decide on the best temperature)?

3.3 Thermal Processes

When heating a hydrocarbon to a sufficiently high temperature, thermal cracking takes place. This is often
referred to as “pyrolysis” (in particular in the processing of coal, Chapter 5) and, slightly illogically, as “steam
cracking” (pyrolysis of hydrocarbons in the presence of steam, Chapter 4).

Pyrolysis of coal yields a mixture of gases, liquids, and solid residue (“char”). The same process is applied in
oil conversion processes. In this section three thermal cracking processes are discussed, that is “visbreaking”,
delayed coking, and the more recent “Flexicoking” process. Thermal processes are flexible but a disadvantage
is that, in principle, large amounts of low-value products are formed. This is the reason for innovations like
the Flexicoking process and processes optimized towards the production of certain types of high-quality coke.

3.3.1 Visbreaking

Visbreaking, that is, viscosity reduction or breaking (Figure 3.5), is a relatively mild thermal cracking process
in which the viscosity of vacuum residue is reduced. The severity of the visbreaking process depends on
temperature (710-760 K) and reaction time (1-8 minutes). Usually, less than 10 wt% of gasoline and lighter
products are produced. The main product (about 80 wt%) is the cracked residue, which is of lower viscosity
than the vacuum residue.

Gasoline

/_,\—» Heavy gas oil

Vacuum ) I\

residue

—+~ 730 K
20 bar

Light gas oil

Furnace Reactor Flash Fractionator Vacuum
fractionator

Figure 3.5 Schematic of the visbreaking process.
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3.3.2 Delayed Coking

Delayed coking [2] is a thermal cracking process with long residence times, making it much more severe
than visbreaking. As a consequence, a solid residue, petroleum coke or simply coke, is also formed:

gas
heavy feed liquid
petroleum coke (3.1)

Coke is similar to highly ordered and refractory coal and is typically used as fuel in power plants. Originally,
the goal of delayed coking was minimization of the output of residual oil and other high-molecular-weight
material, but over the years it was found profitable to produce certain types of cokes. A good example is the
production of coke for electrodes, which in fact is the largest non-fuel end use for petroleum coke.

Figure 3.6 shows a typical delayed coking process. The feed to the delayed coker can be any undesirable
heavy stream containing a high metal content. A common feed is vacuum residue. The heated feed is introduced
in a coke drum, which typically has a height of about 25 m and a diameter of 4-9 m. Usually, a coke drum
is on stream for 16-24 hours, during which it becomes filled with porous coke. The feed is subsequently
introduced in the second coke drum, while coke is removed from the first drum with high-pressure water jets.

QUESTIONS:
Explain the names “visbreaking” and “delayed coking”.
In delayed coking gas is formed. Is this also the case in visbreaking? If so, in what stream
in Figure 3.5 is it present?
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Figure 3.7 Schematic of the Flexicoking process.

3.3.3 Flexicoking

The Flexicoking process has been developed by Exxon to minimize coke production [3, 5]. Figure 3.7 shows
a flow scheme of this process. A residual oil feed is injected into the reactor and contacted with a hot
fluidized bed of coke. Thermal cracking takes place producing gas, liquids, and more coke. Coke constitutes
approximately 30 wt% of the cracking products. The coke particles are transported to a heater, which is also
a fluidized bed. The primary function of the heater is to transfer heat from the gasifier to the reactor. Part of
the hot coke is recirculated to the reactor, while another part is fed to the gasifier, which too is a fluidized bed.
Here the coke is gasified by reaction with steam and oxygen (comparable to coal gasification, Chapter 5):

C + 0,/H,0 — H,, CO, CO,, CHy, pollutants (3.2)

The gas leaves the top of the gasifier and flows to the heater, where it serves to fluidize the coke particles and
provide part of the heat required in the reactor. The gas leaving the heater is cooled by steam generation and
then passes through a cyclone and a venturi type gas scrubber for the removal of coke fines. A venturi scrubber
is a device in which dust (in this case coke fines) is removed from a gas stream by washing with a liquid,
usually water. The turbulence created by the flow of gas and liquid through the narrow part of the venturi tube
promotes the contact between the dust particles and liquid droplets. The resulting slurry is separated from
the gas in a separator. Finally, hydogen sulfide is removed from the gas and converted to elemental sulfur
(Chapter 8).

The recirculating coke particles serve as nuclei for coke deposition and as heat carriers. Part of the coke is
withdrawn to prevent accumulation of metals and so on.
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QUESTIONS:
How is the heat required for thermal cracking produced? Guess the composition of the
gases produced. The gases produced are of low calorific value. What is the reason?
Why is a cyclone required in the heater but not in the gasifier?
When the Flexicoking units were built as part of the Exxon refinery in Rotterdam, The
Netherlands, a hydrogen plant was added also. Why?

3.4 Catalytic Processes

Catalytic processes are the pillars of oil processing. In fact, chemists and chemical engineers from this sector
have had tremendous impact on the discipline of catalysis and chemical engineering. The most important
catalytic processes in the oil refinery, in terms of throughput, are fluid catalytic cracking (FCC), hydrotreating,
hydrocracking, catalytic reforming, and alkylation.

3.4.1 Octane and Cetane Numbers

The major part of the oil fractions is used in the transport sector, especially as gasoline and diesel. Table 3.2
gives a survey of the octane number of various gasoline-range hydrocarbons and their boiling points. Table
3.3 gives typical octane numbers of refinery gasoline streams.

QUESTION:
Some octane numbers are larger than 100. Explain why this is possible. From the difference
between RON and MON for the refinery products can you guess the approximate composition
(alkanes, alkenes, aromatics)?

The octane number is a measure of the quality of the gasoline. Modern gasoline-powered cars require a
minimum octane number of 95 or 98 (RON). Gasoline with a lower octane number can cause irreversible
damage to the engine. The amount of gasoline obtained from simple distillation is too low. Therefore, either
high-octane number compounds have to be added or additional conversion steps such as catalytic cracking
and hydrocracking, which convert heavy hydrocarbons into lighter ones, are required. Moreover, the octane
number of “straight-run” gasoline is much lower than required. Therefore, steps like catalytic reforming,
which literally re-forms gasoline-range hydrocarbons into hydrocarbons of higher octane number, and alky-
lation, which combines lower alkenes with isobutane to form high-octane number gasoline components, are
commonly carried out. Moreover, ethers like MTBE and currently especially ETBE as a renewable feedstock
(both RON 118), are added at a level of a small percentage.

Diesel is another important transportation fuel. The diesel equivalent of the octane number is the cetane
number, which in Europe should be at least 49 [6]. The diesel fraction of the hydrocracking process especially
contributes to a high cetane number. Table 3.4 shows cetane numbers of hydrocarbons in the diesel fuel range
and of diesel refinery fractions.

Cetane numbers are highest for linear alkanes, while naphthalenes, which are very aromatic compounds
(Chapter 2), have the lowest cetane numbers. Note that this situation is the opposite for octane numbers (Table
3.2). In general, the more suitable a hydrocarbon is for combustion in a gasoline engine, the less favorable it
is for combustion in a diesel engine (Box 3.1).

QUESTION:
ETBE and especially MTBE are currently seen as a burden for the environment. What is the
reason for this? (Hint: are these ethers polar or apolar?)
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Table 3.2 Octane numbers of various hydrocarbons and typical octane numbers of main
refinery gasoline streams.

Hydrocarbon Octane number® Boiling point (K)
n-pentane 62 309
2-methylbutane 90 301
cyclopentane 85 322
n-hexane 26 342
2-methylpentane 73 333
2,2-dimethylbutane 93 323
1-hexene 63 337
2-hexene 81 341
benzene >100 353
cyclohexane 77 354
heptane ob 371
n-octane <0P 399
2-methylheptane 13 391
2,2,3-trimethylpentane 100" 372
1-octene 35 395
2-octene 56 398
3-octene 68 396
xylenes >100 ~415
ethylbenzene 98 410
1,2-dimethylcyclohexane 79 403
ethylcyclohexane 41 403
methyl-tertiary-butyl-ether (MTBE) 118 328
ethyl-tertiary-butyl-ether (ETBE) 118 345
tertiary-amyl-methyl-ether (TAME) 111 359

2Research octane number (RON).
bBy definition.

Table 3.3 Typical octane numbers of gasoline base stocks.

Gasoline RON? MON?
Light straight-run gasoline 68 67
Isomerate 85 82
FCC light gasoline 93 82
FCC heavy gasoline 95 85
Alkylate 95 92
Reformate 99 88

2Research octane number (RON); the motor octane number (MON) is generally lower, depending on the particular
compound. The difference is particularly large for alkenes and aromatics.
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Table 3.4 Cetane numbers of various hydrocarbon classes
and of main refinery gas oil streams (typical ranges).

Hydrocarbon class Cetane number
n-hexadecane (cetane) 100°
n-alkanes 100-110
iso-alkanes 30-70
alkenes 40-60
cyclo-alkanes 40-70
alkylbenzenes 20-60
naphthalenes 0-20
«-methyl naphthalene 0?
straight-run gas oil 40-50
FCC cycle oil 0-25
Thermal gas oil 30-50
Hydrocracking gas oil 55-60
2By definition.

Box 3.1 Gasoline versus Diesel Engines

The differences between the required properties of gasoline and diesel fuel result from the difference
between the ignition principles of gasoline and diesel engines. In gasoline engines the premixed air/fuel
mixture is ignited by a spark and combustion should proceed in a progressing flame front. Hence,
uncontrolled self-ignition of gasoline during the compression stroke is highly undesired. In contrast, in
diesel engines the fuel is injected in hot compressed air present in the cylinder and self-ignition has to
occur.

3.4.2 Catalytic Cracking

The incentive for catalytic cracking [3, 7-9] is the need to increase gasoline production. Originally cracking
was performed thermally but nowadays cracking in the presence of a catalyst predominates. Feedstocks are
heavy oil fractions, typically vacuum gas oil. Cracking is catalyzed by solid acids, which promote the rupture
of C—C bonds. The crucial intermediates are carbocations (positively charged hydrocarbon ions). They
are formed by the action of the acid sites of the catalyst. The nature of the carbocations is still subject
of debate. In the following it will be assumed that they are “classical” carbenium ions and protonated
cyclopropane derivatives.
Besides C—C bond cleavage a large number of other reactions occur:

e isomerization;
e protonation, deprotonation;
e alkylation;
® polymerization;
e cyclization, condensation (eventually leading to coke formation).
Catalytic cracking thus comprises a complex network of reactions, both intramolecular and intermolecular.

The formation of coke is an essential feature of the cracking process. It will be shown that although coke
deactivates the catalyst, its presence has enabled the development of an elegant practical process.
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Catalytic cracking is one of the largest applications of catalysis: worldwide cracking capacity exceeds 600
million t/a. Catalytic cracking was the first large-scale application of fluidized beds. This explains the name
“Fluid Catalytic Cracking” (FCC). Nowadays, in the actual cracking section entrained-flow reactors are used
instead of fluidized beds, but the name “FCC” is still retained.

3.4.2.1 Cracking Mechanism

Catalytic cracking proceeds via a chain reaction mechanism in which organic ions are the key intermediates.
The role of the catalyst is to initiate the chain reactions.
Alkenes can abstract a proton from a Brgnsted site of the catalyst to form carbenium ions:

H
|
R—CH=CH, +H" ——> R—CH;C* or R—C*—CHy
H H (3.3)

Here, the alkene is a terminal alkene and either a primary or a secondary carbenium ion is formed. Branched
alkenes can also lead to tertiary carbenium ions. The probability for the existence of these ions is not random,
because (i) their stability differs profoundly and (ii) they are interconverted (e.g., primary to secondary). The
relative stability of the carbenium ions decreases in the order:

tertiary > secondary > primary > ethyl > methyl

In reality, these ions are not present as such but they form ethoxy species. For the discussion here it suffices
to treat them as adsorbed carbenium ions.

QUESTION:
Why are ethyl and methyl carbenium ions less stable than other primary carbenium ions?

Alkanes are very stable and only react at high temperature in the presence of strong acids. They react via
carbonium ions with the formation of Hj:

H
|
R—CH;CHg + H* —> R—C!—CH; —> R—(I3+—CH3 + Hy
H H H (3.4)

The ion formed upon proton addition contains a penta-coordinated carbon atom and is referred to as a
carbonium ion. It decomposes easily into a carbenium ion and Hj.

In a medium where carbenium ions are present, transfer of a hydride ion to a carbenium ion can be the
predominant route:

H
|
HaC—C—CHz-CHy~CHp-CHg H3C—CI‘,+—CH2—CH2—CH2—CH3
H + E— H +
HC—G*—CHy-CHy-CHy HaC—GH—CH,-CH,~CHg

CHj CHj (3.5)
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H3C—CH;-CH,-CH,-CH;-CH5-CH, n-Alkane
Initation

HaC—CH-CHyCH,-CH;CHs-CH;  Classical carbeniumion

1

H3C—CI;|/—/CH—CH2—CH2—CH3 Protonated cyclopropane

H*+~ CH, ] ]
$ hydride shlfts+\4 Isomerization
v C-C bond breaking\
HaC—(I3+—CH3 + H,C=CH—CH, H30—(|3H—(+)H—CH2—CH2—CH3
CHj n-Alkene CHs
etc.
i hydride transfer
HoC—CH—CH,
CH4
iso-Alkane

Scheme 3.1  Mechanism for catalytic cracking of alkanes, including isomerization.

The presence of carbenium ions gives rise to a variety of reactions. Isomerization takes place via protonated
cyclopropane intermediates (Scheme 3.1). The essential reaction of carbenium ions in catalytic cracking is
scission of C-C bonds. For example:

CH ¢Hs
HiC—C*—CHyG-CHy —> HiC—C=CH, + TG CHs
CHs CHs CHs CHj (3.6)

This reaction generates a smaller carbenium ion and an alkene molecule. The reaction rate depends on the
relative stability of the reactant and product carbenium ions. When both are tertiary, as in the above example,
then the reaction is fast. However, if a linear carbenium ion undergoes C—C bond breaking, a highly unstable
primary carbenium ion would be formed, and the reaction would be very slow. Therefore, the reaction is
believed to proceed via a protonated cyclopropane derivative as shown in Scheme 3.1.

A number of hydride shifts and the actual C—C bond breaking result in the formation of a linear alkene and
a tertiary carbenium ion. The latter is converted to an iso-alkane by hydride transfer to a neutral molecule.
The neutral molecule then becomes a new carbenium ion and the chain continues. Isomerization of linear
alkanes into branched alkanes can take place in a similar way.

Of course, cracking of isomerized alkanes and isomerization of sufficiently large cracking fragments is
always possible.

The following rules hold for catalytic cracking:

e Cracking occurs on f versus + charge;
e ]-Alkenes will be formed;
e Shorter chains than C; are not or hardly cracked.

QUESTION:
Explain these rules from the reaction mechanism shown in Scheme 3.1. Why is it improbable
that C—C bond breaking of the “classical” carbenium ion would take place directly?
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Figure 3.8 Product distribution in thermal and catalytic cracking of n-hexadecane [10].

This cracking mechanism explains why catalytic cracking is preferred over thermal cracking (Section 3.3
and Chapter 4) for the production of gasoline; in thermal cracking, bond rupture is random, while in catalytic
cracking it is more ordered and, therefore, selective. Figure 3.8 shows the difference in product distribution

resulting from thermal and catalytic cracking of n-hexadecane.

QUESTIONS:
Explain why the product distributions of thermal and catalytic cracking peak at differ-
ent carbon numbers. (Hint: compare the reaction mechanisms of thermal (Chapter 4)

and catalytic cracking.) Are the units of the y-axis correct in Figure 3.8? Alkylation and

polymerization only play a minor role in catalytic cracking. Why?

There are many pathways leading to coke formation. Important reactions are cyclization of alkynes, di- and
poly-alkenes, followed by condensation and aromatization. By these reactions poly-aromatic compounds are

formed, which are referred to as coke. The coke is deposited on the catalyst and causes deactivation.

QUESTIONS:  [n “hydrocracking” the catalyst performs two catalytic functions, that is, hydrogenation of
alkenes into alkanes and cracking reactions are catalyzed simultaneously. Why would the

temperature for hydrocracking be lower than for FCC? Why would the reaction be carried

out at high hydrogen partial pressure?

3.4.2.2 Catalysts for Catalytic Cracking

The types of catalysts used in catalytic cracking have changed dramatically over the years. In the past,
aluminum trichloride (AlCl3) solutions were used, which resulted in large technical problems such as corrosion
and extensive waste streams. Subsequently, solid catalysts were used. From the cracking mechanism described
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Figure 3.9 Growth of catalytic cracking capacity in the United States [10].

previously it is evident that catalytic cracking calls for acid c