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ABSTRACT
INDUSTRIAL ORGANIC CHEMISTRY: A REVIEW
by Lana Alshvang

This thesis addresses a new approach to studying industrial chemistry by conducting a
parallel analysis of laboratory syntheses and industrial syntheses for major classes of
organic compounds. To illustrate the industrial economic issues, the costs of various
synthetic routes (mostly raw materials costs) are compared. The rationale for choosing
specific processes and catalysts is shown for specific examples. The thesis emphasizes
the major objectives of the chemical industry. its economic. environmental. and
operational differences from laboratory synthesis. and the importance of choosing and

optimizing a synthetic route in industry.

Most of this thesis is devoted to two types of reactions most widely used. oxidation and
hydrogenation. Other fundamental reaction types familiar to undergraduates such as
aromatic substitution, dehydrogenation, hydration. halogenation. and etherification are
discussed as well. In addition. significant recent improvements and research findings for
each process are discussed. The thesis gives an overview of petrochemical processes.
Special attention is paid to understanding the role of catalysis in the economics of
industrial processes. in achieving high conversion and selectivity, and in developing new
processes. Finally, major directions for current and future industrial development are

presented.
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Glossary

Common Name IUPAC Name
Acetaldehyde Ethanal

Acetic Acid Ethanoic Acid

Acetic Anhydride Ethanoic Acid Anhydride
Acrylic Acid Propenoic Acid
Acrylonitrile Propenonitrile

Adipic Acid 1.6-Hexanedioic Acid
Adiponitrile 1.4-Dicyanobutane
Bisphenol A 4.4-[sopropylidenediphenol
Butadiene 1.3-Butadiene
Butyraldehyde Butanal

Caprolactam 2-Oxohexamethyleneimine
Cumene Isopropyl Benzene
Ethylene Glycol 1.2-Ethanediol

Ethylene Oxide Oxirane

Formaldehyde Methanal

Methyl Formate Methyl Methanoate
Propvlene Propene

Propylene Glycol 1,2-Propanediol

Propylene Oxide Methyloxirane



Salicylic Acid 2-Hydroxybenzoic acid

Styrene Ethenylbenzene
Terephthalaldehyde 1.4-Benzenedicarboxaldehvde
Terephthalic Acid 1.4-Benzenedioic Acid
Toluene Methylbenzene

Vinyl Acetate Ethenyl Ethanoate

Vinyl Chloride Chloroethene

p-Xylene 1.4-Dimethylbenzene

Note:

Prices shown are average prices of bulk chemicals per Chemical Marketing Reporter.
Dec. 1998 - Jan.1999. Although prices of the reagents used in research laboratory might
be significantly higher due to the lower volume purchased. bulk prices are used for
comparison purposes.



Introduction

Many chemistry students who begin their careers in a chemical industry are involved in
industrial synthesis or a process development scale-up. Therefore. knowledge of standard
industrial processes and understanding goals and principles. as well as needs and current
limitations of the chemical industry is crucial for chemistry students. The content of this
thesis will help to prepare students for a successful start in industry and is a follow-up to

the undergraduate organic chemistry course.

Since no book or review article has been found that specifically analvzes organic
synthesis in industry versus laboratory synthesis for major functional groups. the primary
purpose of this work is to present a new approach to studying industrial chemistry by
conducting a parallel analysis of laboratory synthesis and industrial synthesis for major
classes of organic compounds and giving a side-by-side comparison of organic chemistry
in industry versus organic chemistry in academic laboratory where possible. In addition
to discussions of organic synthetic routes and processes. this thesis emphasizes the major
objectives of the chemical industry. its economic, environmental. and operational
differences from laboratory synthesis, and the importance of choosing a valid synthetic
route in industry. In this thesis. industrial organic chemistry refers to very large scale

*bulk™ organic synthesis. not “fine chemical” synthesis used. for example. in the

pharmaceutical industry.



Finally. the thesis gives an overview of industrial catalysts. a topic unfamiliar to an
average chemistry student. and outlines major avenues of current and future development
in industrial organic chemistry. This will familiarize students with major issues and
concerns of modern chemical industry. The idea of the importance and the key role of
catalysts in an industrial organic reaction penetrates the majority of the course. as modemn
industrial chemistry. for the most part. is designed and driven by catalyst development.
Another purpose of the present work is to review new findings and processes that make a
major impact on the production ot industrial organic chemicals. in both environmental

and cost savings aspects.

Of all the processes tor lurge-scale preparation of organic compounds. oxidation and
hydrogenation arc the most widely used. For that reason. most of this thesis is devoted to
these two types of reactions. Other fundamental reaction tvpes familiar to undergraduates
such as aromatic substitution. dehydrogenation. hydration. halogenation. and
ctherification are discussed as well. In addition. most significant recent improvements
and research findings for cach process are discussed. to highlight tor the reader the
continious search tor better processes. There is still much room for research and

development in industrial chemistry.

A direct side-by-side comparison of industrial and laboratory svnthetic routes.

emphasizing differences between bulk catalytic and small-scale noncatalytic processes is

19



done for some chemicals. To illustrate the industrial economic issues. the costs of various
synthetic routes (mostly raw materials costs) are compared. The rationale for choosing

specific processes and catalysts is shown for specific examples.

Even though the primary purpose has been to analyze industrial synthetic processes, this
could not begin without an overview of petrochemical processes. since petrochemical
teedstock is the origin for almost all organic molecules. Major developments in this area

are summarized from the recent literature.

Since virtually all industrial reactions carried on the large scale are catalytic reactions. the
thesis devotes signiticant attention to understanding the role of catalysts in the economics
of industrial processes. in achieving high selectivity and vield. and in developing new

processes. This work will tamiliarize students with major types of industrial catalysts and

recent revolutionary catalyst-based developments in industrial organic chemistry.

The thesis will attempt to answer the following questions:

e \What are the conditions. limitations. and major reasons for choosing a reaction
pathway in industry versus the laboratory?

e Why are equilibrium. heat transfer. and kinetic considerations so much more
important in industrial synthesis compared to synthesis on the laboratory scale?

e What are major economic and environmental considerations in industrial processes?

L)



Why are they so critical?
e Why do almost all industrial synthetic processes. unlike reactions on the small scale,

involve catalysts?

e \What are the current demands facing modern chemical industry? What are the most

promising alternatives to existing industrial processes?



Goals and Objectives of the Chemical Industry

A. Differences between Industrial and Laboratory Processes

An important step in preparing chemistry students for work in industry is giving them a
basic understanding of the chemical industry. its objectives and principles. and general
differences between laboratory and industry processes. There are significant differences
between laboratory synthesis and synthesis on the large industrial scale. Even if the net
chemical equations are similar. the actual operations and reaction conditions may be
drastically different. For example. let’s compare the hydration of alkenes to form
alcohols. In the laboratory alkenes are hydrated by either oxymercuration (treatment with
mercuric acetate following reduction by sodium borohydride) or hvdroboration (addition
of borane is followed by treatment with basic hydrogen peroxide).' Both procedures work
well on a small-scale but involve costly reagents. They are also two-step processes. which

are less economical than single step processes.

When the industrial process for ethylene hvdration was first developed. it was based on
the laboratory reaction which involved bubbling ethylene into concentrated sulfuric acid
and then diluting and warming the reaction mixture to hydrolyze the sulfate ester
byproduct (Eq 1). In the current industrial process a stream of ethylene is mixed with

steam at elevated temperature and pressure and passed over a solid catalyst consisting of

w



phosphoric acid on a solid support (Eq 2).”

The current industrial process is a significant improvement. both environmentally and
cconomically. Corrosion problems are eliminated. and unreacted ethylene is separated
and recycled. In addition. the modern industrial process is carried out in a continuous

flow fashion that is advantageous over a batch process.

. . HzC:CHZ
H‘_)C:CH: - H:SO; — C2H50—503H —_—
. (1,0
(C;H50),80, —=— C,H;0H + (C,H;),0 + SO;
H-C=CH, - - 0

[cat]

H,C=CH> - H-O

Another example is the manutacture of aspirin. the only drug manutactured on the scale
of industrial chemicals with over 20 million Ib/vr produced in the U.S. An industrial
svnthetic route for the manutacture of aspirin is shown in Scheme 1. Even though the
tinal step is the same in the industrial process and laboratory process. the starting material
used for the laboratory syvnthesis of aspirin is salicylic acid ($1.21/Ib). whereas in industry
aspirin is synthesized from phenol ($0.39/1b).” The difference in raw material cost.
therefore. is $.82 /Ib. To manufacture 20 million Ib of aspirin per vear. a minimum of 20
million Ib of starting materials is needed. Therefore. the economic advantage of

manufacturing aspirin directly from phenol is close to $16.4 million annually. Such



comparisons are only an approximate. because only raw material costs but not process
costs are compared. However. this is a workable approximation. since raw materials costs
typically account for the major part of the production cost for the product. Clearly, the
measure of success in industrial process is its effectiveness and low cost. It's obvious

why phenol. and not salicylic acid. is the preferred starting material in this industrial

synthesis.
Scheme 1
OH O"Na~ OH %)
Co ... _
NaOH CO, O Na 38
—_— — —_—
150 °C
(@)
lcl:
OH (I? Q) QO O’ \CHS
C O
~OHu PRI COOH ¥
E—— + C.
-~ TOH
Salicyclic acid Aspirin Acetic Acid

For most industrial organic synthetic processes. the reactions are not even similar to
familiar classical reactions that are used on the laboratory scale. For example, aldehydes

are commonly prepared in the laboratory by oxidation of primary alcohols with



pyridinium chlorochromate (PCC) in methylene chloride. The industrial synthesis of
acctaldehyde is based on oxidation of an alkene (ethylene) over a solid catalyst in the gas

phase (Egs 3 and 4).”

'—< \: ®

O
\ 3+
3CHy(CHps—CH = 2¢ N+ 20 « 4OH +2CI = 2 H,0
— (3)
O
. [cat] 1]

The obvious differences in processes illustrate that an approach to industrial synthesis is
driven primarily by economic and environmental considerations. First. these reactions use
gaseous oxygen or air as the oxidant instead of PCC ($14/Ib) or another popular oxidative
agent potassium permanganate (S1.20/1b) to avoid high cost and disposal problems. Since
the cost of waste disposal. often fairly high. is a part of the total cost. it affects the
profitability of the process. Therefore. the environmental concern of industrial synthesis
becomes an economic concern and leads to minimizing air and water pollution from

gases and process waste streams.



[ndustrial processes. unlike laboratory reactions. utilize selective heterogeneous and less
common homogeneous catalysts. They often utilize much higher temperatures and
pressures than small-scale reactions. Solvents are rarely used on the large industrial scale,
thereby reducing the costs for raw materials. separation and purification of the solvent for
reuse. and equipment (by maximizing the effective reactor volume). Finally, industrial
scale reactions can be carried out in both batch and continuous fashion and may involve
reactants in both solution and vapor phases. Laboratory reactions familiar to chemistry

students are batch processes only and. as a rule. contain reactants in solution phases only.

The major differences described above reflect the different objectives for industrial and
laboratory processes. In commercial processes. the goal is to manufacture a product to
produce maximum protit. Most often. this translates to having a low production cost. The
scale of any process is optimized to generate the maximum economic return. In addition
to the cost of raw materials. total cost includes capital costs and so-called overhead costs -
utilities. maintenance. and labor. As will be discussed later in this thesis. an industrial

process with the minimum total cost might not generate the product in highest vield.

Direct costs are the largest component of total cost. and raw material costs are largest
component of direct costs. Therefore. minimizing raw materials cost is a major concern
for any industrial process development. In the small scale laboratory. the objective is

usually to synthesize a compound in the highest vield possible. Reaction conditions on



the laboratory scale are limited in temperature and pressure by the glassware and
equipment commonly available. Anything that can help meet this objective will be used,
such as reagent grade chemicals. expensive or hazardous solvents. or lengthy reaction
times. Only after the reaction demonstrates some potential are large-scale issues and

economic questions considered.
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B. The Economics of an Industrial Process

[t is very important to sclect the best process for scale-up development. The process
assessment is based on a rough economic analysis. which compares the economics of all
possible routes to the product. and a technical feasibility assessment based on a general
knowledge of similar reactions. The main consideration that determines whether a project
will be worth pursuing is its return on investment. Return on investment is defined as the
average annual protit divided by total capital investment. Because the success of an
industrial process is determined by initial capital investment versus profit generated.
students need to have a basic understanding of capital costs and factors that affect them.
Caprtal cost is the cost involved in building a plant. and the simpler a process is. the

cheaper will be the plant required running it.®

The factors contributing signiticantly into an increase of capital costs are listed below:

e Muluple step processes - Each separate reaction requires a separate reactor in a large
plant.

e [Extensive separation - Separation of product from byproducts (both stoichiometric
and from unwanted side reactions). unreacted starting materials. and solvents involves
separation equipment. e.g. distillation columns and filters. The more separation that
have to be done. the more time. equipment. and expense is required.

e Use of extremes of temperature and pressure -The further removed are the operating



temperature and pressure from ambient conditions. the higher the capital cost of the
plant will be. Compressors. pumps. and pipes are required for increased pressure. The
use of expensive refrigeration equipment is needed for low temperatures. Achieving
terhperatures above ~ 930 C has special engineering problems associated with it.
leading to extremely high capital costs.’

e Use of corrosive materials - The use of corrosion-resistant equipment usually added

great expense to any process.

e Solid handling - The capital costs associated with handling solids mechanically are

much greater than those tor the handling of liquids or gases.

Due to the large size and complexity of a modern chemical plant. all projects and
processes involve significant capital investment. The chemical industry has a higher
investment of current capital than any other industry.8 Because of their capital intensive
nature. chemical processes are very sensitive to economies of scale. For most processes
the capital cost per annual unit of capacity. and therefore the production cost. decrease as
the scale of operation is increased. There is a gap between the break-even price of
products (when price is equal to total cost) and the lower price at which it’s rational to
shut down the plant. Since economies of scale are only realized if a plant operates at or
near its full capacity. it’s far more economical to run a plant at full capacity even if it

. . 6
means cutting prices.



In order for a process to be protitable the total revenue from the product must be
sufficient to cover all of the costs and generate some profit. Obviously. to maximize
profit. total expenses have to be minimized. The total costs are separated into categories
ot direct and indirect costs. Indirect costs include. for example. general administrative
expenses. Direct costs are directly associated with a product and include direct raw
materials. direct labor. and direci overhead. In chemical industry raw materials account

- . Q
for as much as 70-90% ot total cost.

Another important classification ot process costs involves fixed versus variable costs.
FFixed costs. such as capital expenditures. are determined by the whole production facility
and remain constant regardless a particular project operation. It was noted above that
capital costs are extremely high in the chemical industry. In addition. energy costs are
also high. For example. compression of gases and heating of reactants consumes large
amounts of energy. as does the operation of strongly endothermic reactions. It might be a
surprise to chemistry students. but in the chemical industry energy is produced primarily
by burning either natural gas. heavy fuel oil. or coal.'’ In contrast. clectrical energy is the
primary source of energy used by chemists in laboratory experiments. Therefore.
chemical companies are very concerned about rising fuel costs and are very interested in

. . ~ 10
developing chemical processes that consume the lowest amount of energy.
ping P g

Costs of major importance to a chemist developing an industrial process are variable



costs. which - as the name implies - vary directly with production rate. The predominant
part of variable costs is the cost of the raw materials. When profitability of the plantisa
concern. both variable and fixed costs have to be considered. However. in a discussion
concerning the profitability ot'a particular process or reaction. only variable costs are

relevant.



C. Basic Concepts of Industrial Operations

This portion ot the coursc is intended to introduce the importance of heat transfer and
waste disposal issues in industrial operations. since they are harder to deal with than in
the laboratory setting. Moreover. better understanding of these factors can lead to the
development of more efficient processes. Likewise. the undergraduates will be better
prepared for the “real world’. if they understand the advantages of continuous flow over

batch processes. and the conversion versus vield.

[tis interesting to sce how similar operations in industry and the laboratory create
completely ditterent concerns. For example. whereas heating and cooling are easily dealt
with in the laboratory. on the large scale they present quite major problems. Also. in the
laboratory where batch-type reactions are performed. chemicals are generally transferred
in solution by physically pouring trom one container to another. In industry the transport
of fluids from one location to another occurs through pipes or tubing. Therefore.
principles of mass transter and heat transfer that are not discussed in chemistry courses
are studied in detail in chemical engineering courses. These principles are described by
complex calculations involving many variables since industry. unlike the laboratory,
deals with open systems. In open systems where materials flow into and out of the
process equipment. heat needs be added if the reaction is endothermic. or removed in case

of an exothermic reaction. The complete accounting of all mass and energy in such

15



chemical processes is reterred to as a material and energy balance.

Heat Transfer Requirements of Chemical Reactants

Even though chemistry students learn principles of thermodynamics. they are often not
aware of the significance of heat transfer in industrial processes. In the laboratory
reactions typically are run in 30 to 500 mL flasks. where the surface area of the reaction
vessel is large relative to the volume of the reaction mixture. In such cases the heat of
reaction is dissipated through the walls ot the reaction flask without any difficulty. and
principles ot heat transter are usually ignored. In order to maintain control of the
temperature in large scale industrial reactions. the addition or removal of heat trom the

chemical reactor is necessary.

Chemical reactions in industry are usually carried out in large vessels. Surface area to
volume ratios arc reduced significantly during scale-up. Therefore. temperature control is
much more difficult. A signiticant increase in temperature in the reaction vessel can cause
serious problems. It is well known that the reaction rates typically doubie for every 10 C
increase in temperature. A\n increase in reaction rate increases temperature. and this
increases the reaction rate to an even higher level. leading to a loss of temperature

control.



Heat transfer is not only important during the reaction. but also when the products of a
reaction are removed from the reactor. First. the products have to be cooled down to the
temperature of the surroundings before they leave the plant. Additionally. separation of
the product from unconverted reactants and byproducts is required. All of the major
separation processes. such as distillation. crystallization. and absorption. involve the

addition or removal of energy in the form of heat.

Kinetics

In industry. kinetics is directly related to finding the optimum conditions for achieving
commercially feasible rates. These conditions are so important because they determine
the final flow design. equipment requirements. and economics of the process. For
example. the residence time. temperature. and catalyst requirements determine the type
and dimensions of the reactor required.'’ The ultimate goal of chemical kinetics in

industry is to develop a tundamental rate equation that fits the rate data.

Many of the reactions in the laboratory are carried out in homogeneous systems.
However. most industrial processes involve heterogeneous systems with the reactant
streams passing over a solid catalyst surface. Solid matrices used as catalysts or as
insoluble supports for the catalysts can modify the reaction kinetics due to the additional

processes of diffusion and adsorption. Relative to homogeneous catalysis. there are

17



changes in the activation cnergy resuiting from the modified reaction path. This changes
the kinetics: a well-understood laboratory scale reaction may lead to different products.
Therefore. the properties ot solid catalysts and the methods for their preparation are of

utmost importance for the Kinetics in an industrial process.

Continuous Flow versus Batch Process

The majority of laboratory reactions are carried out in glass flasks. These are batch
operations as opposed to industrial processes. which are typically performed in a
continuous fashion. Because continuous flow operations are predominant in industry.
they deserve some attention in this thesis. Continuous flow. a process of passing a mobile
chemical reagent phase over a stationary catalyst (bed). is used in the majority of
industrial operations. Because continuous flow methods allow for the manufacture large
amounts of compounds. they are used whenever possible. Examples include industrial
scale reactions ranging trom petroleum feedstock production to the relatively small scale
manufacture of fine chemicals. Another significant advantage of the continuous flow
method is the reduction in energy costs compared with batch processes. However, batch
processes still find use in industrial chemistry. In general. continuous processing is
preferred for large scale manufacture and for gas phase reactions on any scale. and batch
processing is used for small scale manufacture except for gas phase reactions.’ Examples

of syntheses of organic compounds performed under continuous flow conditions include

18



such well known industrial processes as the Fischer-Tropsch synthesis of alkanes or the
synthesis of ethanol from synthesis gas (a mixture of H, and CO). and those oxidation.

hydrogenation. and other processes performed with gas phase reagents.

Byproduct and Waste Disposal Issues

[From laboratory experience. organic chemistry students learn that aimost any synthetic
procedure is accompanied by undesirable byproducts. Byproducts may be difficult or
expensive to remove. For example. the monochlorobenzene process for phenol gives a
high yield of phenol. but is inefficient from the point of view of raw materials usage. In

addition to phenol. low value sodium chloride is produced (Eq 3).

+ HCl - 1720, —2%
o T2 250°C
Cl OH
+ H,O + HCl1 5)
¥ Soo'c " <)

Addition reactions are more atom-economical than substitution reactions. since there are
no stoichiometric products formed in addition reactions. Addition reactions incorporate

all of the atoms of the reactants into the product and. therefore, are highly atom-



economical. Atom economy retfers to maximizing a number of raw materials that end up
in the product. Trost'~ emphasizes the necessity of etficient syntheses that minimize the
depletion of raw materials and the generation of waste by maximizing atom economy.
Becaqse of the ability ot transition metals to add to nonpolarized unsaturated systems.
transition metal catalysts permit development of a large variety of catalytic processes
with high atom economy. For example. a more economical method of phenol synthesis
involves direct air oxidation ot benzene in the presence of acetic acid catalvzed by Pd(II)
(Scheme 2). The reaction proceeds via formation of phenyl acetate which is hydrolyzed to
phenol and acetic acid. Acetic acid is recycled. and the net result of this reaction is an

addition of an oxygen atom to benzene. No atoms are wasted.
Historically. atom economy was not a major concern for the chemical industry. With

increasing costs for waste disposal. it is inevitable that atom economy will become a

more important design consideration in the future.

20



Scheme 2

1
CH3;COOH OCCH;

OH
. H,0

Heat

Toda}; the environmental consequences of chemical production are considered right from
the beginning ot every new process development. To satisfy the environmental
requirements of tederal and state regulations. separations and/or waste treatments need to
be performed. since waste strcams can no longer be simply discarded into the air or water
near the plant site. A\ synthesis that results in extremely poisonous byproducts. even in
small amounts. i1s otten abandoned. since the risks and costs in handling these compounds
in commercial quantities may be too high.l3 These problems may be avoided by using
catalysts in place of hazardous reagents that generate waste streams and cannnot be
recovered easily. For example. palladium (Pd) catalysts in industrial hvdrogenation
rcactions can substitute for lithium aluminum hydride (LiAIH,) or sodium borohydride

(NaBH,) reducing reagents that generate significant waste streams.



Finally. in addition to the reaction byproducts. unreacted starting materials can also
generate a waste stream. if the reaction does not go to completion. Starting materials can

be separated from the product and recycled. but this requires additional capital costs.

Conversion, Selectivity, and Yield

The relationship between conversion. selectivity. and vield is critical and deserves
explanation. In undergraduate laboratory synthesis. obtaining the highest vield is the
major goal. In industry. the objectives are to get the highest possible selectivities.
Because vield is defined as the mathematical product of the conversion and the
selectivity. it will be maximized when conversion and selectivity are maximized."
Conversion measures the extent of reaction (on a scale of 0.0 to 1.0) and is defined as a
fraction of the starting mateiral that has been converted to product. Selectivity measures
the purity of the product (also on a scale of 0.0 to 1.0) and is defined as a ratio between

the quantity of the desired product and the total quantity of the products synthesized.

[t is important to remember that there is no right or wrong balance of selectivity.
conversion. and vield. It all depends on the production goals and is driven by maximizing
the economic return ot the production plant. For example. in situations ot high sales
demand it might be more beneticial to produce as much product per day as possible for

the expense of low conversion. causing considerable waste of raw materials. Still. in the



majority of cases. chemical plants operate at highest conversion conditions to minimize

costs of raw materials.

High selectivity is often achieved at the expense of low conversion. or high conversion is
achieved at the expense of low selectivity. Conversion might be sacrificed to produce a
pure product. and a product with impurities will be obtained if high conversion is needed.
Traditional synthetic organic chemistry seeks to maximize both conversion and
selectivity (thereby maximizing yield) by optimizing the ratio of reactants. selecting a
more favorable solvent. or applying low temperatures. even if this would mean long
reaction times. Catalysts may be used. but usually they are homogeneous. Typically,
industry uses heterogencous catalysts with high activity and high selectivity.
Heterogeneous catalysts may cost more to develop and may be less general than
homogeneous catalysts. but they are easily recovered and better suited for industrial

reaction conditions.

Summary: Steps in Devclopment of an Industrial Synthetic Process

Since chemists are involved in the development of a reaction from a laboratory scale to

an industrial process. the industrial economic and operational principles discussed earlier

will be summarized.

~N
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First. the reaction conditions for a sufficiently high production rate per unit volume must
be found. Then. a reactor type that can be used on a large scale needs 0 be found. Reactor
conditions have to be optimized with respect to conversion and selectivity. Next. the best
purification routes and mcans of byproduct disposal have to be determined. Sometimes
byproducts can be converted into useful compounds. or they can be converted into
harmless wastes such as carbon dioxide and water. An important design decision is
whether to carry the reaction to (virtually) complete conversion. which is common
practice in the laboratory. or to choose an intermediate degree of conversion in order to
obtain a higher selectivity. Only after all these steps have been completed can the costs
for the process be estimated.'” Recall that such costs include capital. raw materials.

utifity costs. maintenance. and labor costs.

The economic value ot a product will have a significant influence on the design and
operation of the chemical process. Even the selection of the separation methodology will
be strongly intluenced by the economic value of the products being isolated. For
example. for production of n-butane with price of $.10/1b. expensive equipment for the
separation process can't be used. Generally. the lower the economic value of the product.
the more important it is to select a process with the lowest possible energy consumption

and lowest possible purification costs.



[I. Fundamentals of Industrial Catalysts

Chemistry students usually lcamn little about heterogeneous catalysts in their coursework
and are not completely aware of the role of catalysts in modern synthetic organic
processes. To give the readers an idea what really drives the field of industrial chemistry,
catalyiic function. types of catalysts used in industry. and how catalvtic research and
development is solving problems in modern industrial processes will be discussed. Rather
than explaining mechanisms ot catalysis in depth. which is actually a prerogative of
organometallic/inorganic chemistry. we will attempt to give a general overview of
catalysis sufficient for good understanding of the most important industrial organic

reactions.

The definition and a major role of catalysts in an organic reaction is well known.
Catalysts are substances that are recovered unchanged at the end of the reaction and affect
the reaction by increasing the rate of the overall reaction and providing a reaction path
with a lower activation energy. It is important to remind ourselves that the free energy
profile in the presence of a catalyst is different than the uncatalysed reaction. because the

catalyst introduces the new pathway that changes the mechanism of the reaction

(Figure 1).
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Figure 1. Energy diagram tor catalyzed and uncatalyzed reactions. Reprinted from ref.
16. Copyright 1994 Shriver. AG” - Gibbs energy of activation: AG? *Gibbs free energy of
reaction.

The major functions of a catalyst can be illustrated with carbonylation reactions as an
cxample (Figure 2). The rhodium (I) complex which serves as a catalvst coordinates to
methy! iodide obtained trom methanol. the starting material for the reaction.'” Figure 2
shows the conversion ot methanol and CO to acetyl iodide. which hvdrolyzes to acetic
acid in the next step. After the rearrangement occurs and another CO molecule
coordinates to rhodium. acetyl iodide dissociates. leaving the metal fragment free to bind
a new molecule of substrate and go around the catalytic cycle again and again. The
regeneration of catalyst is the feature that distinguishes it from a simple reagent. A mole

of catalyst may typically convert up to thousands of moles of starting material into the



product. before the catalyst is destroyed in a side reaction. For both economical and
environmental reasons. catalysts that do not generate waste streams are used in place of

expensive and often hazardous laboratory reagents.
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Figure 2. Formation of acetic acid by carbonylation of methanol. Reprinted from ref. 16.
Copyright 1994 Shriver.

Unlike raw materials for industrial processes which are chosen primarily for their low
. . . . 18
cost. the cost of catalysts usually is not an important consideration. ~ Catalysts are chosen

for their conversion of starting material(s), their selectivity for a desired product. and



their longevity.'® The lack of selectivity can increase the raw material consumption. as in
the case of oxidation of ethylene to ethylene oxide by metallic silver (Scheme 3).

[nitially. molecular oxygen is adsorbed on the silver and reacts in this form with ethylene
to vield ethylene oxide. The atomic oxygen generated normally cannot be regenerated
back to molecular oxygen or produce more ethylene oxide. As shown in Scheme 3, step 3
consumes 20% of ethylene in order to regenerate Ag metal. Therefore. maximum possible
vield of ethylene oxide (based on ethvlene) in this reaction cannot exceed 80%. In
addition. formation ot CO, in a side reaction is more thermodynamically favored than
formation of ethylene oxide. Thus. a reasonable commercial yield can be achieved only

due to the development of an efficient catalytic system with strong selectivity for

. 19
cthylene oxide.

Scheme 3

(Step1) [Ag] +O>, —» [Ag}O>ads
(Step2) [Ag}O-ads + H,C=CH; ——» HgC\—/CHz + [Ag]O ads

(Step3) +4[Ag}Oads +H.C=CH; —— 2CO + 2H.O + 4[Ag]

(Undesired Side Reaction) [AgFO;ads +2CO —» 2 CO, + [Ag]

The increasing use of catalysts has a tremendous impact on the industrial economy. Of



the 700 billion pounds of chemicals produced annually in the US. more than 60% are
produced with the aid of catalysts. On average, 1 Ib of catalyst produces about 1500 Ib of
chemicals. In 1997 the total world market for catalysts was more than $10 billion. with

the US share of more than S3 billion.>®

There are three important types of industrial catalysts in the US. They are used for
petroleum refining. chemical processing, and for the control of automobile emissions.
Petroleum refining catalysts arc the cheapest and are dominated by acid catalysts used.
tor example. for alkylation. The acid catalysts account for 90% by weight. but only for
30% of the cost ot all catalysts sold annually. It should be noted that the new solid acid

.~ . . 2
catalysts developed to satisfy environmental demand are more expensive. '*2°

Acid-base catalysis is one type of catalysis that might be already familiar to the reader.
Acid catalyzed reactions are so important in industry that a significant portion of
contemporary catalytic development has been directed to solid acid and superacid
catalysts for major industrial processes. Well-known acid-catalyzed reactions include the
Friedel-Crafts alkylation ot benzene. hydration of alkenes. and esterification. Some of

this development work is discussed in the last part of this thesis.

The majority of the modern acid-catalyzed industrial reactions utilize heterogeneous

catalysts. The acid-base reactions occur at solid surfaces with high surface area to volume



ratios. Widely used examples are silica/alumina catalysts. They can act as both Bronsted
and Lewis acids. Remember that Lewis acids are defined as electron pair acceptors. and
Bronsted acids are detined as proton donors. Even though silica surfaces themselves are
not Lewis acidic sites. Lewis acidity increases tremendously when Al atoms replace some
of the St atoms in SiO0,. An aluminum atom in an aluminosilicate is an electron pair
acceptor. because it has only six electrons in the outer shell and has room tor eight. For

example. the cracking catalyst. SiO5/Al,0;. is a strong Lewis acid.

Because aluminum occurs as Al (III). its presence in place of tetrahedrally coordinated Si
(IV) in an aluminosilicate creates an excess of negative charge. This excess of charge is
neutralized by cations such as Na~ or Ca”” attracted to the surface. If the cation is H™. the
aluminosilicate can become a Bronsted acid with acidity as strong as that of concentrated
H.SO, (Figure 3).”' Such catalysts have replaced sulfuric acid in many industrial
reactions. eliminating the problems ot hazardous waste disposal and corrosion of reactor

materials.
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Figure 3. Bronsted acid sites in zeolites. Reprinted from ref. 16. Copyright 1994 Shriver.

Zeolite catalysts arc the most powertul of all silica/alumina catalvsts. Their alumosilicate
framework encloses 3-dimensional cages and tunnels with cations of group (I) or (II)
trapped inside. Zcolites torm in nature trom the reaction between volcanic glass and
saline water. but natural zeolites have high degree of contamination and cannot be used as
catalysts. Over 150 synthetic zeolite types have been prepared and characterized. each
having specific internal contiguration and specific chemical properties on the inner

-

surface of the cages.™



The zeolite-based catalysts play an important role in the reactions ot hydrocarbons and
the alkylation ot aromatics as well as in redox reactions. A new zeolite ZCM 5 with a unit
cell of 288 atoms is one ot'a new class of sophisticated catalysts with high activity.
Three-dimensional crystal structure of ZCM-5 consists of intersecting channels

(Figure 4). The high selectivity of ZCM 5 is attributed to the shape of its channels where
reactive intermediates are oriented in a certain way which favors specific product
formation. In the isomerization ot m-xyvlene to p-xylene. for example. ZCM-5 acts as a
Bronsted acid catalyst by donating a proton for carbocation formation and is highly
selective for p-xvlene (| .4-dimethyibenzene) (Eq 6). ZCM-5 also catalvzes the
conversion ot methanol to gasoline and the synthesis of aromatic hydrocarbons from

saturated hvdrocarbons.™”

Figure 4. [ntersecting channels in ZCM-5. Reprinted from ref. 16. Conyright 1994
Shriver.
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Catalysts may be classitied as cither homogeneous or heterogeneous. depending on
whether they operate in a single phase or at a phase boundary. Heterogeneous catalysts
are used extensively in industry for several reasons. Many of the solid catalysts are robust
at high temperatures and. theretore. are stable under a wide range of operating conditions.
[n addition. uniike homogencous catalysts that can be added easily to a reactant system
but may be ditticult to remove trom the products. heterogeneous catalysts have the great
advantage of being casily separated from the reactant systems. Catalytic effect for
heterogeneous catalysts is determined not by the amount added. as in case of
homogeneous catalysts. but by surtace area which is relatively easy to enlarge due to

MICroporous structure.

Most discoveries in catalytic processes were made in the laboratory with homogeneous
catalysts. Heterogeneous catalysts were substituted. where possible. for the industrial
scale-up. To satisfy environmental requirements. recent research etfort is directed to
developing more ettfective heterogeneous catalysts to replace hazardous and corrosive

homogeneous catalysts. IFor example. in the proton-catalyzed hydration of ethylene.



where sulfuric acid has long been used as a homogeneous catalyst. phosphoric acid

. . . . 24
adsorbed into porous matrix cclite is now used instead.

Heterogeneous catalysts cannot just be mixed into reaction mixture. as in the case with
homogeneous catalysts. {eterogeneous catalysts require a certain reactor design. Usually
fixed or fluidized beds arc used. Fixed bed reactors simply utilize a catalyst packed into a
column. Fixed beds are practical when the catalyst has a long lifetime. If the catalyst has
to be removed for frequent regeneration. the shutdown of production can become rather
costly. [n this case fluidized bed catalysts are used. In the fluidized bed a catalvst is
present in the powder torm and is fluidized by the gas flow. Therefore. the heterogeneous
catalyst in these systems behaves and is handled as a liquid. It can be mixed easily and
withdrawn from the reactor for regeneration in continuous flow. Fluidized beds are
valuable in exothermic or endothermic reactions where accurate control of temperature is

important. The catalyst particles move rapidly. helping to dissipate the heat and establish

h

. 2
constant temperature throughout the entire reactor.

Metals or metal oxides catalysts represent the majority of heterogeneous catalysts. Metals
catalyze both reduction and oxidation reactions by alternating between two oxidation
states (Cu™ 'Cu”. Co’/Co”". Mn>/Mn*". and Pd*"/ Pd®). Most advances in this type of
catalysts involve improvements in selectivity. For example. first ammoxidation

(oxidation in the presence of ammonia) catalyst for acrylonitrile gave 6% vields (Eq 7).



This was later increased by bismuth phosphomolybdate to 65%. This improvement made
the process economically viable. A further increase in vield to 80% was achieved by
using a uranium oxide catalyst. New proprietary catalysts have raised the yield even

,
further.”®

cat.
‘CH,=CH—CH; + NH; + 320, featl CH,=CH—C==N + 3 H,0

Acrylonitrile (7

Transition metal catalysts represent a class of coordination catalysts. Transition metals
catalyze reactions by forming coordinated complexes with ligands. The most active
among coordination catalysts are rhodium catalysts. Rhodium phosphine complexes
catalyze carbonylation of methanol to acetic acid. which is believed to proceed via a
rhodium/iodine/carbon monoxide complex (Figure 2. p. 27)."” The new thodium catalyst
has made the process commercial. reducing costs tremendously by allowing the reaction
to occur at much lower pressure. In general. coordination catalysts may be either
homogeneous or heterogeneous in such major industrial processes as oxidation.
carbonylation. or hydrogenation. Wacker oxidation of ethylene to acetaldehyde catalyzed
by Pd.(Il) is a good example of a process first developed for the homogeneous reaction
(Scheme 4). An understanding of the homogeneous reaction mechanism then allowed for

the development of a heterogeneous catalyst.
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Scheme 4

.- iCH. 1° l’CH.
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!
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PdCl; Pd = 2CI

Reprinted from ret. 27. Copyright 1979 Applied Science Publishers.

Overall. the importance of catalysts to society is based on their great financial impact in
the production of broad range of products that are vital to our quality of life. In addition,
they play an increasingly important role in the search for alternative sources of energy
and the search for improvements in environmental protection and control. Catalysts are
one of society’s most important strategic tools for the science and technology of the

future.



[11. Synthetic Processes for the Top Volume Organic Chemicals

A. Highest Volume Organic Chemicals

Out of total of 750 billion pounds of top 50 chemicals produced annually. the total
organic volume was 286 billion pounds in 1997.% Thirty of the top 50 chemicals and 68
of the top 100 chemicals are organic.® These chemicals form the backbone of the so-
called heavy organic chemical industry. They are large volume commodity chemicals
such as ethylene and propylene as opposed to specialty chemicals such as
pharmaceuticals and dycs. Many of the highest volume organic chemicals are monomers.
including ethylene. propyiene. vinyl chloride. styrene. terephthalic acid. formaldehyde.
ethylene oxide. ethylene glycol. phenol. butadiene. propylene oxide. acrvlonitrile. vinyl

acetate. adipic acid. and caprolactam.

Some of the chemicals have only one major use. For example. ethvlene dichloride is the
synthetic precursor of vinyl chloride used as a monomer for widely used polyvinyl
chloride (PVC) (Eq 8). and ethylbenzene is used to make styrene (Eq 9). p-Xylene is
converted primarily into terephthalic acid used for polyester fiber production (Scheme 3).
Cumene is converted to phenol and acetone (Eq 10). Cyclohexane is used primarily to

make adipic acid (Scheme 6) and caprolactam (Eq 11) for manufacture of nylons.



CH>=CH, + Cly —— CICH,CH,Cl — H,C=CHCI + HCI ®)

CH,CH; CH=CH,
cat.
9

(CH;)»C—0OO0OH OH
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O- ~ dilute H-SO,
- | I erpr— + (CH;3),CO
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0 NOH
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The two most important organic chemicals. ethylene and propyiene. occupy positions

four and nine on the “Top 30 list” with annual production ot 51 and 27.5 billion pounds

respectively. Benzene. the third most important building block. occupies position number

sixteen with 16 billion pounds produced.g'26 Ethylene. propylene. and benzene are

produced in such high volume. because they are used in production ot the major organic

chemicals shown in Table I.

Table 1. Ethylene. benzene and propylene and their major derivatives

Compounds derived
from ethylene

Compounds derived
trom benzene

Compounds derived
from propviene

Acetaldehyde
Acetic Anhydride
Ethanol
Ethanolamines
Linear alpha olefins
Perchloroethylene
1.1.1 -Trichloroethane
Acetic Acid
Ethviene dichloride
Ethyibenzene
Ethylene Oxide
Ethylene glycol
Styrene

Vinyl chloride
Vinyl acetate

Aniline

Bisphenol A

Cumene
Cyclohexanol
Ethylbenzene

Linear alkylbenzenes
Nitrobenzene

Phenol

Cyclohexane

Maleic anhvdride

40

Acetone cyanohydrin
Butyraldehyde
Hexamethylenediamine
Propylene glycol
Cumene

Propylene oxide
Acrylonitrile

Acetone

[sopropyl alcohol



Like ethylene and propylcne. some of the top 68 major organic chemicals are produced in
petroleum refinery reactions. Other top organic chemicals are manufactured by such

familiar chemical reactions as oxidation. hydrogenation. hydration. aromatic substitution

and halogenation.

Both standard and novel reactions and processes for top U.S. organic chemicals are
discussed in this section along with recent breakthroughs in development driven mostly
by economic and environmental factors. The industrial processes are compared to

classical laboratory synthetic reactions. and the reasoning behind significant differences

in processes is thoroughly analvzed.
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B. Raw Materials for Chemical Industry (Overview of Petroleum Refining

Reactions)

Approximately 90% (by weight) of the organic chemicals used worldwide are produced
from petroleum and naturai gas. Others come from coal. fats, oils and carbohydrates, and
natural products (examples are sterols and alkaloids).*® Since the majority of raw
materials for chemical industry are petroleum-based. a basic overview of petroleum

refinery reactions should be presented to the reader.

Refining is a combination ot physical and chemical processes by means of which crude
oil is converted into usctul products. The chemical industry consumes only 6% of
refinery products in the US. The rest serves the gasoline industry.”® A major objective of
a petroleum refinery is to raise the octane number of gasoline to prevent knocking.
Octane number is measured on a “knockmeter™ scale under the engine test conditions.
along with isooctane and n-heptane which are used as reference fuels. The octane rating
of the fuel reflects the ability of the unburned gases to resist spontaneous autoignition.
The autoignition is caused by the products of pre-flame reactions and happens before the
normal combustion occurs. The reactions are initiated by tormation of alkyl radicals that
create unsaturated oxygen-containing intermediates and eventually lead to formation of
hydroxyvl and atomic oxygen radicals that start the autoignition. Since secondary C-H

bonds are weaker than the primary C-H bonds of methyl groups. straight chain alkanes



undergo pre-tlame reactions more easily than branched alkanes with a large number of
methyl groups. This explains why resistance to knocking increases with branching but
decreases with increasing chain length or ring size. Octane number is the lowest for
unbranched alkanes (~0) and the highest for aromatics (>100). Theretore. major refinery
products for gasoline industry are branched and aromatic hydrocarbons. which are mixed
with straight chain alkanes to satisfv octane number of 90-100 required for modern

L9
engines.

Refining begins with fractional distillation of the crude oil. The resuiting fractions are
shown in Figure 5. The gasoline fractions are then subjected to a number of reactions.
most important of which are stcam cracking. catalytic cracking. catalytic reforming,

isomerization. and metathesis.

Steam cracking of alkancs is a process of major importance for the chemical industry.
since it produces the basic starting materials (ethylene. propylene. and C, olefins such as
butadiene) for a wide range of organic chemicals (Figure 6). Steam cracking is a major
source for ethylene. which is required in the quantity of approximately 40 million tons
annually worldwide.” The cracking proceeds via free radicals and involves the steps

shown in Scheme 7 for the formation of ethylene.
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Scheme 7

CHsCH3 — CHS- - C'H_;. Initiation
CH3CH3 - CH_;. —> CH‘ + CH3CH2. N
CH;CHy — I.C=CHy + H” ] Propagation

H + CH}CH_; — [{2 - CH_*,CH:. _J

2CH;CHy — CH;CH-CHACH;
CH;CHy + H* —» CI;CH;

Termination

Unlike steam cracking. catalytic cracking is only a minor source of ethylene and mainly
produces molecules with five to tweive carbon atoms (suitable for gasoline) from larger
molecules. Catalytic cracking is not a major route to petrochemicals. but it is a primary
source of gasolino::.Sl Acidic zeolites are used as catalysts for catalvtic cracking. Besides
providing acid catalysis. the catalysts also facilitate formation of branched chain and
aromatic molecules in this reaction. Catalytic cracking is an excellent example of the
important contribution catalvsts can make to the improvements ot conversion and
selectivity. For example. owing to introduction of new synthetic zeolites of ZCM-5 type,
the “residue™ fraction from the vacuum distillation of crude oil. which previously was
wasted since it deactivated the catalysts. now is used as feedstock for catalytic
reforming.lS This has led to tremendous improvement in the economics of the catalytic

cracking process.
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Basic aromatics (benzenc. tolucne. xylenes) are produced from petroleum by catalvtic
reforming. Catalytic retorming dehydrogenates both straight chain and cyclic aliphatic
hydrocarbons to aromatics to improve the octane number of the gasoline. It is the most
widely used refinery reaction in the U.S.. supplying aromatic hvdrocarbons for chemical
industry as well. A dual function catalyst. platinum-on-alumina. is used.’” It has both
acidic and hydrogenation-dchydrogenation properties. Platinum is the hvdrogenation-
dehydrogenation component. and the alumina treated with HCI or HF acts as an acid
component. The two most important reactions are dehydrogenation and isomerization
(Scheme 8). [somerization converts linear alkanes to branched alkanes. Dehvdrogenation
converts linear alkanes to ¢yclic alkanes and cyclic alkanes to aromatics with formation
of molecular hydrogen (the tormer is called dehydrocyclization). The dual function
catalyst is essential here. The dehydrocyclization equilibria are driven to the product side
by the subsequent aromatization reactions. Resonance stabilization thermodynamically
drives the aromatization. The dehydrocyclization is a rate-determining step.

Both cracking and retorming processes can be technically considered dehydrogenation
reactions. and. as such. make dehydrogenation the most important reaction carried out

industrially.
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Scheme 8
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[somerization is used to convert straight chain to branched-chain compounds for
subsequent use in alkylation reactions. n-Butane is converted to isobutane over aluminum
chloride and hydrogen chloride as catalysts. This catalytic combination creates a very
strong hydride-abstracting agent to generate a carbocation (Eq 12). The overall reaction is
a chain reaction. oniy small amount of carbocation needs to be generated. The reaction
favors isobutane formation. since branched alkanes have greater thermodynamic stability
than linear alkanes. [somerization of C; and higher alkanes is carried out over platinum-

- - . . . 29
on-alumina catalysts similar to those used in catalytic reforming.

C4H;y + HCl + AICl; — = C,Hy* + AICl, + H, (12)
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Metathesis is used to disproportionate. then recombine alkenes from longer carbon chain
to shorter carbon chain. ¢.¢. to convert cheap propylene into higher value ethvlene and
butylene (Eq 13). Since the reaction is reversible. it makes it possible to interchange
between major alkenes. [For example. if there were a shortage of propylene. the process
could be run in reverse with the same catalysts and yield propylene by combining
2-butene and ethylene. The shift of equilibrium to the left may be achieved by using a
large excess of ethylene. in accord with Le Chatelier’s Principle.33 The ethylene must.

of course. be recyvcled it'it is used in excess.

2 CH,=CHCH; CH;=CH; + CH;CH=CHCH;
Propylene Ethylene 2-Butene (13)
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C. Reactions

Oxidation

Here the term “oxidation’ is used in the traditional organic chemistry meaning. e.g. a
reaction that either decreases the hydrogen content or increases the oxygen. nitrogen, or
halogen content. Once again. there is a significant difference between larger scale
industrial oxidation and smaller scale conventional laboratory oxidation reactions. Even
pharmaceutical preparations resemble laboratory processes utilizing potassium
permanganate. sodium dichromate. chlorine. or sodium hypochlorite as reagents.
However. if hundreds ot thousand of tons of a chemical are produced annually. it is more
reasonable to spend more on research and development of other methods of manufacture

to find cheaper reagents and methods of synthesis.

Air is the cheapest oxidation reagent and is used for many industrial large-scale
processes. Oxygen is used only in processes where air cannot be used. since oxygen.
unlike air. is not free. Its cost includes the cost of cryogenic condensation of air and the
subsequent (fractional) distillation of oxygen from the liquid air. There are two major
types of oxidation by air or oxygen in industry. free radical liquid phase oxidation and
non-free radical liquid phase or gas phase oxidation. The range of gas phase

heterogeneous oxidation reactions has been troadening tremendously in the recent years
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with the development ot environmentally friendly heterogeneous catalysts.

Both types of oxidation are represented below with the examples of processes for the top
U.S. organic chemicals. Examples of oxidation by a free radical mechanism include the
syntheses of phenol from cumene. cyclohexanol/cyclohexanone from cyclohexane. adipic
acid and caprolactam from cyclohexanol/cyclohexanone. and terephthalic acid from p-
xylene. Large scale processes proceeding by non-free radical mechanism are illustrated
by the Wacker oxidation ot cthylene to acetaldehyde or vinyl acetate. the oxidation of
cthylene to ethylene oxide. the oxidation of propylene to propylene glvcol and

acrylonitrile. and the oxidation of toluene to phenol.

Free radical oxidation belongs to the most important class of free radical reactions. chain
reactions. Chain reactions consist of three types of reactions. initiation. propagation. and
termination. The propagation steps occur in cyclic fashion thousands or even miilions of
times for every initiation or termination step. Gas-phase free radical oxidation is much
less selective than liquid phase oxidation and gives a mixture of products rather than a
dominant product in a high yield. Therefore. all free radical oxidation reactions discussed
below proceed predominantly in a liquid phase. In addition to direct oxidation. alternative
carbonylation routes are discussed for some processes in this part of the thesis, since

carbonylation can be considered an oxidation reaction (if the oxidation state of the carbon

monoxide is ignored).



Alcohols and Ketones

Many materials in industry are oxidized in the liquid phase by oxygen (usually as air)
which acts by a tree radical mechanism. Even though these processes can proceed
without a catalyst. homogeneous catalysts. typically metal salts. are usually used in
industrial processes to accelerate the reaction. The oxidation of cvclohexane to a mixture
of cyclohexanol and cyvicohexanone is an example of the industrial process for

manufacture ot alcohols and ketones trom saturated hvdrocarbons.

The production of ¢yclohexanol/cyclohexanone mixtures is usually carried out as a part
of an operation to make adipic acid or caprolactam for the manufacture of nylon 66
(polyhexamethylenediapamide) or nylon 6 (polycaprolactam) respectivelv. Nvlon 6.
produced by caprolactam self-condensation. is widely used in clothing and tor molded
plastic parts. Nvlon 66 is the starting material for fibers used in the textile industry as
well as other industries. The numbers used to designate nvions refer to the number of
carbon atoms in the diamine and the acid monomers. as in the case of Nylon 66. If only

one monomer is used. then only a single digit descriptor is necessary.
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The chain reaction proceeds via formation of hydroperoxide (Scheme 9).** The free
radical produced in the initiation step combines with oxygen. resulting in formation of the
peroxy radical. In the propagation step the peroxy radical abstracts hvdrogen from
another molecule of cyclohexane. leading to formation of hydroperoxide and cvclohexyl
radical. The oxygen-oxy¢en bond in hydroperoxide is weak and easily undergoes
cleavage. Hydroperoxide undergoes further propagation reactions to torm cyclohexanol

and cyclohexanone. At the termination stage free radicals are destroved.

The products ot cvclohexane oxidation. cyvelohexanol and cyclohexanone. are oxidized
more readily than cyvclohexane. In order to minimize further oxidation and achieve the
maximum selectivity. cyclohexane conversion is limited to 10%. The excess of
cyclohexane is recycled. Oxidation is carried out with air. at 150 -160 'C and 8-9 atm
pressure in the presence ot a cobalt salt catalyst. Low conversion allows to achieve up to
85% of the cvclohexanol and cyclohexanone selectivity (in ratios ranging trom 1:1 to
2:1). Cylohexanol may be turther dehvdrogenated to cyclohexanone at 425 C and
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atmospheric pressure with metallic catalysts such as zinc or copper (Eq 14).”

(14)



[t is worth mentioning here that. in addition to oxidation from cyclohexane. cyclohexanol
and cyclohexanone are also produced by hydrogenation of phenol.ss The low cost of raw
materials (the bulk price ot cyclohexane is $0.13/1b. and that of phenol is $0.40/1b) and
the high production volume make the process highly economical. Commercial prices of
$0.73/1b for cyclohexanone and of $0.83/Ib for cyclohexanol easily cover raw materials

costs and process costs and still generate profit.

Unlike industrial reactions for alcohol formation. small scale syntheses of alcohols do not
utilize alkanes as starting materials. The low reactivity of alkanes under ordinary lab
conditions is the tundamental problem. On the small scale alcohols are usually obtained
from halides by hydrolysis or trom alkenes by hydration. Other laboratory methods for
alcohol formation include the reduction of aldehydes. acid chloride. ketones. carboxylic
acids. and other expensive starting materials. These reduction reactions use expensive and
often hazardous laboratory reagents. such as sodium borohyvdride (NaBH;. $19.10/1b) or
lithium aluminum hyvdride (LiAIH,. $314.00/Ib) in the presence of solvents. Some of

these reactions are analyzed below in the part of the thesis devoted to hydration.

Ketones are synthesized in the laboratory from secondary aicohols using bleach (sodium
hypochlorite) or more expensive Jones reagent. CrO; in aqueous sulfuric acid ($11.20/1b).
The least expensive raw materials for ketone synthesis in the laboratory are alkenes that

are converted to ketones via oxidative cleavage by ozonolysis or potassium permanganate



Vi . . . .
(Mn*").! The permanganate reactions are tvpical of many laboratory reactions in that the
p g P y } y

result in formation of waste bvproducts in stoichiometric amounts (Mn'v).

Carboxylic acids

Like caprolactam. adipic acid manufacture also proceeds through a
cyclohexanol/cyclohexanone mixture. The synthesis of adipic acid (hexanedioic) is an
example of a two-step oxidation: the first step. oxidation of cyclohexane. was already
described above. The second step involves oxidation of the “mixed oil . a mixture of
cvclohexanol and cyclohexanone. with 40% nitric acid under a few atmospheres pressure.
The selectivity for adipic acid is up to 96%.’® Even though air is a more economical
oxidant. free-radical oxidation by air is less advantageous because of the large number of
side reactions and byproducts. Here it is helpful to stress the importance of considering
not only the cost of the raw materials for industrial reactions. but also process and
byproduct costs. As a result. adipic acid synthesis is the only industrial process for

manufacturing a major organic chemical utilizing nitric acid as an oxidant (Scheme 6.

p. 39).
A new carbonylation process is based on the ability of butadiene to react with CO to form

aldehydes and ketones that can be treated further to give adipic acid.”’ Although this

reaction had been known since the early 1950s. the industrial process was developed
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more than twenty vears later when highly selective catalysts became available. In general,
carbonylation reactions benetit from use of coordination catalysts. such as cobalt (III) or
rhodium (I) complexes. although platinum (II) and palladium (II) catalysts are also
used.’® The carbonylation to adipic acid is carried out in the presence of methanol which.
along with carbon monoxide. is involved in the formation of the ester functionality.
Regenerated methanol is recycled. The yield of adipic acid in this process is 72% based
on butadiene. The reaction sequence includes the migration of a double bond (Eq 15).
Even though the costs ot raw materials for the oxidation and carbonyvlation processes to

adipic acid are similar. a big advantage of the butadiene process is that corrosive nitric

actd is not needed.

H,C=CHCH=CHx - CO - CH,0H —<&:L

O O O
CH;CH:C“HCHgCOCH “—{?{%O» CH3OC(CH->)4COCH %)——
Methyl 3-pentenoate Dimethy! Adipate
~">COOH
CH;0H - \/COOH
Adipic acid (15)

For comparison. laboratory oxidative cleavage of alkenes (or less commonly, ketones) to
carboxylic acids is accomplished with potassium permanganate. osmium

tetroxide/periodate. ozone. or RuO,. The permanganate reaction involves the formation
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and decomposition of a cyclic manganate intermediate. Adipic acid is commonly
synthesized in the laboratory in 79% vield from cyclohexanone in a slow cleavage
reaction with transition metal oxidants (hot alkaline KMnO, or acidic C rO;) via

2-hydroxycyclohexanone and 1.2-cyclohexanedione intermediates (Eq 16).*°

O l. KMnO;. H:O
NaOH. A COOH

- -
2. H;0 COOH

(16)

The cost of KMnO, is $1.20/1b: that of CrO; is $11.20/1b. The cost of cyclohexanone is
$.73/1b which is $.60/1b higher than the cost of cyclohexane from which adipic acid is
manufactured in the industrial process. Therefore. the cost of raw materials to make one
pound of adipic acid would vary from approximately $2 to $12 depending on the reagent
used. not considering the cost of waste disposal. The commercial price of adipic acid.
prepared by nitric acid oxidation. is $.70/lb. Note. however. that in recent yvears. many lab
scale reaction systems have been developed in which a cheaper oxidant is used to

reoxidize a catalytic amount of the transition metal catalytic oxidant.

Adipic acid can be also synthesized on a larger scale in the laboratory by the oxidative
cleavage of the double bonds of cyclohexene under alkaline conditions (Eq 17). The

reaction proceeds in 86-96% yield when the oxidant is ruthenium tetroxide. The initial



step of this reaction is the direct electron transfer to form a radical cation-perruthenate
complex. The RuQj, serves as a catalyst. rather than a stoichiometric reagent. Sodium
periodate ($110/1b) serves as the bulk oxidant by rapidly oxidizing ruthenium dioxide
back to ruthenium tetroxide.™ The cost of adipic acid is determined mostly by the cost of
cyclohexene ($3.50/1b). Although the price of ruthenium tetroxide is high ($16.7/1b), its

cost per pound of product is negligible because it is a catalyst.

H
NaOH ¢~ “COOH
l + 2Ru0; ——» + 2 RuO,
NalO, COOH
H (17)

Note that in the cost analyses for this thesis. only raw material costs are compared. since
they constitute approximately 70% of all variable costs. Remember that for more accurate
calculations a capital cost. which is typically high for chemical industry. needs to be
considered as well. Part of the capital (or equipment) cost is fixed. which means that its
value will not be aftected by the particular process. Because very high volumes are
produced. capital costs contribute much less than raw materials costs to the final cost of
the product. Based on this consideration. cost calculations will be limited to the raw

material costs in most cases.

Aldehydes can also be starting materials for carboxylic acid synthesis. In the laboratory
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carboxylic acids are synthesized from aldehydes by oxidation with Mn(VII) or Cr(VI)
(Eq 18).” For comparison. the industrial synthetic process for acrvlic acid involves
oxidation of the aidehyde acrolein which. in turn. is formed from propvlene (Eq 19).*In
place of expensive laboratory oxidants. oxygen (from air) serves as the sole oxidant for
both steps. The low cost of propylene and the availability of active and selective
heterogeneous catalysts tor allylic oxidation made this route economically viable.
Molybdenum-based alumina supported catalysts consisting of a variety of metal oxides
are predominantly used for both acrolein and acrylic acid formation steps. The oxidation
of propylene to acrylic acid is an example of a heterogeneously catalvzed gas phase

oxidation. Reactants and oxygen are adsorbed on the catalyst surface and interact there to

produce the product.

O Q)
CH_;(CHz)_;—IC"H —[(_{'%r CH3(CH2)4_|(!OH - CrO,
Hexanal i Hexanoic acid (18)
O O
_/ 0, . U 1720, ‘=/U\
Teat] - on
Propylene Acrolein Acrylic acid (19)
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Oxidation of propyiene to acrylic acid is normally carried out as a two-step continuous
process without isolation of the intermediate acrolein. Propylene is oxidized to acrolein in
the first reactor. The resulting mixture of acrolein and water is then passed to the second
reactor where acrolein is oxidized to acrylic acid. For the first stage (320 "C) propylene
conversion to acrolein is 97%. The second stage (220 "C) gives a 30-60% aqueous
solution of acrylic acid. The selectivity for acrvlic acid is 98%. The lower operating

- . - . 38
temperature for the second step was chosen to maximize selectivity.

Acrylic acid is essential for the production of widely used acrylic esters. which in turn
serve as monomers for cmulsion polymerization. Polvmers in the form of emulsion are
major components ot water-based paints (accounting for 30-35% of the use of all

acrylates) and are used in solvent-based coatings.

The conversion ot p-xviene to terephthalic acid (1.4-benzenedioic acid) is another
commercially important oxidation process. Terephthalic acid is currently produced in a
quantity of 8x10” tons annually worldwide. with a half of this quantity produced in the
U.S. It is required in large quantities to manufacture polyethylene terephtalate for
polyester fibers. At first it was difficult to carry this oxidation with air. because p-toluic
acid. formed as an intermediate. was resistant to oxidation. The electron-withdrawing
cffect of the carboxyl group increased the difficulty of abstraction of a hydrogen atom

trom the second methyl ¢roup. The oxidation was accomplished with nitric acid prior to
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the development of direct oxidation conditions.”’

The direct oxidation of p-xylene to terephthalic acid proceeds at 200 C and 15 atm
(Scheme 5. p. 39).*' Toluic acid formed in the first stage of oxidation contains a methyl
group that is resistant to further oxidation. because the carboxyl group is electron
withdrawing. To promote further oxidation the reaction is carried out in the presence of
catalytic amounts of manganese (II) or cobalt (II) acetates with a bromine promoter.
These catalytic systems are widely used in industry for oxidation of hydrocarbons via
radical mechanisms. The bromine radical initiates the chain reaction by converting the
methy! group to a tree radical which is then easily oxidized. [t has been suggested that in
this reaction the cobalt cation assists in an electron abstraction from the aromatic
molecule converting it into a tree radical. which is then converted to a peroxy radical by
reaction with oxygen. The latter maintains the chain reaction by hydrogen abstraction.
The hydroperoxide reacts turther to give terephthaldehvde. which is then oxidized to
terephthalic acid. This method is used widely in industry for oxidation of other aromatic

hydrocarbons to acids.

Acetic acid is required for the synthesis of vinyl acetate and many other esters. Beginning
in 1911 it was produced by direct oxidation of acetaldehyde. However. due to increased

acetaldehyde cost. methanol carbonylation (Eq 20) has now replaced direct oxidation.



CH;O0H + CO —> CH:COOH (20)

The outstanding teature ot this reaction is that it has the highest vield of all reactions in
industrial organic chemistry (99+% vield of acetic acid. based on methanol).**> The
reaction is catalyzed by metal-carbonyl complex of rhodium (I). (RhI,(CO),)". at 200 'C
and 1-3 atm pressure. and proceeds through insertion of carbon monoxide. The catalyst is
regenerated after reductive elimination of acetyl iodide. which is then hydrolvzed to

- . . B
acetic acid (Figure 2. p. 27).

This process became commercial in 1960s when the previously used cobalt (II) catalysts
were replaced by rhodium (I). It is a very good example of a process in which a change in
catalysts increased vield dramatically. while at the same time significantly reducing the
capital cost. The capital savings resulted from the lower pressures (3 atm) required for the
rhodium-catalyzed process than for the cobalt-catalyzed process (60 atm). An additional
advantage of the methanol carbonylation route is the fact that methanol is obtained from
synthesis gas and leads to a future possibility of synthesizing acetic acid from synthesis

gas directly. without isolating methanol.

Recently British Petreleum announced a new acetic acid technology called Captiva.
Captiva uses methanol and carbon monoxide as raw materials in combination with a new

iridium-based active catalyst system with proprietary promoters.’ The catalyst has higher



reaction rates than the existing carbonylation process. it makes less propionic acid
byproduct. and involves lower purification and energy costs. This process is the most
significant development in acetic acid production in the past 25 vears and potentially
could lead to a 10-30% decrease in production costs compared with the existing rhodium-
catalyzed carbonylation method. This leads to significant savings for acetic acid
producers. Current global acetic acid demand is estimated to be 5.5 million metric tons
per year (4.7 billion pounds is the annual consumption in the U.S.. 50% of which is used

in the manutacture of vinvl acctate).

Potentially. acetic acid can also be made from inexpensive petroleum C;-Cy fractions and
butane from natural gas. [However. capital processing costs are too high. and large
quantities of byproducts are generated. Another promising route is based on methyl
tformate (Eq 21). which is derived from synthesis gas (obtained either from methane
reforming or gasitication of coal).* Methy| formate can isomerize to acetic acid in a
reaction catalyzed by salts of many transition metals such as rhodium (I). cobalt (II). or
palladium (II) in the presence of an iodide ion. In addition to the catalvtic components.
the activities and selectivities depend on the solvent and carbon monoxide pressure
necessary to stabilize the catalysts. Selectivity for acetic acid is good. with methyl acetate
being the major byproduct. However. economic advantages over current acetic acid

process are not vet clear. and companies may need to have specific use for formic acid

derivatives to use this method of manufacture.

64



HCO,CH;—> CH;CO-H (21)

Lactams

Usually primary amides are synthesized in the laboratory from acid chlorides or
anhydrides and ammonia. The synthesis of cyclic amides. or lactams. is not generalily
taught in introductory organic courses. Oxidation of cyclohexanone via formation of
cyclohexanone oxime is the major process for commercial manufacture of caprolactam.
This reaction. the Beckmann rearrangement. is also used in the laboratory. Formation of
cyclohexanone oxime is accomplished with a salt of hydroxylamine. usually the sulfate.
at 85 C (Eq 11. p. 38). In order to displace the equilibrium in favor of cyclohexanone

oxime formation. NH; must be continuously introduced to maintain a pH of 7.

Cyclohexanone oxime is converted to caprolactam via a Beckmann rearrangement. In a
process developed at BASF. the oxime solution. acidified with sulfuric acid. is passed
through a reaction zone that is kept at the rearrangement temperature of 90-120 ‘C. The
resulting caprolactam sulfate is converted into the free lactam with NH; in a
neutralization vessel. The caprolactam is separated from the saturated ammonium sulfate
solution as an oily layer. then purified. The selectivity for the final product of this step is

up to 98%.*"

65



The greatest disadvantage of the caprolactam process is the co-production of 5 kg
ammonium sulfate per kilogram caprolactam. Even though ammonium suifate is used as
a fertilizer. still it makes the process less economical. Most process improvements are
therefore tocused on saving sulturic acid (H,SQ,). Sulfuric acid was replaced with
phosphoric acid to eftect the Beckmann rearrangement. because ammonium phosphate
has greater value as a fertilizer than ammonium sulfate. This process was further
improved with a strongly acidic ion-exchange resin in DMSO at 100 C. In this process

. . . 16
caprolactam has lower production costs than in the classical route.

The Toray process provides an alternative synthesis of cyclohexanone oxime that avoids
salt generation. Cyclohexane. nitrosyl chloride. and hydrogen chloride react
photochemically to give cyclohexanone oxime hydrochloride. This process is wasteful of
chlorine since the hydrochloride salt must be converted to the free oxime. Still. this
process has the lowest raw material costs of all the competing processes. Process costs.
however. are considerably higher than rival processes due to the cost of the mercury (Hg)

o . 43
lamps and their high energy consumption (Eq 22).

NOHHCI

|
uv
+ NOCI ——»
(22)
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Finally. a revolutionary synthetic method producing caprolactam without the
simultaneous production of ammonium salts has been designed. This very economical
process is based on the carbonylation of butadiene in the presence of methanol. Cobalt
catalyzed allvlic insertion of CO vields the aldehyde. Following reductive amination with
ammonia and cyclization caprolactam is formed (Eq 23). Methanol released in the last
step is recvcled.*” Of all known caprolactam processes this process is the most efficient,
since it does not use corrosive reagents and does not generate byproduct waste. Note that

the first step in this caprolactam synthesis is identical to the first step in the svnthesis of

adipic acid (Eq 13. p. 37).

O o)
co CH.COCH, CHCOCH;
7 CH;0H CO. H, } ' NH;. H,
N cat. l Co~(CO)g -H,O
CH; C HgﬁH cat.
o
0
CH-COCH;
- ’ NH
[ . + CH;OH
CH>CH,>NH-» (23)
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Phenol

A major use of phenol is for the synthesis of phenolic resins. the polycondensation
products of phenol with tormaldehyde. These resins are used in manufacture of paints.
adhesives. foam plastics. and molding materials. Phenol is also used for synthesis of

many organic molecules. the most important of which are bisphenol-A and caprolactam.

The major phenol process. oxidation of cumene (isopropyl benzene). proceeds via
formation of cumene hydroperoxide (Eq 10. p. 38).** Cumene hydroperoxide is formed
via a radical chain mechanism. initiated by abstraction of the easily removed benzylic
hydrogen. The hydroperoxide then undergoes cleavage to phenol and acetone via
treatment with dilute sulturic acid. a reaction discovered accidentally in 1944. This
reaction is also a major source of acetone. The cleavage proceeds via phenyi shift driven
by the formation of a tertiary carbocation. The shift results in formation of the phenyvl-

oxygen bond of phenol. Reaction with water gives a hemiketal which readily forms

acetone and phenol (Scheme 10).
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Scheme 10

'CHj ) CH; CH;

| ~H | ®  -H.O @ HO
Ph—C—0O0—OH —= Ph—C—0—0OH; ———» PhHO-CY¥Y ——»
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CH; CH, CH;

CH CH

[ ® H [ [H7cat CHs
PhO—C—OH, == PHO—C—OH ——— PHOH + c=0
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CH; CH CH;

The cumene process gives a 93% vield of phenol based on cumene and accounts for more
than 95% of the phenol produced worldwide. Reaction conditions are mild. and utility
costs are low. It has clear advantages over older phenol processes which used chlorine.
sodium hydroxide. or large excesses of sulfuric acid. The process generates acetone as
well. and demand for acetone is growing faster than demand for phenol. eliminating a
major problem of byproduct disposal.*® The only drawback of the cumene process is that
demand must exist for both phenol and acetone in the ratio in which they are produced.
Market disruptions during the mid-1980s motivated research for a new process that

produces phenol only.
There has been research on direct oxidation of benzene to phenol. The reaction of

benzene with acetic acid in the presence of palladium and oxygen vields phenyl acetate

(Scheme 2. p. 21). The phenyl acetate can be hydrolyzed to phenol and acetic acid. which
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1s recycled to the first step ot the process.” However. the direct oxidation of benzene is
not used on the industrial scale. because it is so far less economical than the current

cumene hydroperoxide process.

In addition to manufacturing phenol from cumene and benzene, there is another process
developed by Dow Chemical leading trom toluene to phenol. (Eq 24).°° This reaction is
based on the oxidative ability of the Cu(II) catalyst. Cupric benzoate oxidizes the benzene
ring and gets reduced to cuprous benzoate. Cu(l) is oxidized by O, back to Cu(II).
Conversion of toluene to benzoic acid by free-radical oxidation is followed by passing an
air stream into molten benzoic acid with cupric benzoate. Magnesium benzoate acts as a
promoter. Phenol distills out as it is formed at the high reaction temperature. This process
is usually operated when there is surplus of toluene from catalytic reforming. Both
toluene and benzene are lower cost starting materials than cumene (the cost of cumene is
$0.15/1b compared to $0.08/Ib tor toluene and $0.10/Ib for benzene). Stili. the cumene
process 1s considered more economically attractive. mainly because it results in the

coproduction of acetone.

CH; COOH OH
1.5 O, = 050
o | —_— + CO,
X [cat]
Toluene Benzoic acid Phenol (24)
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Epoxides

Itis known that epoxides are set apart from other ethers (both cyclic and acyclic) due to
the highly strained 3-membered ring that increases ether reactivity and requires unique

methods of synthesis.

Peroxyacids are the most common reagents for alkene epoxidation in the laboratory. For
example. cyclohexene can be transformed to 1.2-epoxvcyclohexane by m-
chloroperoxybenzoic acid (MCPBA) or potassium hydrogen peroxysulfate (Eq 25).°
This is a one step reaction. but the cost of reagents is high (the cost of MCPBA is

$124/1b). and the reagents require a special procedure for disposal.

@)

"

Cyclohexene 1.2-Epoxycyclohexane (25)

Another familiar synthetic route for epoxides starts from halohydrins made by the
hydrohalogenation of alkenes.”™' This process (which is actually an intramolecular
Williamson ether synthesis) does not utilize expensive reagents. Still. the halohydrin

process is not economical for industrial use. Halogens tend to be avoided for industrial
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scale syntheses for reasons described later. Furthermore. epoxidation of alkenes via

halohydrin formation is a two-step process (Eq 26).

R OH R @)
: / H-O E / RN
R=C—C R - NaOH ——# | R=C—C~R | —— p..C—C..p + NaBr
[\ / A / .
Br R Br R R R
Bromohydrin Epoxide

(26)

[n fact. the first industrial synthetic process for ethylene oxide became possible only after
the discovery of chlorohydrin formation in 1930s, but this process is now obsolete due to
development of other more economical processes. Today ethylene oxide is one of the
most important chemicals prepared from ethylene. [t is made in quantities of 10 million
tons annually with approximately a half of this quantity (8.2 billion pounds) produced in
the United States. Ethylene oxide is used primarily for the production of ethylene glycol.
Contrary to the more complex and hazardous laboratory reactions. nowadays ethylene
oxide is easily manufactured on the industrial scale from ethylene in the gas phase (Eq
27).> Oxidation of ethylene to ethylene oxide is an example of a heterogeneous gas-
phase oxidation that uses metal or metal oxide catalysts. As in any heterogeneously
catalyzed oxidation reaction. the reactants and oxygen are adsorbed on the catalyst
surface and interact there to produce the product. Since all air oxidation reactions are

exothermic. one of the major problems in the engineering of such oxidations is the



removal of heat (of reaction) from the catalyst bed. This is necessary. since overheating

will lead to reduction in vield and catalyst destruction.

27)
The catalyst for ethylene epoxidation is alumina-supported metallic silver.’> Silver
achieves epoxidation of ethylene uniquely; other catalysts are relatively or totally
ineffective. The specific oxygen activation on the metal surface of the silver is the
fundamental reason for its catalytic activity and high selectivity for ethylene oxide.
(Scheme 3. p. 28).”° The excess of ethylene is necessary for the formation of ethylene
oxide. since a significant portion of ethylene undergoes combustion. The economics of
the ethylene oxide process are determined primarily by the cost of ethylene. which is
about 70% of the total cost. Because of high raw material costs. improvement in catalyst

selectivity is necessary.

The manufacturing process and the type of heterogeneous support primarily influence the
activity and selectivity of the catalyst for ethylene oxide production. In recent years.
research has improved ethylene oxide production from an initial selectivity of 65% to
86%. Improvement of the catalysts was made by treating them with small quantities of
nickel. Previously catalytic selectivity declined over time, and catalysts required

replacement in less than a year. The nickel treatment solved this problem.l7 The annual



saving from an increase in ethylene oxide vield for a 250.000-ton ethylene oxide plant is
equivalent to $1.4 million at the current ethylene oxide price of $616/metric ton. Recently
developed rubidium and cesium cocatalysts are reported to increase selectivity for
ethylene oxide to 94%.™ The power of such cocatalysts to improve selectivity is
attributed to their ability to catalyze the recombination of atomic oxvgen from the metal
surface to regenerate free silver metal. Therefore, step 3 of the process (see Scheme 3,

p. 28) utilizing 20% of ethylene is no longer necessary for free metal surface

regeneration.

Propylene oxide serves as a precursor in propylene glycol synthesis. but its major use is
in the production of polyurethanes and polvesters. Oxidation of propviene to propylene
oxide is a more complicated process. Unlike ethylene oxide. for which allylic oxidation is
impossible. propylene oxide cannot proceed by direct oxidation. due to the formation of
numerous oxidation byproducts and low selectivity of the existing catalysts. The
byproducts are formed because allvlic radical reactions compete with the direct oxidation
of the alkene mt-system. Propylene oxide has for a long time been synthesized by the
reaction of propylene with hypochlorous acid. generated in situ from chlorine and water
(Scheme 1 1).5 * The intermediate chlorohydrin was treated with calcium or sodium
hydroxide to affect dehydrochlorination. This process gave a 94% vield based on
propylene and was wastetul of chlorine. because only 50% of the chlorine starting

material could be converted to hypochlorous acid. Therefore. much research has been
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devoted to discovering new oxidation routes.
Scheme 11

Cl, +H,O —= HOC! +HCI

——

2 NaOH
2 H,C=CHCH; +2 HOClI —»CH,CICHOHCH; + CH;OHCHCICH; ———»

90% 10%
2 HZC\—/CHCH3 + 2 NaCl + 2 H,0

Currently. the predominant route to propylene oxide is the reaction of an organic
hydroperoxide with propylene (Eq 28). Either t-butyl hydroperoxide or ethylbenzene
hydroperoxide is used as the oxidant in this epoxidation. The hydroperoxides are
produced by the liquid phase air oxidation of isobutane or ethylbenzene respectively. The
reaction is run at 70 C under 17-67 atm pressure. in the presence of a soluble
molubdenum catalyst. The vield of propylene oxide based on propylene is greater than
95%.”° However. the vield of propylene oxide based on hydroperoxide is less because of
side reactions such as decomposition of the hydroperoxide during epoxidation. Therefore.

an excess of the hydroperoxide must be used.

o, CH:CH=CH,
(CH;);CH —» (CH;);COOH ﬁ’ (CH;);COH + CH;HC\—/CHz
cat.

(28)
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To reduce the byproducts. another route to propylene oxide was introduced. The two-step
route proceeds via the intermediate 1.2-propylene glycol monoacetate (PGMA) (Eq 29).%7
The intermediate decomposes to yield propylene oxide and acetic acid. Previously the
attempt to synthesize propylene glycol monoacetate based on a soluble catalytic system
(homogeneous catalysis) was unsuccessful. In the present method PGMA formation is
catalyzed by heterogeneous palladium catalysts suspended in acetic acid solutions of

nitric acid.

CH3CH.‘:CH2 - CH3COOH + 02 [cat.]
Cl)H
CH;CH—CH, + CH;CH—CH t.
B 2 35 ;2 [c;t] CH,HC—CH, + CH,COOH
OﬁCH3 OH OﬁCH;, \O/
7 ° (29)

The two different methods for propylene oxide synthesis discussed above are both
indirect oxidation processes. Costs are dominated by the necessity to dispose of large
amounts of unwanted co-products. From the atom economy concept those processes are
less efficient than direct addition reactions. The direct oxidation of propylene to
propylene oxide is not commercialized on a large scale yet, but seems very promising
from the standpoint of raw materials cost, if the selectivity could be improved. There is

currently a major research effort directed toward this goal.58
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Aldehydes

Familiar syntheses ot aldchydes in the laboratory include oxidation ot primary alcohols
by pyridinium chlorochromate (PCC). oxidative cleavage of alkenes by ozonolysis. and
reduction of esters with diisobutylaluminum hvdride (DIBAH) at -78 C.™° Although

vields are good tor these reactions. the major economic disadvantage is. again. the costs

of the reagents ($14.00/1b tor PCC and $35.5/L of 20% DIBAH solution in toluene).

The industrial analog is acctaldehyde. the most commercially important aldehvde. the
majority of which is uscd in the manufacture of acetic acid and alcohols such as n-butyi
alcohol and 2-cthylhexanol. A\ major industrial oxidation process for acetaldehvde
preparation is the well-known Wacker Chemie process developed in the 1930s.The
Wacker process has replaced the old process ot acetaldehyde preparation trom acetylene.

since ethylene is a less expensive raw material.

The oxidation ot cthylene to acetaldehvde is based on the observation made in 1894 that
platinum metal salts oxidize cthylene selectively to acetaldehvde in stoichiometric
fashion. while themselves being reduced to the metal.” The industrial oxidation to
acetaldehvde became possible only after industrial chemists at Wacker Chemie in
Germany were able to convert the palladium salt from a stoichiometric to a catalytic

component by adding cupric chloride. oxygen. and hvdrogen chloride to the reaction
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mixture (Eq 30). This allowed rapid oxidation of pailadium to palladium chloride by
cupric chloride and rapid oxidation of cuprous chloride to cupric chloride by oxygen in

dilute hydrochloric acid.

o Cl ©
[Pd" cat.] l
CH>=CH,; + 0507 —» Cl—P\d—OH —_—
CuCls
H3C$CH2 _J
Cl 0©

\
Pd—C-H;OH

cl’ \ |

PdCl, begins its catalyvtic cycele by forming a n-complex to ethylene. The ethylene-
palladium chloride complex is attacked by water upon formation. The subsequent 3-
hydride elimination torms the enol complexed to palladium. Finally. acetaldehvde is
released trom the hyvdrate. which readily loses water (Scheme 4. p. 36). A further
modification of the Wacker process makes acetaldehyvde by oxidation of ethvlene over a
palladium-on-charcoal catalvst. More recently. a two-stage process has been developed in
which air is used instead ot oxygen. turther reducing costs.”! Money also can be saved by
using an ethyvlene-ethane mixture instead of purified ethylene. It should be noted that
acetaldehyde is one of the few industrial chemicals whose production volume has reduced

in the past decades. probably due to the replacement of acetylene-based routes to major



organic chemicals with lower cost raw materials and processes.

Esters

Among many esters synthesized for needs of various industries (for example. for use in
pertume industry). only acetate and acrylate esters are prepared by direct esterification on
a relatively large industrial scale. What is the reasoning behind such restricted use of the
direct esterification reaction in industry?? This question can easily be answered if one
takes a look at the economics of the Fisher esterification reaction. For example. in the
preparation of dicthyl hexanedioate. the costs of ethanol (for Fisher esterification) and
cthylene are comparable. The difference lies in the types of reactions. Fisher esterification
1s an equilibrium controlled substitution reaction. A large excess of ethanol is needed for
high yvields. Recyveling of starting materials and the separation and removal of water. the
stoichiometric second product. are costly. The addition reaction of’a carboxyvlic acid and

cthylene is inherently more etticient since no other product is formed.

Vinyl acetate. the highest volume ester and the only ester among top 100 chemicals in the
U.S.. is produced in an annual volume of 3 billion pounds.x Theretore. an economical
process is required for its manufacture. The industrial process for vinvl acetate is based
on oxidation of ethylene in the presence of acetic acid under conditions used in the

Wacker process (discusscd above) (Eq 31). After the development of the ethylene route to
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acetaldehyde. it was discovered that the palladium-catalyzed oxidation of ethylene could
also lead to the formation ot an enol ester. if the reaction is run in acetic acid in the

- - R v2 - . .
presence of sodium acctate (15q 32).°" Acetate ion acts as a nucleophile. attacking the

cthylene-palladium chloride T-complex with subsequent formation of vinyl acetate.

CHg-:CHz - CH;CQ()H - (1.5 Og [Cat-] HzC:CHOCCH; + H:O
It
o 31)
€] © ~-
_ I
CH, AcO) CH- ¢
I "— PdCl, —— I~ —=PdCIl(OACc) pe—
CHi» LCH: -

2

]
i ) CHOAc
[AcOCH-CH,PdCl,| T——= lCI —» PdHCI» —_—

CHy=CHOA¢c - Pd - 2CI' - H (32)

Palladium is reduced to the metallic state. but. as in the Wacker process for acetaldehyde
manutacture. the stoichiometric reaction was converted into a catalvtic process when Pd*”
is regenerated trom Pd" by oxvgen. the stoichiometric oxidant. The current industrial
process is carried in acetic acid solution with the co-catalyst CuCls. which is itself
oxidized by the PACl, catalyst. The reaction takes place at 120 'C and 40 atm of pressure,

. . . . . . 4 63
with a vinyl acetate vield ot 93% based on acetic acid.”
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In the liquid phase. acctaldehy de and hydrogen gas are formed in a secondary reaction of
cthylene with water. Chloride ions and formic acid formed from the reaction of H, and
CO, make the reaction solution very corrosive. so that expensive titanium must be used
for the plant construction. IFor this reason the vinyl acetate process is carried out in the
¢as phase almost exclusively at the present time. In the gas phase process non-corrosive
palladium or chlorine-tree palladium salts can be used as catalysts. In the gas phase
mainly vinyl acetate and only negligible amounts ot acctaldehyde are produced.
Therefore. almost no corrosive tormic acid byproduct is tormed. Thus. the gas phase
process does not involve noticeaple corrosion problems and the use of stainless steel is
sutticient tor the plant constuction. The gas phase process currently accounts tor 80% of

. : - 02
the world’s production ot vinyvl acetate.”

High purity of the tinal product is important for vinyl acetate production. because it is
required for polymerization to polyvinyl acetate (PVA). the major outlet tor vinyl acetate.
A\ supported palladium acetate catalyst developed recently improves the activity and
selectivity of the vinyl acetate process.™ High purity is achieved by multi-step
distillation. which results in 99.9% purity. with some traces of methyvl acetate and ethyl
acetate. The cost of the Wacker vinyl acetate process has a strong raw materials
dependency. Since acetic acid accounts tor 70% by weight of vinvl acetate. its price
basically determines the price of vinyl acetate. Therefore. the less expensive acetic acid

becomes. the more attractive the gas-phase ethylene acetoxylation process appears.
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[n addition to the Wacker process. new manutfacturing routes for vinyl acetate are being
developed. Among the most interesting is an integration of viny!l acctate and ethylene
glycol manufacture. Since some manutacturers produce ethylene glycol by the catalytic
oxidation of ethylene with acctic acid (see below). it became possible to manufacture

vinyl acetate by the thermolyvsis ot 1.2-diacetoxyethane. the intermediate in this reaction

(Eq 33).%

heat

CH:COCH-CH-OCCH:; ——» HgCZCHOﬁCH; ~ CH;COOH
i i
O O O (33)

Glycols (Diols)

Ethylene glyeol is required in large quantities as antifreeze in automobile radiators as
well as tor the synthesis of one of the most important polvester poivmers. polvethviene

terephthalate (Eq 34).

nnocOcnnu
H-0

CH;_——/CH; —— {OCH,CH,OH >
O

Ethylene oxide LEthylene glycol

O O ﬂ

I ]
lIOOC—QL't()CIlzCHzo—CO-C OH

n
Polv(ethvlene terephthalate) (34)



Ethylene glycol is produced by the Halcon process. Ethvlene reacts with acetic acid. a
low cost raw material ($.38 Ib). and oxvgen at 160 'C and 28 atm in the presence of a
catalyst system consisting ot tellurium and bromide (Eq 35).%" The proposed mechanism
shown in Scheme 12 proceeds via diacetate formation from the displacement of bromide
ion followed by hvdrogen bromide oxidation to elemental bromine by the catalyst Te(IV).
The catalyst is then subsequently oxidized by elemental oxygen to Te(VI) at the end of
the reaction. This oxidation process gives a high vield and is economical. since the acetic
actd is recyveled. However. because the catalvsts and acetic acid are corrosive. the Halcon
process 1s not widely used. The hydrogenation route to ethyvlene glyveol is discussed later

in this thesis.

CH,=CH,; - 2 CH:COOI - 120, [—>CH3C03CH3CH303CCH; - H-.O
cat.

CH:CO2CHCH02CCH: = 2 HyO ——2 CH;COOH = HOCH,CH,0H (55

Scheme 12

CHy=CH, - Br, —= BrCH,CH-Br
BrCH,CHLBr = 2 CH;CO51 — CH;CO,CH,CH,0,CCH; = 2 HBr

Te'' - 2HBr —» Te'' - Br, - 2H"

Te™ « 120, + 2H —= Te'' - H,O



[n contrast. the laboratory oxidation to diols is achieved by hvdroxyvlation of alkenes with
potassium pcrmanganate KMnO, or osmium tetraoxide OsQ, ($84.00/g). (The
conversion of cyclohexene to cyclohexanediol via formation of a cyvclic intermediate is an
example). When OsOy is used. the reaction becomes a two-step process. since the cyclic
osmate intermediate is not reactive enough to undergo cleavage without a reagent.ﬁ(’
Using KMnO, or OsO, in the oxidation allows research chemists to reach a major goal of
laboratory synthesis - achieving high yvield tor a wide variety of substrates. The fact that
the reagents arc toxic and expensive is only a secondary concern in laboratory svnthesis.
where small quantitics ol materials are used. Still. improvements in this area has been

made. and OsQ), is now used as a catalyst in the laboratory.

Nitriles

Nitriles are commonly synthesized on a small scale by dehydration of"an amide utilizing
thionyl! chloride (Eqg 36)." Another method is the S\2 displacement of a primaryv or
sccondary alkyvl halide with cyvanide ion. Both of these methods arc unsuitable for
industrial svnthesis due to the problems of handling ot the poisonous raw materials and
disposal of hazardous wauste gases (sulfur dioxide and hydrogen chlorides in the thionyl
chloride route). Frequent use of the cvanide anion in the laboratory is justified by its
versatility and reactivity as a nucleophile. Sy2 displacement proceeds easily and without

. . 68
the formation ot gaseous byproducts.
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H B
CH3CHyCHyCHyCH—C N, %- CH;CH>CH>CH>,C=N + SO, = 2 HCI
i
CH-CII: CH,CH;
2-Ethyihexanamide 2-Ethvlhexanenitrite (36)

The highest volume industrial nitrile. acrvlonitrile. is widelyv used as a monomer or co-
monomer tor acrylic tibers. plastics. and nitrile rubbers. In addition. acryvlonitrile is used
in the manufacture ot adiponitrile. a precursor for hexamethyvlenediamine (HMDA).
Industrially acrylonitrile 1s prepared by one of the most important industrial oxidation
reactions. ammoxidation ot propylene (Eq 7. p. 35). This is the second most important
use of propyvlene. The manutacture of polvpropylene is first. The term "ammoxidation’
refers to reactions in which a methyl group is converted into a nitrile group upon

treatment with ammonia and oxygen.

The ammoxidation to acryionitrile was a revolutionary process when it was developed in
1950s by Sohio (Standard Oil ot Ohio). It quickly replaced all previous processes of
acrylonitrile manutacture and now accounts for all manufacture ot acrylonitrile in the
world. The novelty ot this process was in the formation of the C-N bond using an

. - . -~ 69
ammonia - catalyst system. an unprecedented reaction at the time (Figure 7).”



The ammoxidation to acrvlonitrile is carried in a continuous tashion in the gas phase. A
mixture of propylene and ammonia is oxidized with air over a solid catalyst at 500 C.
After extensive work on catalyst development. the vield was improved from 56% with the
original bismuth molybdate catalyst to 87% with a proprietary catalytic svstem of silica-
supported oxides of selenium. tron. and tellurium at 320 'C.”° Although the industrial
process was discovered in 1949 the ammoxidation to acrvlonitrile only became
commerciaiized atter high ctticiency catalysts were developed. The ammoxidation
reaction is highly excthermic and is carried out in a tluidized bed to cnsure etfective heat

exchange and temperature control.

Significant worldwide attempts are being made to reduce the raw material cost by
replacing alkenes with alkanes. Recently developed processes for manutacturing
acrylonitrile from propanc are the first successful example of such replacement. One of
these processes was made possible by new catalysts based on V-Sb or V-Bi-Mo

-

. T1.72
oxides.
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Figure 7. Mechanism ot acrvionitrile formation. Reprinted from Witcoff. Reuben

(1993). Copyright 1993 Wilev-Interscience.

Although the new process has a considerably lower selectivity for acrvionitrile. the lower
cost of propane (one-halt to one-third that of propylene) makes the process economically

feasible. The selectivity problem is associated with the first step. the conversion of
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propane to propylene. in which unwanted side products are generated. The difference in
reactivity is attributable to the relatively weak allylic C-H bond(s) found in propylene but
not in propane. Obviousiy. the selectivity ot the catalyst has to increase in order to

commercialize a process basced on propane as the starting material.

BP Chemical Company has alrcady demonstrated a pilot plant production of acrylonitrile
from propane. ammonia. and oxygen in one step catalvtic process. * The propane method
can cut at least 20% of the production costs of BP's widely used 40 vear old propvlene
route. The cost saving is tairly significant. considering that annual U.S. production
volume ot acryvlonitrile is as high as 3.3 billion pounds. Considering these advantages. the
company hopes to base all ot its new acrylonitrile plants on the propane ammoxidation

process.

[n addition. UK BOC Gases has developed the same process of propane ammoxidation

using a new catalyst tfrom Mitsubishi Chemical with higher selectivity tor

acrvionitrile. * " Separation of unreacted propane from the product will be done by a

proprietary process developed by BOC.

Anhydrides

In the laboratory acid anhydrides are rarely synthesized. Common anhvdrides. such as
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acetic anhydride. are purchased. It they must be prepared. then thev are made by
nucleophilic acyl substitution reaction of an acid chloride. using a carboxyvlate anion as
the nucleophile.”® The acid chloride and the carboxylate anion need to be prepared first.
which makes anhydride sy nthesis a three-step process. In the laboratory the anhvdride
synthesis generates sodium chloride as a stoichiometric byproduct. The synthesis of acid
chlorides involves the usc of expensive and hazardous reagents such as thionyl chloride.
SOCl; or phosphorous trichloride. PCl;. Additionally. all of these reaction steps proceed
in the presence of solvents. which is typical for small-scale synthetic reactions. but rarely

applied on the large scale.

The highest volume anhydride. acetic anhydride. is manufactured from the corresponding
acid. Acetic anhydride is primarily required for the esterification ot cellulose to cellulose
acetate. In addition. acctic anhvdride is used as an acetylating agent in a variety of
esterification reactions in the pharmaceutical industry. such as the esterification of

salicylic acid to acetyisalicylic acid (aspirin).

The Wacker process in which acetic anhydride is produced by dehvdration of acetic acid
via ketene (CH.=C=0) completely replaced an old acetic anhvdride process based on
acetaldehvde oxidation (Eq 37).7° The thermodynamically unfavorable dehvdration of
acetic acid to ketene (AH = 147 kJ/mol) is forced to proceed at verv high temperatures

(700-800 C) and reduced pressure in the presence of triethyl phosphate. Ketene is a very
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high energy intermediate. ['he reverse reaction of ketene with water back to the acid is
thermodynamically favored over the reaction of ketene with acetic acid to give the
anhydride. Triethyl phosphate is used as dehydrating agent to shift the equilibrium to the
right by absorbing water torming in the first step. Therefore. the equilibrium is
significantly shifted toward tormation of ketene. In order to drive the equilibrium further
to the right. the resulting H.PO, is neutralized with 30% aqueous ammonia solution while
still in the gas phase. The gas is then quickly cooled with simultaneous separation of

. iy . - . . 76
higher boiling acetic anhydride. acetic acid. and water.™

[cat.]

CH;COOH C=C=0 + H,0

700 - 800°C Ketene

| 0
CH;COOH
;¢ CH5C. |CCH;

(37)

[n 1983. acetic anhydride manutacture took another step forward. [t is now produced by a
more economical carbonylation reaction of methy! acetate in the presence of a rhodium
salt catalyst and promoters. as a tollowup step to the methanol-based svnthesis of acetic
acid (Eq 38). In this process methyl iodide acts as a promoter. assisting in a formation
of the catalyst. a tour-coordinate rhodium (I) compiex. The initially tformed acetyl iodide
reacts with methyl acctate yielding acetic anhydride and regenerated methyl iodide (Eq

39). Eastman succeeded in the development of a catalytic system achieving rhodium
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recovery of better than 99.99%. [ydrogen acts as a reducing agent in the process in order
. - TR - - ~
to return to the rhodium «[) active state. ™ As a result ot the economical method of

produttion. the commercial price of acetic anhvdride is presently fairly low ($.50/1b).

CH;0—CCH; - CO A9 cicocen,
-
O 0O (38)
1 I
cro l -COo l -CI
CH;l = RhCl; —» (Il —Rh—Cl ? CH_;——[IQh—CO —_—
Cl Cl
(O or @) o
ol - I :C— OCH;
CHC—Rh—Cl ==== CH:C—1 - RhCl; ="
Cl
]_ 0 *()—CHTI (I? O
I i ' - ] i
ICH;C\O/CCH: i - 17— CHiC\(, CCH; + CH;l
L _ (39)

The historical signiticance of’ Eastman-Halcon carbonylation process is that it is the only
process today in which synthesis gas (and. theretore. coal) has replaced petroleum.
Methyl acetate is tormed by a Fisher esteritication reaction of methanol with acetic acid.
Methanol comes direcily trom coal via manutacture of synthesis gas. a mixture of carbon

monoxide and hydrogen. It the plant’s location is close to coal mines. costs of the

91



operation are signiticantly reduced. Even though the cost of raw materials is low. the
capital investment tor coal gasification is fairly high. Nonetheless. the process operates
very successtully. There is reason to believe that synthesis gas from coal might someday
replace natural gas and petroleum reservoirs. which are quite limited compared to

existing reservoirs ot coal.

A new industrial process tor production ot acetic anhvdride is based on methy!| formate in
the presence ot a rhodium-iodide catalyst. This process is currently in the initial stages of
investigation. The conditions are similar to those used in the methy! formate-based
preparation of acetic acid. Selective synthesis of methyl acetate from methyl formate has
been reported recently. suggesting a possibility of direct synthesis of acetic anhydride
from low-cost methyl tormate.” This reaction does not occur at standard conditions.
however. Acetic anhydride is only produced from methyl formate upon addition of
methyl iodide to the reaction medium. A two stage procedure is necessary. as two
subsequent reactions have to occur under different conditions. The tirst stage is the
homologation of methyl tormate into methyl acetate with formation of CO. CO.. H- and
H>O. An alkaline iodide. such as Lil. is used with an accurate Lil/Rh ratio in order to
avoid acetic acid production (Eq 40a). The second stage is similar to the conventional

acetic anhydride process. Methyl iodide is required to convert methyl acetate into acetic

anhydride (Eq 40b).



RhCl:

2 ':‘ I T ‘H, k) + R
2HCOCH: —=r55 CH;CO,CH; + HCO,H
CO, - Hz}
CO + H;0 (40a)
Rh-CHj;l
CH;CO,CH; + CO ————» (CH;C0),0 (40b)

The last oxidation process of major importance is an oxidation of o-xvlene or naphtalene
to phthalic anhydride. which is used in the production of phthalate esters for the
manutfacture of plasticizers. This oxidation is carried out with air in a liquid-phase over a
soluble catalyst (acetates or naphthenates of Co. Mn. or Mo are used) or a supported
vanadium pentoxide catalyst in a gas-phase reaction at 400 C (Eqs 41 and 42).** Since
1960. o-xylene replaced naphtalene as the more economical and a readily available
material. There are scveral economic advantages to this reaction. The number of carbon
atoms is the same in the starting material and the product when ortho-xvlene is used. In
addition. less oxygen is required than in naphthalene process. The drawbacks of the

process are the number ot side reactions and the low vield (<80%).
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Reduction in Industry: Hydrogenation

This portion of the thesis is devoted to reduction reactions in industry. the majority of
which are hydrogenation reactions. [t is usetul here to review the conventional definition
of reduction in organic chemistry. These are reactions that either increase the hydrogen

content or decrease the oxygen. nitrogen. or halogen content of a molecule.

Hydrogenation is simply the addition reaction of molecular hydrogen to a n-bond. Like
all addition reactions. the product incorporates all the atoms of the starting materials.
Hydrogenation is efticicnt because hydrogen is low cost. These factors make
hydrogenation the predominant process for reduction on the industrial scale. Under
laboratory conditions nonpolar 7t-bonds in alkenes are also reduced by catalytic
hyvdrogenation. but for reduction of polar n-bonds a variety of different reduction
techniques exist. many utilizing expensive reagents. For example. laboratory reduction of

aldehydes. acid chloride. ketones. and carboxylic acids are accomplished with expensive
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and often hazardous reagents such as sodium borohydride (NaBH,) or lithium aluminum
hydride (LiAlIH,). Furthermore. these reactions are done in solution. often with anhydrous

solvents.

All commercially important hydrogenation reactions are carried out in the presence of
solid catalysts. The majority are carried out heterogeneously. with the substrate in the gas
phasec. A broad range ot catalysts. mostly metal oxides and metal salts such as nickel.
palladium. platinum. copper oxide-chromium oxide and molvbdenum and tungsten
sultides. catalyze industrial hydrogenation reactions by alternating between two oxidation
states. One ot the proven hydrogenation mechanisms for reduction of alkenes to alkanes
(developed and used in small-scale laboratory reactions) is shown for a homogeneous
catalyst in Figure 8. RhCI(PPh.); is converted into the catalyst. a weakly coordinated
complex of Rh(I). after the licand dissociates in the first stcp.x" The reactants. hvdrogen
and an alkene. enter the ¢yele by binding to the compiex. In the final step the alkane
product dissociates with regeneration ot the catalyst. and the cvele continues. Complexes
of platinum and palladium arc most popular for their activity as hvdrogenation catalysts.
but they are also very expensive. There is usually a tradeoff in hydrogenation processes

between catalyst activity and cost. Since cheaper catalysts are typically less active. more

vigorous reaction conditions arc needed.
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Figure 8. Mechanism ot reduction of alkenes to alkanes with homogeneous catalysts.
Reprinted from rer. 16. Copyright 1994 Shriver.
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Hexamethylene Diamine (HMDA)

Already discussed was a commercial svnthetic route to adipic acid. one of the monomers
of Nylon 6.6. The othier monomer. hexamethylenediamine. is produced by hydrogenation
of adiponitrile. The reaction is carried out in the presence of a supported nickel or cobalt
catalyst in the temperature range of 120-170 'C and 270-400 atm pressure (Eq 43). Side
reactions lead to formation ot hexamethyleneimine and polyamines. HMDA can be

. - - . Ni
obtained in 93% vield.

:at.
\IC(CP{:)_;C.\ - 4 l{: M«b [1:1 rC?I'{:(C?['{z)_‘(:l_lz.\q’{z

Adiponitrite HMDA (43)

[t’s interesting to tollow the industrial history of adiponitrile synthesis to show once
again the example of’ deseloping of what is called “a laboratory reaction™ into an
cconomical industrial process. T'he old adiponitrile synthesis involved a reaction between
adipic acid and ammonia to produce ammonium adipate. The vapor-phase reaction took
place at 275 °C in the presence of a a dehydrating agent. a mixture of boric and
phosphoric acids. Ammonium adipate was dehvdrated first to the amide. then the nitrile.
Finally. HMDA was formed by catalytic reduction (Fq 45).*' Today adiponitrile is
synthesized much more cconomically from the addition of hydrogen cyvanide to butadiene

(Eq 46). The mechanism involves a shift. similar to the addition reaction in the adipic

97



acid synthesis tfrom butadicne (Eq 17. p. 39) discussed above. The catalyst. nickel with
triaryl phosphite ligands Ni(P(OAr);),. assists in maintaining the double bond in a
terminal position in the first step and facilitates the anti-Markovnikov addition of
hydrogen cyanide to the terminal bond in the second step. via formation of a sigma-bond
with the terminal carbon (Scheme 13).*? The second step is more thermodynamically
favored than the tirst. since the stabilizing resonance structure of butadiene is given up in

the first step.

> NIH; . - R
HOOC(CH4), OO ——  [H,NOOC(CH-),COONH,] —7‘3—->
Adipic acid Ammonium adipate - 2 H;O
0 0 1H
I I — P 2
HaNC—(ClHa ), —CNHs "L o Lo N=C—(CHy);—C=N _>[catl
T-t2 Adiponitrite )
HaN —(CHa)o— N Ha
HMDA (45)
{CN HCN
CHy=CH—CH=Cll N CH,=CH(CHy)—CN ey NC(CH,),CN

cat. | [cat.] (46)
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Scheme 13+

HxC=CH— CH>CH>CN

M + HCN FINI-CON >
HgClzCHCHgCHgC.\' H-C—CH>CH-CN
!
NC—-M-H — CI“HZ — M + NC(CH,),CN
M—-CN

* M =Ni[P(OAr),]

Another modern synthetic route w adiponitrile is clectrodimerization ot acrylonitrile. the
only important industrial ¢lectrochemical process used in the manutacturing of an organic

chemical (Eqg 17N

2CH=CHON - 211 = 2¢ —= NC(CHCN (47)

Catalytic hydrogenation ot nitriles and imines (reductive amination) to amines is also
used under laboratory conditions whenever possible. The laboratory reduction from
nitriles to amines is often carried out by catalvtic hvdrogenation. but more frequently
lithium aluminum hydride L.iAIH, is used as a reagent. This process is too costly (cost of
LiAlH, is $251/1b) and too dangerous to be used industrially. Also. like all processes

utilizing hydride reagents. it is accompanied by signiticant byproduct waste.
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Glyceols

Oxidation ot ethylene to cthylene glyveol in the presence of acetic acid has already been
described in the oxidation scction ot this thesis. New processes for ethylene glvcol
synthesis are being developed with a goal of utilizing synthesis gas and natural gas rather

than limited petrochemical teedstock as the raw material.

A\ process tor cthylene glyeol based on direct combination of carbon monoxide and
hyvdrogen was developed by Unjon Carbide ™ The reaction is catalyzed by the five-
coordinate neutral rhodium complex HRh(CO);L. where the ligand is bulky
trialkylphospine. The formation of formaldehyde from CO and H, is the rate-determining
step. The phosphine ligand stabilizes the catalyst. hydride-metal complex. and facilitates
the CO insertion into the metal hydride to accelerate the formation ot formaldehvde. The
subsequent reaction proceeds via an hydroxymethylated rhodium complex to give

glycolaldehyde (Scheme 14). The glyveolaldehyde is then reduced to cthylene glycol.
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Scheme 14%
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HOCH,CH,OH 2H-M
* M =Rh(CO)L or RCO),

[n addition. indirect methods based on synthesis gas-dependent intermediates like
methanol. methy! formate or tormaldehyde have been developed.s'; One catalvstis a
rhodium carbony! cluster that requires temperatures of 240 C and pressures of 1000-3000
atm. Another is a ruthenium carbony| complex with trimethylethoxysilane that operates at
400 Cand 1000 aum.™ U sually reactions under such extreme conditions tend to have

=

poor selectivitics. and in this process selectivity for cthylene glveol is only 60%.

[n order to improve selectivities. a new process based on the hyvdrogenation ot oxalate
esters has been recently developed by Union Carbide. together with Ube [ndustries in
Japan (Scheme 13).% Much higher selectivities are achieved when the reaction is carried
out in two steps. The tirst carbonylation step gives di-n-butyl oxalate. In the second

operational step. the hydrogenation of the carbonyls vields two n-butanols and is
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tollowed by the tinal hydrogenation of the two aldehvdes. n-Butanol is then recvcled.
Both steps take place under relatively mild conditions. The carbonylation is run at 200 "C
and 100 atm and the hydrogenation at 20 C and 30 atm. High selectivity is achieved.
Further improvements in the catalysts have the potential to make this process competitive

with the current oxidation route to ethylene glycol (if coal-based synthesis gas becomes a

major teedstock).

Scheme 15
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Hydrogenation of Aromatic Compounds

Aniline

An industrial hydrogenation process familiar to the reader from undergraduate organic

chemistry textbooks is hydrogenation of nitrobenzene to aniline (Eq 48). Aniline is one of



the most important compounds in aromatic chemistry. since many aromatic commodity
chemicals are manutactured trom it. This reaction is carried out in the vapor or liquid
phase. usually with a copper-on-silica catalvst at 270 C and at atmospheric pressure.*®
A\ continuous process with its small reactor volume is preferred because the reduction
reaction of nitroaromatics with hvdrogen is so strongly exothermic that etticient cooling
would be ditficult in large reactors. Smaller scale reactors are needed to keep the
reduction under control at all times. Recent advances tor this process are the extended
lifetime (over seven years) achieved for the solid catalyst support (Lewis acid type
alumina. ttania or zirconia-alumina with additional promoters) and the development of
an etficient distillation column tor the separation of phenol from aniline in the reaction

Hd - - - - .
product. ~ Recent progress in catalyst design allows nearly quantitative vields.

NO, NH,
= [cat.| N
I -3, — | - 2H,0
NS NS (48)

The newest process tor aniline preparation involves treatment ot phenol with ammonia
(Eq 49).* This process is not a reduction reaction. but we'll discuss it here in order to
compare with the traditional antline process. This reaction is reversible and is driven to
the right by a high ammonia‘phenol ratio. which also retards formation of diphenylamine.

The reaction takes place at 425 C and 200 atm with magnesium. aluminum. and tungsten



oxides along with the proprietary catalyst. Aniline selectivity is lower (90%) than in the
nitrobenzene process. However. recently selectivities to anilines in this process were
shown to improve significantly (up to 99%) by using zeolite ZCM-3 as the catalyst under
pressure at 400-500 C. The phenol route has a lower capital cost than the nitrobenzene
process. This is oftsct by the high raw material cost of phenol relative to nitrobenzene.

A clegr advantage ot the ammonolysis process is the elimination of the ecological
problems associated with the sulturic and nitric acids used for the preparation of

nitrobenzene.

OH NH,

, AlO+.Si0,
-~ \H; _— - + H-;O
: [cat.] =
(49)

Fhe lowest possible material cost can be envisioned tor the direct amination of benzene
via intermolecular dehy drogenation (Eq 30). In this reaction benzene and ammonia are
allowed to react over a NiO/Ni catalyst containing promoters such as zirconium oxide at

330 C and 300 aum to give a 97% selecuivity to aniline with a benzene conversion of

A - . . . . . . .
A major issue with this process is the required catalyst regeneration. since

13%.
hydrogen formed in the reaction reduces the NiO part of the catalvst. Because the catalyst

regeneration has not yet been achieved and because of low benzene conversion. this

reaction has not vet been commercialized.
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Benzene

The proportions of benzene. toluene and xylenes produced by catalyvtic reforming are not
in line with requirements tor these materials in chemical applications. with the amounts
of toluene and xylenes usually being tar higher than required. Hydrogenation of toluene
to benzene called hydrodealkylation assists in balancing out the toluene/benzene ratio
trom the natural sources and accounts for 23-30% of world’s benzene production.”® This
is an interesting example in which the process operations are dictated by cconomic
factors. [ydrodcalkylation plants are in operation when amount ot toluene obtained from

gasoline is signiticantly higher than that ot benzene.

Hydrodealkylation is carried out both catalytically with a rhodium-alumina catalyst at
600 C and thermally without a catalyst. with 99% yields from both processes (Eq 51).%
Note that for this process (as well as for many others used in industry) high temperatures
are required. Even though the reaction is thermodynamically favored (e.g. AH < 0). it
might not proceed at fower temperatures in a reasonable amount of time. since the rates

are very slow. Temperatures above 600 C are necessary for the hydrodealkylation
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reaction to overcome the activation energy barrier and achieve acceptable rates.

(31)

Dehydrogenation

With cracking and retorming processes (see pp. 47-48) being dehydrogenation reactions
(which they technically urc). dehydrogenation can be considered the most important
reaction carried out industrially. Dehydrogenation reactions are normally designed to

proceed in the vapor phase over solid catalvsts.

Fhe major factors usually considered before designing any commercial hydrogenation
process are the cost ot hydrogen and the location of hydrogen feedstock. Considering low
density. low critical temperature of -240 C. and high critical pressure of hvdrogen. its
transporting can be very expensive. Therefore. hydrogenation plants must be built next to
a hydrogen source. cither a stecam reforming plant (since hydrogen is generated from
steam reforming of hvdrocarbons) or a plant that produces hydrogen as a byproduct. We
note that these types of considerations are never an issue in conducting a small-scale

svnthesis. but they are always a major concern in commercial-scale manufacturing.
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Diencs

[n the laboratory. 1.3 butadicne can be synthesized from allyl bromide (3-bromopropene)
in a Wittig reaction with triphenylphosphine followed by an addition of formaldehyvde.
Alternatively. 1.3 butadicne can be obtained by oxidative coupling of alkenes with
Grignard or lithiumcopper reagents in high vield. ol As expected. the cost of the reagents
is fairly high. Slightly moditiced. the latter process can be converted to a catalytic reaction.
For example. in the case ot highly functionalized molecules. coupling of alkenyl halides
with Grignard or organolithium reagents can be catalvzed by tetrakis
(triphenylphosphine) palladium. Still. the starting materials make this process
uneconomical on an industrial scale (Scheme 16). In industry the Grignard reagent cannot
be used because of cost and satety issues. In general. the economics of the laboratory

reactions is not comparable with that of the industrial process. Butadiene is currently sold

tor $.15/1b.

Butadiene. the highest volume material among all dienes. is used in large quantities for
synthetic rubber manutucture. The annual production of butadiene in the U.S. was 4.1
billion pounds in 1997.* Butadiene is produced in small quantities from petroleum
cracking. However. this limited amount of butadiene is not enough to satistv the demand
in the U.S. Modern butadiene production is based on dehydrogenation of n-butane or n-

. . . —~ 92 .
butenes obtained from petroleum cracking (Eq 52). - The more ethylene is produced
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Scheme 16
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annually. the more butadiene is produced as a co-product of the petroleum cracking. As a

result. less is required trom the dehvdrogenation route.

-, -Ha

The butanerbutene dehydrogenation process is carried out at 480-600 C at reduced
pressure over a heterogencous catalyst. Current catalysts are based on iron oxide and give
selectivity to butadiene ot up 1o 93%."”* Similar to most dehydrogenation reactions. this
process proceeds in equilibrium and is endothermic. Endothermic reactions are driven
toward completion at higher temperatures. Since dehydrogenation involves an increase in
the number o moles ot gas. the reduced pressure shifts the equilibrium toward formation

the final product. The low pressure reactor design requires an addition of steam as

108



a diluent to help to achieve the low partial pressure ot butane. In addition to its role as
a diluent. stcam assists in transterring the heat and prevents rapid catalvst deactivation
from deposition ot carbon on the catalyst. by reacting with carbon to produce carbon

monoxide.

The temperature of this process is quite critical. The enthalpy change for the conversion
- - . .. N R . . - . .
of butenes to butadicene 1s positive (AH = 109 kJ/mol). - Since tree cnergy of reaction is

defined as AG = AH - TAS. at low temperatures AG is also positive. c.g. tree energy of
the products is higher than tree energy of the reactants. This makes the reaction
thermodynamically untavorable at low temperatures. An increase in temperature can
make the reaction tavorable (AG < 0). if the change in entropy (AS) from reactants to
products is positive. In the butene dehydrogenation reaction entropy is positive. since the
number of product molecules is greater than the number of reactant molecules. [n order to

make the butadiene process tavorable (spontancous). the process temperature has to be

maintained above 430 (.

Several different processes tor the manufacture of butadiene are still in use around the
world. including those utilizing two-carbon raw materials such as acctyviene or ethanol.
However. the majority ot modern industrial processes for butadiene syvnthesis are based

on petrochemicals.” The butane/butene dehydrogenation process has the lowest raw

materials cost.
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Styrene

Surpassed only by ethyiene and vinyl chloride. styrene is the third most important
monomer for the manutacture ot thermoplastic materials. in particular. block copolvmers.
due to its ability to polymerize easily with itself and many other monomers.
Thermoplastics. one ot the two large groups of plastics (the second group is thermosets).
are defined by their ability to sotten repeatedly when heated and become rigid again upon
cooling. Thermoplastc clastomers are usually block copolvmers. where blocks of a ““soft™
flexible polymer alternate with blocks of a more rigid “hard™ polymer. A block of

polymerized styrene tultills the role of the rigid polymer in the styrenc-butadiene resin

(SBR) used in cups. tray <. containers. toothbrush handles. knobs and switches.

The styrene process is an excellent example ot industrial dehydrogenation of alkylated
aromatics. The main commercial route to styrene is the catalyvtic dehyvdrogenation of
cthylbenzene (Eq 9. p. 38). The latter is produced in the same plant by the Friedel-Crafts
alkylation ot benzene with cthylene in the presence of Lewis-acid catalyvsts. or. more
recently. as a continuous tlow alkyvlation over ZCM-35 zeolite catalvst.”

The most economical process tor this endothermic dehydrogenation is carried out in the
cas phase in a continuous tlow reactor over a solid long-lived catalvst. The

dehydrogenation ot cthyIbenzene proceeds at 550 C. the temperature above which AG
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tor the reaction becomes tavorable. In order to limit side reactions. the partial pressure of
cthylbenzene is reduced. and steam is used as diluent.™ The decrease in pressure shifts
the equilibrium toward the tormation of the products. stvrene and hydrogen. Similar to
the butadiene process. sicam scrves several purposes in the synthesis of stvrene. It
transters the heat necessary tor this endothermic reaction. acts as a diluent. and limits
deposition of carbon from hydrocarbon decomposition on the catalvst. This is a good
cxample ot an etticient industrial process. when the same substance performs several

roles in the same reaction.

The best catalyst for this process in terms of selectivity and stability to vapor is iron oxide
promoted with chromic oxide and potassium carbonate. This is the same catalyst mixture
that is used for dehydrogenation ot butenes to butadiene. The selectivity for styrene needs
to be improved. to reduce tormation of benzene. toluene. and other byproducts. The

.. . . ~a . . g
selectivity ot styrene is only 9324 at 40% conversion.

The oxidative dehydrogenation to styrene was never considered practical because both
cthylbenzene and styrence are oxygen sensitive. The dehyvdrogenation process is made
more successtul it any O, is removed by a reaction with H. [n 1986. a new catalyst was
. - . . . . ~ . . .y - - 93
discovered for this reaction. It is comprised of platinum. tin. and lithium on alumina.

The catalyst preferentially oxidizes the hydrogen to water vapor in a separate step.

driving the equilibrium toward styrene production. The formation of water during this
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dehydrogenation process climinates the need to add steam. The catalyst is used in

combination with present dehydrogenation catalysts.

There is no single-step process to produce styrene. All routes involve the formation of the
mtermediate. cthylbenzene. I'his is rather unusual. since one of the goals of industrial
process development is minimizing the number of process steps. The reason is the mature
tcchnblog}' and a highest selectivity of the ethylbenzene process compared to all other

processes.

Formaldehvde

Formaldehyde has been manutactured by the dehyvdrogenation of methanol since 1888. A
mixture of methanol vapor reacts with a limited amount of air over a silver or copper
catalystat 700 €. Foduy a fixed bed silver catalyst is used.” The endothermic
dehydrogenation of methanol and the exothermic air oxidation of hydrogen occur
simublancously in the same reactor (Scheme 17). The very clever exploitation of the
thermodynamics of this dual sct of reactions makes the process more economical. The
methanol/air ratio can be adjusted so that the heats ot reaction balance out. Then no
external heating is required to maintain the reaction temperature. Sclectivities of 85 to
95% are achicved at 65% conversion.”” Since the cost of methanol represents over 60%

of the production cost ot formaldehyde. fluctuations in the commercial price of



formaldehyde fairly accurately retlect tluctuations in the price of methanol.

Scheme 17

Ha - 0.50, — 1,0

Aromatic Substitution

Aromatic substitution reactions are of major importance in industrial chemistry.
Aromatic hydrocarbons. available from catalytic reforming and other sources. may be

converted into a large number ot usetul products.

Electrophilic aromatic substitution reactions involve the addition ot an electrophile to the
aromatic ring to give a cationic intermediate (not isolated). Loss ot a proton regenerates
the aromatic ring. Llectrophilic aromatic substitution reactions of major commercial
tmportance are nitration. sultonation. Friedel-Crafts and related reactions. and
chlorination. Nitration of benzene produces nitrobenzene. the starting material for aniline
manutacture. Sultonation ot benzene produces benzenesulfonic acid. a starting material

for one of the phenol syntheses. The reactions are described well in undergraduate

organic chemistry textbooks.



Iriedel-Crafts reactions are amongst the most familiar to organic chemistry students. The
original Friedel-Crafts reuction used an alkyl or acyl halide as the electrophile and AICI;
as a catalyst. The modern process of Friedel-Crafis alkvlation is similar. with the
exception that alkenes have replaced alkyl halides as starting mazerials. eliminating a

necessity for the two-step process.

Alkylation is one of the least important Friedel-Crafts reactions in the laboratorv. since
the alkylated product is more reactive than the starting material leading to polvalkylation.
On th_c contrary. alkylation 1s the most important ot all Friedel-Crafts reactions in
industry and is uscd in the production of such top U.S. chemicals as cumene and
cthylbenzene. The preparation ot ethyibenzene is of major importance as a step in the
manufacture of styrene. The selectivity of the industrial process to the monoalkylated
product is increased by limiting the benzene conversion to approximately 30%.°% High
benzene alkene molar rauo is maintained throughout the reaction. since an alkene

deficiency prevents turther alkylation to higher alkyvibenzenes.

Another very important application ot Friedel-Cratfts alkvlation is the reduction of
benzene levels in gasoline. Gasoline originally contains between 2 and 3 volume % of
benzene. which is a known carcinogen. However. neither benzene separation nor gasoline
hydrogenation to reduce the benzene level proved practical. Only alkylation of benzene

by a mixture of C,-C, alkenes ctfectively removes benzene from gasoline. thereby
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decreasing the level ot environmental hazard.
Ethylbenzenc

Some ethylbenzene is produced during catalytic reforming and can be removed from the
Cy fraction by so-called supertractionation. However. most ethvlbenzene is synthesized
by alkylation in a Fricdel-Cratts reaction between benzene and ethylene.” As already
mentioned. this reaction is a lirst step in the major process for styrene manufacture and is
produced in the same plant in the presence of Lewis-acid catalysts (Eq 53). The Friedel-
Crafts alkylation was historicaily carried out at 90 'C at atmospheric pressure in the liquid

phase with aluminum chloride.

CH.CH;
= [cat.|
| + HC=Clly ——

Because the aluminum chloride catalyst is corrosive and has to be trequently regenerated.
gas-phase Friedel-Cratis processes were developed. The gas-phase ethylation is usually
carried out with phosphoric acid on a solid support as a catalyst at about 300 'C and 40
atm pressure. The reaction proceeds via protonation of the ethylene on the catalyst

surface to give an adsorbed ethyl cation. which then attacks the benzene. Ethylene is a



limiting reagent to suppress turther alkylation. The development of more selective zeolite
ZCNI1-5 cataly sts tor continuous gas-phase reactions was a significant improvement. The
improved process gives cthyibenzene with 99.5% selectivity at 98% cthylene

- 1130
conversion.

Cumene

Cumene ts an intermediate in the most important process for the manutacture of phenol
and is made by acid-catalyzed gas-phase alkylation of benzene with propylene (Eq 54).
This process is similar to cthyibenzene gas-phase production and tyvpically proceeds at
200-300 C and 20-40 aun prcssurc.“” Note that milder conditions are used than in
;1lk}'l£1lion with cthylene. since propylene is more readily protonated. Protonation of
propylene leads w tormuton ot an adsorbed secondary carbocation. which is more stable

than the primary carbocauon tormed by protonation of ethylene.

C(CH;3)a

= [cat.]
| = CH:CH=Cll, ——»

\/
(34)

The most recently developed cumene processes are based on zeolite catalysts and offer

cconomic and environmental advantages over conventional supported phosphoric acid
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technology. Yiclds are ncarly quantitative. Newly developed zeolite catalysts called
MCM-22 and MCM-36 ( Mobil-raytheon) are believed to have activity tailored to
minimize propylene oligomerization and coke formation. the biggest complications in
such processes. These catalysts have an unusual pore structure. consisting of two
independent two-dimensional pore systems. They have an exceptionally high activity for
benzene alkylation and may prove to be the next generation of alkylation catalysts. New
cumene processes based on zeolite catalysts will allow existing cumene piants to increase

capacity by 30 - 40% which is a significant economic breakthrough. considering that a

~
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volume of six billion pounds of’ cumene is produced annually.

Finally. catalyvtic distillation (CD) processes tor manufacture of cumene have been
dcveloped.-' Catalytic distillation is a process in which both the chemical reaction and
separation of products occur simultancously within the same distitlation column. In the
alkylation CD reactor. propylene (gas) flows upward and benzene (liquid) tlows
downward in what is called a countercurrent operation. Cumene is continuously removed
from the reactor in the benzene tlow. This helps drive the reaction to completion and
limits byproduct formation. A significant advantage of the CD process is an ability to
control the highly exothermic reaction. The heterogeneous catalyst in the CD process acts
as distillation packing as well as a catalyst and is at any time surrounded by boiling
liquid. Therefore. the temperature of the catalyst particles is very close to the boiling

point of the liquid. This provides an accurate isothermal control in the CD reactor

1z



compared to the standard exothermic process in which temperature gradients exist.
Twenty-five percent lower capital costs is a very important advantage over conventional
cumene production techniques. CD cumene technology is currently being

commercialized.

The Friedel-Cratts alkylation to cumene is a good illustration of the significance of raw
materials cost in the economics of industrial svnthesis. The cost of the raw materials.
benzene and propylene. account tor as much as 90% of total process cost for cumene

manufacture.

Halogenation

The variety of halogenated compounds used in laboratory scale synthetic applications is
well known to all students of organic chemistry. These compounds are often used as
synthetic precursors on the path to some other final product. Halogenation is a very
convenient and direct method tor laboratory purposes. For example. halogens may be
added to alkenes to obtain halohydrins. and common alkyl halides can be easily
synthesized trom alkencs. alcohols. and carboxylic acids. Bromine and iodine are
preferred in laboratory scale reactions. since these halogens have a higher reactivity than
chlorine. However. thesc halogens are also more expensive but easier to handie than

chlorine. Besides elemental bromine and iodine. halogen reagents with the ability to
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donate electrophilic halogen atom are frequently used in laboratory. An example is the

- .. . . - . 03 - -
use of N-bromosuccinimide in DMSQO to form bromoh_vdnns.l > NBS is very expensive

and DMSO is a hazardous solvent (Eq 53). The cost of this process would exceed $36 per

I pound of the product cenerated.

OH
‘ ‘ | N =Br(NBS) l ]
_ CH-=C11> \\< CH—CHaBr
! 2 >
NS ' HOO CHSOCTTEDMSO)
Stvrene 2-Bromo-1-phenyiethanol
(Bromohydrin)

The prime issue with halogen reagents in industry in substitution or elimination reactions

is that halogens otien cannot be recovered for a future use. Since cost is normally a major

factor in choosing a commercial route. the use ot halogen compounds on the large

industrial scale tends to be avoided where possible. On the small scale. e.g. in

pharmaceutical production. where the cost of the halogen raw material is a smaller

proportion of the total production cost. chlorine is usually chosen since it is the cheapest

of the halogens.™

A drawback ot using low cost chlorine in industrial electrophilic substitution processes is

the formation of hydrogen chloride as a byproduct. This means additional waste disposal
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costs. Even when there ts another use tor hyvdrogen chloride. such as the production of
hydrochloric acid by dissolving the hydrogen chloride in water. it is not possible to utilize
the very large quantitics generated as a byproduct. since the demand for hydrochloric acid
is limited. All the above tactors tremendously limit the use of halogen compounds in

industrial processes.

Among the tew halogen compounds produced on a large industrial scale is methy]
chloride. a precursor tor methyvlene chloride. Methyl chloride is made by the direct
chlorination of methane.” Subscquent chlorination ot methyl chloride produces
methylene chloride. which tinds a wide use as a very powerful solvent. Another common

solvent. carbon terachloride. is made by the chlorination of carbon disultide (Eq 56).

(36)

Fhe manutacture ot viny | chloride is the largest-scale operation in organo-chlorine
chemistry. Fitteen billion pounds of viryl chloride are produced annually worldwide.
This process consumes about 20% of all the chlorine produced in the U.S.'" Vinvl
chloride is the only starting material in the polymerization to form polyvvinyl chloride
(PVC) and is an important monomer in the synthesis of various vinyvi chloride

copolymers.
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There have been major changes in processes used for the manufacture of vinyl chloride
during the last several decades. For thirty vears vinyl chlorine was manutactured from
acetvlene (Eq 57)."" Santhesis of vinyl chloride via addition of hydrogen chloride to
acetylene had several advantages. The reaction is exothermic (no heat needs to be
applied) and proceeds in one step. In addition. it is atom-economical. since all the raw
materials get incorporated into the product. However. the high price of acetviene

compared to other hydrocarbons overrides all the process advantages.

CH=CH - Il —— 1LC=CHCI (57)

Vinyl chloride switched trom an acetylene-based to ethylene-based process after ethylene
became available trom petroleum and natural gas cracking in the 1930s (Eq 8. p. 38).
Ethylene chlorination generally takes place in the liquid phase in a bubble-column
reactor. The addition of chlorine to ethyvlene results in formation ot 1.2-dichloroethane
which gives vinyl chloride by elimination of hydrogen chloride. The elimination is
cndothermic and entropically favored. This thermolytic cleavage is carried out at

500-600 °C and 25-335 atm pressure and proceeds by a radical chain mechanism.

The disposal ot the hydrogen chloride byproduct presented a problem for a long time.

until the oxychlorination process for ethylene was developed. The tormation of vinyl



chloride from cthylene and hydrogen chloride in the presence of oxygen is known as
oxychlorination. This reaction proceeds in the gas phase at 240 C (Eq 38). The process
etfectively adds Cl, tfrom hydrogen chloride oxidation then eliminates HCI to achieve the
net substitution ot chlorine tor hydrogen. A supported mixture of cupric chloride and
potassium chloride is used as a catalyst in this continuous process. Selectivities of over
90% at about 93°s conversion are achieved. Cupric chloride is regenerated from cuprous

. . . . i0s
chloride by the reaction ot oxyveen and hydrogen chloride.

CH;=Clly =~ 2HCl - 0505 — CICH>,CH>Cl —»

HC! + H,C=CHCI (58)

Since the manufacture ot dichloroethane by the oxychlorination process requires a supply
of hydrogen chloride. the chlorination route to vinyl chloride and the oxvchlorination
route are often carried out in parallel.'’® The HCI byproduct of the chlorination process is
used in the oxychlorinaton as a starting material. Presently. a half of our vinvl chloride is
made by the chlorination process. and the other half by oxychlorination. This is a very
clever solution to the waste disposal problem. Certain disadvantages of oxvchlorination
as compared to direct chlorination - higher capital investment. higher operating costs. and
slightly lower purity product - are outweighed by the major advantage. the ability to

consume hydrogen chloride generated in the direct chlorination process. The latter
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climinates the cost ot hy drogen chloride disposal.

New developments in vinyl chloride manutacture have focused on eliminating the
multiple stages ot combinced processes (chlorination. oxychlorination. and thermolysis)
which add considerably to the capital and process costs. A basic simplification of the
process would be achieved by direct chlorine substitution with Cl, or oxychlorination of
cthylene to vinyl chloride. without isolation of the ethylene dichloride intermediate.
These pathways to vinyl chloride have been investigated but have not vet led to
commercial processes due to the high temperatures required and the consequent side

V7

. 1(
reactions.

As mentioned carlier. an objective ot the chemical industry has been to replace alkene
raw materials with alkances. Likewise. there has been extensive research aimed at
developing a route to vinyl chloride from ethane rather ethylene. In the vapor-phase
oxychlorination of cthane developed by [CI Corporation. ethane is tully converted to
cthylene which then undergoes the oxychlorination reaction. The catalvst. metallic silver
with salts of manganese or lanthanum impregnated on zeolite. gives a selectivity for vinyl
chloride up to 51%.'""™ More development is needed to improve selectivity before the

process becomes commercialized.



Hydrolysis and Hvdration

Since hydrolysis reactions are wastetul of raw materials. almost no chemical on the
industrial scale is produced by hydrolysis. The only exceptions are those situations where
no alternative route is available. This differs substantially trom the laboratorv synthesis
where hydrolysis is widely used. For example. a classical route to carboxylic acids

includes the hydrolvsis of nitriles.

Unlike hydroly sis. which necessarily vields unwanted byvproducts. hvdration is an
addition reaction with no other products. Thus hvdration reactions are of substantial
commercial importance. Hydration ot alkenes. for instance. provides one of the major
routes to alcohols. In the laboratory alkenes are commonly hvdrated by either
oxymecuration (treatment with mercuric acetate tollowing reduction by sodium
borohydride) or hydroboration (addition of borane tollowed by treatment with basic
hydrogen peroxide).’ Both procedures not only involve costly reagents. but also are two-
step processes. This is highly uneconomical on a large scale.

The hydration of ethylene to ethanol is the most important process tor the industrial
synthesis of ethanol. With the availability of cheap ethylene from stcam cracking since

the 1950s. the petrochemical route to ethanol became more economical than the

fermentation route used previously. The original ethylene hydration process was a
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sulturic acid mediated process. Ethylene was mixed with concentrated sulfuric acid to

form a mixture ot cthyl hydrogen sulfate and diethyl sulfate. which was then hydrolyzed
1o . . . . . .

to ethanol (Eq 1).""" This process is still operated in some countries. but in the U.S.. to

avoid the use of sulfuric acid. it has been replaced by a direct hvdration reaction.

The direct hydration process continuously combines water and ethylene over a silica or
celite-supported phosphoric acid catalyst in the vapor phase at 300 C and 70 atm. The
selectivity for ethanol is as high as 98%. """ By protonating the ethvlene substrate.
catalysts lead to tormauon of an cthyl carbocation-like intermediate. activating ethylene

toward nucicophilic attack ol water (Eq 59). The reaction proceeds at equilibrium.

+ H,0

“H,0

H,C=CH, - 110" === CII;CH>

. =10
CH:Cl>, —OH-"  Z==—=—= CH:CH,OH + H;0"

B e ——

The ethanol process by direct hydration is an excellent example illustrating the
importance of selectivity over vield or conversion in industry. Recall that in the
laboratory. vicid is the major factor. Industrially. the conversion of ethviene by the direct
hydration process is as low as 4% per pass. The reaction conditions. 300 C and 70 atm

LS .- 110 . . - -
pressure. are chosen to optimize selectivity. The conversion is high enough to provide



acceptable yvields. but low enough to limit the formation of byproducts such as diethyl
cther and ethylene oligomers. An increase in pressure shifts the equilibrium toward the
tformation of fewer moles of gas. e.g. toward ethanol production. Although conversions
higher than 4% could be achicved by a further increase in pressure. this is uneconomical.
since polymer formation tends to increase at higher pressure. In addition. the pressure

can’t be raised without extra capital and operating costs. Because of the low conversion.

large amounts ot cthylenc must be recvceled.

Many catalysts. other than “solid phosphoric acid™. have been suggested for the direct
hydration process. including metal oxides and metal salt catalysts. Although the search
tor a more active catalyst and increasing ethanol conversion are important issues in direct
ethylene hydration. the cost of cthylene (and its sources. crude petroleum and natural gas)
is the major factor in future process development. Synthesis gas. the use of which was
discussed in the last section. may eventually serve as the raw material for ethanol

.3l
synthesis.

Hydration of acetylene leads to the formation of acetaldehyde (Eq 60). This reaction is
not of major significance in industry. since acetylene is a much more expensive two-
carbon raw material than cthylene. As shown in the previous discussion. acetaldehyde is
now manufactured almost exclusively by oxidation of ethylene in Wacker Chemie

process.
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HC=CH - H,O ——s CH;CH (60)

Etherification: MTBE

As discussed above. aromatic compounds have high octane numbers. which is very
important tor gasoline. However. since the Clean Air Act demanded a drastic reduction in
the aromatic content of gasoline. other components with high octane numbers were
needed and were tound in oxs genates. particularly in methyl tert-butyvi ether (MTBE).
Oxygenates increase reststance to knocking by slowing down the radical reactions that
cause autoignition in the automobile engine.” In addition. MTBE is used to prevent air
pollution. by oxidizing carbon monoxide to carbon dioxide and thereby reducing carbon
monoxide emissions. The content of MTBE in gasoline required now by the Clean Air
Actis as highas 11 to 17% (by volume) depending on gasoline type and the required
oxygen content in gasoline. A\s a result. the demand for MTBE has grown tremendously
in recent vears. (Very recently. there has been an evidence of MTBE contamination of
underground water. Theretore. the use of MTBE in gasoline might be reduced and

.. 1
cventually eliminated.''")

MTBE is synthesized trom the reaction of isobutene with methanol over an acid catalyst.

usually an acidic ion exchange resin (Eq 61). The reaction proceeds via nucleophilic
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attack ot methanol at the initiaily tormed tertiary carbocation. MTBE is successfully
produced by catalytic distillation. This was the first commercialized CD process. In the
CD process isobutylene conversion is as high as 99% which is higher than in the
conventional Sy process due to the ability of the CD process to increase conversions
bevond the equilibrium limit. Nearly pure MTBE is removed upon formation at the

bottom of the CD column.”™

CH:OH + CH,=C(ClH:»: ZT—== CH;OC(CHj;);
MTBE (61)

The MTBE process gives us an example of ether synthesis in industry. which is
interesting to compare with the classical Sy2 Williamson ether synthesis pathway used in
the laboratory. MTBE can be synthesized in the laboratory by an S\2 displacement
reaction. using tert-butyl alcohol and methy| halide as raw materials (Eq 62).”" Note that
in the industrial reaction methyl group comes from the nucleophile (methanol). while in
the laboratory reaction the electrophile (methyl iodide) is a source tor methyi group. The
reason is that methyl iodide is more reactive than a tertiary halide as an electrophile for
S\2 displacements. On the contrary. for the industrial reaction a tertiary electrophile is
needed. since it proceeds via a carbocation intermediate. As is known. tertiary
carbocations are more stable than secondary or primary carbocations due to

hyperconjugation.
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Unlike the industrial svnthesis. the laboratory reaction is a two-step process in which the
alkoxide 1on first has to be prepared trom the reaction of alcohol with a strong base or
sodium metal. The total raw muterials cost to prepare 1 pound of MTBE by this method is
about $68. Compare this cost to the $0.60 cost tor raw materials for the industrial

svnthesis of | pound of MTBE.
Formation of Isobutenc for MTBE Synthesis

Since the development ot MTBE as a gasoline oxygenate. isobutene available from the
refinery suddenly became an important chemical. This is a good example of how a cheap
byproduct can become an important starting material for a kev process. MTBE
production in the US was 7.6 billion pounds in 1993. up from 13.6 billion pounds in
1994. and only 31 million pounds in 1982.” Obviously. the existing supply of isobutene

was not nearly sutticient for this increased demand. A separate process was needed.

[sobutylene can be produced by isomerization of n-butane to isobutane followed by
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dc:h_\'arogcnalion.:l These processes are now in use. but they are costly. [t would be
commercially beneticial to convert n-butene directly to isobutene instead of performing a
two-step process. The major problem with a one-step process has been the formation of
dimers. which could onix be prevented at temperatures above 450 C. the temperatures at

which the catalyst is rapidly dcactivated.

Recently Shell and Lyondell developed a catalytic isomerization process. which directly

12,1153

converts n-butene to isobutene. without catalyst deactivation.' This breakthrough
became possible because ot the development of a new catalyst - a medium-pore zeolite
called FER. With this catalyst thermodynamic equilibrium in the isomerization amongst
the butene isomers is reached at a temperature of 350 C. The catalvst remains active and
selective at this temperature. [n addition. Engelhard Corporation has designed a new

tamily of refinery craching catalysts that will dramatically increase vields of isobutene

. .. - . il
from existing refinery equipment.

An interesting synthetic method of capturing isobutene from the C, retinery stream takes
advantage of the fact that isobutene is the only butene isomer capable of forming a
tertiary carbocation on protonation. The process involves the preparation of a glycol ether
intermediate using solid acid catalysts (Eq 63).'" Initially isobutene is captured from the
mixture of C; alkenes by ctherification with a suitable aliphatic diol. With 1.2-propylene

glycol the high boiling glycol mono-t-butyl ether is formed. The low boiling point

=



alkenes are easily separated and used in other applications. Deetheritication of the
monoether at higher temperatures yields pure isobutene and regenerates the glycol. The
principal acid-catalyzed reaction is deetherification of the glvcol t-butyl ether to
isobutene. This reaction occurs due to the fact that E1 elimination is only possible at the
tertiary site. It was shown that solid inorganic acid catalvsts such as heteropolyvacids
(HPA) and acidified montmoritionite clays provide improved performance because of
their hluch higher thermal stability. The economic advantages of this process are high
reaction rates. catalyvtic stability. the lack ot byproducts disposal. and the lack of strong

. - T
acid corrosion problems.
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IV. Future of Industrial Organic Chemistry: New Development in Industrial
Svnthesis

Economic activity and the needs ot society ultimately drive the current and future
development of industrial organic chemistry. It is beneficial for future industrial chemists
to be aware of these trends. The current and expected demands are summarized from the
current literature. They include a demand for a lower cost raw materials for existing
products. demand for new processes to generate larger quantities of an existing product.
demand for environmentally compliant procedures. and demand for higher product vield.
[n addition. there is a demand for fundamentally new industrial processes utilizing more
abundant natural resources. Some of the recently developed processcs have been already
mentioned in Section HI. Here some of the most important developments are summarized

and classified by their purpose.

The Need for Lower Cost Raw Materials

For most chemical processes. raw material costs constitute approximately 70% of the
total manufacturing cost and are. therefore. the most important factor to attack when a
large financial impact is nceded.” By far the strongest current research toward lower cost
feedstock is the effort to use alkanes in several processes. Major research efforts are

directed toward the substitution of alkanes. such as ethane. propane. and butane. for the



corresponding alkenes. In addition. several current research projects aim to convert
methane to alkenes or aromatics.” The task is challenging. due to the low reactivity of
alkanes which feads to poor selectivity. Remember that C-H bonds are nonpolar. since
clectronegativities ot carbon and hydrogen are very similar. In addition. the C-H bond
energy is high enough for the bond to be stable and unreactive. On the other hand. when
polar heteroatoms such as oxygen or nitrogen are present. the carbon atom becomes
clectron-deticient and is prone to an attack of an electron-rich specics following

protonation of the heteroatoms.

Obviously. in organic reactions functional groups are necessary to provide a good
reactivity and sclectivity toward a particular product (some bonds may be broken much
more easily than others are). However. even alkanes are not entirelyv unreactive. since
primary. sccondary. and tertiary C-H bonds are slightly different in their bond
dissociation energies. I'he cconomic driving force tor developing selective alkane
activation catalysts is the ditference in price between these alkanes and the corresponding
alkenes which can trequently cost as much as $0.10/1b more. Theretore. this research is

being actively pursued.

For example. a process tor the direct one-step ammoxidation of propane to acrylonitrile
was developed to potentially replace an existing acrylonitrile process based on propylene

ammoxidation. * The Monsanto process for making acetic acid via methanol



carbonylation involved a change in raw materials. Methanol replaced cthylene. which had
been used in the previously dominant Wacker process.” An increased difference between
prices for methanol and cthylene in recent vears have made the cost advantage of the
methanol carbonylation route ¢ven more signiticant. Currently. the price ot ethylene is

three times higher than the price of methanol (S0.18 versus $0.06 per pound).

The challenge ot alkane oxidation reactions is poor selectivity. which resuits in complex
and costly separation and puritication requirements that lead to highly capital-intensive
processes. One ot the most important developments in alkane tunctionalization is
selective air oxidation ol alkanes to alcohols in the liquid phase over a halogenated
porphyrin complex. tetraphenyiporphyrinatoiron(Il) azide. which acts as a catalyst
(Figure 9). It was tound that halogen content directly affects activity ot the catalyst.
When pertluoropheny| substituents are present on the ortho and para positions of the
phenyl groups. catalytic activity is so greatly enhanced that even propane can be
selectively air-oxidized under mild conditions.''® Highly electron-withdrawing fluoro-
substituents in the ortho and para positions cause high electron-deticiency in the iron-
porphyrin complex. This activates the metal and increases its reactivity toward
hydrocarbons. The mechanism of the alkane hydroxylation possibly involves formation
of an iron (IV) oxo complex. which abstracts a hvdrogen atom trom the alkane.
subsequently donating a hydroxyl group to the alkyl radical.''® This tinding might allow

tindustry to use alkanes instead of alkenes as a feedstock. provided the cost of porphyrin



or porphyrin-related substance 1s relatively low.
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Figure 9. Halogenated porphyrinato ligand system for iron (IIT) complexes. Reprinted
from ref. 116.

Other demands tor more economical raw materials include the need for alternative
sources of ethylene. Lthylene is the chemical industry’s most important raw material.

40% of all organic chemicals are derived from ethvlene. Thus. there is a strong incentive



to tind a lower cost route to ethylene. such as selective catalytic dehydrogenation (to
repiace the current capital intensive thermal cracking process) or. preferably. selective
oxidative coupling of methane. An extensive worldwide effort is now underway to

develop the oxidative coupling of methane to ethylene and to aromatics.” !’

Currently the synthesis ot alkenes trom a C1 source can be practically achieved only
through the traditional Fisher-Tropsch synthesis of hydrocarbons from synthesis gas
(molecular hyvdrogen and carbon monoxide) obtained from coal (Scheme 18). Carbon
trom coal is oxidized by molecular oxygen to carbon monoxide. Hyvdrogen. another
component ot synthesis gas. is obtained by treatment of carbon monoxide with water.
Reactions of carbon monoxide with hydrogen produce a mixture of alkanes and alkenes
with a broad range ot molecular weight by growth of carbon chains on an iron-based
catalyst. without any size restrictions. Products are mostly C:-C,; straight chain
hydrocarbons. with small amounts of methane. ethylene. and propyvicne produced. The
alkenes are formed first and may be reduced to aikanes. The Fisher-Tropsch process is
costly and unreliable in operation. Expensive. mechanically complex reactors are needed

. .y - . . .. 118
to process solid coke. This process is currently operated only in South Africa.



Scheme 18

nCO + 2nH, — CoHyy — nH-O0

2nCO + nHy —» CoHypy = nCO,

Natural gas. in areas ot abundance. can also be used as a source of synthesis gas for
potential production ot"hydrocarbons (Eq 64). However. commercialization of this
process will require better catalysts. Catalysts with high selectivity tor methane are
needed. since methane is less reactive than the products ot its conversion. CO and H,O.
The preterred ruthenium cataly st gives good results in the lab but will probably never be
used in the commercial process because ot its great expense.''” The recent success was
due to the development ot highly selective molecular sieve catalysts which could handle

multiple regenerations. I'he new catalyst has been commercially produced and is

- . 114
currently used in pilot plant scale.

(‘["{J e H:O — '[: - L() —*Can« - H:O (64)

Methane has been increasingly used as a source for higher hvdrocarbons. because it is
cheaper and more abundant than petrochemical feedstock. At the same time. utilizing this
hydrocarbon resource with minimum environmental impact has become a major
challenge to catalytic chemistry. Especially since the oil embargo in 1973. there has been

an extensive worldwide ettort to pursue the chemistry of methane. This has resulted in a



number of research breaktroughs. For example. carbonylation of methanol (produced
from methane) to acetic acid over homogeneous rhodium-based catalysts allows
selectivities approaching 99%. Furthermore. the process may be run at much lower
pressures than required for prior catalysts.>* Ethylene giycol (antifreeze) can also be
produced via the oxidative coupling of methanol. In addition to acetaldehyde. ethanol.
and ethylene glycol. other large-volume chemicals currently made from ethylene or

propylene may become attractive candidates for manufacture by one-carbon chemistry.

The Need for Larger Quantities of Product

The demand for most commodity chemicals doesn’t vary dramatically from one vear to
the next. A counterexample is MTBE. The demand for this gasoline additive has grown
tremendousl_\'.':” As discussed above. the high demand for MTBE is in turn creating a
large demand for isobutylene teedstock produced via catalytic dehyvdrogenation of
isobutane. and. recently. by isomerization of butenes at the refinery. Recent research is
attempting to develop oxidative dehydrogenation of lower alkanes - ¢thanes. propane and

isobutane - to their corresponding olefins utilizing new catalysts.

The Need for Environmentally Compliant Procedures

As mentioned above. major environmental hazards in industrial reactions are caused by



corrosive liquid acid catalysts. This section will summarize the resulits ot recent
development on solid acid and superacid catalysts that have the potential to solve this

cnvironmental chzllenge.

Development of Solid Acid Catalysts

An attempt to replace liquid acid catalysts with solid acids is currently one of the major
R&D eftorts in industrial chemistry. Solid acids have many advantages over the
homogeneous acid cataly sts traditionally used. They are environmentally benign and
present fewer waste disposal problems. They are noncorrosive and do not require special
cquipment. Finally. they can be tailored to give increased selectivity and longer catalyst
life by surtace modification and other improvement methods practiced with

heterogeneous catalysts.

Several improved processes based on solid acids have been commercialized in the past
several vears. and emerging solid acid technology shows a potential for turther
improvements.™ The tirst successful solid acid process tor chemical production was the
Mobil-Badger ethylbenzene process. first commercialized in 1980. Since then. solid acid
catalysts have been introduced in many synthetic processes such as aromatic alkylation.

acylation. hydration. and condensation.
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New types of solid-acid catalysts may potentially replace zeolite catalysts in the synthesis
of cumene by benzene alkylation. The Nafion-silica nanocomposites. a novel ion-
exchange polymer material developed at DuPont. show high activity for the reaction of
benzene with propylene in the liquid phase under very mild conditions (60 'C).'""! Nafion
is a polytetratluoroethylene-based polymer that contains small proportions of sulfonic or
carboxylic ionic functional groups. This polvmer used by itself has a low activity for
reactions involving nonpolar reactants. because these reactants are not able to access the
acid sites in the interior ot the beads. Because nanometer-size Nation particles are
entrapped in a porous silica network in the new catalvst. most of the acid sites are made
accessible. The nanocomposite catalysts are already being used commercially for some

applications.

Development of Superacid Catalvsts

T'he term “superacid’ is usually detined as an acid stronger than 100% H,SO,. The role of
superacids catalysts in industrial organic chemistry deserves some discussion.

A\ superacid has an ability to protonate almost all functional groups. This unique acidic
strength is caused by combination of a Lewis acid and a strong Bronsted acid in the same
molecule. For example. protonated tluorosulturic acid can be produced if Lewis acid
SbF. is dissolved in a mixture of HSO;F and SO;."* Solid superacids would be more

attractive candidates than liquid superacids which are corrosive. hazardous. unstable. and.
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therefore. unsuitable tor industrial catalysis.

All'solid superacid rescarch is focused on making stable solids that are extremely strong
proton donors. Newly developed solid superacid catalysts. AICIy/sultonic acid resin. and
heteropolyacids such as 12-tungstophosphoric acid. H;PW,,Oy,. are so strong that they
react with such weak bases as alkanes by hydride abstraction. converting, for example, n-
butane into isobutane. The most active of known superacidic solid catalysts is sulfated
zirconia (SOJJ'H’ZrO:) with tron and manganese as promoters.lll Sulfated zirconia-based
catalysts appear to have the greatest potential for use in industrial isomerization
processes. becausc the catalyst is stable and highly active for alkane interconversions.
The conversion of n-butane into isobutane can proceed at room temperature. Similarly,
sulfated zirconia is able to catalyze an n-pentane isomerization to isopentane even at such
tow temperatures as -23 C."' Such low temperature conversions are very advantageous.
because the equilibrium tavors the valuable branched products to an even greater extent at
low temperatures (although at these temperatures the reactions are veryv slow). Branched
molecules are more thermodynamically stable. with more negative enthalpies of
formation. compared with their linear isomers. For example. AH®, for liquid isopentane is

-178.5 kJ/mol versus -173.5 kJ/mol for liquid n-pentane.

Currently n-butane isomerization is the biggest potential application for the superacid

catalysts based on sulfated zirconia. because the product isobutane is in demand as a
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precursor ot isobutene and methyl-t-butyl ether (MTBE). a component of high octane
gasoline. Other branched alkanes are required for use in alkylation reactions and as

additives to gasoline to increase its octane number.

Sulfated zirconia is more strongly acidic than zeolites. since it is very active for light
paraffin conversion at temperatures of about 200 'C. much lower than those at which
zeolites are usually used.' *! The drawback of very strong acids used as catalvsts is their
selectivity: these catalysts are so active than they tend to have high selectivities only for
light alkanes such as isobutane and propane. Interconversion of medium range alkanes
result in tormation ot’a mixture ot branched isomers formed by miltiple hvdride shift on
the carbocation. However. because multi-branched products have higher octane numbers.
they are more desirable than their less branched isomers. Therefore. catalysts with higher

selectivity for the formation highly branched molecules are required tor isomerization of

C,. and higher alkanes.

Modern catalytic alkylation at refineries still uses a process trom the early 1940°s in
which a mixture ot liquid acid (either sulfuric or hydrofluoric acid) and aluminum
chloride/boron tritluoride act as catalysts. Both liquid acid alkylation processes have
strong potential environmental and heaith hazards associated with them. The byproduct of
sulturic acid alkylation. so-called red oil. is toxic. and HF. which is a gas under standard

conditions. is violently reactive even with such normally inert materials as glass.
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Solutions ot HF will penctrate through skin and destroy bone and other tissue. California
1s currently considering a ban on hydrofluoric acid storage that would affect several
refineries using HF. New environmental requirements were a driving force for the
development ot a silica and zirconia supported H;PO;-BF;-H,SO, catalyst introduced as

an HF replacement. This catalyst shows good alkylation selectivity. and therefore is a

AR,
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potential solution to both environmental and economic issues.

Solid superacid catalysts are also promising as replacements for the homogeneous AlCl,
and BF . Friedel-Cralts cataly sts in aromatic acylation processes. Heteropolvacids (HPAs)
appear to be especially active as acylation catalysts. probably because the large HPA
anion can stabilize the cationic intermediates in such reactions. Partially exchanged alkali
metal salts of HPA\ are soluble in reaction media and have high surface areas. They are
more active than such popular active and selective catalysts as zeolite-Y and Nafion. The
high surface area of these catalysts is a result ot their microporous (pore width up to Znm)
and mesoporous structure (pore width from 2 to 50 nm). Sulfated zirconia catalysts have
also proved to be acidic enough to catalyze acylation by carboxylic acids and acid

anhydrides as well as acyl chlorides. These catalysts are now being tested for commercial

. . ol
applications.'”

Even though the new catalytic systems are not yet as etfective as sulfuric and

hydrofluoric acid. there is a good reason to believe that further research will eventually
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vield cconomically viable. environmentally triendly catalysts.

The Need for Higher Yield

An increase in a product vield in current processes can bring economic advantage and
reduce environmental hazards. One breakthrough is a dramatic improvement in the

recovery of fuel oil. a product ot crude oil distillation.

One of'six fractions obtained by tractionation is the residue fraction containing fuel oil.
valuable material whose boiling point is slightly above 340 C. Usually. maximum
operating temperatures of crude oil distillations do not exceed 340 C. since at higher
temperatures signiticant amount ot coke is tormed. blocking up the distillation tower.
Theretore. fuel oil can not be distilled as a separate fraction and has to be obtained from
catalytic cracking ot the residuce. The residue is diftficult to process because of the
deposited carbon. which acts as a catalytic poison and causes fast catalyst deactivation
and reduced selectivity.'™ Now. due 1o an increase in marketplace competition. the
inability to process the residue fraction (or resid) leads to economic failure for many
refineries. An intensive research program resulted in the identification of catalysts with

. .. . - . . . - - . 37
higher selectivity tor fuel oil and greater resistance to poisoning and contamination.’

Typically crude oil is cracked as it is distilled at refineries. A catalyst for the fluid
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catalytic cracker (FCC) consists of zeolite and a matrix. The major tunction ot the matrix
is to allow large molecules with high boiling points to reach the zeolite crystals. since the
pores in the latter are too small to accept these molecules directly. The matrix materials
are usually binders and metal traps which provides functionalities needed to trap
contaminants. Several moditications of FCC catalysts leading to improved residue
processsing were introduced within the past 3 years. Zeolites were made more selective
by hydrothermal treatment to remove aluminum trom the zeolite crystals.'>” The catalyst

retained high activity and good stability,

New Lower Cost Technique: Catalvtic Distillation

Catalytic distillation (CD) 1s one of the new techniques in synthetic industrial chemistry
with which futurc industrial chemists should be tamiliar. This is a process in which both
the chemical reaction and separation of products occur simultaneously within the same
distillation column.™ The CD method is classitied as countercurrent. because the liquid
and gas flow in opposite directions inside the distillation column. The desired product is
collected trom the bottom of the reactor. and the co-products and unreacted starting
materials are distilled. The CD process has fewer steps. requires less equipment. and
theretore has a much lower capital cost than a conventional process. [t is interesting to
note that in catalytic distillation the heterogeneous catalyst acts as distillation packing as

well as a catalyst for the reaction. The reactions that benefit the most from the application



ot CD are equilibrium-iimited reactions. such as hydrolysis. ctheritication. esterification.
and alkylation. Le Chatelier’s Principle limits the conversion in a one-step. but not
multistep CD process. Since lirst applied to the synthesis of MTBE. catalytic distillation

- . . . . i
is increasingly considered as a general reaction technique.

Several important advantages ot CD processes allow process cost to be reduced
tremendously. In particular. conducting two-unit operations in one apparatus otters
signiticant capital savings over a conventional reactor-distillation column scheme.
Another important teature ot'the catalvtic distillation method is an ability to improve both
selectivity and conversion. an extremely desirable outcome. CD processes arc operated so
that the reaction product is selectively removed from the reaction zone. causing more
product to form. according to Le Chatelier’s principle. Other higher boiling products are

removed by distillation.

CD increases the conversion ot an equilibrium-limited reaction beyond the
thermodynamic limit tor an isolated reaction system. In addition. CD offers a solution to
the problem of corrosion and hazard associated with most catalysts. I[n CD columns. the
heterogeneous cataly'st does not contact the walls of the column. Theretore. expensive

and corrosion-resistant construction materials are not necessary.

Along with its advantages. the CD technology has certain limitations. which exclude
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many chemical reactions. For the CD method to be considered. distillation must be a
practical method ot separating the reagents and products. Additionally. the reaction must
take place in the liquid phase because the catalyst pellets must be constantly wet and at a
temperature equivalent to the boiling point ot the liquid in the column. Also. because it is
very expensive and labor intensive to change the catalyst in CD column. heterogeneous

. S . us
catalysts with a long litc span (one or two vears) must be available.
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Summary

Top organic chemicals torm the backbone of the heavy chemical industry. Large volume
commodity chemicals such as cthylene. propylene. or vinyl chloride are used extensively
as monomers for the synthesis of widely used polymers such as polvethvlene and
polyvinyl chloride. Simple alkanes and alkenes are produced by petroleum refinery
processes. For example. cthylene is produced by thermal cracking. Other top organic
chemicals are manutactured by oxidation. hydrogenation. hvdration. aromatic

substitution. and halogenation.

Industrial and laboratory processes have ditferent objectives. In commercial processes.
the goal 1s to manutacture a product at a minimum total cost. The main consideration that
dctcr{nincs whether an industrial project will be worth pursuing is its return on
investment defined as the average annual protit divided by total capital investment. [n the
small scale laboratory. the objective is usually to synthesize a compound in the most
convenient and timely fashion in the highest yield possible. For industry achieving a high
selectivity for a desired product (usually by developing selective catalysts) is a major
task. The second component ot vield. conversion. is of less importance. because

unreacted starting materials can usually be recycled.

Industrial synthesis is driven primarily by economic and environmental considerations.
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gen or air as the oxidant. and reduction

=
=

[ndustrial oxidation processes use gaseous oxy
processes use molecular hydrogen as the reducing agent. The use of expensive laboratory
reagents is avoided. Since the cost of waste disposal. often fairly high. is a part of the

total cost. it aftects the protitability ot the process. Theretore. the environmental concern
of industrial synthesis is closely related to the economic concern and leads to minimizing

air and water pollution trom gascs and process waste streams.

Modern industrial chemistry tor the most part is designed and driven by catalyst
development. Industrial processes. unlike laboratory reactions. utilize selective
heterogeneous and less common homogeneous catalysts. Many industrial processes were
commercialized only after catalysts with suitable selectivity (at least 70-80%) tor a
desired product were developed. Catalysts are generally used in industry in place of
laboratory reagents to reduce raw material cost and avoid waste stream generation and
disposal issues. The most important type ot industrial catalysts are acid catalysts. among
which new zcolite catalysts are most effective. The high selectivity of zeolites results
from their three-dimensional channels that orient reactive intermediates toward formation
ol specific products. Another very important group of catalysts are transition metal
catalysts that catalyzce reactions by forming coordination complexes with alkene n-bonds.
The \.Vacker oxidation ot cthylene to acetaldehyde or vinyl acetate is the most well-
known example. Transition metal catalysts allow more economical addition reactions to

be used instead of substitution reactions.
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Of all bulk industrial organic synthetic processes oxidation and hydrogenation are the
most widely used. Oxidation processes give cyclohexanol and cyvclohexanone for the
synthesis of the nylon precursors adipic acid and caprolactam. Phenol. ethylene oxide.
propylene oxide. cthylence glycol. acrylonitrile. acetaldehyvde. and acetic anhydride are
also produced by industrial oxidation. Carboxvlic acids such as acetic. adipic. acrylic. and
[erepl_nhalic acids have been traditionally manufactured by oxidation. New. lower cost
processes for carboxylic acid synthesis are based on carbonvlation. a direct insertion of

carbon monoxide in 2 C-1{ bond.

Most hydrogenation processces are carried out with heterogeneous metal oxide or metal
salt catalysts. Reduction in the laboratory is carried out with reducing reagents such as
sodium borohydride. Hexamethylediamine (for Nylon 6.6 production). aniline and

benzene are produced in industry by hydrogenation.

[ndustrial dehydrogenation processes are normally run in the vapor phase over solid
catal_\"sts. Butadiene. styrene. and formaldehyde are produced by dehydrogenation. Vinyl
chloride is synthesized by an oxychlorination process. and ethanol is manufactured by
hydration. Ethylbenzene and cumene are synthesized by Friedel-Crafts substitution in a
new catalytic distillation process. Catalytic distillation is a method that simultaneously

performs a chemical reaction and separates the reagents and products.



Anexample ot'a large-scale etherification is the methyl t-butyl ether process. The
demand for MTBE has increased dramatically in recent vears. New processes for

formation ot isobutylene. a starting material for MTBE synthesis. have been developed.

Future development in industrial organic chemistry will attempt to satisty societal
demands to eliminate waste disposal problems. corrosion issues. and protect the
cnvironment. Therefore. major avenues of development in industrial chemistry are
directed toward a scarch tor a lower cost raw materials. new atom-economical processes
generating larger quantitics ot product. environmentally complaint procedures. and higher
product vield. Development of superacid and solid acid catalysts to replace corrosive
liquid acids is onc of the major avenues of current and future development in industrial
chcm.istr_\'. Solid acid catalysts such as zeolite catalysts or nation-silica nanocomposites
have been alrcady developed. Future work will focus on superacid catalysts usually
tormed by a combination ot a Lewic acid and a strong Bronsted acid in the same
molecule. Sultated zirconia is the most active ot currently developed superacid catalysts.
Another important path tor tuture development is substitution of alkanes raw materials

for the corresponding higher cost alkenes.
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