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1. CHEMICAL ENGINEERING

Chemical engineering is concerned with transforming raw materials to final
products by substantial chemical, biochemical or physical change of statel’), 1t
has traditionally been closely linked to the development and fortunes on the
chemical and petroleum industries. These industries provide an enormous variety
of products; such as synthetic rubber, gasoline and kerosene, fertilizers tailored
for wheat, rice or any kind of vegetables, oxygen for firing blast furnaces or for
medical uses. The discipline of chemical engineering has also always played a
major part in the work of a much wider range of industries, the process
industries™. These include processing of food and drink, manufacture of textiles
and paper, pharmaceuticals, glass and ceramics, the extraction of metals and the
production of synthetic fibbers and other polymers. The chemical engineering is
thus involved in the manufacturing of many goods that are bought directly by the
consumer for everyday use but perhaps to a greater extent, with products that
form the raw materials for manufacturing processes in a much wider range of
industries.

Chemical engineering grew out of chemistry as it becomes recognized that
the manufacture of chemicals required more than just a simple "scalingup” of the
chemical processes that were carried out on the laboratory bench*). One of the
cornerstones in its development was the concept of unit operations. Although
chemical processes differ from one another, the plants in which chemicals are
produced are all made up by linking together different combinations of similar
processing steps or ”unit operations”. The underlying principles of distillation
are the same whether we are distilling crude oil as a primary separation step in an
oil refinery, distilling air to separate oxygen and nitrogen, or distilling the
product of fermentation to produce wine; filtration of salt crystals from a brine
solution or microbial cells from a fermentation broth are all governed by the
same physical processes and can all be described in a similar way®. Chemical
engineering thus concentrated on the general description and understanding of
individual unit operations—distillation, gas absorption, crystallization, drying,
filtration, extraction, leach and so on—rather than on a specific description of
each individual chemical manufacturing processt™. So was evolved a methodology

for the development of design procedures for different unit operations and for an
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understanding of how individual unit operations worked as a part of a complete
chemical processing plantt’-, Unit operations continue to form a central part of
the discipline of chemical engineering.

One interesting outcome was the realization that the majority of operations
that are involved in chemical plants are not in fact chemical at all, but are rather
physical processes, the separation processes mentioned above, for example, but
also hedting and cooling of process streams. pumping fluids from one piece of
equipment to another or transferring solid through hoppers or cyclonest™.
Although the chemical reactor is usually at the heart of a process, other
processing steps are crucial to the successful operation of the plant. The
synthesis of a specific chemical product usually produces a processing stream that
contains unconverted reactant and perhaps by-products. These chemical species
have to be separated from one another so that unreacted material can be recycled
and the required product produced at the specified purity.

A major development in understanding of chemical engineering came in the
1960s with the evolution of a ”chemical engineering science” approach to the
subject. By highlighting and developing a quantitative and mathematical
description of the inner details of unit operations, emphasizing the links between
heat transfer, mass transfer and momentum transfer (or fluid mechanics), it put
the subject on a secure and rigorous basis®®’. The design of chemical reactors also
attracted increasing attention. Chemical engineers need to understand more than
just the chemical kinetics of a reaction. They need to define the extent to which
the diffusion rates of reactants and products may limit the overall reaction rate.,
to understand the role of heat transfer in removing or adding the heat of
reaction, to design the geometry of the reactor so that the fluid flow patterns
result on effective contact between the reactants and with any catalyst that may
be involved!®,

More recently greater emphasis has been placed on a systems approach to
the study of chemical engineering where the process as a whole is studied, the
interactions between different units are explored and the control scheme for, and
controllability of, the process is given increasing emphasis*!3.

As a result of these developments, chemical engineering now stands
alongside civil, mechanical and electrical engineering as one of the four
fundamental engineering disciplines. It is characterized by a particular approach
to the solution of a wide range of problems; it deals with phenomena that are

taking place at the molecular scale and so chemical engineers must be familiar
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with the concepts of chemistry; it also emphasizes a system approach. looking at
the overall picture as well as the innermost details of the molecular processes
that are taking placet'?:. Chemical engineering is concerned with the mechanism
by which reactions and separations occur and with the synthesis of the whole
process. It is inherently interdisciplinary in nature, drawing on concepts from
chemistry and physics. the biological sciences and other engineering disciplines,
materials science and mathematics, and welding these together with its own
specific areas of knowledge®®. And because the chemical processing industries
are science-based, chemical engineering is deeply involved in basic and applied
research. |
Although very successful, it is probably true to say that the traditional
chemical industry does not have a good image. It is often associated with dirt,
smells and the discharge of polluting substances to the air. to rivers and to the
sea. The industry is now spending vast sums of money to redress some of these
problems and is coming to terms with the new challenges that it faces. It must
work for a cleaner, safer environment; it must develop more efficient ways of
converting raw materials to products of high value; it must minimize the
generation of waste and maximize the role of recycling; and it must develop more
efficient supply and use of clean energy sources''*. Chemical engineers will be at
the center of such developments, contributing their unique skills to these
challenging problems. Perhaps their most challenging task is in relation to the
impact of chemicals on the environment where they have the responsibility to act
as ‘cradle-to-grave’ guardians for chemicals '’ Although it is the youngest of
the four major engineering disciplines. cheraical engineering is NOW in many ways
a mature discipline. But it is entering a period of rapid change and great
excitement where the specific skills, knowledge and approach of chemical
engineers are contributing to the solution of an ever expanding range of

problems. We are sure that chemical engineering has a unlimited future.
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2. THERMODYNAMICS

We live in a world of mixture—the air we breathe, the food we eat, the
gasoline in our automobiles'). Wherever we turn, we find that our lives are
linked with materials which consist of a variety of chemical substances. Many of
the things we do are concerned with the transfer of substances from one mixture
to another; for example, in our lungs, we take oxygen from the air and dissolve
it in our blood, while carbon dioxide leaves the blood and enters the air; in our
tea pot, water soluble ingredients are leached from the tea-leaves into the water;
and when someone stains his clothes with gravy he relies on some cleaning fluid
to dissolve and thereby remove the greasy spot?). In each of these common daily
experiences, as well as on many others in home life and industry, there is a
transfer of a substance from one phase to another. This occurs because when
two phases are brought into contact, they tend to exchange their constituents
until the composition of each phase attains a constant value; when that state is
reached we say that the phases are in equilibrium. The equilibrium compositions
of two phases are often very much different from one another and it is precisely
this difference which enables us to separate mixtures by distillation, extraction,
and other phase-contacting operations.

The final, or equilibrium, phase compositions depend on many variables,
such as the temperature and pressure, and on the chemical nature and
concentration of the various substances involved. Phase equilibrium
thermodynamics seeks to establish the relations between the various properties
(in particular, temperature, pressure, and composition) which ultimately
prevail when two or, more phases reach a state of equilibrium wherein all
tendency for further change has ceased®’.

Since so much of life is concerned with the interaction between different
phases, it is evident that phase-equilibrium thermodynamics is a subject of
fundamental importance in many sciences, physical as well as biological. It is of
special interest in chemistry and chemical engineering since so many operations
in the manufacture of chemical products consist of phase-contacting; extraction,
distillation, leaching, and absorption are essential unit operations in chemical
industry and an understanding of any one of them is based, at least in part, on

the science of phase equilibrium.
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One of the characteristics of modern science is abstraction. By describing a
difficult, real problem in abstract, mathematical terms, it is sometimes possible
to obtain a simple solution to the problem not in terms of immediate physical
reality, but in terms of mathematical quantities which are suggested by an
abstract description of the real problem" . Thermodynamics provides the
mathematical language in which an abstract solution of the phase-equilibrium
problem is readily obtained.

Thermodynamics as we know it today originated during the middle of the
nineteenth century, and while the original thermodynamic formulas were applied
to only a limited class of phenomena (such as heat engines), they have. as a
result of suitable extensions, become applicable to a large number of problems in
both physical and biological sciences!®!. From its Greek root (therme, heat;
dynamis , force), one might well wonder what thermodynamics has to do with
the distribution of various components between various phases. Indeed the early
workers in thermodynamics were concerned only with systems of one
component, and it was not until the monumental work of J. Willard Gibbs that
thermodynamic methods were shown to be useful in the study of multicomponent
systems'®. It was Gibbs who first saw the generality of thermodynamics. He
was able to show that a thermodynamic treatment is possible for a wide variety
of applications, including the behavior of chemical systems.

The solution of a phase-equilibrium problem using thermodynamics involves
three steps. In Step 1, the real problem is translated into an abstract.
mathematical problem; in Step 2 a solution is found to the mathematical
problem, and in Step 3 the mathematical solution is translated back into
physically meaningful terms.

The essential feature of Step 1 is to define appropriate and useful
mathematical functions in order to facilitate Step 2. Gibbs, who in 1875 defined
such a function-the chemical potential. made it possible to achieve the goal of
Step 2; the mathematical solution to the phase-equilibrium problem is given by
the remarkably simple result that at equilibrium, the chemical potential of each
component must be the same in every phase.

The really difficult step is the last one, Step 3.-Thanks to Gibbs. Step 1
and 2 present no further problems and essentially all work in this field, after
Gibbs, has been concerned with Step 3. From the viewpoint of a formal
theoretical physicist, the phase-equilibrium problem has been solved completely

by Gibbs’ relation for the chemical potentials. A pure theoretician may require
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nothing further, but someone who is concerned with obtaining useful numerical
answers to real problems must face the task of translating the abstract results of
Step 2 into the language of physical reality’-,

To solve problems of the type illustrated above, we must make the
transition from what we have, viz., the abstract thermodynamic equation of
equilibrium, toward what we want, viz., quantitative information about
temperature, pressure and phase compositions. Thanks to Gibbs, the
thermodynamic equation of equilibrium is now well known. In any problem
cor “erning the equilibrium distribution of some component / between two phases
a and 8, we must always begin with the relation

wo=
where g is the chemical potential. It is then that our problem begins; we must
now ask how 4 is related to T, P , and x%,x5 +-+, and similarly how ¢ is related
to T, P, and af,x4 «--. To establish these relations it is conveniently to
introduce certain auxiliary functions such as fugacity and activity. These
function do not solve the problem for us, but they facilitate our efforts to find a
solution since they make the problem somewhat easier to visualize ; fugacity and
activity are quantities which are much closer to our physical senses than the
abstract concept of a chemical potential. Suppose. for example. that phase ais a
vapor and phase B is a liquid. Then the above equation can be rewritten
PyiL = Yz f}

where, in the vapor phase, y; is the mole fraction and @ is the fugacity
coefficient, and, in the liquid phase, z; is the mole fraction, 7 is the activity
coefficient, and f7 is the fugacity of component / at some fixed condition known
as the standard state.

The science of thermodynamics is concerned with macroscopic variables,
such as volume, pressure, temperature and concentration, and with the
relationships between them. It therefore employs a method of description of
material systems which differs fundamentally from that used in mechanics where
these parameters employed refer to the position and momentum of the individual
particles in the system™, This difference is necessary in order to define the state

of thermodynamic equilibrium.
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