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The chemical engineering profession is in the midst of 
great change. Chemical engineers used to focus on 
making large quantities of small, relatively simple 

molecules (commodity products). With increasing frequency, 
in the future they will have to make smaller quantities of more 
complex, possibly biologically active, molecules and 
nanostructured materials (specialty products). Further, we 
used to only scale things up; now we must also scale down, 
as in lab-on-a-chip devices and portable fuel cells. In addi­
tion , developments in science and other engineering disci­
plines-such as nanoscale synthesis and characterization tech­
niques , molecular biology and information technology-in­
fluence progress in our field. There is also a continuing need 
to consider what will be the energy sources for the future­
conventional fuels such as oil, gas, and coal, or others such 
as nuclear, biomass, and solar? Finally, growing environmen­
tal considerations in society make us aware of the long-term 
and global implications of our manufacturing practices. 

I would like to discuss how all these factors, currently at 
play, will impact the education of chemical engineers pri­
marily at the undergraduate level, although some remarks 
will also be made toward graduate education and research 
opportunities. 

THE DEVELOPMENT 
OF CHEMICAL ENGINEERING 

Before turning toward the future , it is instructive to first 
examine how the discipline of chemical engineering evolved. 
Fascinating detailed accounts of early developments in the 
curriculum and the profession have been presented in many 
sources,1' ·61 so I wi11 keep this discussion brief. 

It is generally agreed that chemical engineering as a dis­
tinct discipline began in January of 1888 when George E. 
Davis gave a series of twelve lectures on the subject at the 
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Manchester Technical School in England. He had previously 
coined the term "chemical engineer" in 1880 and promoted 
it (unsuccessfully) to found a society of chemical engineers. 
The first four-year undergraduate chemical engineering de­
gree program was established at MIT by the chemistry pro­
fessor Lewis Mills Norton in 1888. It was soon followed by 
those at the University of Pennsylvania (1892), Tulane (1894), 
Michigan (1898), and others, including our own at Notre 
Dame (1909). Most early curricula had their origin in chem­
istry departments, although there are examples of some evolv­
ing from mechanical (e.g., Colorado, 1904) and electrical (e.g. , 
Wisconsin, 1905) engineering departments as well. 

The early chemical engineering curricula included an amal­
gam of courses taken by chemists and mechanical engineers, 
with those in industrial and applied chemistry in the third 
and fourth years being unique to the field. The discipline re­
ceived its first unifying theme with development of the con­
cept of"unit operations," which is often called the first para­
digm of chemical engineering. It grew out of the realization 
that purely physical operations of chemical processing, 
whether to produce smaller quantities of fine or larger amounts 
of heavy chemicals, all depended on certain common prin­
ciples of physics and chemistry. As first noted by Arthur D. 
Little (1915) in the Chemical Engineering Visiting Commit-
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tee report to the President and Corporation of MIT 

Any chemical process, on whatever scale conducted, may 
be resolved into a coordinated series of what may be termed 
'unit actions,' as pulverizing, mixing, heating, roasting, ab­
sorbing, condensing .... The number of these basic unit op­
erations is not very large and relatively few of them are in­
volved in any particular process. 

The first significant textbook for the discipline, Principles of 
Chemical Engineering by Walker, Lewis, and McAdams of 
MIT, appeared in 1923Yl It showed that by combining a few 

The discipline received its first unifying 
theme with development of the concept 

of "unit operations," which is often 
called the first paradigm of 

chemical engineering ... 

principles of momentum, mass, and heat transfer, it is pos­
sible to understand the unit operations. It was an extremely 
influential textbook that charted the education, development, 
and practice of chemical engineering for decades . 

Soon after the introduction of unit operations, attention 
turned to developing procedures for overall material and en­
ergy balances in processes, including single or multiple reac­
tions, recycle, and bypass, and curricula in the 1930s included 
courses in industrial chemical calculations. In the 1940s, 
courses in thermodynamics were introduced that included 
properties of gases and liquids and applications of both the 
first and second laws. This decade also saw the development 
of courses in equipment and process design. 

Although there were important efforts in German, notably 
by Damkohler,l8l the systematic development of chemical and 
catalytic reaction engineering principles in the English lan­
guage, using information on reaction rates and catalysis, 
waited until the appearance in 1947 of Chemical Process 
Principles: Part III. Kinetics and Catalysis by Hougen and 
Watson_c91 By the end of the 1950s, most chemical engineer­
ing undergraduates took formal courses in reaction engineer­
ing and courses in process control were initiated. 

All through this period, since the early days of the profes­
sion, a synergistic relationship existed between academia and 
industry. Much of university research was supported by in­
dustry, and the graduates were readily employed by the grow­
ing petroleum refining, petrochemical, and chemical indus­
tries. The oil companies refined petroleum crude to produce 
gasoline and other fuels for automobiles and airplanes, the 
petrochemical complexes produced bulk chemicals, while the 
chemical companies produced these as well as polymers , fer­
tilizers, paints, and other specialty chemicals. All these prod­
ucts satisfied a rising demand from a society that had an in­
creasing standard of living. The growth of the petroleum and 
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chemical industries followed, and in tum catalyzed, devel­
opments in chemical engineering. 

The 1950s also saw a greater emphasis on the use of analy­
sis and applied mathematics in solving chemical engineering 
problems that can be traced to three separate events.L10J First, 
it was recognized that the individual unit operations involve 
a combination of the same basic principles in microscopic 
momentum, heat, and mass transport, each with similar math­
ematical descriptions. Thus, a study of the individual trans­
port processes as a unified subject "Transport Phenomena" 
can lead to a greater understanding of chemical processes ; 
this concept was greatly aided by the appearance of a fa­
mous book in 1960 with that same title, written by Bird, 
Stewart, and Lightfoot.L11 i 

Second, applications of sophisticated mathematical tech­
niques were yielding strong results for the design and opera-

. .. the 1950s and 60s saw the emergence of 
the so-called engineering science approach 
in the discipline-the second paradigm 
in chemical engineering. 

tion of separation processes and chemical reactors, as exem­
plified in the works ofAmundson.1 12i Finally, the general avail­
ability of computers, whereby it became possible to conduct 
numerical simulations of process models to identify optimal 
design and operating conditions, also accelerated the appli­
cation of analytical and numerical techniques. 

Thus, the 1950s and 60s saw the emergence of the so-called 
engineering science approach in the discipline-the second 
paradigm in chemical engineering. This approach led to a 
curriculum at both the undergraduate and graduate levels that 
is a unique blend of chemistry, physics, and mathematics. 
The chemical engineers educated in this manner could effec­
tively develop, design, and operate complex chemical pro­
cesses that typically produced commodity products. 

CURRENT STATUS AND CHALLENGES 

I will now examine the current status of the discipline as it 
relates to the education and employment of chemical engi­
neers. I will be brief since the topic bas been addressed well 
in a lecture by Ed Cussler last yearc131 and elsewhere. ' '41 Fur­
ther, there is much discussion of these issues in the context of 
undergraduate curriculum revitalization as a result of the 
"New Frontiers in ChE Education" workshops organized 
through the Council for Chemical Research (CCR) and spon­
sored by the National Science Foundation (NSF)_c,si 

Education 

A typical undergraduate chemical engineering curriculum 
consists of foundation courses in mathematics, physics, chem-
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istry, and engineering in the early years, as well as courses in 
humanities and social sciences that serve to provide a broad 
education. The chemical engineering courses typically include 
offerings in mass and energy balances, thermodynamics, 
transport processes, separations, reaction engineering, pro­
cess design, process control, and laboratories where principles 
learned in the lecture courses are reinforced and include ele­
ments of both written and oral communication of experimen­
tal results and analysis . Finally, there are generally several 
electives to choose from, in chemical engineering as well as 
in other science and engineering disciplines. 

A striking fact is that while the discipline of chemical engi­
neering has evolved significantly over the last forty or so years 
(as I shall detail next), the undergraduate curriculum has re­
mained essentially unchanged. The engineering science para­
digm continues to dominate the core curriculum as well as 
the textbooks that are used. The examples used in courses 
continue to come primarily from the petroleum refining and 
bulk chemicals production industries. 

Employment 

Between 50% and 60% of the BS degree chemical engi­
neering graduates in the U.S. seek industrial employment im­
mediately upon graduation-Figure 1 shows their distribu­
tion during the 2000-01 year by nature of the industry. It is 
remarkable that the skills learned from understanding engi­
neering principles and processes, based largely on physical 
and chemical transformations, are considered to be valuable 
by a large number of industries. If we consider chemical and 
energy companies as the traditional employers, however, then 
only about 40% of chemical engineers find their initial em­
ployment there. About an equal number go to the electronic, 
food/consumer products, biotechnology, and materials-related 

Figure 1. 

Initial industrial 
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(AIChE, 

Department 
of Career 
Services) Biotech./Related __ 

Industries (Pharma.) 9.3% 

industries, which were not significant employers some years 
ago. Overall, as noted elsewhere,r1 41 only about 25 % of the 
graduates are hired by companies that manufacture com­
modity chemicals emphasized in the curriculum, while 
about 50% go to those with a product orientation-in 
contrast with approximately 80% and 15%, respectively, 
twenty-five years ago. 

In addition to the increasingly wider spectrum of indus­
tries where chemical engineers now find employment, sev­
eral other factors currently at play, even with the traditional 
energy and chemical companies, are 

• The companies are becoming more global, with a 
greater fraction of their manufacturing and research 
conducted overseas 

• Many companies are merging into larger ones, with 
significant reductions in the workforce 

• Chemical companies are increasingly incorporating 
life sciences into their manufacturing and products 

• Chemical engineers cannot expect to work with a 
single company or industry type and must now accept 
several job changes over their professional careers 

Other Driving forces 

There are also other driving forces currently operative, and 
I would like to enumerate some of them, without claiming 
completeness. First, biology is rapidly developing as a mo­
lecular-based science so that its connections can now be made 
more readily to chemical engineering. There are numerous 
opportunities for coupling molecular-level understanding of 
biological reactions and interactions with chemical engineer­
ing concepts and processes, that can result in products of tre-

Other 3.9% 

.--- Chemical 23.3% 

'---- Electronics 15.9% 

Food/Consumer / 
Products 10.6% 

\ 
Fuels 15.7% 
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mendous value. Some examples are bioprocessing for pro­
duction of pharmaceuticals and even commodity chemicals, 
metabolic engineering, controlled drug delivery, biomaterials, 
tissue engineering, functional genomics, gene therapy, drug 
design and discovery, nano and micro biotechnology for lab­
on-a-chip devices, etc. 

Second, there is a current trend toward establishment of 
bioengineering and biomedical engineering departments, 
driven by the Whitaker Foundation grants (see, for example, 
Ref. 16). Owing to the closest fit, these new programs com­
pete for students and resources that in many instances would 
otherwise come to chemical engineering. 

Third, there is growing awareness of the pressures that cur­
rent manufacturing practices place on the environment in 
terms of pollutants that require remediation and waste gen­
eration that demands disposal and diminishes resource uti­
lization. Thus, environmentally benign processing and sus­
tainable development is receiving increased attention, both 
to satisfy environmental regulations and to increase prof­
itability. 

Fourth, new educational tools and methods are being de­
veloped that can be used to enhance the quality of chemical 
engineering education. Examples include use of web-based 
educational materials that can be shared across institutions, 
web interfaces to run actual laboratory experiments, and 
simulations to explore influence of parameters or to learn 
about cases too dangerous to conduct in the laboratory, 
such as explosions. 

THE FUTURE DIRECTIONS 

Based on the current status of the discipline, some sugges­
tions can now be made for future directions of chemical en­
gineering education, especially at the undergraduate level. 
The intent is to provide a framework that takes advantage of 
both the unique aspects of the present curriculum and the 
changing scene related to employment and developments in 
other science and engineering disciplines. My basic premise 
is that the defining characteristics of chemical engineers, i.e., 
the ability to apply molecular level understanding to convert 
raw materials into more valuable products by physical, chemi­
cal and biological transformation using economic and safe 
processes, should remain unaltered. Thus, the core subjects 
in the curriculum involving mass and energy balances, ther­
modynamics, transport processes, reaction engineering, sepa­
rations, laboratories, and design should continue in the fu­
ture, but with structural modifications as discussed below. 

Expanded Examples of Applications 

As noted earlier, chemical engineers now find employment 
in a wide variety of industries. It is apparent that their skill 
set, which includes chemistry in addition to physics and math-

Fall 2003 

... molecular engineering of products 
and processes is emerging as 

a new paradigm for 
the discipline. 

ematics also available to other engineering disciplines, makes 
them uniquely qualified to impact a diverse set of technolo­
gies. The curriculum, however, continues to include examples 
primarily from the petroleum refining, petrochemical, and 
bulk chemicals industries. It is important to broaden the scope 
by including examples from areas such as materials process­
ing, biotechnology, pharmaceuticals, food processing, and en­
vironment. Similarly, when discussing design, considerations 
of product and not merely process should be included. These 
movements will require new textbooks and teaching mod­
ules. Some steps in this direction are already being taken. 

Modern Biology as an 
Underlying Fundamental Science 

Recent developments in molecular and cellular biology, the 
similarity of using biological and chemical reactions at the 
molecular level for design of new products and processes, 
and the growth of biotechnology industries where chemical 
engineers are currently employed (and from all indications 
will be in greater numbers in the future) all suggest that biol­
ogy will soon reach an almost equal status with chemistry as 
a basic science in defining chemical engineering. Thus, it is 
now timely to include one or two formal courses in biology 
and biochemistry in the early years of the undergraduate cur­
riculum. This requires two types of actions: one, working to­
gether with the relevant disciplines to arrive at suitable 
courses, and two, incorporating elements of biology within 
all the chemical engineering courses just as chemistry is to­
day. Thus, for example, in the reaction engineering course, 
building upon knowledge of biochemistry and biology gained 
earlier, connections between molecular mechanisms and mac­
roscopic kinetics could be made and related to modeling of 
cells and bioreactors, similar to what is done today with chemi­
cal catalysis and diffusion-reaction in catalyst pellets leading 
to fixed-bed reactor design. Similarly, based on biological 
understanding, separations courses can readily include liv­
ing systems and processing of biomolecules. 

Numerous opportunities also exist in other core courses, 
such as mass and energy balances, thermodynamics, trans­
port processes, and design. These developments are likely to 
take some time to materialize, but movement in this direc­
tion is critical for chemical engineers to contribute effectively 
and exercise leadership in the biotechnology areas that offer 
tremendous potential for growth. 
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Recruitment of Talented and Motivated Students 

People are our greatest asset, so for the vitality and future 
of the discipline we must attract the best and the brightest to 
chemical engineering. This will occur naturally if we offer 
imaginative courses and programs involving new technolo­
gies, use newer methods and tools in our teaching, and pro­
vide intellectual challenges for our stu-
dents, so that they have promise of a 

at the end of 2001 c151), many chemical engineering depart­
ments are changing their names to include some biological 
term. Among several that are possible, chemical and 
biomolecular engineering seems to be gaining acceptance, 
as adopted recently by departments at Cornell , Illinois, and 
ours at Notre Dame. It connects with the scientific base of 
the discipline, is more inclusive of modem biotechnology as 

compared with alternatives, and owing 
to its molecular focus , it offers more 

bright future while solving important 
problems facing society. 

A specific method I have found to 
be effective in challenging students 
intellectually is to involve them in un­
dergraduate research. The opportunity 
to do an independent project with only 
general overall guidelines provided, 
often using equipment assembled on 
their own, is stimulating for most stu­
dents. Over the last ten years, when I 
began to keep a record of this activity, 
25 undergraduates have conducted re­
search in my laboratory, many starting 
in their junior year, and some 15 have 
gone on to attend graduate school else­
where, most for PhD degrees. (In a 
lighthearted vein, I sometimes say that 
I have saved a large number of bril­
liant chemical engineers from leaving 
our profession for careers such as in 
medicine or law--of course, I do not 
say this in front of my daughters, one a 
lawyer and the other studying to be­
come one!) Many work closely with a 
graduate student or a postdoctoral as-

[Chemica1Engineers1 
impact in the newer 

areas will be 
enhanced by 

continuing the core 
curriculum and 

augmenting it by ex-

potential for collaborations with bio­
chemists and biologists. Thus, while 
William Shakespeare's Juliet asks, 
"What's in a name? That which we call 
a rose, by any other name would smell 
as sweet," for the reasons cited, I fa­
vor departmental name changes. 

Graduate Education 
and Research 

panding 
examples of 
applications, 
incorporating 

Although I have limited my remarks 
so far to undergraduate education, I 
would like to say a few words about 
graduate education and research. 
Graduate education also started in the 
early 1900s, at both the MS and PhD 
levels. The core graduate curriculum 
has essentially mirrored the curriculum 
at the undergraduate level, with the 
former always being more fundamen­
tal and mathematical in content. Thus, 
courses in thermodynamics, kinetics 
and reaction engineering, transport pro­
cesses , and mathematical analysis , 

biology in all core 
courses, and 

including orientation 
toward both product 
and process design. 

sociate, to mutual benefit, and I have a 
number of journal papers with undergraduates as coauthors. 
Undergraduate research exposes students to the frontiers of 
the field and provides the intellectual challenges that are dif­
ficult to match in typical lecture or laboratory courses. 

Name Change of Departments 

As noted earlier, the chemical engineering profession is 
changing rapidly and faces many new challenges. The most 
impressive movement appears to be the emergence of mod­
em biology as a fundamental science, on an almost equal 
footing with chemistry, in defining the field. Further, all indi­
cations are that its role will continue to grow in the future. 
For this and other pragmatic reasons, including the facts that 
students are attracted to biological departments and degree 
names and that we face new competition for students and 
resources from new bioengineering and biomedical engineer­
ing departments (some 90 such departments already existed 
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based on the engineering science ap­
proach, are currently required in most 

graduate programs. They are augmented by other courses in 
chemical engineering, various sciences, and other engineer­
ing disciplines, to suit the student's research needs and inter­
ests . Similar to the undergraduate courses, the graduate 
courses also need to include examples in newer application 
areas and incorporation of biology, particularly as it is intro­
duced in the earlier years. 

In research, chemical engineering graduate programs have 
moved forward rapidly to embrace all areas of new technolo­
gies, including biological, materials, environmental, infor­
mation, and energy. This movement was promoted by the 
National Research Council's "Frontiers in Chemical Engi­
neering" report published in 1988,c'71 whose recommenda­
tions were recently reinforced and updated.[1 81 Further, there 
is a growing trend toward interdisciplinary research involv­
ing faculty members and students from different fields work­
ing together to solve research problems. This trend has its 
origin in at least two related facts : one, the cutting-edge prob-
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By offering imaginative courses that use new teaching methods and tools, and by providing 
intellectual challenges, we will be able to attract the best and brightest to chemical engi­

neering and educate them to become leaders in industry, academia, and society. 

lems are often at the interface between disciplines, and two, 
funding agencies (now primarily federal and state, as com­
pared to mainly industrial prior to the 1950s) seem to favor 
this approach. In turn, universities have responded by estab­
lishing research centers, typically involving colleges of sci­
ence and engineering but sometimes also business or public 
policy, that facilitate interdisciplinary interactions. While the 
coexistence of traditional departments and centers can lead 
to tension, I believe that organization along these lines is re­
quired and that this structure is here to stay for some time. 

Finally, there is another movement currently occurring in 
the chemical engineering discipline, particularly at the gradu­
ate education and research levels. On one hand, in addition 
to a molecular-level description of chemical and biological 
transformations and processes, there is growing feasibility 
now to also conduct molecular-scale simulations to compute 
thermodynamic, transport, and other properties of fluids and 
materials. On the other hand, owing to the strengths of analy­
sis inherent in the engineering science approach, along with 
a systems view, it is possible to analyze complex systems 
and their interactions. These directions are changing the na­
ture of chemical engineering such that it could be claimed 
that molecular engineering of products and processes is 
emerging as a new paradigm for the discipline. This move­
ment will take some time to significantly influence the edu­
cation of chemical engineers at the undergraduate level, and 
there is current discussion ongoing in this regard.1151 

CONCLUDING REMARKS 

Chemical engineering as a distinct discipline started with 
applications primarily in petroleum refining and bulk chemi­
cals production industries, but skills developed as a result of 
a solid foundation in the fundamental sciences (chemistry, 
physics, mathematics, and now increasingly, biology), along 
with a quantitative engineering science approach, have per­
mitted chemical engineers to move rapidly into many of the 
emerging technologies. Their impact in the newer areas will 
be enhanced by continuing the core curriculum and augment­
ing it by expanding examples of applications, incorporating 
biology in all core courses, and including orientation toward 
both product and process design. By offering imaginative 
courses that use new teaching methods and tools, and by pro­
viding intellectual challenges, we need to attract the best and 
brightest to chemical engineering and educate them to be­
come leaders in industry, academia, and society. 

I hope that these remarks, along with the current discus­
sion ongoing in the NSF/CCR workshops,1151 will lead to in-
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novative chemical engineering programs that involve new 
technologies and provide a bright future for our students while 
solving important problems facing society. 
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