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hemical engineers are increasingly involved in solv-

ing environmental problems in the chemical process

industry. While it is historically an area of expertise
reserved for environmental engineers with a background in
civil engineering, industry has come to realize the importance
of including other engineering disciplines in the process.

Waste minimization and pollution prevention have be-
come important environmental concepts in the last ten years.
Waste minimization focuses on the reduction of volume or
toxicity of waste materials after they have been generated,
while pollution prevention is concerned with the reduction
or elimination of waste at the source. The two terms are
often used to describe a similar course of action.

Pollution prevention can involve the redesign of existing
processes and products, a reduction in energy consumption,
reductions in the use of toxic chemicals, and better house-
keeping practices in a manufacturing facility. Opportunities
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for pollution prevention can be found in all manufacturing
processes.

The new breed of engineer needed to tackle these issues
requires a significant amount of training in decision-making
in order to develop environmentally benign processes and
products. Chemical engineers are uniquely qualified to ad-
dress the environmental issues associated with the design of
new, and the redesign of existing, products and processes,
but the conventional chemical engineering curriculum does
not give our students an opportunity to think critically about
the environmental aspects of subjects such as kinetics and
reactor design, transport phenomena, or thermodynamics.

At North Carolina State University we have developed a
program that enables students to learn about pollution pre-
vention concepts and applications by: participation in gradu-
ate-student summer internships for enhanced learning in
chemical companies, a graduate-level course on the applica-
tion of pollution prevention to industrial processes, and gradu-
ate-level research on environmentally benign processes. This
article focuses on the second aspect of the program—train-
ing engineers and scientists for careers that incorporate envi-
ronmental responsibilities—and part of the first aspect, in-
dustrial internships.

GRADUATE INTERNSHIP EDUCATION

Environmental education in the United States occurs at
many levels. One level is preparing and educating advanced
degree individuals who, upon completion of the PhD, are the
future teachers of pollution prevention. Pollution prevention
has certain distinctive characteristics that differentiate it within
the environmental field; one is the need for a high level of
understanding of manufacturing processes. While the envi-
ronment provides a broad definition of chemicals or emis-
sions for reduction, the bulk of pollution prevention suc-
cesses depends on engineering improvements in actual manu-
facturing or services. This relationship requires strong inter-
actions and an effective flow of information between re-
search groups and industry. Graduate students play an im-
portant role in such research, often addressing basic ques-
tions that lead to process improvements.
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We have had five experiences in strengthening the pollu-
tion prevention research effort (MS and PhD) through direct
industry interaction. In all five cases, the manufacturer had

followed by revisions based on in-class experiences. Course
development was facilitated by the research from eight of
our nineteen faculty members who conduct pollution pre-

interest in a specific pollution prevention research

vention research. In addition, the course organi-

topic. One objective of the student internship was = : zation was made easier by the earlier develop-
to define a research project where the results could Whl.le [solving ment of a continuing education pollution preven-
be easily transferred to industry. This involved envu‘onmenfal tion course for industrial personnel through the
examining industrial information and processes for I,’r Obl.ems] 15 American Institute of Chemical Engineers. The
realistic parameters and conditions from which the historically an large number of chemical engineering graduate
research could be developed. aran of students doing research in this field, in addition
Internship arrangements have ranged from single r;?;:t‘;s;or to students from other departments, encouraged
visits followed by ongoing dialogue with specific — the development of an advanced course.
industrial personnel to three summer months spent engineers The course has attracted students from chemi-
at an industrial facility. In all cases, the most im- — = cal, civil, mechanical, and textile engineering,
portant element was the two-way flow of informa- background environmental sciences, and management envi-
tion. It is vital that both graduate student and fac- i civil ronmental policy. During the first offering (spring
ulty advisors become active participants in the pro- engineering. 1994) twenty-one students enrolled (sixteen from
cess because of the high level of manufacturing industry has’ the college of engineering and five from other
science needed to define relevant studies. Some of —omo io technical departments); the second time the course
these internships have been funded by industry, rotlize the was offered (spring 1995), there were twenty
while others have been sponsored in part by an importance of students.
EPA Environmental Education grant. including The first part of the course describes selected
We have become strong advocates of this indus- other environmental regulations and the general orga-
try/university approach to pollution prevention re- engineering nization of current pollution prevention efforts,
search, particularly in the context of graduate stu- disciplines in while the second portion describes current pollu-
dent education. Our conclusions are that the process. tion prevention research efforts in specific pro-
o Industrial input is vital in advanced research concerning pollution cesses and the third portion covers product life-

prevention.

o In graduate education the student can best obtain meaningful industrial input
through direct industrial visits.

» Although periods of industrial internship of a few days to several weeks
proved valuable, longer periods (possibly in multiple visits throughout the
research project) would have yielded even greater industrial input.

o [t is valuable and important to industry that their input be used in defining or
refining pollution prevention projects.

* Knowledge from such intern projects is valuable to faculty and can be directly
incorporated into the teaching of pollution prevention.

COURSE ORGANIZATION

Our course, “Advances in Pollution Prevention: Environ-
mental Management for the Future,” is a three-credit hour,
graduate-level chemical engineering course (also open to
upper-level undergraduates) that introduces engineers to the
design of industrial processes that minimize or eliminate the
production of wastes. In the course, important chemical pro-
cesses are presented in enough detail for the students to
analyze the associated pollution prevention issues. Although
the course focuses on chemical processes, it is open to all
engineering majors and students with a technical background.
This diversity, however, creates some challenging issues
with respect to the level of course difficulty and the empha-
sis that can be placed on specific chemical engineering pro-
cesses.

Planning for the course occurred over a one-year period,
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cycle analysis and its application in the design of
more efficient processes. The first two offerings of the course
focused on three chemical processes: paper production, fabri-
cation of printed circuit boards, and industrial cleaning. A
detailed syllabus for the course in presented in Table 1, but to
better illustrate the format of the course, we will present spe-
cific examples from the spring 1995 offering of the course.

In the later stages of the course, speakers from industry
and academia address key technical and policy issues in the
development and implementation of pollution prevention
programs. These presentations can be used to cover a range
of topics, such as an actual industrial product or process
modification, an overview of the environmental problems in
a specific industry, or an assessment of how industry or
private consulting firms approach pollution prevention. Ex-
amples of the guest lectures used in the first two offerings of
the course are shown in Table 2.

Students are evaluated based on their performance on: one
exam (20%), two or three case studies and homework as-
signments (40%), a final project (25%), and in-class partici-
pation (15%). The in-class participation grade is determined
from a combination of the student’s attendance record, ac-
tive participation in lecture discussions, and demonstrated
knowledge of the course material.

Cooperative Learning and In-Class Exercises * In order
to facilitate student interactions in the analysis and solution
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of pollution prevention problems, we used cooperative learn-
ing instructional techniques."*' At the beginning of the course
the students formed self-selected groups of 3-4 students.
Two limitations were placed on the groups: (1) each group
must have at least one chemical engineering major in it, and
(2) the non-chemical engineering majors must be distributed
among the groups. These limitations resulted in a healthy
transfer of information between the different disciplines rep-
resented in the class. We required the students to do case
studies, the final project, and selected homework in groups.
These assignments were graded on a group basis, while the
exam was taken on an individual basis.

In-class exercises can be done at any point in the course
when key issues need to be discussed. The exercises range
from 5- to 10-minute brainstorming or troubleshooting ses-
sions by the class to 20- to 30-minute exercises done in
groups of 3-4, with a summary discussion by the entire class
at the end of the period. For example, in the development of
an environmentally benign alternative for a Kraft mill pulping
system, we gave the students three detailed process alterna-
tives: 1) an alternative plant design to recycle all of the water
within the paper mill, eliminating all polluting liquid effluents,
(2) the use of oxygen delignification to lower the biochemical
oxygen demand content prior to the bleaching process, and (3)
the use of extended delignification to decrease the organic
content of the effluent. The students formed

mation on the three process alternatives as a homework
reading assignment.

Case Studies, Homework, and Tests * We assigned two or
three case studies over the course of the semester. They
were designed to encourage the students to

*  Discuss concepts from the assigned readings and apply them to contempo-
rary issues of pollution prevention.

* Illustrate specific processes (e.g., printed circuit board processing) and
develop general analytical approaches essential to the development of
environmentally benign alternatives.

*  Define the environmental decision alternatives for engineers, scientists, and
policymakers.

s Use additional resources (e.g., literature, industrial personnel, faculty,
students) to facilitate an interdisciplinary approach to pollution prevention.

Depending on the complexity of the cases, the students
had one to three weeks to complete them. Prior to distribu-
tion of the case studies, we gave them background informa-
tion on the processes of interest in the form of lectures and
reference materials. We required a 5-10 page written sum-
mary of their findings; this included answers to specific
questions in each case study. Upon completion of the case,
we used one or two class periods to discuss the students’
findings and to debate the key issues raised by the case.

For example, a case study titled “Degreaser Replacement
at Ford Motor Company’s Climate Control Division™"*! dem-

groups of four and were asked to perform
the following tasks during class:

[dentify four key members of the industrial
pollution prevention team and the responsibilities
associated with each position (e.g., plant Week  Topics
operator, plant manager, environmental 15 i
engineer). Each group member should then role
play these positions during the discussion.

Develop a strategy to gather information (e.g.,

+ Introduction to pollution prevention concepts

+ Waste management hierarchy

» Pollution control and treatment processes

+ EPA regulations & pollution prevention programs

TABLE 1
Course Syllabus

Major Assignment

+ Identify an industrial process for final project*

* Develop a reference list for process*

* Develop a detailed process diagram and identify wastes from
process*

technical and economic) crucial to the decision 34« Conducting a waste audit

* Printed wiring assembly processing

* Summary of pulp and paper processes

* Pollution prevention decision points

» Introduction to research and development

process. Identify the key regulatory issues.

Decide on the appropriate pollution prevention
strategy from the list of three options presented.

* In-class presentations of flow diagrams*
* Develop a series of pollution prevention research projects for pulp
and paper industry

* Ldentify an advocate ft o.r rh'e proposed changes 5-6  + Pulp and paper technology * Presentation and discussion of pulp and paper research projects
Jfrom the team and decide in what sector (e.g., * Guest lecture on pulp and paper industry * Proposed process modifications for group project*
public, company, or private sector) he or she will « Discussion of case study from previous * TEST
work. year (format and content)

* Identify the potential problems (research, 7-8  * Cleaning and decontamination processes— » Group presentation and discussion of process

technical, political, personnel) associated with the
implementation of the new process or procedure.

e.g., industrial reactors, microelectronics

modifications*
* Case Study #1 assigned:“Degreaser Replacement at Ford Motor
Company’s Climate Control Division”

After discussing the above issues for | 9.0+ ntroduction to life cycle analysis (LCA)
* LCA of soap production process
» Developing a life cycle inventory

approximately 35 minutes, we summa-
rized the results of each group and de-

+ Case Study #1 due: in-class discussion
» Case study #2 assigned: “Agent Regeneration and Hazardous
Waste Minimization”

bated the ramifications of their respec- | !1-12 *LCA

* Case Study #2 due: in-class discussion

tive strategies. This exercise was done
after the introductory lectures on pulp

. i » Course evaluation
and paper process. Prior to the in-class

13-14 » Presentation of a completed industrial case study ~* Final project due*
* Guest lecture on environmental analysis

* Poster presentation of final project*

discussion, we gave the students infor-

* Assignment for Final Project
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onstrates how pollution prevention and total quality man-
agement can be used to reduce the environmental impact of a
process while producing a quality product. The pilot project
described in the case tested the replacement of trichloroeth-
ylene (TCE) degreasers with aqueous degreaser units used in
the decontamination of aluminum heat exchangers. The case
study outlines the strategy of the engineering staff in identi-
fying and testing three types of aqueous degreasing pro-
cesses (immersion cleaning, ultrasonic cleaning, and high-
pressure spray cleaning) as alternatives to the TCE vapor
degreasers. We gave the students information on the techni-
cal considerations (e.g., temperature, surface interactions,
surfactant concentrations) and the associated research com-
ponent of the project. There was also a discussion of the
formation of cross-functional teams consisting of repre-
sentatives from the vendors, plants, and the research labo-
ratories. The “solution” to this particular case study pre-
sented the findings of the company and how the ultimate
decisions were made.

In the first part of the assignment, we required the students
to perform a number of calculations in order to quantify the
requirements of the aqueous process (e.g., water volume,
surfactant mass) and the associated economics. They also
had to assess the toxicology index associated with the TCE
and the aqueous processes. The second part of the assign-
ment focused on the decision-making aspects of the process
by asking the questions

* What value does a cleaner environment have to a company?

* Whose job is pollution prevention? What can be done to encourage pollution
prevention?

o What costs should be attributed to an existing process and how should they be
accounted for?

» Who are the customers and stakeholders of a pollution prevention project?

o Speculate why some of the cleaners that performed well in small trials were
unable to withstand the actual production conditions. Why do you think
surface wettability is important in evaluating cleaning performance?

This case is a good example of the importance of understand-
ing the technical aspects of a process, large-scale processing

TABLE 2
Guest Lecturers for Pollution Prevention Course
Speaker Topic
Professor Environmental issues in pulp and

Wood and Paper Science Dept. paper processing

North Carolina State University

An overview of pollution preven-
tion programs: creating
partnerships for better research

Chemical Engineer
Center for Environmental Analysis
Research Triangle Institute

Environmentally conscious
products

Manager, Environmental Services
IBM Engineering Center for
Environmentally Conscious Products

Developing a site-wide waste
management strategy

Research Chemical Engineer
Eastman Chemical Company
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considerations, economics, and total quality management in
the development of pollution prevention alternatives.

The in-class test was designed to evaluate the student’s
understanding of the basic environmental concepts (e.g.,
pollution prevention hierarchy and environmental regula-
tions). We also tested the students on their ability to assess
the key aspects of a process and to develop a coherent
pollution prevention strategy. The tests consisted of mul-
tiple-choice and short-answer questions in addition to a few
essays. The homework in the class consisted of portions of
the final project, reading assignments, and short brainstorm-
ing exercises to prepare for class discussions.

Final Project » The final project can either be distributed
at the end of the semester or assigned in small pieces over
the course of the semester. In the 1995 offering, the final
project (“Net Waste Reduction in Industrial Manufacturing
and Life Cycle Analysis”) incorporated many of the techni-
cal issues and the pollution prevention methodologies cov-
ered in the course. The students worked on the final project
over the course of the semester and presented a summary of
their findings in a two-day poster session during the last
week of class. Periodic in-class presentations of the stu-
dents’ intermediate findings enabled the faculty and students
to follow the development of individual projects and to
insure that groups were making good progress. In this re-
gard, when the final project was presented at the end of the
semester, the groups did not have to explain the fundamen-
tals of their project to the class. Poster presentations were
done in a classroom and invitations were extended to a
number of engineering and non-engineering faculty.

In preparation for the final project, at the beginning of the
course we asked the students to identify three or more prod-
ucts or processes that could benefit from modifications based
on pollution prevention concepts. The students obtained in-
formation from a number of sources, including the North
Carolina Office of Waste Reduction, local companies, and
researchers in other academic departments on campus. The
main challenge for the students was to critically evaluate
company information and articles in trade magazines and to
identify waste reduction issues. The final project topic for
each group was taken from the submitted list of three pro-
cesses. The criteria used for the assignment included the scope
of the process, possible development of environmentally be-
nign alternatives, the innovative nature of the environmental
issues, a wide cross section of projects for the class, and the
absence of duplication of material from in-class case studies.
Examples of students’ projects are shown in Table 3.

During the third week of the course, we asked the students
to develop a complete list of references on their assigned
topic. The references had to contain information that would
enable them to develop a process flow diagram, to ascertain
the wastes associated with the process, to identify key re-
search and development issues, and to identify a product or
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process modification to review in more detail.

By the end of the first month of the course the students had
developed a complete process flow diagram for their as-
signed product or process, had identified both the wastes
associated with the process and the treatment options for the
waste streams. A key challenge for the students at this stage
was combining information from several sources into a con-
cise, semi-quantitative flow diagram. Each group then made
a ten-minute class presentation to introduce their process or
system to the rest of the class. During this presentation they
distributed a one-page summary of the process/product flow
diagram to each class member.

The next step in the final project entailed developing a list
of at least three possible environmentally benign process/
product modifications. The students had to identify the waste
stream that was being targeted by the proposed changes and
indicate the primary technical issues (pro and con) associ-
ated with each modification. For example, if a change was
made in the chemicals used for the bleaching process in a
pulp and paper process, an engineer may worry about the
interaction of the residual chemicals in subsequent chemical
process steps. At this point in the project the students had to
identify the research and development issues associated with
one of the modifications, develop a research program, and
construct a strategy for accomplishing the proposed research.
We challenged each group member to include an issue rel-
evant to their specific discipline. The aforementioned R&D
information was formally presented by each group to the
class during a ten-minute talk.

In the final phase of the project, the students performed a
life cycle analysis to investigate the cascading effects of
their proposed process changes. It was understood that com-
plete information (e.g., specific quantities for inputs and
outputs) may not be readily accessible. The students were to
make clear assumptions (e.g., estimate values) about the
process and to defend them with logic, in an effort to achieve
as complete an analysis as possible. The final life cycle
analysis was presented to the class in the form of a poster.

The lecture material, in-class exercises and case studies
corresponded to the different stages of the final project. For
example, before the R&D assignment, we covered industrial
and academic R&D organizational structures. We then pro-
vided a detailed overview of our own research into the devel-
opment of alternatives to CFC-based cleaning of printed circuit
boards. At this point, the students were well versed in the
process through earlier homework assignments that included
the development of a detailed process flow diagram followed
by a waste audit of the printed wiring assembly process.

RESOURCE MATERIALS

We did not use a specific textbook for the course; instead
we prepared notes for the students to purchase from the
university bookstore. The coursepak was supplemented by
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reference materials from different sources. A number of
textbooks were also helpful in developing course materials
in the form of handouts and lecture notes. The following
materials were used for the different portions of the course:

* Introduction to chemical process flow diagrams'

* Environmental regulations”'"

* Pollution prevention policy!®'*'

* Life cycle analysis!'"*'®

* Waste treatment!%!"!%]
* Specific research areas: Pulp and paper,"***

board processing,™**! cleaning processes'””

printed circuit

» Waste minimization/pollution prevention applications!'*22#33

It should be noted that this is by no means an exhaustive
reference list. Instructors are encouraged to identify and
develop their own set of references that focus on specific
industrial processes.

The National Pollution Prevention Center for Higher Edu-
cation (NPPC)™ has developed a number of materials de-
signed to educate students, faculty, and other professionals
about pollution prevention. It offers pollution prevention
compendia in the areas of chemical engineering as well as in
accounting, business law, environmental engineering indus-
trial engineering, etc. The students used the following subset
of materials from the NPPC chemical engineering compen-
dium:

* Overview of Environmental Problems * A resource that highlights the
major areas of environmental concern such as energy use, resource
depletion, solid waste, air quality, and water quality.

* Pollution Prevention Concepts and Principles * An introduction to
the terminology, objectives, and scope of pollution prevention.

* Pollution Prevention and Chemical Engineering Resources * This
includes a list of all relevant resources known to the NPPC. It
includes an annotated bibliography of chemical engineering-related
pollution prevention sources. There is also a series of case studies
prepared by the NPPC that can be used in the class.

TABLE 3
Student Final-Project Topics
Pollution Prevention Options in the High-Quality Wood Furniture Finishing Process
Pollution Prevention in a Nitric Acid Plant
Alternatives to Solvent-Based Paint Systems
Pollution Prevention in Color Film Processing
Pollution Prevention of Machining Process Fluids

Alternatives to Hexavalent Chromium Plating

vVvyVvYyvVvYyVvYYvYyYy

Life Cycle Analysis of an In-Line Vacuum Deposition System Used for Growing
Amorphous Silicon Thin Films

Sol-Gel vs. Remelt Processes for Ceramic Fibers
Choosing the Best Route for Maleic Anhydride
Waste Minimization in Dyeing of Synthetic Fabrics

Facile Method for the Preparation of Tri-O-(Alkyl) Cellulose: Is it Really an
Improvement?

vvyVyYyy
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COURSE EVALUATION

Evaluation of both the class and the students took several
forms throughout the course. An initial evaluation of the
students’ perceptions of pollution prevention was conducted
during the first class using a questionnaire. We also assessed
the technical background and the industrial and research
experiences of each student at the beginning of the course.
For our small classes, this background information proved to
be a good way to facilitate in-class discussions. In addition
to our evaluation of the student’s written and oral work, the
students evaluated each other during both in-class group
presentations and the final poster presentation.

The students evaluated the course in four ways: 1) using
standard university evaluation forms, 2) as part of the offi-
cial write-up of the final project, 3) in a separate question-
naire on the format and content on the last day of class, and
4) during one-on-one “exit interviews” that required them to
expand on their written summaries.

We were interested in how the students’ perceptions of
both pollution prevention and the role of the engineer in the
process had changed over the course of the semester. We
were able to assess this by conducting a survey of their
attitudes and knowledge of pollution prevention at the
end of the class and contrasting it with the initial written
questionnaire.

The students indicated that the course provided a design
for waste reduction approach not covered in traditional engi-
neering classes. They also benefitted from the incorporation
of class diversity in the projects and the class discussions. A
number of the students also noted that they had received
favorable responses from prospective employers regarding
their enrollment in the course.

SUMMARY

The course described in this paper was successful with a
variety of disciplines for both graduate and undergraduate
students. It has the level and rigor of a graduate engineering
offering and hence is a significant challenge for students. At
the start of the course, most students had a very limited view
of pollution prevention and other environmental issues, but
by the end of the course they had a good grasp of the basic
concepts associated with pollution prevention and they
had expanded their pre-existing knowledge of environ-
mental issues in industrial processing. Armed with this
new technical knowledge, the students from this class are
better prepared to either go into industry and tackle im-
portant environmental problems or to teach engineering
from a pollution prevention perspective.
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