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Abstract: To uniquely equip students with the active knowledge and the ability to implement poll ution prevention
technology, we have developed a design-oriented senior-level eledive @urse on minimizing the environmental
impact of chemicd manufacturing processes. The objedives of the murse ae to educate sudents on the red costs
of operating processes that release pollutants to the environment, to provide them with strategies to minimize or
reduce the environmental impact of a given chemical process and to examine the design of processes using new
tedhnologies that totally eliminate poll utants at the source Design-oriented projects form the core of the wurse, and
bring together the sudents’ skills in design, analysis and dedsion-making in the face of multiple and sometimes
competing dbjedives. We believe this course ntributes to the development of our graduates into chemical
engineering professonals who are equipped with the awareness knowledge, and ability to minimize the

environmental impact of the dhemical manufacturing processes that they oversee
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1. Introduction

Knowledge of tedchnologies and strategies for
poll ution prevention and the remediation of hazardous
pollutants, as wedl as the environmental impact of
poll utants that are released into the environment, is an
increasingly important part of the average Chemica
Engineer's job responsibilities.  While integrating
poll ution prevention and waste minimization ideas and
techniques throughout the Chemical Engineging
curriculum is vital, we believe that a concentrated
course will uniquely equip students with the active
knowledge and the ahility to implement pollution
prevention technology. Thus, we have developed a
design-oriented senior-level  eedive course on
minimizing the environmental impact of chemicd
manufacturing processes.

The obedives of the cmurse ae 1) to educate
students on the real costs of operating processes that
release pollutants to the environment, 2) to provide
them with strategies to minimize or reduce the
environmental impact of a given chemicd process, and
3) to examine the design of processes using new
technologies that totally eliminate pollutants at the
source

To date, the new course has been taught at the
University of Notre Dame threetimes, in Spring 199,
Spring 198 and Fall 1999. In Spring 20®, a modified
version of the course will be taught by colleagues at
West Virginia University. At Notre Dame, class
enrollment has ranged from seven to thirty three
depending on whether Juniors were allowed to enroll
and in which semester the murse was taught. With the
two larger classes, the course was taught in a traditional
lecdure format, athough significant discusson was

encouraged. With the smallest class the course was
conducted in a pure discusgon format. The students
were given “preparation assgnments’ for each class
which wsually consisted of reading material, working
out a probem, or putting together a preliminary
flowsheda for a process That material was then
discused and eaborated upon in class  Some
discusgon of these two different course formats is
given below.

2. Course Components

The wurse includes four major components. First,
we provide a introduction to pollution prevention.
This includes management and maintenance
procedures, aswell as smple process modifications that
can prevent pollution, espedally through the reduction
of fugitive amissons. Semnd, we discuss pertinent
environmental regulations that impact the design and
operating costs of chemical processes. Third, we
include a survey of new tecnology and current
reseach efforts to develop alternative tedinologies that
minimize waste or eliminate poll utants through, solvent
substitution, the use of different raw materials and
intermediates, and the development of more seledive
catalysts and reactor systems. The fourth and key part
of the course involves the devel opment and comparison
of chemicd processdesigns that juxtapose cnventional
chemicd processes with new, environmentally benign
technologies.

2.1 Introductionto Poll ution Prevention

In order to provide a context for the processdesign
studies, the curse begins with an introduction to the
idea of waste dimination or reduction, and how
pollution prevention dffers from remediation. This
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introduction includes a discusdon of the waste
management hierarchy, as set out by the Pollution
Prevention Act of 199Q that identifies source reduction
as the preferred method of waste management. The
introduction a so identifies the scientific bases for many
of our most problematic environmental chall enges, such
as acid rain, ozone depletion, greahouse gas formation
and its potential link to global warming, and persigent
environmental toxins. Since source reduction requires
knowledge of the pollution that is currently being
produced, some dfort is spent on methods for
conducting waste audits at a particular facility, as well
as identifying useful information from national waste
inventories, such as the Aerometric Information
Retrieval System (AIRS), the Toxic Release Inventory
(TRI) and the Biennial Report System (BRS). The
AIRS database can be accessed from the EPA website
at  http://www.epa.goviairdairshtml, and gves
emisgons from industrial sites and results from
monitoring gations, as well as attainment and non-
attainment areas for the gx criteria dr pollutants. The
TRI and BRS give information on toxics and hazardous
wastes, respedively and can be searched by geographic
area, facility, industry, or generated-receved-
transferred wastes. The TRI and BRS information is
available on the Right-to-Know net, and can be
accessed dredly from the Right-to-Know website
under databases  (http://www.rtk.net). Life-cycle
andysis (LCA) is discused as a useful tod for
evaluating processes and products. LCA brings out the
challenge in identifying al dired and indired sources
of pollution from a process or product, as well as the
difficulty in arriving at quantitative amparisons of the
impact of different types of pollution (i.e.,, does a pound
of styrene amitted into the atmosphere have more or
lessimpact on the environment than if it isreleased to a
river in a thousand gallons of wastewater?) In the
context of chemical procesing facilities, LCA
demonstrates the dramatic dfect that decommisgoning
and Utimate site deanupand plant disposal can have on
the overall process economics. LCA is complemented
with adiscusgon of indudrial eclogy, where cthemical
proceses can be integrated so that wastes or by-
products from one process can be used as a feadstock
for another process An excdlent source for this
material is the book by Allen and Sinclair Rosslot
(1997%).

In the introductory material we present some of the
simpler procedures and process modifications that can
be made to prevent pallution. These include many of
the “common sense” solutions, such as methods for
reducing fugitive emissons and diminating leaks. In
addition, we focus on ways to reduce solvent use ad
solvent  emisdons, espedally during cleaiing
operations. For ingance, one can design piping systems
to drain by gravity so lesssolvent is needed for flushing

and cleaning. Each year, we have been able to draw
several excdlent real-world examples that fit into this
category from the Governor’s Awards for Excdlencein
Pollution  Prevention  (http://www.state.in.ug/idem/
index.html under awards) that are given out annually at
the Indiana State Pollution Prevention Conference
Finally, we explore engineging modifications that can
be accomplished to reduce wastes and by-product
formation. These include tuning reactor temperatures
and presure to optimize sdedivity, exploring
combined reaction/separation schemes, using lesspurge
gas, and improving separation units.

2.2 Environmental Regulations

The semnd sedion of the @urse focuses on the
pertinent environmental regulations that impact the
design and operating costs of chemical processes.
Environmental regulations of particular interest include
the Clean Air Act, the Clean Water Act, the Pollution
Prevention Act, the Resource Conservation and
Remvery Act, the Occupationa Safety and Health Act,
the  Comprehensve  Environmental Response,
Compensation and Liability Act, the Emergency
Planning and Community Right-to-Know Act, the
Federal Insedicide, Fungicide and Rodenticide Act, and
the Toxic Substances Control Act. These laws are the
red impetus for the development of new tedhnologies
and waste management strategies, and it is important
that chemicd engineas know ther lega
responsibilities. A nicdy condensed version of these
laws is available from the National Pollution Prevention
Center (Lynch, 1995. An excdlent way to discuss
these laws is through the development of various
scenarios to augment some of the actual cases that are
discussd in the publicaion from NPRC. For instance,
if an enginea goes out to the plant and determines that
a valve has acddentally been left open and 100 gallons
of benzene have been released into the river, what must
he/she do? What laws apply? A dozen or so well-
crafted scenarios can hit most of the important points of
the major federal laws listed above.

2.3 New Techndogy and Current Research

Since the passage of the Pollution Prevention Act
in 1990 there has been a tremendous growth in the
development of alternative technologies that minimize
waste or diminate pollutants. Students familiarity
with these new technologies and ongoing reseach
effortswill be vital to their ability to implement process
designs and modifications that prevent pollution. These
aternative technologies generally fall into one of three
categories: solvent substitution, the use of different
(renewable or less toxic) raw maerids and
intermediates, and the development of more seledive
catalysts and reactor systems.  Sources of this material
include the literature, Green Chemistry and Engineaing
conferences, and guest ledurers.



In the areaof solvent substitution, we have focused
on aqueous-based solvents, liquid and supercriticd
CO,, androom temperatureionic liquids. For ingtance
we discused the potentia use of aqueous surfactant
solutions instead o chlorofluorocarbon solvents in the
microeledronics induwstry (Beaudoin et a., 1995.
Liquid and supercritical CO, has found numerous
industrial applications. As explored in one of the
design projeds discussed below, it has been used for
the decffeination of coffee instead o methylene
chloride or a cmbined hot water/methylene dloride
system (McHugh and Krukonis, 1994). Also, CO; is
used commercidly for the dry-cleaning o clothes
(http://lwww.globaltechno.com and http://www.micdl.
com), where it replaces perchloroethylene, and for
spray-painting (the UNICARB process (Brennedke,
1996), where it replaces chlorofluorocarbon or
flammable gas (propane or butane) propelants.
Although not commercially attractive, supercritical CO,
can be used to extract soybean oil from soybeans (List
et al., 1989, where it would replace hexane, which is
extremely volatile and, subsequently, highly flammable.
Thisproject isalso explored in more detail as one of the
case studies. Room temperature ionic liquids, such as
1-butyl-3-methyl imidizolium hexafluorophosphate, are
organic salts that in their pure state (i.e., not disslved
in water) are reatively low viscosity liquids at
temperatures around ambient. They are being explored
as potential environmentally benign solvents for
reactions and separations because they have negligible
vapor presares. Most normal solvents are quite
volatile, and this volatility is frequently the source of
their negative ewironmental impact through
evaporation and atmospheric emisson. Room
temperature ionic liquids may represent a whole new
classof indudrial solvents (Welton, 199; Blanchard et
al., 1999.

An exciting area of new chemistry that uses
renewable raw materials is biocatalysis. Sarting with
biomass instead o petroleum products, it is now
possble to use natural and/or engineered biocatalysts to
facilitate avariety of transformations. For ingtance
there ae new chemicd routes to adipic acid, catechol
and hydroquinone that use glucose instead o benzene
as a starting material (Draths and Frost, 1990; 19%a;
199%). In making adipic acid (one of the two major
components in Nylon 6,6) from glucose, one not only
uses a renewable raw material, but it totally eiminates
the use of benzene, which is a cacinogen, and the
emisson of N,O. Biocatalysis can also be used to
produce @cium magnesium aceate, a biodegradable
road salt that has less environmental impact, much
more eonomicaly than the norma synthetic route
(Mathews, 1999. This processuses lactose, which isa
waste in the whey from cheese production, as its
starting material.

Other new synthetic chemigries focus on the
elimination of toxic raw materias or intermediates. A
dramatic example is the generation of urethanes from
amines and carbon dioxide instead of from the highly
toxic phosgene (Riley et al., 1994). In addition, in this
new process developed by Monsanto, it is no longer
necessary to proceal through isocyanate intermediates
(recl the devastating effeds of the acddental release
of methyl isocyanate in Bhopal, India). Another
intriguing new chemistry is the production of p-
nitroaniline without the use of chlorine (which is
normally needed as a para-diredor) and, subsequently,
without the production of the intermediate
chlorobenzene (Stern et a., 199; Stern and Cheng,
1993 Stern, 1994). This new process developed by
Monsanto, is explored as one of the design case studies
discussed bel ow.

The development of more sedledive atalysts and
reactor systems focuses on the dimination of by-
product formation. For instance it has been shown that
for supported catalysts, the optimal radia distribution
of the catalyst in the pellet is a Dirac delta function,
with its spedfic radial position determined by the
detail s of the reaction system (Gavriilidis et d., 1993.
Also, we discuss the benefits of various types of
catalytic membrane reactions (Pena et al., 1998.
Finally, we present new research on the dfed of mass
transfer on the sdedivity of catalytic reactions in
packed bed reactors (Wu et ., 1995.

Another important area of current reseach that is
covered in the course ae the avances in process
optimization and process integration for pollution
prevention. In particular, we discuss as an example of
such approaches, the use of integrated mass exchange
networks for waste and process $reans. This approach
is covered peripheraly in Allen and Sinclair Rosselot
(1999 and more etensively, aong with an
introduction to aher related topics in pollution
prevention, in El-Halwagi (1997).

2.4 Projeds

Examination of a series of case studies that
compare designs of conventional chemicd processs to
those using new, environmentally benign, technologies
isthereal core of this course, and gives the students the
opportunity to examine and optimize processes sde-by-
side to compare old tecnology to new, more
environmentally friendly, technologies. The three @se
studies, which we have developed as ASFEN PLUS
smulation modules with costing and enomic
evaluation, give the students the opportunity to devel op
preliminary designs, as well as improve the processes
and perform a variety of “what if” studies that attempt
to projed the viability of the cnventional technology
into the future. They learn how preliminary designs can
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Figure 1. Conventional water/MeCl, processfor
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be used to edimate the potentiall ecnomic
attractiveness of the new technology. They are dso
encouraged to address ethical isaies surrounding the
value of an inherently safer processthat has lessimpact
on the environment. As mentioned above, two of the
designs use supercriticd CO, as an environmentally
benign replacement solvent for extractions and the third
projed looks at a new processfor the production of p-
nitroaniline.

The firg case study explores the decaffeination of
coffee with CO, instead o via the “water process”
The advantage of the CO, process is that CO,
seledively removes the caffeine from the raw coffee
beans. There ae now several commercial plants using
supercritical CO, for tea ad coffee decaffeination
worldwide (McHugh and Krukonis, 1994. Rough
schematics of the two processes are shown in Figures 1
and 2 The conventional process uses hot water to
extract the affeine from the beans. Unfortunately, the
solubility of caffeine in water is relaively low and the
extraction is not seledive; i.e, the desired aromas and
flavors are removed as well.  Subsequently, methylene
chloride is required to sdledively remove the cffeine
from the entire etract, so that the aomas and flavors
can be added back to rewmnstitute the beans.
Unfortunately, there is some ntamination of the
agueous aromas and flavors drean with methylene
chloride. Since methylene dloride addition to the
beans is unacceptable, this requires additiona
separation gtages and results in an aqueous methylene
chloride purge stream. The CO, process requires
extraction with supercriticd CO, at high presaures, on
the order of 350 bar. Fortunately, the etraction is
extremely sdedive, leaving the aomas and flavors
with the beans. One way of separating the affeine
from the CO, would be depresaurization to conditions
where the caffeine is no longer soluble. However,
remmpresson of the CO, would be quite expensive.
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Figure 2. Decaffeination of coffee beans using
supercritical CO..

Alternatively, the affeine can be washed out of the
CO, with water at high presaure, so that the CO, can be
recycled without recompresson. Thus, this is an
excdlent example where the new, environmentally
friendy, tednology is emnomicaly attractive only
when clever design dtrategies are implemented. A
small amount of CO, comes out of the water after it is
depresaurized and this can be recompressed for reuse;
however, the vast mgjority of the recycled CO, remains
at high presarre.

The w@mparative design projects are generally
given in two stages. Firdt, the students are asked to
develop rough process designs for the two processes
based on literature provided to them and some
discusson in class They can then compare ther
process concepts to the full ASFEN PLUS designs that
we have developed for the two processes. In the second
part of the assgnment, we ask the students to compare
and evaluate the dternative processes in order to make
an asesgnent of the two technologies and formulate a
recmmmendation on which design should ke pursued.
Since ASFEN PLUS economic evaluation does not
currently take environmental impact into acoount, the
students are asked to identify all waste streams and
potential sources of emisgons in order to determine
which streams would require permits and reporting on
the TRI or BRS. One way they quantify the st of
environmental impact is by determining the senstivity
of the process profitability on waste disposal costs and
the st of purchasing hazardous raw materials and
solvents (i.e, the methylene dloride for the
conventiona decaffeination procesy. They are asked
tolook for ways to make bath processes more atractive
(from bath profitability and environmental standpoints)
and asked to lodk at the influence of processproduction
rate. The mffee decaff eination processin onein which
the new tedhnology is more @st effective than the
conventiona process. For the base @ses used in the



ASFEN PLUS designs the return on investment (ROI)
is 9.3% for the mnventional processand 16.7% for the
CO, process

The sewnd case study looks at soybean ail
extraction with CO, and is based on the work of King
and coworkers (List et a., 1989. This process would
replace hexane etraction, which poses both
environmental and safety concens.  Unfortunately,
extremely high presaures (on the order of 700 bar) are
required to achieve reasonably high oil solubiliti es in
the CO,. Since soybean ail is a relatively low value
product, the eamnomics for the new technology are not
favorable. A dignificant difference between this
example and the coffee decaffeination is that in coffee
decaffeination the dil ute extracted compound is not the
product, although the caffeine can be sold. Rather, it is
what remains, the decffeinated beans, that are the
major product. For asupercriticd extraction process in
which the product is the dilute extract, to be
economically attractive, usually requires a high-value
product.

The third case study exploits some new chemistry
developed by researchers a Monsanto (Stern et al.,
1992 Stern and Cheng, 1993 Stern, 1994). By using
nucleophilic aomatic substitution for hydrogen, they
are able to eiminate the neal for chlorine to activate
benzene. For example, they are able to produce p-
nitroaniline without proceeading through chlorobenzene,
which is the standard technology. In fact, the
conventiona tedhnology requires three separate steps:
chlorination, nitration and ammonolysis. This process
produces numerous brine waste streams and by-
products, and requires multiple energy-intensive
digtillation column trains.  This third case study
compares the processes using the old and new
chemigtries.

These three omparative @se studies are among a
larger number of environmentally-related chemicd
process design projects that we have developed in
collaboration with Professors Jbseph Shaeiwitz and
Richard Turton a West Virginia University as part of a
larger  NSKfunded program on Minimizing the
Environmental Impact of Chemical Manufacturing
Processes.

3. Discussion

The major outcome of this course appeasto ke a
dramatic increase in the students knowledge of
environmental regulations, as wel as pollution
prevention concepts and tedhnologies. This is
supported by the results of a questionnaire given to the
students at the beginning and the end o the wurse.
Several questions on the assesgnent designed to probe
student attitudes do not indicae aly systematic
changes. A more substantial discusson of these
asesgnent results can be found esewhere (Brennedke

et a., 2000. Informa conversations with students
indicae that bath before and after the wurse they had
an understanding that industrial activity does have an
impact on the environment. However, after the wurse
they indicate that they have amuch greater appredation
of how much can be done to reduce pollution, from
smple “common sense” measures, tO  [rocess
modifications and the implementation of entirely new
processtechnol ogies.

The mmparative process designs are an excdlent
tod to expose the students to new technologies, as well
as involve them in the design dedsion-making process.
In addition, many students indicated that seeng full
processdesigns, changing processvariables, examining
the eonomic impact of various waste streans, and
seking improvements to the designs substantialy
improved their understanding and performancein their
reguar capstone chemical process design course.
However, we found that within a normal semester it
was really only possble to adequatdly explore two of
the three (e.g., coffee decaffeination and p-nitroaniline
production) comparative @se studies in sufficient
detail.

Finally, it should be noted that the discusson
format used when the dass enrollment was sndl was
highly  successful. The regular “preparation
asdgnments’ required significent out-of-class time
commitment from the sudents but the rewards in the
richness of the in-class discusson were substantial.
Every student contributed in each classwith questions
and comments. It was clea that students were making
connedions between current topics and topics
previoudy discuseed or covered in other chemica
engineering courses. This included most of the basic
chemicd engineeing core curses, such as mass and
energy balances, phase equilibria, mass transfer and
reaction engineging. It seemed particularly rewarding
to the students when they redlized that a practicd
curiosity-driven  question (e.g., does the loca
newspaper report that the PCBs in Lake Michigan are
polluting the amosphere axd causing a significant
hedth risk to residents of the state of Michigan make
sense? required them to daw on bah ther
thermodynamics and trangport  know-how. The
students were encouraged to stay abreast of current
environmental isales (by a semester-long assgnment to
kegp a scrapbodk of environmenta articles from
scientific and popular publi cations) and to kring them to
class for discusson. When covering environmental
laws, the sudents devel oped the interesting scenarios to
be andyzed. The students espedally appredated
discusing red-world pollution prevention examples
and opportunities that they shared with each other from
their summer employment and gdant-trip experiences.
In addition, we found that this course is particularly
well-suited to a discusgon format due to the many



ethical, social, paliticd and psychological ramifications
of implementing poll ution prevention technologies.

4. Concluding Remarks

This course provides practical information, as well
as exposure to the strategies of processsystems analysis
and the new tednologies that are arrently being
developed for pollution prevention. With this course,
the goal is for our graduates to become demical
engineering professonals who are euipped with the
awareness knowledge, and ability to minimize the
environmental impact of the dcemical manufacturing
processes that they oversee
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