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Preface

This book is intended for chemists, chemical engineers, and others who want to see a better world through chemistry and a
transition from its present unsustainable course® to a sustainable future.? (A sustainable future is one that allows future gen-
erations as many options as we have today.) It is meant to serve as an introduction to the emerging field of green chemistry—
of pollution prevention. It is based on a one-semester three-credit course® given at the senior—graduate level interface at the
University of Delaware each year from 1995 to 1998.

Books and courses in environmental chemistry usually deal with contaminants that enter air, water, and soil as a result of
human activities: how to analyze for them and what to add to the smokestack or tailpipe to eliminate them. They are also
concerned with how to get the contaminants out of the soil once they are there. Because texts such as those by Andrews et
al.,* Baird,® Crosby,® Gupta,” Macalady,® Manahan,® and Spiro and Stigliani° cover this area adequately, such material need
not be repeated here.

Green chemistry®! avoids pollution by utilizing processes that are “benign by design.” (The industrial ecology*? being
studied by engineers and green chemistry are both parts of one approach to a sustainable future.) Ideally, these processes use
nontoxic chemicals'® and produce no waste, while saving energy and helping our society achieve a transition to a sustain-
able economy. It had its origins in programs such as 3M’s “Pollution Prevention Pays.” It was formalized in the United States
by the Pollution Prevention Act of 1990. Since then, the U.S. Environmental Protection Agency and the National Science
Foundation have been making small grants for research in the area. Some of the results have been summarized in symposia
organized by these agencies.*

This book cuts across traditional disciplinary lines in an effort to achieve a holistic view. The material is drawn from in-
organic chemistry, biochemistry, organic chemistry, chemical engineering, materials science, polymer chemistry, conserva-
tion, etc. While the book is concerned primarily with chemistry, it is necessary to indicate how this fits into the larger soci-
etal problems. For example, in the discussion of the chemistry of low-emissivity windows and photovoltaic cells, it is also
pointed out that enormous energy savings would result from incorporating passive solar heating and cooling in building de-
sign. Living close enough to walk or bike to work or to use public transportation instead of driving alone will save much
more energy than would better windows. (Two common criticisms of scientists is that their training is too narrow and that
they do not consider the social impacts of their work.)

This book begins with a chapter on the need for green chemistry, including the toxicity of chemicals and the need for min-
imization of waste. The next three chapters deal with the methods that are being studied to replace some especially noxious
materials. Chapters 5-8 cover various ways to improve separations and to reduce waste. Chapter 9 continues this theme and
switches to combinations of biology and chemistry. Chapter 10 discusses many optical resolutions done by enzymes or
whole cells. Chapter 11, on agrochemicals, continues the biological theme. Chapters 12 through 15 cover various aspects of
sustainability, such as where energy and materials will come from if not from petroleum, natural gas, or coal; how to pro-
mote sustainability by making things last longer; and the role of recycling in reducing demands on the natural resource base.
The last three chapters try to answer the question that arises at nearly every meeting on green chemistry: Why is it taking so
long for society to implement new knowledge of how to be green?

The topics within these chapters are not confined to specific areas. For example, cyclodextrins are discussed not only un-
der supported reagents, but also under separations by inclusion compounds or under chemistry in water. Surfactants have
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been placed under doing chemistry in water. They are also mentioned as alternatives for cleaning with organic solvents and
in the discussion on materials from renewable sources. An effort has been made to cross-reference such items. But for the
reader who has any doubt about where to find an item, a comprehensive index is included.

The industrial chemistry on which much green chemistry is based may be foreign to many in academia, but many good
references are available.™ There is much more emphasis in industrial chemistry on catalysis and the organometallic mech-
anisms that often go with them. Improved catalysts are often the key to improved productivity, using less energy and gener-
ating less waste.*® Again, many good sources of information are available.” In addition, there are two books on the chem-
istry and biology of water, air, and soil.®

Each chapter in Introduction to Green Chemistry lists recommended reading, consisting primarily of review papers and
portions of books and encyclopedias. This allows detailed study of a subject. The introductions to current journal articles
often contain valuable references on the status of a field and trends in research. However, the traditional grain of salt
should be applied to some news items from trade journals, which may be little more than camouflaged advertisements.

The examples in the book are drawn from throughout the world. In the student exercises that accompany each chapter,
readers are often asked to obtain data on their specific location. In the United States, one need look no further than the local
newspaper for the results of the toxic substances release inventory. This data can also be found on websites of the U.S. En-
vironmental Protection Agency (http://www.epa.gov/opptintr/tri) and state environmental agencies,*® as well as on compa-
rable websites of other countries (e.g., http:// www.unweltbundesamt.de for the German environmental agency). Non-
governmental organizations also post some of this data (e.g., the Environmental Defense “Chemical Scorecard,”
www.scorecard.org, and the Committee for the National Institute for the Environment, www.cnie.org). The data available
on the Internet is growing rapidly.° The environmental compliance records of more than 600 U.S. companies can be found
at http://es.epa.gov/oeca/sfi/index.html. A catalog of U.S. Environmental Protection Agency documents can be found at
http://www.epa.gov/ ncepihom/catalog.html. Data on the toxic properties of chemicals can be found at toxnet.nlm.nih.gov
and http:// www.chemquik.com.

Some of the exercises sample student attitudes. Others call for student projects in the lab or in the community. Some of
the questions are open-ended in the sense that society has yet to find a good answer for them, but they leave room for dis-
cussion.

Those using this volume as a textbook will find field trips helpful. These might include visits to a solar house, a farm us-
ing sustainable agriculture, a tannery, a plant manufacturing solar cells, etc. Although the course at the University of
Delaware had no laboratory, one would be useful to familiarize students with techniques of green chemistry that they might
not encounter in the regular courses. These might include the synthesis, characterization, and evaluation of a zeolite, running
areaction in an extruder, using a catalytic membrane reactor, adding ultrasound or microwaves to a reaction, making a chem-
ical by plant cell culture, doing biocatalysis, making a compound by organic electrosynthesis, running a reaction in super-
critical carbon dioxide, and use of a heterogeneous catalyst in a hot tube. Ideally, students would run a known reaction first,
then an unknown one of their own choice (with appropriate safety precautions). Such a lab would require the collaboration
of several university departments.

There is a myth that green chemistry will cost more. This might be true if something was to be added at the smokestack
or outlet pipe. However, if the whole process is examined and rethought, being green can save money. For example, if a pro-
cess uses solvent that escapes into the air, there may be an air pollution problem. If the solvent is captured and recycled to
the process, the savings from not having to buy fresh solvent may be greater than the cost of the equipment that recycles it.
If the process is converted to a water-based one, there may be additional savings.

It is hoped that many schools will want to add green chemistry to their curricula. Sections of this book can be used in other
courses or can be used by companies for in-house training. The large number of references makes the book a guide to the lit-
erature for anyone interested in a sustainable future.

Albert S. Matlack
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Introduction

This chapter will consider what is toxic, what is waste, why
accidents occur, and how to reduce all of these.

I. GENERAL BACKGROUND

In the glorious days of the 1950s and 1960s chemists envi-
sioned chemistry as the solution to a host of society’s
needs. Indeed, they created many of the things we use to-
day and take for granted. The discovery of Ziegler—Natta
catalysis of stereospecific polymerization alone resulted in
major new polymers. The chemical industry grew by leaps
and bounds until today it employs about 1,027,000 workers
in the United States.® Some may remember the duPont slo-
gan, “Better things for better living through chemistry.” In
the Sputnik era the scientist was a hero. At the same time,
doctors aided by new chemistry and antibiotics, felt that in-
fectious diseases had been conquered.

Unfortunately, amid the numerous success stories were
some adverse outcomes that chemists had not foreseen. It
was not realized that highly chlorinated insecticides such as
DDT  [1,1-bis(4-chlorophenyl)-2,2,2-trichloroethane]
(1.1), also known as dichlorodiphenyltrichloroethane
(made by the reaction of chloral with chlorobenzene) would
bioaccumulate in birds. This caused eggshell thinning and
nesting failures, resulting in dramatic population declines in
species such as peregrine falcon, bald eagle, osprey, and

CCly
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brown pelican. Rachel Carson was one of the first to call at-
tention to this problem.? Now that these insecticides have
been banned in the United States, the species are recover-
ing. Some are still made and used in other countries, but may
return to the United States by long range aerial transport
(e.g., from Mexico). (Compounds applied to plants, build-
ing surfaces, and such, may evaporate and enter the atmo-
sphere where they may remain until returned to the ground
at distant points by rain or by cooling of the air.%) DDT is
still made in Mexico, China, India, and Russia. A global
treaty to ban these persistent pollutants is being sought.*

It was also not appreciated that these compounds and
other persistent highly chlorinated compounds, such as
polychlorinated biphenyls (PCBs), can act as estrogen
mimics. Some surfactants such as those made from
alkylphenols and ethylene oxide are also thought to do this,
although perhaps to a lesser extent. The effects are now
showing up in populations of native animals, raising ques-
tions about possible effects in humans.® A program is being
set up to screen 86,000 commercial pesticides and chemi-
cals for this property.®

Thalidomine (1.2) was used to treat nausea in pregnant
women from the late 1950s to 1962. It was withdrawn from
the market after 8000 children in 46 countries were born
with birth defects.”

o 0
thalidomide

1.2



The compound has other uses as a drug as long as care is
taken not to give it to pregnant women. In Brazil it is used
to treat leprosy. Unfortunately, some doctors there have not
taken the warning seriously enough and several dozen de-
formed births have occurred.® The U. S. Food and Drug Ad-
ministration (FDA) has approved its use for treating painful
inflammation of leprosy.® It also inhibits human immunod-
eficiency virus (HIV) and can prevent the weight loss that
often accompanies the acquired immunodeficiency syn-
drome (AIDS). Celgene is using it as a lead compound for
an anti-inflammatory drug and is looking for analogues with
reduced side effects.’® The analogue below (1.3) is 400-500
times as active as thalidomide.

Chlorofluorocarbons were developed as safer alterna-
tives to sulfur dioxide and ammonia as refrigerants. Their
role in the destruction of the ozone layer was not antici-
pated. Tetraethyllead was used as an antiknock agent in
gasoline until it was learned that it was causing lead poi-
soning and lowering the 1Q in children. We still have not
decided what to do with the waste from nuclear power
plants that will remain radioactive for longer than the
United States has been in existence. Critics still question
the advisability of using the Yucca Mountain, Nevada, site.
They say that the finding of *CI from atomic bomb tests in
the 1940s at the depth of the repository indicates that sur-
face water can get into this site.*

Doctors did not anticipate the development of drug-re-
sistant malaria and tuberculosis. The emergence of Legion-
naire’s disease, Lyme disease, AIDS, Hantavirus, and
Ebola virus was not anticipated. Most drug companies are
still unwilling to tackle tropical diseases because they fear
that the poor people afflicted with the diseases will not be
able to pay for the drugs.*?

Today, there is often a public suspicion of scientists.
Some picture the mad chemist with his stinks and smells.
There is a notion of some people “that science is boring,
conservative, close-minded, devoid of mystery, and a neg-
ative force in society.”*® Chemophobia has increased. Many
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Chapter 1

people think that chemicals are bad and “all natural” is bet-
ter, even though a lot of them do not know what a chemical
is. There is a feeling that scientists should be more respon-
sible for the influence of their work on society. Liability
suits have proliferated in the United States. This has caused
at least three companies to declare bankruptcy: Johns
Manville for asbestos in 1982, A. H. Robins for its “Dalkon
Shield” contraceptive device in 1985, and Dow Corning for
silicone breast implants in 1995.14 Doctors used to be the re-
spected pillars of their communities. Today they are the sub-
jects of malpractice suits, some of which only serve to in-
crease the cost of health care. Medical implant research is
threatened by the unwillingness of companies such as
duPont and Dow Corning to sell plastics for the devices to
the implant companies.*® The chemical companies fear lia-
bility suits. Not long ago drug companies became so con-
cerned about law suits on childhood vaccines that many
were no longer willing to make them. Now that the U. S.
Congress has passed legislation limiting the liability, vac-
cine research isagain moving forward. The law suits had not
stimulated research into vaccines with fewer side effects,
but instead had caused companies to leave the market.

1. TOXICITY OF CHEMICALS IN THE
ENVIRONMENT

The public’s perception of toxicity and risk often differs
from that found by scientific testing.'® The idea that “natu-
ral”1" is better than “chemical” is overly simplistic. Many
chemicals found in nature are extremely potent biologi-
cally. Mycotoxins are among these.'® Aflatoxins (1.4) were
discovered when turkeys fed moldy ground nut (peanut)
meal became ill and died. They are among the most potent
carcinogens known.

Vikings went berserk after eating derivatives of lysergic
acid (1.5) made by the ergot fungus growing on rye.

Some Amanita mushrooms are notorious for the poisons
that they contain. A Japanese fish delicacy of globe fish or

Aflatoxin B
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other fishes may contain potent poisons (such as
tetrodotoxin; 1.6) if improperly prepared.'® Tainted fish
cause death in 6-24 h in 60% of those who consume it.
They die from paralysis of the lungs. Oysters may also con-
tain poisons acquired from their diet. The extract of the
roots of the sassafras tree (Sassafras albidum) (1.7) used to
flavor the soft drink, “root beer,” contains the carcinogen
safrole, which must be removed before use.

The natural insecticide Sabadilla, which is popular with
organic farmers, contains 30 alkaloids present at a level of
3-6% in the seeds of Schoenocaulon officinale.?*® It can af-
fect the cardiovascular system, respiration, nerve fibers,
and skeletal muscles of humans. Gastrointestinal symp-
toms and hypotension may also result from its ingestion.

The U. S. Congress added the Delaney clause to the
Food, Drug, and Cosmetic Act in 1958.2° The clause reads
“No additive shall be deemed to be safe if it is found to in-
duce cancer when ingested by man or animal, or if it is
found, after tests which are appropriate for the evaluation of
the safety of food additives, to induce cancer in man or an-
imal.” It does not cover natural carcinogens in foods or en-
vironmental carcinogens, such as chlorinated dioxins and
polychlorinated biphenyls. The Delaney clause was used to
ban saccharin in 1973, but the U. S. Congress overrode this

Tetrodotoxin
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prohibition with a special law that permits the use of this ar-
tificial sweetener. It is now thought to be a carcinogen for
rodents, but not for humans. Almost every tube of tooth-
paste in the United States contains it. An advisory panel of
the U. S. National Toxicology Program recommends that it
be classed as an “anticipated” human carcinogen.

Some Americans feel that food additives are an impor-
tant source of cancer, and that the Delaney clause should be
retained. Bruce Ames, the father of the Ames test for mu-
tagens, disagrees.?? He feels that the very high doses of
chemicals that are fed to rats to speed up the tumor-form-
ing process may bear little relation to reality. He feels that
this protocol alone may cause some of the tumors. Analyt-
ical chemists are able to detect much smaller amounts of
contaminants in foods today than in 1958. A new technique
of accelerator mass spectrometry with “C-labeled com-
pounds offers promise in testing at much closer to the real
levels consumed.?® Is there a level below which a carcino-
gen affords no risk? A single mutation can lead to cancer.
However, Abelson has pointed out that mutations occur all
the time and are eliminated by the normal DNA repair
mechanisms.?* He feels that these cover both natural and
synthetic compounds. Thus, the usual type of dose-re-
sponse curve should apply here as well. Ames, Abelson,
and others felt that the zero risk called for by the Delaney
clause had outlived its usefulness and should be replaced
by a negligible risk standard.?® The Delaney clause was re-
pealed on August 3, 1996.2°

Ames feels that, instead of worrying so much about the
last traces of contaminants in foods, we should focus our at-
tention on the real killers.

Annual Preventable Deaths in the United States®’

Active smoking 430.700
Alcoholic beverages 100,000
Passive smoking 53,000
Auto accidents 43,300
AIDS 37,500
Homicides 24,926
Fires 3,200
Cocaine 4,202
Heroin and morphine 4,175
Radon, to nonsmokers 2,500




The World Health Organization (WHQ) estimates the
number of smoking deaths worldwide to be about 3
million/y.?® Cigarette use is increasing among American
college students, despite these statistics.?° Indoor radon
contributes to about 12% of the lung cancer deaths in the
United States each year.%° Infectious diseases cause 37% of
all deaths worldwide.®* Many of these could be prevented
by improved sanitation. There are 3 million pesticide poi-
sonings, including 220,000 fatalities and 750,000 chronic
illnesses, in the world each year. Smoke from cooking with
wood fires kills 4 million children in the world each year.

It is estimated that perhaps 80% of cancers are environ-
mental in origin and related to lifestyle. (There are genetic
factors, now being studied by the techniques of molecular
biology, that predispose some groups to heightened risk,
e.g., breast cancer in women.®?) In addition to cancers
caused by tobacco and ethanol, there are those caused by a
high fat diet,®® too much sun, smoked foods, foods pre-
served with a lot of salt, and viruses (for cancers of the liver
and cervix). Consumption of the blue—green alga, Micro-
cystis, has increased liver cancer in China. Perhaps the
biggest killer is sodium chloride, a compound necessary for
life, that plays a role in the regulation of body fluids and
blood pressure.3 It raises the blood pressure of many of the
50 million Americans with hypertension, increasing the
risk of osteoporosis, heart attack, and stroke.® The U. S.
National Academy of Sciences suggests limiting consump-
tion of sodium chloride to 6 g/day (2.4 g of sodium). This
means cutting back on processed foods (source of 80% of
the total), such as soups, frozen dinners, salted snacks,
ham, soy sauce (18% salt), ready-to-eat breakfast cereals,
and others. However, this may not be the whole story. If
there is an adequate intake of calcium, magnesium, and
potassium, together with fruits and vegetables in a low-fat
diet, the sodium may not need to be reduced, as shown in a
1997 study.®® In the United States, snacks and soft drinks
have tended to supplant nutrient-rich foods, such as fruits,
vegetables, and milk. Not eating fruits and vegetables
poses a greater cancer risk than the traces of pesticides in
foods.3’ Fruits and vegetables often contain natural antiox-
idants,® such as the resveratrol (1.8) found in grapes. It in-
hibits tumor initiation, promotion and progression.®

resveratrol

1.8
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Antioxidants have also reduced athersclerotic heart dis-
ease.*® Thus, foods contain many protective substances, as
well as some antinutrients, such as enzyme inhibitors and
natural toxins.**

A U. S. National Research Council report concludes that
natural and synthetic carcinogens are present in human
foods at such low levels that they pose little threat.*? It
points out that consuming too many calories as fat, protein,
carbohydrates, or ethanol is far more likely to cause cancer
than consuming the synthetic or natural chemicals in the
diet. However, it also mentions several natural substances
linked to increased cancer risk: heterocyclic amines formed
in the overcooking of meat; nitrosoamines, aflatoxins, and
other mycotoxins.*® Typical of the heterocyclic amine mu-
tagens are compounds 1.9 and 1.10, the first from fried beef
and the second from broiled fish:**

Two reviews cover the incidence of cancer and its pre-
vention by diet and other means.*® Cancer treatments have
had little effect on the death rates, so that prevention is the
key.*®

Being sedentary is a risk factor for diseases such as heart
attack and late-onset diabetes. One-third of adult Ameri-
cans are obese, perhaps as much the result of cheap gaso-
line as the plentiful supply of food.*” Obesity-related com-
plications result in 300,000 premature deaths in the United
States each year. This is less of a problem in most other
countries. For example, the incidence of obesity in the
United Kingdom is 15-16.5%.

Prevention of disease is under-used.*® Needle ex-
change programs could prevent 17,000 AIDS infections in
the United States each year. Vaccines are not used
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enough. For example, only 61% of the people in Mas-
sachusetts are fully vaccinated. Only 15-30% of the el-
derly, immunocompromised persons, and those with pul-
monary or cardiac conditions have been vaccinated
against pneumonia. A 1998 study, in New Jersey and
Quebec, of patients older than 65 who had been pre-
scribed cholesterol-lowering drugs found that on the aver-
age the prescription went unfilled 40% of the year. Good
drug compliance lowered cholesterol level 39%, whereas
the poor compliance lowered it only 11%.4°

Many persons take unnecessary risks by using alterna-
tive, rather than conventional, medicine. Although some of
it works (e.g., a Chinese herbal medicine for irritable bowel
syndrome), much of it is ineffective.>® The use of herbal
extracts and dietary supplements may help some people,
but many such materials are ineffective and may be dan-
gerous.®* One lot of “Plantago” contained digitalis that sent
two people to hospital emergency rooms with heart block-
age. Cases of central nervous system depression and heavy
metal poisoning have also been reported. One child died
while being treated by herbal extracts in a case where con-
ventional medicine might have saved her life. Of 260 Asian
patent medicines bought in California stores, 83 contained
undeclared pharmaceuticals or heavy metals, and 23 con-
tained more than one adulterant. Tests of ten brands of St.
John’s Wort, a popular herbal antidepressant, found that
two had 20% of the potency listed on the label, six had
50-90%, and two had 30-40% more than that listed.>? The
problem is that the U. S. Dietary Supplement Health and
Education Act of 1994, said to have been passed by strong
industry lobbying, does not allow the Food and Drug Ad-
ministration to regulate these materials. Herbal extracts are
also used in many other countries.>® The most research on
them has been done in Germany, where the Bundesinstitut
fur Arzneimittel und Medizinproduckte regulates them
more effectively than is done in the United States. Many of
the drugs used by conventional medicine originated in folk
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medicine. These were all tested carefully for safety and ef-
ficacy, and provided in consistent standardized amounts,
before acceptance by conventional medicine. The National
Institues of Health Office of Dietary Supplements in the
United States has an international database at http://di-
etary/supplements.info.nih.gov. See also www.amfounda-
tion.org/herbmed.htm.

An additional note of caution must be added to this
discussion. Tryptophan, (1.11) an essential amino acid for
humans, was sold in health food stores as a sleeping pill.>*
It was taken off the market in 1989 after a lot made by a
new microorganism at Showa Denko caused an outbreak of
a rare blood disease that killed 39 people.>® Although the
material was 99% pure, it contained over 60 trace
contaminants.

The deadly contaminants compounds 1.12 and 1.13
were present at about 0.01%. The moral is to test products
from new processes on animals first. Some samples of
over-the-counter 5-hydroxy-L-tryptophan contained impu-
rities that caused eosinophila—myalgia syndrome.>®

Another sad saga resulted from the sale, by itinerant
salesmen in Spain, of aniline-denatured rapeseed oil for
cooking.>” The toxic oil syndrome affected 20,000 people
killing 839. The toxic compound is thought to have been
compound 1.14.

Research on the long-term effects of low-level pollution
continues. Air pollution by ozone, sulfur dioxide, and par-
ticulates in Britain kills 24,000 people annually.® It is es-
timated that exposure to diesel exhaust over a 70-year life-
time will cause 450 cases of cancer per million people in
California.>® Epidemiologists continue to investigate clus-
ters of diseases such as the two to four times higher inci-
dence of neural tube and certain heart defects in children
born within % mile of Superfund sites in California,®° the
lower birth weight and prematurity of infants born to
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women living next to the Lipari landfill in New Jersey,®*
the brain cancers in researchers at the Amoco laboratory in
Napierville, Illinois and at the University of Maine,®? and a
cancer cluster near a Superfund site at Toms River, New
Jersey. A U. S. General Accounting Office report suggests
that the list of the Superfund sites may have to be doubled
because of ground and drinking water contamination.®?
Some persons may have multiple chemical sensitivities to
low levels of pollutants.®*

Children are more sensitive to chemicals than adults.®®
Childhood cancer and asthma are both rising. Pregnant
women who smoke tend to have more low birth weight ba-
bies and those who drink alcoholic beverages risk fetal al-
cohol syndrome. Environmental standards are often set us-
ing a statistical approach.®® The U. S. Environmental
Protection Agency sets pesticide limits at 1% of the level
found to have no effects in animals. A 1996 law to protect
children may lower this level another tenfold. Some pesti-
cide makers have gone to tests of pesticides on adult hu-
mans in the United Kingdom, presumably in an effort to
obtain higher limits.%” Some people consider this unethical.
Chemical safety is an international challenge.®® Complete
health effects data are available for only about 7% of the
chemicals produced in more than 1 million Ib annually.®®
The U. S. Environmental Protection Agency and the Amer-
ican Chemistry Council (formerly the Chemical Manufac-
turers Association) have reached an agreement to test 3000
chemicals in an effort to speed up the work being done by
the OECD in Europe. At first the Synthetic Organic Chem-
ical Manufacturers Association did not agree with the way
that this testing will be done,”® but agreed to it later. Ani-
mal rights activists have objected to the tests because ani-
mals will be used in at least some of the testing.”*

Green chemistry chooses less toxic materials over more
toxic ones and tries to minimize the use of flammable, explo-
sive, or highly reactive materials.”? It is not always easy to fig-
ure out which is least toxic. Toxicities can vary with the
species as well as with the age and sex of the animal. The man-
ner of application may also vary. This is illustrated in the fol-
lowing by some LDs, (50% of the animals die) data on chem-
icals that are not very toxic and some that are very toxic.”
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Ethanol 10.6 g/kg for young rats; 7.6g/kg for old
rats
Malathion 1.0 g/kg for female rats; 1.375 g/kg for
male rats
Glyphosate  4.873 g/kg for rats; 1.568 g/kg for mice
HCN Average fatal dose for a human;
50-60 mg
Aflatoxin 18.2 mg/50 g body weight day-old
duckling
Acetone 10.7 ml/kg orally for rats

This test probably would not pick up long-term effects
caused by bioaccumulation. Populations of animals can
also be decimated by chemical effects that do not kill the
animals (e.g., the egg shell thinning of birds at the top of the
food chain, feminization of males, and behavioral changes,
such as not feeding or protecting the young, or losing the
ability to avoid predators).

Many chemists alive today have worked with com-
pounds later found to be carcinogens, neurotoxins, and so
on. All chemicals need to be treated with due respect.”*

I11. ACCIDENTS WITH CHEMICALS

Chemists take pride in their ability to tame dangerous
chemicals to make the things society needs. In fact, some
companies seek business by advertising their ability to do
custom syntheses with such chemicals. Aerojet Fine Chem-
icals offers syntheses with azides and vigorous oxida-
tions.”® Carbolabs offers custom syntheses with phosgene,
fluorinating agents, and nitration. Custom syntheses with
phosgene are also offered by PPG Industries, Hatco,
Rhone-Poulenc, and SPNE (see Chap 2). A hazardous
reagent may be attractive for fine chemical syntheses if it
gives a cleaner product with less waste or saves two or
three steps. It may also be used because it is the traditional
way of doing the job.

Chemistry is a relatively safe occupation. (Underground
coal mining is one of the most dangerous in the United
States. A total of 47 coal miners lost their lives in 1995
from surface and underground mining.”®) In the United
States in 1996, the nonfatal injury and illness rate for chem-
ical manufacturing was 4.8:100 full-time workers, com-
pared with 10.6 for all of manufacturing. There were 34
deaths in the chemical industry, about 5% of those for all
manufacturing.”” The injury rate of the chemical industry
in the United Kingdom fell to an all time low in 1997, 0.37
accidents per 100,000 h. This was in the middle of those for
manufacturing industries, worse than the textile industry,
but better than the food, beverage, and tobacco industries.”®
However, despite countless safety meetings and inspec-
tions and safety prizes, accidents still happen.” In chem-
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istry, just as in airline safety, some of the accidents can be
quite dramatic. There were 23,000 accidents with toxic
chemicals in the United States in 1993-1995 (i.e., 7670/yr
compared with 6900/yr in 1988-1992. The accidents in
1993-1995 included 60 deaths and the evacuation of
41,000 people. Statistics for the United States compiled by
the Chemical Safety and Hazard Investigation Board reveal
an average of 1380 chemical accidents resulting in death,
injury, or evacuation each year for the 10 years before
1999.8% Each year, these accidents caused an average of
226 deaths and 2000 injuries. About 60,000 chemical acci-
dents are reported annually in the United States. The Amer-
ican Chemistry Council in the United States reported 793
fires, explosions, and chemical releases in 1995.8*

There is usually an investigation to determine the cause
of an accident. Knowing the cause should help eliminate
similar accidents in the future. Then engineering steps may
be taken to produce a fail-safe system. These may involve
additional alarms, interlocks (such as turning off the mi-
crowaves before the oven door can be opened), automatic
shut-offs if any leaks occur, and secondary vessels that
would contain a spill. A special sump contained a leak of
nerve gas when an O-ring failed at an incinerator at Tooele,
Utah.®2 Underground storage tanks (made of noncorroding
materials) may be fitted with a catchment basin around the
fill pipe, automatic shut-off devices to prevent overfilling,
and a double wall complete with an interstitial monitor.8
Clearly, such methods can work, but they have not reduced
the overall incidence of accidents, as shown in the forego-
ing data. The best solution will be to satisfy society’s needs
with a minimum of hazardous chemicals.* A few of the
many accidents will be discussed in the following to show
how and why they occurred, together with some green ap-
proaches that could eliminate them.

The chemical industry received a wake-up call for im-
proved safety when 40 tons of methyl isocyanate escaped
from a pesticide plant into a densely populated area of
Bhopal, India on Dec. 3, 1984. This resulted in 3500 deaths
and 150,000 injuries.2> According to one reviewer®® the
accident

... was the ultimate outcome of faulty technolog-
ical design, years of poor management of an unprof-
itable and highly dangerous facility, years of ignor-
ing an outrageously bad safety record on the part of
both the parent company and the Indian government,
inadequate education and training of the work force,
uncontrolled growth of an industrial population cen-
ter, a nonexistent emergency response system and the
community’s ignorance about the dangers in its
midst.

At the time of the accident, a refrigeration system, a tem-
perature indicator, and a flare tower were not functioning.8’
Curiously, the Maharashtra Development Council (in the
state next to the one in which Bhopal is located) advertised
in 1998

... The strengthening of the green movement and
the growing protests against environmental pollution
in many Western countries provide an opportunity
for India to emerge as a major player in the global
dye market. Given the global tendency to take full
advantage of lower labor costs and less stringent
effluent legislation, India has a competitive
advantage.®®

There have been 17 chemical releases that have ex-
ceeded Bhopal in volume and toxicity. Fortunately, their
locations and weather conditions prevented disasters such
as Bhopal. In 1994, failure of a storage tank at Occidental
Chemical allowed as much as 500 Ib of chlorine to escape
through a hole the size of a filing cabinet.®® Fortunately, air
currents did not carry the cloud of chlorine over Delaware
City, about a mile away, or New Castle, Delaware, a few
miles to the north. (Chlorine was used as a war gas in
World War 1.)

The explosion of the nuclear reactor at Chernobyl
(spelling changed recently to Chornobyl) in the Ukraine on
April 26, 1986 sent radioactive material as far away as
Sweden.®® The current death toll is 45. There has been a
huge increase in childhood thyroid cancer, with cases as far
as 500 km away.®* (U. S. bomb tests have also increased
the incidence of thyroid cancers in the western United
States.®?) There is a 30-km exclusion zone around the plant
where no one is allowed to live. This was created by the
evacuation of 135,000 people.®® The accident is said to
have happened “because of combination of the physical
characteristics of the reactor, the design of the control rods,
human error and management shortcomings in the design,
and implementation of the safety experiment.”

The world’s worst radioactive contamination (twice that
of Chernobyl) is at Mayak in Russia. This has resulted from
explosion of a radioactive waste storage unit on September
29, 1957 and deliberate dumping of liquid waste into the
Techa River in 1949-1956.%

Although no nuclear plants in the United States have ex-
ploded, there have been some scary incidents. The near
melt-down at Three Mile Island, near Harrisburg, Pennsyl-
vania, involved a faulty valve. At the Salem, New Jersey,
nuclear plants there have been “repetitive equipment prob-
lems and personnel errors,” the latter including manually
overriding safety alarms.®® The Nuclear Regulatory Com-
mission shut down all three units at the site in 1995 for “re-



peated failures in their preventive maintenance programs”
according to an ex-employee.®® Fines of more than 700,000
dollars have been imposed on the utility.%” The corporate
culture was said to be “production, production, produc-
tion.” A company official said, “We had a lackadaisical,
casual approach.”®® They were restarted after 2 years, pre-
sumably after the problems had been corrected. Since then,
there have been outages due a leak when an operator ex-
ceeded the design pressure for a coolant system and prob-
lems with a water intake system.®® In the last two decades
these power plants have operated only 52% of the time,
putting them among the 10 worst of the 110 nuclear plants
in the United States. The U. S. General Accounting Office
has questioned the effectiveness of the Nuclear Regulatory
Commission in regulating such plants.* This is the second
largest commercial generating station in the United States.

At the Peach Bottom nuclear plant in southeastern Penn-
sylvania, an operator was found fast asleep. Federal labo-
ratories in the United States have also had problems: ex-
plosion of a solution of hydroxylamine nitrate in dilute
nitric acid at the Hanford plant in Richland, Washington
(nearly identical with earlier ones at other federal facili-
ties)'%%; a series of safety problems, including an explosion,
at Los Alamos, New Mexico'%%; and a series of seven inci-
dents, including equipment problems, leading up to the clo-
sure of the High Flux Isotope Reactor Facility at Oak
Ridge, Tennessee.’®® The Oak Ridge problems included,
“Communication among all parties is inadequate and inef-
fective”; “inattention to detail”; a “significant lack of trust
and respect”; “high levels of frustration”; and too much pa-
perwork. New nuclear plants'® are no longer being built in
the United States, but large numbers are being planned for
East Asia.1% France generates 75% of its electricity from
nuclear energy. There has been an increase in the incidence
of leukemia within a 35-km radius of a nuclear waste-re-
processing plant at La Hague on the Normandy coast.

Electricity need not be generated by nuclear power.
Generating it from fossil fuels contributes to global warm-
ing. Producing it from renewable sources, such as wind,
wave power, hydropower, geothermal, and solar energy
does not (see Chap. 15). Sweden has voted to phase out nu-
clear energy. The German government has agreed to phase
out the country’s 19 nuclear reactors.X%” It has been esti-
mated that offshore wind power sources could produce
electricity 40% more cheaply than the nuclear power sta-
tions planned for Japan.®® Energy conservation can help a
great deal in reducing the amount of energy needed.

The flammable gases used by the petrochemical indus-
try have been involved in many accidents.'®® A fire and
explosion following a leak of ethylene and isobutane from
a pipeline at a Phillips plant in Pasadena, Texas, in 1989,
killed 23 people and injured 130.1° The U. S. Occupa-
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tional Safety and Health Administration (OSHA) fined
the company 4 million dollars. Accidents of this type can
happen anywhere in the world where the petrochemical
industry is located. There have been explosions in an
ethylene plant at Beijing, China,''! at a Shell air separa-
tions plant in Malaysia,**? a Shell ethylene and propylene
plant in Deer Park, Texas,**® a Shell propylene plant in
Norco, Louisiana,''* at a BASF plant in Ludwigshafen,
Germany, that used pentane to blow polystyrene,**® and at
a Texaco refinery at Milford Haven, England.'® The
problems at the BASF plant might have been avoided by
blowing the polystyrene with nitrogen or carbon dioxide,
instead of pentane. Two weeks before this incident at the
BASF plant, four people were injured by a fire from a
leak of benzene.'” BASF had two other accidents in Oc-
tober 1995, a polypropylene fire in Wilton, England, and
spraying of a heat transfer fluid over the plant and adja-
cent town in Ludwigshafen, Germany.'!® There was an
explosion in the hydrogenation area of the company’s 1,4-
butanediol plant in Geismar, Louisiana, on April 15,
1997.119 1t resulted from internal corrosion of a hydrogen
line. This corrosion might have been detected by periodic
nondestructive testing with ultrasound. The explosion and
fires at the Texaco refinery have been attributed to mak-
ing modifications in the plant, but not training people on
how to use them, having too many alarms (2040 in the
plant), insufficient inspection of the corrosion of the
equipment, not learning from past experience, and re-
duced operator staffing.'?° Investigation of an explosion
and fire at Shell Chemical’s Belpre, Ohio, thermoplastic
elastomer plant revealed that

[A]t the time of the accident, roughly seven times
the normal amount of butadiene had inadvertently
been added to the reactor. Alarms indicated that the
reactor had been overcharged, but interlocks were
manually overridden to initiate the transfer of raw
materials into the reactor vessel, contrary to estab-
lished procedures.*??

The federal government fined the company 3 million
dollars for the various citations in relation to the acci-
dent.*?2 Hoechst is another company that has had repeated
problems: “a serious pollution problem” at Griesheim, Ger-
many in 1993, as well as “seven major incidents, mostly in
Europe, between January 1995 and June 1996,” including
leaks of acrylic acid and a fire and explosion in an acetic
acid plant at Clear Lake, Texas; a fire in a 2-ethylhexanol
plant in Oberhausen, Germany; and problems with the
methanol plant in Edmonton, Alberta, Canada.'?®

The difference between a minor incident and a major ac-
cident with fatalities may depend on the amount of wind at
the time and whether or not a spark or a welding torch,
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which can ignite the mixture, is nearby. A switch from a
base of petroleum and natural gas to renewable resources
would eliminate many of these types of accidents. The use
of more paper and fewer plastics will help (e.g., paper bags
at supermarkets). Plastics made by biocatalysis [e.g.,
poly(lactic acid) and poly(3-hydroxybutyrate)] can be used
instead of polypropylene. Plastics made from proteins from
corn, milk, or soybeans may be able to replace many of
those derived from petrochemicals. Acetic acid can be pro-
duced by fermentation, rather than by the reaction of
methanol with carbon monoxide (a toxic gas).*?* It may be
a nuisance to have to mop up a leak or spill in a fermenta-
tion plant, but it is unlikely that there will be any fire or ex-
plosion (see Chaps. 9 and 12).

Investigation of the causes of accidents should help pre-
vent recurrence of the same types, but this does not seem to
work in some cases. An explosion killed 4 employees and
injured 18 others at a Terra Industries, Port Neal, lowa, fer-
tilizer plant.*?® The lowa fire marshall blamed an over-
heated pump, which recirculated ammonium nitrate solu-
tion, that was left running during a shutdown of the unit. It
caused water to evaporate, allowing the ammonium nitrate
to crystallize.¥?® The Environmental Protection Agency
(EPA) investigation concluded that the explosion resulted
from a lack of written, safe operation procedures. “In the
days and weeks just prior to the explosion equipment fail-
ures and maintenance problems were chronic.”*?” Ammo-
nium nitrate has been involved in other major catastro-
phes.'?® An explosion at Oppau, Germany, in September
1921 killed 1000 people. The shock was felt 145 miles
away. A “terrific explosion” of two freighters loading am-
monium nitrate containing 1% mineral oil killed 512 peo-
ple, including many in chemical plants adjacent to the
dock.1?® Ammonium nitrate is used primarily as a fertilizer.
It can be replaced by crop rotations involving nitrogen-fix-
ing legumes, spreading animal manure on fields, and fewer
lawns (see Chap. 11).

An explosion at a Sierra Chemical explosives plant in
Nevada on January 7, 1998, killed four workers and in-
juried three others. The explosion occurred when an oper-
ator turned on a mixing pot motor causing detonation of ex-
plosives that had solidified on standing overnight.
Investigation by the newly activated Chemical Safety and
Hazard Investigation Board!*® found that the training of
workers had been conducted “primarily in an ineffective,
informal manner that overrelied on the the use of on-the-
job training. . . . Management believed that, short of using
a blasting cap, it was almost impossible to detonate the ex-
plosive materials they used or produced.”*3

These examples show that even though companies have
a great deal of experience in handling hazardous materials,
accidents can still occur. This includes toxic gases as well.

A leak in the hydrogen cyanide unit at a Rohm & Haas,
Deer Park, Texas plant, sent 32 workers to the hospital.**?
Presumably, the hydrogen cyanide was being used to react
with acetone in the synthesis of methyl methacrylate. An
alternative route that does not use hydrogen cyanide is
available.r® Isobutylene is oxidized catalytically to
methacrolein, then to methacrylic acid, which is esterified
with methanol to give methyl methacrylate. The
methacrolein can also be made by the hydroformylation of
propyne, although this does involve the use of toxic carbon
monoxide and flammable hydrogen.** These processes
also eliminate the ammonium bisulfate waste from the pro-
cess using hydrogen cyanide. A leak of hydrogen fluoride
at a Marathon Petroleum plant in Texas City, Texas, sent
140 people to the hospital for observation and treatment of
inflamed eyes and lungs and caused the evacuation of 3000
more.'® Replacement of the hydrogen fluoride with a non-
volatile solid acid would eliminate such problems (see
Chap. 6). Many companies in the United Kingdom do not
store hazardous materials correctly, which has resulted in
some fires and explosions.**

Stern government warnings are not enough to prevent
such releases. ICI spilled 704 b of ethylene dichloride, in
July 1996, and 331,000 Ib of chloroform, in April 1996, at
its Runcorn plant near Liverpool, England. Other leaks at
the plant involved mercury, trichloroethylene, and hex-
achlorobenzene.**” The company promised the British En-
vironment Agency that it would prevent spills in the future.
Then, on June 4, 1997, a leak of titanium tetrachloride
caused the closure of a nearby road for 2 h, and on June 5,
1997, an oil spill occurred at another site. The Environment
Agency shut down the titanium dioxide plant saying, “It is
outrageous that, within weeks of ICI being called to a meet-
ing with the Agency, where it promised to clean up its act,
its plants have been involved in two further leaks.”*3®

Abnormal events (i.e., the unforseen) can lead to acci-
dents. The Napp Industries Lodi, New Jersey plant was de-
stroyed by an explosion and fire on April 21, 1995, while
doing toll manufacturing. Five workers were Kkilled, dozens
injured, and 400 nearby residents evacuated.'® A line
feeding benzaldehyde into a mixture of aluminum powder
and sodium hydrosulfite plugged. In trying to clear the
blockage workers inadvertently introduced some water.
They went home at 7:30 PM. No more was done until 6:00
AM when the morning shift arrived. Although they blan-
keted the reaction with nitrogen, continuing build-up of
heat led to the explosion at 8:00 AM. The U. S. Occupa-
tional Safety and Health Administration fined the company
127,000 dollars for 18 alleged safety and health violations
that involved “multiple mistakes and mismanagement.”*4°
An abnormal event in a biocatalysis plant would not cause
such problems (see Chap. 9).
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Human error is a factor in many accidents. A 5:00 Awm,
fire at a poly(vinyl chloride) pipe plant in Samson, Al-
abama, resulted in evacuation of 2500 residents within a 2-
mile radius.'*! It was caused by a 40-gal mixing vat over-
heating when the heater was left on overnight by mistake.
This accident might have been avoided by putting the
heater on a timer. A better solution would be to blow the
polymer with an inert gas, such as nitrogen or carbon
dioxide.

Add to these accidents the oil spills from ships, such as
the Exxon Valdez in 1989, that lost 11 million gal of heavy
crude oil into Prince William Sound in Alaska.'*?> Major
spills have also occurred off of Ireland, France, Japan,
Scotland, and Spain. In February 1996, a spill of 65,000
tons occurred off of Wales.>*® This, plus plant accidents at
Hoechst in the same month and the problem of disposing of
an obsolete oil platform, have resulted in a proposed set of
Integrated Pollution Prevention Control rules in Europe.
Opinions differ on how long it takes these marine ecosys-
tems to recover. Duck, murre, and sea otter populations in
Alaska may take years to recover.}** Measures suggested
by the U. S. Oil Pollution Act of 1990 to minimize future
spills include double-hulled ships, tug escort zones for tight
passages, and tanker-free zones for critical areas. To these
might be added minimum training requirements for the
crews. Exxon now employs the following preventive mea-
sures in Prince William Sound.24®

Tugs escort tankers.

The U. S. Coast Guard follows traffic with radar.

Reduced speeds are used.

Traffic restrictions are tighter in bad weather.

Better equipment and training have made it safer to miss
icebergs.

A harbor pilot assists navigation.

The use of alcohol and drugs is prohibited and random
testing is done.

In 1991, 235 oil spills were reported in the Port of
Philadelphia, Pennsylvania.X*® Canada has 12 spills a day
of which 9 are due to o0il.**” A crewman’s mistake on a
tanker released 18,000 gall of tetrachloroethylene into the
shrimp-fishing grounds near Port O’Connor, Texas, in
1996.148

Accidents can be very expensive, not just in plant re-
placement costs, but also compensation to victims (as
well as lost profits from lost sales). When operators at
General Chemical’s Richmond, California, plant over-
heated a railroad tank car, a safety relief valve sent fum-
ing sulfuric acid over the area. More than 20,000 people
sought medical treatment. Five freeways and several
rapid-transit stations closed. A fund of 92.8 million dol-
lars has been set up to compensate the victims.*® A re-
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lease of sulfur trioxide from General Chemical’s Augusta,
Georgia, plant on November 17, 1998, sent 90 people to
the hospital with eye, nose, and lung irritation. This ex-
ceeded a worse-case scenario that had been prepared for
the plant.*>® These reagents are often used to make deter-
gents. The use of alkyl polyglycoside detergents, which
are made from sugars and fats, would reduce or eliminate
the need for these reagents.

An October 23, 1992, release of 2.5 tons of unburned
hydrocarbons, mainly butadiene, from an extinguished
flare at an Oxy Chem plant in Corpus Christi, Texas, re-
sulted in an out-of-court settlement of a class action lawsuit
for 65.7 million dollars by nearby residents with health
complaints.*®* A jury in New Orleans, Louisiana, awarded
damages of 3.4 billion dollars for a fire that resulted when
a tank car carrying butadiene caught fire in September
1987. The fire caused the evacuation of more than 1000
nearby residents.’>2 A fire occurred at the University of
Texas on October 19, 1996, destroying a laboratory.t>2 It
was caused by pouring a solvent into which sodium had
been cut, down the drain, the reaction of remaining traces
of sodium with water igniting the mixture. The six-alarm
fire was the tenth incident in the building which involved
the Austin Fire Department since February 1992. Under
pressure from the Fire Department, the university will
spend 30.2 million dollars to bring the building up to cur-
rent fire safety standards.

More than 44 million Americans live or work near
places that pose risks from the storage or use of dangerous
industrial chemicals.®* The cost of accidents may be more
than just a monetary one to the company. A fire and ex-
plosion occurred on July 4, 1993, in a Sumitomo Chemi-
cal plant in Niihama, Japan, that made over half of all the
epoxy-encapsulation resin for semiconductor chips used in
the entire world. Cutting off the supply would have been a
serious inconvenience to the customers. The company took
the unusual step of letting other companies use its tech-
nology until it could rebuild its own plant, so that a supply
crisis never developed. The company still supplied 50% of
the world’s requirements for that resin in 1999.%°

Why do these accidents continue to happen? One critic
says,

Hourly workers struggle to maintain production in
the face of disabled or ignored alarms, undocu-
mented and often uncontrollable bypasses of estab-
lished components, operating levels that exceed de-
sign limits, postponed and severely reduced
turnaround maintenance and increasing maintenance
on ‘hot’ units by untrained, temporary non-union
contract workers.*®®
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Another source mentions “institutional realities that under-
cut corporate safety goals, such as incentives that promote
safety violations in the interest of short-term profitability,
shielding upper management from ‘bad news’ and turnover
of management staff.”2%” A third says that “Many chemical
plant disasters have been precipitated by an unplanned
change in process, a change in equipment or a change in
personnel.”1%8

It has been estimated that the U. S. petrochemical in-
dustry could save up to 10 billion dollars/yr by avoiding ab-
normal situations or learning how to better deal with
them.*®° A team studying abnormal situations management
identified eight key issues:

Lack of management leadership

The significant role of human errors

Inadequate design of the work environment

Absence of procedures for dealing with abnormal oper-
ations (as opposed to emergencies)

Loss of valuable information from earlier minor
incidents

The potential economic return

Transferability of good abnormal situations perfor-
mance to other plants

The importance of teamwork and job design.

The paper mentions 550 major accidents at U. S. petro-
chemical plants (each with more than 500,000 dollars lost)
in the last 5 years, with 12.9 billion dollars total equipment
damage. Learning from case histories is helpful, but is evi-
dently not enough.*®®

It is easy to blame accidents on human error, but good
design can often minimize this.*®* Avoid poor lighting or
contrast. Provide a checklist so that the operator will find it
easy to recall all of the necessary information. Most valves
have right-handed threads. Do not mix in any that have left-
handed threads. Mount them so that they are easy to access,
and the labels are easy to see.

The state of Delaware has an Extremely Hazardous
Substances Risk Management Act enforced by a two-man
Industrial Disaster Management Group. It does not dis-
courage the use of hazardous substances, but it does require
companies to have good equipment maintenance programs,
written instructions on how to operate the equipment, plus
operator training. The companies must also study how
equipment can fail, how operators can make mistakes, the
probability of human error, and what areas might be af-
fected if an accident occurs. 52 The state also has an emer-
gency response team that is always on call.*%® Delaware
also proposes to monitor how much toxic pollution state
residents receive at home, at work, and in the air.X54 On the
national scale, the U. S. Environmental Protection Agency
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is setting up a Risk Management Program that will require
users of hazardous chemicals “to publish emergency re-
lease plans, worst-case scenarios and five year accident
histories,” by June 1999.1%° Hazardous materials emergen-
cies are covered in a book edited by Cashman.®®

New Jersey adopted a Toxic Catastrophe Prevention Act
in 1986, which requires risk assessment by companies.*®’
The Kanawha Valley Hazardous Assessment Project in
West Virginia developed worst-case scenarios for 12
chemical plants in the area.’®® The chemicals studied in-
cluded acrylonitrile, vinylidene chloride, butyl isocyanate,
methylene chloride, chlorine, phosphorus trichloride, hy-
drogen sulfide, methyl isocyanate, phosgene, ethylene ox-
ide, sulfur trioxide, and others

In addition to the amounts of chemicals released to the
environment through accidents, the U. S. Toxic Release In-
ventory shows the release of 2.43 billion Ib into air, land, or
water in 1996,%%° down from 3.21 billion Ib in 1992170171
(The data is available on a number of Internet sites, includ-
ing www.epa.gov/opptintr/tri.) The total decline since the
law became effective in 1987 has been 46%. This right-to-
know law was enacted in the aftermath of the Bhopal acci-
dent. It now covers nearly 650 chemicals out of about
72,000 in commerce. (It is credited with causing industries
to reduce emissions more than the usual command-and-
control regulations that can lead to cumbersome, adversar-
ial legal proceedings.'”?) Facilities are not required to re-
port releases unless they manufacture or process more than
25,000 Ib or handle more than 10,000 Ib of the chemicals
annually.r”™® The U. S. Environmental Protection Agency
has proposed lower reporting amounts for some, especially
toxic chemicals (e.g., 10 Ib of chlordane [a persistent chlo-
rinated insecticide], polychlorinated biphenyls, or mer-
cury; and 0.1 g dioxins). Some compounds have also been
removed from the list. Acetone (129 million Ib, released in
1993) and nonaerosol forms of sulfuric acid (106 million Ib
injected underground of 130 million Ib, released in 1993)
have been removed from the list recently because they are
not likely to cause adverse effects to the environment or to
human health under conditions of normal use.*’* However,
the amount of production-related waste has remained rela-
tively constant at about 37 billion Ib since 1991, when data
collection began.”® About 250 million metric tons of haz-
ardous waste is generated each year in the United States.
This is about 1 ton/person.t’”® The number of Superfund
sites, where toxic waste was deposited in the past and that
now need to be cleaned up, is expected to reach 2000, with
an estimated cost to clean up each site of 26 million
dollars.t””

The numbers in the Toxic Release Inventory must not be
taken out of context. Large reductions in the numbers for
hydrogen chloride and sulfuric acid between 1987 and
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1996 resulted from narrowing the reporting requirements
to cover only airborne releases.*”® About half of the major
reductions in the waste generated by an 80-company sam-
ple resulted from redefining on-site recycling activies as in-
process recovery, which does not have to be reported.*”® A
change in the production level of a plant can also change
the numbers.

The Toxic Release Inventory for Delaware for
1993-1996 will illustrate how the system works
(Table 1.1).

The large releases from the first two companies were
largely solvents used in painting cars. These might be re-
duced to near zero by use of powder coating for finishing
cars, and cleaning parts with aqueous detergents (see Chap.
8). Part of the reduction by Chrysler may have involved
substitution of a nonreportable solvent for a reportable one
(as suggested by a GM employee.) The big reductions for
both companies stem from major shutdowns to retool for
new models. During this period, Chrysler reduced its use
per unit of production by 6%, whereas GM increased its use
per unit of production by 19%. Included in the Sun Oil re-
leases was 150,000 Ib of ethylene oxide. The nylon plant
losses were mainly hydrochloric acid from traces of chlo-
ride in the coal burned to power the plant. The increased re-
leases in 1995-1996 reflect a new requirement to report ni-
trate released by the wastewater treatment plant. A
scrubber could be used to remove the hydrogen chlorine
from the stack gases. The metals company lost primarily
trichloroethylene used in cleaning metal parts. Cleaning
with aqueous detergent could reduce the amount lost to
zero (see Chap. 8). (Elsewhere in Delaware, the town of
Smyrna has to treat its water supply to remove
trichloroethylene before distributing the water to its cus-
tomers.) The releases from Formosa Plastics included
111,000 Ib of the carcinogen, vinyl chloride. The substitu-
tion of polyolefins, including those made with new metal-
locene catalysts, for polyvinyl chloride might eliminate the
need to make vinyl chloride. Townsends’ losses were hex-
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ane from the extraction of oil from soybeans. Extraction
with supercritical carbon dioxide would eliminate the need
for hexane (see Chap. 8). Other releases in the state in-
cluded the carcinogens acrylonitrile, benzene,
dichloromethane, and ethylene oxide. For comparison, the
state of Delaware estimates that cars and trucks contribute
138,040 Ib/day of volatile organic compounds into the air.
This means that local traffic puts out in 2.5 days what the
Star Enterprise refinery (now Motiva Enterprises) releases
in a year. The poultry industry, in the same county as the
nylon plant, probably releases more nitrates to streams than
the nylon plant (by putting excess manure on fields). The
total emissions in Delaware are less than what some single
companies release in other parts of the nation (e.g., East-
man Chemical, 29 million Ib).18

One interesting approach to the loss of volatile liquids is
the use of an evaporation suppressant for the styrene used
to cure unsaturated polyester resins.*8! The suppressant,
made from a bisphenol A epoxy resin, stearic acid,
colophony, triethanolamine, glycerol monostearate, cal-
cium stearate, and sorbitan monostearate, may coat the sur-
face to retard evaporation.

Chemicals in lakes and streams caused 46 states to issue
public health warnings to avoid or curtail the eating of fish.
Mercury was the cause in 60% of the cases, polychlori-
nated biphenyls 22%, chlordane (a banned chlorinated in-
secticide) 7%, DDT 2%, the remainder being spread over
25 chemicals.*®2 Fish advisories went up 26% from 1995 to
1996 to the point where 15% of the lakes and 5% of the
rivers in the United States are now covered.'® In fairness
to industry, it should be pointed out that a study by the
Lindsay Museum, in Walnut Creek, California, found that
70% of the chemicals in San Francisco Bay came from the
daily activities of ordinary people (e.g., oil from leaky cars,
copper dust from brake pads, garden fertilizers, and pesti-
cides).'®* Nearly 50% of the oil in the world’s waters
comes from people carelessly discarding used oil on the
ground or down drains.®® Sixty-six percent of Delaware

Table 1.1 Toxic Release Inventory for Delaware (Partial)

Pounds released by year

Company 1993 1994 1995 1996

Chrysler 987,440 652,146 399,918 105,655
General Motors 826,311 1,285,570 995,747 581,039
Sun Qil refinery 463,010 120,280 147,200 92,500
duPont Seaford nylon plant 455,900 502,687 774,488 654,970
Star Enterprise refinery 344,549 292,758 195,007 162,642
Camdel Metals 240,005 92,000 10,740 7,020
Formosa Plastics 146,621 151,499 149,211 132,862
Townsends 532,278 500,154
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rivers and streams do not meet minimum standards for
swimming, and 29% do not support normal aquatic life.*8

Occupational illness and injury*®” cost 30-40 billion
dollars/yr in the United States. 88 In 1994 there were 6.8
million injuries and illnesses in private industry, amounting
to 8.4 cases per 100 workers. Nearly two-thirds were dis-
orders associated with repeated trauma, such as carpal tun-
nel syndrome.*® The Occupational Safety and Health Act
of 1970 set up the National Institute Safety and Health
(NIOSH) to study the problem and the Occupational Safety
and Health Administration (OSHA) to deal with it through
inspections and regulations. Both have received so much
criticism of their effectiveness that they are struggling to
find more effective ways to deal with the problem.*®®
NIOSH is searching for practical ways to protect workers,
especially those in small businesses from methylene chlo-
ride, tetrachloroethylene, diesel exhaust in coal mines, iso-
cyanates, 2-methoxyethanol, and others. OSHA is about to
expand a plan that worked well in Maine, a state that used
to have one of the worst accident and illness records in the
United States.'®* The 200 firms with the worst records
were asked to look for deficiencies and to correct them.
They were also inspected. These measures cut injuries and
illnesses over a 2-year period.

IV. WASTE AND ITS MINIMIZATION

Nearly everything made in the laboratory ends up as waste.
After the materials are made, characterized, and tested,
they may be stored for a while, but eventually they are dis-
carded. In schools, the trend is to run experiments on a
much smaller scale, which means that less material has to
be purchased and less waste results.'®? (Even less material
will be used if chemistry-on-a-chip becomes common-
place.’®%) Two things limit how small a scale industrial
chemists can use. One is the relatively large amount of a
polymer needed for fabrication of molded pieces for testing
of the physical properties. There is a need to develop
smaller-scale tests that will give data that is just as good.
The second factor is the tendency of salesmen to be gener-
ous in offering samples for testing by potential customers.
A lot of the sample received by the potential customer may
never be used.

Some industrial wastes result because it is cheaper to
buy new material than to reclaim the used material. Some
catalysts fall in this category. The 1996 American Chemi-
cal Society National Chemical Technician Award went to a
technician at Eastman Chemical who set up a program for
recovering cobalt, copper, and nickel from spent catalysts
for use by the steel industry.®* This process for avoiding
landfill disposal gave Eastman significant savings. Some

13

waste metal salts can be put into fertilizer as trace elements
essential for plant growth. However, this practice has been
abused in some cases by putting in toxic waste (e.g., some
that contain dioxins and heavy metals).®® Even a waste as
cheap as sodium chloride can be converted back to the
sodium hydroxide and hydrochloric acid that it may have
come from, by electrodialysis using bipolar membranes.*°®
(Membrane separations are covered in Chap. 7). Waste
acid can be recovered by vacuum distillation in equipment
made of fluoropolymers.®

Mixed solvents can be difficult to recover. If they are
kept separate, they can be reclaimed by distillation on site.
The capital investment required is paid back by the reduced
need to buy new solvent. In Germany “completely en-
closed vapor cleaners” give 99% reduction in solvent emis-
sions.1%8 After cleaning and draining, the air-tight chamber
is evacuated, the solvent vapors are captured by chilling
and adsorption on carbon. When a sensor shows that the
solvent is down to 1 g/m?® the vacuum is released so that the
lid can be opened.

In some cases the amount of waste may be considered
too small to justify the research needed to find a use for it
or to improve the process to eliminate it. The staff may also
be so busy with potentially profitable new ventures that it
hesitates to take time to devise a new process for a mature
product made in an established plant. This may be particu-
larly true in the current period of downsizing and
restructuring.

Improved process design can minimize waste. Deborah
Luper suggests asking the following questions:*°

Are you using raw materials that are the target of com-
pound-specific regulations?

Can carriers and solvents be eliminated, reduced, or re-
cycled?

Can you find riches in someone else’s wastes?

Are there riches in your wastes?

Where does the product end up after use and what hap-
pens to its components?

What percentage of the incoming materials leave the
plant in the finished products?

What support equipment and processes generate waste?

How long is the waste treatment train?

Can process water be recycled?

What can be achieved with better process control?

Improved housekeeping can often lead to reduced emis-
sions and waste.2% The leaky valves and seals can be fixed
or they can be replaced with new designs that minimize
emissions.?! These include diaphragm valves, double me-
chanical seals with interstitial barrier liquids, magnetic
drives, better valve packings, filled fabric seals for floating
roof tanks, and so on. Older plants may have some of the
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worst problems.2°2 The U. S. Environmental Protection
Agency fined Eastman Kodak 8 million dollars for organic
solvents leaking from the 31 miles of industrial sewers at
its Rochester, New York, plant. This emphasizes the need
for regular inspections and preventive maintenance, which
in the long run is the cheapest method. Vessels with smooth
interiors lined with non- or low-stick poly(tetrafluoroethy-
lene) can be selected for batch tanks that require frequent
cleaning. These might be cleaned with high-pressure water
jets instead of solvents. Perhaps a vessel can be dedicated
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to a single product, instead of several, so that it does not
have to be cleaned as often. If a product requires several
rinses, the last one can be used as the first one for a new lot
of product. Volatile organic compounds can be loaded with
dip tubes instead of splash loading. Exxon has used such
methods to cut emissions of volatile organic compounds by
50% since 1990.2% Install automatic high-level shut-offs
on tanks. Use wooden pallets over again, instead of con-
sidering them as throw-away items. The current ethic
should be reduce, reuse, and recycle in that order.

Adi-Pure® Adipic Acid
HOOC(CH,),COOH

Dibasic Acid (DBA)
HOOC(CH,),COOH n = 2-4
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2-Chloro-1,3-butadiene
CH,=C(Cl)CH=CH,

2,3-Dichloro-1,3-butadiene
CH,=C(CI)C(Cl)=CH,

1,5-Cyclooctadiene

S

4-Vinylcyclohexene

Ocn:cm

Hexamethylenediamine
H,N(CH,)sNH,

Dyteke A
2-Methylpentamethylenediamine
H,NCH,CH(CH;)(CH,),NH,
Dyteke EP
1,3-Pentanediamine
H,NCH(C,H,)CH,CH,NH,
1,2-Diaminocyclohexane

NH,

NH,
bis-Hexamethylenetriamine
H,N(CH,){NH(CH,){NH,

Hexamethyleneimine

CNH ,

To receive more information, our product
catalog or product samples, write to:
DuPont Nylon, LR-3N48, P.O. Box 80705,
Wilmington, DE 19880-0705. Or call,

tolf free: 1-800-231-0998. In Canada, call:
1-800-668-6942.

DuPont Nylon

CIRCLE 3 ON READER SERVICE CARD

Figure 1.1 (Reprinted from Chem. Eng. News, Oct 24, 1994, with permission of E. |. duPont de Nemours & Co., Inc.)
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A waste is not a waste if it can be reused. For example,
one steel manufacturer drops pickle liquor down a 100-
ft—tall tower at 1200°F to recover iron oxide for magnetic
oxide and hydrogen chloride for use again in pickle
liquor.2°* The pomace left over from processing pears and
kiwis can be dried and used to increase the dietary fiber in
other foods.?% Food-processing wastes and wastes from
biocatalytic processes often become feed for animals. A re-
finery stream of ethane, methane, butane, and propane, that
was formerly flared as waste, will be processed to recover
propane for conversion to propylene, then to polypropy-
lene.2°® Organic chemical wastes may end up as fuel for the
site’s power plant or for a cement kiln, but more valuable
uses would be preferable. Waste exchanges are being set
up. One company’s waste may be another’s raw material.
For example, calcium sulfate from flue gas desulfurization
in Denmark and Japan, but not in the United States, ends up
in dry wall for houses. If the waste exchange merely pairs
up an acid and a base so the two can be neutralized, rather
than reclaimed, the result is waste salts. Admittedly, these
are probably not as toxic as the starting acid and base, but
they still have to be disposed of somewhere. Several gen-
eral references on waste minimization and pollution pre-
vention are available.?*’

On-line continuous monitoring of reactions can reduce
waste by better control of the reaction and elimination of
many laboratory samples that are discarded later. This can
be used in the laboratory to replace analyses by thin-layer

' o
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chromatography. For example, an infrared probe was used
to monitor a copolymerization of 2-ethylhexyl acrylate
and styrene in an aqueous emulsion.?®® The yield in or-
ganic reactions is seldom 100%. If uses can be found for
the by-products, then everything can be sold for more
than the fuel value of the by-products. There may still be
problems if the market sizes for the various products do
not fit the volumes produced or that can be produced in a
slightly altered process. A few examples of upgrading
will be given.

Dimethyl terephthalate for the production of poly(ethy-
lene terephthalate) is produced by the cobalt salt-cat-
alyzed oxidation of p-xylene with oxygen (reaction
1.15).2%° In this free radical process, some biphenyl
derivatives are formed. In addition, triesters are formed
from any trimethylbenzenes in the feed. Thus, the still
bottoms contain several compounds, which are all methyl
esters. Hercules found that transesterification of this mix-
ture with ethylene glycol led to a mixture of polyols that
could be wused with isocyanates to form rigid
polyurethanes. For the price, the “Terate” product was
hard to beat.

duPont markets a number of intermediates from its
manufacture of fibers,?'% as shown by the accompanying
advertisment often seen in Chemical Engineering News in
1994 (Fig. 1.1). Adipic acid is prepared by oxidation of a
mixture of cyclohexanol and cyclohexanone obtained, in
turn, by the oxidation of cyclohexane (reaction 1.16).2*

Unfortunately, this process produces undesired nitro-
gen oxides at the same time. Some shorter dibasic acids
are also formed. Trimerization of 1,3-butadiene is used to
prepare 1,5,9-cyclododecatriene, an intermediate for an-
other nylon.?*? In the process, 1,5-cyclooctadiene and 4-
vinylcyclohexene are formed as by-products (reaction
1.17).

The hexamethylenediamine used with adipic acid to
make nylon-6,6 is made by reduction of adiponitrile, pre-
pared, in turn, by the addition of hydrogen cyanide to 1,3-
butadiene (reaction 1.18).23

An earlier process that did not use the toxic hydrogen
cyanide was discarded because it produced more waste

OH
HNO, COCH
e
catalyst COOH
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than the HCN route. In it, the adiponitrile was made by the
heating amonium adipate (see reaction 1.19).

The 2-pentenenitrile, 2-methyl-3-butenenitrile, and
methylglutaronitrile in Figure 1.1 are by-products of this
reaction sequence. duPont is still studying the phosphines
used as ligands for the nickel in an effort to find one
bulky enough to favor terminal addition only.?* Reduc-
tion of the various nitriles leads to the amines in Figure
1.1, including the cyclic ones. The 2,3-dichloro-1,3-buta-
diene is probably a by-product in the synthesis of 2-
chloro-1,3-butadiene used to make Neoprene rubber.
duPont also polymerizes acrylonitrile to prepare
poly(acrylonitrile) fiber (Orlon). Acetonitrile is obtained
as a by-product of the ammoxidation of propylene to pro-
duce acrylonitrile (reaction 1.20).

Paul V. Tebo has described a duPont goal of zero emis-
sions and zero waste.?*®

The hydroformylation of propene to form butyralde-
hyde invariably produces some isobutyraldehyde at the
same time (reaction 1.21).21% One of the best processes uses
a water-soluble rhodium phosphine complex to produce
94.5% of the former and 4.5% of the latter.?” The products
form a separate layer that is separated from the water.
Rhodium is expensive so it is important to lose as little as
possible. In 10 vyears of operation by Rhone-
Poulenc—Ruhrchemie 2 million metric tons of butyralde-
hyde have been made with the loss of only 2 kg of rhodium.
The process is 10% cheaper than the usual one. Higher
olefins are not soluble enough in water to work well in the
process. The process does work for omega-alkenecar-
boxylic acids such as 10-undecenoic acid, where a 97:3

HCN

1.17

1.18

normal/isoformyl compound is obtained in 99% conver-
sion.?*® For higher alkenecarboxylic acids a phase transfer
catalyst, such as dodecyltrimethylammonium bromide
must be used. However, this lowers the normal/iso ratio.
(Chap. 8 contains more on biphasic reactions.)

Over the years a variety of uses have been found for the
isobutyraldehyde by Eastman Chemical and others.?? It is
converted to isobutyl alcohol, neopentyl glycol, isobutyl
acetate, isobutyric acid, isobutylidenediurea, methyli-
soamyl ketone, and various hydrogenation and esterifica-
tion products (1.22).

Neopentyl glycol is used in the preparation of
polyesters. Because there are no B-hydrogen atoms, the
polymers are more stable. The self-condensation of isobu-
tyraldehyde followed by reduction leads to 2,2,4-trimethyl-
1,3-pentanediol, the monoisobutyrate of which is the most
common coalescing agent (used at 0.5-2 vol%) in latex
paints. Isobutyl acetate is used as a solvent for nitrocellu-
lose coatings.

Isobutylidenediurea is used as a slow-release fertilizer.
If there is a surplus of isobutyraldehyde, recent work has
shown that it can be decarbonylated to propylene over a
palladium on silica catalyst.??° There is also the possibility
of dehydrogenation to methacrolein for conversion to
methacrylic acid, then to methyl methacrylate. Dehydra-
tion of isobutyl alcohol would produce isobutylene for con-
version to methyl-tert-butyl ether, although this would
probably be uneconomical.

Uses have been found for 2-methyl-1,3-propanediol (a
by-product of the preparation of 1,4-butanediol) in the per-
sonal care industry.??*

CN

CN(CH,).CN
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39

1.20

X\ +c0 + B DR

catalyst

CH;CH,CH,CHO + (CH3),CHCHO

121

(CH,CHCHO ~—2————>  (CH3),CHCH,0H

oxidation (CH,),CHCOOH

Tischenko reaction (CH;)CHCOOCH,CH(CH3),

Tischenko reaction, H.COOCH,CH(CH;),

with formaldehyde

2 HCHO (CH;),C(CH,OH),

NH,CONH, (CH3),CH(NHCONH,),
(1) base (CH 3)2CH(O_H)C(CH3)2CH201'1 —» isobutyrate of primary
OH alcohol

1.22
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1.23

The preparation of rayon (regenerated cellulose) by the
viscose process??? is being phased out, owing to the envi-
ronmental pollution of the process.

cell-OH + CS, + NaOH —

N 11
cell-OCSS™Na* ", cell-OH + Na™* 1)

In the new process (1.1), a solution of cellulose in N-
methylmorpholine-N-oxide (1.23) is run into water to pro-
duce the fibers.?® The solvent is recovered, so that there is
no waste. The process not only eliminates the very
flammable and odorous carbon disulfide, but also produces
a much stronger fiber because the degradation of the
molecular weight of the viscose process is avoided.

V. CONCLUSIONS

The challenge is to reduce the incidence and severity of ac-
cidents, waste, the toxicity of chemicals, and the amount of
energy used, while still providing the goods that society
needs. Several recent provocative papers suggest some
ways to do this.??* The key is in the preparation of more so-
phisticated catalysts. Thus, solid acids may be able to re-
place the risky hydrogen fluoride and sulfuric acid used in
alkylation reactions in the refining of petroleum. Zeolites
offer the promise of higher yields through size and shape
selectivity (see Chap. 6). With the proper catalysts, oxida-
tions with air and hydrogen peroxide may replace heavy
metal-containing oxidants (see Chap. 4). Enantioselective
catalysis may allow the preparation of the biologically ac-
tive optical isomer without the unwanted one (see Chap.
10). It may be possible to run the reaction in water at or near
room temperature using biocatalysis instead of in a solvent
or at high temperature (see Chap. 9). Some processes yield
more by-product salts than the desired product. Sheldon?2®
recommends a salt-free diet by improved catalytic meth-
ods. These and other possibilities will be examined in the
chapters that follow.

Bodor has suggested the design of biologically safer
chemicals through retrometabolic design.??® As an exam-
ple, the ethylene glycol used widely as an antifreeze in cars

HOCH2CH20H ——

Chapter 1

might be replaced with less hazardous propylene glycol.
The former is converted by the body to glycolaldehyde,
glyoxylic acid, and oxalic acid (1.2), whereas the latter
gives the normal body metabolites lactic acid and pyruvic
acid (1.3).2%"

A lethal dose of ethylene glycol for man is 1.4 mL/kg.
Its problem is that its sweet taste makes it attractive to chil-
dren and pets. An alternative approach is to add a bittering
agent to it. The estimated lethal dose of propylene glycol
for man is 7 mL/kg.

The U. S. National Science and Technology Council has
laid out a research and development strategy for toxic sub-
stances and waste.??® Hirschhorn has suggested ways to
achieve prosperity without pollution.?2®

Two examples will indicate improvements that have
come about by simple economics of the marketplace.
Olefins higher than ethylene are usually converted to the
epoxides indirectly by adding hypochlorous acid, then base
to split out hydrogen choride (1.24). However, an Arco
process does this without formation of by-product salt.?*°
Dow is switching to the new route.z*

The hydroperoxide formed by the air oxidation of ethyl-
benzene is used to convert propylene to its oxide. The by-
product 1-phenylethanol is dehydrated to styrene, a second
valuable product. The disadvantage of such a process is
that the demand for such products has to be equal on a mo-
lar basis.

Propylene used to be converted to isotactic polypropy-
lene with titanium tetrachloride and diethylaluminum
chloride in a hydrocarbon solvent. The atactic polypropy-
lene obtained by evaporation of the solvent after filtration
of the desired isotactic polymer was of little value, some
going into adhesives. An acidic deashing step was neces-
sary to remove residual titanium, aluminum, and chloride
from the polymer, the metal-containing residues ending
up in a landfill. This process was supplanted by high-
mileage catalysts during which the titanium chloride was
supported on magnesium chloride. These were activated
by triethylaluminum in the presence of ligands that en-
hance the stereoselectivity of the catalysts. The result was
a product that required no deashing and no removal of at-
actic polymer. In the next step in the evolution, the sol-
vent was eliminated by polymerization in the gas phase or
in liquid propylene. By the proper choice of catalyst, the
polymer can be obtained in large enough granules so that
the older practice of extruding molten polymer to form a
strand that was chopped into “molding powder” is no
longer necessary. The field is still evolving. Metallocene
single-site catalysts?®2 allow greater control of the product

HOCH,CHO + OHCCOOH + HOOCCOOH (1.2)
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CH,CH(OH)CH,0H ———> CH,CH(OH)COOH + CH,COCOOH (1.3)

OOH on
Q’/\ o, @\ ,/\ + W
—— - o}
O catalyst \
1.24

and have led to new products. Ethylene-a-olefin copoly- 2. Chemophobia is rampant at the same time that the
mers can be made from ethylene alone, the a-olefin being real risks are often unappreciated.
made in situ. Ways are now available to prepare syndio- 3. “Natural” is often misinterpreted.
tactic polypropylene in a practical way. A new polypropy- 4. In the United States, oversight of herbal remedies
lene made with such catalysts may be able to supply the and dietary supplements by the Food and Drug
properties now found only in plasticized polyvinyl chlo- Administration would be desirable.
ride. To make the products even greener, consumer use 5. Chemical accidents will continue to happen. Hu-
must be reduced, the low level of reuse and recycle must man error will often be the cause. If the chemicals
be raised, and a renewable source of the propylene, rather being used were nontoxic, the severity of the acci-
than petroleum, must be used. Propylene could be made dents would be reduced greatly.
by reduction, then dehydration of acetone from fermenta- 6. The Toxic Release Inventory is proving to be a
tion (see Chaps. 12 and 14). good way to encourage voluntary reductions of

Hirschhorn?32 feels that “An environmentally driven in- emissions.
dustrial revolution is beginning.” Brian Rushton, president 7. A waste is not a waste if a valuable use can be
of the American Chemical Society in 1995, said that found for it. However, it is better to find a better

. . . process that eliminates the waste.

We will gradually ellm_lnate enwron_mentally un- 8. While improved housekeeping can reduce re-
sound processes and practices from our industry. We leases, it is better to choose a new process with be-
will build a better environment to work and live in. nign reagents.

We will keep sgientists and engineers both employed 9. If you do not use it, you cannot lose it, you do not
and at the cutting edge of technology as they serve have to buy it and you do not have to treat it for
the competitive needs of the nation. Last but by no disposal.
means least, we wHI_creggf a better image for chem- 10. Green chemistry and sustainability are intertwined
istry and the profession. with the social and political fabric of the country
Lastly, Gro Harlem Brundtland, head of the World and cannot be considered in isolation.
Health Organization and former prime minister of Norway 11.  Green chemistry need not be more expensive. Pol-
and the secretary general of the World Commission on En- lution prevention is often cheaper than end-of-the-
vironment and Development has noted that “The obstacles pipe treatments. Rethinking the entire process can
to sustainability are not mainly technical. They are social, often be helpful.
institutional and political.” 12. The problems are not all elsewhere.
13. There may be a hierarchy of approaches to the
VI. SUMMARY OF SOME IMPORTANT problem frorr_1 the !east change to thg most change.
POINTS 14. Be patient, since it may take a while to work the
bugs out of the new process.
1. Scientists may not be able to anticipate the influ- 15. An expensive catalyst is not too expensive if none

ence of their work on society.

is lost. The lowest price per unit of performance is
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what counts. This must include all costs, even the
diffuse costs of emissions.

REFERENCES

1
2.

© N

10.

12.
12.

13.
14.
15.
16.

Chem. Eng. News, May 18, 1998, 19.

R.L. Carson, Silent Spring, Houghton—Mifflin, Boston,
1962.

(a) E. Wilson, Chem. Eng. News, Oct. 12, 1998, 16.; (b)
D.A. Kurtz, Long Range Transport of Pesticides, Lewis
Publishers, Boca Raton, Florida, 1990.

(@) Chem. Eng. News, Nov. 11, 1995, 16.; (b) B. Baker,
BioScience, March 1996, 183; (c) B. Hileman, Chem. Eng.
News, July 6, 1998, 4.

(@) T. Colburn, J.P. Myers and D. Dumanowski, Our
Stolen Future, Dutton, New York, 1996; (b) B. Hileman,
Chem. Eng. News, Oct. 9, 1995, 30.

Chem. Eng. News, Aug. 17, 1998, 33.

Harvard Health Letter, 1998; 23(4), 4.

R. Hoffmann Chem. Eng. News, April 29, 1996.

Chem. Ind. (London), 1998, 591.

G.W. Muller, Chemtech, 1997, 27(1), 2.

J. Johnson. Chem. Eng. News, Jan. 11, 1999, 28.

(@) Chem. Ind., 1996, 396; (b) C. Djerassi. Science, 1996,
272, 1858.

D.R. Hofstadter, Science, 1998, 281, 512.

M. Reisch, Chem. Eng. News, May 22, 1995, 6.

R.F. Service. Science 1994; 266:726.

(a) R.S. Stricoff, Handbook of Laboratory Health and
Safety, 2nd Ed., John Wiley, New York, 1995; (b) National
Research Council, Prudent Practices in the Laboratory:
Handling and Disposal of Chemicals, National Academy
of Sciences Press, Washington, DC, 1995; (d) R. Rawls.
Chem. Eng. News, Aug. 14, 1995, 4; (e) R.E. Lenga, The
Sigma-Aldrich Library of Chemical Safety Data, 2nd ed.
Sigma Aldrich Corp, Milwaukee, WI, 1988; (f) NI Sax,
RA Lewis. Dangerous Properties of Industrial Materials,
7th ed. van Nostrand—Reinhold, New York, 1989; (g) DV
Sweet, RL Sweet, Sr. eds. Registry of Toxic Effects of
Chemical Substances. Diane Publishers, Upland, PA.,
1994; (h) C Maltoni, 1J Selikoff. “Living in a Chemical
World—Occupational and Environmental Significance of
Industrial Carcinogens,” Ann NY Acad Sci 1988; 534;
whole issue; (i) J Lynch, Kirk-Othmer Encyclopedia of
Chemical Technology; 4th ed. 1995; 14:199; (j) B Ballan-
tyne, Kirk-Othmer Encyclopedia of Polymer Science and
Engineering, 2nd ed. 1989; 16:878; (k) RP Pohanish, SA
Greene. Hazardous Materials Handbook. Wiley, New
York, 1996; (I) RJ Lewis Sr. Hazardous Chemicals Desk
Reference, 4th ed., Wiley, New York, 1996; (m) G Schu-
urmann, B Markert. Ecotoxicology, Ecological Funda-
mentals, Chemical Exposure and Biological Effects. Wi-
ley, New York, 1997; (n) P Calow. Handbook of
Ecotoxicology. Blackwell Scientific, London, 1993; (0) M

17.
18.
19.

20.
21.
22.
23.

24.
25.

26.
27.
28.
29.

30.
31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

Chapter 1

Richards. Environmental Xenobiotics. Taylor & Francis,
1996.

B.M. Jacobson, Chem. Eng. News, Jan. 11, 1999, 2.

R.D. Coker, Chem. Ind. (London), 1995, 260.

(a) S. Budavaria, M.J. O’Neil, A. Smith, P.E. Heckelman
and J.F. Kinneary, eds., Merck Index, 12th ed., Merck &
Co., Whitehouse Station, New Jersey, 1996, p. 1578; (b)
Tufts University Diet and Nutrition Letter, 1996, 14(6), 8.
D. Hanson, Chem. Eng. News, Sept. 12, 1994, 16.

Chem. Eng. News, Nov. 10, 1997, 14.

B.N. Ames and L.S. Gold, Angew. Chem. Int. Ed. Engl.,
1990, 29, 1197; Science, 1992; 258, 261.

J. Weisman, Science, 1996, 271, 286.

P.H. Abelson, Science, 1994, 265, 1507; 1995, 270, 215.
(a) S.M. Cohen, F.M. Clydesdale, J.D. Graham, W.B.
Weil, Jr., M. Kroger, M.W. Pariza, L.M. Crawford, D. Av-
ery, R.J. Scheuplein, and E. Weisberger, Science, 1995,
268, 1829; (b) D. Hanson, Chem. Eng. News, June 5, 1995,
3L

Amicus J., 1996, 18(3), 4.

ASH Smoking and Health Review, July—Aug 1998, 7.
New Sci., Apr. 25, 1998, 19.

H. Wechsler, N.A. Rigotti, J. Gledhill-Hoyt, and H. Lee,
JAMA 1998, 280, 1673.

Environ. Sci. Technol., 1998, 32, 213A.

(a) D. Pimentel, M. Tort, L. D’Anna, A. Krawic, J. Berger,
J. Rossman, F. Mugo, N. Doon, M. Shriberg, E. Howard,
S. Lee, and J. Talbot, Ecology of increasing disease, popu-
lation growth and environmental degradation, BioScience,
1998, 48(10), 817; (b) 1998-1999 World Resources: A
Guide to the Global Environment, World Resources Insti-
tute, (c) Chem. Eng. News, May 11, 1998, 21.

F.P. Perera, Science, 1997, 278, 1068.

Johns Hopkins Medical Letter, Health After 50, 1996,
8(6), 1.

University California Berkeley Wellness Letter, Sept.
1998, 14(12), 6.

(a) Johns Hopkins Medical Letter, Health After 50, 1996;
8(2), 6; (b) Tufts University Diet and Nutrition Letter,
1996; 14(4); 1; 1996; 14(5); 4-6.

(a)G. Taubes, Science, 1998, 281, 898; (b) D.A. McCar-
ron, Science, 1998, 281, 933.

(a) Environ. Sci. Technol., 1998, 32, 81A; (b) Chem. Eng.
News, Nov. 24, 1997, 60.

S.J. Risch and C.-T. Ho, eds., Spices: Flavor Chemistry
and Antioxidant Properties. A.C.S. Symp. 660, Washing-
ton, DC, 1997.

M. Jang, L. Cai, G.O. Udeani, K.V. Slowing, C.F. Thomas,
C.W.W. Beecher, H.H.S. Fong, N.R. Farnsworth, A.D.
Kinghorn, R.G. Mehti, R.C. Moon, and J.M. Pezzuto, Sci-
ence, 1997, 275, 218.

M.N. Diaz, B. Frei, J.A. Vita, and J.F. Keaney, Jr., New
Engl. J. Med., 1997, 337, 408.

F. Shahidi, ed., Antinutrients and Phytochemicals in
Foods. A.C.S. Symp. 662, Washington, D.C., 1997.



Introduction

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

National Research Council, Carcinogens and Anticarcino-
gens in the Human Diet, National Academy of Science
Press, Washington, D.C., 1996.

(@) Chem. Ind. (London), 1996, 159; (b) J. Long, Chem.
Eng. News, Feb. 26, 1996, 7; (c) Environ. Sci. Technol.,
1996, 30(5), 199A.

H. Kasai, Z. Yamaizumi, T. Shiomi, S. Yokoyama, T.
Miyazawa, K. Wakabayashi, M. Nagao, T. Sugimura, and
S. Nishimura, Chem. Lett., 1981, 485.

(@) C.M. Williams, Chem. Ind. (London), 1993, 280; (b)
W. Watson, and B. Golding, Chem. Br., 1998, 34(7), 45.
J.C. Bailar, Il and H.L. Gornik, New Engl. J. Med., 1997,
336, 1569.

(a) I. Wickelgren, Science, 1998, 280, 1364; (b) G. Taubes,
Science, 1998, 280, 1367, (c) L.A. Campfield, F.J. Smith,
and P. Burn, Science, 1998, 280, 1383.

B.R. Jasny and F.E. Bloom, Science, 1998, 280, 1507.
University California Berkeley Wellness Lett., 1999,
15(5), 8.

P.B. Fontanarosa, G.D. Lundberg, eds., JAMA 1998; 280,
1569-1618.

(@) R.S. diPaola, H. Zhang, G.H. Lambert, R. Meeker, E.
Licitra, M.M. Rafe, B.T. Zhu, H. Spaulding, S. Goodin,
M.B. Toledano, W.W. Hait, and M.A. Gallo, New Engl. J.
Med., 1998, 339, 785; (b) N.R. Slifman, W.R. Obermeyer,
B.K. Aloi, S.M. Musser, W.A. Correll, Jr., S.M. Cichow-
icz, J.M. Betz, and L.A. Love, N Engl. J. Med., 1998, 339,
806; (c) Y. Beigel, I. Ostfeld, and N. Schoenfeld, N. Engl.
J. Med., 1998, 339, 827; (d) M. Angell and J.P. Kassirer,
N. Engl. J. Med., 1998, 339, 839; (e) M.J. Coppes, R.A.
Anderson, R.M. Egeler, and J.E.A. Wolf. N. Engl. J. Med.,
1998, 339, 846; (f) R.J. Ko, F. LoVecchio, S.C. Curry, and
T. Bagnasco, New Engl. J. Med., 1998, 339, 847; (g) A.
Bluming, New Engl. J. Med., 1998, 339, 855; (h) P.
Kurtzweil, FDA Consumer, 1998, 32(5), 28.

University California Berkeley Wellness Lett 1998;
15(3):1.

L.D. Lawson and R. Bauer, Phytomedicines of Europe:
Chemical and Biological Activity, ACS Symp 691, Wash-
ington, DC, 1998. [Regulatory efforts in European coun-
tries are covered in the first two chapters.]

University of California at Berkeley Wellness Letter,
1995, 11(6), 5.

(@) A.N. Mayeno and G.J. Gleich, Trends Biotechnol.,
1994, 12, 346; (b) L.R. Ember, Chem. Eng. News, June 17,
1996, 20.

Chem. Eng. News, Sept. 7, 1998, 30.

A.M-C. Ibanez, An. Quim. Ser. C., 1987, 83(1), 107;
Chem Abstr 1987, 107, 95547.

(a) M. Day, New Sci., Jan. 24, 1998; 16; (b) G. Davison
and C.N. Hewitt, eds., Air Pollution in the United King-
dom, Royal Soc Chem., Cambridge, 1997.

C.M. Cooney, Environ. Sci. Technol., 1998, 32, 250A.
Chem. Eng. News, July 7, 1997, 30.

Chem. Eng. News, Sept. 22, 1997, 17.

P. Morse, Chem. Eng. News, Sept. 7, 1998, 12; Nov. 9,
1998, 42.

63.
64.

65.

66.

67.

68.

69.

70.

71.
72.
73.

74.

75.

76.

77.
78.
79.

80.
81.
82.
83.
84.

85.

86.
87.
88.
89.

21

Chem. Eng. News, Jan. 4, 1999, 16.

(a) N.A. Ashford and C.S. Miller, Chemical Exposures;
Low Levels and High Stakes, 2nd ed., Van Nostrand—Rein-
hold, New York, 1998; (b) J.D. Spengler and A.C. Rohr,
Chem. Eng. News, Sept. 21, 1998, 105.

(a) B. Hileman, Chem. Eng. News, Mar. 10, 1997, 35; (b)
P. Liese, Chem. Ind. (London), 1998, 548.

V. Barnett and A. O’Hagan, eds., Setting Environmental
Standards-The Statistical Approach to Handling Uncer-
tainty and Variation, Chapman & Hall/CRC Press, Boca
Raton, Florida, 1997.

(a) J. Kaiser, Science, 1999 283, 18; (b) B. Hileman,
Chem. Eng. News, Aug. 3, 1998, 8.

B-U. Hildebrandt and U. Schlottmann, Angew. Chem. Int.
Ed Engl., 1998, 37, 1317.

(a) J. Johnson, Chem. Eng. News, Apr. 27, 1998, 7; May
18, 1998, 7; (b) Environ. Sci. Technol., 1999, 33, 15A; (c)
Chem. Ind. (London), 1998, 827.

J. Johnson, Chem. Eng. News, Jan. 18, 1999, 13; Mar. 8,
1999, 9.

J. Johnson, Chem. Eng. News, Jan. 25, 1999, 10.

T. Kletz, Chem. Br., 1999, 35(1), 37.

S. Budavari, M.J. O’Neil, A. Smith, P.E. Heckelman, and
J.F. Kinneary, eds., The Merck Index, 12th ed., Merck &
Co., Whitehouse Station, New Jersey, 1996.

W.A. Burgess, Recognition of Health Hazards in Industry,
2nd ed., Wiley, New York, 1995.

(a) Advertisement, Chem. Eng. News, Jan. 11, 1999, [in-
side back cover]; (b) S.C. Stinson, Chem. Eng. News, July
13,1998, 57, 71.

K. Snyder, U.S. Mine Safety and Health Administration,
1997.

A.M. Thayer, Chem. Eng. News, Apr. 27, 1998, 15.
Chem. Br., 1998, 34(8), 13.

F.P. Lees, Loss Prevention in the Process Industries, But-
terworth-Heinemann, Oxford, 1996.

J. Johnson, Chem. Eng. News, Mar. 15, 1999, 12.

G. Parkinson, Chem. Eng., 1997, 104(1), 21.

Chem. Eng. News, Dec. 21, 1998, 23.

W. Stellmach, Chem. Eng. Prog., 1998, 94(8), 71.

(a) F.R. Spellman and N.E. Whiting, Safety Engineering:
Principles and Practices, Government Institutes,
Rockville, Maryland, 1999; (b) T.A. Kletz, Process safety:
A Handbook of Inherently Safer Design, 2nd ed., Taylor
and Francis, Philadelphia, 1996; (c) D.A. Crowl, ed., In-
herently Safer Chemical Processes, A.l.Ch.E., New York,
1996.

(a) M. Heylin, Chem. Eng. News, Dec. 19, 1994, 3; (b) S.
Jasanoff, ed., Learning from Disaster; Risk Management
after Bhopal, University of Pennsylvania Press, Philadel-
phia, Pennsylvania 1994; (c) W. Lepkowski, Chem. Eng.
News, Dec. 19, 1994, 8.

H.S. Brown, Chem. Eng. News, Oct. 10, 1994, 38.

P. Orum, Chem. Ind. (London), 1998, 500.

J.-F. Tremblay, Chem. Eng. News, Aug. 17, 1998, 20.

(a) R.A. Barrish, Outdoor Delaware, Spring 1995, 16; (b)



22

90.

91.

92.
93.
94.

95.

96.
97.

98.

99.

100.
101.
102.
103.
104.

105.
106.
107.
108.
100.
110.
111.
112.

113.
114.
115.
116.
117.
118.
119.
120.

121.
122.
123.
124.

125.
126.

M. Murray, Wilmington Delaware News Journal, July 22,
1994,

(@) M. Freemantle, Chem. Eng. News, Apr. 29, 1996, 18;
(b) C. Hohenemser, F. Warner, B. Segerstahl, V.M.
Novikov, Environment, 1996, 38(3), 3.

(a) M Balter. Science 1996; 270:1758; (b) J Webb. New
Sci Apr. 1, 1995:7.

J. Johnson, Chem. Eng. News, Aug. 17, 1997, 10.

R. Stone, Science, 1998, 281, 623.

(a) B. Segerstahl, A. Akleyev, and V. Novikov, Environ-
ment, 1997, 39(1), 12; (b) E. Marshall, Science, 1997, 275,
1062; (c) Environ. Sci. Technol., 1998, 32, 80A; (d) R.
Stone, Science, 1999, 283, 158.

P. Milford, Wilmington Delaware News Journal, July
22,29; Aug. 8, 1994, Jan. 5, 1995.

P. Silverberg, Chem. Eng., 1996, 103(5), 5.

P. Milford, Wilmington, Delaware News Journal, Dec. 14,
1995, B1.

P. Milford, Wilmington Delaware News Journal, May 7,
1996, B1.

J. Montgomery, D. Thompson, Jr and P. Milford. Wilm-
ington, Delaware News Journal, Apr. 2, 1998, B1; Apr. 11,
1998, B3; Aug. 11, 1998, B2; Sept. 22, 1998, B1; Dec. 4,
1998, B2; Dec. 10, 1998, B2; Dec. 12, 1998. B1.

Chem. Eng. News, July 21, 1997, 22.

J. Johnson, Chem. Eng. News, Aug. 4, 1997, 10.

Chem. Eng. News, Sept. 8, 1997, 25.

A. Lawler, Science, 1998, 279, 1444; 1998 280, 29.

C. Ramsey and M. Modarres, Commercial Nuclear
Power—Assuring Safety for the Future. Wiley, New York,
1998.

P.H. Abelson, Science, 1996, 272, 465.

M. Balter, Science, 1997, 275, 610.

Amicus J., 1999, 21(1), 16.

Chem. Eng. News, Jan. 18, 1999, 33.

S.L. Wilkinson, Chem. Eng. News, Nov. 9, 1998, 71.
A.M. Thayer, Chem. Eng. News, Aug. 27, 1998, 15.
Chem. Eng. News, July 7, 1997, 22.

(a) Chem. Eng. News, June 29, 1998, 18; (b) P.M. Morse,
Chem. Eng. News, Mar. 23, 1998, 17.

Chem. Eng. News, June 30, 1997, 19.

G. Peaff, Chem. Eng. News, Jan. 16, 1995, 16.

Chem. Eng., 1998, 105(10), 48.

Chem. Eng. Prog., 1998, 94(4), 86.

Chem. Eng. News, Aug. 17, 1998, 11.

Chem. Eng. News, Oct. 16, 1995, 9.

Chem. Eng. News, Apr. 28, 1997, 13; May 26, 1997, 12.
The Explosion and Fires at the Texaco Refinery, Milford
Haven, 24 July, 1994, HSE Books, Sudbury, Suffolk, U.K.
Chem. Eng. News, Nov. 7, 1994, 9.

Chem. Eng. News, Dec. 5, 1994, 11.

(@) A. Thayer, Chem. Eng. News, Oct. 21, 1996, 11; (b) P.
Layman, Chem. Eng. News, June 29, 1998, 19.

K. Weissermel and H-J Arpe, Industrial Organic Chem-
istry, 2nd ed., VCH, Weinheim, 1993, pp 172-176.
Chem. Eng. News, Jan. 30, 1995, 11.

Chem. Eng. News, July 31, 1995, 8.

127.
128.

129.

130.

131.

132.
133.
134.
135.
136.
137.
138.

139.

140.
141.
142.
143.
144.

145.

146.
147.
148.
149.
150.
151
152.
153.
154.

155.
156.
157.
158.
159.

160.

Chapter 1

Chem. Eng. News, Jan. 29, 1996, 11.

(a) T. Urbanski, Chemistry and Technology of Explosives,
vol. 2, Pergamon, Oxford, 1965, pp 459-462; (b) B.S.
Hopkins, General Chemistry for Colleges, D.C. Heath,
Boston, 1930, p. 560.

(a) W.H. Shearon, Jr., Chem. Eng. News, May 12, 1947,
1334; (b) Chem. Eng. News, Apr. 28, 1947, 1198; (c) M.S.
Reisch, Chem. Eng. News, Jan. 12, 1998, 88; (d) A.
Thayer, Chem. Eng. News, Apr. 21, 1997, 11.

J. Johnson, Chem. Eng. News, Nov. 10, 1997, 20; Mar. 9,
1998, 21.

(a) G. Parkinson, Chem. Eng., 1998, 105(10), 27; (b)
Chem. Eng. News, Aug. 3, 1998, 31.

Chem. Eng. News, Oct. 24, 1994, 10.

D. Arntz, Catal. Today, 1993, 18, 173.

R.A. Sheldon, Chemtech, 1994, 24(3), 38.

W. Worthy, Chem. Eng. News, Nov. 9, 1997, 6.

G. Ondrey, Chem. Eng., 1998, 105(6), 29.

Chem. Ind. (London), 1998, 289.

(a) M. Reisch, Chem. Eng. News, June 23, 1997, 22; (b)
Chem. Br., 1997; 33(7), 5.

(a) E. Kirschner, Chem. Eng. News, May 1, 1995, 6; (b)
Chem. Eng. News, Oct. 27, 1997, 18; (c) C. Cooper, Chem.
Eng., 1997, 104(11), 55.

Chem. Eng. News, Oct. 30, 1995, 10.

Chem. Eng. News, Dec. 12, 1994, 13.

Chem. Eng. News, Aug. 1, 1994, 17.

K. Fouhy, Chem. Eng., 1996, 103(4), 37.

(a) J.J. Adams, Natural Resources Defense Council, [let-
ter], Oct. 1994; (b) D.A. Wolfe, M.J. Hamedi, J.A. Galt, G.
Watabayashi, J. Short, C. O’Claire, S. Rice, J. Michel, J.R.
Payne, J. Braddock, S. Hanna, and D. Sale, Environ. Sci.
Technol., 1994, 28, 560A; (c) T.R. Loughlin, ed., Marine
Mammals and the Exxon Valdez, Academic, San Diego,
1994; (d) D.L. Garshelis and C. B. Johnson, Science 1999,
283, 176; (e) J. Wheelwright, Degrees of Disaster, Prince
William Sound, How Nature Reels and Rebounds, Yale
University Press, New Haven, 1996.

Environment, Health and Safety Progress Report for 1995.
Exxon Corp., 1996, p. 11.

K. Fouhy, Chem. Eng., 1996, 103(4), 37.

M. Fingas, Chem. Ind. (London), 1995, 1005.

Chem. Ind. (London), 1996, 275.

Chem. Eng. News, June 26, 1995, 13.

J. Johnson, Chem. Eng. News, Dec. 7, 1998, 36.

S. Ainsworth, Chem. Eng. News, July 3, 1995, 6.

P. Morse, Chem. Eng. News, Sept. 15, 1997, 11.

M.B. Brennan, Chem. Eng. News, June 23, 1997, 29.

(a) Nowhere To Hide, National Environmental Law Cen-
ter, Boston, 1995; (b) Chem. Ind. (London), 1995, 677.
J-F. Tremblay, Chem. Eng. News, Jan. 11, 1999, 17.

C. Bedford, Chem. Ind. (London), 1995, 36.

R. Baldini, Chem. Eng. News, May 8, 1995, 4.

E. Kirschner, Chem. Eng. News, Apr. 24, 1995, 23.

(@) I. Nimmo, Chem. Eng. Prog., 1995, 91(9), 36; (b) P.
Bullemer and I. Nimmo, Chem. Eng. Prog., 1998, 94(1), 43.
T. Kletz, What Went Wrong: Case Histories of Process



Introduction

161.

162.
163.

164.

165.

166.

167.
168.
169.
170.
171.
172.

173.
174.
175.
176.
177.
178.
179.

180.
181.
182.
183.
184.
185.

186.
187.

188.
189.
190.
191.

192.

Plant Disasters, Gulf Publishing, Houston, 1994; (b) Loss
Prevention, vol. 18, American Institute Chemical Engi-
neers Publ. T-93, New York, 1994; (c) C.R. Nelms, What
You Can Learn From Things That Go Wrong, Failsafe Net-
work, P.O. Box 35064, Richmond, Virgina, 1996.

(@) S.L. Wilkinson, Chem. Eng. News, Nov. 9, 1998, 82;
(b) H. Carmichael, Chem. Br., 1998, 34(4), 37; (c) H. Ab-
bott and M. Tyler, Safety by Design: A Guide to Manage-
ment and Law of Designing for Product Safety, 2nd ed.,
Glower Publishing Aldershot, UK, England, 1997.

R.A. Barrish, Outdoor Delaware, Spring 1995, 16.

M. Murray, Wilmington, Delaware News Journal, Jan. 23,
1995, A3.

M. Murray, Wilmington, Delaware News Journal, June 12,
1996, Al.

(@) D. Hanson, Chem. Eng. News, June 17, 1996, 8; Sept.
14, 1998, 10; (b) Chem. Eng. News, Jan 25, 1999, 29; (c)
J. Johnson, Chem. Eng. News, Feb. 15, 1999, 9; Mar 1,
1999, 35.

J.R. Cashman, ed., 3rd ed., Hazardous Materials Emer-
gencies, Technomic, Lancaster, Pennsylvania 1995.

R. Baldini, Chem. Eng. News, May 8, 1995, 4.

W. Lepkowski, Chem. Eng. News, June 20, 1994, 24.
D.J. Hanson, Chem. Eng. News, July 6, 1998, 19.

Chem. Ind. (London), 1994, 320.

D. Hanson, Chem. Eng. News, Apr. 25, 1994, 8.

C.Q. Jia, A. diGuardo, and D. Mackay, Environ. Sci. Tech-
nol., 1996, 30(2), 86A.

B. Hileman, Chem. Eng. News, Jan. 11, 1999, 4.

Environ. Sci. Technol., 1995, 29(9), 395A.

Chem. Eng., 1995; 102(4), 50.

B. Hileman, Chem. Eng. News, May 22, 1995, 43.

L. Ember, Chem. Eng. News, Sept. 19, 1994, 23.

G.W. Sage, Chem. Eng. News, Aug. 24, 1998, 8.

T.E. Natan, Jr. and C.G. Miller, Environ. Sci. Technol.,
1998, 32, 368A.

Delaware Department of Natural Resources and Environ-
mental Control [memo], May 1996.

E. Kicko-Walczak and E. Grzywa, Macromol. Symp.,
1998; 127, 265.

K. Miller, Wilmington, Del. News Journal, Aug. 29, 1995.
Environ. Sci. Technol., 1997, 31, 451A.

New Sci., June 3, 1995, 11.

M. Murray, Wilmington, Delaware News Journal, May 1,
1996, Al.

C.A.G. Tulou, Outdoor Delaware, 1998, 7(1), 2.

L. diBerardinis, ed., Handbook of Occupational Safety and
Health, Inded. Wiley, New York, 1998.

B. Hileman, Chem. Eng. News, Mar. 4, 1996, 16; May 6,
1996, 9.

Chem. Eng. News, Jan. 22, 1996, 17.

D.J. Shanefield, Chem. Eng. News, Oct. 23, 1995, 4.

(@) R. Zanetti, Chem. Eng., 1995, 102(10), 5; (b) D. Han-
son, Chem. Eng. News, May 22, 1995, 9.

(a) D. Mayo, R.M. Pike and P.K. Trumper, Microscale Or-
ganic Laboratory, 3rd ed., John Wiley & Sons, New York,

193.
194.
195.
196.

197.
198.

199.
200.

201.

202.
203.

204.
205.

206.
207.

23

1994; (b) M.M. Singh, R.M. Pike, and Z. Szafran. General
Chemistry Micro- and Macroscale Laboratory, John Wiley
& Sons, New York, 1994; (c) M.M. Singh, K.C. Swallow,
R.M. Pike, and Z. Szafran, J. Chem. Ed., 1993, 70, A39; (d)
M.M. Singh, R.M. Pike, and Z. Szafran, Preprints A.C.S.
Div. Environ. Chem., 1994, 34(2). 194; (e) Z. Szafran, R.M.
Pike, and J.C. Foster, Microscale General Chemistry Lab-
oratory with Selected Macroscale Experiments, Wiley,
New York, 1993; (f) Z. Szafran, R.M. Pike, and M.M.
Singh, Microscale Inorganic Chemistry: A Comprehensive
Laboratory Experience, Wiley, New York, 1991; (g) J.L.
Skinner, Microscale Chemistry—Experiments in Minia-
ture, Royal Soc. Chem., Cambridge, UK, 1998.

M. Freemantle, Chem. Eng. News, Feb. 22, 1999, 27.
Chem. Eng. News, June 3, 1996.

Chem. Eng. News, Mar. 30, 1998, 29.

S. Mazrou, H. Kerdjoudj, A.T. Cherif, A. ElImidaoui, and
J. Molenat, New J. Chem., 1998, 22, 355.

Environ. Sci. Technol., 1998, 32, 119A.

“Guide to Cleaner Technologies—Cleaning and Degreas-
ing Process Changes”, U.S. EPA/625/R-93/017

D. Luper, Chem. Eng. Prog., 1966; 92(6), 58.

(a) N. Chadha, Chem. Eng. Prog., 1994, 90(11), 32; (b) Of-
fice of Technology Assessment, Industry, Technology and
the Environment: Competitive Challenges and Business
Opportunities, Washington, D.C., 1994, Chap. 8; (c) K.
Martin and T.W. Bastock, eds., Waste Minimisation: A
Chemist’s Approach, Royal Society of Chemistry, Cam-
bridge, 1994; (d) J.H. Siegell, Chem. Eng., 103(6). 92; (e)
M. Venkatesh and C.W. Moores, Chem. Eng. Prog., 1998,
94(11), 26; (f) S.B. Billatos and N.A. Basaly, Green Tech-
nology and Design for the Environment, Taylor and Fran-
cis, Washington, D.C., 1997; (g) M. Venkatesh, Chem.
Eng. Prog., 1997, 93(5), 33. (h) P. Crumpler, Chem. Eng.,
1997, 104(10), 102.

(a) K. Fouhy, Chem. Eng., 1995, 102(1), 41; (b) J. Jarosch,
Chem. Eng., 1996, 103(5), 120; (c) Chem. Eng., 1996,
103(5), 127; (d) D.M. Carr, Chem. Eng., 1995, 102(8), 78;
(e) B.J. Netzel, Chem. Eng., 1995, 102(8), 82B; (f) Chem.
Eng., 1995, 102(11); (g) C. Brown and P. Dixon, Chem.
Eng. Prog., 1996, 92, 42; (h) J.H. Siegell, Chem. Eng.
Prog., 1998, 94(11), 33.

E.M. Kirschner, Chem. Eng. News, July 10, 1995, 14.
Environmental, Health and Safety Progress Report for
1995, Exxon Corp., 1996, p 11.

J. Szekely and G. Trapaga, Technol Rev., 1995, 98(1), 30.
M.A. Martin-Cabrejas, R.M. Esteban, F.J. Lopez-Andreu,
K. Waldron, and R.R. Selvendran, J. Agric. Food Chem.,
1995, 43, 662.

M. Reisch, Chem. Eng. News, Feb. 10, 1997, 9.

(a) B. Crittenden and Kolaczkowski, Waste Minimization
Guide. Inst. Chem. Eng., 1994; (b) D.F. Ciambrone, Waste
Minimization as a Strategic Weapon, Lewis Publishers,
Boca Raton, Florida, 1995; (c) T.E. Higgins. Pollution
Prevention Handbook. Lewis Publishers, Boca Raton,
Florida, 1995; (d) D.T. Allen, Adv. Chem. Eng., 1994, 19,



24

208.

200.

210.

211

212.

213.

214.

215.

216.

217.
218.

219.

220.

221.

222.

223.

251; (e) L. Theodore, Pollution Prevention, van Nos-
trand-Reinhold, New York, 1992; (f) L. Theodore, Pollu-
tion Prevention—Problems and Solutions. Gordon and
Breach, Reading, UK, 1994; (g) M.J. Healy, Pollution Pre-
vention Opportunity Assessments—A Practical Guide, Wi-
ley, New York, 1998; (h) G.F. Nalven, Practical Engi-
neering Perspectives—Environmental Management and
Pollution Prevention, American Institute of Chemical En-
gineers, New York, 1997; (i) D.T. Allen and K.S. Ross,
Pollution Prevention for Chemical Processes. Wiley, New
York, 1997; (j) J.H. Clark, ed., Chemistry of Waste Min-
imisation, Blackie, London, 1995; (k) EPA. Pollution Pre-
vention Guidance Manual for the Dye Manufacturing In-
dustry, U.S. Environmental Protection Agency,
EPA/741/B-92-001.

(a) E.G. Chatzi, O. Kammona, and C. Kiparissides, J.
Appl. Polym. Chem., 1997, 63, 799; (b) Such probes are
available commercially, e.g., from ASI Applied Systems,
Annapolis, Maryland.

K. Weissermel and H-J. Arpe. Industrial Organic Chem-
istry, 2nd ed., VCH, Weinheim, 1993, pp 388-390.

(a) L.E. Manzer in P.T. Anastas and C.A. Farris, Benign By
Design: Alternative Synthetic Design for Pollution Preven-
tion, ACS Symp. 577, Washington, D.C., 1994, pp
146-147; (b) M. Joucla, P. Marion, P. Grenouillet, and J.
Jenckin J.R. Kosak, and T.A. Johnson, eds. Catalysis of Or-
ganic Reactions. Marcel Dekker, New York, 1994, p. 127.
K. Weissermel and H-J. Arpe, Industrial Organic Chem-
istry, 2nd ed., VCH, Weinheim, 1993, pp 238-239.

K. Weissermel and H-J. Arpe, Industrial Organic Chem-
istry, 2nd ed., VCH, Weinheim, 1993, pp 241-242.

K. Weissermel, H-J. Arpe, Industrial Organic Chemistry,
2nd ed., VCH, Weinheim, 1993, pp 244-245.

K.A. Kreutzer and W. Tam, Chem Abstr 1996, 124,
118251, 147112.

(@) J.H. Krieger, Chem. Eng. News, July 8, 1996, 12; (b)
P.V. Tebo, Chemtech, 1998, 28(3), 8.

K. Weissermel and H-J. Arpe, Industrial Organic Chem-
istry, 2nd ed., VCH, Weinheim, 1993, pp 127-131.

B. Cornils and E. Wiebus, Chemtech, 1995, 25(1), 33.

B. Fell, C. Schobben, and G. Papadogianakis, J. Mol.
Catal., A: Chem., 1995, 101, 179.

(a) SRI International, Chemical Economics Handbook. Jan
1991, under oxo chemicals; (b) H. Bach, R. Gartner, and B.
Cornils, Ullmann’s Encyclopedia Industrial Chemistry,
5th ed. 1985, A4, pp. 450-452.

R. Song, D. Ostgard, and G.V. Smith. In: W.E. Pascoe, ed.,
Catalysis of Organic Reactions. Marcel Dekker, New
York, 1992.

E.M. Kirschner, Chem.Eng. News, July 1, 1996, 18.

A. Turbak, Encyclopedia of Polymer Science and Engi-
neering, 2nd ed., 1988, 14, 45.

(@) M. Hirami, J. Macromol Sci. Pure Appl. Chem., 1996,
A33, 1825; (b) C. O’Driscoll, Chem. Br., 1996, 32(12), 27;
(c) G. Parkinson, Chem. Eng., 1996, 103(10), 19; (d) S.
Dobson, Chem. Ind. (London), 1995, 870.

Chapter 1

224. (a) R.A. Sheldon, Chemtech, 1994, 24(3), 38; (b) C.B.
Dartt and M.E. Davis, Ind. Eng. Chem. Res. 1994, 33,
2887; (c) J.A. Cusumano, Chemtech., 1992, 22(8), 482;
Appl. Catal. A General, 1994, 113, 181; (d) J. Haber, Pure
Appl. Chem., 1994, 66, 1597; () A. Mittelman and D. Lin,
Chem. Ind. (London), 1995, 694.

225. R.A. Sheldon, Chemtech, 1994, 24(3), 38.

226. (a) N. Bodor, Chemtech, 1995, 25(10), 22; N. Bodor. In:
S.C. de Vito, and R.L. Garrett, eds., Designing Safer
Chemicals: Green Chemistry for Pollution Prevention.
ACS Symp 640, Washington, DC, 1996; (b) See also, S.C.
de Vito, Chemtech, 1996, 26(11), 34 for more ways to de-
sign safer chemicals.

227. L.J. Casarett and J. Doull, eds., Toxicology—The Basic
Science of Poisons, Macmillan, New York, 1975, pp. 195,
514, 516, 720.

228. National Science and Technology Council, A National R
& D Strategy for Toxic Substances and Hazardous and
Solid Waste. Sept. 1995, available from U.S. EPA, Office
of Research and Development, Washington, D.C. 20460.

229. J.S. Hirschhorn. Prosperity Without Pollution, van Nos-
trand—Reinhold, New York, 1991.

230. K. Weissermel and H.-J. Arpe, Industrial Organic Chemi-
cals, 2nd ed., VCH, Weinheim, 1993, pp 265-267.

231. M. McCoy, Chem. Eng. News, 1998; Aug. 3: 20.

232. (a) A.M. Thayer, Chem. Eng. News, Sept. 11, 1995, 15; (b)
W.J. Gautier, J.F. Corrigan, N.J. Taylor and S. Collins,
Macromolecules, 1995, 28, 3771, 3779; (c) A. Batistini,
Macromol. Symp., 1995; 100, 137; (d) J. Chowdhury, K.
Fouhy, and A. Shanley, Chem. Eng., 1996, 103(2), 35; (e)
T. Shiomura, M. Kohno, N. Inoue, T. Asanuma, R. Sugi-
moto, T. lwatani, O. Uchida, S. Kimura, S. Harima, H.
Zenkoh, and E. Tanaka, Macromol. Symp., 1996, 101, 289.

233. J.S. Hirschhorn, Chemtech, 1995, 25(4), 6.

234. B.M. Rushton, Chem. Eng. News, Jan. 2, 1995, 2.

235. X. Zang, E.K. Fubuda and J.D. Rosen, J. Agric. Food
Chem. 1997, 45, 1758.

It would also be good to read all or most of the following be-
fore finishing this book:

K. Martin, T.W. Bastock. Waste Minimisation: A Chemist’s
Approach. Royal Society, Cambridge, UK, 1994.

A. Johansson. Clean Technology. Lewis Publishers, Boca Ra-
ton, FL, 1992.

For additional reading on a sustainable future see:

D.H. Meadows, D.L. Meadows, J. Randers. Beyond the Limits:
Confronting Global Collapse, Envisioning a Sustainable Future,
Chelsea Green Publishers, Mills, VT, 1992.

J.S. Hirschhorn. Chemtech 1995; 25(4):6.

World Commission on Environment and Development. Our
Common Future. Oxford University Press, Oxford, UK, 1987.

G.G. Lebel, H. Kane. Sustainable Development: A Guide to
Our Common Future—The Report of the World Commission on
Environment and Development. Global Tomorrow Coalition,
Washington, DC, 1989.



Introduction

RECOMMENDED READING
1. Waste Minimization

D.T. Allen, Adv. Chem. Eng., 1994, 19, pp. 251-289,
304-312,318-323.

N. Chadha. Chem Eng Prog 1994; 90(11):32.

D. Luper. Chem Eng Prog 1996; 92(6):58.

2. Safer Chemicals and Pollution Prevention

R.A. Sheldon. Chemtech 1994; 24(3):38.

J.A. Cusumano. J Chem Ed 1995; 72:959; Chemtech
1992; 22(8):482.

C.B. Dartt, M.E. Davis. Ind Eng Chem Res 1994;
33:2887.

3. Carcinogens in Foods

B.N. Ames, L.S. Gold. Science 1992; 258:261; Angew
Chem Int Ed Engl 1990; 29:1197.

4, Alternative Medicine

M. Angell, J.P. Kassirer. N Engl J Med 1998; 339:839.

5. Ecology of Increasing Disease

D. Pimentel, M.L. Tort, L.D’Anna, A. Krawic, J.
Berger, J. Rossman, F. Mugo, N. Doon, M. Shriberg,
E. Howard, S. Lee, and J. Talbot. BioScience 1998;
48:817.

EXERCISES

1. Check the companies in your area in the Toxic Re-
lease Inventory (or a comparable compilation; see
preface for Web sites) Compare their releases with

10.

11.

12.
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comparable companies in other areas. Can you de-
vise ways in which the releases might be reduced?
Could an alternative process eliminate the release
altogether? If possible, visit one of the plants and
see what the employees tell you about possible re-
duction of the releases.

Do you look at nuclear energy as a way to avert
global warming or as a potential problem?

Avre the Environmental Protection Agency and the
Food and Drug Administration (or comparable
agencies in your country) impediments to progress
or our guardians? Are they antiquated and
unrealistic?

Check a year of Chem Eng News, Chem Ind
(Lond), or other chemical news magazine for fires,
explosions, spills, and other accidents.

Were there any fires, explosions, spills and acci-
dents in your laboratory last year? If so, who
goofed on what?

Do you contribute to air and water pollution?

Avre there any Superfund or comparable sites near
you? If so, what led to them?

How do you feel about the use of tobacco, alcohol,
salt, chemical pesticides, and being overweight
and sedentary?

Should herbal teas, alternative medicines, and
health food supplements be regulated by the
government?

Do oil spills heal quickly or is there a long-term ef-
fect on nature?

Should all rivers and lakes be fishable and
swimmable?

Pick out some wastes of industry that have often
been pollutants. How could they have been
avoided or made into useful products? If you have
trouble finding some, try lignin, fly ash, “red mud”
(awaste from refining aluminum ore), spent sulfu-
ric acid, chicken feathers, nitrogen oxides from
making nylon, or calcium sulfite from scrubbing
stack gases.
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Doing Without Phosgene

I. INTRODUCTION

The chemicals used as reagents are often highly reactive
and are used because they are. As such, they may react
readily with components of the human body, such as water,
or the hydroxyl and amino groups of proteins and nucleic
acids. The next chapters will deal with efforts to replace
these toxic materials with inherently safer chemistry. It
may not be possible to replace them completely. This leads
to a hierarchy of approaches (a tiered approach follows),
from the least change to the most change:

No change: Those using the process are confident that
they can handle it. They may not have had any acci-
dents recently.

Go to a closed system and carefully avoid leaks.

Do not ship the chemical or store it in quantity. Prefer-
ably, generate it on site in situ as needed.

Farm out the work to specialist companies that are ex-
perienced in handling it and are willing to do custom
syntheses.

Replace the reagent with a less, but still toxic, reagent
that may be easier to handle.

Replace the reagent with a nontoxic reagent.

Make the product by a different route, using nontoxic
reagents.

Substitute other products for the ones made with the
toxic reagent, preferably ones based on renewable
natural resources.

Ask whether the use is really necessary at all [e.g.,
drinking a 10% solution of sugar in water from a
poly(ethylene terephthalate) soda bottle instead of
just going to a water fountain].

Ban or tax the reagent or the use. Tetraethyllead, for-
merly used as an antiknock agent in gasoline, was
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banned when the effect on children’s 1Q was found.
Chlorofluorocarbons are taxed, as well as being
phased out, because they destroy the ozone layer.

This scheme will be applied to phosgene (bp 7.56°C.),*
a reagent that is made by the reaction of carbon monoxide
with chlorine (2.1) over activated carbon at elevated tem-
peratures.?

CO + Cl, — COCl, (2.1)

Both the reagents and the product are quite toxic. Phosgene
was used as a war gas in World War I. It causes irritation of
the eyes and nose at 3 ppm or more. The effects are insidi-
ous because the major discomfort comes not at first, but
later. Current practice is to use it in closed systems and not
to store or ship it. Workers wear indicator film badges to
monitor their exposure and to alert them to danger. Custom
phosgenations are offered by PPG Industries®, Hatco?,
Rhone—Poulenc,® and SNPE®. SNPE has a plant that makes
the phosgene as needed, so that at any one time only a few
kilograms are present in the reactor and piping, an amount
that can be handled by a scrubber using 10% sodium hy-
droxide. This is fine unless something springs a leak. The
company distributed a book on phosgene in 1998.” There
has been some concern about the development of phosgene
in chloroform that has been stored a long time.® The best
solution is to use solvents other than chloroform (a car-
cinogen). The largest industrial use of phosgene is in the
preparation of isocyanates, most of which are used for
polyurethanes. Some isocyanates are also used to make
agricultural chemicals. The second major use is in the
preparation of polycarbonates.

In the laboratory bis(trichloromethyl)carbonate
(triphosgene; 2.2) (mp 79-83°C) can be used in place of
phosgene for greater safety and convenience.l® The
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NCO
2.1

Aldrich Chemical Co. catalog describes it as a moisture-
sensitive lachrymator that should be handled with gloves in
a hood.

CI;COCOOCCI;

triphosgene (22)

Many investigators are studying ways to make iso-
cyanates and polycarbonates without the use of phosgene.
Their efforts will be reviewed in the following sections.

Il. PREPARATION OF ISOCYANATES

The usual method of preparation can be illustrated by that
of toluenediisocyanate (2.1) a reagent that is then reacted
with diols to form polyurethanes'® (see also reviews'?).

Most of the weight of the phosgene is lost as hydrogen
chloride, which is probably neutralized to form salts that
are discarded. Other commonly used diisocyanates are also
made by reacting the diamines with phosgene (2.2).

The diisocyanates are reacted with diols to produce
polyurethanes that end up in consumer products, such as
seat cushions, mattresses, insulation, car bumpers, swim
suits, floor coatings, paints, and adhesives.'2 The aromatic
diisocyanates are cheaper, but yield less light-stable poly-
mers than the aliphatic ones.

A. Other Ways to Make Isocyanates from
Amines

The tragedy at Bhopal® involved methyl isocyanate. It is
reacted with 1-naphthol to make a carbamate insecticide
(2.3).

4,4’-methylenebis(phenyl isocyanate) 4,4’-methylenebis(cyclohexyl

NCO

NCO
isophoronediisocyanate

2.2

isocyanate)

/\/\/\/ NCO
OCN

1,6-diisocyanatohexane
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The du Pont Co. has developed a method (2.3) to pro-
duce methyl isocyanate on demand so that it need not be
stored. The company no longer needs to ship tank cars of it
from West Virginia to the Gulf Coast, and the new process
is cheaper.’* (As mentioned in Chap. 1, integrated pest
management involving Bacillus thuringiensis could re-
place this insecticide.)

CHsNH, + CO — CHsNHCHO %OCCHcho
—

84-89% vyield
at 85-97% conversion

(2.3)

The reaction can be run in a minireactor with a silver cata-
lyst in etched channels.® However, neighbors to the Rhone—
Poulenc plant in Institute, West Virginia are still concerned
about the 250,000 Ib of methyl isocyanate stored there.®

A number of workers have treated both aliphatic and
aromatic amines with dialkyl carbonates to form urethanes
that can be pyrolyzed to isocyanates. Fu and Ono used a
lead catalyst with 95% selectivity (2.4).17 (The percentage
selectivity refers only to the amount of material reacted be-
cause the percentage conversion may not be 100%. In
many cases selectivity to the desired product drops as the
conversion nears 100%.)

Angeles et al. obtained 70-95% vyields using a sodium
hydride catalyst.*® Aresta et al. made the urethanes with al-
most complete selectivity using phosphorus acids as cata-
lysts (2.4).2° This may involve an intermediate

2.3
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(CsHs),P(O)OCOOR. The phosphorus acid can be recov-
ered and does not contaminate the product. This is an im-
provement over their earlier work, which used an alkyl
halide, in that no by-product salts are formed.

base

RNH, + CO, + R'X 25 RNHCOOR' + baseHX
(2.4)

Tsujimoto et al. obtained a 98% yield of a bisurethane
(2.5).%°

Then yields of isocyanates prepared by such routes can
be good. Romano made 1,6-diisocyanatohexane from hex-
amethylenediamine in an overall yield of 77% using a
sodium methoxide catalyst to form the intermediate
bisurethane.?* (Enichem is putting up a pilot plant to study
the commercialization of such processes.??) Ookawa et al.
ran a similar conversion to produce the diisocyanate in
92.5% yield with 1.2% monoisocyanate, which could be
recycled to the process (2.6).2

Lachowicz et al. also described a similar pyrolysis with
tin salts at only 140-145°C, but did not give the yield.?*

(CaHo) 2SN (OC OC11Hz3)>

CH3;COOCH,CH,NHCOOCHqy
CH3;COOCH,CH;NCO

25

Much milder conditions were used by Valli and Alper (see
reaction 2.7), but pose a problem of recycling of reagents.?®
Boron trichloride was also used, instead of th catecholbo-
rane, to prepare toluene-2,4-diisocyanate in 92% yield.®

Po(OCOCH5), +

PYOH),
453°/ 1 hour

0 0.
N0
0

24
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CHaNH CHNHCOOCH3
+ CH;0C00CH, JICOOCH %%
CHaNH 'CHaNHCOOCH3
2.5
GHCHaNH; CHzCHoNHCOOCH;
- CH,0COO0CH;
e
GCHZCHZNHz @-cnzc:-xanucoocn-cs
(CéHg3Sn0COCH;
250°C./20 minutes
THzCHzNCO (I)H2CH2N00
@mzcﬂzmco + \CHZCHzNHCOOCHs
2.6
i
NHCOOCH; H"'COOC\N/ Ao
+ O\B__CI (CHsN
/ toluene

reflux 10 minutes

© CHy NCO /

o]
\
+ /B—OCHa + (C2H5)3NH@ ®
CHy
9%

2.7
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Knolker et al. prepared aromatic isocyanates in 41-99%
yield without isolation of a carbamate (2.8).2” With only
10% 4-dimethyl-aminopyridine, the yield dropped to 97%
and with 1% to 92%. Further work is needed to get other
amines to give such yields, to figure out how to recycle the
the by-products from the reagents, and to eliminate the
need for a solvent.

These reactions require a carbonate that is usually made
from phosgene (2.6).%

2 CH,OH + COCl,
+ 2 NaOH — CH30COOCH; + 2 NaCl + 2 H,0
(2.6)

Workers at Enichem have developed a commercial process
for producing dimethyl carbonate by the oxidative car-
bonylation of methanol using cobalt or copper catalysts
(2.7).2°

2 CH3OH + CO

catalyst

+ 0.5 Oz% CH30COOCH3 + Hzo (27)

A selectivity of 96% was obtained when the reaction was
carried out in the gas phase at 130°C with a palladium(Il)
chloride—copper(ll) acetate—magnesium(ll) chloride cata-
lyst.2° The reaction has also been run in a eutectic mixture
of copper(l) chloride—potassium chloride at 150°C, with
94-96% selectivity to dimethyl carbonate and 2-5% selec-
tivty to methyl ether (2.8).3! After the product distils out,
the molten salt can be used for the next run.

OH

2.8
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NCO
HaC l CHj
25°C. / 10 minutes CH,
2 CH3OH + CO, 2™ CH,0COOCH; + H,0
2.8)

Diphenyl carbonate can be made from dimethyl carbon-
ate by exchange with phenol (2.9).32 It can also be made di-
rectly from phenol (2.10), but the yields are not as high.*?
A combination of palladium and manganese catalysts is
used. The water formed is sparged out with excess reaction
gas to shift the reaction to the desired product. Diphenyl
carbonate is preferred over dimethyl carbonate for produc-
tion of polycarbonates.

Routes that use relatively harmless carbon dioxide
(2.9) instead of the toxic carbon monoxide are also known,
but require further work to improve the yields before they
can be used commercially.>*

catalyst

2 CH30H + CO;—— CH30COOCH; + H,O (2.9)

Better catalysts than the current titanium ones are needed.
(It may be possible to find some by screening catalysts
from combinatorial syntheses in supercritical carbon diox-
ide with molecular sieves present to take up the water.
(Such techniques are described in Chaps. 5 and 8.) The sec-
ond route (2.11) uses urea. The ammonia can be recycled
(2.10) to the process to make more urea.

NHs + CO; — NH,COO®NH$ — NH,CONH,
(2.10)

The cyanuric acid needs to be minimized or pyrolyzed to
isocyanic acid for reaction with ammonia to form urea. It
might also be fed into a urea to melamine process.

? 0
. HaC_ /“\ _-CHg » )L © + 2 CH;0H
2 o) o o o
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Melamine (2,4,6-triamino-1,3,5-triazine) is used with
formaldehyde to produce resins for use in counter tops,
dishes, and such. A third route reacts carbon dioxide with
orthoesters or ketals using an iodide catalyst.>® The by-
product ketone can be reconverted to the ketal (2.11) and
used in the next run, so that there is no waste. The selectiv-
ity was 86% at 94% conversion using a cesium iodide cat-
alyst.

CO; + RC(OCH3)s CH;0COOCH; + RCOOCH;
(2.11)

The dialkyl carbonates can also be used in benign alky-
lations (2.12), instead of toxic dialkyl sulfates and
iodoalkanes, with improved selectivity.3®

ArOCH,X + CH;0COOCHS;

K,CO, X

80205 ArocticH,T CO2
+ CH3OH X = CN, COOCHj

(2.12)

Excess dialkyl carbonate can be the solvent. No by-product
salts are formed. The by-product alcohol and carbon diox-
ide could be recycled. Arylacetonitriles, phenols, aromatic
amines, trialkylamines, acetylenes, silica, and titania can
also be alkylated with dialkyl carbonates.

Alkylation of catechol with dimethyl carbonate in the
presence of LIOH/AI,O3 at 553 K gave the monoether with
84% selectivity at 100% conversion. Some 3-methylcate-
chol also formed in the process.®” When the reaction of ani-
line with dimethyl carbonate is carried out in the gas phase
with zeolite KY, the reaction was 93.5% selective for N-

ROH + NH,CONH,

(CgHs)sP
—_—

2.10

2.11

ROCOOR  + NH;
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0]
+ €O + 050, ——= ©\i/© +  HO
(0] (0]

methylaniline at 99.6% conversion. When zeolite NaX was
used, the selectivity to N,N-dimethylaniline was 95.6% at
100% conversion. (For more on the size and shape selec-
tivity of zeolite catalysts, see Chap. 6.) Benzene has been
alkylated to a 34.7:1 toluene/xylene mixture over a zirco-
nium-tungsten oxide catalyst at 100-200°C with 99.3%
conversion of the dimethyl carbonate.®® Methanol and
methyl ether also formed. Monoalkylation of arylacetoni-
triles can also be done with trimethylorthoformate in 70%
yield.3®

Several variants on the dialkyl carbonate route to carba-
mates have been reported (2.13). Valli and Alper may have
made the carbonate in situ.*°

RNH, + CO + 0.5 O, CH3;0H

Pd on montmorillorite clay
bipyridyl 210°C/6-12h

(2.13)
RNHCOOCH
79-100%

+H,0

The process works for both aliphatic and aromatic amines.
Harstock et al. used anodic oxidation instead of oxygen
(2.14).4

ArNH, + CO + Pd(OCOCHs5), 2.1

+CU(OCOCH3)2+ CH30H — ArNHCOOCH;

A number of processes proceed through intermediate
ureas (2.15).4?

C4HgNH, + CO + 0.5 0,

_y C4Hy NHCONHC,H, (2.15)

CH3OH

—)C4H9NHCOOCH3 + C4H9NH2

T

o)
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zeolite HSZ-360
AINH; + /\ nosolvent
0]
Ar. /l«k Ar
™~ N N
H H

76% yield

95% selectivity

With a palladium on charcoal catalyst, the selectivity to
carbamate is 97% (2.16).

CeHsNH; + CO + 0.5 0,

MnBr.

——3 CgHsNHCONHCgHs
CO, 0.5 O,, CH3CH,0OH
CeHsNHCOOCH,CH3

(2.16)

This is done all in one pot at up to 96.5% conversion of ani-
line with 94% selectivity. The use of a [Ru(CO)sls]™
(C4Hg)sN™ catalyst gave the urea with 99% selectivity at
59% conversion.*®

Another method makes the urea through the intermediate
acetoacetanilide (2.12):* The catalyst was reused five times
with no loss in activity. The by-product acetone might be py-
rolyzed to ketene which would dimerize to diketene that
would react with more amine to form acetacetanilide. In an-
other variant from Asahi Chemical, ethyl N-phenylurethane

C¢HsNH, + CO + 050, + CH;CH,0OH

C,H;0CONH

o

CH,
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is reacted with formaldehyde (a carcinogen) to a bisurethane
(2.13) for thermal conversion to the diisocyanate.*®

These processes that substitute carbon monoxide, oxy-
gen, and an alcohol for phosgene appear to be on the verge
of commercial viability. There may be questions of catalyst
life and recyclability that are not mentioned in the papers
and patents. Some reaction times need to be shortened
through the use of improved catalysts. Aresta et. al do say
that their palladium—copper catalyst system can be recy-
cled.*® The use of supported catalysts that could be recov-
ered by filtration could simplify workups and recycling.
(Supported catalysts are described in Chap. 5.)

McGhee and co-workers at Monsanto have studied the
preparation of isocyanates using nontoxic carbon dioxide
(instead of the poisonous carbon monoxide) with the amine
(2.17).4

RNH, + CO, + base - RNHCOO®baseH®

dehydrating agent RNCO 94-98% (2.17)

>

Pd_
1© C¢H;NHCOOCH,CH; + H,0
150-180°C.

95% selectivity at 95%
conversion

CHO

CH,
NHCOOC,H

95% selectivity at 40% conversion

30-280°C.

93% selectivity
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2.14

The preferred bases include triethylamine, amidines, and
guanidines. Dehydration of the carbamate has been done
with phosphorus trichloride, phosphorus oxytrichloride,
phosphorus pentoxide, acetic anhydride, benzenesulfonic
acid anhydride, o-sulfobenzoic anhydride (2.14), or other
similar compounds.

The phosphorus reagents led to a large amount of waste
salts. Acetic anhydride gave some competing formation of
amide. Although acetic acid can be reconverted to the an-
hydride thermally, benzenesulfonic acid cannot be, so that
recycling becomes a problem. (Benzenesulfonic acid anhy-
dride gave quantitative yields of isocyanates.) By-product
o-sulfobenzoic acid can be reconverted to the anhydride
thermally. Work is continuing to find the best no-waste
system that gives high yields.

Perhaps p-toluenesulfonic acid anhydride can be used.
The by-product toluenesulfonic acid is known to be con-
verted to the anhydride with phosphorus pentoxide in 88%
crude yield.*® The by-product phosphoric acid can be con-
verted back to the oxide or at least to polyphosphoric acid,
which should also work as the dehydrating agent. Use of
phosphorus pentoxide without the p-toluenesulfonic acid
anhydride may not give high enough yields. Perhaps a
scheme for regeneration of benzenesulfonic anhydride us-
ing phthalic anhydride or a copolymer of maleic anhydride
can be devised where the benzenesulfonic acid anhydride
distils out under reduced pressure as formed on heating.
The resulting carboxylic acid could be reconverted to the
anhydride on simple heating.

N(CH3)2
N(CH3)2

RNH, + CO, + +

C4HyCl

2.15
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The process can also be run to produce urethanes
(2.15).%° The urethane could be pyrolyzed to the iso-
cyanate. Recovery of the base would require treatment
with, perhaps, sodium hydroxide, which would give
sodium chloride as waste. Thus, the cost of the NaOH and
Cl is wasted. This group has also used guanidines (2.18) to
prepare mixed dialkyl carbonates.

ROH + CO, + guanidine + R'CI

CH3CN

L (2.18)
——— ROCOOR' + guanidine.HCI

Cooper and Falcone have used a similar system (2.16) to
make diarylureas in lower yields.*® When acetic anhydride
was used instead of the trimethylamine—sulfur trioxide
complex, the yield dropped from 59 to 57%.

B. Isocyanates from Nitro Compounds

Aromatic nitro compounds can be converted to carba-
mates by treatment with carbon monoxide and an alcohol,
usually methanol, in the presence of palladium, rhodium,
or ruthenium catalysts (2.19).5° Wehman et al. have re-
ported the best yields, which can be close to quantita-
tive.5

CeHsNO, + 3CO

e, CoHsNHCOOCH;

" CH3OH

(2.19)
+ CeHsNHCONHCgHs + 2 CO,

For dinitro compounds, using Pd(o-phenanthroline),
(OSO,CFs3), plus 4-chlorobenzoic acid, both mono- and di-
carbamates are formed. With increasing time all of the
monocarbamate can be converted to the dicarbamate. It is
possible that the by-product N,N-diphenylurea can be recy-
cled to the next reaction and be converted in situ to more
carbamate.

Such reactions may proceed by carbonylation of an in-
termediate palladium amide. Giannoccaro et al. have car-
ried out the stoichiometric reaction of amines with palla-

0,
25°C./ 1 hour RNHCOOC H,

89-94%
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2AINH, + CO, +

dium and nickel compounds and carbon monoxide to pre-
pare isocyanates (2.20).5?
[(CsHs5)3P].PACINHR + CO —
[(CeHs)sP],PdCICONHR 55 (2.20)

[RNHCOCI] — RNCO + HCI

The reaction of the nitro compound has also been car-
ried out with a heteropolyacid as part of the catalyst
(2.21).%3

CsHsNO, + CO + CH30H

PdCI,
HsPV>M0100 40
CsHsNHCOOCH;

CH3OCH,CH>0CH3 9894 conversion
170°C/3h 96% selectivity

(2.21)

Under less favorable conditions with palladium catalysts,
other workers have found aniline, azobenzene, and azoxy-
benzene as by-products.>*

The yields reported with ruthenium catalysts are lower
than with palladium catalysts. Mukherjee et al. reacted ni-
trobenzene with carbon monoxide and methanol with a
sodium methoxide plus ruthenium catalyst to give 80% car-
bamate and 18% aniline.>® Based on the mechanism sug-
gested by Giannoccaro et al., it should be possible to recy-
cle the aniline to the next run. Gargulak et al. used a
RU((CeH5)2PCH2CH2P(C5H5)2)(CO)3 Catalyst with ni-
trobenzene to prepare the carbamate.®® They felt that their
catalyst is an improvement over the short lifetimes of ear-
lier ones.

NCO

+2 HNCO

R —

2.17
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N
(CH;);N.SO
N} > — 22 3, ANHCONHAr

2.16

23-87%

This approach, as exemplified by the work of Wehman
et al., appears ripe for commercialization. Drawbacks of
the reaction are the need for three equivalents of carbon
monoxide and relatively large amounts of noble metal cat-
alysts. The use of relatively high levels of catalyst is not a
problem if the catalyst can be used over a long time period
and has good activity, as in a column in a continuous pro-
cess. A variant (2.22) using a 1:1 molar ratio of nitroben-
zene to aniline eliminates the need for the noble metal cat-
alyst.®” The catalyst is a mixture of sulfur, sodium
methoxide, and ammonium metavanadate.

CeHsNO, + 3 CO + CgHsNH,

MRV csHsNHCONHCHs

(2.22)

CH3OH

———>CsHsNHCOOCH;
96% at 100%
conversion

Further work on these various processes may be needed
to optimize catalyst life, separation, and recycle, as well as
reaction rates. The preferred solvent, if any is required,
would be ethanol instead of methanol, for the former is less
toxic and can be produced readily from renewable sources
by fermentatation (see Chap. 9).

C. Isocyanates from Isocyanic Acid

Tertiary aliphatic isocyanates can be made by addition of
isocyanic acid (a toxic material) to olefins (2.17). Cytec
(formerly American Cyanamid) makes a diisocyanate this
way.® The reaction can be controlled to produce the
monoadduct which can be used as a monomer. Tertiary iso-
cyanates of this type react at lower rates than primary ones
in addition reactions. The isocyanic acid can be produced
by the pyrolysis of cyanuric acid which, in turn, can be pre-
pared from the urea (reaction 2.18).

The method is also applicable to a-pinene (from pine
trees), which is cheaper than petroleum-based diiso-
propenylbenzenes.>® The reaction (2.19) can be carried out
to produce either the mono- or diadduct. Alternate routes to
the diadduct might be based on 1,8-diamino-p-menthane
(from Rohm & Haas) using the methods in Sec. Il.A, as
long as no high temperature pyrolyses were used to recover
the isocyanate from a carbamate.
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Isocyanates can also be made by reaction of salts of iso-
cyanic acid with alkyl halides (2.23).°° A disadvantage is
that this produces by-product salt.

C,HsBr + KNCO — C,HsNCO + KBr (223)

This method has been applied to a monomer synthesis
(2.20).5! The quaternary ammonium salt is used as a phase
transfer catalyst. The potassium iodide converts the starting
chloride to a more reactive iodide in situ. The alcohol traps
the intermediate isocyanate before it can react with the small
amount of water that has to be present. If no methanol is pre-
sent, the corresponding urea is formed in up to 87% vyield. If
only 0.3 equivalent of water is used, the product is the iso-
cyanurate, the cyclic trimer of the isocyanate. Where n = 1,
the isocyanatoethyl methacrylate is a useful monomer now
made with phosgene (2.21).°> Dow has patented a route
from ethanolamine plus a dialkyl carbonate, followed trans-
esterification to a methacrylate carbamate, which is py-
rolyzed to the isocyanate (2.22) in 50% yield.3

D. Isocyanates by Addition of Urethanes to

Double Bonds

Ethyl urethane (a carcinogen) can be added to activated
double bonds in the presence of palladium catalysts to give
a mixture of cis and trans adducts (2.23).54

If such addition reactions can be carried out cleanly in
high yields, di- and polyisocyanates might be made from
ethylenediacrylate, N,N’-methylenebis(acrylamide), an un-
saturated polyester made from maleic anhydride. However,
it would be desirable to find a noncarcinogenic analogue of
the ethyl urethane, preferably one for which the adduct

HNCO
diadduct.

HNCO

2.18

p-toluene-

sulfonic acid

0-25°

2.19
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HO\T/N\/OH
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would unblock at a lower temperature. It may also be nec-
essary to hydrogenate the double bonds before unblocking.

E. Isocyanates by Rearrangements

Isocyanates can also be made by a humber of rearrange-
ments of carboxylic acid derivatives that proceed via ni-
trenes (2.24).

Of these, the most practical commercially would be the
one based on amides. Terephthalamide (easily made from
inexpensive dimethyl terephthalate) and its cyclohexyl
analogue have been converted to isocyanates via N-chloro
compounds (2.25).%°

A more direct route has been used to prepare carbamates
from aliphatic carboxylic acid amides (2.24).%¢

RCONH, + NaOCI + NaOH + CH3;0H
with or without RNHCOOOCH3 R = CG—C11

hydrotrope and surfactant

(2.24)

(A hydrotrope is a compound that helps other compounds
normally not very soluble in water to dissolve in water.)
The one used was (2.26). Pyrolysis of the carbamate (ob-
tained in 90-96% yield) would lead to the isocyanate. This
type of reaction can also be carried out in 95% yield using
N-bromosuccinimide and sodium methoxide in methanol
or with bromine and sodium hydroxide.®” This suggests the
possibility of generating the bromine or iodine during the
reaction by electrolysis of sodium bromide or sodium io-
dide so that no waste salts result. The starting amides can
be made by heating the ammonium salts of the acids. This

NCO
polar solvent
—_—
CF3;SO4H
0-25°C.
NCO NCO
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0 o)
KOCN K1
O(CHaCHa)nC | O(CH2CHo)nNHCOOCHS;
(Cat) NBB:©
0,6 HO
CH3;0H, CH3;COCH,CH;3
60°C. / 24 hours
2.20
N
[ \>__< + CoCL ____,>COOCHZCH2NCO
(0]
2.21
HOCH,CH:NH, + CH3;0COOCH; »  HOCH,CH,NHCOOCH; 90%

>—COOCH3

}'COOCHQCHQNHCOOC"Q 80%

%COOCHQCHQNCO > 50%

N 0c
H 2Hs

2.22
Q o]
‘)J\-—— + J’k + 050, PdClz(CH:;CN)z/CuCl’
OCHg HoN OCoHs 5
o]
N
21% cis & 79% trans
2.23
RCON;, Curtius

RCONHOH =251 RCON: ———» RNCO

RCONH,

2.24
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CONH, CONHCI NHCON(C,Hy),

method does have the disadvantage of producing by-prod-
uct salts.

It is conceivable that the Lossen rearrangement
(Eq 2.25) might be practical commercially.

NH,OH
RCOOCH3——> RCONHOH

(CH5C0),0 (2'25)
—

RNCO + CH3;COOH

Hydroxylamine can be prepared from ammonia and hydro-
gen peroxide using a titanium silicalite catalyst in 83%
yield.®® The by-product acetic acid could be recycled to
acetic anhydride by pyrolyzing part of it to ketene.

F. Reducing the Toxicity of Isocyanates

Isocyanates can be dangerous, as shown by the tragedy with
methyl isocyanate at Bhopal. Several workers at W. L. Gore
Associates (Newark, Delaware) suffered disabilities while
using isocyanates, probably toluenediisocyanate, outside of
a hood. Isocyanates are the most common class of chemi-
cals causing occupational asthma.®® The problems are
greater in small businesses, such as decorating or small car
spraying, for which safety precautions are less likely to be
used. To enable the isocyanates to be used outside of a hood,
it is necessary to reduce this toxicity. This can be done by
increasing their molecular weight, which decreases the va-
por pressure, or by generating them in situ. A common way
is to react one of two isocyanate groups selectively (2.27).
An isocyanate may form a dimer or trimer.”

The trimer is a useful stiffening structure in some
polyurethanes. Phosphine oxides or phosphates can convert
an isocyanate to a carbodiimide (2.28). This is used com-

SOPNL

RN
(6] RNCO —=—
NR
o}
Cq2H2s soPND

2.26

2.25

mercially to convert some 4,4'-diphenyldiisocyanate to the
carbodiimide so that the resulting product is a liquid that
may be easier to handle than the starting solid. If both iso-
cyanate groups react, the result is a polycarbodiimide that is
useful for cross-linking coatings.”* Polycarbodiimides can
be blocked with diethylamine so that they are inert until the
amine is released as a powder coating is cured by heating.”?
[Powder coatings (which contain no solvents) are discussed
in Chap. 8.] Another common method is to react an excess
of diisocyanate with a diol, (e.g., a polymeric diol), as in the
following (2.29), which is used to repair deteriorating stone
by curing with moisture.”

In this compound, one isocyanate group is more reactive
than the other. Another approach is to prepare a diiso-
cyanate from an amine-terminated polymer, such as amine-
terminated poly(ethylene oxide).

Various HA-type reagents can add to the isocyanate
group (2.26).

RNCO + HA =—— RNHCOA (2.26)
For polyurethanes HA is an alcohol; for polyureas it is an
amine. This type of reaction can be used to block an iso-
cyanate and make it unreactive to water, until unblocking is
done thermally with loss of a volatile blocking agent. For ex-
ample, a polypropyleneglycol urethane prepolymer with iso-
cyanate groups blocked with methylethylketoxime can be
used with 2,2-bis(hydroxylmethyl)propionic acid and
tetraethylenepentamine in a one-package, cross-linkable, wa-
terborne coating. Deblocking occurs at 110-140°C after the
water has evaporated.” It is necessary to recover the
methylethylketoxime from the exhaust air so that it can be re-
cycled, instead of being let out to pollute the surrounding air.

R
o N O
RNTNR
O

o]

2.27
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RNCO

Similarly, an aqueous treatment for wool uses an isocyanate
blocked with a bisulfite. In this case, the by-product bisulfite
salt can be removed, and possibly recycled, by washing the
fabric with water at the end. The dissociation temperature de-
creases in the following order: alcohol > lactam > phenol >
ketoxime > active methylene compound. e-Caprolactamis a
typical lactam, ethyl acetoacetate a typical active methylene
compound. This thermal reversibility has been used to pre-
pare a polyurethane from 1,4-butanediol, 4,4’-diphenyldiiso-
cyanate, and 4,4’-isopropylidenediphenol (bisphenol A)
(2.30) that can be recycled just by remolding.”®

Another way to make an isocyanate that is part of a
polymer is to polymerize an isocyanate monomer alone or
with comonomers. Typical isocyanate monomers are
shown in structure 2.31.77

Use of these comonomers in minor amounts can lead to
cross-linkable polymers. For example, Yukawa et al.
copolymerized isopropenylcumylisocyanate with butyl
acrylate and then performed a series of blocking and fur-
ther polymerization steps to prepare a waterborne coating
for cars. Methacryloylisocyanate was reacted with
bisphenol A to yield a new monomer.”® It is possible that
some of these isocyanate copolymers might be used to re-
place some resins now made with the carcinogen,
formaldehyde (e.g., in crease-proofing cotton textiles). It
may also be possible to use a blocked isocyanate
monomer to make copolymers in which the isocyanate
can be unblocked thermally for curing. A final way to put
an isocyanate group into a polymer is to run a Hofmann

NCO

b %CHS g
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RN==C==NR + CO,

reaction on a copolymer of acrylamide. The isocyanate
groups formed could be trapped with a blocking agent or
used directly.

11l. POLYCARBONATES

The traditional preparation of polycarbonates uses phos-
gene (2.32).” This can be carried out in solution with
pyridine as a base or in an interfacial system with sodium
hydroxide as a base and methylene chloride as a solvent.
This method is being displaced by an ester exchange
method (2.33) with diphenyl carbonate which requires no
solvent and produces no salts. It does require high tem-
peratures and a good vacuum or nitrogen flow to extract
the last of the phenol (bp 182°C) out. Asahi Chemical
uses a solid-state polymerization on a powdered prepoly-
mer to extract the phenol more easily to give molecular
weights of 60,000 or more.®° Numerous patents describe
a variety of basic catalysts and conditions for this reaction
with diphenyl carbonate.?! Bis(2,2,2-trichloroethyl) car-
bonate has also been used to make this polymer at
200°C.%2 Dimethyl carbonate has been used with 1,4-cy-
clohexanedimethanol to prepare a biodegradable, biocom-
patible polymer.83

IV. SUMMARY AND CONCLUSIONS

Polycarbonates and polyurethanes are so useful that they
are here to stay. Elimination of phosgene in the preparation

vl
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of the former is now commercial at General Electric. With
recent improvements in the syntheses of isocyanates with-
out phosgene, the industry is on the verge of a commercial
process eliminating it here also. duPont has developed a
way to make methyl isocyanate on demand so that it does
not need to be stored or shipped. Going one step farther, a
combination of integrated pest management, pyrethrin in-
secticides and neem antifeedants might eliminate the need
to make carbamate insecticides altogether. Thus, most of
the steps in the hierarchy of approaches outlined in the in-
troduction to this chapter are being tried.

The challenge now is to make other isocyanates in
closed systems on demand so that they do not need to be
stored or shipped before being converted to less volatile
products or to blocked reagents. Even better, use systems
that trap them in harmless forms in situ. Some of the
reagents used to make the raw materials for isocyanates are
dangerous in their own right (e.g., the reaction of two car-
cinogens to produce 4,4’-diaminodiphenylamine (2.34).
Some rethinking may be needed to use less harmful mate-
rials to end up with similar properties in the final
polyurethane. Polymers made from the foregoing reagent
need stiffness. Because amines can be made from alcohols
and ammonia with nickel or ruthenium catalysts, the fol-
lowing stiffeners (2.35) are possible. Eastman Chemical
uses this cis—trans mixture of diols to make a polyester.
Another stiffening possibility is (2.36). The alternative is to
use the foregoing cyclic diols as stiffeners with more flex-
ible aliphatic diisocyanates. Such changes will depend on
relative costs, extent of changes required in the plants, the
perceived danger of the carcinogens, and the demand for
light-stable polyurethanes.

COOCH, CH,0H

H,

COOCH, CH,OH

2.34

There is the question of just how toxic one intermediate is
relative to another. In the alternative methods that avoid
phosgene, carbon dioxide is less toxic than carbon monox-
ide; ethanol is less toxic than methanol, suggesting the use of
diethyl carbonate instead of dimethyl carbonate; the
aliphatic amine intermediates are less toxic than the aromatic
amines and the nitro compounds from which the latter are
made; routes to amines from diols are less dangerous than
those going through nitriles; higher molecular weight ana-
logues are less toxic (by inhalation) than those of lower
molecular weight; routes via carboxylic acids may be less
dangerous than those via nitro compounds and a solid might
be less likely to give problems than a liquid that might pen-
etrate the skin. If the material is not a problem in ordinary us-
age, or if the alternative costs a lot more to make, it probably
will not be displaced. If it is a minor problem, then contain-
ment and good occupational hygiene may be the answer.

Some processes that claim replacements for phosgene
still use dangerous material. Manada and Murakami have
made methyl chloroformate without phosgene as follows
(2.27):84

4 NO + O, + 4 CH30H —> 4 CH30ONO + 2 H,0

60°C. \L NOCI, CO
CICOOCH; + 2 NO
(2.27)

Items for further study include the following:

1. Use of an HA reagent that will make it easier to re-
cover the isocyanate than is possible with RNHCOOCH:..

CH,NH, CH,NCO
NH;
—_— —
Ni

CH,NH, CH,NCO

2.35

via a carbamate route
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RNH, + CO, —» RNHCOGRNHY
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heat _ RNHCONHR

A
RNH, + NH,CONH, 160°C.

RNHCOOCH,CH,

l heat

RNCO

O =
—_—
HoN NH,

HO OH

Could diphenyl carbonate replace dimethyl carbonate, at
least for isocyanates that boil appreciably higher than phe-
nol? Could methylethylketoxime or ethyl acetoacetate fit
into some of the syntheses?

2. Will the duPont method for methyl isocyanate work
for higher aliphatic amines and aromatic amines? The
patent claims amines up to ten carbon atoms but gives no
examples. Could this method be adapted for use with
copolymers of N-vinylformamide?

3. Ureas can be prepared from amines and carbon
dioxide.®> They can also be prepared by heating amines
with urea at 160°C.%¢ Treatment with excess alcohol (or
other hydroxyl compound) would give a carbamate (or ana-
logue) for pyrolysis to an isocyanate (2.36).

The methanolysis of N,N’-dibutylurea to give the carba-
mate is known.®” This would overcome some of the prob-
lems of the Monsanto synthesis.

4. Phenol can be converted to aniline by treatment
with ammonia at high temperatures. Can a nickel, ruthe-
nium, or other metal catalyst be found to do this for aro-
matic diols, such as 4,4’-isopropylidenediphenol or 4,4'-
sulfonyldiphenol?

The product shown in structure 2.37 is a known com-
pound that can be made from aniline hydrochloride and
acetone in 74% yield.®® It has also been made by reduction
of the corresponding dinitro compound.®® Another possi-
bility is to reduce the bisphenol to the corresponding dial-
chohol, which can then be treated with ammonia to produce
a diamine.

5. Methyl N-phenylcarbamate has been reacted with
formaldehyde to give a biscarbamate that was pyrolyzed
to 4,4'-diisocyanatodiphenylmethane. Can a catalyst be

found so that acetone can be substituted for formalde-
hyde?

6. Is there a way of oxidizing an amide to a hydrox-
amic acid that can then undergo a Lossen rearrangement in
situ? This might be possible with hydrogen peroxide and ti-
tanium silicalite (or a related system) or with a dioxirane.
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NOTE ADDED IN PROOF

Dimethyl carbonate has also been prepared from urea and
methanol in triglyme using the technique of reactive distil-
lation.®® The byproduct ammonia can be reacted with car-
bon dioxide to make more urea.

CHaOH + NH,CONH, —22"5[NH,COOCHS] + NH,

CH30H
CH3;OCOOCH; + NH3

98.2% selectivity at 98.3% conversion
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EXERCISES

Methyl isocyanate was involved in the tragedy at
Bhopal. What would our society have to do to get
along without it altogether?

Devise a copolymer containing blocked isocyanate
groups, such that on reaction with a difunctional
reagent to cure it, no reblocking would occur, and
no volatile compound would come off.

Dimethyl carbonate can be used to alkylate phenols,
aromatic amines, acetylenes, and active methylene
compounds. What other alkylations might be car-
ried out with it that are now performed with
iodomethane or dimethyl sulfate?

Go through the various syntheses for isocyanates
and figure out how to recycle all the by-products to
the processes, wherever possible.

Other dangerous, but widely used, chemicals that
need to be replaced by less hazardous ones include
formaldehyde, benzene, acrylonitrile, hydrogen
cyanide, and hydrogen fluoride. Pick one and see
what would be involved in making the same end-
use products without it.
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The Chlorine Controversy

I. THE PROBLEM

Greenpeace and other environmental organizations have
called for the phasing out of chlorine and the products made
using it.* Other groups, including the Society of Toxicol-
ogy, American Medical Association (AMA), the American
Chemical Society (ACS),?2 Michigan Environmental Sci-
ence Board,® American Chemical Council (formerly Chem-
ical Manufacturers Association) Chemical Manufacturers
Association Chlorine Chemistry Council,* American Indus-
trial Health Council,® and United Kingdom (U. K.) Chemi-
cal Industries Association,® have said that this is unneces-
sary. The last calls the request the result of chlorophobia. It
points out that there are about 1500 natural chlorine-con-
taining compounds, including epibatidine (3.1), a pain killer
200 times more powerful than morphine, which is used by
an Ecuadorian tree frog for defense. It is a highly poisonous
nerve toxin used by natives in their blowpipes. Gribble has
also called attention to about 2000 natural chlorine com-
pounds, including many from marine algae.” (Marine algae
contain vanadium haloperoxidases that catalyze halogena-
tions.®) One group of fungi, basidomycetes, even produce
chloromethane as well as chlorinated aromatic compounds.®
Methyl bromide is emitted by Brassica plants (in the mus-
tard family).*® Bromophenols are part of the prized flavor of
shrimp.* These natural halogen compounds include at least

N. Cl
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two that are essential for human life, hydrochloric acid in
the stomach and thyroxine (3.2) in the thyroid gland.

(The status of the chlorine debate has been reviewed.*?)

Our society uses a great many products containing chlo-
rine, as seen in Table 3.1, from Chemical Engineering
News.™® The chlorine industry in Europe used 10 million
metric tons of chlorine in 1992. Of this, 20% went into
polyvinyl chloride, 8% into intermediates, 6% into sol-
vents, 5% into other organic compounds, and 2% into inor-
ganic chemicals. About 36% ended up in hydrochloric
acid. The remaining 23% was disposed of as salt. This
amounted to 3.5 million tons of polyvinyl chloride;
761,000 tons of chlorinated paraffins and poly(chloro-
prene); 537,000 tons of solvents, such perchloroethylene
and methylene chloride; 561,000 tons of sodium hypochlo-
rite; and other inorganic chemicals. Products made with
chlorine, but not containing it, included 1.3 million tons of
intermediates for polyurethanes, 517,000 tons of other
resins and plastics, 447,000 tons of dyes and crop-protec-
tion chemicals, and 370,000 tons of inorganic compounds,
such as titanium dioxide.™* Chlorine is used in 98% of wa-
ter disinfection, in the production of 96% of agricultural
chemicals, and in making 85% of drugs.*®

When phasing out the use of chlorine means major
changes for a large industry, why would environmental
groups ask for it? The answer is that halogen imparts sig-
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Table 3.1 Chlorine Derivatives Are Used in a Hugh Array of Products

Chapter 3

Vinyl chloride
Vinylidene chloride ———

Dichloroethyl ether

Polyvinyl chloride
Polyvinylidene chloride ——

High-grade lubrication oils
Vinyl ether
Paints, varnishes, lacquers

——

_Pipes & fittings for sewer service
| Food packaging

[ Clear plastic bottles
Anesthetics

Magnetic tape

Containers for food products, cosmetics,
household chemicals

Garden hoses, lawn furniture

Floor coverings, wallpaper

House siding, gutters, window frames

Semiconductors
Thickening agent for foods,

Chlorosilanes —————————
> Methyl cellulose ———— »

Methyl chloride

Medical devices, surgical m
Encapsulation of electronic

L—— Silicones

Cosmetics, pharmaceuticals

Ethyl chloridle —— > Ethyl cellulose ———————— Inks

Ethylene dichloride —— Ethylenediamine —>_Paper chemicals
Additives for oil, detergents

Nonstick cookware
Pharmaceuticals, cosmetics
Paint removers, process solvents
Dry cleaning

Methylene chloride
Chloroform
Carbon tetrachloride

Benzoyl chloride [Plastics

Pipes & fittings
Film & sheeting

nonfoods

embranes
parts

Caulking, sealing compounds

Time-release pharmaceuticals

Household glue for metals, glass, ceramic

Allyl chloride ——————————— Epichlorohydrin ——————————| Epoxy resins Surface coatings on autos, appliances
Glycerine _L

Chlorotoluenes, Pharmaceuticals
chlorophenol Dyes

Benzotrichloride Crop protection chemicals

p-Chlorobenzotrifluoride Cosmetics

Dichlorobenzene
Carpet backing

Wire coating
Shoe soles

Chloroprene ———— > Neoprene

Pharmaceuticals

[Oil-resistant auto components

[ Computer components

Dichlorophenyl sulfone —— Polysulfone

Pharmaceuticals _
Crop protection chemicals Bullet-proof glass

Chemical intermediates ,—» Appliance housings
Polycarbonates Compact discs

Propylene chlorohydrin —— Propylene oxide N S Polyurethane ————

Phosgene

_Propylene glycols — [ Plastics
Solvents

Housings for power tools, appliances
Electronic parts

Shoe parts

Auto bumpers, fenders
Insulation

Adhesives

Sealants, caulking agents
Coatings

Food additives
Antifreeze
Flavoring extracts
Lotions
Pharmaceuticals

Foam cushions, mattresses

[Lubricants
Metal-working fluids

Polypropylene glycols

Coatings
Cleaners
Intermediates
Brake fluids

Propylene glycol ethers

Rubber
Plastics

_Adhesives
Coatings
Corrosion inhibitors

Isopropanolamines

Cosmetics
Crop protection chemicals

_Plastics

Source: Ref. 13 Reprinted with permission from B. Hileman, J.R. Long & E.M. Kirschner, Chem. Eng. News, Nov. 21, 1994, pp. 14-15. Copyright 1994
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Hydraulic acid ————————————

Methyl chloroacetate—|

[Food processing ———— >
Desulfurization of petroleum
Alkyl chlorides ———————

Oil well acidizing
Metallic chlorides ————
Water treatment

Sugar relining
Corn syrup
Gelatin
Brewing

Electronic silicone

_Catalysts
Refractories

| Alloys Rubber accelerators
Plastics stabilizers

_Hydrochlorides

Polymers, ion-exchange r
Hair care products

Rocket propellants

esins \\Pharmaceuticals

Crop protection chemicals

Chloroacetic acid |

Trichloroacetaldehyde —>|:

Tetrachlorophthalic ——————
anhydride

Synthetic caffeine, vitami
Pharmaceuticals
Thickeners, food additive

Liniments
Pharmaceuticals

Flame retardants

ns

S

Cable insulation

Chlorinated olefins
and paraffins

Sulfur dichloride
Sulfur monochlorid

|

’VRubber antioxidants

Thionyl chloride
Sulfuryl chloride

J

Phosphorus trichloride
Phosphorus pentachloride
Phosphorus oxychloride

Adhesive bandages
Pacemaker batteries
_Gasoline additives

Intermediates
Semiconductors

Flame retardants

Crop protection chemicals

ighway stripe paint

H
{Flame retardants

Detergents

Photographic chemicals, dyes

_Photography, etching, engraving

Ferric chloride

Stannous chloride ——————

Silverizing mirrors
Stabilizer in soaps

Water treatment
Printed circuits

_Soldering fluxes
Deodorants

Zinc chloride

Other metal
chlorides

Chlorinated

Catalysts

Dental cements

wimming pool sanitizers

S
Bleaches

isocyanurates

Sodium

etergents for automatic dishwashers

D
{Scouring powders

Bleaching pulp, paper
Water purification

hypochlorite

Pharmaceuticals
Swimming pool disinfectant

[Algicide, bactericide
Deodorant

Calcium hypochlorite

1, 1, 1-Trichloroethan
Perchloroethylene

!

LWater purification

Transformer fluid
Circuit boards
Drain cleaners
Leather finishing

Methylene chloride
Trichloroethylene

J

Titanium dioxide

Semiconductors

Paint pigment, opacifiers
Catalysts

Synthetic gemstones

Dyes
Refrigerants
Solvents
Adhesives
Dry cleaning
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nificant biological activity to compounds. In the right
place, this has been very useful. Unfortunately, they, and
active metabolites from them, have collected into unin-
tended places, such as groundwater, rivers, and air.*® Once
in the air the compounds can travel long distances and
come to earth again in rain, or just by cooling of the air.X’
There, some of them have created serious problems with
nontarget organisms. Unfortunately, some environmental
monitoring has focused only on the starting compound, ex-
cluding active metabolites derived from it; thus, giving a
distorted picture.

Il. TOXICITY OF CHLORINE COMPOUNDS

As mentioned in Chapter 1, persistent highly chlorinated
compounds, such as DDT and polychlorinated biphenyls
(PCBs), have caused egg shell thinning in birds, leading to
reproductive failure. Running the standard toxicity tests on
rodents did not pick this up. (The heterocyclic compound,
C10HeN2Br4Cly, has been found in the eggs of birds of the
Pacific Ocean. It is probably of natural origin, because it is
not found in the Great Lakes of the United States.'8) Al-
though useful in applications such as protection of houses
from termites with chlordane, persistence in the environ-
ment has frequently turned out to be undesirable. Analysis
of tree bark samples has shown persistent organochlorine
pollutants to have global distribution.*® The concentration
in seabirds of Midway Island in the northern Pacific Ocean
is almost as high as in birds of the Great Lakes between
Canada and the United States.?° Polybromobiphenyl flame
retardants have been found in the blubber of sperm
whales.?* The concentration of the insecticide Toxaphene,
a mixture made by chlorinating camphene, in fishes of
Lake Laberge in the southern Yukon of Canada is high,
presumably the result of atmospheric deposition and bio-
magnification.? This material and many other highly chlo-
rinated compounds have been banned in the United States
for many years. However, Toxaphene is still used in Cen-
tral America and Eurasia. The Nordic countries and the
Netherlands have called for a global ban on such persistent
organic pollutants.?® They point out that such insecticides
appear to be cheap and easy to apply, but when their ad-
verse effects on nontarget species are taken into account,
they are as expensive, or more so, than the alternatives. (In-
ternational negotiations on the ban are now in progress.4)
DDT was banned in the United States in 1973, but its more
toxic metabolite DDE, formed by dehydrohalogenation, is
still being detected in well water in the midwestern United
States.?® (For alternatives to pesticides see Chap. 11.)
Polychlorobiphenyls are responsible for many fish advi-
sories (which advise fishermen not to eat too much fish
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caught in the body of water). Mohawk Indians near
Massena, New York, who have eaten relatively large
amounts of fish contaminated with polychlorinated
biphenyls have a “very high rate of hypothroidism.” Their
children have “striking” increases in diabetes and asthma.?®
Polychlorinated biphenyls were used as heat-transfer fluids
in plants processing edible oils. Leakage of these into the
oil caused more than 50 deaths of persons who ate the oil
in Japan in 1968 and 1973.%” Biphenyl-diphenyl ether flu-
ids are much less toxic and their presence can be detected
by odor at 1 ppm or more. Dredging of sediments has been
used to remove polychlorinated biphenyls from a lake in
Sweden,?® the New Bedford, Massachusetts harbor,? the
Housatonic River in Massachusetts,® and has been sug-
gested for the Hudson River in New York.3!

Henschler has reviewed the toxicity of organochlorine
compounds.®? Many are carcinogens (e.g., vinyl chloride,
which is associated with liver and biliary tract cancers and
angiosarcomas).® One of the most toxic is 2,3,7,8-tetra-
chlorodibenzo-p-dioxin (3.3).

When their paddocks were sprayed with waste oil con-
taining 33 ppm of this dioxin in 1971 in Missouri, 65 horses
died within a few weeks.®* In 1953, a runaway reaction in
a vat of trichlorophenol at BASF’s Ludwigshafen, Ger-
many, plant caused workers to be contaminated with this
dioxin. In addition to the chlorance that this caused in some
workers, there was an 18% increase in medical problems in
the exposed group.®® This included thyroid disease, intesti-
nal and respiratory infections, and disorders of the periph-
eral nervous system, as well as appendicitis. A 1976 acci-
dent that released kilogram quantities of dioxin near
Seveso, Italy resulted in a shift in the sex ratio of babies
born in the area until 1984. There were 26 males and 48 fe-
males. Normally 106 males are born for every 100 fe-
males.3® According to the report of the U. S. Environmen-
tal Protection Agency (EPA) dioxins, even in minute
amounts, can cause disruption of regulatory hormones, re-
productive and immune system disorders, and abnormal fe-
tal development.3” The dioxins present in the “Agent Or-
ange” used in the Vietnam War may have caused birth
defects and deformities.®® Physicians for Social Responsi-
bility, Environmental Defense, and others say that further
regulation of dioxin sources is necessary, because effects
on the fetus can occur at extremely low levels, levels that
now occur in the tissues of some subpopulations.3®
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Waste combustion accounts for 95% of dioxin emis-
sions in the United States, with 5100 g from hospital incin-
erators, 3000 g from municipal incinerators and 35 g from
hazardous waste incinerators.*> (New regulations are de-
signed to reduce the amount from medical incinerators.*!
Some dioxins originate from forest fires and other natural
sources.*?) The annual global output of polychlorodibenzo-
p-dioxins and related dibenzofurans is about 13,000 kg/y.
Paper mills in the United States release 110 g of dioxins
and related materials each year. When bleaching is done
with chlorine dioxide instead of chlorine, dioxins drop be-
low the detectable level. One of the problems in hospitals
may be the use of gloves of polyvinyl chloride to avoid the
dermatitis in some workers that is caused by the protein in
natural rubber gloves. Guayule rubber is a possible alterna-
tive, as it is hypoallergenic.** BASF has offered a vana-
dium oxide-containing catalyst for the removal of dioxins
from municipal waste incinerators, which is now being
used in at least two commercial installations in Germany.**
A study by Queens College of the State University of New
York concluded that eliminating dioxin sources would not
cause economic loss.*® This would be done by a combina-
tion of replacing incineration by recycling and installing
autoclaves to sterilize infectious waste at hospitals.

Some chloroacnegens, such as 3.4, are so potent that
drug companies hesitate to work with them.*® The
widespread use of triclosan (3.5) as a bactericide in personal
care products needs to be reduced now that several strains
of bacteria resistant to it have been isolated.*” Soap and wa-
ter alone will suffice in many of these applications. The use
of dichlobenil (3.6) to kill roots penetrating underground
pipes might be eliminated by designing tighter pipe joints.*®
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I11. ESTROGEN MIMICS

Colburn et al. recently proposed that several synthetic
chemicals, especially highly chlorinated ones such as poly-
chlorinated biphenyls and insecticides, can act as hormone
mimics in wild life.*® These include feminized young male
alligators, in a Florida lake where a pesticide spill occurred
in 1980, feminized male birds, and feminized fish.>® On the
other hand, feminization of fish in some rivers in the United
Kingdom is due to human estrogens that are not removed
by the wastewater treatment plants.>* It has been suggested
that estrogen mimics®? may account for the declining ratio
of male to female births in Canada, Denmark, The Nether-
lands, and the United States;>® some of the increased levels
of breast cancer®* in developed countries; the two- to four-
fold rise in testicular cancer in industrialized countries; and
a drop in the sperm counts in some cities and countries.>®
An alternative explanation for the lower sperm counts is the
wearing of tight underwear, which keeps the testes too
warm to function well.>® A dose-response relation has
been found for dieldrin (a highly chlorinated insecticide)
and breast cancer.>” On the other hand, the phytoestrogens
of soy products may account for the low incidence of breast
and prostate cancer in Japan.®® At one time, diethylstilbe-
strol (DES; 3.7) was used to prevent miscarriages in preg-
nant women. It was banned in 1971 after it was linked to a
rare vaginal cancer in the daughters of these women.
Other classes of commonly used compounds are also
under suspicion as hormone mimics. These include
alkylphenols and their reaction products with ethylene ox-
ide, which are used as detergents, as well as phthalates,
which are used as plasticizers.>® These detergents might be
replaced with alkyl polyglycosides that can be made from
renewable sugars and fats (see Chap. 12). Di-n-butyl
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phthalate disrupts development in male rats, causing miss-
ing or displaced testes.®® A Swedish study found a seven-
fold greater incidence of testicular cancer among those who
worked with polyvinyl chloride-containing phthalates.®*
There is concern about the use of dinonyl phthalate plasti-
cizers in polyvinyl chloride toys used by children younger
than the age of 3.52 Bans are being considered in the Euro-
pean Union (EU). There is also concern about the amount
of di(2-ethylhexyl) phthalate that leaches from the
polyvinyl chloride bags during intravenous administration
of nutrients and drugs.®® Adequate substitutes are already
available. Vinyl chloride can be copolymerized with a plas-
ticizing comonomer such as vinyl stearate or vinyl 2-ethyl-
hexanoate. Grafting butyl acrylate to polyvinyl chloride
also works.®* The polyvinyl chloride can be replaced by
ethylene-styrene copolymers® or polypropylene plas-
tomer made with metallocene catalysts.

When pregnant mice are fed very small doses of bisphe-
nol A, their male offspring have enlarged prostates as
adults.®® This has caused concern about the use of polycar-
bonates made from this material in reusable baby bottles,
water carboys, and such.®” This may be a problem only if
the polymer is abused by heating it too long in water that is
too hot. Styrene and its dimer and trimer may also be en-
docrine disruptors.®® Most of the estrogenic compounds
have potencies of 0.02-0.0001 that of estradiol or diethyl-
stilbestrol. Many explanations, including estrogen mimics,
have been advanced for the decline in amphibian popula-
tions and the increased incidence of deformities in frogs.®®
None has yet been proved.

The chemical industry is suspicious of the claims and is
hesitant to make changes based on them.”® However, in-
creased testing”* will be done. The U. S. Environmental
Protection Agency has finalized its testing procedure.”?
The American Chemistry Council has voted to spend
850,000 dollars to study the problem.”® The European
Modulators Steering Group of the European Chemical In-
dustry Council has started a 7 million dollar testing pro-
gram.” Much other research is also planned.”

IVV. BLEACHING PAPER

The traditional bleaching of paper with chlorine leads to an
effluent containing 45-90 kg of organic waste per ton of
pulp, of which 4-5 kg is organically bound chlorine.”®
These include various chlorinated furanones, cyclopen-
tenediones, and other materials.”” These are derived from
lignin, humic acids, and such. Typical compounds are
structures 3.8 and 3.9.

These are weakly mutagenic in the Ames test. The
amount of chlorine per ton drops to 46 g for recycled
paper.’®
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Various other reagents are being tried to reduce these
chlorinated materials as well as the chlorinated dioxins.
These include chlorine dioxide, hydrogen peroxide, oxy-
gen, peracids, ozone, dioxiranes, and enzymes.”® Most mills
switched to chlorine dioxide in the past decade to reduce the
levels of chlorinated dioxins.®° This reduced the other chlo-
rinated compounds to 0.9-1.7 kg/ton.8* When ozone is used
in combination with chlorine dioxide, 1 kg of ozone can
save up to 4 kg of chlorine dioxide.®? To eliminate all the
chlorinated compounds in the mill effluent, it is necessary
to go to a nonchlorine bleaching agent.® This is being done
in some mills in Europe.®* When this is done, the resin and
fatty acids in the effluent still exhibit harmful sublethal ef-
fects on the fish in the stream. To avoid this, some mills have
switched to closed systems with a total recycle of water.
More will do so as they work out the technical problems in-
volved (e.g., deposits that tend to build up).%®

Pulp can be bleached with hydrogen peroxide.®® Sodium
perborate works just as well.” Polyoxometalates can be
used with hydrogen peroxide or oxygen so that the capital
cost is only 1% of that of a comparable plant using ozone.®®
(For other uses of polyoxometalates, see Chap. 6.) Transi-
tion metal ions in the wrong form can decompose the hy-
drogen peroxide. Sodium silicate is used to prevent this,
but scale deposits may build up. Dow Chemical is market-
ing a new complexing agent that avoids this problem.® The
bleaching by hydrogen peroxide works better if a prebleach
with ozone or chlorine dioxide is used. It works even better
if ethylenediaminetetraacetic acid (EDTA) is added after
the pretreatment, but before the hydrogen peroxide.*®
Collins and co-workers have studied the ways that the or-
ganic ligand in a metal catalyst can be oxidized, then they
have altered the structure to avoid these. The result is a cat-
alyst (3.10) that can be used with hydrogen peroxide to
bleach paper pulp, as well as dyes in wastewater.%*
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Some dyes in dye effluent can also be decolorized with
hydrogen peroxide in the presence of ultraviolet (UV)
light.%2 This facilitates reuse of the wastewater. Cheaper
hydrogen peroxide may become available if processes
preparing it directly from hydrogen and oxygen with a
palladium catalyst prove to be practical.®®> A system for
generating hydrogen peroxide on site electrochemically is
also under development.®* These would increase the in-
centive to replace both chlorine and chlorine dioxide.
Peracids have also been used to bleach paper pulp,®® as
well as jute and cotton.®® (Cotton can also be bleached
with hydrogen peroxide, instead of the usual sodium
hypochlorite.®")

One plant in Sweden produces 315,000 ton/yr of pulp
that is bleached with ozone. The pulp is just as strong as the
standard pulp bleached with chlorine. Almost all (95%) of
the effluent waste is recycled.®® Ozone is also being used to
bleach Eucalyptus in Brazil.*® Dioxiranes work well in
bleaching pulp. They can be generated in situ from a ketone
and peroxymonosulfate ion (3.11).1%°

Xylanases are being used in a prebleaching step to re-
move some of the hemicellulose present.X%* These reduce
the amount of chemical bleaching agent needed. They are
followed by chlorine dioxide, hydrogen peroxide,
dimethyldioxirane, or some other bleaching agent. The en-
zymes must be free of cellulases. Most work at 37°C, but a
few, derived from thermophilic organisms, are effective at
55°C and 65°C. One derived from Streptomyces thermovi-
olaceus is effective in a 3-h pretreatment at 65°C when fol-
lowed by hydrogen peroxide.

Organochlorine compounds are also found in the
wastewater when wool is treated with chlorine in the “Her-
cosett” process for shrink-proofing wool. Several shrink-
proofing processes that use no chlorine have been devised:
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(1) hydrogen peroxide pretreatment, followed by chi-
tosan, 1 (2) crosslinking with glycerol triglycidyl ether;1%®
(3) curing a mixture of a difunctional acrylate and an
epoxysilicone with ultraviolet light;1°* and (4) 2-min pre-
treatment in a glow discharge followed by application of a
cationic acrylic copolymer.1%®

V. DISINFECTING WATER

Chlorine was first used to disinfect water in Jersey City,

New Jersey in 1908. It kills many microorganisms that can
be present in water, including those that cause cholera, ty-
phoid, dysentery, and hepatitis.'°’ It has saved a huge num-
ber of lives. Even so, there have been 116 disease outbreaks
in the United States since 1986 owing to contaminated tap
water.%® In the process of chlorinating water, small
amounts of chloroform,'%® a carcinogen, are formed by
chlorination of natural organic matter in the water. Since
1979 the U. S. Environmental Protection Agency has lim-
ited the level to 100 ppb. A new level of 0.3 mg/L has been
proposed.t*® However, a study in California found an in-
crease in the incidence of miscarriages when the level was
higher than 75 ug/L.*** Disinfection with chloroamines
eliminates the chloroform, but sometimes forms some
highly toxic cyanogen chloride as a by-product.*'? Poly-
meric N-haloamines have been used to coat surfaces of
glass and plastics.**®> The use of sodium hypochlorite in
food sterilization in Japan led to 250 ppb chloroform in one
product. When phosphoric acid was used instead, almost
no chloroform was present.*'* Chlorination of the cold wa-
ter around poultry being processed resulted in one of the
most potent mutagens known (3.12):
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It could be deactivated by sodium bisulfite or L-cysteine.*

Substitution of chlorine dioxide for chlorine in the poultry
chiller water gave no mutagenicity. No chloroform is
formed when this reagent is used.'*®

Ozone can be used to sterilize water, but it has no
residual action once the water gets into the distribution
pipe.**” It could reduce the amount of chlorine or sodium
hypochlorite needed. It might also produce traces of
formaldehyde, a carcinogen, in the water. A combination
of ultraviolet light and titanium dioxide is also being stud-
ied as a means of disinfecting air and water.1*® The sys-
tem works, but the quantum yields may be somewhat low
for an economical process.*® It is said to destroy those
cyanobacterial toxins that conventional treatment methods
do not remove.*?° Pulsed ultraviolet light from a xenon
flash bulb is said to destroy pathogens, including Cryp-
tosporidium, which is not affected by chlorine, at a price
comparable with chlorination.*?* (A 1993 outbreak of
Cryptosporidium infection in Milwaukee, Wisconsin,
sickened 400,000 persons and several died.) No chemicals
are required and no chloroform or other by-products form.
The system has also been supplemented with ultrasound
and electromagnetic fields in Phoenix, Arizona.'??> A
combination of ultraviolet light and hydrogen peroxide is
also being used in plants today.'*

Sterilization by purely physical means would eliminate
the questionable by-products. The classic method is to
boil the water, but this is probably too energy-intensive
for city water supplies. There have been proposals for
dual water supplies in homes, with a small line for drink-
ing water and a larger one for flushing the toilets and wa-
tering the lawn. While this would be very costly to retrofit
communities, it would allow more options in how munic-
ipal water is treated. Campers use biological filters to
clean-up water for drinking. With proper prefiltration to
remove larger particles, this might be feasible. The
throughput would have to be high and the membrane
would have to resist fouling or be easy to clean. Use of a
membrane with built-in polymeric quaternary ammonium
salts?* would be even better. Food is sometimes sterilized
by high pressure, with or without heat and ultrasound, a
process that is in commercial use in Japan today.'* Food
has also been sterilized with pulsed electric fields. High-
intensity ultrasound is often used to disrupt bacterial cells.
This should be feasible, although the energy costs would
need to be studied carefully. Low-cost disinfection of wa-
ter by passing it through titanium alloy plates charged
with direct current is being used in Brazil. It is said to cost
one-fifth as much as traditional technologies.'® It cer-
tainly should be studied for application elsewhere. High-
energy electron beams are being used to disinfect water in
a pilot facility in Miami, Florida.'?” Gamma rays from a
®0Co source offer another alternative. This could be a re-
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stricted option, because handling the radioactive source
requires considerable care.

Treated wastewater from municipal sewage plants
requires a treatment with chlorine before discharge into
ariver, at least in the warmer months of the year. Because
the residual chlorine can kill the flora and fauna of the
river, the treated wastewater is usually treated further with
sulfur dioxide or sodium bisulfite to remove the chlo-
rine.r?® This seems like an ideal place to use alternative
methods of disinfection, because no residual activity is
needed or desired. Disinfection with ultraviolet light is now
a viable alternative.*?°

It is certainly possible to disinfect water without using
chlorine or compounds containing it. Further study is
needed on the need for residual activity in the distribution
system of cities, the possible toxicity of the products of al-
ternative reagents, and the relative costs of the various sys-
tems. The purely physical systems have considerable merit,
because no chemicals are required and no noxious by-prod-
ucts are formed.

VI. CHLOROFLUOROCARBONS AND
OZONE DEPLETION

Chlorofluorocarbons were devised as nonflammable, non-
toxic, noncorrosive alternatives to refrigerants, such as sul-
fur dioxide, ammonia, and chloromethane.*® Their uses
grew to include blowing agents for foam insulation, aerosol
propellants, and solvents for cleaning electronic parts.*3!
Typical compounds are the following:

Compound Designation?
CFCl; CFC 11
CF,Cl, CFC 12
CF,CICCI,F CFC 113

2 The first number for the chlorofluoromethanes is the number of hydro-
gen atoms plus one, the second the number of fluorine atoms, the re-
maining atoms being chlorine.**?

Unfortunately, these compounds were found to destroy
stratospheric ozone.'®® This is the layer that protects us
from ultraviolet light. Without it, or with less of it, there
will be more skin cancers and cataracts. The decline has
been worldwide, but most significantly in the polar regions.
The ozone hole in Antarctica was 25 million km? in
September 1998 (i.e., 2.5 times the area of Europe).*®*
Ozone levels at the North Pole have fallen 40% since
1982.1% A 15-year study shows an increase in the wave-
lengths that can damage DNA of 8% per decade at 40-de-
grees north latitude, the latitude of Philadelphia, Pennsyl-
vania and Madrid, Spain.

An international agreement to phase out the use of chlo-
rofluorocarbons was reached in 1990 in Montreal.**® It
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seems to be working, for tropospheric anthropogenic chlo-
ride has peaked and is now decreasing.*®’

The search for drop-in replacements for refrigerants has
focused on hydrochlorofluorocarbons and hydrofluorocar-
bons.18 Typical ones are:

Compound Designation
CHCIF, HCFC 22
CH,F> HFC 32
CH,FCF3 HFC 134a
CH3CCIF, HCFC 141b
CH3CF,H HFC 152a

duPont is doubling its capacity for the last one.**® ICl is ex-

panding its plant for HFC 134a.1*° Matsushita Electrical In-
dustrial Co. has opted for a 23:25:52 blend of difluo-
romethane—pentafluoroethane-1,1,1,2-tetrafluoroethane as
a refrigerant.*! If the ozone-depleting potential of CFC 11
is assigned a value of 1.0, then HCFCs have values from
0.01t0 0.11, HFCs 0.0, methyl chloroform 0.1, and carbon
tetrachloride 1.1.3*¢ Although HFCs do not deplete the
ozone layer, they are powerful greenhouse gases. (The most
potent greenhouse gas known is sulfur hexafluoride, of
which 85,700 tons is now in the atmosphere.**> Recom-
mendations for decreasing its use include not using it to fill
tires, sports shoes, and sound-insulating windows; to degas
aluminum, to blanket magnesium; and to use thermal de-
struction for any that is emitted by the electronics industry.)
Since none of these is completely innocent, they too will be
phased out over a period of years.2*® Hydrochlorofluoro-
carbon-123 (CHCI,CF3) caused liver disease in nine work-
ers when a leak developed at a smelting plant in Belgium.4*
There is also concern about the trifluoroacetic acid that can
be formed from their degradation in the atmosphere and its
effect on wild life when it falls back to earth in a rain.}4®
These compounds are usually prepared by addition of
hydrogen fluoride to a double bond or by the replacement
of chlorine by fluorine in the presence of a metal fluoride
catalyst.1*® The trick is finding the catalyst and conditions
that will give the desired selectively in high yield. An out-
standing example is (3.1):
AlF3

CH,=CCl, + HF =

Tri- and tetrachloroethylene can be used as starting materi-
als (3.2, 3.3).1%7

Cl,C=CCl, + HF— CI,CHCCI,F

(3.1)

—HF 5 CI,CHCCIF,

|HF

CI,CHCF;

(3.2)

55
_ HF

HFC 134a

The catalyst for the first set of reactions (3.2) was a mixture
of antimony pentachloride and titanium tetrachloride.
These sequences may involve addition—elimination reac-
tions, as well as nucleophilic substitution.

The first use of chlorofluorocarbons to be banned was
that of an aerosol propellant. These were used in cosmet-
ics and paints. Other pressurized gases can be used, al-
though propane is really somewhat too flammable for this
use. A fingertip pump or a squeeze bulb can also be used
to provide the pressure to produce the aerosol spray. One
can use a rub-on stick deodorant. A shaving brush can be
used. Chlorofluorocarbons have also been used in prepar-
ing polymer foams, especially for insulation. Other gases,
such as nitrogen, argon, carbon dioxide, pentane, or the
like, can be used instead, but may not be as soluble in the
polymers being foamed.*® Dow Chemical replaced chlo-
rofluorocarbons with carbon dioxide in the preparation of
foamed sheets of polystyrene.X*® Another system pre-
froths a mixture of a di- or triacrylate and an acrylated
urethane oligomer with air, then cures it with an electron
beam to form a cellular material.**® Chemical blowing
agents, such as azodicarbonamide can be used. In making
polyurethanes, the presence of a little water will generate
carbon dioxide from the isocyanate to foam the material.
The insulating value of these gases may not be as high as
that of the chlorofluorocarbons, so that thicker layers
might have to be used. Eventually, the gas will diffuse out
of the polymer and equilibrate with the surrounding air. If
this happens in a short time period, then there is little ad-
vantage in using the chlorofluorocarbon. If it happens in
100 years, a system of recovering insulation from used
appliances could be set up to prevent release of the gases
to the atmosphere. The answer is probably somewhere in
between. Another system to produce carbon dioxide for
foaming polymers is to decarboxylate a maleic anhy-
dride—styrene copolymer with a potassium hydroxide
catalyst. 5!

Many options are being explored for cleaning electronic
parts and such without using chlorofluorocarbons such
as 1,1,2-trichloro-1,2,2-trifluoroethane (HCFC-113).1%2
These include perfluorocarbons, aqueous detergents, ter-
penes, alcohols, ketones, plasma cleaning, laser cleaning,
and chlorocarbons in zero-emission equipment. The alco-
hols and ketones would have to be used in explosion-proof
equipment. The best approach is to use manufacturing
methods that leave no residues in the first place (i.e., work-
ing under nitrogen or argon) and with no-residue soldering
fluxes.?®® Propylene carbonate and y-butyrolactone have
been effective in removing cured photoresist in the printed
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circuit board industry, where chlorofluorocarbons were
formerly used.*®*

The phasing out of chlorofluorocarbons means that
there are now stocks that need to be disposed of in a harm-
less way. Japan has 600,000 metric tons awaiting dis-
posal.1® Hitachi has a catalytic system for burning these
and absorbing the acidic gases in a solution of lime. Burn-
ing in a lime kiln gives 99.9999% destruction.>® Chloro-
carbons can be burned completely using a copper(l) chlo-
ride—potassium chloride on silica catalyst at 400°C.*%” The
halogen atoms can also be removed by treatment with
sodium in liquid ammonia at room temperature.*®® Sodium
vapor in a flame at 1000°C also destroys chlorofluorocar-
bons.*® Burdenic and Crabtree have devised a method that
uses sodium oxalate at 270°C (3.4).16°

CF,Cl, + 2 Na,C,0, —2%C 52 NaF

+2NaCl +4C0O, + C (34)

The best system for dichlorodifluoromethane appears to be
conversion to a useful hydrofluorocarbon (3.5).1%* This can
also be done by electrolysis using lead electrodes with
92.6% selectivity (3.5).1%2

CF.Cl, —7> CFoH,  70-90% selectivity

CFC-12 HFC-32 (3.5)

Perfluorocarbons are 6,000-25,000 times as potent as
carbon dioxide in producing global warming.*®® The
largest single source is the aluminum industry, which re-
leases 28,000 metric tons of perfluoromethane and 3,200
metric tons of perfluoroethane into the world’s air each
year. Aluminum metal is produced by the electrolysis of
trisodium hexafluoroaluminate.'®* The process uses 15 kg
fluoride per metric ton of aluminum, of which 10-25% is
lost. Research is being done on new types of electrodes in
an effort to reduce this. A protective cathode coating made
from titanium diboride and colloidal alumina reduces ero-
sion of the cathode and creates higher current efficiency.*®®
This saves energy and may reduce the production of per-
fluorocarbons. Perfluoromethane can be converted to the
useful monomer, tetrafluoroethylene, in a carbon arc, but
the selectivity needs improvement.’®® Some perfluo-
roethane is used for etching semiconductor materials and in
plasma cleaning of chemical vapor deposition cham-
bers.’®” The material in the off gases can be destroyed
(99.6%) in a microwave plasma with oxygen and natural
gas in milliseconds.'®® This requires a scrubber because HF
and COF, are among the compounds formed. An alterna-
tive method uses a membrane to remove nitrogen before
burning the concentrated stream at 900°C.*6°
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Bromine-containing compounds, called halons, were
developed as nontoxic, noncorrosive fire extinguishers.
The two most commonly used ones are bromochlorodiflu-
oromethane (halon 1211) and bromotrifluoromethane
(halon 1301), which have ozone-depleting potentials of 4
and 16, respectively.’® They are used in airplanes, li-
braries, and computer installations, where the use of water
could be damaging. Only about 5% of that released is actu-
ally used in fires. The rest is released in testing. Clearly, a
better method of testing is needed. Atmospheric levels of
halons were still rising in 1998.1"* Finding a drop-in re-
placement is proving to be difficult.>’® The best course of
action is to blanket the fire with an inert gas, such as carbon
dioxide or nitrogen, in cases where there is no danger of
hurting people. One worker died and another 15 were in-
jured when a fire suppression system that used carbon
dioxide malfunctioned during maintenance at the ldaho
National Engineering and Environmental Laboratory.*”®
Another worker died of nitrogen asphyxiation at a Union
Carbide plant in Louisiana.™

Methyl bromide is a major source of bromine in the at-
mosphere. It is about 50 times as efficient as chloride in de-
pleting ozone.*” It is used as a soil and crop fumigant. It is
degraded rapidly by soil bacteria, but much of it still es-
capes.t’® Adding organic wastes, such as composted ma-
nure reduced losses by 12%.7” To minimize volatilization,
it should be injected at great depths in moist soil under a
tarp with the soil surface packed before and after applica-
tion.1”® One of the best barriers consists of two layers of
polyethylene with a layer of an ethylene-vinyl alcohol
copolymer in between. An ammonium thiosulfate fertilizer
also reduces the emissions.!”® When used as a fumigant'8°
for grain, it can be recovered on carbon for reuse, stripping
being done by electrical heating.'® Countries agreed to cut
its usage by one-fourth by 2001 and by half by 2005.82
Since then, the first date has been extended to 2005 in the
United States.'® The timing has been the subject of con-
siderable debate. Farmers say that there is no single eco-
nomically viable alternative available. On the other hand, a
United Nations study concluded that alternatives®* are al-
ready available for nearly all of its uses.'® Integrated pest
management may reduce the need for it. For example, crop
rotation can control some nematodes without the need for
chemicals.*®® A new method Kills insects in grain with mi-
crowaves as the grain flows from the elevator bucket into
storage.'®” Lowering the temperature of stored grain to
65°F can control some pests and is less expensive than fu-
migation.'® Raising the temperature to 122°F in combina-
tion with diatomaceous earth killed 98% of red flour bee-
tles.18® Storage of grain under nitrogen or carbon dioxide
also eliminates insects. Food irradiation is another alterna-
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tive to the use of methyl bromide.*®® (For more on insect
control, see Chap. 11.)

Most work on the replacement of the chlorofluorocar-
bon refrigerants has focused on drop-in replacements for
existing equipment.t®* With items for which the stock turns
over every few years, it is reasonable to use nonfluorine
compounds. Ammonia is still used in large refrigeration
units. It could be put into home refrigerators if a sensor to
warn of leaks were included. Such sensors do exist. This
would mean building a unit without copper tubing and with
the use of seals resistant to ammonia. Small amounts of am-
monia are not particularly harmful, as shown by the use of
household ammonia to clean glass windows. Bosch—
Siemens, the largest manufacturer of refrigerators in the
world, is now using a propane—isobutane mixture as the re-
frigerant in Europe. Although the gas is flammable, it
should pose no more of a problem than having a gas stove
in a home. Five million such refrigerators were in use in
1996, with not a single fire having been reported. Presum-
ably, a gas odorant is included or an instrumental sensor for
the gas is built in.2%? It is illegal to use hydrocarbon refrig-
erants in home refrigerators in the United States.'%® Hydro-
carbon refrigeratants have been used in 200,000 cars in the
United States without a single incident.%*

Absorption refrigerating systems, such a gas refrigera-
tor, use ammonia/water and lithium bromide/water as the
refrigerants. These units are compact, noise- and vibration-
free, and simple. They do require more energy. Perhaps this
can be offset by more insulation.®® Solar energy is one
source of heat for them. Cooling can also be done by pass-
ing an electrical current through a junction of dissimilar
metals, the Peltier effect.® Refrigerators based on this
principle are rugged, reliable, contain no moving parts, and
are low cost, but they consume more energy. Some metals
become hot when magnetized and cool when demagne-
tized, the magnetocaloric effect. An alloy of aluminum, er-
bium, and dysprosium is an example. If cheaper materials
can be found, this could eliminate the need for refrigerants
altogether.®” A refrigerator using gadolinium, containing
varying amounts of silicon and germanium, has been tested
for a year.% These are also being tested in air conditioners
for cars. Theromacoustic refrigeration is possible using in-
tense sound (200 db) in a compressor that has no moving
parts. The sound outside the device is not loud.*®® In coun-
tries in the temperate zone, it may be possible to cut the
amount of energy needed for the household refrigerator by
circulating outside air through its shell in the winter or even
on cool summer evenings. Some hotels in Chicago used the
air from the city’s network of underground tunnels for
cooling until visitors complained of musty odors. They
should be able to go back to this by running the air over ac-

57

tivated carbon to remove the odors. Passive solar heating
and cooling could remove the need for a lot of air condi-
tioning in homes. In cooler climates, such as in New Eng-
land, it probably is not necessary to have an air conditioner
in one’s car. (Energy usage is discussed in Chap. 15.)

VIl. CHLORINATED SOLVENTS

Chlorinated solvents replaced more flammable hydrocar-
bon and other solvents. They have often been chosen for
their stability, ease of drying, and their ability to remove
oils. Unfortunately, they can cause cirrhosis of the liver and
in some cases cancer. Efforts are being made to find re-
placements for methylene chloride, chloroform, carbon
tetrachloride, methyl chloroform, and others. Degreasing
with trichloroethylene is still common and dry cleaning of
clothing with perchloroethylene is still the standard. (The
most common organic contaminants in ground water at
hazardous waste sites are trichloroethylene and per-
chloroethylene.?%°) Better containment is one approach. As
mentioned in Chapter 1, completely enclosed vapor clean-
ers are now available in Germany for use with
trichloroethylene.?°* In Dover, Delaware, Capitol Cleaners
reduced its use of perchloroethylene 96% by putting in a
new closed loop system.??

A better approach is to find alternative methods of
cleaning that do not use chlorinated solvents.2® As men-
tioned in Sec. VI, under the use of chlorofluorocarbons
for cleaning, these include aqueous detergent systems,
sometimes augmented by high-pressure jets or ultra-
sound,?®* blasting with with particles of ice,?°® laser
cleaning,?°® plasma cleaning, or other means.?°” Commer-
cial units for cleaning clothes with supercritical carbon
dioxide are now available.?°® (See Chap. 8 for more on
the use of supercritical carbon dioxide.) In addition, reex-
amination of the process may lead to elimination of the
contaminant oil in the first place. Aqueous-based cutting
oils for machining would be one example.?*® A corrosion
inhibitor may have to be present. Water remaining after
rinsing can be removed with jets of air or by centrifuga-
tion. Coating a tungsten carbide cutting tool with a
nanolayer of tungsten plus tungsten disulfide eliminates
the need for any cutting oil.2%°

Ethyl lactate has been suggested as a relatively nontoxic
biodegradable solvent that is inexpensive. It can be made
from renewable materials by a new fermentation pro-
cess.?!! Photoresists and organic contaminants can be
removed with ozone in water in a process that uses no
acids, hydrogen peroxide, or high temperatures while sav-
ing water.2!2
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Dry cleaning with perchloroethylene is used with cer-
tain fabrics of silk, wool, or rayon that might shrink in the
usual laundering in hot water. Recent studies have shown
that it can be replaced with “multipurpose wet cleaning.”?*®
This uses soaps, gentle washing, steam treatment and,
sometimes, microwave drying. Bad stains are removes by a
concentrated detergent pretreatment. Delicate fabrics may
receive handwashing. The process is said to work on cloth-
ing of silk, wool, rayon, and cotton. Most fabrics of cotton
or wool are treated with shrink-proofing reagents today
anyway. Wash-and-wear garments that do not need dry
cleaning are common today. They can also eliminate the
need for energy- and time-intensive ironing of the garment.

Methylene chloride is a common ingredient of paint
strippers. On a house, an alternative is to heat with a heat
gun, then scrape off the paint with a putty knife. Other sol-
vents are needed for stripping finishes from furniture. Epi-
demiological work suggests that methylene chloride can
cause cancer of the liver, bile duct, and brain.?'* It is possi-
ble that a professional furniture refinisher could be hired to
remove the finish by ultrasonic cleaning or bombardment
with particles. Further work is needed.

It is now possible to polymerize isobutylene to butyl
rubber in toluene instead of the usual chloromethane.?*®> A
new titanium sandwich catalyst does the trick. European
manufacturers are phasing out some chloroparaffin lubri-
cants.?'% In Japan, rubber is being chlorinated in water in-
stead of carbon tetrachloride.?*” This still involves chlo-
rine, but does get rid of the solvent. 1,2-Dimethoxyethane
is being used as an alternative to chlorinated solvents for
the Schmidt Reaction for conversion of an ester to an amine
through an acid azide and a carbamate (3.6).28 This elimi-
nated accidents from polyazides made in situ from methy-
lene chloride or chloroform.

RCOOCH; —gpatar— RCONg —2- 5
RNHCOOCH;—RNH, '
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S
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Photocatalytic titanium dioxide coatings can be self-
cleaning, converting organic materials, such as bacteria
and dirt, to carbon dioxide at practical rates at room tem-
perature.?'® This offers the possibility of self-cleaning
buildings and windows.

VI, SYNTHESES WHERE THE CHLORINE

ISNOT IN THE FINAL PRODUCT

Frequently, the chlorine is not in the final product. Instead
it is in by-product hydrogen chloride or salts. Workers at
Flexsys (formerly Monsanto) have devised some syntheses
that obviate the need for chlorine (3.13-3.14).22° In each
case, the traditional process is shown first.

The benzamide formed in the second example (see 3.13)
is recycled to the process. It is also possible to use aniline
in place of the benzamide in a process that produces 74%
less organic waste, 99% less inorganic waste, and 97% less
wastewater.???

In one case, the halogen is generated in situ by electrol-
ysis so that none appears in the final product and none is
lost (3.15).2%2

The yield with sodium bromide is 89%, with sodium chlo-
ride 6%. If this process is general for olefins and if the toxic
acetonitrile can be eliminated, this could become an impor-
tant way to eliminate by-product salts in the preparation of
epoxides. As mentioned in Chapter 1, propylene oxide is of-
ten made by adding hypochlorous acid to propylene, then de-
hydrohalogenating with base.??® The alternative process that
uses the oxidation of ethylbenzene with oxygen to form the
hydroperoxide followed by transfer of an oxygen to propy-
lene is gaining in popularity. Direct oxidation of propylene
with oxygen to give propylene oxide can be highly selective
at low conversions (e.g. >99% selective with a gold/titanium
dioxide catalyst at 1-2% conversion).??* A EuCls/Zn/acetic
acid system was 94% selective at 3% conversion.??® The
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challenge is to obtain high selectivity at nearly complete con-
version. A membrane reactor that removed the propylene ox-
ide continuously as formed might help.

Halogens can also be generated in situ by the action of
an oxidizing agent on a sodium halide.??® In this example
(3.16), the oxidizing agent is potassium peroxymonosulfate
(Oxone). The reactions were run in water diluted with ace-
tone, ethyl acetate or carbon tetrachloride. Bromine can

0 90%

3.17

also be generated in situ by the action of sodium perborate
on sodium or potassium bromide.??” Such processes elimi-
nate the dangers inherent in handling and storage of the
halogens, but not any toxicity associated with the halogen-
containing products.

The Heck reaction has been improved so that the usual
halogen salts are not formed, and no phosphine ligands are
required (3.17).2% However, a toxic gas is formed.
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IX. SUMMARY AND CONCLUSIONS

Greenpeace called for a ban on the use of chlorine and its
compounds. The industry responded with “a combination
of anger, indignation and denial.”?>® Companies came to-
gether to mount a public information campaign. Why
should the two sides take such extreme positions? Green-
peace has learned that a carefully thought-out analysis of a
problem may attract little attention from the public or the
media. However, taking an extreme position and carrying
out highly visible stunts can. This group hung a banner high
up on the multistory duPont Building in Wilmington,
Delaware at the time of the annual shareholders meeting.
The banner protested duPont’s production of chlorofluoro-
carbons. The industry is large and profitable, with many
paid-off plants. It does not want to see its business wiped
out. It does not want to spend money to change unless there
is compelling evidence forcing it to do so.

Many chlorine compounds are active biologically.
Some, such as the polychlorinated dibenzo-p-dioxins, are
extremely potent. Many of the problems with some of these
compounds are worldwide. Ozone depletion by chlorofluo-
rocarbons is an example. Chlorine compounds do not nec-
essarily stay where you put them. The widely used herbicide
atrazine (3.18) is now widely distributed in ground water.
Germany, ltaly, and the Netherlands have limited its use.®
Long-range transport on winds is bringing chlorinated pes-
ticides to places as remote as the Arctic island of Svalbard,
Norway.Z° In a sample of 450 polar bears from this local-
ity, 7 had both male and female genitals.?3! It has been esti-
mated that the use of chlorinated pesticides could be re-
duced by two-thirds with only marginal influence on
farmers, just by changing tilling and cultivating practices.t
Although many highly chlorinated insecticides, such as
DDT, have been outlawed in the developed nations, they are
still used in other parts of the world. Thus, there is a need for
making the ban global. We have also come to realize that a
chemical need not kill an animal outright to wipe out a pop-
ulation. This can happen by altering behavior patterns or re-
productive success. If male animals are feminized so that
they do not breed successfully, or if females take no interest
in their young and do not provide them with food, or if ani-
mals lose the ability to find and capture prey, the species will
not survive. Nor will the species survive if it loses the be-

\/nYNYnY

3.18

Chapter 3

havior that helps it avoid predators. The thinning of egg
shells threatened to wipe out species of several predatory
birds, such as ospreys, eagles, peregrine falcons, and brown
pelicans. All of this means that new chlorine compounds
and others for release into the environment will have to be
screened more thoroughly. There is also the nagging ques-
tion of how much of what is seen in animals will be appli-
cable to humans. This means finding ways to screen for the
cancers that may take 30 years to develop. Fortunately, the
two sides in the controversy, plus government, are now in
agreement that more research is needed and money is be-
coming available for it.

Chlorinated solvents might be handled by simple con-
tainment. The deadly dioxins might be removed from stack
gases with the BASF device, or 2% nitrilotriacetic acid
might be added to prevent their formation.?*2 A membrane
with a prefilter could be used to remove natural organic
matter from drinking water before treatment with chlorine
to reduce the formation of unwanted by-products, such as
chloroform. Systems might be set up to segregate chlorine-
containing plastics out of waste going into incinerators.
This would be very difficult with film used to package
food. Chlorinated polymers could be banned from such ap-
plications. Their use might also be lessened by adding a
tax. The possibility of loss of dangerous reagents, such as
chlorine or phosgene during shipment or storage, could be
reduced greatly by generation on site as needed. About half
the chlorine used ends up in by-product hydrogen chloride
and salts that may present a disposal problem. Recent im-
provements to the Deacon process for converting hydrogen
chloride back to chlorine with oxygen in the presence of
copper chloride may help reduce this problem.?3 If every
plant were independent, then, in theory at least, each could
electrolyze aqueous solutions of its waste sodium chloride
back to chlorine and sodium hydroxide for reuse. The real
value of the current chlorine controversy may be in getting
companies to rethink their entire processes from start to fin-
ish.2** As waste disposal costs rise, there should be greater
incentive to devise chlorine-free processes.

A German study found that about half of the 2.9 million
metric tons of chlorine used there annually could be elimi-
nated at a net cost increase of only 1%.2% Eighty percent of
the chlorine used in Germany goes into propylene oxide,
epoxy resins, polyvinyl chloride, and phosgene. Propylene
oxide can be made by oxidation of propylene with hydro-
gen peroxide or hydroperoxides at lower cost. Diphenyl
carbonate can be used to replace phosgene in the prepara-
tion of polycarbonates (see Chap. 2) It may be possible to
replace the use of phosgene in making isocyanates for
polyurethane resins. Up to 50% of the polyvinyl chloride
could be replaced, mainly with polyolefins. [Polypropylene
with the properties of plasticized polyvinyl chloride is now
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available.?®®] Houses can be covered with wood, alu-
minum, brick, stucco, and so forth; as well as with
polyvinyl chloride. Sewer pipes can be made of polyethy-
lene as easily as from polyvinyl chloride. Some cities in
Germany and Austria have banned the use of polyvinyl
chloride.! Epichlorohydrin is used to react with bisphenols
in the preparation of epoxy resins. There are other ways of
making bisepoxides (e.g., oxidation of olefins with hy-
droperoxides). EIf Atochem sells limonene dioxide, epoxi-
dized poly(1,3-butadiene), and epoxidized vegetable oils
that may be made by such a route and that might then be
made into epoxy resins.2%” This would require some exper-
imentation to develop epoxy resins with properties that
matched or exceeded the properties of the current favorites.

The controversy has not hurt business for the chlorine
industry, which is booming.?®® There have been some
shifts in the product line. Methylene chloride demand is
dropping. More trichloroethylene is being produced as a
feedstock for fluorocarbon production. More sodium chlo-
rite is being produced as a precursor for chlorine dioxide to
be used in the bleaching paper. The trend should start
downward in the future as chlorine-free alternatives are
found and as ageing plants are retired.

Although many chlorinated compounds are destined to
remain in the market for a long time, society does owe a
debt of gratitude to environmental organizations such as
Greenpeace and the World Wildlife Fund (with which
Theo Colborn is associated) for calling attention to prob-
lems that may not have been evident to others. Their call
has caused funding on the problems to be increased.
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Chapter 3

EXERCISES

Look up the fish advisories in your area to see how
many are due to polychlorinated biphenyls and
other chlorinated compounds.

In your laboratory work for the past month, how
many times have you run substitution reactions on
halides or produced waste halide salts? In looking
back on the work, can you think of alternatives
that would avoid the use of halogens?

How does your city disinfect its drinking water
and its treated wastewater?

Are there any places in your areas where the
groundwater is contaminated with trichloroethy-
lene, perchloroethylene, chlorinated herbicides, or
chlorinated insecticides? If so, do any of them re-
quire treatment?

Where is dioctyl phthalate used as a plasticizer?
Devise a copolymer made with a plasticizing
comonomer that would eliminate the need for the
phthalate.

Compare the properties of the newer polyolefins
made with metallocene (Adv Polym Sci 1997;
127:143) and Brookhart catalysts with those of
plasticized polyvinyl chloride.

Compare the properties of epoxy resins based on
bisphenol A—epichlorohydrin with those based on
epoxides that can be made without the use of
epichlorohydrin.

Devise a potentially commercial method of
preparing aluminum by electrolysis that does not
involve any fluoride.

Visit the local supermarket and hardware store.
See how many items are marked with the
polyvinyl chloride symbol.

How could polyvinylidene chloride barrier coat-
ings in food packaging be replaced? If you have
trouble coming up with an answer, see G. Ondrey.
Chem Eng 1998; 105(1):29; and H.C. Silvis.
Trends Polym Sci 1997; 5(3):75.
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Toxic Heavy Metal lons

I. THE PROBLEM

The toxicities of heavy metal ions are well known.* These
include cadmium, chromium, cobalt, copper, lead, mer-
cury, tin, and zinc. For convenience, nonmetals such as ar-
senic, asbestos, and selenium are also included here. Mer-
cury-containing wastes dumped into Minamata Bay in
Japan killed hundreds of people and sickened many more.?
Hundreds of deaths also occurred in Iraq when people ate
grain treated with an organomercury biocide intended to
protect the young seedlings from fungi.® The expression
“mad as a hatter” originated with hatters poisoned with the
mercury compounds used in the felting of hats. Some au-
thors have postulated the poisoning of modern man from
silver amalgam dental fillings, much as lead poisoning
from the use of lead cooking and storage vessels may have
led to the decline of the Roman empire.* In 1995, fishermen
in the United States were advised not to eat the fish that
they caught in 1306 different bodies of water because of the
mercury in them.® This figure should be compared with
438 advisories for polychlorinated biphenyls, 122 for
chlordane, 52 for dioxins, and 35 for DDT. Game fish may
accumulate mercury to 225,000 times the concentration in
the surrounding water.® There is enough mercury in the
Florida Everglades to poison some wading birds that feed
on fish.” The amount of mercury that people should be al-
lowed to eat in fish is a matter of current debate.®
Hundreds of people in Japan suffered from a degenera-
tive bone disease called itai-itai because they drank water
containing cadmium.® They lived downstream from a mine
and smelter that produced zinc and cadmium. In West Ben-
gal, India, where 800,000 people drink well water contain-
ing over 50 w/L arsenic, 200,000 people developed skin le-
sions from drinking the water.'° In Bangladesh, 70 million
people drink well water containing arsenic.'* The problem
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arose when international agencies drilled deeper wells to
avoid contaminated surface water, but did not test the wa-
ter. Too much arsenic in drinking water is known to result
in more deaths from cancer.'? In a region in northern Chile,
arsenic-containing water caused highly elevated rates of
lung and bladder cancers.®® Selenium can also be bioaccu-
mulated. Waterfowl in refuges in the western United States
have been poisoned by agricultural drainage from selenif-
erous soils.™*

Contamination of the environment with toxic heavy
metals began long ago. Evidence of the Roman use of cop-
per and lead can be found in ice cores from Greenland and
in cores of European bogs.*® Mining of gold and silver has
left a legacy of mercury at mining sites.*® The Carson River
Superfund site in Nevada is estimated to release 150-400
kg/year of mercury, which is comparable with the 300
kg/year released by a 1000-MW coal-fired power plant.
Mercury vapor can persist in the atmosphere for as much as
a year. Households can also be sources of metals.
Tetraethyllead was used as an antiknock agent in gasoline
for about 50 years. It has now been banned in the European
Union and in North America because it can lower the 1Q of
children.r” Harmless titanium dioxide has replaced basic
lead carbonate as a white pigment in paint. As a result of
these two uses, unacceptable levels of lead persist in some
soils and older houses. In England, roughly 60% of the cop-
per in the sewage came from the plumbing in houses.*®
Galvanized tanks accounted for 50% of the zinc in the
sewage system. Highway runoff in Ohio contains zinc and
cadmium from tire crumbs; copper and lead from brake
dust; zinc, chromium, copper, and magnesium from en-
gines; as well as oil and grease.*®

The form or valence of the metal can make a big dif-
ference in its toxicity. The tin plate on a food can is es-
sentially harmless. Yet, tributyltin derivatives are used to
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kill barnacles on ships. Mercury amalgam fillings for
teeth are relatively harmless, although there is some de-
bate on their effects over long times (as mentioned ear-
lier). On the other hand, a Dartmouth professor died after
getting a couple of drops of dimethylmercury on gloves
that allowed it to penetrate to her skin.?® Chromium(VI)
is carcinogenic, but chromium(I11) is an essential element
for human nutrition. Chromium, cobalt, copper, fluoride,
manganese, and zinc are among the 27 elements essential
for humans. The metal ions are often found in enzymes.
The amounts required may be small. The average adult
human contains about 2-3 g of zinc.?! It is easy to be
overdosed with materials such as zinc, fluoride, or even
iron, if there is too much in the diet or in the drinking wa-
ter. People who take large amounts of dietary supple-
ments are at the most risk. If a metal compound has a very
low solubility in water and in body fluids and is not
volatile, then it may not be a problem at all. Much work
has been done to determine the speciation of metals in
soil, water, combustion gases, and such.?? Nickel is also
carcinogenic, apparently by catalyzing the oxidation of
bisulfite ion to monoperoxysulfate ion, which is then con-
verted to sulfate radical which, in turn, attacks the DNA.%
Nickel in jewelry is the most common cause of contact al-
lergies in several European countries.?* Arsenic, cad-
mium, lead, and mercury are more toxic than the other
foregoing metals and are not essential for humans.

The reader would do well to check the extent of con-
tamination by toxic heavy metal ions of the area where he
or she lives. Delaware will be use as an example to illus-
trate common sources. The Delaware River Estuary is con-
taminated with arsenic, cadmium, chromium, copper, lead,
mercury, and silver.?® The arsenic, chromium, copper, and
lead are largely from point sources. Dredge spoil disposal
is a problem because it contains copper, mercury, and poly-
cyclic aromatic hydrocarbons. The use of sewage sludge as
a soil amendment is limited by the presence of toxic heavy
metal ions. An example is Middletown, Delaware, where
the lead in the sludge originates in a local battery plant.
Zinc is a problem in Red Clay and White Clay Creeks be-
low two vulcanized fiber plants that use zinc chloride to
soften cellulose. Although the releases have stopped, re-
lease of zinc from the sediments in Red Clay Creek keeps
the stream contaminated. The east branch of the Maurice
River above Millville, New Jersey is contaminated with ar-
senic from an agricultural chemical plant upstream.
Tetraethyllead was once made at the Chambers Works of
the duPont Co., across the river from Wilmington,
Delaware. The company is studying phytoremediation by
ragweed and other plants as a means of reducing the lead
content of soils at the plant. The Chloramone Corp. is be-
ing taken to court for releases of mercury from its chlorine
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plant in Delaware City, Delaware.?® Municipal solid waste
from northern Delaware is burned at an incinerator in
Chester, Pennsylvania. Incinerators operating at
1000-1100°C evaporate 98-100% of the cadmium, cop-
per, lead, and zinc so that compounds of these elements end
up in the fly ash, which must then be treated as hazardous
waste.?’

Materials containing these metals have been quite use-
ful in many applications in the past. Before examining
ways to prevent pollution from them, their uses must be
considered. The following list has been put together from
the relevant sections in the Encyclopedia of Chemical
Technology, Ullmann’s Encyclopedia of Industrial Chem-
istry, and, for mercury, a paper by Randall:?®

Arsenic:

Copper chromium arsenate as a wood preservative

Calcium and sodium arsenate herbicides

Lead arsenate formerly used on fruit crops

Formerly in cotton defoliants

Sodium arsenite in cattle and sheep dips

Alloys with copper and lead for bearings

With aluminum, gallium, and indium in semiconduc-
tors

Gallium aluminum arsenide in solar cells

Gallium arsenide phosphide in light-emitting diodes

Gallium arsenide infrared detectors, lasers, and
photocopiers

Arsanilic acid as a growth additive for poultry and
swine

Arsenic compounds are also by-products of processing
gold and lead ores and of coal combustion.

Asbestos:

Matrix reinforcement in shingles for houses, vinyl
floor tile, brake linings and clutch facings

Insulation

Portland cement

Formerly in gloves and fire suits

Cadmium:

Nickel-cadmium, silver—cadmium, and mercury-
cadmium batteries

Plating

Pigments such the sulfide and selenide

Cadmium laurate with barium laurate as stabilizers for
polyvinyl chloride

Semiconductors, such as the sulfide and selenide, as in
solar cells

Phosphor in television tubes

Brazing and low-melting alloys (e.g., in copper)
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Some is also released from the burning of coal and the 14% of the total goes into lead glazes for glass and
use of phosphate fertilizers. china (Lead can leach from pieces that are not fired
| 29
Cobalt: properly.

With molybdenum in desulfurization catalysts

Catalyst for the oxo process, p-xylene oxidation, and
such

Electroplating

Salts of fatty acids as driers for paints

Color for glass

Helps rubber adhere to steel tire cord

Formerly a foam stabilizer in beer where it caused
heart problems and some deaths

Chromium:

Electroplating and chromizing steel

Stainless steel

Chromite grain in foundries

Chromium dioxide in magnetic tape

Pigments, such as chromium oxide and lead chromate

Zinc chromate for corrosion protection of cooling
towers, and such

Tanning of leather

Dyeing of textiles

Chromium copper arsenate as a wood preservative
(uses 62% of the chromic acid in the United States)

Catalyst for polymerization of ethylene

Copper chromite catalyst for hydrogenation

Zinc chromate near the zinc anode gives batteries
50-80% more shelf life

Stabilizers for polyvinyl chloride

Pigments such as basic lead carbonate (in white house
paint), red lead (in primer paint for steel), lead chro-
mate

Shielding against x-rays

Cathode ray tubes

Chemically resistant linings

Solder

Tetraethyllead antiknock agent for gasoline

Lead shot, ammunition, yacht keels, wheel weights

Sinkers for fishing

Lead shot and sinkers have poisoned waterfowl that
have ingested them.

Mercury:

Fungicide in seed treatment

Slimicide in paper mills

Biocide in latex paints

Dental amalgams

Batteries

Catalysts for transesterification of vinyl acetate as
well as addition to triple bonds

Thermometers and leveling bulbs

Mercury vapor and fluorescent lamps

Electrical switches

Mercury cathode for electrolysis of sodium chloride in
the manufacture of chlorine and sodium hydroxide

Pigments, such cadmium mercury sulfide

Coal combustion is the largest source of chromium in

the environment. Coal burning and incinerators are the largest sources.°
Mercury metal boils at 357°C so that it escapes from the
Copper: stacks. Even crematoria are sources, the mercury coming
Wiring, printed circuits from the fillings in the teeth.3!
Plumbing Nickel:
Roofing
Auto radiators Stainless steel
Coins Other alloys with steel and other metals

Algicide in swimming pools and reservoirs
Fungicides

Electroplating

Solar collectors

Chromium copper arsenate wood preservative
Cuprous oxide in antifouling coatings for ships
Pigments, such as copper phthalocyanine

Lead:

Pipe and cable sheathing
60% of the total goes into lead—acid batteries

Electroplating

Coins and jewelry
Nickel-cadmium batteries
Catalysts for hydrogenation
Light stabilizer in polyolefins

Some also comes from burning coal. The smelting of
nickel and copper sulfide ores has resulted in tremendous
air pollution from sulfur dioxide. At one time this could be
detected on white pines (a sensitive species) at a distance of
10 miles from the smelter at Sudbury, Ontario. INCO now
uses a flash smelter which roasts the ore with oxygen in a
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closed vessel that gives a concentrated stream of sulfur
dioxide and saves half the energy. Thus, 90% of the sulfur
in the ore can be recovered after conversion to sulfuric acid
at the rate of 2300 ton/day. Even at this rate of recovery the
facility will emit up to 265,000 tons of sulfur dioxide in
1996.%

zZinc:

Zinc chromate and phosphate for corrosion protection
Galvanizing

Nickel oxide-zinc batteries

Flaked zinc pigment

Electroplating

Alloys

Zinc dithiocarbamate fungicides and stabilizers
Treating cellulose to make vulcanized fiber
Phosphors

Zinc dithiophosphates in lubricating oils

Zinc oxide in tires

Opaque agent in some sunscreens

Various approaches are being studied in an effort to
eliminate or minimize the problems with the toxic heavy
metals while not doing away with the end uses. These will
be discussed in the following sections. They include (a) al-
ternative nonaqueous methods for which loss in water has
been a problem, (b) the use of other less harmful metal or
organic coatings, (c) use of catalytic, rather than stoichio-
metric, amounts of reagents in chemical processes, (d) use
of a reagent on a support or in a separate phase so that none
is lost, (e) reagents that contain no metal, (f) development
of sure-fire collection and recycling techniques that do not
allow the item containing the metal to enter the general
waste stream, (g) separation and stockpiling in cases for
which the material is an unwanted by-product, and (h) reg-
ulation, and even banning, if the harm exceeds the benefits.
Cadmium is a by-product of zinc mining. Arsenic is a by-
product of other mining.® Both may have to be stockpiled.
Organomercury biocides have been banned in latex paints,
seed treatments, and other uses.>* A New Jersey law is try-
ing to lower the mercury content of batteries to 1 ppm. It
also sets up a collection program for spent batteries. Cali-
fornia and Minnesota restrict the disposal of fluorescent
lights (each of which contains 25-50 mg of mercury).
Technology exists for recovery of the mercury in the
lamps.®® A federal law for the United States that would
phase out the use of mercury in disposable batteries has
been proposed.®® The United States Environmental Protec-
tion Agency (EPA) has proposed new standards that will
reduce the emission of mercury from incinerators by 80%
and lead and cadmium emissions by 95%.3” The EPA has
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limited the air discharge of chromium compounds from
decorative electroplating tanks to 0.015 mg/m? of air.®®
The exposure limit for asbestos is 0.1 fiber per cubic cen-
timeter of air.>® The World Health Organization (WHO)
has set the limits on drinking water contaminants at (ug/L)
lead 10, nickel 20, copper 2000, boron 300, antimony 5, ar-
senic 10, trihalomethanes 100, bromate 25, atrazine 2, lin-
dane 2, and simazine 2.*° Atrazine and simazine are com-
monly used herbicides for corn, and other crops. Lindane is
a highly chlorinated insecticide. (Agrochemicals will be
discussed in Chap. 11.) Witco Corp. voluntarily stopped
the sale of cadmium-containing heat stabilizers for
polyvinyl chloride on June 30, 1994.4

Il. END-OF-THE-PIPE TREATMENTS

It would be preferable to eliminate the sources of these
toxic heavy metal ions. However, in some cases this will be
difficult. The switch from burning coal to generate electri-
cal power to renewable sources of energy to moderate
global warming will take many years. Losses of metal ions
from mining processes such as flotation and hydrometal-
lurgy will continue although perhaps at a reduced rate.*?
Surplus cadmium from the mining of zinc and arsenic from
other mining will have to be dealt with. The leaching of ar-
senic and selenium from soils will continue to be problems
unless changes in land use and other practices can reduce
them. It will be necessary to find ways to eliminate them
from effluent air and water.

The gasification of oil in the Shell process leaves the
vanadium and nickel from the oil in the soot ash. Lurgi
has devised a process to recover the vanadium in a form
that can be used by the metal alloys industry.*® The Inter-
national Metals Reclamation Company (a subsidiary of
INCO) operates a facility for the recycling of nickel-cad-
mium batteries in Pennsylvania. “Since 1978, Inmetco has
recycled nearly 1.5 billion Ib of material that might other-
wise have been disposed of in landfills.” The recovered
cadmium goes back into new batteries.** A process recy-
cles batteries containing mercury by heating to 650°C.
The mercury volatilizes and is condensed in a wet scrub-
ber. The residue of zinc, iron, and others can be recycled
to standard smelters.*®> Zinc can be removed from galva-
nized steel by vaporization at 397°C/10 Pa.*® Efforts are
being made to extend the technique to removal of tin from
copper wire, copper from circuit boards, and metal from
batteries.

Mercury can be removed from flue gases by adsorption
on activated carbon, with or without iodine or sulfur.*” This
may require cooling the gases, which would be unneces-
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sary otherwise. Domestic waste averages about 3-5 g of
mercury per ton. Most of the mercury ends up in the ash
fraction, which must be dealt with separately. Ten percent
sulfur on sepiolite (a silicate) is said to compare well with
sulfur on activated carbon for removal of mercury in gas
streams at 320 K.*® A 4-A molecular sieve containing 1%
silver can be used to clean up natural gas containing up to
300 ppb of mercury.*® Another method uses a hollow-fiber
membrane containing an oxidizing liquid, the mercuric ion
being precipitated later as mercury (1) sulfide.>® An older
method used sulfur on activated carbon.

Metal workers clean up their wastes by a variety of
methods, which include chemical precipitation, elec-
trowinning, and ion exchange.>* Many electroplating firms
are now reducing the amount of wastewater by using the
last rinse of one batch as the first rinse of the next batch.
Chemical precipitation has some problems. If the precipi-
tate is sent to a landfill, the metals in it are thrown away and
may possibly be leached from the landfill. The precipitate
may also be sent off-site to a metals recovery firm. Al-
though, precipitation can lower the metals content to ac-
ceptable levels in favorable cases, some metal ions are still
left in the waste water. Precipitation of mercury as the sul-
fide leaves 11 ppb of mercury in the effluent.>? This is the
process used at the chlor-alkali plant in Delaware City,
Delaware. Since there can be tremendous bioaccumulation
of mercury, this may not be enough to allow the fish in the
river to be eaten. It would be better for the plant to switch
to the well-established “Nafion” (a perfluorinated poly-
meric sulfonic acid made by duPont) membrane process
that requires no mercury.>® lon exchange does not remove
all the metal ions either. It can be quite slow at low levels
of metal ions. At least, the recovered metal ions can be re-
cycled to the head of the plant. Electrowinning is hard at
very low levels of metal ions. Use of a carbon fiber elec-
trode can help some. Electrolytic fluidized beds are said to
help and to be cheaper than ion exchange.>* Concentration
of the waste water by reverse osmosis before electrowin-
ning would reduce the amount lost. Combining this with to-
tal water recycle would help. If the rinses are concentrated
by reverse osmosis, it may be possible to recycle them to
the process without electrowinning or ion exchange. This
might require analysis of each plating bath before use to as-
sure the proper concentrations of ingredients.

Asarco has devised a method of treating the water from
a lead-zinc mine with sulfate-reducing bacteria that gener-
ate hydrogen sulfide in situ to precipitate the metal ions.>®
Arsenic can be precipitated from the effluent of gold ex-
traction as FeAsO,-2H,0.%8 Aluminum-loaded Shirasu ze-
olites can also remove arsenic from water.>’ Car-
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boxymethyl-B-cyclodextrin can complex cadmium simul-
taneously with organic compounds such as anthracene,
trichlorobenzene, and DDT.®® It is suggested for cleanup of
leachates from sites containing mixed hazardous waste. A
zeolite containing a hexadecyltrimethylammonium salt;
has been used to pick up chromate, molybdate, and selenate
ions from water.>® Chromate ions can be removed selec-
tively in the presence of sulfate, chloride, bicarbonate, and
nitrate ions, with a cross-linked resin containing dipicoly-
lamine copper(11).%° Nalco markets a polymeric chelating
agent (NALMET) that removes copper, lead, nickel, and
zinc ions from wastewater to lower levels than can be ob-
tained by precipitation processes.®! Presumably, the metal
ions can be recovered for reuse. A. Lezzi and co-workers
have devised some polymeric sulfur-containing reagents
(4.1, 4.2) for nearly complete removal of lead and mercury
ions from water.2

polystyreneCH,(OCH,CH,),3NCH,CH,N(CSS®Na®),
CSS®Na® (4.1)

polystyreneCH,(OCH,CH,),0CH,CH,SH (4.2)

The former can reduce lead and mercury ions from 18-19.5
ppm to 0.005 and 0.05 ppm, respectively, in 7 h. The latter
can take mercury ion from 20 ppm to less than 10 ppb in 2
h. Unless much shorter times can be used, these may be im-
practical for commercial use. Microspheres of poly(hy-
droxyethyl methacrylate-co-ethylene glycol dimethacry-
late) containing the aminoazosulfonate dye Congo red,
have been used for removal of cadmium ion from water.3
The beads can be used repeatedly. They have not yet been
tried on other metal ions.

More selective chelating agents will help improve sepa-
rations of metal ions from each other and from waste
streams. These could aid the recovery of metals from min-
ing wastes and, thereby, reduce the presence of metal ions
in the wrong places. For example, they may help separate
the metal ions obtained by heap leaching of tailings, as done
with sulfuric acid on copper ores. IBC Advanced Tech-
nologies, of Provo, Utah, has attached macrocyclic ligands
of the crown ether type to silica and titania with a spacer to
produce “Super Lig”.%* These can separate lead from tin and
zinc, mercury from sulfuric acid solutions, and lead from
water. They are useful with trace amounts of metal ions and
can be used over again. One such macrocyclic tetracar-
boxylic acid (4.1) selects lead over zinc by a factor of 10.°
(These metals are often found together in ores.)®®

Nickel and cobalt also occur together in ores. A new
separation uses a mixture of trioctyl and tridecylamines in



72

HOOG, Oq COOH
>7 N/\ H /\N‘<COOH
HOOC \/o \—/OJ

4.1

kerosene in the pores of microporous poly(tetrafluoroethy-
lene).%® Cobalt and copper ions pass through the mem-
brane, but nickel ions do not. A long-sought goal of
chemists is to find chelating agents that are specific for
each metal ion. Progress is being made toward this goal.
Tsukube and co-workers have a ligand (4.2) that is “per-
fectly” selective for silver ion over lead, copper, cobalt,
zinc, and nickel ions.®’

A cross-linked polystyrene polymer (4.3) containing
thiacrown ether groups is able to remove over 99% of
Hg(1l) from dilute aqueous solutions in 30 min, selec-
tively, in the presence of other metal ions.®®

A mercaptopropyl nanoporous silica extracts Hg(11) but
not Cd(I1), Pb(11), Zn(Il), Co(ll), Fe(lll), Cu(ll), or
Ni(11).%° The pore size may play a role in the selectivity.

A calixarene dithiocarbamate (4.4) can separate mer-
cury and gold in the presence of lead, cadmium, nickel, and
platinum.”®

Another calixarene, with long alkyl side chains and
eight phosphate groups, has been used to recover uranium
from seawater in 68-94% yields.”* Seawater contains 3
ppb of uranium. The resin could be recycled several times.

I1l. BIOCIDES

Biocides are used to prevent organisms from growing in
unwanted places.”? They help keep algae out of swimming
pools and cooling water. They prevent the growth of bacte-
ria and fungi in paints, paper mills, leather factories, and
such. As more and more solvent-based systems are re-
placed by waterborne ones, their use will increase. They are
also used to preserve wood and to keep fouling organisms
off of ships. The use of organomercury compounds in seed
treatments, latex paints, and paper mills has been outlawed.

o
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Pentachlorophenol is no longer used to preserve wood. The
chromium copper arsenate that is used on wood is not en-
tirely free of problems. A study of decks in Connecticut
found that soil beneath the decks contained levels of ar-
senic that exceeded regulatory limits.”®> The amount of
chromium approached levels of concern, but were within
regulatory limits. Wood has also been preserved by chem-
ical reaction with carboxylic acid anhydrides, isocyanates,

Ol

o) OCO(CHs)14CH3



Toxic Heavy Metal lons

OH

H
Ho” N ™ OH (I)\
-0

4.6

epoxides, formaldehyde, and acrylonitrile.” (The last two
are carcinogens.) Supercritical fluids (described in Chap.
8) can be used to help insert these reagents into the wood.

Biocides that release formaldehyde, a known carcino-
gen, are also of some concern. These are often hydrox-
ymethylamines or their ethers, such as (4.5).

N-Chloro compounds, such as 4.6 and 4.7, are also be-
ing looked at as part of the reexamination of the general use
of chlorine compounds. Isothiazolinones, such as 4.8 are
still acceptable. Quaternary ammonium salts, undecylenic
acid, and sorbic acid are also acceptable. The last is used in
the preservation of foods. Sodium and zinc salts of pyri-
dine-2-thiol-N-oxide are also used in personal care prod-
ucts, architectural coatings, and antifoulant paints.>>®

Chlorine is often used to inhibit growth of organisms in
cooling water.” The problem is that it can still kill after it
is put back into the river. (See Chap. 3 for ways of steriliz-
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ing water.) Chlorine dioxide can be used as a biocide for
process water.”® Ozone treatment is certified for use in
cooling tower water in California.”” A combination of low-
toxicity hydrogen peroxide and peracetic acid controlled
microbial slime in a paper mill for a year at a reduced
cost.”® Tetrakis(hydroxymethyl)phosphonium sulfate
([(HOCH,)4P*], SO3 ™) is suitable for industrial water
treatment.”® It does not bioaccumulate and has nontoxic
degradation products. The typical dose is lower than the
lethal concentration for fish. When air-cooled heat ex-
changers are used, no chemicals are needed and no aquatic
organisms are lost.°

Didecyldimethylammonium chloride is used to prevent
stain and mildew on freshly cut lumber.?! If a quaternary
ammonium salt monomer could be impregnated into wood,
then graft polymerized to it, the process might displace
some of the chromium copper arsenate treatments. Some
antibacterial polymers (e.g., 4.9) work by gradual hydroly-
sis to release the active group.??

Another polymeric biocide (4.10) has been found to ad-
here to cotton to give a “durable” antiodor finish to socks
and towels.®® Poly(hexamethylenebiguanide hydro-
choride) is already used in swimming pools and in personal
care products.

Antifoulant coatings for ships work by the slow leach-
ing of the toxicant into the water. Copper oxide is used, as
well as longer-lasting tributyltin compounds.®* When the
ships are in the deep ocean, the tin compound does not
cause a problem. However, if they are in port most of the
time, as recreational boats are, the metal compounds can
kill desirable animals in the harbor. For example, elevated
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levels of tributyltin compounds have been found in
stranded bottlenose dolphins.® The International Maritime
Organization has agreed to ban the use of tributyltin com-
pounds in antifouling paints on ships by 2003.8¢ Thus, it is
desirable to replace them with a system that is more envi-
ronmentally friendly. Rohm and Haas has provided an
isothiazolone (4.11) that can last for 3 years.®” The second
compound, the methacrylate monomer (4.12), is said to
lead to polymers with antifoulant activity.®®

An alternative to shedding antifoulant coatings would
be a nontoxic surface to which marine organisms could not
attach, or at least not attach tightly. Silicones and fluo-
ropolymers have been suggested for this purpose.?® The
fluoropolymers include polyurethanes based on fluoroether
polyols and those made from fluorinated acrylates and
methacrylates. Ideally, the motion of the ship through the
water would dislodge the fouling organisms. If not, then
gentle rubbing with brushes or scrubbing with jets of water
could be used. The relatively high cost of the coating would
be offset by the reduced need to repaint.

Many sessile animals in the sea are not fouled by the al-
gae, hydroids, mussels, and barnacles that foul ships, cool-
ing systems of power plants, and aquaculture cages. Nu-
merous investigators are studying the chemical defenses of
sponges, nudibranchs, gorgonians, and bryozoans that re-
pel the usual fouling organisms. Many compounds with an-
tifouling activity have been isolated, including isoni-
triles,®®* a pyridine nitro compound,®® brominated
pyrroles,® and a brominated formamide®, two of which
are shown (4.13 and 4.14). It is hoped that simpler ana-
logues that are more amenable to total synthesis will also
prove to be effective. More needs to be known about the
modes of action of these inhibitors. They may work by
more than one mechanism. Bacteria (such as Pseudomonas
aeruginosa®) settle first on a clean surface and release an
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attractant for the larger fouling organisms. Do the natural
antifoulants inhibit bacterial growth or prevent release of
the attractant or repel the bacteria? Do they inhibit the cur-
ing of the adhesive secreted by the fouling organism? Do
they act similar to insect antifeedants and repel the fouling
organisms? Would insect antifeedants have any effect on
barnacle larvae? The ideal coating would be one that did
not release anything, at least not until triggered by the bac-
teria or the fouling organism. It is possible that a polymeric
coating containing quaternary ammonium salt groups (on
spacers), in an amount such that the coating would swell
somewhat, but not dissolve in seawater, would kill off bac-
teria that tried to grow on the ship.

Efforts are also underway to replace the tin compounds
used as stabalizers in polyvinyl chloride® and in free radi-
cal reactions in organic chemistry.%

IV. CATALYSTS FOR REACTIONS OTHER
THAN OXIDATION

The search is on for catalysts to replace those containing
toxic heavy metals. The addition of hydrogen chloride to
acetylene to form vinyl chloride is catalyzed by mercuric
chloride. Rhodium (111) chloride on activated carbon works
just as well and is much less toxic.® It should be tried also
in other addition reactions of acetylene as well as in trans-
esterification reactions of vinyl acetate. The reduction of 2-
ethyl-2-hexenal to 2-ethylhexanol can be catalyzed by a
mixture of copper, zinc, manganese, and aluminum oxides
in 100% yield.%® This is said to be a replacement for car-
cinogenic copper chromite. In Reaction 4.15, the amount of
toxic chromium(1l) chloride has been reduced from stoi-
chiometric to catalytic (9—15 mol% chromium(I1) chloride)
by the addition of manganese metal.®®

Spent catalysts need to be reclaimed either on site or at
a central-processing facility, rather than being sent to a
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landfill. However, with metals that are not too toxic, it is
often cheaper to recycle them to other uses. ® Spent nickel
catalysts end up in stainless steel. Others, such as those
containing copper, iron, magnesium, manganese, and zinc,
can be treated with sulfuric acid and then used as micronu-
trients in fertilizer. Several thousand tons of spent catalysts
are recycled this way each year.

V. DYES AND PIGMENTS

Chromium is important in mordant dyeing. Cadmium,
chromium, copper, lead, and mercury have been important
in inorganic pigments. These pigments provide good heat
and light stability at relatively low cost. However, their
manufacture can lead to release of toxic heavy metal ions
into the environment. Other releases can occur when prod-
ucts made from them end up for disposal in an incinerator
or landfill. Many efforts are underway to replace them with
less harmful materials.

Red cerium sulfide is being developed by Rhone-
Poulenc as a replacement for pigments based on cadmium
and lead.'® Lead chromate is being replaced by nontoxic
yellow bismuth vanadate, which has good hiding power
and lightfastness.'®? More expensive organic pigments'®
are being used to replace oranges and reds. Many cheaper
azo pigments lack the light stability needed for outdoor ap-
plications. Two light-stable types made by Ciba-Speciali-
ties, diketopyrrolopyrroles (4.16) and quinacridones (4.17)
are shown. 1% White basic lead carbonate has been replaced
by titanium dioxide in house paints. Red lead and yellow
lead chromate are being phased out of paints.

Bird feathers are often brightly colored, but most con-
tain no pigments. The colors are due to interference pat-
terns. This same principle is now being used in luster pig-
ments.'% Chemical vapor deposition, sputtering, vacuum
deposition, as well as aqueous means, are being used to put
thin layers of iron oxide, titanium dioxide, tin oxide, zirco-
nium oxide, and others on to mica, aluminum flakes, and
such, to produce these colors. Thin films of brilliant blue
boron nitride have been deposited on silicon by the tita-
nium(1V) chloride-catalyzed decomposition of bo-
razine.1% Investigation of an ancient Mayan blue paint,
which is resistant to acid, alkali, solvents, oxidation and re-
ducing agents, biocorrosion, and moderate heat, has shown
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that it consists of indigo in a clay lattice that contains metal
and metal oxide nanoparticles.’®” This suggests the inter-
calation of other dyes into clay lattices to produce stable
pigments.

Sewekow has outlined the requirements for eco-textiles
for “green garments.”*% These include avoidance of harm-
ful metals, formaldehyde-containing reagents, halogenated
dye carriers (such as trichlorobenzene), and carcinogenic
dyes (such as those based on benzidine and those azo dyes
that could lead to carcinogenic aromatic amines on reduc-
tion). There is already a ban in Germany on azo dyes that
could release o-toluidine, 2-naphthylamine, and p-
chloroaniline on reduction.'® Most (70%) wool is dyed
with chromium mordant dyes. A chromium(111) salt of sul-
fosalicylic acid has been used to avoid the usual after-
chrome dyeing with dichromate ion.*'° This left 8-15 ppm
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chromium(111) in the dyebath, but no chromium(VI). The
dichromate method leaves 13-19 ppm of carcinogenic
chromium(VI). Another worker feels that dyeing with
chromium(111) still has some problems, such as color dif-
ferences between dyeings.'* Iron has been used as a non-
toxic replacement for chromium and cobalt to produce yel-
low, orange, red, blue, brown, and black dyes on protein
and polyamide fibers.''2 Disperse dyes have also been ap-
plied to cotton and wool in supercritical carbon dioxide, af-
ter a pretreatment with a polyether, to give light shades.**2
This nontoxic, nonexplosive method reduces the amount of
wastewater. Transfer printing done by the sublimation of
dyes from paper to polyester fabrics also reduces the
amount of wastewater. Exhausted dye baths can sometimes
be used for the next batch by the addition of fresh reagents
to reduce the volume of wastewater. The sodium dithionite
and other reducing agents often used to solubilize dyes for
application to fabrics, after which they are insolubilized by
reoxidation, can be replaced by electrolytic reduction.*'*
This clean use of electricity eliminates waste salts.

Permanent-press fabrics are often cured with N-methy-
lol compounds, such as 4.18, and tend to release formalde-
hyde after the cure. (Formaldehyde [a carcinogen] from
various formaldehyde resins is a problem in some
homes.!'®) These can be replaced with polycarboxylic
acids, such as the 1,2,3,4-butanetetracarboxylic acid (4.19),
which cure via the cyclic anhydride.r® Both dyeing and
durable-press treatments can be combined in a single step,
if desired.*’

No formaldehyde is used in the process, so that none is
released. Copolymers of maleic anhydride should also be
useful in this application and might be cheaper than the
tetracarboxylic acid.>®

After exposure, photographic film based on silver chlo-
ride must be processed by a wet process that uses hydro-
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quinone. For uses such as medical radiography, printing,
industrial radiography, and military reconnaissance, a pho-
tothermographic film can be imaged by a laser, then heated
on a hot roll at 250°F for 15 s, to develop a picture. This in-
volves no wet chemistry and eliminates any effluent.!®
Digital cameras, which use no silver, are now available, but
they are more expensive than a regular camera and the pic-
ture quality is not as good.*® Further research is needed to
improve them.

VI. ELECTRICAL USES

Mercury is often used in electrical switches. A nontoxic,
cost-effective drop-in replacement is a gallium alloy con-
taining indium, zinc, and copper.?® The use of mercury
switches is decreasing owing to a shift to solid-state de-
vices.*! Mercury switch thermostats are being replaced by
fully electronic devices. There is still some mercury in ev-
ery fluorescent lamp. There are other ways of generating
light that approximates sunlight. Xenon gas discharge
lamps*22 are used in accelerated testing of plastics because
their output is similar to sunlight. They contain no mercury
or other metals. If they can be fabricated to the size needed
in domestic lighting and can operate as efficiently as a flu-
orescent tube, they could provide an alternative to the use
of mercury. If only concentrated light can be obtained from
current xenon lamps, then this might be distributed
throughout the building through optical fibers. One fluo-
rescent lamp uses xenon and a Eu(111)-doped LiGdF, phos-
phor to produce orange or red light without the need for
mercury.'?® Additional phosphors are being studied in an
effort to obtain white light. White light has been produced
by the use of carbon-doped silica as a phosphor.*?* This
avoids the need for the use of metals, such as silver, cad-
mium, germanium, and rare earths, that are present in the
usual phosphor in a fluorescent lamp. No mercury is used.
A GaN light-emitting diode with a “white” phosphor has
been suggested for lighting.1?®

There is a controversy over the use of electric cars pow-
ered by lead-acid batteries. One group claims that this will
increase the amount of lead entering the environment
greatly for a marginal amount of ozone reduction.*?® Oth-
ers claim that this analysis is faulty'?” and that lead in the
environment would not increase that much. The tetraethyl-
lead formerly used as an antiknock agent in gasoline was a
major source of lead in the environment. It has been re-
placed by tert-butylmethyl ether, ethanol, and aromatic hy-
drocarbons as antiknock agents. There is an effort to use
methylcyclopentadienylmanganese tricarbonyl for this
purpose in the United States, which is controversial.*?®
Ethyl Corp. feels that the compound is harmless, for it has
been used in Canada for 19 years. Critics say no systematic
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study has been done to measure its effects in Canada. Auto
makers say that it interferes with catalytic converters and
sensors in cars. The alternatives mentioned in the foregoing
contain no metal.

There is a problem with the widespread use of arsenic,
cadmium, and selenium in electronic and photovoltaic de-
vices. Cadmium mercury telluride is used in infrared-sens-
ing night goggles. Cadmium sulfide, cadmium selenide,
gallium arsenide, and analogues, are used in solar cells. If
their use becomes widespread, then an efficient system of
collecting used cells for reprocessing will be needed. Some
workers feel that it will be better to use nontoxic silicon
cells wherever possible. (Solar cells are discussed in Chap.
15)

The preparation of gallium arsenide is a dangerous pro-
cess employing two pyrophoric reagents (4.3):1%°

Ga(CHgs); + AsH;—— GaAs + 3 CH,4 (4.3)

Chemical vapor deposition®*° of a single source precursor

offers a safer alternative (4.4):1%!
Ga(As(tert-butyl),)s —— GaAs (4.4)

Gallium nitride can be prepared by the pyrolysis of gallium
dialkylamides. Wherever possible, it would be safer to sub-
stitute gallium nitride for gallium arsenide. Cadmium se-
lenide can be made by the pyrolysis of cadmium 2-pyridi-
neselenolate.*? Thin films of cadmium telluride have been
made by spraying a mixture of cadmium and tellurium
compounds dissolved in a trialkylphosphine on to a sub-
strate at temperatures higher than 250°C.*** Cadmium
phosphide can be made by pyrolysis of a cadmium phos-
phine complex.'** Such methods are described as less toxic
and easier to control. They avoid the use of the toxic gases
hydrogen selenide and telluride.

VIl. LEATHER

Most leather is tanned with chromium(111) salts, which re-
act with carboxyl groups in the collagen, so that it is no
longer biodegradable.®> A ton of raw hide produces 200
kg of good leather.**® Untanned rejects end up as gelatin
and glue. In a typical case, only 60% of the chromium is
taken up by the leather, the rest are discharged in waste
liquors.**” Silvestre and co-workers claim to have opti-
mized the process to obtain complete removal of the
chromium from a bath of water and tetrachloroethylene.**®
This eliminates a pollution problem with chromium, but in-
troduces an undesirable solvent. If the hide is pretanned
with glutaraldehyde, the chromium usage can be reduced
by 50%.%3° Various schemes have been devised to recover
the chromium from the wastewater for reuse. In one, more
than 98% of the chromium is recovered with a carboxylic
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ion-exchange resin.'“° In another, the chromium(111) is ox-
idized to chromium(V1), then taken through a cation-ex-
change resin to remove sodium ion, reduced back to
chromium(I11), and finally collected on another ion-ex-
change resin.*** Chromium(lll) has also been recovered
on activated carbon at pH 5.2 Chromium-free collagen
has been obtained from leather waste, and the chromium
has been recycled.*® Leather buffing dust has been tested
as a filler for rubber.2** Leather shavings and scraps from
shoe parts can be impregnated with synthetic polymers for
molding into useful objects, or molded alone under heat
and pressure.4®

Iron, titanium, and zirconium salts can be substituted
for the chromium ones.**® Vegetable tannins, such as 4.20
can also be used, but they slow down the tanning process.
Similar phenols can be found in the residue from tea leaves
left after the manufacture of instant tea. Perhaps, they
could be used in making leather to eliminate or reduce the
amount of another waste product. Getting reagents to pen-
etrate the hide is a problem. Newer methods, such as ul-
trasonication and supercritical fluid extraction, may help
reduce the time required to make leather, so that these
alternative-tanning agents can be used instead of the
chromium.

VIIl. METAL FINISHING

Electroplating wastes have often contaminated waterways.
A number of nonaqueous methods are available that avoid
this problem. These include dipping (as in galvanizing steel
with zinc), cladding, laser-assisted coatings, thermal spray
coatings, vacuum metallization, chemical vapor deposi-
tion, sputtering, and in-mold metallization of plastics.*’
Sol-gel ceramic coatings are also used. Work has also been
done at Los Alamos on laser-driven vapor deposition to de-
posit uniform coatings.'® Recent work has been summa-
rized in a U.S. Environmental Protection Agency guide to
alternative metal finishes, from which much of the follow-
ing discussion has been taken.'*° The EPA has also set up
a National Metal Finishing Center at Ann Arbor, Michi-
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gan.™ The coatings are designed to prevent corrosion, in-
crease wear, and to improve the appearance of objects.

Cadmium coatings impart corrosion resistance and nat-
ural lubricity. They are usually applied from an electro-
plating bath of cadmium cyanide. Wastewater from this
process must be treated to remove both toxic ions. Other
anions such as fluoroborate, sulfate, chloride, and py-
rophosphate can sometimes replace cyanide. Zinc—nickel,
zinc—cobalt, and zinc-tin alloys can be plated as replace-
ments for cadmium. They have the necessary corrosion and
wear resistance, but not the lubricity of cadmium coatings.
Aluminum deposited by ion vapor deposition can replace
cadmium coatings in some applications. In this process,
there are no toxic materials and no liquid waste. The pro-
cess involves evaporating aluminum and partially charging
it in a vacuum before it is deposited on a substrate of the op-
posite charge. Such coatings may require the use of a lu-
bricant to replace the natural lubricity of cadmium. They
can be porous, in which case, they may have to be peened
(rubbed) with glass beads to eliminate the pores.

The use of chromium plating for decorative effects is
subject to the whims of fashion. Twenty years ago, each car
had chromium-plated bumpers and strips. Today, very few
do. Plastic wheel covers are still shiny from what are prob-
ably aluminum coatings. Where the wear resistance of
chromium coatings is important, as in machine parts, a
coating of hard titanium nitride can be applied by physical
vapor deposition. (Coatings of silicon dioxide and alu-
minum oxide can also be applied by vapor deposition.) The
electroplating of nickel-tungsten—silicon carbide and
nickel-tungsten—boron alloys is also being studied as a
substitute for chromium coatings. Chromate is also used
for conversion coatings for aluminum and zinc. The coat-
ings provide corrosion resistance and may help adhesion of
organic coatings. Zirconium deposited on the surface as
zirconium oxide can substitute for the chromate. Titanates
and molybdates have also been studied for this application.
The etching of polyvinyl chloride surfaces before plating
can be done with ultrasound instead of the CrO3/H,SO,
that is often used.***

Cyanide is no longer needed in the electroplating of cop-
per. There are commercially available alternatives. The
formaldehyde used in the electroless deposition of copper
coatings is carcinogenic. A nonhazardous reductant is
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needed to replace the formaldehyde. These methods still
require treatment of the wastewater to remove copper ion.

A new method is available that replaces silver in the sil-
vering of mirrors.'? A reflective multilayer coating of sil-
icon and silica deposited by chemical vapor deposition re-
places the usual metal films.

IX. OXIDATION

A. Introduction

Organic chemists often use stoichiometric amounts of
heavy metal compounds as oxidants. These reagents in-
clude chromium oxides, potassium dichromate, pyridinium
chlorochromate, potassium ferricyanide, lead dioxide, lead
tetraacetate, manganese dioxide, manganese(lll) acetate,
potassium permanganate, mercuric oxide. osmium tetrox-
ide, silver oxide, and others. These result in large amounts
of waste that must be disposed of or recycled. Traces of
them may remain in the wastewater or the product. Many
of these contain metal compounds that are quite toxic. The
activation of C—H bonds with reagents, such mercuric ac-
etate and selenium dioxide, has these problems. Even
reagents, such as sodium hypochlorite and m-chloroperox-
ybenzoic acid, result in much waste, although it is much
less toxic.

Schemes have been devised to substitute less toxic met-
als for more toxic ones. Potassium ferrate on K10 mont-
morillonite clay has been used to replace potassium chro-
mate and potassium permanganate in the oxidation of
alcohols to aldehydes and ketones in 54-100% vyields.'>®
The potassium ferrate is made by the action of sodium
hypochlorite on iron(Ill) nitrate or by treatment of
iron(111) sulfate with potassium peroxymonosulfate.*>* Af-
ter the oxidation, any excess oxidizing agent, and its re-
duced form, are easy to recover by filtration or centrifuga-
tion. In another case, manganese-containing reagents have
been substituted for more toxic ones containing chromium
and selenium (4.21).*°° Selenium dioxide was used for-
merly in the first step and pyridinium chlorochromate in
the second.

This process still generates large amounts of waste.

Oxidizing reagents have also been immobilized on ion-

MnO,

OH 100%
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exchange resins for ease of separation.'®® The base poly-
mer was a crosslinked poly(methyl methacrylate) (4.22).
This reagent was used to oxidize alcohols to aldehydes and
ketones in 80-88% yields. The reagent could be regener-
ated for reuse by extracting the manganese with ferrous
ammonium sulfate, then treating with permanganate ion.
“Magtrieve,” based on chromium dioxide, is marketed as a
magnetically retrievable oxidant for conversion of benzylic
or allylic alcohols to aldehydes in 75-90% yields.*®” The
by-product trivalent chromium oxyhydroxide stays on the
magnetic crystal surface for easy retrieval. The solid can be
reconverted to the active form by heating in air. (The use of
other supported reagents is described in Chap. 5.)

The trend is toward oxidants that are relatively harmless
and that generate no noxious by-products. Oxygen, and
materials derived from it, are examples. Ozone is quite
toxic itself, but produces no harmful by-products. It is used
commercially for the cleavage of oleic acid to azelaic and
pelargonic acids.*® Hydrogen peroxide is made from oxy-
gen (4.23).1%°

The anthraquinone is reduced back to the anthrahydro-
quinone with hydrogen using a nickel or palladium catalyst
to complete the cycle. The anthraquinone used may also
contain a 2-ethyl group. Efforts to prepare cheaper hydro-
gen peroxide by direct reaction of hydrogen and oxygen
over palladium and platinum catalysts have been hampered
by low yields and selectivity,*®® although significant im-
provements have been claimed.*®* In most cases, too much
water is produced at the same time. Nagashima et al. ob-
tained 98% selectivity to produce 1.33% aqueous solutions
of hydrogen peroxide. A 13% aqueous solution of hydro-
gen peroxide was obtained in 97% selectivity using a 20:1
Pd/Pt catalyst.5? If an inexpensive way can be found to

o&o
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concentrate these solutions to 30%, these could become
commercial processes. Perhaps a zeolite membrane, (e.g.,
from a 3-A molecular sieve), can be found for this separa-
tion. Generation of the hydrogen in situ from water and car-
bon monoxide has also been used to make hydrogen
peroxide.'®3

Several other oxidizing agents can be made from hydro-
gen peroxide and thus be derived indirectly from oxygen.
These include sodium perborate, sodium percarbonate,
urea peroxide, peracids, potassium peroxymonosulfate,
amine oxides, dioxiranes, and iodosobenzene (4.24).

Oxygen and many of these derived oxidizing agents are
used with transition metal catalysts, which must be recov-
ered and recycled. A typical mechanism is 4.5:

RH + Co(lll)—— R* + Co(ll) + H®

R+ 0,—> ROO 2% ROOH + R’
ROOH + Co(ll)— RO’ + Co(lll) + OH®
RO + RH—— ROH + R’

(4.5)

The ligands on these metal ions often tend to be oxidized at
the same time as the substrate, leading to low turnover
numbers.®* Efforts to stabilize porphyrin ligands have in-
volved replacement of the most oxidizable hydrogen atoms
on the pyrrole rings with halogen atoms and putting halo-
genated aryl groups in the meso-positions.®®

Oxidation of ligands can be avoided by the use of purely
inorganic catalysts. If the catalysts are insoluble in the
medium, as in zeolites or heteropolyacids, the workup is
much simpler. If the oxidation can be run in the gas phase
or ina melt, no solvent has to be separated. If the oxidant is
oxygen, a membrane reactor can sometimes be used to
keep the oxygen concentration low and allow the product
to be separated continuously, thereby avoiding
overoxidation.

There are many reviews that cover various aspects of
oxidation. These include ones on alkane activation,*®® cat-
alytic selective oxidation,*®” metal complexes of dioxy-
gen,*®® metal-catalyzed oxidation,*® biomimetic oxida-
tions,1’° oxidation with peroxides,’’* catalytic oxidations
with peroxides,'’? catalytic oxidations with oxygen,'” ox-
idations with dioxiranes,’* and oxidation of pollutants.*”®
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Recent techniques of reducing metal ion pollution by these
methods are described in the following sections.

B. Oxidation by Oxygen

Although oxidations by oxygen are not common in the
usual laboratory and in the manufacture of fine chemicals,
they are often the standard methods of making large-vol-
ume commodity chemicals. Some typical ones are given in
reactions 4.25-4.32,176

m-Xylene can be oxidized to isophthalic acid by the
method used to make terephthalic acid (4.25). Nylon plants
that make adipic acid sometimes lose polluting nitrogen

CHy COOH

Co(ll)/ Mn(ll) / Br~
CH,COOH

CH, COOH

OOCH

oxides (4.29). The synthesis of acetaldehyde from ethylene
(4.29) employs a tandem oxidation in which the copper(I1)
chloride reoxidizes the palladium(O) and oxygen reoxi-
dizes the copper(1) chloride formed in the process. A sim-
ilar synthesis has been used to convert 1-decene to 2-de-
canone. Polyaniline was used with palladium(Il),
eliminating the need for copper(I1) chloride and the corro-
sion caused by chloride ion.*”” The vanadium pyrophos-
phate (4.32) used in the oxidation of butane to maleic an-
hydride is encapsulated in silica to strengthen it for use in a
recirculating fluidized solids reactor.}’® The use of tert-
butylhydroperoxide to convert propylene to propylene ox-
ide produces the valuable by-product isobutylene, which
can be converted to tert-butylmethyl ether, an antiknock
agent for gasoline. If ethylbenzene is used instead of isobu-
tane, the by-product is styrene, which can be polymerized
to polystyrene. The only defect in such syntheses is that the
market demand must be large enough to absorb all of the
by-product. Such syntheses eliminate not only the waste
salts, but also the toxic chlorine used in the hypochlorous
route to propylene oxide (4.33).

Epoxides can also be made by direct oxidation by oxy-

o >
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gen (4.34). Propylene can be oxidized by air using a ruthe-
nium porphyrin catalyst, but the reaction is slow.}”® An-
other technique that produces a useful by-product involves
the cooxidation of an aldehyde, the reaction probably in-
volving a peracid intermediate. Two examples illustrate not
only this point but also the use of heterogeneous catalysts
for ease of separation of the product. This also avoids loss
of the metal-containing catalyst and facilitates its reuse. In
the first, a-pinene is converted to its epoxide with a mag-
nesium oxide supported polytitazine cobalt complex. The
catalyst is made from magnesium oxide, titanium tetra-
chloride, ammonia, and cobalt(11) chloride hexahydrate.&
The by-product isobutyric acid might be dehydrogenated to
methacrylic acid. (In other examples in the literature, ac-
etaldehyde has been used as the aldehyde, leading to acetic
acid as the byproduct.) Isobutyraldehyde has also been
used in the conversion of olefins to their epoxides by oxi-
dation with oxygen in the presence of a cobalt(11) catalyst
supported on silica or polyaniline.*®* The catalyst on silica
is made by reacting hydroxy! groups on the surface of sil-
ica with 2-cyanoethyltriethoxysilane, followed by hydroly-
sis of the nitrile to the carboxylic acid and its conversion to
the cobalt salt with cobalt(11) acetate (4.35). Cyclohexene
was converted to its epoxide (85% conversion) with no
other alkene-derived products being formed. The catalyst
was reusable. (See Chap. 5 for more detail on supported
catalysts.)

Chromates and permanganates are often used in the ox-
idation of alcohols to aldehydes, ketones, and carboxylic

=S8i—OH + e

(CH,CH,0):SiCH,CH,CN

25°c.

4.34
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96% yield

acids. These transformations can also be carried out with
oxygen, in at least some cases. A copper phenanthroline—
calcium hydroxide catalyst was used with oxygen to con-
vert primary alcohols to the corresponding aldehydes in
95% selectivity at low conversions, but only 75-80% se-
lectivity at higher conversions. Secondary alcohols were
converted to the corresponding ketones with 100% selec-
tivity.182 Oxygen has been used with a palladium(ll)
acetate catalyst to oxidize 1-octadecanol to the correspond-
ing aldehyde in 95% yield at 96% conversion and 2-de-
canol to the corresponding ketone in 98% yield at 97% con-
version.'®® A molybdovanadophosphate on charcoal
catalyst was used with oxygen for reactions 4.36.1%* An
iron vanadate catalyst was used with oxygen to convert flu-
orene to fluorenone in 60% yield (4.37). However, if this
catalyst was doped with cesium ion the yield rose to over
95%.185

Glucose can be oxidized to gluconic acid by oxygen
(4.38) in the presence of palladium on alumina, a palla-
dium-bismuth catalyst, or a platinum-bismuth catalyst in
99-100% yield.*8

Gluconic acid is a possible substitute for the sodium
tripolyphosphate used in detergents to complex calcium
and magnesium ions in the water. The phosphate can cause
algal blooms in rivers and lakes receiving the wastewater
from the washing process. This method can also be used for
further conversion of the gluconic acid to 2-ketogluconic
acid with 98% selectivity at 98% conversion.*®” Such
methods are also applicable to a variety of related carbohy-
drates and other alcohols.'® Glycerol may be in surplus if

(2= Si0)3SICH,CH,CN  ——= (== Si0)3SiCH,CH,COOH

4.35
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the conversion of oils to methyl or ethyl esters for biodiesel
fuel becomes common. It has been converted to glyceric
acid in 70% yield using the foregoing method of air oxida-
tion.18 The method has also been used to convert calcium

2,3-dihydroxypropionate to 2-hydroxymalonic acid with
80% selectivity at 90% conversion.**® The method allows
the conversion of the hydroxyl group in 10-undecen-1-ol to
a carboxylic acid without touching the double bond.***
Ethylene glycol can be oxidized to glycolic acid in 80-94%
conversion and 90-100% selectivity using a gold-on-car-
bon catalyst with oxygen. % This catalyst deactivates more
slowly than Pd/C and Pt/C ones.

One molar aqueous ethylene glycol has been converted
to glycolaldehyde in 90% yield using an alcohol oxidase, a
method said to give better selectivity than chemical meth-
ods.*®3 Laccase has been used with oxygen in the presence
of an azine to convert benzyl alcohols to aldehydes in
87-100% yields.’®* (For more on biocatalysis, see
Chap. 9.)

Two reactions illustrate the use of air oxidation where
toxic selenium dioxide or bromination followed by hy-
drolysis and oxidation would normally be used. The first
(4.39) oxidizes a methylphenol to a phenolaldehyde in
95% yield.'®> The second (4.40) uses air to oxidize a-
pinene to verbenone in 77% yield.**® This eliminates the
need for the lead tetraacetate, sodium dichromate, sulfuric
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acid, and benzene in the two step procedure in Organic
Syntheses.*®’

Use of a heterogeneous catalyst simplifies workup. A
copper-modified hydrotalcite was used to catalyze the oxi-
dation of phenylacetylene by oxygen (4.41), giving yields
comparable with those obtained in homogenous oxida-
tions. 1%

Binaphthols are important as ligands for transition metal
catalysts used in stereoselective syntheses. The oxidation of
a suspension of powdered 2-naphthol in water with ferric
chloride and air gives the corresponding binaphthol (4.42)
in 95% vyield. This is an improvement over homogeneous
syntheses which are accompanied by quinone formation.*%°
The workup consists of filtration, washing with water, dry-
ing, and recrystallization from toluene. The reaction can
also be run with a catalytic amount of inexpensive cop-
per(I1) sulfate on alumina to produce the binaphthol in 97%
yield.2%° A third paper reports 77-99% yields with 1 mol%
of a tetramethylethylenediamine complex of copper hy-
droxychloride as the catalyst.?°*

Efforts are being made to overcome some of the failings
of the present syntheses of commodity chemicals. Most
phenol is produced by the acid-catalyzed cleavage of
cumene hydroperoxide. The by-product is acetone. The
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problem is that the market demand for the two is not always
equal. Many attempts are being made to oxidize benzene (a
carcinogen) directly to phenol. In one, hydrogen peroxide
is generated in situ in the presence of a palladium/copper
on silica catalyst (4.43). Although this gives phenol with
90% selectivity, the rate is slow and too much water is pro-

duced.?%?

Pd-Cuon silica
CBHG H2,02

CeHsOH + H,0

4.43

(Solutia is building a plant that will use waste N,O to ox-
idize benzene to phenol with almost 100% selectivity using
an FeZSM-5 [a zeolite] catalyst. The phenol will be hydro-
genated to cyclohexanone.?%®) Adipic acid for nylon is usu-
ally made by oxidation of cyclohexane with oxygen to a
mixture of cyclohexanone and cyclohexanol, which is then
converted to adipic acid by nitric acid (4.44). Some of the
by-product nitrogen oxides escape causing air pollution. A
heteropolyacid containing phosphorus, molybdenum, and
vanadium can be used with oxygen instead of the nitric acid
to convert 2-methylethyl-hexanone to 6-ketoheptanoic acid
avoiding both the nitrogen oxides and corrosion.?%*

98% selectivity at 99% conversion
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When this method is applied to cyclohexanone, it pro-
duces a mixture of 50% adipic acid, 19% glutaric acid, and
3% succinic acid. Further work is needed to steer the reac-
tion to a high yield of the desired adipic acid. A chromium
aluminum phosphate molecular sieve has been used with
oxygen and a catalytic amount of a hydroperoxide to con-
vert cyclohexane to a mixture of 48% cyclohexanone, 5%
cyclohexanol, 6% cyclohexanehydroperoxide, and 40%
adipic acid, at 10% conversion. The catalyst could be
reused four times without loss of activity.2°> Presumably,
the products other than adipic acid could be recycled to the
next run. The authors do not give the selectivity at higher
conversions. ldeally, one would like a similar system that
would give only adipic acid at 100% conversion.

High selectivity at high conversions has been observed
in the photocatalyzed oxidation of hydrocarbons in zeolites
using oxygen.2% Even red light can be used. In some cases,
dyes are exchanged for the alkali cations of the zeolites.
The yield of one of several possible products from 2-
methylpentene and 1-methylcyclopentane can be as high as
100%, compared with much lower selectivity when the re-
action is run in solution. Scaling-up these processes to a
commercial scale poses significant challenges. Perhaps, a
fluidized bed of powdered zeolite can be used in a tubular
reactor. A solvent-free way to desorb the products from the
zeolites is needed. Perhaps, simple heating will suffice.
(For more on oxidations in zeolites, see Chap. 6.)

Care must be used in all of these oxidations to avoid
fires and explosions. This means operating outside the ex-
plosive limits of the system. It also means testing for per-
oxides before workup. A common method is to see if a
sample liberates iodine from a solution of potassium io-
dide. Chemists at Praxair Inc. have devised a reactor that
uses pure or nearly pure oxygen below a gas containment
baffle with nitrogen above.?°” The oxygen efficiency is
about 99%, which allows increased productivity and selec-
tivity at lower-operating pressures or temperatures. The
rate of reaction is increased. The amount of vent gas, lost
solvent, and lost reactant are reduced. In the oxidation of p-
xylene, 25-62% less loss to carbon monoxide and dioxide
was found together with less color.

C. Oxidation with Hydrogen Peroxide Without
Titanium

The problem of nitrogen oxides emissions from nylon
plants was mentioned previously. Mallinckrodt produces
nitrogen oxides when it dissolves metals in nitric acid. By
using hydrogen peroxide to oxidize the nitrogen oxides to
nitric acid, it has eliminated 30 tons/year of the oxides and
reduced its nitric acid use by 109 tons/year.?%®
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The need for a process for the direct conversion of ben-
zene to phenol was mentioned in the foregoing. A polymer-
supported vanady| chelate has been used (at 1 mol%) to ob-
tain phenol (100% selectivity at 30% conversion) by
treatment with 30% hydrogen peroxide.2® There was no
leaching of the metal ion. The catalyst could be recycled
ten times before it started breaking up. Further work with
an inorganic support might allow the development of a
commercial process.

The use of hydrogen peroxide to replace the chlorine
and sodium hypochlorite used to bleach paper and textiles
was discussed in Chap. 3.

Olefins can be converted to the corresponding epox-
ides with hydrogen peroxide under a variety of condi-
tions. The yields were 44-98% in buffered dimethylfor-
mamide.?'° Catalysis by a manganese 1,4,7-trimethyl-
1,4,7-triazacyclononane complex gave over 98% vyields
with styrene, cis-2-hexene, and 1-hexene with turnover
numbers of 1000, 540, and 270, respectively.?** When
this ligand was used with a manganese-exchanged fauja-
site zeolite, the epoxidation of cyclohexene was 95% se-
lective at 47% conversion.?'? (See Chap. 6 for zeolites.) If
ligand destruction can be minimized by choice of a more
durable ligand, this may be a very useful system. When
the manganese was complexed with a tetraarylporphyrin-
carboxylic acid, cyclooctene was oxidized to the corre-
sponding epoxide in 100% vyield in 3 min at 0°C.2%3
Putting a manganese bipyridyl complex into a zeolite
gave a catalyst good for 1000 cycles. In contrast to
many catalysts, it showed no tendency to decompose hy-
drogen peroxide and underwent no self-oxidation.?** By
adjusting the acidity of the zeolite, the temperature, and
time of the reaction, it was possible to favor epoxides, di-
ols, or diacids. After 4 h (22% conversion) at 20°C, the
product consisted of 81% epoxide and 14% diol. After 18
h at the same temperature, cyclohexene (62% conversion)
gave 6% epoxide and 79% diol. At 100% conversion (40
h), the product was the diacid in 80% yield. Repeated re-
generation of the catalyst was possible. This type of cata-
lyst offers considerable promise, especially if the zeolite
cavity can be chosen to favor a given product in higher
selectivity. As a solid, it allows ease of separation from
the mixture and the possibility of use in a column, if the
rate can be increased by the use of higher temperatures. It
might be suitable as a replacement for the more toxic
ozone in the cleavage of oleic acid to nonanoic and aze-
laic acids.

Solid catalysts can offer ease of separation as well as
high selectivity. Cyclohexene has been converted to its
epoxide with hydrogen peroxide and hydrotalcite
(Mg10Alx(OH),4C0O3) in methanol at 60°C in more than
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99% yield at 100% conversion.?*> With 1-octene, the yield
was 95% at 95% conversion. No transition metal is needed.
The high yields may be at least partly due to the presence
of the base, which may prevent the ring-opening side reac-
tions often found in media lacking a base. The catalyst can
be reused with no loss in activity. Solid catalysts with no
organic ligands may last longer, because there is no organic
ligand to be oxidized. Oxidatively and solvolytically stable
manganese-substituted heteropolyanions, such as the Keg-
gin compound [(Mn(11)(H20)3)2(SbWg033),]*2, gave
more than 99% regioselectivity in the oxidation of
limonene if a biphasic system of ethylene dichloride—water
was used (4.45).2'® However, there was some isomeriza-
tion to the corresponding allylic alcohol during the
reaction.

A “green” route to adipic acid uses no solvent or halide
ion and produces no nitrogen oxides.?*” Four equivalents
of 30% aqueous hydrogen peroxide are used with air,
sodium tungstate, and CH3(CgH7)sNTHSO; (as a phase
transfer catalyst) to oxidize cyclohexene to adipic acid in
90-93% vyield. After the adipic acid is filtered off, the
aqueous phase can be reused by adding more phase-trans-
fer catalyst and hydrogen peroxide. The reaction probably
proceeds through the epoxide and glycol. For this method
to be used commercially, the price of hydrogen peroxide
must be lower. The method has also been used to oxidize
2-octanol to 2-octanone in 95% vyield.?'® The aqueous
layer was combined with the residue from distillation of
the ketone for use in the next run. Benzyl alcohols can be
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converted to the corresponding aldehydes in 82-91%
yields using less than 1.5 equivalents of hydrogen perox-
ide. If 4-5 equivalents of hydrogen peroxide are used, the
corresponding carboxylic acid results in 80-91%
yields.?1°

If the hydrogen peroxide is used with a catalytic amount
of a ketone, such as hexafluoroacetone, olefins can be con-
verted to epoxides, aldehydes to acids, sulfides to sulfox-
ides, tertiary amines to amine oxides, and so on.??° The ac-
tive reagent is the hydroperoxide resulting from the
addition of hydrogen peroxide to the carbonyl group of the
ketone. Styrene is cleaved to benzaldehyde and formalde-
hyde in 95% yield by hydrogen peroxide in acetic acid us-
ing a vanadyl acetate catalyst. Peracetic acid may be
formed as an intermediate.??* The Baeyer-Villiger oxida-
tion of a ketone to a lactone can also be carried out with hy-
drogen peroxide. A trace of poisonous selenium dioxide is
used in Reaction 4.46.22% The toxicity would be lowered if
the selenium could be attached to a solid support in such a
way that none would leach out. The reaction has also been
run on cyclobutanones to convert them to the correspond-
ing lactones in 90% yield.??® The catalyst, without which
the reaction did not occur, was a heterocyclic quaternary
ammonium salt.

Methylrheniumtrioxide has been used as a catalyst for
the oxidation of methylnaphthalenes, phenols, and phenol
ethers to quinones with hydrogen peroxide (4.47).2%* The
product ratio was 7:1 in favor of the desired vitamin. The
current industrial preparation of the vitamin with chromium
trioxide gives 38-60% yields. This results in 18 kg of
chromium-containing waste per 1 kg of vitamin. Hydrogen
peroxide of this concentration is hazardous to use. Water is
an inhibitor for the reaction. However, it is possible to use
35% hydrogen peroxide with acetic anhydride to give a 10:1
selectivity for the desired vitamin. Rhenium oxides also
work, but give lower yields. Further work is needed to find
an active rhenium catalyst that is easy to separate and recy-
cle to the next run. Rhenium compounds are not very toxic.
Methylrheniumtrioxide can also be used with 30% hydro-
gen peroxide to convert olefins to epoxides with more than

trace SeO,

tert-butyl alcohol
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98-99% selectivity.??® A pyridine or bipyridine is used to
accelerate the oxidation and prevent ring opening to by-
products.

Hydrogen peroxide can be used with molybdenum and
tungsten catalysts to provide a convenient source of
bromine in situ from bromide ion.??® This mimics the ac-
tion of haloperoxidase enzymes. It provides a less haz-
ardous way to use bromine. Soybean peroxidase can be
used with hydrogen peroxide to oxidize alcohols to aldehy-
des and ketones.??” The use of hydrogen peroxide with an
immobilized lipase has allowed the oxidation of linoleic
acid to a monoepoxide in 91% yield. The enzyme could be
reused 15 times.??® Indole has been oxidized to oxindole in
95% vyield using hydrogen peroxide with a chloroperoxi-
dase (4.48a).2%°

(Additional oxidations and other reactions catalyzed by
enzymes are described in Chap. 9.)

The hazards of concentrated hydrogen peroxide can be
avoided by using sodium perborate, sodium percarbonate,

H0,
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and urea peroxide. The first two are inexpensive, stable,
nontoxic, easily handled bleaching agents used in deter-
gents. They are suitable for many types of oxidation, such
as formation of epoxides from olefins, oxidation of sulfides
to sulfoxides, and sulfones, lactones from cyclic ketones,
and so on.?*° Sodium perborate has a cyclic structure
(4.48b). The other two are just hydrogen-bonded com-
plexes. The urea hydrogen peroxide complex can be stored
a year at room temperature.?®* A few examples of the re-
cent uses of these compounds will be given. Sodium perbo-
rate has been used to regenerate ketones from their oximes
in 80-91% yields,?*? to epoxidize «,B-unsaturated ketones
in 80-95% yields®*® and to generate bromine from sodium
bromide in situ for brominations.?** Salicylaldehyde has
been converted to catechol with sodium percarbonate
(4.49) in 91% yield.3®

Urea peroxide has been used with methylrheniumtriox-
ide to epoxidize allylic alcohols?®*® and to oxidize 2,5-
dimethylfuran to 3-hexene-2,5-dione (97% yield).?*” This

chloroperoxidase

o] 95%

N N
H H
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(HO),B B (OH), Nay **
o—o0

2 Na,CO, + H,0,
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avoids the need for the use of concentrated hydrogen per-
oxide with this catalyst. The urea also avoids acid-cat-
alyzed secondary ring-opening reactions through its buffer-
ing action. The urea—hydrogen peroxide complex can also
be used to oxidize secondary amines to nitroxides
(4.50).2%8

Ethyl phenyl sulfide can be oxidized to the sulfoxide in
97% vyield using 30% aqueous hydrogen peroxide in
1,1,1,3,3,3-hexafluoro-2-propanol.?*®* No sulfone is
formed. The fluorinated alcohol (bp 59°C) is recovered by
distillation for use in the next run.

D. Oxidation by Hydroperoxides Without
Titanium

The commercial process for the production of nylon 6
starts with the oxidation of cyclohexane with oxygen at
160°C to a mixture of cyclohexanol and cyclohexanone
with a cobalt(11) catalyst. The reaction is taken to only 4%
conversion to obtain 85% selectivity. Barton and co-work-
ers have called this the least efficient major industrial
chemical process.?*® They have oxidized cyclohexane to
the same products using tert-butylhydroperoxide with an
iron( 111 catalyst under air (70°C for 24 h) with 89% effi-
ciency based on the hydroperoxide. The oxidation of cy-
clohexanol to cyclohexanone was carried out in the same
way with 99% efficiency. A cobalt catalyst in MCM-41 ze-
olite gave 38% conversion with 95% selectivity in 4 days
at 70°C.?** These produce tert-butyl alcohol as a coprod-
uct. It can be dehydrated to isobutene, which can be hydro-
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genated back to isobutane for recycle to the process or re-
acted with methanol to give the antiknock agent for gaso-
line, tert-butylmethylether. This process may be economi-
cal if the time can be reduced. Other workers have used
manganese catalysts for the oxidation of cyclohexane, but
have obtained lower yields.?*2

One of the commercial processes for the production of
propylene oxide uses the transition metal-catalyzed epoxi-
dation by tert-butylhydroperoxide. Recently, various
molybdenum complexes have been used to catalyze the
epoxidation of other olefins by tert-butylhydroperoxide.
Cyclooctene is converted to its epoxide quantitatively us-
ing a molybdenum complex of N-octadecylpyridylpyra-
zole.?*® Cyclohexene has been converted quantitatively to
its epoxide using a polyimidetriazole molybdenum com-
plex.?** The catalyst could be recycled ten times, although
the yield fell to 92% in the sixth cycle and to 70% in the
tenth cycle. Putting the molybdenum complex in a molec-
ular sieve raised the conversion in the epoxidation of
styrene from 25 to 96% (94% selectivity). Thus, both the
rate and yield increased.?*® These methods provide ease of
separation of the catalyst from the reaction mixture for
reuse, as well as improved yields. Further work is needed
to keep the yields up with the recycled catalysts. It may be
necessary to use inorganic ligands or supports, rather than
organic ones, to achieve this.

It may not be necessary to use a transition metal catalyst
at all. A 96% yield has been obtained in the epoxidation of

/\/\N/\/\ 92%
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a cyclic ketone using tert-butylhydroperoxide with a potas-
sium fluoride on a alumina catalyst (4.51).246

When 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) was
used as a catalyst in the oxidation of an unsaturated lac-
tone by tert-butylhydroperoxide, the yield was 75%.24"
This was the only amine that worked well. These experi-
ments suggest that other strong-base, solid catalysts
should be tested. Silica has been used as an environmen-
tally benign and recyclable catalyst with tert-butylhy-
droperoxide. This system gave an 86% yield of sulfoxide
from a sulfide.?*® Another insoluble catalyst, made by ex-
changing the sodium ion in zeolite Y with a copper histi-
dine complex, gave 100% selectivity in the oxidation of
an alcohol to a carboxylic acid using tert-butylhydroper-
oxide.?4°

Secondary alcohols have been oxidized to ketones with
excess tert-butylhydroperoxide in up to 93-99% vyields us-
ing a zirconium catalyst.?*° Zirconium catalysts have also
been used with tert-butylhydroperoxide in the oxidation of
aromatic amines to nitro compounds and of phenols to
quinones. Allylic oxidation of steroids in 75-84% yields
has been performed with tert-butylhydroperoxide and cop-

0 NOH
NH;
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4.52
OH
H,0,
—
Ti silicalite
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4.53

per halide catalysts, thus avoiding chromium-containing
reagents.?>!

E. Oxidations by Hydrogen Peroxide and
Hydroperoxides in the Presence of Titanium

A break-through came when Enichem in Italy discovered
titanium silicalite (TS-I, a titanium-containing microp-
orous silica molecular sieve) as a catalyst for oxidations
with hydrogen peroxide.?>> The company uses this com-
mercially for the preparation of cyclohexanone oxime (for
nylon 6) (4.52) and the oxidation of phenol to a mixture
of catechol and hydroquinone (4.53). It is building a 2000
metric ton/year plant to make propylene oxide by this pro-
cess (4.54).2%% The selectivity to propylene oxide can be
as high as 100% at 0°C, 98% at 25°C, and 95% at
40°C.%* The selectivity was 93% when the hydrogen per-
oxide was generated in situ by oxidation of isopropyl al-
cohol with oxygen in the presence of a small amount of
lithium chloride.?®® The by-product acetone can be hydro-
genated with hydrogen to produce more isopropyl alco-
hol. This may be a cheaper process than using premade
hydrogen peroxide. The reaction of cyclohexanone with
ammonia and hydrogen peroxide can also be done with
H-ZSM-5 zeolite coated with titanium silicalite giving
99% selectivity.?%

The system can also be used to oxidize amines to
oximes with 88% selectivity at 40% conversion.?>” The
substitution of other metals for titanium in the silicalite
gives catalysts that usually do not work as well. In any

|OH
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event, titanium is less toxic than many others that could be
substituted for it.

The major limitation of titanium silicalite is the small
pore size, which restricts its use to small molecules. Its
discovery has spawned a great deal of work in many lab-
oratories to put the titanium into solids with larger pores.
Corma and co-workers have prepared titanium-g and tita-
nium MCM-41 as large-pore zeolites.?>® With these, the
epoxidation of 1-hexene to its epoxide with hydrogen per-
oxide was 96-99% selective. With tert-butylhydroperox-
ide the epoxidation was nearly 100% selective. The high-
est activity and selectivity for epoxidation of olefins with
organic peroxides was obtained when some of the silicon
atoms were substituted with methyl groups. Titanium-
B-fluoride was more selective to epoxide than titanium-g3
hydroxide in the epoxidation of methyl oleate with hydro-
gen peroxide (95 compared with 80%). A bis(cyclopenta-
dienyl)titanium unit has been anchored in MCM-41 zeo-
lite. It gives 95% selectivity to the epoxide when
cyclohexene is oxidized with tert-butylhydroperoxide.?®®
A drawback of this catalyst is that it deactivates in 90 min
and must then be regenerated by heating to 550°C. A cat-
alyst made from titanium tetrafluoride and silica is said to
give better selectivity to the epoxide than the titanium ze-
olites because it contains no acidic sites.?®® With it, cy-
clohexene was converted to its epoxide in 96% conver-
sion and 100% selectivity. The catalyst could be
recovered for reuse by centrifugation.

Microporous and mesoporous amorphous titanosilicates
have been made by the sol-gel method from tetraethoxysi-
lane and tetrapropyltitanate without amines.?! In contrast
with titanium silicalite with hydrogen peroxide, which
gives about equal amounts of catechol and hydroquinone,

5 or
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it produces about 90% catechol and 10% hydroquinone,
but the hydrogen peroxide efficiency is only 26%. With
other catalysts in this series, the hydrogen peroxide effi-
ciency went up to 93%, but then the products were 63%
catechol and 37% hydroquinone. Titanium-containing
amorphous glasses (with 0.7-nm—tubular pores) made by
the sol-gel method were used as catalysts for the reaction
of 1-hexene with tert-butylhydroperoxide to give the cor-
responding epoxide in nearly quantitative yield.?®2 The rate
did not slow down with higher «-olefins, but did for higher
internal and cyclic ones. In some cases, alkyl or aryltri-
ethoxysilanes have been used in the sol-gel method for
high selectivity.?%® In the epoxidation of E-2-hexen-1-ol
with tert-butylhydroperoxide in toluene and a titania—silica
catalyst, selectivity was improved to 90-98% by adding
sodium bicarbonate or zeolite 4A.2%* These prevented un-
wanted ring opening of the product. A catalyst made by
treating silica with tetraisopropyltitanate gave good selec-
tivity in the epoxidation of olefins with tert-butylhydroper-
oxide at first, but after five uses the activity was only 68%
of the original, suggesting loss of some of the titanium.?®®
Soluble alkylsilasequioxanes substituted with titanium (a
cage structure of seven silicon atoms and one titanium
atom) (as well as related gels) have been studied as models
for titanium silicalite.?%® Selectivity of epoxidation of cy-
clooctene with tert-butylhydroperoxide was more than
95%.

Hutter and co-workers made mesoporous amorphous ti-
tania—silica aerogels by the sol-gel method, including su-
percritical carbon dioxide extraction in the workup.%”
These were used with cumenehydroperoxide to epoxidize
1-hexene in 95% selectivity and cyclohexene in 100% se-
lectivity. The authors state that their catalysts are superior
to titanium-B and titanium MCM 41 for the oxidation of
bulky compounds such as limonene (4.55).

A catalyst made by treating silica with tetraisopropylti-
tanate was used with tert-butylhydroperoxide to produce a
mixture of the two epoxides from limonene in 90%
yield.?®® It gave a 96% yield of the epoxide from 2-heptene.
Thus, the limitation of TS-1 catalyst to small molecules is

TiO, / $i0,
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being overcome. Microporous amorphous solids appear to
work as well as their crystalline molecular sieve counter-
parts.

F. Oxidation by Other Peroxy Compounds

Dioxiranes are good selective oxidants. Some B-diketones
have been oxidized to alcohols (4.56) in 95% or higher
yield.2%° The dioxiranes are made and used in solution. The
nickel catalyst speeds up reaction 4.56. Hydrocarbons can
be functionalized (4.57) in up to 92% yield in this way.?"
A dioxirane phase-transfer catalyst, produced in situ with
potassium peroxymonosulfate, has been used epoxidize an
olefin to an epoxide (4.58) in up to 92% yield.?"*

Dimethyldioxirane converts N,N-dimethylhydrazones to
the corresponding nitriles in 94-98% yields in 2-3 min.?"? It
has also been used to convert cycloctatetraene to tetraepox-
ides.?”™ A dioxirane analogue, a perfluorinated dialkylox-
aziridine, has been used to oxidize alcohols to ketones.?™

Potassium peroxymonosulfate has been used in the Nef
reaction to convert 1-nitrohexane to caproic acid in 98%
yield.?’”> Replacement of the potassium ion by tetrabuty-
lammonium ion allows the oxidant to be used in acetoni-
trile and methylene chloride. (Less toxic solvents would be
desirable.) When this reagent was used with a manganese
catalyst, 1-octene was epoxidized in more than 99%
yield.?’® It also converted ethylbenzene to acetophenone
with more than 99% selectivity.
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Butylamine has been oxidized quantitatively to buty-
ronitrile by 3-chloroperbenzoic acid using a ruthenium
tetramesitylporphyrin catalyst.?’” Dialkylsulfides can be
oxidized to the corresponding sulfoxides in 90% yield by
magnesium monoperoxyphthalate on moist bentonite clay
in acetonitrile.2’® The inorganic support promotes the
reagent and allows for an easy workup. p-Toluenepersul-
fonic acid has been used to oxidize amines to their amine
oxides in 40-95% yields.?"®

G. Oxidation by Amine Oxides and lodoso
Compounds

Methylcyclohexane has been oxidized to an alcohol using
an amine oxide with a ruthenium porphyrin catalyst
(4.59).28° Cyclohexane gave a 95% yield of a 6.7:1.6 mix-
ture of cyclohexanone and cyclohexanol.?8 (This suggests
using hydrogen peroxide with a catalytic amount of 2,6-
dichloropyridine and a ruthenium zeolite or heteropoly-
metallate.) Manganese?®? and iron?®® porphyrins gave
lower yields. The same reagent system has been used to ox-
idize aromatic compounds to quinones.?8* The yields were
good (up to 97%) only when a methoxyl group was present.
Ruthenium porphyrin catalysts have also been used with
pyridine-N-oxides to oxidize sulfides to sulfoxides and
olefins to epoxides.28®

lodosobenzene can be made by oxidation of iodoben-
zene to iodobenzenediacetate, followed by treatment with

CH,C1,
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base.?®5 It has been used with a manganese chelate and a

trace of pyridine-N-oxide to convert olefins to their epox-
ides.?®” Sodium hypochlorite can be used in place of the io-
dosobenzene. Alcohols can be oxidized to the correspond-
ing aldehydes in 79-94% vyields, with no overoxidation to
the carboxylic acids, by 2-iodosobenzoic acid.?®® The prob-
lem with both the amine oxides and the iodoso compounds
is that they produce reduced by-products that will have to
be isolated and recycled to avoid waste.

H. Electrically Assisted Oxidations

The use of electricity in reactions is clean and, at least in
some cases, can produce no waste. Toxic heavy metal ions
need not be involved in the reaction. Hazardous or expen-
sive reagents, if needed, can be generated in situ where
contact with them will not occur. The actual oxidant is used
in catalytic amounts, with its reduced form being reoxi-
dized continuously by the electricity. In this way, 1 mol%
of ruthenium(l11) chloride can be used in aqueous sodium
chloride to oxidize benzyl alcohol to benzaldehyde at 25°C
in 80% yield. The benzaldehyde can, in turn, be oxidized to
benzoic acid by the same system in 90% yield.?® The ac-
tual oxidant is ruthenium tetroxide. Naphthalene can be ox-
idized to naphthoquinone with 98% selectivity using a
small amount of cerium salt in aqueous methanesulfonic
acid when the cerium(11l) that forms is reoxidized to
cerium(1V) electrically.?®® Substituted aromatic com-
pounds can be oxidized to the corresponding phenols elec-
trically with a platinum electrode in trifluoroacetic acid, tri-
ethylamine, and methylene chloride.?®> With ethyl
benzoate, the product is a mixture of 44:34:22 o/m/p-hy-
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droxybenzoates in 89% yield. Water is used to hydrolyze
the intermediate trifluoroacetate. In another case, electric-
ity is used to generate sodium hypoiodite and sodium hy-
droxide continuously for the epoxidation of 2-methylnaph-
thoquinone (4.60).2° The yield is 100%. No waste is
produced and no hazardous halogen has to be handled or
shipped. Unfortunately, the yield drops to 89% when
sodium bromide is substituted for the iodide, and to 6%
when sodium chloride is used. One wonders whether such
a process could be used to convert propylene to propylene
oxide economically. It would also be desirable to use a sol-
vent that is less toxic than acetonitrile. Propylene may be
soluble enough in just water for the reaction to be used.

. Oxidation by Halogens and Halogen
Compounds

lodine has been used to oxidize aldehydes to esters in alco-
hols (4.7) in 91-98% yields.?%*

I> '

91-98% @.7)

It is possible that the iodine and base could be generated in
the way cited earlier for the oxidation of 2-methylnaphtho-
quinone. Fluorine forms a hypofluorous acid—acetonitrile
complex when it is passed into wet acetonitrile. This com-
plex has been used to convert olefins, such as undecylenic
acid, oleic, and cinnamic acid to the corresponding epox-
ides in 90% yields.?®* The disadvantages of the process are
the need to handle the very reactive fluorine and the need
to recycle the by-product hydrogen fluoride.

Sodium hypochlorite, as in household bleach, is an in-
expensive oxidant. In use, it does produce by-product
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sodium chloride, which, in theory at least, could be recy-
cled by electrolysis. It has been used to oxidize a variety of
olefins to their epoxides in the presence of manganese
chelates as catalysts, with yields of 80-95%.2% Quaternary
ammonium salts can be used as phase transfer catalysts.
Amine oxides are also added in catalytic amounts in some
cases. Manganese chelates of porphyrins and salicylidene
amines are used as catalysts. A typical example is shown in
Reaction 4.61. With optically active chelates, the oxidation
can be highly stereospecific. Alcohols can be oxidized to
aldehydes or ketones in 30 min at room temperature using
aqueous sodium hypochlorite, ethyl acetate, and tetrabuty-
lammonium bromide as a phase-transfer catalyst.?°® Ben-
zaldehyde was obtained in 93% yield and octaldehyde in
86% yield. Alkyldimethylamines have also been oxidized
to amine oxides using sodium hypochlorite with iron—halo-
genated porphyrin catalysts.?®” The presence of the 16
halogen atoms in the porphyrin stabilizes this ligand to ox-
idation. Ligand oxidation is a common problem limiting
the lifetimes of oxidation catalysts.

An ortho-dimethylbenzene has been oxidized selec-
tively to a toluic acid in a two-phase system in which the
product is extracted into water as it is formed (4.62). Three
equivalents of sodium hypochlorite are used with sodium

hydroxide, 1% ruthenium(111) chloride, and 5% tetrabuty-
lammonium bisulfate to produce the product in 98%
yield.?®® The oxidation takes place in the organic phase.
This example illustrates the principle of removing the prod-
uct as it is formed, before further side reactions can take
place, so that a high yield can be obtained.

Upjohn and Pharmacia have used the steroidal interme-
diate, bisnoraldehyde, to make progesterone and corticos-
teroids for many years. Recently, they developed a new ox-
idation process for conversion of the primary alcohol to
bisnoraldehyde (4.63). This uses sodium hypochlorite
bleach with 4-hydroxy-2,2,6,6-tetramethyl-1-piperidiny-
loxy radical in a two-phase system.?%°

The many advantages of the method over earlier ones
include no heavy metals, no noxious emissions, no haz-
ardous reagents or reaction mixtures, increased utilization
of the soya sterol feedstock (from 15 to 100%), elimination
of ethylene dichloride (a carcinogen) solvent, 89% less
nonrecoverable solvent waste, 79% less aqueous waste,
and the wastes are nontoxic. Presumably, a method for re-
cycling the expensive catalyst has been developed.

Periodates have been used in a variety of oxidations.
Tetrabutylammonium periodate can be used in nonaqueous
media to oxidize alcohols to aldehydes (60-97% yields),
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mercaptans to disulfides (90-100% yields), and dialkylsul-
fides to sulfoxides (60-75% yields).>® Sodium periodate
has been used with ruthenium complexes as catalysts for
the oxidation of olefins to epoxides (45-99% yields) and
alcohols to ketones (75% yield). The epoxidation of the
olefins is complicated by cleavage of the carbon—carbon
bond.®** The reduced iodine compounds can be converted
back to periodate electrochemically. Sodium perbromate
with a ruthenium(l11) chloride catalyst has been used to ox-
idize primary alcohols to either the aldehyde or the car-
boxylic acid in 90% yield, depending on the reaction con-
ditions.3?

J. Oxidation with Dinitrogenoxide

Dinitrogenoxide (nitrous oxide) may be a useful, relatively
harmless oxidant if a good inexpensive source of it can be
found. It can be obtained from the by-product gases from
the oxidation of cyclohexanone by nitric acid in the manu-
facture of nylon. It can also be made from ammonium ni-
trate. It is said to offer a wider range of process safety than
oxygen.3%® As mentioned earlier, benzene can be converted
to phenol in 100% selectivity using dinitrogen oxide with
FeZSM-5 zeolite at room temperature. Solutia is using this
process as part of a route to adipic acid for use in making
nylon. This transformation is also of considerable interest
to makers of phenol, for it would eliminate the by-product
acetone formed in the current process that is based on
cumene hydroperoxide. (Adipic acid can also be made
from glucose, without the need for cyclohexane, nitric acid,
or benzene, as described in Chap. 9.)

X. MISCELLANEOQOUS: ASBESTOS AS A
TOXIC MATERIAL

Asbestos fiber is a carcinogen that can cause lung cancer.
In earlier years when this was not known, the material
was used widely in insulation, fire suits, and so on, be-
cause it could not burn and was inexpensive. In friction
materials, it shows a high affinity for resins used with it,
good heat resistance, a high coefficient of friction, and
low abrasion.®** Many materials have been suggested as
replacements. The cheaper ones are natural minerals,
such as mica, talc, attapulgite, and vermiculite. Some-
what more expensive are glass and steel fibers. More
expensive yet are fibers of alumina and silica. Fibers of
organic polymers, such as polypropylene and polyacry-
lonitrile, are also suitable for some applications. Strong
aramide, carbon; and polybenzimidazole fibers are too
expensive for most applications. The replacement se-
lected will depend on the application. Filled polymers
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should be relatively simple, although it may require a hy-
drophobically-coated filler. Brake linings for cars and
trucks pose more of a challenge. These may require glass
or metal fibers or even aramide or graphite fibers. At one
time brake linings were the principal source of asbestos
fibers on city streets.
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EXERCISES

1. How is the disposal of used fluorescent lamps and
batteries handled where you live? If they can re-
lease mercury and other heavy metals into the en-
vironment, devise a system that will not.

2. Check the Toxic Release Inventory (or a compara-
ble compilation) for releases of heavy metal ions
in your area. Suggest alternative chemistry that
could eliminate the releases.

3. What are the fish advisories in your area due to?

4. Keep a list for a week of the toxic metal ions that
can be found in your home, or car, or that you use
in the laboratory. Could any of the metal ions end
up contaminating the environment?

5. Check to see what biocides are in the products in
and around your home.

6. Is the current removal of ashestos from buildings
overkill?

7. Visit the physics or engineering departments on
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campus to see what nonaqueous methods they use
to apply metal coatings.

What other reagents can you think of that might be
regenerated electrochemically to reduce the
amount of reagent needed?

Tabulate the oxidants used in an annual volume of
Organic Syntheses. How might environmentally
friendly oxidants be substituted for any that in-

10.
11.

Chapter 4

volve toxic metals or that produce large amounts
of waste salts?

What might be substituted for Ni—Cd batteries?
Visit some local industries that use toxic heavy
metal ions to see how they handle their wastes. In-
clude a visit to the local boat showroom to find out
what they recommend for antifouling paints.



5

Solid Catalysts and Reagents for Ease of Workup

I. INTRODUCTION

The most obvious advantage of a solid catalyst or reagent
is that it can be removed from the reaction mixture by sim-
ple filtration or centrifugation. This allows quick recovery
for reuse in the next run. Alternatively, the solid can be put
in a column with the reaction mixture flowing through it.
There can be other advantages as well. If the catalyst is ex-
pensive or toxic, this provides a way to not lose it and to
minimize exposure to it. If the bulk solid catalyst is expen-
sive, less of it will be needed if it is spread over the surface
of a solid support. The use of the solid material can mini-
mize waste. Consider, for example, the use of a strong acid
ion-exchange resin in place of p-toluenesulfonic acid to
catalyze an esterification. The resin can be recovered for
reuse by filtration. The p-toluenesulfonic acid has to be re-
moved by washing with aqueous base, after which it is usu-
ally discarded as waste. The solid catalyst can be used at
very high catalyst levels because it can be recovered and
used again. If the reaction is being performed on a solid
support, a large excess of another reagent can be used to
drive the reaction to completion. The excess reagent and
any by-products can easily be washed off the solid. The
vigor of some reactions can be moderated by putting a
reagent on a solid. However, this may involve the use of ex-
tra solvent to put it on to the solid and then to extract the
product from the solid. Some solids, such as clays and ze-
olites, offer size and shape selectivity, so that higher yields
and fewer by-products can be obtained. Some catalysts can
catalyze not only the desired reaction, but also side reac-
tions. Isolating catalytic sites on a support can sometimes
eliminate these side reactions. The support may also limit
the possible conformations of the catalytic site in a way that
limits side reactions. As an example, the immobilization of
some enzymes increases their thermal stability. Altus Bio-
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logics, Cambridge, Massachusetts, does this by cross-link-
ing enzyme crystals.*

There are some disadvantages to the use of solid cata-
lysts and reagents. It may not be possible to obtain a high
loading, so that reactions are slower and more catalyst may
be needed. Particles with the high surface area needed for
the support to obtain higher loadings may not be very me-
chanically stable, and the catalyst may suffer from attrition
in use. DuPont has solved this problem for a vanadium py-
rophosphate catalyst, used in the oxidation of n-butane to
maleic anhydride, by putting a hard porous shell of silica
around it.? The resulting particles are stable enough to be
used in a circulating fluidized bed. This has increased the
yield in the reaction. A polymeric support needs to swell in
the medium to allow the reaction to proceed. It may not
swell properly in some media. If the particles are too fine,
flow rates through the catalyst bed may be too slow.
Groups on the surface may be active, whereas those inside
the particle may not be accessible for reaction.

Table 5.1 compares the advantages and disadvantages
of homogeneous and heterogeneous catalysts.

Many books and reviews cover the preparation, charac-
terization* and use of homogeneous® and heterogeneous®
catalysts. Others describe supported metal catalysts,” other
supported catalysts and reagents,® and their use in prepara-
tive chemistry,® the use of polymers as supports,*° trends in
industrial catalysis,* and the environmentally friendly na-
ture of solid catalysts and reagents.*?

The support may not be an innocent bystander. It may
act as a ligand for any metal compound put on its surface
and in doing so alter the steric and electronic properties of
the metal complex. Groups on its surface, such as hy-
droxyl and carboxyl, may react with the metal complex
added to produce a new compound. Binders to improve
mechanical stability and promoters to improve activity are
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Table 5.1 Characteristics of Homogeneous and Heterogeneous Catalysts

Characteristic Homogeneous Heterogeneous

Ease of separation May be difficult Just filter

Thermal stability Often low Usually high

Sensitivity to oxygen and moisture May be high Often low

Life Low Often high

Range of suitable solvents Limited Almost no limit

Corrosion and plating out Sometimes None

Selectivity Often high and easy Less selective, several types of sites may
to modify be presebt

Reproducibility High Very dependent on mode of preparation

Efficiency High (all sites active) May be low (only sites on surface active)

Source: Ref. 3. (Adapted from U. Schubert, New J. Chem., 1994, 18, 1049 with permission of Gauthier-VillarssESME-23 rue Linois-Paris cedex 15 and

Elsevier.)

often added. An inert filler can also be used to dissipate
heat in exothermic reactions. The promoter may be an-
other metal ion which can then react with the first metal
ion to form a cluster.'® It can also promote by preventing
attrition of the solid. The surface of the solid will vary
with the coordinately unsaturated active sites being at
edges, corners, and defects. Putting the active catalytic
group right on the surface may not allow it to form the
right conformation for the desired reaction. In this case, a
spacer group of several atoms may have to be added. It is
occasionally possible to boost activity, as with some poly-
mers, by putting more than one functional group on the
surface to create a multidentate ligand. Enzymes are pro-
teins that often have several groups in widely different
parts of the molecule that curl around a metal ion to form
an active site. A low loading can isolate active sites so
that some deactivation reactions that involve two sites can
be prevented. Considering the various reactions that can
occur in putting the catalyst on the support, it is clear that
more than one type of site can be present. Sometimes, se-
lectivity to the desired product can be improved by poi-
soning one type of site. Selectivity can be improved by
using clays and zeolites that offer selectivity by size and
shape between layers in the former and in porous chan-
nels in the latter.

Heterogeneous catalysts can be deactivated in several
ways. A metal may be poisoned by a strong ligand (e.g., a
sulfur compound on a hydrogenation catalyst). Metal parti-
cles may sinter and agglomerate so that surface area is re-
duced. This process may be aided by reaction with one of
the reactants to form a different compound, as in palladium
hydride formation in hydrogenations. Site isolation can re-
duce this aggregation. The active catalyst may undergo
leaching of the active material, especially if strongly coor-

dinating solvents or reactants are used. Coke often builds
up when catalysts are used at elevated temperatures.** With
inorganic supports, it is common to regenerate such cata-
lysts by burning off the organic matter in oxygen at an ele-
vated temperature. Some promoters help prevent this
buildup of carbon. For example, the addition of some gold
to a nickel catalyst used in the steam reforming of hydro-
carbons eliminates the usual deactivation with time, appar-
ently by preventing the formation of graphite.*®> When this
is a big problem, it is sometimes possible to cycle the cata-
lyst through the reaction vessel, then to a regeneration ves-
sel, and back to the reaction continuously. On the other
hand, there are times when some coking can passivate a
catalyst’s surface and lead to enhanced selectivity.® Attri-
tion can be a problem, especially if fluidized beds are used
to avoid channeling.

The catalyst can be placed on the support in a variety of
ways. One common one is to coat the support with an aque-
ous solution of catalyst or its precursor, then to dry and, if
necessary, activate it by reduction, oxidation, or other such
reaction. Vapor deposition can also be used. Such materi-
als may not be held on strongly; thus, leaching can be a
problem in strongly coordinating solvents. The ionic bond-
ing that results when an ion-exchange resin picks up an an-
ion or cation will be stronger, as long as the pH is kept in
an acceptable range. The bonding will be stronger yet if a
stable chelate is formed. The most stable bonds for holding
the catalyst are covalent. And, of these, the best are those
that are resistant to the reaction being run, as well as to hy-
drolysis and oxidation.

Green chemistry provides a strong motivation to hetero-
genize homogeneous catalysts. With the proper chemistry,
it is possible to attach almost any catalyst to an inorganic
support, a magnetic bead, or a polymer. The rest of this
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chapter will serve as a progress report on what has been
done and the many challenges that remain. Numerous ex-
amples from the recent literature will be used to illustrate
the range of possibilities. The use of inorganic and polymer
supports, as well as ion-exchange resins will be discussed
in this chapter. Clays and zeolites will be covered in the fol-
lowing chapter. Immobilized, enzymatic catalysts will be
discussed in Chap. 9.

Il. THE USE OF INORGANIC SUPPORTS

When one places a reagent on to a support, it spreads out
into a thin accessible layer. If the reactant is now added, the
local concentrations of reactants may be high, thus favor-
ing a bimolecular reaction. This is also a way to bring to-
gether two reactants that may not be particularly soluble in
the same solvent. For example, one compound can be
placed on a support as a solution in water. Then, after dry-
ing, the solid can be treated with a reactant in a water-im-
miscible solvent. If the by-products of the reaction do not
interfere with the reaction, the support may be reloaded
with more of the reagent for use again. If they do, it may be
necessary to purify the support before it can be used again.

R Si(CH3)3

- e >:<
(CH3);Si R

RCOSi(CH, )3

51
CICH,CH,Cl
KMnO, / A1203
52
[ />
s
Cu(NO3),/ Si0,
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A few examples from the literature will serve to illustrate
some of the possibilities.

Sodium has been dispersed on the surface of alumina,
sodium chloride, or titanium dioxide by stirring with ex-
cess support at 180-190°C under argon. The first was the
most effective for reducing titanium(lll) chloride for the
McMurray reaction 5.1, being better than the commonly
used reduction with zinc.'’

The reagent is described as inexpensive, readily pre-
pared and nonpyrophoric, but air-sensitive. Sodium dis-
persed on titanium dioxide in a similar way has been used
to reduce zinc chloride to “active” zinc for reaction with
RX to give RZnX. This method produces fewer by-prod-
ucts from Wurtz coupling.®

Many organic reactions have been run on alumina.t®
The hydrolysis of nitriles can be performed quickly on ex-
cess alumina (5.1). Further hydrolysis to the carboxylic
acid is slow.?

RCN on Al,03; 2%, RCONH, 82-92% (5.1)

Potassium permanganate on alumina has been used to oxi-
dize benzylic hydrocarbons to ketones (5.2), often in high
yields.?!

Silica is another common support. Copper(ll) nitrate on
silica (5.3) has been used to regenerate carbonyl com-
pounds from their oximes, tosylhydrazones, 1,3-dithi-
olanes, or 1,3-dithianes in 88-98% yields.??

Potassium fluoride on alumina is sometimes used as a
base.?® It may be that the fluoride ion displaces some sur-
face hydroxyl from the alumina to produce some potassium
hydroxide. Lithium chloride, bromide, and iodide on silica

CHO

98%

53
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52-100%

o}

have been used to open epoxide rings (5.4) to give the cor-
responding halohydrins.?*
Some Wittig reactions (5.2) are much faster when the
aldehyde is put on silica first.?
SiO,

hexane

O
(CeHs)sPCHCOOCH; + RCHO —/——
RCH = CHCOOCH; + (C¢Hs)3PO

(5.2)

It is sometimes possible to eliminate some by-products
and increase yields of the desired products by putting the
dienophile on silica (5.6).2° Under standard conditions, the re-
action yields 51% of the desired product and 35% of the
dimethylamine adduct of the starting quinone. The reaction of
acetyl chloride with alkylene glycols on silica was 98-100%
selective for the monoacetate at 52-66% conversion.?’

There are also some cases where the support is coated
with a homogeneous film that is insoluble in the medium.
Dibutyl sulfide was oxidized in methylene chloride to the
corresponding sulfoxide quantitatively with cerium ammo-

N(CHg)2

NN

room temperature, 1-22 hours

54

+ CO + H, —

5.7

nium nitrate in an aqueous film on silica.® There was no
overoxidation to the sulfone. A polyethylene glycol film on
silica has been used with a water-soluble rhodium catalyst
in the hydroformylation of 1-hexene.?® The activity was as
good as in the comparable homogeneous system, and there
was little isomerization to 2-hexene. A 6:1 ratio of lin-
ear/branched isomers was obtained (5.7).

Palladium complexed with a water-soluble phosphine,
the sodium salt of triphenylphosphine-m-sulfonic acid, in
an aqueous film on silica catalyzed allylation in acetonitrile
in 100% conversion (5.8).3° No metal was lost. The catalyst
could be recycled.

A latex-supported catalyst has been used to isolate sites.
Styrene has been polymerized in the presence of an ionene
diblock copolymer (a water-soluble cationic copolymer) to
form a graft copolymer latex.3* The cobalt phthalocyanine
sulfonate catalyst [CoPc(SO3 Na*]), was added and be-
came attached to the cationic polymer. When this catalyst
was used for the oxidation of thiols to disulfides by oxygen,
the activity was 15 times that in a polymer-free system.

CHy o CHy CHy O CHy 0 CHy
(H3C)2
“ N Si0, N N
- - +
x> N N e}
T N 0 N N N o
0% ©

88%

5.6
100°C. Vi o ¥
AN
o]
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N OCOOC,Hs  + )‘\/COOCZHs PA/Si0, N
COOC,Hs
100% conversion
5.8
OH o
R
==S6iI0Co0Si—=
R 0,
45°C.
o]
5.9

This site isolation suppresses the formation of inactive
dioxygen bridged u-peroxo complexes.

Hydroxyl groups are present on the surfaces of oxides
such as alumina, silica, titania, magnesium oxide, and such.
These can be used to anchor catalysts to supports. In one
case, the surface hydroxyl group was converted first to a
potassium salt by treatment with potassium acetate at pH
8.4, then to a cobalt salt with cobalt(ll) chloride. This was
used as catalyst for the oxidation of phenols to quinones by
oxygen (5.9).3?

An iridium complex was attached to a silica surface
without the use of any base (5.10).32 The silica behaves as
a simple ligand would.

A rhodium phosphine was anchored to silica as in
Eq.5.3.%

=Si—OH + CH3Rh(P(CH3)3),(CO) —

An allyltris(trimethylphosphine)rhodium complex with an
RhOS:i linkage has also been prepared.®

Metal chlorides can also be put on oxide supports. Zinc
chloride was put on alumina in tetrahydrofuran, followed
by dilution with methylene chloride, then boiling with a
few drops of water and finally evaporation and drying. It
was used as a catalyst to prepare a diketone (5.11).%

CsHs Cetls O
Cpt—1Ir—oH  + SiO, »> Cp*——Ir—p0 ———Si/-—o —_—
N
P(CHa)s P(CHals o—
5.10
OSI(CHa)3 0 0 0
= + \)k Zﬂclz/ Al203 -
R 0-5°C. R

no solvent

51-86%

5-120 minutes

5.11
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This method prevented side reactions that occurred when
zinc chloride was used in tetrahydrofuran. With no zinc chlo-
ride at all, the reaction was sluggish. Metal chlorides, as well
as protonic acids, on such supports are sold by Contract
Chemicals in England as “Envirocats” (short for environ-
mentally friendly catalysts).3” They are stable to air. One of
them has been used to dehydrate an oxime to a nitrile (5.4).8

Envirocat EPZG
ArCH=NOH —5————> ArCN 67-92%
(5.4)

The catalysts are non toxic powders that can be reused sev-
eral times. (Solid acids and bases will be discussed in detail
in Chap. 6.)

There is some question about the nature of the active
sites in these supported metal chlorides. One can envision
a number of structures that might result when zinc chloride
on silica is treated with water. (Similar structures might be
written for zinc chloride on alumina.) These might include

X =8n,AlorTi

COOCH5

5.13

the structures in 5.12. Other hydroxyl and chloride-bridged
structures might also be present.

A supported palladium catalyst for the Heck reaction
(5.13) could be reused several times with little loss in
activity.®® Heterogeneous catalysts for the Heck reaction,
such as palladium on silica and platinum on alumina can
perform just as well in the Heck reaction as homogeneous
catalysts.*

Reduction of rhodium(l1l) chloride with zinc borohy-
dride in the presence of silica produced a catalyst that gave
nearly 100% chemoselectivity to 2-phenylpropionalde-
hyde (5.14).%* No loss of the expensive rhodium occurred.
(Rhodium is expensive enough so that industrial processes
cannot afford to lose more than traces of it.)

The most common way to attach groups to metal oxide
surfaces is to treat the surface with alkoxysilanes that contain
other groups that can be reacted further to attach other things.
Methoxides and ethoxides are used commonly (5.15).

H

Sl X

N
/

N/
7\

o) N
¢ \Pd((C Hs)P)
6715/37 )2
AN /
0 N

H

COOCH;

)—

100% selectivity
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+ CO + H,

The product of the first reaction was added to a double
bond in a fullerene using a platinum catalyst.*? The amino
group in the second product has been used to support
peracids.*® The products have possible use in the disinfec-
tion of gases and in the treatment of wastewater containing
low levels of organic compounds. Another route to the
peracid involves hydrolysis of the nitrile to the carboxylic
acid, followed by conversion to the peracid with hydrogen
peroxide. The peracid is then used to oxidize cyclic olefins
to their epoxides, with 96-100% selectivity at 55-62% con-
version.** The amino group in the aminopropylsilica has
been used to attach a dye, by first treating with thiophosgene
to produce an isothiocyanate which reacted with an amino
group in the dye to form a thiourea.*® It has also been used
to attach a platinum catalyst that was used to catalyze the ox-
idation of cyclohexanol with oxygen to give cyclohexanone
in 98% yield.*® In this last example, magnesium oxide could
be substituted for silica with equivalent results. A typical
way to add a metal catalyst is to complex it with a chelating

Rh catalyst
—_—

5.14
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CHO
100% selectivity

then being used to treat silica, thus anchoring the calixarene
to the support.>® Various chelating agents have been at-
tached to silica by such routes.®® When X was CH,CI, it
was possible to attach a salicyclideneamino chelating agent
which chelated manganese(111).2 The regular pore struc-
ture of the mesoporous silica used was not disrupted in the
process. When X is CH,CI, a cyclopentadienyl group can
be put on by reaction with cyclopentadienyllithium.>® This
has been used to pick up fullerenes which could be recov-
ered later. It also provides a way to put in transition metal
ions as metallocenes.

The process has also been used to attach photosensitiz-
ers to silica.>® The product in Structure 5.16 was made by
treating aminopropylsilica with 2-hydroxy-1-naphthoic
acid. It was more effective in the photochemical dechlori-
nation of polychlorinated biphenyls than a homogeneous

agent made from the aminopropylsilica and an aldehyde, o) R o.
such as salicylaldehyde or 2-pyridinealdehyde.*” Rhodium N ~N Ne=
and palladium were attached at the same time to silica OH
treated with 3-isocyanopropyltriethoxysilane to produce a
catalyst for the reduction of arenes at 40°C at 1 atm hydro-
gen.*® The activity was higher than any yet reported for
other homogeneous or heterogeneous catalysts.
The product where X contained phosphorus was used to
complex nickel compounds.*® In another instance, tri-
ethoxysilane was added to an allylcalixarene, the product 5.16
N
S i—=0 H
. . / N\
==SiOH + (CH;CH,0),SiH(CH;) ——» 0 Si
\ N\
§i—0 CHg
~
==SiOH + (CH30)3SiCHuCHX »  T==8i0CHCHoX

(where X can be CN, CH,NH,, CH,P(CgHs), and such)

5.15
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sensitizer. Aminopropylsilica has also been used to attach
enzymes (5.17). The aminopropylsilica is treated first with
glutaraldehyde, then the enzyme.

Galactosidase has been attached to glass in this way.®
The immobilized enzyme is useful in removing lactose from
milk, for the benefit of those persons who are intolerant of
lactose. A similar technique was used to attach glucose ox-
idase to magnetite (Fe30,) particles, starting with a
trimethoxysilane.” This permits easy separation with a
magnet. The immobilized enzyme was 50% less active than
the native enzyme, but kept 95% of its activity after 9
months at 4°C. Another way to attach an enzyme to a sup-
port is to treat the metal oxide support first with 2,4,6-
trichloro-1,3,5-triazine (cyanuric chloride) (5.18), then with
the enzyme.®® This was done on both alumina and on silica.

A lipase immobilized in this way retained 80% of its ac-
tivity after 336 h. The catalyst could be reused three times
before its activity dropped to 50% of the original value and
it was still yielding more than 90% enantiomeric excess of
S(+)-2-arylpropionic acids. An enzyme from Candida

Ci

N XN
==A—OH + )\ /l\
cl N Cl

SiCl,

5.17

5.18

(CH,CH,)NH
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for example, glucose oxidase

cylindracea immobilized on silica in a similar way was 37
times more stable than the native enzyme. It retained 80%
of its activity after 336 h. Loss of activity on ageing or use
is a problem with many enzymes. (Biocatalysis is dis-
cussed in more detail in Chap. 9.)

Another way to attach groups to silica involves sequen-
tial treatment of the silica with tetrachlorosilane, diethy-
lamine, and 3-hydroxypropyldiphenylphosphine (5.19).%°
This method was used to attach nickel and rhodium to
glass, quartz, and silica surfaces.

Similar techniques have been used to incorporate silica
into various polymers. (Mineral fillers are often given hy-
drophobic coatings to help in their dispersion in polymers
such as polyolefins.®®) Methacrylatopropyltrimethoxysi-
lane has been used to add the methacrylate group on to sil-
ica. The treated silica was used in the emulsion polymer-
ization of ethyl acrylate.®* Transparent films could be
formed from the product. Living polystyrene was end-
capped with a triethoxysilane (5.20), after which it was
used to treat silica and alumina.®?
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The authors were interested in using this technique to
disperse inorganic pigments. A living polymer has also
been end-capped by treatment with chlorosilanes contain-
ing protective groups that were later removed to give ter-
minal hydroxyl and amino groups (5.21).5 A ruthenium
complex was made from the final amine.

A copolymerization of styrene, divinylbenzene, and
maleic anhydride was carried out in the presence of silica.
This was hydrolyzed in boiling water, then treated with
chloroplatinic acid to add platinum on silica.%* Presumably,
the anhydride reacted with the hydroxyl groups on the sur-
face of the silica. Then the platinum(Il) formed a salt with
some of the carboxyl groups.

Another way to insert a noble metal catalyst on to silica
is as follows (5.5):

=S iOH + P(CH,0H); —
=S5 iOCH,P(CH,OH),

When used in the hydroformylation of propylene, this cata-
lyst was as good as Rh(H)(CO)(P(Ce¢Hs)s)s. It gave a 1:1
mixture of n-butyraldehyde and isobutyraldehyde,®® com-
pared with 3:1 for the reaction in solution. The linear alde-
hyde is more valuable, but a number of uses have been de-
veloped for the isobutyraldehyde. If the market needed
more of the latter, this might be an excellent way to make it.

Rh4(CO)1o (5.5)
—_—

living polymex(_3 +

5.20

CU(CH3)Si(CHp) G ————
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Si(OCH,CHy);

Si0,

The gradual evolution of catalysts for olefin polymer-
ization was described in Chap. 1. The use of magnesium
chloride as a support for titanium tetrachloride led to high
mileages that allowed the catalyst residues to be left in the
polyolefin.®® The polymer particle is an enlarged replica of
the catalyst particle. To make the desired compact granules
of polymer with a high bulk density (0.50 g/cm? or higher),
the catalyst must be compact at the same time that it has a
high surface area. Newer metallocene catalysts are soluble
in hydrocarbons. To obtain the desired polymer morphol-
ogy, they must be put on supports, such as alumina, silica,
or zeolites.®’

The sol—gel route has been used to heterogenize homo-
geneous catalysts.®® In the process, one or more metal
alkoxides are gradually hydrolyzed to produce a metal ox-
ide or a mixture of metal oxides. The advantage is that the
second metal oxide is found throughout the first one, rather
than just on the surface, as could result from treatment of a
preformed metal oxide support.®® In other cases, the transi-
tion metal catalyst is just entrapped physically by being
present during the hydrolysis of the tetraalkoxysilane.”®
The method can be run to give high-surface areas which
can increase catalytic activity. A recent example involves
the cohydrolysis of two alkoxy silanes in the presence of
alumina (5.22)."

polymerSi(CHz),(CHy),G

0
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The resulting coating imparted “extremely high” scratch
resistance to plastics. This could result in longer-lasting
plastic eye glass lenses and dinnerware. Current materials
are limited by the tendency to scratch easily, and for din-
nerware, to stain.

The sol-gel method has also been used to put a
NHC(S)NHC(O)Ph on to silica.”? A rhodium catalyst made
from this could be used at least five times in the hydro-
formylation of styrene. By including some methyltri-
ethoxysilane in the cohydrolysis of tetraethoxysilane and
titanium(1V) isopropoxide, it was possible to vary the sur-
face polarity of the amorphous microporous mixed oxide
catalysts used in oxidations with hydrogen peroxide.” The
methyl groups slowed the deactivation of the catalyst and
made it possible to regenerate them thermally.

Colloidal metal clusters, which offer a high surface area
for better activity, have been stabilized by polymers. Thus,
a homogeneous dispersion of a cobalt-modified platinum
cluster was stabilized by a coordinating polymer, poly(N-
vinyl-2-pyrrolidone).” Addition of the cobalt(Il) [or
iron(111)] doubled the activity and increased the selectivity
from 12 to 99% when the catalyst was used to reduce cin-
namaldehyde (5.23).

The system was very sensitive to the transition metal ion
added to the platinum. When it was nickel, hydrocin-
namaldehyde was obtained in 97% selectivity.”® The inter-
mediates in these reductions are probably metal hydride
clusters. When the colloidal platinum is supported on mag-
nesium oxide, without another transition metal, the reduc-
tion produces the unsaturated alcohol with 97% selectiv-
ity.”® A rhodium colloid stabilized by the same polymer
was used with a water-soluble phosphine in the hydro-
formylation of propylene to produce 1:1 mixture of n-bu-
tyraldehyde and isobutyraldehyde in 99% yield.”” It could
be used at least seven times, as long as it was not exposed
to air.

Colloidal palladium can also be stabilized with poly(N-
vinyl-2-pyrrolidone).”® Other polymeric stabilizers have
also been used with palladium, platinum, and other met-
als. These include poly(2-ethyl-2-oxazoline),
poly(methacrylic acid),”® block copolymers containing
COOH groups,®® poly(N-isopropyl acrylamide),®* and
poly(styrene-b-4-vinylpyridine).? Colloidal iron has been
stabilized not only by poly(N-vinyl-2-pyrrolidone) but

5.23
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also by oleic acid.®® Such ferrofluids are of interest for
magnetofluid seals and bearings, as well as for other uses.
Palladium and rhodium catalysts have also been sup-
ported on dendrimers containing amine and phosphine
groups.®* Dendrimers are spherical polymers made start-
ing with a multifunctional molecule that is reacted with a
reagent that gives a product for which each new end be-
comes difunctional. This process is repeated several times
to produce the spherical polymer.2® A silicon-based den-
drimer was made and fitted with dimethylamino groups
that complexed nickel. The complex was used as a cata-
lyst for the addition of carbon tetrachloride to methyl
methacrylate.2® The dendrimer offers a controlled disper-
sion of the catalytic sites on the surface of the nanoscopic
particle with easy recovery for reuse. Copper can also be
placed in the voids inside polyamidoamine dendrimers
with 4-64 copper atoms per particle.®’

Various workers have been making cluster compounds
to bridge the gap between homogeneous catalysts and their
heterogeneous counterparts. Platinum-rhenium clusters
have been made as models for bimetallic catalysts.®® It is
hoped that this will shed light on some of the promoter ef-
fects found when a second metal is added to catalysts. The
authors feel that the selective ligand displacement at rhe-
nium is relevant to the mode of action of heterogeneous
Pt/Re catalysts. The ligand in the clusters is Ph,PCH,PPh,
(5.24).

Roesky and co-workers have used reactions of silanetri-
ols to produce a variety of metallasiloxane cage struc-
tures.89 Some of these are shown in 5.25. An aluminum
silasesquioxane has been made as a model for silica-sup-
ported catalysts. It catalyzed (1 mol%) a Diels—Alder reac-
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S = 1,4-dioxane
R = (2,4,6-Me3CgHIN(SiMe;)

R = (2,4,6-Me;CgH)N(SiMe3)

tion between a diene and an unsaturated ketone (5.26).%°

Titanium analogues have also been made.®*

(o}
Cp\.r//o\ _o

t-Bu”

M=Ga M=1In

5.25

Silsesquisiloxanes are made by the hydrolysis of tri-
alkoxysilanes or trichlorosilanes.®? The octameric units are
similar to structures in zeolites. They also model a silica

particle. Some have been inserted into polymers. In one
case four methacrylate groups have been added to an oc-

tameric structure (5.27).%

The product polymerized readily with heat or light to a
octameric

polymer containing 65% silica. An

silsesquisiloxane has also been appended to polystyrene

(5.28).%
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I1l. ION-EXCHANGE RESINS

lon-exchange resins®® have been used for many years,
mainly to remove unwanted ions from water. For example,
calcium and magnesium ions in hard water can be removed
in this way. A two-bed system of a strong acid cation-ex-
changer followed by a strong base anion-exchanger can be
used to deionize water, as an alternative to distilled water.
Electrodeionization of copper ion-containing wastewater
using alternate cation- and anion-exchange membranes can
be used to recover copper and very pure water for recycle
to the electroplating plant, so that there is no waste.*® (Re-
covery of metal ions from wastewater from metal-finishing
plants was discussed in Chap. 4.) A weak base ion-ex-
changer has been used to recover acetic acid from a 1%
aqueous solution.®” Thus, the resins can be used to recover
valuable chemicals from wastestreams before the water is
discharged from the plant. The resins can also be used as
insoluble catalysts or reagents before or after further mod-
ification. Because of microenvironmental effects and
sitesite interactions, polymer-supported reactions may
differ from their homogeneous counterparts in course of
the reaction, selectivity, rate, and stereochemical results.%®
This can sometimes be very advantageous. Before describ-
ing such uses, a brief summary of what the resins are and
how they are made will be given. This will focus mainly on
those derived from polystyrene.

Styrene containing some divinylbenzene and a water-
immiscible solvent as a porogen are polymerized in aque-
ous suspension using a free radical initiator. When done
properly, this results in a sturdy bead containing pores
where the solvent used to be. This macroreticular resin has
more surface area and, after derivatization, a much greater
exchange capacity than a solid bead of the same size. Re-
cent work has shown how to improve the beads by making

them monodisperse.*® The method uses monodisperse seed
from an emulsion polymerization for the following suspen-
sion polymerization. The reactions (5.29) to form the actual
ion-exchange resins from this support are shown.

The use of dimethylamine in place of trimethylamine
would produce a tertiary amine. Pyridine has also been
used in the quaternatization to produce anion-exchange
membranes.'® (Membranes are covered in Chap. 7.) The
amount of divinylbenzene in the polymerization can be
varied widely, but for use in water it is about 8%. Com-
mercial beads are about 0.3-1.2 mm in diameter.

There are other ways to obtain some of these products.
Efforts have been made to replace the formaldehyde—hy-
drogen chloride mixture, which is carcinogenic. One
method uses trioxane with trimethylchlorosilane and
tin(IV) chloride.X® Another copolymerizes 4-vinylbenzyl
chloride with divinylbenzene. Still another copolymerizes
4-vinyltoluene with divinylbenzene, then chlorinates the
methyl group with sulfuryl chloride!? or cobalt(111) acetate
in the presence of lithium chloride.®® Aminomethyl
groups have been introduced into the styrene—divinylben-
zene copolymer by treatment with N-chloromethylphthal-
imide and iron(l11) chloride, followed by removal of the
protecting phthaloyl group.*®* Acylation of cross-linked
polystyrene with acetic anhydride, followed by reductive
amination of the ketone, yielded a 1-aminoethyl-
polystyrene.'® Quaternization of this amine with
iodomethane gave an anion-exchange resin. A greener
method would be to quaternize with less toxic dimethyl
carbonate.

The functional group can also be introduced in a
monomer used in the original polymerization. Sulfonic
acids can be introduced as their sodium salts with sodium
4-vinylbenzenesulfonate. In one case, this was used with
N,N-dimethylacrylamide and methylenebis(acrylamide) as
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comonomers.t°® Sodium 2-sulfoethyl methacrylate was
also used to add the sulfonic acid. Hollow polyethylene
fibers grafted with sodium 4-vinylbenzenesulfonate were
as effective (after conversion to the acid form) in acid-cat-
alyzed reactions as the usual beads of ion-exchange
resins.?®” Weak acid resins can be made by copolymeriza-
tion of monomers, such as acrylic acid, methacrylic acid,
and maleic anhydride, with a cross-linking monomer.

The chloromethyl group can be modified to introduce
chelating groups for more specific ion exchange!®® (e.g., by
reaction with ethylenediamine,®® glycine,''° or the sodium
salt of iminodiacetic acid). The product from ethylenedi-
amine could be used for complexation of copper(ll) ion. It
was also used to scavenge carbon dioxide, which could be
recovered later by thermal desorption.*** Some metal ion
separations are helped by putting both sulfonic and phos-
phonic acid groups in the resin (e.g., europium(l11) from ni-
tric acid).

The acidities of the cation-exchange resins fall in the
following order: SOsH > PO3H, > PO,H, > COOH. The
quaternary ammonium base is stronger than the tertiary
amine base. The efficiency of columns of beads is in-
creased by small, uniform particle size, low degree of
cross-linking, high temperature, low flow rate, low ionic
concentration in the incoming liquid, and a high length/di-
ameter ratio. In practice, these must be balanced against
cost and time. It is desirable to have the resin denser than
the liquid. The resin must swell to be active, so that the de-
gree of cross-linking should not be too high. This swelling
also means that some extra room has to be left in the col-
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umn for this. There are several ways that the resins can
wear out. These include attrition in use, in part due to
swelling and shrinking; oxidation by air, chlorine, hydro-
gen peroxide, and such; thermal degradation; radiation;
desulfonation; and fouling. The use of quaternary ammo-
nium hydroxide resins may be limited to 40-100°C. When
radioactive solutions are involved, inorganic exchangers
are used.'*?

Sulfonic acid resins can be used as solid catalysts for
esterifications and other acid-catalyzed reactions. Am-
berlyst 15 was a more effective catalyst for the prepara-
tion of esters of phenethyl alcohol and cyclohexanol than
sulfated zirconia, an acid clay, and dodecatungstophos-
phoric acid.'*® (Amberlyst and Amberlite are trademarks
of Rohm & Haas.) (See Chap. 6 for more detail on solid
acids and bases.) The same catalyst gave 86-96% yields
of hydroxyesters when a lactone was stored with a hy-
droxyacid.*** Diols can be monoacylated in 58-92%
yields by transesterification with ethyl propionate in the
presence of Dowex 50W (a product of the Dow Chemical
Co.).**® Modification of the sulfonic acid resin with 2-
mercaptoethylamine produced a catalyst for the reaction
of phenol with acetone to produce bisphenol A (5.30) in
99.5% yield.1® After 20 cycles the yield was still 98.7%.
When used as catalysts, ion-exchange resins can last for 6
months to 2 years.

Anion-exchange resins can be used as reagents.?*? They
are commercially available with acetate, borohydride, bro-
mide, chloride, dichromate, iodide, and periodate anions.
Metal carbonyl-containing anions such as Co(CO)gz,
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Rh(CO)I5 and (Pty5(CO)30)?~ have also been used.'*” A
polystyrene-based anion-exchange resin in the chloride
form reacted with rhodium(l1) chloride to produce a cata-
lyst for hydration of acetylenes and for double-bond mi-
gration in allyl compounds.**® It was leach-proof and recy-
clable. It might replace the more dangerous mercury
catalysts sometimes used in hydration of acetylenes.
Copolymers of acrylamide and 3-(acryloylamino)propy-
Itrimethylammonium chloride have been used to bind
(PtClg)?~ for later reduction to platinum metal to produce a
hydrogenation catalyst.'® Strong base-exchange resins
have been used with sodium borohydride and nickel acetate
to reduce aromatic aldehydes to arylmethyl compounds in
78-98% vyields,*®° aryl oximes to benzyl amines,*?* and
olefins to their saturated analogues.'?> Monosubstituted
olefins were reduced quantitatively in 1 h at 0°C. Di- and
trisubstituted olefins were not reduced under these condi-
tions. When the reaction was carried out at 65°C for 1 h, the
disubstituted olefins, but not the trisubstituted ones, were
reduced. The resin was recycled by rinsing with dilute hy-
drochloric acid, then treating it with aqueous sodium boro-
hydride. Thioacetates were reduced to thiols with a boro-
hydride resin used with palladium acetate.*?® Amine oxides
were reduced to the corresponding amines using a borohy-
dride resin with a copper sulfate catalyst in 93-96%
yields.*?* Polymeric ozonides have been reductively de-
composed with a borohydride resin.*?® Zinc borohydride
on a solid aluminum phosphate has been used to reduce
epoxides to the corresponding alcohols in 97% yields.*?®
Zirconium borohydride on cross-linked poly(vinylpyri-
dine) has been used to reduce carbonyl compounds without
touching the olefinic double bond in yields of 80-96%.%’
The resin was regenerable by washing with acid and then
base, then treating again with zirconium borohydride. This
illustrates the diversity of supports that can be used with
borohydride ion. Each of these methods produces waste
salts. It would be better to reduce catalytically with hydro-
gen using supported metal catalysts, such as palladium on
charcoal, platinum on alumina, and such, if the desired se-
lectivity can be obtained. In the reduction of the thioac-
etates, it would be necessary to use a less active metal sul-
fide catalyst to avoid poisoning. Catalytic reduction would
avoid not only the waste salts, but also the high cost of the
reagents.

Chapter 5

An anion-exchange resin in the fluoride form has been
used to remove the tert-butyldiphenylsilyl protecting group
from an alcohol.*?® A resin with bromate ion has been used
as an oxidizing agent.'*® The resin was regenerated for
reuse by washing with aqueous sodium bisulfite, sodium
chloride, then exchange with sodium bromate. A resin with
the sulfhydryl ion was used to produce mercaptans from
alkyl halides.**°

Nucleophilic substitution of the chloromethylated
cross-linked polystyrene resin has been used to attach a
wide variety of groups. Among these are those shown
(5.31): Potassium diphenylphosphide was used to make the
first phosphine.®! The microenvironmental effects of this
catalyst in the formation of benzyl benzoate by the Mit-
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sunobu reaction (5.6) were studied at 18, 40, 67, and 100%
substitution. The yield and purity of the product were
higher at the two lowest levels. The yield of 97% compared
favorably with the 85% obtained with homogeneous coun-
terpart.

CsHsCOOH + CsHsCH,0H
+ C;HsOOCN=NCOOC;Hs + polymeric phosphine
—— C¢H5COOCH,CgHs
+ C,HsOOCNHNHCOOC,Hs + phosphine oxide
(5.6)

A palladium catalyst derived from this polymeric phos-
phine gave yields almost identical with its homogeneous
counterpart in Reaction 5.32. There was no decrease in ac-
tivity after five cycles of use.*®?

Alcohols were added to the dihydropyrans.*®3 The furan
derivative was used in a Diels—Alder reaction with a
fullerene.*®** Magnesium was added to the anthracene
derivative, after which it was used to prepare benzyl and al-
Iyl magnesium chlorides. The ability to take up magnesium
diminished over several cycles of reuse.**® Polymeric non-
linear optical materials were made by reaction of
chloromethylated polymer with the substituted pyridine to
form a quaternary ammonium salt, and also by reaction
with variously substituted alkoxides.**® The guanidine was
used to catalyze the reaction of soybean oil with methanol
to give the methyl ester.*3’ The catalyst was almost as ac-
tive as a homogeneous one. There was some leaching after
nine catalytic cycles, perhaps owing to displacement of the
guanidino group by methanol. An effort to avoid this by
adding five more methylene groups between the aromatic
ring and the nitrogen gave a less active catalyst. The cy-
clopentadiene derivative was used to prepare a rhodium
metallocene for use as a catalyst in the carbonylation of a
diene.’*® The diphosphine was complexed with palla-
dium(ll) chloride for use in the Heck reaction of iodoben-
zene with methyl acrylate to form methyl cinnamate (as
shown earlier in this chapter with a different supported cat-
alyst).*3® The palladium had a much higher turnover num-
ber than that in a monomeric palladium counterpart, pre-
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sumably owing to isolation of the active sites. The catalyst
was easy to recycle without loss of activity. It could be han-
dled in air and had high thermal stability. The supported ti-
tanium tartrate was used as a catalyst for the Diels—Alder
reaction of cyclopentadiene with methacrolein.X* It was
far more active than a homogeneous catalyst owing to site
isolation. It could be recovered and reused.

Polymeric counterparts of 4-dimethylaminopyridine
have been prepared by several groups. Reilly Industries sells
one as Reillex PolyDMAP (5.32a).1** When used in esterifi-
cations, the polymeric catalyst offers easy separation, re-
duced toxicity and the ability to use it in excess. It can be
reused. The monomeric reagent is highly toxic. The two
other polymeric analogues of 4-dimethylaminopyridine
(5.33) are based on other chemistry.2*? The first is a
polyamide, the second, a polyurethane. In the second case,
glycerol was also sometimes added to produce an insoluble
product.

Another has been formed by the reaction of an alternat-
ing copolymer of ethylene and carbon monoxide with 4-
aminopyridine to form a polymeric pyrrole.*® Reaction of
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4-aminopyridine with epichlorohydrin produced another
analogue.***

A nonionic cross-linked polymethacrylate resin (Am-
berlite XAD7) was used in the reduction of the ketone
(5.34) by an aqueous suspension of Zygosaccharomyces
rouxii cells.**® Adsorption by the resin kept the concentra-
tions of the substrate and product below levels that would
be lethal to the cells, yet allowed enough to be in solution
for the reduction to take place in 96% yield with more than
99.9% enantiomeric excess (often abbreviated %ee).

IV. COMBINATORIAL CHEMISTRY

Merrifield pioneered the solid-phase method for the prepa-
ration of polypeptides.'*® The typical support used is a
chloromethylated polystyrene cross-linked with 1% di-
vinylbenzene. A generalized scheme is shown (5.35).

R is typically 9-fluorenylmethyl or tert-butyl. In the for-
mer compound, the protecting group can be removed with
piperidine; in the latter one with trifluoroacetic acid. The
cycle of deprotection and coupling can be repeated many

Chapter 5

times to produce polypeptides. The general requirements
are that the reagents used in the synthesis and deprotection
steps not cleave the tether or the polypeptide. The final
cleavage removes both the support and the protecting
group. Over the years, many variations have been devised
to perform the cleavages under milder conditions. The big
advantage of the method is the ease of removal of unre-
acted reagents and by-products by simple washing. Large
excesses of reagents can be used to speed up the reactions
and ensure completion of reactions. In a study of the prepa-
ration of peptide guanidines, the solid-phase method of-
fered several advantages. The reaction was seven times as
fast as in solution. The yields were improved greatly. Prob-
lems with the solubility of reagents were eliminated, be-
cause a wider choice of solvents for the guanylation reac-
tion was now possible.*4” Another recent innovation is the
use of ultrasound to assist the coupling of zinc carboxylates
with the Merrifield resin.*® Ultrasound also accelerated
the cleavage of the final polypeptide from the resin by
ethanolamines and aqueous sodium carbonate or sodium
hydroxide. The process involves an initial transesterifica-
tion, followed by hydrolysis of the new ester.
Combinatorial chemistry uses such methods to make
mixtures of many possible compounds (called libraries)
that can then be screened for the desired property to select
those compounds that are active.'*® The methods are suit-
able not only for polypeptides, but also for oligonu-
cleotides,'®® oligosaccharides,'®! and a variety of small
molecules, including many heterocyclic compounds. The
method’s popularity is because our knowledge of the inter-
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actions of molecules with receptors is not sufficient to al-
low prediction of the optimum structure. The changes in
conformations of both the ligand and the receptor during
complexation can be hard to predict. In addition, several
weak interactions can sometimes combine to provide
strong binding. The method can also uncover new unnatu-
ral structures for biological targets. This is a shotgun
method that works.

A popular method is the split-and-mix one. The first
reagent is attached to the support. The beads are then split
into several batches, each of which receives a different
building block. All the batches are recombined and again
split into several lots, each of which receives a different
added building block. This process is continued until the
desired library of hundreds or thousands of compounds is
complete. This method is good for making small amounts
of a large number of compounds. A second method, paral-
lel synthesis, makes a smaller library, but with larger
amounts of each compound. In this method, multiple reac-
tion vessels (e.g., a multiwell plate) allow the preparation
of a different compound in each well. Both methods have
been automated.

The libraries are then screened against the desired target
to pick out the active compounds. Sensitive methods are
needed, for the amount of a compound is small. High
throughput robotic screening is common. For example, po-
tential catalysts for exothermic reactions have been
screened by infrared thermography.'®? In another example,
catalysts for hydrosilylation were screened by the bleach-
ing of unsaturated dyes.®® Sometimes it is not necessary to
remove the compound from the support before screening.
When an active compound is found, it must be identi-
fied.* In parallel synthesis, this is not a problem, because
the well number will have its history recorded. With split
synthesis, it may be necessary to repeat the synthesis,
checking smaller and smaller sublibraries until the active
compound is found. Colored beads and vial caps have been
used to keep track of the reactions.'®> An elegant way to
identify the beads is to start with beads in a tiny porous
polypropylene capsule that also contains a radiofrequency-
encodable microchip that can record each step in the pro-
cess.15® Matrix-assisted laser desorption/ionization-time
of flight (MALDI-TOF) mass spectroscopy has been used
to identify compounds from single beads.*®’

This method is especially useful because it can be used
with very small amounts of compounds with molecular
weights as high as several thousand.8 If the compound is
attached to the support by a photolabile link, the bead can
be analyzed without prior cleavage of the compound from
it. Solid-state nuclear magnetic resonance®®® and infrared
microspectroscopy*®® have also been used for compounds
on single beads.
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Screening of the first library may not reveal a compound
with strong activity. If one with weak activity is found, a
new library can be made around it. This process may have
to be repeated several times before a compound with strong
activity is found.

The Merrifield resin does have some limitations. Be-
cause it does not swell in some solvents, reaction rates can
be low. This has led to a search for other more polar resins.
A variety of polyethylene glycol units'®? have been put in
supports by different methods. One method is to attach a
polyethylene glycol chain to the cross-linked polystyrene
by graft polymerization, or other means.®? The polyethy-
lene glycol chains are free to move about because all the
cross-linking is in the polystyrene part. Such copolymers
have also been used as solid-phase—transfer catalysts, such
that they can be recovered for reuse by simple filtration.1%3
In another method, cross-linking of the polystyrene has
been done with tetraethylene glycol diacrylate instead of
divinylbenzene.’®* Another resin has been made by
copolymerizing a polyethylene glycol end-capped with
acrylamide groups with N,N-dimethylacrylamide and N-
ethoxycarbonylethyl-N-methylacrylamide, then modifying
the resin to incorporate a benzyl alcohol group to produce
a highly porous, high-capacity resin (5.36).1%°

Cross-linked supports have also been made by copoly-
merization of polyethylene glycol terminated with
methacrylate groups with cross-linking agents such as
trimethylolpropane trimethacrylate.!®® This type of resin
has also been used as phase-transfer catalysts.®”

Solid supports tend to have low loading. To avoid this
problem, soluble polymeric supports have been used in so-
lution.*®® The only requirement is that there be an easy way
to remove excess reagents and by-products at each stage.
Polyethylene glycol monomethyl ether has been used for
this purpose.*®® Purification at each stage is achieved by ul-
trafiltration or by precipitation with a large amount of ethyl
ether or ethanol.}’® Modified versions (5.37) have been
used in the synthesis of oligosaccharides.*”*

Purification at each step was achieved by fast column
chromatography in ethyl acetate. The polymer stays at the
top of the column while the reagents and by-products pass
through. The polymer is then eluted with 4:1 ethyl acetate-
methanol. Another system is to remove excess reagents and
by-products with solid polymeric reagents that react with
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them; which enables separation by filtration. For example,
a polymeric amine can be used to remove isocyanates, acyl
chlorides, and sulfonyl chlorides. A polymeric base can be
used to remove hydrochloric acid. A polymeric isocyanate
can be used to remove amines.'’2

Ligands have also been attached to polyethylene glycol
so that they can be recovered for recycle by the foregoing
methods. A phosphine isocyanate has been reacted with
polyethylene glycol for use in the Staudinger reaction with
alkyl azides to form a phosphine imine.”® An alkaloid has
been attached to the monomethyl ether of polyethylene gly-
col for use in the Sharpless asymmetrical dihydroxylation
of olefins. The reaction was complete in the same time,
with no decrease in yield or enantioselectivity, as when the
alkaloid was used by itself.1”* (Asymmetrical reactions are
covered in Chap. 10.)

Combinatorial chemistry has also been applied to the
preparation of catalysts'”® and to inorganic compounds.”®
New catalysts for the oxidation of methanol in fuel cells,*””
the polymerization of olefins,'"® and asymmetrical organic
reactions (or chiral recognition).*”® have been found by this
method. A rate enhancement of 1 million for the ring-open-
ing hydrolysis of an isoxazole (5.38) was found with a
“synzyme” made by alkylating poly(ethylene imine) with
three different groups.*°

Among the inorganic materials under study by this
method are phosphors,*®* superconductors, magnetic mate-
rials,*®2 thin-film dielectric materials,*®® pigments,'®* and
zeolites.*®® Many of these use magnetron sputtering of one
or more elements at a time on to a substrate through a se-
ries of masks. Combinatorial chemistry should also be ap-
plied to optimization of ligands (plain or polymeric) for the
separation of metal ions. Better separations are needed by
the mining, metal finishing, and other industries.
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Combinatorial chemistry offers a good way to find a
new material while operating on a small scale. Thus, it does
not produce much waste. However, if the synthesis of the
new compound is scaled-up, there will be a problem with
wastes. Ways will need to be found to recycle excess
reagents, to minimize use of solvents and, if possible, to de-
velop ways to do without protecting groups.

Combinatorial methods are also being used in biology.
Beetles have been making mixtures of large-ring
polyamines as defensive secretions for a long time.1®
More recently, combinatorial antibody libraries have been
made for primary amide hydrolysis.*®”

V. OTHER USES OF SUPPORTED
REAGENTS

The problems in the use of chlorine and chlorine compounds
for the disinfection of water were discussed in Chap. 3. One
problem is the residual toxicity of chlorine to nontarget or-
ganisms, as in cooling tower effluents. Using ozone as an al-
ternate involves a very toxic material, but does eliminate the
residual toxicity problem. The use of antibacterial polymers
is being investigated as an alternative way of disinfecting
water and air. Several are shown (5.39 through 5.42).

A silane containing hydroxyl and quaternary ammo-
nium salt groups was treated with a triisocyanate to prepare
a biocidal film that was active against Escherichia coli for
as long as 1 month.*88 Cellulose was treated with the ap-
propriate trimethoxysilane to attach a phosphonium salt.*8
Polyphosphonium salts based on polystyrene have been
prepared with spacers of varying lengths between the aro-
matic ring and the phosphorus atom.!®® Polymeric
dichlorohydantoins were used to disinfect potable water
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and air. Less than 1 ppm of free chlorine was released into
the water.*®* The bromine analogue had even higher activ-
ity. A macroreticular copolymer made from divinylben-
zene and epithiopropyl methacrylate was treated first with
triethylenetetramine, then complexed with silver ion to a
polymer with high antibacterial activity. No silver ion dis-
solves in the water. There is no loss in activity after the
polymer is reused several times. Such polymers may prove
to be effective alternatives to the use of added chemicals to
sterilize water and air. They could be used in films,
columns, or other equipment.
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Phase-transfer catalysts are used to facilitate reactions
between reagents that are in two different phases (e.g., 1-
bromooctane in toluene with aqueous potassium iodide to
form 1-iodooctane). They are usually quaternary ammo-
nium or phosphonium salts or crown ethers. They can com-
plicate the workup of the reaction and may be difficult to
recover for reuse. When they are insoluble polymeric ones,
workup and recycle can be done by simple filtration.'?
The process is called triphase catalysis. In favorable cases,
their activity can be comparable with that of their lower
molecular weight analogues. They are often based on
cross-linked polystyrene, for which spacers between the
aromatic ring and the quaternary onium salt can increase
activity two- to fourfold. Copolymerization of 4-vinylben-
zyl chloride with styrene or N,N-dimethylacrylamide, fol-
lowed by treatment with tri-n-butylphosphine produced
catalysts that were used in the reaction of benzyl chloride
with solid potassium acetate (5.43).1%3

Increasing the density of the phosphonium salt in-
creased the rate of reaction of potassium iodide with 1-bro-
mooctane in a silica-supported catalyst (5.44).1°* The cata-
lyst made from silica with 100-A pores was ten times as
active as that from 60-A—pore silica. When used in toluene,
the catalyst could be reused four times with no loss in
activity.

A polymeric formamide was a catalyst for the reaction
of alkyl bromides with potassium thiocyanate, even though

+
P(CeHz)y Br

+

P(CgHg)s Br-
0
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the corresponding formamide was inactive. The catalyst
was made by copolymerizing styrene and divinylbenzene
with 4 mol% of the monomer shown in 5.45:1%

Presumably, the polymer works because of a multiplic-
ity of functional groups that behave as weak ligands in the
proper conformation. Further experiments of this type with
other functional groups that might behave as ligands for in-
organic salts should be tried. Perhaps, combinatorial chem-
istry can be applied here.

Supports can sometimes be used to prevent the loss of ex-
pensive or toxic reagents or catalysts. Cinchona alkaloids
are used in the enantioselective dihydroxylation of olefins
with osmium tetroxide. Although the amount used may be
low on a mole percent basis, it is an appreciable amount on
aweight basis. One cannot afford to discard it. Terpolymers
were prepared from an alkaloid derivative of 4-vinylben-
zoic acid, 2-hydroxylethyl methacrylate, and ethylene gly-
col dimethacrylate. These were used with osmium tetroxide
and N-methylmorpholine-N-oxide or potassium ferri-
cyanide in the dihydroxylation. Stilbene gave the desired
product with 95% enantiomeric excess and 70% yield, com-
pared with 97%ee for ahomogeneous reaction.*®® The poly-
mer with the poisonous osmium tetroxide complexed to it
was recovered by filtration. Further work is needed, because
the enantioselectivity with stilbene and other olefins tends
to be slightly lower than with the corresponding reactions in
solution. Poly(vinyl pyridine) has been used to support os-
mium tetroxide in the dihydroxylation of olefins with hy-
drogen peroxide.'®” The yields with cyclooctene and trans-
4-octene were 99-100%. The polymeric complex could be
recycled several times, but was slowly oxidized. Use of an
inorganic support, such as a zeolite or heteropolymetallate,
would avoid the oxidation. The use of rhodium supported on
cross-linked poly(vinyl pyridine) for the hydroformylation
of propylene and 1-octene works well enough that it is said
to “have commercial potential.”%

A silver dichromate complex with poly(ethyleneimine)
has been used to oxidize benzyl alcohol in toluene to ben-
zaldehyde in 98% yield.*® The polymeric reagent could be
regenerated several times with no loss in activity. No
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chromium was lost in the reaction. Polypropylene fabric
with vinylpyridine graft polymerized on to it has also been
used to support dichromate in the oxidation of alcohols.?®®
Less than 1 ppm of chromium was in solution after the re-
action. This is one method of avoiding the loss of toxic
heavy metal ions. There may be losses in mining the
chromium ore and converting it to dichromate. A better
method, as mentioned in Chap. 4, would be to select an in-
soluble catalyst that can be used in an oxidation with air.
Even so, proof of the ability to recycle a catalyst repeatedly
must show that no leaching occurs. A chromium aluminum
phosphate molecular sieve catalyst used in the oxidation of
a-pinene to verbenone by a hydroperoxide was active in
reuse, but the filtrate was also able to catalyze the oxida-
tion.2° (This reaction was described in Chap. 4. For more
on zeolite and molecular sieve catalysts, see Chap. 6.)

Polymeric ligands can offer advantages in the separation
of metal ions. A copolymer of 4-vinylpyridine and divinyl-
benzene (5.46) separates iron(l11) quantitatively.?°? A poly-
meric hydroxamic acid favors iron(l11) over other ions.2%2

Sherrington and coworkers have used polybenzimida-
zoles and polymides to complex metal ion catalysts and
thus avoid or minimize losses of the metal ions, some of
which are expensive. The first has been used to complex
palladium(Il) for the Wacker reaction (5.47) of 1-octene
and 1-decene to ketones.?** (The other reagents for this re-
action are copper(ll) chloride and oxygen.)

In some cases with 1-decene, the activity was higher
than the homogeneous counterpart. The catalyst was recy-
cled seven times. There was some loss of palladium at first,
but after about six cycles only 1 ppm was lost per cycle. No
hydrogen chloride needed to be added. No copper(ll) chlo-
ride needed to be added after the first cycle. The catalyst
was used at 120°C and was stable to about 400°C. The sec-
ond polymer was used with molybdenum(VI) and tert-
butylhydroperoxide to convert cyclohexene to its epoxide
in quantitative yield.2> The catalyst was recycled nine
times with no detectable loss of molybdenum, but the ac-
tivity did decline. The polymeric ligand may favor site iso-
lation, whereas some other polymeric ligands allow forma-
tion of unwanted oxygen-bridged bimetallic species. The
third polymer was used to complex palladium(ll) for the
Wacker reaction of 1-octene.2%® Both nitrile groups proba-
bly coordinate to the palladium. The material was used for
six cycles. There was significant leaching in the first cycle,
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but none in later cycles. The challenge is to devise active
supported catalysts that lose no metal and no activity on re-
peated use. This could allow their use in packed bed
columns. The strategy of Sherrington and co-workers ap-
pears to be to use supporting polymers that contain biden-
tate or tridentate ligand groups to hold the metal ion more
tightly. To be active, the metal ion must be coordinately un-
saturated. This means that the multidentate ligand must
leave an open site on the metal ion, or allow one or more
bonding groups to be displaced by the incoming reactants.
All excess metal ion must be washed out of the supported
catalyst before use, or it may appear to come out in the first
use. Deactivation mechanisms deserve further study.
Lower loading might favor site isolation and decrease any
loss of activity owing to reactions that produce inactive
binuclear species. If loss of activity is due to a buildup of
tarry side products that tend to block pores, a new more se-
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lective catalyst may be needed or these by-products might
be extracted in a regeneration step. Sometimes, ultrasonica-
tion can do this during the reaction and prolong catalyst life.

A palladium derivative of an oligo-p-phenylenetereph-
thamide performed better as a catalyst for the reduction of
phenylacetylene to ethylbenzene than palladium on carbon
or silica or alumina catalysts.?°” A rhodium(l) complex of
the polyamide (5.48) was used to catalyze the addition of
silanes to 1,3-dienes with good regio- and stereoselectiv-
ity.?°® Rhodium is one of the metals that is so expensive
that losses must be kept at an absolute minimum.

This polyamide was also used to support a palladium
catalyst for the selective reduction of alkynes and di-
enes.?® Phenylacetylene was reduced to styrene in 100%
yield and 100% conversion. The reduction of 1-octyne was
80% selective to 1-octene at 100% conversion. There was
no loss in activity or selectivity after 11 successive runs. A
polymeric analogue of triphenylphosphine (5.49) has been
used to immobilize rhodium dicarbonylacetylacetonate for
the hydroformylation of 1-octene to the corresponding
aldehyde (5.50).%°

The linear/branched ratio was 7.5:1, which was greater
than that found with the control catalyst in solution.
Rhodium(l11) chloride has been immobilized on a support
made by polymerization of vinylpyridine and divinylben-
zene in the presence of silica. The best activity for the con-
version of methanol to acetic acid by carbon monoxide was
obtained after 20% of the pyridine groups were quaternized
with methyl iodide. This suggests ionic bonding of a tetra-
halorhodate ion to the polymer.?!

Frequently, supported catalysts show lower activity
than homogeneous catalysts because of low loading.

legeBegelt

5.49
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Leaching of the metal may be a problem if the complex is
not strong enough. A polymer from the bipyridine
monomer 5.51 has also been used to complex rhodium
compounds.?*? These polymeric complexes should be
more stable than those prepared from poly(vinyl pyridine).

Bergbreiter and co-workers have circumvented this
problem of lower activity by complexing the rhodium salt
on to poly(alkene oxide) oligomers (5.7) containing
diphenylphosphine groups.?*?

((C6H5)2PCH2CH2(OCH2?H)59(OCH2CH2)15

CHs;
><OCH2CH2P(C6H5)2>1,5 RhCI

(5.7)

The compound was used as a catalyst for the hydrogenation
of olefins. No rhodium was lost. This type of polymer
shows inverse temperature solubility. When the tempera-
ture was raised, the polymeric catalyst separated from so-
lution for easy recovery and reuse. This type of “smart” cat-
alyst will separate from solution if the reaction is too
exothermic. The catalytic activity ceases until the reaction
cools down and the catalyst redissolves. Poly(N-isopropy-
lacrylamide) also shows inverse temperature solubility in
water. By varying the polymers and copolymers used, the
temperature of phase separation could be varied (e.g., from
25 to 80°C).?'* A terpolymer of 2-isopropenylan-
thraquinone, N-isopropylacrylamide, and acrylamide has
been used in the preparation of hydrogen peroxide instead
of 2-ethylanthraquinone.?*®> The polymer separates from
solution when the temperature exceeds 33°C to allow re-
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covery of the hydrogen peroxide. Because some an-
thraquinone is always lost to oxidation in such processes, a
better system would be to use an insoluble metal compound
that could form a M-OO-M that could be reduced with hy-
drogen to hydrogen peroxide. Such inverse solubility is
thought to be due to the release of water from the hydrated
forms of the polymers to give the anhydrous forms. This
method is used to isolate hydroxypropylcellulose in its
commercial preparation.

Efforts to heterogenize homogeneous enantioselective
oxidation catalysts often give lower enantioselectivity.
This may at least partly be due to the polymer not being
able to achieve the proper conformation for the metal
chelate catalyst with the substrate. Sometimes, insertion
of a spacer group between the polymer and the chelate
can help achieve the right conformation. By studying var-
ious supports, it has been possible to achieve 92% ee in
the oxidation of 1-phenylcyclohexene to its epoxide in
72% vyield, using an amine oxide—peracid combination.
(This is the Jacobsen oxidation.) Thus, results comparable
with those using monomolecular analogues can be ob-
tained, combined with ease of separation for reuse.?'®
(Other enantioselective reactions are described in chap.
10.) One of the porous styrene-based resins used is shown
(5.52):

The desire to convert benzene directly to phenol with
30% hydrogen peroxide was mentioned in Chap. 4. A poly-
mer-supported salicylimine vanadyl complex (1 mol%)
was used to catalyze this reaction. Phenol was obtained in
100% yield at 30% conversion.?” There was no leaching
of the metal. The catalyst was recycled ten times after
which it started to break up. Oxidation of ligands is often a
problem with oxidation catalysts. Inorganic supports not
subject to such oxidation need to be tried to extend the life
of such catalytic agents.

The Swern oxidation of alcohols to aldehydes is carried
out with dimethyl sulfoxide. A polymeric version (5.53)
used poly(hexylene sulfoxide), obtained by the oxidation
of the corresponding sulfide with hydrogen peroxide to fa-
cilitate recovery and reuse, at the same time the bad smell
of dimethy! sulfide was avoided. Quantitative yields were
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obtained with 1-octanol and 6-undecanol.?® However, it
would be better to use a process that does not produce
waste salts and that does not use methylene chloride in the
workup.

A polymeric protecting group was used in a synthesis of
pyridoxine by the Diels—Alder reaction (5.54).2%°

o Q

,é g\/\/\/g\ + RCHRoH &7 O

5.53

It is possible to put mutually incompatible reagents in
the same flask if each is on a separate resin. The reactions
in 5.55 could be run in sequential fashion or simultaneously
in cyclohexane. The reagent in the first step was poly
(vinylpyridinium dichromate), in the second, a perbromide
on a strongly basic resin (Amberlyst A26), and in the third,

/f \/\/W + RCHO

(C:HssN

+ HO OH
n D
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4-chloro-3-hydroxy-1-methyl-5-(trifluoromethyl) pyra-
zole on another strongly basic resin (Amberlite
IRA900).22°

VI. CYCLODEXTRINS

Cyclodextrins are included here as water-soluble supports.
They will also be mentioned in Chap. 7 on separations and
in Chap. 8 on running reactions in water instead of organic
solvents. Cyclodextrins??* are made by the enzymatic mod-
ification of starch.??? They are made commercially by Cer-
estar and Wacker Chemie. They have conical structures of
six, seven, and eight glucose units in rings, denoted a- -,
and +y-cyclodextrin, respectively. Mercian Corporation has
a process for B-cyclodextrin, which is more selective than
usual, that produces no a- and only a small amount of the
y-product.??® The insides are apolar and hydrophobic,
whereas the outsides are hydrophilic (Table 5.2).

All are 7.9-8.0 in height. A wide variety of guests can
fit into these hosts, both in solution and in the solid state.
These include paraffins, alcohols, carboxylic acids, noble
gases, and some polymers.??* Sometimes, only part of the

Table 5.2 Properties of a-, 8-, and y-Cyclodextrans

Solubility Diameter (A)
Cyclodextran in water
type MW (9/100 mL) Cavity Outside
a 972 145 4752 14.6
B 1135 1.85 6.0-6.4 15.4
y 1295 23.2 7.5-8.3 175

5.55
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48% in 16 hours at 65°C.

molecule needs to fit in. 8- and y-cyclodextrins form such
inclusion compounds with polypropylene glycols with
molecular weights up to 1000.2%° The guests have reduced
volatility and enhanced stability to heat, light, and oxygen.
Liquid drugs can be converted to solids that are not hygro-
scopic. Taste and odor problems can be overcome. Two
substances that might react with one another can be pack-
aged together if one of them is isolated in a cyclodextrin.
These hosts can also be used to separate molecules based on
their size and shape. The bitter flavors in citrus juices,
naringen, and limonin, can be separated in this way. Cy-
clodextrins form insoluble complexes with cholesterol in
foods. B-Cyclodextrin prevents the enzymatic browning of
apple juice by picking up the phenols present before en-
zymes can act on them.??® At a ratio of two B-cyclodextrin
to one linoleic acid (but not at a 1:1 ratio), oxidation by
lipoxygenase is reduced.??’

The ability to stabilize is also part of green chemistry,
for, if things last longer, there will be less need to replace
them, and overall consumption will go down. Perpropionic
acid can be stabilized by a-cyclodextrin so that 97% re-
mains after 50 days at room temperature.??® Without the cy-
clodextrin 5% decomposes in just 11 days. The material
may be useful for bleaching and disinfection. Some artifi-
cial food colors are of questionable toxicity. Some have al-
ready been removed from the market. Natural colors offer
alternatives, but often lack the necessary resistance to heat
and low pH. If cyclodextrins can stabilize colors, such as
the red in beet juice, there might be no further need for the
artificial colors.

Cyclodextrins can be used as “reaction vessels.” Chlori-
nation, bromination,??° carboxylation,?*° azo coupling, and
others, favor the para-isomers over the meta- and ortho-
isomers, when the compound being treated is inside a cy-
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clodextrin. Pericyclic reactions, such as the Diels—Alder re-
action, are facilitated when done in cyclodextrins. A typi-
cal carboxylation used to make a monomer for a high-melt-
ing polyester is shown in Reaction 5.56:

The dicarboxylic acid was obtained in 65% yield with
79% selectivity. Fortunately, there are better ways (see
Chap. 6) to make this compound without the use of toxic
carbon tetrachloride. This method gives 100% selectivity at
71% conversion in the reaction of biphenyl-4-carboxylic
acid to form the 4,4'-biphenyldicarboxylic acid. 8-Cy-
clodextrin accelerates the platinum-catalyzed addition of
triethoxysilane to styrene.?®* The reaction is 100% com-
plete in 30 min at 50°C with the cyclodextrin, but only 45%
complete without it. The Wacker reaction of 1-decene pro-
duces several ketones owing to double-bond isomerization.
If the reaction is run in a dimethylcyclodextrin, isomeriza-
tion is reduced by faster reoxidation of palladium(0).2%?
The product 2-decanone is obtained with 98-99% selectiv-
ity (5.57).

No organic solvent is needed; no chloride is needed.
This is an important improvement because the chloride re-
quired in the usual Wacker reaction produces unwanted

CHO

X

o 7<
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corrosion. A bis(imidazoylmethyl)-B-cyclodextrin (5.58)
converts a messy aldehyde cyclization, which gives a mix-
ture of products, to a clean reaction.?3*

Polymerization of phenyl or cyclohexyl methacrylate in
2,6-dimethyl-B-cyclodextrin in water using a potassium
persulfate—potassium bisulfite initiator gave better yields
and higher molecular weights than obtained with an azo
initiator in tetrahydrofuran.234

Many derivatives of cyclodextrins have been prepared.
These include amines, hydroxylamines, hydrazines, ethers,
and others.?®> A dimeric B-cyclodextrin sulfide (5.59)
binds cholesterol 200-300 times as tightly as B-cyclodex-
trin itself.3®

A polymer was made by treating methyl 8-cyclodextrin
first then with hexamethylenediisocyanate, then with 2-hy-
droxyethyl methacrylate, followed by polymerization with
an azo initiator in the presence of cholesterol (i.e., molecu-
larly imprinted with cholesterol). After extraction of the
cholesterol, it was 30-45 times more effective in picking
up cholesterol than pB-cyclodextrin.?” Many others have
been prepared as “artificial enzymes” or enzyme mim-
ics.2%® Some of these are chelating agents (5.60) that bind

CHO
>
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metal ions more strongly than the underivatized
cyclodextrin.

Cyclodextrins have also been immobilized on silica. -
Cyclodextrin has also been incorporated into a water-solu-
ble copolymer with a molecular weight of 373,000
(5.61).2%°

Presumably, other maleic anhydride copolymers could
be modified in the same way. A B-cyclodextrin polymer
cross-linked with epichlorohydrin scavenged di(2-ethyl-
hexyl)phthalate from water with an equilibrium constant of
928. It could be used again after extraction of the phthalate
wih aqueous methanol.2%°

Larger analogues of cyclodextrins are known. A cyclic
decasaccharide of rhamnose with a 130-A hole is
known.?4

CH2|CH CH CH >

N 0 | |
(_Y cooH beta-cyclodextrin

5.61
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EXERCISES

10.

Compare the sizes of the cavities of cyclodextrins
with those of natural food colors, such as that of
beets, to see if shelf-stable food colors could be
produced using any of the cyclodextrins.

How could you immobilize a crown ether for re-
covery of a metal ion?

How might combinatorial chemistry be applied to
optimizing ligands for catalysts?

How many times should a supported catalyst be
reused to be sure that none is being lost and that
the activity remains high?

Design an ion-exchange resin that can be used at
200°C.

Would it be better to put an oxidation catalyst on
an organic or an inorganic support?

Compare the environmental effects of supported
toxic metal oxidants with oxidations performed
with hydrogen peroxide or oxygen.

Should each home be outfitted with a sterilizing
filter for incoming water instead of chlorination at
a central plant?

How would you put a shell of alumina or a transi-
tion metal oxide on a particle of magnetic iron ox-
ide? (If you are puzzled, see P. lengo, M. DiSerio,
A. Sorrentino, V. Solinas, E. Santacesaria. Appl
Catal A 1998, 167, 85.)

Why do so few students and faculty in university
chemistry departments use supported reagents and
catalysts?
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Solid Acids and Bases

I. INTRODUCTION

This chapter continues the discussion of the use of solid
reagents to minimize exposure to hazardous reagents, to
make workups easier, and to minimize waste. Liquid acids
are also corrosive, may be difficult to recycle for repeated
use, and may show low activity or selectivity in some reac-
tions.* Large amounts of sulfuric acid and hydrogen fluo-
ride are used in petroleum refining for the alkylation of
isobutane with olefins to produce high-octane gasoline.? A
typical reaction of this type (6.1) is shown.

Hydrogen fluoride (bp 19.5°C) is more potent biologi-
cally than other Bronsted acids® and could be a real prob-
lem if it were released into the environment.* Olah has de-
vised a way to lower its volatility by the addition of a
tertiary amine.® One refinery is using this method. Another
company has patented a method for using far less hydrogen

} + — acid
/—\

6.1

o
(CH,C0),0
HF

Pd/C
—_—

6.2
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fluoride.® Mobil used 1300 ppm of a 2:1 hydrogen fluo-
ride/boron trifluoride catalyst in the foregoing reaction.
The 2-butene conversion was 100%. The ratio of desired
trimethylpentane to dimethylhexane was 35:1. However,
the 22:1 ratio of isobutane to 2-butene must be reduced to
12:1 or lower to be useful in a refinery.” A preliminary an-
nouncement by Hydrocarbon Technologies describes a be-
nign solid superacid catalyst for the reaction that appears to
be stable under normal-operating conditions in a continu-
ous-flow laboratory system.® If this passes operation in the
pilot plant, it could answer the problem. However, several
other solid catalysts for the reaction have undergone rapid
deactivation in use.

Hydrogen fluoride is also used in the alkylation of ben-
zene with linear olefins to produce detergent alkylate for
sulfonation to produce detergents. This acid is now being
replaced in some plants by fluorided silica—alumina cata-
lysts in the U.O.P.—Petresa process.® This type of catalyst
may be applicable to the alkylation of isobutane with
butenes.

The Hoechst—Celanese three-step process for the prepa-
ration of ibuprofen has replaced an older six-step process.*°
Although the new process produces much less waste, hy-
drogen fluoride is used as both solvent and catalyst in the
acylation step (6.2).

OH /L
Pd(ID) COOH
co

ibuprofen
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Table 6.1. Comparison of Acid Strengths by their Ho®
_HO
HF-SbFs(1:1) 20
FSOsH-SbFs (1:0.2) 20
sulfated ZrO, 16.0
SbFs/Si02-Al,03 13.8
A|C|3'CUC|2 13.8
H3PW12040 133
Cs2.5H0.5sPW15040 133
Nafion 12.0
100% Sulfuric Acid 12.0

It should be possible to replace the dangerous hydrogen
fluoride with a solid acid in a solvent-free process. Two
possibilities are the U.O.P.—Petresa catalyst and a high-sur-
face—area polymeric perfluorosulfonic acid.3*® (These may
require a film of liquid acid on the surface to prevent deac-
tivation of the catalyst.)

Many types of solid acid and base catalysts are known.*!
Superacids are those that are at least as strong as 100% sul-
furic acid.*® The acid strengths are measured using basic
indicators and are assigned a Hammett acidity function,
Ho- Table 6.1 lists some superacids, with the strongest at
the top.

Only the first and last are liquids. The stronger acids can
catalyze some reactions that the weaker ones cannot (e.g.,
the alkylation of isobutane by 2-butene). As a rule of
thumb, it is probably better to use the weakest acid that will
do the job to avoid unwanted side reactions. Many solid
acids, such as clays and molecular sieves, are shape- and
size-selective, so that this also enters into the decision on

—— (CFsCFo)m CF5CF \
o )
O(CF2CF0),CF2CF2SOsH/ P

6.3

5 Q

6 Welght % "Nafion"
150° C /5 hours

6.4
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which ones to use. The various types of solid acids and
bases will be discussed in the following. Some soluble cat-
alysts that have advantages over the current ones will also
be included. Because many good reviews are available,
only a few examples from the literature will be given to il-
lustrate the diversity of possibilities, the trends in current
research and the needs.

Il. POLYMERIC SULFONIC ACIDS

Sulfonic acid ion-exchange resins that can catalyze esteri-
fication, etherification, addition of alcohols and water to
olefins, were covered in Chap. 5. Degussa has made a
polysiloxane analogue with alkyl sulfonic acid groups on
it.® It is stable to 230°C, compared with 120°C for the
polystyrene-based ones.

duPont markets a polymeric perfluorinated sulfonic acid
as Nafion H (6.3). Dow sells a similar resin. The use of
Nafion in electrolytic cells for the production of chlorine to
eliminate the use of mercury was mentioned in Chap. 4.
Nafion H has been used as an acid in many organic synthe-
ses.! It is the polymeric equivalent of trifluoromethanesul-
fonic acid (triflic acid). When used as a catalyst for the
pinacol rearrangement of 1,2-diols, dehydration was
avoided.™ However, 1,4- and 1,5-diols did dehydrate with
it.1® It was also useful in an alkylation of aniline (6.4).*"

The reaction could not be carried out with the usual sul-
fonic acid ion-exchange resin, because its maximum use
temperature was 120°C. The product cannot be made di-
rectly from acetone and aniline owing to the formation of a
dihydroquinoline by-product (from two molecules of ace-
tone and one of aniline). A shape-selective zeolite might al-
low the reaction to take place without formation of this by-
product. An inexpensive way of making this diamine from
acetone and aniline, similar to the preparation of bisphenol
A from acetone and phenol, could lead to new families of
polyamides, polyimides, polyureas, polyurethanes, and
epoxy resins. A palladium catalyst supported on Nafion
dimerized ethylene much faster in water than in organic
solvents. The butene was easy to separate.®

1O

HoN NH;

96% selectivity at 96% conversion
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The alkylation 6.5 was carried out by passing a solution
of the epoxide through a 10-cm column of Nafion H
powder:'® Although the yield was comparable with those
obtained with Sn(1V) chloride and with boron trifluoride
ethereate, it would be desirable to replace the CH,Cl,/47
CFCl3/3 CF3CH,0H solvent used to swell the polymer
with one that is not toxic and not capable of destroying the
ozone layer.

The activity of Nafion as a catalyst has been increased
by applying it on silica by the sol-gel method using
tetramethoxysilane?® or tetraethoxysilane and dimethyl-
diethoxysilane.?* This increased its activity as a solid acid
catalyst up to 100 times that of bulk Nafion. It performed
better than Nafion on carbon in the dimerization of «-
methylstyrene. It was a much better catalyst (seven times
on a weight basis) than Amberlyst 15, a typical sulfonic
acid ion-exchange resin. It was more active in the benzyla-
tion of benzene (6.6) than trifluoromethylsulfonic acid, a
reaction in which Amberlyst 15 and p-toluenesulfonic acid

were inactive.??
CHq
+

CH,0H

CZHSO)QSi/\/\CFZConcFZCngogH +

@ +

Si0,
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"Nafion H"

=

6.5

"Nation"/silica

6.6

H,0

———

6.7

'c.

80¢
——— -

88%
OH

Hybrid membranes of zirconia in Nafion have been
made by the hydrolysis of zirconium tetrabutoxide by wa-
ter in the pores of a film.?

A Nafion-silica analogue, which was made by the
sol-gel method, gave over 99% conversion in the alkyla-
tion of benzene with 1-dodecene to make detergent alkylate
(6.7). It was also useful in acylations of aromatic com-
pounds.?*

I11. POLYMER-SUPPORTED LEWIS ACIDS

The use of inorganic supports for Bronsted and Lewis acids?®
was described in Chap. 5. These included the metal chlorides,
as well as protonic acids, on inorganic supports that are sold
by Contract Chemicals as “Envirocats”?. They are air-stable,
nontoxic powders that can be reused several times.
Polypropylene containing hydroxyl groups has been
used with aluminum chloride and boron trifluoride to pre-
pare PPOAICI, and PPOBF,.2” These were used to poly-

HsC\
Q >97%

(: si— o>_7 si CF ,CF,OCF,CF ,80,0H

@/012st

S
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merize isobutylene and vinyl isobutyl ether. They could be
reused for this purpose many times. A styrene—divinylben-
zene copolymer sulfonic acid was used with aluminum
chloride as a catalyst for the preparation of esters, such as
butyl lactate, in 99.5% yields.?® This may have involved
polymerSO3AICI,. The protonic acid p-toluenesulfonic
acid, has been used as its salt with poly(4-vinylpyridine) in
the hydrolysis of tetrahydropyranyl ethers (i.e. in the liber-
ation of alcohols that have been protected by reaction with
dihydropyran).?®

IV. SULFATED ZIRCONIA

Sulfonated zirconia is the strongest solid acid known.*° It
can isomerize butanes and alkylate isobutane with cis-2-
butene. Not everyone considers it to be a superacid.®® It can
be made by treatment of zirconium dioxide (zirconia) with
sulfuric acid,® or by sol-gel methods starting with zirco-
nium alkoxides.** Sometimes, the gel is dried with super-
critical carbon dioxide in an effort to keep a large surface
area. There is also a debate about what the material actually
is. Infrared spectral studies of material prepared by pyroly-
sis of zirconium sulfate suggest disulfate and monosulfate
groups on the surface (6.8)%* Hydrogen sulfates and cyclic
sulfates may also be possible. Some authors feel that sul-
fated tetragonal, but not monoclinic, zirconia is active.®
When sulfur is lost on heating, the tetragonal to monoclinic
transition can occur. Others believe that the monoclinic
form is also active.3®

The activity of sulfated zirconia can be enhanced by
adding platinum, iridium, rhodium, osmium, palladium,
iron, manganese, or yttrium.3” With a combination of iron
and manganese, the activity is increased 1000-fold,® but it
decays rapidly.®® With platinum as a promoter, the increase

O o)

—Zr—O0-8— 0—S$-0—Zr—=

0] (0]
\ disulfate

Zr—0

O
o/ \S/
A\
_—Zr—0

/
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in activity is not as great, but it does not decay. Both cata-
lysts have induction periods in the isomerization of butane.
It is thought that the promoters work by producing inter-
mediate butenes. Although the platinum one may act cat-
alytically, the iron—manganese one may act irreversibly, or
may be deactivated by by-products. The platinum may be
in Pt—O and Pt-Pt bonds.*® Platinum-modified sulfated zir-
conia with hydrogen showed constant 90-100% selectivity
in the isomerization of hexane to branched Cg com-
pounds.** (This isomerization can also be performed with
99% selectivity using Pt H-B-zeolite.*?) A new method for
isomerizing petroleum naphtha, to increase the octane
number, with platinum-modified sulfated zirconia is said to
be cheaper than using aluminum chloride and to offer in-
creased capacity over the conventional zeolite method.*3

Because the sulfate in sulfated zirconia is subject to
losses when the catalyst is calcined and under reducing
conditions, other more stable oxyanions are being exam-
ined. Tungstated zirconia is being studied.** A platinum-
promoted tungstated zirconia was less active than sulfated
zirconia.*® Molybdate has also been used (e.g., to produce
an esterification catalyst that gave 95% yields).*® Other ox-
ides have been sulfated, including titanium dioxide and
tin(1V) oxide.*” The sulfated titanium dioxide was active in
cracking cumene at 180°C, whereas a silica—alumina cata-
lyst was inactive at this temperature.

Thisisavery active research area. There is agood chance
that, with further understanding of just what these catalysts
are and how they work, one will be found for the commer-
cial alkylation of isobutane with olefins. At present, the re-
action must be run at subambient temperatures to avoid the
side reaction of dimerization of the olefin. Perhaps, the cat-
alyst being offered by Hydrocarbon Technologies is of this
type and will be suitable. Because sulfated zirconia contains

Ir—QO0—S—0—Zr——

0]

monosulfate

O

—Zr—O0——S—O0H

O
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NOH

Ta205 / 5102

200°C.

both protonic and Lewis acid acidity,*® it is possible that
poisoning one type selectively would lead to improved life-
times and yields. Another possibility would be to replace
sulfuric acid with a sulfonic acid, such as triflic acid, to pro-
duce zirconium triflates on zirconia. This might require dif-
ferent promoter metal ions. The use of rare earth metal tri-
flates as Lewis acid catalysts is described in Sec. VI.

V. SUPPORTED METAL OXIDES

Tantalum oxide on silica, made by treatment of silica with
tantalum alkoxides, is a catalyst for the Beckman rearrange-
ment of cyclohexanone to caprolactam (6.9).%° The catalyst
lasted at least 10 h in operation. This process eliminates the
by-product ammonium sulfate from the present commercial
rearrangement in sulfuric acid. Caprolactam is polymerized
to produce nylon-6. Alkylations can also be performed with
iron oxide catalysts (6.10).%° Other alcohols, such as n-propyl
and n-butyl alcohols, also worked. Highly acidic catalysts can
also be obtained by supporting tungsten oxide on iron, tin,
and titanium oxides.>*

Benzylation of benzene with benzyl chloride using a
CuFeOQ, catalyst gave diphenylmethane in 81.5% yield.>?
The catalyst was reused five times, with no loss in activity.

VI. RARE EARTH TRIFLATES

Many Lewis acids, such as metal halides, must be used in
the absence of water to avoid hydrolysis. Some reactions

(|)H
CH,CH,0H
—_—
Fe,04
341°%.

\j

6.9

Q0

6.10
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97.5% selectivity at 96.5% conversion

require them in stoichiometric amounts. Rare earth and a
few other metal triflates are stable to water, alcohols, and
carboxylic acids. They can be used as water-tolerant acids
in catalytic amounts.>® Although they usually are not solid
catalysts, they are included here because they can be re-
cycled for reuse with no loss in activity. This consists of
adding water, extracting away the organic compound,
concentrating the aqueous phase to allow the salt to re-
crystallize, and drying the salt. The aqueous phase may
simply be evaporated and the residue dried to recover the
catalyst quantitatively. For example, this method was
used to recover the catalyst from esterification of alcohols
with acetic acid to give 95-99% yields of acetates.>* Al-
though not strictly a rare earth, scandium triflate is in-
cluded in this group.

However, a catalyst made by microencapsulating scan-
dium triflate in polystyrene was easy to recover and reuse
with no loss in activity by filtration. In the imino aldol re-
action (6.11), its activity was greater than that of the unen-
capsulated counterpart, maintaining activity (90% yields)
after seven cycles:*> (Many Lewis acids do not work well
in this reaction.)

Anisole can be acylated with acetic anhydride in 99%
yield (6.12). Yttterbium triflate can also be used. The yields
are low when there is no activating group in the ring. The
rate is accelerated by the addition of lithium perchlorate.®®
Acylation of alcohols works well with 1 mole% of scan-
dium triflate as a catalyst (6.13).5” The less toxic toluene
has also been used as the solvent in such acylations. The

OH

96.6-97.7% sclectivity

93-100% conversion
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OSi(CHg)a

N NH o}
maicroencapsulated
AN Sc(OTf)y
+ 3 hours
6.11
OCH34 (IZ)CH3
] Sc(0SO,CFy),
- (CH,COR0  ——— = 99% yield
(0]
6.12
(CH,C0),0
OH : N
CH,CN OCOCH3
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>95% yield
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X X
, N\ . Ln(OTHs
N CH,CH,0H / H,0
H oo temperature
CHO
HN NH
95-99%
6.15
COOCH
3 Yb(OTf); COOCH;3
—/ + R,NH : R N/\/

3-9 kilobars . 2
10-100%

6.16

yields with 4-dimethylaminopyridine and tributylphos-
phine as catalysts were lower and the reaction times longer.

Scandium triflate also catalyzes carbonyl ene reactions
(6.14).58

Rare earth triflates can also be used in the reaction of
aldehydes with aromatic rings (6.15).%°

The catalysts are stable to amines (6.16).%°

They can also act as catalysts for some reactions that
are normally catalyzed by base (6.17).5 They are also
suitable for aldol, Diels—Alder, pinacol, and ring-opening

COOR®

> coors

CH,

o

NO, 10 mole % Hf(OSO,CFs),

1.0 equivalent 69% HNO,

reactions. Yttrium triflate has been used as a catalyst
for the polymerization of tetrahydrofuran® and dyspro-
sium triflate for the polymerization of vinyl isobutyl
ether.®®

Hafnium triflate has also been used for acylation and
alkylation of aromatic compounds.®* It has also been used
in aromatic nitration in a process (6.18) that eliminates the
usual waste acid from such reactions.®® The products are in-
termediates in the synthesis of toluene diisocyanates used
in making polyurethanes. The catalyst could be reused with

(0]
COOR?®
H,0 'R
3-5 days
_ R? >98%
homogeneous or suspension
CHg CHj
NO, O;N l

92% total yield
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3 0.1 equivalent Sc(OSO;C ;Hy5)
RICHO  + R ~ S 80-98%
R2 H,0, room temperature R R?
4 hours Re

little or no loss in activity or yield. (For more on iso-
cyanates, see Chap. 2.)

Scandium dodecy! sulfate has been used as a catalyst in
an aqueous dispersion (6.19).5¢ The reaction was 5000
times faster in water than in methylene chloride. It was also
slower in dimethyl sulfoxide, acetonitrile, ethyl ether,
tetrahydrofuran, and methanol.

Indium(l11) chloride is another Lewis acid that is stable
in water. (For the use of indium(111) chloride without or-
ganic solvents, see Chap. 8.) It has been used as a catalyst
in Diels—Alder and other reactions, such as 6.20.%7 After
the product is extracted with an organic solvent, the aque-
ous layer can be used to catalyze another reaction. It should
also be possible to just separate the organic layer without
the use of a solvent.

Tris(pentafluorophenyl)boron is an air-stable, water-
tolerant Lewis acid for aldol, Diels—Alder, and Michael re-
actions.®® It is effective at 2 mole% in some reactions. Its
recycle has not been demonstrated.

OSi(CHa)a

VIl. SOLID BASES

Potassium fluoride on alumina is a solid base.®® (It forms
potassium hydroxide by exchange of fluoride for hydroxyl
groups on the surface of the alumina.) An example of its
use is given by Reaction 6.21.7° It has also been used with-
out solvent in the Tishchenko reaction of benzaldehyde to
give benzyl benzoate if 94% yield.”* Potassium fluoride on
an aluminum phosphate molecular sieve was a weaker base
in the isomerization of 1-butene.”

Alkali and alkaline earth carbonates catalyzed the
Knoevenagel reaction (6.22) of benzaldehyde with
malononitrile.”®

Layered double hydroxide carbonates of magnesium
and aluminum are called hydrotalcites (e.g., MgsAl,(OH)16
CO3-H,0). They can be used as solid bases before or after
calcination to produce mixed magnesium—aluminum ox-
ides.” They have been used to catalyze the addition of al-
cohols to acrylonitrile;" the reduction of ketones with iso-

Y

+ R'CHO

NO,

InCl;
—

H,0 R R"
23°C./ 15 hours

6.20

37% KF on Al,O3 \
—_—

18-crown-6 N 8%

CH,SOCH,
120°c.

NO,

6.21
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CHO

NC CN

propyl alcohol, with 92-95% selectivity (the Meerwein—
Ponndorff—Verley reduction);’® the reaction of glycerol
with glycerol trioleate to produce a monoglyceride;’” and
the aldol and Knoevenagel reactions, in 88-98% yields.”®
When the aldol reaction was run at 0°C, the hydroxyketone
was obtained in 88-97% yields, with no dehydration to the
unsaturated ketone. The Meerwein Ponndorff-Verley re-
duction has also been run in the gas phase with aluminum-
free titanium B-zeolite with 95% selectivity.”® A calcined
hydrotalcite has been used to alkylate aniline exclusively to
the monoalkyl derivative (6.23).2° Such selectivity is diffi-
cult to obtain by other methods. They have also been used
for the addition of trimethylsilyl cyanide to aldehydes and ke-
tones in up to 99% yield,®* and the condensation of aldehydes
with active methyl groups.®?

Magnesium oxide, calcium oxide, and hydroxyapatite
[Ca;10(PO4)s(OH),] have been used to catalyze the opening
of epoxide rings by trimethylsilyl cyanide, with 92-99%
regioselectivity.®® This is higher than found in homoge-
neous systems. Trimethylsilyl cyanide is the synthetic
equivalent of toxic hydrogen cyanide. Intercalation of
cobalt phthalocyaninetetrasulfonate into a layered magne-
sium—-aluminum double hydroxide increased its activity in
the air oxidation of 2,6-dimethylphenol by a factor of

NH,

+ CH;0H

OH

CeO, /MgO
CH,0H
450- 550”c

6.22

25°C,

6.23

6.24
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CN
H,0
CN

125.84 Such layered double hydroxides can also serve as
hosts for guests, such as carboxylates, sulfates, phosphates,
porphyrins, and polyoxometallates that can be put in by
anion exchange.®®

The ortho-alkylation of phenol (6.24) has been carried
out with a catalyst that was a solid solution of cerium(1V)
and magnesium oxides.®® At 32% conversion, the selectiv-
ity was 90% for o-cresol and 8.6% for 2,6-xylenol. [The
latter is a monomer for a poly(phenylene oxide), an engi-
neering plastic.] There was no decay of activity.

A silica-supported phenoxide gave a 99% yield in the
Michael reaction (6.25).8

VIIl. ZEOLITES AND RELATED

MATERIALS

Zeolites are well known to chemical engineers for indus-
trial separations and as catalysts; the average chemist in an
organic chemical laboratory uses them only as molecular
sieves for drying solvents. They offer the promise of more
environmentally friendly catalysts that will improve selec-
tivity and reduce waste.8 Zeolites®® are inorganic alumi-
nosilicate polymers. They contain AlO,4 and SiO, tetrahe-

NHCH,

68% conversion

98% total yield
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units are adjacent. For each aluminum, there must be an ad-
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addition, many are synthetic. Bad AR / 3 = Fereite Sl
The structures contain channels in one, two, or three di- Lo = ] = g;'%;::;l-substitu!ed
rections. When one channel intersects another, there may Lo A 8 25 | Vsoparatfins
be a larger cage. The channels contain the alkali or alkaline / \\\3 5[ o Rene
earth metal cations (i.e., the exchangeable cations and wa- 11 // \\ \\ g los |. 3
ter). Diagram 6.26 shows the channels of ZSM-5. Struc- SETRNEEE £ 5F
ture 6.27%% is in zeolites X and Y. Each corner represents a NN Offretite 2 =5
silicon or aluminum atom. There is an oxygen atom on each Ef"aJ \\ \\ o °
line between them. I and I1 indicate where cations might be. Al \\ o Morsentie L o
After drying, some zeolites are about 50% voids. The £ : AN Fauiasi Naphthalene
pore diameters in angstoms and percentage pore volumes for ° I'l's auissite

several zeolites with sodium cations are shown in Table 6.2.

The pore diameter varies with the cation in it. Data for
zeolites A and X are shown in Table 6.3.

Figure 6.1%2 shows pore dimensions of Zeolites in com-
parison with the diameters of hydrocarbons (in nm). The
silicon to aluminum ratio also varies, with typical values
such as:

Zeolite A 1.0
X 11
Y 2.4
Silicalite  Infinite (has no exchangeable cations)

Other zeolites may have ratios as high as 10-100.

/s.us.sl

texsad

Figure 6.1 Pore dimensions (nm) of zeolites in comparison
with the diameters of hydrocarbons (Reprinted with permission
from E.G. Derouane in M.S. Whittington and A.J. Jacobson,
Eds., Intercalation Chemistry, Academic Press, 1982, p. 101.)

6.27

6.26 & 6.27 Reprinted with permission from V. Ramamurthy,
D.F. Eaton and J.V. Caspar, Acc. Chem. Res., 1992, 25, 299.
Copyright 1992 American Chemical Society.
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Table 6.2 Comparison of Pore Diameters and Pore VVolumes
Synthetic
Characteristic 4A X Y mordenite ZSM-5
Pore Diameter 4.1 7.4 7.4 6.7-7 6
Pore volume (%) 47 50 48 28 —

Table 6.3 Variation in Pore Diameter as a Function of Its
Cation

Cation Zeolite Diameter (A)
Zeolite A
Calcium exchanged 5A 4.2-4.4
Sodium exchanged 4A 3.6-4.0
Potassium exchanged 3A 3.3
Zeolite X
Sodium exchanged 13X 7.4
Calcium exchanged 7.8

The names of zeolites are confusing and relatively un-
informative. Workers in the field keep an atlas of zeo-
lites®® nearby, but the ordinary chemical laboratory prob-
ably will not have one. These materials have been named
in a variety of ways, but the most common involves the
place where the material was first made. ZSM-5 means
zeolite SOCONY-Mobil No. 5; SOCONY reflects the
origin of the company as Standard Oil of New York.
Newer materials from the same place are designated
MCM, with a number following, which means Mobil
Composition of Matter. VPI-5 was made at Virginia Poly-
technic Institute and State University. The man who made
it is now at the California Institute of Technology where
he makes CIT zeolites. TS-1 (titanium silicalite) and tita-
nium-g are titanium-containing molecular sieves. USY is
an ultrastable version of zeolite Y. For those who do not
work in the field all of the time, it would be desirable to
have a more informative system. It would be an improve-
ment if each paper mentioning a zeolite would define it
the first time the name is given. This could include the
relative amounts of the elements present, whether it con-
tains one-, two-, or three-dimensional channels, the pore
size in angstroms (A), and the number of oxygen atoms in
the major channel window. A sample might be
(10:1:0.25-Si:Al:Na, 3-D, 4.0 A, 10 O atoms). If the in-
formation were available, the acidity or basicity could
also be mentioned as well as whether the acid sites were
Bronsted or Lewis acid.

Zeolites can be made by formation of a gel from sodium
aluminate, sodium silicate, and sodium hydroxide in the

presence of a template, usually a quaternary ammonium
hydroxide, followed by a digestion in which the material
crystallizes (Eq. 6.1).%4 [This is sol-gel technology.®]

NaAlO, + Na,SiO; + NaOH

°C/6 h .
+ RyNPOH® — gel _L00Cloh | Jeolite

(Eqg. 6.1)

A wide variety of quaternary ammonium salts have been
used in an effort to prepare new zeolitic structures.®®
Molecular modeling can sometimes help in the design of
new structures.®” Combinatorial synthesis has been per-
formed using a 100-well Teflon block.%® Tetrapropylam-
monium hydroxide has been used to make titanium sili-
calite (TS-1).% Tetrabutylammonium hydroxide is used to
prepare ZSM-11. Hexadecyltrimethylammonium chloride
has been used with tetramethylammonium silicate with
sodium aluminate and sodium hydroxide to prepare meso-
porous (pores larger than about 15 A) zeolites.® The di-
gestion was accomplished with microwave radiation in 1
min at 160°C, to give MCM-41. (Mobil’s MCM-41 series
has uniform pores that can be varied from 16 to 100 A0
One way to vary the pore size is to use mixtures of tem-
plates.’®?) The use of seed crystals can sometimes shorten
times in such microwave digestions.’°® Application of
a magnetic field during the preparation of MCM-41 pro-
duced aligned pores.’® The syntheses are sometimes
modified by inclusion of alkyltrialkoxysilanes, which may
contain a variety of functional groups, such as methacry-
oyl, vinyl, mercaptan, amine, or other, to alter the hy-
drophobicity and reactivity of the final product.’® Al-
though most templates are burned out, some can be
recovered for reuse by extraction with supercritical carbon
dioxide.'% A tetraethylammonium fluoride template was
removed with aqueous acetic acid.’®” Removal of the tem-
plate with ozone at 250°C gave a more uniform pore-size
distribution.’®® A tin silicate analogue was made from
tin(IV) chloride, hexadecyltrimethylammonium chloride,
tetramethylammonium hydroxide, and tetramethylammo-
nium silicate.'%°

Although the reactions are usually run in water, ethylene
glycol, propyl alcohol, sulfolane, pyridine, and such, have
also been used.’'® Occasionally when metal cations
are provided for charge compensation, it is possible to pre-
pare zeolites under nonbasic conditions. CoZSM-5 has
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been prepared from a 0.25 HF/0.75 NaF/0.25 NaCl/1.25
(C3H7)4N+Br7/10 Si0,/330 H,0, plUS ((:2H5)4N§jL
CoCl3~ mixture at 170°C.**' CuMCM-41 can be
made starting with a mixture of Si(OC,Hs)s, CieHa3
N(CHs)s*Br~, Cu(NH3)3" CI3~, ethyl amine, and Al
Cl;-6H,0 in water.**?

Nonionic templates, such as amines, have also been
used.**® Mesoporous silica molecular sieves have been
made from n-dodecylamine, tetraethoxysilane, ethanol,
and water.1* After the product dried in the air, the template
was recovered by extraction with hot ethanol. Usually, the
template, which may occasionally be expensive, is burned
out. Large-cage zeolites have been made with diamines as
templates.**® The use of C;,H,sNHCH,CH,NH, gave a
mesoporous sieve stable up to 1000°C, and to boiling wa-
ter for more than 150 h, which is much greater than that ob-
served with most mesoporous sieves.'*® The mechanical
and hydrothermal stability of MCM-41 has been improved
by postsynthesis treatment with aluminum chloride hy-
drate.*” There was no change in the X-ray pattern after 16
h in boiling water. Previous AIMCM-41 became amor-
phous after boiling in water for 6 h.

Nonionic surfactants such Ci;H»3—C15H3;0(CH,
CH,0),H, can be used in place of the amine.'® These can
also be used with alumina, titania, and zirconia. These sur-
factants are less expensive and less toxic than the amines,
and they are also biodegradable. Block copolymers of ethy-
lene oxide have also been used.'*® A large-pore silica zeo-
lite has been prepared using bis(pentamethylcyclopentadi-
enyl)cobalt(l11) hydroxide as a template.'?® An EMT
zeolite has been made using 18-crown-6 as the template.*?*
Much larger voids (320-360 nm) have been made in alu-
mina, titanium dioxide, and zirconium oxide by use of the
sol-gel method with polystyrene latex spheres (which are
removed at the end of the synthesis).?2

After the zeolite is made, it may be modified.*?® Burn-
ing out the quaternary ammonium salt template leaves hy-
droxyl groups that are acidic. These can be neutralized with
a variety of ions. If the ion is cesium, the resulting zeolite
is basic.?* For zeolite X, the basicity is CsX > RbX > KX
> NaX. Various ions can be exchanged for sodium and
potassium and other ions in zeolites. Adding in some rare
earth ions can make the zeolite more stable.*?®> Aqueous ex-
change with copper(ll) ions adds copper on two types of
sites. However, the copper can be added on only one type
of site selectively by using copper(I1) hexafluoroacetylace-
tonate.’?® The hydroxyl groups reacted with triiso-
propoxyaluminum to form a catalyst that was more active
in the reduction of ketones with isopropyl alcohol than was
triisopropoxyaluminum itself.*>” Boron trifluoride etherate
was added to modify the acidity of the catalyst for
etherification.'®

Chapter 6

Molybdenum sulfide clusters can be added with
Mo3S4™ ion or by molybdenum carbonyl, followed by hy-
drogen sulfide.*?® Palladium ion can be added, then re-
duced to palladium metal by isopropyl alcohol with ultra-
sound or by hydrogen.®° Its activity in the Heck reaction
was comparable with that of some of the best homogeneous
catalysts. Ruthenium clusters were formed inside zeolite X
by addition of the ruthenium ion, then reducing with hy-
drogen.*® Sodium clusters have been placed into zeolite Y
by dissolving sodium in the zeolite.'®2 These are inorganic
electrides. Some organic cations formed inside zeolites can
be stable for weeks.**®* A ruthenium dinitrogen complex
made inside a zeolite was stable to 523 K.23*

It is possible to form a complex in a supercage of a zeo-
lite by introducing the metal ion first, then the ligand. If the
complex is too large to enter the pore, it cannot escape, but
can be used for catalysis in place.**® This has been done in
zeolite Y with iron and manganese bipyridyl complexes.**®
Such encapsulation can offer steric protection against oxi-
dation of the catalyst, giving longer life to oxidation cata-
lysts.3" It can also prevent the dimerization of ruthenium
and rhodium ions that occurs when they are oxidized in
solution. 38

Removal of some aluminum is often desirable to stabi-
lize a zeolite. This can be done hydrothermally with steam,
or with tetrachlorosilane or ammonium hexafluorosili-
cate.™® Gaseous metal halides can be used to introduce alu-
minum, boron, gallium, and indium into the H or ammo-
nium form of a zeolite. To improve selectivity, the pore
openings can be narrowed by the chemical vapor deposi-
tion of silica from tetraethoxysilane.® Pore size can also
be adjusted with tetrachlorosilane, titanium(IV) chloride,
and antimony pentachloride.** Both pore size and activity
in HY zeolites have been modified by sequential treatment
with silane and NO.2#? To utilize the size- and shape-selec-
tivity of zeolite catalysts in reactions, it may be necessary
to deactivate exterior acid sites. This can be done with
bulky amines, such as 4-methylquinoline, coking the cata-
lyst with mesitylene, introducing silicon polymers, and so
on. In one case, it was performed by grinding the zeolite
with barium acetate supported on silica in an agate mor-
tar.2*® Tetrabutyl and tetraphenylgermanium have also
been used for this purpose.'**

There are other microporous solids that are not alumi-
nosilicates; hence, they are not zeolites. The titanosili-
cates, such as titanium silicalite (TS-1), which are selec-
tive catalysts for oxidations, are discussed in Chap. 4.
Much work is going into extending these findings to ma-
terials with larger pores to accommodate larger substrates
for oxidation. Molecular sieves also include the aluminum
phosphate (AIPO) family.*> These have been modified
by inserting a variety of cations into them, including
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cobalt,**® magnesium,*#” nickel,**® silicon,'*° titanium,
and vanadium.’®* The MgAPO-5 preparation involved a
20-min digestion with microwaves or a conventional di-
gestion for 24 h.'52 Methylphosphonic acid can also be
used in place of phosphoric acid.'*® Cage compounds that
may serve as models for the aluminum phosphates have
been made by treatment of trimethylaluminum with tert-
butylphosphonic acid.’>* A molecular sieve containing
zinc has been prepared from 2-aminoethylphosphonic
acid.'>® Alkylenebisphosphonates have been used with
copper, zinc, and zirconium ions to prepare layered struc-
tures.'®® Gallophosphate®” and cobalt gallophosphate®®
have also been prepared. Mesoporous molecular sieves of
alumina have been prepared starting with aluminum sec-
butoxide, using nonionic surfactants as templates.*>°

Measuring the acidity of the Bronsted and Lewis acid
sites is problematic. The adsorption and desorption of var-
ious amines has been used, but there is some disagreement
about what it means.®® Some workers prefer to use iso-
propylamine, which desorbs only from Bronsted sites.
Solid-state nuclear magnetic resonance (NMR) has also
been used in the study of reactions on zeolites.'®* Many ze-
olites crystallize into crystals that are too fine for conven-
tional X-ray analysis. A new method that uses synchrotron
X rays on microcrystalline powders promises to make it
much easier to determine the structures of zeolites and re-
lated materials.*®?

There are many uses of zeolites and molecular sieves,
based on their size and shape selectivity. As catalysts,
they offer less or no corrosion, little waste, ready adapta-
tion to continuous processes, high thermostability, and
other attributes.'®® Their limitations include deactivation
owing to occasional plugging of pores with secondary
products, and the difficulty of using them with bulky
molecules. The first limitation can sometimes be over-
come with a continuous loop through the reactor, then
through a regeneration cycle. Zeolite catalysts for the
alkylation of isobutane with olefins in the preparation of
gasoline are said to work when fresh, but to deactivate
rapidly.*®* Rorvik and co-workers preferred a hexagonal
faujasite (H-EMT) that they could regenerate with air.1%°
If this could be combined with the circulating fluidized
bed system of continuous regeneration, the process might
displace hydrogen fluoride and sulfuric acid in this
reaction in refineries. Alkylation of isobutane with
1-butene using zeolite NaY, zeolite H-USY, or sulfated
zirconia under supercritical conditions, with or without a
molar excess of carbon dioxide, did not have the pore
plugging problem.*®® With further development, this
might replace the current liquid acid process. Ultrasound
should be applied during the reaction with solid acid
catalysts to see if it can keep the pores open without
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the carbon dioxide. The propylene oxide oligomers that
can build up in the pores of titanium silicalite during
the oxidation of propylene with hydrogen peroxide can be
removed by heating with refluxing dilute hydrogen per-
oxide to reactivate the catalyst.X®” The limitation on the
use of bulky molecules accounts for the tremendous
amount of work on mesoporous solids being done to-
day.®® In cases where delaminated zeolites can be used,
this limitation has been overcome.3?°

The largest commercial use of zeolites is probably in
detergents, for which they pick up the calcium and magne-
sium ions in hard water. They replace sodium tripolyphos-
phate, which caused eutrophication of water bodies. [Phos-
phorus is the limiting nutrient in many lakes and rivers.]
They are also used to separate linear from branched paraf-
fins (e.g., by calcium zeolite A); p-xylene from mixed
xylenes (e.g., by barium zeolite X); and 95% oxygen from
air (for use in steel-making and in wastewater treatment).15°
This method of enriching oxygen uses less energy than the
conventional cryogenic distillation. Carbon dioxide, hydro-
gen sulfide, and mercaptans can be removed from gas
streams with zeolites. The catalytic cracking of petroleum is
done with zeolite X or Y, stabilized with rare earth cations.
Natural gas is converted first to methanol, then to gasoline
with ZSM-5 in New Zealand. Clinoptilolite is used to re-
move ammonium ion (another nutrient) from wastewater. A
few of the better examples of the use of zeolites as catalysts
for organic reactions will be given in the following.32

Chiba and Arco will use a zeolite in their alkylation of
benzene with ethylene to produce ethylbenzene for conver-
sion to styrene.”® The older process used aluminum chlo-
ride. The use of reactive distillation in this reaction can give
99.7% specificity at 100% conversion.!’* The ethylene is
fed in at the bottom of the catalytic zone in the refluxing
benzene. The ethylbenzene goes to the distillation pot. Any
polyalkylated material is transalkylated later with benzene
with the same molecular sieve catalyst. Cumene can be
produced by the alkylation of benzene with propylene
(6.28) in a higher than 99% vyield with B-zeolite.x”? The
catalyst gives a higher yield than the phosphoric acid on a
support that it replaces. By using the catalytic distillation
method mentioned for ethylbenzene, the yield of 99.95%
pure cumene is 99.6%, which is 5-6% higher than in a con-
ventional plant.*”®

The principle of removing a product as soon as it is
formed, and before any secondary reactions can occur, is
one that should be applied more widely to increase yields.

Benzene is also alkylated with 1-olefins (e.g., where R
is C10H>1) to prepare “detergent alkylate” for sulfonation to
make detergents. A UOP/Petresa process, using a fluorided
silica—alumina catalyst, gave 92% linear alkylbenzene and
6% branched alkylbenzene at 97% conversion with a cata-
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6.28

lyst life of 182 h.1”# The catalyst could be regenerated by
washing first with a paraffin, then with an alcohol, then
drying. The cost of the process is 30% lower than one us-
ing hydrogen fluoride. Liang and co-workers used zeolite
HY, which tended to gum up and become deactivated.”®
They overcame this problem by using a circulating flu-
idized bed in which the catalyst passed through the reactor
then through the regenerator. The system worked, and it
was easy to operate.

Zeolites are useful in favoring p-disubstituted benzene
products, which have smaller diameters than the other iso-
mers. The raw material for the terephthalic acid used in
making poly(ethylene terephthalate) is p-xylene. It has
been produced from n-pentane (6.29) using a MFI zeolite
catalyst.1®

The significant finding was that the xylene fraction was
99% para. The other fractions are not lost. Toluene can be
disproportionated to p-xylene and benzene with H-ZSM-5
treated with a little hexamethyldisiloxane to give 99% p-
xylene, so that the usual separation of the ortho- and meta-
isomers with another zeolite would not be required.*’” Ben-
zene can be transalkylated with the higher aromatics to give
toluene. Ethylbenzene can be isomerized to p-xylene.
Ethylbenzene can be alkylated with ethanol in the presence
of a modified ZSM-5 catalyst to produce p-diethylbenzene

with 97% selectivity.1®
CHg
MFI zeolite
CHg

26%

VA VN

Halogenation”® and benzoylation of subtituted ben-

zenes also favor the para-products. Nitration of toluene
with n-propyl nitrate in the presence of H-ZSM-5 gives
95% para-selectivity. 8 Benzene can be nitrated with 65%
nitric acid in the vapor phase at 170°C over a mordenite
catalyst.8! (Most zeolites are not stable to protonic mineral
acids. Mordenite is an exception.) The nitration of aromatic
compounds can also be carried out with a sulfuric acid
on silica catalyst that is slurried in methylene chloride to
give 97-98% vyields.*®2 The catalyst could be recovered
and reused with less than 3% loss in activity after three
runs. These methods eliminate the problem of what to do
with spent by-product sulfuric acid from conventional
nitrations.

The acetylation of alcohols and phenols with acetic an-
hydride and HSZ-360 zeolite at 60°C used no solvent. The
acetate of 1-dodecanol was obtained in 98% yield, and the
acetate from 1-naphthol in 100% yield.'82 The acylation of
anisole with acetic anhydride at 100°C without solvent us-
ing zeolite H-B gave 4-methoxyacetophenone (6.30) in
98% yield.*®* The catalyst could be recovered, regenerated,
and reused with no decrease in yield. These reactions show
that not all zeolites are used at high temperatures in the va-
por phase.

Anisole has also been acylated with aliphatic or aro-
matic carboxylic acids, with 92-95.6% selectivity at

CHg
+ + +

3% 38% 5.7%

+ 4.3% higher aromatic compounds

6.29
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70-87% conversions, using zeolite Y9 at 155°C.*85 Acyla-
tion of benzene with acetic acid using H-ZSM-5 gave ace-
tophenone with 91% selectivity at 43% conversion.*® In
one case, the ortho-isomer (6.31) is favored, presumably
because the intramolecular cyclic transition state fits better
in the ZSM-5 zeolite than whatever transition state leads to
the para isomer. 8’ This is a Friess Rearrangement. The
para ratio was 98.7:1.3.

OH

USY zeolite

————p-

200°C.

250°C. / 30 minutes

6.31

70%

Naphthalene (6.32)'88 and bipheny! (6.33)8° also alky-
late selectively.

Industrially important olefins can be made with the help
of molecular sieves. Methanol can be converted into 50%
ethylene and 30% propylene with a SAPO catalyst at
350-500°C.%° |sobutene can be made by isomerization of
n-butenes over clinoptilolite at 450°C with 91.6% selectiv-
ity at 23.5% conversion,'® or with H-ferrierite with 92%

90% selectivity at 92% conversion

90% selectivity at 60% conversion with a
dealuminated H-mordenite

6.33



152 Chapter 6
CH;
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N
N \ N
CH,4
1,4-dimethyl 1,5-dimethyl

selectivity.'9? Zeolites with 8-membered rings are too
small, and 12-membered rings do not suppress char, but
10-membered ring zeolites let the isobutene out while sup-
pressing dimer and oligomer formation.1%3

Acetonitrile can be produced from ethanol, ammonia,
and oxygen in 99% vyield using a SAPO catalyst at
350°C.2%* It can be reduced to ethylamine with 98% selec-
tivity using a 1.1 Co/1.1 Ni/0.9 mg/1.0 Al layered double
hydroxide and hydrogen at 393 K.322 Methylamine and
dimethylamine are more valuable than trimethylamine.
When methanol and ammonia are reacted in a zeolite, such
as clinoptilolite, mordenite, or chabazite, the products are
largely the desired monomethyl and dimethylamines, one
of the best distributions being 73.1% mono-, 19.4% di-and
1.4% tri-, at 97.7% conversion.'® Alkylation of aniline

main product with zeolite beta

6.34

product with zeolite Y

with methanol over chromium phosphate produced the N-
methylaniline with 94-95% selectivity.1%®

Sometimes the choice of zeolite can determine which
product is obtained. This is true in the alkylation of 4-
methylimidazole with methanol (6.34) in the vapor
phase.*®” The product from a Meerwein—Ponnodorff-Ver-
ley reduction (6.35) varied with the zeolite catalyst.1®
High selectivity for acrolein, propylene, and allyl ether
from allyl alcohol (6.36) can be obtained by using different
zeolites.*®° A combination of acid or base strength and cav-
ity size may be responsible for these effects.

Hydrogenation is selective for size and shape.??° Cyclo-
hexene, but not cyclododecene, was reduced by hydrogen
with a rhodium in NaY zeolite. The Beckmann rearrange-
ment of cyclohexanone oxime to caprolactam (6.37) (for

zeolite CsX + isopropy! alcohol

92% selectivity

zeolite NaX + isopropyl alcohol

7%

OH

87%

86% selectivity

6.35
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polymerization to nylon 6) is usually done with sulfuric
acid, which ends up as low-value ammonium sulfate. No
ammonium sulfate is formed when zeolites or molecular
sieves are used. The rearrangement is 95% selective at
100% conversion with a ZSM-5 catalyst,2° 93% selective
at 99% conversion with a B-MFI zeolite,?° and more than
98% selective at 68% conversion with H-Beta D.2%® Sum-
itomo has worked out a commercial process.?**

The conversion of tert-butanol to pivalic acid with H-
ZSM-5 (6.38) eliminates the usual sulfuric acid.?°®

MCM-41 has been used to replace sodium or potassium
hydroxide in the synthesis of jasminaldehyde (6.39). Se-
lectivity of 90% at more than 80% conversion was obtained
using a 1.5:1 ratio of benzaldehyde/1-heptanal and 5%
catalyst.2%®

NOH

zeolite

Photochemical reactions of materials enclosed in zeo-
lites can lead to different proportions of products, or in
some cases, to different products than those run in solu-
tions.2%” The distribution can vary with the zeolite. The en-
hanced selectivity in the oxidation of hydrocarbons with
oxygen2°® was mentioned in Chap. 4. The oxidation of cy-
clohexane in NaY zeolite with oxygen and visible light to
yield cyclohexane hydroperoxide with complete selectivity
at more than 40% conversion may have considerable in-
dustrial potential. Heating the hydroperoxide yields only
cyclohexanone which can be oxidized to adipic acid for use
in making nylon 6,6.2%°

Photorearrangements of aryl esters in zeolites (6.40)
give different product distributions.?*® Photosensitized ox-
idation of stilbene with oxygen (6.41) leads to different
products in solution and in a zeolite.?!!

Selective photoreduction of the double bond in steroidal
a, B-unsaturated ketones has been done with MCM-41 and
NaY in isopropyl alcohol/hexane (6.42).22 No reduction

0 occurs in the absence of the zeolite.

NH Clearly, photochemical reactions in zeolites offer inter-
esting possibilities in directing syntheses. Light is an envi-
ronmentally clean reagent. Scale-up of such reactions for

6.37
10 minutes
OH + €O Loo'c. COOH 100%
6.38
CHO
SO oM

6.39

CHO 90% selectivity
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commercial use may require some innovative equipment.
There is also a question of quantum yields, for not all the
light may penetrate the zeolite. This will not be a problem
if sunlight can be used. Any photosensitizers that are re-
quired will need to be recycled and reused repeatedly.
Zeolites can also be used in polymerizations. Tetrahy-
drofuran has been polymerized in high yield by acetic an-
hydride in combination with a dealuminated zeolite Y to a
product with a narrow molecular weight distribution.?*® H-
ZSM-5 also works in the presence of a trace of water.?*
Acrylonitrile has been polymerized in the mesoporous ze-
olite MCM-41, using potassium persulfate as a catalyst,
then converted to graphite.*> Polymerization of methyl
methacrylate in MCM-41 with an azo initiator gave a poly-
mer with a number average molecular weight of 360,000

—

(6]

zeolite

and a polydispersity of 1.7, compared with a control with-
out the zeolite of 36,000 and 2.8.2%° The limited space in
the zeolite hindered bimolecular termination.

Zeolites and molecular sieves may be useful in places
where organic materials would not stand up. Mordenite can
be used to concentrate the sulfur dioxide in flue gas.?*” The
higher concentration in the concentrate makes recovery by
conversion to sulfuric acid easier. A silver-sodium zeolite
A molecular sieve can be used to recover mercury from gas
streams to prevent destruction of aluminum heat exchang-
ers by mercury.?'® A synthetic dealuminized zeolite can
pick up mercury and dioxins from incinerator flue gas
without picking up sulfur dioxide.?® It lasts for 3 years. In-
organic ion exchangers can be used with radioactive mate-
rials that cause the usual organic ion-exchange resins to de-
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teriorate. Doped titanates can remove cesium and strontium
preferentially over sodium, calcium, barium, and magne-
sium ions.??°

It is now possible to prepare defect-free zeolite mem-
branes for use in separations.??* (More details on separa-
tions can be found in Chap. 7.) A mordenite membrane on
a porous alumina support had a separation factor for ben-
zene over p-xylene of more than 160.222 A ZSM-5 mem-
brane on porous alumina separated n-butane over isobutane
by a factor of 31 at 185°C.22% The next step is to use them
in membrane reactors to separate products as they form.

In summary, zeolites and molecular sieves are versatile
solid acids and bases that can be tailored to provide selec-
tivity in reactions by size and shape. After estimating the
sizes of the starting materials, products, and transition
state, a series of sieves approximating the required sizes
and acidity or basicity can be tested.??* After finding one
that works, it can be optimized by selective deactivation of
unwanted sites, narrowing of the pore openings, if neces-
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sary, and stabilization by dealumination or addition of sta-
bilizing ions. If deactivation in use is a problem, methods
of regeneration will need to be studied.

IX. CLAYS

Clays are layered, hydrated silicates of aluminum, iron, and
magnesium.?2> Most are crystalline inorganic polymers,
but a few are amorphous. They consist of tetrahedral and
octahedral layers as shown in Fig. 6.2.

The tetrahedral layers contain silicon and oxygen, but
sometimes with some substitution of silicon by aluminum
or iron. The octahedral layers are mainly aluminum,
iron(111), iron(11), or magnesium ions. The spaces between
the layers contain water and any cations necessary to main-
tain electrical neutrality. The water can be taken out
reversibly by heating. Montmorillonite (in the smectite
family) has two tetrahedral layers for each octahedral one.
Its overall formula is [AI1_67Mgo_33(Na0_33)]Si40lo(OH)2.

Chlorite
(hydrated) ’

Figure 6.2 Diagrammatic representation of the succession of layers in some layer lattice silicates (12) where O is oxygen; O,
hydroxyl; e, silicon; -, Si-Al; @, aluminum; © Al-Mg; @, potassium; ¢, Na—Ca. Sample layers are designated as O, octahedral; T,
tetrahedral; and B/G, brucite or gibbsitelike. The distance (in nm) depicted by arrows between repeating layers are 0.72, kaolinite; 1.01,
halloysite (10 A); 1.00, mica; ca 1.5, montmorillonite; and 1.41, chlorite. T. Dombrowski, Kirk-Othmer Encyclo. Chem. Technol. 4th

Ed., 1993, 6, 381-

. Copyright 1993 John Wiley & Sons. Reprinted by permission of John Wiley & Sons.
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This is one of the more common clays used for the cataly-
sis of organic reactions.

The layers in the smectites can be expanded by interca-
lation with water, alcohols, ethylene glycol, glycerol, and
such. (For reviews on intercalation into layered lattices see
O’Hare??® and Oriakhi.??”) The initial spacing between
layers of 12-14 A increases to 17 A when the clay is inter-
calated with ethylene glycol. If the structure is heated to
550°C, the structure collapses to a 10 A spacing. The
swelling of sodium montmorillonite with water has been
modeled.??8 The collapse of the structure on heating to high
temperatures has been a problem in some catalyses, be-
cause the surface area and, hence, the catalytic activity de-
crease greatly. To avoid this problem, the clay layers can be
propped open. Smectites can be pillared with oxides of alu-
minum, zirconium, titanium, cerium, iron, or other such, to
give 30 A between layers. In the most common case,
an aluminum hydroxy cluster cation [(Al;304(0OH)24
(H.0)1,]"" is inserted by cation exchange, then heated to
form the oxide pillars. The spaces between layers in mont-
morillonite pillared with iron are 76 A.?2° Even with pillar-
ing, many clays are not very stable to thermal and hy-
drothermal treatments, which detracts from their use as
catalysts. A “highly stable” clay has been made by pillar-
ing with Al,(OH)3C1.2%° One pillared with Ce(111)/Al was
stable to steam at 800°C.%*

Clays have many uses.?®2 These include making bricks,
chinaware, filled paper, filled plastics, drilling muds, and
so on. The use of clay in paint can make it thixotropic (i.e.,
the paint is thick until pushed with the brush, whereupon it
becomes temporarily thinner.) This is due to the plate-like
structures of clays. Attapulgite can be used in brake linings
for cars and trucks as a replacement for carcinogenic as-
bestos. Kaolin can be heated to 600°C to form molecular
sieves. The cation-exchange capacity of clays is essential
to the mineral nutrition of plants. Putting 4% clay into ny-
lon 6 raised the heat distortion temperature 50°C. and in-
creased the tensile strength with no loss in impact
strength.?® Putting 5% of exfoliated clay into poly(ethy-
lene terephthalate) raised the heat distortion temperature
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20-50°C and increased both the modulus and crystalliza-
tion rate three fold.23* (Slow crystallization of this polymer
leads to uneconomically long cycle times in molding.)
Similar techniques have used to add clays into polyethy-
lene,Z*