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The Slow Birth of Green Chemistry 
Government funding, public concern, and tantalizing research problems may finally coax mainstream 

chemists into lending their skills to environmental protection 

Chemistry may have endowed humanitj 
with the menagerie of compounds that com- 
prise the modem material landscape, but it 
has also landed the world in an unholy envi- 
ronmental mess. "Whether you are talking 
about oil spills, or landfills, or ozone holes.. .or 
any [human-made] environmental problem 
that has ever occurred, it comes from chemis- 
try," says Kenneth Hancock, director of the 
National Science Foundation's chemistry di- 
vision. Now, says Hancock, it's up to chemists 
to get us out of the mess. "Any solution that 
you will devise will come from chemistry." 

There's a sense of urgency in Hancock's 
tone, because the subfield of chemistry that 
will provide those solutions is having a 
troubled birth. He's referring not to pollu- 
tion cleanup, a longstanding effort that draws 
heavily on the skill of analytical chemists, 
but to something more fundamental: rede- 
signing commercially important chemical 
processes and products or inventing new ones 
to prevent environmental harm in the first 

place. Hancock's call to action is echoed in a 
spate of government reports and in funding 
programs recently inaugurated by the Na- 
tional Science Foundation (NSF) and the 
Environmental Protection Agency (EPA). 
The chemical industry, trying to survive in 
an environment-conscious world, is also com- 
mitted to learning how to mend its ways (see 
box on this page). But academic chemists, 
who in the past have been eager to push the 
bounds of chemistm into other fields such as 
biology and materials science, have been slow 

to respond to the environmental wakeup call. 
As regulatory and industry efforts expand 

from merely cleaning up pollution to pre- 
venting it in the first place, though, environ- 
mental chemistry is finally entering the main- 
stream. Lured by increased government and 
industrial funding and by the intellectual 
challenges of the new subdiscipline, a cadre 
of chemists is now aiming to rethink some of 
the central processes of industrial chemistry 
in the name of environmental soundness-. 
Among their goals are to replace organic sol- 
vents with water-based ones, substitute envi- 
ronmentally benign reaction ingredients for 
catalysts that involve toxic heavy metals, and 
design products to make them easy to recycle 
or safely discard (see box on page 1540). 
Quantitative appraisals of how far the subdis- 
cipline has progressed are hard to come by, 
but Hancock goes so far as to suggest that it 
could change chemistry as dramatically as 
biochemistry did 40 years ago and as materi- 
als science has in more recent decades. 
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One chemist who responded early to the how manmade pollutants 
new challenge is Gary Epling of the Univer- p t e  through water sys- , 
sity of Connecticut, who is developing ways ~ ~ m s  and the natura 
of replacing toxic, metal-based catalysts with world. But mainstream 
clean, sunlight-driven reaction centers. chemistspaid little atten- 
Epling says he's not surprised that his fellow tion to their colleagues' 
chemists haven't shown much enthusiasm forays, says Epling. 
for environmental chemistry: Historically, if Take their reaction in 
you had a great idea about cleaning up a 1974, when atmospheric 
chemical process or preventing pollution, he chemists Shemood Rowland 
says, ''you didn't have a prayer of getting it andMarioMo1inareportedevi- - 
reviewedn or funded by the academic chem- dence that chlorofluorocarbons 
istry establishment. He and hi colleagues (CFCs 
blame an image problem. Environmental ertness 
chemistry was linked to the pollution control cost had made them big-busi- be able to mend it? 
philosophy of the 1970s and '80s, which fo- ness, vast-volume wonder 
cued on tracking, recycling, or detoxifying chemicals-were destroying stratospheric 
contarninantsproblerns of limited interest ozone molecules. "We encountered much 
to all but a few academic chemists. more skepticism than belief" from fellow 

Such environmental problems as identi- chemi 
fying, mapping, and quantifying hazardous chuse 
materials like polychlorinated biphenyls 
(PCBs), dioxins, or heavy metals have been Soft science? 
the bailiwick of a clique of analytical chem- Underlying th 
ists who develop the tools and methods was a discipl 
needed to do such monitoring. (One joke vironmental 
even had it that all environmental problems mental scie 
could be made to disappear by killing off the people work 
analytical chemists.) Chemistry and the en- the 

-. .i vironment also intersected in a few other demic [che 
academic venues such as civil engineering, of the rese 
forestry, agriculture, oceanography, and ge- ists saw it 
ology departments, where researchers trace pared to 

cut its toxic air e from U.S. plants by nearly 90% since making circuit boards just as well as the acid solution that had ' 

decrease was forced by regulations, been standard-a substitution that has eliminated 40,000 gallons , 

, somereductionsgo beyondcom- of hazardous waste per year. And scientists from Monsanto will 

sidered one of h e  most hazard- chemical weapons-with carbon dioxide. 

' pliance. For example, since 1987, report later this month at the American Chemical Society that 
the company has cut air emis- they have developed a way to replace phosgene-a toxic chemi- 
si- of trichlomthylene, con- cal used for making many products including polymzhanes and 1 

reflect practices such as recover- cessing being done in their neighborhoods, actualIy serves indus- 
ing and recycling raw ingredi- tq more than the public And the industry as a whole is still 
ents, using less material to begii reluctant to drop environmentally harmful practices, he says. 
with, and applying innovative "The change we see from h e  companies is when we force them 
chemistry andengineering. h i s  to do something with laws." 
Hegedus of W.R. Grace 5r Co., The Environmental Defense Fund, a moderate environmental 
which makes catalysts, polymers group, agrees, in the words of staff attorney Kevin Mills that "a lot 

I 
programs to replace hydrocarbon green. "We could be looking at something 
solvents [from petroleum] with 
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b t i o n a l ' s ~ ~ e n c e  Foundation =, - . . .  . . ,  . manufacture of hundreds of mod- 1 

pollution abatement to pollution prevention. 
The trend is opening a whole new realm of 
issues in environmental chemistw that are 
challenging enough to hold the ikterest of 
academic chemists. "Environmental chemis- 
try is finally becoming recognized for the so- 
phisticated subject that it is," Glaze says. De- 
ciphering how CFC substitutes dodge the 
chemical pathways that result in ozone de- 
struction requires first-rate atmospheric and 
surface chemists; finding viable, cleaner-bum- 
ing liquid fuels relies on the particular rigor 
of physical chemists; developing microbial 
chemical-making methods to bypass more 
toxic traditional ones leans on the knowledge 
of bioorganic and bioinorganic chemists. 

And Hancock and his colleagues in the 
federal science policy fraternity are taking 
steps to speed the birth of this new subdisci- 
pline. Last year Henry McGee, NSF's director 
of the Division of Chemical and Thermal Sys- 

ofdifferent chekical ingredients get mixed in huge vats, 
wn vi~es, treated with eases, heated, cooled, and otherwise t 

puter model& methods aimed at helping chemical 
design the safest and most efficient processes and 1 

- - 
k f  a Golatile solvent such as methylene chloride can 

the air. making infinitesimal contributions to global 
that is, until the amount of escaping 

1s summed over large-scale operations such as coating I I 
bth solvent-Ge inks and coatings: B& on molecules 

inyl ethers, the inks would cure when exposed to 
light, which would cause the vinyl ethers to polymer- 

k twether into low, durable chains. 

tems (which includes chemical engineering) 
L, L,, 

teamed up with Hancock and the nonprofit 
Council for Chemical Research to initiate 

mgoods without the grime. 1.1 

their research program on the topic, called 
Environmentally Benign Chemical Synthe- 
sis and Processing. In launching it, McGee 
and his colleagues were careful to disavow 
the "move-the-dirt" image that still often 
pops into many chemists' minds when they 
hear "environmental science." In italic type 
and appropriately green ink, the program an- 
nouncement stresses that "this initiative ad- 
dresses concerns in pollution prevention and 
reduction, not concerns in waste treatment." 

Pertinent projects, some ofwhich received 
their first funding last year-a total of 
$950,000-run the gamut from developing 
more selective catalysts that reduce waste 
while improving product yields, through new 
and cleaner reactions to replace existing ones 
that require toxic feedstocks or solvents, to 

new processes that minimize or eliminate the 
production of hard-to-entrap aerosol particles 
that contribute to air pollution. 

Still, environmental chemistry's pariah 
status has haunted the program. In its maiden 
year, only a handful of chemists came for- 
ward with proposals. (The turnout was better 
among chemical engineers.) The poor show- 
ing from chemists proper is not for lack of 
interest, insists Epling: Environmental chem- 
ists, he says, simply don't think of the chem- 
istry-related divisions ofNSF-the wellspring 
of funding for mainstream chemistry-as a 
likely source of money for environmental 
projects. After all, EPA received plenty of 
proposals for its related, one-time only pro- 
gram called The Chemical Design Project. 
But EPA had only enough money to grant 
about $50,000 each to a half-dozen environ- 
mental chemists, says Joseph Breen of EPA's 
Office of Pollution Prevention and Toxics 
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(formerly just the Office of Toxics). This 
year, NSF and EPA decided to join forces by 
signing an agreement to collaborate. "We 
had more money, and they had more of a con- 
stituency," Hancock says. "It's a mutual love 
affair," he says, which he expects will yield 
more and more environmental chemistry. 

The color of money 
If a soon-to-be-released NSF report titled 
"Challenges and Opportunities in Environ- 
mental Chemistry" has any impact, the green- 
ing of academic chemistry's research culture 
should accelerate markedly in coming years. 
Adraft of the report obtained by Science reads 
like a call to arms to chemists. "To meet the 
challenge-to understand the environment 
in all its chemical complexity, and to mini- 
mize the environmental impact of chemical 
technology-will require the best minds in 
chemical science," the draft states. Among 

the general challenges described in the re- 
port: finding cleaner combustion processes 
that extract more automotive miles out of 
fossil fuel while generating little or no smog- 
producing nitrogen oxides; designing poly- 
mers and other materials with "molecular 
suicide switches" so that microbes might bet- 
ter be able to degrade them after the; useful 
lifetimes; finding CFC replacements; and 
developing catalysts that can destroy chloro- 
carbons such as PCBs. To support all this, the 
16-member panel that prepared the report 
recommends establishing a federally funded 
$30-million-a-year Environmental Chemis- 
try Initiative to fund at least 100 individual 
investigators, up to 10 problem-focused groups, 
and up to four national research centers. 

But a new national infrastructure for en- 
vironmental chemistry by itself won't be 
enough to overcome the old aversion to green. 
The environmental movement is barely 20 

NEUROTOXICOLOGY 

New Marker for Nerve Damage 
W h e n  rats are fed a certain nerve-damag- nervous system. Eventu- 
ing chemical, they waltz in circles in their ally, neurotoxicologists 
cages, performing a grotesque imitation of hope, the GFAP assay 
Fred Astaire dancing with his shadow. But may also provide insights 
the effects of the chemical, P,P-iminodi- that can help them de- 
propionitrile (IDPN), are not limited to the velop "biomarker" assays 
brain centers that control movements. Neuro- of. for exam~le .  blood. 
toxicologists have recently discovered that 
IDPN is toxic to nerve cells in the cerebral 
cortex and other brain areas where it had not 
been previously thought to act. This surpris- 
ing finding is among the first fruits of a new 
type of biochemical assay that uses a biologi- 
cal marker to detect neurological damage. 
The new technique is causing much excite- 
ment among toxicologists because it's the 
first tool to be developed in years that can 
help scientists screen chemicals for neuro- 
toxic effects in animals. 

As a report from the National Research 
Council pointed out last year, there's a great 
need for such a screen: an estimated 70.000 
chemicals in commercial use haven't yet been 
tested for neurological effects (Science, 28 
February 1992, p. 1063). To help remedy 
that situation, the Environmental Protection 
Agency (EPA) last year began recommend- 
ing that com~anies include the new assav, - . . 
which measures the levels in brain of a pro- 
tein called glial fibrillary acidic protein 
(GFAP) in the batteries of animal tests they 
use to assess the potential health effects of 
commercial chemicals. And Monsanto and 
Eastman Kodak recently began to move in 
that direction by assigning staff to explore 
the use of the assay in their in-house testing 
programs. "It's premature to use it routinely 
as a screen," says Monsanto neurotoxicologist 
Abby Li. Nevertheless, she says it holds great 
promise as a measure ofdamage to the central 

. , 

urine, or cerebrospinal 
fluid that can h e l ~  them 
determine whether people 
have suffered damage 
from neurotoxicants. 

Research on the GFAP 
assay dates back to work 
done in the mid-1980s bv 
neurotoxicologist James 
O'Callaghan and col- 
leagues at EPA's lab in 

years old, and chemistry's culture can be slow 
to change. Plenty of chemists studied biolog- 
ical molecules even in the 19th centurv, for , . 
example, but it took the discovery of the 
structure of DNA in the 1950s to sDur the 
culture change that has made biochemistry 
part of chemistry's everyday lexicon. 

In the case of environmental chemistry, 
generational change may prove the key im- 
petus, Spiro says. One telling sign comes from 
the American Chemical Society's division of 
education. They recently approved an "envi- 
ronmental track" for undergraduate chemis- 
try curricula. And Spiro of Princeton and 
Molina of MIT report that students have 
been pushing faculty to get more environ- 
mentalism into courses. "The tail has been 
wagging the dog," Spiro says. Or, to put it 
another way, some green seedlings may soon 
be overshadowing chemistry's old growth. 

-Ivan Amato 

standard assays. But when 
they measured GFAP, 
they found that this region 
had indeed sustained dam- 
age. (The results were pub- 
lished in the December is- 
sue of the l o u d  of Phar- 
macology and Experimental 
Therabeutics.) Another 
surprise was the finding, in 
press in the same journal, 
that IDPN was doing ma- 
jor damage to the cerebral 
cortex. 

Neurotoxicologists 
now hope that the GFAP 
results can help them find 
a similar human biomar- 
ker that would reveal ex- 
posure to neurotoxicants. 

Research Triangle Park, Bad sign. GFAP staining picks up 10 Currently they have only 
North Carolina. Aware times more astrocytes after neurotoxi- a handful of such bio- 
that brains cells known as cant damage (below). marker assays, including 
astrocytes grow larger in the test for elevated blood 
response to neurological damage, the EPA lead levels and another that measures blood 
group looked to see if any of the astrocyte concentrations of the enzyme acetylcholinest~ 
protein concentrations went up in brain tis- erase, which decreases after exposure to orga- 
sue from mice and rats exposed to neurotox- nophosphate pesticides. But researchers 
icants. Among the substances they tested were would like more generic biomarkers that could 
the recreational drug methamphetamine and pick up damage from a wide range of chemi- 
the environmental pollutant methylmercury, cals. Because the brain is a complex melange 
and they also looked at the effects of other of cell types and neurotransmitters that neur- 
insults to the brain, such as stab wounds. The otoxicants can damage in many ways, that 
result: GFAP levels increased in precisely could be a problem. "It's not going to be easy 
those brain areas thought to be damaged by to develop generic markers for broad classes 
the chemicals. Even more intriguing, O'Cal- of neurotoxicants," cautions Hugh Tilson, 
laghan says, is the recent finding that the director of EPA's neurotoxicology division. 
GFAP assay can detect nervous system dam- Nevertheless, the GFAP work indicates that 
age missed by standard histological screens. it can be used to detect damage from differ- 
Although researchers suspected, for example, ent chemicals. So, Tilson says, it may well be 
that IDPN damages the olfactory bulb of rats, possible to push the field in that direction. 
they could find no damage with a variety of -Richard Stone 
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