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ABSTRACT

Over the past 10 years, the science of green chemistry has continued to evolve

and has been adopted in research labs in industry and academia. At the

same time, new innovations in chemicals policy have widened opportunities

for legislative action to protect human health and the environment. This

article addresses the mechanisms by which the science of green chemistry

and chemicals policy can work together to help attain a more sustainable

future. It also speaks to the pitfalls of inappropriately merging these two,

and explores how such a merger could inhibit the creation of sustainable

technologies. Green chemistry’s role in educational reform is discussed

as a means for training students who are prepared to create truly sustain-

able technologies.
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The field of green chemistry is entering its third decade. While there were

certainly efforts to achieve goals similar to those of green chemistry through the

1960s, 1970s, and 1980s, the field of green chemistry dates back to the early

1990s, when it was first conceived at the US Environmental Protection Agency
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(US EPA) as an evolution of the agency’s grants program “Alternative Synthetic

Pathways for Pollution Prevention” [1]. In 1998 the 12 Principles of Green

Chemistry were first published [2]. The articulation of these principles provided

a direct link to the research laboratory, and provided a framework that would

place the field of green chemistry in the hands of the materials scientists,

chemists, and engineers as the science of sustainability.

Achieving a sustainable future is an aggressive goal that will require dozens

of disciplines and hundreds if not thousands of new perspectives. The field of

green chemistry is a small but important part of this greater overall effort. In

order for all the various pieces of the sustainability puzzle to fit together and

make progress, it is important to understand what green chemistry is, and what

green chemistry is not. Based on this understanding, synergies between various

related and unrelated efforts, including chemicals policy and educational reform,

can be identified and mutual benefit optimized. This manuscript will present

the science of green chemistry, describe how green chemistry fits into the theme

of sustainability, and address how the science intersects with policy and can

help to influence science education.

GREEN CHEMISTRY AS

ACTIVE POLLUTION PREVENTION

Green chemistry is clearly defined in Anastas and Warner’s book Green

Chemistry: Theory and Practice [2]. This seminal book outlined the science of

green chemistry, as well as the 12 principles of green chemistry. The principles

are guidelines for practicing chemists, aimed at providing a framework for the

bench chemist working towards greener chemistry. They detail how a researcher

at the molecular level can improve the sustainability performance of a material

or process. The 12 principles of green chemistry are referenced, cited, or listed

in countless books and articles and on numerous websites. The principles are

somewhat general, and a nontechnical audience can certainly appreciate the

major points of each. But they are primarily geared to the bench scientist.

While the focus on the bench chemist may initially appear to be overly

narrow, in fact it is urgently needed. As will be discussed later in this article,

it is the bench scientist who has the greatest opportunity to improve the sus-

tainability performance of any material or process. And yet the education of this

bench scientist, at the undergraduate or graduate level, is essentially void of

the training and skills necessary to identify or avoid the use or generation of

hazardous materials. As will be discussed below, if we hope to make advances

necessary to accomplishing a truly sustainable future we must provide skills

where they are absent and needed. The 12 principles of green chemistry provide

the missing information needed by the practicing bench scientist.

Tools have been developed to provide a direct measurement and graphical

assessment across the 12 principles of green chemistry, such as the iSUSTAIN
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Green Chemistry Index [3]. This tool is a web-based program designed to be

used by bench scientists to assess the sustainability of their chemical processes

using the 12 principles of green chemistry. This type of assessment is best

used not as a marketing tool, but as a research and development tool. The

iSUSTAIN Index for green chemistry is different from other “scorecard”

evaluation tools in that it is not designed as a retrospective analysis, but rather

is an evaluative tool for assessing process improvement at the research stage,

from a molecular basis.

GREEN CHEMISTRY AND THE PRODUCT

DEVELOPMENT PROCESS

The goal of green chemistry is to reduce or eliminate the use and/or generation

of hazardous substances or processes [2]. It is important to keep in mind that

the ultimate requirement of green chemistry is to physically reduce the quan-

tities of chemicals that have a negative impact on human health and the environ-

ment. Science and technology are incremental processes that build over time

on sequential and parallel advances in related fields. It is nearly impossible for

“quantum leaps” of advancement to occur without the accumulation of countless

supporting pieces of scientific understanding. Sometimes these foundational

steps are recognized and celebrated, and sometimes they are not. In either case,

the final technological achievement is often perceived as the “quantum leap”

because the preceding steps and advances were of significance to a smaller

technological audience and only the aggregate of achievements was of interest

to a critical mass of individuals.

To accomplish green chemistry’s ultimate goal of pollution prevention, a

technology must not only be less toxic or have less environmental impact,

but must also be successfully adopted. Thus, in order to truly be green

chemistry, a technology must demonstrate appropriate performance and cost,

so as to spur its success in the marketplace and increase the likelihood of

adoption. Only if the three requirements are met will a new technology be

successfully adopted and thus achieve the ultimate goal of pollution prevention

(Figure 1).

To better understand how green chemistry fits into the bigger picture of

product development, and to understand how it relates to chemicals policy, it is

beneficial to reflect on the product development process. Understanding how

scientists, engineers, and industrialists bring an invention at a research lab to a

manufacturing floor in a factory, and into a shopping cart at a store or into our

homes, and finally out in the trash and into a hole in the ground, can help us bring

this subject into sharper perspective.

The first step in the process is that a molecule (chemical) is taken from

somewhere in the earth—a mine, a plant, an animal, an oil deposit—and is

converted to a material. This process is called “basic research” (Figure 2). The
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Figure 1. Three piers of green chemistry.

Figure 2. Product development schematic.



objective is to invent methods to make fundamental materials. The materials may

or may not have any specific purpose; they reside at the frontier of research, as

new and interesting “building blocks.”

With these materials in hand, components are then developed. This is called

“applied research” (Figure 2), and it is the heart of innovation. Components are

materials that change when something happens to them. For example: when a

material is heated it turns a different color; when a material is stretched, it changes

the way it conducts electricity; when light is shined on a material, it changes

the way it looks; when a material is smeared on a surface, it sticks. These

components are not really useful for much of anything themselves, but they

demonstrate a fundamental way in which the materials can be changed or

manipulated in response to some input.

It is in applied research that most of the research happens within an industrial

setting. And, it is within this realm where most of the environmental and human

health impact decisions are made, whether consciously or not. For example, let

us consider the design of an optical waveguide material for use in a touch-screen

component, which will be used in a variety of devices, such as computers and

cell phones. An optical waveguide is a material that guides light of a certain

wavelength and functions similarly to a fiber optic material. The design criteria

for developing a new waveguide material for use in a touch-screen computer

(device) include many endpoints, such as solubility, mechanical properties,

glass transition temperature, melting point, and refractive index. Each of these

criteria ensures that a material is developed so that the performance is optimal

in the end use of the device. For example, the glass transition temperature of the

optical waveguide material is important in developing a touch-screen component

that can withstand wide temperature ranges and that will not warp when in a

hot room for long periods of time.

These types of criteria are very specific to ultimate product performance.

However, throughout the history of product development, environmental and

human health impacts have not typically been seen as attributes of product

performance. Green chemistry is the science of pushing these into the criteria for

molecular, materials, and product development. Adding toxicity and environ-

mental impact to the list of criteria for the optical waveguide material ensures we

are developing not only a high-functioning touch-screen component, but also

one that has minimal impact on the environment and human health. And, just

as we would go back to the research labs to redesign the component or device

if it fails on one of the other criteria, we should do the same if it fails on the

toxicity and environmental impact criteria.

The next stage of the product development process involves the creation of

devices, in which a few, or several, components are put together. Cell phones,

batteries, cars, paints, cosmetics, along with many more, are all assemblies of a

few (or many) components. In the example of the touch-screen computer, the

touch screen is just one component of many in the device. We call this step
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“development”—when several components are assembled together to make

something that consumers could actually use.

When thousands or millions of the devices have to be made in order to

supply the demand, technologies must be created to do this quickly and effi-

ciently, and to work within the constraints of regulations. Producing many things

over and over—that is, making products—is what happens in the “manufac-

turing” stage of product development (Figure 2).

For successful product development, the final product must meet three criteria.

The product must have good performance. The product must have appropriate

economics, which includes consideration of all of the product development

steps. And the product must be socially responsible (i.e., safe for use and in the

production process). The latter has not always been part of the equation, but

today is becoming more and more a focus within industry. Performance, cost,

and safety are the criteria for successful product development in industry, and

these are the same as the criteria for green chemistry (Figure 1). Green chemistry

is not an exogenous concept, but is just good business practice. It is completely

consistent with the way industry does business already. Industry may not have

the tools in place or an appropriately trained workforce, but green chemistry fits

in with traditional successful business models.

The environment is of course, in the middle of the road from molecules to

products (Figure 2). Molecules are extracted from the environment, whether

from renewable or depleting resources. When the product has finished its useful

life and is discarded, it is either recycled, or persists and accumulates in the

environment, or degrades into harmful or innocuous byproducts. When a product

is made, sold, and used, it has impacts on human health and the environment

around it. The scientist who invents the material or process is in the best position

to understand and avoid the use of hazardous materials. Unfortunately, as we

will discuss later in this article, that scientist, who did the basic and applied

research, is unlikely to have had any education or training in toxicology or

environmental impacts.

With this understanding of how green chemistry relates to product develop-

ment by incorporating environmental and human health criteria throughout the

product development phases, we can now consider how the science of green

chemistry relates to the bigger picture of sustainability.

GREEN CHEMISTRY AND SUSTAINABILITY

“Green chemistry” has oftentimes been used interchangeably with “sustainable

chemistry,” a term that might be more relevant and understandable within the

bigger picture of sustainability. The OECD defines sustainable chemistry as

the design, manufacture, and use of environmentally benign chemicals, which

is consistent with the definition of green chemistry [4]. Many organizations

use the terms green chemistry and sustainable chemistry in referring to the same
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intended end [5–7]. However, others use the term sustainable chemistry as a

broader term applying to the use of chemistry within the realm of sustainability,

applying it to other areas such as water use, conservation, recycling, public

policy, among other sustainability-related concepts [8, 9]. This prompts a discus-

sion on how green chemistry fits into the larger picture of sustainability and how

it applies to areas such as sustainable technologies and sustainable development.

Sustainability is a nebulous concept that means something different for

various groups of people. Sustainability cannot be a “one size fits all” concept. It

must be a universal concept that everyone in society can participate in and

contribute to. Derived from the document commonly known as the Brundtland

Report, sustainability has been widely accepted as being defined as “meeting

the needs of the present without compromising the ability of future generations

to meet their own needs” [10]. One finds that the concept of sustainability

applies across multiple disciplines, including economics, agriculture, education,

business, chemistry, and many others.

Chemistry is applicable in many of these areas, including chemicals policy,

remediation technology, exposure controls, water purification technologies,

alternative energy technologies, sustainable production, green chemistry, and

many other subjects. Green chemistry is but one of the many topics under the

umbrella of sustainable technologies and sustainable products. However, it

must be realized that green chemistry processes have not been typical within

many of these “sustainable technologies.” It is important to consider that one can

create remediation technologies, water purification technologies [11–13], and

alternative energy technologies that use high-energy processing, and use toxic

and hazardous materials in the manufacture [14–19]. But these technologies

are desperately needed, and these things are rightfully considered sustainable

technologies. The applications of these technologies are sustainable, but the

technologies themselves are not necessarily sustainable.

For example, solar energy devices on the market today consist mainly of

silicon-based cells [14]. Silicon, while maintaining highly valuable semicon-

ductor properties, has a melting point of 1414°C. The crystalline silicon is grown

from molten, high-purity silicon in order to produce high-quality semiconductor

material that is then doped with impurities to create a photovoltaic. The process

uses immense amounts of energy, as well as reactive and toxic materials for

purification [14], leading to high cost and the need for government subsidies

for implementation [15]. Other advances in solar energy devices use hazardous

elements and heavy metals such as cadmium [16], copper [17, 18], indium

[14–18], gallium [19], and arsenic [19]. Each of these new devices is being

developed because the end goal is to create a highly functional solar energy

device capable of converting sunlight to energy in the most efficient manner

possible, a noble goal indeed. The very act of converting the sun’s light to

electricity using these devices is a non-polluting, non-wasteful way of generating

usable energy. There are no wasted inputs, no generated byproducts—and the
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feedstock of light from the sun is essentially never-ending. However, it must

be noted that these alternative energy devices are grounded on unsustainable

manufacturing principles, typically using hazardous and toxic materials, high

energy, and generating much waste in the process.

The role of green chemistry is not to focus solely on the application, but to

focus on the fundamental building blocks. If the basic building blocks of a

technology are sustainable, then there is a good chance that the technology

itself will be sustainable. Therefore, in the case of the solar energy devices, an

ideal device would use less hazardous materials in the manufacture, as well as

use low-energy processes in order to create devices that are truly sustainable

from the building blocks through the end product. Newer solar energy devices

based on dye-sensitized solar cell technology first developed in the early 1990s

[20] have promise to achieve the goal of having a sustainable end product that

also has a sustainable production process.

GREEN CHEMISTRY IS NOT A “BIRTH OF ETHICS”

It is incorrect to think that green chemistry somehow represents a birth of

ethics in the field of chemistry. One must understand that it has been generally

accepted that chemistry must be dangerous. Toxicity and hazard are just part

of the business of doing chemistry. Chemists have traditionally relied on

scientists and engineers who have developed technologies to allow the safe

use of hazardous materials. When using dangerous materials, scientists wear

gloves to protect their skin, wear masks to protect their lungs, wear goggles to

protect their eyes, or use specialized equipment that limits their exposure to the

chemicals, or to other environmental conditions (air, light, heat, etc.). Engineers

have created remarkable technologies to mitigate and limit exposure of chemicals

to the air, land, and aquatic environments, including scrubbers and filters, as

well as other waste mitigation technologies. Accepting that chemistry had to

be dangerous, the historical approach has been to protect human health and the

environment by limiting exposure.

The problem with depending on technologies that mitigate exposure, of course,

is that they can fail. Whenever one hears of some chemical disaster, an oil spill

in the gulf, a tanker truck tipping over, an explosion at some factory, it is typically

a result of some exposure control failing, or of human error. The National

Response Center reports that an estimated 33,000 accidents involving oil or

chemicals happened each year between 2000 and 2010. Of the 33,000 accidents,

the most often reported cause is equipment failure, and human error is one of

the top four causes [21]. Chemical systems are designed with the assumption

that everything will happen the way it is supposed to happen. Of course, things

do not always go as planned. Green chemistry asks scientists to design, not

with the expectation that everything will go correctly in the future, but with the

expectation that things could go wrong.
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CHEMICALS POLICY AND GREEN CHEMISTRY

Green chemistry has an opportunity to transform the way that chemistry is

performed and applied throughout the chemical and materials industries. The

field has been held up as a model of a non-regulatory approach to pollution

prevention [22]. However, chemicals policy has the opportunity to add stresses

and externalities in order to define toxicological and environmental impact as

product performance attributes. Market forces and regulatory pressures can

influence the cost equation so as to render safer materials more valuable in the

marketplace, or hazardous materials more costly. The external forces of the

marketplace, chemicals policy, and regulations are inextricably linked to the

field of green chemistry. But it is critical to understand that the science of green

chemistry necessarily operates independently of these forces. Many scholarly

studies have discussed the intersection of chemicals policy and green chemistry

[23–26]. While we value these works, we recognize the need for further explan-

ation on how these two important fields can work jointly, yet in separate ways,

towards the same goals.

Green chemistry and chemicals policy go hand in hand. But they are not

the same thing. Chemicals policy drives the demand for safer alternatives;

the science of green chemistry provides the solutions. It is really an issue of

semantics: if one combines the science of green chemistry with chemicals policy,

the confusion that results can have negative impacts on everyone’s goals. We

must find ways to help industry develop a workforce capable of using the science

of green chemistry. We need industry to be the loudest and largest supporter of

changing academic institutions so that when they teach chemistry, they teach

future generations about how to identify and prevent hazards. If the science of

green chemistry is semantically combined with chemicals policy, we pull the

rug out from under the feet of green chemistry and make it difficult for industry

to support the direly needed changes in academic curricula. We will address a

key point in the chemicals policy and green chemistry debate: that of chemicals

policy driving demand for safer alternatives versus driving innovation.

DRIVING DEMAND FOR SAFER ALTERNATIVES

To understand how to approach green chemistry and chemicals policy, it is

useful again to reflect on the product development process. We are completely

surrounded by molecules (chemicals). Some are completely natural and would

be there whether or not humans had ever evolved on the earth. And some of

them are present solely because humans invented them, and started making them.

All things being equal, there is no scientific difference between a molecule that

is “natural” and an “industrial” molecule, other than the processes for obtaining

the molecule (through extraction processes or synthetic procedures). It is not

impossible to invent and manufacture molecules sustainably. We cannot do such
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things today very often, but there is no fundamental law that says it cannot be

done. At the same time, just because a molecule is “natural” does not necessarily

mean it is sustainable. For example, if one takes a certain species of plant,

uses hazardous chemicals to promote its growth and suppress its predators,

harvests it with large amounts of energy, and in the end uses a toxic solvent

to extract a molecule of interest, it is clear that this is not a sustainable process.

On the other hand, it might be possible to synthesize the same molecule

in a chemical factory in a more sustainable way, using the 12 principles of

green chemistry.

With this in mind, we can take a closer look at the products available to society:

the ceiling tiles and flooring in a room, the clothes that we wear, the electronic

gadgets that we work and play with, the cars we drive, the pens we write with,

the soaps and cosmetics we use, the prescription drugs we take. It is reasonable

to assume that most every product that we have available to us today has

something “unsustainable” in its manufacture; the way it is synthesized might

use a hazardous reagent, it could be derived from a non-renewable feedstock,

or it might not degrade in the environment after its useful lifetime. If any

one of the 12 principles of green chemistry is not being met, there is room

for improvement.

To address this need for improvement, one can do an “alternatives assessment”

to seek out replacement technologies. One can search to find companies offering

safer alternatives. For moral, ethical, and economic reasons, this must be done,

and it is highly valuable for organizations to perform alternatives assessments

to ensure that they are using the best available technologies. Unfortunately,

such an assessment will often come up empty because the safer technology has

not been invented yet.

This absence of safer technologies changes the discussion. Protecting human

health and the environment is not at odds with industry; rather, through green

chemistry the two are aligned. There is a big difference between identifying

alternatives and inventing solutions. Because of this reality, we must realize

that alternatives assessment alone will not solve our problems of wasteful,

hazardous processes and products. We require chemical regulation to help

channel these alternatives to the marketplace. However, chemical regulation

directing the use of safer, non-toxic alternatives will not succeed in solving the

problems if new, innovative solutions are not being invented. The fact remains

that most alternative technologies do not yet exist.

An example of this is the state of Washington’s ban on the use of brominated

flame retardants. Polybrominated diphenyl ethers (PBDEs) have been widely

used as flame retardants in a number of consumer products. The heavy use of

these materials has resulted in their being found in high concentrations in the

human body, breast milk, and other biological systems [27]. PBDEs are bio-

accumulative and pose a potential threat to humans and the environment [27, 28].

The state of Washington proactively approached this issue and successfully
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passed a law1 that phased out the use of PBDEs in a number of consumer

products, with a focus on products used in the home [29]. However, the

successful passing of a ban was not enough to effectively phase out the use of

PBDEs. At the time the bill was passed, in April 2007, no alternatives had been

identified for deca-BDE (one form of PBDEs) in upholstered furniture and

in plastic used in televisions and computers; therefore, the legislature postponed

the implementation of the ban on these uses until less toxic alternatives were

available [30]. It was not until 2009 that safer alternatives were approved by the

legislature, triggering the ban to take effect and phasing out the use of PBDEs

in upholstered furniture and computers and televisions by January of 2011

[30]. Despite the successful reduction in the use of PBDEs in many consumer

products in the state of Washington, the use of PBDEs continues in many

products where suitable, effective alternatives do not yet exist. By focusing on

green chemistry to help to invent safer, non-hazardous alternatives, we can

ensure that the alternatives that are developed are indeed more benign than

the traditional counterparts. As in the case of brominated flame retardants, it

has been found that many times industry welcomes the ban of one form of

PBDEs, and substitutes that banned form with another form of PBDE, therefore

not actually removing PBDEs from the product, but instead changing the

form (e.g., moving from deca-BDE to octa-BDE).

Another example of the need for viable alternatives in regulation is the case

of asbestos; the regulation of asbestos has been debated for over 20 years, and

a full ban has still not been implemented in the United States. In 1989 the EPA

issued a ban and phase-out of asbestos, which was vacated and remanded by

the US Fifth Circuit Court of Appeals in 1991. The Court determined that the

EPA “failed to sustain its burden under TSCA section 6(a) of showing that

the products banned by the rule present an unreasonable risk and that a less

burdensome regulation would not adequately protect against that risk” [31]. The

ban remained in effect only for new uses of asbestos and for products containing

asbestos that were no longer being manufactured in the United States in 1989.

There has been no further reversal on this decision, and any product that con-

tained asbestos, and was being manufactured in the United States in 1989, can

still legally contain asbestos, provided there is disclosure of the use.

These examples certainly are filled with controversy and there are many

different views on the validity of statements on each side. And, the debate over

the ban of asbestos still continues today [32, 33]. However, essentially we feel

that if a viable alternative had been invented for asbestos then the discussion

would end and the use of these materials would drop significantly. The Court of

Appeals’ decision clearly recognized the health impacts and the risks of asbestos
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[31]. What was disputed was the “application of the least burdensome means

of adequately protecting against the unreasonable risk” [34]. In this case, as in

many other cases, if an efficacious, cost-effective, safe alternative material

existed that could replace asbestos in each product where it is found, then this

would lower the burden associated with banning a problematic substance and

would allow for easier implementation of the safer alternative.

The revolution that is green chemistry proposes that instead of turning

to lawyers and lobbyists to debate regulations and bans, we can instead turn

to chemists and scientists to invent safer alternatives. Packaging traditional

chemicals policies and calling them “green chemistry regulations” must be

avoided. For example, a ban for phasing out asbestos or PBDEs should be called

exactly that: a ban. Describing a ban and phase-out as a “regulation implementing

green chemistry” is incorrect. For example, in California there has been a push

for increased regulation of hazardous chemicals with the goal of safer products

for consumers. This is a noble goal and certainly important. Many people

have worked tirelessly to create regulatory language around a new initiative

being called the “Green Chemistry Proposed Regulation for Safer Consumer

Products” [35]. However, a close look at the proposed regulation and conceptual

flowchart shows that the regulation would provide a structure for identifying

chemicals of concern, understanding their hazards, and following up with an

alternatives assessment, which would then provide a framework for a regulatory

response. This is a wonderful and much-needed regulatory approach that will

help to ensure the safest alternatives are available to consumers. Yet, it is not

green chemistry. As stated previously, green chemistry is the science of invent-

ing alternatives that reduce or eliminate the use or generation of hazardous

substances. Therefore, it would be suitable to propose an alternative name to

the California “green chemistry” regulation.

This is not to say that chemicals policy is not necessary and important; it

is extremely important and very necessary. It is certainly a mistake to come to

the conclusion that green chemistry is somehow an alternative to chemicals

regulation. This is not the case. Society unequivocally needs stronger chemicals

policies and regulations to protect human health and the environment. This

fact allows no doubt or compromise. The point is that it will be much more

difficult—or even impossible—for chemicals policy to be successful without

having safer alternatives available first.

We find that when viable alternative technologies are available, chemicals

policy is very effective in driving the adoption of these alternative technologies—

for example, in the case of the catalytic converter. The 1988 California Clean

Air Act is often cited as an example where chemicals policy “forced” industry to

invent a technology. People point to this example with great (and justifiable)

pride as the mechanism to bring about safer products. And in fact the chemicals

policy was absolutely critical for the adoption of the catalytic converter by the

auto industry. This mandated adoption of the technology enabled the reduction of
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air pollution by staggering amounts [36]. This is an excellent example of how

things can work. The mistake people make is in the timeline. The regulation

did not cause the invention of the catalytic converter; it caused the adoption of

the catalytic converter by the auto industry. The patent for the catalytic converter

was filed in 1950 and issued in 1954 [37]. Invention and adoption are not

the same. The technology to enable the catalytic converter had already been

invented before the policy was enacted. The chemicals policy accelerated its

use throughout the industry, along with implementing other methods for reducing

smog and air pollution [36]. However, the policy did not accelerate its invention,

but only mandated its adoption. When chemicals policy precedes invention

of an alternative technology, it could in fact delay the invention, and certainly

delay the passage of the regulation, as in the previously stated examples of

asbestos and PBDEs. This is the reality of most cases that claim that policy drives

innovation: when taking a closer look at the alternative technologies and the

innovative timeline, we find that policy actually drives the adoption of alternative

technologies and not the invention itself.

Chemicals policies and green chemistry research together can help to ensure

the creation and adoption of green chemistry alternative technologies, but

also they can help in identifying areas where no safer alternative exist. These

policies also have the potential to influence much-needed educational reform,

as will be discussed further.

EDUCATIONAL REFORM

In this article we have delved into the science of green chemistry and how it

relates to chemicals policy. A key piece of successful implementation of green

chemistry within industry and in our society is education. Sustainability as a

theme is being introduced throughout educational systems. However, as was

mentioned previously, our current educational systems lack training in funda-

mental environmental and toxicological concepts for chemists and scientists.

Thanks to the herculean works of people like Tony Cortese from Second

Nature, and others, there has been a growing awareness of the need to introduce

the concepts of sustainability on college campuses. Cortese’s American College

and University Presidents’ Climate Commitment is a testament to catalyzing

change [38]. At last count more than 670 college presidents had signed on to a

pledge to review the infrastructure of their institutions, and commit to a path

toward carbon neutrality. After years and years of hard work, Cortese’s vision

is becoming a reality.

When one visits most college campuses, one really gets a sense that they take

sustainability very seriously. People working in the administration and facilities

review utilities and services to minimize impacts. Recycling and waste reduction

efforts are visible everywhere. It is spectacular to see this change happening.

Some of the academic departments are even getting involved, with more and more
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courses being offered in the realm of sustainability [39]. And as a result, more

students today are taking these courses.

But in a way, the fact that many students are taking introductory courses

in sustainability is a double-edged sword. While faculty from the humanities,

social sciences, political sciences, business, environmental health, and perhaps

biology and physics participate in the teaching of these courses, the chemistry

faculty are, for the most part, absent. And the absence of these faculty members

has serious implications. We need chemists at the table discussing these issues.

It is one thing to identify the problems and consider social and political solutions.

But at the end of the day, we need new materials and technologies to be invented

to replace the existing technologies. If the conversation occurs without the

inventors of the next generation of materials at the table, then we are missing

the biggest part of the solution.

University dynamics are tricky. The work and effort of faculty, including

eligibility for tenure, are typically calculated and rewarded within one depart-

ment, making interdisciplinary efforts challenging. There is plenty of literature

and discussion about this issue [40, 41] that does not need to be repeated here, but

we do need to identify better mechanisms to break down the compartmental-

ization of education.

The focus on bringing sustainability into courses must include the practi-

tioners of chemistry. In the academic year 2008–2009, U.S. colleges and univer-

sities that offer a chemistry degree approved by the American Chemical Society

(ACS) granted 14,577 bachelor’s degrees in chemistry, 1,986 master’s degrees,

and 2,543 doctoral degrees. Thus more than 19,000 students were trained in

chemistry in the United States in just one year. More than 600 colleges and

universities offer ACS-approved degree programs in chemistry [42]. Only one

of these programs requires classes in toxicology or environmental impacts:

the University of Massachusetts Boston’s Ph.D. program [43, 44], from which

two Ph.D. students graduated in the academic year of 2008–2009 [42]. Learning

about how to identify and avoid using or making toxic materials is essentially

absent from the education of chemists.

If a student is intending to have a career in environmental sciences or toxi-

cology, he or she may have some coursework related to the mechanisms of

toxicity. However, if a student wants to be an industrial chemist and get a

job working at a company inventing new products, it is highly unlikely that

he or she will ever have had a course about how to identify or avoid using

hazardous materials.

There is a great need for an organized effort to bring green chemistry and

sustainability into the education of a chemist. The ACS accredits chemistry

programs for over 600 colleges and universities that offer chemistry degrees

through the Committee on Professional Training (CPT). This accreditation

is based on ACS guidelines developed by the Committee, which include the

following requirements: curriculum coursework, undergraduate research, and
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student skills development. The curriculum coursework includes introductory

chemistry, analytical chemistry, biochemistry, inorganic chemistry, organic

chemistry, and physical chemistry, along with in-depth coursework in these

main areas and laboratory experience. The ACS CPT mentions green chemistry

as an option for a degree track or concentration, recommending it as one option

of several for an area of focused study [45]. However, the very nature of green

chemistry is not to be a sidebar in a textbook, or a mere recommended course

for a focus of study, but to be integrated into existing coursework and change the

very nature of how we teach and study chemistry. By integrating green chemistry

into each chemistry course and placing it at the center of a chemistry student’s

study, we can begin to change how students are trained, making them better

prepared to enter the workforce with skills that will enable them to truly make

more benign chemical products.

The good news is that chemistry education is changing, though it comes from a

grassroots level. A growing network of green chemistry educators are sharing

experiences and best practices through the Green Chemistry Education Network

(GCEdNet) [46], an initiative led by Dr. Julie Haack from the University of

Oregon, who is a leader in current thinking about green chemistry education.

Through this network, informal regional networks have been formed based

on a foundation of educators already implementing green chemistry in their

courses and laboratories. Much of this work has been led by four-year academic

institutions with forward-thinking faculty, such as Professor Irv Levy at Gordon

College (Wenham, MA) and Dr. Rich Gurney at Simmons College (Boston, MA).

Professor Levy has been teaching his organic chemistry course with green

chemistry infused throughout the course for the past several years. He even

integrates a student project, which he named GOLum for Green Organic Literacy

Forum, where students take on a year-long project in the area of green chemistry.

At Simmons College, Dr. Gurney teaches green chemistry throughout his

organic chemistry course. He is also leading the effort to create a mechanistic

toxicology course, which will be required of undergraduate chemistry majors at

Simmons. To our knowledge, Simmons is the first college to require this of

undergraduate students.

CONCLUSION

Green chemistry continues to grow and is being implemented in many labora-

tories around the globe. People often look for “success stories” and want to

document examples of the use and implementation of green chemistry. The

EPA’s Presidential Green Chemistry Challenge Award has been in existence

for 15 years, and more than 75 awards have been given out [47]. These case

studies document some of the visible and public advances being made. But it is

important to recognize that this is just the tip of the iceberg. There are sig-

nificantly more success stories that are not being told, and for marketing reasons
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an organization may choose to not broadcast its sustainability innovations

(because in so doing it also broadcasts what it did before implementing greener,

safer alternatives). In the end, for sustainability and green chemistry to be

successfully integrated into all aspects of research, development, and manu-

facturing, the words themselves must vanish. Growing and nurturing a field is

important in the early days. Green chemistry must mature to a point where its

integration becomes seamless and unsurprising. There is still much to do with

respect to academic adoption and curriculum development. The business case for

green chemistry has been made. As time passes, markets change and technologies

evolve. Some businesses and organizations adapt to change and thus thrive and

grow, but others are incapable of such change and will require more support

to transition to safer technologies and more sustainable science. The science

of green chemistry is similar to many earlier innovations in technology and

business: external incentives can help stimulate dissemination and education, but

in the end it is up to the business or organization to embrace the change.

But there is still much to do. New materials and processes must be invented.

To find solutions, we need new eyes and ideas focused on the problems. The

collaboration between green chemistry and chemicals policy leaders can be

powerful and effective if done through well thought out planning and strategy.

And, by strengthening and reforming our educational systems to reflect the true

needs of industry and our global society, we can ensure that the next generation

of scientists in the workplace will be much better equipped to create materials

and products that are truly sustainable.
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