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I. EXECUTIVE SUMMARY

Environmental chemistry is a major route through which we learn about the Earth’s natural

processes as well as humanity’s impacts on the planet. [1] This is one of the reasons why

environmental chemists are well-positioned to help humanity solve some of our toughest

challenges related to energy, health, food, and natural resources, many of which are related

to humanity’s impacts on the planet. [2,3]  Environmental chemists monitor what is in the

air, water, and soil to study how chemicals enter the environment, what affects they have,

and how human activity affects the environment. They monitor the source and extent of

pollution and contamination, especially compounds that affect human health, and they

promote sustainability, conservation, and protection. [4]  As concerns about geochemistry

and the natural environment increase, environmental chemists also study the processes that

affect chemicals in the environment. Gases emitted by a pine forest may create a mist when

mixed with car exhaust, for example. In other instances, the environment may have effects on

chemicals that can be toxic. Environmental chemists examine the ways both chemicals and the

environment are changed by interacting. [5]

In the service of monitoring those impacts, environmental chemists can work everywhere.

Their jobs can take them from the upper recesses of the Earth’s atmosphere to the depths of

the oceans, from the ice in the North Pole, to the dirt near a shuttered factory, to the dust in

someone’s home, from the top of a coal-burning power plant’s smokestack to a leather tannery

in India, to a site where old electronics are dumped in Nigeria. These are but a few of the places

where environmental chemists have either taken samples in person or found a way to capture

samples that they have then analyzed to learn more about our world.

Environmental chemists have a skill that is valued in today’s labor market, according to the

U.S. Bureau of Labor Statistics. [6] The bureau expects job opportunities for environmental

scientists to grow 19% between 2010 and 2020. [6] Environmental chemists are in demand

in industry, government, and academia, as well as by contract labs and consulting groups.[5]

They can be involved in analytical testing or new product development in the lab, or work with

users of chemicals in the field, and safety and regulatory issues in an office. [4] The chemical

industry employs a large number of environmental chemists to ensure that a given company is

in compliance with government regulations.[5] As a result, companies in a variety of industries

are placing greater emphasis on compliance and environmental processes. [5] Government

agencies such as the U.S. Departments of Agriculture and Defense and the U.S. Environmental

Protection Agency, as well as agencies at the state and sometimes local level, hire chemists

for environmental work. [5]  In addition, waste management companies and consulting firms

employ such chemists as consultants, sometimes related to remediation work. [5] Opportunities

are expected to grow in contract labs and consulting, because businesses are increasingly

outsourcing this work. [5] Colleges and universities are hiring more environmental chemists to

serve as instructors and educators as they establish programs in environmental chemistry.
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II. ENVIRONMENTAL CHEMISTRY AROUND THE WORLD

Scores of research articles document the unique fragility of the Arctic and Antarctic

environments, including the tendency of some persistent, bioaccumulative, and toxic

chemicals to concentrate there. While some samples from these environments are captured

with automatic equipment, scientists must still travel there to place and to monitor the

equipment. Other trips involve collecting samples to investigate potential new problems and

expand our awareness of these regions’ unique environmental chemistry. Recent trips to the

Arctic have helped improve understanding of how bromine cycles through the environment,

[7]   how the uptake of mercury by lake trout and Arctic char fish affects the area’s food chain,[8]

and how polychlorinated biphenyls (PCBs), which were once widely used in commercial and

industrial applications, cycle through Arctic rivers. [9]

A group aboard the icebreaking research

expedition vessel Xuedong (Snow Dragon)

collected air samples from areas in the Arctic

Ocean and investigated how atmospheric levels

of the insecticide hexachlorocyclohexane (HCH)

are affected by the melting and refreezing of

sea ice. [10] By analyzing peregrine falcon eggs

collected in Greenland, environmental chemists

showed that the levels of polybrominated

diphenyl ether (PBDE) flame retardants in the eggs

had risen rapidly between 1986 and 2003. [11]

Another trip with the goal of sampling levels

of legacy pollutants such as PCBs in the

atmosphere required scientists to install passive

air samplers in both the Arctic and the South

Pacific. [12]

A group of researchers at the Antarctic’s McMurdo research station showed that the station

and its human inhabitants were a major local source of PBDE flame retardants, used in certain

manufactured products, and that can accumulate in the environment and in human tissues. [13]

Other teams have documented levels of PCBs and organochlorine pesticides in sediments and

bottom-dwelling animals living off of the continent’s coast. [14]  In support of the European

Project for Ice Coring in Antarctica, chemists found a way to measure levels of levoglucosan, a

molecular marker for biomass burning, at the pictogram-per-milliliter level in less than

1 milliliter (mL) of ice from the continent. [15] And scientists who traveled to Queen Maud Land

in East Antarctica collected snow samples they analyzed for levels of platinum, iridium, and

rhodium, noble metals that are extremely rare in the Earth’s crust. Their work shows that there

Reprinted in part from: Environ. Sci. Technol., 2011, 45
(19), pp. 8377–8384. DOI: 10.1021/es201766z.
Copyright © 2014 American Chemical Society
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has been large-scale atmospheric pollution of platinum and probably rhodium since the 1980s,

which they attribute to increasing emissions of these metals from anthropogenic sources such

as automobile catalysts. [16]

III. AfRICA, ASIA, AUSTRALIA, AND SOUTH AMERICA

To help explain unexpectedly high levels of PCBs measured off of the West African coast,

researchers aboard the German Polarstern research vessel collected samples and deployed

passive samplers at Cape Verde Island. Their work pointed to emission sources in the Ivory

Coast and Gambia that had not previously been accounted for, suggesting illegal dumping of

PCB-containing waste, perhaps generated during the demolition of old ships. [17]

To study the utility of using

enzyme-substrate microbial water

tests, originally developed for use in

laboratories to evaluate microbial

contamination of drinking water,

environmental scientists from

Israel traveled to a rural part of

southern Zambia. [18]  A group

of British scientists collected

sediment core samples from lakes

in Uganda’s Rwenzori Mountains.

Their analysis of the sediments

from the high-altitude equatorial

lakes showed that levels of mercury

had increased about threefold since

the mid-19th century, an increase

similar to that shown in other

remote regions throughout the

world. [19]

In Asia, environmental chemists have played an important role in documenting pollution from

electronic waste recycling in Southern China. Their work has shown that people living close

to where electronic waste is recycled had very high levels of PBDEs, [21,22,23] as well as other

newer flame retardants such as Dechlorane Plus,[24]  in their blood serum. Researchers also

conducted the first investigation into the concentrations of short-chain chlorinated paraffins,

which are used in a variety of commercial and industrial applications, in East Asia’s air. They

traveled to urban and rural locations in China, Japan, and South Korea to place and collect

samples from passive air samplers. [25]

Reprinted in part from: Environ. Sci. Technol., 2011, 45 (4), pp 1349–

1355. DOI: 10.1021/es1025239 Copyright © 2014 American Chemical

Society
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The topics of research carried out in Australia are often

similar to projects in the U.S., Canada, and Europe. Recent

Australian projects include investigations into the uptake

of persistent organic pollutants in adults and children,  [26]

the ability of an advanced water treatment plant to remove

estrogenic compounds, [27] and the presence of antibiotic

resistance genes in surface water. [28]

To go beyond what previous studies have reported about

the presence of antibiotic resistance among culturable

bacteria in surface water, groundwater and drinking

water, the researchers looking for antibiotic resistance genes used polymerase chain reaction

techniques. These techniques allow sensitive

and specific detection of antibiotic-resistance

in the environment without the need to

culture bacteria. This is important because

only a fraction of microorganisms—<1%

in aquatic environments—can be cultured

by standard methods. [29]  Recent research

projects in South America included trips to

Brazil to measure methane emissions from

shallow tropical lakes [30] and the impact of

pollution from cities on the natural jungle

environment in a downwind site. [31]  A

project in Chile used inexpensive passive

samplers to measure levels of persistent

organic pollutants in the air. [32]

Research projects aimed at collecting data on chemicals in the environment have also taken

researchers to remote mountain sites in the U.S., Canada, and Europe. [33,34,35,36]  Other

projects have inspired scientists to

visit bird nesting sites on a regular

basis and even collect tree bark.

[37,38,39,40,41]  Researchers have

gone as high as the stratosphere

to collect data on the impact of

exhausts from the Space Shuttle

and other NASA rockets. [42]  At

lower altitudes, teams of scientists

including environmental chemists

flew through hazy pollution plumes

to collect data on how tiny carbon-

containing aerosol particles are

affecting the Earth’s climate. [43]

Reprinted in part from: Environ. Sci. Technol.,
2014, 48 (1), pp. 791–796. DOI: 10.1021/
es4044402 Copyright © 2014 American
Chemical Society

Reprinted in part from: Environ. Sci. Technol., 2012, 46 (21),
pp 11948–11954. DOI: 10.1021/es302321n Copyright ©
2014 American Chemical Society

Reprinted in part from: Environ. Sci. Technol., 2009 43 (11), 4194-4199.
DOI: 10.1021/es900272u Copyright © 2014 American Chemical
Society
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IV. IDENTIfYING PBT CHEMICALS

A major job for environmental chemists is to identify chemicals that are persistent,

bioaccumulative, and toxic. Over the last several decades, chemists have begun measuring

many more chemicals in the global environment.[44] Some of the most well-known of

these are the PBDE flame retardants, the perfluorinated alkyl acids (PfAAs), and compounds

associated with pharmaceuticals and personal care products (PCPPs).

 According to nationally representative biomonitoring data on chemical exposure collected

by the U.S. Centers for Disease Control and Prevention, the average U.S. citizen has detectable

levels of more than 100 different xenobiotic compounds in his or her blood or urine. [45]

One type of PBDE, BDE-47, was found in the serum of nearly all participants in the National

Health and Nutrition Examination Survey (NHANES). [46]   Most NHANES participants also

had detectable levels of one PfAA, perfluorooctanoic acid (PfOA). It was a synthesis aid in the

manufacture of a commonly used polymer, polytetrafluoroethylene, which is used to create

heat-resistant non-stick coatings in cookware. [46]

PBDEs were once widely used as

flame retardants in polyurethane

foam and other consumer

goods, but all U.S. uses of the

compounds ceased at the end of

2013. Even so, the compounds’

persistent presence across the

globe continues to be monitored.

The levels of PBDEs in many

populations, including pregnant

women in California, appear to be

declining in recent years. [47]

They’re still sometimes discovered

in new populations, too. One

recent example is a former

competitive gymnast’s research

documenting that gymnasts who spend long hours in facilities with specialized gymnastics

equipment can be exposed to high concentrations of some PBDEs, as well as other flame

retardants. [48,49]

PfAAs are a class of chemicals with unique water-, dirt-, and oil-repelling properties; high

stability; and resistance to degradation. They are used as surfactants in many industrial

Reprinted in part from: Environ. Sci. Technol., 2013, 47 (20), pp 11776–
11784. DOI: 10.1021/es402204y Copyright © 2014 American Chemical
Society
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processes and consumer products, such as

oil and water repellents for fabrics and food-

packaging materials. [50] The recent news about

these compounds is mostly good. 3M, one of

the largest former manufacturers of chemicals

related to an important PfAA, perfluorooctane

sulfonate (PfOS), completed a voluntary phase-

out of PfOS-related production in 2002 [51]

The European Union, Canada, and the U.S. now

restrict the use of PfOS or other PfAAs in certain

industries. While studies showed increasing

temporal trends of PfAA concentrations from the 1970s to the early 2000s, more recent studies

have reported decreases of PfOS concentrations after 2000. The animal populations for which

decreases have been documented include Canadian Arctic ringed seals, [52] harbor seals from

the German Bight, [53]  and sea otters off the coasts of California [54] and Alaska. [55]  PfOS

levels in U.S. citizens have also been declining. [56]

However, some studies show that, because

of their persistence in the environment,

levels of PfOS and other PfAAs continue

to increase in some areas like the Baltic

Sea and in some populations, such as

Chinese infants. In the Baltic Sea, a mass

balance study suggested that PfAA

inputs were higher between 2005 and

2010 than during the previous 20 years,

despite efforts to reduce emissions of the

compounds. [57] The research team which

undertook the study hypothesizes that

this is due to retention and delayed release

of PfAAs from atmospheric deposition

in the soils and groundwater of the watershed. Other recent research indicates that the levels

of PfAAs in Chinese infants are higher than levels reported for infants from other countries,

suggesting that the use of PfC-containing products may be increasing in China. [58]

Reprinted in part from: Environ. Sci. Technol. 2008, 42 (13), pp.
4989-4995. DOI: 10.1021/es800071x Copyright © 2014 American
Chemical Society

Reprinted in part from: Environ. Sci. Technol. 2013, 47,
13848–13856. DOI: 10.1021/es4037868 Copyright ©
2014 American Chemical Society

Reprinted in part from: Environ. Sci. Technol. 2010, 44 ( 11) 4341–4347. DOI: 10.1021/es1002132 Copyright ©
2014 American Chemical Society
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In the late 1990s, researchers began to discover widespread sexual disruption in wild fish and

to question whether the presence of pharmaceuticals and personal care products (PPCPs) in the

environment could explain this. [59] The first extensive search for PPCPs in U.S. water bodies,

which showed that they were ubiquitous, was published over a decade ago in the journal

Environmental Science & Technology. [60]  Since then, many researchers have reported a variety

of methods for finding an ever-wider array of compounds and detecting their effects in the

environment. [61,62,63,64,65,66] Researchers have also been looking for and detecting other

bioactive substances that human activities deposit into water, such as caffeine. [67]

Environmental chemists have made important

strides in identifying the transport and fate of

many persistent and bioaccumulative chemicals

in the environment as well as the trends in

uptake of the chemicals by people and wildlife.

However, the total number of chemicals

currently measured in the environment

represents only a small fraction of the

approximately 30,000 chemicals that are now

widely used in commerce. [44]

Major efforts are underway to screen existing

and new chemicals for qualities related to persistence in the environment and the tendency to

bioaccumulate—or to produce transformation products with these qualities. for example, in

2006, Environment Canada (the Canadian environmental protection agency) identified about

5.5% of 11,317 chemicals on the country’s

Domestic (existing) Substances list as having

characteristics that make them likely to be

persistent and/or bioaccumulative. [44]

Since then, researchers have investigated

potential compounds of concern from a

number of different functional chemical

groups. [68,69,70} Efforts such as these help

environmental chemists understand what

compounds they should be looking for. But in

order to be able to detect a compound in the

environment, there needs to be a method for

analyzing the compound. [44]  Developing

methods to detect compounds either found

in, or likely to be found in, the environment is another important task for analytically minded

environmental chemists.

flame retardants identified in pit cubes.

Reprinted in part from: ACS Symposium Series, Vol. 1048
ISBN13: 9780841224964eISBN: 9780841224971. 2010
Copyright © 2014 American Chemical Society

Reprinted in part from: Environ. Sci. Technol. 2006, 40,
7157–7166. DOI: 10.1021/es061677a Copyright © 2014
American Chemical Society
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The term that environmental chemists use to describe newly detected chemicals is “emerging

contaminants.” However, an article in a 2006 special issue on emerging contaminants points

out that the definition “is a bit elusive, because what is emerging is a matter of perspective

as well as timing.” [71] The author of a 2012 article described some of the subcategories of

chemicals recently judged to be emerging. [72] One group is “new” emerging contaminants,

which are chemicals that are recently manufactured and suddenly appear everywhere, such

as decabromdiphenylethane being a sudden replacement for decabromyldiphenylether. [73]

Another category includes “old” emerging contaminants, which are the ones that actually

had been around for several decades, but simply were not on the radar or for which analytical

methods did not exist until recently. One example is hexabromobenzene, whose ubiquitous

presence is just now gathering attention, despite it likely being produced at high volumes

since the 1970s. [74]  Sometimes emerging contaminants are simply impurities associated with

chemical formulations. [75,76]  Metabolites of the emerging substances may also prove to be

important. [77]

When the first data on a “new” or emerging contaminant comes to light, little is known about it,

from its production volumes, to its physical–chemical properties, to its effects on humans and

the environment, to how best to regulate the unknown risks it poses. [72] These unknowns can

only be addressed with adaptation, exhaustive lab work, and extensive trial-and-error. Payoffs for

taking on these challenges can go beyond environmental protection. for instance, research into

poly- and perfluorinated chemicals led to improvements in models that predict physical-chemical

properties and advanced liquid chromatography methods. It also shed new light on uptake

mechanisms of protein-bound organic chemicals. [72]

Although they haven’t yet been pegged as emerging contaminants, nanomaterials are an

emerging area of interest to scientists of all stripes, and environmental chemists are no

exception. As a recent article pointed out, nanoparticles’ high surface-area-to-volume ratio can

result in highly reactive and physiochemically dynamic materials in environmental media. [78]

This suggests (according to the article’s authors) that many transformations, such as reactions

with biomacromolecules, redox reactions, aggregation, and dissolution, may occur in both

environmental and biological systems. These transformations and others may alter the fate,

transport, and toxicity of nanomaterials. The nature and extent of these transformations

must be understood before significant progress can be made toward understanding the

environmental risks posed by these materials, as stressed by the authors.[78]

Caffeine routes into the environment.
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Reprinted in part from: Environ. Sci. Technol. 2012, 46 ( 13) 6893–6899. DOI: 10.1021/es300839e Copyright © 2014
American Chemical Society
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V. GROWING INDOOR fOCUS

A growing body of work shows that human exposure to many pollutants may be higher

indoors—sometimes by orders of magnitude—than outdoors. [79] This may make sense

intuitively, but environmental chemists are at the forefront of the effort to dig up details to

support this theory.

A symposium held during the American Chemical Society national meeting in San francisco in

2010 was intended to bring together the atmospheric and indoor chemistry communities. [80]

It was sponsored by the ACS Division of Environmental Chemistry and the National Science

foundation’s Division of Chemical, Bioengineering, Environmental & Transport Systems. During

the symposium, one of the symposium’s organizers said that the field of indoor chemistry “is in

the early stages of development, especially compared with its older sister, outdoor atmospheric

chemistry, but techniques that are developed specifically for outdoor air may also be applicable

indoors.” [80] This is important because indoor concentrations of chemicals and resulting human

exposures often substantially exceed corresponding outdoor concentrations, because there are

significant indoor emission sources and much lower dilution volumes. [79] for example, typical

concentrations measured for tetrachloroethylene and formaldehyde in the ambient environment

are less than 9 and 24.6 μg/m3, respectively, [81,82] ,  whereas they are several orders of

magnitude higher in many industrial or household settings. [82,83]  Moreover, people spend

most of their time indoors, which for industrial countries amounts to more than 20 hours a day,

on average, when considering both time spent at home and at the workplace or school. [84]

One recent study into indoor sources of particulate emissions in Amsterdam and Helsinki

identified some significant sources of indoor particulates (in addition to the ones that enter the

indoor environment from outside). [85] The study found one set of indoor-based particulates

with an abundance of potassium and small amount of calcium, and a second characterized by

copper. Although they weren’t able to positively identify the sources, the researchers noted

that known indoor sources of potassium are smoking, cooking, personal care products, and

household chemicals. Similarly, the researchers noted that electric devices that use copper

commutators for motor rotation, including electric fans and vacuum cleaners, are possible

indoor sources of copper. Copper is also used as a paper coating pigment, in house plant

fertilizers, and in cosmetics. [85] The researchers also discovered some chlorine-containing

particulates that were not linked to outdoor levels. They suspected that the source could be

chlorine-based cleaning products and city-supplied water, which other research has suggested

as indoor sources of chlorine. [86]

Another recent study looked for potential endocrine-disrupting compounds inside the

homes of non-smokers in two California cities, industrial Richmond and rural Bolinas. [87] The

researchers detected 63 of the 104 analytes they analyzed for indoors, and 39 outdoors. They
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found that while levels of 32 of the analytes were higher indoors than outdoors; only 2 were

higher in outdoor samples. Indoor concentrations of the most ubiquitous chemicals were

generally correlated with each other (4-t-butylphenol, o-phenylphenol, nonylphenol, several

phthalates, and methyl phenanthrenes), indicating possible shared sources. The researchers say

their findings highlight the importance of considering mixtures in health studies. [87]

Recent research has shown that indoor dust can also be a significant route of human exposure

to some indoor pollutants, particularly for young children. [88]  House dust containing PBDE

flame retardants has been correlated with

elevated concentrations of the contaminants in

the blood of people living in California (which

historically has had the nation’s strictest flame

retardant standards). [89] Several studies of

children both inside and outside of the U.S.

have shown that their levels of PBDEs can be

higher than those of adults, which researchers

attribute to breastfeeding and children’s

higher frequency of hand-to-mouth

behaviors. [90,91,92,89] Other research has

documented that even though some PBDEs

were phased out of use at the end of 2004,

those PBDEs were still found in some house

dust five years later, albeit in lower concentrations. [93] Other flame retardants, some with

properties that suggested they may be toxic, are also found in newer dust samples. [93]

Critical issues to be considered when sampling indoor
settled dust for exposure assessment purposes.

Distributions of concentration ratios (2011/2006) in dust collected from 16 homes. Nondetectable levels set
to detection limit. Chemicals with median ratios above 1 were higher in 2011 samples compared with 2006
samples. Darker shaded boxes used for chemicals with >75% simultaneous detects.

Reprinted in part from: Environ. Sci. Technol. 45,
6716–6727. DOI: 10.1021/es200925h Copyright © 2014
American Chemical Society

Reprinted in part from: Environ. Sci. Technol. 2012, 46, 13056–13066. DOI: 10.1021/es303879n Copyright © 2014
American Chemical Society
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Recent research showing that competitive gymnasts at a college in the Northeast were

exposed to high levels of PBDE flame retardants suggested that both dust and air could be

significant sources of exposure to both PBDEs and newer flame retardants. [49] Although diet is

the main route of exposure to PfOS, indoor dust can also be a significant source in some cases.

[94]  And house dust can also be a source of exposure to older contaminants, such as PCBs,

particularly in older homes. [95]

Up until very recently, the health effects from indoor exposure have not been included in Life

Cycle Assessments (LCAs). Such an omission may result in product or process optimizations at

the expense of worker or consumer health. [79]  One of the models now available allows for

the assessment of household exposure to chemicals and radiation emitted to indoor air.  [96]

Another approach uses bulk-mixing models for occupational exposure in conjunction with

multimedia models for the assessment of cumulative chemical exposure from ambient and

indoor environments. [79] Studies done with both models illustrate that indoor exposure

models are compatible with environmental models used in LCA. Moreover, they reveal

the significance of health effects associated with occupational and household exposure in

comparison to the total human-toxicity potential from all pathways. [79]

VI. REGULATORY SUPPORT

Like other environmental scientists and specialists, many environmental chemists are

employed by local, state, or federal government agencies. [4] In those organizations, they can

play a vital role in the development, implementation, and enforcement of both methods and

regulations designed to protect and preserve the environment. [4]

An example is the Environmental Chemistry Laboratory operated by the U.S. Environmental

Protection Agency’s (EPA) Office of Pesticide Programs (OPP). The environmental chemists

who work there evaluate test methods for pesticides in soil and water and work with

chemists and other environmental specialists in EPA regional, federal, and state laboratories

who use these methods. They also develop new methods for analyzing pesticides and

related compounds of interest, such as dioxin, a toxic byproduct of combustion, and are also

involved in monitoring studies. [97]

The role of environmental chemists and other environmental specialists in government has

been increasing. This growth has occurred because many state and local governments have

responded to growing pressure to protect the public from exposure to hazardous chemicals

by restricting the use of chemicals not addressed by federal legislation, such as some of the

PBDEs. Between 1990 and 2009, at least 18 states, 6 counties and 6 city governments enacted

laws restricting PBDEs, lead, chromated copper arsenate, phthalates, bisphenol A, dioxin,

perchloroethylene and/or formaldehyde. [98]
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sTaTe and loCal goveRnmenT RegulaTion
of indusTRial ChemiCals noT RegulaTed
fedeRally

While state and local governments have used different types of policies
to target industrial chemicals not regulated federally through the U.S.
Toxic Substances Control Act, the most widely used approach focuses
on the restriction of single chemicals. Chemicals targeted by these
policies include PBDE flame retardants, chromated copper arsenate,
phthalate plasticizers, bisphenol A (BPA), perchloroethylene, and
formaldehyde. [1]

In 2012, the U.S. EPA proposed amending its Significant New Use Rules
related to compounds associated with the PBDE flame retardants.
It also proposed covering PBDE flame retardants under the Toxic
Substances Control Act (TSCA).[2] Prior to that, 12 states enacted
legislation restricting the use of PBDE flame retardants in an array of
products, including building materials, electronics, furnishings, plastics,
polyurethane foams, and textiles. four states (Maine, Oregon, Vermont,
and Washington) restrict the pentaBDE, octaBDE, and decaBDE
formulations. five states (Illinois, Maryland, Minnesota, New York, and
Rhode Island) restrict the pentaBDE and octaBDE and require further
study of decaBDE. Three states, California, Hawaii, and Michigan,
restrict the pentaBDE and octaBDE. A number of other states also
proposed restrictions on some PBDE formulations. [3]

In 2010, the EPA initiated rulemaking to add eight phthalates to
the Concern List under TSCA section 5(b)(4), designating them as
chemicals that present or may present an unreasonable risk of injury
to health or the environment.[4] Three states (California, Vermont, and
Washington) and one city (San francisco, CA) have enacted legislation
banning phthalates in children’s toys and childcare products. Many
more states have proposed legislation to ban the plasticizers. Much
of the legislation and proposed legislation also includes provisions
that require the replacement of the phthalates in these products with
safer alternatives. Hawaii has enacted legislation to further investigate
the use of phthalates, while Minneapolis, MN, has enacted legislation
urging the state to phase out of phthalates in children’s products. [5]

Two states (Connecticut and Minnesota), one county (Suffolk County,
NY) and two cities (Chicago, IL and San francisco, CA) have enacted
legislation banning BPA, which is commonly found in plastics and
children’s products. More than 20 states and a few other counties
have proposed legislation restricting the use of BPA in children’s
toys, childcare products, and/or packaging. Much of the legislation
and proposed legislation also includes provisions that require the
replacement of the BPA in these products with safer alternatives.
Hawaii has enacted legislation to further investigate the use of BPA.
Pennsylvania has enacted a resolution urging Congress and the fDA to
reduce the levels of BPA in plastic food containers, plastic bottles, and
the lining of cans. Chicago, IL, has enacted a resolution urging the fDA
to expedite its safety review of the compound. Minneapolis, MN, has
enacted legislation urging the state to phase out of BPA in children’s
products. [6]

These are just some examples of existing and pending legislation
banning or focusing on individual chemicals or chemical classes of
concern by state, county and city governments. Other states, counties,
and cities have enacted legislation or passed resolutions focused on
persistent, bioaccumulative and toxic chemicals. Another approach
that state, county and city governments are using is targeting product
categories, including cleaning products, children’s products and toys,
and cosmetic and personal care products. [7]

[1] Lowell Center for Sustainable Production. “State Leadership in Formulating and
Reforming Chemical Policy.” University of Massachusetts Lowell: Lowell, MA, 2009:
http://www.chemicalspolicy.org/downloads/StateLeadership.pdf.

[2] U.S. Environmental Protection Agency. “Polybrominated diphenylethers (PBDEs)
Significant New Use Rules (SNUR).” Online at http://www.epa.gov/oppt/
existingchemicals/pubs/qanda.html.

[3] Lowell Center for Sustainable Production. “State Leadership in Formulating and
Reforming Chemical Policy.” University of Massachusetts Lowell: Lowell, MA, 2009:
http://www.chemicalspolicy.org/downloads/StateLeadership.pdf.

[4] U.S. Environmental Protection Agency. “Phthalates Action Plan Summary.” Online at

http://www.epa.gov/oppt/existingchemicals/pubs/actionplans/phthalates.htm.

[5] Lowell Center for Sustainable Production. “State Leadership in Formulating and
Reforming Chemical Policy.” University of Massachusetts Lowell: Lowell, MA, 2009:
http://www.chemicalspolicy.org/downloads/StateLeadership.pdf.

[6] Lowell Center for Sustainable Production. “State Leadership in Formulating and
Reforming Chemical Policy.” University of Massachusetts Lowell: Lowell, MA, 2009:
http://www.chemicalspolicy.org/downloads/StateLeadership.pdf.

[7] Lowell Center for Sustainable Production. “State Leadership in Formulating and

Reforming Chemical Policy.” University of Massachusetts Lowell: Lowell, MA, 2009:
http://www.chemicalspolicy.org/downloads/StateLeadership.pdf.
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A newer role for government environmental chemists is in assessing data about alternatives

selected to replace chemicals identified as problematic. [99] What are known as alternatives

assessments are methods for and efforts to assess chemical alternatives, to seek substitutes

that are safer, and to avoid “regrettable substitutions.”

An example of a regrettable solution is the decision to replace methylene chloride, a

chlorinated solvent, as an automotive brake cleaner with n-hexane. Although n-hexane

performs well as a brake cleaner, its neurotoxic properties injured some auto mechanics in

the late 1990s. [100]  A more recent example is bisphenol S (BPS), a replacement for BPA in

thermal paper that is also being detected in people. [101,102] Research suggests that, like

BPA, BPS may exhibit hazardous estrogenic activity. [103,104]

VII. ALTERNATIVE CHEMICAL ASSESSMENTS

There are dozens of methods for evaluating new chemicals that are meant to replace substances

found to be hazardous or otherwise problematic. [105] Exactly how these methods are used

to help companies choose new chemicals is evolving, and it varies according to each specific

set of circumstances. In some cases, governments are overseeing the process. Some methods

come to differing conclusions based on the criteria that they use. One thing that all alternatives

assessments always include is an evaluation of chemical hazards. [105] In order to avoid

unintended consequences from switching to a poorly characterized chemical, alternatives

assessments aim to identify and characterize chemical hazards and promote the selection of less

hazardous chemical ingredients. [105] The assessments can also include information such as

cost, availability, performance, and social and environmental life-cycle attributes. [105]

In addition to replacing one chemical with another that has been shown to be less hazardous and

that fulfills the same purpose, the possible actions include reformulations, process changes, and

product redesigns. Environmental chemists can help with all of this.

Chemical and pharmaceutical manufacturers are already conducting alternatives assessments in

response to the European Commission’s Registration, Evaluation, Authorization and Restriction

of Chemicals (REACH) program. [99] California’s recently enacted Safer Consumer Product

Regulations require manufacturers or other responsible entities to seek safer alternatives to

harmful chemical ingredients in widely used products. [106] Because of the size of California’s

market, the state’s program, which joins alternatives assessment to a decision process for

selecting a course of action that leads to a reduction in toxic threats, is expected to have a

These are just some examples of existing and pending legislation
banning or focusing on individual chemicals or chemical classes of
concern by state, county and city governments. Other states, counties,
and cities have enacted legislation or passed resolutions focused on
persistent, bioaccumulative and toxic chemicals. Another approach
that state, county and city governments are using is targeting product
categories, including cleaning products, children’s products and toys,
and cosmetic and personal care products. [7]

[1] Lowell Center for Sustainable Production. “State Leadership in Formulating and
Reforming Chemical Policy.” University of Massachusetts Lowell: Lowell, MA, 2009:
http://www.chemicalspolicy.org/downloads/StateLeadership.pdf.

[2] U.S. Environmental Protection Agency. “Polybrominated diphenylethers (PBDEs)
Significant New Use Rules (SNUR).” Online at http://www.epa.gov/oppt/
existingchemicals/pubs/qanda.html.

[3] Lowell Center for Sustainable Production. “State Leadership in Formulating and
Reforming Chemical Policy.” University of Massachusetts Lowell: Lowell, MA, 2009:
http://www.chemicalspolicy.org/downloads/StateLeadership.pdf.

[4] U.S. Environmental Protection Agency. “Phthalates Action Plan Summary.” Online at

http://www.epa.gov/oppt/existingchemicals/pubs/actionplans/phthalates.htm.

[5] Lowell Center for Sustainable Production. “State Leadership in Formulating and
Reforming Chemical Policy.” University of Massachusetts Lowell: Lowell, MA, 2009:
http://www.chemicalspolicy.org/downloads/StateLeadership.pdf.

[6] Lowell Center for Sustainable Production. “State Leadership in Formulating and
Reforming Chemical Policy.” University of Massachusetts Lowell: Lowell, MA, 2009:
http://www.chemicalspolicy.org/downloads/StateLeadership.pdf.

[7] Lowell Center for Sustainable Production. “State Leadership in Formulating and

Reforming Chemical Policy.” University of Massachusetts Lowell: Lowell, MA, 2009:
http://www.chemicalspolicy.org/downloads/StateLeadership.pdf.

Reprinted in part from: Environ. Sci. Technol. 2010, 44, 9244–9249. DOI: 10.1021/es1015789 Copyright © 2014 American
Chemical Society
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widespread impact. Canada’s Chemicals Management

Plan and the U.S. EPA’s Enhanced Chemical Management

Program are also driving forces behind chemical

substitutions. [106]

Some chemical and pharmaceutical companies have also

been using their own proprietary alternatives assessment

approaches to identify chemical alternatives, as well as

less energy-intensive processes that use fewer hazardous

materials. Some product manufacturers have used such

assessments to seek substitutes to controversial chemicals

or precursor materials, such as the PBDEs. Some retailers

such as Wal-Mart and Staples use such assessments to

certify the superior environmental performance of the

products they sell. Other manufacturers like HP, Dell, Nike,

and Bissell have taken steps to go beyond regulatory

restrictions in selecting the chemicals used to make their

products as part of their own sustainability programs. [99]

Environmental chemists can also play a role in other

assessments related to environmental decision making

and sustainability. A more comprehensive kind of

assessment is known as a comprehensive environmental

assessment (CEA). Its creators define it “as a holistic

way to manage complex information and to structure

input from diverse stakeholder perspectives to support

environmental decision-making for the near- and long-

term. [107]

The CEA has already been used in implementing

recommendations related to risk assessment research in

an EPA Nanotechnology White Paper.  It has also formed

part of the EPA Office of Research and Development

RegReTTable subsTiTuTions

If a toxic chemical is removed from a product, it is usually replaced
by some other substance—or substances—that carry out the
removed ingredient’s function, such as softening plastic or helping
remove grease. Such a switch is intended to resolve the problem.
But if the toxicity and other potential environmental impacts of the
replacement aren’t carefully evaluated, chemical replacements can
lead to what is known as “regrettable substitution.” [1]

Throughout the world, interest is burgeoning in approaches
and policies that ensure that any new substances substituted for
chemicals deemed to be problematic are assessed as carefully and
thoroughly as possible. [1,2]

A number of groups are either working on or have recently
published recommendations or guidance for assessing chemical
alternatives.  A coalition of regulatory agencies from 11 states
known as the Interstate Chemicals Clearinghouse, or IC2, published
a guide called the IC2 Alternatives Assessment Guide in January
2014. [3] In November 2013 a group of leaders from business,
government, academic, and environmental groups known as
BizNGO released a set of principles to guide retailers and product
manufacturers in assessing alternatives and avoiding regrettable
substitution. [4]  Internationally, the Organisation for Economic
Cooperation & Development, which includes 34 of the world’s
richest countries, is working to harmonize practices among its
members on what it calls substitution of harmful chemicals.

The National Academy of Sciences Board on Chemical Sciences
& Technology is also studying the design and evaluation of safer
chemical substitutions at the behest of the EPA. [5] At a public
meeting in November, James J. Jones, assistant administrator of
EPA’s Office of Chemical Safety & Pollution Prevention, said that
alternatives assessments voluntarily conducted by the private sector
will play a key role in improving safety of commercial chemicals in
years to come. That’s because regulatory processes for controlling
commercial chemicals can take years to implement, he told the
committee. [1]

[1] Hogue, C. “Assessing Alternatives To Toxic Chemicals.”
Chemical & Engineering News 2013, 50, pp 19-20. http://
cen.acs.org/articles/91/i50/Assessing-Alternatives-Toxic-
Chemicals.html

[2] Organisation for Economic Co-operation and
Development. CURRENT LANDSCAPE Of ALTERNATIVES
ASSESSMENT PRACTICE: A META-REVIEW Series on Risk
Management No. 26. Online at http://search.oecd.org/
officialdocuments/publicdisplaydocumentpdf/?cote=ENV/
JM/MONO(2013)24&docLanguage=En

[3] Interstate Chemicals Clearinghouse. Alternatives Assessment
Guide Version 1.0. Online at http://www.newmoa.org/
prevention/ic2/IC2_AA_Guide-Version_1.pdf.

[4] http://www.bizngo.org/alternatives-assessment/chemical-
alternatives-assessment-protocol

[5] U.S. National Academies Division on Earth and Life
Sciences. Online at http://www8.nationalacademies.org/cp/
projectview.aspx?key=49569

Reprinted in part from: Environ. Sci. Technol., 2012, 46 (17), pp
9202–9208. DOI: 10.1021/es3023072 Copyright © 2014 American
Chemical Society
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Nanomaterials Research Strategy.  Other organizations have

taken steps to adapt CEA as an aid in evaluating or planning

research on environmental issues.[111,112]

In an era of increasing concern about global climate change

and carbon emissions as a causal factor, many companies

and organizations are pursuing “carbon footprint” projects to

estimate their own contributions to global climate change.

[110]  Environmental chemists’ education positions them

to help businesses use comprehensive environmental

life-cycle assessment methods to track total emissions

across the entire supply chain. [110] The scope of protocol

definitions from carbon registries varies, and many registries

suggest estimating only direct emissions and emissions

from purchased energy. following narrowly defined

estimation protocols can lead to large underestimates of

carbon emissions for providing products and services. Direct

emissions from an industry are, on average, only 14% of the

total supply chain carbon emissions, while direct emissions plus

industry energy inputs are, on average, only 26% of the total

supply chain emissions. [110]

Environmental chemists are also well-positioned to assess

the sustainability of chemical process design. A recent paper

laid out a systematic, general approach for sustainability

assessment and design selection in the chemical industry,

through integrating hard (quantitative) economic and

environmental indicators along with soft (qualitative)

indicators for social criteria into design activities. [111]

Environmental chemists are arguably in an ideal position to

use what they have learned about emerging contaminants

to help industry make commercially viable, environmentally

benign replacements. [72] In many ways the process is similar

to research on emerging contaminants. The same analytical

methods, toxicity assay procedures, property tests, and

models can be used. [72] In theory, at least, the models and

test systems that were developed to estimate persistency,

bioaccumulation, and toxicity in the environment can

also be used to ensure that new chemical alternatives are

persistent in the material they are applied to but not in the

environment, either because of rapid degradation, negligible

sorption to organisms, low toxicity, or all three. [72]

exCeRpTs fRom The epa WhiTe
papeR on nanoTeChnology

Understanding the physical and chemical properties… is
necessary in the evaluation of hazard…. The diversity and
complexity of nanomaterials makes chemical identification
and characterization not only more important but also
more difficult. A broader spectrum of properties will be
needed to sufficiently characterize a given nanomaterial
for the purposes of evaluating hazard and assessing risk.
Chemical properties such as [, composition, structure,
molecular weight, melting point, boiling point, vapor
pressure, octanol-water partition coefficient, water
solubility, reactivity, and stability] may be important
for some nanomaterials, but other properties such as
particle size and size distribution, surface/volume ratio,
shape, electronic properties, surface characteristics, state
of dispersion/agglomeration and conductivity are also
expected to be important for the majority of nanoparticles.

A given nanomaterial can be produced in many cases by
several different processes yielding several derivatives
of the same material. for example, single-walled carbon
nanotubes can be produced by several different processes
that can generate products with different physical-chemical
properties (e.g., size, shape, composition) and potentially
different ecological and toxicological properties. [1,2]  It
is not clear whether existing physical-chemical property
test methods are adequate for sufficiently characterizing
various nanomaterials in order to evaluate their hazard
and exposure and assess their risk. It is clear that chemical
properties such as boiling point and vapor pressure are
insufficient. Alternative methods for measuring properties
of nanomaterials may need to be developed both quickly
and cost effectively.

Because of the current state of development of chemical
identification and characterization, current chemical
representation and nomenclature conventions may not
be adequate for some nanomaterials. Nomenclature
conventions are important to eliminate ambiguity when
communicating differences between nanomaterials and
bulk materials and in reporting for regulatory purposes.

EPA’s Office of Pollution Prevention and Toxics is
participating in new and ongoing workgroup/panel
deliberations with the American National Standards
Institute (ANSI), the American Society for Testing and
Materials (ASTM), and the International Organization
for Standardization (ISO) concerning the development
of terminology and chemical nomenclature for nano-
sized substances, and will also continue with its own
nomenclature discussions with the Chemical Abstracts
Service (CAS).

[1] Thomas, K. and Sayre, P. “Research Strategies for Safety
Evaluation of Nanomaterials, Part I: Evaluating Human
Health Implications for Exposure to Nanomaterials.”
Toxicol. Sci. 2005 87(2): 316 321.

[2] Oberdörster, G., Oberdörster, E., Oberdörster, J.
“Nanotoxicology: An Emerging Discipline Evolving
from Studies of Ultrafine Particles.” Environ. Health
Perspect. 2005 113(7): 823839.
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VIII. GREEN CHEMISTRY

In essence, the approaches mentioned in the previous section are an application of the growing

“green chemistry” movement that began in academia and is beginning to impact industry.

[112,72] As defined by the EPA, green chemistry is the “design of chemical products and

processes that reduce or eliminate the use or generation of hazardous substances.” [113] Green

chemists’ goals are to design new chemicals that are inherently safer. [114,115] This involves

a consideration of safer chemical synthetic approaches, environmental and biological fate of

chemicals, and how and where a chemical is transported in these systems. [116] Green chemists

are also taking into account other issues like carbon and contaminant emissions during the life cycle

of chemical production and the products the chemicals are applied to. [72] Chemists who follow

these principles can simultaneously“bring about environmental improvement benefiting human

health and economics and profitability,” according to one of the movement’s founders. [117]

Thousands of innovations have already resulted from green chemistry, including compounds

used in electronics, aerospace, cosmetics, agriculture, and energy. [117] A market analysis report

published in spring 2011 predicts that the green chemical industry will soar to $98.5 billion by the

year 2020. [118]  Access to information about the growing number of green chemicals can help

those who conduct alternatives assessments identify safer substitutes. [119]

IX. 21ST CENTURY TOXICOLOGY

Toxicological testing to determine how much of a given compound can be safely taken into

the body has always gone hand-in-hand with environmental chemistry. Recent advances in the

development of toxicological test methods capitalize on the latest methods in biochemistry and

molecular biology that have enhanced scientists’ understanding of the nature and mechanisms

underlying how chemicals cause adverse effects. [120] The new tests include high-throughput

in vitro methods, systems biology, and computer-based modeling. Their implementation is

expected to result in a dramatically decreased reliance on animal testing. The new tests have

the potential to be much quicker and less expensive than the tests traditionally used to evaluate

toxicity. [121]

The result is a conceptual shift in toxicological studies from describing what happens to

explaining how the adverse outcome occurs, thereby enabling a deeper and improved

understanding of how biomolecular and mechanistic profiling can inform hazard identification

and improve risk assessment. [122]  Some of the advances and tools that are starting to be

applied using this new approach to evaluating chemical toxicity were originally developed for use

in the pharmaceutical industry.  [123]
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Of course, before scientists will be able to understand how a chemical will behave in a living

system simply by running it through a panel of cell-based screening assays or plugging it

into a computational model, they need a clear understanding of the cellular pathways that

are involved in toxicity and the responses that are indicative of adverse outcomes. [124]  In

the U.S., a group of government agencies, including the EPA, the National Institutes of Health,

and the food & Drug Administration, are collaborating on a project called Tox21 to research

innovative chemical testing methods. The project’s goals include collecting a list of all human

pathways and designing assays that can measure the chemical responses of these pathways.

[125] The researchers are also investigating how exposure to chemical compounds may

disrupt processes in the human body, called “toxicity pathways,” and how this connects to

adverse health effects. [126]  A significant contribution to the Tox21 effort comes from

ToxCast, an EPA program that builds predictive toxicology models with data from high-

throughput screening assays. [127] The mandate in the European Commission’s REACH law

that industry had to eliminate the use of animals in toxicity testing by the end of 2013 has

also driven the use of new toxicity testing methods. [124]

Some of the newest alternative testing systems being developed are known as “organs on

a chip.” [128] One of the first successful reports of reconstituting organ-level functioning on

a computer chip-based apparatus involved a system that mimics the functioning of human

lungs. [129]  Research groups around the world are now working on similar systems. Some

show promise for toxicity testing, such as a chip containing components of liver and kidney

organs that was able to accurately recapitulate the known liver and kidney toxicity associated

with exposure to several known toxicants, including ammonia.  [130]

Some experts believe that training in the chemical sciences is a good way to help prepare

future toxicologists to be able to embrace the new tools and systems becoming available to

recognize hazard and determine risk. This can both prevent risky chemicals from reaching the

public and also reduce false-positive calls, thus allowing more development to proceed. [131]

Testing with the new tools becoming available is depositing a tidal wave of new information

in the public domain, which may prove useful for chemical alternatives assessments and

Reprinted in part from: Chem. Res. Toxicol. 2007 20, 344–369. DOI: 10.1021/tx600260a Copyright © 2014 American
Chemical Society
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other work undertaken by the environmental chemists of the future. [131] New approaches

to toxicity testing are also expected to be important for evaluating the environmental health

and safety of engineered nanoparticles, which can have novel physicochemical properties

that could generate hazardous biological outcomes. [132,133,134]  Experts are also calling for

chemists to be well grounded in toxicology. [117]

X. MICROfLUIDICS

Over the past few years, a growing number of researchers have recognized the utility of

microfluidic devices for environmental analysis. [135]  Microfluidic devices offer a number

of advantages, and in many respects they are well suited to environmental analyses. [135]

Challenges faced in environmental monitoring, including the ability to handle complex and

highly variable sample matrices, have led to continued growth and research. [135]

Although a microfluidic device can be coupled with conventional instrumentation, the stand-

alone integrated detection systems being developed are considered to have more promise,

because they are more compact and less expensive platforms. [136]  In recent years,

microfluidic devices have been integrated onto computer chips to create “lab-on-a-chip”

technology for analyzing water quality, air quality, and aerosol monitoring. [135] The lab-on-

a-chip approach can offer many advantages to environmental analysis. It can reduce analysis

time, improve detection limits, and allow on-line, real time monitoring. [135] Other new

devices with environmental applications that incorporate microfluidics include new

technologies for testing toxicity. [137,138]

The lab-on-a-chip devices that have been developed to date for environmental sensing

include equipment capable of detecting low concentrations of chromium Cr(VI), mercury ion

(Hg2+), and nitrite in water. [135,139,140,141]  Microfluidic devices for identifying air pollutants

include devices and methods for determining the atmospheric concentration of aldehydes,

ambient aerosol compositions, and airborne detection of benzene, toluene, ethylbenzene, and

xylene (BTEX) gases. [142,143,144]  However, the need to operate for days to months in the field

requires further development of robust, integrated microfluidic systems. [135]
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XI. AIR POLLUTION MONITORING

Advances in microfluidics and low-cost portable sensors are among the reasons behind the

rapid change in how air pollution is being monitored. Historically, approaches for monitoring

air pollution generally involve expensive, complex, stationary equipment, which limits who

collects data, why data are collected, and how data are accessed. [145] The development

of portable, lower-cost air pollution sensors capable of reporting data in near-real time at a

high-time resolution, as well as increased computational and visualization capabilities, and

wireless communication and infrastructure, are all contributing to this paradigm shift. [146]

Recent advances in multiple areas of electrical engineering have contributed to these im-

provements, including microfabri-

cation techniques and microelec-

tro-mechanical systems (MEMS)

that can incorporate microfluidic,

optical, and nanotube elements.

[147]  Low-cost and portable

sensors capable of reporting data

in near real-time are commercially

available for pollutants covered

by the Clean Air Act’s National

Ambient Air Quality Standards

(NAAQS), including CO, NO2, O3,

and PM mass. [146] Inexpensive

sensors capable of measuring particle scattering and absorption, which have direct relation-

ships to visibility and climate change, are also available.

These advances have the potential to support traditional air quality monitoring by supplementing

ambient air monitoring and enhancing compliance monitoring. Such sensors are beginning to

provide individuals and communities with tools that may enable the development of individual

and community-based strategies to reduce pollution exposure, as well as understand linkages

to health indicators. [146]

A second class of air pollution sensing equipment that is helping environmental chemists

and other scientists collect important data on air pollutants is passive samplers. [148] These

simple, inexpensive, yet robust samplers have expanded environmental chemists’ ability to

investigate how air pollutants travel throughout the globe by providing access to samples

from a much wider range of geography than the more expensive active samplers used in the

past. [149] This has increased knowledge about ambient air concentrations, sources, and

Reprinted in part from: Environ. Sci. Technol. 2013, 47 (20), pp
11369–11377. DOI: 10.1021/es4022602 Copyright © 2014 American
Chemical Society
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sinks, as well as atmospheric transport of chemical contaminants across the globe. [150]

Passive air samplers are particularly suitable for capturing persistent organic pollutants

(POPs) data in developing countries, because they can operate without electricity and are

much less expensive than the high-volume samplers conventionally used to capture POPs

data. [148] Passive samplers from a test network set up by the Canadian government

collected the first data from Africa and South America on air pollutants associated with the

Stockholm Convention on POPs. Because all of the data are from one network, they avoid the

difficulties associated with trying to amass global data by harmonizing information collected

through regional networks of conventional high-volume samplers using varying analytical

and sampling protocols. [151]

Passive samplers are now being used to collect data on some of the POPs covered by the

Stockholm Convention on POPs. [151] The Stockholm Convention, administered by the UN

Environment Programme, targets POPs for worldwide elimination because of their links to

“serious health effects, including certain cancers, birth defects, dysfunctional immune and

reproductive systems, greater susceptibility to disease, and even diminished intelligence,”

according to the treaty’s website. Data from passive sampling has also brought to light

unexpectedly high levels of some pollutants, including the pesticide endosulfan prior to its

incorporation into the POPs treaty. [150]

Reprinted in part from: Environ. Sci. Technol. 2009, 43 ( 3) 796–803. DOI: 10.1021/es802106a Copyright © 2014
American Chemical Society
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XII. fUTURE WATER QUALITY

Environmental chemists can play an important role in helping ensure that the United States—

as well as the rest of the world—maintains high-quality supplies of water in the nation’s rivers,

lakes, and underground reservoirs. According to the U.S. Geologic Survey, which has conducted

detailed surveys of environmental contaminants in these waters, continual advances in our

understanding of an increasingly complex set of underlying controlling

factors is required to sustain our nation’s water quality. [152]

The majority of current water-quality problems are caused by diffuse nonpoint sources from

agricultural land, urban development, forest harvesting, and the atmosphere. Compared to

point sources such as industrial discharge pipes, these nonpoint sources are more difficult

to effectively monitor, evaluate, and control. [152] When the Clean Water Act was passed in

1972, the main concerns were related to the sanitary quality of U.S. rivers and streams, such

as temperature, salinity, bacterial counts, oxygen levels, and suspended solids. [152]

Largely due to improvements in laboratory techniques, scientists have identified microbial

and viral contaminants, pharmaceutical compounds, and endocrine disrupters in our waters.

Hundreds of synthetic organic compounds, such as pesticides and volatile organic

compounds in solvents and gasoline, are introduced into the environment every day. [60,152]

Among Environmental Science & Technology’s  (ES&T) top papers of 2012 are six related to

identifying new water-quality issues. [153] Two of these papers were by research teams

which independently identified that hydroxylated polybrominated diphenyl ethers

(OH-PBDEs) can generate brominated dioxins via photolysis. [154,155]  OH-PBDEs are both

transformation products of PBDE flame retardants and naturally occurring compounds.

As one of the papers points out, the research helps explain the high levels of polybromi-

nated dibenzo-p-dioxins (PBDDs) that have been found in Baltic Sea biota. [154] Some of the

studied OH-PBDE compounds are capable of photochemically generating to produce other

compounds of concern, including brominated phenols and a dibenzofuran. [155]

Another ES&T paper outlines new research that shows how quantitative structure activity

relationships (QSAR) can be used to predict acute toxicities for different aquatic species’

exposure to metals. [156]  Metals are widely distributed pollutants in water and can have

detrimental effects on some aquatic life, as well as humans. Over the past few decades, the

EPA has published a series of guidelines with criteria maximum concentrations (CMCs) for 10

metals. However, CMCs for other metals are still lacking because of financial, practical, or ethical

restrictions on toxicity testing. The researchers used a novel model to predict acute toxicities of

25 metals and metalloids, for species in five phyla and eight families of organisms.
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The model can provide a beneficial supplement

to existing methodologies for developing

preliminary screen level toxicities or criteria for

metals, for which little or no relevant information

exists on the toxicity to particular classes of

aquatic organisms.

Investigations by environmental chemists can

bring to light important new evidence on high-

profile topics. A case in point is recent research

investigating the presence of naphthenic

acids (NAs; CnH2n-ZO2), which are associated with

Canada’s oil sands industry, in rivers and surface

waters near the industry’s activities.  [157]

NAs are toxic components of oil sands process-

affected water, but are also natural components

of bitumen and regional groundwaters, and they

may enter surface waters through anthropogenic

or natural sources. The researchers used a selective

high-resolution mass spectrometry method to

examine total NA concentrations and NA profiles

in oil sands process water, as well as samples from

surface water bodies in the region, including the

Athabasca River. They found that NA concentrations in surface water were 100-fold lower than

previously estimated, and they were able to highlight two tributaries to the Athabasca River as

possibly receiving oil sands process water seepage.

Many scientists are concerned about how engineered nanoparticles may affect water

supplies. A recent paper described a method for detection, characterization, and analysis of

engineered nanoparticles in both ultrapure water and in complex waters, such as simulated

wet land ecosystem water and wastewater. [158] The methodology is based on hyperspectral

imagery with enhanced darkfield microscopy. By analyzing 12 different nanoparticle

sample types, researchers showed that the method could provide information about spectral

characteristics unique to each nanoparticle type at a sensitivity of a single nanoparticle (size

≥10 nm), as well as information about spatial distribution. The existence of a promising tool

for detection and characterization of engineered nanoparticles in environmental systems

can facilitate studies on fate and transformation of these particles in various types of water

samples.

The recognition that industrial processes’ use of water has an effect on freshwater availability

was the inspiration for a recent investigation into the water consumption and other

Reprinted in part from: Environ. Sci. Technol. 2012, 46,
12796–12805. DOI: 10.1021/es303432u Copyright ©
2014 American Chemical Society



A Survey of Environmental Chemistry Around the World: Studies, Processes, Techniques, and Employment 2524 A Survey of Environmental Chemistry Around the World: Studies, Processes, Techniques, and Employment

environmental impacts associated with producing Volkswagen’s Polo, Golf, and Passat car

models. It represents the first application of impact-oriented water footprint methods on

complex industrial products. [159]

The researchers found that water consumption along the life cycles of the three cars ranges

from 52 to 83 m3/car, of which more than 95% is consumed in the production phase, mainly

resulting from producing iron, steel, precious metals, and polymers. Results show that water

consumption takes place in 43 countries worldwide, and that only 10% is consumed directly

at Volkswagen’s production sites. The impacts on health tend to be dominated by water

consumption in South Africa and Mozambique, resulting from the production of precious

metals and aluminum, while consequences for ecosystems and resources are mainly caused

by water consumption of material production in Europe.

Because the investigation of water chemistry-related issues is typically of an interdisciplinary

nature, the field is expected to continue to benefit from advances in materials characterization,

molecular biology, and mass spectrometry in coming years. [160] Water chemists work across

scales ranging from molecular to global, and they are poised to make additional contributions

to improve our understanding of important, societally relevant water issues. These include

the nature and behavior of natural organic matter and related organic matter in wastewater

effluents, the role of biomolecules (e.g., genes, prions) as pollutants, critical biogeochemical

processes involving carbon, and nitrogen and phosphorus in natural systems. [160]

Reprinted in part from: Environ. Sci. Technol. 2012, 46 ( 7) 4091–4099. DOI: 10.1021/es2040043 Copyright © 2014
American Chemical Society
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XIII. EARTH SYSTEM RESEARCH

In recent years, a growing body of research has attempted to consider the interconnections

between the chemistry of the atmosphere, oceans and water bodies, and the land, as well as

the enormous impact that human activities can have on all three. Examples of these links

include the effects of changing climate on the recovery of the ozone hole and vice versa, as

well as the implications of global climate change on the chemistry of natural waters, including

the problem of ocean acidification. [161]

The Intergovernmental Panel on Climate Change’s 4th Assessment stresses that interactions

between climate and atmospheric oxidants, including ozone, provide important coupling

mechanisms in the Earth system. [162] The concentration of tropospheric ozone has

increased substantially since the pre-industrial era, especially in polluted areas of the world,

and this has contributed to radiative warming. Emissions of chemical ozone precursors (such

as carbon monoxide, methane (CH4), non-methane hydrocarbons, and nitrogen oxides) have

increased as a result of larger use of fossil fuel, more frequent biomass burning, and more

intense agricultural practices. Changes in atmospheric chemical composition that could

result from climate changes are less well quantified. Photochemical production of the

hydroxyl radical (OH), which efficiently destroys many atmospheric compounds, occurs in

the presence of ozone and water vapor, and is likely to be enhanced in an atmosphere with

increased water vapor, as projected under future global warming.

Other chemistry-related atmospheric processes that may be affected by climate change,

according to the IPCC, include production of nitrogen oxides as a result of lightning flashes

in thunderstorms. Lightning is a major source of nitrogen oxides in the atmosphere, which

are a precursor for ozone production in the troposphere.  Because ozone is also a green-

house gas, changes in lightning may result in additional warming in the climate system.

[163]  Scavenging mechanisms that remove soluble species from the atmosphere may also

be impacted. The natural emissions of chemical compounds, such as biogenic hydrocarbons

produced by vegetation, nitrous and nitric oxide generated by soils, and dimethylsulfide

(DMS) from the ocean, and the surface deposition of molecules on vegetation and soils could

also be affected. Changes in atmospheric circulation, such as the more frequent occurrence

of stagnant air events in urban or industrial areas, could enhance the intensity of air pollution

events. The importance of these effects is not yet well quantified. [162]

Researchers investigating these topics include a team with members at the U.S. National

Atmospheric and Oceanic Administration and at ETH in Switzerland who are studying

climate-chemistry interactions, such as how changes in the composition of the stratosphere

may affect the climate and the links between changes in stratospheric ozone, UV radiation,

and tropospheric chemistry.  [164]
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Other recent research that investigates the interconnections between the chemistry of the

atmosphere, oceans and water bodies, and the land includes an investigation into how changes

in climate and atmospheric deposition of base cations can alter the ionic composition of soil

and surface waters. [165] The research investigated how these changes can affect the

structure and function of sensitive ecosystems, and it suggests that greater emission controls

on sources of nitrogen and sulfur may be needed in the future to reduce acidic deposition.

Another recent paper used data from measurements and models to analyze how mineral

dust emissions to the atmosphere may affect marine biogeochemistry. [166] Scientists have

a poor understanding of the mechanisms and quantities of dust deposition, but the iron

that is sometimes present in mineral dust can impact marine phytoplankton growth. Model

estimates of dust deposition vary by more than a factor of 10, and the fraction of the iron in

dust that is available for use by the phytoplankton is uncertain. The researchers say that there

is an urgent need for a long-term marine atmospheric surface measurement network to collect

data pertinent to this issue.  Another important issue is the abundance of organic compounds

at the surface of the oceans, and their link with both oceanic biogeochemistry and atmospheric

chemistry. [167] Physicochemical processes at and near the air-water interface affect the

formation and growth of marine boundary layer aerosols, as well as their evolution in the

atmosphere.

Reprinted in part from: Environ. Sci. Technol., 2012, 46 (19), pp 10385–10389. DOI: 10.1021/es301651m Copyright ©
2014 American Chemical Society

Schematic displaying different ways in which an organic coating at an aqueous surface may influence chemistry
there. (a) coating blocks interfacial transport of the molecule shown as the red circle; (b) coating prevents
surface hydrolysis of impinging gas phase species; (c) coating enhances surface concentrations of reagents
(shown as the red and purple shapes);(d) coating constituents react with gas phase species (red circle) to form
products (yellow shape).
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XIV. THE fUTURE

Although the environmental risks of chemicals are usually assessed substance by substance,

efforts are underway to evaluate the effect of exposure to mixtures of contaminants, including

“emerging contaminants within complex mixtures” (e.g., industrial effluents, oil residues, or

hospital effluents) where either the mixture itself or newly identified (subgroups) of

components within may be considered emerging contaminants. [72,168]

Also getting more attention are “transformation derived” emerging contaminants, which are

pernicious metabolization or transformation products of emerging contaminants, legacy

contaminants, or benign chemicals. [72] Transformation products are becoming a topic of

interest not only with regard to their formation in the environment, but also during

advanced water treatment processes, where disinfection byproducts can form from benign

precursors. [169]  Efforts to detect human and veterinary pharmaceuticals in the environment

also require environmental scientists to look for transformation products, because most

pharmaceuticals are not excreted into wastewater in their original form. [169]

On the analysis front, an up-and-coming approach is “non-targeted analysis” that attempts to

identify everything in a sample, rather than trying to measure one thing at a time. “We really

have to make strides in this area if we’re going to fully understand links between exposure

and human health,” says one prominent environmental chemist. [170] The instruments used

for these kinds of analyses include gas chromatography coupled with time-of-flight mass

spectrometry (GC/TOf-MS) and the Thermo Scientific Orbitrap Velos Pro hybrid quadrupole

mass spectrometer with a dual-pressure linear ion trap.

Low-cost, paper-based diagnostic and analytical devices are another emerging technology

for environmental analysis. [135] The advantages of paper-based analytical devices include

their simplicity, portability, disposability, and cost-effective fabrication. Paper-based micro-

fluidic sensors include devices based on colorimetric and electrochemical sensing, as well as

a combination of the two. [171,172]  A paper-based analytic device has also been developed

for measuring human exposure to particulate matter. [173]

Upcoming issues in water chemistry include the role of biomolecules, such as genes and

prions, as pollutants, and increased understanding of critical biogeochemical processes

involving carbon, nitrogen, and phosphorus in natural systems. [160] Water chemistry will

continue to play a critical role in the goal to provide sufficient and safe water for the world’s

growing population, and water treatment and reuse will require further technological

advances. [160] Improvements in computational techniques may improve scientists’ ability to

predict what chemicals may pose a threat to aquatic systems prior to their release. [160]
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Experts have recommended terming the geologic era in which we are living the Anthropocene

in response to the dramatic impact that humanity has had on the world. [2] Some experts

believe that environmental chemists are particularly well positioned to help change the world

in positive ways. In time, for example, environmental scientists and chemists may also begin to

use the knowledge they’ve gained through studying emerging contaminants to produce what

one visionary calls “decontaminants.” [72] He argues that chemists could draw from the same

toolbox that is used to study emerging chemicals: the same analytical methods, toxicity assay

procedures, property tests, and models. Scientists could “simply… turn… the focus of emerging

contaminant research on its head. The models and test systems developed to estimate

persistency, bioaccumulation and toxicity in the environment would be used to ensure that

emerging decontaminants are persistent in the material they are applied to but not in the

environment, either because of rapid degradation, negligible sorption to organisms, low

toxicity, or all three.” [72]

XV. WORKS CITED

[1] Royal Society of Chemistry. “Divisions and Interest Groups: Environmental Chemistry

Group,” online at http://www.rsc.org/Membership/Networking/InterestGroups/

Environmental/.

[2]  Zalasiewicz, J., Williams, M., Steffen, W., and Crutzen, P. “The New World of the

Anthropocene,” Environ. Sci. Technol., 2010, 44, pp. 2228-2231. doI: 10.1021/es903118j.

[3]  Royal Society of Chemistry. “Case studies: the value of chemistry,” online at http://www.rsc.

org/AboutUs/Campaigns/wemeanbusiness/case-studies/.

[4] American Chemical Society. “College to Career: Environmental Protection,” online at http://

www.acs.org/content/acs/en/careers/college-to-career/chemistry-careers/environmental-

protection.html.

[5] American Chemical Society. “Careers in Chemistry: Environmental Chemists,” online at

http://www.acs.org/content/acs/en/careers/whatchemistsdo/careers/environmental-

chemists.html.

[6] U.S. Bureau of Labor Statistics. “Occupational Outlook Handbook: Environmental Sciences

and Specialists,” online at http://www.bls.gov/ooh/Life-Physical-and-Social-Science/

Environmental-scientists-and-specialists.htm.

[7] Kemsley, J. “Origin of Arctic Bromine Identified,” Chem. Eng. News, 2013, 91 (16), p. 11.

[8] Swanson, H. K., and Kidd, K. A. “Mercury Concentrations in Arctic food fishes Reflect

the Presence of Anadromous Arctic Charr (Salvelinus alpinus), Species, and Life History,”

Environ. Sci. Technol., 2010, 44 (9), pp. 3286–3292. doI: 10.1021/es100439t.

[9] Carrizo, D., and Gustafsson, Ö. “Pan-Arctic River fluxes of Polychlorinated Biphenyls,”

Environ. Sci. Technol., 2011, 45 (19), pp. 8377–8384. doI: 10.1021/es201766z.



A Survey of Environmental Chemistry Around the World: Studies, Processes, Techniques, and Employment 3130 A Survey of Environmental Chemistry Around the World: Studies, Processes, Techniques, and Employment

[10] Wu, X., Lam, J. C. W., Xia, C., Kang, H., Sun, L., Xie, Z., and Lam, P. K. S. “Atmospheric HCH

Concentrations over the Marine Boundary Layer from Shanghai, China to the Arctic Ocean:

Role of Human Activity and Climate Change,” Environ. Sci. Technol., 2010, 44 (22), pp.

8422–8428. doI: 10.1021/es102127h.

[11] Vorkamp, K., Thomsen, M., falk, K., Leslie, H., Møller, S., and Sørensen, P. B. “Temporal

Development of Brominated flame Retardants in Peregrine falcon (falco peregrinus) Eggs

from South Greenland (1986−2003),” Environ. Sci. Technol., 2005, 39(21):8199–206. . doI:

10.1021/es0508830.

[12]  Baek, S.-Y., Choi, S.-D., and Chang, Y.-S. “Three-Year Atmospheric Monitoring of

Organochlorine Pesticides and Polychlorinated Biphenyls in Polar Regions and the South

Pacific,” Environ. Sci. Technol., 2011, 45 (10), pp 4475–4482. doI: 10.1021/es1042996.

[13]  Hale, R. C., Kim, S. L., Harvey, E., La Guardia, M. J., Mainor, T. M., Bush, E. O., and Jacobs, E. M.

“Antarctic Research Bases: Local Sources of Polybrominated Diphenyl Ether (PBDE) flame

Retardants,” Environ. Sci. Technol., 2008, 42 (5), pp. 1452–1457. doI: 10.1021/es702547a.

[14]  Zhang, L., Dickhut, R., DeMaster, D., Pohl, K., and Lohmann, R. “Organochlorine Pollutants in

Western Antarctic Peninsula Sediments and Benthic Deposit feeders,” Environ. Sci. Technol.,

2013, 47 (11), pp. 5643–5651. doI: 10.1021/es303553h.

[15]  Gambaro, A., Zangrando, R., Gabrielli, P., Barbante, C., and Cesco, P. “Direct Determination

of Levoglucosan at the Picogram per Milliliter Level in Antarctic Ice by High-Performance

Liquid Chromatography/Electrospray.Ionization Triple Quadrupole Mass Spectrometry,”

Anal. Chem., 2008, 80 (5), pp. 1649–1655. doI: 10.1021/ac701655x.

[16]  Soyol-Erdene, T.-O., Huh, Y., Hong, S., and Do Hur, S. “A 50-Year Record of Platinum, Iridium,

and Rhodium in Antarctic Snow: Volcanic and Anthropogenic Sources,” Environ. Sci.

Technol., 2011, 45 (14), pp. 5929–5935. doI: 10.1021/es2005732.

[17] Gioia, R., Eckhardt, S. , Breivik, K., Jaward, f. M., Prieto, A., Nizzetto, L.,  and Jones, Kevin C.

“Evidence for Major Emissions of PCBs in the West African Region,” Environ. Sci. Technol.,

2011, 45 (4), pp 1349–1355. doI: 10.1021/es1025239.

[18] Abramson, A., Benami, M., and Weisbrod, N. “Adapting Enzyme-Based Microbial Water

Quality Analysis to Remote Areas in Low-Income Countries,” Environ. Sci. Technol., 2013, 47

(18), pp. 10494–10501. doI: 10.1021/es402175n.

[19] Yang, H., Engstrom, D. R., and Rose, N. L. “Recent Changes in Atmospheric Mercury

Deposition Recorded in the Sediments of Remote Equatorial Lakes in the Rwenzori

Mountains, Uganda,” Environ. Sci. Technol., 2010, 44 (17), pp. 6570–6575. doI: 10.1021/

es101508p.

[20]  Zhang, K., Schnoor, J. L., and Zeng, E. Y. “E-Waste Recycling: Where Does It Go from Here?”

Environ. Sci. Technol., 2012, 46 (20), pp. 10861–10867. doI: 10.1021/es303166s.

[21] Yuan, J., Chan, L., Chen, D., Guo, H., Bi, X., Ju, Y., Jiang, P., Shi, J., Yu, Z., Yang, J., Li, L., Jiang,

Q., Sheng, G., fu, J., Wu, T., and Chen, X. “Elevated Serum Polybrominated Diphenyl Ethers

and Thyroid-Stimulating Hormone Associated with Lymphocytic Micronuclei in Chinese



A Survey of Environmental Chemistry Around the World: Studies, Processes, Techniques, and Employment 3130 A Survey of Environmental Chemistry Around the World: Studies, Processes, Techniques, and Employment

Workers from an E-Waste Dismantling Site,” Environ. Sci. Technol., 2008, 42 (6), pp. 2195–

2200. doI: 10.1021/es702295f.

[22] Zheng, J., Chen, K.-H., Luo, X.-J., Yan, X., He, C.-T., Yu, Y.-J., Hu, G.-C., Peng, X.-W., Ren, M.-Z.,

Yang, Z.-Y., and Mai, B.-X. “Polybrominated Diphenyl Ethers (PBDEs) in Paired Human Hair

and Serum from e-Waste Recycling Workers: Source Apportionment of Hair PBDEs and

Relationship between Hair and Serum,” Environ. Sci. Technol., 2014, 48 (1), pp. 791–796. doI:

10.1021/es4044402.

[23] Bi, X., Thomas, G. O., Jones, K. C., Qu, W., Sheng, G., Martin, f. L., and fu, J. “Exposure of

Electronics Dismantling Workers to Polybrominated Diphenyl Ethers, Polychlorinated

Biphenyls, and Organochlorine Pesticides in South China,” Environ. Sci. Technol., 2007, 41

(16), pp. 5647–5653. doI: 10.1021/es070346a.

[24] Ren, G., Yu, Z., Ma, S., Li, H., Peng, P., Sheng, G., and fu, J. “Determination of Dechlorane Plus

in Serum from Electronics Dismantling Workers in South China,” Environ. Sci. Technol., 2009,

43 (24), pp. 9453–9457. doI: 10.1021/es901672m.

[25] Li, Q., Li, J., Wang, Y., Xu, Y., Pan, X. H., Zhang, G., Luo, C. L., Kobara, Y., Nam, J. J., and Jones,

K.C. . “Atmospheric Short-Chain Chlorinated Paraffins in China, Japan, and South Korea.”

Environ. Sci. Technol., 2012, 46 (21), pp 11948–11954. doI: 10.1021/es302321n.

[26] Toms, L. L., Calafat, A.M., Kato, K., Thompson, J., Harden, f., Hobson, P., Sjödin, A., Mueller,

J.f. “Polyfluoroalkyl Chemicals in Pooled Blood Serum from Infants, Children, and Adults in

Australia.” Environ. Sci. Technol., 2009 43 (11), 4194-4199. doI: 10.1021/es900272u.

[27] Braga, O., Smythe, G. A., Schäfer, A. I., feitz, A. J. “fate of steroid estrogens in Australian

inland and coastal wastewater treatment plants.” Environ. Sci. Technol. 2005, 39, 3351–3358.

doI: 10.1021/es0501767.

[28] Stoll, C., Sidhu, J. P. S., Tiehm, A., and Toze, S. “Prevalence of Clinically Relevant Antibiotic

Resistance Genes in Surface Water Samples Collected from Germany and Australia.” Environ.

Sci. Technol., 2012, 46 (17), pp. 9716-9726. doI: 10.1021/es302020s.

[29] Amann, R. I., Ludwig, W., Schleifer, K. “Phylogenetic identification and in situ detection of

individual microbial cells without cultivation.” Microbiol. Rev. 1995,59, 143–169.

[30] Bastviken, D., Santoro, A. L., Marotta, H., Pinho, L. Q., Calheiros, D. f., Crill, P., Enrich-Prast, A.

“Methane emissions from Pantanal, South America, during the low water season: Toward

more comprehensive sampling.” Environ. Sci. Technol. 2010, 44 ( 14) 5450–5455. doI:

10.1021/es1005048.

[31] Harvard University Environmental Chemistry department. “Observations and Modeling

of the Green Ocean Amazon (GoAmazon2014/5),” available online at http://www.seas.

harvard.edu/environmental-chemistry/GoAmazon2014/.

[32] Pozo, K., Harner, T., Shoeib, M., Urrutia, R., Barra, R., Parra, O., focardi, S.Passive-sampler

derived air concentrations of persistent organic pollutants on a north-south transect in

Chile Environ. Sci. Technol. 2004, 38 ( 24) 6529–6537 doI: 10.1021/es049065i.



A Survey of Environmental Chemistry Around the World: Studies, Processes, Techniques, and Employment 3332 A Survey of Environmental Chemistry Around the World: Studies, Processes, Techniques, and Employment

[33] Schrlau, J. E., Geiser, L., Hageman, K. J., Landers, D. H., Simonich, S. M. “Comparison of lichen,

conifer needles, passive air sampling devices, and snowpack as passive sampling media to

measure semi-volatile organic compounds in remote atmospheres.” Environ. Sci. Technol.

2011, 45 ( 24) 10354–10361. doI: 10.1021/es202418f.

[34] Benskin, J. P., Phillips, V., St. Louis, V. L., Martin, J. W.Source “Elucidation of Perfluorinated

Carboxylic Acids in Remote Alpine Lake Sediment Cores.” Environ. Sci. Technol. 2011, 45 ( 17)

7188–7194. doI: 10.1021/es2011176.

[35] fernández, P., Grimalt, J. O., Vilanova, R. M. “Atmospheric gas–particle partitioning of

polycyclic aromatic hydrocarbons in high mountain regions of Europe.” Environ. Sci. Technol.

2002, 36 ( 6) 1162–1168. doI: 10.1021/es010190t.

[36] Arellano, L., fernández, P., Tatosova, J., Stuchlik, E., Grimalt, J. O. “Long-range transported

atmospheric pollutants in snowpacks accumulated at different altitudes in the Tatra

Mountains (Slovakia).” Environ. Sci. Technol. 2011, 45 ( 21) 9268–9275. doI: 10.1021/

es202111n.

[37] Gebbink, W. A., Hebert, C. E., Letcher, R. J. “Perfluorinated carboxylates and sulfonates

and precursor compounds in herring gull eggs from colonies spanning the Laurentian

Great Lakes of North America.” Environ. Sci. Technol. 2009, 43, 7443–7449. doI: 10.1021/

es901755q.

[38] Gebbink, W. A., Letcher, R. J., Hebert, C. E., Weseloh, D. V. C. “Twenty years of temporal

change in perfluoroalkyl sulfonate and carboxylate contaminants in herring gull eggs from

the Laurentian Great Lakes.” J. Environ. Monit. 2011, 13, 3365–3372.

[39]  Chen, D., Letcher, R. J., Gauthier, L. T., Chu, S., McCrindle, R., Potter, D. “Novel methoxylated

polybrominated diphenoxybenzene congeners and possible sources in herring gull eggs

from the Laurentian Great Lakes.” Environ. Sci. Technol. 2011, 45, 9523–9530. doI: 10.1021/

es201325g.

[40] Chen, D., Letcher, R. J., Gauthier, L. T., Chu, S., McCrindle, R. “Newly discovered methoxylated

polybrominated diphenoxybenzenes have been contaminants in the Great Lakes herring

gull eggs for thirty years.” Environ. Sci. Technol. 2012, 46, 9456–9463. doI: 10.1021/

es3018978.

[41]  Zhu, L. Y., Hites, R. A. “Brominated flame retardants in tree bark from North America.”

Environ. Sci. Technol. 2006, 40 ( 12) 3711–3716. doI: 10.1021/es060225v.

[42] Betts, K. “High-flying instrument helps scientists evaluate aircraft impacts.” Environ. Sci.

Technol. 1998, 32 ( 12) 538A-539A. doI: pdf/10.1021/es983869e.

[43] U.S. Department of Energy Atmospheric Radiation Measurement (ARM) Climate Research

facility. “Carbonaceous Aerosols and Radiative Effects Study (CARES),” online at http://

campaign.arm.gov/cares/.

[44] Muir, D. C. G., Howard, P. H. “Are there other persistent organic pollutants? A challenge

for environmental chemists.” Environ. Sci. Technol. 2006, 40, 7157–7166. doI: 10.1021/

es061677a.



A Survey of Environmental Chemistry Around the World: Studies, Processes, Techniques, and Employment 3332 A Survey of Environmental Chemistry Around the World: Studies, Processes, Techniques, and Employment

[45] U.S. Centers for Disease Control and Prevention. “fourth National Report on Human

Exposure to Environmental Chemicals, Updated Tables,” online at http://www.cdc.gov/

exposurereport/pdf/fourthReport_UpdatedTables_Sep2013.pdf.

[46] U.S. Centers for Disease Control and Prevention. “fourth National Report on Human

Exposure to Environmental Chemicals,” online at http://www.cdc.gov/exposurereport/pdf/

fourthReport_ExecutiveSummary.pdf.

[47] Zota, A.R., Linderholm, L.,  Park, J.S., Petreas, M., Guo, T. Privalsky, M.L., Zoeller, R.T. and

Woodruff, T.J. “Temporal Comparison of PBDEs, OH-PBDEs, PCBs, and OH-PCBs in the Serum

of Second Trimester Pregnant Women Recruited from San francisco General Hospital,

California.” Environ. Sci. Technol., 2013, 47 (20), pp 11776–11784. doI: 10.1021/es402204y.

[48] Betts, K. “Gymnasts Exposed To High Levels Of flame Retardants During Workouts.”

Chemical & Engineering News Online. 2013. Available online at http://cen.acs.org/

articles/91/web/2013/11/Gymnasts-Exposed-High-Levels-flame.html.

[49] Carignan, C. C., Heiger-Bernays, W., McClean, M.D., Roberts, S.C., Stapleton, H.M., Sjödin, A.

and Webster, T.f. “flame Retardant Exposure Among Collegiate U.S. Gymnasts.” Environ. Sci.

Technol. 2013, 47, 13848–13856. doI: 10.1021/es4037868.

[50] Kissa, E. Fluorinated Surfactants and Repellents, 2nd ed., 2001. New York:Marcel Dekker.

[51] 3M Phase-Out Plan for POSf-Based Products. USEPA Docket ID OPPT-2002−0043, 2000.

[52] Butt, C. M., Muir, D. C. G., Stirling, I., Kwan, M. and Mabury, S. A. “Rapid response of Arctic

ringed seals to changes in perfluoroalkyl production.” Environ. Sci. Technol. 2007, 41 ( 1) 42–

49. doI: 10.1021/es061267m.

[53] Ahrens, L., Siebert, U. and Ebinghaus, R. “Temporal trends of polyfluoroalkyl compounds in

harbor seals (Phoca vitulina) from the German Bight, 1999−2008.” Chemosphere 2009, 76 (

2) 151– 8.

[54] Kannan, K., Perrotta, E., Thomas, N. J. “Association between perfluorinated compounds

and pathological conditions in southern sea otters.” Environ. Sci. Technol. 2006, 40 (16), pp.

4943–4948. doI: 10.1021/es060932o.

[55] Hart, K., Gill, V. A., Kannan, K. “Temporal trends (1992−2007) of perfluorinated chemicals

in Northern Sea Otters (Enhydra lutris kenyoni) from South-Central Alaska.” Arch. Environ.

Contam. Toxicol. 2009, 56 ( 3) 607– 14.

[56] Olsen, G. W., Mair, D. C., Church, T. R., Ellefson, M. E., Reagen, W. K., Boyd, T. M., Herron, R.

M., Medhdizadehkashi, Z., Nobiletti, J. B., Rios, J. A., Butenhoff, J. L., Zobel, L. R. “Decline

in Perfluorooctanesulfonate and Other Polyfluoroalkyl Chemicals in American Red Cross

Adult Blood Donors, 2000−2006.” Environ. Sci. Technol. 2008, 42 (13), pp. 4989-4995. doI:

10.1021/es800071x.

[57] filipovic, M., Berger, U., and McLachlan, M.S. “Mass Balance of Perfluoroalkyl Acids in the

Baltic Sea.” Environ. Sci. Technol., 2013, 47 (9), pp 4088–4095. doI: 10.1021/es400174y. doI:

10.1021/es400174y.



A Survey of Environmental Chemistry Around the World: Studies, Processes, Techniques, and Employment 3534 A Survey of Environmental Chemistry Around the World: Studies, Processes, Techniques, and Employment

[58] Zhang, T., Wu, Q., Sun, H. W., Zhang, X. Z., Yun, S. H., Kannan, K. “Perfluorinated compounds

in whole blood samples from infants, children, and adults in China.” Environ. Sci. Technol.

2010, 44 ( 11) 4341–4347. doI: 10.1021/es1002132.

[59] Jobling, S., Nolan, M., Tyler, C. R., Brighty, G., Sumpter, J. P. “Widespread sexual disruption in

wild fish.” Environ. Sci. Technol. 1998, 32 ( 17) 2498–2506. doI: 10.1021/es9710870.

[60] Kolpin, D. W., furlong, E. T., Meyer, M. T., Thurman, E. M., Zaugg, S. D., Barber, L. B. and

Buxton, H. T. “Pharmaceuticals, Hormones, and Other Organic Wastewater Contaminants

in U.S. Streams, 1999−2000:  A National Reconnaissance.” Environ. Sci. Technol. 2002, 36 ( 6)

1202–1211. doI: 10.1021/es011055j.

[61] Schwarzenbach, R. P., Escher, B. I., fenner, K., Hofstetter, T. B., Johnson, C. A., von Gunten, U.

and Wehrli, B. “The challenge of micropollutants in aquatic systems.” Science 2006,313 (

5790) 1072–1077.

[62] Carrara, C., Ptacek, C. J., Robertson, W. D., Blowes, D. W., Moncur, M. C., Sverko, E. and Backus,

S. “fate of Pharmaceutical and Trace Organic Compounds in Three Septic System Plumes,

Ontario, Canada.” Environ. Sci. Technol. 2008, 42, 2805–2811. doI: 10.1021/es070344q.

[63] Phillips, P. J., Smith, S. G., Kolpin, D. W., Zaugg, S. D., Buxton, H. T., furlong, E. T., Esposito,

K. and Stinson, B. “Pharmaceutical formulation facilities as Sources of Opioids and Other

Pharmaceuticals to Wastewater Treatment Plant Effluents.” Environ. Sci. Technol. 2010, 44,

4910–4916. doI: 10.1021/es100356f.

[64] Anderson, P. D., D’Aco, V. J., Shanahan, P., Chapra, S. C., Buzby, M. E., Cunningham, V. L.,

Duplessie, B. M., Hayes, E. P., Mastrocco, f. J., Parke, N. J., Rader, J. C., Samuelian,J. H. and

Schwab, B. W. “Screening analysis of human pharmaceutical compounds in U.S. surface

waters.” Environ. Sci. Technol. 2004, 38 ( 3) 838–849 doI: 10.1021/es034430b.

[65] Mehinto, A. C., Hill, E. M. and Tyler, C. R. “Uptake and biological effects of environmentally

relevant concentrations of the nonsteroidal anti-inflammatory pharmaceutical diclofenac

in rainbow trout (Oncorhynchus mykiss).” Environ. Sci. Technol. 2010, 44, 2176–2182. doI:

10.1021/es903702m.

[66] fono, L. and Sedlak, D. L. “Use of the chiral pharmaceutical propranolol to identify sewage

discharges into surface waters.” Environ. Sci. Technol. 2005, 39, 9244–9252. doI: 10.1021/

es047965t.

[67] Bruton, T., Alboloushi, A., de la Garza, B. Kim, B.O., Halden, R.U. “fate of Caffeine in the

Environment and Ecotoxicological Considerations.”Chapter 12 of Contaminants of Emerging

Concern in the Environment: Ecological and Human Health Considerations, pp 257–273. ACS

Symposium Series, Vol. 1048 ISBN13: 9780841224964eISBN: 9780841224971. 2010. Online

at http://pubs.acs.org/doi/abs/10.1021/bk-2010-1048.ch012.

[68] Howard, P. H. and Muir, D. C. G. “Identifying new persistent and bioaccumulative organics

among chemicals in commerce.” Environ. Sci. Technol. 2010, 44 ( 7) 2277–2285. doI:

10.1021/es903383a.



A Survey of Environmental Chemistry Around the World: Studies, Processes, Techniques, and Employment 3534 A Survey of Environmental Chemistry Around the World: Studies, Processes, Techniques, and Employment

[69] Howard, P. H. and Muir, D. C. G. “Identifying new persistent and bioaccumulative organics

among chemicals in commerce. II: Pharmaceuticals.” Environ. Sci. Technol. 2011, 45 (

16)6938–6946 doI: 10.1021/es201196x.

[70] Howard, P. H. and Muir, D. C. G. “Identifying New Persistent and Bioaccumulative Organics

Among Chemicals in Commerce. III: Byproducts, Impurities, and Transformation Products.”

Environ. Sci. Technol., 2013, 47 (10), pp 5259–5266. doI: 10.1021/es4004075.

[71] field, J. A., Johnson, C. A. and Rose, J. B. “What is “emerging”?” Environ. Sci. Technol. 2006, 40(

23) 7105–7105. doI: 10.1021/es062982z.

[72] Arp, H.P. “Emerging Decontaminants.” Environ. Sci. Technol., 2012, 46 (8), pp 4259–4260 doI:

10.1021/es301074u.

[73] Kierkegaard, A., Bjorklund, J. and friden, U. “Identification of the flame retardant

decabromodiphenyl ethane in the environment.” Environ. Sci. Technol. 2004, 38 ( 12)

3247–3253. doI: 10.1021/es049867d.

[74] Arp, H.P., Møskeland, T., Andersson, P.L., Nyholm, J.R. “Presence and partitioning

properties of the flame retardantspentabromotoluene, pentabromoethylbenzene and

hexabromobenzenenear suspected source zones in Norway.” J. Environ. Monit. 2011, 13 (3),

pp. 505–513.

[75] Sverko, E., Reiner, E. J., Tomy, G. T., McCrindle, R., Shen, L., Arsenault, G., Zaruk, D.,

MacPherson, K. A., Marvin, C. H., Helm, P. A, and McCarry, B. E. “Compounds structurally

related to Dechlorane Plus in sediment and biota from Lake Ontario (Canada).” Environ. Sci.

Technol. 2010, 44 ( 2) 574–579. doI: 10.1021/es9025535.

[76] Betts, K. “flame retardants are the suspected source of a new compound in the

environment.” Environ. Sci. Technol., 2010, 44 (2), pp 546–547 doI: 10.1021/es903688s.

[77] Tomy, G. T., Palace, V., Marvin, C., Stapleton, H. M., Covaci, A., Harrad,S. “Biotransformation

of HBCD in biological systems can confound temporal-trend studies.” Environ. Sci. Technol.

2011, 45, 364–365. doI: 10.1021/es1039369.

[78] Lowry, G. V., Gregory, K. B., Apte, S. C., Lead, J. R. “Transformations of nanomaterials in the

environment.” Environ. Sci. Technol. 2012, 46 ( 13) 6893–6899. doI: 10.1021/es300839e.

[79] Hellweg, S., Demou, E., Bruzzi, R., Meijer, A., Rosenbaum, R. K., Huijbregts, M. A. J. and

McKone, T. E. “Integrating human indoor air pollutant exposure within life cycle impact

assessment.” Environ. Sci. Technol. 2009, 43 ( 6) 1670–1679. doI: 10.1021/es8018176.

[80] Arnaud, C.H. “Bringing outdoor chemistry indoors.” Chem. Eng. News, 2010, 88 (15), pp

34–36 doI: 10.1021/cen-v088n015.p034.

[81] World Health Organization. “Air Quality Guidelines,” online at http://www.euro.who.int/__

data/assets/pdf_file/0019/123067/AQG2ndEd_5_13Tetrachloroethylene.pdf.

[82] U.S. Environmental Protection Agency. “Air Toxics Web Site: formaldehyde,” online at http://

www.epa.gov/ttn/atw/hlthef/formalde.html.

[83] Von Grote, J., Hürlimann, C., Scheringer, M. and Hungerbühler, K. “Reduction of



A Survey of Environmental Chemistry Around the World: Studies, Processes, Techniques, and Employment 3736 A Survey of Environmental Chemistry Around the World: Studies, Processes, Techniques, and Employment

occupational exposure to perchloroethylene and trichloroethylene in metal degreasing

over the last 30 years: influences of technology innovation and legislation.” J. Exposure Anal.

Environ. Epidemiol. 2003, 13, 325– 340.

[84] European Union Joint Research Center. “European Exposure factors (Expofacts)

Sourcebook,” online at http://expofacts.jrc.ec.europa.eu/

[85] Yli-Tuomi, T., Lanki, T., Hoek, G., Brunekreef, B. and Pekkanen, J. “Determination of the

sources of indoor PM2.5 in Amsterdam and Helsinki.” Environ. Sci. Technol. 2008, 42 ( 12)

4440–4446. doI: 10.1021/es0716655.

[86] Zhao, W. X., Hopke, P. K., Norris, G., Williams, R. and Paatero, P. “Source apportionment and

analysis on ambient and personal exposure samples with a combined receptor model and

an adaptive blank estimation strategy.” Atmos. Environ. 2006 40 20 3788-3801.

[87] Rudel, R. A., Dodson, R. E., Perovich, R. M. f., Camann, D. E., Zuniga, M. M., Yau, A. Y., JustII, A.

C. and Brody, J. G. “Semivolatile endocrine-disrupting compounds in paired indoor and out

door air in two northern California communities.” Environ. Sci. Technol. 2010, 44, 6583–6590.

doI: 10.1021/es100159c.

[88] Mercier, f., Glorennec, P., Thomas, O. and Le Bot, B. ( 2011) “Organic contamination of

settled house dust, a review for exposure assessment purposes.” Environ. Sci. Technol.

45,6716–6727. doI: 10.1021/es200925h.

[89] Zota, A. R., Rudel, R. A., Morello-frosch, R. A., and Brody, J. G. “Elevated house dust and

serum concentrations of PBDEs in California: Unintended consequences of furniture

flammability standards?” Environ. Sci. Technol. 2008, 42 ( 21) 8158–8164. doI: 10.1021/

es801792z.

[90] Eskenazi, B., fenster, L., Castorina, R., Marks, A. R., Sjodin, A., Rosas, L. G., Holland, N., Guerra,

A. G., Lopez-Carrillo, L. and Bradman,A. “A comparison of PBDE serum concentrations in

Mexican and Mexican-American children living in California.” Environ. Health Perspect. 2011,

119 (10) 1442–1448.

[91]  Lunder, S., Hovander, L., Athanassiadis, I. and Bergman, A. “Significantly higher

polybrominated diphenyl ether levels in young U.S. children than in their mothers.” Environ.

Sci. Technol. 2010, 44 (13) 5256–5262. doI: 10.1021/es1009357.

[92] Toms, L. M., Sjödin, A., Harden, f., Hobson, P., Jones, R., Edenfield, E. and Mueller, J. f. “Serum

polybrominated diphenyl ether (PBDE) levels are higher in children (2–5 years of age) than

in infants and adults.” Environ. Health Perspect. 2009, 117 (9) 1461–1465.

[93] Dodson, R. E., Perovich, L. J., Covaci, N. V., den Eede, N. V., Ionas, A. C., Dirtu, A. C., Brody, J.

G. and Rudel, R. A. “After the PBDE phase-out: A broad suite of flame retardants in repeat

house dust samples from California.” Environ. Sci. Technol. 2012, 46, 13056–13066. doI:

10.1021/es303879n.

[94] Bjorklund, J. A., Thuresson, K. and deWit, C. A. “Perfluooralkyl compounds (PfCs) in indoor

dust: Concentrations, human exposure estimates, and sources.” Environ. Sci. Technol. 2009,

43 ( 7) 2276–2281. doI: 10.1021/es803201a.

[95] Whitehead, T.P., Brown, f.R., Metayer, C.,  Park, J.S., Does, M., Dhaliwal, J., Petreas, M.X.,



A Survey of Environmental Chemistry Around the World: Studies, Processes, Techniques, and Employment 3736 A Survey of Environmental Chemistry Around the World: Studies, Processes, Techniques, and Employment

Buffler, P.A., and Rappaport, S.M. “Polychlorinated Biphenyls in Residential Dust: Sources of

Variability.” Environ. Sci. Technol., 2014, 48 (1), pp 157–164 doI: 10.1021/es403863m.

[96] Meijer, A.; Huijbregts, M. A. J.; Reijnders, L. “Human Health Damages due to Indoor Sources

of Organic Compounds and Radioactivity in Life Cycle Assessment of Dwellings - Part 1:

Characterization factors.” Int. J. Life Cycle Assess. 2005, 10, 309– 316.

[97] U.S. Environmental Protection Agency. “Pesticides: Science and Policy, Environmental

Chemistry Laboratory,” online at http://www.epa.gov/pesticides/labs/environmental_lab.

htm.

[98] The Lowell Center for Sustainable Production at the University of Massachusetts Lowell.

“State Leadership in formulating and Reforming Chemicals Policy: Actions Taken and

Lessons Learned,” online at http://www.chemicalspolicy.org/downloads/StateLeadership.

pdf

[99] Lavoie, E., Heine, L., Holder, H., Rossi, M., Lee, R., Connor, E., Vrable, M., Difiore, D., Davies, C.

“Chemical alternatives assessment: Enabling substitution to safer chemicals.” Environ. Sci.

Technol. 2010, 44, 9244–9249. doI:  10.1021/es1015789.

[100]  U.S. Centers for Disease Control. “n-Hexane--Related Peripheral Neuropathy Among

Automotive Technicians ---California, 1999—2000.” Morbitidy and Mortality Weekly Report.

2001, 50, pp 1011-1013.

[101] Liao, C., Liu, f. and Kannan, K. “Bisphenol S, a new bisphenol analogue, in paper products

and currency bills and its association with bisphenol a residues.” Environ. Sci. Technol. 2012,

46, 6515– 6522. doI: 10.1021/es300876n.

[102] Liao, C., Liu, f., Alomirah, H., Loi, V. D., Mohd, M. A., Moon, H. B., Nakata, H. and Kannan,K.

“Bisphenol S in urine from the United States and seven asian countries: occurrence and

human exposures.” Environ. Sci. Technol. 2012, 46, 6860–6866. doI: 10.1021/es200976k.

[103] Kuruto-Niwa, R., Nozawa, R., Miyakoshi, T., Shiozawa, T., and Terao, Y. “Estrogenic activity of

alkylphenols, bisphenol S, and their chlorinated derivatives using a GfP expression system.”

Environmental Toxicology and Pharmacology 2005, 19, pp 121-130. ISSN 1382-6689. doI:

10.1016/j.etap.2004.05.009.

[104] Viñas R. and Watson C. S. 2013. “Bisphenol S Disrupts Estradiol-Induced Nongenomic

Signaling in a Rat Pituitary Cell Line: Effects on Cell functions.” Environ Health Perspect 2013,

121 pp 352–358. doI: 10.1289/ehp.1205826.

[105] Whittaker, M.H. and Heine, L.G. “Chemicals Alternatives Assessment (CAA): Tools for

Selecting Less Hazardous Chemicals.” Issues in Environmental Science and Technology 2013

36: 1-43.

[106] California Department of Toxic Substances Control. “Proposed Regulations: Safer Consumer

Product Regulations,” online at http://www.dtsc.ca.gov/LawsRegsPolicies/Regs/SCPA.cfm.

[107] Powers, C.M., Dana, G., Gillespie, P., Gwinn, M.R., Hendren, C.O., Long, T.C. Wang, A. and

Davis, J.M. “Comprehensive Environmental Assessment: A Meta-Assessment Approach.”

Environ. Sci. Technol., 2012, 46 (17), pp 9202–9208. doI: 10.1021/es3023072.

[108] U.S. EPA. Nanotechnology White Paper, EPA 100/B-07/001, U.S. Environmental Protection



A Survey of Environmental Chemistry Around the World: Studies, Processes, Techniques, and Employment 3938 A Survey of Environmental Chemistry Around the World: Studies, Processes, Techniques, and Employment

Agency: Washington, DC, 2007. Online at http://www.epa.gov/osa/pdfs/nanotech/epa-

nanotechnology-whitepaper-0207.pdf

[109] U.S. EPA. Nanomaterial Research Strategy (final Report), EPA/620/K-09/011, U.S.

Environmental Protection Agency: Washington, DC, 2009. Online at http://www.epa.gov/

nanoscience/files/nanotech_research_strategy_final.pdf.

[110] Matthews, H. S., Hendrickson, C. T., Weber, C. L. “The importance of carbon footprint

estimation boundaries.” Environ. Sci. Technol. 2008, 42 ( 16) 5839–5842. DOI: 10.1021/

es703112w.

[111]  Othman, M. R., Repke, J. U., Wozny, G., Huang, YL. “A Modular Approach to Sustainability

Assessment and Decision Support in Chemical Process Design.” Ind. Eng. Chem. Res. 2010,49

( 17) 7870–7881. doI: 10.1021/ie901943d.

[112] Anastas, P. T., Warner, J. C. Green Chemistry: Theory and Practice, Oxford University Press: New

York, 1998, p 152.

[113] U.S. EPA. “Green Chemistry,” online at http://www2.epa.gov/green-chemistry.

[114] American Chemical Society. “What Is Green Chemistry?” Online at http://www.acs.org/

content/acs/en/greenchemistry/what-is-green-chemistry.html.

[115] American Chemical Society. “Principles of Green Chemistry and Green Engineering,” online

at http://www.acs.org/content/acs/en/greenchemistry/what-is-green-chemistry/principles.

html.

[116]  U.S. EPA. “Twelve Principles of Green Chemistry,” online at http://www.epa.gov/

sciencematters/june2011/principles.htm.

[117] Betts, K. “How Toxicology Can Catalyze Green Chemistry.” Newsletter of the National Research

Council Standing Committee on Emerging Science for Environmental Health Decisions 2012.

Online at http://nas-sites.org/emergingscience/files/2011/05/green-chem-nl-25.pdf.

[118] Navigant Research. “Green Chemistry,” online at http://www.navigantresearch.com/

research/green-chemistry.

[119] Lowell Center for Sustainable Production, University of Massachusetts Lowell. A

Compendium of Methods and Tools for Chemical Hazard Assessment . Online at http://www.

sustainableproduction.org/downloads/Methods-ToolsforChemHazardAss5-2011.pdf.

[120] National Research Council. Toxicity Testing in the 21st Century. A Vision and a Strategy.

Washington, DC: The National Academies Press, 2007. Online at http://www.nap.edu/

openbook.php?record_id=11970.

[121]   Krewski, D., Andersen, M.E., Mantus, E. and Zeise, L. “Toxicity Testing in the 21st Century:

Implications for Human Health Risk Assessment.” Risk Analysis 2009, 29, pp 474–479. doI:

10.1111/j.1539-6924.2008.01150.x.

[122] Nel, A. E., Nasser, E., Godwin, H., Avery, D., Bahadori, T., Bergeson, L., Beryt, E., Bonner, J. C.,

Boverhof, D., Carter, C. et al. “A Multi-Stakeholder Perspective on the Use of Alternative

Test Strategies for Nanomaterial Safety Assessment.” ACS Nano 2013, 7, 4694–4696. doI:

10.1021/nn4037927.



A Survey of Environmental Chemistry Around the World: Studies, Processes, Techniques, and Employment 3938 A Survey of Environmental Chemistry Around the World: Studies, Processes, Techniques, and Employment

[123] Guengerich, f. P. and MacDonald, J. S. “Applying mechanisms of chemical toxicity to predict

drug safety.” Chem. Res. Toxicol. 2007 20, 344–369. doI: 10.1021/tx600260a.

[124] Arnaud, C.H. “Transforming Toxicology.” Chem. Eng. News, 2010, 88 (51), pp 37–39. doI:

10.1021/CEN121410113705.

[125] National Institutes of Health National Center for Advancing Translational Science.

“Toxicology in the 21st Century,” online at http://www.ncats.nih.gov/research/

reengineering/tox21/tox21.html.

[126]  U.S. EPA. “The U.S. Environmental Protection Agency’s Strategic Plan for Evaluating the

Toxicity of Chemicals,” online at http://www.epa.gov/spc/toxicitytesting/.

[127] Kavlock, R., Chandler, K., Houck, K., Hunter, S., Judson, R., Kleinstreuer, N., Knudsen, T.,

Martin, M., Padilla, S., Reif, D., Richard, A., Rotroff, D., Sipes, N., and Dix, D. “Update on EPA’s

ToxCast program: providing high throughput decision support tools for chemical risk

management.” Chem. Res. Toxicol. 2012, 25, 1287–1302. doI: 10.1021/tx3000939.

[128]  Hansjorg Wyss Institute for Biologically Inspired Engineering at Harvard University. “Organs

on Chips,” online at http://wyss.harvard.edu/viewpage/461/.

[129] Huh, D., Matthews, B.D., Mammoto, A., Montoya-Zavala, M., Hsin, H.Y. and Ingber, D.E.

“Reconstituting Organ-Level Lung functions on a Chip.” Science 2010, 328 pp. 1662-1668.

doI: 10.1126/science.1188302.

[130] Shintu, L., Baudoin, R., Navratil, V., Prot, J. M., Pontoizeau, C., Defernez, M., Blaise, B. J.,

Domange, C., Péry, A. R., Toulhoat, P., Legallais, C., Brochot, C., Leclerc, E. and Dumas, M. E.

“Metabolomics-on-a-chip and predictive systems toxicology in microfluidic bioartificial

organs.” Anal. Chem. 2012 84, 1840–1848. doI: 10.1021/ac2011075.

[131] Gant, T.W. “Skills and Training for the 21st Century Chemical Toxicologist.” Chem. Res. Toxicol.,

2011, 24 (7), pp 985–987. doI: 10.1021/tx200204q.

[132] Nel, A., Xia, T., Meng, H., Wang, X., Lin, S., Ji, Z. and Zhang, H. “Nanomaterial Toxicity Testing

in the 21st Century: Use of a Predictive Toxicological Approach and High-Throughput

Screening.” Acc. Chem. Res. 2013, 46, 607–621. doI: 10.1021/ar300022h.

[133] Nel, A. E., Nasser, E., Godwin, H., Avery, D., Bahadori, T., Bergeson, L., Beryt, E., Bonner, J.

C., Boverhof, D., Carter, J.et al. “Multi-Stakeholder Perspective on the Use of Alternative

Test Strategies for Nanomaterial Safety Assessment.” ACS Nano 2013, 7, 6422–6433. doI:

10.1021/nn4037927.

[134]  Choi, J., Ramachandran, G., Kandlikar, M. “The impact of toxicity testing costs on

nanomaterial regulation.” Environ. Sci. Technol. 2009, 43, 3030–3034. doI: 10.1021/

es802388s.

[135]  Jokerst, J.C., Emory, J.M. and Henry, C.S. “Minireview: Advances in microfluidics for

environmental analysis.” Analyst. 2012,  137(1) pp 24-34. doI: 10.1039/c1an15368d.

[136] Li, H. f. and Lin, J. M. “Applications of microfluidic systems in environmental analysis.” Anal.

Bioanal. Chem., 2009, 393, 555–567.



A Survey of Environmental Chemistry Around the World: Studies, Processes, Techniques, and Employment 4140 A Survey of Environmental Chemistry Around the World: Studies, Processes, Techniques, and Employment

[137] Cooksey, G. A., Elliott, J. T. and Plant, A. L. “Reproducibility and Robustness of a Real-Time

Microfluidic Cell Toxicity Assay.” Anal. Chem. 2011, 83, 3890–3896. doI: 10.1021/ac200273f.

[138] Hosokawa, M., Hayashi, T., Mori, T., Yoshino, T., Nakasono, S. and Matsunaga, T. “Microfluidic

Device with Chemical Gradient for Single-Cell Cytotoxicity Assays.” Anal. Chem. 2011, 83,

3648–3654. doI: 10.1021/ac2000225.

[139] Alves-Segundo, R., Ibañez-Garcia, N., Baeza, M., Puyol, M. and Alonso, J. “Towards a

monolithically integrated microsystem based on the green tape ceramics technology

for spectrophotometric measurements. Determination of chromium (VI) in water.”

Microchimica Acta 2011, 172, 1, 225-232.     

[140] Sieben, V. J., floquet, C. f. A., Ogilvie, I. R. G., Mowlem, M. C. and Morgan, H. “Microfluidic

colourimetric chemical analysis system: Application to nitrite detection.” Analytical Methods

2009, 2, pp. 484–491.

[141] Date, Y., Aota, A., Terakado, S., Sasaki, K., Matsumoto, N., Watanabe, Y., Matsue, T. and

Ohmura, N. “Trace-level mercury ion (Hg2+) analysis in aqueous sample based on solid-

phase extraction followed by microfluidic immunoassay.” Anal. Chem. 2013, 85, 434–440.

doI: 10.1021/ac3032146.

[142] Dossi, N., Susmel, S., Toniolo, R., Pizzariello, A. and Bontempelli, G. “Application of microchip

electrophoresis with electrochemical detection to environmental aldehyde monitoring.”

Electrophoresis, 2009, 30, 3465–3471.

[143] Noblitt, S. D.,  Schwandner, f. M., Hering, S. V., Collett, J. L. and Henry, C. S. “High-sensitivity

microchip electrophoresis determination of inorganic anions and oxalate in atmospheric

aerosols with adjustable selectivity and conductivity detection.” J. Chromatogr., A, 2009,

1216, 1503–1510.

[144] Ueno, Y., Horiuchi, T. and Niwa, O. “Air-Cooled Cold Trap Channel Integrated in a Microfluidic

Device for Monitoring Airborne BTEX with an Improved Detection Limit.” Anal. Chem., 2002,

74 (7), pp 1712–1717. doI: 10.1021/ac0110810.

[145] Chow, J. C. “Measurement methods to determine compliance with ambient air quality

standards for suspended particles.” J. Air Waste Manage. Assoc. 1995, 45 ( 5) 320–82.

[146] Snyder, E.G., Watkins, T.H., Solomon, P.A., Thoma, E.D., Williams, R.W., Hagler, G.S.W., Shelow,

D., Hindin, D.A. and Kilaru, V.J. “The Changing Paradigm of Air Pollution Monitoring.” Environ.

Sci. Technol. 2013, 47 (20), pp 11369–11377. doI: 10.1021/es4022602.

[147] White, R. M., Paprotny, I., Doering, f., Cascio, W., Solomon, P. and Gundel, L. “Sensors and

‘apps’ for community-based atmospheric monitoring.” Em: Air Waste Manage. Assoc.

Magazine for Environmental Managers 2012, 5, 36–40.

[148] Betts, K. “Inexpensive passive samplers capture POPs data in developing countries.” Environ.

Sci. Technol., 2009, 43 (3), pp 552–552. doI: 10.1021/es803265k.

[149] Genualdi, S., Lee, S. C., Shoeib, M., Gawor, A., Ahrens, L. and Harner, T. “Global pilot study

of legacy and emerging persistent organic pollutants using sorbent-impregnated

polyurethane foam disk passive air samplers.” Environ. Sci. Technol. 2010, 44, 5534–5539.

doI: 10.1021/es1009696.



A Survey of Environmental Chemistry Around the World: Studies, Processes, Techniques, and Employment 4140 A Survey of Environmental Chemistry Around the World: Studies, Processes, Techniques, and Employment

[150] Pozo, K., Harner, T., Lee, S. C., Wania, f., Muir, D. C. G. and Jones, K. C. “Seasonally resolved

concentrations of persistent organic pollutants in the global atmosphere from the first year

of the GAPS Study.” Environ. Sci. Technol. 2009, 43 ( 3) 796–803. doI: 10.1021/es802106a.

[151] fiedler, H., Abad, E., van Bavel, B., de Boer, J., Bogdal, C. and Malisch, R. “The need for

capacity building and first results for the Stockholm Convention Global Monitoring Plan.”

Trends in Analytical Chemistry, 2013, 46, pp 72-84. Online at http://www.unep.org/dgef/

Portals/43/news/TrAC%202013_fiedler%20et%20al_GMP.pdf.

[152]  Larsen, M.C., Hamilton, P.A. and Werkheiser, W.H.“Water Quality Status and Trends in the

United States.”Monitoring Water Quality: Pollution Assessment, Analysis, and Remediation.

Elsevier: Waltham, Mass., 2013. doI: http://dx.doi.org/10.1016/B978-0-444-59395-5.00002-9.

[153] Hotze, M. “Recognizing Environmental Science & Technology’s Contributors: Top Papers

2012 Environ. Sci. Technol., 2013, 47 (10), pp 4961–4962. doI: 10.1021/es401684v.

[154] Arnoldsson, K., Andersson, P. L. and Haglund, P. “Photochemical formation of

polybrominated dibenzo-p-dioxins from environmentally abundant hydroxylated

polybrominated diphenyl ethers.” Environ. Sci. Technol. 2012, 46 (14) 7567–7574. doI:

10.1021/es301256x.

[155] Erickson, P. R., Grandbois, M., Arnold, W. A. and McNeill, K. “Photochemical formation of

brominated dioxins and other products of concern from hydroxylated polybrominated

diphenyl ethers (OH-PBDEs). Environ. Sci. Technol. 2012, 46 ( 15) 8174–8180. doI: 10.1021/

es3016183.

[156] Wu, f., Mu, Y., Chang, H., Zhao, X., Giesy, J. P. and Wu, K. B. “Predicting water quality criteria

for protecting aquatic life from physicochemical properties of metals or metalloids.”

Environ. Sci. Technol. 2012, 47, 446– 453. doI: 10.1021/es303309h.

[157] Ross, M. S., Pereira, A. D. S., fennell, J., Davies, M., Johnson, J., Sliva, L. and Martin, J. W.

“Quantitative and qualitative analysis of naphthenic acids in natural waters surrounding

the Canadian oil sands industry.” Environ. Sci. Technol. 2012, 46, 12796–12805. doI:

10.1021/es303432u.

[158] Badireddy, A.R., Wiesner, M.R. and Liu, J. “Detection, Characterization, and Abundance of

Engineered Nanoparticles in Complex Waters by Hyperspectral Imagery with Enhanced

Darkfield Microscopy.” Environ. Sci. Technol., 2012, 46 (18), pp 10081–10088 doI: 10.1021/

es204140s.

[159] Berger, M., Warsen, J., Krinke, S., Bach, V. and finkbeiner, M. “Water footprint of European

cars: Potential impacts of water consumption along automobile life cycles.” Environ. Sci.

Technol. 2012, 46 ( 7) 4091–4099. doI: 10.1021/es2040043.

[160] Brezonik, P. L., Arnold, W. A. “Water chemistry: fifty years of change and progress.” Environ.

Sci. Technol. 2012, 46 ( 11) 5650–5657. doI: 10.1021/es300882y.

[161] Le Treut, H., R. Somerville, U. Cubasch, Y. Ding, C. Mauritzen, A. Mokssit, T. Peterson and M.

Prather. “Historical Overview of  Climate Change.” In: Climate Change 2007: The Physical

Science Basis. Contribution of Working Group I to the fourth Assessment Report of the



A Survey of Environmental Chemistry Around the World: Studies, Processes, Techniques, and Employment 4342 A Survey of Environmental Chemistry Around the World: Studies, Processes, Techniques, and Employment

Intergovernmental Panel on Climate Change [Solomon, S., D. Qin, M. Manning, Z. Chen,

M. Marquis, K.B. Averyt, M. Tignor and H.L. Miller (eds.)]. Cambridge University Press,

Cambridge, United Kingdom and New York, NY, U.S.A.

[162] Intergovernmental Panel on Climate Change. “IPCC fourth Assessment Report: Climate

Change 2007,” online at http://www.ipcc.ch/publications_and_data/ar4/wg1/en/ch7s7-1-3.

html.

[163] Price, C. “Thunderstorms, Lightning, and Climate Change.” Poster from 29th International

Conference on Lightning Protection, online at http://www.iclp-centre.org/pdf/Invited-

Lecture-1.pdf.

[164] World Climate Research Programme. “Stratosphere-troposphere Processes And their Role

in Climate: Climate-Chemistry Interactions,” online at http://www.sparc-climate.org/about/

themes/climate-chemistry-interactions/.

[165] Wu, W. and Driscoll, C.T. “Impact of Climate Change on Three-Dimensional Dynamic Critical

Load functions.” Environ. Sci. Technol., 2010, 44 (2), pp 720–726. doI: 10.1021/es900890t.

[166] Schulz, M., Prospero, J.M., Baker, A.R., Dentener, f., Ickes, L., Liss, P.S., Mahowald, N.M.,

Nickovic, S.,  Sarin, M. and Duce, R.A.. “Atmospheric transport and deposition of mineral

dust to the ocean -implications for research needs.” Environ. Sci. Technol. 2012 46, 10,390-

10,404. doI: 10.1021/es300073u.

[167] Donaldson, D.J. and George, C. “Sea-Surface Chemistry and Its Impact on the Marine

Boundary Layer.” Environ. Sci. Technol., 2012, 46 (19), pp 10385–10389. doI: 10.1021/

es301651m

[168] Backhaus, T. and faust, M. “Predictive Environmental Risk Assessment of Chemical Mixtures:

A Conceptual framework.” Environ. Sci. Technol. 2012, 46 ( 5) 2564–2573. doI: 10.1021/

es2034125.

[169] Escher, B. I. and fenner, K. “Recent advances in environmental risk assessment of

transformation products.” Environ. Sci. Technol. 2011, 45 ( 9) 3835–3847. doI: 10.1021/

es1030799.

[170] Dr. Heather Stapleton of Duke University’s Nicholas School of the Environment

[171] Nie, Z. H., Nijhuis, C. A., Gong, J. L., Chen, X., Kumachev, A., Martinez, A.W., Narovlyansky, M.

and Whitesides, G. M. “Integration of paper-based microfluidic devices with commercial

electrochemical readers.” Lab on a Chip, 10, 477–483.

[172]  Apilux, A., Dungchai, W., Siangproh, W., Praphairaksit, N. Henry, C.S. and Chailapakul,

O. “Lab-on-Paper with Dual Electrochemical/Colorimetric Detection for Simultaneous

Determination of Gold and Iron.” Analytical Chemistry 2010, 82, 1727–1732. doI: 10.1021/

ac9022555.

[173] Sameenoi, Y., Panymeesamer, P., Supalakorn, N., Koehler, K., Chailapakul, O., Henry, C. S.

and Volckens, J. “Microfluidic Paper-Based Analytical Device for Aerosol Oxidative Activity.”

Environ. Sci. Technol. 2012, 47, 932–940. doI: 10.1021/es304662w.



A Survey of Environmental Chemistry Around the World: Studies, Processes, Techniques, and Employment 4342 A Survey of Environmental Chemistry Around the World: Studies, Processes, Techniques, and Employment

XVI. APPENDIX A:
ENVIRONMENTAL CHEMISTS AROUND THE WORLD

kurunthachalam kannan
Research Scientist, New York State Department of Health’s Wadsworth Center

Professor, State University of New York, Albany

As a research scientist for the New York State Department of Health’s Wadsworth Center,

Kurunthachalam Kannan spends his time investigating the sources, pathways, distribution,

dynamics and fate of chemical pollutants to which humans can be exposed.  He believes that

these investigations are crucial for laying the groundwork to allow scientists to devise solutions

to current and future environmental problems.

“I always wanted to work in a field that would benefit the well-being of the society,” Kannan

says. “Environmental issues have direct bearing on not only people’s quality of life but also a

nation’s economy.” When environmental issues grow in tandem with a nation’s Gross Domestic

Product, the resulting impacts on ecosystems can impair the health and prosperity of that

nation’s citizens, he points out.

Kannan majored in Agricultural Sciences as an undergraduate at Tamil Nadu Agricultural

University, in Coimbatore, India, where he won the Governor’s gold medal in 1986 for being

the top ranking student in an undergraduate program.  He went on to graduate studies in

environmental chemistry in Japan at Ehime University and completed his Ph.D. under the

supervision of Ryo Tatsukawa and Shinsuke Tanabe, who are known for their pioneering

research on global ocean pollution and global transport of pollutants.  Kannan had the

opportunity to work on environmental samples collected from all over the world to support

his research, which was focused on understanding the distribution and dynamics of

persistent organic pollutants in the global environment.

Next, Kannan moved to the U.S. for postdoctoral training at the Skidaway Institute of

Oceanography and Michigan State University. While he was in Michigan, he conducted

groundbreaking research in collaboration with ecotoxicologist John Giesy (who is now at

the University of Sasketchewan). The team collected and analyzed hundreds of samples

from bald eagles, polar bears, albatrosses, and various species of seals from both urbanized

areas in North America and Europe and more remote areas including sites in the Arctic and

North Pacific Oceans. Their work showed that perfluorooctanesulfonate (PfOS), a fluorinated

organic compound, was a global contaminant with a tendency to bioaccumulate. [1,2] Their

work led the 3M Company, which used PfOS in its initial formulation of the Scotchguard

fabric protectant, to announce that it would voluntarily cease essentially all production of

PfOS-containing products. [3]
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from there, Kannan moved to his current position at the New York State Department of

Health’s Wadsworth Center. His publications include a widely used analytical method to

detect perfluorochemicals in environmental samples. [4,5]  His group also published the first

study to use dried blood spots from a newborn screening program to assess exposure of

newborns to environmental chemicals. [6]  His team is currently “building this area of

research.”  He was also involved in the first study to show that personal care products can be

an important source of human exposure to siloxanes. [7]

In 1999, Kannan’s accomplishments earned him the Society of Environmental Toxicology

and Chemistry (SETAC) Weston f. Roy Award in Environmental Chemistry.  He also received a

Super Reviewer Award from Environmental Science & Technology in 2013.

Kannan says that in his experience as an environmental chemist, “laboratory analytical

work is directly applied and used for making regulatory and policy decisions.”  Because

environmental chemistry is a relatively young science, “there are so many new things to be

discovered,” he says. This is one of the reasons he enjoys educating and training students

and young researchers in his capacity as a professor of environmental chemistry at the State

University of New York’s Albany campus.
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es001834k
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krIStoPhEr mcnEIll
Professor of Environmental Chemistry, ETH Zurich

Many of the world’s most prominent environmental chemists and environmental scientists

have spent at least a little time researching in Switzerland, most likely at Eawag, the Swiss

federal Institute of Aquatic Science and Technology, or at the Swiss federal Institute of

Technology (ETH) in Zurich. “Switzerland is a pretty special place for environmental chemistry,”

says Kristopher McNeill, an American who has been a professor of environmental chemistry at

ETH-Zurich for five years.

Prior to becoming a European, McNeill lived and pursued chemistry all around the U.S.

He was born in Arizona and attended Reed College in Portland, OR, where he majored in

chemistry.  He went to graduate school at the University of California at Berkeley, where he

initially focused on physical organic chemistry and mechanistic organometallic chemistry.

Then “sometime in the middle of my PhD, I became fascinated with environmental chemistry

problems,” McNeill says. “The problems seemed wild and uncontrolled compared to the clean

solutions I had been working with as a PhD student. And the answers seemed important and

relevant compared to the more esoteric results I was chasing in the organometallic field,” he

recalls.

McNeill’s next move was to the Massachusetts Institute of Technology for postdoctoral

studies, where he took on an environmentally focused topic:  how methane cycling in lakes

influences the fate of organic pollutants. from there, he went to the University of Minnesota,

where he served as an assistant and associate professor.

In the Twin Cities, McNeill began a very productive research collaboration with his colleague

William Arnold. Their work included a thorough investigation of the environmental impacts

associated with triclosan, a compound used as an antibacterial agent in many personal care

products. Their research included analyzing triclosan’s photochemistry, how it is impacted by

water chlorination, its ability to produce dioxins, and how these dioxin products accumulate

in the water body sediments. [1,2,3]    McNeill and Arnold are coauthors of one of ES&T’s top

papers in 2012, on the photochemical formation of brominated dioxins and other products

of concern from hydroxylated metabolites of PBDEs, OH-PBDEs. [4]

McNeill’s biggest discovery was the microscopic distribution of singlet oxygen in sunlit

waters containing natural organic matter, which was published in Science.[5]   In 2011,

he became a fellow of the Royal Society of Chemistry.  In 2012, he served as an “Erudite

Scholar-in-Residence” at Mahatma Gandhi University in Kerala, India.

McNeill’s honors and awards also include many teaching commendations.  So it may be no

surprise that the accomplishment McNeill is most proud of is the students and postdocs who

have left his lab and “gone on to successful careers.”
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myrto PEtrEaS
Chief, California Department of Toxic Substances Control’s Environmental Chemistry Branch

When she was in high school, Myrto Petreas visited a picturesque Greek beach and was

surprised to emerge from the water with tar stuck to her feet and bathing suit. “At that time

ships would dump wastes with no regulations,” she recalls. The experience inspired her to

study environmental chemistry as an undergraduate at the University of Thessaloniki in

Greece.

Petreas came to the U.S. to pursue graduate studies at the University of California at Berkeley,

and she hasn’t left the state since. While earning her M.S., she continued to focus on waste-

water contaminants and treatment, but she also discovered public health. for her Ph.D., she

switched to occupational exposures to solvents, which she studied by measuring perchloro-

ethylene and styrene in dry cleaners’ and boat builders’ breath and blood. “Along the way I got

my Master of Public Health (MPH) in Epidemiology for a better grasp on exposure assessment,”

she says.

While Petreas was earning her Ph.D., she worked for the state of California.  She continued on

at the Hazardous Materials Laboratory of the state’s Department of Toxic Substances Control

afterwards. “I started with volatile organic compounds in indoor air, then moved to dioxins

and persistent organic pollutants in environmental and biological samples,” she recalls.
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In 2002, Petreas played a major role in discovering that Californians could be exposed to very

high levels of polybrominated diphenyl ether (PBDE) flame retardants.  She directed the

analytical work for a group of scientists at the Hazardous Materials Laboratory who measured

the compounds in harbor seals from the San francisco Bay and in breast adipose tissue from

23 California women.[1] The levels of PBDEs in these women’s tissues were the highest

reported to date at the time.

Petreas and her colleagues discovered that the women’s PBDE levels were inversely

correlated with their ages, an uptake pattern very different from conventional persistent

organic pollutants such as polychlorinated biphenyls (PCBs), which tend to increase with

age. There was no correlation between the concentrations of PCBs and PBDEs in the samples,

pointing to different sources of exposure. By comparing the concentrations of PBDEs in

samples taken from the San francisco Bay harbor seals over the previous decade, the

researchers showed that the levels had increased dramatically. The seals’ current levels were

among the highest reported for the species. [2]

Petreas’ group subsequently analyzed additional samples collected in the late 1990s from

women in the San francisco Bay area. The researchers confirmed their earlier findings of high

PBDE levels in the area women’s blood. The levels ranged far more widely than PCBs, and

median concentrations of one PBDE congener, BDE-47, were 3-10 times higher than median

levels in Europe. [3]  By analyzing archived samples from the 1960s, which did not contain

detectable levels of PBDEs, Petreas and her colleagues were able to show that human uptake

of the flame retardant was a relatively recent phenomenon.

Petreas went on to “close the loop” by returning to the indoor environment to study PBDE

flame retardants in house dust, which proved to be a major source of exposure. [4]  Along the

way to becoming the chief of the Department of Toxic Substances Control’s Environmental

Chemistry Branch, she also helped start the state of California’s Biomonitoring Program.

The program’s data can serve as an early warning system for exposure to toxic chemicals,

potentially preventing “another PBDE-like adventure.”

Over the years, Petreas has authored numerous publications and been awarded several

research grants.  She was recently appointed as Editor of Chemosphere.

for Petreas, working for a state government has involved “waves of initiatives, emergencies

and changing priorities…  It always changes with the chemical du jour.”  She enjoys working

as an environmental chemist in this environment because she’s always learning new things

and she’s confident that she’s on the “right” side.

[1] She J, Petreas M, Winkler J, Visita P, McKinney M, Kopec D. 2002. “Polybrominated
diphenyl ethers (PBDEs) in the San francisco Bay Area: measurements in harbor seal
blubber and human breast adipose tissue.” Chemosphere 46:697–707.
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org/10.1289/ehp.6220.
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hEathEr StaPlEton
Associate Professor of Environmental Chemistry at Duke University’s Nicholas School of

the Environment

The trajectory of a career is hard to predict.  Before she became an environmental chemist,

Heather Stapleton planned to study sharks as a marine biologist.  She majored in marine

biology at Southampton College, a small liberal arts college on Long Island that specialized

in marine sciences and had a marine science research center.

Stapleton’s gradual shift to environmental chemistry began with an undergraduate class in the

subject.  Another inspiration was what she learned during her part-time work at Southampton’s

marine science center.  She often went out to collect samples for research projects on research

boats in the Atlantic Ocean or the estuary in the Long Island Sound. “Particularly in the estuary

sampling, I remember often taking notice of the pollution and human impact on the environment.

It manifested in me a desire to focus on environmental science, and to understand the impact

of chemicals on the health of our environment,” Stapleton recalls.

By the time Stapleton entered her PhD program at the University of Maryland at College

Park’s interdisciplinary Marine Estuarine Environmental Science (MEES) program, her area

of specialization was environmental chemistry.  She worked under Joel Baker (who is now

at the University of Washington at Tacoma) on a project investigating the fate and transport

of polychlorinated biphenyls (PCBs) and organochlorine pesticides in the food web of

Lake Michigan.

“While I was working on that project I started reading and learning more about emerging

contaminants, and particularly the flame retardant chemicals, PBDEs,” Stapleton says. “They

were so similar in structure to PCBs that I remember being shocked that someone would use

them in large volumes in furniture, particularly after we knew so much about the toxicity and

persistence of PCBs.  It was that interest that pushed me to start exploring the accumulation

and metabolism of PBDEs for a PhD project.”

After receiving her PhD in 2003, Stapleton moved to Gaithersburg, MD, and started a

postdoctoral research position at the National Institute of Standards and Technology (NIST).

Stapleton was helping NIST develop methods to accurately measure flame retardant chemicals
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in different types of samples when she came across a Standard Reference Material for Indoor

Dust. “I remember thinking to myself that it would be interesting to analyze the sample

given that flame retardants were used in so many products indoors….it seemed likely that

they would be detectable,” she says, explaining that up until that point, most people were

making measurements in the outdoor environment.

“When I analyzed the dust samples I was shocked at how high the levels were, and that led

to my first independent project investigating levels of PBDEs in indoor dust,” Stapleton says.

After that, she began to focus on understanding how people--particularly children--were

exposed to these chemicals, to discover if the levels she was measuring in indoor dust

suggested that they could be a source exposure.

In the following years, Stapleton’s work played an important role in establishing that dust

was indeed a major route of exposure to PBDEs, as well as other flame retardants. [1,2]

This in turn helped explain why younger people tended to take up higher concentrations of

the compounds, because babies and children tend to inadvertently consume more dust than

adults.  In the process, she earned an appointment at Duke University’s Nicholas School of

the Environment, where she now holds a tenured position.

In 2008, the National Institute of Environmental Health Sciences honored Stapleton with its

Outstanding New Environmental Scientist Award. Environmental Science & Technology has

named two of her research articles as top papers of the year.  Most recently, research she

conducted into the presence of flame retardants in products intended for use by babies

and children was designated the Top Science Paper published in Environmental Science &

Technology in 2011. [3,4]   She has been an Editorial Advisory Board Member for Environmental

Science & Technology since 2011.

“I love being an environmental chemist and working in this area of research,” Stapleton says.

“We live in a chemical soup and it’s difficult for us to know which chemicals are safe, and

which are harmful.  I think it’s incredibly important for us to understand how man-made

chemicals are used, where they end up and how people are exposed to them -- and if that

exposure is associated with increased health risks,” she explains.  A variety of diseases are

being linked to the environment, including cancer, autism, and ADHD, she points out.

Stapleton says she is most proud of the research she and her colleagues conducted on

identifying flame retardant chemicals in baby and children’s products. “Our research on

chemical applications in baby products helped to change the use of flame retardants in these

products.  I actually received a letter from one manufacturer of a baby product saying thank

you for the research you have done. Apparently our data helped them make more informed

decisions on what chemicals needed to be in their products, where they needed them and

where they did not.”  Her work also helped influence the state of California, whose strict flame

Retardancy standards have driven much of the U.S. use of flame retardants, to alter the

standards to exempt some of the baby products.
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grEgg tomy
Assistant Professor of Chemistry at the University of Manitoba

An undergraduate class in analytical mass spectrometry at the University of Manitoba in

Canada inspired Gregg Tomy to become an environmental chemist. “My professor, John

Westmore, was this wonderful person; tremendously knowledgeable about mass spectrometry,

inspiring and ever so humble,”Tomy recalls.

Soon thereafter, Tomy met Derek Muir, an environmental chemist who worked as a research

scientist at the freshwater Institute, which is part of Canada’s federal Department of fisheries

and Oceans.  It is located in Winnipeg, Manitoba, on the university campus. Tomy recalls that

Muir, who is now with Environment Canada, the country’s environmental protection agency,

had a “seemingly endless knowledge of environmental chemistry together with high stan-

dards and enthusiasm.”

A native of the Caribbean, Tomy was so inspired by Westmore and Muir that he stayed in

chilly Winnipeg so he could pursue graduate studies with the two as his main mentors.

“Being able to marry analytical mass spectrometry with environmental chemistry and work

with John and Derek was a dream for me,”Tomy says. The focus of his studies was developing

analytical methods based on mass spectrometry to measure a class of compounds known as

the chlorinated paraffins.

After earning his Ph.D., Tomy went to postdoctoral studies at the nearby freshwater Institute.

Afterwards, he accepted a permanent position and in short order, he was in charge of the

institute’s high resolution mass spectrometry facilities. “My work focused on using high

resolution mass spectrometry to study the behavior and fate of environmental contaminants,”

he says. Initially, he “did a lot of fundamental mass spectrometry.”  He analyzed a wide range

of compounds, including polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls
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(PCBs), fluorinated organic compounds, and a variety of flame retardants. [1,2,3,4,5] Tomy

is particularly well-known for his work with a heavily used bromine-based flame retardant,

hexabromocyclododecane (HBCD).

“I particularly like to unearth new chemicals that we come into contact on a daily basis and

discern what effects, if any, they pose to humans and aquatic wildlife,”Tomy says.  His group

developed the analytical method to measure HBCD. [6]  After that his group “spent a great deal

of time studying the toxicological impacts of this compound on aquatic wildlife” in collaboration

with scientists and graduate students both at DfO in Winnipeg, where he was employed and

with colleagues at Environment Canada in Burlington, Ontario.

In 2009, Tomy was asked by the members of the Persistent Organic Pollutant Review Committee

(POPRC) of the United Nations’ Stockholm Convention to present the state of the science on

HBCD and address whether the flame retardant met the treaty’s criteria of persistence (P),

bioaccumulative (B) and inherently toxicity (iT).  He also helped write the draft risk profile on

HBCD for POPRC.  In 2010, he attended the meetings in Geneva where the decision was made

that HBCD warranted global regulatory action.

Tomy also earned some major accolades in 2009 and 2010.  In 2009, he received the

Environmental Science Award, which the Royal Society of Chemistry and Society of

Environmental Toxicology and Chemistry give to recognize the outstanding work by young

researchers. “I suspect they got desperate that year and picked my name out of a hat,” he says

with characteristic self-deprecation.  In 2010, Tomy’s work on HBCD for the Stockholm Convention

helped him earn one of the highest awards that can be given to a governmental scientist in

Canada, the Ministerial Distinction Award.

In recent years, Tomy found himself becoming more and more interested in ecotoxicology.

“I would like to believe a progression as such is natural for most scientists,” he says.  He feels

that toxicology complements and rounds off his abilities as a researcher.  After new chemicals

are detected in the environment toxicology enables researchers to elucidate possible adverse

effects and “put things more into perspective,” as Tomy puts it.

Tomy has also shaken things up a bit by moving from the Canadian government to academia.

He has come full circle by accepting a fulltime position at the University of Manitoba’s

chemistry department.  It’s highly likely that his students will come to revere him in the same

way as he looked up to his chemistry professors Westmore and Muir.  After all, this is a man

who says, “what  I am most proud of in my time as a researcher is that I have been able to

work and surround myself with people that I genuinely consider to be friends. That means

the world to me.”
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