When SYNTHETIC
Chemicals Degrade
in the Environment

What are the absolute fate,
effects, and potential risks
to humans and the ecosystem?
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arious processes degrade synthet-

ic chemicals—pesticides, phar-

maceuticals, biocides, and indus-

trials—in the environment (I, 2).

Consequently, the environment
may be exposed to a mixture of the parent
compounds and any resulting degradation
products (degradates).

Recent advances in analytical method-
ology and greater access to analytical stan-
dards have advanced degradates research
(3, 4). Specifically, research on pesticides
has found degradates in surface water
(5-10), groundwater (I 1-13), precipitation
(14-16), air (17, 18), and sediment (19, 20).
Pharmaceuticals and detergent degradates
also exist in the environment (21-23).
Figure 1 shows that degradates were de-
tected as often as or more frequently
than the parent compound.
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Although some regulatory schemes require infor-
mation about the impacts of degradates on human
and environmental health, that information does not
exist for many compounds (25, 26). Pesticides are
the exception. In this article, we bring together the
available data to address the environmental behav-
ior of degradates and their effects on organisms and
discuss how to identify substances of potential con-
cern. In addition, we cite gaps in the current knowl-
edge and make recommendations for future research
requirements. While the article focuses on pesticides,
we believe these observations can be extended to
biologically active compounds and some industrial
substances.

Environmental fate

Once in the environment, degradates may be trans-
ported and distributed between the major environ-
mental “compartments”. The concentrations in these
compartments depend on numerous factors and
processes, including how the parent compound is re-
leased to the environment; how fast it degrades; the
half-lives of the degradates; partitioning to sludge,
soil, and sediment; and subsequent movement to air
and water.

When an assessment is made of the risks of a pes-
ticide in the environment, the transformation route of
the chemical in soils and water—sediment systems is
derived following standard guidelines. For example,
risk analysts in the European Union (EU) use the Orga-
nisation for Economic Co-operation and Develop-
ment’s guidelines. In addition to providing information
on the degradation pathway, the studies also offer
valuable information on the rate of formation and the
persistence of the degradation products.

The mechanism, route, and rate of degradation of
a substance will vary according to the compartment.
For example, if a pesticide is applied to soil, degra-
dation by soil microbes may be important, whereas
if the same substance is released directly to a water
body, hydrolysis may be a more important mecha-
nism. Climatic conditions, including pH, soil mois-
ture content, and sunlight, and the characteristics of
the receiving environment may also have an impact.
For example, photodegradation may be a more im-
portant degradation route in tropical conditions than
in temperate climates; for substances released to the
sewer, the nature of the treatment process (e.g., aer-
obic or anaerobic) may affect which products are
formed. Many of these routes for pesticides are de-
scribed in the compilations of Roberts (1) and Roberts
and Hutson (2).

Figure 2 indicates that selected degradates from a
range of chemical classes (including carbamates, tri-
azine, organophosphorous compounds, and sulfonyl
ureas) are often more persistent than their corre-
sponding parent compounds. Of course, these ob-
servations could be skewed because data are more
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the setup of the test system may also over-estimate
persistence. If, for example, a degradate forms late in
a degradation route study, after the microbial activi-
ty has declined, then the rate of removal of the degra-

taken from 51 streams across the United States in 2002 (9); and (b) groundwater taken from 86 wells in lowa in 2001 (24).
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date will be lower in the test system than under field
conditions.

Biotic transformation processes generally produce
degradates that are more polar and water soluble than
the parent compound. Hence, the resulting transport
behavior of degradates may be different. In Figure 2b,
available data on the sorption potential of degradates
and their parents in soils are compared. The results
indicate that about one-third of the degradates de-
rived from a range of pesticide types have an organ-
ic carbon absorption coefficient (K ) of at least an
order of magnitude lower than that of the corre-
sponding parent compound. Only 3% have K _values
more than two orders of magnitude lower. Thus, these
substances may be more likely to be released in ef-
fluents from sewage treatment works or to be trans-
ported from soils to surface and ground waters. Using
a generic, fugacity-based mass distribution model,
Fenner et al. showed that the environmental mass
distributions of parent compounds atrazine and per-
chloroethylene differed from those of their degradates
(27). For example, whereas perchloroethylene pri-
marily resides in the air, one of its major degradation
products, trichloroacetic acid, is a known contami-
nant of surface and ground waters (28).

Therefore, if the assessment process focuses only
on where the parent compound is present, persistent
degradates in other compartments might go unno-
ticed. Finding those persistent degradates—especial-
ly if they are particularly mobile—is the challenge.

Ecotoxicity

Researchers have data on the ecotoxicity of pesticides,
veterinary medicines, and biocide degradates because
the EU requires (by directive 91/414/EEC) evaluation
of all major degradates formed at >10% the concen-
tration of the applied parent compound. Generally,
these studies have indicated low risk to organisms in
standard toxicity tests (e.g., Daphnia, rainbow trout,
earthworms) and no further testing has been triggered
(29). A few studies have, however, assessed sublethal
and longer-term effects of a few industrial substances
(30). Such degradates include the non-ionic surfac-
tants (nonylphenol mono- and diethoxylates, nonyl-
phenol carboxylates, nonylphenol ethoxycarboxylates,
and nonylphenol itself), which are believed to have
estrogenic activity due to their ability to mimic the
endogenous hormone 173-estradiol (31).

The available data, shown in Figure 3 (on the next
page), demonstrate that in most cases degradates are
as toxic as or less toxic than their parents (32, 33).
However, in some instances, degradates can be more
toxic (33, 34). For example, of the degradates investi-
gated in Figure 3, 41% were less toxic than and 39%

Relating half-lives and sorption of parent compounds
and their degradates

(a) The half-lives of a range of pesticide classes in soil are shorter
than those of their degradates. (b) A third of the degradates derived
from a range of pesticide types have an organic carbon absorption
coefficient (K ) that is at least an order of magnitude lower than that
of the corresponding parent compound. The solid lines represent
where the sorption or persistence of the parent compound equals that
of the degradate.
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had a similar toxicity to their parents, but 20% were
>3 X more toxic and 9% were >10X more toxic than
their parents. In general, the biggest increases in tox-
icity from parent to degradate were observed for par-
ent compounds that had a low toxicity.

Figure 4 (on page 373A) provides four possible ex-
planations for these toxicity increases. First, the ac-
tive moiety of the parent compound is still present in
the degradate (Figure 4a). Second, the degradate is the
active component of a pro-compound (Figure 4b).
Third, the bioconcentration factor for the degradate
is greater than that of the parent (Figure 4c). Fourth,
the transformation pathway results in a compound
with a different and more potent mode of action than
that of the parent (Figure 4d).

Identifying substances of concern

Because >100,000 chemicals are commonly used
worldwide every day, pragmatic approaches are need-
ed to identify the primary degradates and those that
are toxic, persistent, or bioaccumulative and/or which
pose a risk to the environment. Because degradates
will generally coexist with their parent compounds
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Relating acute toxicity of parent and degradate compounds

Relationships vary between acute ecotoxicity values (LC;; and ECy) for parent compounds and their degradates to
fish (<), daphnids (3), and algae (A). Blue symbols correspond to pesticides and red symbols to biocides. The black
line represents the situation where the toxicity value for the parent is the same as the degradate, the green line
represents the situation where a degradate is 10X more toxic, and the purple line represents the situation where a

degradate is 100 X more toxic.
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in the environment, indicators that summarize all the
information on parent substances and degradates
would be valuable instruments for decision-making
and assessment purposes.

Identifying degradates. Degradation route studies
are complex and costly, and it is often very difficult
to identify the minor degradates in a system. An al-
ternative to experimental testing might be to use
structure-biodegradability relationships (SBRs) to
predict degradation pathways from the chemical
structure of the parent compound. A number of these
systems have been developed, including BESS (38),
CATABOL (39), and PPS (40).

CATABOL is a probabilistic approach to modeling
biodegradation based on aerobic microbial transfor-
mation pathways generated from Japanese Ministry
of Trade and Industry tests and expert judgement (39).
CATABOL performs poorly when assessing soil degra-
dation routes (41). In a comparison of predictions
with experimental observations, only 24% of experi-
mentally derived degradates were predicted correct-
ly. Further development of this program and other
expert systems is therefore required before they can
reliably identify degradates.

Determining persistence and bioaccumulation. In
addition to providing information on the actual degra-
dation pathways, SBRs are also available for predict-
ing compound degradation rates (42). Various models
include the group contribution and chemometric ap-
proaches (42). Expert systems, including CATABOL
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and BESS, also provide rate information. An evalua-
tion against results from ready biodegradability tests
(42) indicates that the models can correctly identify
73-91% of ready biodegradable substances and 82—
85% of non-ready degradable substances. (Ready and
non-ready are standard terms for persistence in the
EU. A ready substance is any compound for which

there is a >70% removal of dissolved organic carbon
or 60% reduction in theoretical oxygen demand or
theoretical CO, in a 10-day window within a 28-day
period in a sludge study.) These programs may there-
fore be useful tools for rapidly obtaining information
on the persistence of degradates. So far, however, they
have only been evaluated against the results of ready
biodegradation studies, and their application to other
media, such as soil, has yet to be established.
Bioaccumulative compounds can often be identi-
fied on the basis of their hydrophobicity and disso-
ciation potential. Other relationships are available for



predicting these parameters from chemical structure
(43, 44). Using these relationships and comparing the
results with trigger values already in use, such as in
the EU Technical Guidance Document, may help
identify degradates that could bioaccumulate.

Assessing effects. Several rule-based approaches
are available to identify degradates that have other
nonspecific modes of action, such as reactive organ-
ic substances, polar narcotics, and respiratory un-
couplers (45-47). Recently, these different approaches
have been brought together with other approaches in
a simple scheme for assessing the ecotoxicity of pes-
ticides (33). The approach is highly conservative and
provides worst-case estimates of effects. Even though
it is based on a limited dataset, this scheme could
offer a valuable approach for identifying degradates
of concern in the future.

Quantitative structure-activity relationships
(QSARs) can be also used to predict the ecotoxicity of
substances from chemical structure. A wide range of
relationships is available covering various species
(e.g., daphnid and fish species), endpoints (acute and
chronic), and chemical classes (35, 36). However, a
recent evaluation of existing QSARs demonstrated
that although predictions were within two orders of
magnitude of experimental values, the predicted tox-
icity of some compounds was off by up to four orders
of magnitude (48). The suitability of QSARs in the as-
sessment process for degradates is therefore ques-
tionable at present, although if used carefully within
the domain of a particular relationship, they may pro-
vide useful additional data when estimating risks.

Estimating exposure. To assess risk for toxic, per-
sistent, or bioaccumulative degradates, researchers
must determine exposure concentrations. One
approach is multispecies fate models (49, 50) that cal-
culate mass distribution patterns, steady-state con-
centrations, and dynamic concentration patterns of
the parent compound and its degradates that also ac-
count for the actual dynamic formation of the degra-
dates. These models summarize all the information
available about the compounds’ properties and about
release and formation scenarios. The physicochemi-
cal properties of a molecule, such as K, the Henry’s
law constant, and persistence are required to run the
models. As with hydrophobicity, these physicochem-
ical properties can also be estimated using quantita-
tive structure—property relationships (QSPRs). A range
of established QSPRs (such as those included in the
EPI Suite) are available for estimating volatilization,
water solubility, and sorption from chemical struc-
ture (44, 45, 51).

According to a recent evaluation, currently avail-
able models can estimate K__ for degradates to with-
in an order of magnitude of experimental values (47).
Although refining the models would be beneficial,
even in their current form they provide valuable in-
formation for assessing whether a substance is like-
ly to be transported from soils to surface and ground
waters, and whether it will pass through sewage treat-
ment works. Poly-parameter linear free-energy rela-
tionships that describe partitioning as a function of
a few basic intermolecular interactions between
solute and sorbent may improve the predictions (52).

Why degradates may he more toxic to aquatic
organisms than their parent compounds

(a) The effect of a biologically active compound is typically the result
of an interaction with a receptor and the particular moiety of the mole-
cule. If the active moiety remains intact during degradation, then the
degradate may have the same mode of action as the parent. (b) Pro-
compounds are substances designed to be absorbed by an organism
and then metabolized into a more active substance that elicits the de-
sired effect. If the same pathway occurs during degradation in the
environment, then the degradate will be more toxic than the parent
compound. (c) For substances with similar modes of action, a key fac-
tor in their toxicity is the amount of material that reaches the active
site. The degree of uptake can be determined by the hydrophobicity of
a substance, often expressed as the octanol-water partition coeffi-
cient (35, 36), and the degree of dissociation (37), often expressed as
the acid dissociation constant, pK.. A degradate that is more hydro-
phabic or less dissociated (i.e., has a higher pK,) than the parent com-
pound may be more toxic. (d) If a transformation process results in a
degradate that has a different and more potent mode of action than
the parent, then the degradate is likely to be more toxic.

(a)
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These relationships use molecular descriptors to
model a range of adsorption and absorption process-
es with a set of standard equations.

Indicators. When assessing degradates on the
basis of available data, researchers must evaluate
them in their context of formation and not as sepa-
rate entities. Therefore, indicators should account for
the fact that degradates continuously form and that
parent compound and degradates might be present
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simultaneously as a mixture. Overall persistence and
long-range transport potential have been proposed as
preliminary screens of potentially hazardous chemi-
cals, and these might be well suited for the assessment
of degradates (53). Three additional indicators could
play a useful role in the degradate assessment process:
joint persistence (JP) (49), secondary spatial range
(54), and mixture risk quotient (55).

JP, calculated using the results of a steady-state
mass distribution model, indicates the overall envi-
ronmental persistence of a parent compound and its
relevant degradates. Comparing JP with the persis-
tence of the parent compound alone (primary per-
sistence, PP) makes it possible to determine the
importance of the degradates in extending the per-
sistence of the substance family. That is, JP represents
the additional timespan the environment is exposed
to chemicals due to the formation of degradates.

When JP values are used to rank substances in
terms of persistence in the environment, the result is
different from that obtained if substances are ranked
using PP (27). For example, researchers also calcu-
lated a JP value for nonylphenol ethoxylate (NPnEO)
and its degradates. The substance family would be
classified as a persistent organic pollutant-type sub-
stance according to the JP value but not if the PP value
were used (27). Clearly, assessing a substance by both
its PP and JP values leads to new insights and might
trigger a re-evaluation of a substance’s classification
and regulation.

The secondary spatial range is defined as the typ-
ical distance a degradate can travel from the release
position of its precursor; it is therefore a measure of
the degradate’s long-range transport potential. It ac-
counts for the fact that the degradate is constantly
formed out of the precursor while the precursor is
dispersed. For example, for the parent compound-
degradate pair of methyl tertiary butyl ether (MTBE)
and tertiary butyl alcohol (TBA), MTBE has a spatial
range of 4502 km and TBA, if released as a separate
substance, has a range of 5954 km (54). However,
when TBA forms from MTBE, its secondary spatial
range is 7816 km. Clearly, it is important to use a long-
range transport potential indicator to account for a
degradate’s diffuse pattern of emergence.

The mixture risk quotient, which assumes dose
additivity, is the risk quotient for the parent com-
pound and all its degradates that are simultaneous-
ly present in the environment. Fenner et al. applied
the approach to NPnEO and its degradates in Swiss
waters (55). Risk quotients for the parent compound
alone and for individual degradates were all below 1,
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indicating an acceptable risk to the environment.
However, the risk quotient calculated for the mixture
was 2, indicating an unacceptable risk. Thus, an as-
sessment of the risk of the mixture is the most real-
istic basis for decision making.

What is the way forward?

Evaluating degradates in the environment is increas-
ingly interesting to the scientific and regulatory com-
munities. In this article, we have described approaches
to better understand the impact of degradates on the
environment. However, many of these approaches are
in their infancy. New research should therefore focus
on a number of key areas, which are outlined in the
following paragraphs.

Because degradates of many of the newer pesti-
cides have been extensively assessed and deemed rel-
atively safe before registration, research should turn
to other substance groups. Anecdotal evidence for
polycyclic aromatic hydrocarbons (56), musk fra-
grances (57), non-ionic surfactants (58), fluorinated
alkanes (59), and polybrominated flame retardants
(60) indicates that degradates of these other synthet-
ic chemicals may be of concern.

Most of the available data is for aquatic organisms
and acute endpoints. However, we need long-term
studies to determine the effects of persistent sub-
stances. Impacts on soil and above-ground organ-
isms should also be investigated. For example, data
are generated on soil metabolites for earthworms as
part of the risk assessment process for pesticides, so
this could form a basis of this work. Relationships be-
tween the toxicities of parent substances and of their
degradates should then be explored for these end-
points and organisms.

Further effort should be put into the evaluation
and development of predictive approaches such as
SBRs, QSARs, and QSPRs. For example, the catabolic
pathways used to train CATABOL to simulate biodeg-
radation were obtained on the basis of pure cultures.
Because of microbial diversity in soil and sediment,
several separate degradation pathways can occur in
these systems and should be added.

JP, secondary spatial range, and mixture risk quo-
tient are first steps toward meaningful indicators that
account for specific formations of degradates. They
should be subjected to further scrutiny and discus-
sion and tested in other chemical case studies. But
once these models mature, researchers can use them
to better predict which chemicals in use today have
degradates of potential concern. Then, new analyti-
cal methods should cover a range of matrix types and
have sufficiently low reporting limits to accurately
determine the occurrence of degradates in the envi-
ronment. An understanding of how degradates in-
teract with their parent compounds and with other
degradates would also be desirable. These studies
could lead researchers to consider including select-
ed degradates in environmental monitoring pro-
grams, as is the case for selected pesticide degradates
in the United States.

Considering that data acquisition is proceeding
very slowly, assessing degradates poses a significant
challenge. However, by modeling, performing focused



studies, and using existing data, it should be possi-
ble to narrow down the list of potential degradates to
a manageable number, focusing future resources on
those of highest concern.
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