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Abstract. According to the OECD, it is estimated that some 70000 synthetic chemicals
are in daily use. This number is still growing. Some of these products (e.g. polychlo-
rinated biphenyls or chlorofluorocarbons) have gained great public attention due to
their unexpected undesirable long-term impact on the ecosystem. The industrialized
nations have therefore implemented and enforced stringent laws, in order to control the
use of potentially harmful substances.

It is an almost impossible task to have the EU Base Set available for all existing
substances. The EU and other organizations like OECD have therefore put together
priority lists of potentially harmful high-volume chemicals which are assessed by
experts. The last couple of years, a tremendous amount of work has been done to
develop computer-based modeling systems to predict the environmental behavior and
distribution of chemical substances.

There are models around (e.g. Mackay, USES, TGD EU, and others) to describe
environmental distribution (Predicted Environmental Concentration (PEC)) of nonion-
ic and nonpolar substances. For a first assessment, only a few physical properties (MP,
BP, SOL, and possibly pK,) are needed. Forionic and/or polar substances, expert know-
how is required.

For environmental toxicity (Predicted No Effect Concentration (PNEC)), however, the
situation is far more complex. There are different modes of action for each trophic level
(algae, crustacea, fish). Computer models with Quantitative Structure-Activity Rela-
tionship (QSAR) offer a scientifically attractive tool to predict aquatic toxicity and
biodegradation. There are no models that are applicable to heterogeneous chemical
classes without expert know-how. Further progress can therefore be expected.

The result of an ERA for perchloroethylene with USES is presented, and the problems
of the adequacy of the model parameters explained. Here too, a further improvement
is addressed.

QSARs are attractive tools to design products with improved environmental compat-
ibility at the research stage even before the first synthesis. In order to achieve such an
ambitious aim, QSAR models that also include expert rules and evaluated results and
their dependence on molecular structures will have to be further developed.

1. Introduction

A few decades ago, the chemical industry
could develop and market almost any prod-
uct, provided that there was a demand in
the market and it was tested according to
the existing laws.

It is estimated by the OECD that some
70000 synthetic (mostly organic) chemi-
cals are in daily use. A lot of them like,
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drugs, cosmetics, or food additives, are
not of environmental relevance. But some
of them are in the public focus, because
they have caused unexpected long-term
damage to the ecosystem, e.g. polychlo-
rinated biphenyls (PCBs) or chlorofluoro-
carbons (CFCs).

In order to control production and
marketing of chemicals with potential risks,
the industrialized nations have tightened
up and enforced the laws regulating mar-
keting and use of new and existing chem-
icals. The chemical industry fully accepts
and supports the underlying target to en-
sure that the application of its existing or
new substances as recommended leads to
environmental concentrations that do not
harm man and/or the environment. Fur-
thermore, these aspects are being increas-
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ingly considered in research and develop-
ment of new products or processes.

Restricted financial and personal re-
sources make it impossible to provide all
the missing data for existing chemicals.
Therefore, universities, national and su-
pranational organizations as well as pro-
fessional bodies representing the chemi-
cal manufacturers have taken up the chal-
lenge to contribute to the further improve-
ment of methods and models that predict
environmental behavior and will fill this
gap. This publication seeks to give an
overview about the state of the art of the
methods and models currently applied in
Western Europe.

2. Regulatory Situation

Production and marketing of chemi-
cals in the European Union (EU) are cov-
ered by a Council Regulation on the eval-
uation and control of the risk of existing
substances and a Commission Directive
laying down the principles for assessment
of risks to man and the environment of
substances notified. Additional national/
supranational regulations apply for cos-
metics, direct and indirect food additives,
pharmaceuticals, agrochemicals, biocides,
and a few other areas of application. How-
ever, in this paper we will concentrate on
the situation in the European Union and
restrict ourselves to the chemicals covered
by the dangerous goods directive [1] and
its amendments, e.g. dyes and chemicals
for the textile industry (> 40% of new
notifications).

2.1. The PEC/PNEC Concept in the EU

The EU regulations require that an
Environmental Risk Assessment (ERA)
be carried out on new substances and on

selected existing chemicals. Technical
Guidance Document (TGD) [2] gives a

detailed guideline on how to conduct an
ERA. Because some important points are
still under discussion, enforcement is
planned after a period of probably two
years. In the meantime, the Competent
Authorities and the applicants can gain
experience. When the Technical Guid-
ance Document addresses regulatory spe-
cialists, a more basic introduction in this
large and expanding area of ERA can be
found in (Leeuwen and Hermens [3]).
The procedure for the ERA of a com-
pound consists of three steps
— exposure assessment — PEC,
— hazard identification — PNEC,
~ risk characterization — PEC/PNEC ratio.
Basically the concentration in the en-
vironment (Predicted Environmental Con-
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centration or (PEC)) is compared with the
highest concentration at which no effects
on organisms or ecological systems are
expected to occur (the Predicted No Effect
Concentration (PNEC)). This is done sep-
arately for different environmental com-
partments (aquatic, terrestrial, and atmos-
pheric). For existing chemicals, exposure
assessment (determination of environmen-
tal concentrations) can be performed ei-
ther by monitoring, representative labora-
tory measurements, or calculations. Alter-
natively the environmental concentrations
of a new chemical can be calculated from
its (estimated) consumption volume, the
proposed application method thus leading
to the PEC. Furthermore, the EC guideline
suggests models with the different modes
of distribution (point source or widely
dispersed) and default values for the most
important fields of application.

The PNEC in an environmental com-
partment can be derived from the lowest
result from laboratory toxicity tests with
different species or organisms (hazard
identification). Depending on the data
availability (acute and/or chronic tests,
different trophic levels), the EU Technical
Guidance Document suggests an appro-
priate Assessment Factor (AF) between
10 and 1000 that takes the overall uncer-
tainty into account.

The risk assessment should be carried
out with all available data. The most real-
istic information should be given prefer-
ence. Usually, field results will override
lab results and lab results are preferred to
estimations.

The key value for risk characteriza-
tion is the PEC/PNEC ratio. If this ratio is
below 1, then there is no immediate con-
cern for the chemical in question. As an
ERA is an iterative process, a PEC/PNEC
ratio greater than 1 will be with additional
information and/or further testing. If a
ratio below 1 is not achievable, risk reduc-
tion measures and/or sales restrictions can
be enforced.

2.2. Existing Chemicals in the EU (EI-
NECS)

Existing chemicals are listed in EI-
NECS (European Inventory of Existing
Chemical Substances). Other countries
have similar lists, e.g. TSCA (Toxic sub-
stances control act) in the USA. For high-
volume products, (>1000 tons per year)
the suppliers have had to provide all avail-
able ecological and toxicological infor-
mation. The nonconfidential part of this
information is accessible on a compact
disc [4]. National and international bodies
and organizations have created concern or
priority lists of products where the
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Fig. 1. Unit world (multimedia) model according (Mackay level III [13])

(eco-)toxicological data will be reviewed
and assessed [5], and if necessary, the
suppliers will be asked for additional in-
formation and/or testing. Should the risk
assessment pose a risk to man or the envi-
ronment, manufacture, marketing and, use
could be restricted.

2.3. New Chemical Substances in the
EU (ELINCS)

New chemicals have to pass a notifica-
tion process. The chemical industry fully
understands and accepts the principles laid
down, but the time- and resource-consum-
ing procedure of this notification hamper
innovation. To prepare the EU documen-
tation for anew chemical [6—7] takes 8—18
months and testing costs of CHF 150000-
200000 for the notification procedure.
After a successful notification process,
the chemical will be listed in ELINCS
{European List of Notified Chemical Sub-
stances). Substances considered danger-
ous to man and/or the environment have to
be labeled adequately and may be faced
with sales restrictions. Depending on the
production and sales volumes, further in-
formation has to be presented. The test
programs (> 100 to < 1000 t/a: level 1
program and > 1000 t/a: level 2 program
[8]) consist of additional physicochemi-
cal, ecological, and toxicological tests sup-
plemented by environmental and expo-
sure risk assessments. For high-volume
products (> 1000 t/a) the total testing ex-
penses can easily exceed to CHF 2 Mio.

3. Models to Calculate PECs

For a preliminary assessment of the
environmental distribution, the environ-
mental compartments soil, aquatic, sedi-
ment, air, and biota have to be considered
as shownin Fig. /. Furthermore, the mode
of environmental distribution has to be
known. It can be a point source for chem-
icals used in manufacturing plants or ubiq-
uitous distribution for consumer products.

A first assessment can be performed
with a few physicochemical parameters
like molecular weight (MW), water solu-
bility (SOL), and melting and/or boiling
point (MP, BP). However, these prelimi-
nary assessments are usually restricted to
nonpolar, nonionogenic organic substanc-
es. A lot of data can be found in hand-
books, data bases, and/or publications or
can be estimated (see Table 1).

Once the selected parameters are avail-
able, the data resulting from the above-
mentioned estimation procedures have to
be assessed without bias before they are
used for the calculation of PECs. In the
next step, the release of the chemicals will
be treated in environmental distribution
models (see below) leading to the predict-
ed environmental concentrations for each
compartment. EU Technical Guidance
Document [2] provides a sensible basis for
this procedure, the underlying background,
and the assessment. Nevertheless, the man-
ual conduction of a full risk assessment is
a time- and resource-consuming exercise.
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Table 1. Some Important Environmental Parameters and Estimation Methods

Parameter

Water solubility
(SOL)

Vapor pressure
(VP)

Acid dissociation
constant (pK,)

Octanol/water

partition coefficient

Source of data

Commercial data bases [9]
and printed sources [10]

Commercial data bases [9)
and printed sources [10][12]

Commercial data bases [9]
and printed sources [14]

Commercial data bases 9]
and printed sources [10][14]

Parameter estimation method

May be estimated from Pow with various
available regression equations (e.g. [11])

Various methods available. For VP in the solid
state from MP or of liquids from BP [13]

Usually estimated from programs which are

based on linear free-energy relationship (LFER) [15]

Estimated from molecular fragment method
programs (e.g. CLOGP [16] from Biobyte)
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Restrictions(pitfalls of estimation

lonic substances may strongly
vary with pH

Not valid for salts

No cationic substances and only
free acids. Does not consider pH

(Pow)

Organic carbon/
water partition
coefficient (Koc)

Bioconcentration
factor (BCF)

Henry's Law
Constant (H)

Aerobic
biodegradation

Commercial data bases [9]
and printed sources [10][17]

Commercial data bases [9]
and printed sources [19]

Commercial data bases [9]
and printed sources [10]

Commerical data bases [9]
and printed sources [21]

Estimated from Pow [18]

Estimated from Koc, SOL, and perhaps
MW [2][20]

Estimated from VL, SOL, and MW
(EC 1488/94 [2])

(TOPKAT [22]. or e.g. [23])

Table 2. Short Assessment of the Selected PEC Models

Name Operating Content

System

AQUASIM [24] Apple
Meclnt/Win

EC-ERA [2] Document

Mathematical modeling, simulation, and data analysis of
aquatic systems including sensitivity analysis

Detailed technical guidance document for an Environmental Risk

Assessment (PEC/PNEC) in the environmental compartments

9 independent modules to estimate PEC values in different
Computer program mainly based on the parameters according
to the EU Technical Guidance Document

Programs to estimate PECs with fugacity models in a simple

Mathematical modeling of the fate of anthropogenic substances

E4CHEM [25] DOS

environmental L,'Ul'l1|\dE'EH'IL’IN.\
HAZCHEM DOS
[26]
Mackay [27] DOS

unit world concept
MASAS [28] Apple

Mclnt in aquatic systems

USES [29] DOS

Computer program mainly based on the parameters according

to the EU Technical Guidance Document

For this reason computerized models that
represent the environment on a local or
regional/national scale have been devel-
oped to allow a quick calculation of the
environmental distribution. Some of the
publicly available modeling systems are
briefly described in Table 2.
Unfortunately, most of the models are
programmed within DOS and therefore
have the known disadvantages of the DOS
environment, namely user-unfriendliness
crucial stability of the system and compli-

cated print procedures. Indeed, there is
always a handbook available and it is
highly advisable to study the built-in de-
fault values in order to comprehend and
judge the data. Additionally, some of the
programs are ‘black boxes’ with screens
for the input and the result. For an inexpe-
rienced user it is almost impossible to
appreciate whether the figures are plausi-
ble or not.

For this reason, the regional scale mod-
els (e.g. Mackay, HAZCHEM, USES)

Methods for estimation from structure are available

dependence of ionic substances

Mainly for nonionic and nonpolar
subst ances

see Koc

No salts

Reliability of estimation
questionable

should be seen as support tools that lead to
a preliminary assessment. A refinement
can be achieved by applying models that
represent the environment on a local scale
(e.g. MASAS, AQUASIM). Further im-
provements come from additional infor-
mation about the chemical itself, e.g. in-
formation on hydrolysis, photolysis, bio-
degradation, and a better understanding/
characterization of the application pro-
cesses.

Mackay is a simple program that
handles the fugacity models in a unit world
concept. With reference to equilibrium or
steady-state conditions, different levels
can be considered, Mackay level III (equi-
librium in the compartment, steady state
between the compartments) being the one
mostcommonly chosen. Its strong point is
that it demonstrates the mechanism of the
environmental distribution of the investi-
gated chemical without considering any
effects but degradation processes.

E4CHEM is based on a Mackay level
IIT type model but adds information on
releases and application types. Addition-
ally, it allows the estimation of (physi-
co-)chemical parameters. The program
consists of nine modules for these estima-
tions that have to be chosen on the basis of
expert knowledge of the underlying con-
cepts.

HAZCHEM and USES are mainly based
on the EU Technical Guidance Document
[2] and the software available at the time
period of the development of the two pro-
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grams. These software packages are ex-
pert systems that combine three different
elements: release into the environment,
distribution in the environment on a local
and regional scale (regional scale: Mackay
level I1I type models), and consideration
of eco-toxicological data. They support
and simplify the above-described EU risk
assessment, but do not replace expert
know-how and unbiased judgment.

AQUASIM and MASAS are two mod-
els that represent a local environment in a
highly detailed way and thus differ from
the unit world models described above.
Dynamic modeling and sensitivity analy-
sis is possible, and even elements of ex-
pert systems are included. They thus rep-
resent another generation of models that
seek to simulate the investigated environ-
mentmore adequately and are programmed
in a most user-friendly way. However,
even though these models include detailed
local information (e.g. photolysis, hydrol-
ysis, adsorption/desorption, hydraulics, to-
pography), they are limited to the evalua-
tion/simulation of rivers, lakes, ground-
water, and oceans.

4. Models to Determine PNECs

The Predicted No Effect Concentra-
tion (PNEC) is usually derived from acute
and/or chronic toxicity tests. For a prelim-
inary assessment, Quantitative Structure-
Activity Relationship (QSAR) models can
also be applied.

The hazard characterization approach
is simple, the selected PNEC is intended
ensure that the inhabitants of the aquatic,
terrestrial, and atmospheric compartments
are not impaired by an anthropogenic
chemical substance. However, the limited
test results available lead to an uncertain
situation that is considered in the Techni-
cal Guidance Documents by the introduc-
tion of so-called assessment factors.

4.1. OSAR for Aquatic Toxicity

QSARs are estimation methods that
predict certain effects or properties of
chemical substances based on their chem-
ical structure. There is extensive published
information available [30].

QSARs are not intended to replace
testing but to support preliminary assess-
ments and assist the optimization of test
strategies. They can be applied for several
toxicological or ecological endpoints, e. g.
aquatic toxicity as well as for physico-
chemical parameters, e.g. octanol/water
partition coefficients.

For nonpolar (aliphatic, aromatic hy-
drocarbons, both halogenated and non-

Table 3

I'rophic level Standard organisms

Primary producers green algae
Primary consumers Daphnia species

Secondary consumers

9 EC: Effect Concentration

trout, zebrafish, others
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Method | ‘W.

Result
OECD 201 ECS50/72h %
OECD 202 EC50/48 h )

OECD 203 LCS50/96 h "™

b) LC: Lethal Concentration; 50 indicates that 50% of the investigated organisms were affected in the

respective test.

halogenated ethers, alcohols, efc.) and po-
lar (anilines, phenols, aromatic nitro com-
pounds, and even aliphatic amines) nar-
cotics, the toxicity can be derived from the
octanol/water partition coefficient Pow[2].
Tonic substances like salts or cationic com-
pounds and polymers react differently and
therefore require different models. Escher
et al. [31] described such a model with
respect to the uptake, speciation and un-
coupling activity of substituted phenols in
biological membranes.

Ecological or toxicological data can be
derived from either molecular fragments
or the specific endpoint. Results achieved
with TOPKAT -2 QSAR method which is
based on the aquatic toxicity of molecular
fragments - are only satisfactory for un-
specific toxicological effects, e.g. narco-
sis. Additionally, it is therefore vital to
have QSAR models based on the specific
endpoint.

4.2. Aquatic Toxicity Tests and Assess-
ment Factors

New products to be notified in the EU
have to undergo a given set of short-term
aquatic tests. To assess the acute aquatic
toxicity, tests on three trophic levels have
tobe conducted. Depending on the amounts
produced, additional chronic assays may
be necessary (Table 3).

Inaddition, the Respiration Inhibition
Test (OECD 209) for activated sludge is
required in order to assess any influence
on the biological stage in sewage treat-
ment plants.

These tests are usually not all available
for existing products. To close this gap
with aquatic tests would by far exceed the
available resources. Here, the use of
QSARs will complement the data base.

To establish an aquatic PNEC, the
result from the most sensitive test species
has to be extrapolated with the appropriate
assessment factor to compensate for the
uncertainty.

The extrapolation has to consider
— the biological variance of the species

in the respective trophic level,

— the short-term to long-term extrapola-
tion,

— the laboratory to field extrapolation.

In the event of three acute test assays,
an assessment factor of 1000 will be ap-
plied to the lowest LCsy or ECsq value. If
additional chronic test results from all
three trophic levels are available, the re-
spective factors can be reduced to 10.
Finally, for results from multispecies or
field studies, the assessment factors can
even be below 10. The Technical Guid-
ance Document provides a procedure to
identify the appropriate assessment factor
[2].

While the aquatic compartment is cov-
ered by approved and established testing
methods, the situation is less conclusive
for sediments and the terrestrial compart-
ment. As the selection of representative
organisms and standardized sediments is
still under discussion, the PNEC for sedi-
ment dwellers can be derived from the
aquatic compartment by the equilibrium
partitioning method [2]. In principle, the
same situation applies for the terrestrial
compartment. The only commonly ac-
cepted tests are the ‘Earthworm, Acute
Toxicity Tests’ (OECD 207) and ‘Terres-
trial Plants, Growth Tests’ (OECD 208).
To calculate the PNEC for soil, the equi-
librium partitioning method can again be
applied [2].

5. Risk Characterization by Assessment
of the PEC/PNEC Ratios

5.1. Preliminary Risk Characterization
An Environmental Risk Assessmentis
an iterative process. At the beginning,
only the chemical structure and the melt-
ing and/or boiling point may be available.
In a first step, it is advisable to search in
data bases [33] and publicly accessible
literature for information that is available
or has be estimated according to Table 1.
Based on this information, a prelimi-
nary, quick, and simple risk assessment
can be performed by considering at least
the following parameters,
— chemical structure to estimate chemi-
cal reactivity and Pow,

— solubility in water,
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— melting and/or boiling point to esti-
mate the vapor pressure and ,

— subsequently Henry's law constant H,

— the aquatic toxicity and bioaccumula-
tiontendency can be derived from Pow,

— a first idea about biodegradability,
hydrolysis, or photolysis can be ob-
tained from the chemical structure,

If the above-listed parameters indicate
that the chemical substance

— is not volatile,

- has no tendency to bioaccumulation
(Pow < 3 and/or solubility in water >
2g/),

— isreadily biodegradable (OECD 301),

— has low aquatic toxicity (acute LCso/
EC50 > 100 mg/l),

then an impairment of the ecosystem is

unlikely and the ERA will confirm a favo-

rable assessment. If some of these param-

eters differ, it is advisable to conduct a

formal ERA even if the chemical sub-

stance is not classified as dangerous.

5.2. Quantitative Risk Characterization
of the PEC/PNEC Ratio

After the PEC has been estimated or
determined and the PNEC calculated for
each of the environmental compartments,

the risk characterization is carried out by
comparing the PEC with the PNEC in the
different compartments. The evaluation and
further procedure are as shown in Fig. 2.

PEC/PNEC = or < 1. If the Predicted
Environmental Concentrationis lowerthan
the Predicted No Effect Concentration,
then the PEC/PNEC ratio is below | and
the chemical substance can be considered
as not of immediate concern.

PEC/PNEC > 1. If the PEC/PNEC
ratio is greater then 1, the iteration process
starts by providing additional information
about application and/or further tests or
analytical work. The Competent Authori-
ty will ask for further testing if the PEC/
PNEC ratio is between 1 and 10. A PEC/
PNEC ratio of 10-1000 will usually trig-
ger immediate further testing, and one of
greater then 1000 will require risk-reduc-
tion measures.

5.3. Case Study with the USES Program

Incollaboration with Dow-Europe S.A.,
the ETH group performed a case study
with tetrachloroethene (perchloroethylene,
PER) used in textile dry cleaning [34]. In
this study, two of the above-mentioned
software programs, i.e., USES (with a

>1

PEC/PNEC

NO

v v

v v

| 1-10 [ 10-100 [100-1000] >1000 |

further testing
at 10 tonnes

immediate
further testin

risk reduction |
measures

‘ >

YES

A/

no immediate concern
testing at 100 tonnes

NO

further testing to revise PEC or
PNEC and subsequent revision
of PEC/PNEC ratio, or risk
reduction measures

Fig. 2. Decision scheme for aquatic risk characterization of new chemicals [2]
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Swiss country file) and a simple Mackay
level III model were used With respect to
exposure, USES provides no more infor-
mation than a simple Mackay model itself,
provided that the underlying unit world
(Fig. I)isroughly the same. Additionally,
both the calculations with USES and the
Mackay model yielded atmospheric and
aquatic background concentrations of PER
which were in the same range as experi-
mentally measured data. This was mainly
due to the fact that we had very detailed
information about use and consumption of
PER. However, with respect to the appli-
cation of PER, we had to adapt the default
application scenarios of USES. Here, we
see a crucial disadvantage of USES: the
default pathways that lead from techno-
sphere to ecosphere are not transparent
enough and generally do not reflect a
realistic scenario. It would be helpful if the
user were better able to change the input
values and to select an appropriate scenar-
io himself. Furthermore, an important is-
sue when using unit world approaches is
the setting of the model parameters: the
dimensions of the single compartments
(i.e. air, water, soil, and sediment, see Fig.
/) and intercompartment exchange rates
(i.e. transport rates d;;, see Fig. 1) are very
sensitive parameters and care needs to be
exercised when setting these values. In
addition to single exposure data, USES
calculates hazard quotients that represent
a chemical’s risk according to the above-
described PEC/PNEC approach. As the
program operates with safety factors, the
overall outcome is strongly influenced by
the amount and quality of available toxic-
ity data. With respect to the exposure of
PER, we may additionally refer to a study
about the input and dynamic behavior in a
Swiss lake that was performed by using
the MASAS software [35] yields very
detailed information on a local scale. To
conclude, we think that a single applica-
tion of a Mackay model provides enough
information with respect to exposure. If
there is a need for a hazard evaluation, the
application of the scheme above (Fig. 2)
in addition to exposure yields a transpar-
ent PEC/PNEC ratio.

6. Outlook

Environmental risk assessments are
nowadays of prime scientific interest, and
a lot of work is done all over the world. It
has even become difficult to screen, as-
sess, evaluate, and utilize all the latest
findings. Nevertheless further progress is
expected and necessary in the following
areas.
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(QSARS on aquatic toxicity are usually
based on the narcotic effect of molecular
fragments only. Many products like dyes,
process chemicals for paper, textiles, and
detergents that are ionic in character and
may have different modes of action. In
order to really improve the predictability
of QSARs, an approach based on molecu-
lar fragments and their different endpoints
is required. Another approach consists of
predicting homologue series.

QSARS on biodegradability. The bio-
degradation of chemical substances is one
of the key factors for assessing the impact
of environmental exposure. The accepted
test methods require a package of different
time-consuming assays. Ultimate biodeg-
radation under environmental conditions
is a sequence of many complex processes
that requires expert know-how. (Q)SARs
that cover a wide variety of chemical struc-
tures are distinguished by a combination
of expert rules based on structural param-
eters and evaluated data. Although alot of
work has already been done [36], further
progress is needed.

User-friendly computer modeling that
simulates the environmental compartments
more adequately by including expert sys-
tems. There is a strong need to enhance the
scope of multimedia models, so that they
describe local conditions more adequate-
ly.

A further improvement of the predict-
ing tools will make it possible to design
products with improved environmental
compatibility even at the start of desk
research, and therefore shorten time and
expenses to market. A truly promising
outlook!
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