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The development of tadpoles of the domestic
green frog (Hana esculenta may be negatively
affected by exposure to race compounds (see
articie by Fant on page B} Tadpoles exposed to
trace compounds exhibit jower survival rates
and take longer to complets metamerphosis.
Exposure to environmental chemicals may, in
fact, contribute to the disappearance of many
amphibian spacies.
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The Duties and
Joys of Continuing
Education

Ever more knowledge and know-how
are being developed and accumulated
worldwide. The portion thereof that
can be reasonably comprehended by
any one individual hecomes vanish-
ingly small. The time needed for the
completion of studies grows ionger as
they becomne more specialized, while
demands on professionals are chang-
ing at an ever increasing pace. Our
educational systermn can no longer
keep up with these changes and is in
need of a fundamental reform.

The partitioning of our lifes into three
slices ~ 25 years of education, 35 years
of professional activity, 20 years of '
retirement - is inadequate. The long-
jasting basic education is wearisome
and lacks practical relevance by the
time it is over. it can neither adapt
flexibly enough to newly emerging
needs nor provide professionals with
an update of their knowledge and
expertise, in addition, the vast reser-
voir of wisdom and experience of
senior professionals is left untapped.
This state of affairs is absurd from the
human and from the economic stand-
point, Therefore, the education, pro-
fessional life, and retirerment must be
given a modular structure and he
better integrated.

Continuing education is a key element
in this procesé. twould like to outline
some of the experience gained from
the EAWAG's program of advanced
courses in environmental science and
rechnology for professionals (dubbed
PEAK} and to draw some persons
conclusions: .

. Attending courses is primarily a
matter of time constraints and less
50 one of money.

+ The knowledge, experience,and
motivation of course participants
significantly enhance courée dis-
cussions.

+ Courses combining playful ap-
proaches to study with the assess-
ment of individual performance
‘prove to be more efficient than
traditional ex cathedra lectures.

« The large number and variety of
courses offered is confusing and
their quality difficult to assess.

« Educational needs are not systemat-
ically assessed and communicated.

+ Continuing education offered by
universities is neither developed nor
marketed well enough.

My vision for the future is as follows:
Continuing education hecomes a duty
to schools and universities. The
governement's role in this is to help
finance continuing education {even
passibly to the detriment of basic
education), to set educational goals
and qué!ity criteria and to ensure the
right to continuing education for

_everyone. Apart from that, the free

market is supposed to apply to con-
tinuing education and to ensure a high
standard in the quality of the offer.
Basic and continuing education thus
merge into a |ife-leng process, a
pleasureable and efficient duty at the
same time.

Sl

Herbert Giittinger
Staff of the director,
continuing education
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- Micropollutants
in the Environment
From Environmental Monitoring to
Process-oriented Field Studies

Micropollutants in the environment have been the subject of scientific
investigation for some 30 years. But what are the critical pollutanis?
And how are we to evaluate their compatibility with the environment?
Today’s analytical methods allow us to predict the environmental
behavior of contaminants, but leave us an insufficient basis on which

Global Elemental Cycles:
the Special Case of Carbon

The fate of all chemical elements is
controlled by highly interdependent
global cycles in which narural bio-
geochemical processes are linked with
anthropogenic mass fluxes (see, e.g.,
[1]). The cycling of carbon is particu-
jarly complex in thar it plays a very
important role in its oxidized forms
(carbonates, carbon dioxide), while in
its reduced state, it is the basis for
biology. The fundamental principle of

life is the transformarion of carbon

transport and transfer processes
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Chemodynamic processes controlling the environmental bebavior of organic chemicals in aquatic and

terrestrial ecosystems.

_ to evaluate their effects on organisms and ecosystems.

dioxide to biomass via autotrophic
primary production. The biochemical
cycle is closed when organic matter
reverts to carbon dioxide via mineral-
ization, respiration, and photochemi-
cal degradation. Upon further transfor-
mation, a small fraction of biological
material is converred to oil, gas, and
coal. Modern industrial processes use
many naturaily occurring organic com-
pounds, pardcularly fossil fuels, for
energy production and as raw marerials
in the chemical industry. It is estimated
that some 70’000 synthetic organic
chemicals are currently in use world-
wide. , ' '

Organic Compounds in
the Environment:
Trace Compounds and
Trace Contaminants

During the mining, manufacturing,
transport, storage, use and disposal, a
certain fracrion of these anthropogenic
organic chemicals is released to the
environment; at this point, they are
called “environmental chemicals” or
Umuweltchemikalien. 1t is the goal of
environmental chemistry to develop
a detailed knowledge of their inpu,
diseribution, accumulation and trans-
formation. A large number of these
synthetic compounds are rapidly re-
verted to carbon dioxide and other
inorganic compounds, either by natu-
ral processes or by technologically

“enhanced degradation. In additon to

microbial transformations in aquatic

3
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and terrestrial systems, photochemical
ceactions in the awmosphere requn
them to inorganic marter or biomass.
Problems can arise when these trans-
formations occur very slowly or when
such compounds reside in a particular
part of an ecosystem for a time, which

may result in accumularion. Long resi~

dence times increase the potental for
damage to plants, animals and eco-
systems. In the same sense, increased
concentrations due to bio- or geo-

accumulation lead té a higher potential -

for detrimental effects.

Environmental  chemical  com-
pounds are classified as trace com-
pounds when they are present in very
low concentragions {one in a million,
mgfkg, mg/l, ppm). Normally, erace
compounds account for a very small
fraction of the total chemical contami-
nation caused by organic or inorganic
compounds. Trace compounds become
toxic pollutants based on their toxico-
Jogical or ecotoxicological bebavior on
various biological levels, as discussed in
the article by Fent {2].

The overriding characreristic which
determines the importance of a par-
ticular chemical compound in the
environment is its rate of degradation.
. Fasily degradable compounds are usu-
ally removed from an ecosystem before
negarive effects occur. Exceptions in-
clude accidents involving compounds

hydrophilic

with high acute toxicity or releases in

high quanities. Two examples may suf-.

fice as a small selection from a long List
of incidents: the pollution of the Rhine
after the major fire at Schweizerhalle in
November 1986; the accidents involv-
ing the insecticide permethrin during
199395 and the accidental releases of
cyanide-conraining wastewarets.

Trace contaminants play a particu-
larly imporrant role in the atmosphere
where they are responsible for a wide
variery of damaging effects, notably
formarion of ozone and smog in the
troposphere, acid deposition, ozone
depletion in the strasosphere, and cli-
mare change. Very often, effects are
observed only after the original pol-
lutant has been chemically altered or
uansported over long distances (see
p. 51, comment on 1995 Nobel Prize
in Chemistry in this issue).

Testing Chemicals for Their
Effects on the Environment

In order to evaluate the environmental
effects of a chemical compound, one
has to first study its environmental

behavior or chemodynamics, and then _

assess possible damaging effects [31. In
this context, ecoroxicology may be
considered a separate discipline.

Figure 1 illustrares processes govern-
ing the environmental behavior of

heavy metals

@ (petroleum hydrbcarbons) N

lipophilic

volatile

G50, 70E

non-volatile

chemical compounds’in aquatic and
terrestrial ecosystems. A number of
transport and transfer processes, in-
cluding degradation and transfor-
marion, are dominated by microbially
mediared reactions occurring “under
aerobic or anaerobic conditions, In the
best case, biotransformarion yields end
products such as carbon dioxide, water,
nitrate or ammonia, methane and

biomass. In less favorable siruarions, .

metabolites may be formed thar are
more difficult to degrade. Such com-
pounds are then classified as trace
contaminants; nonylphenol is an ex-

ample. It is toxic and nondegradable -
under anaerobic conditions; it, there-

fore, accumulares in the sludge of
anaerobic digestors [4].

Thirty Years of Determining
Micropollutants in the
Environment: T
Persistent Compounds

About 30 years ago, polychlorinated
hydrocarbons (insecticides like DDT)
were first documented as trace com-
pounds in environmental samples.
A few years later, polychlorinared
biphenyls were derected, followed by
polychlorinated  dibenzodioxins and
dibenzofuranes (PCDD and PCDF).
These compounds are lipophilic,
essentially nonvolatile, extremely diffi-

Fig. 2
Organic chemicals in the enviromment plotted

on a palarity-volatility diagram.

CFC = chloroflugrocarbons (e.g., freon)

PAN = peroxyacetylnitrate (a compound
in smog) )

voc = volatile organic compounds

Per = perchloroethylene

T = srichloroethylene

PAH = polycyclic aromatic hydrocarbons

PCB = polychlorinated biphenyls

PCDD = polychlorinazed dibenzodioxins

PCDF = polychlorinated dibenzofiranes

18T = tributyltin

NTA = nitrilotriacetate

EDTA = ethylenediamineretraacetate

Surfactants = surface active compounds, active
ingrediens in detergents
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Procedural steps in environmental analyses of organic and inorganic trace

compounds.

culr to degrade and, therefore, tend to
accumulate in the biosphere. Heavy
merals (Cd, Pb, Hg, Zn and others) are
" typically not degraded ar all and, as a
consequence, accumulate in both the
geosphere (soils, sediments) and the
biosphere.

Environmental chemicals may be
plotted in polarity-volariliry-diagram
(Fig. 2) in which the position along
x- and y-axes indicates the relative
volatility and polariry of a given com-
pound. The position of a particular
compound in this diagram yields a
rough approximation of its physico-
chemical behavior in the environment.
Tetrachlore- and trichloroethylene (Per
and Tri), both compounds which are
extremely difficult to degrade, are very
mobile in the hydrosphere and have
been found to be a problem in ground
water and drinking water supplies.
Perroleum . hydrocarbons and  poly-
eyclic aromatic hydrocarbons (PAH)
are relatively lipophilic and exhibic
moderase to low volatility. Volacile
compounds are found in the gas phase
and, therefore, of concern primarily
in the atmosphere. Two examples of
hydrophilic compound classes are
found in detergents; namely surfac-
tants and the organic meral chelating
agents NTA and EDTA.

Enyironmentai Analytical
Chemistry

Significant progress in the study of
micropollutants in the environment

LABORATORY K o FIELD

o ANALYTICAL
L METHODS *7 -

N
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s physkcaj + natural
» chamical IR + technlcal
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environmental fate

»e predictions
Fig. 4

Woarking concept for laboratory and feld-based investigations on the

behavior of environmental chemicals.

has been facilitated by the development
of powerful analytical methods, Le.,
qualitative and quantirative environ-
mental analytical chemistry. Many
environmental CONTAMiNARTS may now
be quantified in very low concentra-
tions in different types of samples
(water, soil, air, biological samples).

Typically, environmental samples have -

a complex marrix, and it takes highly
sophisticared methods in order to
reliably determine the compounds of
interest. In many cases, complex mix-
tures (isomers, homologs, congeners)
have to be analyzed, either because
the technical products are of a com-
plex composition initially, or because
very similar products are being used.
Most methods, specially in the case of
organic trace analyses, are still very in-
volved. Environmental measurements
in real-time and on location (on-line/
in-situ sensors) has not yet become a
reality for trace compounds.

Ar the beginning of every environ-
mental analysis is the sampling pro-
cedure, an extremely important step
determining success and applicability
of the results. Analysis usually involves
a multi-step procedure, using enrich-
ment and-separation methods before
the individual compound(s) of interest
can be detected (Fig. 3). '

Chemical analysis using gas and
liquid chromarographic ~separation
techniques has become routne. A
number of directly coupled derection
methods are in use today including
fmass SpeCtromerry.

In addition to the sophisticarted ana-
ytical methods employed in rtoday’s
laborarories, efficient sample collection
and ensichment techniques are very
important. Also important are quality
assurance and qualicy control, guar-
anteeing thar results are accurate and
reproducible. Efforts are currendly un-
derway to define standard criteria for
quality control within the European
Community and elsewhere.

‘From Monitoring to _

Process-oriented Field Studies

There are two ways to determine the
environmental behavior of inorganic
or organic compounds: (a) use con-
trolled conditions in a laboratory set-
ting to investigate individual processes
relevanr o a compound’s behavior
in the environment or (b} conduct
integrated field studies addressing the '
behavior of the compound in a natural
setting or in an engineered system.
Both cases require the use of well devel-
oped analytical methods and mathe-
matical models (see Fig. 4}.

Field studies may be designed
according to two different principles.
In monitoring studies, compound con-
centrations may be measured over long
periods of time in order o determine
its behavior as a function of place and
time. This allows evaluaton of the
effects of regulatory measures [5]. Even
monitoring-based projects should be
increasingly guided by compurer mod-
els, as discussed by Miller er al. [6].

5
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Process-oriented, or so-called chemo-
dynamic studies (fare and behavior
studies) focus on mass fluxes in systems
which are relasively limited in size, but
. include the dynamic behavior of the
system. These kinds of studies yield
knowledge about underlying processes

and are significanty enhanced when"

they include mathemarical modeling.
They are being increasingly used in the
evaluation of both engineered pro-
cesses (e.g., wastewater treatment [73,
water treatment) and natural systems

(5, 8].

Case Study of Monitoring
Approach: Nonylphenol in
Anaerobic Digestor Sludge

During the 1970s and 1980s, nonyl-
‘phenol polyethoxylates were used in
Switzerland in large quantities as non-
ionic surfacrants (i.e., active ingredi-
enss in derergents). Studies conducted
by EAWAG in wastewater treatment
plants of 2 number of communities
revealed thar biodegradation of ap-
parently innocuous surfactants leads
to the formation of toxic metabolites
i4]. Nonylphenol, without the ethoxy
group, is a highly toxic compound
which accumulates in anaerobic di-
gestor studge because it is not degraded
under anaerobic conditions. In addi-
tion o its toXic properties, very recent-
ly it has been shown that nonylphenol
_ also exhibits so-called estrogenic ef-
fects, meaning that it shows acrivity
similar to- the female sexual hormone
estradiol [2}; the two compounds are
very similar in strucrure,

In a Swiss ordinance on environmeri-
wlly dangerous compounds {Stoff-
VO), which was issued in 1986, the
use of nonylphenyl ethoxylates in
fabric detergents was banned. In order
to determine the success of this regu-
latory measure, a sampling program
was initiared in 1982 to monitor
nonylphenol concentrations in anaero-
bic digestor sludge in the Canton of
Zurich. Results indicate that a signifi-
cant reduction of nomylphenol con-
centrations was evident after issuance

of the ordinance ~ from 1.3 g per kg
5 :

Ban on nonylphenol
| | etnoxylates

g nany!pheno! I kg dry sludge

1982 B6

Fg 5 .

Nonylphenal  concentrations in anaerobic
digestor sludge in the Canton onx’iricb [5]. The
reduction of nonylphenol concensrations in the
sludge after 1986 is due to the ban on nenyl-
phenol polyethoxylare use imposed by the Swiss
federal ordinance on environmensally dangerous

compornds {Stoff- Verordnung).

B8 899¢ 92 a5

to approximately 0.2 g per kg dry
sludge (Fig. 5). Analyses of the sludges
revealed the presence of an organic
pollutant in significant concentrations,
which exhibirs toxicity similar to that
of the heavy meral cadminm.

This example illustrates how the
impact of a regulatory measure may be
assessed in the feld. The monitoring
program was limited ro measurements
at one crirical point in the system,
ie at the point of accumulation.
Results indicate char products contain-
ing nonylphenyl-related compounds
are still in use. According to industry
sources, berween 40 and 70 tons are
being used annually, mostly in indus-

erial  detergents; 3000 rons/yr were

used before the regularory restrictions
were imposed. As the numbers indi-
cate, however, nonylphenol—relatives
and precursoss still find their way into
municipal wastewaters.

- Case Study of Chemodynamic
_Approach: NTA and EDTA in

the River Glatt

Both of the organic chelating agents
nitrilotriacetate (NTA) and ethylene-
diamineretraacetate (EDTA) are repre-
sentative of very water soluble envizon-
mental compounds (see Fig. 2). They

are used in a variety of applications
because of their excellent metal bind-
ing behavior. In particular, NTA is |
used as a phosphare substitute in-deter-
genss. In connection with the ban on
phosphates in derergents, large-scale
monitoring studies on NTA and
EDTA were conducted in Switzerland.

" These studies revealed the very differ-

ent environmental behaviors of these

two relatively similar chemical com-

pounds [5]. While NTA is easily

degraded by microorganisms, EDTA is

not, though it may be degraded photo-

chemically if it is present in the form of
the iron-complex.  Monitoring resuits

do not, however, yield any information

on the kinetics of the processes gov-
erning their environmental behavior.

Only measurements in wastewater

wearrment plants allow certain limited

statements © be made abour the

kinetics of their degradation.

One particular project (dissertation
research conducred ar EAWAG (8]},
was aimed at investigaring the kinetics
of NTA and EDTA degradation in
the River Glant (Canron Zurich}.
In this process-oriented study, daily
concentration curves for both trace
compounds were derermined at several
locations along the river. The data was
interpreted with the help of a mathe-
matical model which incorporated
both biological and photochemical
degradation.

Figure GA shows daily concentra-
tions of NTA ar monitoring stations
near Rimlang, Niederglarr and
Rbeinsfelden. NTA was eliminared
with a half-life of about eight hours,
as indicated by simulation calculations.
More elaborate calculations, taking
into consideration the effects of a bio-
filin along the river bed, yielded good
agreement with the measured NTA
concentrations (Fig. 6B). Degradation
during the winter months was found to
be somewhat slower.

EDTA exhibited a very different
behavior. During the winter months,
no degradation was observed, as can
be seen in data obraineed from the
monitoring station near Niederglatt
(Fig. 6C). During the summer months,
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however, photochemical degradation
was cleasly evident. It was also dis-
covered that the degradation rate was
a function of the percentage of photo-
labile iron-EDTA and light penerra-
tion in the river (Fig. 6D).

Outlook

From the results presented in this
article the following conclusions can
be drawn:

® Even when employing very powerful
analytical techniques, only a small
fracrion of the overall contaminarion
is detected in most situations. The
selection of representative and relevant
indicator compounds is, therefore, very
imporrant.

o In order to enhance the knowledge
of environmental processes, labora-

NTA
8aHo/t

801 pamlang

Nledarglatt

Ahclinafelden

12 16 2 24 4 B 12 B 20 24

time of day

EBTA
10004/ L

80
1]
40

20

tory and field studies alike should

. be complemented by mathemarical

modeling.

® An environmental chemical be-
comes.a pollutant only after negative
biological and physical effects have
been documented. In order to assess
the compatibility of a compound with
the environment, both its environmen-
tal behavior and derrimental effects
must be evaluared.

The current challenge in environ-
mental sciences is to supplement the
relatively advanced understanding of
the environmental fate of compounds
with information on their ecoroxi-
cology. The ultimate goal is ro give
regulatory bodies concerned with envi-
ronmental protection a better basis for
making decisions on the environmen-
tal compatibiliy of chemicals.

24 4 8 12 16 20
tme of day

T T T + T T T
12 18 20 24 4 a 12
tme ol day

i

o Feld data

Fig. 6

Measured and caleulated daily concentration curves for NTA and EDTA in the River Glart (Canton

Zurich, according to [8]).

A: NTA-concentrations along the River Glas, with monitaring stations at Riimlang, Niederglar aﬁd

time of day

—— Resuits calculated by compuler model

Rheinsfelden. The graphs demonsrase a half-life for NTA degradation of about 8 b.
B, C and D: Comparison of measured concentrations with model caleulations,

B: NTA concentrations at Rheinsfelden compared to madel calculations assuming different degradation
rates in the biofilm along the river bed {a: no degradation; b and ¢ increasing degradasion ratesh.

C: EDTA concentrations at Niederglase compared to caleularions assuming no degradation.

D: EDTA concentrations at Riimlang compared to values calculated for differens percentages of iron-
EDTA complexes which is photodegradable (photolabile EDTH; percentages: a = 0, b =30, ¢ =40,
d = 50, £ =.60).
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Effects of Micropollutants

Micropollutants exert chronic effects on living organisms at all bio-
logical levels. The focus on chronic effects in ecotoxicology research

must be intensified.

Chronic Effects Largely
Unknown

Some 70°000 synthetic compounds
are'in use worldwide and enter wazer

 bodies — sometimes in trace quantities

and sometimes in large amounts. Gen-
erally, they do not adversely affect
organisms; surprises, however, always
occur. Acute effects are important, but
the more subtle damage caused by low
levels of exposure over long periods of
time are of special concern.

There are three properties of micro-

polluranes thar may be classified as-

critical: ‘ :
* high biological activity with corre-
spondingly high (chrenic) toxicity

_ » high persistence and mobiliry in the

environment
+ a tendency towards bioaccumulation
with corresponding concentration in
the food chain.
Usually micropollutants possess several
of these properties. They may affect
all biological levels; that is, from the
molecular level to the ecosystem level.
Most cases of environmental damage
caused by trace elements are not pre-
dictable and have only been recognized
through the appearance of damage.
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TBTCl in Daphniz magna at pH 6 and pH 8 {after 2

H 2 to 10 {after [3]) explain the observed differences in bioconceniration. The lipophilic TRTOH species

form which is predominant at pH 6.

This has been the case for DDT, PCBs,
organotin compounds, acidification of
surface waters or recent cases of forest
damage. In general, the chronic effects
of chemicals on ecosystems are not yet
well known; any investigations have
been perfunctory until now. Ecotoxi-
cology aims to berter understand the
impact of micropollutants in order to
prevent the damage they can cause.
Several negadve effects of micropol-

lutants are described below.

The Importance of Environmental
Chemistry

Environmental chemistry is an im-
portant basis for understanding the
toxic impacts on ecosysterns. Due ro
advanced trace analysis techniques, the
concentrations of micropollutants can
be measured and possible effects on
organisms can be evaluated. The
adverse effects of tributyldin (TBT) in
the late 1970s were elucidated only
because the methods of trace analysis

had becomie available.

Chemical Speciation and Bioavailability
Very few conclusions about possible
detrimental effects can be drawn sim-
ply from measuring concentrations

%". C
W 10|

.

IE

g.g 10t L

:35 . TBT
@ 10 |.

82

85 102 [
-1:; 1 ] 1 1
=% 2 4 6 g 10



Effects of Micropollutants

Level - - |Effect- + | Site of effect (arganism) © | Micropollutants.: -
Molecules mutations, cancer fiver tumors {fish) PAH
inhibition of enzymes cytochrome P45 {fish) 0T, HM
. ATP-formation, oxidative phosphorylation 07, HM
inhibition of ion channels narve cells {fish, arthropods} pyrethroids
Cell o foyptoigiy = - el membrane i © % | OT. HM; peroxide, radicals
i}rganism R nrgéh déﬁhage o ' necroses ' ) various
growth and development metamorphasis in amphibians or
ahtered behavior search for foad, predator evasion ot
immunatoxicity impaired imraune response (fish, mammals) (T, HM, PCB, dibenzodioxins
nevrotaxicity ABMVOUS SyStem pyrethroids, carbamates, organophosphates ’
physioiogicai effects metabelic disorders (hommones, enzymest various
reproduction gstroganic effects (fish, reptiles, birds, mammals) alkyiphenals, BDT ate.
androgenic effects (moliuscs} tributyitin
early developmental stages in fish OT, HM
i _ thinning of 2gg shells (birds) DDY _
Pbﬁuigﬁaﬁ. L distribution of ages and sizes S L plankton, invertehrates and vertebrates {fish) . { various pesticides, HM, acid <
Ecosystem | composition and density of species ' lakes and lotic systems various
Table 1

Excamples of toxic effects of micropollutants on varions biological levels in aguatic ecogystens,
PAH = polyeyclic aromatic hydracarbonsipetrolewm-derived compannds; OT = organotin; HM = heavy mesals

of chemicals in the environmenrt as
toxicity depends entirely on that frac-
tion of a substance thar is biologically
available. Bioavailability depends both
on environmental facrors {e.g. the
amount of dissolved organic carbon)
and on the speciation of the compound
or element. The importance of these

parameters is illustrated in the follow- -

ing example. The toxic effect of TBT
is significantly higher at pH 8 than at
pH 6 (see Fig. 1A). Ac higher pH levels,
16 out-of 70 Daphnia die and at pH 6
only five die if they are exposed o
" 4.5 pg/l of TBT over 3 days. How can
this be explained? For the assimilation
of foreign substances, the charge (ion-
ization) is important, apart from the
size of the molecule. In general, ions are
not lipid soluble and thus cannor freely
diffuse across the cell membrane.

Speciation

The species of a molecule is defined as
its existing form as a result of many
balance reactions, The form of a mole-
cule, be it dissolved, adsorbed or bound
either in a complex or another form,
influences its assimilation in organisms
and irs behavior in the environment.
The speciation of TBT ia the aqueous
phase is primarily determined by the
pH level {3]. Ar acid pH levels, TBT
is primarily present in the form of
charged cations (TBT"); at increased

pH levels {(pH >7), neutral wribuyl-
tin hydroxide (TBTOH) is formed
(Fig. 1). Ac pH 6, about 60-75% of
TBT is present in its catonic form
(TBT™"), while ar pH 8, it is found
almost exclusively as neutral TBTOH.
As suggested by the octanol/water par-
tiion coefficient, the latter form is
significantly more lipophilic than the
cationic form (Fig. 1). Thus, the bio-
concentration at pH 8 is enhanced,
compared to that at pH 6 (Fig. 1A).
The increased morrality is, therefore, a
result of increased bioavailability and
the bioconcentration of the TBTOH
species. Purthermore, this experiment
shows that toxicity depends on the
concentration within the organism or

in a critical organ (body burden).

Toxic Effects at All Biological
Levels

Two main factors govern the toxicity
of micropollutants: (1) dosage and (2)
sensitivity. One consequence of differ-
ences among species is thar different.
organisms may be damaged to various
degrees, depending on the substance(s)
to which they are exposed. The modes
of toxic action is also of imporrance.
These facrors must always be kept in
mind when arrempting to understand
the effects of chemicals on ecosystems.
As shown' in Table 1, the impact of

trace substances on living organisms
occurs at all biological Jevels.

Molecular and Biochemical
Effects

Trace compounds can damage essential
molecules and vital cell structures. The
ifthibition of enzymes is one effect
environmentally significant chemicals
may have on living organisms at the
molecular level. For example, inhibi-
tion of the cytochrome P450 enzyme,
which plays an important role in the
detoxification of foreign substances
{4], is described below. Relatively high
concentrations of organotin com-
pounds such as TBT and wiphenyldn
(TPT) destroy these enzymes in the -
liver of fish (Fig. 2). As these enzymes
are also required for other essental
metabolic processes and for the forma-
tion of steroid hormones, their destruc-
tion has additional consequences to the
organism. -

'QOver 70 marine snail species have
suffered chronic damage in aquatic
ecosystems wotldwide. from traces
(a few ng/l} of tributyldn. These trace
concentrations have an androgenic
effect on fernale snails, which develop
a penis and become sterile. In pollured
coastal areas, whole populations of
snails have suffered such damage. In
addition to the increased incidence of

9 -
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Destruction of cyochrome P450 in the liver of
fith by riphenyltin (0.2 mdM). The degradation
product is present in the form of cyrochrome
P420 (after [4]}.

masculinized snails, there are few if any
juvenile snails lefc in the population.
This effect can be traced back to the
inhibision of cytochrome P450-depen-
dent :ﬁonooxygcnases in the snails,
as we postulated in our research [4]
and which is corroborated by the most
recent studies on marine snails [5].
Affected female snails contain an in-
creased amount of the male sex hor-
mone testosterone. Lhe latter accu-
mulates in the snails because it can no

Jonger be converted into estrogen. The
¢ytochrome P450-dependent enzyme
aromatase which caralyzes this conver-
sion is inhibited by TBT [5]. As these
effects can also be observed in fresh-
water snails, the concentrarions cur-
reatly found in boat harbors and in
rivers are still ecotoxicologically rele-
vant [1].

Celi Toxicity

Damage to the cell does not have
adverse consequences for unicellular
organisms only. Particularly susceprible
are cells which carry our basic viral
functions in an organism or those
which cannot be replaced (e.g., nerve
cells). The liver of higher organisms
performs a key role in general me-
tabolism and in the deroxification
of foreign substances. The effects on
hepatocytes of fish can be investigated
by in vitro cultivation of the cells.

As they do in the liver irself, these
cultivated cells perform important
merabolic functions. Our research
indicates thar the damage caused 1
the cell membrane or to the mitochon-

Organctins...

susceptible organisms [1].

as seven years ago.

... are among the most toxic compounds known
to aguatic oTGARISMS. Tribusyltin (TBT) is
chronically toxic in trace concentrations of bur |
1 a few billionths of a gram per liter (ng/l) for the
most sensitive organisms such as aysters (defor-
mations of the shell, inhibition of reproduction)
and aguatic snasls (androgenic effects). TBT is
also very toxic to fish; a few ugll can be levhal.
This compound is nsed as a biocide in anti-
fouling paint for the submerged parts of ship
baalls and in several ather materials. As a result
of severe damages in oyster beds and on marine coastlines, these painis have been
banned in many western countries. The retail sale of such paints has been banned
in Switzerland since July 1990. To date, they are still being used on large ships
und their use is increasing in Southeast Asia. The contamination of harbors
in Switzerland dropped afier the sales ban, but levels in harbors (1994: up to
110 ngll) and rivers (1992: up o 30 ngll) are still high enongh to be detrimental to

Recent sources are, apart from the use of rebmz'ning stocks of antifouling painis
containing TBT, wood protection chemicals. These compounds can also be found
in sewage sludge in concentrations of about 1-10 mglkg (dry weight), the same level
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dria can be assessed relatively quickly
and reliably using biockiemical reac-

rions. The toxicity of approximarely .

50 different organic micropollucants
(e.g., organotin compounds, chloro-,
nitro- and alkylphenols, sulfonic acids)
clearly indicates a dependence on the
dose and is correlated 1o the acute
toxiciry in fish (Fig. 3). Using such in
vitro assays, the acute toxicity for fish
can be estimated dnd the potential for
damage can be assessed from environ-
mental samples. Such new cell systems
can be utilized in assessing newly devel-
oped chemicals and in testing environ-
mental samples.

Effects on the Organism

Trace compounds mainly have subtle
effects on viral functions. Major
chronic effects' on aquatic organisms
mainly concern their growth, develop-
mene and reproduction as well as
damage to important organs such as
gills and the nervous and immune
systemns, Damage to early life stages are
of general importance, especially in fish
and amphibians. Abour 80% of the
coneamnjnants investigated have the
strongest impact during this stage in
their development. The most critical
phase is usually the early larval stage.
A brief exposure to TBT in con-
centrations found in boar harbors

(0.8 pgfl} cause histological damage

to skin, eyes, muscles and kidneys [6]

(Reference 1o picture shown in article
of Zehnder: see page 40). Observed
alterations in the eyes of such larvae
(cararacts) are accompanied by a reduc-
dion in eyesight. The search for foed
and evasion of predarors is, thereby,
impaired in such larvae, reducing their
chances of survival.

Similar alrerations in these tissues
as well as behavioral changes are also
caused by triphenyltin (TPT), a fungi-
cide used in culrivating vegerables (e.g.,
potatoes, celery, sugar beers). The
exposure of fish larvae or of radpoles
of indigenous frogs (Rana lessonae
and Rana esculenta) which spawn in
natural waters contaminated by such
pesticides causes behavioral alterations
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Significant correlation between cell toxicity
(in vitrs} and acute wxicity in fish. The ECs
value represents the concenzration at which balf
of the cells become damaged. The LCsp value
corresponds to the lethal concentration for 50%

af the fuh.

detrimental to survival. Reduction of
swimming and feeding activities result
in retarded development of the larvae,
having negative consequences for sur-
vival. Exposure of radpoles for one
month to 0.8 and 1.9 pg/l TPT causes
mortality, reduced growth and strongly
retarded mesamarphosis [7]. Exposure
for three months delayed metamor-
phosis by up to 17 days, which has
deleterious effects on the adulr stage.
There are also variations in the sensitiv-
ity of generically differing frog species
and clones. Frogs with a wide distribu-
tion and which can also be found in
deteriorated environments (Rana escu-
lenta) exhibit the least sensitiviry to
TPT. The species which is restricted o
natural habitats (Rena lessonae), how-
ever, shows greater impairment. -

Reproduction: Micropollutants
Affecting Hormonal System

Substances which negatively affect
reproduction also  have significant
effects on the level of populations and
ecosystems and are thus of primary
ecotoxicological  imporrance.  The
problems centering around micropol-
Jutants which affect the hormonal
system have suddenly become urgent,
as serious effects have been observed
in fish over the past few years. Degrada-
tion products of nonionic tensids/sur-
factants  (alkylphenolpolyethoxylate)

were unexpectedly discovered to pos-. .

sess weal estrogenic activity (cansing
fernininization). Recent swudies in
England have shown that femininiza-
tion occurred in fish downstream from

sewage treatment plants: male fish were
shown to contin vitellogenin, 2 pro-
tein in egg yolk, which is only pro-
duced under -the influence of the
female sex hormone (B-estradiol), i.e.,
normally only produced in females {8].
This effect can be traced back to several
micropollutants (Table 2). The signifi-
cant substances here are those having
estrogenic effects: nonylphenol (NP),
ocrylphenol (OP) and other degrada-
tion products of nonionic surfactants
which enter the surface waters via sew-
age trearment plant effluents {9, 10].
Their effects are, however, 10%-10°
times weaker than that of the female
sex hormone R-estradiol [11]. Addi-
tional micropoliurants also show weak
estrogenic effects (Table 2).

Chemicals with estrogenic effecrs
influence the hormonal system eicher
directly by binding to the estrogen
receptor of the cell or indirectdly by
affecting other components of the
system by upsesting the hormonal bal-
ance. Known compounds with direct
effects are nonylphenol, octylphenol,
o, p-DDT and kepone.

The- nonylphenol concentrations
measured in Swirzerland and England
are ecotoxicologically relevant (Fig. 4).
Their levels are within the concentra-
tions known to cause the production of
vitellogenin in fish. Possible estrogenic
effects on fsh can, therefore, not be
dismissed in waters heavily contami-
nated with wastewater, being especially
significant in summer at low warer lev-
els and at a high proportional level of

wastewarer in running waters. Taking

T
3
river water

]
wastewater
]

: :
estrogenic effect

{fish, vf{eﬂcgenin) —

£L (Daphnia) ||

&5

N

1
§_{350 (Daphnia} [ |
i I i

Q o1 1 19 100
nonylphenal {(pafl}

1000

Fig. 4

Concentration of nonylphenol in wastewater
and contaminated rivers in Switzerland (9, 10]
and England as well a5 its effecss on fish and
Daphnia. Averages (thick bar} and concentra-
tion ranges (thin line) are depicted. Estrogenic
effects ocour in concentrasions found in waste-
water. The acute effect wiually shown (LCso
value), as depicted for Daphnia, is much higher,
bowever. The concentration at which no effects
can be observed (NOEL, no observed effect level,
i.z., the concensravion atrwhich effects cannot yet
be observed) is lower, bowever.

into account the imporrance of these

effects, work on this problem must be
intensified, as such effects have been
observed in common micropollurants.
Experimental work and field studies
are needed in order to develop systems
with which the estrogenic effects of
chemicals may be detected.

Practical Consequences

Empirical evidence on the pegative
effects of micropollutants suggests that
assessing their chronic effects is practi-
cally impossible using the currently
available testing methods. Practical
improvements should include both im-

"u:ctvlyh_énml ST

nonyl- and octylphenol eiﬁaxylate

nonyl- and cctylphenol carborylic acid
synthetic estrogens (estradiols} N
butyltiendol phthalate, dibutyl phitalate <

hisphenol A

Trace compound - - | Application or source.

nanylphencl industriat cleaning agent
detergent: degradation product of APE?
industrial clesning egent - =" '

7+ ) detergent; degradation praduct anFE L

‘softeners in plastics

degradation product of APE
dégradation praduct of APE

contraceptive pill

safteners in plastics

Table 2 N

Sorme of the known estrogenic micrapollutants in the effluents of sewage trearment planss;

LAPE = alkylphenol polyethoxylates.
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proved methods for assessing the con-
ramination of organisms and the devel-
opment of reliable resting systems.

Biomarkers as Indicators of
Contamination

- Biochemical alterations in organisms
are viable biomarkers for the detection
and assessment of contaminations
and damages to organisms caused by
chronic concentrations of pollurants.
Biomarkers react very sensitively t
certain micropollutants and express
the biochemical reactions of the organ-
isms to suess. Hence they can serve
as early-warning systems. Their high
effectivity in assessing contamination is
due to the fact that they can determine
the decisive bioavailable fraction of the
chemicals. Biomarkers can supplement
chemical analytical methods, for they
measure the reaction of the organism to
conramination.

A review of approximarely 80 field
studies shows that the inductdon of
cytochrome P450-dependent mono-
oxygenases (P450) is closely correlated
to contamination with PCBs, petro-

chemicals and other chiosinared com-

pounds including those from paper
mills (Fig. 5. In 90% of the studies,
the contamination can be related fo an
increase in these enzymes, and in a
fourth of the cases, it can be correlated
to the degree of conramination. This
biomarker reaction is linked to the
roxic effects (e.g., disturbed hormonal
balance), pointing to the toxic effects
of the chemical conramination. Ana-
lytical methods alone can identify the
substances,” but their ecotoxicological
significance remains unclear.

The Development of New Testing
Systems for Chronic Ecotoxicity

Our high standard of living has be-
stowed a chemical legacy on our planet.
The ecotoxicological testing of sub-
stances, however, has not kept up with
the pace of their development and use.
Permits for new compounds are almost
solely given on the basis of tests for
acute toxicity; reproduction studies on
Daphnia lasting 1421 days is usually
all that is required. Furchermore, “old”

12

compounds need not be tested. As dara
on acute toxicity do not allow direct
conclusions to be drawn as to chronic
toxiciry, the assessment of the larter
becomes ever more urgent for new
compounds being produced in large
quantities. As the unexpected chronic
effects of organotin compounds and
nonylphenol imply, the available
testing methods must be improved.
The development of new systems for
detecting hoth acute. and chronic
effects on key viral funcrions such as
reproduction have to be intensified.
To this end, new biochemical tech-
niques using cell systems can be useful.
For example, the estrogenic effect of
chemicals can be shown by using fish
hepatocytes. The acute toxicity 10 fish
can also be derected using cell lines. In
order to assess chronic effects, sensitive
biochemical assays (recepror binding,
induction of cyrochrome P450 and
stress proteins, reporter genes) must be
developed or made use of to a larger
extent.

Additional efforts in research on the
development of new systems should
result in the increased application of
reliable testing methods so that pos-
sible chronic effects on ecosystems can
be derected as soon as the chemicals are

developed. On the other hand, the fact

‘that communities and ecosystems can

Blomarkor 432
{flold studlos}

1]
1

80

1 103 fodd
H

3

40

1

20

[EEVITEE I MR VY B I

Fig 5.

Biomarker cptochromé P450 as indicator for

the contamination of fish with certain micro-

pollutants (PCB, PAHS, chlorinased dibenzo-

dioxins and  furans, micropollusants  in

wastewater from paper mills). In over 90% of ‘

the approx, 80 investigations, the increase af the

cytachrome PA50 enzyme is correlared 1o the

contamination. .

1 = not significant, no connection besween
P450 and contamination;

2 = significant, increased P450 levels in con-
nection with contamination;

3 = correlarion, stavistically proven correlation
between P450 and contamination.

become impaired indirectly through
chronic effects also has to be raken into
consideration. Ecotoxicology aims to
discover and understand the effects
chemicals have on various biclogical
levels in the light of their environ-
mmental chemistry and fate in the eavi-
ronment. This endeavour can only be
successful if the basic ecotoxicological
mechanisms involved can be discov-
ered and understood.
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Behavior of
Trace Compounds During
Sewage Treatment
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the atmosphere.
Introduction

: Before an organic or inorganic com-
Siegrist pound is produced and used in large
quantities, thereby entering the envi-
ronment, its physical, chemical and
biological properties must first be
derermined. This is especially true for
compounds that are directly applied o
water itself such as detergents and other
cleaning agents. The behavior of the
compounds during sewage treatment
is mainly determined by the following
three processes:

» gas exchange with the atmosphere

residual solids;
screenings, grit

excess or

exhaust gases

raw sewage

sgeondary
sludye

“muchanical

- treatment - blalogieal - . ool

““sereening;: | ——#= 1. treatment.. . w;’mfge,
grit removal < = ¢ possibly. )

L prigary’ iy ., filtration: -,

. clarification o

digaster primary and ' air
supernatant secondary siudge
biogas
. - dawedtered
‘sewage sludygsa
Fig. I

Schemasic diagram of a sewage treasment plant illustrating both mechanical and biological seages,
including anaerobic digestion and dewatering of siudge.

The behavior of a trace compound during sewage treatment can be
described using a mathematical model as long as gas exchange,
" sorption, aerobic and anaerobic degradation of the compound and
the operating conditions in the sewage treatment plant are known.
Hydrophilic compounds must be aerobically degradable, whereas
" lipophilic compounds require anaerobic degradation, as they become
sorbed to particles and enter the digester directly after primary
clarification. Most volatile compounds escape by way of aeration at
the biological treatment stage and should exert no adverse effects on

+ sorption to the suspended solids and
to the formed biomass
» aerobic and anaerobic biodegrada-
tion,

Depending on the rreatment stage and
the properties of the compounds, the
influence of these three processes .
differs markedly. A sewage treatment
plant with mechanical treacment
(screening, grit removal and primary
clarification), biological treatment
(nitrification in an activated shudge
system) and sludge treatment (diges-
tion and dewatering} will serve as our
model plant. The excess sludge {sec-
ondary sludge) is led back into the
inflow of the grit removal tank or to the
primary clarifier and is then thickened
with primary sludge (Fig. 1). Relevant
to the environment are the treated
wastewater, the exhaust gases from
aeration and the sludge which is often
used as fertilizer in agriculrural soils.
In the following descripdon of the
material fluxes, the residual solids from
screening (usually burned) and gric
removal {brought o a disposal site) are
omitted from consideration.

The Properties of Trace
Compounds

Alr/Water Pa_rtitiuning (Gas_Exchange)
Airfwater paritioning of a gas is 1m-
portant for the stripping of a com-

pound during biological trearment

13
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Enrichment of a volarile compound in a rising
gas bubble during fine-bubble aeration (puzare=
3 mm), assuming that the concentration in the
agueons phase is the same throughone the toral
depth of the tank (equilibrium concentrasion
Sg= H-Su, T=20°C).

and aerated grit removal. At thermo-
dynamic equilibrium, the distribution
_ between gaseous and aqueous phases
may be described by Henry’s Law:
SgifSeus = T [y’ mg™
whera H, = dimensionless Henry's Law constant for
the substasce § (Henry's Law constants for several
important compeunds are given in {1, 2] and Stumm
and Margan, Aguatic Chemistry, Ird Ed.
Sgi Sui= cancentration of a substance in the gasegus
and the aqueous phase g

The less volatile a compound, the
smaller its Henry'’s Law constant and
the faster the compound in a rising
air bubble atains equilibrium with the
dissolved compound in the aqueous
phase (Fig. 2). During fine-scale aera-
don of an acrivated sludge system,
CO, attains 95% of irs. equilibrium
concentration after rising only three
meters [11. For compounds almost at-
raining their saruration equilibrium in
the rising gas bubble {H <2), the mass
flow Py, of the gas being stripped is

proportional to the injected amouat of
air Qg H and its dissolved concentra-
tion 5,

Fgas.i = DG'Sw_i'Hi [gi g

For H <0.5, the above relation can
also be used for the aerated grit cham-

ber.

Solid/Water Distribution {Serption}
The distzibucion of a compound be-
tween its solid phase (suspended mat-
ter: particles and evolved biomass) and
the aqueous phase is significanr ro the
behavior and biodegradation of a com-
pound during sewage rreatment. The
rransfer of a compound from the aque-
ous to solid phase is called sorpion; che
opposite process is desorption. Non-
polar compounds are lipophilic and
absorbed to a large extent by the solid
organic phase. Polar and ionized com-
pounds are hydrophilic and remain
mostly in the aqueous phase.

Most compounds- which possess
long nonpolar carbon chains, such
as the amphiphilic, surface-active
tensides/surfactants, are adsorbed o
solids in spite of their polar or charged
groups (e.g, linear alkylbenzene-
sulfonates (LAS), secondary alkylsul-
fonates (SAS), quah:emary arnines,
alkylphenols). -Tons can be bound
through adsorption, precipitation and
ion exchange, the latter two processes
being of secondary importance in the
treatment of domestic sewage. The
cationic heavy meral fons adsorb to the
negatively charged surfaces of the in-
organic particles and to the biomass.

lag KSIJ
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‘g ot g @ = I Bloa = gfthe producs af the
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The higher the sorbed fraction of a
compound, the more efficienty it is
removed in the mechanical stage of
treatment. Compounds which mainly
reside in the aqueous phase enter the
biological trearment stage directly.

In the equasions below the dissolved
substances are labeiled S, sorbed sub-

~gtances X and the total concentrarion

abbreviated with C and always pertain
to m? of water volume. We may assume
an approximately linear sorption for
trace compounds:

Xi = Kg;-S\.,.i'ng ggi m-3]

Ky = solid/water distribution coefficient of the com-
pound 1 [m® kg Ky can be estimated from the
sctanoljwater distribution coefficient K,., (2] or be
determinad through sorption experiments).

X,, = toncentration of the suspended solids {releted to
tha influent} kg, m

¥ = sorhed concentration of the eompound i [related to
the influent}

The dissolved proportion of sub-
stance i can be calculated from the
following equation:

S 1

Sw.‘, + X‘, 1+ Kp'i‘xs.s

Ar a concentration of suspended
solids amounting 1o X, 5, = 0.2 kg, m™
influent, over 50% of the compound
is adsorbed to particles ac I(,; >5 or
(Ko Kasin >1), respectively (Fig, 3).

The chlorinated volatile aliphatic
and aromatc hydrocarbons arrain
sorption equilibrium after less than 30
minutes [4]. This process takes approx-
imately 1-2 hours for larger molecules
such as oprical whitening agents (deriv-
atives of stilbenes and biphenyls) [9].
We can assume, therefore, that both
the primary and excess sludge are in
equilibrium with the aqueous phase in
primary and secondary clarification. If
the excess sludge is recycled to the
influent of the grit removal tank and
then thickened rogether with the pri-
mary sludge in the primary clarifier,
the sorption equilibrium between the

. mixed sludge and primary effluent can
nearly be artained .through intensive

mixing in the grit removal tank. This
equilibrium cannot, however, be
reached when the excess sludge is di-
rectly led to preclarification. '
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Biodegradability

The biodegradability of a compound
depends on the redox state of the water
and the average washour rate (dilution
rate = D) of bacteria in the system. The
lower the washour rate, i.e., the longer
the residence time (solid retention time
SRT = 1/D,), the more diversified
the biomass becomes; degradation of
normelly nondegradable compounds
becomes possible.

In the biological stage of treatment,
aerobic and denitrifying conditions
prevail with biomass residence times of
~ SRT = 4-15 days. During digestion of
sludge, anaerobic conditions predomi-
nate with high hydraulic residence
times (20—40 days}.

Biodegradacion is usually described
by Monod kinetics. If the maximal
growth rate of the bacteria breaking
down a rrace compound is significantly
higher than the rate ar which the
activared sludge is washed out, L
>>D, = 1/SRT, biodegradation may be
described using first-order kinerics:

g md)

k = 1% ardsr degradation constant for the sybstance
i m? kgyt 0] fmust be determined through tasts
carried out under the same conditions as found in the
sewage treatment plant).

leeqi = “ki‘Sw.i'Xss

X, = biomass [xg,; m]

When calculating values for the in-
termediate products of degradasion,
both their rare of production from the
original compound and their sub-
sequent rate of degradation must be
considered. Only the degradation of a
single compound is described below.

The kinerics of biodegradation are
~ dependent to a great extent on the
adapratioh of the bacteria to the com-
pound they are to remove. If a com-
pound occurs irregularly or develops
irregularly in the plant (with inter-
ruptions of weeks), its biodegradation
may be incomplete, even though it is
complerely degraded when present in
continuous supplies (Fig. 4).

" The Monod constant (concentration
at which the degradarion of a com-
pound occurs at half the maximal raze)
depends on the experimental condi-
tions at which the bacteria grow. Lower

loading in ka/d

Mo "Tues  Wed "Thurs Fri
influent

[:] efiluent

Fig 4

Adapsation in the degradation af 3-nitro-
benzenesulfonic acids (oxidation agens used in
the textile industry) in the two-stage nitrifying
sewage treatment plant in Herisan after a
o week interruprion in production by the textile
industry [10). The adaptation occurred within
a fow days. Batch experiments demonserated
that the doubling time of maximal degradation
rate is less than 1.5 days,

Monod constants have been observed
for the degradation of NTA [3] as well
as for nitrification at decreasing con-
centrations of the compound in the
reactor. This means that those bacteria
whose enzyme systems possess the
highest affinity to the compound be-
come naturally selected. The reaction
constant k; increases with a decreasing
Monod constant. In order to deter-
mine the kinetics of degradation then,
conditions must be used that are simi-
lar to those found in the sewage treatr-
mene plant (i.e., solid retention time,
temperature, ~CONceniration  range,
composition of the wastewater).

A Simple Model of a Sewage
Treatment Plant

Using the following simplified model,
the flux of trace compounds is esti-
mared. The three stages of mechanical
and biological treatment and sludge
trearment are discussed separately. As
they are connected to one znother
by way of recircularion flow (Fig. 1),
a subsequent iterative procedure is
needed for determining the single con-
tributions of each stage to the flux. In
order to calculate the flux, the opera-
tional conditions given in Table 1 must
be known.

Mﬁechanicai Treatment

Under stationary conditions, the loads
of the influent, the excess sludge and
the digester supernatant are equal to
the load in the primary effluent, the
mixed sludge (primary and excess
studge) and the exhaust gas of the grie -

remnoval system: _
0 {:En,i'*'o-es' Cas,i+0ds' Cds.%
= Qpa' Cpe.%”*'oms' €ms.i”"ag.gr' Cg.%

We can assume that practically no
sludge enters the preclarificacion tank
by way of the digester supernarant.
The lipohilic compound loads in the
digester, supernatant which enter the
digester by way of the mixed shudge are,

Parameter Symhol A Range | Used Dimension
tpmperature T 10-20 15 °C
orodiction of orimary shudge Koo 10.1-0.15 032 kg Mion™
preduction of excess sludge XS;BS 0.1-3.15 [};12 KGes Mintars>
pruductiun of mixed sludge Xm'sl 0203 | - 024 |kgss Minfuont
aroduction of digested sludge Xess 01502 01T | kG Men™
| sold retention time in activ ol sys. | SAT a5 10 d
{esidence time in dfgésfer | By ZMU . a0 d
suspended matter in the §nfl_hant Xesin 0.2-03 [ B 7 KGss Mistgan™
suspended matter in prim. effiuent Xeeso 01=015 | 010 | ke Mianyert™?
1saspehdgd mane{.én.sec.‘effhsent | ‘ _[).01—0.[_}2 o [3.01_' kg_ss L
air consumption in aeration Ugas 510 B Mg Mingiper™
air consusmption in grit removal tank Uogt- S BE” | 65 Mg Miatent

Tuble 1

Operational conditions of a domestic sewage ireatment plant as basis for caleulaving the flice of asrace
substance. The range is given for dry weather based on an amouns 0f 0.33 m? of wassewaser per day.
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therefore, small and not considered
here. Furthermore, the currents in the
digester supernarant in excess, mixed
and digested sludge are also not rele-
vant as they only amount to a few
percent of the inflow; hence Qin = Qe
= Q. For the excess, mixed and digested
sludge, only the amount of compound
sorbed o the particles is taken into
account. The concentration of the
sorbed substances in the excess sludge
is assumed to be in equilibrium with
their dissolved concentrations in the
secondary effluent (S0}, and the sorbed
concentrations of the compounds in

the mixed sludge in equilibrium with -

their concentrations in the primary
effluent. Furthermore, the dissolved
concentration in the grit removal sys-
tem seems to approximate the dis-
solved concencration in the primary

effluent, S, With respect to the influ- .

ent Q:
Sin,% -4 +Xss,‘m° Kp.i)+xss,es' Sse.‘:' Kp.‘s =
= Spe.i‘ {1 +Xss4pe' Kp,i)"'x sms Spe,i' Kp.i‘*'

Qg.gr' H‘s' Spe.i '
and S Spoin Sea; = dissolved cone. of i in the influent,
the primary and secondary effluent.

The solid/warer distribution coeffi-
cient of the substance i K, is assumed
to be equal for all suspended matter.
The concentration of dissolved i in the
primary effluent is dependent on pro-
cesses in the biological stage because of
excess sludge recycling, which means:
Sin,i {1+ Xss.in' Kp,i) +Sse,i . Xss.es' Kn,i

1+ Kp,i - Xss,ms}"rHi g

pRi

pe = primary effluent
se = secondary effluent

Biological Treatment

In the stationary condition, the influ-
ent load (primary effluent) is equal
to that of the secondary effluent, the
excess sludge, the gas issuing from
aeration and biodegradation:

Opn' C;:e.i ={ly- Csa.i + Ges' Cas,i +Hi' Og,as' Sas.,i
+ kas.‘r ' Sas.i' xss,as . Vas
In a completely mixed reactor, the
dissolved concentration in the acti-

vated sludge system is equal to that in
the secondary effluent, S,; = S.; the
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roral amount of activated studge cor-
responds to thar which is produced

during the solid recention time (SRT);

Ko Vo = SRT-Q (Ko + X, For
the excess sludge, only the sorbed
amount is taken into consideration.
With respect to the influent:
Sue,i' {1 +Xss.pa' Kp,i) = Sse.i’ “ +xss,sa’ Kp.i)
+xss.es' Ssa,i' Kp,i+Hi'qg.as' Ssu.i
+ i(as.i' Ssa,‘s' SRT- {Xss,es"‘xss.se}
and for the concentration in the sec-
ondary effiuent:

. Ssa.iz [Spe.i' (§+xss.pa'KQ.i)V

[IE2. S Kp,i +X;s,es' Kp.i
+H;: OQgast Kasi' ST (Xss,es‘*'xss,ssn

Ky = 1% order degradation constant af the substance i
in the activated siudge system i kg, a1

Sludge Treatment

Under smtiopary condidons, the in-
fluent load from primary clarification
{mixed sludge consisting of primary
and excess sludge) equals the load
sotbed to the digested sludge and

anaerobic degradation. The sorbed .

amount of the substance in the di-

gested sludge is assumed to be in-

equilibrium with the dissolved con-
centration in the digester supernatant
Sai; The flux of the digester super-
natant and of the dissolved fractions
being negligible, we obtain:
3 Xss.rns' Spe.i' IlCp.i = Q- Xss.ds' Sdi.i' Kp,i
ks Sui Xssai Vi

The entre amount of digested
sludge in the digester is the amount
produced during a certain hydraulic
residence time: X, 45 Var = Op Kot Q

Spe,i' Xss.ms‘ i<::;.i

Kssiis” §(;J.i kg O Xsadts
kqs = 1% order degradation constant of the substance
iin the digester [m kg ¢

Theough recirculation of the excess
sludge, the processes in both the
mechanical and biological treatment
systems are interdependent. The three
equations for determining the dis-
solved concentrations in the primary
and secondary effluents as well as the
digester have to be calculated, e.g., by
using an iterative procedure with the

help of a spreadsheet [11]. The sorbed

Sgi =

1.0"l T -
. oe \ i |
2 - ' 1 t
E 06 : : :NTA :
Rty : ; !
b ! ]
ne- 1 -t 1
[
{-J T EDTA 'E ¢ 1
T
influent primary‘primarylaciivateé e!ﬁuanl
clasifier efflusn! siudge )
: system
Fig. 5

Concentration profiles of NTA and EDTA in a
domestic sewage treatment plant.

concentrations of the substances and
their toral fluxes can subsequently be
determined from their dissolved con-

" cengrations.

The Behavior of Trace
Substances

The flux and behavior of some of the
compounds found in a domestic sew-
age weatment plant, currently under
investigatation at the EAWAG, are
discussed below, using the-operational
condirions shown in Table 1.

Hydrophilic Compounds

The microbial degradarion of the com-
plexing agents NTA (nitrilotriacetic
acid, a substitute for polyphosphate
in detergents) and EDTA (ethylenedi-
amineterraacetate) has been investi-
gated intensively over the past several
years, NTA is easily biodegradable
under aerobic condirions, whereas
EDTA is not. Its sorption to particles
is less than 1%. Average concentra-
tions, in influent are approximately
1g NTA m~ and 0.1 g EDTA m™
respectively. The degradation constant
for N'TA is calculated using experimen-
tally derived dara from {3}:

kas,NTA =40 m? kgg;‘ ¢

~ Since sorption to solids is fegligible,
the removal efficiency Mypa can be
calculated for the endre plant using the

following approximation formula:

Tt =1 SSE.NTA - 1
nta = 1- = i-
Sin.NTA i +kas,NTA' Xss.es . SB—E—
=1 |
1440-0.12-10

Because EDTA is persistent, its load
in the secondary effluent is five tmes

higher than that of NTA (Fig. 5). Apart

from naturally occurring complexing



Behavior of Trace Compounds Buring Sewage Treatment

agents among the degradation prod-
ucts, the dissolved fraction of heavy

merals is dependent on EDTA. In -
most of the domestic sewage treatment -

~ plants investigated to date, NTA-
removal efficiencies of over 35% were
observed for a solid retention time of
more than four days.

Volatile Compounds

" When studying the behavior of volatile
compounds, the degree to which oxy-
gen can be utilized, ie., the efficiency
of bubble aeration, is of major im-
portance. The poorer the ucilization of
oxygen, the more air has to be injected
into the system and the higher the
stripping capacity of the aeration.
Under normal operating conditions,
a utilization of 8-15% of the oxygen
from air may be assumed. For oxygen
consumption rates of 120 g O, m™
for the degradatign of crganic marter
and an additonal 120 g O, m for
nitrification, the oxygen content of the

" air being 300 g O, m™, the amount of
5-10 m? air per m? influent is needed.
In order to generate mixing in the grit
removal tank, approximately 0.5 m? air
m-? influent are required. The degree
to which volatile compounds are
removed in the grit removal tank may
be substantial, in spite of the relatively
small air flow compared to the acd-
vated sludge system, as their dissolved
concentration is significantly higher in
mechanical than in biological treat-
mene (Fig. 6).

Tetrachloroethylene (solvent, melt-
ing point = 251 °C) and tetrachloro-

A ~aHluent
13%

dlgested

etfluant

igested
sludge
a5%

Fig. 6

Caleslased bebavior of

A) tetrachloroethylens

H=06K =023n kg’
Bj tetrachlorobenzene

H=0.16 K =420 kg

according to the parameters of the model,

benzene (solid, melting point =
329 °C) are discussed below as exam-
ples (Fig. 6). Both compounds are only
minimally degradable. Under anaero-
bic conditions, some biodegradation of
tetrachloroethylene has been observed,
but only after a long adapration time.
Tetrachloroethylene is slighdy volarile,
sorbs weakly to solids and is stripped
to over 80%. Terrachlorobenzene is
semi-volatile and is removed through
sorption {45%) and stripping (32%;
Fig. 6). This is the case for dewatered
and liquid sludge; the sorbed fraction
evaporates when the sludge is dried.

In a tank with plig flow, the effi-
ciency of stripping is enhanced and the
effluent load is decreased in compari-

compound - H K: Kow ' 840/Sps

20°C mé, My calculated | ealculated | measured

H kG My cOmpletely | cascade of

mixed 3 reactors

chioroform | 013 ] OB s 1 0%
richloroethylene. | 0L | 0472 SEL LI ) 100
tetrachlooethylene | 077 | 023 | 780 “Tpie | oo 813
Table 2

Comparisan of calculased and measured data on three volatile chlorinated C2 hydrocarbons in the
influent and ¢ffluens of  large sewage treatment plan in Chicago (q, = 5.3 m] m? influent, X =

0.09 kg, m? influens) (12].

son to a completely stirred reactor, e'.g.,
the retrachloroethylene load decreases
from 13% to 5% (model calculation

- with 2 cascade of 3 reactors). This result

may also be obrained when comparing
calcufated and measured dara with
those from a large sewage treamment
planc in Chicago (Table 2). Differences

~ with fespect ta the calculated values for

trichloroethylene can probably be ex-
plained through variations in the load
throughout the day, as averages from
grab samples instead of 24h composite
samples were used for the comparison.

Lipophilic and Amphiphilic (Surface- -
Active} Compounds .

The tensides or surfactants used in
detergents, LAS (linear alkylbenzene-
sulfonares) [5] and SAS (secondary
alkylsulfonates) [6], sorb 1o a substan-
tial degree to solids despire their nega-
tively charged sulfonate group. Both
compounds are degradable under aero-
bic conditions; under anaerobic condi-
tions, they are biologically inert, their
behavior being abour the same in the
sewage treatment plant (Fig. 7). In
order to calculate the flux of LAS,
the solid/water distribution coefficient
from [11] (K, = 1.66 m? kg t) was
used. The first order reaction constant
for the aerobic degradation was esti~
mated using the observations from the
sewage treatment plant {ARA) Werd-
holzhi [5), (k,, = 40 m? kg, d7'). The
LAS sorbed to the mixed sludge {26%
of the influent load) entered the di-
gester wherein no further degradation
took place under anzerobic conditions.

AC00 Sormpticr & %
- tosludge y 298
-anoo z i
Qe
=) 5 73.0
= 1000 &

K]
Y yont | primary | primary actvatod! efffuent 14
carfier  ofuent  studge
. = Fysiam
sorbed dissolved

Fig 7
Calculation of the flux of LAS K = 1.66 nP
kgt koas = 40w kg ).
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A consumption of 6500 t/a (1990)
of LAS results in an influent load of
1.4 g d-tcap™ (13 million population
equivalents), or 4 g LAS m™, respec-
tively. According to model calcula-
dons, this equals 6 g LAS kg™ in
digested sludge. In various plants in
the Canton of Zurich, levels in the

range of 5.6:1.6 g LAS kg, have been ~

reported {13]. :

Aboutr 90% of the influent load
of the lipophilic tribueyldn, which is
not degraded under eicher aercbic or
anaerobic conditions, is removed by
sorption and remains in the digested
sludge (Kp = 30 m? kg,") [7). The
more lipophilic 2 compound, the more
important is its biodegradablilty under
anaerobic conditions because of the
ueilization of the digested sludge as
fertilizer in agriculrure. Strongly lipo-
philic compounds (long-chain ali-
phatic and polycyclic hydrocarbons)
are also still mainly bound to filrerable
matter after secondary clarification. A
filgrarion stage would thus reduce the
effluent load considerably.

Heavy Metals _

Heavy metals adsorb o particles as a
resulr of elecrrostatic interactions be-
ween cationic metal jons and the neg-
atively charged surfaces of inorganic

particles {oxide susfaces) and the bio-

mass. The dissolved fracdon depends
on the synthetic complexing agents
present in the water, such as EDTA,
and on narurally occurring complexing
degradation products such as amino

acids, and humic and fulvic acids {1 4],

Dissolved copper is bound so strongly

to nawural complexing agents that an
artificially effected increase in the con-
centration of NTA. in the effluent of
the sewage treatment plant of Zurich-
Glatt did not result in an increase in
copper in the effluent [3]. Measure-
ments in the activated sludge system of
the Zurich Glart teatmenr plant
obtained values of K, = 20 m? kg, for
zinc and copper and K, = 40 m? kg,
for lead, which adsorbs more strongly
to particles [3]. According to calcula-
tions using the model, removal effi-
ciencies amounting to 80% for zinc

18

and copper and 90% for lead were
achieved, The removal efficiencies
from published dara are slighcly lower,
60-90% [15], probably because the
excess studge led back into primary

clarification did not have enough time

1o reach equilibrium with the concen-

tration in the primary effluent. In addi-

tion, the concentration of suspended
matter in the secondary effluent was
often significantly higher than assumed
by the model.

Practical Consequences for
the Quality of Waste Water

In order to be able to evaluate the
behavior of a trace compound during
the course of sewage rreatment, ifs
Henry's Law and sorption constants
and its potential for aerobic and
anaerobic degradarion must be known.
Assuming that sewage sludge will still
be applicd in agriculture in the future
the following has to be recommended
for trace compounds found in the
wastewater:

o Hydrophilic compounds enter the
biological stage directly and so must be
easily degradable under aerobic condi-
tions.

9 A part of the lipophilic and surface-

active compounds enter the anaerobic
studge treatment direcdy by way of
primary clarification through sorption
to particles; hence they should be
easily degradable, both aerobically and
anaerobically.

@ Most of the volatile compounds,
such as the short-chain halogenated
aliphatic hydrocarbons are stripped
off in the biological stage and in the
aerated grit removal tank and hence
should have no negative effects on the
atmosphere. Less volatile compounds
also have to be casily degradable both
aerobically and anaerobically.

2 About 60-90% of the heavy metals
sorb to the sewage sludge. The fraction
entering natural waters {10-40%)
is, however, not negligible. Although
heavy meral load has been reduced
strongly, zinc and copper may cause
problems for the application of sewage
sludge in agriculture in the furure

because their input into the soil is
higher chan their ourput. Heavy meral
concentration in wastewarer should
therefore be reduced further.
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Trace Elements Provide
Insight into Solid Waste
Combustion Processes

In Switzerland’s municipal solid waste incinerators {MSWis), exhaust
gas quality has consistently improved over the past 20 years due
to various technical advances and the expansion of gas cleaning
systems. The problems in the industry have thus shifted away from
the quality of the gas produced to the quality of the solid residues that

result from the process.

Material Fluxs in Municipal
Solid Waste Incinerators

About 80% of all municipal solid waste
in Swirzerland is thermally treated in
MSWIs. In addition ro carbon, the
most abundant element, municipal
solid waste contains almost all other
elements on the periodic rable in ar
least trace quanities. Complex chemi-
cal reactions take place during the
combustion process. As a result, some
elements afe deposited in the borrom
ash. The majority of the others enter
the flue gas and are distributed berween
the gas cleaning residues and the ex-
haust gas.

The distribution of waste constitu-
ents among the various products of
an MSWI may be determined by mare-
rial flux analysis [1-3], as was recently

lime caustic soda water

off gas

waste—furnace] )| wet

1 Eh > ESP L1, scrubbery
gy m————— . LT e cieaning

Lo ——— T S residues

s tom border” B LTS SN RIS SCEE R .

. _,. boiler
ash
]
hottom ash

Fig. 1

System analysis of the St. Gallen municipal solid waste incinerasor.

performed on the MSWI located in
St. Gallen. Figure 1 summarizes the
various chemical and physical treat-
ment processes occurring in the plant.
The quantities of all substances enter-
ing and leaving, the system are mea-
sured. In this case, municipal solid
waste was collected from households
and commercial concerns and burned
during the sampling.

Figure 2 shows the conversion of the
waste to the four types of products.
About 75% of the waste is converred
to exhaust gas. Each ton of waste pro-
duces 230 kg of borrom ash, 21 kg of
gas cleaning residues, and 3 kg of boiler
ash. The quality of these products is
determined by the chemical and physi-
cal properties of the municipal solid
waste and the process engineering
parameters at each processing stage in
the MSWL

Figure 3 shows the proportomal
distribution of six elements in.the
products. The lithophile elements
phosphorus (P} and copper (Cu} are
transferred to the bortom ash, while
cadmium (Cd) and antmony (Sb)
mainly enter the flue gas and become
concentrated in the gas cleaning resi-

 dues. Zinc (Zn) and lead (Pb) are

transferred to both the bottom ash and
gas cleaning residues.

Elemental Composition of
Municipal Solid Waste

The composition of municipal solid
waste may be caleulated from the ma-
terial Auxs and product composition.
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Figure 4 shows the water content and
elemental composition of municipal
solid waste treated in the St. Gallen
MSWI. The warter content of the waste
is approximately 25 wi%. The carbon
content of the municipal solid waste
(37 wi%) is reladively high compated
with values found in the lirerarure.
This may be due to .the commercial
waste chis burn contained which on
average has higher carbon concentra-
tions than municipal solid wastes.
About 20 wi% of the waste consists

100
{0.7320.16
a/kg waste

B9+2
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Conversion of waste 1o
variasus product types in
the St Gallen MSWI.
All values are expressed

as wrh.

of oxygen and about 4 wi% of hydro-

gen, which are present in the waste in
forms other than water. The lithophile
elements silicon, iron, calcium and
aluminum rogether account for about
10 wi%. The remaining 4 wt% of the
waste consists of the other elements.

Product Quality

Table 1 compares the elemental com-
position of the bortom ash and gas
cleaning residues with the concentra-

<0.1

100 3.6x1.1

{(0.6720.2

g’kg waste} 0.7:0.2

9641

160
(42202
mg/kg waste)

BO%4 -
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1314
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100 44£6
(0.7+£0.1
. g/kg waste) +124

Distribution of elements among the various products in the St. Gallen MSWI
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tions in rocks and ores. The element
contents of the bortom ash are one to
two orders of magnitude higher than in
rocks (mercury is an exception); how-
ever, they are much lower than the
contents of ores, The bottom ash has
no relevance as an ore. On the other
hand, if it is landfilied or used as a road-
building material, it has an increased
environmental hazard potential due to
the accumulation of the trace elements,

The gas cleaning residues contain
che heavy metals Zn and Pb in almost
the same concentrations as ores. This
makes them potential resources which
could be segregated and recycled.
Landfilling without first reducing the

high concentradions of trace elements * -

is unacceptable.

For environmentally sound waste
management, the distribution of ele-
ments besween the products should
be optimized. The concentration of
wrace elements in the bowom ash
should be reduced, but increased in the
other residues. Specific control of
product quality clealy requires a betrer
understanding of the chemical and
physical processes which take place in
chermal treatment plants.

Influence of lnputﬂ
and Process Engineering
on Product Quality

To beter understand those processes
which influence the distribudon of
elements in the products, additional
laboratory-scale experiments were con-
ducred. Figure 5 serves to illustrate the -
complexity of the processes involved.
The transfer of Za to the gaseous phase
of artificial mixrures is shown for two
temperatures (500 °C and 900 °C) asa
function of remperature and residence
time. In addition to quartz as the main
constiruent, the first mixmure contained
0.29 mol of zinc chloride, 0.06 mol of
sinc oxide and 0.15 mol of zinc metal
per kg, In the second mixrure, a bot-
tom ash sample was added in place of
the gquartz but was otherwise identical
ro mixture 1. The transfer of elemental
Zn to the gas phase was determined at
a constanc air feed rate.



In the case of the first mixture
treared at 500 °C, 0.17 mol/kg of Zn
were transferred to the gas phase in less
than one hour. In the case of the second
mixture, which contained botwom ash
instead of quartz, no Zn was trans-
ferred to the gas phase at the lower
remperature. In the case of the first

mixcure treated ar 900 °C, approxi-.

mately 0.25 mol/kg Zn was transferred
to the gas phase within a few minutes.
In the case of the quartz-free mixrure
treated ar the higher temperature,
0.1 mol/kg Zn was transferred to the
gaseous phase after 15 minutes and
0.15 mollkg after 4 hours. These
results suggest that the matrix plays
a major role in trace meral transfer
to the gascous phase during thermal
treatment.

Unfortupately it is not possible
to conduct similar experiments in
MSWIs, as poor product qualities due
to parameter modifications are unac-
ceptable; however, other experiments
can be performed by burning vasious
types of waste. This was, in fact, done
in the St. Gallen incinerator. Figure 6
shows the transfer coefficients of Zn
and Pb during combustion of domestic
municipal solid waste and of mixed
municipal solid waste (domestic mu-
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Transfer of Zn 1o the gascous phase in labaratory -

experiments conducted at ttwo temperatures.
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Compasition of municipal solid waste treated in the St. Gallen MSWI

nicipal solid waste and similar com-
mercial waste). The calorific value of
the mixed municipal solid waste is
higher than thar of the domestc
municipal solid waste due o its higher
content of plastics, paper and wood.
The coefficient of Zn transfer to the
bottom ash was significantly higher
for the domestic municipal solid waste
than' for the mixed municipal solid
waste. The cause may lie in the differ-
ing composition of the two types of
waste. Formation of Zn chlorides and
7 oxides in the furnace may be influ-
enced by this different matrix, which

“may cause a different distribution of

Zn berween the flue gas and the bot-
tom ash. The concentrations of Zn in
the bottom ash, howeves, are approxi-
mately identical in both experiments
(3.040.6 and 2.840.3 g/kg). The rea-
sons for this are (1) cthe concentration
in the mixed municipal solid waste is
higher than the concentration in the
domestic municipal solid waste and
{2) a higher percentage of the Zn enters

the botrom ash during combustion of
domestic municipal solid waste than
during combustion of mixed munici-
pal solid waste. The concentrations

_ in the gas cleaning residues, however,

differ significandy (2241 g/kg and
3642 g/kg). Lead exhibits the same
behavior.

The temperatures measured in the
combustion chamber are the same
in both cases, as the temperature in
the incinerator is contolled so as to
achieve good burnout; however, the
different distributions of Zn and Pb
are reason to suspect that the tempera-
rure distributions on the grate are not
identical. The matrix may also play‘a
role here.

Another way of carrying our field
tests is to study various plants. Figure 7
shows the distribution of Pb berween
the various residues of the Oftringen
MSWI. In this plant, approximately
7.5 t/h of municipal solid waste are
combusted in a grate kiln and some

2.7 t/h of sewage sludge with a dry

In 2.8 36

Etemant | Content [g/kg]
Bottom ash! | Gascleaning | Volcanic Oras fraw
residugs’ rocks? materigisf?
0.67 40

comog | 2

' Awaraga composition ol over 20
samples

1 Average composition of over 190
samples (4]

Table 1

Concentrations of some elements in bostom ash, gas cleaning residuss, voleanic rocks and ores.
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solids content of 25% are burned in
a rotary kiln. Hot gases from the com-
bustion chamber of the grate kiln are
fed counter-current into the rotary
kiln. The exhaust gases from sludge
combustion are, in turn, fed into the
combustion chamber of the grare kiln.

'Roughly 99% of the Pb input comes
from the municipal solid waste. This is
 because the Pb concentrations in the
sewage sludge are one order of magni-
tude lower, and the marerial fluxs are
also much smaller. Some 54% of the
Pb goes into the bottom ash and 43%
into the boiler ash and precipitator
dust. The batance ends up in the sew-
age sludge ash.

‘The Pb input to the rotary kiln from
sewage sludge is smaller chan its out-
put to the sewage sludge ash. The Pb
concentration in the sewage sludge
ash is 2—5 times higher than expected.
There is clearly an addirional source of
Pb to the rorary kiln via the flue gas
from the grare kiln. This phenomenon
indicates thar, at temperatures of
800-900 °C in the grate kiln, sub-
stances with relatively high vapor pres-
sures enter the flue gas. When they
come into contact with the sludge in
the rotary kiln, a portion may be trans-
ferred to the sewage studge ash.

Conciusions

Numerous chemical elements are
present in municipal solid waste in
trace concentratons. During thermal
waste treatment, their quantities in
the bottom ash should, if possible, be
reduced and accumulated in other
residues in an effort to both to recover
and reuse them and to reduce the
environmental hazard potential of the
botrom ash.

Studjes on the behavior of trace
elements in thermal waste treatment
plants suggest thar the quality of the
product residues depends on both the
characteristics of the waste and on var-
ious aspects of the process engineering.
Such srudies are useful in making envi-
ronmental assessments of MSWIs and
for achieving berter control of residue

quality.
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Distribution of Zn and Pb among the products. Vilues are expressed in both wt% and concentrations

(in brackets) for ewo different types of waste.

Finally, I would like to make the
following predictions:

o In the future, the MSWI of today '

will give way to “product-oriented
trearment
plants” in which the distribution of
elements among the products will be
specifically controlled.

© Processes in these plants will be opti-
mized, taking into account the charac-
tesistics of the inpurs (concentrations
of main constituents, concentrations of
trace elements, etc.) and the behavior
such substances during treaement.
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How is the Microbial
Degradation of Trace
Compounds Regulated?

Microbial biodegradation of trace compounds in sewage treatment
plants and in natural waters is always accompanied by the presence
of naturally occurring carbon compounds which resuit from the
decomposition of plant and animal material. The ratio of natural
available cormnpounds to irace compounds is an important factor in the
regulation of the enzymes which effect the degradation of trace

compounds.

What do Heterotrophic
Microorganisms Feed on?

As their nurritional basis, herero-
trophic microorganisms make use of
cell material which other organisms
have built up. Being decomposers, they
fulfill a central function in the global
carbon cycle: they oxidize {mineralize)
the CO, fixed by green plants and

>99% of the fixed
carbon dioxide
(90-99% by aerobic
microorganisms)

{up to 15% of the carbon flux of primary production)

Fig. 1

The importance of heterotrophic microorganisms in the globial carbon cycle and in the degradation of
persistent synthetic organic chemicals found in the envivonment. '

algae back to carbon dioxide and thus
complete the nawral carbon cycle
(Fig. 1}. Many of these organisms
possess proteins {enzymes), which also
allow them to utilize organic chemi-
cals, even if they are syntheric, as
nutrients; that is, to transport them
into the cell, break them down and
use them for their growth. For this
reason, the mineralization of many

~organic chemicals which are spilled

into the environment depends on bio-
degradation by heterotrophic micro-
OfgAnisms.

Carbon Compounds Only
Available in Limited Amounts

Naturally occurring carbon  com-
pounds can be found in the environ-
ment mainly in the form of particulate
organic material (POM) originating
from decomposing plant and animal
cells. This material, consisting of
various high molecular weight com-
pounds, cannot directly be utilized as
a substrate by microorganisms. It must
firsc be broken down into its chemical
constituents through chemical or enzy-
matic processes. The concentrations of
natural nurrients available for che
growth of microorganisms such as
sugars or amine acids are very low in
all ecoystems [11. Their concentrations
are mostly in the range of a few micro-
grams per liter (see Table 1). Such low
concentrations of bioavailable carbon
compounds are, on the one hand, due
to the slow hydrolysis rates of POM;
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Concentration
{na/L}
Tatal dissolved organic - | 500 10°000:
carbon (DOC)
(rganic carbon available approx. 1-5% of
to microcrganisms the dissolved
carbon
Bounid sugars ™| 10— 10000
Total free sugars 0 - 60
Tl arjadids |1 00
Bound amino acids 19 - I_DGf
Total e amingacids [ 1 = 0 A
Total aromatic compounds 1 - 50002
i}ma 1 .,... 1063
Free glucose 1 - 502
Free frigtose, o [0 1= 200
Free glutamate i 05~ B°
Aljlated anilinas |1 =100
Chlorinated anilines 31~ ar
inear alkylbenzenesulfonate | 1 —  30¢
» peaan-fimshvater |1}

® Rping river water BMaijars LA.P (1287} 5. Dechama Fachgasprilchs
Umwaltschutz]

= rivarwasar [Hourigt J 2 11800} BUWAL-Bullatin 3/30. 18-38)

# rivarwater [Waters J. & Feijtel TEJ. (1535} Chemosphars u
1993-1856)

Table I
Concentrations of navural organic compounds
. and of several organic chemicals found in the
enviranment and which are wed as a basic
source of nutrition by heterotrophic micro-
.organisms in different aquatic ystems. “Bound”
means that these rampozmd.r are found in poly-
meric form. As a rule, the lower limit is given by
the concentrations found in oligotrophic marine
systerns; the upper limir by those in entrophic
freshwater syseems,

on the other hand, they are a resule
of 4 continuous consumption due t©
the capability of microorganisms to
assimilare such substances into the
cell using efficient transpore systems at
very low concentrations. Both of these
factors have led to the situation that in
'most ecosystems the bioavailability of
carbon compounds is probably the
main limiting factor for the growth of
heterotrophic microorganisms [2] (see
also contribution by Bosma and Harms
on bicavailabiliey, p. 28ff).
Compared . to nawural occurring
carbon compounds available in surface
waters, the concentrations of synthetic
chemicals found in the environment
are mostly one to two orders of mag-
nirude lower. Concentrations of these
chemicals found in the raw wastewater

24

of domestic sewage plants are usually
somewhar higher, yer this mainly
applies to compounds which are being
used in large quantities, such as sub-
stances used in detergents, the con-
centrations of which are occasionally
rising to over one milligram per liter for
a very short time.

Simultaneous Degradation

of Trace Compounds and
Natural Substrates

Many observations suggest that ar the
extremely low nutrient concentrations
found in sewage treaument plants and
natural waters, microorganisms do not
restrict themselves to only one of the
many carbon compounds which are
present for their growth, but that they
assimilate and utilize many different
compounds simultaneously as nutri-
ents [3]. Even synthetic organic chemi-
cals found in the environment are in
most cases probably degraded rogether
with naturally occurring compounds.
Trace compounds are estimated to
make up less than 1% of the total
carbon used for a microorganisms

growth.

Regulation of Degradation

_Enzymes

In laboratory studies using pure cul-
rures of microorganistos which degrade
synthetic organic chemicals found in
the environment it was observed that
the regulation of the formation of
degrading enzymes depends on a two-
fold regulation:

92 On the one hand, they are not.

produced in the absence of the chemi-
cal - or at most in very small quanricies.
If such a substance comes close 10 a

" microorganism, the respective degra-

dation enzymes have to be produced
first (induced). .

& On the other hand, their production
is influenced by the availability of

naturally occurring nutrients {mainly

carbon compounds such as glucose -

from the degradarion of celludose from
plants); if such easily degradable purri-
ents are available in excess amounts

they may inhibit the production of
degradation enzymes for persistent
organic chemicals in the environment.

‘Most studies, however, are restricred
to the growth of these microorganisms
on single substrates at high concentra-
tions. Information on the regulation of
degradation enzymes during growth at
conditions found in the environment s
practically nonexistent. The question
arises then as to whether microorgan-
isms ever produce the enzymes needed
for degradation of trace substances
under growth conditions found in
sewage treatment plants. Does the
presence of narural carbon compounds
inhibit the production of these
enzymes? These questions have been
asked in our laborarory for one chemi-
cal found in the environment, the
complexing agent nitrilotriacetc acid
(NTA). Experiments were conducted
using pure cultures of an NTA-degrad-
ing bacterium and in sewage treatment
plants.

The Degradation of
Nitrilotriacetic Acid {(NTA}

NTA-degrading bacreria were isolated
from the environment; many were
found to belong to a new genus of
bacteria (Chelarobacter heintzii) [4].
These bacteria enjoy a wide distribu-
tion .in narure, and there is evidence
that they conrtribute to a large extent
to the degradation of NTA in sewage
trearment plants and in surfacé waters
[5,6]. The enzymes responsible for the
degradation of NTA in Ch. heintzii
were isolated and described; an
O,-dependent  NTA-monooxygenase
(NTA-MO) was found to be the key
enzyme [4].

Assuming that NTA is not being
degraded alone but simultaneously
with carbon compounds of natural
origin, Ch. heintzii was grown in.a
carbon-limited continuous culwure at
a constantly low growth rate and fed
with various mixtures of glucose plus -
NTA. The influence that composition
of the glucose/NTA mixrure had on the
degradation of NTA and the produc-
tion of the NTA-MO was recorded [7].
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If the bacteria were grown on glucose
only, the production of NTA-MO was
inhibited, and the measured activity of
the enzyme fell to near the detection
limit. If mixrures of NTA plus glucose
were provided, the bacteria always uti-
lized both NTA and glucose, regardless
of the glucose concentration. When
grown on mixtures in which the frac-
tion of NTA was less than 1% of rotal
carbon, no significant increase in the
production of NTA-MO was observed,
although the bacteria’ were able to

degrade the small amounts of NTA

provided (Fig. 2). If the culture was fed

'a mixture composed, for example, of
260 pg NTA-C/l plus 727 mg of glu-
cose-C/l (0.036% NTA-C/99.964%
glucose-C), then NTA was degraded o
an equilibrium concentration of 12 pig
NTA-C/l. NTA degradadon in mix-
fures containing less chan 1% NTA-C
is probably due to a low basic level
of the NTA enzymes. If the bacreria
received NTA/glucose mixtures with
more than 1-3% NTA-C, then a
marked increase in NTA-MO was
always observed. The extent of the
activity of the NTA-MO in this case
was clearly dependent on the composi-
tion of the substrate mixture (Fig. 2).

Behavior of NTA-Degraders
in Sewage Treatment

From the observations mentioned
above, the question arises whether or
not N'TA-degrading bacreria behave in
the same way in sewage treatment
plants or in their natural environ-
ments; that is, are NTA-degrading
bacreria present in large amounts in
sewage sludge because they mainly feed
on substrates other than NTA and
consequently only degrade NTA on
the side? Conversely, are oily 2 small
number of bacteria found in sewage
sludge specialized o degradation of
NTA and thus have induced their NTA
enzymes completely? ‘
Both the number of NTA-degrading
bacteria in sewage sludge as well as the
presence of NTA-MO were invesd-
gated in two sewage treatment plants,
ARA Glart and ARA Sintis. The main
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Immunelogical methods applied in detecting and gquantifying NTA-degrading microorganisms
(especially the genus Chelatobacter) and the key enzyme for the degradasion of NTA, NTA-

monooxygenase (NTA-MO).

difference between the plants is in the
composition of their wastewater. In

otder to determine the number of

NTA-degrading bacteria and to quan-
tify the amount of NTA-MO, anti-
bodies with color markers were used-—
one of which binds specifically to the
surface of the Chelatobacter cell, each
one of the other two being specific to
one of the two subunits of the NTA-
MO enzyme (see description of the
merhods in Fig. 2},

The results obtained correspond to
previous studies in other sewage treat-
ment plants [5], the fraction of NTA-
degrading bacteria in the sludge of the
domestic sewage plant ARA Glare

being in the range of several percent.
NTA dearly accounted for less than
19 of the rotal dissolved carbon in this
plane. Despite the presence of such
cells and the almost 99% efficiency
of NTA degradation, the presence of
the NTA-MO enzyme could not be
detected {Table 2). . -
In contrast, the plant on the Sintis
{a mountain) was run by three restau-
rants which afl use a dishwashing
detergent containing a high proportion
of NTA. The fraction of NTA in the
total dissolved carbon of the waste-
water was in the range of 5-10%.
Although in this plant the proportion
of antibody-positive bacteria, amount-

ARA Glagt ARA Santis

NTA-C: DOC 0.06%

Nuriber of NTA-degraders. A0 promiss

Fraction of N‘%’A-degrade'rs intotal population ' ; 0.9%
e | oosmagss
NTA-MO,cB . 0.007 mgfg S5
NTA dagradation efficiency - . i ngg
Table 2

Quamsification of NTA-degrading micraorganisms and NTA monooxygenase (NTA-MO) in the
sewage sludge of both sewage treatment plants (ARA) Glars and Sinsis using antibodies.

NTA-C = carbon from NTA; DOC = dissolved organic carbon; n.d.=not detectable. -
Desection limit for NTA-MO components cd and ¢B was 0.0005 mg proseinlg dried sewage sludge
(SS). The total number of cells in the sewage sludge was determined by using the acridine orange

" method. Data from (6],

25



EAWAG News 40, July 1896

ing to 1% of the entire population, was
slightly lower than in the ARA Glar,
the presence of NTA-MO. could be
detected in the sludge. Obviously these
results have to be interpreted with
caution; for example, ir has not been
verified whether the number of immu-
nopositive cells is 2 good estimare of

the total number of NTA-degrading

bacteria or whether all of the NTA-,

degrading bacteria present in the plant
degrade NTA using NTA-MO (dis-
cussed in [3]). The results nevertheless
suggest that regulation of the produc-
tion of NTA-degrading enzymes is an

- important factor in sewage trearment
plants and that the degradation of
NTA most probably eccurs through
regulation of the production of
NTA-degrading enzymes rather than
by enrichment of the NTA-degrading
bacterial population.

The Induction of
NTA-Degrading Enzymes

The fact that NTA-degrading micro--

organisms can be found in most sewage
treatment plants and surface waters but
thar their NTA-degrading enzymes are
not induced begs the question as o
how the induction of NTA-degrading
enzymes occurs with time. Are these
 bacteria able to react to the presence of
NTA within a few minutes or do they
need days before they are able to syn-
thesize the appropriate enzymes?
Laboratory experiments using pure
cultures of Ch. heinrziiwere carried out
in order to answer this question [6, 8].
The temporal course of the production
of NTA-degrading enzymes was ana-
lyzed during transition from glucose to
NTA as the nutrient medium. In these
experiments, NTA-degrading enzymes
were detected in the bacterial cells
within minutes using a simple test. The
cells were harvested, washed and their
respiratory activiry was measured with
an oxygen probe in the presence of
NTA. In this test, induced cells showed
an enthanced rate of oxygen uprake in
the presence of NTA, whereas pon-
induced cells did not show any increase
in the uptake of oxygen. The results
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Production of NTA-MQ during the growth of Ch, heinezii (ATCC 29600) in a carbon-limited
chemastat culture using mixtures of NTA plus glucose in various cancentrasions. The rate of dilurion

was kepe canstant as D = 0.06 ir'. Data from [7].

from this simple method could be cor-
roborated by determining the NTA-
MO activity and by the immunological
quantification of NTA-MO [6}.

First, Ch. heintzii was grown in con-
tinuous culeure with glucose as their
sole source of carbon at a constant fate
of dilution. Under such conditions, the
cells do not produce any NTA-degrad-
ing enzymes (see Fig. 3) and an NTA-
stimulated enhanced rate of oxygen
uptake could nor be derected. If
glucose was then entirely replaced by
NTA in the influent nutrient medium
(while retaining the rate of dilution},
the cells were unable ro utlize NTA for
a longer period of time; only after over
20 hours did the NTA-stimulated
enhanced rate of oxygen uprake indi-
cate an increased production of NTA
enzymes (Fig. 4).

Since such abrupt changes in the
availability of nurrients are rare in sew-
age treatment plants and since other
easily degradable carbon sources are

~always present apart from NTA, the

experiment was repeated. The new
influent medium contained a mixture
of glucose and NTA. The results shown
in Fig. 4 suggest that an increased
proportion of glucose in the mixrure
drastically reduces induction tme.

These results show clearly thar the

availability of additional, easily de-
gradable carbon compounds do not
necessarily inhibit the producrion of
enzymes degrading a pollutant, but
that they may support their producrion
(under the condition that they are not
present in excessive concentrations).
They probably provide the energy
needed by the microbial cells to pro-
duce new enzymes under such transi-
tional conditions.

Based on these results, we can expect
that the production of NTA-degrading
enzymes can occur relatively quickly in
a sewage trearment plant and that the
presence of alternative carbon sources
seemn to have a supporting and acceler-
ating influence on the dynamic course
of the enzyme induction process.

Conclusions and Practical
Applications

Simple laboratory experiments . on
NTA-degrading bacteria have shown
that microorganisms degrade this envi-
ronmental polluranr in sewage treat-
ment planss and in ecosystems simul-
eaneously with naturally occurring car-
bon compounds and thar production
of NTA-degrading enzymes depends
mainly on the relationship berween the
amount of NTA and other available
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compounds: The fact that NTA is usu-
ally found in very low concentrations
and provides only a small proportion of
‘the carbon necessary for microbial
growth leads to minimal formarion of
NTA-degrading enzymes. Preliminary
investigations in sewage treatment
plants have also shown that informa-
tion on the regulation of NTA degra-
darion enzymes gathered from pure
culture experiments can probably also

be applied to this complex situation;

hence, the degradation of NTA occurs
primarily through the activiey of “un-
induced” cells (i.e., cells with a very low
basic level of NTA enzymes) which are
ubiquitously present in quite large
numbers in sewage sludge and also_in
tivers and lakes [5,6]. This assumption
seems not only to apply to NTA but
also to the degradation of other trace
compounds, as similar behavior pat-
terns has also be observed in micro-
organisms which degrade methylene
chloride, p-toluene sulfonate (A. Tien
and T. Egli, unpublished) and metha-
nol [3].

Such regulation patterns could pro-
vide practical information on the
dynamics of degradation processes in
ecosystems and sewage treatment
plants based on inducible enzyme
systems. We suppose that “uninduced”
cells can only produce a delayed

reaction to a sudden inpur of NTA,
whereas partly induced cells should be
capable of reacting relasively quickly
to a pulse of NTA. This statement is
supported by observations made on
model sewage treatment plants which
were supplied with various mixrures of
NTA plus syntheric wastewarer i6l.

"The use of specific mixrures of easily

degradable carbon sources together
with chemicals could be used ro either
maintaining steady state degradation
or to specifically stimulate the degra-
dation of environmentally problemaric
chernicals in industrial sewage treat-
ment plants. Also the stimulation of
specific degradation efficiencies in
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Bioavailability
of Organic Pollutants

A number of organic chemicals which leach into ground water from
heavily polluted soils may be eliminated. To achieve their removal,
however, the bicavailability of a pollutant must be maximized. Solu-
bility, sorption and mass transfer together influence the rate of bio-
degradation of environmental contaminants. :

The mass production of synthetic
organic compounds and their use in
all areas of human life has led o wide-
spread contamination of practically
every compartment of the biosphere.
Industrial chemicals are released due o
accidents and improper land disposal.
They enter the environment because
of carelessness during transportation,
storage and use. A number of com-
pounds, among them pesticides, are
deliberately inrroduced into the envi-
ronment in large quantities. Global
pollution by low concenmations of
many of these chemicals was first
detected in the 1960s. More recendy,
public concern has been aroused by
the knowledge thar roxic organic

Q soil particle
_#L ,‘ poliutants

@ bactarum

[

jution
~_ 5@
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Schematic illustration of a bacterium in soil or ground water (left) and she pollusant gradient cansed

by its degradasion activity ( right).
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chemicals may leach from poliuted
soils into ground water and endanger
drinking water supplies. Many coun-
tries have already developed programs
for cleaning up contaminated sites,
many of which give preference ro bio-
logical approaches, as they have licde
apparent effect on soil structure and are
particularly cost effective. One prob-
lem with using biological rechniques,
however, is the limired amenability of
many pollutanes to biodegradation.

The purpose of this arricle is t
consider the bioavailability of organic
pollutants from the point of view of a
bacterium who wishes to use environ-
mental contaminants as a food source.
Such an organism asks two questions:
(1) how can I ingest of the chemical
and (2) how can [ digest it?

A fundamental prerequisite for the
biotransformation of any chemical is
the existence of microorganisis that
cither possess the biochemical abilities
needed for degradation or are able to
acquire such capabilides through ge-
netic exchange with other microorgan-
isms. It is also imporrant for the overall
biochemical reaction to be thermo-
dynamically favorable; thar is, to sup-
ply the microorganism with energy
for its efforts. The goal of a biological
clean-up operation then must be
maximize the bioavailability of a pol-
Jutant, ie., the flow of the chemical
to the bacterium.

A cerrain degree of contaminant
flow in the direction of a bacterium
is caused by the organism itself (see
Fig. 1). As a resulr of its degradation
activity, the bacterium decreases the
concentration of a chemical at the cell
surface and effectively forms a concen-
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tration gradient [1]. Another driving
force ensuring contaminant movement
is the permeability of the soil matrix to
the pollutant. The role of each of these
factors in derermining bioavailability
will be examined in detail below.

The Concentratidn Gradient

Formation of Bound Residues and
Dissolution Kinetics
The concentration gradient established
berween the ground water and bacte-
rial cell surface may-be influenced by
factors other than bacrerial degrada-
tion. Incorporation of pollurants into
organic material and precipitation of
sparingly soluble compounds leads, for
' instance, to a lower gradient and conse-
quendy to reduced pollurant flow [2].
Some organics like phenols, benzoic
acids and anilines so closely resemble
natural compounds that they’ may
become incorporared into humus-like
strucrures (Fig. 2). This process, which
is called compling, is caralyzed by soil
minerals {clays and iron oxides) or by
enzymes (peroxidase, phenol mono-
oxygenase) and resuits in a decrease in
dissolved contaminant concentrations.
Such structure lose any biological or
chemical activity. There are, in fact,
proposals to use the formation of
humus-bound organic residues as a
remediation technique, The danger
exists, however, that under some cir-
cumstances particulate organic marter
may become mobile leading o disper-
sion of the pollurant. It has also been
shown that coupling reactons do not
always result in detoxification, but may
lead to the formation of more roxic
coinpounds such as polychlorinated
dioxins und dibenzofurans (Fig. 2).
Hydrophobic chemicals are gener-
ally unevenly distributed in soil and

tend to accumulare into jumps or to |

form droplets. Pollutants are in many
cases also disposed of in pure liquid or
solid form. Coal tar, accumulated in
former town gas production sites, is an

extreme form of such contamination. -,

These types of contamination can only
be eliminared by bacteria after they
have dissolved in the ground water and
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passed through the soil marix. Disso-
lution kinetics, therefore, greatly influ-
ence the flow of contaminants. One
somewhat controversial possibility is
the use of surface-active compounds to
facilirate the dissolution process.

Lowering of the Pollutant .
Concentration at the Cell Surface

The uptake and degradation of a

chemical by a bacterium leads o a

decrease in its concentration at the
cell surface which, in wrn, effectively
increases the flow of pollurant to the
bacterium [2]. As mentioned previ-
ously, a prerequisite for pollurant
degradation is the existence of the
appropriate information in the micro-
organistos’ genome and its expression.

- Suirable degradarion routes can only be
created if the overall reaction yields

encrgy-assisted and if the highest

energy bartier can be overcome by -

enzymes during the course of the
reaction. The next section describes
mechanisms which lead to the acqui-
siion of such genetic information
and discusses energy-related aspects of
biodegradaton. )

Acquisition of Genetic
Infarmation

Degradation of an organic compound
requires the activity of various en-

_zymes. The recalcirrance of certain

environmental contaminants to micro-
bial degradation may, therefore, be due
to a lack of the genetic information
required to synthesize such enzymes.
The acquisition of a working degrada-
tion route for a given anthropogenic
compound may reside in the metabolic”
abilities present in a habitar being
expressed in a single bactertum (3]. In
such a case, in addition to the trans-
mission of genetic information from
one microorganism to another, small
changes in the enzymes themselves
may also be needed; these are accom-
plished by murations. Such evolution-
ary phenomena are held responsible
for the long time that microorganisms
often take to adapt to the degradation
of environmental chemicals.

The addition of laboratory-grown
bacterial cultures which are already
specialized in degradation of the pol-
lutant in question can significantly
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Biodegradation of a-hexachlorocyclohexane (HCH) in soil at various concenrations ( ‘mglkg).

reduce the period of adaptation. Even
if these organisms cannot themselves
live in polluted soils, the genetic infor-
mation introduced can still be available
to the microorganisms that are beteer
adapred to the site. The genes intro-.
duced can both be actively transmitred
to established organisms and taken up
by them in the form of free DNA.

Energy-related Considerations

The biodegradability of a compound
depends on the thermodynamics of the
overall reaction and on the kinetics of
the rare-determining step of the enzy-
matic degradation route, which often is
the one which requires the highest acti-
vation energy for initarion. Biological
mineralization of most organic poltut-
ants is thermodynamically favourable
under both acrobic and anaérobic con-
dirions as indicared by negadive values
for the Gibbs free energy (AG). For

instance, the process of reductive de-

halogenation is an energy-supplying

process when coupled with oxidation
of an organic substrate. So there aw no
obvious thermodynamic reasons’ for
the lack of degradation of some pollut-

30

ants in seil. For instance, no reductive

" dechlorination of monochlorobenzene

has been found in environmental sam-
ples, even though there is no significant
difference in thermodypamic rerms
between this reaction and reductions
of more highly chlorinated benzenes

which take place ar a higher rate [2}..

It is the particulasly high energy barrier
of the first reacrion which causes the
subility of chlorobenzenes to increase
as the number of chlorine atoms
decreases.

Soil Permeability

influence of Mass Transfer on the Rate
of Degradation

Bacteria and contaminants are un-
evenly distributed in the environment;
therefore, the transport of the pollut-
ant to the bacterium may largely deter-
mine the, rate of degradation (Fig. 1).
Spatial separation has various causes:
the pollutant may have collected in
organic particles that are inaccessible
to bacteria or may have entered the soil
in solid form or as a liquid. In addition,
the dissolved concentrations in the
vicinity of such localized contamina-
tion may be so high thar bacteria
cannot survive. A number of pollutants
appear to be inaccessible o bacteria
under such conditions, This is espe-
cially true at sites which have been
poltused for a long time.

For instance, no degradatdon of e-
hexachlorocyclohexane (HCH) could
be found in soils which had been
contaminated with this chemical for
40 years (see Fig. 3: top line “Field®}.
Nor could degradation be stimulated
by adding nutrients or oxygen. In con-
trast, mixing the soil by landfarming,
thus shortening the average distance
berween the pollutant and the micro-
organisms which were present in the
soil, led ro immediate degradation of
HCH. The rates of degradation in lab-
oratory tests were even higher (Fig. 3),
and there was a positive correlation
with the intensity of mixing [4].

residual concentration

Fig. 4
Residual concentration of
an orgamic paﬂurdnr as

a finction of soil perme-
ability ‘ low

permeability nigh
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Influence of Mass Transfer on the
Residual Concentration

The occurrence of relatively high resid-
ual pollusant concentrations can also
be explained by limited mass transfer.
As lluserared in Fig. 4, residual concen-
trations are inversely proportional to
soil permeabilicy. Improving the mo-
bility of poUutants consequently leads
not only fo an increase in the rates of

degradarion bur also to a decrease in -

residual concentrations.

Conclusions

Once microorganisms have acquired
the ability to degrade an organic con-
raminant, mass transfer becomes the
rare—detemunmg step in @ clean-up
operation. At present, mixing soil is
the only way ro accelerate che biotrans-

formation process. The example of
HCH suggests that the intensity of
mixing required for clean-up thar also
meets legal requirements is very high
and can only be achieved in special
reactors. This applies o the majority
of sites that are contaminated with
organic compounds.

Another strategy is certainly conceiv-
able; namely, to treat the relatively
easily degradable, more mobile portion
of the pollutant #n situ in a relacively
short time and leave the immobile
portion which has less potential for
harm. Pollutants which are slowly
released from this portion would sim-
ply need to remain under observation
so as to enable further clean-up opera-
tions to be carried our if necessary.
To achieve change, however, serious
actempts should be made to organize

activities in such a way that the possi-
bility of soil poliution is minimized
and renewed contaminarion, should it
oceur, is immediately remediated.

{11 Harms H. and Zehnder AJ.B. (1994} Influ-
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| Nitrous Oxide Emissions

from Sewage Treatment
" Plants and Lakes

Microorganisms which oxidize and reduce nitrogen compounds in
sewage treatment plants and lakes produce nitrous oxide (N,0) as an
intermediary product. N;O is a greenhouse gas, contributing to the
deterioration of the ozone layer in the stratosphere. In this study, N,O
emissions from lakes and sewage treatment plants were estimated.
Practical consequences for water protection strategies are discussed.

Problems with Nitrogen
in Water Protection and
Conservation

Swiss lakes and rivers are increasingly
becoming polluted with nitrogen-con-
taining compounds [1]:

© Every year about 66'000 tons (0) of
nitrogen (N) are flushed and leached
from soils into narural warters. This N
originares from the concentrated appli-
cation of nirrogen fertilizer in intensive
agriculture and from nitrogen oxides
(NO,) which enter the atmosphere via
combustion processes (i.e., motorized
vehicles and industry). The simulta-
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Microbial nitrogen conversions that occur in
sewage treasmen plants, These also occur nas-
rally in lakes and their sediment. The com-
pounds in bold prine are the initial and end
products of both processes. The intermediate
componeds only scour as trace compoinds.

neous effect of both processes results in
a diffuse fertilization of soils with N.-
An additional 41°000 t of N enter
the hydrosphere from treated effluents
leaving sewage treatment plants as well
as from untreated wastewater.

The. narural input of N into bodies
of water has been increased six-fold as
a resulr of anthropogenic influences.

@ The nitrogen content of most lakes
and streams in Switzerland is increas-
ing continuously and has already
doubled in lakes in the past 15-30
years {2].

@ Nirrate (NO3) is one of the most

‘common pollutants in Swiss ground-

water.

e Swirzerland exports about 81000 t
of N annually into the North Sea
through the outflowing Rhine. As
nitrogen limits the growth of algae in
the North Sed’s coastal waters, Switzer-
fand clearly shares responsibility for
the progressive eutrophication of the

North Sea.

Nitrogen Removal from Lakes
and Sewage Treatment Plants

The anthropogenic nitrogen pollution
of lakes results in a shift in the com-
position of algal populadons. The pri-
mary production remains unchanged,
however, as it is limired by the avail-
ability of phosphorus. This is why
increased nitrogen input does pot lead
to eutrophication of the lakes. Swiss
lakes are able to remove some 26’000 ¢
of nitrogen annually by two main pro-
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N0 production in lakes and sewage treasment planss which can lead to atmaspheric emissions. The
formasion of NO through she processes of nitrification and denisrification is shawn as leaks in a pipe.
Denitrification may also be a sink for N2O, whereby NaO is reduced 1o No.

cesses: (1) by deposition in sediments;
and (2) by release of elemental nitrogen
(N) and nitrous oxide (N;O) to the
atmosphere, both of which are pro-
duced by microorganisms.

Measures are needed in the areas
of agriculture and motorized rraffic
in- order to reduce the nitrogen input
to surface and ground waters in the
future. Currentdly, the larger sewage
trearment plants in Swirzerland are be-
ing extended to include an addidonal
treatment stage. In order to remove the
nitrogen from the wastewater, specific
microbial processes are being applied —
the same ones that occur naturally in
lakes and which produce gaseous nitro-
gen compounds (see Fig. 1).

Ammonium (NHJ) is formed in
wastewater, especially from uric acid
in human excrement. In lakes, NH;
is sec free during the decomposition
of algal biomass. One group of micro-
organisms, the nitrifying bacreria, oxi-
dize NH; with oxygen (O;) to nitrate
(NO3). In doing so, they gain chemical
energy. A second group, the denitri-
fying bacteria, reduce NO; to No.
‘This process occurs in the absence of
O, because NOj replaces O as the
oxidizing agent in the degradation of
carbon compounds. Nirite {(NO3)
and nitrous oxide (N;O) are two of the
intermediaty by-products of both
microbial processes. ‘

As nirrification and denitrification
take place at different O, concentra-

tions, they are temporally and spadally
separated both in sewage treatment
plants and in lakes. In sewage treat-
ment plants, they often occur in two
different tanks — in the aerated nitri-
fication tank and in the non-aerated
denirrification rank (Fig. 2). In lakes,
the two processes occur in biofilms at
the sediment-water interface, N,O and
N, can escape from sewage treatment
plants and lakes into the atmosphere;
in this way, nitrogen is eliminated from
the warer.

Sources of N,O and impact on
the Atmosphere

Even though N,O is not toxic to
humans and is a namrally occurring
crace gas in the armosphere, N;O emis-
sions from sewage treatment plants and
lakes have unwanted consequences.
After carbon dioxide (CO,) and meth-
ane (CH,), N,O is the third most
important greenhouse gas in the earch’s
atmosphere and contributes ' to the
destruction of the ozone layer in the
stratosphere {3]. The concentration
of N,O in the atmosphere has been
increasing steadily for several de-
cades. The current rate of increase is
0.2-0.3% annually. The reason for
this observable global increase is most
likely due to acceleration of the nitro-
gen cycle through human activity.
According to the current state of
research, N,O is mainly produced

dusing microbial nitrogen conversion
processes in soils and bodies of water

‘Reliable scientific data on N,O emis-

sions from aquatic systems, especially
from lakes, wetlands and sewage treat-
ment plants, however, are scarce. This
was the impetus for two recent doctoral
research studies at the EAWAG. The
primary objectives of the first project
were 1o estimate N,O emissions from
sewage. treatment plants with inte-
grated nitrogen elimination and 10
identify potentially critical operarignal
scenarios. The objective of the second
project was to determine N2O ernis-
sions from lakes in order 1o be able to
estimate their role in the global increase

_ of atmospheric N;O.

N,O Emissions in Sewage
Treatment Plants

Development of a Working Modei and
Reactor Experiments

In order to quandtatively describe
N,O production, 2 marhematrical
model was developed [4, 5]. In this
model, the most important intermedi-
ate steps of nitrification and denitrifi-
cation were defined. In order to assess
both the unknown kinetic parameters
of each step and the dependence of
N,O emissions on various operational
conditions, the operation of a sewage
plane was simulated in laboratory ex-
periments. The mathematical model
was calibrated with the results of these

measurements.

Conclusions from Laboratory
Experiments :

Figure 3 shows N;O production from
denitrifying bacteria in the reactor
as caleulated by the model according
to the O, and NO; concentrations.
The calculation illustrates the signifi-
cance of O, and NO3 to N,O emis-
sions. The maximum N,O emission is
at 1.5 g m O, and 10 g N m™ NO;.
Transferring the calculated emission
values to a sewage teatment plant
should only be made with caution
since the emission is dependent on
the conditions selecred for the reactor
and nirrification was not taken into
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Fig. 3

Rare of NaO praduction in a laboratory reactor
with respect to Oy and NO concenrations as
calenlated by a mathemarical model.

account for the calculation. Never-
theless, basic rules for minimal N,O
emissions during the nitrogen removal
process can be postulated:

» NOJ concentrations over 2 g N m™
should be avoided in the aerated tanks
as they lead to increased NoO emis-
sions.

2 In non-acrated tanks O, concen-
trations below 0.25 gm™ result in
minimal N,O emissions, although the
NOj concentracion is relatively high.

Testing the Model with Measurements
in a Sewage Treatment Plant

In order to test whether the developed
model may be applied o sewage
treaument plants, it was tested with
measurements from the sewage trear-
ment plabr ac Opfikon in the Canton
of Ziiirich. This sewage treatment plant
has been expanded in recent yeass o
include a nitrogen elimination stage.
The NOj, NO; and N,O concentra-
dions in the aerated and non-aerated
tanks of the sewage treatment plant
were periodically derermined. As an
example, Fig. 4 shows the diurnal
patterns of both the measured and
calculated N.O concentrations in the
aerared tank. Between 0800 and 1000
hours, digester superpatant from the
sewage sludge treatment was diverted
into the influent rank. This addition
of digester supernatant caused an in-
crease in the NHJ concentration. The
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intense nirrification of NH and de-
nitrificaion of NOj released NO3
and N,O. The dynamics and the order
of magnitude of the NOj, NO7
and N,O concentracions could all be
simulaced satisfactorily using the math-
emarical model, suggesting that it may

‘be useful in estimating N,O emissions

from sewage treatment plants.

Quantification of the N,0 Emissions of
Sewage Treatment Plants

After calibrating the models parame-
ters with the laboratory reactor and
testing the model with a large-scale
plant, estimates of N,O emissions
from Swiss sewage treatment plants can
now be made. The calculated N,O
emissions from the Opfikon sewage
treatment plant have been excrapolared
for total nitrogen turnover in Swiss
sewage trearment plants. A total of
abour 0.2~0.7%o of the influent nitro-
gen content of a communal sewage
treatment plant is released into the
atmosphere. Although this estimate
has been greatly simplified, an annual

* NO3" mpasured
»  HNO2™ mensured
w~= NaO measured

e calctistod Vel addition of digester

supematant
25 ]

20 0.8 o~
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Fig. 4

Experiments conducted in the sewage measment
plans of Opfikon: denitrification and nitrifi-
cation under aerobic conditions in the nirrifica-
tion zane. Calculared concentrations (Fines) of
NOj;, NO3 and N,Q correlate well with the
measurements (a, %, ==m). The addition of
digester supernatant cansed the NH] concenima-
tion to increase. The intense mirrification of
NH; and denisrification of NOg caused the
release of NO; and N2O.

amount of 9-30 t N of N, O emissions
from Swiss sewage trearment plants can
be expected.

N,O Emissions in Lakes
Are Lakes Sourees or Sinks of N,O ?

Because the same microbial nitrogen
conversion processes occur in lakes as
in sewage treatment  plants, narural
aquatic sytems can likewise release
N,O iato the atmosphere. Current
research postulates that lakes and seas
are not only sources of N,O bur may
also be sinks [6}. The reason for this
is thar denitrifying bacteria reduce
N,O to N, in the oxygen-free (anoxic)
deep waters (Fig. 2). In order to test
this hypothesis, concentration profiles
of N;O with depth were made in Lakes
Alpnach, Rot and Zug, At the time of
sampling, the deepest waters contained
no oxygen.

Lakes Alpnach, Rot and Zug:
Sources of N,O

In all of the measurements made in
the anoxic deep water zones, 2 N2O
undersaruration {compared to equi-

librium N,O concentrations in the

atmosphere) was found. In spite of this
apparent consumption of N,O in the
deep water layers, the surface waters
of the investigated lakes were always
oversaturated with N,O. In the layers
conraining oxygen, more N,O was
being produced than was being con-
sumed in the deep waters. Despite
differences in nucrient levels and oxy-
gen status, all of the lakes emic N,O
to the atmosphere. These results con-
tradicr the hypothesis thar lakes with
oxygen-free deep warers may serve as
sinks for atmospheric N;O.

Annual Profile of N,O Concentrations: '
Lake Baldegg

As soon as a lake seradifies, the N,O
concentration ar depth increases by -
a factor of 6 within a few months
{Fig. 5). Lake Baldegg was a source
of asmospheric N,O during the entire
investigation period; the surface water
always being oversaturated with NzO.
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In the winter, deep water wich high
'N,O concentrations wells up and is
mixed with the surface water. For this
reason, N,O emissions from Lake
Baldegg increase markedly and lead
to a reduction in N;O concentrations
within the lake.

Since the highest N;O concentra-
tions were measured in the vicinity
of the sediment surface, fine-scale
gas measurements were carried out
directly at the surface of the sediment.
Maximum N,O concentrations were
directly derected at the sediment sur-
face (Fig. 6). The maximum concen-
rraton suggests that NO is being
produced ar the sediment-water inter-
face in the Lake Baldegg. This N;O
is constanty diffusing into the deep
water layer and into the sediment
Estimates have suggested that N,O
production at the sediment surface is
sufficient to explain the observed accu-
mulation in the deep water layer dur-
ing summer stagnation in the lake [7].

An Estimate of N;O Emissions from
Lakes

On the basis of our results, we can as
yet only roughly estimate the range
of N,O emissions from Swiss lakes.

G 19 26 a0 W0 [mg N m]
10_1 e 1 L] !
Q
O axic
o lake water

. o]
£ -5 O
=,
z
]
E
o
@
o ©
£
£ -
=
[~
[}
o

5

e
Fig. 6

NoO at the sediment-water interface of Latke
© Baldegg (fuly, 1994). N2O is produced at the
sediment surface. It diffuses into the anoxic
sediment (where it it reduced) and into the oxic
deep water where it accumulates (arrows indi-
cate the direction of diffusion).

Fig. 5 )

NaQ in the water columnt of Lake Baldegg. In summen, N0 aceumulates in the deep warer layers.
Int winter, NoO emissions into the atmosphere are the highest, as deep waters containing high N2O
concentrasions mix with surface warers, '

Switzerland’s lakes release approxi-
mately 40—400 t of nitrogen into the
atmosphere per year. We intend to per-
form measurements in all major Swiss
lakes in order to verify these estimates.
Compared to nitrogen removal in
lakes, N;O emissions are negligible.

Conclusions

. & The planned introduction of nitro-
gen removal in Swiss sewage trearmenc
plants will not lead to significant
increases in N,O emissions to the
atmosphere. N;O emissions from sew-
age treatment planis account for less
than 1% of total emissions in Switzer-
land. Neither construction nor opera-
tional measures are needed to reduce
N,O emissions from sewage treatment
planss.
® As lakes remove nitrogen quite effec-
tively, they can counteract the over-

Source N;0-emissicn | fraction

it f.]ahr} [e:d
sewage treatment 9-30 <1
L R
motor traffic 27700 17
agriculture.. WA - |8
Tatal 16'000-17°000 100
Table 1 |

Estimate of the various proporvional amounts
of NoO sources in Switzerland (data from (4]
and [8}.

fertilization of Swiss waters with
nitrogen. Nevertheless, it is possible
that increasing nitrogen pollution
could lead to increased N,O emissions
from lakes. To date, N,O emissions
from lakes amount to less than 3% of
the toral N,O emissions in Swirzer-
land.

@ The impact of various sources of
nitrous oxide on 2 global scale is still
controversial. It is, however, regarded
as certain that the rate of global N,O
emissions is increasing as a conse-
quence of anthropogenic activity. -
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Optimized Monitoring
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crucial transport properties and
described quantitatively. This stu
monitoring program can be d
field studies and mathematica
its metabolites in lake water serve as an example.
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Inr;miue field study in Greifensee in 1991,

A: Represensative conceniration profiles; B: Measured atrazine input..
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of Contaminants:
Atrazine as an Example

Environmental contaminants can be efficiently monitored if the
transformation behaviors have been
dy demonstrates how an optimal
esigned with the help ‘of well targeted
| modeling. The herbicide atrazine and

Literature Data, Field Studies
and Model Development

The water quality of many surface
waters in Switzerland is being moni-
tored by elaborate monitoring pro-
grams, including continuous monitor-
ing, periodic spor checks and indi-
vidual studies, In Light of the high
cost of such programs, the ecological
and economical oprimization of these
monitoring functions will receive in-
creasingly more scrutiny in the near

future, To this end, well-targered field

. studies and mathematical modeling

can make significant contributions.
The first step in the process is
the quandrative description of the
environmental behavior of a rtarget
compound. In the case of a lake, this
includes its input into, mixing and
transpors within the lake, and chemical
and biological degradation. These pro-
cesses determine the spatial and tempo-
val distribution of 2 compound within
the lake. In general, an iteradve
approach is used which can be sum-
tarized as follows:
+ A hypothesis abour the environ-
mental behavior of a compound is
formed based on literature data.

o A derailed field study is undersaken

to quantify the dominant processes
affecting its behavior.

+ The relevant processes are incorpo-
rated into a compurer model.

+ The model is tested by additional
roeasurements in the field.

» The model, in conjunction with rep-
resentative measutements, becomes
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the primary tool employed in che

monitoring process.
The model makes predicdons and,
without much additonal efforr, may
be adapred to situations dealing with
similar surface waters and other com-
pounds. .
 The study described here demon-
strates how the general approach de-
scribed above translates into definite
steps. The herbicide amazine serves as
an example. First, the uses of atrazine
and our current understanding of irs
fate in the environment is reviewed.
Nexr, a detailed field study (Greifensee,
1991) and subsequent model develop-
ment and validadon (additional moni-
toring in the same lake and inclusion
of data from different lakes) is dis-
cussed. The following section deals
with degradation products of atrazine,
In conclusion, an optimized monitor-
ing program is presented, rogether with
a discussion which critically evaluates
the costs and the benefits of using this
approach.

Atrazine as a Model
Compound

Atrazine is one of the most important
herbicides in use worldwide, In Swit-
zerland, about 120 tons of atrazine
were used in 1989. For comparison,
in the United States’ corn belt (a large
portian of its watershed drained by the
Mississippi River) acrazine is applied ac
a rate of about 20°000 tons per year.
Since the early 1980%, atrazine has
been detected in many drinking water
supplies in concentratons significantly
above the tolerance level for pesticides
(0.1 ug/l). Since 1989, the use of atra-

zine in Switzerland has been severely

restricted with only about 60 rons per
year applied in recent years. Currently,
it may only be used on corn, ara rate of
1 kg/hecrare, and may not be applied
afyer June 30.

There are’ many ways atrazine is
infroduced into the environment.
During irs applicadion, for example,
atrazine is released into the atmosphere
by evaporation from the spray being
applied to the crop. Once it has been

[ka] [kgl
50 50
40 40
304 sed
20 20
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Fig 2 -

Total amouns of asrazine in Greifensee in 1990~91 and 1993-94.

applied, it is released into the atmo-
sphere through evaporation from the
plant and soil surface, into lakes and
screamns through surface runoff, and
into ground water by surface runoff
percolating though soils.

In 2 lake, the fate of atrazine is con-
rrolled by a number of transport and
transformation processes. On the basis
of available literature data, the follow-
ing hypotheses can be formulated: lake
inlets introduce arrazine into the sur-
face layers of a lake (epilimnion). The
intput is highest during the application
period. Wichin the lake, several mixing
processes occur. During the time when
the lake is stratfied (approximarely
April through December), atrazine
is evenly distribured throughout the
epilimnion within just 2 few days.
Atrazine is contnuously being ex-
ported from the lake via the outet. A
small portion of atrazine is transporred
to the hypolimnion by the much
slower vertical mixing of water. The
winter circulation (2. January through
March) dismributes  atrazine evenly

* throughout the lake.

In additon to the transport pro-
cesses described above, a number of
mechanisms are expected to reduce
the amount of atrazine in the water
column, namely chemical and biologi-
cal degradation, gas exchange with
the atmosphere, sorption to particles,
sedimentation, and incorporation into
sediments. The rates of chemical
hydrolysis, gas exchange and sedimen-
ration can be estimated from the
physico-chemical properties of a com-
pound (rate constant of hydrolysis,
Henry's Law constant and sorption
coefficients) and system parameters

such as pH of the lake water, wind
velocities and particle concentrations.
In the case of atrazine, contriburions
from all processes within the lake can
be ignored since they rotal less than 1%
of the amount of atrazine that is lost via
the lake outlet. Indirect phorochemical
and biological degradation, as well as
toral atrazine input to the lake, cannor
be estimated with sufficient accuracy
from existing lirerature data and must
be determined from field studies.

Intensive Field Study and
Model Development:
Atrazine in Greifensee [1]

In 1991, the concentration profile for
arrazine was determined at the deepest
point in Greifensee ona monthly basis
(see Fig. 1, top panels). Since moder-
ately reactive compounds are rapidly
and evenly distributed within indi-
vidual layers of a relatively small lake
by horizontal mixing processes, it was

possible to restrict sampling to one

location, the site of greatest depth.
Atrazine input to Greifensee from the
main tributaries (Aa and Aabach) as
well as from several smaller tribusaries
— a parameter critical to the develop-
ment of a reliable model — was deter-
mined quantitatively by an intensive
sampling program (see Fig. 1, bottom
panel).

The simuladon software package ,-

«MASAS» was used to construct the
mathemarical model [2]. Wich the help
of this software, the various processes
(inpur, output, mixing, degradation)
were integrared into a dynamic, one-

dimensional vertical model. This-

enabled us to calculate simulared
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Model validation I: Measured and modeled atrazine input to Greifensee in 1993-94.

concentrarion profiles and toral lake
content {(Fig. 2) and to compare them
with corresponding measurements in
che field.

There is cleatly good agreement be-
eween feld measurements and model
calculations based on the following
processes: :
+» Whater mixing within the lake
+ Distncily seasonal inpue of atrazine
+ Conservative behavior of atrazine in

the water column {exceprion: small

degree of degradation in July and

August due o indirect photochemi-

cal or biological degradation}.

Our marhematical model was success-
ful, therefore, in quantitatively describ-
ing the dynamics of atrazine behavior

in Greifensee.

Model Validation

The model developed was rested and
validated on the basis of field dam
collected in Greifensee (1990 and
1993-94) and in Murtensee and Sem-
pachersee (1994; characteristic param-
eters are compiled in Table 1). The
sampling program was significandy
reduced for this part of the study. In
particular, atrazine input was detér-
mined by spot-samples in Greifensee
(in the form of several 24-hour bulked
samples in the tributaries Greifen-
see) and not at all in Murtensee and
Sempachersee. Fig, 2 shows the total
mass of arrazine in Greifensee calcu-
lated on the basis of the measured
concentration profiles for 1990-91

“and 1993-94, and the simuladon

results, respectively. The 1991 values
38

of atrazine input to Greifensee were
zctual  measurements, while inpur
values were obrained from the model
calculations for 1993—94. These values
were in good agreement with spot sam-
ples (see Fig. 3). We could, therefore,
confirm the validity of the mathemati-
cal model developed for Greifensee {31,
The overall decrease of atrazine in the
Jake berween 1990 and 1994 is appar-
ent and may be explained by the limira-
tions imposed on atrazine usage during
that period. Application of the model

to Murtensee and Sempachersee pro-

vided additional confirmation of its
validity, as may be seen in Fig. 4. Again,
input values were calcnlated by the
model. '

~

Expansion of the Model.
Degradation Products of
Atrazine

Atrazine can be microbially degraded
in soils. The main products are des-
echylatrazine, deisopropylatrazine and
hydroxyatrazine. In order to apply the
model to these degradation products, it
was necessary to make predictions
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Fig, 4
Model validation IT: Total amonnt of asrazine
in Greifensee, Murtensee and Sempachersee

(1994).

abour the processes governing their
behavior in a lake. Based on the
physical-chemical properdes of these
compounds, it is again expected thiat
the dominant processes will be toral
input and a small degree of loss due
to degradation during the summer
months.

The three merabolites were moni-
tored as parr of the 1994 field study [3,-
4]. They were introduced to the lake
with a slight delay relative o atrazine.
This was expected since they are
formed only after arrazine has been
applied to the soil. Preliminary model
calcularions show thar all three com-
pounds behave very much like arrazine.
This expansion of the model demon-
strates that after a labor-intensive
development phase, the model may be
applied to sirnilar compounds with

 very litrle additional effort.

‘Optimization of the

Monitoring Program

The computer model allows us
design a more efficient monitoting
program for triazines. In the case of

Greifenses Murtenses Sempachersee
Volume {107 - TR A58 580 o B3
Maximum depth [m] . oz 15 %
Heiage st Sl o R s
‘Land cultivated for com inwatershed [ral | 1000 © 4. 3800 <
Total avazine iput in 1994 (model}fal. | S ey R
Percentage of atrazine reaching'%ake I%] . ‘ _?_.1 18 2.3
i iom 1 kg awatios used per i of com) ' N
Table 1

Characteristics of the three lakes studied.
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atrazine, the mosz cridcal factor in pre-

dicting concentrations in the lake is
the input during the early summer,
during or shortly after application of
atrazine in corn fields. ‘The highest
concentrations are observed imme-

diately after this input period. The

remaining processes (loss from lake

via effluent, background input during
periods outside of the application
period, distribution within the lake)
which determine the spatal and tem-

poral distriburion of arrazine within -

the lake can be simulated with suffi-
cient accuracy on the basis of easily
accessible field measurements (effluent
concentrations, water femperature}
and model calculations. The mass of
atrazine reaching the lake during the
application period does not have 1o be
measured in order to predict whether
lake concentrations will exceed water
quality criteria. The lake acts as an
“integrator”; it is, therefore, sufficient
to determine one concentration profile
afrer the period of atrazine application.
The temporal and spatial variation of
arrazine concentrations for the rest of
the year may be simulated by the com-

puter model. This reduced monitoring

program, in conjunction with the
computer model, yields the following
informarion: (1) maximum concentia-
tion of pollutant in the lake; {2) total
mass of the pollutant in lake; (3} annu-
al input; and (4) long-term wends.
Fig. 5 demonstrates the combination
of a reduced monitoring program with
a computer model for 1995 and 1996.
The solid circle represents the total
mass of atrazine in the lake, which was
derermined from the concentration
profiles raken at the end of July. The
subsequent behavior of atrazine is
calculaced by the compurer model
(dotred line). The increase in the toral
mass of atrazine in the lake, due
input during the application period in
early summer, can be calculated as the
difference berween calculared toral
- mass for the current and the previous
year, The computer model allows us
' to address questions which go beyond
* the main purpose of the monitoring
. program. For example, the effect of

k3
25
20 A
» L
L
15 - .
10
5 -
0 T T T T T T T T S B A s o e e e
1933 1885 1996
. : Raxjuced monitering pragram
Application patiad [~ and computer mode}

Fig 5

Application of computer model: arrazine in Greifensee 1993-96,
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monitoring program.

Exctrapolation of total amount in lake, caltulated by the computer model, based on dasa from

| Increase in soral amount during study period, caleulated as difference between model

projections for twe consecutive years.

@  Proposed sampling program for 1995-96.

restricrions in atrazine application can
be evaluated, and projections abour
the effects of additional restrictions
may be made.

Conclusions: Cost and
Benefits

The effort made for quantification of
the dominant processes, the conduct-
ing of an intensive field study and the
development of a computer model was
considerable and amounted to at least
one person yeat (PY). Validarion of the
model with a multi-year monitoring
program and transfer to other lakes
was limited to a few sampling events
and analyses of concentration profiles
and selecred influent samples. Taking
advantage of previously established
knowledge, this phase required much
less effort {approx. Y PY). Model
expansion to include atrazine merabo-
lites required a moderate cffore, which
mainly consisted of the development
of appropriate analytical techniques
and the simultaneous monitoring of
atrazine and its mewmbolites (approx.
Y2 PY) [4].

The optimized and computer-
assisted monitoring program is re-
duced 1o one sampling evenr per year;
therefore, it is possible to analyze all

of the samples in a single batch, and.

the results can immediately be evalu-
ated using the computer model. It is
possible that the computer model
be modified and expanded to include
other compounds which are relevant in
the environment including additional
pesticides. The initially high invest-
ment in terms of person-power pays off
in the long run by reducing monitoring
costs and, at the same time, prdviding
a bereer understanding of the behavior
of pollutants in the environment.

[1] Ulsich M. M., S.R. Matller, H. 2. Singer, D.M.
Imboden, R.B Schwamzabach (1994): Inpus
and dynamic behavior of the organic pollur-
ants tetrachloroethene, atrazine, and NTA
in a lake: a study combining mathematical
modeling and field measusements, Environ,
Sei. Technol. 28, 1674-1685.

[2] Ulrich MM., D.M. Imboden, RP Schwar-
zenbach (1995): MASAS - a user-friendly
simulstion ool for modeling the fare of
anthropogenic subsmnces in lakes, Environ.
Saftware. Vol. 10, No. 3, pp. 177-198.

[3] Miiller S.R, M.M. Ulrich, M. Berg, R.P

. Schwarzenbach: Triszines and their merbo-
fices in Swiss lakes: input and dynamic behav-
ior (in preparation).

(4] Berg, M., S.R. Millier, R.I Schwarzenbach
{1995} Simultaneous determinaton of wriaz-
ines inciuding atrazine and their major me-
mbolites  hydroxyacrazine, deseshylarrazine,
and deisopropylatrazine in natural watets.
Anal. Chem. 34, 1860-1863.
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Relevance of Trace
Compounds

In most cases, (race compounds are
not detected by organisms since they
are present in only very low concen-
trations and are most often raken up
inadvertendly through food, water and
air. Some trace chemicals (.., pesti-
cides, solvents) accumulate in the food

Alosander J.B. Zehmder

chain. Impacted organisms are weak- '

ened, their reproductive cycle is dis-
rurbed, and/or they die. The draimatic
reduction in raptor popuiations as a
cesult of DDT accumulation was the
first clear warning of the presence and
potentially deleterious effects of rrace
chemicals. DDT, and especially its
metabolite DDE, interfere with neuro-
hormonal mechanisms .and prevemnt
sufficient calcification of eggs, result-
ing in the birds inadvertendy crushing

=3
]
%
=
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£

Fig 1 :

Trgbugu[rin (TBT), used in antifouling paints for boats, and triphenyltin, which is wsed in agricultre
(see article by Fent) cause damage in different tissues in the eyer of minnows larvae when present in
concentrations of 0.8-4.5 micragrams/l (lef: normal; right: damaged). In addision to the formasion
of necroses in various tissues, note the increased number of vacuoles and the effecton the pigment layer
in the posterior part of the eye (left, in both pictures).
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The ever increasing use of synthetic chemicals in our daily lives leads-
to a greater probability of introducing them into the environment.
While dramatic impacts have been demonstrated for a few of these
compounds, the long-term effects of the vast majority are still un-
known. Science, industry and regulatory agencies are challenged to
protect the biosphere and humankind against the potential detrimen-
tal effects of these trace compounds.

their eggs. In another example, the.
massive die-off of seals in the North
Sea in 1987 was probably the result
of bicaccumularion of pesticides and
chiorinated hydrocarbons. Elevared
concentrations of these compounds in
their tissues and organs weakened their -
immune systems and made them more
susceptible 1o viral infecdons. It was,
in fact, not possible to dispose of dead
animals by “normal’means since the
high concentrations of toxic chemicals
in their carcasses classified them as
hazardous wastes. The reduction of
Sperm counts in human males, which
has been well documented in Europe,
may also be a consequence of greater
expostire o trace organic chemicals.

A few short-lived trace compounds .
in the aumosphere may cause local air
quality problems, while more long-
lived compounds can result in global
changes. Examples of such short-lived
molecules include NO, {see article
by Mengis and von Schulthess) and
hydrocarbons; chlorofluorocarbons
{CFCs) and nitrous oxide (N;O) in
constrast, are long-lived substances.
All of these compounds are known to
affect the global ozone cycle. Short-
lived compounds increase ozone levels
in the troposphere, while long—livcd

~ compounds deplete the protective

ozone layer in the stratosphere. Carbon
dioxide and methane are trace com-
pounds, as well. They are classified as
“greenhouse gases” and contribute t©
global climarte change.

Trace chemicals released by human-
kind are also beginning to affect the
dynamic equilibrium between the bio-
sphere and geosphere. This interaction
has direct effects on the so-called
“anthroposphere” — the environment
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created by humankind. It is, therefore,
extremely important to monitor trace
chemicals, both quantitatively and
qualitarively, as well as document their
fate and effects in the environment.
This knowledge will allow us to de-
velop strategies to better control the
" distribution of trace chemicals in an
effort to-protect Earth’s ecosystems and
preserve them for future generations.

_ What Do We Need to Know? -

Ini order to be able to berter understand
and predicr the effects of trace chemi-
cals in the environment, we need better
information on their reactivity. Ana-
lytical chiemistry is the basis for the
quantitative determination of trace
chemicals. The fate of a particular com-
pound in the environment is deter-
mined by processes on the molecular
level as well as by parameters describ-
ing the system as a whole. The behavior
of a compound and irs effects on an
organism not only depend on its total
concentration, but also on jts specia-
tion (the chemical form in which the
compound is ‘present). Heavy mezals,
for example, can occur ina aumber of
redox states; they may be complexed,
adsarbed or present as a low-solubility
salt. Organic compounds may exist
as free phase, 'dissolved, adsorbed, or
absorbed in another complex organic
phase. Each species of a particular com-
pound behaves differently and has dif-
ferent effects. Our knowledge of the
speciation and concentrations of indi-
vidual species is rudimentary at best.
We clearly need to develop quantitative
in situ measurements in_order o reli-
ably predict the fate of compounds in
the environment. '

" Apart from analytical chemistry, we
also need information on the funda-

mental mechanisms of toxicity. Acute

toxicity has been well documented in
a large number of studies, most often
manifested as visible symptoms (e;g.,
death, malformations; Fig. 1). What is

level mechanismas, especially with re-
‘spect to the chronic effects of chemicals
- . which feduce an organism’s ability to

missing is information on . molecular--

adapt and compete. In the long run,
such “handicaps” of organisms or pop-
ulations can have devastaring effects on
whole ecosysrems.

State of the Art

Contributions in this issue should give
the reader a broad view on the current
state of environmental research as well
as serve to illustrate how fundamental

science can be applied to underseand

practical problems. Quandrative apa-
lytical chemical methods to detect a
broad selection of trace compounds is
now available (article by Giger), and
basic models describing their behavior
have been developed (article by Miiller
et al.). Methods are available for in situ
measurements of some species in atmo-
spheric and aquaric systems, but not in
ground waters or soils, The fare of trace
compounds has been investigated on a
large-scale, leaving our understanding
of the physical, chemical and biological
processes on the molecular level in 2
rather primitive state (article by Bosma
and Harms). .

Similar statements can be made
about the ecotoxicology of trace com-
pounds. Ecoroxicology and envifon-
mental chemistry have progressed rela-
tively well, while on the molecular or
mechanistic levels, our knowledge base
has major gaps which will need to be
closed in the furure.

Future Developments

"It is probably safe ro assume thar

“classical” analytical methods for
sample. preparation and laboratory
analysis will be improved dramatically
over the next few years, although no
fundaméntal changes in chese methods
is to be expected in the near furure,
In addition to these ex stz methods,
we have to develop metheds which
will allow us to assess processes where
they occur, L.e., from the atomic to the
microscopic level, Ultimately, pro-
cesses at these levels are responsible
for the behavior of a system on the

macroscopic scale. In addition, they

form the basis for any modeling

approach describiing the environmenral

fate of erace compounds.

In the 1980s, electronic sensors
(electrodes) were developed at a rapid
pace. Their miniarurization enabled us
to derermine concentration gradients
of many inorganic solutes with a reso-
lution of a few microns. The recent
combination of microelectrodes with
enzyme systems yields sensors with
much broader applications,
extending to organic compounds
(Table 1).

Only very recently have sensors been
developed which allow species-specific
in sity measurements. We can now
distinguish berween chemical and bio-
logical sensors, although both rely on
so-called “reporter” systems. Chemical
sensors ypically use molecules whose
reactivity in the environment s well
known and which show sufficient
selectivity. Their behavior yields direct
information on the chemical make-up
and composition of an environmental
compartment. From the behavior of
such sensors extuapolations can be
made on the fate of other compounds
or compound groups. Furfurylalcohol
represents one of the few well docu-
mented reporter systems. This alcohol
selectively reacts with singler oxygen
(10,). A sensor using furfutylalcohol
can directly quantify concentrations
and follow reacrions.

Biological sensors, on the other
hand, work on the basis of reporter
genes whose activity can be detected
as luminescence or fluorescence. In the
case of luminescence, the luciferase
gene of the bacterium Vibrio fischeri
is used, while fluorescence is obrained
from the gene responsible for an auto-
fluorescence - protein in the jelly fish
Aequorea victoria. These genes are
incorporated into specific bacreria or
cultivated cells of higher organisms
which are able to transform specific
compounds. The incorporation occuEs
immediately behind the genes re-
sponsible for the initial steps in the
transformation of a chemical. When
the genetically modified bacterium
is exposed to the target compound,
the transfosmation path is activated,

€ven
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Method Rased on

Current technology

Comments

Microeloctrades

Biasensors

‘| Chemical probes

Flectrochemical Sensars

Specific reactivity of
certain malecules used
as reporter sysiem

Biolagicat prohes | Reparter genes for
: ; bipluminascence or

Appiicable to all ions and molecules
which can be measured with
commerciaily available electrodes

Currently used in practical appli-
cations

Combination of electrades | Available for a few compounds
‘and enzyma systems.in
" | one electrical cireuft

{mastly organic compounds} -

| Development primarly for medical

‘| applications - o
Miniaturized to the level of & micro-
hinsensor only in selected cases

Only very few molecules known;
e.g.. furfurylalconot for the detection
of singlet axygen

Some axamples in laboratory appfi-.
cations .

» Commercially available
« On-line measurements
« No extrattion required
= High stahility

« | arge fumber of sensars
under deveiopment

« On-line measurements
« No extraction required
oVgrizhle stabiliy ~

» On-line easurements

fluorescent proteing

Field applications only in their infancy

bactesia

« Genetically modified

« [n principie stable

Table 1

together with the reporter gene, allow-
_ing a direct oprical quandfication of
transformation  activity. Depending
on the system, biological sensors
can detect individual compounds or
groups of closely related compounds.
In addition, such sensors may yield
information on the bioavailabilicy of
trace compounds in the environment.
The fist successful field studies in soils
are currently underway in the USA,
where a luminescence reporter system
for naphthalene is being tested.

The development of sensors based
on reportes systems is in its infancy, but
the potenial for analytical applications
is' enormous. Their use on a routine
basis is probably five to ten years away.

Molecular techniques are indispens-
able when trying to undesstand the
fundarmental mechanisms controiling
the toxic effects of trace chemicals.
Over the past few years, biomarkers
have been used as indicators of the level
of conwmminaton and severity of
‘damage to organisms (see article by
Fenr). The use of these biomarkers can
be improved by employing molecular
techniques. The complex interactions
between trace chemicals and organisms
must also be investigared. This not
only includes the effect of the trace
chemicals on the cell or organism, bur
also the effect of the chemical environ-
ment within the cell on the trace com-
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pound. Research has only very recently
begun to address this question.

Conseqguences for Science

Science is clearly challenged to broaden
our understanding on various levels
and ro apply its findings to solve practi-
cal problems. In the area of analytical
chemistry; we need methods to quanti-
ratively detect various species in si.
A few such sensor systems usable in
complex systems {e.g., soils or ground
water) are already availabie.

The fate of chemical compounds
can only be predicted if the reactions
of the various species in all environ-
mental compartments are known. This
kind of informarion leads to improved
mechanistic models, thereby resulting
in improved predictions about the dy-
namic behavior of trace compounds in
the biosphere. Relatively good models
are now available for aquatc systems,
while the description of ground water
and soil systems is only beginning.

Meaningful testing methods to assess
the chronic effects of chemicals on eco-
systems are practically nonexistent.
Ecoroxicological resting is based almost
exclusively on acute toxicity. Long-
term protection of ecosystems from the
deleterious effects of trace contami-
nants and from chemicals developed
in the furure is only possible if their
impacts are understood on different

In situ Detection Merhods.

biological levels and in the context
of their chemical behavior in the envi-
ronment.

Conseguences for Regulatory Agencies

In the future, legislative bodies and
government agencies must distinguish
berween chemicals which have already
been released into the environment
and those that are not yer released.
Compounds belonging to che first
group should be approached prag-
matically, while strict criteria should
be formulated for dealing with chemi-
cals in the second group.

In the case of “historically contami-
nared sites”, this means thar limies on
the total concentration of a trace com-
pound should gradually be replaced
by limits on its “effective” concentra-
tion. The rtotal concentration of a
chemica! compound is only condirion-
ally relevant. The effective concentra-
rion is that portion of 2 compound that
is bioavailable (Fig. 2). In some cases,
this may be equivalent to the rotal
concentration; usually, however, the

 effective concentration is much smaller

than the total conceatration. The effec-
tive concentration is a funiction of the
properties of the compound and of the
composition of a given environment.
The concept of effective concentra-
tions would make it possible to base
regulations for trace compounds on
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Fig. 2
“Well, lets see whas is bioavailable here. "

risk and potential damage. In many
situations this would lead to 2 more
efficient and economical remediation
and cleanup. Quality goals, such as the
ones currently being discussed in Swit-
zerland for heavy metals in wates, are
a pragmatic step towards limits based
on effective concentrations.

Stricter criteria must also be devel-
oped for compounds thar are currently
in use. Under no circumstances should
we tolerate a compound thar has any
negative effects on the geosphere, in-
cluding the atmospi’fere, biosphere or
anthroposphere. The same criteria
apply to compounds which may be
accidentally released into the environ-
ment.

Monitoring programs need to take

advantage of the most up-to-date
scientific informarion and should be
predictive. Mathemarical models may
help o extrapolare current observation
to the furure. Such monitoring pro-
grams are both efficient and economi-
cal. Monitoring solely for the purpose
of data collection will become increas-
ingly more difficult to justify.

Consequences for Industry

Translating the criteria discussed zbove
into consequences for industry leads to
the conclusion that chemical and/or
biological mineralization continues to
be the most important factor in.decid-

Aoy A N
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ing whether a new chemical compound
should be used. The time constraints
on mineralization depend on the given
chernical and physical environment as
well as on the specific application. In
the atmosphere, for example, a com-
pound is usually eliminared more

quickly than in soils or sediments, since -

mixing and global transport is much
faster. Typically, the half-life of 2 com-
pound released into the atmosphere
may be accepted 10 be on the order of
minutes to a few hours. However, half-
lives of several days may be acceptable
in sediments or soils, depending on the
situarion. '

For compounds that were designed
for extended use, such as certain plas-
tics, mineralization criteria are. obvi-
ously not valid or only partially so. If
a compound is designed to be stable
and persistent, the technology for re-
incorporating it into natural cycles

-must be developed simultaneously. In

addition, it is important 1o prevent
release into the environment of addi-
tives in composite materials {e.g., plas-
ticizers).

Censequences for EAWAG

* EAWAG's involvement in work involv-

ing trace compounds will mainly be
in the form of scientific research and
in targeted campaigns to disseminate
new informarion through publicadions

and courses. Analytical capabilities will
be expanded, and the development
of sensors and probes will become
a high priority. Addidonally, in the
conrext of sustainability, EAWAG will
devore more resources to the mechanis-
tical understanding of the long-term
ecoroxicological effects of trace chemi-
cals. New information will be dissemi-

_nated to the practice.

Trace Cbmpounds: The
Challenge

The ever increasing use of chemicals
in our daily lives leads to a higher risk
of introducing more of these com-
pounds into the environment. Actively
protecting the environment — and
ulrimarely ourselves ~ from contami-
nation by both old and new trace
compounds requires a commitment
from all segments of society with
respect to handling our resources more
carefully, Only a sense of necessiry will
vield the crucial long-term improve-
ments required to insure thar furure
generations will not only survive, but
fead to lives worth living,

In pracrical terms, the most cru-
cial environmental criterion remains
chemical and/or biological degrad-
ability. When serting contamination
limits, however, effective concentra-
tions should be used .instead of rotal
concentrations. This requires, of
cousse, that analytical methods for
trace analyses be able to distinguish
berween different speciés of a chemical,
that the behavior of a compound in a
given ecosystem can be modeled and
that the toxic effects of a compound
{particularly chronic effects) can be
correlated: to individual chemical spe-
cies. At the same time, it is of para-
mount imporrance to translate this
complicated volume of informaton
into regulations that can be respected
by both industry and individuals.
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Dimethyl Sulfide
in the_Marine Atmosphere

Radicals and Reactions

In general, the gas phase oxidation
of organics in the armosphere. is
initiated by the hydroxyl radical
OH in daylight and by the nitrate
radical NO; during the night time.
For the marine atmosphere, addi-
rional radicals have been suggested
1o be involved including: 10, Cl,
Br, Cl0, BrO, and HO,. At firse, it
was thought thar only BrO might
be imporeant in the Arctic owing
to the relatively high ambient
concentration of BrO (106 mole-
cule cm3), Recenty, however, it
has been suggested that the atmo-
spheric concentration of Cl atoms
may be high enough (104 mole-
cule cm™) in the marine topo-
sphere to compere with OH
(106 molecule emd) in the oxida-
don of organic molecules in the
woposphere [3]. A lower concen-
tration of Cl is required because
the rate coefficients for the reac-
tions of Cl with hydrocarbons are
generally two orders of magnitude
greater than the rate coefficients
for the reaction of OH with hydro-
cathons. Fig. 2 shows possible
routes for Cl atom formation in
the marine troposphere with the

majority of pathways requiring 2

. polluted atmosphere, where the

mixing rato of NO, (NO and
NO,) is high, 50-500 ppb (as
compared to the remote atmo-
sphere where NO, is abour 0.01~
0.5 ppb) [4}. Sea-salt aerosols are
believed to be the source of Cl
and provide the hererogencous
medium for the reactions. The
bulk of chlorine in the atmosphere
is in the form of HCl which in the
gas-phase can react with OH
produce Cl atoms. ‘
HCl +OH — Cl+ H,O0- 1
The reactions of Cl atoms with
hydrocarbons  are characrerized
by near zero or small activation
energies and high rate coefficients
(1010 — 10712 cm? molecule™® 574,
are exothermic, and ¢an be classi-
fed as cither abstraction reactions
or addition reactions. Thus with
alkyl sulfides the Cl atom can
cither abstract a hydrogen from
one of the alkyl branches or add
directly 1o the sulfur o produce
an unstable radical intermediate,
or adduct,

RSR + 01 — ASR +HC {2a).
'RSCIR (2b

The partitioning of reactions
(22) and (2b) is dependent on pres-
sure. It has been shown that at low
pressure (1 Torr, 60 of an atmo-
sphere) reaction (2a) dominates
with a HCl fractional yield of
approximately  unity while at
armospheric pressure chis yield
decreases to approximarely 0.5 [5].
The products and their fate in the
atmosphere are key concerns @
atmospheric scientists.

The majority of the DMS ar-
mospheric photooxidation studies
undertaken  have employed the
OH radical as the radical inidator,
which is hardly surprising since
OH is the most important daytime

" radical in the atmosphere. Labo-

Atmospheric pathways for Cl-atoms in she marine
tropasphere.

ratory experiments of the phorto-
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Background of Dimethyl Sulfide

Dimethyl sulfide, DMS, (CH3);S is a foul smelling
gas which is produced naturally in the oceans and plays
"\ a important role in climate regulation. DMS is pro-
duced in sea water by phytoplankion and is readily.
released to the atmosphere where it is present in concen-
trations of approximately 01 paris per billion by
volume (ppbv). DMS is emitved by phytoplankton both
directly and as a breakdown product of dimethylsul-
fonium propionate which is produced by marine algae
in the process of osmoregularion. The global flux of
sulfur from DMS from the sea 1o the atmosphere is
rosghly 1650 Tg Sy which accounts for a large
fraction of the total biogenic sulfur emissions (65—
125 Tg Sy~!)[1]. This natural sulfur flux is comparable
to the emission of SO5 from industrial sources, but note : ;
that the direct emission of SO from natural sources [ i

is small compared to anthropogenic sources. As shown Clawud candensatfon nucle \")

in Fig. 1 once in the marine atmosphere DMS is global temparature

Suifate aarosel i

\

oxidized eventually into sulfate particles which can act
as cloud condensation nuclei, and hence affect the
reflectance of clouds (albedo) and therefore the Earth’s
radiation budget and climate. In the mid eighties the
Charlson-Lovelock-Andrea-Warren (CLAW){2] hypo-
thesis propased that phytoplankion vary their prodic-
tion of DMS in response to changes in the surface
semperarure and sunlight, and thus, modulate the
planets climate in a feedback loop. Lovelock in his.
popular book ,,Gaia: a new look at life on Earth" has
lihened the process to that of a thermostat.

radlation budget
1

T'cloud albedo

Fig i

Atmospheric

The air-sea cycle of DMS showing its atmospheric oxidation oty e 50 Climate feodhacks
products and the proposed. feedback loap.

MSA: meshylsulfonic acid CH;SO,0H (Redrawn from Liss 4, mosphere MSA 4 DMS !

PD., Malin G., and Tarner S.M. (1993): Production of DMS by : 3 nn
marine physoplankton in Dimethylulphide: Qceans, Amms- | Quean’ - . ('c'Haggsl sy v B

| sphere, and Climate, p.p. 1-14, (: edds) Restelli G. and. Angelnﬁ G
ECSC, EEC, EAEC, Brussels and Luxembourg.)

oxidation of DMS are generally
carried out under simulated”
atmospheric conditions, at atmo-
spheric pressure (760 Torr) in an
_ atmosphere of synthetic air con-
raining NO. The OH-DMS pho-
tooxidation system is not torally
understood, in particular, the

mechanism for the formation of
methyl sulfonic acid CH,S0,0H
(MSA). MSA has been routinely
measured in the atmosphere
and observed as a product in
OH/DMS photooxidation labo-
ratory experiments. Field studies
suggest that MSA is formed via an

‘OR .
CHaSCHy —=—3- CHaSCH, + HyO

OH
CH,S(OH)CH,

Oq

" CHa8CH,0p

NO—{>-NO,

CH3§CH3 CHySOH +CH,

1-02/ } ogino,

CH,S* + HCHO

% NO
CH,S0
omso C2¥ ’ Hao 2""CH3i00A
CH,S0,0H - y
MsA CHST103 13-cHgg0, - THyr S0~ 50
o M | oA ' l
s N
CHoS(0)05.H3 CH,50% S
Abhravation
' CHLS0,0H
= 3802
DA = 04NO,HO, o5
Fig. 3
OH radicals

- Atmospheric oxidation of DMS initiated by

addition process bus the proposed
mechanism of MSA formation via
OH addition is dubious. Recently
it has been shown that the involve-
ment “6f the higher oxides
(CH,50,) of methyi thiyl radical
(CH,S) seems to be more likely
route to MSA [6]. A reaction
scheme for the OH/DMS system
is shown in Fig. 3. .
In view of the possible impor-
tance of C! arom reactions with
narural sulfur compounds over the
marine atmosphere we have initi-
ated a program of kinetic studies of
Cl atoms with DMS and related

molecules.

Kinetic and Mechanistic
Studies

We have measured several rate
coefficients for the reaction of Cl
with alkyl sulfides employing the
relarive rate methed, a comperitive
technique. A schematic diagram of
the apparatus is shown in Fig. 4
it is sometimes referred o a5 2
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wsmog chamber” or ~bag reactor”,
Vapor samples are prepared in a
vacuum system and introduced
into the Teflon bag by a flow of
either N or synthetic air. The de-
cay of the compound of interest in
its reacton with a given radical is
measured by gas chromarography
relarive to a reference compound
with a known rate coefficienr for
its reaction with thar radical. Our
results have confirmed those of
previous studies: the rate coeffi-
cients for the reactions of Cl with
the alkyl sulfides are high, ap-
proaching the gas-kinetic limig
meaning thar Cl reacts with the
sulfides on almost every collision.
Knowledge of the rate coefficients
from kinetic studies is useful for
product studies, especially when
the conditions are varied. For
example, measurement “of the
rate coefficient under O,-free and
-present conditions can provide
informarion abour the mechanism
.of the process. It should be pointed
out thar the measurement of such
kinetic parameters is performed
under ,ideal conditions” in our
laboratory system and is not traly
representative of the atmosphere.
The main reason for this approach
is to reduce the effects of secondary
_ chemistry on the measurements.
For laboratory kipede studies in-
volving sulfur compounds and
their ,daughrer” radicals it is im-
perative to operate under NO,-free
conditions, which is clearly not the
case in the armosphere. Further-
more, we cannot work with the

lamp

gaschromatagraph
FiD, NPD

tafion bag

same mixing ratios as found in the
atmosphere where sulfur species
are in the parts per trillion (ppt)
range whereas our analytical sensi-
tivity requires experiments with
reactants in the parts per million
(ppm) range. An added complica-
tion for our system is that alkyl
sulfides undesgo a rapid dark reac-
tion with Cl;, the usual source of
Cl atoms in laboratory kinetic
studies. An alternative source for
Cl atoms is provided by the UV
photolysis of phosgene, COCl,.
We tried to extend the rechnique
to the relared group of mercaprans
(RSH) some of which are of bio-
genic origin, We observed a very
rapid decay of the mercaptan in
the absence of the radical precursos
when the chamber was irradiated
which was ascribed to the ultra-
violer (UVC) photolysis of the
mercapran. An imporant require-
ment of the relative rate technique
is thac the substrate and the refer-
ence compound are consumed
entirely by the reaction with the
selected radical, Cl aroms in our
case. Therefore, we could not un-
dertake a relative rate study for the
mercaptans. Although the alkyl
sulfides do absorb UVC radiation
the decay of the sulfides was negli-
gible compared to their reaction
with Cl atoms.

Fate of DMS + Cl

Our kineric experiments were car-
ried our as forerunner to product
srudies. We have been able to show

UV fight

GAS MIXTURE
PREPARATION

Fig. 4
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Apparacus for laboratory kinesic and mechanistic experiments

CH4SCHy + cy

Additfo‘%' \;lbsrracﬁon

CHa8CiCHg CHgSCH3 + HOI
i
o
o] E ? Op
i CHgSCH03
p /; \\
rogucts 7 ?
LY
CHgS0,0H HoS0,

MSA

Fig. 5 :
The proposed reaction scheme for the rede-
tion of DMS with Cl atoms.

that the overall rate coefficient for
reaction of DMS with Cl is clearly
enhanced in the presence of O,
This O, effect is best explained by
the formarion of the adduc,
RSCIR, in the inival reaction
scheme. The overall rare coeffi-
cient is enhanced because the
adduct reacts with added O; and
less of the adduct can decay back ro
the reacrants and therefore effec-
tively more substrate, DMS, has
been consumed. The O, experi-
ments are good evidence for the
formation of the adducr and its
subsequent reaction with Oy, The
products of this reaction have been
postulared and a possible reaction
mechanism (see Fig. 3) of the Cl/
DMS system is in most respects
similar to the OH/DMS system.

The Future

It is evident that addidonal studies
are required to establish the fate
of the products of the Cl/DMS
system and to elucidate the reac-
tion mechanism. The imporrance
of Cl in the marine atmosphere
is still uncertain, and Rurther feld
studies are needed, Higher concen-
trations of Cl atoms in the marine
atmosphere will decrease the life-
time of hydrocarbons over the sea, .
and Cl could be equally as effective
as the OH radical as one of narure’s
,armospheric detergents”.

Studies of the CYDMS system
will benefic the understanding of
the OH/DMS system because the
mechanisims inerinsically overlap.
In the last two years, researchers
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PEAK: EAWAG s En\nronmental Education Program

PEAK-Program 1996

The courses are based on our own research and experiences and reflect the actual workmg areas.

For additional mﬁnm:zzzmz, please contact Dr. Herbert Giirdnger, @© o1/ 823 50 23

or apply with:

Heidi Gruber, ® 01/823 5393

EAWAG
Uberlandstr. 133
CH-8600 Diibendorf
Fax 01/823 5375

3-5(8-10) July

Advanced Course V8/98, PGC, 3 cu

26-30 August
Applied Course A5b/96, PGC, 3 cu

2-6 September
Applied Course A5e/36, PGC, 3cu

10 September

Infoday 1996

16--20 (23~27) September

Advanced Course V10/96, PGC, B cu

1-3 {8-10) October

Applied Course AB/36, PGC, 3 cu

19/20 November
Basic Course B4/95, PGC, Tcu

Course Directors: Rene Gachter, Jirg Zobrist

. Courss Directors: Willi Gujer, Tovs Larsen, Haﬂsrued: S:egrlst

PGC indicates those cuurses wh;ch can be mcorparated
into the postgraduate study course AT

cu  cradit units : LA :
-t} The second date appises for all :hose who w:sh tn
gain a course certificate with credit umts Eor othar

participants, the secursd part of the coures is optmna[ S

The Role of Suspended Partlcles and Sediments b
Material Fiuxes in Streams :

Biological Waste Water Treatment Par’t b " e
Modeling and Simulation .

Biological Waste Water Treatment Part c,:f' e
Experimental Field Studies =

Course Directors: Willi Gujer, Tove Larsen, Hansruecil Slegnst

Janus - the Two Faces of Phosphorus

National Success in Water Problems and Questmns

of Global Sustainability

Coursa Directnrs: Markus Boller, Theresa Buesser

Drinking Water Treatment: Removal of Partlc!es

Course Directors: Markus Baoter, Mario Snozzi. Urs Von Gu‘nten:_'_ SR

The Problems of Chemical Contammat:on m
Ground Waters

Course Directors: Eduard Hoehn, Peter Huggenhargar. Urs Vun Gunten

Modeling of Natural Systems

Course Directars: Gerrit Goudsmit, Peter Reichert

have identified thar the higher {1] Reseelli G. and Angelert G {eds.} Dimethylsulphide: Oceans, Atmosphere and Climate

oxides of CH,S radical as essential 1993 ECSC, EEC, EAEC, Brussels and Luxembourg,
. ~ i2} Charlson R.]., Lovelock J.E., Andrea M.O., and Warren 5.G. {1987} Oceanic phytop]nnk—

o .the .understandmg'of the Phom ton, atmospheric sulphur, cloud afbedo and clirmare. Nature 326, 633.

oxidation of DMS in the atmo-  [3} Puzenny A.A.R, Keene W.C., Jacob D.J., Fan 5., Miaben LR, Zetwo M.P. Springee-Young

sphcre Determining the role of M.. and Galloway J.N. {1993) Evidence of inorganic chlorine gases other than hydrogen

chloride in marine surface air, Geophys. Res. Lem. 20, 699

the hlgher oxides of CH,S in the {41 Seinfeld J.H. Atmospheric Chemisury and Physics of Air Pollution {1986) John Wiley and

marme atmosphere 1S OW 3 prln— Sons. New York.

cipal objective of acmOsphenc 5] Stickel RLE., Nicovich J:M., Wang S., Zhao Z,, and Wine RH. (1992) Kinetic and

scientists.  Further mvesugatlons mechanistic study of the reaction of aromic chlotine with dimethyl sulfide. J. Phys. Chem.

. ) 96, 9875.

into the mechanism by end prod- 16] Barone S.B., Turnipseed AA., and Ravishankara A.R. (1995) Role of adducts in the .

uct analysis are intended. atmespheric oxidation of dimethyl sulfide. Faraday disc. 100, 1.
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When addressing conservarion
issues, politicians and ecologists
often make reference to the Bio-
diversity Convention [1}, signed
by more than 150 countries during
the Earth Summmit Conference
held in Rio de Janeiro in 1992
This, in turn, has resulted in in-

creased use of the term “biclogical

diversity”. Unfortunately, a stale
raste lingers afrer looking more
closely at the use of these popular
words. In fact, I have the impres-
sion that old concepts are simply
reappearing in new clothing.

The ttle of Reichholf’s guest
commentary promises the reader
some fundamental thoughes on
the subject. Unfortunately, he in-
terprets the concept of biodiversity
in a way that causes more con-
fusion than clarity. Throughout
most of his article, biodiversizy is
assumed to be synonymous with
species diversity, the larter being
reduced once again to mean spe-
cies abundance. Admiredly, the
author does briefly mention the
problems arising from the defini-
tions and implementation of the
signed and legally binding conven-
tion before stating thacr species
diversity represents the most im-
portant aspect of this conservation
strategy. '

Throughout the entire debate
on biodiversity, both in the scien-
tific literarure and in the paper on
the. Earth Summit Conference,
there is consensus that roughly
three subtopics exist; that is, three
hierarchical levels of approaching
biodiversity: (1) genetic diversity,
(2) species diversity and (3) eco-
system diversity.

.tion of biodiversity with respect to
its complexity does not stem from
the Earth Summit document but
from the Keystone Dialogue:
“Biodiversicy is the variety of life
and its processes. It includes the
variery of living organisms, the
genetic differences among  them,
the communities and  ecosystems

The most comprehensive defini--

in which they occu, and the eco-
logical and evolusionary processes
that keep them functioning, yer
ever changing and adapting.” [2].

Species diversity

No one disputes the face that not
all of the approaches mentioned
above can be treared with equal
case. Species diversity is most
certainly the broadest subject, and
yer science offers a clearly defined
concept of whar a species is which,
despite several problemaric cases,
makes the delimitation of organ-
isms into distinct units possible.
This has probably contributed o
the significance currentdy being
given to species diversity in eco-
logically-oriented research; several
methods and evaluation standasds
have been developed which are
cutrently accepted for describing
species diversity. Such standards
are technically simple to use; the
ease with which they can be calcu-
lated, however, often leads to their
inappropriate application and to
inaccurate conclusions based on
faulty assumptions [3]. Of course,
derermining the abundance of
species is the most practical way
of evaluating habitats at this point
in time, bur does not allow us to
automatically conclude that bio-
diversity is primarily characterized
by the number of species.

Genetic diversity

The immense progress made in
molecular biology provides in-
creasingly more important input
for work on the chemical level, ie.,
in generic diversity. On this level,
clearly separable units and prelimi-
nary methods for the observation
and evaluation of genetic diversity
are already available. As these new
methods are still being developed,
one can almost certainly assume
that this feld will play an ever
larger role. In the furure, it may
well be possible that the genetic

Letter to the Editor to the Guest Commentary by Josef Reicholf (see EAWAG news 33 E, page 8}

Biodiversity is More Than Just Species Diversity

dimension will replace the current
focus on species.

The importance of habitat

In contrast 10 the two levels of
informacion mentioned above -
genetic diversity and species diver-
sity, both of whose importance in
determining biodiversity is undis-
puted — the descriptions of bietopes
and ecosystems cause even more
difficulty. The units for assessing
the latter have traditionally been
applied to plant communiries
according to the system of Braun
and Blanquer {e.g., [4]) which is
based on the concept of clearly
delimired biotic communities. A
description of this kind can usu-
ally only be used for small regions,
as local abiotic factors result in
the development of a number
of communities within a region.
Furthermore, such a concepe in-

volving fixed communities which

are narurally separare from one
another is not uncontroversial.
Consequently, the principles un-
detlying the distribution of plant
communities should be tested for
their applicability to other groups
of species [5].

In spite of such difficulties, new
methods for assessing diversity,

particularly at the ecosystem level,

are unquestionably becoming ever
more common and for a number
of reasons: ‘

1. As Reichholf states in his article,
a laxge number of species has not
yet been described. The conserva-
tionist’s aim of preserving all living
species (i.e., no furcher species
shail become extinct) means that
the existence of so-called lesser
species and those that seem less
attractive must also be insured.
Any conservation strategy which
encompasses the diversity of bio-
topes could make a valuable con-
eribution towards this goal [6].

2. Assessing species diversity usu-
ally concentrates on a single group
of species or, in the best case, on
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one trophic level, the rest of the
organisms in the habirat being
largely neglected. As the applica-
biliry of the conceprs often quored
in this context, namely the key-
stone, the umbrella®, and the indi-
cator species, is limited, (disregard-
ing for now the basic queston
about whether these concepts are
at all valid), any statement about
a habitar resulting from their use
will only be based on a selection of
species. Obviously, the result con-
sists of very biased statements. A
single level of evaluation, includ-
ing the sum of all species diver-
sities, is still missing. It would,
for example, be interesting to test
whether Reichholf’s basic state-
ment based on species diversity
(i.e., medium to low trophic levels
are linked o high diversity), is
also valid for other levels of bio-
diversity.

3.Assuming that we accept the
definition of biodiversity as used
above, nature’s natural dynamics
should also be preserved. The tra-
ditional approach to species diver-

* Umbrella species: those ar the end of the
foud chain, which also require the largest
living area.

sity can pot assume to include
interactions berween the species
and their abiotic environment.

4. Even if the concept of habirat
diversity can only be described
perfuncrorily, there is still a need
for such overall viewpoints, from
the field of practical environ-
mental management to sustainable
resource management (e.g., com-
pare to [71), keeping in mind
thar thar all hierarchical levels of
approach have to be considered

depending on thé specific conserva-

tion problem ar hand [8].

I agree with Reichholf thar the
concept of biodiversity is difficult
to undesstand. Those countries
who have signed the Rio agree-
ment have accepted a challenge;

on the level of habitar diversicy,
preliminary conceptual work is
needed before those countries can
implement their conservation pro-
jecrs,

~ The reduction of the cfické
“biodiversity” to “species diversity”
paves the way for confusion; the
unsartisfactory use of these terms
draws its logical conclusion: either

to accept the challenge (ie, to

atcempt a berter description of the
concept of biodiversity), or 1o
resort to use of the old, more
clearly defined concepr of species
diversity. Adrian Zangger™

(Received 11.8.1995)

* DrA. Zangger, Hinzermann & Weber AG,
Consultance in Ecology and Conservation
Biology, Hauprstr. 52, CH-4133 Reinach.
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Is Biodiversity Really More than Spécies Diversity?

Adrian Zangger quite rightfully
points- to the comprehensive
formulation of the rerm “biodiver-
sity” as it was established ar the
Earth Summit Conference in Rio
(UNCED) and to the debate it has
triggered. International conserva-
tion and environmental organiza-
tions, such as the WWF and the

[UCN, use the term in its broader

sense. Nevertheless, a rigorous

examination of the term results in

its reduction to “species diversity”
‘with biotopes and ecosystems be-
ing defined by the species con-
tained within them. Indeed, the
study of plant communites men-.

tioned by Zangger classifies bio-
topes on the basis of existing plant
species; everyone does the same
when investigating a biotope, even
when their delimitation may be’
arbitrary or depend on the formu-
lation of the problem in questomn.
The concept of ecosystem is
a prime example of how a word
can become independent, a word
which was originally formulated as
a tesearch concept. in a scientific

field and which was then used

'mean “a funcrional unirt of narure”

or, even -“a super organism’, in
order to upgrade the value of an
old concept. Its delimitation is so

arbitrary thar one can just as well
speak of the ecosystem of a flower
pot as that of a tropical rain forest.
In any case, all processes which
take place with the participation
of living beings and all formations
of communities of organisms are
based on the existence of species.
It is true thar the concept of
genetic diversity cannot be com-
prehensively expressed in all its
aspects through current use of
the term “species”. This is because
species is understood to be the
potentially “reproductive group of
individuals” which can successfully
reproduce with one another. A

49



EAWAG NEWS 40 E, July 1935

substantial part of genetic diversity
may be found within these bound-
aries; it is the raw material for
evolurion. In highly developed
groups which are largely emanci-
pated from their abiotic environ-
ment, such as trees, birds and
mammals, genetic diversity lies
more or less concealed within the
species. The opposite occurs in
other groups such as the extremely
species-rich  insects which have
exrernalized their genetic diversity
and are divided finely into differ-
enc species. Genetic diversity is
especially wide within the human
species which never could be satis-
factorily represented by any one
“race” or local popularion.

If we intend to preserve the
entirery of existing genetic diver-
sity, not a single individual may
die — be it human, animal, plant or
rnicrobe — as each one is a unique
combination of genetic informa-
don which will most probably
never exist again. As, however,
genetic diversity is ever changing
in reproductive communities and-
represents the insurance for their
continued existence, the extenided
approach to the study of bio-
diversity is again fundamentally
reduced to the study of species.
The fact that we do not yet know
the majority of all organisms,
because they lead concealed lives
among the wealth of species in
rropical rainforests or in the deep
ocean, signifies a significant gap in
our knowledge base, Such habirars,

where the species are specifically
bound to certain living conditions

special “biotope protection”. The
protection of biotopes and pro-
cesses are specific forms of species
protection, as environmental pro-

species protection; namely, for the
human species.
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about which we know very litde or:

(stenoecous species), are in need of

tection is primarily a form -of

Josef H. Reichholf

Habilitations

Upon promotion to professor at the ETH, one obtains the so-
called venia legendi; that is, the right to offer classes of one’s
own choosing. This is distinctly different from usual teaching -
requirements, where a given ETH department assigns fectur-
ers specific courses in order to cover the needs of the various
curricula, The “habilitation” remains a prerequisite for obtain-

ing a professorship:

Karl Fent (*1954)...

... studied zoology and biochem-
isery ar the University of Zirich
and obtained his doctorate in 1985
in neurobiology for his work on
the orientation capabilities of ants
in the Sahara desert. In 1984, he
obrained the equivalent of a High
School reaching diploma and was
a reacher until 1988, He held the
position of postdocroral fellow
at the Instre for Toxicology
at ETH and the Univessity of
Ziirich, where he worked with
Prof, Zbinden on the roxic effects
of chemicals on the human kidney
and the toxicity of interferon. Ar
the end of 1987, he joined the
EAWAG as a research scientist
and started his research on the
chemical and toxicological aspecis
of organotin compounds.

Since 1990, Dr. Fent has held

the position of lectuter in Ecotoxi-

cology at the University of Ziirich;
since 1991, he has held the same
post ac the ETH-Zirich {De-
parcments XB and VIII). During
1990-1991, he was a visiting
scientise at the Woods Hole
Oceanogaphic Instirution (USA),
where he studied cytochrome
P450 in fish and expanded his
knowledge on microbial ecology at
the Marine Biological Laboratory.

His habilitation dissertation,
entitled “Ecotoxicology of Os-
ganotin Compounds”, has been
published in “CRC Reviews in
Toxicology’. 26, 1-117 (1996). In
his research, Dr. Fent combines
concepts of environmental chem-
istey and toxicology. He is current-
ly investigating the biochemical
effects of micropollusants on fish

Ar work:
Sampling on Lake Lucerne.

_cells as well as developing new con-

cepts for assessing long-term ex-
posure and chronic toxicicy.

Dr. Fent was recently offered a
position as a professor in Ecotoxi-
cology at the University of Kon-
stanz (Germany), which he de-
clined in order to remain at the
EAWAG. He is now leading the
group for chemical ecotoxicology
in the Department of Chemistry
at the BAWAG.

Peter Reichert (*1957}

After obtaining an undergraduate
degree in theoretical physics, Peter
Reichert obtained his docrorate
for work on “Amorphicity as Spa-
gal Chaos” at the University of
Basel. He subsequendy moved to
the Canton of Ziirich and since
1985 has been a research scientist
in the section for compirter and
systems sciencies. The focus of
his work is in the development of
software for the analysis of labora-
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tory and environmental systems,
validation of models for rechnical
and natural systems through com-
parison of model calculations and
actual measuremenss, and im-
provement of methods for estimar-
ing uncertaindes in model pre-
dicrions.

Family time: :
With Michael (2 ¥ years) and Nora,

Since 1991, Dr Reichert is
lecturer in the Department XB of
the ETH-Ziirich where he is
teaching “Mathematical Modeling
of Aquatic Systems”. His. habili-
ration dissertation entided “Con-
cepts Underlying a Computer Pro-
gram for the Identification and
Simulation of Aquatic Systems”
has been published as Volume 7
in the series of EAWAG mono-
graphs. It discusses the concepts
underlying a universally appli-
cable computer program which
is capable of simulating aquatic
systems and aiding in dara analysis.
The program is currencly being
used in many of the projects at
EAWAG and art over 50 universi-

ties.

Claudia Pahl (*1959)

Claudia Pah! obrained her undet-
. graduate degree in chemistry and
molecular biology in Heidelberg.
She received her doctorare in 1986

from the Center for Biological
Sciences at the University of Basel
for her research on non-invasive
techniques (in vivo NMR-spec-
troscopy) for studying the regu-
lation of human metabolism. She
subsequently worked for one year
as a postdocroral fellow ar Sandoz.

A o

Hobby and recreation (in the Andes).

Afer graduating from the post-
graduate course “Municipal Water
Supply and Water Protection” at
ETHZ-EAWAG in 1988, Dr. Pahl

was selected to lead a research

.group under the chair for envi-

ronmental physics at the ETH-
Ziirich in the area of “Mathemati-
cal Modeling of Ecosystems™. In
her current work, she is developing
concepts and mathematical mod-
els for describing the structure and
organization of ecosystems. She is
collaborating with human ecolo-
gists in developing and applying
models describing human eco-
systems as complex systems.

Dr. Pabl's habilitation disserta-
tion on theoretical ecology was
published in 1995 by John Wiley
& Sons: “The Dynamic Nature
of Ecosystems, Chaos and Order
Entwined” (ISBN 0.471.95570.1,
288 pp.).

Nobel Prize for
Chemistry

"The awarding of the Nobel Prize
for Chemistry o PW. Crutzen,
M.J. Molira and ES. Rowland
marks a clear recognition of the
scientific value of environmental
science, in general, and of armo-
spheric chemistry in particular. It
has been 20 years since Molina and
Rowland frst postulated that the
presence of trace amounts of syn-
thetic chlorofluorocarbons {(CECs)
in the stratosphere can lead to
Cl atom catalyzed destruction of
the ozone layer.

A significant part
of the sciendfic
case against the
CFCs, which
lead to the
Montreal pro-
tocol and its
amendments,
rests on mathe-
matical modelling
calculations; this is where there is
a connection to work carried out
at the EAWAG.

At the suggestion of Rowland,
an international panel of experts in
atmospheric kinetics and photo-
chemistry was established in 1977
to provide the daw needed by
the stratospheric modellers. The
TUPAC subcommittee, which ac

Rend Fely, 1975

one point included Crurzen, is

chaired by Prof. J.A. Kerr who has
been ar the EAWAG since 1989. It
regularly publishes evaluations in
the Jorurnal of Physical and Chemi-
cal Reference Data.

Crutzen's demonstration of ni-
trous oxide (N,O) as a compound
thar contribuses to the depletion of
stratospheric ozone and the miss-
ing N,0O balance has motivared

research groups at the EAWAG to

quandify the emission of N;O

from denitrifying wastewater treat- -

ment plants as well as assess its
emission from lakes (e.g., thesis
research by R. von Schulthess, in
the group of Prof. W. Gujer and
M. Mengis, 2 Ph.D. project at
Kastanienbaum in the group of
Prof, B. Wehrli).

51




EAWAG NBWS 40 E, July 1936

James Ward, born in 1940 in
Minneapolis, 'Minnesota {USA)
assumed the professorial chair in
aquatic ecology in the Department

Swiss Federal Institute of Technol-
ogy in Ziirich (ETH) in Seprem-
ber 1995. This position (Hydrobi-
ology/Limnology) was previously
held for some 25 years by Prof.
H. Ambithl and became vacant
upon his redirement in 1994. Prof.
Ward is also head of the Depar-
ment of Hydrobiology/Limnology
at the EAWAG with is 20-
member staff, several doctoral
candidates and many tempotary
employees. Uniil moving 10 the
EAWAG, Dr. Ward was a professor
ar Colorado State University in
Er. Collins, Colorado (USA).
Under Prof. Ward’s leadership,
the deparement will continue its
research and teaching in aquaric
ecosystems, focusing on organis-
mic aspects. The planned expan-
sion with new scientists should
strengthen research on the ecology
of running waters, extend the field
of lake ecology to include the lit-
toral zone and introduce a new
research area, groundwarer ecol-
ogy, in order o conduct a more
comprehensive study of biological
communities in aquartic habitats.
Prof. Ward’s work has artained
international recogniton through
numerous projects involving the
effects of anthropogenic influences
on the seructure and function of
running waters, on the influence

b2

of Environmental Sciences at the:

New focus in limnofogy

New Professor at the EAWAG

of temperarure changes on aquatic
organisms, on factors derermining
the spagial and remporal diseribu-
tion of organisms, on the structure
of benthic biological communities
and on the groundwater ecology
of alluvial systems. Parallel to his
extremely wide range of research
activities, he has invested much
rime on lecturing on limnology
and on the ecology of running
waters. During the course of his
successful scientific career, he has
been invited as keynote speaker to
numerous symposia on four conti-
nents.

Prof, Ward has served as presi-
dent of the North American
Benthological Sociery {1978-88)
and on the boards of various other
international societies such as the
Societas Internationalis Limno-
logiae, the Ecological Society of
America, the Entomological Soci-
ety of America and the American
Sociery of Limnology and Ocean-
ography (ASLO). He was recently
elected 1o the advisory boards of
the Max Planck Institute of Lim-
nology and the Austrian Academy
of Science. He is also an editor of
the internarional scientific journal
Regulated Rivers and has been
asked to serve as chief edisor of
a proposed journal Groundwater
Ecology

Ward’s activities at the
EAWAG and ETH

In order 1o play a key role in the
FAWAG’s multidisciplinary envi-
ronmental research, Prof. Ward
plans to develop the Limnology
Department  into an aguatic
ecology research center of inter-
national srature focusing on both
organisms and ecosystems. In
addition to the accumulation of
new data, the synthesis of scientific
concepts and the development of

new theories will be fostered. Prof. |

Ward is convinced that first-class
intensive research in Switzerland's
waters will not only conuibure to

solving the country’s environmen-

“tal problems bur will also gain

international recognition. To this
end, effective coordination of
diverse projects within compre-
hensive studies of entre water-
sheds will play a decisive role. As
Ward places special emphasis on
the transfer of know-how from
research to ecosystem management

“and on the ecological manage-

ment of resources, he will thereby
ensure that newly-gained theoreti-
cal knowledge will be incorporated
into practice and that work on
concrete environmental problems
will be based on a solid theoretical
foundation. :

Prof. Ward will also place a
renewed emphasis on teaching by
tightening the organization of
existing courses and expanding
current subject macter. His reach-
ing in biological and ecological
aspects of natural warers will com-
municate basic concepts, sum-
marize existing knowledge - and.
development trends in the various
scientific fields. Laborarory and
field courses will familiarize stu-
dents with modern techniques
and analytical methods. The aim
of this wotk is not merely the
sransfer of knowledge bur to
ensure a sound understanding of
how nature works and to foster
environmental ethics.

Peter Bossard
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Center of Excellence in Analyfical Chemistry
of ETH Zurich, CEAC-ETHZ

In June of 1995, ETH-Ziiich and
the research insticutions EAWAG,
EMPA and PSI established a Cen-
ter of Excellence for Anatyrical
Chemistry. Its mission is to coordi-
nate activites of different working
groups in the area of analytical
chemistry and promote coopera-
tion in education and research.

In order to give participating
personnel an opportunity T get
to know one another, an infor-
mational meering was held at
EAWAG on June 20. More than
70 chernists attended. In introduc-
tory remarks, Prof. Ralf Hiireer,
vice president for research at ETH
Ziirich, as well as René Schwar-
zenbach and Alexander Zehnder,

both ETH professors residing ac
EAWAG, applauded the creation
of the CEAC-ETHZ and empha-
sized the importance of collabora-
tion in the field of analytical chem-
istry. Thirteen additional speakers
discussed goals, working concepts
and major projects at their respec-
tive institutions. More derailed in-
formartion on a variety of ongoing
projects in analytical chemistry
was presented in some 30 poster
presentations. The day concluded
with a panel discussion, which in-
cluded three representatives from
the chemical industry, a leading
chemist from a university hospital
and a food distributor. The main
ropic of the discussion was the role

EAWAG

Swiss Federal Institute for Environmental
Science and Technology

Research Division

Technical and

Administrative Services

* (otating management

July 1995

. to ETH Ziirich, EAWAG, EMPA

of the CEAC in applying research
results to “the real world”,

One of the fest activities of the
Center will be the compilation of
a directory listing available services
in analytical chemistry as well as
existing expertise and instrumen-
ration. The directory will also be
made available by electronic me-
dia. The CEAC-ETHZ is accessi-
ble on the World Wide Web under
hurp://beelzebub.ethz.ch/ceac.

The Center of Excellence al-
ready has a first success to report.
With a grant from the Center for
Scientific Culture — World Labo-
ratory, it will be possible to bring
senior scientists from developing
and Eastern European countries

and PSI, o wotk in the fields
of analytical and environmental
chemistry. The program has been
named the Withelm Simon. Scho-
larship*®, in honor of Wilhelm
Simon, former professor of organic
chemistry at ETH who was inter-
nationally renown for his pio-
neering research and teaching in
analytical chemistry. Prof. Simon
died in 1992. Walter Giger

*Send applications to:

World Laboratory Research Center
c/o Professor Renaro Zenobi
Analytical Chemistry Group
Laboratory for Organic Chemistry
ETH Zirich

CH-8092 Zirich

Dioxin Day Diibendorf

On 9 March 1995, EAWAG
hosted a one-day meeting called
Dioxin Day Dibendorf, which
was organized by EMPA. Eight
presentations  focused on  the
analytical chemistry, occurrence,
origin and importance of poly-
chlorinated dibenzodioxins and
dibenzofiranes. The larger than
expected attendance of 120 par-
ticipants required the audio-video
team az FAWAG to ser up video
conferencing between two differ-
ent auditorinms.
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On August 22nd, 1995, the
EAWAG field trip was heading w0
the Toss Valley (Canton of ZH).
It was an excellent occasion to be-
come acquainted first-hand with
the priosity research program
called “Sustainable Management
of Resoutces — Warer and Anthro-
pogenic Sediments” and o be-
come more familiar with the sub-
ject of sustainable use of regional
IeSOUICES,

Accompanied by a slight morn-
ing fog, the trip, organized by
Walter Wagner, led off by boar
to Rapperswil. The SBB then car-
ried the almost 200 participants
down the Téss Valley to Rikon. In
the lovely sunshine, local govern-
ment representatives informed the
group of their conservation activi-
tes for which they received the
Swiss Nature Conservation Prize
a few years ago. A represenrative
of the H. Bithler AG described
the amount of energy that has
been gained through the Toss
canals, which were built during
the time of industrialization. The

On 29 March, 1996, Judith Horn-
berger, from the Department of
Federal Buildings, handed over
the keys for the newly renovated
“Seeheim” in Kastanienbaum to
Alexander J. B. Zehnder, the direc-
tor of EAWAG. The 128-year old
building is part of EAWAG's Lim-
nological Research Center. Wicth
the renovared “Seeheim”, EAWAG
now has new teaching facilities,
office space and accommodations
for visitors to the research cenrer,
finally allowing the long planned
course and meeting center 1 be-
come reality. Unsdl recendy, the
“Seeheim’s” original owner occu-
pied two floors of the building. As
a part of the renovation, the build-
ing was broughrt up to code, and
major improvements with respect

P

SN

::%YA

ety

talks clarified the fact that the prin-
ciple of sustainability in water pro-
tection not only includes protec-
tion of narure and landscapes bur
various aspects of Swiss national
hericage as well.

A picnic on the banks of the
Téss prepared the large group for
a walk along the Téss and into the
Linsen Valley. There four working
groups from the EAWAG made

' to encrgy conservation were made.
Researchers from all over the
world use the facility for scientific
exchange, some staying only a few

1995 EAWAG Field Trip

presenations about current re-
search projects which are being
carried out eithér within the
framework of the priority research
program or are in some way affili-
ated with it. The stations, prepared
with great care and effort, provided
good insight into the research be-
ing done and gave everyone the
opportunity to actively engage in
discussing the various research
themes. The relationships berween
surface waters, ground warer, water
supply, the morphology of the
Toss and the organisms living in it

" were impressively demonstrated.

In the photo, one of the four
groups is shown with Dr. H.O.
Schiegg, advisor of the Canronal
Department for Water Pollution -
Contral (AGW) of the Canton of

ZH, on the subject of the restora-
tion of the Téss to its natural state.
At the closing cockrail party on the
Rossberg, the participants contin-
ued to discuss what they had seen
and learned, while at the same time
enjoying the more social aspects of

the gathering. Walter Wagner

New EAWAG Meeting Center in Kastanienbaum (LU}

days, others for longer periods.
The quier location offers an ideal
environment for creative and inno-
vative research.
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