Microbial Competition in Biofilms
Oskar Wanner, Willi Gujer

1. Biofilms in waste water treaiment

Biomass which grows in a thin layer on a solid surface is
called biofilm. Such growth cccurs inlakes and rivers as well
as in some biological waste water treatment systems. For
example, in a trickling filter, where waste water percolates
over rock-media a biofilm will develop within a few days. Mi-
croorganisms grow on the solid surfaces, they utilize organ-
ic material for growth and thereby eliminate these pollutants
from waste water.

in fixed film reactors the biomass adheres {0 a solid surface
whereas in systems with suspended biomass, microorga-
nisms are keptin free suspension by continuous turbulence.
An example of the latter is the activated shudge process.
Systems containing suspended biomass are complex, since
the biomass must be kept from setiling, microgrganisms
must be efficiently separated from the treated waste water
and a portion ofthe biomass must be recycled to the reactor.
This complexity of the activated sludge process has the ad-
vantage that the process may be controlled by different stra-
tegies and therefore optimisation of the treatment plant ope-
ration is possible. Such optimisations are frequently based
on mathematical models which have been developed since
about 1965, These models have today reached a significant
level and will definitely be applied more frequently in the fu-
ture.

Before such models can be routinely used for biofilm sys-
tems, many fundamental guestions with regard to the struc-
ture and the performance of fixed biomass must be an-
swered empirically, such as, what are the characteristics ofa
biofilm which develops in a waste water containing nutrients
suitable for growth of a variety of organisms? How do fast-
and slow-growing organisms compete for space in a biofilm?
What happens if two species compete for a common nu-
trient? Why do major pieces of biofilm periodically slough
from their support? All these questions could of course best
be answered with the aid of specifically designed experi-
menis.
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Fig. 1
Biofilm as shown by a scanning electron microscope [1] {Bar =
10 pm).

2. Experimental investigations are difficult

The amount of nutrients removed from the water or the thick-
ness of a biofitm may be easily determined. Observation of
processes within biofitms is almost impossible. Typical bio-
films are only a fraction of a millimeter thick, and conditions
may drastically change over this short distance. Microorga-
nisms deeply inbedded in a film may lack imporiant nutrients
since these have already been consumed by organisms
closer to the water. As such, it is insufficient to characterize
the relative abundance of different species within the bio-
mass and it is necessary to obtain information on their spa-
tia} distribution. With the aid of an electron microscope this
may be possible (Fig. 1), however the sample is drastically
perturbed in preparation and any information gained applies
only to one instantaneous moment in time, and information
on the distribution of the nutrienis cannot be obtained.



Microelectrodes have been used with limited success to ob-
tain profiles of nutrient concentrations within a biofilm. The
traditional approach in biofilm research is based on macros-
copic observation of blofilm behaviour. Such experimental
procedures do not destroy the biofilm, neither do they pro-
vide direct evaluation of the situation within the biomass.
Such evidence may be obtained indirectly with the aid of
mathematical models, Al EAWAG a range of experimental
biofilm projects have been conducted on the laboratory- [1]
as well as in pilot-scale {2,3]. Still, many guestions remain
unanswered.

In summary: Since microcrganisms and nutrients interact,
these must be observed simultaneously during experimen-
tal investigations of biofilms. it is important to obtain informa-
tion on temporal and spatial changes. Direct observation of
these variables is rarely possible.

In view of this situation, a major project which approaches
biofilms with the aid of methods of system analysis was
started at EAWAG. In close collaboration between process
and informatics engineers our conception of the processes
in the interior of a biofilm was developed and then translated
into a mathematical form.

3. A mathematical model of microbial competition in bio-
films

Fig. 2 visualizes our concept of biofilm growth. Inmathemati-
cai form this concept may be expressed as:
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These equations relate the velocity of biofiim expansion u
to the mean specific growth rate 1, which depends on thé
specific growth rates y; and the velume fractions f; of all n mi-
crobial species present in the film.

Whereas equation (1) establishes a relation between volume
expansion and production of biomass, it does not describe
the changes in microbial species in the biofilm in time and
space. Therefore, additional equations have been deve-
foped:
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This equation describes how the volume fraction f;ofthe en-
tire biomass of a microbial species i will change with time
and space. The change of f; with time depends on the reia-
tion of the growth rate i of species i to the mean growth rate
p of the eniire bicmass. it also depends on the velocity u at
which the biomass expands at the specificiocationzandon
the spatial change of f; over the depth of the bicfilm.

Equations 1 and 2 describe in general form the growth and
and distribution of the microorganisms ina biofilm, such that
the derivation of the equations does not depend on a specif-
ic reactor configuration or group of microbial species. The-
refore the equations apply to any problem, their application
requires only that the hydraulic and geometric parameters of
thereactoras well asthelaws that governthe growth and ac-
tivities of the organisms are known. All of the known models
of microbial distribution in biofilms describe special cases
or approximate solutions to the equations presented here.
A further reason for the general validity of eqns. 1 and 2
stems from the fact that their derivation {4} reliesonlyona
few very basic physical principles (mass balances). There-
fore equations have been developed for microorganisms,
which are eguivalent to those which describe transport and
consumption of nuirients in biofilms (based upon Fick's
law). The latter have been known for many yvears [5] and are
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Schemalic representation of biofilm growth. During the time in-
terval dt individual organisms grow and divide and thereby dis-
place their neighbours: Biofilm thickness L increases by dL.

generally accepted. Together with eqns. 1 and 2 they estab-
tablish a comprehensive mathematical model of microbial
competition in biofilms. The model may help to further our
knowiedge of processes deep within a biofilm, to identify the
factors responsible for biofilm behaviour and to assess non-
measurable variables by indirect experiments.

To describe a specific situation, numerical solution to the
madel is in practice only possible with the aid of computers.
Fig. 3 which originates from a recently published report [4],
illusirates the result of such calculations. This figure des-
cribes a freely growing bicfilm with three different microbial
species. Initially the thickness of the biofilm increases expo-
nentially. After three days increase slows down due to nu-
trient deprivation deep within the film. With time, the in-
crease in biofilm thickness approaches a constant value,
controlled by the difference between the rates of growth and
decay of the organisms.

4. Mechanisms of biomass regeneration

If the water coniains significant amounts of nutrients, as is
typical for waste water, the biofilm would, according to Fig. 3,
expand continuously. Therefore mechanisms must exist to
limit biofilm growth. The shearing force exerted by the water
flowing over a biofilm may continuously erade biomass from
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the surface of the film or alternatively processes that occur
in the depth of a biofilm may lead to the detachment of large
pieces of biomass. In fact both mechanisms are known to
occur and treated waste water contains significant amounts
of microorganisms which originate from the biofilm.

With the aid of this model, these mechanisms may now be
anzalysed in more detall. Fig. 4 indicates the resultof such an
analysis. On the left a case is presented where microorga-
nisms continuously erode from the surface. After about 10
days an equilibrium is reached between erosion and pro-
duction of biomass: biofilm thickness remaing practically
constant. The same applies to biofilm performance, i. e. the
amount of nutrients which is removed from the water perunit
surface area and per unit time. On the right, a case is pre-
sented where after 8.5 days a significant fraction of the bio-
film is suddeniy lost by sloughing. In this case no equilibrium
is reached. if it is assumed that sloughing occurs periodical-
ly at different positions on a biofilm, a mean performance
(nutrient removal rate) may be predicted (Fig. 4). The compa-
rison of the different nutrient removal rates in the two cases 0.251
indicates that biofilm performance depends strongly on the
mechapisms governing the detachment of biomass from the

biofilm. This is caused by the fact that the organisms differ
significantly in their spatial distribution over the depth ofthe 4
film and therefore they are affected in different ways by
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detachment processes. The model predicts that the mecha-
nisms which control biomass regeneration and detachment
are of utmost importance to the rate of nutrient removal - the
ultimate goal of biofitm application in practice. The con-
sequence of this prediction is that causes and mechanisms
of biomass detachment should now be investigated with the
aid of specifically designed experiments.

Fig. 3

Temporal development of bictilm thickriess L and volume fraction
f; (0-100 %) of different microbial species. The example shows the
relative abundance of heterctrophic {1), autctrophic (2) and inert
particulate mass in a nitrifying biofilm between the biofilm’s solid
support {(at the bottom of the figure) and the film-water interface

4]

Fig. 4

Variation of biofilm thickness with time. Leff: Assuming loss of
biomass due to a continuous erosion at the biofitm surface. Right:
Assuming sequential slcughing events. Removal efficiencies on
top are valid for steady state (left} or averaged over one period
between two sloughing events. The biofifrn contains heterotro-
phic as weil as autotrophic organisms [4].
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5. May the model be applied in practice?

Cur knowledge on the processes controlling the behaviour
of fixed biomass is still limited. Further studies, similartothe
one just presented, are necessary to improve our under-
standing of the processes occurring in ihe depth of the bio-
film. With the aid of this model it is now possible to define ex-
periments and analyse data in view of the complex beha-
viour of biofilm systems. The direct application of the model
towards reactor systems and process optimisation and de-
sign is not yet feasibie. First steps in this direction have heen
made [61. However, they serve only to illustrate the purpose
rather than to define a fina!l approach. Despite the many
unanswered questions, this model shows that mathematical
simulation of biofilm behaviour is possible and points to-
wards new areas of biofilm research.
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The Artificial Rivers of EAWAG’s
Experiment Station Tiffenwies
in Zurich

Elie Eichenberger

1. Introduction

In an early phase of the development of poliution control in

Switzerland it was recognized that in order to effectively pro-

tect rivers the rational design of sewage treatment plants re-

quired additional knowledge on the following questions:

— what is the effect of unireated sewage on the biotic com-~
munities in rivers?

- to what extent do various treatment procedures modify
the effect of sewage?

-~ which parameters do best characterize the biological ef-
fects of sewage?

For obvious reasons the answers o these questions were

hard to get from the study of natural rivers. Therefore, in 1936

the first generation of “artificial rivers” was built at the sew-

age treatment plant of the town of Zurich [1]. The channels

were later moved to the new research station Tiffenwies of

EAWAG and extendend.

2. The artificial rivers

Artificial rivers are designed to offer advantages such as

- simplification of the structure of the running water eco-
system,

— manipulation and stabilisation of the chemical input and
of some of the physical conditions,

~ favorable conditicns for measurements and good access
to the working sites.

The primary aim of the construction of the experimental

channels in Zurich was not the simulation of a particular na-

tural river, but the establishment of an experimental system

suited to the study of some deliberatly chosen and structu-

ralty or ecologically essential aspects of the smaller rivers

typical of the Swiss Central Plateau.

The TuHenwies rivers were conceived as outdoor throught-

low systems, They are located on the outskirts of Zurich on
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Fig. 1:
View of the artificial rivers in Tiffenwies
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the outflow of the lake of Zurich {the river Limmat} and the
main sewer of the town. As they also lie above the aquifer
which supplies the town with drinking water, both artificial
river systems — a small one for short term experiments, and a

Table 1:
The river systems of EAWAG's experiment station, Tiiffenwies
channel | no |iength | profile fiow arrangement!
type m cm I/sec |m
small g9 |75 rectangular | 1-2 ax75or

20x20 1x675

large 6 1250 trapezoid |<<100 {1 x250and 1x1250
95/45 2x280and2x 750

45 deep 250, 500, and 750

1) this gives the possible combinalion of channels 1o tivers

iarge one for the study of longer term successions (Table 1
and Fig. 1} — can draw their water from these hree sources.
Additional dosing of sewage and chemicals allows further
manipulation of the water quality. The systems are usually
run with groundwater thereby providing a carrier water with-
out any physico-chemical daily variations at the point of in-
flow.

However, seasonal fluctuations in water temperature and
some chemical parameters are guite pronounced (Fig. 2).
The shift of the water temperature amplitude with respect to
the neighboring surface waters corresponds to about 2-3
months, with a minimum in April around 8°C and a maximum
in October of around 17° C.

3. Some of the research topics past and present

in response to the practical needs for pollution control the
effect of sewage on the microbial and microphytic benthos
has been the central theme of the studies at the experiment
station Toffenwies, These studies have emphasized two
aspects of the impact of the aguatic environment on the
benthic communities, i.e. the chemical guality of the water,
particularly its nutrient function, and the physical aspect,
especially the role of the seasons and of the water flow.
Table 2 lists some of the topics studied and publications re-
lating to them. In the foliowing sections some aspects of
these river studies will be presented in more detail.
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Yearly periodicity of some physical and chemical parameters of
the groundwater in Tdffenwies fed into the channels (average of
the years 1982-~84}

3.1. Parameters used to characterize the activities of benth-
ic communities

The description of benthic communities calls foran estimate
of the number of organisms present and their biomass as
well as for an appreciation of the contribution of characte-
ristic groups of organisms, for example phototrophs and he-
terotrophs, to the averall physiology of the ecosystem. Num-
ber and mass have to be correlated to activities such as the
incorporation of nutrients, photosynthesis, respiration, ex-
cretion and decomposition rates. Such information then
provides a basis for an estimate of the exchange of nutrients
between the crganisms and their surrounding medium and
the intensity of biologically induced changes on water che-
mistry.

The choice of parameters to describe a system is a function

Table 2:

Some topics studied on the artificial rivers

Effect of sewage on benthos Reference
- effect of sewage on the phototrophic and heterotrophic growth of benthos 2,345
- selfpurification in microphytic communities with different ratios of heteroirophs and phototropins 6,17

- effect of variable input of organic nutrient 8

- effect of light on the growth of Sphaerotilus natans 8,10
Eutrophication

~ gan P or N supply simulate the eutrophying effect of sewage? 11

~ effect of metals on the development of microphytic benthos 11

- photosynthetic efficiency of benthos 12

- effect of sewage on the growth of Ranunculus fluitans Table 3
Effect of current and flow

- interaction between flow velocity and sewage effect 13

- interaction between flow velocity and selfpurification 7

~ role of hydraulic stress and flow on the interaction of trophic levels 14
Significance of grazing for the development of benthic communities

~ grazing of midge larvae (Orthocladinae) on algal benthos 15

- the effect of insecticides on the interaction between trophic levels 15

- grazing of crustaceans {Gammarus} on higher plants {Ranunculus fluitans) 16

- significance of grazing for the long term succession of microphytic benthos 17
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of a number of considerations. Limitation in manpower has
been essential for our choice of techniques especially for
the description of sociological structures. In order to cha-
racterize the communities and their activities the following
types of parameters were used: sociological structure, pro-
ductivity and nutrient dynamics {forexamples seeFig. 3, 4,5
and 6).

3.2. The significance of hydraulic stress for the develop-
ment of benthic communities in a low nutrient water

a) The stages of benthic succession

Initially benthic river communities fed with groundwater de-
veloped along comparable lines in both river systems, the
small and the large, by going through similar colonization
cycles. These cycles are characterized by a vegetation
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Time course of colonization ¢f the large channels (average densi-
ties of the vegetation over the whaole length of the channels).
The average density is the product from coverage (0-100%) multi-
plied with the relative density of the growth form assessed {0-3),
ie. 0-300.

buiid-up followed by more or less severe biomass reduction
caused by ihe activity of grazers. When the channels are
new and have heen cleaned and cleared of all vegetation,
floating algal mats are guickly established; they are domi-
nated either by green filaments (Hormidium, Tribonema) or
brown filaments (diatoms such as Diatoma hiemale, Melo-
sira varians) depending on the season. After a few weeks'
existence the vegetation is grazed away by the larvae of
midges (Orthocladines). In a second colonization stage
mosses and algae more resistant to grazing become estab-
lished {Vaucheria, Cladophora, Spirogyra). The small chan-
nels get so clogged up by the plant masses that frequently
they have to be cleared before this second stage of the suc-
cession is reached. In the large channels very dense algal
and moss communities are built up and maintained for 3-4
years. Gradually more powerful grazers such as snails (Lim-
naea} and crustaceans {Gammarus) get so numerous that
they finally desiray both the bulky floating and the attached
vegetation. The succession ends in a very stabie epilithic
crusty community devoid of mosses and filamentous algae
(Fig. 3).

Although in this second, and long lasting colonization cycle
the trend in the development in the different channels is si-
milar, the structure of the communities shows considerable

irreguiarities in the distribution of the organisms in time and
along the length of the channels [17]. It appears that the lack
of hydraulic stress, together with a reduced immigration rate
causes a reduction of the competitive pressure on local co-
lonization centers and thus tends to consolidate the sto-
chastic distribution patterns generated in the initial settle-
ments of animals and plants. The resulting mosaic-like dis-
tribution of organisms can be troublesome for those experi-
ments where channels treated in different ways are com-
pared with each other, as the reasan for the different pat-
terns may have to be attributed to chance alone.

b} The effect of variable discharge on colonjzation and suc-
cession

In nature variable discharge affects the interaction between
plants and animals in various ways. An increase of flow may
rasult in mechanical stress through abrasive actions of su-
pended particles and the movement of the substrate. De-
pending on the depth of the botiom of the river and the pre-
sence of microhabitats resistant to displacement the
chance for the survival of the macrofauna varies. The depo-
sition of silt after a flood may bury organisms or reduce the
exchange between organisms and their surrounding and
will further affect the balance between the organisms of the
ditferent trophic levels i.e. producers, grazers and preda-
tors.

The consequences of mechanical stress on the develop-
ment of the epilithic crust can be observed inthe large chan-
nels when high flow is simulated by vigorously rolling the
stones against each other. Filamentous algae may reappear
after a short time. However, the success of such action is va-
riable, suggesiing that the process of recolonization de-
pends on highly subtle biotic effects, including possible in-
hibitory exudates of the epiiithon and grazing by microinver-
tebrates in the hydraulic boundary layer.

These observations in the large channels demonstrate the
wide range in compaosition of biciogical communities that
are possible under a clearly defined chemical condition, e.g.
in low nutrient water, and they underiine the central role of
purely biological processes in the genesis of benthic com-
munities.

3.3. The role of microphytic drift in the assessment of pro-
ductivity of a river benthos.

The mechanical impact of current, grazers and burrowers
continuously dislodges parts of the vegetation giving rise to
microphytic drift or export. The quantitative measurement of
microphytic drift presents a major technical problem. If we
suppose that the export of a small channel with a surface of
15 m? corresponds to a production of 1g dw/day m? (dw=
dry weight), then the suspended biomass attains about 0.2
mg dw/l. As the drift has a pronounced diurnal activity, only
collections over a 24 hour cycle can give a reliable estimate
ofthe export, Therefore large volumes of water have to be fil-
tered and as the blomass clogs the filters easily a consider-
able filter area is required. In our sampling station about
1000 | channe! water are filtered daily, representing approxi-
mately 1% of the flow.

The microphytic drift is low when colonization starts. it in-
creases fast and after a few weeks accounts for alarge frac-
tion of the total productivity (Fig. 4). Drift is considerably en-
hanced when senescence or reduced mass transport in-
duces degradation of the benthos. Although always present,
export becomes noticeable only when larger parts of the ve-
getation become detached.

The microphytic benthos has therefore only a limited resi-
dence time. When not consumed by grazers, it becomes
pended drifting biomass, representing a riverplankton of
benthic origin. The fraction of production remaining sessile
as standing crop is afunction of different factors, such as so-
clology, structure, age, nuirient supply and mechanical fac~
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Development of the benthic algae in the smail channels after ad-
dition of essential heavy melals.

concentration of metals in ug/! (in groundwater): Co<2,Cu 2, Zn
3, Fe 10;

after metal addition: Co 50, Cu 20, Zn 200, Fe (as Fe-EDTA} 300

tors due to variable flow or animal activity. Changes in
buoyancy caused by photosynthetic gas accumulation, for
example, expose filamentous algae to stronger currents,
contributing o a distinct daily periodicity of the drift of algal
material (which may be easily detected by the color of the
collection filters).

Determination of microphytic drift in channels run under the
same hydraulic and chemical conditions is reproducible du~
ring the early stages of colonization (Fig. 4). This can be ta-
ken as confirmation that in initial phases of successions ex-
ternal and internal influences are very evenly distributed
among the channels, in striking contrast with later develop-
ment (as has been described for the large channels in sec-
tion 3.2).

3.4. The role of chemical factors in eutrophication
Observations in our channels with turbulent flow have
shown that addition of a few percent of domestic sewage to
groundwater containing only 15 pg P/l significantly en-
hances the growth of algal communities. This increase in
productivity and the simultanously occuring change in the
sociclogical composition of the vegetation cannot be simu-
lated by the addition of inorganic phosphorus alone, either
at concentrations corresponding to the sewage input or
higher {up to 300 ug P/} [11]. However, mixtures of trace me-
tals in very low concentrations or traces of iron at 300 ug/]
alone or at 5.4 pmolar as Fe-£EDTA may stimulate growth un-
der certain conditions.

On the other hand the tolerance concentrations for the es-
sential metals Co, Cu and Zn (50, 20, 200 ng/l orabout 0.5t0
3 umolar respectively) defined by the Swiss water protection
law proved highiy toxic to an algal benthos composed by
streamer forming diatoms (e.g. Diatoma hiemale). The addi-
tion of 5.4 pmolar Fe-EDTA, but not the corresponding con-
centration of EDTA alone, reverses this toxicity.

The data from these experimentis are presented as an
example of the response to chemical stress of different para-
meters characterizing 2 microphytic community. The mix-
ture of essential trace metals Co, Cu and Zn or each metal
alone at first completely suppresses the growth of diatloms
typical for the season, so that initially no growth occurs. Ins-
tead, green filamentous algae become established and
about a month after the start of the experiment they prolifer-
ate vigorously {Fig. 4).

The elimination of the nutrient N {(from nitrate}, P (from ortho-
phosphate) and Si (from silicate) is clearly correlated with
the productivity; the resuiting ratios between the incorpora-
tion of carbon as determined from productivity and the up-
take of the essential nutrients N, P and Si as determined by
their elimination from the waterare C/N 5.8, C/P102,7 and C/
Si 2.8, in molar units respectively (Fig. 5).

This experiment demonstrates some of the interactions be-
tween metals and some ofthe limits in predicting the biologi-
cal reactions of the benthos with respect to metal pollution.
Ranunculus fluitans, a higher vascular plant, the growth of
which is causing much nuisance in European rivers, re-
sponds to domestic sewage by increased growth. But as
with the algal communities studied so far in TUffenwies its
growth is not unequivocally stimulated by increased con-
centrations of inorganic phosphorus from the naturaliy oc-
curing 17 pg/l to about 300 pg/! (Tab. 3).
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Table 3:

The effect of sewage and phosphate on the growth of Ranunculus fluitans

groundwater PO.-P settled sewage biojogically treated sewage
Channel 1 2 3 4 5 6 7 8
Substrate added
—-_sewage
a) settied 1% 1%
b biologically treated 5% 20% 50%
~ PO,4-P (300 vg/l} @ @
Composition of river water
DOC (mg/l) 0.4 0.3 0.4 1.4 1.2 1.0 1.7 4.4
PO4-P (rg/l) 17 17 338 62 432 117 582 1643
Growth of plants
average of 16 planis per
channel
initial fresh weight (g} 9.0 10.0 8.7 9.6 10.4 10.4 12.5 11.4
increase in fresh weight
in 1 month (g} 8.5 5.0 8.0 22.2 27.9 328 48.0 38.0

On the basis of the observations in our channels we feel that
the mechanism for eutrophication in rivers is far from being
clearly understood. It cannot be explained as a direct reac-
tion to one key nutrient alone,

3.5. Repression of benthic growth by grazing and its pos-
sible role in eutrophication

The contribution of the grazers in limiting the development of
the benthos can be seen in the general succession of algal
communities which is characterized by the transition from a
vegetation composed of lush filamentous streamers to ara-
ther inconspicuous epilithic community {described in sec-
tion 3.2}

Therefore, it is not surprising that rivers subjected to grazing
pressure respond to the application of insecticides by very
fast resumption of algal growth [151,

it is possible to eliminate the grazers established in a large
channel by leaving it dry for 2 weeks. Afterreflooding, a cover
of floating algal streamers and mosses is quickly reesta-
blished. This type of vegetation has been excluded from the
channels several years earlier by the gradually increasing
grazing pressure [14].

These findings in the channels suggest that the balance be-
tween grazers and plants is a major factor controlling the
structure of benthic communities in natural rivers. Interfer-
ence with the activity or the population dynamics of grazers
can cause a proliferation of algal and macrophytic stands.
Sewage is a siress factor which effects the interaction be-
tween trophic levels. It is tempting to speculate that the re-
duction of grazing pressure by the action of sewage may
cause increased algal production and thus be at the roof of
local eutrophication symptoms.

3.6. Chemopericdicity in rivers

A number of physiological processes going on in rivers fol-
lows a daily periodicity which depends either on natural va-
riations of limiting physico-chemical factors such as light
and temperature or on some variable input from the environ-
ment as a consequence of human activities.

In Fig. 6 the elimination of P, along channel sections of
250 and 500 m length are displayed for two different days,
one in December and the other in June. The channels re-
ceived 1% of settled sewage. The concentration of Pshows a
proncunced daily periodicity with lowest values around 4
a.m., and maxima around noon between 80 and 180 pg P/1L
The P-balance along the channels varies between elimina-
tion in June and a transition from elimination to release of P
from the system info the water in December. This suggests
that different processes go on simultaneouisy which affect
the P balance and that their activity depends on the concen-

tration of the P input. However, in addition, the processes
are influenced by some other day/night cycle effects, so that
at the same input-concentration the balance will depend on
the time of day. This example demonstrates the simultane-
ous expression of 2 different sources of chemoperiodism,
i.e. of external or internal origin o the system.

Of practical relevance is the guestion whetherthe biological
effect of a given load of organic substrate depends on the
timing of its input. This was investigated in channels fed with
the same daily average of 1 mg sucrose-C/l, dosed either
continually or during 12, 6 or 3 hours of each 24 hour cycle
in double or correspondingly higher concentrations {8].
Judged from the first 75 m below the outfall, i.e. the chan-
nels’ length, the growth of heteroirophs was less when the
application was intermittent (Tab. 4). Presumabiy the losses
of biomass during the starvation phase of increasing dura-
tion are responsible for the progressively smaller utilization
of the substrate. The resulis might be diiferent if the total
lengih of the affected river sections could be taken into con-
sideration. When less nutrient is used upsiream, more is left

1% SEWAGE ADDED
opec 7/8 1982 500m

PHOSPHORUS ajun 1J2. 1983 250m

BALANCE Day time indicated by numbers

Biat NG/t o Night

50- 12

401
30
12

20
2
104 2
/ FIXATION BY SYSTEM
0 T T
RELEASE BY SYSTEM
-ED_
_20-
-30 : ; .

20 40 60 B0 100 120 140 160 180
Pyop - INPUT agft
Fig. 6 ot
Daily periodicity of the elimination of total phosphorus in the large
channels
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Table 4:

Effect of chemoperiodicily on the development of heterotrophic
benthic biocenosis, when the same daily sucrose load of 86.4 g
C/day/was applied.

channel i 2 3 4
sucrose load (g C/day) 86.4 86.4 86.4 86.4
duration of dosing {hr/day}| 24 12 & 3
concentration (mg C/1) 1 2 4 8
productivity?

as sianding crop increase 0.9 0.51 0.51% 0.41
as drift 1.80 0.61 0.29 0.29
totat 2.71 1.12 0.80 0.7
in % 100 41 30 26

Y} productivity expressed as average daily production over the
length of the channel (75 m long) in g ash free biomass/m? day,
data calculated from [B], p. 21.

to feed bacteria further downstream, in this particular case
being outside the experimentally available space.

4, Other types of artificial rivers

The design of arificial rivers depends on what particular
subsystem of the Hlowing water is intended fo be studied.
The target of our system was the benthos of smallerrivers as
found in the Swiss Central Plateau. Other outdoor systems
analyse the role of the suspended biomass in lowland rivers
{System of Marienfeld in Berlin, 18}, or the contribution both
of the benthos and of the gravel river bottom (or subrheal) to
the ecology of rivers (recirculating hard-water rivers in East
Stoke, England, 19). As the supply of sufficient water of good
quality represents a major limitation in the maintenance of
artificial rivers they are frequently operated with recirculated
water. In this respect the Zurich throughilow channels with a
maximal flow of 100 I/sec are unique.

Some of the fundamental limitations in outdoor systems re-
side in the restricitions imposed on the manipulation of the
composition of the biotic communities as well as some of
physical factors such as light and especially temperature.
This has calied for the construction of laboratory streams
[20] run at room temperature, or laboratory systems where
the water temperature is controlled by heating and cooling
{Rheodrom at EAWAG, [21}) or enfirely located in climatized
rooms (National Institute for Environmental Studies, Tsu-
kuba, Japan).

The use of arificial outdoor river models is especially re-
warding in close cooperation with a team of laboratory mi-
crobiologists. The study of the light inhibition of Sphaeroti-
fus natans is in this respect an instructive example. In chan-
nels fed with a small addition of domestic sewage the first
growth of Sphaerotilus prefered the wall side which was not
exposed to the full afterncon-sun radiation and thus re-
ceived a smaller light dose. Direct shading of the channeis
with wooden boards confirmed the inhibitory effect of sun-
tight. In vitro growth measurements of pure cuitures in sub-
merged vessels with breathing tubes demonstrated that the
light effect directly affected the bacterium and was not the
resull of competition with other microphyies or grazers [10].
in the laboratory the effect of light of different wave-lengths
on the growth of Sphaerotilus and on the medium was ana-
lysed {9] and it was shown that the inhibitory effect could be
overcome by an adequate nutrient supply.

As a section of a natural river is an individual habitat and can
not represent “the river”, so are the different artificial rivers
also unigue and therefore embody some aspects found in
natural rivers. The aspects considered essential in formulat-
ing research projects are themselves dependent on the pro-
gress of our knowledge and our expectations with respectio
rivers. Future research on our Swiss rivers may pay more at-

tention ta the biotic interactions and the role of physical fac-
tors such as flow and temperature. This may call for more ri-
gorous conirol of the environmental conditions and will pro-
bably result in the construction of more advanced ri-
ver systems which will for practical and economic reasons
be of smaller scale and supplement the possibilities offered
by the existing systems.
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Structure and Properties of
Coordination Compounds with
Hydrous Surfaces:
Spectroscopic Investigations
Herbert Motschi

Chemical reactions in natural waters tend to occurat the so-
lid-sciution interface. Particles of small colloidal size contri-
bute the largest amount of active surface area. They may be
either of biological or mineral origin. A typical perialpine
Swiss lake contains on the order of 107 colloidal particles per
mi of water. Nutrient rich iakes are loaded primarily with or-
ganic material, while processes such as mineralizaticn and
erosion increase the amount of inorganic material in sus-
pension. Oxide minerals of Si, Al, Fe, Ti are abundant com-
ponents of the earth's crust and are also found in and as at-
mospheric aerosols. if brough inlo contact with water, the
oxide surfaces are transformed into hydrated oxides and/or
hydroxides. Modification of the oxide minerals by the forma-
tion of surface functional groups provides an enormous po-
tential for their adsorptive characteristics towards caticns
and anions, and for the processes of mineral weathering
which constitute the main input of most elements into the
hydrologic system. By settling processes, dissolved spe-
cies are transported to the sediments dependent on the ad-
sorptive characteristic. The distribution of a chemical spe-
cies between the solution and solid phases can be treated
mathematically as an equilibrium calculation of a multicom-
ponent/multiphase system. Such a cycle is shown in a sim-
plified lake box model for a metal ion {Fig. 1).

Fa

Mea
Moy Mereq
A

Fig. 1:

Distribution of metal cations in a lake,

Fy!input from river inflow

Fz: Input from atmospheric precipitation

F,: rate of sedimentation

F.: river cutflow

Metal ions are distributed between suspended particles and the
dissolved state where they can undergo complex formation reac-
tions {(Mel) and redox reactions (Me,.4). Reductive conditions in
the hypolimnion can transport certain metal fons back into solu-
Hon (e'g-r ‘,:e(m')r.\errficulam~> FE(”)D‘:‘ssc!ved)- )

Functional groups on the surfaces of naturally occuring par-
ticles are normally of heterogenecus composition which li-
mits their suitability as model] surfaces. Hydrous oxides as
weil as organic polyelectrolytes have been thoroughiy in-
vestigated for their adsorptive behavior towards metal ca-
tions [1-3]. Stumm and Schindier have outlined a thermody-
namic model which takes into account the coordinative in-
teractions of the surface hydroxy! functional group, i. e,, the
amphoteric nature against protons (=MeOH can react as
base and as acid, see reactions 1 und 2) and the ambivalent
characteristics towards protons and anions (reactions 3 and
4). The acidity constants (K,, K3,) can be derived from titra~
tion experiments as may be the stability constants of the sur-
face complexes formed with metal cations and ligands (K;,
K3). With this basic set of equilibria, adsorption isotherms

can be formulated in a thermodynamically consistent fa-
shion. Such equilibria are very sensitive to the nature of the
surface as well as to the type of specifically sorbable metal
cations and anions, suggestive of an inner-sphere binding
{i. e., direct bonding) between surface and adsorbate.

Table 1:
Coordination reactions of the surface hydroxyle functional group

{(=MeOH).

R

s?v!efJH; — MeOH + HF sk 1
a

MeOH = zMeo” + i : K: 2
2

sMeOH + MET = memlED Lt kT 3
5

a0y + AC =2 aealzi g Mo i K 4

However, there is a number of consistent models which
place the emphasis on the interaction of the electric field
gradient at a charged surface with the dipolarmoment of the
adjacent water layer (Fig. 2).

Fig. 2:

Electrical double layer.

Specific adsorption of potential determining ions (HY, OH-, melal
cations {M?t), and anions {A%")) induces a field gradient at the so-
iid solution interface. Depending on the sign of the surface charge
(E} dipole moments (pﬂgo} of the adjacent waler molecules will be
oriented.

As thermodynamic modelling does not necessarily relate fo
actually existing structural units, spectroscopic methods
shall be presented in this article which provide direct infor-
maiion on the interactions between adsorbate and surface
functional groups of hydrous oxides.

log T [s]
_15__
Vibration E IR/Raman .
% neutron scattering
_10 e
Diffusion ESR
NMR, ENDOR
ST NGR
Relaxation {dielectric,
0 = pressure jump)
% Thermodynamics
J S

Fig. 3:

Comparison of time domains of molecular dynamics with charac-
teristic frequencies of various spectroscopic methods.

ifthe mobility of a molecule is rapid compared to the time scale of
a particufar spectroscopy, an isotropic spectrum is observed, in-
versely, if the frequency of a spectroscopy is high compared o
molecular motion, an anisotropic spectrum is resolved (cf. Fig.
4b}. Molecular dynamics can be interpreted for spectroscopic
methods which overlap with molecular dynamics. (E.g. Cu(ll)-
cormplexes normally are very labile: k{NH;) =2.0-103M-s).
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Spectroscopic methods to characterize hydrous surfaces
Due o the small exchange capacity of active surfaces {(e.g.,
onthe order of 0.1 to 1 peq/m?) only a few spectroscopic me-
thods are sufficiently sensitive. An additional limitation ari-
ses from the requirement to study the surface in an hydrated
state, thereby eliminating a number of ather technigues de-
veloped for the investigation of gas adsorption phenomena.
Methods which fulfill these two criteria given above are
shown inFig. 3. The corresponding speciroscopic methodis
characterized by a typical ime domain, i. ., structural para-
meters and moiecular dynamics cannot be discussed sepa-
rately.

Cu{il)-EPR-measurements to characterize surface coordi-
nation

Because of its unigue electronic configuration {d?), the
Cu{li)-ion is especially well suitable for EPR(Electron Para-
magnetic Besonance)-measurements. From the analysis of
an EPR-Spectrum, information concerning the geometry
around the Gu(il)-center can be obtained as well as some
hints as to the nature and number of coordinating ligands.
Important spectroscopic parameters are the so-called
g-factors, which are influenced by the ligand field and the
hyperfine interactions (A) which arise from the interaction of
the unpaired electron with magnetic moments of adjacent
nuclei [4). Measurements on hydrous oxides have demon-
strated that the EPR parameters g _and A {i. e., axial compo-
nents, of. Fig. 7) are sensitive to the nature of the oxide [5]. A
mapping of EPR-parameters of Cu(ll) on various oxide sur-
faces is shown in Fig. 4.

A decreasing tendency ofthe g -parameteris indicative ofan
increasing coordinative interaction, which is in qualitative
agreement with stability constants derived from titration ex-
periments (eq. 3). A correlation has been obtained between
the overall stability constants of Cu(ll) complexes and
g ~values for a series of model compounds:

Cu(lI} + Ly # Ly + oo & Cullyaly.oit

; logk Togk, 5

n) tot ©

]

The result of this correlation is transposed for a number of
g,~values for Cu(ll) adsorbed on various surfaces and ion-ex-
change resins as shown in Fig. 5. Estimated stability con-~
stants of Cu{ll) surface complexe with oxides, humic sub-
stances, and charcecal, which are known to coniain carbo-
xylic and phenolic functional groups, lie well within values
obtained from titration experiments.
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Fig. 4a:

Cu(ll}-EPR paramelers for oxide surfaces.

fg,; g-factor in axiaf direction (see Fig. 7),

A Hyperfine splitting with isotopes #3Cu, ®Cu (axial component).
Cu?t,o = Cu(ll)-aquo-ion in porous sifica

Si0Q,(1) = Aerosil {300}

5iQ,(2} = silica sof {hydrolysis of elemental Si)

23
tog Koy
N|-RNH2
20
15 e
CU€GH}.'.\ Montmorillonite
/ - Hectorite
10 \/Charcoal, Fulvic acid, (=5i0},
Tilp L _T/Smecti_ies _
2enlites Ao Fulvic acid
r«——~—~(= Si0},
S 5-Aip03 [ N RS0y~ |
CulHg
0 <
cU§;
2.0 2.20 2.30 2,40 2.50
9y
Fig. &:

Stability constants of Cufli) surface complexes for various adsor-
bents estimated from EPR (g }

{ANH: amino ion exchange resin,

RSO05: sulfonate ion exchange resinj.
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Fig. 4b:

EPR-Spectrum of Cuia/ 5-ALO; in an agueous suspension. Anisc-
tropic spectrum, i.e., spatial components (g : axial, g,: eguatorial)
are resolved on the EPR time scale (~10s1}.
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Ternary surface complexes on 5-Al0,

Starting from the copper agquo-surface complex, two mole-
cules of coordinaied water may be substituted by ligands
(LyL; = bidentate ligand) of stronger coordination tendency.
Ligands of increasing coordination strength again lead to a
decrease in g -parameters, which results in an enhanced
stability of ternary suriace complexes. Such a reaction is
schematically written as

o~

P
{310}, Cu(DHy), + LiL, == (SRI0), Cu Lyl, + 25,0 6

Especially suitable ligands for Cu{ll) contain amino functio-~
nal groups (e.g. NTA as in Fig. 6, ammonia, glycine). The for
mation of ternary complexes has & significant effect on the
distribution of heavy metals betweenthe dissolved state and
the solid phase.

ENDOR spectroscopy of surface complexes

In collaboration with the Physical Chemistry Department of
the ETH-Ztirich, ENDOR (= Electron Nuclear DOuble Reso-
nance)-measurementis have been performed in order to get
more specific information at the molecuiar level, Application
of ENDOR spectroscopy aliows the resolution of weakinter-
actions between the unpaired electron with nuclei within a
distance of about 5A. From these so-called hyperfine data,
structural parameters can be derived, e.g., bond-distances
of the paramagnetic center to the coupling nuciei of ligands.
Cu{ll}-complexes are typically of a tetragonal configuration
what has also been confirmed for the surface complex
{(=Al0), Cu(OHz*)(CH,)3" (Fig. 7).

Bond distances can be accurately determined if the interac-
tion between the magnelic moments of the electron and the
nucleus is of a dipolar nature. However, through chemical
bonding eiectron density can be delocalized to neighboring
nuctei, in which case the observed coupling will be conside~
rably larger than would be anticipated for a more dipolar in-
teraction. The analysis of such specira is rather complicated
since adsorbed species are not oriented spacially and a
three dimensional spectrum must be interpreted. in general,
spectra simulations are considerably facilitated if parame-
iers are available which have been obtained from single
crysial measurements of model compounds [6].

However, thisis notalwaysthe case. In the ENDOR spectrum
of adsorbed oxovanadium (VO?*+/8-Al:Q,) signals caused by
the coupling with the surface Lewis center (*Al) are split
much more strongly than is calculated from molecutar mo-
delling [7] (Cf. fig. 7: Cu is replaced by VO).

OH»
26R

_2040Hy

"OH,

OH»

Fig. 7:
Bond distances of the surface complex (=Al0), Cu{H.0Q), derived
from the analysis of the 'TH-ENDOR spectrurm.
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Fig. 6:
Schematic representaticn of the ternary surface complex

(==Al0}.Cu (NTA)

Delocalization of the unpaired electron form the vanadyle
fragment to the surface functional group (=Al0) is direct evi-
dence of inner-sphere coordination.

Surfaces of naturally occurring particles are heterogeneous
in composition, yet we can jearn to understand many of their
characteristics by studying model compounds. Spectros-
copic investigations are complementary in resolving ques-
tions concerning the nature of surface interactions, such as
as electrostatic forces, hydrogen-bridges, van der Waals
energies, and Donnan potentials, Criteria for unambiguous
assignments of the various contributions for adsorption
processes are not readily available because they are gene-
rally superimposed. Processes of mineral dissolution and
heterogenous nucleation are intimately coupled to surface
adsorption and transport characteristics at solid/solution
interfaces. it is the dynamics of such processes which con-
tribute to the changing features of aguatic geochemistry.
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Atmospheric Pollutants:
their Potential Impact on Aquatic
and Terrestrial Ecosystems

Laura Sigg, C. Annette Johnson, Fritz Ztircher, Jiirg Zobrist
and Werner Stumm

The oxidation of C, 8 and N — resulting mosily from fossil fuel
burning - rivals oxidation processes induced by photosyn-
thesis. The occurrence of acid precipitation in regions of the
northern hemisphere is a consegquence of these redox pro-
cesses; they reflect adisturbance of cyclesthat coupie land,
water and atmosphere [1-3]. The aimosphere is an efficient
conveyor belt for the transport of pollutanis, such as heavy
metals and organic chemicais, which canimpairaquatic and
terrestrial ecosystems. This may be ilustrated by two
examples. Many heavy metals, especially the potentially
more hazardous B-metals may be {ransported ~ predomi-
nantly adsorbed on aerosols - through the atmosphere over
large distances. Fig. 1 shows that atmospheric deposition
may make up a significant fraction of the mass balance of
heavy metals entering a lake. Fig. 2 gives gas chromato-
grams of rain samples. The response of flame ionization de-
tection (FID) and eleciron capture detection (ECD) reflect
the presence of relatively non-volatile polycyclic aromatic
hydrocarbeons {including benz{a)pyrene} and chlorinated
hydrocarbons, above all PCB’s.

Fig. 3

Effects of atmospheric pollutants on terrestrial and aquatic eco-

systems,

There are various pathways and interactions:

(1} Direct absorption of gaseous pofiutants; possible synergistic
effects by the presence of ozone and of sunlight.

{2) Precipitation carries dissolved substances and suspended
aerosols to the surface of trees and vegetation.

{3) Siow sedimenting or wind-drifting fog interacts with the
trees; needies and leaves intercept fog droplels and thus
high concentrations of pollutants become deposited on the
tree tops. Larger drops can be formed and subsequently their
concenirations can be further increased due to evaporation;
the substances deposited may become modified photoche-
mically by sunlight and ozone.

{4) Acid depositions can acidify the soils and cause elution of
base cations (among others the biologically important ions
K+, Ca?t). APt released af lower pH values may damage the
roots of trees and mycorrhiza living in symbiotic association
with the rools,

(5) Atmospheric depositions carry significant loads of pollu-
fants (heavy metals and organic pollutants) into agquatic eco-
systems, especially lakes. The substances deposited can im-
pair water quality and affect the biocoenosis,
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Mass balance for some heavy metals in Lake Constance, All flu-
xes are given in mg m? yr-, The relalive size of the arrows indica-
tes the relative contributions of, respectively, atmospheric depo-
sition and river infloaw (left) for the inputs, and of sedimentation
and outflow {right) for the outputs. Due to the imprecisions in the
experimental determination of the various fluxes, the mass balan-
ces do not exactly match. [4]
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Fig. 2
Aromatic hydrocarbons in a8 rain sample. Gas chromatograms

with flame ionization detection (FID)} for poiyaromatic hydrocar-
bons, including benz(ajpyrene; and electron capture detection
(ECD) mostly for chlorinated hydrocarbons, including PCB’s. [5].

Fig. 3 illusirates schematically how pollutants emitted intc
the atmosphere interact, subsequent fo various transforma-
tions, with terrestrial and aquatic ecosystems. Swiss fores-
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try research has recognized that a special risk for forest
damage occurs at the upperlevel offog layers during fall and
winter and of smog layers during summer. In addition {o ga-
seous pollutants and rain droplets, fog has to be considered
as a carrier of potential poliutants with possible phytotoxic
effects.

Here we report on the chemical inorganic composition of
rain and fog samples coliected during 1984*. Rain and fog
samples were collected in the proximity of Dibendorf as in-
dividual events, i.e., rain samples were taken for a period of
hours or days in which weather conditions remained cons-
tant, Large differences in composition may be observed
from one rain event to the next one (the differences are ave-
raged out if samples are taken weekly or monthly), on the
other hand, since we did not sample every event our results
do not represent a statistical distribution of rain events and
cannot be used in order to derive a mean composition.

The Inorganic Composition of Rain.

Fig. 4 Hiustrates the composition of rain samples. The ratio of
the cations (H*, NH,*, Ca**, Na* and K*) and anions (SO,
NQ,, CI' reflects the acid-base titration that occurs within
the rain droplets. Total concentrations {sum of cations or
anions) vary typically between 20 peq I and ca. 500 peg 1™
Dilution effects, i.e. washout by atmospheric precipitation,
can - at least in part - explain the differences observed; for
example, highest concenirations are observed after a long
dry period, while lowest concentrations are typically record-
ed at the end of a prolonged rain event.

pH is measured in terms of H* ion concentrations (p®H) in
samples adjusted to a constant ionic medium (0.05 M) by ad-
ding KG! [8]. Determination of acidity and pH calibration is
carried out by coulometric Gran piot titration. A typical Gran
plot of a rain water sample is given in Fig. 5. Most rain

Fig. 4

Examples of the composition of rain and fog in Dibendorf and
surroundings of Zirich (1984); please note that the ordinate
scales are different. The range of composition varies widely. The
composition of fogs reflect, fo a larger extent than rain, the influ-
ence of local emissions close to the ground, e.g., NH; from agri-
cufture ar HCI form refuse incinerators. The samples contain, in
addition to the components given in the figure, alkali and earth al-
kalf ions, heavy metals and organic material. Some fog samples
contained appreciable concentrations of sulfite {up to 25% of that
of 80.7). Dissipating elevated fog layers are often characterized
by high concentrations, D = samples form Dibendorf and envi-
ronment, H = Elevated fog layer, B = Ground fog.
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* A report on the results regarding organic constituents in rain
and fog will be given by W. Giger et al. in one of the next issues.

samples show pH vaiues between 4 and 4.7. Extreme values
down to pH values of 3.5 have been observed. The relative
extent of neutralization of strong acids by ammonia is cha-
racterized by the relative concentration of NH,*. One note-
worthy difference in our samples, in comparison to those ty-
pically observed in USA, is that most of the CI' concentra-
tion results from HCl which has been emitted to the atmos-
phere through refuse incineration plants (combustion of CI-
containing plastic such as polyvinvichloride}.

RAINWATER SAMPLE

pH 426
Free Aodity = SLBmol
Total w 21333 7
Weak w 5 B3Z T

GRAN

FUNCTIONS
FE iNHZD = B85 pmol-t?
12

I",-.g‘{,-.
g 00 200
Base added [toylomeirically} peg ¢™°
—'1 Free Addity

—————— Total Acidity

Fig. §

Gran plot of a typical rain water sample. Base is generated coulo-
metrically (Ipeq I represents base consumed by tumel ' H*); fi-
near extrapolations of the Gran functions F; =V, 10~ oM and F, =
V,10°H to zero give free (strong) acidity and total acidity, respecti-
vely. Weak acidity =83.5 umol I' (mostly as NH,*). [6]

Fog as a Carrier of Concentrated Pollutants

When fog is formed from water saturated air, water droplets
condense on haze oraeroso! particles. In addition to compo-
nents of the aerosols, the fog droplets can absorb gases
such as NOy, S0,, NH; and HCI: they form a faverable milisu
for various oxidation processes in which H,S0, and HNQ,
are formed. Fog dropiets (10-50 pm diameter) are much
smaller than rain droplets; the liquid water content of fog is
often in the range of 1x 10t per m? air, so that fog typically
contains concentrations that are ahout 10 to 50 times more
concentrated than those of rain. Rain clouds are transported
over large distances and thus are able to absorb gases and
aerosols from a large region; because fog is formed in the
lower air masses, fog droplets are efficient collectors of poi-
jutants close to the earth surface. The composition of fog re-
flects thus the local situation. Ambient fog was collected
with arotating arm collector which sweeps as an external im-
pactor through the air at high velocity (50 m sec). This
collector was developped and tested at the California Ins-
titute of Technolegy [7]. In Switzerland we often encounter,
in addition to radiation fog (commonly known as ground fog),
during fall and winter an elevated fog layer, resulting from in-
version conditions,

The influence of local emissions (e.g. NH; in the proximity of
agriculiural activity or HGI in the vicinity of refuse incinera-
tions) is reflected in the fog composition. The upper level of
the elevated fog layers has atendency for higher concentra-
tions and lower pH. Fog waters investigated contain typically
fotal ionic concentrations between 0.5 and 15 megi™ {Fig. 4).
The variation in the ratios of individual cations and anions
differ from sample to sample much more than in rainwater.
Thus, remarkably different pH values are observed. In addi-
tion to neutral fogs (pH 5-7) - some of which had very high
anion concentrations — we found remarkably acid fogs (ex~
treme value: pH= 2.3). The following ranges of anion con-
centrations were found in the fogs investigated: 80,*: 0.2~
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Comparison of the compuosition of individual samples of rain,
snow, hoarfrost and fog {although not necessarily representative
of mean compositicns, the samples were colfected around the
same time in the same prealpine area, 15 km south of Diibendorf)
with those of the Bhine River below Basle. The atmospheric depo-
sitions are charactetized typically by high concentrations of NH*+
and H*; surface walers, on the other hand, contain as a result of
weathering refatively large concentrations of Ca?t, Mg+, Na*, K*
and HCO;.
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Temporal variation of the concentrations of NQy, G, CF, NH.*
and pH during a fog event. During the dissipation of the fog, the Ii-
quid water content decreased from fraction 1 to fraction 2 by a
factor of ahout 2.

5.8 meg ", NO;: 0.2-7 meqg I'; CI': 0.1-6.6 meq I, in some
cases the sulfurwas not fully oxidized in the samples, i.e., up
to 25% was present as sulfite. The concentrations of NH,*
and H* as well can be as high as afew meq{”. They also con-
fain significant concentrations of organic pollutants and
heavy metals. The latier have been found in the following
concentrations: Fe: 0.2-4 ma I, Zn: 100-300 ug ¥, Cu: 10~
100 pg I, Cd: 1-6 ug I, Pb: 40-600 pg I,

in Fig. 6 the main chemical composition of rain, snow, hoar-
frost and fog are compared with that of river water (Rhine
River in Basle). The differences in the concentrations of the
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proximation ~ be accounted for by assuming that different
atmospheric liquid water contents were prevalent when the
rain, snow, hoarfrost or fog respectively was formed. The
concentrations of gases and aerosols in the air contributing
to the composition of these samples may also have been dif-
ferent at the various times. Hoarfrost has a compaosition si-
milar to that of fog, being much more concentrated than
snow coliected at the same place. Of particular interest are
the respective heavy metal concentrations in these
samples. It is noteworthy {Fig. 6, right side) that atmospheric
depositions contain heavy metal concentrations that are
significantly {arger that those found in surface waters of pol-
luted rivers or lakes {by a factor of at least 10 for rivers, re-
spectively 100 for lakes).

We are interested in understanding how the compaosition of
tog waters is affiected when fog is formed, when it becomes
more dense, or when it becomes dissipated. Fig. 7 gives an
example of aconcentration change observed duringamorn-
ing in Dibendorf.

Objectives in the near future

We plan to emphasize the specific and sensitive analytical
measurement of important pollution species in air, water
(rain, snow, fog) and in particles, respectively. A better know-
ledge on the forms of occurrence (which species in what
phase) appears to be a prerequisite /) for a better apprecia-
tion of the atmospheric reaction sequences, and the chemi-
cal processes occurring during the formation of rain and fog
and the distribution of pollutants between gas, waterand ae-
rosol phases; if) for a more quantitative interpretation of the
so-called “dry” and “wet" deposition of poilutanis to various
receptors {soil, water, forest); and 7/} an improved under-
standing of potential ecological impacts of atmospheric de-
positions on aquatic and terrestrial ecosystems.

Acknowledgement: Careful sampling and exacting analysis
carried out by (from left to right) Claude Jaques, Claudia M&-
der and Ursula Michel is acknowledged.
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News about EAWAG Collaborators

On July 1ith, Professor Kurt Grob will celebrate his 65th
birthday. Professor Grob has made pioneering contributions
to the field of high-resolution gas chromalography. In parti-
cular, he has developed glass capillary columns with long li-
fe expectancies and broad applications. He introduced pro-
cedures for evaluating the column guality {("Grob test”) and
developed new injection methods (splitless and on-column
injection}. His contributions to the improvement of gas chro-
matographic techniques were based on systematic investi-
gations of the surface properties of glass and of the chemi-
cal characteristics of the various stationary phases. Grob's
methodological developments have established the basis
for the success of high-resolution gas chromatography in
many areas such as environmental, geological, forensic and
clinica!l chemistry. In water analysis the “Grob closed-loop
stripping analysis” allows for the quantitative determination
of as little as 10 g/l of a chemical constituent in water. The
methods developed by Grob are in dally use by numerous
university, industry and government laboratories. Grob has
aided in promoting the application of his procedures by re-
gularly publishing his results and by teaching “hands-on”
courses at EFAWAG and at otherinstitutions all overthe world.
He has been awarded two honorary doctoral degrees: one
from the University of Berne and one form the Swiss Federal
Institute of Technology, Zurich. Professor Grob was assisted
during his entire scientific career by Mrs. Gerirud Grob.
With his extraordinary high scientific productivity, his un-
usually great didactic talent and with his rigorously and con-
sequentially performed research, Grob has rendered agreat
semrvice 1o his colleagues, to EAWAG and to the ETHZ. His
presence will greatly be missed, when he retires from
EAWAG late this summer.

Dr. Jiirg Hoigné has been promoted to the rank of a Professor
at the Swiss Federal Institute of Technology. Jirg Hoigné has
carried out pioneering research on the Kinetics of oxidation
processes. Especially his work on the interaction of ozone
and the hydroxylradical {OH} with inorganic and organic so-
lutes is weil known. JUrg Hoigné has established the funda-
mentals necessary for the intelligent
appiication of ozone in water supply
technology. His collaborators and he
are now alsc engaged in agquatic pho-
tochemistry. Much of their results is
applicable as well to the oxidation
reactions occurring in the atmosphere
which are important for understanding
the processes leading to acid rain and
fog. Jurg Hoigné will continue fo teach
at ETHZ his classes on aquatic chemi-
stry and on unit processes in water
treatment.

Dr Johannes Stidhelin whose disseriation was carried out
under Jiirg Hoigne’s supervision received in April 1985 the
Jacques Hallopeau Prize (awarded only every second year
by the International Society on Ozone) for his thesis re-
search.

The following presents some food-for-thought on evolving di-
rections within the Geology Section of the Department of
Multidisciplinary Limnological Research (MLF).

Geology is traditionally considered a historical, deductive
science. As such it has made major contributions to the un-
derstanding of the Swiss environment. The early pioneers of
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alpine geology gave Switzerland a reputation for excellence
that still forms a measuring stick for quality in field observa-
tions.

What distinguishes a geologist from other scientists? Per-
haps, a unique feature is the grasp of physical and chemical
processes seen on a vast time scale. Few others can visuali-
ze the Alps "moving” on the centimeter per year scale that
we know is the rate at which continents go crashing around.
How does this affect the EAWAG? Firstly, a bit of history. Du-
ring and after the last World War, the need for mapping, un-
derstanding and protecting the groundwater drinking re-
sources became apparent. The EAWAG played a key role in
the education of the public to those ends, and many commu-
nal, cantonal of federal agencies turned naturally to the
EAWAG for advice for everything from locating springs o
groundwaterprotection zones. in the meantime, the general
protection of groundwater has grown on sound footing in
Switzerland and a large net of consulting geology offices is
available to give advice on routine projects. The EAWAG
Geology can now furn to research projects which both com-
pliment government and industrial capabilities, and which
loock beyond the immediate needs.

Today, Geology takes on new form, largely as a result of the
outgrowihs of marine research which fostered new metho-
dology and a multi-disciplinary approach o interactions on
a giobal scale. The unifying theory of plate tectonics, e. g,
has added a new dimension of geodynamic prediciability.
Geologists are also being asked to make predictions for our
environment which extend hundreds to hundreds of thou-
sands of years into the future. Oniy recently have we realized
that man has become an agent of change which equals the
potential of natural geciogic processes. We do not vet know
how, e. g., deforestation would affect our hydrologic budget,
or how the anthropogenic increase of trace gases in the at-
mosphere will affect our climatic, hydrologic, and carbon
budget.

How do we make predictions on the feedbacks of change?
One approach is fo look at the past. Sediments are the me-
mory banks of geology which store information on many an-
cient environmental experiments. Water is the main data-
transfer agent.

Current trends in geciogical sciences emphasize the inter-
pretafion of “Geological Evenis”, in particularthose rare, but
sudden changes which affected global biogeochemical
cycles. Controversies have flared, which opened hundred-
vear-old wounds of catastrophists versus those who prefer
{o imagine the smooth continuity of earth and its life forms.
One example concerns a sudden event at the Cretaceous/
Tertiary boundary. When the demise of the dinosaurs was lin-
ked tothe feedbacks caused by the impact of a comet, many
dismissed the discussions as purely academic. Yet, recent
scenarios for a nuciear winter borrowed heavily from this im-
pact-Hypothesis and its expianation of the large scale mass
mortality 85 million years ago. Clearly, this example is outsi-
de the realm of EAWAG Geology. it illustrales, however, how
we seek to integrate the implications of current research
progress on the high-resolution sedimentary record of glo-
bal geological changes into an EAWAG program {o recogni-
ze future problems that might affect our environment.

The Geology Section of MLF is smali, and its foremost role is
that of a critical partner for advice and direct stimulus within
the Multi-Disciplinary L.ake Research Group, and as a cata-
lyst in hydro- and limno~geciogy for the EAWAG as a whole.
Clearly a broad program can hardly be realized without the
expected close tles to institutes of the ETH Department of
Earth Sciences. A teaching and research program is envisa-
ged which aims at some contributions to the following the-
mes:

- Comparative Lacustrine Sedimentology: Lake sediments
act as integrators of the ecological history of their basins.
One way to understand apossible efiect of pCO, on climates

is to compare the rate of change patierns in different lakes
tor critical periods of known climatic change such as 20 000
10 10 000 vears ago and 80005000 years ago. This is dohe
by stratigraphic analysis of drill core samples. Our problem
is to develop better criteria for interpreting the signals in the-
se ancient deposits. Often carbonate minerals hold key in-
formation on primary and diagenetic reactions which canbe
extracted with isotopic and other geochemical methods.
Combined with sedimentogy, stable isotopic studies are
now routine tools for paleoenvironment and paleohydrologi-
cal analyses and we plan to integrate these into the EAWAG
through a close cooperation with the Stable Isotope facility
at the Geoilogical Institute, ETHZ. Correlation and dating of
sequences are part of a cooperative project with a group of
the ETH-inst. for Middle Energy Physics.
The EAWAG is now the headguarters of an international
UNESCO-GCP (international Geological Correlation Pro-
gram) project on comparative lacustrine sedimentology in
geclogic history.
~ Energy and Lakes: The hydrocarbon potential of lake ba-
sins is a hewly recognized frontier. China, for example, deri-
ves much of its petroleum from ancient lake deposits. Pre-
sent lakes are the key to past lakes. Applied research at the
EAWAG is thus planned which will heip us understand bio-
geochemical cycles of carbon sedimentation and preserva-
tion in various lacustrine systems, and their controls on me-
thane or oil generation.
-~ Quaternary Processes: Newer Quaternary studies show
perialpine valleys and lakes {o be deeply incised and filled
with a multitude of fine and coarse sediments from different
glacial stages. The obvious and important guestion of
groundwater communication between lakes and deep
stockwerk systems is quite difficult to answer. It requires an
integrated approach combining seismic geometry and fa-
cies analyses with geochemical, isotopic and other tracer
methods.
- Groundwater Contaminants: Long term, where and how
wili we deposit the toxic sewage siudge of the future? In
USA, there is a trend towards deep-well injection but do
we know enough about deep hydraulic circulation patterns
in Switzeriand? How do we foilow fluid motion in fine-grai-
ned, possibly fractured rocks? To gain experience in these
questions before the problem arrives, we plan, in coopera-
tion with internal EAWAG depariments, the VAW-ETH and
EIR, to work with various hydrogeological physical model-
ling technigues and their field application. Where possibie,
these will include experiments with stable isotope hydre-
geology. Both alpine and lowland areas are under conside-~
raticn.
~ Technical Aid: EAWAG is a world leader in the research on
aquatic systems. One of our most valuable resources there-
fore Is knowledge. Because geological probiems commonly
cross national borders, we can also gain much from a lively
interchange with iesser developed regions while atthe same
time transfering technologies which may also help protect
our own environment through the links of global feedback.
Kerry Kelts

Dr. Kerry Kelts has recently begun as the new head of the
Geology Section of the EAWAG. His work on problems of
aguatic geology has received wide
recognition, particularly for stu-
dies on lacustrine environments,
marine sedimeniclogy and isotope
geochemistry, He received his
Ph.D. in Nat.Sci. from the Geologi-
cal Institute ETHZ where he deve-
loped programs in marine-and lim-
no-geoiogy as a lecturer and se-
nior research associate with Prof.
K.J. Hsi.
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Workshop on Aquatic Surface Chemistry
Chemical Processes at the Parlicle/Water interface

Tentative Program

1. The Solid-Solufion Interface

- The Continuum of Adsorption Mechanisms from the Hy-
drophobic Effect through Donnan Equilibria and lfon-Ex-
change to Surface Complexation. John C. Westall, Ore-
gon State University, Corvallis, Cregon, USA.

- The Electric Double Layer at the Solid/Solution Interface.
Roger Parsons, School of Chemistry, The University, Bri-
stol, Great Britain,

- A Unified Model for the Interpretation of Proton and Metal
lon Binding to Natural Polyelectrolytes Present as Gels or
Colloidal Dispersions. Jacob A. Marinsky, Chemistry
Dept., State University of New York, Buffalo, NY, USA.

-~ The Surface Chemistry of Oxides, Hydroxides and Oxide
Minerals. Paul Schindler, Dept. of Chemistry, University of
Berne, Switzerland.

2. The Formation and Dissolution of Solid Phases

— The Dissolution of Oxides and Alumium Silicates. (Au-
thorship under Negotiation)

- The role of Defects in Controlling the Dissolution and Pre-
cipitation Rate of Silicates. Antonio C. Lasaga, Kline Geo-
logy Laboratory, Yale University, New Haven, Conn,, USA.

- Reductive Dissolution of Oxides. James J. Morgan, Gali-
fornia Institute of Technology, Pasadena, California; and
Alan Stone, the Johns Hopkins University, Baltimore, Ma-
ryland, USA,

- Surface Chemical Processes in Soil. Gerhard H. Bolt,
Agricultural University, Wageningen, The Netherlands.

—~ {ron Hydroxide Formation in Synthetic, Aquatic and Biolo-
gical Media. Walter Schneider, Swiss Federa! Institute of
Technology, Zurich, Switzerland.

3. Regulating the Composition of Natural Waters

-~ The Nature of Aquatic Particles. Francois Morel, Massa-
chusetts Institute of Technology, Cambridge, Mass., USA,

—- Particle/Particle Interactions. Charles R. O'Melia, Johns
Hopkins University, Baltimore, Maryland, USA,

~ The Role of Particles in Regulating the Composition of Na-
tural Waters. Michael Whitfield, Marine Biological Asso-
ciation, Plymouth, Great Britain.

- Catalytic and Photochemical Processes at the Particle/
Water Interface. Richard G. Zepp and N. Lee Wolfe, Envi-
ronmeantal Protection Agency, Athens, Georgia, LUSA.

~ Heavy Metals Interaction with Particles. The Chemical Dy-
namics of Metals in Aguatic Systems. Laura Sigg, Swiss
Federal Institute of Technology, Zurich, Switzerland.

— The Solid/Solution Interface and Geosphere Exchange
Processes. William 8. Fyfe, University of Western Ontario,
London, Ontario, Canada.

This workshop takes place at the Wolfsberg Conference

Center on Lake Constance, Switzerland, frorn January 22 to

25, 1986. It is organized

1) to {reat some quantitative features of interfacial chemis-
try in the context of aquatic systems (oceans, fresh wa-
ter, soils});

2) to strengthen our understanding on specific chemical in-
teractions at the particle/water interface;

3} to stimulate innovative research in aquatic surface che-
mistry; and

4) to bring together surface chemists, geochemists, ocea-
noegraphers, imnologists and environmental engineers
who need to collaborate for a better understanding ofthe
chemical processes occurring at aquatic interfaces,

in order to optimize a stimulating discourse, we plan to re-

strict participation to about seventy participants. We select

on the basis of scientific expertise in the subject of the con-

ference and give a certain preference to participants form

Europe. {No additional talks can be added to the program.)
Registration fee {including meals and all accomadalions in
single rooms) is Swiss Francs 700.~ (ca. US $ 270.-).

If you would like to be considered for paricipation, please
drop a note to Prof. Werner Stumm, EAWAG, 8600 Dibendorf.

in 1984/1985, the EAWAG was honored by the visit of the fol-
lowing guest scientists:

Ahel Marijan, Dipl. Chem., Institut Rudjer Boskovi¢, Zagreb,
Yugoslavia, (Aug.~Oct. B4).

Brooks Norman, Prof., Keck Laboratory of Hydraulics and Dir,
Environ. Quality Lab., Cal. Inst. Technol,, Visiting Professor
ETHZ, {Sept. B4-~July B5).

Carroli-Webb Susan, Dipl. Geol,, Dept. of Geol. Sci., North-
western Univ,, Evanston, IHinois, USA, (June-Sept. 84},
Cosovié BoFena, PhD, Chem. ing., Chief Lab. Physicochem,
Separations, Rudjer Boskovi¢ inst,, Center for Marine Res,,
Zagreb, (Oct.-Dec. 84).

Gongalves Marja de Lurdes, Prof., Centro de Quimica Estru-
tural, inst. Superior Technico, Lisboa, Portugal, (July-Aug.
84 and 85).

Lewandowski Zbigniew, Dr. Ing. Polish Academy of 8ci., Inst.
Environ. Eng., Zabrze, Poland, {Oct.~Dec. 84},

Masten Susan, Dipl. ing., Harvard University, USA, (Jan.—
Dec. 85).

McKenzie Judith, PhD, Geologist, University of Florida, Gai-
nesville, USA {(May-~Aug. 85).

Morgan James, Prof. for Environ. Eng. Sci., Cal. inst. Tech-
nol., USA, (Aug.~Sept. 84).

O’Melia Charles, Prof. of Environ. Eng., Dept. Geogr. and En-
viron. Eng., The John Hopkins Univ, Baltimore, Maryland,
USA, (July-Sept. 84 and 85).

Ruzié vica, PhD, Research Associate., Rudjer Boskovig Inst,,
Zagreb, Yugoslavia, {Oct.-Dec. 84}

Schnoor Jerald, Prof. and Head of the Dept of Civil and Envi-
ron. Eng., Univ. of lowa, lowa City, USA, (May-June 84 and
85).

Scully Francis, Prof., Old Dominion Univ. Dept. of Chem. S¢i.,,
Norfolk, Virginia, USA, (June-Dec. 84},

Stiller Mariana, PhD, Chemist, Weizmann Inst., Rehovot,
Israel, (March-June 85).

Tang Hong-Xiao, Associale Prof., Division Deputy-chief, inst.
Environ. Chem., Chinese Acad. Sci., Beijing, PR China, (June
84-July 85).

Wang Zi~Jian, Chemist, Inst. Environ. Chem,, Acad. Sinica,
Beijing, PR China, (July 84~June 85).

Webb Bruce, PhD, Chemist, Exeter Univ,, UK, (March-April
85).

Zepp Richard, PhD, Chemist, Environ. Proc. Branach, Envi-
ron. Res. Lab., Athens, Georgia USA, {(May-Aug. 85).
Zhen Zhen, Chemist, inst. Photogr. Chem., PR China, (Jan.—
June B5).

Participants of the fifth postgraduate course in Sanitary En-
gineering and Water Pollution Contro! {offered by the Insti-
tute for Water Pollution Control, IGW, and the Institute for Hy-
draulics and Water Ressources Management, IHW, of the
ETHZ).

From leftto right, front row: Thomas Burg, Heinz Mutzner, Die-
ter Raab, Siglinde Schiele, Georg Cassimatis; second row:
Asterios Podas, Steven Banwart, Heinz Boéni, Margareth
Mevyer, Jean-Claude Pulver, Lorenz Tschudi, Darrit Marti and
{not in the picture} Ewa Warnicke.
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1017

Bloesch, J., Gavrieli, J.;: The Influence of Filtration on Particulate
Phosphorus Analysis, Verh. Int. Verein. Limnol. 22, 155-162
(1984).

1018

Uehlinger, U., Bossard, P, Bloesch, J., Blrgi, H.R., Bilhrer, H.:
Ecoiogical Experiments in Limnocorrals: Methodological Prob-
lems and Quantification of the Epilimnetic Phosphorus and Car-
bon Cycles. Verh. Int, Verein. Limnol, 22, 163-171 (1884).

1018

Sigg, Laura, Stumm, W., Zinder, Bettina: Chemical Processes at
the Particle-Water Interface; Implications Concerning the Form
of Oceurrence of Solute and Adsorbed Species. in: "Complexa-
tion of Trace Metals in Natural Waters”, C.J.M. Kramer & J.C. Buin-
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1021
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397 {1984),

1024
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Congr. on Biotechnology, Miinchen/BRD, 10-14 Sept, 1984, pp.
{H/61-68.

1025
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B85-80 (1984).

1026

Bithler, R.E., Staehelin, J., Hoign&, J.: Ozone Decomposition in
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termediates. J. of Phys. Chem, 88, 2560-2564 (1984).

1027
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EAWAG edited books

“Chemical Processes in Lakes”, Stumm, W., Ed. 435 pages, Wiley
interscience New York, 1985, ISBN 0-471-88261-5, $ 59.95 {See
EAWAG 16/17 for table of contents).

In another book to be printed this summer, Walter Giger (EAWAG)
is a co-editor: "Groundwater Quality", Ward, C. H., Giger, W,, and
McCarthy, P 1., Eds,, Wiley-Interscience New York, 1985

Editor; D. Hornung
Reproduction of articles is permitted i source Is mentionned and
author(s) and editor informed about intention.
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