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Symposium 2002
Environmental Chemistry and Ecotoxicology

Research and Development for
Environmental Protection and Consumer Health

The Division of Environmental Chemistry and Ecotoxicology of German Chemical Society (GDCh), the
Society of Environmental Chemistry and Toxicology – German Language Branch (SETAC-GLB), and
the Federation of Geoecology in Germany (VGöD) organize annual symposia separately to discuss recent results and developments in their fields of research. These
three leading environmental societies in Germany realized for the first time a joint symposium to evaluate the
benefits and to set free synergistic power of co-operation on environmental issues.

The rapid increase of the world population and the
intensified land use along with that may lead into expanding environmental pollution. One of the main
challenges of environmental sciences today is to acquire the conditions for the sustainability of ecosystems, which is elementary for worldwide safeguarding
of clean water and food supply, of preserving the biological abundance and its genetic resources, and for
the protection of the atmosphere. For the implementation of sustainability criteria in international context it
is essential to protect the production capacity of ecosystems particularly against irreversible changes. Ecosystems are likely threatened by the emissions of
manmade chemicals as well as by further stresses
along with technological developments. All these aspects were dealt with in this symposium from different
viewpoints.

This symposium was dedicated to the subjects of
environmental protection and consumer health to work
out the common aspects of these both fields of research. Because a healthy agricultural production for a
healthy nutrition can best be realized in an unpolluted
environment. With the recent problems of BSE suffered cattle, dioxins and PCB in chickenfeed, and human and veterinary pharmaceutical residues in the
aquatic environment and in drinking water it became
obvious, that consumer health care is inseparably connected with environmental protection.

Some of the lectures given and posters being presented
are organized in this proceedings volume under three
headlines “Environmental Chemistry and Analysis”,
“Ecotoxicology”, and “Environmental Technology”.
These selected papers give an overview on the broad
approaches which the German scientists deal with today. We hope that these three societies will continue
and improve their cooperation in future to the benefit
of environmental research and education in Germany
in its whole.

This symposium was organized in several main subject area which were introduced by invited speakers.
These main subjects were:
• Ecosystem and Life Cycle Analyses and Modeling
• Atmosphere and Climate Change

This symposium was financially supported by the
German Environmental Foundation DBU (Deutsche
Bundesstiftung Umwelt – AZ 19951) which we herewith gratefully acknowledge.

• Sustainable Chemistry, Technique and Education
• Consumer Health Protection and Toxicology
• Risk Assessment and Risk Minimization
• Aquatic and Terrestrial Ecosystems
• Environmental Monitoring

Prof. Dr. mult. Dr. h. c. Muefit Bahadir

• Ecotoxicological Test Systems

Technical University of Braunschweig, Germany
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LANDWIRTSCHAFTLICHE NUTZUNG
AUS ÖKOLOGISCHER SICHT
Wolfgang Haber
Wissenschaftszentrum für Ernährung, Landnutzung und Umwelt, Technische Universität München, Department für Ökologie,
Lehrstuhl für Landschaftsökologie, Am Hochanger 6, 85350 Freising-Weihenstephan, Germany

In der öffentlichen Meinung und in den Medien hat
die Landbewirtschaftung derzeit kein hohes Ansehen. Ihr
Umgang mit der Natur, mit Böden und Wasser, Pflanzen
und Tieren und ihre Betriebsweise geben in der Tat viel
Anlass zur Kritik, die auch ich selbst mehrfach geäußert
habe [1-3]. Dennoch ist eine pauschale Aburteilung der
Landbewirtschaftung gerade aus ökologischer Sicht, die
heute allzu gern auch missbraucht wird, nicht gerechtfertigt. Ich bin dankbar für die Einladung, anlässlich dieser
Tagung, die ja auch dem Umwelt- und Verbraucherschutz
gewidmet ist, zu dieser Thematik aus der Sicht der Landschaftsökologie sprechen zu dürfen.
Die Bewirtschaftung von Land durch Land- und
Forstwirte, Garten- und Weinbauern folgt, wie schon der
Begriff aussagt, ganz überwiegend ökonomischen Antrieben, ist aber von grundlegender ökologischer Bedeutung,
und zwar in mehrfacher Hinsicht. Ich beschränke mich
hier auf die agrarische Landbewirtschaftung. Sie begann
in Mitteleuropa vor ca. 6500 Jahren, als die Menschen zu
Pflanzenbau und Viehhaltung übergingen [4, 5]. Dieser
Übergang war aber nicht ökonomisch motiviert oder orientiert, sondern erfüllte ein ganz elementares ökologisches Bedürfnis. Was ist damit gemeint?
Obwohl das Wort "Ökologie" heute fast täglich verwendet wird, mangelt es bei den meisten seiner Benutzer
an den fundamentalsten ökologischen Kenntnissen. Es
erscheint mir daher angebracht, einige davon in Erinnerung zu rufen, weil sie für die ökologische Einschätzung der Landbewirtschaftung notwendig sind.
Ökologie ist die Lehre von den Beziehungen zwischen Lebewesen und ihrer unbelebten und lebenden
Umwelt. Das schlichte Wort "Beziehungen" bringt aber
nicht recht zum Ausdruck, dass die Umwelt die Existenzgrundlage der Lebewesen ist und dass die Lebewesen
ständig in ihre Umwelt eingreifen und sie damit auch
belasten, ja schädigen.
Was brauchen die Lebewesen aus ihrer Umwelt am
meisten? Es ist Nahrung, deren Erlangung jedes Ökologie-Lehrbuch bis oft zur Hälfte seines Umfangs widmet.
Für die Existenz jedes Lebewesens ist entscheidend, wie-

viel Nahrung ihm die jeweilige Umwelt und wann anbietet, wie es Zugang zur Nahrung findet, sie aufnehmen und
verarbeiten kann. Nahrung liefert die Energie, die das
Phänomen Leben mit allen seinen Aktivitäten ständig
benötigt, und diese Energie stammt aus energiehaltigen
Substanzen – genauer gesagt wird sie bei chemischen
Umwandlungen daraus freigesetzt. Um diese Substanzen
zu erlangen, sind in der Evolution des Lebens zwei miteinander gekoppelte Strategien entstanden: nämlich die
der Selbstherstellung (Autotrophie) und die des "SichHerstellen-Lassens" (Heterotrophie) der Energieträger.
Selbsthersteller sind alle Lebewesen, die mit Hilfe von
bestimmten Farbstoffen Sonnenenergie chemisch einfangen können; es sind die grünen Pflanzen, und ihre
"Nähr"stoffe sind anorganische Chemikalien aus Luft,
Wasser und Boden. Daraus werden in dem Schlüsselprozess der Photosynthese, der eigentlichen Lebensbasis, erst
die energiehaltigen organischen Substanzen aufgebaut,
von denen sich die Pflanzen tatsächlich ernähren. Die
Bezeichnung "Pflanzennährstoffe" für z.B. Nitrat, Ammonium, Phosphat ist eigentlich unzutreffend, denn es
sind in Wirklichkeit nur Aufbaustoffe für die organischen
Substanzen.
Wer nicht den Vorzug hat, eine grüne Pflanze zu sein,
lebt stets auf fremde Kosten und mit einer unangenehmeren, ethisch problematischen Strategie. Diese Heterotrophen holen sich die energiehaltigen, ihr Leben tragenden Substanzen nämlich von anderen Lebewesen und
müssen diese entweder verfolgen, angreifen, schädigen,
oft töten, weil die Nahrung "frisch" (tot) sein muss – oder
sie müssen warten, bis sie tot sind, um dann die tote organische Substanz zu verzehren. In der Ökologie spricht
man von "Biophagen", die wieder in Prädatoren (Erbeuter, fälschlich "Räuber") und Parasiten unterteilt werden,
und von "Saprophagen".
Wir Menschen gehören zu der ersten HeterotrophenGruppe, die lebensfrische Fremdnahrung brauchen, und
zwar zu den Erbeutern; das ist unser biologisches Erbe.
Wir Menschen sind aber auch die einzigen kulturfähigen
Lebewesen auf der Erde, und daher haben wir Land in
Kultur genommen und es in Kulturland umgewandelt, das
zunächst biologische Bedürfnisse, später zusätzlich auch
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kulturelle Bedürfnisse befriedigen soll. Die Schaffung
von Kulturland geschah aber erst nach einem langen Vorlauf. Unsere Evolution begann mit der Gewinnung fremderzeugter Nahrung für unsere Er-Nährung durch friedliches Sammeln und kriegerisch-waffentechnisches Jagen.
Beides haben Tausende von Menschen-Generationen
praktiziert, und das menschliche Wesen ist tiefer davon
geprägt als uns bewusst ist. Diese Art von individueller
Selbstversorgung mit Nahrungsmitteln stieß jedoch mit
zunehmender Bevölkerung – ein Zeichen, dass sie recht
erfolgreich war! – an ihre Grenzen und veranlasste die
Erfindung, Nahrungsmittel aus kontrollierter Haltung
ausgewählter domestizierter Tiere und dann durch Anbau
ausgewählter Pflanzen in Reinbeständen zu gewinnen.
Die einst in der Natur räumlich oft weit verstreuten Nahrungsgüter wurden nun bei den sesshafter werdenden
Menschen örtlich konzentriert. Das war der ökologische
Antrieb der Landwirtschaft. Sie wurde zunächst auch nur
zur familiären Selbstversorgung und in Ergänzung des
Sammelns und Jagens betrieben, erwies sich trotz mancher Rückschläge aber dann als so ergiebig, dass nicht nur
Sammeln und Jagen an existenzieller Bedeutung hinter
Ackerbau und Viehhaltung zurückfiel, sondern diese
Produktionsweisen sogar mehr Nahrungsmittel als zur
bäuerlichen Selbstversorgung erforderlich erbrachten.
Diese "Überschüsse" – der Begriff wird hier nur auf
die bäuerliche Subsistenz bezogen! – konnten, modern
ausgedrückt, "vermarktet" werden und lieferten damit die
Lebensbasis für eine nichtlandwirtschaftliche, erst dörfliche, dann städtische Bevölkerung, die sich dem Handwerk, Handel, der Bildung, Kunst und Religion widmen
konnte und die weitere kulturelle Entwicklung übernahm.
Das Wort "Kulturland" bekam einen zusätzlichen Inhalt;
die Stadtmenschen, die in das Land hinausblickten, hängten ihm bald die Nachsilbe"schaft" an. Die Ernährung war
effizienter geworden. Es konnten nicht nur mehr Menschen ernährt werden, sondern es brauchte sich auch nicht
mehr jeder Mensch selbst mit Nahrung zu versorgen. Statt
sie in der Natur zu sammeln und zu erjagen, konnte er sie
nun beim Bauern erwerben. Das war gewiss bequemer,
setzte aber zweierlei voraus: Die Bauern mussten genug
Nahrungsmittel, über ihre Subsistenz hinaus, erzeugen,
und der Erwerber musste zu Gegenleistungen, Tausch
oder Bezahlung fähig sein. Je mehr er bieten konnte, um
so größer war auch der Produktionsanreiz für den Erzeuger. Zwei Dinge, die ich gerade als Ökologe hervorhebe,
blieben aber unverändert: Nahrung beruht auf Fremdversorgung, und auch die landwirtschaftliche Nahrungserzeugung, der erste Schritt zur Biotechnologie (Landwirte
sind von Anfang an Biotechnologen gewesen!), bleibt
wegen Bindung an die Photosynthese ein biologischer,
umweltabhängiger Prozess. "Biologische Landwirtschaft"
ist eine Tautologie.
Recht bald wurden Tauschgüter oder das Geld, das
die Bauern von den Nichtbauern für die gelieferten Nahrungsstoffe erhielten, von einem willkommenen Zusatz-

Einkommen zu einem notwendigen Haupt-Einkommen.
Damit wurde der Bauer vom Erfüller ökologischer Bedürfnisse zum ökonomisch, d.h. vom Markt her denkenden und handelnden Unternehmer – in Bayern hieß der
Bauer früher einfach "Ökonom"! –, und in dieser Rolle
geriet seine ökologische Funktion für ihn selbst und auch
für die Nicht-Bauern in Vergessenheit. Doch als Erzeuger
und Vermittler eines ökologisch notwendigen Gutes fiel
dem Bauern eine Monopolstellung zu, weil von ihm allein
die Nahrungsversorgung einer wachsenden nicht-landwirtschaftlichen Bevölkerung abhing. Dabei blieb der
Bauer ökologisch auf der sichereren Seite. Wenn infolge
ungünstiger Umweltbedingungen die Ernteerträge sanken,
konnte er zwar die Dorf- oder Stadtbevölkerung nicht
mehr ausreichend beliefern und verlor dadurch auch Einkünfte, aber es blieb ihm meist noch genug zur Eigenversorgung – Hunger litten zuerst die "anderen"! Die Erfindung der Landwirtschaft bedingte also auch den bis
heute andauernden, in vielen Erscheinungsformen sichtbaren Stadt-Land-Gegensatz in der Gesellschaft. Trotzdem sind Stadt und Land, ökologisch ausgedrückt, in
einer mutualistischen Symbiose verbunden, die aber
ständig ins Parasitäre abzugleiten droht – die Stadt als
Parasit des Landes! –, aber, wie jeder Ökologe weiß,
kann der Parasit nur gedeihen, wenn er seinen Wirt am
Leben und produktiv erhält.
Albrecht THAER, der Begründer der modernen Landwirtschaft, sah diese zwar als unentbehrliche Nahrungserzeugerin, definierte sie aber rein ökonomisch. Für ihn war
sie in erster Linie ein "Gewerbe, welches zum Zweck hat,
durch Produktion .... vegetabilischer und tierischer Substanzen Gewinn zu erzeugen oder Geld zu erwerben" – so
der oft zitierte Eingangssatz seines Hauptwerkes. Aber
man sollte auch die viel seltener zitierten beiden Folgesätze erwähnen. Sie lauten: "Je höher dieser Gewinn nachhaltig ist, desto vollständiger wird dieser Zweck erfüllt.
Die vollkommenste Landwirtschaft ist also die, welche
den möglichst hohen, nachhaltigen Gewinn, nach Verhältnis des Vermögens, der Kräfte und der Umstände, aus
dem Betriebe zieht" [6]. Dies klingt durchaus ökologisch,
modern und zukunftsweisend.
Landbewirtschaftung ist ein ständiger, stoffzehrender
Eingriff in die Natur des Produktionsstandortes, und um
diesen Eingriff zwecks Erzielung von Nachhaltigkeit
auszugleichen, ist ökologisches Wissen erforderlich. Dieses steht erst seit dem 20. Jahrhundert in ausreichendem
Umfang zur Verfügung. Jahrhundertelang war also Landbewirtschaftung auf bloße Erfahrung gegründet, die als
Basis für Nachhaltigkeit keineswegs ausreichte. Nutzpflanzen brauchen Dünger als Aufbaustoffe, Vieh braucht
Futter – und liefert auch, wenn gut ernährt, solchen Dünger. Aber Futter und Düngestoffe sind räumlich und zeitlich ungleichmäßig verteilt und zugänglich, oft auch
knapp, und man wusste nicht richtig mit ihnen umzugehen. So ist die Landbewirtschaftung trotz ihrer lebenswichtigen Bedeutung bis zur Mitte des 18. Jahrhunderts
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durch einen fortwährenden ökologischen und damit auch
ökonomischen Niedergang gekennzeichnet [5]. Viele
bäuerlich genutzte Standorte, Böden, Felder und Wälder
erlitten infolge falscher oder unbedachter Behandlung
einen ständigen, schleichenden Verlust ihrer Fruchtbarkeit, im Falle der weit verbreiteten Bodenerosion sogar
ihrer Substanz.

wir, dass diese Auen als Hochwasser-Rückhalteräume
eine viel wichtigere ökologische Funktion haben. Damals
aber galt unberührte, unkultivierte Natur als brachliegende Ressource, die zur Steigerung der agrarischen Erzeugung und auch zur Verschönerung des Landes in Nutzung zu überführen sei [8] – nach dem Motto: Nur fruchtbares Bauernland ist schön, Wildnis ist hässlich!

Nur mühsam gelang es, den Fruchtbarkeitsverlust der
Äcker auszugleichen oder wenigstens zu verlangsamen,
und zwar vor allem durch Stoffzufuhr aus den beweideten
Wäldern [7], indem dort Laubstreu gesammelt, als Einstreu in die Viehställe gebracht und mit dem Dung angereichert auf den Feldern verteilt wurde. Streusammeln bedeutet für die Wälder Humus- und Nährstoffentzug, also Verarmung, und überdies erhielten die Bauernwälder kaum Pflege und wurden raubbauartig ausgebeutet. Dass die Nahrungsversorgung der Bevölkerung aus
diesen verarmenden Böden und Weidegründen überhaupt
einigermaßen aufrechterhalten werden konnte (aber so
manche Hungersnot einschloss), ist, so zynisch es klingt,
eigentlich den gewaltigen Menschenverlusten der großen
Seuchenzüge und verheerenden Kriege vom 12. bis zum
17. Jahrhundert zu verdanken, während derer der Nahrungsbedarf sank und sich viele Äcker und Weideflächen
wieder etwas regenerieren konnten. Die immer noch verbreitete Vorstellung, dass die "alte" Landwirtschaft naturschonend und kreislauferhaltend gewesen sei, ist falsch.

Als die Industriegesellschaft Fuß fasste, die Menschen verstädterten, der Wohlstand zunahm, geriet die
Landwirtschaft wegen ihrer biologisch gebundenen Produktionsvoraussetzungen wirtschaftlich in immer größeren Rückstand. Dieser wurde allerdings politisch nicht
akzeptiert und veranlasste ihre weitere, bis heute ständig
vervollkommnete staatliche Lenkung und Stützung, die
die Landwirte vor allem zu durchgreifender Modernisierung ihrer Produktionsweise veranlasste, und zwar durch
Nutzung aller technischen, chemischen und biologischen
Fortschritte, die seit Mitte des 19. Jahrhunderts in rascher
Folge erzielt wurden. Der Vorrang der (Agrar-)Politik lag
eindeutig auf der Ernährungs- und damit Produktionssicherung.

Andererseits verwandelte die bäuerliche Landbewirtschaftung ein wildes, unzugängliches, weithin mit Wäldern bedecktes Land in eine erschlossene, überschaubare,
oft auch wie gestaltet wirkende Kulturlandschaft – ein
Vorgang, der Jahrhunderte hinweg aus zahllosen individuellen Handlungen erwuchs und keineswegs nach einem
übergeordneten "Landschaftsplan" erfolgte (und von
einem solchen auch kaum nachgeahmt werden kann). So
entstanden in manchen Gebieten ästhetisch ansprechende,
vielfältig gegliederte, harmonisch wirkende Landschaften,
die wir heute als "Naturparke" oder "Biosphärenreservate" in dieser Form bewahren möchten [8], andernorts aber
durchaus auch sichtbar degradierte oder verödende Landschaften, die kaum diese Bezeichnung verdienen.
Zu Anfang des 18. Jahrhunderts, als die Bevölkerung
wieder zu wachsen und die Wirtschaft zu florieren begann, wurde allgemein bewusst, dass die Landbewirtschaftung eine sichere Nahrungsmittelerzeugung nicht
mehr gewährleistete und die Landwirte selbst nicht imstande waren, diese Situation zu verbessern. Sie konnte
nur durch staatliches Eingreifen gemeistert werden, mit
dem z.B. der Kartoffelanbau sowie der Ackerfutterbau
eingeführt wurden, um mehr Vieh besser zu ernähren und
Dünger zu erzeugen. Umfangreiche, staatlich organisierte
Kultivierungen von Brüchen, Sümpfen und Mooren zur
Gewinnung neuen Kulturlands wurden eingeleitet, darunter auch fruchtbare Flussauen, die dann durch Deiche vor
Überschwemmungen geschützt wurden. Heute wissen

In knapp 200 Jahren gelang es dadurch, die Landwirtschaft so modern und effizient zu machen, dass sie etwas
in der menschlichen Geschichte noch nicht Dagewesenes
erzielen konnte: nämlich der nichtlandwirtschaftlichen
Bevölkerung (allerdings zusammen mit umfangreichen
Nahrungsmittel-Einfuhren) eine vollständige Ernährungssicherheit zu gewährleisten. Als Ökologe möchte ich
diese Leistung deshalb besonders würdigen, weil Nahrung
ein ökologisches Bedürfnis erfüllt. Im Zusammenhang
mit dem kürzlichen Weltgipfel für nachhaltige Entwicklung in Johannesburg ist mehrfach betont worden, dass
Nahrung das grundsätzlichste aller menschlichen Bedürfnisse und demnach sogar das fundamentalste aller Menschenrechte ist.
Aus ökologischer Sicht kommt der Landwirtschaft eine
wirtschaftliche Sonderstellung zu, auch wenn Wirtschaftsund wirklichkeitsblinde Sozialwissenschaftler dies nicht
akzeptieren mögen. Ich kann als Ökologe zu keinem anderen Schluss kommen: Wer Brot und Fleisch – oder zumindest die Ausgangsprodukte dafür – erzeugt, ist für die Existenz des Humanum wichtiger als der Produzent von Kraftwagen oder der Vertreter des Bankenwesens!
Als Mitglieder und Begünstigte der städtischindustriellen Wohlstandsgesellschaft haben wir offenbar
die richtigen, nämlich ökologischen Maßstäbe für "Lebens-Qualität" verschoben. Dank Ernährungssicherheit
braucht ja die Stadtbevölkerung in Europa Missernten der
Bauern nicht mehr am eigenen Leibe zu spüren, wie es
jahrhundertelang und noch bis ins 19. Jahrhundert hinein
der Fall war. Dadurch hat sie aber auch jedes Gefühl für
ihre Abhängigkeit von den Nahrungserzeugern, d.h. den
Landwirten verloren und auch vergessen – oder gar nicht
mehr gelernt, dass Nahrungsversorgung etwas mit Ökolo-
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gie zu tun hat. Befragungen in städtischen Schulen über
die Herkunft der Lebensmittel ergeben immer wieder die
überwiegende Antwort, dass sie aus dem Supermarkt
stammen; "Landwirtschaft" als Quelle nennt nur eine
Minderheit der Schüler, ohne etwas über nähere Zusammenhänge zu wissen.
Nun weiß ich als Ökologe aber auch nur zu genau,
dass die als große ökologische Leistung der Landbewirtschaftung anzusehende Ernährungssicherheit eine entmutigend tiefe Schattenseite hat. Sie zeigte sich einmal in der
Überproduktion und oft damit verbundenen Verschleuderung, manchmal gar Vernichtung von Nahrungsmitteln,
zum anderen in den wachsenden Belastungen, ja Zerstörungen von unentbehrlichen Umweltgütern und Naturbestandteilen sowie – siehe BSE! – in den Risiken für die
menschliche Gesundheit [3]. "Schuld" daran ist aber eher
die Agrarpolitik als die Landbewirtschaftung, die ja den
agrarpolitischen Rahmenbedingungen folgt – und diese
enthalten zu Produktion, Wirtschaftlichkeit, Umweltschonung und Verbraucherinteressen keine voll in Deckung zu
bringenden Zielsetzungen.
Noch mehr rüge ich aber die hier geschehenen Irreführungen. Bei der Novellierung der deutschen Naturschutzgesetze in den 1970er Jahren war der politische
Einfluss der Land- und Forstwirtschaft so groß, dass ihre
Handlungen durch die sog. Landwirtschaftsklauseln [9]
praktisch von den Natur- und Umweltschutz-Bestimmungen ausgenommen wurden. Dabei konnte sich die
Landwirtschaft zwar zu Recht auf ihre historischen Leistungen in der Schaffung und Erhaltung der ländlichen
Kulturlandschaft berufen – aber ebenso erfolgreich vergessen machen, dass ihre aktuelle Tätigkeit diese historischen „Errungenschaften“ großenteils wieder aufhob und
zusätzliche Umweltbelastungen neuer Art verursachte.
Um dies zu bemänteln, wurde der mehrdeutige Begriff
der „ordnungsgemäßen“ Landwirtschaft erfunden, die in
der Regel die Zwecke des Natur- und Umweltschutzes
erfülle [10]. Tatsächlich nahmen aber viele Umweltbelastungen im ländlichen Raum wie Bodenerosion, Grundwasserbelastung, Biotop- und Artenschwund, GülleEmissionen weiter zu [11], und auch BSE entwickelte
sich ja in diesem "ordnungsgemäßen" Rahmen. Ich wende
mich daher nachdrücklich gegen die oft beschönigende
Auslegung von Begriffen wie "ordnungsgemäß" und
"gute fachliche Praxis"; denn jede Landbewirtschaftung
ist aus ökologischer Sicht nun einmal ein „Eingriff“ in
Natur und Umwelt. Es kommt darauf an, wie dieser Eingriff zu rechtfertigen und was daran vermeidbar oder
unvermeidbar ist – und das ist letztlich am jeweiligen
Standort zu entscheiden.
In der jüngsten Novellierung des Bundesnaturschutzgesetzes (April 2002) sind die Landwirtschaftsklauseln
entfallen. Damit ist politisch anerkannt worden, dass sich
innerhalb weniger Jahrzehnte die gesellschaftlichen Anforderungen an den ländlichen Raum grundlegend verän-

dert haben. Die verstädterte Bevölkerung, die, wie erwähnt, dank stets voller Supermärkte nach der Herkunft
der Lebensmittel zu fragen verlernt hatte, sieht im ländlichen Raum nicht mehr den nahrungserzeugenden Bauern,
zumal der moderne Landwirt meist ja auch nicht mehr
Nahrungsmittel, sondern eher Grundstoffe für die Ernährungsindustrie produziert. Stattdessen suchen die Menschen im ländlichen Raum Erholung und Freizeitaktivitäten zum Ausgleich oder zur Ergänzung zum zwar bequemen, aber oft auch belastenden städtischen Dasein.
Sie erwarten, gemäß alten und publizistisch gepflegten
Vorstellungen, eine abwechslungsreiche, "naturbetonte",
auch ästhetische Bedürfnisse erfüllende, aber auch erschlossene und benutzbare Landschaft, reine Luft und
saubere Gewässer, gastliche Dörfer im traditionellen
Baustil. Diese Erwartungen können von einer rein produktionsorientierten, nach rationellen Gesichtspunkten
organisierten Landbewirtschaftung nicht oder bestenfalls
teilweise erfüllt werden.
Eine auf dieses Ziel und auf ausschließliche Ernährungssicherheit orientierte Agrarpolitik ist überholt, aber
genau so wenig zeitgemäß ist die Aufteilung der Agrarund der Umweltpolitik auf zwei getrennte Politikfelder
und Zuständigkeiten, noch dazu, wenn sie von unterschiedlichen Traditionen und Denkweisen beherrscht
werden. Die in beiden Bereichen zu behandelnden ökologischen Notwendigkeiten, nämlich Bewirtschaftung und
Erhaltung, müssen heute auf einen Nenner gebracht werden. Der erwähnte Stadt-Land-Gegensatz darf dabei nicht
unterschätzt werden. Es ist höchst seltsam festzustellen,
dass die städtisch-industrielle Gesellschaft, die ihren
Wohlstand der ein bequemeres Leben gewährenden Technik verdankt, der Land- und Forstwirtschaft, von deren
materieller Versorgung sie vollständig abhängt, offenbar
keine technisch-rationellen Neuerungen zugestehen will.
Warum wird dem überlieferten Bauernhof, dessen bildhafte Idylle oft mit sozialer Deklassierung, Entbehrungen und schwerer körperlicher Arbeit verbunden war,
nicht die – in anderen Produktions- und Dienstleistungssektoren selbstverständliche – Entwicklung zu einer
modernen Agrarproduktion erlaubt? Allein dieser Begriff, erst recht das Wort "Agrarfabrik" vermittelt für
viele ein Schreckensbild, das freilich vor allem von der
mit intensiver landwirtschaftlicher Produktion verbundenen Umweltbelastung bestimmt wird. Im Maße wie
diese vermindert werden muss, sollten sich Landschaftsarchitekten gemeinsam mit den Landnutzern verstärkt
der Frage widmen, ob eine mit moderner Agrartechnik
durchgeführte Landnutzung nicht auch ästhetisch gestaltet werden könnte.
Auch wenn wir uns in Deutschland oder in der Europäischen Union einer gesicherten Nahrungsversorgung
erfreuen, dürfen wir in der Landbewirtschaftung die Nahrungserzeugung nicht vernachlässigen oder gar auf ein
Mindestmaß reduzieren. Den Stand zuverlässiger Ernährungssicherheit haben wir erst seit rund 100 Jahren er-
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reicht (von denen die beiden Weltkriege und Nachkriegszeiten noch abzuziehen sind) – das sind knapp 100 Jahre
von ca. 6500 Jahren mitteleuropäischer Landnutzungsgeschichte! Das ist die erwähnte historische Ausnahmesituation, in der uns die ökologische Bedeutung der Nahrung
und von allem, was damit zusammenhängt, also auch der
Landbewirtschaftung, sozusagen aus dem Bewusstsein
entschwunden ist.
Wir dürfen auch nicht vergessen, dass Ernährungssicherheit nur bei uns in den Industrieländern besteht, wo
sie gerade dank einer hochentwickelten Landwirtschaft
ermöglicht werden konnte, und für Dreiviertel der
Menschheit nicht gilt! Rund 800 Millionen Menschen auf
der Erde leiden Hunger, darunter etwa 180 Millionen
Kinder, die, wenn sie überleben, mit bleibenden Entwicklungsschäden behaftet sein werden. Und die Weltbevölkerung wächst weiter, pro Jahr um 75-80 Millionen (wenn
auch mit langsam abnehmender Tendenz), die zusätzlich
mit Nahrung versorgt werden müssen. Und wenn dies
gelingen sollte, kommt eine menschliche Eigenart hinzu:
nämlich bei verbesserter Grundversorgung die Ansprüche
zu steigern, z.B. einen höheren Anteil tierischer Nahrung
anzustreben. Eine ähnliche Wirkung hat erfolgreiche
Armutsbekämpfung, die eines der vorrangigen Ziele globaler nachhaltiger Entwicklung ist. Man muss also die
Zunahme der Zahl und der Ansprüche der Menschen stets
zusammen berücksichtigen, weil beides die natürlichen
Ressourcen belastet. Für die Überwindung des Hungers
auf der Erde tragen wir Mitverantwortung und müssen
daher durch unsere Landbewirtschaftung zumindest zur
Erzeugung der Getreidereserven beitragen, die zur Versorgung der Entwicklungsländer auch in Zukunft benötigt
werden [12, 13].
Eines der wenigen konkreten Ergebnisse des Weltgipfels von Johannesburg war der Beschluss, bis 2015 die
Zahl der unzureichend oder gar nicht mit sauberem Wasser versorgten Menschen, vor allem in den Entwicklungsländern, zu halbieren. So notwendig und wichtig das ist,
darf aber nicht übersehen werde, dass auch die angestrebte Bekämpfung des Hungers an eine gut mit Wasser versorgte Landwirtschaft gebunden ist. Ich erinnere daran,
dass zur Erzeugung von 1 Tonne Getreide 500-1000 m3
Wasser benötigt werden, dessen Herkunft und Verfügbarkeit keine Selbstverständlichkeiten sind. Wer im Frühjahr
und Sommer mit aufmerksamen Blicken durchs Land
fährt, sieht immer wieder Bewässerungs- oder Beregnungsanlagen auf den Feldern, obwohl wir uns ja in einem humiden Klima befinden und daher von "Regenfeldbau" leben könnten. Aber durch künstliche Beregnung
lassen sich die Erträge besser sichern und oft auch erheblich steigern. Das gilt erst recht für Ackerbau in semiariden oder ariden Gebieten. Weltweit gesehen wird mehr
als die Hälfte, nach manchen Schätzungen sogar bis 80 %
der zusätzlich benötigten Nahrung für die Weltbevölkerung von 2025 auf künstlich bewässertem Land erzeugt
werden müssen, und das bedeutet einen Zusatzbedarf von

über 2000 km3 Bewässerungswasser – das ist soviel wie
die 24-fache jährliche Abflussmenge des Nils [14]!
Um diesen Wasserbedarf steht die Landwirtschaft im
Wettbewerb mit anderen Landnutzungen, vor allem
Waldwirtschaft, städtisch-industrielle Nutzung, und mit
der Zweckbestimmung Naturschutz, hier: Erhaltung von
Feuchtgebieten. Dramatisch wird der Wettbewerb zwischen Land und Stadt, wenn man bedenkt, dass über 80 %
des Bevölkerungswachstums der Entwicklungsländer bis
2020 in städtische Agglomerationen geht, oder, in Zahlen ausgedrückt, von einem Bevölkerungszuwachs von
2,3 Mrd. entfallen 1,8 Mrd. auf Stadtbevölkerung, in der
großen Mehrzahl Menschen an oder unter der Armutsgrenze. Hinzu kommt, dass wichtige Großstädte in von
Natur wasserarmen Gegenden liegen: Los Angeles, Mexico City, Bangkok, Madras, die Wasser von weither beziehen, und das heißt immer aus dem ländlichen Raum – zu
Lasten der Natur, der Wälder und der Landwirtschaft.
Besonders empörend aus ökologischer und ethischer Sicht
finde ich die rein ökonomische Argumentation, dass städtisch-industrielle Aktivitäten pro Einheit Wasser viel
mehr Einkommen und vor allem Exporterlöse hervorbringen als eine Bewässerungslandwirtschaft.
Eins der Schlagworte unserer Zeit lautet: "Global
denken, lokal handeln." Ich ersetze einmal das etwas
anrüchig gewordene Wort "global" durch "in Zusammenhängen" oder "ganzheitlich". Gesellschaft und Politik
erscheinen mir weit davon entfernt, wirklich und ehrlich
in Zusammenhängen zu denken, und auch nicht langfristig; in der Wirtschaft und im Finanzwesen scheint man
dazu eher befähigt und bereit zu sein. Das lokale, auch
regionale bis nationale, kurzfristige Handeln oder nur
Handeln-Wollen verspricht viel mehr Erfolg und Wählerstimmen, liegt auch der Mehrheit der Menschen wohl
näher. Auf das eben erwähnte Wasser-Problem übertragen
heißt diese Überlegung: Wird der Beschluss von Johannesburg zur besseren Wasserversorgung der Menschen in
Entwicklungsländern auch den wachsenden Wasserbedarf
der Landbewirtschaftung berücksichtigen, die die Nahrungsversorgung eben dieser Menschen gewährleistet?
Ich habe Zweifel daran, denn allein schon in der europäischen und in der deutschen Agrarpolitik wird nicht
oder viel zu wenig in Zusammenhängen gedacht – oder
diese werden mit Rücksicht auf eine mehrheitliche öffentliche Meinung verschwiegen. Diese sieht, wenn die Attribute "modern" oder "technisch" mit Landbewirtschaftung
verbunden werden, fast ausschließlich Nachteile und
Gefahren wie Produktion von Überschüssen, Verschleuderung von Subventionen, Umweltbelastungen aller Art.
Es liegt mir fern, diese herunterzuspielen oder zu beschönigen, wie es eine gewisse uneinsichtige Agrar- oder
Chemie-Lobby immer noch glaubt tun zu müssen. Ich
wende mich aber gegen die Ausschließlichkeit und Einseitigkeit der Argumentation und die ebenso ausschließliche Art der Gegenmaßnahmen oder Empfehlungen.
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LITERATUR
Zwischen den Extremen flächendeckender LandbauExtensivierung mit dem falschen Etikett "ökologisch" und
einer ökologisch blinden Landbau-Intensivierung gibt es
Mittelwege, die ökologischen, ökonomischen und soziokulturellen Ansprüchen abwägend und ausgewogen Rechnung tragen. Diese Wege verzweigen sich in die Vielfalt
der natürlichen Gegebenheiten und Standorte mit ihrer
unterschiedlichen Nutzungseignung. Nach einer Berechnung der Ernährungs- und Landwirtschafts-Organisation
der Vereinten Nationen (FAO) sind nur 11 % der Festlandsfläche der Erde, das sind ca. 15 Mio km2, für eine
zugleich intensive und nachhaltige pflanzenbauliche Erzeugung in der Form des Ackerbaus bestmöglich geeignet
[12]. Alle anderen Standorte sind entweder zu trocken, zu
steil, chemisch belastet (z.T. von Natur aus, z.T. auch
durch frühere menschliche Einwirkungen wie Versalzung), oder die Böden sind zu wenig mächtig, zu feucht
oder von Dauerfrost betroffen. Zwar könnte ein Teil dieser weniger geeigneten Standorte durch technische Maßnahmen ("Meliorationen") ackerfähig gemacht werden,
doch werden solche Eingriffe oft mit gesteigerten ökologischen Belastungen an anderen Orten oder sogar am
Standort selbst erkauft. Daher werden viele meliorierte
Standorte heute wieder aufgelassen und neue Meliorationen stark begrenzt, dabei sorgfältig auf ihre Umweltverträglichkeit überprüft.
Die für Ackerbau nicht oder weniger geeigneten
Standorte, soweit sie nicht dem Wald vorbehalten werden,
können und sollten durch extensive Weidewirtschaft
genutzt (sie liefern ja "Naturfutter"!) oder neuen Zwecken
wie etwa dem Naturschutz, der Erhaltung der Biodiversität oder auch der Freizeitnutzung und der Biomasseerzeugung zugeführt werden. Nur eine solche Aufteilung erlaubt eine differenzierte, d.h. standort-angepasste, und
zugleich multifunktionale Landbewirtschaftung, wie ich
sie schon vor über 30 Jahren konzipiert habe [15, 16], und
die neuerdings wieder verstärkte Aufmerksamkeit findet
[17, 18]. Dabei werden alle für die ackerbaulichgärtnerische Nutzung gut geeigneten Standorte weiterhin
intensiv, aber umweltschonend genutzt, um sie der unverzichtbaren Nahrungserzeugung mit Vorrang pflanzlicher
Produktion vorzubehalten. In dieses Konzept wird ein
Mindestanteil von durchschnittlich 10 % der Fläche für
die Erhaltung biologischer Vielfalt, d.h. für "Biotope"
(Pflanzen- und Tierhabitate) einbezogen.
Wenn es gelingt, die Landbewirtschaftung in dieser
Weise zu organisieren, verdient sie wirklich die Bezeichnung "ökologisch" – und wird auch ökonomisch nachhaltig sein – sowohl im Sinne von Albrecht Thaer und Justus
von Liebig als auch gemäß der modernen Konvention zur
nachhaltigen Entwicklung.
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CONTRIBUTIONS OF AGRICULTURE TO
IMPROVE FOOD SECURITY AND FOOD SAFETY
Gerhard Flachowsky
Institute of Animal Nutrition, Federal Agricultural Research Centre (FAL), Bundesallee 50, 38116 Braunschweig, Germany

SUMMARY
Food security - the freedom of people from hunger
and malnutrition - and food safety - the freedom of food
from danger, harm or risk - are the most important aims of
all those working in agriculture and the food industry.
Presently more than 800 million people all over the
world suffer from energy and/or protein deficiencies. In
addition, the nutrition of more than three billion people is
characterised by deficiencies in trace nutrients such as vitamin A, iron or iodine. Apart from the distribution of food,
an improvement of food production in many countries is an
essential prerequisite for overcoming food deficiencies. The
effective utilization of natural resources (e.g., soil, water,
nutrients, fossil energy, etc.), including the conversion of
feeds into foods of animal origin, is a substantial contribution of agriculture toward improving food security.
Reduction of undesirable substances in feeds and
foods, and the avoidance of so-called “food scandals,” are
the main aims of agriculture in food safety. Inputs of undesirable substances of geological, anthropological or bio-

logical origin along the food chain (soil-plant-animal-man)
must be identified and eliminated, if possible. The scientific
risk assessment over the course of the whole food chain is
an important prerequisite for a high food safety.

KEYWORDS: Agriculture, Food chain, Food safety, Food security, Global nutrition, Risk assessment.

INTRODUCTION
The world’s population is still growing. Apart from
the environmental problems accompanying this growth,
many people are asking how the world will cope with the
nutritional needs of this increased population.
Therefore, the food security for 8 to 10 billion people
is one of the main focuses of the fundamental and applied
sciences. Apart from food security, many questions have
been raised on food safety (Figure 1).

COMPARTMENTS OF HUMAN
NUTRITION

Adequate food supply,
Adequate nutrition

Safe foods with the least possible
content of undesirable substances

„Food Security“

„Food Safety“

FIGURE 1
Food security and food safety as compartments of human nutrition.
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Question/Task
I‘m hungry!
Is there
anything to eat?

Consumer

I‘m nervous!
How safe is my
food?

I‘d like something
to eat!
What do we have?

Securing the food supply,
Manufacturing enough food

Food quality,
Reducing surpluses

Food safety

Policy

„Food Security“

Agricultural
Research

„Food Safety“

Increase in agricultural
production,

Quality research,
Product quality

Research on safety

Process quality

Use of all resources

Effective (conservational)
use of resources

1945

1950

1960

1970

1990

1980

2000

Founding of the FAL

Ye
ar

FIGURE 2 - The main questions related to food as well as tasks for
policy and agricultural research since the Second World War in Europe.

Food security is characterized as the state of being secure in the ability to meet one’s nutritional needs, or as
freedom from hunger and malnutrition. Food safety describes the conditions of access to good quality food products and means the freedom from danger, harm or risk. The
challenge is to produce enough and safe food we need for
the future while minimizing the environmental impact.

was extremely low (Figure 3) and comparable to protein
intake of the least developing countries nowadays.
TABLE 1
Consumption of food per inhabitant per year in kg in Braunschweig [1].

Food
Meat
Fats (Butter, Fats)
Cheese
Eggs (One)
Tropical Fruits
Sugar
Saltwater Fish
Coffee

HISTORICAL CONSIDERATIONS
After the Second World War, the demands of consumers on foods changed remarkably as shown in Figure 2.
Immediately after the war, the people dealt with the
issue of hunger (I am hungry !); later with the issue of
appetite (I have appetite for …!), and now, more recently, with the issue of safety (I don’t know what I can eat,
Figure 2).
Policy makers and scientists react to the questions of
consumers. Utilization of resources to increase food production was the main aim of research after the Second
World War. Table 1 demonstrates the food supply in the
Braunschweig region per year before and after the war.
Especially the consumption of protein of animal origin

1938
66
21
6
144
8
28
14
3

1947
6
2,2
1
7
7
6
-

Later, the interest of consumers changed to better
food quality, and an improvement of the health quality of
foods (e.g., lower fat content of meat, special fatty acids
in fat, increase of valuable substances in functional foods)
became one of the main aims of research.
More recently, questions on food safety dominate
consumer concerns. Dioxin, BSE and further scandals
made many consumers insecure and have had resounding
consequences on research.
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With consideration of the above-mentioned situation
and of the food chain, soil-plant-animal-man, the overview deals with contributions of agricultural research to
improve food security and food safety.
FOOD SECURITY
Current situation

The continued growth of the world’s population and
the increasing demand for foods from a reduced agricultural area (Figure 4) make efficient resource management
an overriding necessity. In general the population will increase, but there are large differences between countries
or regions (Table 2). Food security will be one of the
major world problems now and in the future.
Presently more than 800 million people are undernourished, ~2.8 billion are deficient in vitamin A, about
2 billion have iron deficiencies, and ~0.7 billion iodine
deficiencies [3]. Malnutrition means a deficiency in
energy and/or protein, and, especially, in some essential
amino acids. The daily protein requirement varies between 0.75 to 1 g per kg bodyweight [4, 5] and it has
been estimated that if one-third of this requirement is
supplied by protein of animal origin, the risk of an amino acid deficit can be largely avoided. Consequently, the
recommended daily intake of animal protein is about
20 g per person. But meat, fish, milk and eggs also con-

tain nutrients other than amino acids, such as varying
amounts of macro- and trace elements (e. g., Ca, P, Fe,
Cu, Zn, Se, I) and vitamins (vitamins A, E, B1, B2, B6,
B12 etc.), which can become deficient if animal products
are absent from the human diet.
Table 3 summarizes protein recommendations and
shows the amounts of foods of animal origin needed to
meet recommendations. The total amount of edible protein of animal origin currently produced worldwide
(about 10 kg per capita and year) would be sufficient to
provide on average 20 g of edible protein per person per
day (Figure 5). As many as 8 billion people could theoretically be supplied with sufficient protein (Scenario 1).
The problem we face currently is, therefore, not one of
production, but of distribution. This situation will
change if the populations of entire regions should in the
future eat or wish to eat more protein of animal origin.
This is almost certain to happen, so that the variants
designated as Scenarios 2 and 3 in Figure 5 indicate
future trends and average supply situations.
Under consideration of the current situation, attention must be given to increasing food production along
the food chain. Tilman et al. [7] projected a doubling in
global food demand for the next 50 years. Some examples for sustainable agriculture are demonstrated and
discussed later.

Protein from plant
origins
Mixed feed

40 / 32 g

Total Protein
intake,
German Society of
Nutrition

- / 150 g
Protein
from
animal origins
Self
produced
feed

7 / 63 g

50 / 200 g
FIGURE 3
Available protein (in grams per inhabitant per day in 1947 / 2000)
and the use of protein in the production of foods of animal origin.
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Year

1950
1975
2000
2025

8

6

0.56

5.6
4.5

4

0.36

2.8
0.24

2

1.8

People to be fed
per ha

Agricultural area
per person (ha)

Earth population (in Bil.)
1)

0.18

Num ber increases w hen area used to produce renew able resources increases

FIGURE 4 - Development of the earth’s population, the land area available
and the number of people to be fed per hectare (according to FAO yearbooks).

TABLE 2
The 15 most populated countries in the world [2].

Population mid-2002 in Millions

Population 2050 in Millions

1

China

1.281

1

India

1.628

2

India

1.049

2

China

1.394

3

USA

287

3

USA

413

4

Indonesia

217

4

Pakistan

332

5

Brazil

174

5

Indonesia

316

6

Russia

144

6

Nigeria

304

7

Pakistan

143

7

Brazil

247

8

Bangladesh

134

8

Bangladesh

205

9

Nigeria

130

9

Congo, Democrat. Rep.

182

10

Japan

127

10

Ethiopia

173

11

Mexico

102

11

Mexico

151

12

Germany

82

12

Philippines

146

13

Philippines

80

13

Vietnam

117

14

Vietnam

80

14

Egypt

115

15

Egypt

71

15

Russia

102
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TABLE 3
„Minimum recommendations“ for the availability of protein from
animal sources from a nutritional-physiological perspective.

Recommendations for the protein
supply for humans
- Of that about 1/3 protein from animal
sources

0.75 – 1 g/kg body weight and day
≅ about 60 g/person and day
≅ about 20 g/person and day
or rather ≅ 7 kg/person and year

Amount of animal products per year needed for 7 kg protein:
100 kg

Milk

3.2 kg Protein

20 kg

Meat

3.0 kg Protein

100

Eggs

0.6 kg Protein

3 kg

Fish

0.4 kg Protein
≅ 7 kg Protein

World Population in Billions
6

135 %

8

100 %

10

80 %

80 %

6

70 %

8

60 %

10

50 %

8

40 %

10

6

10

Scenario 2: 60 g for 2 Bil. people and
20 g for 4, 6 or rather 8 Bil. people

70 %

6

8

Scenario 1: 20 g per person

Scenario 3: 40 g per person

45 %
35 %
25 %

Scenario 4: 60 g per person

FIGURE 5
Scenarios for the supply of the world population with protein from animal sources (g per person
and day) on the basis of current production (about 10 kg protein per person and year; [6]).
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Resource use along the food chain

Water, soil, and nutrients like phosphorus, fossil fuels
and other substances are the most important limitations
along the food chain (Figure 6). Their effective utilization
is one of the main aims of the agricultural sciences. For
example, important prospects for plant breeders, including
conventional crop breeding as well as emerging technologies based on molecular biology and genetic engineering [8] from the perspective of resource conservation are:
• Minimal use of resources (i.e., water, fertiliser,
land, production helps) per amount of food energy
created , or rather, amount of raw material created

Up to now, little attention has been given by genetical
modification to the more effective use of water, soil, limited nutrients, more resistance to drought or salts, further
limiting factors, or environmental benefits [11].
Resistance of plants against insects or diseases may
reduce the crop losses in farmer’s fields.
Recently Qaim [12, 13] investigated the potential impacts of crop biotechnology for developing countries with
three case studies:
• Banana tissue culture technology in Kenya,

• High yield of usable energy, or rather, nutrients
from an area, or rather, resources used

• Transgenic sweet potato virus and weevil resistance technology in Kenya and

• Increased resistance to drought or salt as well as
resistance to pests

• Transgenic potato virus resistance technology in
Mexico.

• Low content of undesirable substances (i.e., mycotoxins or production helps, among others)

The case studies underscore that biotechnology could
provide efficient solutions to a wide range of agronomic
problems in developing countries, with concomitant advantages to food producers and consumers. Data show
that biotechnological innovations, which reduce biotic
production constraints, are suitable for small- and largescale farmers alike. Since pest and disease problems are
often more severe for smallholders; the benefit potentials
are even greater for this group of farmers. Scientists are
very hopeful about genetically modified plants of the socalled second generation, meaning substantial changes in
ingredients or nutrient availability. Many such plants are
in the pipeline, some are being tested in research [14].

Genetical modification of plants

Plant breeding including genetic engineering seems to
be one of the key technologies contributing to the solution
of questions of the present time. Apart from contra-versiale
discussions, genetically modified crops could be one of the
key technologies for the twenty-first century to produce the
food we need [9]. In the year 2001, 52.6 million hectares of
genetically modified plants (GMP) were cultivated around
the world [10]. About 77% of them were resistant against
herbicides and 15% against insects (Figure 7).

Water

Raw materials

Soil

Plants

Animal

Production aids

Primary energy sources

FIGURE 6 - Important links in the food chain and contributions ( ) to „Food Security“.
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Commercial cropping of genetically modified plants
worldwide in millions of hectares
1996

1997 1998

1999

2000

2001

Location

Percent
thereof
in 2001

China

52,6

Argentina

44,2

39,9
27,8

other

3%1%

22%

Canada

6%

68%

12,8

USA

2,8

Why changed:
Reisistance against

What:
other

Rape

1%

Insects

5%

Cotton

Insects and
herbicides

13%

Corn

15%

Herbicides

8%

19%

77%
63%

Soy beans

FIGURE 7 - Increasing planting of genetically modified plants [9].

TABLE 4
Effect of phosphorus addition to normal and low-phytate corn (GMO of 2nd generation, 78.5 % of mixture)
in diets on performance and carcass characteristics of growing-finishing pigs ( 27 – 112 kg, n = 35; [16]).

Normal corn
(0.3 g available P)
Supplementation

Low-phytate corn
(1.7 g available P per kg)

0

+2.0 or
1.5 g P/kg

0

+2.0 or
1.5 g P/kg

27 – 73 kg BW

3.4

5.4

3.4

5.4

73 – 112 kg BW

3.2

4.7

3.2

4.7

Feed intake (kg/day)

2.23a

2.50b

2.53b

2.51b

Weight gain (g/animal per day)

730a

870b

900b

880b

Feed/gain (kg/kg)

3.05a

2.87b

2.81b

2.85b

P-excretion (g/kg weight gain)

4.6a

8.9c

3.8b

8.8c

Breaking load (4th metacarpal, kg)

79.4a

138.5bc

132.2b

153.9d

Ash content (% of 4th metacarpal)

53.5a

60.1bc

59.3b

61.2c

P-content (g/kg)

a, b

Different superscript in the line shows significant differences (p < 0.05)
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FIGURE 8 - Challenge: The use of by-products containing ligno-cellulose.

Recently Spencer et al. [15, 16] published data to
show the effect of higher phosphorus availability from
genetically modified corn low in phytate (Table 4). Phosphorus intake through the GMP decreased by 350 g per
growing and fattening pig, compared with isogenic corn
supplemented with inorganic phosphorus. P-excretion per
kg body weight decreased from 8.9 to 3.8 g showing a
better P-conversion, and a contribution to solving environmental problems. Such methods are extremely important for sustainable agriculture and for conserving natural
resources in the nutrition of the world’s population.
Utilization of by-products

Apart from the effective use of land, water and other
resources for plant growth, utilization of agricultural and
industrial by-products as animal feedstuffs may decrease
the food competition between man and animal, and offer
foods of animal origin [17, 18].
Important agricultural by-products are cereal straws
and other feeds rich in cellulose and hemicelluloses and
suitable for ruminant feeding. Unfortunately, an increase
of lignin content in such plant materials used as feeds
correlates with a decrease of digestibility for rumen microorganisms. Apart from chemical treatments with NaOH or

ammonia compounds, biological upgrading of lignocelluloses into feed has been studied [19, 20].
The main problems are to find suitable microorganisms, to recognize factors to control selective delignification by microorganisms, and to develop strategies and
technologies for a cheap large-scale process [19]. Some
fungi species are able to degrade lignin very well, but
other substrate components are decomposed only partially
(white rot fungi such as Abortiporus biennis, Pleurotus
eryngii, Pleurotus sajor-caju, [21]).
Apart from edible mushrooms, such technologies for
upgrading low-digestible plant by-products may result in
an increase of digestibility for ruminants (Figure 8).
Many by-products from industrial processes such as
the oil industry, sugar industry, breweries, cereal mills,
dairy, slaughterhouses, etc., are characterized by a high
nutritive value and suitable for feeding to ruminants
and/or nonruminants [18].
Efficiency of feed conversion

The effective conversion of feeds into foods of animal origin is an important prerequisite for sustainable animal production.
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The elementary base for growth, reproduction, lactation and egg production is to secure a sufficient supply of
energy and nutrients to meet the animals‘ requirements
for maintenance. Any surplus energy and nutrients over
and above the maintenance requirement are available for
growth, milk and egg production. It follows that the efficiency of nutrient utilisation for the production of edible
protein in animals without a measurable output is zero; at
low yields it is relatively low and the input very high,
because the burden of the „unproductive“ maintenance
requirement is proportionately higher at low yields and
low levels of protein production.
Figure 9 illustrates this development using the energy
required for the production of edible milk protein in relation to milk yield as an example. Similar graphs can be
constructed for feed nutrients.
The results of a more efficient utilisation and a reduced feed expense is that more nutrients per product
remain in the animal or in the animal product and fewer
nutrients are excreted (e. g., N. P; Figure 10) and, thus,
available for polluting the environment.
These fundamental trends imply that as productivity
increases, feed ingredients are converted more effectively
into edible animal products. This results in lower emis-

200

sions per end product (Figure 10), which would ultimately
make the production of foods of animal origin more sustainable and environmentally compatible. This statement
cannot be extrapolated indefinitely because at higher
yields the competition for food with humans usually increases (Table 5) and the consumption of technical energy
for feed production tends to rise [24 - 27].
The different livestock species and categories used
for the production of dietary proteins vary widely with
regard to the amount of energy and crude protein required
and emissions of N, P and methane per kg of edible protein (Table 5). The production of milk, egg protein and
broiler meat was the least demanding on resources. The
production of protein from growing pigs and cattle requires considerably more resources and causes higher N
and P emissions per kg of dietary protein. Beef production
is additionally associated with the formation of methane
in the rumen. In all forms of protein production, input and
emissions per kg of protein decline with increasing yields,
but the higher the animal performance the smaller the
decline (see Figures 9 and 10; Table 5). In addition to
yields, the reported data are also influenced by the feed
intake, the composition of the diet (e. g., crude protein,
energy and P content), the proportion of edible protein in
the animal product and any allowances for energy and
nutrients needed for rearing and reproduction.

200

Energy expense

190

Energy requirements
(MJ NEL per animal and day)

Total requirement

180

150

170
160

100

150

Production requirement

140
130

50

Energy expense
(MJ NEL per kg edible protein)
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120
Maintenance requirement

0
0

10
304

20
608

30
912

40
1216

50
1520

FIGURE 9
Effect of milk yield and protein production on the maintenance and production requirement of
energy in dairy cows (live weight: 650 kg; [22]) and on energy expense per kg of edible protein [23].
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30

500

25

400

20

300

15
200

10
5

100

0

0
0

g per animal and day

g per kg milk
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10
20
30
40
50
Milk performance (kg per animal and day)
g per kg milk

g per animal and day

FIGURE 10
Influence of milk performance on N-excretion per cow and per kg milk
(body weight of cows: 650 kg, milk composition: 32 g protein, 40 g fat per kg).

TABLE 5 - Protein production, nutritional competition,
costs and nitrogen losses in various production forms [23].

Animal
product

Milk

Beef

Performance

Eggs

1)

Costs per kg edible
protein
Brutto
energy

Crude
protein
(kg)

(g/day)

(%) 1)

(GJ)

(kg N)

5 kg

150

0

0.85

300

0

0.65

4.6

0.6

20 kg

600

(20)

0.50

3.7

0.4

40 kg

1200

(40)

0.35

3.2

0.3

500 g LWG 2) /day

48

0

2.1

15

2.0

/day

95

(20)

1.2

9

1.2

300 g LWG 2) /day

27

(20)

0.9

10

1.5

2)

2)

/day

20 g LWG 2) /day
40 g LWG

2)

/day

6.0

Nitrogen
excretions
per kg edible
protein

10 kg

700 g LWG
Poultry
meat
meat

Competition
with humans
for nutrition

(per day)

1000 g LWG
Pork

Edible
protein

0.9

63

(65)

0.6

6

0.8

2.5

(20)

0.45

5

0.6

5.0

(50)

0.26

3

0.3

30 % LP 3)

2.3

(20)

0.5

4

0.8

80 % LP 3)

5.8

(60)

0.3

3

0.3

The level given is dependent on the use of by-products

2)

Live weight gain
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TABLE 6 - Influence of consumption of protein of animal origin, the relation between meat and
milk protein and the potential on yields on the required area (m2 per inhabitant per year; [23])

Relation
between
meat 3) and
milk (% of
protein)

Consumption of protein of animal origin (g per inhabitant per day)
10

20

40

Potential of yields 1)
A 2)

B 2)

A

B

A

B

Required area (m2 per inhabitant per year)
70 : 30

900

185

1800

370

3600

740

50 : 50

800

160

1600

320

3200

640

30 : 70

700

135

1400

270

2800

540

1)

Yield level A: 1.5 t wheat, 20 t forage per ha; Yield level B: 6 t wheat, 40 t forage per ha
Performance of animals A: 5 kg milk per day, beef: 500 g, pigs: 300 g, broiler: 20 g daily weight gain;
Performance of animals B: 20 kg milk per day, beef: 1000 g, pigs: 700 g, broiler: 50 g daily weight gain
3)
Relation between beef, pork and broiler meat = 60 : 20 : 20 (A) resp. 30 : 60 : 10 (B)
2)

When other factors are taken into consideration (e. g.,
technical energy, competition for food with humans),
higher yields and accurate feeding of agricultural livestock are crucial for ensuring that the production of foods
of animal origin is managed in a sustainable and environmentally compatible manner.
The agricultural area necessary for feed and food
production per inhabitant depends on yields, conversion
of feeds into foods and food consumption per person.
Table 6 presents the requirement of land per inhabitant in
dependence on the daily intake of edible protein per person (10, 20 or 40 g per day, see Table 3 and Figure 5), the
intensity of plant and animal production (A: low level, B:
higher level) and the proportion between meat and milk to
meet the protein intake. It shows that the amount of land
needed per inhabitant increases with higher protein intake,
lower plant and animal yields, and higher proportion of
meat as protein source.
Similar calculations on the national and international level seem to be helpful to understand the situation and to analyse the nutrient supply to the population
on a global basis.
Conclusion

A strengthening of efforts around the world is necessary to overcome hunger and malnutrition all over the
world and to improve food security. Agriculturists are the
principal managers of globally useable foods and will shop
the surface of the earth for appropriate products in the coming decades. New incentives and policies for ensuring the
sustainability of agriculture and ecosystem service are

urgently needed to meet the demands of improving yields
without compromising environmental integrity.
Recently, von Braun [28] underscored that “the efficiency of research and information communication forms
in the fields of agriculture and ecology count increasingly
among the location factors in respect to scarce land areas
and water resources. It is thus, in the interest of a long term
world nutrition policy, the ethical duty of the European
countries not to dismantle their knowledge producing and
distribution systems in the field of agriculture, but to put
them to use for the world’s nutrition over the long term”.
FOOD SAFETY
Food safety means freedom or minimal content of
undesirable substances in foods coming from natural or
anthropogenic origin. SCAN (29) distinguished four categories of undesirable substances: ions and elements, mycotoxins and products of microorganisms, organic contaminations and botanic impurities. D’ Mello [30] described biotoxins (plant toxins, bacterial pathogens and
toxins, shellfish toxins, mycotoxins) and anthropogenic
contaminants (pesticides, PCB, dioxins, heavy metals, Ncompounds, veterinary products, prions, radionuclides
etc.) in his overview. The safety of foods from genetically
modified plants is another topic.
Current situation

Current public opinion is characterized by uncertainty
and fear of poisons and undesirable substances in foods.
So-called scandals contribute to this situation. Substances
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like dioxins, nitrofen, MPA (Medroxy-ProgesteronAcetate), acryl amide and chloramphenicol or the Foot
and Mouth Disease and Bovine Spongioforme Encephalopathy (BSE) are well known and shed light on the roots
of uncertainties and fears.
Scandals are the main reasons for a false picture on
the quality and safety of the foods. Foods were never so
intensively analysed as presently and the detection limits
of analytical methods were never at low as at present.
Therefore, one would like to state that food safety was
never as high and the content of undesirable substances as
low as presently demonstrated in many studies.
Resulting from this statement, the intake of undesirable
substances decreased during the past years as exemplarily
shown for cadmium and dioxin in Figures 11 and 12.
Because of the negative image of some foods resulting from so-called scandals, all people involved in the
food chain have to contribute to avoiding scandals.
The reasons for scandals can be very complex as
shown for various dioxin cases [33, 34]:
•

Citrus pulp from Brazil (1997: Addition of calcium containing dioxin for neutralization)

•

Dioxin scandal in Belgium (1999: transformer oil
containing PCB found in feed fats)

•

Clay minerals (Kaolinite) (1999: Westerwald,
geogenus origin, also in Australia and in the
USA)
Green meal from Brandenburg (1999: Drying of
feed with contaminated wood rests)

Choline chloride from Spain (2000: carrier substance)

Ignorance (citrus pulp, green meal, choline chloride),
unexpected contamination (clay minerals from Westerwald) or illegal practices/criminal energy (Belgium case)
were the reasons for dioxin cases. Apart from a certain
background contamination [33] dioxin scandals could be
avoided in the future. But as shown in the clay contamination, natural substances could be also contaminated with
undesirable substances in the food chain and contribute to
or cause so-called scandals.
In summary, food contains many substances and there
is no zero risk. Degree of risk depends on the level of
consumed food or substances, respectively. Food intake is
an essential prerequisite for living and nutrition means
accepting a certain risk which must be minimized.
Safety along the food chain

Food safety research means to minimize the contamination of foods with undesirable substances along the
entire food chain soil-plants-animals-humans. In the early
period of residue research in foods consideration along
the food chain were already underscored.
Figure 13 shows selected public scares and the causes
of their entry in the food chain in a more general way.
Some details are demonstrated on the basis of the maize
production and its usage chain in Figure 14.
Safety research in this field means identifying undesirable substances, assessing their risk potential, and contributing to their elimination or to blocking the sources
(risk assessment; [35]), if necessary and possible.
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FIGURE 11 - Daily intake of cadmium per person in Germany
(according to [31]; WHO-Guidelines: 1µg/kg body weight and day).
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FIGURE 12 - Intake of dioxin with food in Germany [32].

FIGURE 13 - Selected public scares ( ).
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FIGURE 14 - Maize in the food chain and selected factors of influence on
product safety (Particularly significant factors of influence are marked).

FIGURE 15 - Possibilities for intake and retention of desired and
undesired feed components in animals (According to [36]).
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The following examples deal mainly with undesirable
substances in foods of animal origin and with the carryover of substances from feeds into animals. No attention
will be paid to microorganisms (pathogens) in foods of
animal origin. Ways of contaminations were described
earlier (Figure 15). The present stage of knowledge on
food safety was recently summarized by D’Mello [30].

Furthermore no or a very small carry-over of some,
mycotoxins, especially DON and ZON, from feeds into
foods of animal origin was measured (Table 7). Based
on these orientation values for critical concentrations of
DON and ZON in feeds for domestic animals were deduced (Table 8). The values consider animal health,
performance and transfer to food of animal origin.

Mycotoxins

Presently, adoption of the limits for mycotoxins
from human foods for animal feeds (e.g. 0.5 mg DON
for cereals) is under discussion. As previously mentioned, such limits are not necessary from the perspective of animal welfare and carry-over into the foods of
animal origin, but they would have consequences for
utilization of cereals in some years [38].

Mycotoxins are produced by fungi on the field or during the storage of products (Figure 16). The effect of mycotoxins on animal and human health depends on the type
of mycotoxin, level of intake and animal species and categories. Many studies showed different reactions by animal
species and categories as recently summarized by
Dänicke and Oldenburg [37] for deoxynivalenol (DON)
and zearalenone (ZON) as mycotoxins from the fusarium sp.

FIGURE 16 - Influences on the development of mycotoxins and
mycotoxins themselves in the food chain (according to [37]).
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TABLE 7 - Carry-over of DON and ZON in various
tissues or foods of animal origin (by various references).

1)

Presented as carry-over factors: mycotoxin concentration in tissues or foods:
mycotoxin concentration in feeds

2)

De-Epoxy-DON

TABLE 8 - Orientation values for critical concentrations of DON
and ZON in feed of pigs, cattle and poultry (mg/kg 88 % DM; [38]).

1)

According to the current state of knowledge no orientation values are needed

Feeds from genetically modified plants (GMP)

The introduction by recombinant DNA technology of
the new genes into major crops used by plant breeders has
raised important questions about the safety of novel feeds.
The recently amended European Council Directive [39]
requires an assessment of risks for human, animals and the
environment before viable seeds can be imported or the
plant itself can be cultivated in Europe. In addition the
Novel Food and the Novel Feed Ingredient Regulation [47]
covers the use of non-viable products of any GMP intended
for food purposes. Assessing the risks associated with new
agricultural practices is one of the key tasks of scientists.

ventional counterpart is the major source of data used to
establish substantial equivalence. The framework of substantial equivalence is irrelevant for GMPs of the second
generation because of substantial changes in key nutrients
(e.g. protein, amino acids, fatty acids, vitamins etc.).

The concept basis for the analysis of risks of GMP of
the first generation (without substantial changes in composition) remains that of substantial equivalence.

Laboratory animals are used in toxicological studies
with products of GMP. Although it was not legally required or recommended, many feeds from GMPs have
been intensively tested with food producing animals to
measure effects on performance and animal health, digestibility of key nutrients, feeding value and quality of
foods of animal origin. In all the experiments isogenic
lines were compared with transgenic (GMP) hybrids.
Altogether, results from more than 50 feeding experiments have been published up to now as recently summarized by some authors [41 - 44].

In practice, compositional analysis of key nutrients
and key toxicants used to compare a GMP with its con-

Table 9 summarizes results from the Institute for Animal Nutrition of the FAL, Braunschweig.
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In none of these experiments was animal performance,
whether measured as growth rate, feed efficiency and carcass merit in slaughtering animals, egg mass in laying hens,
milk production, composition and quality of milk, meat or
eggs, affected by feeding transformed plants as compared
to feeding products from control or isogenic plants.
In consequence, the so-called substantial equivalence
of feeds from GMP could be expected to demonstrate the
lower content of some mycotoxins in the seed of Bt-corn
[50-54] which is resistant against the European corn borer
and, therefore, less contaminated with Fusarium spp. Piva
et al. [55, 56] fed insect protected Bt-corn to broilers and
piglets and observed better growth performances in comparison to isogenic control corn because of the lower
mycotoxin content (fumonisins, deoxynivalenol) of transgenic corn.
Attention has been given to the degradation of transgenic protein and transgenic DNA in some experiments (see
Table 9). Detection of chloroplasts-specific gene fragments
by polymerase chain reaction (PCR) showed the presence of
plant DNA fragments (199 base pairs) in lymphocytes and
duodenal juice of dairy cows [57] and in the lymphocytes,
the spleen, kidneys and, partially, in the muscles of pigs and
broilers, but not in milk and eggs [57- 59]. No plant-DNA
residues have been found in milk and eggs.

However, until now transgenic DNA and protein could
not be detected in foods of animal origin [43, 57, 59 - 62].
In conclusion, there is no danger or harm to animals
through the GMP feeds currently permitted in the EU.
Nutritional and safety assessments following a decisiontree approach [43, 44] for feeds from GMP of the first and
second generation should guarantee safe foods for human
nutrition.
Dioxin and other polychlorinated substances

Polychlorinated substances as polychlorinated biphenyls (PCBs), polychlorinated di-benzodioxines or furans
(dioxins or furans), toxaphenes or other substances have
been produced by industry and used for many years and for
different purposes. It has been recognized that they accumulate in a wide range of waters, soils and feeds.
Their carry-over into the animals depends on animal
species and categories, chemical substances and substance
congeners, their concentration in feeds and level of feed
intake [e.g. 33, 63 - 68].
The differences of accumulation of polychlorinated
substances in animals seem to be greatly dependent on the
various abilities of animals to absorb, excrete and metabolize them as well as on the physiochemical properties of
the individual substances.

TABLE 9 - Summary evaluation of the comparative studies on GMPs carried out at the Institute for
Animal Nutrition of the German Federal Agricultural Research Centre (FAL) in Braunschweig.

1)
2)
3)

Evaluation of the markings in comparison to isogenic lines ≈ no significant changes (P > 0,05)
B: Digestion or balance experiments
F: Feed experiments with monitoring of performance
DNA-degradation documented in study
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TABLE 10 – Carry-over factors for selected polychlorintated dibenzo-p-dioxins (PCDD) and
dibenzofurans (PCDF) from grass and citrus pulp in milk according to various authors [33].

TABLE 11 - Carry-over factors (Congener feed: congener tissue) of selected
toxaphene congeners in different organs and tissues in broilers and laying hens [71].
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Table 10 shows carry-over factors for selected dioxins
and furans from feed into milk by various authors. Large
differences exist between the congeners and the authors,
but also between the seasons of the study. In a study by
Schuler et al. [70] lower chlorinated dioxins (e.g. TCDD)
and higher chlorinated furans (e.g. HxCDF) showed the
highest carry-over values into milk (Table 10).
SCAN [33] gives some recommendations to minimize dioxin intake by animals to decrease the dioxin load
on the population. Large differences were also measured
between various toxaphene-congeners (Table 11). The
highest carry-over factors in poultry were registered in
body fat followed by tissues rich in fat (e.g. eggs; [71]).

risks as vectors for the disease. Accepting the theory that
BSE is a prion transmitted disease, the theoretical infections potential can be calculated for animal-derived feedstuffs [83, 84].
A retrospective epidemiological study with a mathematical model was done, including data on feed production and the estimated amount of animal-derived feedstuffs for the production of compounded feed for cattle.
Based on the study, Zentek et al. [84] assessed the following contributions of various feedstuffs of animal origin to
the carry-over of BSE in Germany (independent on the
absolute number of cases):
•

68.8% → animal fat1) in cattle feeding as a portion of mixed feed
- 57.8 → animal fat in milk substitutes
- 4.7 → animal fat in concentrates for calves
- 6.3 → animal fat in concentrates for cows

•

31.1% → other components of animal origin in
concentrates2)
(more than 98% percent through meat and bone
meal through bone processing)

Heavy metals

All mineral elements can be toxic if consumed in
large enough quantities or for long periods of time [72].
However, the minerals arsenic (As), cadmium (Cd), lead
(Pb), and mercury (Hg) are frequently classified as toxic
elements because their biological activity is largely confined to toxic reactions. Comprehensive reviews of the
significance of the heavy metals to both animals and humans were given by Mc Dowell [73] and NRC [74]. Maximal concentrations of heavy metals in feeds are restricted
depending on the element and animal species and categories [75].
Many studies exist on the content of heavy metals in
feeds and their carry over into foods of animal origin [e.g.
31, 76, 77].
Results show that the contamination of feeds with the
heavy metals lead, mercury and cadmium is very low in
Germany, resulting in a low content in foods of animal
origin [78 - 80]. For example the level of contamination
of poultry products with lead, mercury or cadmium is at
the maximum 2% of the total human body level [31].
Recently attention has been addressed to the elements
copper and zinc in animal feeds because of the excretion
in the excrements and environmental problems [81].
Therefore, a reduction of the maximum levels is being
discussed throughout the EU.
Apart from the liver the copper content of other foods
of animal origin would not be significantly decreased by
reduction of upper limits of Cu and Zn in animal feeds [82].
Bovine Spongioforme Encephalopathy (BSE)

The first BSE-case in Germany (Nov. 2000) caused
many changes in agriculture, policy and consumers politics. Bone and meat meal and animal fats were completely
banned from animal feeding; for ruminants they had already been banned in 1994 in the EU. But the occurrence
of BSE-cases in Germany requires detailed investigations
of animal-derived feedstuffs with regard to the specific

- 10.4 → in concentrates for calves
- 20.7 → in concentrates for cattle
1)
2)

Assuming: 0.5% protein as contamination in animal fats
Assuming: 0.3 % meat and bone meal through crosscontamination

Data show that animal fat could have been a significant factor for BSE transmission due to contamination by
proteinaceous brain and spinal cord material during the
production process. The relative significance of cattle fat
containing feedstuffs (e.g. milk replaces) for BSE transmission could have been higher in Germany as compared
to the situation in the UK, where meat and bone meal was
produced under different conditions (lower treatment
temperatures as in Germany) and frequently used in higher proportions as an ingredient for compounded feed for
ruminants (was never the case in Germany).
In 2001 125 BSE-cases were registered in Germany,
in 2002 106 cases. The average age of BSE-cows increased from 64 to 76 months. That would mean the intake of prions must have taken place preliminarily in the
years 1995/96.
Presently by-products of slaughtered animals qualified for human consumption are still disposed of. Altogether more than 250.000 t of protein of animal origin,
about 250.000 t of animal fats and about 20.000 t of
phosphorus [85] are not used in the most effective way.
One of the important questions for the future would
be to develop safe ways to use by-products (excluding
sick or dead animals and specific risk material) in nonruminant feeding and to communicate the safety of the
methods to the public [86].
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Risk assessment and risk management

Fundamentals of risk assessment and risk management are given in the “White paper” of the EU [35].
Measures to reduce and to avoid scandals are:
Ø

Recognition of possible potential dangers and
evaluation of possible risks along the food chain risk assessment

Ø

Elimination of the recognized potential danger risk management

Ø

Effective monitoring measures

Ø Reliable information to the public
There is a clear differentiation of tasks for scientists
(risk assessment) and policymakers (risk management).
Computerised food safety monitoring systems along the
food chain may help to recognize and to eliminate possible risks [87, 88].
Risk assessment should be based on the known basics such as ADI (Acceptable Daily Intake), NOEL (No
Observed Effect Level) and MRL (Maximum Residue
Limits, [89]).
A concept for a reliable risk estimate with regard to
possible dangers to the consumer only permits evaluation
of such substances for which a clear dosage-effect relation
exists. This evaluation is currently not possible for sub-

stances which are genetically toxic, or those which cause
cancer or allergies.
The policymakers try to follow scientific recommendations, but in the “White paper” [35] they write:
“…the law is based on a political decision based not
only on scientific judgments but on a comprehensive
estimate of the dominating public wishes and needs. A
clear division between risk management and risk evaluation must be made.”
Sometimes satirists suggest that nutritional research
has made such enormous progress concerning food safety
that there is hardly a single food which can be eaten with
pleasure. But it must also be seen that food is safer now
than ever before because it contains fewer residues. Nutritional science and analytical progress should be used to
further reduce the carry-over of undesirable substances in
various links in the food chain in addition to improving
the quality of the food.
CONCLUSIONS
Food security and food safety are two sides of one
medal. The world population needs adequate and safe
food supplies in the future to avoid international conflicts.
Table 12 summarizes selected approaches to improving food security and food safety in the future.

TABLE 12 - Selected approaches to the future improvement of
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SUMMARY

INTRODUCTION

The estimation of persistence and range belongs to
the most urgent tasks with regard to the environmental
assessment of chemicals which have the potential to distribute ubiquitously. The most direct proof for the ubiquitous occurrence of anthropogenic chemicals is their analytical detection in remote areas; this is not practicable,
however, due to the great number of chemicals in question. For a preselection, multimedia models of differing
complexity seem to be suitable.

The (environmental) Persistence and (spatial) Range
of organic chemicals, abbreviated "P&R" in the following, has experienced a renewed interest in the last few
years for the following reasons:
• the ubiquitous distribution of substances with high
P&R endangers humans and ecosystems even if far
away from the main emission areas
• UNEP’s Gobal POPs-Convention, which is now
in the ratification process, calls for the total ban
of 12 substances and provides for the future extension beyond these limited number of pollutants;
this requires the identification of candidates to be
banned in the future, showing persistence, bioaccumulation and toxicity

The most powerful model with regard to resolution in
time and space is based on a global circulation model. This
model has been tested with a set of model compounds. The
work done by the authors, aimed at testing simpler models
with the same set of substances in order to find out, whether the results give at least the same tendency compared to the complex model. The models chosen for this
purpose include Chemrange 1.0 + 2.1 and SimpleBox 2.0.

• as part of the reorganization of the European
chemicals legislation, P&R substances are given
special attention
• conventions aiming at the protection of the seas,
for instance OSPAR (North Sea and North-East
Atlantic) and HELCOM (Baltic Sea), request to
bring to an end all emissions of persistent organic
chemicals into these seas

The results presented here are restricted to a comparison between the two evaluative models and to persistence
under different use pattern scenarios. The model compounds include α-HCH, γ-HCH, atrazine, DDT, PCB-28,
-52,-101 and benzo[a]pyren (BaP).

•

The results agree well for the first four compounds,
but much less so for the PCBs and BaP.

KEYWORDS: Chemicals, Chemrange, Multimedia models, Persistence, Semivolatile Organic Compounds, SimpleBox.

finally, there is an intrinsic scientific interest in
understanding and modeling the complex processes involved in the global transport of the substances showing P&R

The most direct determination of P&R is by chemical
analysis of the pollutants in remote areas, e.g. in the polar
regions, in the oceans and in the corresponding parts of the
atmosphere [1]. This requires high volume sampling, cleanup and ultra-trace analysis depending on the properties of
the substances, a method which is mastered only by few
laboratories. In order to estimate the persistence of several
ten thousands of existing chemicals (the European list
EINECS contains about hundred thousand chemicals), the
analytical method is too expensive. We need this method,
however, for validating models with real world data.
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Since the direct approach seems not to be feasible, it
is reasonable to use models for estimating P&R, at least in
the screening phase [2]. After about 20 years of development, there are now several models available, covering a
whole spectrum of sophistication. The model with the
highest resolution in space and time on the global scale is
a multicompartment-chemistry-transport-model which is
based on an atmospheric general circulation model
(AGCM; University of Hamburg/MPI-M [3-5]). The
model which is operated most easily seems to be the ring
model by ETH Zürich [6-8]. Between these extremes,
there are several multimedia models with modest data

requirements. They include the most important compartments as boxes and many transport-, transfer-, and degradation processes in the form of first order rates (level III
to IV) [9,10].
The decisive questions with regard to screening of a
great number of candidates are: can relatively simple
models, i.e. such models which run sufficiently fast at a
PC, give realistic predictions? Are the results obtained
with different models comparable? Can the Hamburg
model serve as a standard if analytical data are not available for the sake of evaluation?

FIGURE 1 - SimpleBox 2.0, Air flows (schematic).
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MODELS USED
In this paper, we modestly start by comparing persistence values (equivalence times) obtained with the models
SimpleBox 2.0 [11] and Chemrange 1.0 and 2.1 [12, 13].
The continuation of this work should include the Hamburg
model [3-5], which for better comparison should also produce results of higher aggregation like characteristic life
times and average travel distances. The authors were familiar with SimpleBox 2.0 from former projects [14] and this
is one reason for selecting this model, the other being the
global function nested into that model. Chemrange was
made available by Dr. Martin Scheringer, ETH Zürich.
SimpleBox 2.0

SimpleBox 2.0 belongs to a Dutch family of models
with a long tradition, some offsprings being USES (NL) and
EUSES (EU). As shown in Fig. 1, it is a "nested" model,
containing a regional, a continental and a global scale containing a tropic, a moderate and an arctic zone [11].
Within the framework of the project [15, 16], data for
the smaller scales were calculated, too, but the evaluation
is based on the global scale alone. The main difference
between the zones is, of course, the average temperature
chosen. The "global distillation" effect is well reproduced
by the model. The transport-, transfer- and degradation
processes are similar to those in other models of comparable complexity, e.g. [9,10]; due to the advection processes necessary between the tropic, moderate and arctic
zones, the level of the model is IV rather than III. The
sediments are compartments and sinks as well (deeper
layers are buried); thus, even absolutely persistent com-

pounds can reach the steady state, what is evidently impossible for such compounds in a closed system. The
second sink for ultra-persistent chemicals is percolation
into the ground water (out of the system boundary). These
"sinks" are physical sinks, which do not irreversibly remove the substance from the environment.
Chemrange

Chemrange is a co-called "ring model" (Fig. 2), describing an imagined, closed tube around the earth, consisting of 100 blocks. Within the tubes, there are the compartments air, water and soil in a volume ratio which can
be adjusted by the user. In the present work, the standard
definitions are used without any modification [12, 13].
The model was conceived for the sake of calculating
characteristic values for persistence and range of nonpolar organic substances. There are three characteristic
values for the range (in air, water and soil), but only one
for persistence. This "equivalence time" corresponds to
the average lifetime of the molecules emitted into one or
several compartments of one of the blocks. All blocks
have the same volume ratio air:water:soil and the same
temperature. The substance moves by eddy diffusion in
the mobile compartments air and water. The essential
differences between the two software generations consist
in a more realistic exchange depth of the ocean (200 m
instead of 10 m) in 2.1 and in the transport of adsorbed
pollutants into the sediment in 2.1. The sediment, which
is absent in 1.0 acts as a sink in 2.1, but is not present as
a compartment; this means, there is a way down and out
of the compartment water for substances adsorbing to
the particles.

FIGURE 2 - Chemrange 1.0 und 2.1 .
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The concentrations established in the compartments
of the 100 blocks in the steady state can be printed out for
all three compartments, yielding illustrative distribution
curves; they have no physical meaning, however.

exponential decay (M(t) = M0 e-kt) identical with the
chemical lifetime τ = 1/k (1):
tequ = 1/M0

=

τ (exponential case)

(1)

M0: Input into the (model) environment [kg]

MODEL SUBSTANCES
The model substances were selected according to their
physical-chemical properties, as explained elsewhere [17]:
• α- and γ-Hexachlorocyclohexane: relatively high
vapour pressure (p=6.0 and 2.9 mPa)1, average water solubilty (S=2.0 and 7.4 mg/L) and accumulation tendency (log Kow =3.77 and 3.60)
• Atrazine: water solubility higher than for the
HCHs (S=33 mg/L) and correspondingly lower accumulation (log Kow 2.56), truly semivolatile according Φ = 0,2 (calc. from p=0.038 mPa)
• DDT: the prototype for lipophilic-accumulatingpersistent SOCs (S=3.4 µg/L; p=0.034 mPa; Φ =
0,2; log Kow=6.2)
• PCBs (28,52,101): decreasing water solubility and increasing lipophilicity with increasing number of chlorine atoms per molecule (n=3,4,5) (S=0.16, 0.03,
0.01 mg/L; log Kow 5.8, 6.1, 6.4); together with relatively high vapour pressures (p=23, 5, 1.1 mPa), the
PCB congeners are at the volatile end of the SOC
(Φ ≈ 10-4 to 10-2)
• BaP: very low water solubility (S=1.8 µg/L), very
lipophilic (log Kow= 6.1), low vapour pressure (p =
0.7 µPa) and, thus, high adsorbed fraction (Φ = 0,9).
The full set of data, including the rate constants for
the degradation processes, is given in [16]. It should be
noted that even simple physical-chemical data for well
known SOCs are not available in good quality. A comparative literature study on S and Kow for DDT and DDE
has been reported by Eganhouse and Pontolillo [20],
showing disastrous deficiencies in measuring, reporting, reviewing and citing these basic data over the last
60 years. Even worse, the situation seems not to improve
with time.
RESULTS AND DISCUSSION
The Equivalence Time

As a measure for the overall persistence in the environment, the "equivalence time" for the decay has been
defined by Scheringer [6, 7] that is, for the special case of
1

ƒ M(t) dt

The data given in parentheses have been carefully selected from literature sources and checked for consistency [16]; temperature: 20-25 oC.
The fraction adsorbed (Φ) was calculated using the original Junge formula
for "rural" aerosol surface to volume ratio (10-6 cm2/cm3) [18, 19].

Similar concepts were proposed by Klöpffer et al. [21]
and Müller-Herold [22]. Exponential behaviour can be
expected if all inter-compartmental rates are much higher
than the degradion rates. In the general case of nonexponential decay, the decay function M(t) has an arbitrary form (e.g. showing a "tailing" due to one or more
slow transfer processes). The definition equation (1) was
developed originally for the ring-model with a single
pulse input in one of the blocks. Chemrange in its present
state of development uses continuous input into one block
and calculates the steady-state distribution [12, 13]. In this
formalism, the equivalence time tequ is calculated according to equation (2):
tequ. = Mst/Q

(2)

Mst: total mass of substance in all compartments in
steady-state [kg]
Q: source term (input into all compartments considered)
[kg/d]
Comparison with (1) shows that the single input M0 is
replaced by the source term and the integrated mass decay
function by the total mass accumulated in all compartments in steady state. In comparing two substances, the
mass Mst is obviously higher if the persistence is higher
(at equal source terms).
The source terms in the ring model are chosen arbitrarily. The concentrations calculated have, therefore, no
physical meaning; they only serve for calculating the
equivalence times and the spatial ranges (not discussed
here). The equivalence times tequ are calculated by the
software of both Chemrange 1.0 and 2.1.
Equation (2) can be used for other multimedia steadystate models, provided the masses in the compartments in
the steady state are shown as results or can be calculated
using the concentrations in steady state and the known
model volumes and/or masses of the compartments (Mst is
the sum of the masses of the substance in all compartments). These conditions are fulfilled for SimpleBox 2.0,
so that tequ can be calculated for the two models.
Calculated Equivalence Times

In Table 1 the results are shown for those input scenarios for which data are available for both SimpleBox
and Chemrange. The absolute concentrations calculated
with SimpleBox 2.0, using the best estimates for yearly
input into the environment, are presented in the report [16].
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TABLE 1
Equivalence times calculated with SimpleBox and Chemrange.

Substance and Input-Scenario
(%Soil / %Air / %Water)
α-HCH (100/0/0)
α-HCH (70/20/10)
γ-HCH (100/0/0)
γ-HCH (70/20/10)
Atrazine (70/20/10)
Atrazine (99,5/0,5/0) Low mobility Szenario
Atrazine (85,5/14,5/0) High mobility Szenario
DDT (70/20/10)
PCB 28 (9,1/90,9/0)
PCB 52 (11,5/88,5/0)
PCB 101 (16,1/83,9/0)
BaP (50/50/0)

SimpleBox 2.0
[d]
505
511
503
425
515
34
373
2.307
2.750
4.146
7.657
2.017

Several scenarios shown in Table 1 (e.g. PCB and Atrazine high and low mobility) were taken from the project
group at the University of Hamburg [15] in order to allow
a comparison with the global circulation model. The scenarios for the PCB congeners were calculated by Lammel
[15] on the basis of Breivik et al. [23].
No absolute input values (which are available for
SimpleBox [16]) are given for the sake of comparison
with Chemrange where 1 kg/d was used throughout. The
absolute values are not necessary, since the concentrations
and masses calculated are proportional to the input and
only the ratio of the calculated mass to the source term
(input) is needed according to equation (2).

The differences between the two versions of Chemrange have no major influence on the calculated persistences. A difference would have been expected intuitively
for those model compounds strongly adsorbed to the
sediment, since the transport to the sediment in the adsorbed state is a sink in the version 2.1, but not in 1.0.
For the PCB congeners and BaP, Chemrange (both
versions) calculates much lower persistences (factor 10
and more) compared to Simplebox 2.0.
Not shown in Table 1, since no comparison with SimpleBox is available, is the result for PCB 101 (a pentachlorobiphenyl) with "soil only" input (100/0/0). This resulted in a calculated persistence of tequ = 2700 d, nicely

Chemrange 2.1
[d]

503
275

2.312

525
228

corresponding to Scheringers value of 2730 d (Φ=0) obtained for hexachlorobiphenyl and 100% input into soil [24].
These values are dominated by the slow degradation in the
compartment soil, where PCB tends to stay (strong adsorption to soil). Predominant input into air, as in the BreivikLammel scenarios, leads to a moderately fast degradation
in this medium due to the reaction with OH radicals [16].
This reaction, however, is modelled in SimpleBox, too.
Two differences between the models offer some explanation for the discrepancies observed:
1) In SimpleBox 2.0, the arctic soil acts as a physical
sink, where large amounts of SOCs accumulate
(no degradation assumed). This compartment is
absent in the isothermal Chemrange models.

DISCUSSION

As can be seen from the data in Table 1, the coincidence between SimpleBox 2.0 and Chemrange 1.0 is best
for the HCH isomers and acceptable for atrazine. The
equivalence times of the HCH isomers are in both input
scenarios in the range of 1.3 to 1.5 years. The strong dependance on the input scenario in the case of atrazine,
reproduced by both models, is due to much higher degradation rates assumed in the "low mobility scenario" [3].

Chemrange 1.0
[d]
536
462
549
495
321
51
530
2.670
115
335
477
213

2) The sediment is absent in Chemrange 1.0 and only
a sink, not a compartment in Chemrange 2.1; in
SimpleBox 2.0, the sediments are compartments
and sinks, lipophilic compounds tend to accumulate there (increase of persistence).
The two model differences point in the right direction, but cannot explain an order of magnitude difference
in the persistences calculated for the PCBs and BaP. This
is shown by a detailed analysis of the data provided by the
outprints of the SimpleBox runs [16].
The most conspicuous result is that DDT, the ultimate
SOC model substance, gives the same results in both
models in the standard scenario (70/20/10). This makes
the interpretation not easier, however, since DDT is similar to the higher chlorinated PCBs in several aspects,
especially in its lipophilic behaviour.
OUTLOOK
The work presented here is only one approach to
quantify persistence, the first component in P&R, using
multimedia exposure models. Other approaches have been
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reported by Müller-Herold [22], Webster et al. [25],
Gouin et al. [26], Fenner et al. [27] and evaluated by
Pennington [28]. Other reports concentrate on the second
component of P&R, called "characteristic travel distance"
by Bennet et al. [29], "long range transport potential" by
Beyer et al. [30] and "spatial scale" by Scheringer et al. [31]
(review). Of course, long range transport needs a minimum persistence of a few days in air or a few years in
water. The air should not be regarded as the only medium
for long range transport. The oceans may be equally important, especially for the more water soluble compounds
(the water solubility of Lindane, 7 mg/L, seems already
enough for some water-specific behaviour [14]). It should
also be noted that most "simple" models2 are designed for
non-polar (i.e. not dissociating, ion forming, chelating
etc.) compounds.
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BIOCIDES IN THE INDOOR ENVIRONMENT:
CORRELATION OF SATURATION VAPOR PRESSURE AND
TEST CHAMBER EXPERIMENTS FOR ESTIMATION OF
CONCENTRATIONS IN INDOOR AIR
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SUMMARY
The vapor pressure is an important parameter for estimating the fate of chemical substances in the indoor
environment. For compounds of low volatility, a combination of the KNUDSEN effusion method and the
LANGMUIR free evaporation method enables the precise
measurement of vapor pressures over a wide temperature
range. This is demonstrated for the fungicides, Dichlofluanid and Tolylfluanid, and the insecticide, αEndosulfan. Saturation concentrations were estimated and
compared with the results from test chamber experiments
carried out under indoor conditions.

KEYWORDS: Biocides, vapor pressure, emission, indoor air
quality, test chambers.

INTRODUCTION
For many years, building products and materials for
indoor use were treated with wood preservatives containing fungicides and/or insecticides. Such compounds may
contribute to the pollution of the indoor environment by
release from surfaces and accumulation in indoor air and
house dust [1]. With regard to possible adverse effects on
human health and comfort, exposure levels must be evaluated. In Germany, a combination of the fungicide Pentachlorophenol (PCP) and the insecticide Lindane was included in most products for protection of wood. When
PCP was banned by law in 1989, it was substituted by
Dichlofluanid and later Tolylfluanid.

Endosulfan has been used for wood protection as insecticide, but is now widely substituted by other agents.
The evaporation rate of a specific compound is dependent
on its physical properties and on the climatic conditions in
the indoor environment. It was previously shown that the
vapor pressure is an important parameter for estimating the
volatilisation process [2] and the distribution in the indoor
environment [3]. However, for many biocides, which are
low volatile compounds, the precise determination of the
vapor pressure is sophisticated. In many cases the saturation vapor pressures for room temperatures are not measured directly but extrapolated from high temperature measurements. As a consequence, the values reported in the
literature show differences over several orders of magnitudes as has been demonstrated for Lindane [4].
In this work, data from vapor pressure measurements
on Dichlofluanid, Tolylfluanid and α-Endosulfan according to the methods of KNUDSEN and LANGMUIR are
presented. For Dichlofluanid and Tolylfluanid, the results
of test chamber experiments, carried out under dynamic
conditions, were compared with calculated saturation
concentrations in the gas phase.

MATERIALS AND METHODS
The compounds under investigation were two fungicides (Dichlofluanid, Tolylfluanid) and one insecticide
(α-Endosulfan) (see ref. [5] for physical and toxicological properties). The molecular structures are shown in
Figure 1. The insecticide Lindane has been the subject
of previous work [4]. All compounds were of technical
quality and purified by sublimation and/or zone refining,
because the determination of vapor pressures requires
purities > 99.95 %.
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FIGURE 1 - Molecular structures of the investigated biocides.

If the saturation vapor pressure ps of a specific compound is known, the maximum emission rate can be calculated from the kinetic theory of gases. For a pure substance the vapor pressure ps, which is only dependent on
temperature T and enthalpy of evaporation ΔH , can be
described by eq. (1):
ν

ln p s =

ΔH ν
+ const .
RT

Here, W is the calculated penetration probability of the
orifice (Clausing factor). For measurement, a high vacuum is maintained for a period of 3 to 18 h, while the
vapor effusing from the hole is collected on a condenser
cooled with liquid nitrogen. From the kinetic theory of
gases, the pressure inside the cell, p’, is given by:

(1)

For an accurate determination of small vapor pressures
the dynamic methods of KNUDSEN [4] (1 Pa - 10-4 Pa)
and LANGMUIR [6] (10-4 Pa - 10-6 Pa) can be applied.
Vapor pressure measurements at low vapor undersaturation were performed by a suitable variation of the
KNUDSEN effusion method. A more detailed description
of the apparatus and procedure may be found in [7]. The
substance under investigation is placed in cylindrical cells
of cross sectional area A made from Duran glass. For effusion measurements the cells have an interchangeable cap,
which carries the circular effusion orifice of area a in the
centre of a thin molybdenum foil, and which is connected
to the cell body by a short, completely polished ground
glass joint. The distance from sample surface to the foil
carrying the effusion hole is made equal to the cell inner
diameter, as requested by theory. By using various combinations of orifices of effective area Wa and cells of area A
the ratio Wa/A can be varied from 5.0 x 10-4 to 5.4 x 10-2.

p' = −

1 ⎛ Δ m ⎞ ⎛ 2π RT ⎞
⎜
⎟ ⎜
⎟
Wa ⎜⎝ Δ t ⎟⎠ T ⎝ M ⎠

0.5

(2)

p' is close to the saturation vapour pressure ps and the
relation between p’ and ps is:

⎛
1 Wa ⎞
⎟ p'
p s = ⎜⎜1 +
α
γ A ⎟⎠
⎝

(3)

where α is the evaporation coefficient, γ the surface
roughness, (Δm/Δt)T the rate of mass loss by effusion, R
the universal gas constant, T the absolute temperature and
M the molar mass. To obtain the saturation vapour pressure ps from p’ it is necessary to perform a series of
measurements at constant temperature with various combinations of cells and orifices. Then -1/αγ can be calculated from the measured quantities:
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p' = p s −

1 Wa p'
A

αγ

(4)
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RESULTS AND DISCUSSION

Measurements of the free evaporation rate are performed by the LANGMUIR free evaporation method
using cells without any cap. The pure substance to be
studied is pressed into the cells by a tightly fitting piston
and a briquetting press to form a disk which is then lifted
by raising the adjustable cell bottom until the sample
surface is at the same level as the cell rim. A more detailed description of the apparatus and procedure may be
found in [6, 7]. The rate of free evaporation into vacuum
is given by the HERTZ-KNUDSEN-LANGMUIR equation and the pressure is:

ps = −

1 ⎛ Δ m ⎞ ⎛ 2 π R T ⎞
⎜
⎟ ⎜
⎟
α γ A ⎜⎝ Δ t ⎟⎠T ⎝ M ⎠

The parameters A and B listed in Table 2 are obtained
from a straight line fit to the data with ln p = A – B/T.
Then the enthalpy of evaporation ΔH was calculated from
eq. (1) according to ΔH = B·R. Within the framework of the measuring accuracy, the determined saturation
vapor pressures for all substances according to the two
effusion methods showed a good correlation. As demonstrated in Table 2, at 20 °C the values deviate by 3 and 6 %
respectively for Dichlofluanid and Tolylfluanid, for αEndosulfan the deviation is about 15 %. Moreover, the
evaporation enthalpies obtained differ only by a maximum of 5 %.
ν

ν

0.5

(5)

A comparison with literature data - only individual
values were available and no vapor pressure curves showed large deviations. For Dichlofluanid, the measured
vapor pressure values are partially clearly higher than that
probably from extrapolation. For 20 °C Perkow [9] indicates ps to be < 10-7 Pa, the publication of the Industrieverband Agrar [5] reports 1.4 x 10-5 Pa for the same temperature. In contrast, these authors, obtaining corresponding
values for Dichlofluanid (1.6 x 10-4 Pa and 1.6 x 10-6 Pa,
respectively) classify Tolylfluanid as clearly more volatile.
According to our investigations on the basis of the vapor
pressure curves (see Figures 2 and 3), the saturation vapor
pressures of the two substances deviate only little from
each other, particularly at the relevant indoor temperatures.

The investigated products I - III are described in Table 1. Each paint was applied on pine board with 200 g·m-2.
All emission experiments were carried out in selfconstructed 1 m3 glass chambers. Technical details of the
chamber design have been described elsewhere [8]. The
test conditions are also summarized in Table 1. The
chambers were loaded immediately after preparation of
the test specimen. Before each test the chamber was heated for 48 h to reduce memory effects and keep the chamber blank low. The effectiveness of thermal cleaning
process was controlled by measuring a blank value. Sampling was performed on polyurethane (PUR) foam. Chemical analysis was carried out by GC/ECD after extraction using a solvent mixture of acetone/hexane.

TABLE 1 - Investigated products and test chamber conditions
(r.h. = relative humidity, N = air exchange rate; L = loading).
Product
I
II
III

Type

Ingredients

solvent based paint
no pigment
thin film
solvent based paint
no pigment
thin film
solvent based paint
pigment
thick film

0.60 % Tebuconazole
0.57 % Tolylfluanid
0.01 % Cyfluthrin
0.60 % Tebuconazole
0.55 % Dichlofluanid
0.01 % Cyfluthrin
0.55 % Dichlofluanid

ϑ
(°C)

r.h.
(%)

N
(h-1)

L
(m-1)

23

45

1.00

1.0

23

45

1.00

1.0

23

45

0.35

1.0

TABLE 2 - Fit parameters A and B (see also Figures 2 - 3) with calculated enthalpies of evaporation ΔH and saturation concentrations Cs.
ν

Compound

M
(g·mol-1)

Dichlofluanid

333.2

Tolylfluanid

347.3

α-Endosulfan

406.9

Lindane 1)
290.8
1) Data from reference [4].

Method

A

Knudsen
Langmuir
Knudsen
Langmuir
Knudsen
Langmuir
Knudsen

40.0
37.3
39.0
40.8
34.8
36.2
34.5

B
(K)
14420
13648
14218
14739
11810
12179
11754
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ΔH
(kJ·mol-1)
119.9
113.5
118.2
122.5
98.2
101.3
97.7
ν

ps (293 K)
(10-5 Pa)
10.2
9.6
7.5
7.7
414
477
383

Cs (293 K)
(µg·m-3)
14.0
13.1
10.7
11.0
691.5
797.8
457.2
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FIGURE 2 - Plot of the vapor pressure of Dichlofluanid measured according to
the methods of Knudsen and Langmuir. The temperature range was 18 °C – 80 °C.
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FIGURE 3 - Plot of the vapor pressure of Tolylfluanid measured according to the
methods of Knudsen and Langmuir. The temperature range was 25 °C – 74 °C.
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FIGURE 4 - Concentration vs. time curves for Dichlofluanid and Tolylfluanid in the test
chamber (see Table 1 for test conditions). The horizontal lines represent the CS-values.

Consequently, these substances might show a similar
volatilization behavior. With respect to the vapor pressure
of Endosulfan, literature values do not differentiate between the α- and β- isomeres, although their melting points
clearly differ from each other (α: 108 °C, β: 207 °C, technical isomer mixture, consisting to 70 – 80 % of the αisomer: 70 – 100 °C). For 20 °C it is indicated: ps < 1 x
10-3 Pa and ps = 1 x 10-3 Pa, respectively. The value of
approximately 4.5 x 10-3 Pa is in that order of magnitude,
but it was determined only for the α-isomer. Up to now it
was not possible to measure the vapor pressure curve for
the corresponding β-isomer of Endosulfan since the necessary purification of the samples could not be realized.
Boehncke et al. [4] have compared their results on vapor pressure measurements of Lindane (see also Table 2)
with previously published data. They observed considerable variations, especially at temperatures of indoor living
conditions (typically 18 - 23 °C).
For the investigated compounds, saturation concentrations CS in air were calculated from the perfect gas
equation p·V=n·R·T and are summarized in Table 2. As
shown in Figure 4 for Dichlofluanid and Tolylfluanid, the
calculated CS -values are in very good agreement with
experimental data. However, in the initial phase (< 15 d)
the measured chamber concentrations of Dichlofluanid
exceeded the theoretical values. This effect might result
from particle bound molecules emitting from the test
specimen. Wet paints, which are suspensions, may easily
form volatile aerosols and particles. Weschler [10] suggested that in the beginning of the experiment the emission rate is large enough to exceed the saturation vapor

pressure. The biocide then starts to condense on preexisting ultrafine particles as well as chamber walls (sinkeffect). These biocide aerosols grow in size and soon the
surface of these aerosols is primarily biocide and subsequent associations are dominated by absorption rather
than condensation. Biocide concentrations in excess of the
vapor pressure concentration probably result from sampling a mixture of biocides in the gas phase and in the
condensed phase. Over time the emission rate decreases
and the concentration in the chamber drops below that
corresponding to the saturation vapor pressure.
Chamber air or indoor air concentrations in the range
of CS can be observed if the drag-out via air exchange is
small compared to the area specific emission rate SERA
(µg·m-2·h-1). In the steady state SERA can be calculated by
use of the simple equation SERA = C·N/L [8]. High SERAvalues might be achieved for freshly produced samples
when the emission process is controlled by evaporation
rather than diffusion. However, for most biocides (including Dichlofluanid and Tolylfluanid), measured chamber
and indoor concentrations are far below the saturation
values [11, 12]. This might be due to low emission rates
and strong sink effects.
Nevertheless, the vapor pressure is a very helpful parameter for estimation of possible concentrations of pollutants in indoor air. This is of importance for calculation
of exposures and risk assessment. Moreover, it was demonstrated that many processes with relevance for indoor
sciences correlate with an organic compound’s vapor
pressure [3].
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POLYCHLORINATED TERPHENYLS (PCT) A POORLY INVESTIGATED CLASS OF POPs
A. Pieper, R. Vogt, H. Wichmann, M. Bahadir
Institute of Ecological Chemistry and Waste Analysis, TU Braunschweig, Germany

SUMMARY

result from the great number of 8,557 PCT congeners [1],
due to three basic backbone structures of the terphenylmolecules (Fig. 1) and 14 different degrees of chlorination. This might be one reason for the limited attention
given to their environmental presence and fate as well as
their reactivity and toxicity. Further reasons could be the
commercial availability of only a few single standards
besides technical mixtures, and a lack of precise analytical methods.

An overview of a current research project is given
which deals with the congener specific synthesis and
analysis of PCT and the reactions of these compounds
under thermal stress. A prerequisite for analytical method
development and the investigation of specific reactions
under thermolysis conditions is the availability of single
PCT congeners. The selective synthesis of PCT was successfully performed by the application of the SUZUKIcoupling reaction for eight congeners, so far. Some of
those were already thermally treated in mini-ampoules
and in a laboratory-scale incinerator. The main reaction
products resulted from dechlorination reactions and elimination of one phenyl ring. Formation of ether bridges to
furan structures could also be observed to some extent.

The chemical and physical properties of PCT are similar to those of PCBs. They are persistent, low volatile, and bioaccumulative. Because of their electrical and
flame-retardant properties they were used as sealants,
hydraulic fluids, lubricants, paper coating, in printing inks
and waxes.
Although PCT can be found in almost all kinds of environmental samples, a standardised analytical method for
quantification does not exist. Therefore, published data on
the occurrence of PCT must be dealt with utmost care due
to the large variation of analytical procedures and quantification methods used [2 - 4].

KEYWORDS: combustion, PCT, polychlorinated terphenyl, pyrolysis, synthesis, thermolysis.

INTRODUCTION

The toxicity of PCT is considered to be equivalent to
that of PCB [5]. However, this assumption was mainly
derived from the investigation of technical mixtures [6]. It
may be assumed that similar to PCBs the non-ortho substituted PCT congeners should have different toxic characteristics than the ortho-substituted ones due to easily
attained planarity caused by low rotation barriers.

Polychlorinated terphenyls belong to a class of ubiquitous contaminants which have only been investigated to
a small scale. A Chemical Abstracts Service inquiry gave
182 hits for PCT, but 34,000 hits for the related class of
polychlorinated biphenyls (PCB). Analytical difficulties
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Nothing was known about PCT’s reactions during
combustion processes, so far. It can be assumed that
dibenzofuran structures are built. It is known for a long
time that formation of PCDF from PCB results from an
intramolecular cyclization. Buser and Rappe found four
different reaction routes involving the loss of Cl2, H2, and
HCl with or without a 2,3-chlorine migration [7]. If these
results are transferred to PCT congeners it would lead to
dibenzofuran-phenyl structures, when only one oxygen
atom is incorporated and to benzobisbenzofuran-structures if two oxygen atoms are involved.
So far the synthesis of single PCT congeners was
solely published by Chittim et al. in 1977 [8]. They prepared 22 PCT congeners by diazotization of a biphenyl
amine, which reacted in a further step with a large excess
of chlorobenzene to the chlorinated terphenyl. In case of
unsymmetrical chlorobenzenes product mixtures were
obtained.
A more recent route to construct aryl systems is provided by the SUZUKI-coupling, where a palladiumcatalysed cross coupling reaction of substituted aromatics
is used (starting material 1: benzeneboronic acid, starting
material 2: halogenated aromatics). This reaction has
already been successfully applied for the synthesis of
various PCB [9].
The goals of the current investigation presented are
1) the synthesis of individual PCT congeners,
2) the study of the chemical behavior of PCT during
thermal treatment by
•

the performance of pyrolysis experiments under different conditions with single congeners
and with technical mixtures,

•

identification of pyrolysis products with
GC/MS, and

•

the synthesis of reference substances to ensure identification and for quantitative determination of pyrolysis products,

3) the development of suitable analytical methods for
the quantification of PCT in environmental samples.
Results concerning the tasks 1 and 2 are presented in
the following.

MATERIALS AND METHODS
All PCT congeners synthesised were characterised
by FTIR, NMR (1H and 13C), and GC/MS analyses.
FTIR-spectra (gas phase) were recorded on a HewlettPackard GC 6890 / FTIR 5965 A, equipped with a HP-5,
30 m x 0.32 mm column, film thickness 0.25 µm. Temperature program was 80 °C (2 min) – 10 °C/min – 300 °C

(20 min). The quantum chemical simulations of the IRspectra were performed with the B3LYP/6-31G* implementation of Gaussian 98 program [10, 11].
The purity after recrystallisation was >98 %, determined as relative peak area in GC/MS chromatogram.
GC/MS analyses for purity check as well as for identification of pyrolysis products were performed on a Shimadzu GC 17A / MS QP 5050 equipped with a DB 5 MS
column, 25 m length, 0.25 mm i.d., 0.25 µm film thickness in full scan mode. Temperature program was 80 °C
(2 min) – 10 °C/min – 300 °C (20 min).
SYNTHESES
Details of the PCT syntheses are described elsewhere [12]. The reactions a) and b) are two examples for
syntheses of single PCT congeners via SUZUKI-coupling
(Fig. 2). Procedures for route a) and b) are identical, except for the inverted amounts of bromobenzene and boronic acid.
Aqueous sodium carbonate was added to a solution of
the halogenated benzene, and the catalyst (Pd(PPh3)4) in
toluene. A solution of the benzeneboronic acid in ethanol
was added slowly under nitrogen atmosphere. This reaction mixture was stirred at 80 °C for 20 h. To destroy
unreacted boronic acid hydrogen peroxide was added, and
the reaction mixture was stirred for additional 3 h. After
addition of NaOH the reaction mixture was extracted with
dichloromethane. The organic phase was then washed and
dried over sodium sulfate. The solvent was removed under reduced pressure, whereby the raw product precipitated as a solid. The polychlorinated terphenyls were
recrystallised from acetone/cyclohexane.
Thermolyses
Experiments in mini-ampoules: These experiments
were carried out in sealed quartz mini-ampoules (5 cm x
0.2 cm) in the presence of air. They were heated in a
muffle furnace for 18 h at 450 °C. After cooling down,
the ampoules were ground up in a mortar, transferred to a
screw-cap vial and extracted with 750 µL cyclohexane/ethylacetate (2:1) in an ultrasonic bath. The raw extract was then analysed using GC/MS. Because of the lack
of reference materials for most products, the identifications are based on the mass spectra. For all chlorination
degrees of terphenyls and biphenyls the spectral library
contains examples for comparison.

Thirteen pyrolysis experiments were performed in
such mini-ampoules with purchased and synthesised polychlorinated terphenyls.
Experiments in a laboratory scale incinerator: The incinerator consisted of a horizontal tube furnace reactor
with an inserted quartz tube equipped with air supply. A
quartz boat carried the input material (20 mg). The flue
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Route a)
Cl

Cl

Cl
B

OH
OH

+ Br

Br

+

HO
HO

Cl

2 M Na2CO3

Cl

80 oC, 16 h
Cl

Cl

Cl

3 mol% Pd(PPh3)4

B

Cl

Cl

Route b)
Cl
Br +

Cl

HO
HO

B

B

OH
OH

+ Br

Cl

2 M Na2CO3
Cl

3 mol% Pd(PPh3)4

Cl

Cl

80 oC, 16 h
Cl

Cl

FIGURE 2
Examples for synthesis routes leading to polychlorinated terphenyls.

gas was conducted through an adsorption tube with glass
wool and silica gel 60, and subsequently through an absorption bottle filled with toluene. The laboratory-scale
incinerator assembly is shown in Fig. 3. The experiments
were carried out at 600 °C with an airflow adjusted at
400 mL/min. The duration of the experiments was 10 min,
then the synthetic air supply was turned off and the quartz
boat was removed from the heat zone.
After cooling down, the adsorption tube was eluted
backwards with 150 mL cyclohexane/ethylacetate (2:1).
The extract was reduced to a volume of 5 mL. Toluene
from the adsorption bottle was reduced to 1 mL. The two
raw solutions were analysed using GC/MS. Two experiments were carried out with 2´,3,3´´,5,5´´-pentachloro-pterphenyl which was synthesised in our laboratory.

RESULTS AND DISCUSSION
Syntheses

Up to now, eight PCT congeners were prepared in
good yields (crude yields 80 to 101 %) and in a purity of
97.8 % up to 99.6 % after recrystalisation. The molecular
structures of these compounds are shown in Fig. 4. The
chlorine substitution pattern of the congeners obtained
were pre-determined by the selection of the starting materials, whereby different chlorinated benzene boronic
acids and halogenated aromatic compounds could be
combined to the resulting terphenyls. Further advantages
of the SUZUKI-coupling are that the reaction can easily
be performed in one step and the starting materials are of
low toxicity.

1) synthetic air inlet
2)
3)
4)
5)
6)
7)
8)

rotameter with needle valve
gasket for the push rod (quartz)
quartz tube
quartz boat
furnace reactor
oven control with thermocouple
adsorption tube with glass wool
and silica gel 60
9) absorption bottle with toluene

FIGURE 3
Laboratory scale incinerator.
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via route a)
Cl
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Cl

Cl
Cl

Cl

Cl

Cl

Cl

Cl

Cl

Cl

Cl

Cl

Cl
Cl

Cl
Cl

Cl

Cl

Cl

Cl

Cl

Cl
ClCl

not isolated
via route b)
Cl

Cl
Cl

Cl

Cl

Cl

Cl
Cl

Cl

Cl

FIGURE 4 - Synthesised terphenyl molecules.

In case of the ortho-substituted terphenyl backbone the
isolation was hardly possible, and was therefore not carried
out. The yield calculated by GC/MS was only 22 % of
theory. Main product of the reaction (42 %) was identified
as an intermediate (2´-bromo-3,5-dichlorobiphenyl). A
steric hindrance of the two bromine atoms in the orthoposition is assumed to be responsible for this. When ortho-chlorinated starting materials were applied (one chlorine atom in the benzeneboronic acid or one in the bromobenzene) no negative effects could be observed caused
by steric hindrance. The reaction worked well in case of
2,2´´,4,4´´-tetrachloro-p-,
2´,3,3´´,5,5´´-pentachloro-p-,
and 2,2´´,3,3´´,5,5´´-hexachloro-p-terphenyl.

Rearrangements due to migration of chlorine atoms under
the reaction conditions seemed to be insignificant.

The by-products occurring in small quantities showed
a similar distribution pattern in all cases. These compounds could mostly be identified by their mass spectra
(GC/MS). Major impurities were mainly self-coupling
products (biphenyl derivatives) and triphenylphosphine
oxide as the oxidation product of the catalyst. The formation of further biphenyl derivatives and of PCT congeners in trace amounts was observed. These products are
explained by partial loss of chlorine substituents and their
replacement by hydrogen in the following reaction step.
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Thermolyses

The results of pyrolysis
experiments will be explained by means of Fig. 6 in case of
ampoule experiments and Fig. 7 in case of the laboratory
scale incinerator, which show the products of thermolysis
of 2´,3,3´´,5,5´´-pentachloro-p-terphenyl. Thus, a comparison of ampoule experiment and combustion in the laboratory scale incinerator is possible. Furthermore Table 1
gives an overview over all 13 PCT congeners thermolysed
in mini-ampoule experiments.
Experiments in mini-ampoules

The main products that were found in the extracts of
heated mini-ampoules were chlorinated biphenyls, terphenyls, and in some cases chlorinated benzenes. Chlorinated biphenyls and benzenes were formed through the
elimination of one respectively two phenyl groups. In
case of 2´,3,3´´,5,5´´-pentachloro-p-terphenyl two trichlorinated biphenyls with the assumed structures as the plotted ones in Fig. 6 were found.
Dechlorination, chlorination, and rearrangement of
chlorine atoms resulted in lower as well as in higher chlorinated terphenyls than the parent compound, why a great
number of PCT could be identified by their mass spectra.
Diverse structures were formed which could not be assigned to a specific substitution pattern (Fig. 6: three
hexachlorinated and five pentachlorinated terphenyls)
particularly via chlorine shift. The main components of
the dechlorination products could be assigned to well
defined structures although no authentic standards were
available for comparing the retention times in GC/MS
analysis (with exception of chlorinated benzenes).

cules under thermal stress at high temperature (450 °C) and
long reaction time (18 h) which was further confirmed by
the products (of dechlorination, elimination of phenyl
groups, and chlorine shift) formed. Oxygen containing
substances were found just to a low extent in most cases.
The yields of oxygen containing pyrolysis products
were relatively high in case of 4-chloro-p-terphenyl (7 %),
2,5-dichloro-p-terphenyl (11 %), and 2,3,5,6-tetrachloro-pterphenyl (10 %). The formation of ether bridges in 4chloro-p-terphenyl is particularly interesting because of
the missing chlorine atom in the ortho position. The both
possible isomers of the monochlorinated dibenzofuranphenyl as well as an indication of monochlorinated
benzobisbenzofurans were found for this particular compound as starting material. Further hints to the formation
of chlorinated benzobisbenzofurans were only found
while applying 2,5-dichloro-p-terphenyl, 2,4,6-tri-chlorop-terphenyl, and 2,4,4´´,6-tetrachloro-p-terphenyl. In all
these substances only one of the aromatic rings contained a
chlorine atom in the ortho position. That means that the
second ether bridge could only be formed by the elimination of H2 which is not the preferential route of intramolecular cyclization from an energetic viewpoint [7], if
one does not consider a chlorine shift to this position first.
In case of 2´,3,3´´,5,5´´-pentachloro-p-terphenyl an
indication for one tetrachlorinated benzofuranphenyl was
found which could be formed by the elimination of HCl
and two pentachlorinated benzofuranphenyls which again
necessitate the elimination of H2.

In case of all pyrolised PCT compounds except of the
perchlorinated ones, we found products of which the molecular masses and chlorine clusters in mass spectra pointed
at the structures of chlorinated dibenzofuranphenyls and
benzobisbenzofurans, respectively. In case of 2´,3,3´´,5,5´´pentachloro-p-terphenyl in ampoule experiment only indications for chlorinated dibenzofuranphenyl structures
were found. In other cases hints were given also for chlorinated benzobisbenzofurans. These mass spectra could be
confirmed by using a mixture of penta- to nonachlorinated
benzobisbenzofurans, which was synthesised at the Institute of Organic Chemistry of Technical University of
Braunschweig. It was, unfortunately, not possible to assign the spectra to a defined basic structure as two different isomers can be formed from para-terphenyl (Fig. 5).
Single isomers of chlorinated dibenzofuranphenyls as
reference standards will be synthesised soon.
Transformation rates of the terphenyls were between
60 % for pentachlorinated and 9 % for monochlorinated
terphenyls. Reaction rates of more than 30 % were observed
for 2,4,4´´,6-tetrachloro-p-terphenyl, 2,2´´,4,4´´-tetrachlorop-terphenyl, 3,3´´,5,5´´-tetrachloro-p-terphenyl, and the both
applied pentachlorinated terphenyls (not shown here). The
high reaction rates point at the lower stability of these mole-
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TABLE 1
List of all PCT congeners thermolysed in ampoule experiments.

4-chloro-p-terphenyl

2,2´´,4,4´´-tetrachloro-p-terphenyl

2,5-dichloro-o-terphenyl

3,3´´,5,5´´-tetrachloro-m-terphenyl

2,5-dichloro-p-terphenyl

3,3´´,5,5´´-tetrachloro-p-terphenyl

2,4,6-trichloro-p-terphenyl

2,3,4,5,6-pentachloro-p-terphenyl

2,4,4´´,6-tetrachloro-p-terphenyl

2´,3,3´´,5,5´´-pentachloro-p-terphenyl

2,3,5,6-tetrachloro-p-terphenyl

tetradecachloro-m- and -p-terphenyl

O

O

O

O
Benzo 1,2-b:4,5-b´ bisbenzofuran

Benzo 2,1-b:3,4-b´ bisbenzofuran

FIGURE 5
Possible benzobisbenzofuran isomers derived from p-terphenyl.
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Cl

Cl

450 oC

unreacted starting material (59%)

ampoule
Cl

Cl

M=400

Cl

Cl

Cl

Cl

PCB

1x tetrachlorobiphenyl
Cl

Cl

M=222 (0,19 and 0,21 %)
Cl

PCT

3x hexachloroterphenyls > 1%,
5x pentachloroterphenyls
M=332 (1,5 %)

Cl
Cl

Cl

Cl

Cl

Cl
Cl

Cl

Cl

Cl

Cl

M=332 (0,75; 0,15 and 0,18 %)
Cl

Cl

Cl

Cl

Cl

Cl

Cl

Cl

Cl Cl

Cl

Cl

O

Cl

Cl
Cl

Cl

Cl

Cl

Cl

Cl

Cl
O

Cl

M=366 (7,8 and 7,8 %)

M=366 (5,8 %)

Oxygen containing
products

Cl

Cl

O

M=414 (0,28 % und 1,0 %)

M=380 (0,48 %)

FIGURE 6
Products of thermolysis of 2´,3,3´´,5,5´´-pentachloro-p-terphenyl in mini-ampoule experiment.
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Cl

Cl

600 oC

unreacted starting material = 86 %

Oven
Cl

Cl

Cl

PCB

Cl

Cl

Cl

and
2x tetrachlorobiphenyls (1,1 and 0,77 %)
Cl

Cl

M=256 (0,27 and 0,34 %)
Cl

PCT

Cl

Cl

Cl

Cl

Cl

Cl

Cl

Cl

Cl Cl

M=366 (0,61 %)

Cl

M=366 (1,2 and 0,99 %)

and 2x pentachloroterphenyls
Hexachloroquaterphenyl (M=510, 0,47 %)

PCQ

Oxygen containing
products

Cl
Cl
O

Cl

Cl

Cl

Cl

Cl

O

Cl

Cl

M=380 (2,1 %)

Cl

Cl

Cl
O

O

M=414 (1,5 % and 1,3 %)

Cl

Cl

Cl

O

O

Cl
Cl

Cl
O

Cl
Cl
OH

Cl

Cl

M=162 (0,33 %)
Not identified

Cl

Cl

M= 394
Cl

Cl

OH

M=272 (0,23 %)

2x tetrachlorinated substances, M=382

FIGURE 7
Products of thermolysis of 2´,3,3´´,5,5´´-pentachloro-p-terphenyl in oven-experiment.

510

Cl

© by PSP Volume 12 – No 6. 2003

Fresenius Environmental Bulletin

Experiments in a laboratory scale incinerator In the
laboratory scale incinerator 20 mg of 2´,3,3´´,5,5´´pentachloro-p-terphenyl were combusted at 600 °C and
400 mL/min airflow. Due to the continuous air supply in
this experiment the formation of oxygen containing products was favoured (Fig. 7) compared with the thermal
treatment in the mini-ampoules (Fig 6). The main products were not the three tetrachlorinated terphenyls like in
the ampoule experiment but a tetrachlorinated benzofuranphenyl and two pentachlorinated benzofuranphenyls.
With a higher air supply, the treatment led to an even
greater diversity of dechlorination and rearrangement
products including the formation of dibenzofuranphenyls
and benzobisbenzofurans. In addition indications for two
tetrachlorinated benzofuranphenyl were found, and, moreover, a dichlorinated phenol and a trichlorinated hydroxybiphenyl were also present.

Again it should be emphasised that the interpretations
of the results are only based on mass spectra and are not
confirmed with authentic standards, so far.
CONCLUSION
It could be shown that the SUZUKI-coupling represents a suitable procedure for the selective synthesis of well
defined PCT congeners. By selection of suitable starting
materials the isomeric m- and p-terphenyls with a great
variety in degree of chlorination and substitution pattern are
likely available in preparative yields. With this tool it shall
be possible to produce reference standards in higher quantities to develop suitable analytical methods for the quantification of PCT in environmental samples and to investigate
the toxic behavior of single PCT congeners.
The thermolysis experiments hint at new classes of
chlorinated aromatic compounds. Nothing is known about
chlorinated benzofuranphenyls and chlorinated benzobisbenzofuranes. Synthesis of certain congeners of both
substance groups are in progress at the Institute of Organic Chemistry to enable the identification and quantification of the pyrolysis products assumed.
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DIOXIN-LIKE PCB IN ENVIRONMENTAL SAMPLES
IN SOUTHERN GERMANY
M. Kerst, U. Waller, L. Peichl, T. Bittl, W. Reifenhäuser, W. Körner
Bavarian Environmental Protection Agency, Bürgermeister-Ulrich-Straße 160, 86179 Augsburg, Germany

SUMMARY
Toxicity equivalent concentrations (TEQ) of dioxinlike PCB in food of animal origin are equal to or even
higher than TEQ levels of PCDD/PCDF, however little
data is available for other environmental matrices. In
order to estimate the contribution of 12 dioxin-like PCB
congeners to total WHO-TEQ in the environment in
southern Germany, grass and green cabbage exposed at
nine different sites, sludge from 10 municipal sewage
treatment plants and 22 compost samples from composting plants were analyzed for PCB and PCDD/PCDF.
Results show that dioxin-like PCB contribute up to 80%
of total TEQ in plant samples, with considerable deviation
from sample to sample although PCDD/PCDF concentrations were in the range of normal background contamination. The average contribution (median) of PCB to total
TEQ was 60% for grass and 35% for green cabbage, respectively (ranges: 20% - 80%). Likewise in sewage
sludge, PCB contribution was between 30% and 65% of
total TEQ with a median of 55%. In compost samples,
PCB contribution to total TEQ was lower with a median
of 30% (range: 20% – 50%). In all samples, the PCB TEQ
was dominated by PCB 126. Congener pattern of dioxinlike PCB in all matrices was very similar with little variation between individual samples.

Although PCDD/PCDF levels in the environment and
exposure of the general population have substantially decreased in Germany and other industrialized countries
during the last 15 years because of selective measures [2,
3], PCB levels have not decreased at the same rate [4].
Taking the dioxin-like PCB into account, the contemporary
average daily intake of dioxin-like compounds via food in
the European Union is estimated to 1.2 - 3 pg TEQ/kg
body weight (b.w.) [5]. This implicates that a considerable part of the European population is still exceeding
the tolerable weekly intake for dioxin-like contaminants
of 14 pg TEQ/kg b.w. recommended by the Scientific
Committee on Food (SCF) of the European Commission
in 2001. In contrast to food, little data is available on the
concentrations of dioxin-like PCB in other environmental matrices. Thus, at present, important questions
on sources, transport, fate, and (bio)accumulation of
non- and mono-ortho PCB cannot be answered. This
work presents first data of a monitoring project on dioxin-like PCB in various environmental samples such as
grass, green cabbage, compost and sewage sludge samples in southern Germany.

MATERIALS AND METHODS

KEYWORDS: compost, dioxin-like PCB, grass, green cabbage,
PCDD/PCDF, sewage sludge, WHO-TEQ.

INTRODUCTION
Analytical data established in different countries has
revealed that toxicity equivalent concentrations (TEQ) of
dioxin-like non- and mono-ortho substituted polychlorinated biphenyls (PCB) in food of animal origin are equal to
or even higher than TEQ levels of polychlorinated dibenzop-dioxins (PCDD) and dibenzofurans (PCDF) [1].

PCDD/PCDF and PCB concentrations have been determined in grass, green cabbage and compost as well as
in sewage sludge samples. Samples of standardized grass
culture (Lolium multiflorum LAM, Var. Lema) [6] were
collected during summer 2001 after exposure for four
weeks and samples of green cabbage culture (Brassica
oleracea acephala) [7] harvested in autumn 2001 after
exposure for eight weeks at nine sampling sites in the
state of Bavaria, Germany [8]. These plant samples are an
excellent source of study to reflect the air contamination
of persistent organic pollutants (POP) and are used to
monitor long-term trends of POP levels.
Sewage sludge was sampled from ten municipal sewage treatment plants (STPs) in the state of BadenWuerttemberg in November 2001. The STPs differed in
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size, purification technology, and the percentage of wastewater from non-domestic sources. Twenty-two compost
samples were collected from different composting plants
in Bavaria in January 2002.
For quality assurance, laboratory blank samples including extraction and clean-up processes were regularly
run every month.
After addition of all 17 2,3,7,8-substituted PCDD and
PCDF congeners and the 12 dioxin-like PCB congeners
according to WHO (non-ortho congeners 77, 81, 126, 169,
and mono-ortho congeners 105, 114, 118, 123, 156, 157,
167, 189) as well as the six ortho-substituted PCB indicator
congeners 28, 52, 101, 138, 153, 180 as 13C12-labeled
standards, freeze-dried samples were extracted with 750 ml
toluene in a Soxhlet apparatus for 24 h. Sludge and compost
samples were extracted by accelerated solvent extraction
(ASE) with toluene. ASE was performed on a Dionex ASE
200 with 22 ml extraction cells (175°C, 14 MPa, 5 cycles à
5 min static extraction time).
After concentration of the extracts, samples were purified by open column chromatography on at least 20 g silica/conc. H2SO4 (44%). Analytes were eluted with nheptane. PCB separation from PCDD/PCDF was performed
on 25 g alumina B Super I. PCB including non-ortho substituted congeners were eluted with 60 ml benzene followed
by 200 ml n-hexane/dichloromethane (DCM) (98:2) combined to one fraction while PCDD/PCDF were eluted in
the second fraction with 150 ml n-hexane/DCM (1:1).
The fraction containing PCDD/PCDF was further purified
on 2 g silica/10% AgNO3 (sludge samples) and on 2.5 g
alumina B. The PCB fraction was purified on a multi-layer
column consisting of silica/conc. H2SO4 (44%), silica/1N
NaOH (33%) and silica/10% AgNO3, and finally separated
on 2.5 g alumina B. After pre-elution with 15 ml n-pentane,
ortho-substituted PCB were eluted with 30 ml n-hexane/
DCM (98:2) and non-ortho congeners with 25 ml nhexane/ DCM (1:1).
PCDD/PCDF were analyzed by high resolution capillary gas chromatography with high resolution mass
spectrometry (HRGC/HRMS) on a Finnigan MAT 95XL
mass spectrometer (resolution 10000) coupled to a HP
6890 GC with Gerstel KAS (temperature program: initial
-1
-1
80 °C, 4 °C sec to 120 °C, held for 1.5 min, 12 °C sec
to 300 °C, held for 10 min). Tetra- through HexaCDD/F
analysis was performed on a 60 m SP-2331 capillary
column (0.25 mm i.d., 0.20 µm film thickness, tempera-1
ture program: initial 120 °C, held for 2 min, 30 °C min
-1
to 200 °C, 2 °C min to 260 °C, held for 20 min) and Hepta- and OctaCDD/F were analyzed on a 60 m DB-XLB
column (0.25 mm i.d., 0.25 µm film, temperature program:
-1
initial 120 °C, held for 1 min, 18 °C min to 230 °C, 2 °C
-1
min to 300 °C, held for 10 min). PCB fractions were
analyzed on a 60 m DB-XLB column (0.25 mm i.d.,
0.25 µm film, temperature program: initial 100 °C, held

-1

-1

for 1 min, 3 °C min to 200 °C, 1.5 °C min to 280, 20
-1
°C min to 300 °C, held for 5 min) with a HP 6890 GC
equipped with Gerstel KAS (temperature program see
above) coupled to a HRMS instrument (MAT 95, R =
5000).
Quantification of each congener was performed by
direct comparison of peak areas of mass fragmentograms
for the (M+2)+-ion of the native compound and the (M+2)
+
-ion of the corresponding 13C12-labeled standard (isotope
dilution method). Response factors were determined by
five-point calibration for PCDD/PCDF and by one-point
calibration for PCB.
TEQ values have been calculated by multiplying the
concentration of the individual PCB or PCDD/PCDF congener with the accordant toxicity equivalency factor (TEF)
and summarizing all of the individual TEQ values for the
dioxin-like PCB as well as for the PCDD/PCDF. For samples in which the concentration of PCDD/PCDF congeners
was below the limit of quantification (signal to noise ratio
10:1), TEQ values have been calculated by using half the
limit of detection (signal to noise ratio 3:1) for the respective compound. This sum TEQ value was considered if
there was a difference of more than 20 % between the
calculation without using half the limit of detection and the
TEQ calculation with consideration of half the limit of
detection. PCDD/PCDF TEQ values have been calculated
in two different ways: considering the WHO-TEFs [9]
results in PCDD/PCDF WHO-TEQ, considering the NATO/
CCMS TEFs [10] results in the I-TEQ.

RESULTS AND DISCUSSION
In 43 plant samples (25 grass samples and 18 green
cabbage samples) as well as in 10 sewage sludge and
22 compost samples, dioxin-like and indicator PCB and
PCDD/PCDF were determined. Median concentrations of
the six indicator PCB measured in grass, green cabbage,
sewage sludge and compost are given in Table 1. PCB 153
was the dominating congener in nearly all investigated
samples, however the concentration of PCB 28 was highest in two samples of grass.
Table 2 shows the median concentrations of eight
mono-ortho and four non-ortho substituted dioxin-like
PCB. Values of mono-ortho substituted PCB congeners
are 1 to 2 orders of magnitude higher than values of nonortho substituted PCB. TEQ value for each matrix is given for dioxin-like PCB and for dioxins and furans.
TEQ levels of PCDD/PCDF for plant samples are
in the range of normal background contamination [11].
PCDD/PCDF TEQ values and PCB concentrations in
10 sewage sludge samples from the state of BadenWuerttemberg are in the range typically found in sludge
of municipal STPs in Germany and other European coun-
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tries [12] which is about 20 ng kg-1 WHO-TEQ for
PCDD/PCDF. Although the STPs differed remarkably in
size, purification technology and composition of
wastewater, PCDD/PCDF and PCB levels in sludge were
very similar. Concentrations of non-ortho PCB 77 and 126
were within the range found in sludge samples from Switzerland [13] while levels of PCB 169 were lower (14 ng kg-

1

in our study in comparison to 45 ng kg-1 in the Swiss
study). In sludge samples collected in the UK in 1998,
somewhat higher levels of PCB 77 were found but concentrations of PCB 126 and PCB 169 were significantly
lower than those detected in the present study. Thereby,
non-ortho PCB added only 2 - 7 ng/kg to the total TEQ in
the UK study samples.

TABLE 1
Concentration (median) and range of 6 indicator PCB, given in µg kg-1 dry mass.

grass (n=25)

green cabbage
(n=18)

sewage sludge
(n=10)

compost
(n=22)

PCB 28

0.50

PCB 52

0.46

0.20

5.7

0.52

0.23

14.3

PCB 101

1.27

0.96

0.58

34

4.5

PCB 138

0.76

0.68

44

8.4

PCB 153

1.23

1.21

66

12.4

PCB 180
sum indicator PCB

0.36

0.32

27

5.2

5.1 (1.3-17.2)

3.1 (2.2-12.6)

192 (83-277)

34 (18-79)

25

15.7

960

168

total PCB*

* sum of 6 indicator congeners times 5 according to German guideline DIN 51527

TABLE 2 - Concentration (median) and range of dioxin-like PCB;
WHO-TEQ of dioxin-like PCB and WHO- and I-TEQ of PCDD/PCDF for all investigated matrices.

PCB 77
PCB 81
PCB 126
PCB 169
sum non-ortho PCB
PCB 105
PCB 114
PCB 118
PCB 123
PCB 156
PCB 157
PCB 167
PCB 189
sum mono-ortho PCB
WHO-TEQ PCB
WHO-TEQ PCDD/F
I-TEQ PCDD/F
ratio WHO-TEQ PCB :
WHO-TEQ PCDD/F

grass (n=25)
ng kg-1 d.m.
9.1
0.96
1.5
0.12
11.5
(9.5-78)
60
2.7
339
25
73
6.5
32
8.2
524
(190-1003)
0.18
(0.07-0.46)
0.12
(0.06-0.35)
0.14

green cabbage (n=18)
ng kg-1 d.m.
4.5
0.41
0.97
0.085
5.9
(3.7-19)
38
2.6
157
14
39
4.2
19
4.3
263
(148-1466)
0.14
(0.09-0.46)
0.25
(0.07-0.65)
0.23

sewage sludge (n=10)
µg kg-1 d.m.
0.51
0.021
0.090
0.013
0.61
(0.19-1.2)
3.6
0.14
13
0.92
3.2
0.37
1.4
0.53
21.8
(10.7-45.3)
0.013
(0.004-0.023)
0.011
(0.009-0.014)
0.013

compost (n=22)
µg kg-1 d.m.
0.074
0.0033
0.022
0.0029
0.11
(0.06-0.28)
0.44
0.020
1.6
0.11
0.68
0.072
0.29
0.11
3.5
(1.7-7.8)
0.0029
(0.0015-0.0053)
0.0074
(0.004-0.011)
0.0082

1.5 : 1

0.54 : 1

1.2 : 1

0.4 : 1
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PCB 77
PCB 189

1.000

PCB 81

0.100

PCB 167

PCB 126

0.010
0.001

PCB 157

PCB 169

0.000

PCB 156

green cabbage
grass
sewage sludge
compost

PCB 105

PCB 123

PCB 114
PCB 118

FIGURE 1 - Comparison of average dioxin-like PCB pattern in the investigated matrices green cabbage,
grass, sewage sludge and compost (logarithmic scale, PCB concentrations are normalized to PCB 118).

Figure 1 shows a comparison of PCB pattern in the different investigated matrices. Because of the various orders
of magnitude of the PCB values in the matrices, normalization to PCB 118 was performed. For a better presentation a
logarithmic scale is used. It is obvious that the concentration of PCB 118 is dominant among the dioxin-like PCB in
all investigated matrices. Additionally, PCB 157, 167 and
156 are present in comparatively high concentrations. PCB
pattern in all investigated matrices is very similar, deviating
only in levels of mono-ortho PCB 189 and non-ortho PCB
81 in some of the investigated compost samples. Also considering every single matrix, the PCB pattern is very similar from sample to sample (data not shown).
For quality assurance a monthly laboratory blank sample was performed. Blank values were less than 0.1 ng for
all individual PCB, whereas PCB 118 shows an average
blank value of 0.5 ng. Comparing these blank values with
the amounts of PCB in the investigated samples, blank
values account for just a minimal percentage of the sample
content. An exception is represented by PCB 169, whose
blank value is about 30 to 50% of the sample concentration
for the low-burdened plant matrices. Therefore, a correction of the acquired sample concentration about the blank
value was performed for this compound.
In Figure 2, TEQ levels of non- and mono-ortho PCB
are compared with total WHO-TEQ of PCDD and PCDF.
PCB percentage of total WHO-TEQ levels (including
PCDD/PCDF and dioxin-like PCB) in grass samples
collected at nine different urban and rural monitoring sites
in 2001 was between 20 and 80% which demonstrates
that the PCB TEQ can be up to four times higher than
PCDD/PCDF TEQ. These data show that PCB TEQ percentage in the investigated grass samples is high, often

even higher than the TEQ resulting from dioxins and
furans. Among the investigated 25 grass samples, PCB
TEQ percentage varied greatly but resulted in an average
contribution of PCB to total toxicity equivalent of
PCDD/PCDF and PCB of 60%.
Green cabbage, a frost resistant plant, was collected in
autumn and winter months at nine different locations in
Bavaria. Organic pollutant monitoring shows that PCB
TEQ contribution in the investigated green cabbage samples was around 35% (median). It is noteworthy that all of
the second samples (collected on November 28th) show less
PCB contribution to total TEQ than the first sample collected on October 3rd at the same site. This phenomena is
likely caused by higher PCDD/PCDF levels resulting from
additional emissions such as house heating. Additionally,
the PCB air concentration is lower in the second samples
because of the lower temperatures in late autumn [2].
Likewise in ten sewage sludge samples from different
municipal STPs in Baden-Wuerttemberg PCB TEQ contribution is high, ranging between 30 and 65% of total WHOTEQ with an average PCB TEQ contribution of 55%.
In compost PCB TEQ contribution was lower than in
sewage sludge samples. Twenty-two samples from different composting plants were investigated for PCB and
PCDD/PCDF. Average PCB TEQ contribution of total
WHO-TEQ is 30%. Samples were taken from two different types of composting plants, the first one operated with
a mixture of bio-waste and yard trimming, the second
type with yard trimming only. In comparison of the two
types of composting methods no significant difference
neither in PCB nor in PCDD/PCDF levels was found. In
both types of composting plants the PCB TEQ contribution varies between 20 and 50%.
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grass

green cabbage sewage sludge

compost

FIGURE 2
Comparison of median TEQ levels of dioxin-like PCB and TEQ of PCDD/PCDF, values given in TEQ-%.

WHO PCB TEQ [%]

100
80
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other
PCB 156
PCB 118
PCB 105
PCB 126

40
20
0

grass

green
cabbage

sewage sludge

compost

FIGURE 3
Median individual PCB congener contribution to total PCB TEQ.

CONCLUSION
Figure 3 shows the mean contribution of individual dioxin-like PCB congeners to total PCB WHO-TEQ. It is
found that PCB 126 is the main compound responsible for
PCB TEQ. This is due to the high toxicity equivalency
factor (TEF) of 0.1, which is by far the highest for all PCB.
Among the mono-ortho substituted congeners the order of
TEQ contribution was PCB 156 ≥ PCB 118 > PCB 105
reflecting the make-up of technical PCB mixtures.

In this study we were able to show that dioxin-like
PCB are present in green plant samples such as grass and
green cabbage as well as in compost samples and sewage
sludge in southern Germany. PCB congener pattern in plant
samples was very similar at all nine different sampling
sites. In all investigated matrices the individual PCB congeneres PCB 126, PCB 118 and PCB 156 made the highest
contribution to PCB toxicity equivalent concentration.
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Contribution of dioxin-like PCB in plant samples to
total WHO-TEQ including PCB and PCDD/PCDF was
around 35% for green cabbage and around 60% for grass
samples (median values). Thus, total PCB TEQ in plant
samples was in the same range as PCDD/PCDF TEQ. A
similar ratio has been found in meat, dairy products and
eggs in Germany and other countries. Thus, the high contribution of non- and mono-ortho PCB to total TEQ seems
to be already present at the beginning of terrestrial food
chains important for human nutrition.
PCDD/PCDF TEQ values and PCB concentrations
measured in sludge samples are in the range typically
found in sludge of municipal STPs in Germany and other
European countries. The results of the sludge analyses
demonstrate that concentrations of dioxin-like PCB may
also substantially contribute to total TEQ in abiotic environmental samples.
Contribution of dioxin-like PCB in compost samples
to total WHO-TEQ including PCB and PCDD/PCDF was
around 30%, revealing no substantial differences between
different types of composting plants.

[6]

VDI 3957, Part 2 (überarbeiteter Entwurf): Biological measuring techniques for the determination and evaluation of effects of air pollutants on plants. Standardised exposure of
grass culture. VDI /DIN-Handbuch Reinhaltung der Luft,
Band 1a, Beuth Verlag, Berlin.

[7]

VDI 3957, Part 3 (2000): Biological measuring techniques
for the determination and evaluation of effects of air pollutants on plants. Standardised exposure of green cabbage.
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Verlag, Berlin.

[8]

Bayerisches Landesamt für Umweltschutz (2000): Immissionsökologischer Jahresbericht 1998/1999, pp 135, Hrsg.: Bayerisches Landesamt für Umweltschutz, D-86177 Augsburg

[9]
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STERYL AND STANYL ESTERS BY
SOLVENT-FREE LIPASE-CATALYZED ESTERIFICATION
AND TRANSESTERIFICATION IN VACUO
Nikolaus Weber, Petra Weitkamp and Kumar D. Mukherjee
Institute for Lipid Research, Federal Centre for Cereal, Potato and Lipid Research, Münster, Germany

SUMMARY

INTRODUCTION

Sterols, stanols and steroids have been converted in
high to near-quantitative yields to the corresponding acyl
esters via esterification with fatty acids and transesterification with methyl esters of fatty acids or triacylglycerols
using immobilized lipases from Candida rugosa, Rhizomucor miehei (Lipozyme IM), Candida antarctica (lipase
B, Novozym 435) and papaya (Carica papaya) latex as
biocatalysts in vacuo (20-40 mbar) at 40°C (80°C for
Lipozyme IM, Novozym 435 and papaya latex). The rates
of conversions were markedly lower using papaya (Carica
papaya) latex lipase as biocatalyst. High conversion rates
observed in transesterification of sitostanol with methyl
oleate using Lipozyme IM was retained even after ten
repeated uses of the biocatalyst. Cholesterol has been
converted to cholesteryl butyrate and steroids (5α-pregnan3β-ol-20-one or 5-pregnen-3β-ol-20-one) to their propionic acid esters, both in good to high yields, via transesterification with tributyrin and tripropionin, respectively, using C. rugosa lipase as biocatalyst. Transesterification of cholesterol with dimethyl 1,8-octanedioate using
Lipozyme IM in vacuo yielded methylcholesteryl 1,8octanedioate (65%) and dicholesteryl 1,8-octanedioate
(5%). Moreover, cholesterol was transesterified with ethyl
dihydrocinnamate using Lipozyme IM to give cholesteryl
dihydrocinnamate in moderate yield (56%), whereas the
reaction of lanosterol with methyl oleate gave lanosteryl
oleate in low yield (14%). Sterols and stanols contained in
raw tall oil and deodorizer distillate, obtained during fat
refining, have been converted to their fatty acid esters
via esterification/transesterification in situ catalyzed by
C. rugosa lipase.

KEYWORDS: Esterification in vacuo, fatty acids, immobilized
lipases, solvent-free esterification, steroid esters, steryl esters.

The production of fine chemicals as well as nutraceuticals and pharmaceuticals using biocatalysts is of great
current interest, because environmentally friendly processes are involved. Lipase-catalyzed reactions are part of
such clean technology for the manufacture of carboxylic
acid esters by esterification and transesterification in the
absence of water.
Usually, fatty acid esters of sterols, stanols and steroids
are prepared by chemical esterification of the corresponding sterol compounds with fatty acids or interesterification
with fatty acid methyl esters as well as by their reaction
with fatty acid halogenides or anhydrides [1]. Enzymatic
procedures for the preparation of steryl esters requiring
organic solvents and molecular sieves or other drying
agents are well known [2-8]. Very recently, a method has
been described for the preparation of steryl esters of polyunsaturated fatty acids in an aqueous system [9]. Following
our earlier preliminary communications [10,11] we report
here some recent data on the enzymatic preparation of
carboxylic acid esters, particularly fatty acid esters, of
sterols, stanols and steroids in high yield by esterification
and transesterification of fatty acids and other carboxylic
acid esters, respectively, with the 3-hydroxy group of
sterols, stanols or steroids in vacuo at moderate temperature using immobilized lipases from Candida rugosa,
Rhizomucor miehei (Lipozyme IM), Candida antarctica
(lipase B, Novozym 435) or papaya (Carica papaya) latex
as catalysts. Neither an organic solvent nor water is required. Moreover, a drying reagent such as molecular
sieve is not used.
Steryl esters, particularly cholesteryl esters, are widely used for technical applications such as liquid crystal display devices. Moreover, fatty acid esters of sterols
and steroids are well-known ingredients of cosmetic,
nutraceutical and pharmaceutical formulations [4]. Recently, plant steryl and stanyl esters have been found to be
effective in lowering plasma cholesterol concentration by
inhibiting the absorption of cholesterol from the small
intestine [12-14]. They are, therefore, added to special
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margarines which are commercially available as functional foods with the ability to reduce both total and LDL
cholesterol levels [15].

MATERIALS AND METHODS
Chemicals. Sterols, stanols, 5α-pregnan-3β-ol-20-one
and 5-pregnen-3β-ol-20-one, fatty acids, fatty acid methyl
esters and triacylglycerols as well as Candida rugosa
lipase and papaya latex were obtained from SigmaAldrich (Deisenhofen, Germany). The immobilized lipase
preparations from Rhizomucor miehei (Lipozyme IM 20 )
and Candida antarctica (lipase B, Novozym 435 ) were
kindly provided by Novozymes, Bagsvaerd, Denmark.




Lipase-catalyzed Reactions. Unless stated otherwise fatty acids or fatty acid methyl esters, 300 µmol each, or triacylglycerols (200 µmol) were esterified or transesterified with sterols and stanols, 100 µmol each, in the presence of 50 mg of C. rugosa lipase preparation by magnetic
stirring in a screw-capped tube in vacuo at various temperatures for different periods with water- (or methanol)trapping in the gas-phase using KOH pellets. 5-Pregnen3β-ol-20-one and 5α-pregnan-3β-ol-20-one, 50 µmol each,
were transesterified under similar experimental conditions
with 500 µmol tripropionin in the presence of 100 mg of
Candida rugosa lipase preparation in vacuo at 35°C. Vacuum used was 20−40 mbar, measured at room temperature.

Aliquots were withdrawn from the reaction mixtures and the conversion was
checked by TLC on 0.3 mm layers of Silica Gel H (Merck,
Darmstadt, Germany) using iso-hexane : diethyl ether
(95:5, v/v); spots were located by iodine staining. Alternatively, the TLC plates were sprayed with 30% aqueous
sulfuric acid and heated in an oven kept at 120°C; Δ5sterols and their esters appeared as red spots, Δ5,7-sterols
and their esters as blue spots (Liebermann-Burchard test).
The Rf values of the various compounds were as follows:
fatty acid steryl and stanyl esters 0.6−0.7, fatty acid methyl
esters 0.4−0.5, triacylglycerols 0.3−0.35, sterols and stanols
0.1−0.15, unesterified fatty acids <0.1.
For the separation of mixtures containing 5-pregnen20-one-3β-yl propionate, 5α-pregnan-20-one-3β-yl propionate and tripropionin, the TLC plates were developed
with iso-hexane : diethyl ether (80:20, v/v); Rf values
were as follows: 5-pregnen-20-one-3β-yl propionate and
5α-pregnan-20-one-3β-yl propionate 0.2−0.25, tripropionin 0.15−0.2, 5-pregnen-3β-ol-20-one and 5α-pregnan3β-ol-20-one <0.05.
Thin-layer Chromatography (TLC).

Gas Chromatography (GC). In esterification reactions aliquots of reaction mixtures, around 15 mg, were extracted
twice with 2 mL diethyl ether, each. The ether extract was
concentrated and treated with a solution of diazomethane in
diethyl ether to convert the unreacted fatty acids to methyl
esters. The resulting mixture of methyl esters, unreacted

sterols or stanols and fatty acid steryl or stanyl esters were
analyzed by GC. In transesterification reactions aliquots of
products consisting of fatty acid methyl esters or triacylglycerols, unreacted sterols, stanols or steroids as well as
carboxylic acid steryl, stanyl or steroid esters were analyzed
without derivatization by GC. All GC samples, dissolved in
dichloromethane, were filtered through a 0.45 µm syringe
filter before injection into the gas chromatograph. A Hewlett-Packard (Böblingen, Germany) HP-5890 Series II gas
chromatograph equipped with a flame ionization detector
was used. Separations were carried out on a 0.1 µm Quadrex 400-1HT (Quadrex Corp., New Haven, USA) fused
silica capillary column, 15 m · 0.25 mm i.d., using hydrogen
as the carrier gas (column pressure 50 kPa) initially at 160°C for 2 min, followed by linear programming
from 160°C to 180°C at 5°C · min-1, and from 180°C to
410°C at 20°C · min-1; the final temperature of 410°C was
held for 10 min. The split ratio was 1:10, the injector as well
as flame ionization detector temperature 350°C. Peaks in
gas chromatograms were assigned by comparison of their
retention times with those of commercially available standards or those prepared by chemical or enzymatic synthesis.
Peak areas and percentages were calculated using a HewlettPackard 3365 Series GC ChemStation software.

RESULTS AND DISCUSSION
Lipase-catalyzed esterification and interesterification reactions have been widely used for bioorganic synthesis and
biotransformation of fats and other lipids, however, little is
known so far on the application of such reactions in the
preparation of short- and long-chain acyl esters of sterols,
stanols and steroids [16, 17]. We reported recently [10, 11]
that esterification and interesterification reactions, catalyzed by C. rugosa, Lipozyme IM, Novozym 435 or papaya latex lipases under vacuum, provide fatty acyl esters
of sterols and stanols in near-quantitative yields. Similarly, short-chain acyl esters of sterols and steroids are
obtained in high yields by transesterification with shortchain triacylglycerols, catalyzed by C. rugosa lipase in
vacuo at moderate temperature. Neither an organic solvent nor water is added to the reaction mixtures and no
drying agent such as molecular sieve is used.
Sterols (sitosterol, cholesterol, stigmasterol, ergosterol and 7-dehydrocholesterol) and sitostanol are converted in high to near-quantitative yields to the corresponding long-chain acyl esters via esterification with
fatty acids and transesterification with methyl esters of fatty
acids or with triacylglycerols using immobilized lipases
from C. rugosa, Rh. miehei (Lipozyme IM) and C. antarctica (lipase B, Novozym 435) as biocatalysts in vacuo
(20-40 mbar) at 40-80°C (Table 1 and data from [18,19]).
Corresponding conversions observed with papaya (Carica
papaya) latex lipase were generally lower. Increasing the
reaction temperature, molar ratio of fatty acid or alkyl
ester to sterol as well as the amount of the various lipases
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TABLE 1 - Maximum conversion of sterols and stanols by esterification
and transesterification reactions in vacuo catalyzed by various lipasesa.

Sterol or stanol

Fatty acid or fatty acid ester

Time
(h)

Maximum conversion
(%)

Candida rugosa Lipase
Sitostanol
Sitostanol

Oleic acid
Methyl oleate

2
8

96.8
74.3

Sitostanol
Sitostanol

Triolein
Sunflower oil

8
4

95.1
97.8

Sitosterolb

Triolein

48

95.9

Cholesterol
Cholesterol

Oleic acid
Triolein

1
24

97.4
94.0

Cholesterol

Tributyrin

24

96.0

Carica papaya Lipase
Sitostanol

Methyl oleate

48

61.6

Novozym 435
Sitostanol

Methyl oleate

48

99.2

Sitostanol

Methyl oleate

24

93.2

5α-Cholestan-3β-ol

Methyl oleate

24

94.9

Lipozyme IM

a

40

20
Sitostanol
0

Cholesterol

O
le
ic
M
ac
et
id
hy
lo
le
at
e
Tr
io
le
in

Enzyme activity (units/g)

Experimental conditions: 100 µmol sterol; molar ratio of sterol : fatty acid and sterol : fatty acid methyl ester 1:3;
sterol : triacylglycerol 2:3; amount of lipases 50 mg; 20-40 mbar; C. rugosa lipase at 40°C, other lipases at 80°C.
b
Commercial sitosterol preparation contained around 55% sitosterol, 40% campesterol and 5% stigmasterol.
The conversions were calculated as total amount of steryl esters formed.

FIGURE 1 - Enzyme activities of immobilized Candida rugosa lipase in the formation of sitostanyl
oleate and cholesteryl oleate by esterification of oleic acid as well as transesterification of methyl
oleate or triolein with sitostanol and cholesterol, respectively, in vacuo at 40°C.
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increased the rate of conversion. High conversion rates
observed in transesterification of sitostanol with methyl
oleate at 80 °C using Lipozyme IM was retained even
after ten repeated uses of the biocatalyst indicating its
excellent reuse properties.
Figure 1 shows the enzyme activities of Candida rugosa lipase for the formation of sitostanyl oleate and cholesteryl oleate by esterification of oleic acid as well as
transesterification of methyl oleate or triolein with sitostanol or cholesterol in vacuo at 40°C. It is obvious that esterification with oleic acid proceeds at a distinctly higher rate
as compared to transesterification with methyl oleate or
triolein (Figure 1), although all the three reactions lead to
high or almost quantitative conversions (Table 1).

Enzyme activity (units/g)

4

Figure 2 shows the enzyme activities (4h) of two immobilized fungal lipases (Novozym 435 and Lipozyme
IM) in the formation of sitostanyl oleate by esterification
of oleic acid with sitostanol and by transesterification of
methyl oleate with sitostanol in vacuo at 80°C. It is evident that with both substrates Lipozyme IM exhibits a
distinctly higher activity than Novozym 435.
Figure 3 shows the proportions of phytosterols and
phytosteryl esters in raw tall oil as well as in tall oil after
esterification and/or transesterification in situ using different immobilized fungal lipases. It is obvious from these
results that lipase from C. rugosa leads to the highest
conversion of tall oil sterols to the corresponding steryl
esters. Similar results are obtained with deodorizer distillates from rapeseed (Table 2) and soybean oil [11,19].
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FIGURE 2 - Enzyme activities of two immobilized fungal lipases (Novozym 435 and
Lipozyme IM) in the formation of sitostanyl oleate by esterification of oleic acid with
sitostanol and by transesterification of methyl oleate with sitostanol in vacuo at 80°C.
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FIGURE 3 - Proportions of phytosterols and phytosteryl esters in raw tall oil as well as in tall oil reaction
mixtures after esterification and/or transesterification in situ for 24 h using different immobilized fungal lipases.
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TABLE 2 - Maximum conversion of sterols, stanols, and steroids by esterification and
transesterification with various acyl donors in vacuo catalyzed by different lipasesa.

Lipase

Fatty acid or
fatty acid ester

Time
(h)

Maximum conversion
(%)

Stigmasterol
Ergosterol

C. rugosa
C. rugosa

Oleic acid
Oleic acid

16
16

98.8
98.6

7-Dehydrocholesterol

C. rugosa

Oleic acid

16

89.9

5α-Pregnan-3β-ol-20-one

C. rugosa

Tripropionin

16

39.9

5-Pregnen-3β-ol-20-one

C. rugosa

Tripropionin

24

76.1

Sterol or stanol
Diunsaturated sterols

Pregnan-Derivatives

Others
Phytosterols from raw tall oilb

C. rugosa

in situ

24

59.1

Phytosterols from deodorizer distillateb
Cholesterol

C. rugosa
Lipozyme IM

in situ
Suberic acid dimethylester

24
72

∼75c

Cholesterol
Lanosterold

Lipozyme IM
Lipozyme IM

Ethyl dihydrocinnamate
Methyl oleate

96
120

56.0
17.0

95.0

a

Experimental conditions: 100 µmol sterols; 20-40 mbar; (1) molar ratio of diunsaturated sterol : fatty acid 1:3, amount of lipase 50 mg; 40°C.
(2) molar ratio of pregnan-derived steroids : tripropionin 1:10, amount of lipase 100 mg; 35-40°C. (3) molar ratio of cholesterol : ethyl dihydrocinnamate 1:10, amount of lipase 50 mg; 80°C. (4) molar ratio of lanosterol : methyl oleate 1:6, amount of lipase 50 mg; 80°C. (5) molar ratio of
cholesterol : suberic acid dimethylester 1:6, 80°C.
b
Esterification/transesterification in situ of 1 g tall oil or deodorizer distillate from rapeseed oil using 50 mg C. rugosa lipase at 40°C.
c
Suberic acid methylcholesterylester (70%) + suberic acid dicholesterylester (5%).
d
Commercial lanosterol preparation contained around 80% lanosterol and 20% dihydrolanosterol. The conversion was calculated as total amount
of steryl esters formed.

Table 2 shows the maximum conversions of diunsaturated sterols and steroids to esters using lipase-catalyzed
esterification and transesterification reactions. It is evident that high to near quantitative conversions are also
achieved with the diunsaturated sterols, such as stigmasterol, ergosterol, and 7-dehydrocholesterol. Moreover,
cholesterol was transesterified with ethyl dihydrocinnamate using Lipozyme IM to give cholesteryl dihydrocinnamate in moderate yield (56%),whereas the reaction of
lanosterol with methyl oleate gave lanosteryl oleate in low
yield (14%) (Table 2).
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LIPASE-CATALYZED SOLVENT-FREE THIOESTERIFICATION
AND TRANSTHIOESTERIFICATION OF CARBOXYLIC ACIDS AND
CARBOXYLIC ACID ESTERS WITH 1-ALKANTHIOLS IN VACUO
Nikolaus Weber, Erika Klein and Kumar D. Mukherjee
Institute for Lipid Research, Federal Centre for Cereal, Potato and Lipid Research, Piusallee 68/76, 48147 Münster, Germany

SUMMARY

INTRODUCTION

Saturated long-chain acyl thioesters have been prepared in high yield (80-85%) and purity (>98%) by lipasecatalyzed solvent-free thioesterification of saturated fatty
acids with 1-alkanthiols in vacuo. Immobilized lipase B
from Candida antarctica (Novozym 435) was more effective than an immobilized lipase from Rhizomucor miehei
(Lipozyme IM). Lipase-catalyzed transthioesterification of
fatty acid methyl esters with 1-alkanthiols was less effective than thioesterification for the preparation of acyl thioesters. The lipase-catalyzed preparation of acyl thioesters
from unsaturated fatty acids and 1-alkanthiols was accompanied by the formation of geometrical isomers via stereomutation and thioether derivatives via addition at the
olefinic bonds, both being induced by thiyl radicals. Radical generation was inhibited by the addition of antioxidants and thus the formation of by-products during lipasecatalyzed preparation of unsaturated acyl thioesters was
prevented. In the presence of antioxidants such as 2,6-dit-butyl-4-methylphenol and octyl gallate thioesterification
of oleic and elaidic acids with 1-tetradecanthiol as well as
transthioesterification of methyl linoleate with 1-tetradecanthiol led to geometrically uniform thioesters without
thiyl radical-induced side reactions. In the absence of
antioxidants rapid stereomutation of unsaturated acyl
moieties as well as formation of high proportions of thiyl
radical-induced addition products such as isomeric 9(10)S-tetradecyl stearic acids and 9(10)-S-tetradecyl stearic
acid tetradecyl thioesters were observed.

Thioesters are activated esters, which are utilized as
versatile intermediates in organic chemistry for the preparation of various compounds, e.g. peptides, macrolide
antibiotics and other pharmaceuticals [1-6]. Acyl thioesters are reactive acylation intermediates in biochemical
and bioorganic nucleophilic reactions having higher reactivity and selectivity than the corresponding oxygen analog [7-9]. Methods for the preparation of acyl thioesters
mostly use expensive or highly toxic reagents as well as
organic solvents [3, 4, 10, 11].
In contrast, 'green chemistry' efficiently avoids the
use of toxic or hazardous reagents and solvents in the
manufacture and application of chemical products, e.g. by
the development of enzyme-catalyzed thioesterification
and transthioesterification processes for the preparation of
acyl thioesters. Such applications of enzymes in the production of fine chemicals are now widely accepted as part
of sustainable processes developed for environmentallybenign chemical reactions.
In this paper we describe a solvent-free enzymatic
method for the preparation of long-chain thioesters by thioesterification and transthioesterification of fatty acids and
fatty acid methyl esters, respectively, with 1-alkanthiols
using immobilized lipases as catalysts and evacuation for
the removal of water or methanol.

MATERIALS AND METHODS

KEYWORDS: Alkanthiols, Fatty acid thioesters, Lipases, Thioesterification, Thiyl radical, Transthioesterification.

Materials. 1-Alkanthiols, fatty acids and fatty acid methyl esters, 2,6-di-t-butyl-4-methylphenol (BHT) and octyl
gallate as well as Carica papaya latex and pancreatic lipase
were obtained from Sigma-Aldrich-Fluka (Deisenhofen, Germany). The immobilized lipase preparation
from Rhizomucor miehei (Lipozyme IM 20 , now Lipozyme RM IM) and lipase B preparation from Candida
antarctica (Novozym 435 ) were kindly provided by
Novo Nordisk, Bagsvaerd, Denmark.
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Lipase-catalyzed reactions. As a typical example,
palmitic acid (51.5 mg, 0.2 mmol) was thioesterified with
1-octadecanthiol (172 mg, 0.6 mmol) in the presence of
50 mg of one of the above lipases by magnetic stirring in
a screw-capped tube in vacuo (20-50 mbar) at 60°C for
various periods with water-trapping in the gas-phase using KOH pellets. Samples of the reaction products were
withdrawn at various intervals, taken up in i-hexane and
centrifuged to separate the biocatalyst. An aliquot of the
supernatant was analyzed as given below. Methyl palmitate (54.1 mg, 0.2 mmol) was transthioesterified with 1octadecanthiol (172 mg, 0.6 mmol) under identical conditions as described above for thioesterification reaction.

Unsaturated fatty acids [oleic acid, 70.5 mg or elaidic
acid , 70.5 mg; 0.25 mmol, each], were esterified with 1tetradecanthiol (172.5 mg, 0.75 mmol) in diffuse daylight
under identical conditions as described above. Similarly, a
mixture of isomeric 9(10)-S-tetradecyl stearic acids, prepared as described earlier [12], was reacted with 1-tetradecanthiol using Novozym 435 as the catalyst. Further
sets of reactions were performed in the presence of an
antioxidant mixture consisting of BHT and octyl gallate
(20 µmoles, each). Samples of the reaction products
were withdrawn at various intervals and analyzed as
given below. Methyl linoleate (73.6 mg, 0.25 mmol) was
transthioesterified with 1-tetradecanthiol (172.5 mg,
0.75 mmol) in the presence of BHT and octyl gallate
under identical conditions as described above for thioesterification of oleic acid.
Isolation and purification of long-chain acyl thioesters.

As a typical example, the products resulting from the reaction of palmitic acid (51.3 mg, 0.2 mmol) with 1-hexadecanthiol (155.1 mg, 0.6 mmol) were extracted with 5 ml
i-hexane twice, centrifuged and the supernatant applied to a
Silica Gel 60 (E. Merck, Darmstadt) column (20 x 0.5 cm
i.d.). The column was eluted first with 20 ml i-hexanediethyl ether (99 : 1, v/v) to remove 1-hexadecanthiol,
then with 20 ml i-hexane-diethyl ether (95 : 5, v/v) to yield
80-85 mg palmitic acid hexadecyl thioester, m.p. 56-57°C
(from i-hexane), mass spectrometry [m/z (rel.%)]: 271
(13.4 [M -‐ C16H33]+); 257 (3.8 [C16H33S]+); 239 (59.9
[M -‐ C16H33S]+); 57 (100).
Analytical methods. In thioesterification and transthioesterification reactions aliquots of products were treated
with a solution of diazomethane in diethyl ether to convert
the unreacted saturated fatty acids to methyl esters. The
resulting mixtures of methyl esters, unreacted alkanthiols
and acyl thioesters were analyzed by gas chromatography. A
Hewlett-Packard (Böblingen, Germany) HP-5890 Series II
gas chromatograph equipped with a flame ionization detector was used. Separations were carried out on a 0.1 µm
Quadrex 400-5HT (Quadrex Corp., New Haven, USA)
fused silica capillary column, 25 m × 0.25 mm i.d. using
hydrogen as the carrier gas (column pressure 50 kPa) initially at 120°C for 2 min, followed by linear programming
from 120°C to 200°C at 5°C/min and from 200°C to

350°C at 20°C/min, finally 350°C (6 min). Peak areas and
percentages were calculated using a Hewlett-Packard
3365 Series GC ChemStation software.
Reaction mixtures of unsaturated fatty acid methyl esters, S-alkyl fatty acid methyl esters and unreacted 1-tetradecanthiol as well as fatty acid thioesters and S-alkyl fatty
acid thioesters were analyzed by gas chromatography (GC)
as described above. cis/trans-Isomerization (stereomutation) of unsaturated fatty acid thioesters was determined by
GC of the corresponding fatty acid methyl esters, which
had been prepared by sodium methylate-catalyzed transmethylation, using a 60 m DB-23 capillary column (0.25 mm
i.d., 0.25 µm film thickness; J & W, ASS-Chem, Bad
Homburg, Germany) with the following temperature program: from 150°C at 6°C/min to 180°C (18 min isothermal)
and then at 20°C/min to 250°C (10 min isothermal).
Derivatization with TMSH. Acyl and S-alkyl moieties of
long-chain acyl thioesters were analyzed by GC after derivatization with TMSH reagent as described earlier [13].
This method allowed simultaneous derivatization of both
acyl and S-alkyl moieties of acyl thioesters finally leading
to fatty acid methyl esters and methyl alkylsulfides.
Enzyme units. Enzyme units were calculated from the
initial rates of thioesterification or transthioesterification of
fatty acids and fatty acid methyl esters, respectively, with
1-alkanthiols. One unit of enzyme activity was defined as
the amount of enzyme (in g) that produced 1 µmol of carboxylic acid alkyl thioester/min.

RESULTS AND DISCUSSION
Lipase-catalyzed thioesterification and transthioesterification of saturated fatty acids and fatty acid esters,
respectively, with 1-alkanthiols in the presence [14-17] or
absence [18-20] of an organic solvent are easy and convenient methods for the preparation of saturated acyl
thioesters. However, the reaction of unsaturated fatty
acids or fatty acid esters with alkanthiols leads to thiyl
radical-induced stereomutation (cis/trans-isomerization)
and to alkyl thiol addition products (thioether derivatives)
by the radical-induced addition of alkanthiols to >C=C<
double bonds [21]. Here we report the lipase-catalyzed
preparation of 'thio wax esters' – both saturated longchain acyl thioesters and geometrically uniform cis- and
trans-isomers of unsaturated acyl thioesters – by lipasecatalyzed thioesterification and transthioesterification of
fatty acids or fatty acid methyl esters with 1-alkanthiols.
Saturated Thioesters

Our earlier studies reported lipase-catalyzed thioesterification and transthioesterification using molecular
sieve as drying agent with or without organic solvents
[17,18]. Molecular sieve 4Å used in these experiments
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FIGURE 1 - Enzyme activities of immobilized lipase B preparation from Candida antarctica (Novozym 435) in
solvent-free thioesterification of lauric and palmitic acids with 1-alkanthiols in vacuo at 60°C leading to saturated
acyl thioesters (12:0-S-12:0 = lauric acid dodecyl thioester; 16:0-S-18:0, palmitic acid octadecyl thioester; etc).

ensured the removal of water in thioesterification and that
of methanol in transthioesterification reactions [17,18].
Long-chain saturated acyl thioesters can also be obtained
almost quantitatively by thioesterification of a saturated
fatty acid with a 1-alkanthiol or in high conversion by
transthioesterification of a saturated fatty acid methyl
ester with a 1-alkanthiol, catalyzed by lipases, in vacuo in
the absence of an organic solvent.
Enzyme activities of Novozym 435 in the solventfree preparation of long-chain saturated acyl thioesters by
lipase-catalyzed thioesterification of saturated fatty acids
such as palmitic and stearic acids with 1-dodecanthiol, 1tetradecanthiol, 1-hexadecanthiol or 1-octadecanthiol are
shown in Figure 1. It is obvious from these results that in
thioesterification reactions Novozym 435 yielded activities of 9.3 - 13.0 thioesterification units/g, which corresponds up to a 98% conversion of saturated fatty acids to
their alkyl thioesters.
In a typical reaction of palmitic acid with 1-hexadecanthiol, catalyzed by Novozym 435, the reaction mixture was fractionated by column chromatography on silica
gel, as described above, to yield palmitic acid hexadecyl
thioester in purity of 98% and isolated yield of 80-85 %
with respect to the amount of palmitic acid used.

Short-chain volatile flavor thioesters can be prepared,
however, by lipase-catalyzed thioesterification and transthioesterification, respectively, of carboxylic acids or carboxylic acid esters and 1-alkanthiols usually in organic media
with molecular sieve as an acceptor for water and shortchain alcohols [14-18].
Comparing the solvent-free reactions in vacuo with
those in the presence of a solvent and molecular sieve [17]
it can be seen that conversions of thioesters were double
as high when the reactions were performed without solvents. Similar conversions (>90%) as observed for solvent-free reactions in vacuo were found when starting
materials were reacted without solvents in the presence of
molecular sieve at normal pressure [18]. In reactions in
vacuo no further chemicals are needed, which may be of
advantage, particularly for environmentally benign industrial applications.
Figure 2 shows the activities of various enzymes in
thioesterification and transthioesterification of palmitic acid
and palmitic acid methyl ester, respectively, with 1-octadecanthiol in vacuo at 60°C for 24 h. It is obvious from
these results that enzyme activities of Novozym 435 and
Lipozyme IM are by far higher than those of Carica papaya latex and pancreas lipase under identical reaction conditions.
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FIGURE 2 - Activities of various enzymes in thioesterification and transthioesterification of
palmitic acid and palmitic acid methyl ester, respectively, with 1-octadecanthiol in vacuo at 60°C for 24 h.
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Schematic representation of the formation of acyl thioesters and various thiyl radical-induced reaction products
during lipase-catalyzed thioesterification of oleic acid with 1-tetradecanthiol in the presence or absence of antioxidants
(1 = oleic acid; 2 = oleic acid tetradecyl thioester; 3 = elaidic acid; 4 = elaidic acid tetradecyl thioester; 5 = isomeric 9(10)S-tetradecyl stearic acids; 6 = isomeric 9(10)-S-tetradecyl stearic acid tetradecyl thioesters).
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Unsaturated Thioesters

Thiyl radicals (RS·) are generated from alkanthiols and
other thiol compounds (RSH), e.g., by increasing temperature or UV light irradiation. In the absence of oxygen RS·
radicals attack >C=C< double bonds and remove a hydrogen therefrom leading to alkenyl radicals and, finally, to
radical-induced stereomutation (cis/trans-isomerization
without formation of positional isomers) [21, 22].
Figure 3 shows the formation of acyl thioesters and
various thiyl radical-induced reaction products during
lipase-catalyzed thioesterification of oleic acid with 1tetradecanthiol in the presence or absence of antioxidants.
Under the conditions described the equilibrium of stereomutation of the two monoenoic geometrical isomers was
reached when around 80% of the trans-9-isomer and 20%
of the cis-9-isomer, respectively, existed in the reaction
mixture (data not shown).
These values are consistent with the data given in the
literature [23]. Similarly, thiyl radical-induced stereomutation of methyl linoleate (methyl cis,cis-9,12-octadecadienoate) was observed yielding methyl cis,trans9,12-octadecadienoate and methyl trans,cis-9,12octadecadienoate as the most prominent isomers in equal
amounts as well as small proportions of the methyl
trans,trans-9,12-octadecadienoate isomer (data not shown).
These data are consistent with those reported by Schwinn
et al. [24]. In contrast, stereomutation was not observed in
the reaction products when both BHT and octyl gallate
were present as antioxidants in the reaction mixture in an
amount of 20 µmoles, each [12, 25].
The time-course of lipase-catalyzed thioesterification
of oleic and elaidic acids as well as transthioesterification
of methyl linoleate with 1-tetradecanthiol in the presence of
an antioxidant mixture (BHT and octyl gallate; 20 µmoles,
each) showed that oleic and elaidic acids are thioesterified
at equal rates demonstrating that Novozym 435 lipase did
not distinguish between cis-9 or trans-9-isomers of octadecenoic acid (data not shown). It was also found that thioesterification of oleic (initial rate 8.7 units) and elaidic
(initial rate 8.8 units) acids in the presence of Novozym
435 yields substantially more acyl thioesters than transthioesterification of methyl linoleate (initial rate 2.1 units) or
methyl oleate (initial rate 1.5 units) using Lipozyme IM
(data not shown) which is in agreement with our earlier
findings [17-20]. The presence of geometrically uniform
cis- and trans-isomers of unsaturated fatty acid thioesters
was checked - after transmethylation - by gas chromatography of the corresponding methyl esters. In a method for the
lipase-catalyzed preparation of oleic acid dodecyl thioester
patented recently oleic acid and 1-dodecanthiol were reacted in heptane, however, formation of the trans-isomer
by stereomutation was not reported [26], which is not consistent with the data given by Kircher [23] and our results.

stereomutation, various thiyl radical-induced side-reactions occur in the absence of antioxidants. For example,
1-tetradecanthiol is added to cis-9 and trans-9-octadecenoic acids and the corresponding tetradecyl thioesters
yielding both isomeric 9(10)-S-tetradecyl stearic acids and
9(10)-S-tetradecyl stearic acid tetradecyl thioesters (Figure 3). Moreover, two thiyl radicals combine to yield
ditetradecyl disulfide (data not shown).
To summarize, long-chain saturated acyl thioesters
(thio wax esters) have been prepared in high conversion
(up to >98%, isolated yield 80-85%) by solvent-free esterification of saturated fatty acids with long-chain 1-alkanthiols in vacuo, catalyzed by lipase preparations from
Candida antarctica B (Novozym 435) and Rhizomucor
miehei (Lipozyme IM 20) at 60°C. However, the preparation of thioesters from unsaturated fatty acids and 1-alkanthiols, such as 1-tetradecanthiol, by lipase-catalyzed
thioesterification and transthioesterification in vacuo is
accompanied by the formation of geometrical isomers by
thiyl radical-induced stereomutation. Moreover, thiyl radicals induce the formation of alkanthiol addition products,
i.e. thioether derivatives.
Therefore, a method was developed to suppress radical generation by the addition of antioxidants such as
BHT and octyl gallate. As a consequence, thioesterification of oleic and elaidic acids with 1-tetradecanthiol as
well as transthioesterification of methyl linoleate with 1tetradecanthiol led to geometrically uniform thioesters.
Furthermore, the addition of BHT and octyl gallate as
antioxidants in the lipase-catalyzed thioesterification and
transthioesterification of unsaturated fatty acids eliminates the thiyl radical-induced formation of thioether
derivatives. Optimization of type and concentration of
antioxidants for the prevention of the thiyl radicalinduced reactions needs further studies [27,28]. Lipasecatalyzed solvent-free transthioesterification in vacuo of
fatty acid methyl esters with 1-alkanthiols was less effective for the preparation of acyl thioesters than thioesterification of fatty acids with 1-alkanthiols. Solvent-free lipase-catalyzed preparation of carboxylic acid thioesters in
vacuo represents a novel synthetic route and a clean technology to manufacture these fine chemicals.

The results of the time course of lipase-catalyzed thioesterification of oleic acid with 1-tetradecanthiol in the
absence of antioxidants demonstrate that, in addition to
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ANALYTICAL INVESTIGATIONS OF
THE „BLUE EYES“ OF THE MANSFELD COUNTY
AS AN EXAMPLE OF LOW CONTAMINATED WATER
Antje Hahn, Wilhelm Lorenz
Institute of Analytical and Environmental Chemistry, Martin-Luther-University Halle-Wittenberg, Germany

SUMMARY
Methodical studies of sample preparation and
GC/MS-analysis of low contaminated water samples are
presented. The drainage area of the former “Salt Lake”,
characterised by agricultural and industrial use, was
chosen for example. Solid phase extraction (SPE) and
solid phase microextraction (SPME) were used to extract
selected substances from water matrix. Both extraction
methods required to compromise between the spectrum of
extractable substances and limit of detection. The solvent
free SPME is easy to use, but not favourable for
acquisition of a differentiated multi component mixture.
Using SPE, quantification of a broad substance spectrum
with acceptable recoveries was possible in one multimethod. Therefore, SPME seems to be qualified for
screening analyses, but SPE is preferred to quantitative
characterisation of low contaminated water samples.

KEYWORDS: SPE, SPME, GC/MS, xenobiotics, low contaminated water samples.

INTRODUCTION
Once the Salt Lake and the “Sweet Lake” formed the
„Blue Eyes“ of the Mansfeld County extending between
the eastern foothills of the Harz and the western region of
Halle/Saale. Because of occasional floodings of the subsurface in the early 1890’s, the Salt Lake was pumped waterless in order to protect the copper mining in the region. Due
to the rapid drop of water level resulting in some landslides, 6000 L gas oil and 3750 kg oil seeped out from the
adjoining mineral oil factory Bunge & Corte. These mineral oils later appeared in the near residual lake “Teufe”.

FIGURE 1 - Drainage area of the former Salt Lake.
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For the last one hundred years the lake's bed has been
used agriculturally. Some smaller lakes are indicating
now the location of the former Salt Lake, e.g. the lakes
“Kernersee”, “Bindersee” and “Teufe” (Fig. 1).
Since 1993 renascence of the Salt Lake as a recreation area has been in planning [1]. To avoid a mobilisation during the flooding it is necessary to remove the
pollutants from the former mineral oil plant and the agricultural land. Therefore the monitoring of the water quality is a special need.

sample application: 250 mL water sample
washing: 2 x 0.5 mL destilled water
drying: ca. 20 min under vacuum
elution : 1 mL n-hexane + 1 mL ethyl acetate
SPME

85 µm Polyacrylate-fiber (PA) (SUPELCO)
100 µm Polydimethylsiloxane-fiber
(PDMS) (SUPELCO)
65 µm Carbowax/Divinylbenzene-fiber
(CW/DVB)(SUPELCO)
75 µm Carboxen/Polydimethylsiloxane-fiber
(CAR/PDMS) (SUPELCO)
conditioning: 3 min (250°C)
extraction: 30 min, 50°C, stirring rate 700 rpm
desorption: 2 min, 250°C

Former studies [2] [3] revealed a contamination of the
Sweet Lake with simazine and a contamination level of
mineral oil hydrocarbons (MHC) and phenols above the
critical values defined in the Holland list (Table 1).
TABLE 1 - Relevant xenobiotics in the Salt Lake area.

Substances

Occurence

lindane
p,p’-DDE

Röblingen
Bank of the
Sweet Lake

PCB
simazine
atrazine
PAH
BTEX

Wansleben
135 µg/kg soil
Sweet Lake
0.89 µg/L
Cereal cultivation in the bed of Salt Lake
in the waterlogged soil zone and in the leachate
of the Teufe above the critical values defined by
LAWA [4]
in the waterlogged soil zone, in the leachate and
in the ground water of the Teufe above the
critical values defined by LAWA [4]

MHC
phenols

45 µg/kg soil
190 µg/kg soil

GC/MS

direct injection
oven: 0°C (1 min) à 300°C,
(8°C/min; held for 7.75 min)
injector: 280°C; 1µL
gas flow: 0.8 mL/min Helium
scan range: 50-650 m/z (full scan)
desorption of SPME-fiber

Whereas the applied classical methods of sample
preparation are based on liquid/liquid-extraction, in the
present study solid phase extraction (SPE) and solid phase
microextraction (SPME) are used. Using SPE, the water
sample is applied to an extraction column. The sorbens is
washed after extraction, subsequently the analytes are
rejected with some millilitres of elution solvent. SPME
works without solvents. An optical fibre coated with a
sorbent film is placed over or directly in the water sample.
The adsorbed analytes are desorbed directly in the GCinjector. The disadvantage of low capacity of SPME will
be overcome by using an increased surface of sorbent
material. Using Stir Bar Sorptive Extraction (SBSE) the
analytes are extracted by a magnetic stir bar coated with
polydimethylsiloxane (PDMS). Desorption occurs thermally in the GC-injector or by solvent.
MATERIALS AND METHODS
SPE

3 mL extraction column LiChrolut EN
(40 - 120 µm, MERCK)
conditioning: 2 x 3 mL methanol and
2 x 3 mL destilled water

oven: 50°C (2 min) à 300°C
(8°C/min; held for 7.75 min)
injector: 250°C
gas flow: 0.8 mL/min Helium
scan range: 50-650 m/z (full scan)

RESULTS AND DISCUSSION
For systematic studies, a set of substances already
identified in the reports and in our own screening analyses
was compiled (Table 2). According to the German Federal
Environmental Agency (UBA) these substances are classified as hazardous to waters [5].
Using SPE, acceptable recoveries from 84 to 117%
were obtained. Optimising the SPME, a compromise between selectivity and sensitivity was necessary. Best performance was provided by PA-fibre. Although sorption of
nonpolar compounds is less strong, a broader substance
spectrum is gathered (Fig. 2).
Most of these analytes provided linear calibration
curves. Relative standard deviations are determined between 5.2 % (lindane) and 21.1 % (naphthalene). Phenols
and n-alkanes are not reproducibly determined with
SPME in this multi component mixture.
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TABLE 2 - Identified substances.

Substance
class
phenols/
pestizids

Compound

Substance
class
PAH/
n-alkanes

2,4-dichlorphenol
phenol
atrazine
p,p'-DDE
HCB
lindane
simazine

Compound

Substance
class
PCB/
miscellaneous

acenaphthene
anthracene
benzo(a)pyrene
fluoranthene
naphthalene
phenanthrene
n-tetracosane

Compound
PCB 28
PCB 52
PCB 101
PCB 138
PCB 153
PCB 180
benzophenone

FIGURE 2 - Optimisation of SPME-conditions and selection of type of fiber.
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FIGURE 3 - Sorption rates on PA-fiber.
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FIGURE 4 - Contamination of the Sweet Lake with pesticides (sampling 07.11.2001).

FIGURE 5 - Chromatogram of a Teufe-sample (sampling 15.08.2002)
C22 – C35: n-alkanes from n-docosane to n-pentatriacontane.
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For determining sorption rates, 15 mL of water samples were spiked with 10 µg, 1 µg and 100 ng per
substance extracted and quantified. Sorption rates on PAfibre were found ranging from 0.01 % (naphthalene) to
0.55 % (phenanthrene) (Fig.3).
As it is the case with all spiking experiments, there is
the question of transferability of the results. Because the
chemical composition of the real water samples is unknown, it is impossible to predict interactions between the
substances and the PA-fibre. To approach the natural
water matrix, filtered samples from the Sweet Lake were
used for spiking experiments. Competition for sorption
places at the PA-fibre is stronger in water samples with
high total organic carbon (TOC) content than in those
with low TOC. Therefore, sorption rates decrease with
increasing substance concentration.
Such small extraction rates lead to the conclusion that
low concentrated contaminations of surface water are
scarcely detectable with the PA-fibre. Analysing Sweet
Lake samples with SPME-GC/MS none of the substances
from the list mentioned above could be detected. Nevertheless using SPE a background contamination with
organochlorine pesticides in the range of 4 to 11 ng/L was
determined (Fig.4).
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Analysing Salt Lake samples with SPME-GC/MS
hydrocarbons and dibenzofurane were identified (Fig. 5).
Local contamination of the lake “Teufe” varies seasonally. The concentration of benzophenone ranges
between 1.3 µg/L in the winter (sampling 29.01.2002) and
270 ng/L in the summer (sampling 22.08.2002). PCB
were determined only in the samples drawn in winter
(PCB 138: 320 ng/L, PCB 153: 160 ng/L).

CONCLUSIONS
In this study a seasonal background contamination of
the drainage area of the former Salt Lake with pesticides,
hydrocarbons, benzophenone and PCB was found. Sample preparation with SPME has proved suitable for
screening analyses and quantification of higher contami
nated water samples, e.g. from the Lake Teufe. It is unsuitable for the determination of phenols in a multi component mixture. For quantifying aliphatic hydrocarbons
this SPME-GC/MS method needs optimization. SPE is
preferred for the quantification of low contaminated surface water samples. Future investigations will involve the
new extraction technique by Stir Bar Sorptive Extraction
(SBSE) [6]. Additionally the entry of agrar chemicals
used in the viniculture and orchard along the Sweet Lake
will be considered.
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NEW POLYMERS FROM PLANT OILS AS RAW MATERIAL
Siegfried Warwel, Falk Brüse and Michael Kunz
Institute for Lipid Research, Federal Centre for Cereal, Potato
and Lipid Research, Piusallee 68-76, 48147 Münster, Germany

SUMMARY

METHODS AND RESULTS

Unsaturated fatty acid methyl esters obtained by
transesterification of plant oils with methanol were converted to terminal unsaturated compounds by metathesis
with ethylene. These terminal unsaturated esters are the
key intermediates for the preparation of polymers. By
copolymerisation with ethylene functionalized polyolefins
were achieved. Polyethers with comb structure were
obtained starting with the corresponding epoxides. Metathetical condensation leads to long-chain unsaturated
dicarboxylic acid esters. These esters were converted by
epoxidation, hydrogenation and hydrolysis of the epoxides. This methods lead to polyester building blocks similar to the monomers in cork. Hydrogenation of the olefins
or the epoxides lead to saturated or monohydroxylated
dicarboxylic acids. Via hydrolyses of epoxides corresponding diols are available. By conventional or enzymatic polycondensation these monomers could be converted to polyesters. Also the ω-epoxy fatty acid esters
were used to synthesize dicarboxylic acid derivatives.
Dicarboxylic acid esters bearing amino-groups were obtained by ring-opening-reactions with piperazine or similar diamines. Same reactions with glucamines instead of
piperazine lead to products, which are sugar-based surfactants as well as polyester building blocks.

Syntheses of polymer building blocks

By transesterification of natural oils like high-oleicsunflower oil or rapeseed oil with methanol fatty acid methyl esters rich in oleic acid methyl ester are obtainable.
Metathetical ethenolysis of oleic acid methyl ester leads to
9-decenoic acid methyl ester (C10), a terminal unsaturated
compound (Fig. 1) [1]. On the base of high erucic acid rapeseed oil, meadowfoam oil or coriander oil, esters of further
chain lengths are available (C14, C6 and C7). A further terminal unsaturated fatty acid available is 10-undecenoic acid
(C11), a technical product based on castor oil. Further
building blocks like epoxides or dicarboxylic acid esters,
were synthesized via chemo-enzymatic epoxidation [2-4]
or metathetical condensation [1, 5] (Fig. 2).
Using different methods, the long chain dicarboxylic
acid esters could be converted to polyester building blocks
similar to monomers found in cork or shellac (Fig. 3). Using the chemo-enzymatic epoxidation, the epoxides were
synthesized [2-5]. Metal-catalyzed hydrogenation of the
olefins or the epoxides lead to saturated or monohydroxylated dicarboxylic acids [5]. By enzymatic or acidcatalyzed hydrolysis of the epoxy-groups [6] or by direct
dihydroxylation e.g. with formic acid / hydrogen peroxide
the dihydroxylated derivatives could be synthesized. Most
of the shown derivatives were obtained with quantitative
yields and purities > 90%.

KEYWORDS:
ω-epoxy fatty acid methyl esters, metathetical ethenolysis, plant
oil, polymer building blocks, polymers.

y

+
H2C CH2

Plant oils like rapeseed oil, sunflower oil or linseed
oil are characterized by high contents of unsaturated fatty
acids. Our institute develops new methods to use this
potential in the synthesis of surfactants, polymer building
blocks and polymers. Main intermediates in our polymer
syntheses are terminal unsaturated or epoxidized fatty
acid esters, which are available from natural unsaturated
fatty acids by metathetical ethenolyses and epoxidation.
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FIGURE 1
Syntheses of terminal unsaturated fatty acid esters by ethenolysis.
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FIGURE 2
Metathetical dimerization and epoxidation of terminal unsaturated fatty acid esters.
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n = 1 (from oleic acid); 2 (from ricinoleic acid); 5 (from erucic acid)
FIGURE 3
Different dicarboxylic acid derivatives based on long chain unsaturated fatty acid esters.

Beside dicarboxylic acids from metathetical condensations and following reactions, further dicarboxylic acids
were synthesized starting with ω-epoxy fatty acid methyl
esters. Ring-opening-reactions with piperazine or similar
cyclic diamines at 70°C in methanol lead to dicarboxylic
acid derivatives bearing amino-groups (Fig. 4). The same
reactions with glucamine instead of piperazine result in
sugar-modified dicarboxylic acids, which are surfactants
too [7-9] (Fig. 5).
Polymerisation

By copolymerisation with ethylene, the terminal unsaturated esters could be converted to polyolefins (Fig. 6).
Using a cationic palladium complex, polymers (Mw =

13.000-80.000 g/mol) bearing ester-groups in the sitechain were obtained [10].
Further polymers could be synthesized by ringopening-polymerization of epoxides (Fig. 7). ω-Epoxy fatty
acid methyl esters, as well as combinations of this epoxides
with epoxides of α-olefins could be used for these polyether-syntheses. Whereas the use of aluminoxane-catalysts
leads to high molecular comb-like polyethers [11], photoinitiation yields oligomers [12]. Alkaline saponification of
the comb-like polyethers results in water-soluble polymers,
which can be used to precipitate bivalent metal ions from
water with nearly quantitative yields [11].
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FIGURE 4
Dicarboxylic acid esters from cyclic diamines and ω-epoxy fatty acid esters.
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FIGURE 5
Dicarboxylic acid esters from glucamine and ω-epoxy fatty acid esters.
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FIGURE 6
Copolymerisation of terminal unsaturated fatty acid methyl esters with ethylene.
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The dicarboxylic acid derivatives, obtained by metathetical condensation and following conversions (Fig. 3),
could be used as building blocks in polyester syntheses.
Conventional polycondensations of epoxidized or hydroxylated derivatives with diols like propanediol or butanediol lead to insoluble (probably crosslinked) polymers [13], the use of Novozym® 435, the immobilized
lipase B of Candida antarctica, as biocatalyst lead to
soluble products [14, 15] (Fig. 8).
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SUGAR BASED SURFACTANTS AND FUNCTIONAL SUGAR
DERIVATIVES FROM EPOXIDE RING OPENING REACTIONS
WITH POLYOLAMINES
Siegfried Warwel and Falk Brüse
Institute for Lipid Research, Federal Centre for Cereal, Potato
and Lipid Research, Piusallee 68-76, 48147 Münster, Germany

SUMMARY
Differently structured sugar-derivatives bearing functional groups like ester groups or double bonds could be
synthesized by adding ω-epoxy fatty acid methyl esters or
monoepoxides of α,ω-diolefins to glucamines. Reactions
were carried out under mild conditions at 70°C in methanol. After quantitative conversion products were obtained
with yields > 90 %. Different structures were obtained
using different glucamines. The addition of two moles of
epoxides to glucamine leads to symmetrical Y-type structures having two functional groups, whereas the reactions
of epoxides with N-alkyl glucamines yield in products
having one functional group. Products based on longchain N-alkyl glucamines show asymmetrical Y-type
structure, N-methyl glucamine derivatives are linear adducts. Due to the ester groups of products based on ωepoxy fatty acid methyl esters, these derivatives are potential building blocks for polyesters or could be used to
synthesize amphoteric tensides. By enzymatic hydrolysis
as well as by alkaline saponification such surfactants were
synthesized. Studies of surface tension of solution in
water and foaming properties show good surface activity
of the obtained sugar-based amphoteric surfactants. Products based on monoepoxides of α,ω-diolefins may be
interesting monomers for polyolefins or intermediates for
further derivatives.

KEYWORDS:
amphoteric surfactants, glucamines, epoxy olefins, ω-epoxy fatty
acid esters, polymer building blocks.

INTRODUCTION
Due to increasing availability and good properties,
sugar-based surfactants like alkyl polyglucosides (APG)
or N-methyl glucamides are being increasingly used in
different applications e.g. in dish washing agents.

Glucamines, the intermediates for glucamides, are industrially available by reductive amination of glucose. We
developed a new method to combine these glucamines
with epoxides of long-chain α-olefins [1] and to synthesize further surface active compounds. The epoxide ring
opening reactions could be carried out under mild conditions at 70°C in methanol. Using different glucamines and
epoxides of α-olefins with chain length in the range of
C4-C18, surface active products having different structures
were obtained (Fig. 1). Using the same method we now
reacted ω-epoxy fatty acid methyl esters as well as monoepoxides of α,ω-diolefins with glucamines to obtain
surfactants as well as polymer building blocks.
MATERIALS AND METHODS
Starting materials for our syntheses of sugar-based
surfactants or polymer building blocks were glucamines,
monoepoxides of α,ω-diolefins and ω-epoxy fatty acid
methyl esters. Glucamines are products from reductive
amination of glucose. Using different amines or ammonia,
different glucamines can be obtained. α,ω-Diolefins are
available by metathetical ethenolysis of cyclic olefins.
The monoepoxides of these diolefins are commercially
available. The ω-epoxy fatty acid methyl esters are products based on plant oils. Metathetical ethonolyses of unsaturated fatty acid esters lead to terminal unsaturated
fatty acid esters of different chain length (C6, C7, C10 and
C14) [2]. C11 is a technical product based on castor oil.
Epoxidation of these olefins was carried out using our
chemo-enzymatic method [3-5] based on the work of
Novo Nordisk [6].
The ring opening reactions were carried out using
equimolar amounts of epoxides and glucamines in methanol (10-300 equivalents of methanol and 0.1-0.5 molar
equivalents of water) [7-9]. The mixtures were stirred 848 h at 70°C. After complete conversion, the solvent was
evaporated under vacuum.

541

© by PSP Volume 12 – No 6. 2003

Fresenius Environmental Bulletin

OH
OH

OH

HO
OH

O

+ 2

NH2

OH

n
N

HO

70°C
in MeOH

OH

OH

n
OH

OH

n

n = 1, 3, 5, 7, 9, 11, 13, 15 OH
OH

OH

CH3
N
H

HO
OH

+

O

70°C
in MeOH

OH

OH

OH

H

+

N

HO
OH

OH

n

CH3 OH
N

HO

OH OH
n = 3, 5, 7, 9, 11, 13, 15

O

OH
n

m

n

OH

OH

n
N

HO

70°C
in MeOH

OH

OH

OH OH
n=1;m=9
n = 5, 7, 9, 11 ; m = 1

m

FIGURE 1
Surfactants from glucamines and epoxides of α-olefins [1].
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By reaction with one equivalent of NaOH in methanol (50-70°C) the products based on ω-epoxy fatty acid
methyl esters could be saponified leading to the corresponding sodium salts [8, 9]. Salt-free acids were obtained by enzymatic conversion in water [7-9].
Studies of surface active properties of the obtained
sugar based surfactants were carried out by measurement
of surface tension of solution in water according to the
ring-method described in DIN 53993 using a Krüss K12
tensiometer. The foaming properties were studied according to DIN 53902-1. Variation of the pH-value was
achieved by acidification with HBr.

RESULTS
Products based on ω-epoxy fatty acid methyl esters

Using the above method, ω-epoxy fatty acid methyl
esters (C7, C10, C11 and C14) could be reacted with glucamine, N-methyl glucamine and long-chain N-alkyl
glucamines (alkyl = butyl, octyl, decyl, dodecyl). Analogously to products based on epoxides of α-olefins different structures were obtained depending to the glucamine
used (Fig. 2). The addition of two epoxides to glucamine
leads to symmetrical Y-type structures, whereas the products based on long-chain N-alkylglucamines show asymmetrical Y-type structure and N-methyl glucamine derivatives are linear adducts.

Surface active properties of most of the products
based on ω-epoxy fatty acid esters are rather poor. The
ester group offers an easy possibility to convert these
products to amphoteric tensides, which may be of higher
surface activity. By enzymatic hydrolysis as well as by
alkaline saponification the sugar based amphoteric surfactants could be synthesized [8, 9].
Especially the asymmetric Y-type surfactants based
on long-chain N-alkyl glucamines showed good surface
active properties. Having solubilities > 10 g/l, they were
able to reduce the surface tension of water to 35 mN/m at
CMC-values in the range between 2-200 mg/l. The amphoteric character of the products obtained by saponification can be shown clearly by the foaming properties depending on the pH-value (Fig. 3). Largest foam volumes
were observed using the sodium salts. At the isoelectric
point (adding 1 equivalent of HBr) lowest foam volumes
were measured. Further acidification (pH = 2) leads to
larger foam volumes.

nat.
isoel.
pH 2

800

NDoGl C11 Na

NDeGl C11 Na

200

NOGl C11 Na

400

NMGl C14 Na

600

Gl C14 Na

foam [ml]

The dicarboxylic acid derivatives based on glucamine
as well as the products based on secondary N-alkyl glucamines are surfactants as well as potential polyester
building blocks. Using Novozym® 435, the immobilized
lipase B of Candida antarctica, as biocatalyst, first polycondensation studies lead to oligomers [9].

0

FIGURE 3 - Foaming properties of amphoteric surfactants obtained by alkaline saponification.
GlC14Na: Sodium salt of the addition product from glucamine and 13:14-epoxy tetradecenoic acid methyl ester
NMGlC14Na: based on N-methyl glucamine and 13:14-epoxy tetradecenoic acid methyl ester
NOGlC11Na: based on N-octyl glucamine and 10:11-epoxy undecenoic acid methyl ester
NDeGlC11Na: based on N-decyl glucamine and 10:11-epoxy undecenoic acid methyl ester
NDoGlC11Na: based on N-dodecyl glucamine and 10:11-epoxy undecenoic acid methyl ester
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CONCLUSION

Products based on monoepoxides of α,ω-diolefins

Analogously to the previous epoxide ring opening reactions, monoepoxides of α,ω-diolefins were reacted with
glucamines. Beside the monoepoxides of α,ω-diolefins
with chain length C4, C6, C8 and C10, allyl glycidyl ether
was used. Similar to products based on ω-epoxy fatty acid
esters, these products (Fig. 4) are functional derivatives of
glucamines. Similar building blocks were synthesized
previously and used to synthesize polyolefins [10]. Our
examinations demonstrate that only one equivalent of
epoxy olefin is necessary to obtain the products with
quantitative yields and good purities (> 95 %), if the reaction is carried out in methanol at 70°C.
The products based on monoepoxides of α,ωdiolefins bear one or two double bonds. Therefore, these
adducts may be building blocks for polyolefins, they may
be dimerized (synthesis of gemini-tensides) or polycondensated by metathesis or the double bond, possibly,
could be used to introduce further functional groups.

Glucamines having different structures could be converted to functionalized sugar-derivatives by addition of
ω-epoxy fatty acid methyl esters or monoepoxides of
α,ω-diolefins. Reactions in methanol at 70°C lead to
quantitative yields and purities > 92 % during 8-48 h. The
products are surfactants as well as potential polymer
building blocks or intermediates for further compounds.
By enzymatic hydrolysis or alkaline saponification,
the products based on ω-epoxy fatty acid methyl esters
could be converted to amphoteric tensides, showing good
surface active properties. First experiments in the field of
enzymatic polycondensation lead to oligomers.
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ECOTOXICOLOGICAL TEST ASSAYS WITH MACROPHYTES
Uwe Veit and Heidrun Moser
ÖkoTox GmbH, Wollgrasweg 49, 70599 Stuttgart, Germany

SUMMARY
Biological test assays play an important role for estimating the effects of herbicides on non-target organisms.
Up to now there are only few test methods to investigate
these effects on aquatic ecosystems in standardized tests.
In this study the effects of three commonly used herbicides on Lemna minor, Lemna trisulca, Spirodela polyrrhiza, Myriophyllum spicatum and Ceratophyllum demersum were examined with respect to four different endpoints. The results show that the macrophytes react very
differently to the herbicides. The growth rates calculated
with the help of a digital image processing software were
at least 10 times more sensitive than the chlorophyll content or enzyme activity. Due to the results it seems to be
necessary to introduce more macrophytic species into
ecotoxicological testing to carry out a detailed risk assessment.

logical potential of one chemical substance or a mixture
of substances on the aquatic ecosystem using the results
of only two test methods. Up to now only few studies
have investigated the different reactions of various macrophytes on some herbicides [8].
In the present study five macrophytic species have
been investigated with respect to their reaction on three
commonly used herbicides with regard to four different
endpoints. Of special interest is whether the morphology
of the macrophytes and the test design used may influence
the sensitivity of the test plants [9]. Therefore, the aim of
this study is the development and standardization of new
testing methods making it possible to use sensitive endpoints which are easy to evaluate and reproduce in order
to determine the ecotoxicological hazard of chemicals.
MATERIALS AND METHODS

KEYWORDS: biological assay, macrophyte, non-target plant,
pesticide, phytotoxicity, risk assessment.

INTRODUCTION
In ecotoxicology plants have gained in importance as
indicators to record phytotoxic effects of pesticides or
environmental samples [1]. For the terrestrial field various
testing methods have been developed to evaluate toxic
effects on non-target species [2, 3]. These tests were
standardized in different guidelines [4, 5]. For the aquatic
sector there exist only two test assays so far which can be
used to investigate the effects of toxic pollutants on the
plants’ vitality [6, 7]. In these tests merely Lemna spp.
and Myriophyllum sibiricum are used as indicator organisms whereas terrestrial non-target tests can be carried out
with many different plant species. Therefore, the information of aquatic test assays is not sufficient for a detailed risk assessment.
Macrophytes show a wide variety of different growth
forms, morphological characteristics and biochemical
pathways. Due to this it is difficult to estimate the toxico-

Macrophytic species

The five macrophytes used for the survey were Lemna minor, L. trisulca, Spirodela polyrrhiza, Myriophyllum spicatum and Ceratophyllum demersum. Lemna
minor is a monocotyledonous species which forms big
colonies on the water surface. The roots only serve for
stabilisation. The monocotyledonous Spirodela polyrrhiza
shows the same growth form as L. minor, but normally
reacts more sensitive to stressors than L. minor. Lemna
trisulca is a submersed living plant species which floats
inside the water body and builds adherent stands. The
dicotyledonous plant species Myriophyllum spicatum is
rooted in the substrate und grows submersed whereas Ceratophyllum demersum, which is a dicotyledonous species as
well, floats in the water like L. trisulca. All five macrophytes show a universal distribution and prefer warm eutrophic waters. The plant material used in this study originates from axenic cultures except for C. demersum which
was obtained from an aquarium business.
Herbicides

Commercial products were used to test the three active ingredients of herbicides. Banvel® 4S was chosen as
it contains Dicamba. It is used in maize cultures against
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dicotyledonous weeds. The active ingredient of Agil® is
Propaquizafop which controls monocotyledonous weeds.
Hora-Flo® contains Isoproturon and is used in cultures of
wheat, barley and rye to reduce different pest plants like
Black-Grass (Alopecurus myosuroides), Annual Bluegrass
(Poa annua) and Scentless Chamomile (Anthemis arvensis). For the biological assays four different concentrations of the herbicides were tested with respect to the
content of the active ingredient.
Test procedure

The study started after a 14 days preculture phase in
aqueous nutrient medium. Four different concentrations
of the herbicides in modified nutrient mediums according
to Landolt and Hanson [10, 11] were prepared ranging
from 0.005 mg/l to 5 mg/l and 0.01 mg/l to 10 mg/l, respectively. For L. minor and S. polyrrhiza 400 ml of the test
solutions were filled into 400 ml-beakers and 6-8 fronds
were applied onto the water. The test assays with L. trisulca
were carried out in small aquariums with 500 ml of the
test solutions into which a small colony (ca. 5-6 cm pieces) was introduced. For C. demersum and M. spicatum culture tubes were used. In each of the tubes one
apical cutting of 3-5 cm length was placed in 50 ml of the
test solution. The cuttings of M. spicatum were put into
10 g of an artificial substrate.
The exposition took place in a climatic chamber under continuous light (L. minor, L. trisulca, S. polyrrhiza:
3500 lx ±400 lx, C. demersum, M. spicatum: 6500 lx
±1000 lx) and a temperature of 25,5 °C ± 0.5 °C. Since
the nutrient mediums had no carbon source L. trisulca,
M. spicatum and C. demersum were aerated with ambient
air. The test assays were randomized every 3 to 4 days.

Endpoints

After a duration of 7 days (L. minor, S. polyrrhiza)
and 14 days (L. trisulca, C. demersum, M. spicatum),
respectively, the chlorophyll content and the peroxidase
activity were measured as well as growth rates. The
growth rates were determined for the frond area, the number of fronds and biomass and shoot length respectively.
To this end digital images of the test assays of day 0, 7
and 14 were analysed using an image processing software
(Visiometrics IPS). The chlorophyll content (chlorophyll
a and b) was analysed after methanol extraction according
to Lichtenthaler & Wellburn [12]. For the determination
of the peroxidase activity the photometric method of
Pütter [13] was used.
RESULTS
The study shows that various macrophytic species
react differently depending on the herbicides investigated.
Concentrations of Isoproturon ≥ 0,5 mg/l cause a strong
inhibition of the plant growth especially on L. minor,
L. trisulca and S. polyrrhiza (Fig. 1). In contrast, M. spicatum does not react with a decrease in growth of the
shoot length up to a concentration of 5 mg/l. Compared
with Isoproturon the reaction of the three Lemnaceae
species on Propaquizafop is different. L. minor seems to
be less sensitive to this herbicide than S. polyrrhiza when
using the chlorophyll content as an endpoint (Fig. 2). The
submersed growing L. trisulca shows effects already at
concentrations higher than 1 mg/l but C. demersum is the
most sensitive organism. At a concentration of 10 mg/l of
Propaquizafop no chlorophyll could be extracted after an
exposure of 7 days.

growth rate

0.40
0.30
0.20
0.10
0.00
control
S. polyrrhiza

0.005 mg/l
L. minor

0.05 mg/l

0.5 mg/l

L. trisulca

M. spicatum

5 mg/l

FIGURE 1 - Phytotoxic effects of Isoproturon on four macrophytic species by means of the growth rates calculated
out of the area of fronds (L. minor, S. polyrrhiza), the plant biomass (L. trisulca) and the shoot length (M. spicatum).
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S. polyrrhiza

0.1 mg/l
L. trisulca
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10 mg/l

C. demersum

0.3

125
100

0.2

75
50
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25
0

0
control 0.01 mg/l 0.1 mg/l

total chlorophyll content

peroxidase activity

1 mg/l

10 mg/l

number of fronds

frond area

FIGURE 3 - Comparison of the growth rates calculated out of the frond area and number of fronds as well
as chlorophyll content and peroxidase activity according to the effects of Propaquizafop on S. polyrrhiza.
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FIGURE 2 - Effects of Propaquizafop on L. minor, S. polyrrhiza, L. trisulca and
C. demersum according to the total chlorophyll content at the end of the test.
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The comparison of the four different endpoints for the
effects of Propaquizafop on S. polyrrhiza illustrates that
the growth rates calculated from the frond area and the
number of fronds is about 10 times more sensitive than
the physiological parameters chlorophyll content and
peroxidase activity (Fig. 3). The two closely related
plant species L. minor and S. polyrrhiza react differently
on Dicamba. Small concentrations between 0.005 mg/l
and 0.05 mg/l of Dicamba have no observable effects
on S. polyrrhiza whereas these concentrations cause a
small decrease in growth rate in L. minor. In contrast
higher concentrations of Dicamba only lead to phytotoxic
effects on S. polyrrhiza but not on L. minor.

could be a multi-species test design where a special variety of macrophytic test organisms showing differences in
morphological and biochemical characteristics would be
used. Some of these plants are already used in plant tests,
but there is the need for new macrophytes reacting sensitively on chemical substances and being of importance for
the ecosystem.

DISCUSSION AND CONCLUSION
According to the present study ecotoxicological tests
with several macrophytic plant species are important to
obtain a detailed risk assessment of chemical substances
like herbicides on aquatic ecosystems. The results presented here show different reactions to the herbicides tested
that could not be expected before. For example, Propaquizafop is used against monocotyledonous weeds. But in the
biological test assay the monocotyledonous species L. minor
and S. polyrrhiza were less affected than the dicotyledonous species C. demersum. In this case the growth form
of the macrophytic plants seems to be more important
than the taxonomic rank because the submersed growing
macrophytes reacted more sensitive to this herbicide.
Sometimes closely related plant species can react differently to one chemical as seen with L. minor and S. polyrrhiza if stressed with Dicamba. Additionally, the growth
rate is an endpoint that often is more sensitive than the
commonly used physiological parameters like chlorophyll
content or peroxidase activity. While the measurement of
shoot length or covered areas have been elaborate and
imprecise up to now new methods of digital image processing facilitate the calculation of these parameters. This
new, fast and uncomplicated test procedure enables largescale routine testing.
There are big differences concerning the effects of
herbicides on macrophytic plants (cf. [8]). As part of the
authorization procedure it is, therefore, necessary to investigate more test assays with different macrophytes. Up
to now the range of macrophytes tested is constricted to
eutrophent species living in warm waters. From the ecological point of view the selection should include oligotraphent species and macrophytes growing in cold
waters with different hydrogencarbonate contents. But a
single plant test can, of course, not reflect all processes of
natural waters like decomposition processes [14]. There
are some approaches to investigate the effects of herbicides in microcosms [15, 16] but the duration of these
examinations are too long for a routinely performed standard test [17] and the test design is too complicated and
hardly reproducible. Hence the solution of this problem
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FATE AND BEHAVIOUR OF
PHARMACEUTICAL RESIDUES IN SOILS
Robert Kreuzig, Christoph Kullmer, Birthe Matthies, Sibylla Höltge, Heike Dieckmann
Institute of Ecological Chemistry and Waste Analysis, TU Braunschweig, Germany

SUMMARY
In the frame of two research projects, fate and behaviour of human and veterinary pharmaceutical residues in
soils were investigated on the basis of sophisticated laboratory test systems. Target compounds were diclofenac, ibuprofen, ketoprofen, diazepam, paracetamol and sulfadiazine
which were applied directly as 14C-labelled radiotracers or
as defined aged residues in test sludge or test slurry. Soils
under study were a clayey silt and a silty sand.
Mobility in soils was tested by the determination of
Kd values. In these equilibrium batch experiments, only
ketoprofen (Kd: 2) was identified as a potential leacher.
Otherwise, the impact of the test sludge application led to
an enhanced mobility of diclofenac and diazepam, while
mobility of ibuprofen and ketoprofen was reduced.
Testing on degradability in soil was focused on microbial, chemical and photo-induced processes. Therefore,
microbially active and inactive soil samples were incubated in the dark and under irradiation. First results
showed that the metabolic fate of diclofenac is predominated by the formation of non-extractable residues in
microbially active soils. Photo-induced impacts on degradation were of subordinate relevance in soils. Stability
tests in bovine slurry revealed the persistence of sulfadiazine which showed a significant tendency of forming
non-extractable residues in soil.

KEYWORDS: Pharmaceutical residues, soil, sorption, degradation, laboratory test systems.

INTRODUCTION
In numerous screening and monitoring analyses,
pharmaceutical residues have been identified as a new
class of environmentally relevant chemicals [1 - 3]. After
medical application, human pharmaceutical compounds

partly underly metabolic decomposition. Thus, surplus
active substances applied and metabolites formed are
released into waste waters [4, 5]. Positive findings of
pharmaceutical residues in influents and effluents of
waste water treatment plants reveal the persistent nature
of these chemicals which significantly contribute to the
pollution of aquatic systems [6 - 10]. Furthermore, soil
pollution is caused by the use of contaminated sewage
sludges in agricultural production or by the surface water
infiltration for artificial ground water enrichment [11, 12].
In contrast, veterinary pharmaceutical residues are directly transferred into soils by the application of polluted
liquid manures [13, 14].
The registration procedure for human medicinal
products is mainly focused on the therapeutical efficacy
and pharmacological behaviour while the environmental
fate of veterinary medicinal products in soils is additionally estimated following the two-stage concept of the European Agency for the Evaluation of Medicinal Products
(EMEA) [15-17]. After a preliminary risk assessment
calculating predicted environmental concentrations (PEC)
and predicted no effect concentrations (PNEC), environmetally relevant compounds (PEC/PNEC > 1) have to be
investigated according to methods already established in
the procedure of pesticide registration.
Therefore, it is the objective of two research projects
funded by the Federal Environmental Agency (UBA), Berlin, Germany, to design laboratory test systems for the
investigation of sorption and degradation as concentration
determining processes for pharmaceutical residues in
soils. In the first approach, basic data on adsorption/desorption and biodegradability are gathered according to
standard guidelines established by OECD and BBA [18 23]. Thus, 14C-labelled target compounds of human and
veterinary pharmaceuticals are directly applied to different soils. In the second more specific approach, chemical
and photo-induced degradation processes are taken into
account and, supplementary to soil/water distribution
coefficients, column and laboratory lysimeter experiments
are conducted with special respect to leaching by matrix
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TABLE 1
Structures of 14C-labelled target compounds.

Pharmaceutical substance

structure of radiotracer

CH2COONa

diclofenac

Cl

NH
*

[2-(2,6-dichloroanilino)-phenyl]-acetic
acid

Cl
[phenylacetic acid ring-U-14C]-diclofenac sodium

*CH3

ibuprofen

2-(4-isobutylphenyl)-

(H3C)2CH

CH2

C

COOH

[propionic acid-3-14C]-ibuprofen

propionic acid

*CH3

ketoprofen

COOH

C

2-(3-benzoylphenyl)-

C

propionic acid

O
[propionic acid-3-14C]-ketoprofen

O

paracetamol

H3C C

NH

OH

*

4-acetamidophenol

[phenolring-U-14C]-paracetamol
diazepam

H3C *

O

N
7-chloro-1-methyl-5-phenyl-1,3dihydro-1,4-benzodiazepine-2-one

N

Cl

[N-methyl-14C]-diazepam

N

sulfadiazine

H2N

*

SO2

NH
N

1

N -(2-pyrimidinyl)14

[benzene ring-U- C]-sulfadiazine

sulfanilamide
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and preferential flow. Thereby, the use of closed apparatus
facilitates the determination of leaching and degradation
as simultaneously occurring processes. In the third approach, the environmentally relevant contamination pathways are simulated by the application of test sludges and
test slurries with definitely aged residues in order to yield
a thorough characterisation of pharmaceutical residues in
soils on the basic of sophisticated laboratory test systems.
Both research projects are in progress. Therefore, the
objectives and first results were presented within the
Conference on Environmental Chemistry and Toxicology
in Braunschweig, October 2002.

MATERIAL AND METHODS
Target compounds and soils

Criteria of pharmaceutical compounds’ selection
were amounts of production and medication, environmental relevance given by positive findings in aquatic and
terrestrial systems and the availability as 14C-labelled
radiotracers. Structures of the target compounds are illustrated in Table 1. Specific radioactivity and radiochemical
purity ranged from 200-2260 MBq mmol-1 and 80-99 %,
respectively. Standard solutions of radiotracers (Amersham Biosciences, Sigma) were prepared in methanol,
isopropanol or acetonitrile (Merck).
Soils investigated were a clayey silt and a silty sand,
both typical for soils under agricultural production in Germany. In experiments with sulfadiazine, clayey silt soil of a
second investigation site at the foreland of the Harz Mountains was sampled differing to the Neuenkirchen soil in the
silt (55.5 %) and clay (39.5 %) percentage. Due to their
physico-chemical properties, listed in Table 2, they approximately matched the reference soils EUROSOIL 4 and
LUFA 2.2. Soil samples were taken in the 0 – 5 cm layers of

Ap horizons, sieved to < 2 mm. Microbial activity of soil
samples was controlled by substrate-induced respiration
(SIR) measurement [24]. In order to study chemical degradation processes, soil samples were inactivated using a
sterilisation apparatus (2 x 20 min at 138 °C and 2.5 x 105
Pa within 3 consecutive days; Wolf).
Testing on mobility in soils

According to the OECD guideline on adsorption/desorption [19], soil/water distribution coefficients (Kd values) were determined. The 50-µL aliquots of the radiotracer standard solution containing 0.1 MBq were injected into
a 100-mL centrifuge tube and 5 mL of a 0.01-mol L-1 calcium chloride solution (Merck) were added. The mixture
was ultrasonically homogenised for 5 min and then, 25-mg
soil samples as well as 30 mL calcium chloride solution
were added. This aqueous phase was used in order to ease
phase separation and to keep ionic strength similar to that
of a natural soil. Additionally, the soil/water ratio applied
was 1:1.4, resembling natural conditions [25,26]. The
centrifuge tube was closed with a teflon-lined screw cap
and mechanically shaken at 220 rpm (horizontal shaker
Typ 3020; GLF) at 22 ± 2 °C for 24 h. Afterwards, the
suspension was centrifuged at 4000 rpm (Megafuge 1.0,
Heraeus) for 30 min and the supernatant removed for
determination of radioactivity. The radioactivity remaining in the soil phase was also determined.
In supplementary equilibrium batches, test sludge
samples with defined aged pharmaceutical residues were
applied to investigate impacts of the ageing process and
matrix effects. Therefore, 10-g sludge samples were fortified with the radiotracer solution containing 0.1 MBq and
incubated at 20 ± 1 °C in the dark for 7 days. Losses by
mineralisation were recorded and then, test sludge samples were added to soil samples. Further procedure was
conducted as described above.

TABLE 2
Physico-chemical properties of soils under investigation and reference soils.

Investigation site
landscape
vegetation
soil typ
texture
sand [%]
silt [%]
clay [%]
Corg
pH (CaCl2)
WHCmax [%]

EUROSOIL 4
Normandy
France
--Orthic Luvizol
silt
----20.3
1.4
6.8
---

Neuenkirchen
foreland of the Harz
Mountains
Germany
wheat
Luvizol
clayey silt
4.7
78.4
17.0
1.4
7.2
33.0

WHC: water holding capacity; ---: no information given
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Nienwohlde

LUFA 2.2

Lüneburger Heath
Germany

Rheinpfalz
Germany

potato
Cambisol
silty sand
76.8
19.1
4.2
0.8
5.4
26.6

--Cambisol
loamy sand
73.2
18.5
8.2
2.3
5.8
---
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Testing on degradability in soils

1: inlet valve , 2: outlet valve with activated charcoal filter,
3: 14C-carbon dioxide trap (8 mL of 0.1-mol L-1 potassium hydroxide solution), 4: soil sample
FIGURE 1
Batch apparatus for testing the degradability of xenobiotics in soils.

According to the BBA guideline on biodegradability [20], batch experiments were performed in special
apparatus illustrated in Figure 1. 50-g soil samples, SIR
tested and adjusted to approximately 40 % of maximum
water holding capacity, were fortified with radiotracer
standard solutions containing 0.05-0.1 MBq giving concentrations of 100-250 µg kg-1 soil. These batches were
incubated at 20 ± 1°C in the dark. Incubation intervals
were 0, 1, 3, 7, 14, 28, 56 and 102 days. All 3 - 4 days,
the 14C-carbon dioxide containing absorption solution was
exchanged, 1-mL aliquots were mixed with the scintillation cocktail Quicksafe A (10 mL; Zinsser) and scintillation counted (LSC Tri-Carb 2500 TR; Packard). This
measure was simultaneously accompanied by an air exchange to remain aerobic conditions in the test system
typical for terrestrial topsoils. At the end of each incubation interval, soil samples were extracted with ethyl acetate (Merck) using a horizontal shaker (Typ 3020, GLF)
overnight. Subsequently, aliquots (10-1000 µL) were
mixed with Quicksafe N (10 mL; Zinsser) and scintillation counted. Extracted soil samples were air-dried and
ground, then, 200-mg aliquots were mixed with 10 mg
cellulose (Merck) and combusted using a biological material oxidizer (OX-500, Harvey Instruments). 14C-Carbon
dioxide released was trapped in 15 mL Oxysolve-C400
(Zinsser) and finally scintillation counted.

1: inlet valve, 2: outlet valve with activated charcoal filter, 3: Pyrex water-cooling device, 4: medium-pressure mercury or
xenon lamp (cut off: λ = 290 nm), 5: 14C-carbon dioxide trap (8 mL of 0.1-mol L-1 potassium hydroxide solution), 6: soil
sample, 7: exchangeable glass container, 8,9: water-cooling device
®

FIGURE 2
Irradiation apparatus for batch experiments on photo-induced degradation of xenobiotics in soils.
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TABLE 3
Soil/water distribution coefficients of pharmaceutical residues.

Target compound
silty sand
STD
clayey silt
STD
silty sand
TS
clayey silt
TS

diclofenac

ibuprofen

ketoprofen

diazepam

paracetamol

10 ± 1

6 ± 1

2 ± 0

20 ± 4

36 ± 1

8±1

18 ± 1

2 ± 0

13 ± 1

46 ± 3

4±0

64 ± 0

6 ± 1

4 ± 0

41 ± 3

5±0

39 ± 2

4 ± 1

7 ± 1

45 ± 5

STD: applied as standard solution, TS: applied as test sludge

In order to distinguish between microbial and chemical degradation processes, microbially inactive soil samples were investigated, too. Using the same batch apparatus, these samples were incubated for 3 days. Additionally, photo-induced impacts on microbial and chemical
degradation were investigated using a special irradiation
apparatus (Figure 2). Soil samples fortified with the radiotracer (0.1 MBq) were incubated at 20 °C for 3 days
with 8-hours light/16-hours dark periods per day. For both
approaches, sample preparation and analysis were conducted as described above.
Besides testing on microbial and chemical degradability in soil after direct radiotracer application, the environmentally relevant soil contamination pathway via the
use of polluted bovine liquid manure was simulated for
sulfadiazine which is predominantly applied as a veterinary medicinal product. For preliminary stability tests, 50-g
slurry samples were put into the batch apparatus, fortified
with 0.1 MBq sulfadiazine and incubated at 20 ± 1 °C in
the dark for 3 and 28 days, respectively. Mass balances were
set up considering mineralisation (MIN) and formation of
extractable (ER) and non-extractable residues (NER). Preparing test slurries with aged residues, 10-g slurry samples
were fortified with 0.1 MBq of the radiotracer and incubated for 7 days. Losses by mineralisation were recorded.
Then, 50-g microbially active soil samples were added
giving 4-fold of the maximum applicable slurry amount
accepted by the German ordinance of fertilisation. Then,
these batches were incubated at 20 ± 1 °C in the dark for
3 and 28 days.

Although the occurrence of xenobiotics adsorbed onto soil surfaces or in the soil solution is affected by substance (e.g. POW, pKA) and soil specific parameters (e.g.
texture, Corg content, pH), no significant differences were
determined for both soils. Opposite sorption tendencies, however, were found for ibuprofen and diazepam.
The phenyl propionic acid derivative was stronger adsorbed in the clayey silt soil due to higher clay and Corg
content, while the basic benzodiazepine derivative was
stronger adsorbed in the silty sand soil. As it has been
already confirmed for the imidazole fungicide prochloraz
(pKA: 3.8) [25,26], diazepam (pKA: 3.4) could possibly be
protonated at soil pH 5.4 and adsorbed as a cation. Otherwise, diazepam solubility in the calcium carbonate
solution could be enhanced by its sorption to dissolved
organic compounds from the solubilising humic fraction
leading to a lower Kd value.
Taking the impact of the test sludge application into
account, different substance specific tendencies were
recorded. For ibuprofen and ketoprofen or corresponding
metabolites formed within the ageing process of the test
sludge, higher sorption potentials especially in the silty
sand soil were determined. Kd values of diclofenac and
diazepam, however, dropped down revealing both as
potential leacher in the sand soil. In contrast to these target compounds, sorption of paracetamol was not affected
by the application technique of the radiotracer. The average Kd of 42 indicated the lowest leaching potential of all
compounds under study.
Degradability of pharmaceutical residues in soils

RESULTS AND DISCUSSION
Mobility of pharmaceutical residues in soils

On the basis of Kd values, leaching tendencies of xenobiotics in soils could be assessed. Hence, a leacher is
revealed by Kd < 5, KOC < 300, water solubility > 30 mg L-1,
half-life in soil > 14 days and half-life in water > 175 days
[27]. As shown in Table 3, the Kd and KOC trigger values
were only under-run by ketoprofen identifying this compound as a potential leacher.

Degradation of organic xenobiotics in soils is the
most relevant process for their elimination counteracting
accumulation, adverse biological effects and transfer to
surface or groundwater via runoff and leaching, respectively. In aerobic topsoils, enzymatically catalysed hydrolysis or oxidation reactions lead to the formation of
metabolites of higher polarity compared to the parent
compound released in soils by point amd non-point
sources. At the final stage of the metabolism pathway,
organic compounds are mineralised and effectively eliminated from soil ecosystems.
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In Figure 3, the biodegradability of diclofenac in the
clayey silt soil is illustrated within an incubation period of
102 days. 13 % of the radioactivity applied was released
as 14C-carbon dioxide. Within this process, a two-phase
course was recorded with mineralisation rates initially
increasing from 231 to 404 pmol d-1 and, finally, dropping
down to 35 pmol d-1. This two-phase course was also
reflected by the formation of extractable and non-extractable residues. The extractable fraction rapidly decreased
from 79 to 23 % in 3 days, while the non-extractable one
increased to 72 %. Later on, only little changes were
noted until the end of the study.

The comparison of microbial, photo-induced microbial, chemical and photo-induced chemical degradation
clearly showed the significance of microbial activity in soil
(Figure 4). Incubating the batch in the dark yielded highest
amounts of non-extractable residues (72 %), while they
were of no significance when microbially inactive soil
samples were applied. This fact confirmed that the formation of non-extractable diclofenac residues is directly depending on microbial activity. Thereby, this process could
not be comprehended as a simple function of adsorption
onto soil surfaces. Although diclofenac is well-known as a
photosensitive compound in water/sediment systems [28],
photo-induced impacts on the degradability in soil were of
subordinate relevance. In fact, the extractable fraction was
enhanced in the irradiation experiment. Within the metabolite screening by radio thin layer chromatography (RTLC),
however, no further metabolites could be detected as they
were formed under incubation in the dark.

The metabolic fate of diclofenac in the silty sand soil
was characterised by a definitely slower decrease of extractable residues down to 43 %. According to this, the
non-extractable ones only reached 44 %. Independently
on soils under investigation, mineralisation rates did not
significantly differ although SIR testing showed higher
microbial activity for the clayey silt (4.2 mg O2 L-1 h-1)
than for the silty sand soil (1.5 mg O2 L-1 h-1).

According to the Kd determination procedure with
test sludge application, a sophisticated test design was
realised to simulate the contamination pathway of veterinary pharmaceutical residues via slurries and to investigate slurry matrix effects. On the one hand, 14Csulfadiazine was directly applied to soils to study microbial and chemical processes. On the other hand, the stability of this sulfonamide was tested in bovine slurry before
microbially active clayey silt soil was fortified with test
slurry with 7-days aged residues. In Figure 5, the results
of the 3-days incubation experiments are illustrated.

Supplementary to the tests on biodegradability, chemical and photo-induced impacts on degradation processes were investigated in short-time batch experiments
considering that the inactivation of microbial acitivity
could not be ensured by the autoklaving procedure longer
than 3 days. Furthermore, irradiation (λ > 290 nm) should
show effects directly after the application because otherwise further concentration determining processes could
predominate the metabolic fate in soil.
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FIGURE 3 - Microbial degradation of 14C-diclofenac in clayey silt soil.
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FIGURE 4 - Microbial (MD), photo-induced microbial (PMD), chemical (CD) and
photo-induced chemical degradability (PCD) of 14C-diclofenac in clayey silt soil in 3 days.
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FIGURE 5 - Chemical (CD/soil), microbial degradation of 14C-sulfadiazine in clayey silt soil (MD/soil),
in bovine slurry (MD/slurry) and in soil after test slurry application (MD/soil/TS) in 3 days.
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FIGURE 6 - Microbial degradation of 14C-sulfadiazine in clayey silt soil (MD/soil), in
bovine slurry (MD/slurry) and in soil after test slurry application (MD/soil/TS) in 28 days.

Contrary to the antiphlogistic diclofenac, no significant differences were recorded between chemical and
microbial degradation. In these batches, mineralisation
was of subordinate relevance. Extractable and non-extractable residues were detected in similar amounts. In the
short-time stability test of sulfadiazine in bovine slurry,
the extractable fraction definitely predominted the nonextractable one while later on the ratio of both fractions
was levelled off. RTLC controls of the ethyl acetate extracts confirmed the exclusive existence of the parent
compound applied indicating its persistence in soil and
slurry. A significant change was recorded when test slurry
was applied to soil. Then, within a further 3-days incubation period in the dark, the extractable residues were rapidly transferred to non-extractables (93 %). After the 28days period, non-extractables amounts of 90 % were also
reached in the microbially active soil after direct sulfadiazine application (Figure 6). These results indicated a
rapid formation of non extractable sulfadiazine residues in
soil which consequently required further characterisation
on bonding strength and remobilisation.

order to minimize time-consuming and laborious field studies. With special respect on the multitude of existing and
new substances, this research strategy has to be focused on
working out a sufficient data basis considering substance
and soil specific properties. Furthermore, the environmentally relevant contamination pathways into soils by the
application of polluted sewage sludge and liquid manures
have to be considered. Therefore, both research projects
presented here constitute a first multistep concept for the
investigation of pharmaceutical residues´ fate in soil.
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CONCLUSION
According to the increasing interest on the environmental fate of pharmaceutical residues in soils, sophisticated laboratory test systems have to be developed to
yield a thorough characterisation of these xenobiotics in
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SUMMARY

INTRODUCTION

Interactions with dissolved organic matter or suspended clay minerals can both affect the transport of
organic xenobiotics in soil. Therefore, dialysis experiments were carried out to investigate such binding interactions of two triazine herbicide metabolites (desethyl
terbuthylazine, hydroxydesethyl terbuthylazine) with
dissolved humic acids and montmorillonite. Using 14Clabeled compounds in a small-scale dialysis device allowed sensitive determination of both free and bound analytes. Adsorption of desethyl terbuthylazine to montmorillonite steadily increased with falling pH from 10 to 2,
whereas adsorption of hydroxydesethyl terbuthylazine
showed a maximum at pH 4-4.5. This was ascribed to
different protonation of the compounds, owing to pKA
values of approximately 2 and 5 for desethyl terbuthylazine and hydroxydesethyl terbuthylazine, respectively.
Addition of dissolved humic acids to the montmorillonite
suspension did not change the pH-dependency of binding
for both compounds. Distribution of herbicide metabolites
between humic acids and montmorillonite was investigated by dialysis experiments in a system of humic acid
solution versus montmorillonite suspension. Dissolved
humic acids did not diminish the adsorption of either
compound to montmorillonite.

KEYWORDS:
clay, humic acids, triazine herbicides, sorption.

The fate of contaminants in soil is determined by their
type and extent of binding to the soil matrix. For assessing
their environmental behaviour, the physicochemical properties of the chemicals and the solid soil constituents as
well as their respective interactions with dissolved organic
matter, colloids, and suspended particles in the soil solution
must be considered. Many studies have demonstrated significant binding of different pesticides to dissolved organic
matter [1-3] or to clay minerals [4, 5]. Transport of atrazine
facilitated through soil columns was either ascribed to
deactivation of soil sorption sites by colloids [6] or to
atrazine association to colloids [7]. Sorption studies with
natural soils or clay-humic complexes as compared to
single soil constituents showed a significant impact of
soil-organic matter interactions on the sorption properties
of herbicides [8, 9].
In the present work, binding interactions to clay minerals alone and in the presence of dissolved humic acids
were investigated for two metabolites of the triazine herbicide terbuthylazine. Terbuthylazine is widely used in
maize cultivation [10]. Its main soil metabolites as found
in lysimeter studies are desethyl terbuthylazine and hydroxydesethyl terbuthylazine [11]. Dealkylated triazine
metabolites are known to possess higher mobilities than
their parent compounds [12], while hydroxy triazines can
bind strongly to soil constituents via specific electronic
interactions [13, 14]. Association effects between hydroxydesethyl terbuthylazine and dissolved fulvic and
humic acids have already been determined by means of
dialysis [15]. Lee et al. could demonstrate the applicability of this method also for systems containing solids [16].
In this study, the binding interactions of desethyl terbuthylazine and hydroxydesethyl terbuthylazine were
investigated by carrying out dialysis experiments with
aqueous montmorillonite suspensions, suspended montmorillonite in humic acid solutions, and in a system of
humic acid solution against montmorillonite suspension.
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MATERIALS AND METHODS

RESULTS AND DISCUSSION

The herbicide metabolites used in this study were
[triazine-U-14C]-desethyl terbuthylazine (4-amino-6-tert.butylamino-[1,3,5]triazine; specific activity 2.05 kBq/µg,
radiochemical purity 99.3 %) and [triazine-U-14C]-hydroxydesethyl terbuthylazine (4-amino-6-tert.-butylamino[1,3,5]triazine-2-ol; specific activity 2.07 kBq/µg, radiochemical purity 99.3 %) both provided by Syngenta Crop
Protection (Basel, Switzerland). Stock solutions of desethyl terbuthylazine and hydroxydesethyl terbuthylazine
were prepared in methanol and methanol with 0.1 % trifluoroacetic acid, respectively. For use in the dialysis
experiments, aliquots of the methanolic solutions were
evaporated to dryness under a stream of nitrogen and the
residue taken up with water.

Interactions with pure clay minerals

To obtain information on the binding of desethyl terbuthylazine and hydroxydesethyl terbuthylazine to a pure
three-layer clay mineral, aqueous solutions of both analytes (c0 = 25 mg/L) were dialysed against aqueous suspensions of montmorillonite ([ads] = 6.25 × 10-3 g/mL).
Dialysis was continued until the analyte concentrations in
both half cells reached a constant level which typically
took 20-24 h. The strength of binding to montmorillonite
was expressed by adsorption coefficients Kd which were
calculated according to the equation:

Kd =

Aluminium pillared clay, characterised as montmorillonite with intercalated aluminium polyhydroxy cations, was
obtained from Sigma-Aldrich (Deisenhofen, Germany). Its
surface area (BET) was given as 250 m2/g and its particle
size as 68 µm with less than 30 % bigger particles.
Humic acids were extracted from peat with 0.2 N sodium hydroxide under an atmosphere of nitrogen on a
rotary shaker (6 rpm, 12 h). After removal of solids by
centrifugation (30 min, 2500 g) and filtration over a glassmicrofibre filter (type GF-A; Whatman, Springfield Mill,
UK), humic acids were precipitated by acidifying the
solution to pH 1 with 5 N hydrochloric acid and keeping
it at 4 °C for 12-16 h. Following centrifugation (30 min,
3000 g), the supernatant was removed and the pellet first
washed with water and then lyophilised. The aqueous
solutions for the experiments were produced by redissolving humic acids in a small volume of 1 N sodium hydroxide, diluting 1:200 with water, and adjusting the pH to 6
by addition of 0.5 N sulfuric acid. Particles were removed
by filtration over a glass micro-fibre filter (type GF/C;
Whatman, Springfield Mill, UK) and a membrane filter
(0.45 µm). The filtrate was dialysed against water through
a membrane with molecular weight cut-off at 1 kDa
(Roth, Karlsruhe, Germany).
Dialysis studies were carried out in a special small-scale
apparatus that has been described in detail elsewhere [15].
Two polytetrafluorethene half cells with respective volumes of approximately 9 mL were separated by a dialysis
membrane with molecular weight cut-off at 1 kDa (Roth).
One half cell was filled with 8 mL of humic acid solution
or montmorillonite suspension and the other half cell with
8 mL of water that had been spiked with the radiolabelled
analyte. Different pH values were adjusted by adding
0.1 M hydrochloric acid, 0.2 M sodium hydroxide, or
0.05 M buffer solutions (citrate, acetate, phosphate, and
carbonate for pH values of 3.6, 4.5, 7, and 10, respectively). Diffusion of the solutes was supported by rotating
the closed cells at 10-12 rpm. Samples (500 µL) were
taken in defined time intervals and their radioactivity
measured by liquid scintillation counting. Experiments
were typically carried out in duplicate.

cads csusp − c w
1
=
⋅
cw
cw
[ads]

cads = concentration of adsorbed analyte (g per kg adsorbent)
cw = concentration of analyte in solution (g/L)
csusp = total concentration of analyte in the half cell
containing adsorbents (g/L)
[ads] = total concentration of the adsorbents (kg/L)
The relative deviations between the single Kd values
from duplicate experiments were generally below 1 %.
Those negligibly small individual error values are thus
omitted in the following presentation of data.
In the basic to neutral range between pH 10 and 7, Kd
values for both tested compounds rise slightly from 11 to
31 L/kg and from 2 to 370 L/kg for desethyl terbuthylazine and hydroxydesethyl terbuthylazine, respectively.
Proceeding to more acidic conditions, the binding of desethyl terbuthylazine to montmorillonite increases exponentially up to a Kd of 5300 L/kg at pH 2.2. In contrast,
the Kd values for adsorption of hydroxydesethyl terbuthylazine to montmorillonite increase drastically up to a
maximum of 25500 L/kg at pH 4.2 and decrease again at
lower pH down to 3200 L/kg at pH 3.6. The pH dependency of adsorption of both herbicide metabolites to
montmorillonite is depicted in Figure 1.
The observed pH dependency of adsorption to montmorillonite can be explained by increasing electrostatic
interactions between positively charged triazine molecules and electronegative sites at the clay mineral surface.
Electron density calculations have shown that protonation
of the triazine molecules occurs at the nitrogen atom at
position 5 in the triazine ring [5]. For 2-chloro triazines
like desethyl terbuthylazine, the respective pKA value is
approximately 2, whereas the far more basic 2-hydroxy
derivatives like hydroxydesethyl terbuthylazine have pKA
values of approximately 4-5 [17, 18]. The occurrence of an
adsorption maximum for hydroxydesethyl terbuthylazine
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FIGURE 1
Kd values for adsorption of desethyl terbuthylazine (DT) and hydroxydesethyl terbuthylazine (HDT)
to montmorillonite (A) and montmorillonite with added humic acids (B) at different pH values.
Experiments were carried out in duplicate. Error bars are smaller than symbols and therefore not shown.

at pH 4.2 agrees well with earlier results of Weber [17] who
found similar adsorption maxima to clay minerals at pH
values near the respective pKA for a number of structurally related triazines. Based on this information, it is reasonable to assume that the adsorption Kd value for desethyl terbuthylazine at pH 2 also marks a maximum.
However, this was not verified in our study, because adsorption was not measured at pH values below 2, due to
limited stability of the dialysis membrane. To sum up, a
maximum of adsorption to montmorillonite was found for
hydroxydesethyl terbuthylazine at a pH value of 4.2 in the
vicinity of the compound's pKA. The strength of binding is
about one order of magnitude higher than the highest
respective value for desethyl terbuthylazine at pH 2.
Interactions with clay minerals and humic acids

The binding of organic chemicals in a complex system
of dissolved, colloidal, and suspended inorganic and organic material cannot be predicted from their interactions
with the individual inorganic or organic constituents [9].
Therefore, dialysis experiments at different pH values
were carried out with montmorillonite ([ads]mm= 6.25 ×
10-3 g/mL) suspended in a solution of dissolved humic
acids (dissolved organic carbon concentration [ads]DOC =
0.2 × 10-3 g/mL). The Kd values were calculated as described above with a total adsorbent concentration [ads] =
[ads]mm + [ads]DOC. Since precipitation of humic acids
started at pH values below 4, no experiments were carried
out at pH 2.
The results of the dialysis experiments with Kd values
for desethyl terbuthylazine and hydroxydesethyl terbuthy-

lazine plotted against the pH of the suspension are shown
in Figure 1. The shape of both curves is similar to those of
the experiments with the pure clay mineral with single Kd
values mostly being smaller than the respective adsorption coefficients without added humic acids. This could
indicate competitive sorption of herbicide molecules and
humic acids to the montmorillonite sorption sites. Such
effects are commonly made responsible for increased
mobility of organic xenobiotics in soil in the presence of
dissolved organic matter [16, 19, 20]. However, the differences in our study are relatively small. At neutral pH,
adsorption Kd values for desethyl terbuthylazine to montmorillonite amount to 31 L/kg without and to 24 L/kg
with humic acids. Respective values for hydroxydesethyl
terbuthylazine are 370 L/kg and 290 L/kg. As an exception, the Kd of 8300 L/kg for hydroxydesethyl terbuthylazine at pH 3.6 is more than twice as high as the value of
3200 L/kg for adsorption to pure montmorillonite. This
might be attributed to co-precipitation of the positively
charged hydroxy triazine molecules with the humic acids
or humic-clay complexes at this low pH. Considering the
basic to weakly acidic pH range, the adsorption of desethyl terbuthylazine and hydroxydesethyl terbuthylazine
to montmorillonite with added dissolved humic acids is
slightly reduced, but exhibits the same pH dependency as
compared with the adsorption to pure montmorillonite.
Distribution between dissolved humic acids and clay minerals

While earlier studies have revealed marked binding
of hydroxydesethyl terbuthylazine to dissolved humic
acids, particularly at pH values of 4.5 and below [15], no
significant impact of dissolved humic acids on adsorption
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of the herbicide metabolites to montmorillonite was observed in the experiments described so far. To elucidate
the relative strengths of interactions, dialysis experiments
were conducted in a system of dissolved humic acids in
water against an aqueous montmorillonite solution without addition of buffers. The chemicals were added either
to the humic acid solution or to the montmorillonite suspension and dialysed for 165 h.

radioactivity [Bq/mL]

Figure 2 shows the concentration curves for dialysis of
both triazine compounds added either to the humic acid
solution or the montmorillonite suspension, respectively.
Apparent K*d values for adsorption to montmorillonite
were calculated as the quotient of measured analyte concentrations in the montmorillonite half cell and the humic
acid half cell, normalised to the concentration of suspended montmorillonite. After 165 h, the K*d values for
desethyl terbuthylazine amounted to 450 ± 0 L/kg and
410 ± 10 L/kg for initial addition of the compound to humic acid solution and montmorillonite suspension, respec-

120

tively. Corresponding values for hydroxydesethyl terbuthylazine were 11900 ± 500 L/kg and 11900 ± 800 L/kg. These data show that regardless of the initial conditions, virtually identical stationary states were reached for each
chemical at the end of the experiment, indicating fully
reversible binding to both sorbents. Since K*d values contain no information about the amount of free chemicals in
the system, they cannot be directly compared to the Kd
values listed above. Being one (for desethyl terbuthylazine) or even two (for hydroxydesethyl terbuthylazine)
orders of magnitude greater than the corresponding Kd
values from dialysis against aqueous buffer at pH 7, they,
nevertheless, allow to conclude that dissolved humic acids
have no significant diminishing impact on the binding of
the investigated herbicide metabolites to montmorillonite.
This is in line with the results from some studies on the
soil mobility of triazine herbicides in which complexation
with dissolved organic matter was found to have no significant impact on the leaching of the respective compounds [19, 21, 22].
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FIGURE 2
Concentration curves for the dialysis of desethyl terbuthylazine (DT) and hydroxydesethylterbuthylazine (HDT) added to humic acid solution (HA) or montmorillonite suspension (MM) at pH 7.
Experiments were carried out in duplicate. Error bars are smaller than symbols and therefore not shown.
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CONCLUSIONS
The adsorption of the herbicide metabolites desethyl
terbuthylazine and hydroxydesethyl terbuthylazine to the
three-layer clay mineral montmorillonite was found to
be highly pH-dependent. With decreasing pH and increasing protonation of the triazine ring, stronger binding
of the positively charged triazine molecules to the electronega-tive centres of clay matrix is observed. Adsorption
maxima are reached at solution pH values around the pKA
of the respective xenobiotic chemical. Addition of dissolved humic acids to the test system only slightly
changed the sorption behaviour of the compounds. The
results of dialysis experiments with montmorillonite suspension in humic acid solution on the one hand, and separated montmorillonite suspension and humic acid solution
on the other hand indicate that competitive sorption of
humic acids and triazine might possibly enhance the mobility of the terbuthylazine metabolites in soil. In contrast,
the formation of xenobiotic-dissolved humic acid complexes does not seem to be a relevant mechanism for
mobility enhancement. In the case of hydroxydesethyl
terbuthylazine, the strong interactions with sorbent surfaces already under weakly acidic conditions may also
result to colloidal or suspended matter facilitated transport
through soil macropores.
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ECOTOXICOLOGICAL CHARACTERIZATION OF SOIL QUALITY STANDARDIZATION OF TEST METHODS
AND PRACTICAL EXPERIENCES
Frank Riepert and Dieter Felgentreu
Federal Biological Research Center for Agriculture and Forestry, Königin-Luise-Straße 19, 14195 Berlin, Germany

SUMMARY
Legislation has taken into account the significance of
the soil as life basis and biotope for men, animals, plants
and soil organisms. Ecotoxicological test methods are
used as tools for the hazard assessment of chemical properties or the characterization of the contaminated soil with
respect to its functions. The importance of soil organisms
for the functions of the soil has been identified and described sufficiently in literature and is only summarized
shortly. The structure and the work programme of the
International Organization for Standardization (ISO) with
respect to soil quality testing is described. The state of
standardization focussing on tests using soil organisms
and the recent ISO activities concerning the development
of new approaches in soil quality testing are reviewed. As
many of the existing test methods have been developed
for chemical testing the existing methods need to be
adapted and optimised. As an example, experiences
gained with the ISO “Higher plant growth test” in valida
tion experiments are presented.

-

KEYWORDS: Standardization, ecotoxicological test methods, soil
quality, higher plants, growth test, validation.

stances, to the requirements of soil quality testing. Ecotoxicological test methods for soil characterization include the assessment of synergistic, antagonistic and
additive effects and the bioavailability of pollutants as
well. The field of application of these methods is broad
comprehending the screening of biologically effective
substances supplementary to chemical analysis and the
validation and process related control of soil remediation
projects apart from supplementary risk assessment [1].
For more than ten years the Technical Committee 190,
Soil Quality, of the International Organization for Standardization (ISO) has aimed to gather validated test procedures for soil quality characterization, and to submit
them to a standardization process. Subcommittee 4, Biological Methods, attempted to redraft well known existing
test methods using soil organisms, and to prepare them
for publication as International Standard. Standards published by ISO get part of the German stock of standards
(DINNorm) and may become the basis of European standardization activities (CEN) and the OECD Test Guideline
Programme.
Due to the fact that most of the test methods subjected to harmonization originate from chemical testing it
seems not astonishing that some of these methods need to
be adapted to the requirements of soil characterization.

INTRODUCTION
Legislation (e.g. the German federal soil protection
act) increasingly takes into account the role of soil as
fundamental basis of life and habitat for human beings,
animals and plants. The definition of testing requirements
for the assessment of the hazard potential of substances in
relation to the development of soil related protection
targets has strengthened the need of the development of
new specific test methods or the adaptation of existing test
methods, originally developed for testing chemical sub-

Role of biological test methods for the
evaluation of soils and soil materials
with respect to their hazard potential
to the maintenance of the soil functions
According to the scope of the “Guidance on the ecotoxicological characterization of soils and soil materials” [2] ecotoxiclogical methods may be applied for purposes like
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• Assessment of the ability of a soil to sustain a natural biocenosis or agriculture
• Assessment of the combined ecotoxicity of all bioavailable contaminants present in soil

Chemical
analysis of
contaminants

Chemical analysis of the Proposed test systems
eluate
and test parameters

Staying within
given values

Staying within given
values

• Assessment of the ecotoxicity of potentially harmful substances in cases where the soil/soil material
can affect the ground and surface water.

In addition ecotoxicological and genotoxicological tests:
• Luminescent
bacteria
• Algae
• Umu – test
Ames (optional)

• Identification of soils (refills, embankments) with
a low degree of contamination (...) which can remain at the site without further treatment

• Monitoring and control of soils which have been
decontaminated and are to be reinstalled at the
surface
Testing strategy and interpretation of test
results according to the use and re-use of
soils and soil materials and soil functions
If soils or soil materials are assessed with respect to
their intended use or re-use, tests (e.g. as listed in the
annex of ISO 15 799) appropriate to assess soil quality
with respect to the retention function and to the habitat
function should be applied.
With respect to human health, the protection of
ground and surface waters and the maintenance of the
habitat function of soil fauna and flora the DECHEMAad-hoc working group “Validierung biologischer Testverfahren für Böden” has proposed a basic testing strategy
(Table 1) [3].

•

The International Organization for Standardization
(ISO) is a worldwide federation of national standards bodies from more than 140 countries. ISO is a non-governmental organization established in 1947. The mission of
ISO is to promote the development of standardization and
related activities in the world with a view to facilitating the
international exchange of goods and services, and to developing cooperation in the spheres of intellectual, scientific,
technological and economic activity.
ISO's work results in international agreements that are
published as International Standards. (http://www.iso.ch
2002)
Eight years after having established the technical
committees (TC) “Air Quality” (TC 146) and “Water
Quality” (TC 147), the technical board suggested raising
another environmental TC. After another 7 years TC 190
“Soil Quality” started its work in 1986.
Structure of Technical Committee (TC) 190 Soil Quality

Ø Secretariat: Nederlands Normalisatie-instituut (NEN)
Ø Scope:
Standardization in the field of soil quality, including
classification, definition of terms, sampling of soils,
measurement and reporting of soil characteristics.

Testing strategy for the assessment of soil quality
Aim of protection
Ground water
protection

•

International Organization for Standardization

TABLE 1

Human health

•

Microorganisms:
Respiration, nitrification
Higher plants:
Germination,
growth
Earthworms:
Reproduction
Collembola:
Reproduction

International and national bodies for
the development and standardization
of test methods

• Detection of potential ecotoxicity which could not
be traced by chemical analysis
• Monitoring and control of the success of biological
treatment

•

Ø Technical Programme:

Habitat function

Subcommittee
SC 1
SC 2
SC 3
SC 4
SC 5
SC 6
SC 7
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Title
Evaluation of criteria, terminology and
codification
Sampling
Chemical methods and soil characteristics
Biological methods
Physical methods
Radiological methods (cancelled)
Soil and site assessment
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Complementary structure in the German standardization body

Deutsches Institut für Normung e.V. (DIN)
Normenausschuss Wasserwesen (NAW)
Fachbereich I Umwelt (Abfall, Boden, Wasser)
NAW I 1 Bodenschutz, AltNAW I 2 Boden- und Abfalllastensanierung und Entsorgung untersuchung
UA 1 Begriffe
UA 1 Probennahme
UA 2 Entsorgung
UA 2 Chemische Verfahren
UA 3 Standortbeurteilung
UA 3 Physikalische Verfahren
UA 4 Biologische Verfahren
UA 5 Eluierungsverfahren
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TABLE 2
Test methods having been standardized or being in progress within ISO/TC 190/SC 4 Biological Methods.
Harmonization level *
and ISO No.
IS 11267
IS 11268
-1
-2
-3

Title
Effects of pollutants on collembola (Folsomia candida) –
Method for the determination …
Effects of pollutants on earthworms (Eisenia fetida) –
Part 1: acute toxicity …
Part 2: Determination of
effects on reproduction
Part 3: Field Test

-2
(To be updated)

Effects of pollutants on
Enchytraeidae (Enchytraeus sp.) –
Determination of effects on reproduction and survival
Effects of pollutants on insect
larvae (Oxythyrea funesta) –
Determination of acute toxicity
Determination of the effects of
pollutants on soil flora – Part 1:
Method for the measurement of
inhibition of root growth
Part 2 Effects of chemicals
on the emergence and
growth of higher plants

CD 22030

Chronic toxicity in higher plants

DIS 16387

WD 20963

IS 11269-1

CD 17126

IS 14238

Seedling emergence, screening
test with lettuce
Nitrogen mineralization and
nitrification in soils and the influence of chemicals on these processes

Test organism

Test principle

Test period

Folsomia candida
(Willem)

Reproduction test using an
artificial or contaminated natural
soil substrate NOEC, ECx

4 weeks

Mortality, LC 50

14 days

Mortality, reproduction,
NOEC, ECx

8 weeks

Field test, abundance, biomass

12 months

Mortality, reproduction,
NOEC, ECx

6 weeks

Eisenia fetida Savigny,
E. andrei Bouché
Eisenia fetida Savigny,
E. andrei Bouché
Species living in grass
or arable land
Enchytraeus albidus
Henle 1837

Oxythyrea funesta
Barley
(Hordeum vulgare L.)

Mortality of soil living instars
in an artificial soil
LC 50
Differences in the root lengths
of barley seedlings grown in any
test medium compared to the
controls, NOEC

Monocotyledonous and
dicotyledonous plants

Emergence and growth
of early stages

Avena sativa u. Brassica
rapa ssp. rapa

Emergence, growth and
reproductive potential
Emergence of seedlings
in quartz sand

Lactuca sativa L.
Microbial population
present in the test soil

IS 14240-1

Determination of
microbial biomass –
Part 1: SIR method

Microbial population
present in the test soil

-2

Part 2:
Fumigation extraction method

Microbial population
present in the test soil

IS 15685

Ammonium oxidation –
a rapid method to test potential
nitrification in soil

Autotrophic ammonium
oxidising bacteria present
in the test soil

DIS 17155

Determination of abundance and
activity of soil microflora using
respiration curves

Microbial population
present in the test soil

NWI

Determination of dehydrogenase activity in soil

Microbial population
present in the test soil
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N-mineralization under aerobic
conditions; determination of
ammonium, nitrite and nitrate
Soil is amended with a series of
increasing concentrations of
glucose until a maximum respiration rate is reached. From this
rate, the active biomass is estimated.
Through fumigation of the soil
sample, intact microbial cells are
lysed and the microbial organic
matter released. The organic
carbon extracted is determined
for fumigated and unfumigated
samples. The difference is used
to determine microbial biomass.
Autotrophic ammonium oxidising bacteria in soil are exposed
to ammonium sulphate. The
accumulation rate of the nitrite
is taken as an estimate of the
activity.
CO2 production in amended
(glucose + ammonium) and soils
without amendment; basal
respiration, substrate-induced
respiration, lag time
Photometrical determination of
Triphenylformazan (TPF) after
addition of 2,3,5-Triphenyltetrazolium-Chlorid

10 days
7 days

14 days
5-6 weeks
5 days

4 weeks

6h

24 h

6h

5 days

16-18 h
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TABLE 3
Updating of standardization programme.
Aim
Adding of ecological relevant
groups not yet covered
Short term tests
for screening purposes
New endpoints: reproduction,
endocrine effects,
functional effects, bioaccumulation
Minimisation
Replacement of existing test
methods by reasons of animal
welfare
Expansion of the field of application

Example
Nematodes (Caenorhabditis elegans); Enchytraeids
(Enchytraeus albidus); insect larvae (Oxythyrea funesta) aquatic plants (lemna growth inhibition test) sediment organisms (Chironomidae)
Earthworm avoidance test; seedling
emergence, screening test with lettuce
Earthworm, enchytraeid, collembola reproduction test,
chronic plant test, fish screening test, fish full live
cycle, larval test with Xenopus laevis, bait lamina test,
bioaccumulation test with annelids
Algae growth inhibition test
(Scenedesmus subspicatus)

Legal background

Organisation

Soil quality,
Chemical testing
programme

DIN, ISO, OECD

Soil quality

ISO

Chemical and pesticide
testing programme

OECD

Chemical testing
programme

OECD

Fish embryo test replacing the fish acute test

Chemical testing
programme

OECD

Higher plant growth test

Pesticide approval, soil
quality, waste classification

OECD, ISO, CEN

Harmonization and standardization of ecotoxicological test methods for testing
of the habitat function of soils or soil materials
As no specific methods for purposes of soil quality
testing existed, methods proposed for standardization were
taken in the beginning from other testing programmes (e.g.
chemical testing programme of OECD). The existing test
methods, even if published as standards within the scope
of TC 190 “soil quality” in some cases need to be adapted
or new specific methods should be developed for the
characterisation of soil quality. It has to be noted that on
the other hand methods standardized within that TC are
referred to or even recommended to be applied by notifiers for the ecotoxicological characterization of active
substances of plant protection products [4]. First approaches of strategies for applying the methods for the
ecotoxicological characterization of soils and soil materials with respect to their function depending on the intended use are being harmonized and will be supplemented by guidance on the assessment of tests.
New methods that are being proposed as new work
items aim on relevant ecological groups not covered yet,
new endpoints or shall save money without loss of information. Examples are given table 4.
Guidance on the
ecotoxicological characterization of soils
As a consequence of the harmonization work done it
was realized that guidance is required for the identification of appropriate methods to be applied for ecotoxicological characterization of soils and soil materials. ISO
15799 [2] provides guidance on the selection of experi-

mental methods for the assessment of the ecotoxic potential of soils and soil materials (e.g. excavated and remediated soils, refills, embankments) with respect to their
intended use and possible adverse effects on aquatic and
soil dwelling organisms. This is a reflection of the maintenance of the habitat and retention function of the soil.
Validation of tests
Do existing ecotoxicological tests fulfil the requirements of soil quality testing? Other than for testing of a
chemical added to the test soil in a series of concentrations allowing to derive a dose-response relationship, or
statistical testing between means of control soil and test
concentrations, test soils in soil quality testing assays
consisting of unknown contaminated and control soil
include a number of additional sources of errors, e.g.
storage conditions [6] or the watering regime [7], that
may bias the test results significantly. As an example,
results gained from investigations aiming to identify factors competing with the main effect under investigation
are presented.
Validation of the higher plant growth test
(DIN/ISO) if applied to assess soil quality
The higher plant growth test as originally proposed
by OECD for testing of dangerous substances has been
included into international harmonization programs for
testing properties of chemical substances and soil quality.
Primarily developed to assess the ecotoxic potential of a
substance added to a soil/soil material, the test protocol
needed modifications to fulfil the requirements of an
ecotoxicological characterization of soils and soil materi-
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als with respect to their function depending on the intended use. Accordingly, provisions were made in the
annex of the standard [6] to adapt the test design to these
requirements. The standard is a recommended method for
testing the habitat function of soils and is part of the annex of the Draft International Standard ISO 15799 [2].

Results, e.g. with respect to the influence
of nutrient supply on the test accuracy
Test plant: Oat; control substrate: Field soil from an
experimental field site of Berlin-Dahlem

ISO 11269-2: 1995 Soil quality –
Determination of the effect of pollutants
on soil flora – Part 2: Effects of chemicals
on the emergence and growth of higher plants
The Test system

FIGURE 1 - Percent growth of control and treated pots in terms
of biomass after a test period of 3 weeks (reference soil = 100%).
The line (100% of growth) refers to growth of oat plants grown in
pots filled with BBA field soil that is stored for years under air-dry conditions. Soil taken from this bulk has proved to result in good growth for several
years and in many assays. It is therefore used as a reference soil.

Ø Test plants: Oat (Avena sativa), Wild turnip (Brassica
rapa ssp. rapa) + another 16 species.
Ø Substrate: non-sterile soil (Corg < 1.5%, fine particles <
20% TM, pH 5-7.5)
Ø Test soil: Control substrate + test substance or contaminated soil.

Interpretation of the results

If the field soil used as control and dilution soil is not
amended,
Ø growth of oat plants in the untreated control pots is
about 20% of that of pots containing the reference
soil.

Ø Endpoints: Emergence and growth expressed as biomass (EC 50).

Ø the growth response of the juvenile stages of oat
plants to the test soil results in an inverse doseresponse relationship if the control and dilution
soil (fresh field soil) is not amended with nutrient.
The contaminated soil has worked as a soil improver suggesting that the reference level would be
met at some higher percent level.

Modifications of the test system

Ø Watering of the pots with wicks from a water bath
with or without nutrient solution.
Ø Test soil consisting of soil contaminated with PAHs
and mineral oil hydrocarbons (MHCs) and field soil used
as a dilution substrate and control soil.

If it is amended,

Ø Optional additional nutrient supply by using a commercially available nutrient solution (Flory 9®).

Ø growth of oat plants in the untreated control pots is
about 100 % of that of pots containing the reference soil.

Aims of bioassays

Ø the growth response of the juvenile stages of oat
plants to the test soil results in both, increasing
rates and decreasing growth rates indicating a
slight adverse effect of the contaminants at higher
(> 50 % of soil mass) concentrations.

1. Influence of nutrient supply on test accuracy
2. Suitability of the soil substrates
-

artificial soil (OECD)

-

soil sampled fresh from the field for use as control
or reference soil

3. Influence of microbial processes

As plant available nitrogen is a most essential nutrient
let’s have a glance on the nitrate contents:
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Growth in Control soil (OECD)

Nitrate content [%] relative
to the reference

soil not amended with nutrient
100
75
50
25
0
0

7

21

days after sow ing
reference soil

test soil

BBA field

Nitrate content [%] relative
to the reference

soil amended w ith nutrient
100
75
50
25

Growth in Control soil (BBA field soil)

0
0

reference soil

7
days after sow ing
test soil

21

BBA field

FIGURE 2
Supply of nitrate over the 3 weeks test period.

Nitrate contents in the control / dilution soil (BBA
field), the test soil (50% BBA field + 50% contaminated
soil) and the reference soil (stored soil) are expressed as
percentages of the amount of nitrate present in the reference soil at the beginning (day 0) of the test. Percentages at
day 0 are same for the three soils in both figures representing the natural level present before the start of the test.
The results make clear that the deficiency in plant
available nitrogen is the main effect on growth overlaying expected adverse effects of the organic pollutants.
The main effect is reduced according to the increase in
dosage of contaminated soil, which in this case is a supplier of nitrate.
Experiments where artificial soil (OECD) was used
as control / dilution medium gave similar results. Wild
turnip in general was more sensitive than oat (Fig. 3).

572

FIGURE 3 - Brassica rapa ssp. rapa used in the modified higher
plant growth test using artificial soil and field soil as dilution
medium. Growth reduction caused by 50% contaminated soil

© by PSP Volume 12 – No 6. 2003

Fresenius Environmental Bulletin

CONCLUSIONS
Ø

Watering with wicks from a water bath has
proved to work properly;

Ø

Due to potential contents plant nutrients in the
test soil, control soils should be (optionally)
amended with nutrients;

Ø

OECD – artificial soil seems to be an appropriate
control or dilution medium if supplied with plant
nutrients (validation required).

Considering bio-tests as being a complement to chemical analysis and appropriate to detect the ecotoxic potential
of soil contaminants including possible interactions with
the complex soil matrix, a large scale research project
funded by “Deutsche Bundesstiftung Umwelt (DBU)” was
set up aiming to provide laboratories with a set off validated methods for the ecotoxicological and genotoxicological assessment of soils and soil materials [8].

[4]

European Commission, 2002: Guidance Document on Terrestrial Ecotoxicology Under Council Directive 91/414/EEC,
SANCO/10329/2002 rev 2 final, 39 pp

[5]

ISO (International Organization for Standardization), 1995:
Soil quality – Determination of the effect of pollutants on soil
flora – Part 2: Effects of chemicals on the emergence and
growth of higher plants. ISO 11269-2. Geneva, Switzerland

[6]

Riepert, F., Felgentreu, D., 2002: Relevance of soil storage to
biomass development, N-mineralisation and microbial activity using the higher plant growth test, ISO 11269-2, for testing of contaminated soils. Appl. Soil Ecol. 20, 57-68.

[7]

Fierer, N., Schimel, P., 2002: Effects of drying – rewetting
frequency on soil carbon and nitrogen transformations. Soil
Biology & Biochemistry 34, 777-787

[8]

Hund-Rinke, K., Kördel, W., Heiden, S., Erb, R., (Ed.), 2002:
Ökotoxikologische Testbatterien: Ergebnisse eines DBUgeförderten Ringtests. Initiativen zum Umweltschutz, 45,
Erich Schmidt Verlag, Berlin, 241 pp.

62 laboratories contributing to this validation project
tested 4 soils of different contaminations (heavy metals,
PAHs, MHCs and TNT) with aquatic (luminescent bacteria, daphnids and algae), genotoxicological (Ames, UMU)
and terrestrial (soil microflora, soil fauna) test systems.
As a result of the ring tests a number of recommendations
are proposed to adapt or optimise methods for this field of
application. The overall conclusion concerning the methods included in that project was that methods applied in
general have proved to be appropriate to assess soils and
water extracts.
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CONCEPT FOR THE DERIVATION OF SOIL VALUES
FOR THE SOIL–SOIL ORGANISMS PATHWAY
Annette Marschner
Federal Environmental Agency (Umweltbundesamt – UBA), Postfach 33 00 22, 14191 Berlin, Germany

SUMMARY

LEGAL BASIS

Soil flora and fauna are essential to soil formation
and to the preservation of soil functions. They are involved in substance cycles such as degradation and transformation in soil and play an indirect role in the water
cycle. This means that sustainable protection of the habitat of plants and soil organisms simultaneously creates the
basis for protecting the other natural functions mentioned
in the Federal Soil Protection Act (Art. 2 para. 2).
The current Federal Soil Protection and Contaminated
Sites Ordinance (BBodSchV of 1999) [1] only defines
trigger values for the soil-human being, soil-food plant
and soil-groundwater pathways. In order to comprehensively protect all natural soil functions, soil values must
also be derived for the pathway “soil → soil organism”
including soil invertebrates, microorganisms, and higher
plants.

Soil is a limited and vital resource which must be protected through appropriate measures.
For this reason, the Federal Soil Protection Act
(BBodSchG, 1998) [2] was enacted in 1998. It establishes
requirements applicable in all of Germany for effective soil
protection and for the rehabilitation of contaminated sites.
The purpose of the Act is to protect or restore the
functions of the soil on a permanent sustainable basis.
This includes warding off of harmful changes to soil,
among other measures (BBodSchG, Article 1).
Within the meaning of the Act, the soil performs natural functions
a) as a basis for life and a habitat for people, animals,
plants and soil organisms,

This contribution presents the conceptional framework for the derivation of these soil values. It describes in
detail the basic conditions for the selection of ecotoxicological data, and the statistical calculation of soil values
and their plausibility analysis. An example is presented to
illustrate the derivation methodology.
The development of the derivation methodology, the
calculation of soil values for soil-relevant substances and
the experimental validation of the concept occurred in the
framework of activities of the Technical Committee on
Biological Soil Assessment of Technical Group 4, Soil
Functions and Soil Pollution, of the Federal Soil Association (Bundesverband Boden – BVB) and a research project
funded by the Federal Environmental Agency, entitled
“Development of ecotoxicological guide values for soil”.

KEYWORDS: hazardous concentration, soil function, soil organism, soil protection, soil value, trigger value.

b) as part of natural systems, especially by means of
its water and nutrient cycles,
c) as a medium for decomposition, balance and restoration as a result of its filtering, buffering and substance-converting properties, and especially
groundwater protection.
Harmful soil changes within the meaning of the Act
are harmful impacts on soil functions that are able to
bring about hazards, considerable disadvantages or considerable nuisances for individuals or the general public
(BBodSchG, Article 2, para. 3).
The Federal Soil Protection and Contaminated Sites
Ordinance (BBodSchV 1999) [1] fleshes out the requirements of the Federal Soil Protection Act. It contains the
assessment standards needed for uniform application of
soil protection and contaminated sites rehabilitation requirements in all of Germany. These so-called assessment
standards, or soil values, are set out in Annex 2 to the
Ordinance.
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The Federal Soil Protection Act defines these assessment standards as follows:
Precautionary values

Soil values which, if exceeded, shall normally mean
there is reason that concern for a harmful soil change
exists, taking geogenic or wide-spread, settlement-related
pollutant concentrations into account.
Trigger values

Soil values which, if exceeded, shall mean that investigation with respect to the individual case in question is
required, taking the relevant soil use into account, to determine whether a harmful soil change or site contamination exists.
Action values

Soil values for impacts or pollution which, if exceeded, shall normally signal the presence of a harmful
soil change or site contamination, taking the relevant soil
use into account, and to mean that measures are required.
The Federal Soil Protection and Contaminated Sites
Ordinance of 1999 lays down precautionary values, which
are not pathway- or use-related, as well as pathway- and
use-related trigger and action values.
The Ordinance only defines trigger values for the following pathways:
soil→human being
soil→food plant
soil→groundwater.
There are as yet no trigger values for the pathway
soil→soil organisms (see point a above: protection of
natural soil functions as required by the Act).
In order to protect the habitat of plants and soil organisms (habitat function), provisions have yet to be established for the soil-soil organisms pathway, as stated by
the Bundesrat (Council of Constituent States) (Bundesrat
publication no. 244/99). In its resolution it called for an
examination, within the scope of activities to amend the
Federal Soil Protection and Contaminated Sites Ordinance, as to whether it is possible to incorporate trigger
values for this pathway.
The Joint Federal Government and Federal States
Working Group on Soil (LABO) is currently discussing
the question whether the values to be established for the
soil-soil organisms pathway are trigger values, given that
the measures to be initiated when the value is exceeded
are also to some extent precautionary in nature.

Soil flora and fauna are essential to soil formation
and to the preservation of soil functions. They are involved in substance cycles such as degradation and transformation in soil and play an indirect role in the water
cycle. This means that the sustainable protection of the
habitat of soil flora and fauna simultaneously creates the
basis for protecting the other natural functions mentioned
in the Federal Soil Protection Act (Art. 2 para. 2).
Trigger values for the habitat of soil biocoenosis are
derived on the basis of data on damage to individual species (e.g. nematodes, enchytraeids, collembolans, earthworms, predatory beetles and higher plants) and on impairment of the efficiency of microorganism communities. The trigger values derived for the soil-soil organisms
pathway can then be used to carry out, on a case-by-case
basis, an assessment at the site concerned as to whether
pollutant impacts pose a risk to the natural soil function
(as a habitat for soil organisms),

CONCEPT FOR THE DERIVATION
OF TRIGGER VALUES FOR THE
SOIL-SOIL ORGANISMS PATHWAY
A concept for the derivation of trigger values for the
soil-soil organisms pathway has been developed by the
Technical Committee on Biological Soil Assessment of
the Federal Soil Association (Bundesverband Boden –
BVB) with the participation of the Federal Environmental
Agency (UBA) [3].
The derivation concept was tested using two substances (cadmium and benzo(a)pyrene). This did not yet
include ecotoxicological data on higher plants. Higher
plants were not taken into account in the derivation of
trigger values until the start of the subsequent R+D project funded by UBA.
In this project, launched in 1999 and entitled “Development of ecotoxicological guide values”, the theoretical
trigger value derivation concept developed within the
BVB was tried out and validated through tests on additional priority substances. This work is being continued in
another, current UBA project dealing with the compilation and statistical treatment of available data on the effects of selected compounds on soil organisms and the
derivation of trigger values.
Figure 1 shows the approach used to derive recommended trigger values. The derivation concept can, in
principle, be applied both to the derivation of trigger
values and to the aspect “effects on soil organisms” in the
derivation of precautionary values. The decisive factor for
these applications is what values (NOEC or ECx) are used
as input data.
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Database
Data from valid terrestrial ecotoxicity tests

Basic data for derivation of trigger value:
ECx values indicating a sufficiently high risk
for species and microbial processes from prolonged /
long-term tests and different trophic levels

Distribution based
extrapolation (DIBAEX)
ECx values for different species
and microbial processes
with p = 0.05 and δ = 0.05

Factorial application method
(FAME)
Lowest ECx of all tests:
ECx / Factor

Calcul. trigger value (tentative)

Calcul. trigger value (tentative)

- Plausibility check
- Expert judgement

Recommended trigger value

Experimental validation of
recommended trigger value
FIGURE 1 - Derivation of trigger values for the soil-soil organisms pathway.
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QUALITATIVE AND QUANTITATIVE
REQUIREMENTS TO BE MET BY THE
ECOTOXICOLOGICAL DATA BASE

some of them involve the use of artificial soil substrate.
The concentration stages used are likewise geared to the
objectives underlying these test systems.

Quality

Only valid data are to be used for the derivation of
trigger values. This means, the studies documented in the
literature must undergo a quality check. The following
studies are considered as valid:
a) standardised tests carried out according to internationally recognised test guidelines (e.g. ISO, DIN
or OECD);
b) ecotoxicological tests which, although not carried
out on the basis standardised testing methods, are
comprehensively documented, of practical relevance, comprehensible and plausible, and conducted according to generally recognised laboratory practice.

Therefore, where available, tests modified to specifically determine the effects of pollutants in soil under real
conditions are preferred for the derivation of trigger values. Field studies are also taken into account as far as
possible.
Data from ecotoxicological tests with the following parameters can be used for the derivation of trigger values:
Structural parameters

• Short-term test for effects on individuals
Parameter → normally mortality
(It is currently being considered, however, not to
use results from short-term mortality tests. Where
for some substances the use of mortality data
(LC50) cannot be avoided in future due to insufficient data, it is proposed that an extrapolation to
effects data (EC50) is to be carried out).

Quantity

In addition to considering the quality of the ecotoxicological data, it is also important to base the derivation
of a trigger value on a sufficiently broad dataset. Results
of tests with organisms from at least three trophic levels
and taking into account structural and functional parameters must be available. The inclusion of these different
trophic levels simultaneously means inclusion of different
taxonomic groups. The fact that these groups have different life-forms makes it possible to cover different exposure pathways, as follows:
• water film dwelling organisms exposed via soil
water,
• pore space dwelling organisms exposed via soil air
and soil water,

• Long-term/chronic test for effects on individuals
Parameter → normally determination of reproduction rate and biomass development as well as mortality among parent animals
These test data as a whole should allow conclusions
to be drawn about risks to the population, species and
biocoenosis.
Functional parameters

• Adverse effects on physiological activity
e.g. photosynthesis, transpiration

• soil-feeding organisms exposed via soil/food,

• Adverse effects on degradation/transformation efficiency or microbial activity
e.g. litter decomposition rate, respiration, enzyme
activity (nitrification, etc.).

• surface dwelling organisms exposed via soil, litter
and food,
• plant roots exposed via soil water and soil air.
The inclusion of ecotoxicological test data on higher
plants means that primary producers are covered, whilst
the test data on micro- and mesofauna cover second order
consumers (predators) and saprophages, respectively. The
trophic level of decomposers is covered by the results of
tests on microorganisms.
Mention must be made of the fact that many of the
data available in the literature were generated using test
methods developed for testing of plant protection products or chemicals. Their design is therefore based on the
requirements set in the Chemicals Act and the Plant Protection Act, respectively. Consequently, these test systems
generate information on a test substance’s general ecotoxicological potential. This also explains the fact that

CONVENTIONS AND SELECTION OF AN
APPROPRIATE DATA BASE FOR THE
DERIVATION OF TRIGGER VALUES
As shown in the flow scheme (Figure 1), the compilation of valid ecotoxicological tests in a database is followed by the selection of suitable data for the derivation
of the trigger values. For this, a number of specific conventions and rules have been formulated.
Since trigger values as defined in the Federal Soil
Protection Act are associated with a risk, the ECx values
used to derive them must signal a sufficient risk to species
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or microbial processes. It is recommended, therefore, that
EC50 values be used instead of NOECs, for the following
reasons:
• EC50 values are situated within a range that is
clearly effective;
• EC50 values are statistically very sound (very small
confidence interval).
As the data available for the derivation of trigger values varies greatly, all data in the range of EC30 to EC60 are
used rather than just “pure” EC50 values (referred to hereinafter as EC50*).
In a parallel evaluation, available LOEC/EC10-20 values were additionally taken into account (referred to in
the following as EC20*). This parallel evaluation using
EC50* and EC20* values took place during the trial phase
of the process to develop the derivation concept. However, since trigger values by definition relate to a risk, it
appears adequate to use EC50 values.
The following only relates to the conventions agreed
for this value. The derivation of trigger values is based in
each case on the respective lowest EC50* value available
for a species or a microbial functional parameter.
Prior to calculating a trigger value, it should be examined whether data can be grouped according to pH, Corg.
content of the soil, etc., in order to derive trigger value
recommendations differentiated according to soil types
(sand, loam and clay) and pH ranges. In addition these
test results should be checked for outliers.
USE OF EXTRAPOLATION MODELS FOR
THE DERIVATION OF TRIGGER VALUES
The derivation concept (developed by BVB) suggests
that a factor-based model as well as a model based on
statistical sensitivity distributions for the different test
species should be used in parallel to derive trigger values,
where the data meet the conditions for use of the models.
The parallel use of these two extrapolation methods is
based on the approach used for soil quality criteria by the
Danish Environmental Protection Agency [4, 5].

factors are adopted from the method suggested for derived
water quality objectives by CSTE [6].
Also the assessment methodology under EU chemicals
legislation [7] use factors between 10 and 1000 (in detail
10, 50, 100, 1000). A factor of 10 is assigned if NOEC
values are available from prolonged or chronic tests with
species from at least three different taxonomic groups.
The aim of the factors involved is, among others, to
include inactive effects of chemicals, intra-/interspecific
differences, differences between chronic and acute effects, and differences in effect concentration between
field and laboratory studies [4, 5].
For the derivation of trigger values the quality and
quantity of the data should be such as to make the use of a
factor > 10 unnecessary. This means, the trigger value is
obtained by dividing the lowest EC50* value by a factor of
10. EC50*: factor = trigger value.
DIBAEX (distribution-based extrapolation)
according to Wagner and Løkke [10]

Distribution-based extrapolation goes back to work
by Kooijmann [8] and van Straalen and Dennemann [9]
and has been further developed by Wagner and Løkke [10].
All of these models assume a statistical distribution of the
sensitivity to a substance of organisms exposed to it in the
ecosystem to be assessed. The distribution model can be
used on the basis of either NOEC or ECx values for different species from prolonged or chronic tests and for
microbial processes.
For the derivation of trigger values, EC50* values are
used. The derivation concept provides that 95% (p = 0.05)
of the species and microbial processes are to be protected
with a probability of 95% (δ = 0.05) against the effect
considered.
Where several EC50* values are available for a species or a microbial process, the respective lowest value is
used for distribution-based extrapolation (see chapter 4).
The Kp value (Kp (Danish term) = protection concentration or as a synonym: hazardous concentration) calculated according to equation 1 [10] corresponds to the
trigger value sought.

The following conditions are to apply to the derivation of triggers values:

Kp = exp(Xm) / exp(sm*k)
m

= number of toxicity data

Xm = arithmetic mean of (m) ln (NOECs) or ln (ECx)

FAME (factorial application method)

The use of safety factors for the derivation of critical
environmental concentration on the base of ecotoxicological data goes back to work by the US EPA in the eighties.
FAME is used by dividing the lowest effect or no effect level with a factor between 10, 100, and 1000, depending on the quality and quantity of the test data. The
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sm

= standard deviation of (m) ln (NOECs) or ln (ECx)

k

= tolerance factor calculated for log-normal distribution as a function of the number of values
(m), the level of protection (1-p)*100% and the
confidence level (1-δ)*100%.

The DIBAEX distribution model is shown in Figure 2.
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Probability density
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p

Probability density

0

Log concentration

δ

0

Log concentration
Log Kp

Hazardous concentration, Kp, for species
in the log - normal distribution.
FIGURE 2 - DIABEX distribution model (according to [4]).

The use of the distribution model is subject to the following conditions and assumptions [4]:
• The sensitivities of the various species to a substance follow a log-normal distribution.
• The toxicity data are representative of the sensitivity range of the species in the ecosystem.
• Protection of a certain fraction of species protects
the function and structure of the ecosystem.

The exact mathematical background of the statistical
sensitivity distribution model leads one to assume that the
values derived with this method, as compared to those
obtained with the factors method, have a degree of validity which the underlying assumptions do not fully justify.
This concerns the assumptions about the distribution of
the different species’ sensitivities, the level of protection
of the species, and the limited knowledge of the input
data’s representativity of the soil ecosystem [11].
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FIGURE 3
Schematic representation of the plausibility check (TVDIABEX = trigger value calculated using distribution
based extrapolation method; TVFAME = trigger value calculated using factorial application method) (from: [3]).
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RECOMMENDATION OF A TRIGGER VALUE
After trigger values have been calculated using the
two extrapolation methods, the values are checked for
plausibility and a decision is reached by expert judgement. Details of the plausibility check are shown in Figure 3. The decision as to which of the tentative trigger
values calculated can be recommended is then reached by
expert judgement.Expert judgement takes the following
into account:

collembolans, earthworms and the plant species Brassica
rapa and Avena sativa, became available through the
UBA research project, “Development of ecotoxicological
guide values”. As explained in chapter 4, trigger values
are derived on the basis of the respective lowest EC50*
value per species or microbial process.
Table 1 shows the (tentative) trigger values (TVs)
calculated on the basis of the two extrapolation models
(see flow scheme in Figure 1).

a) uncertainties related to the assumptions underlying
the two models,

TABLE 1
Calculated trigger values (tentative) for copper.

b) trigger values derived for other pathways,
c) background levels,
d) international soil quality criteria.
After weighing all these aspects, a recommendation
for a trigger value is issued.
Figure 3 shows not only the plausibility check, but also gives a schematic overview of the entire process of
deriving a recommended trigger value, from the collection
of ecotoxicological data to the final recommendation.
EXAMPLE: DERIVATION OF
A TRIGGER VALUE FOR COPPER
Some land uses involve potential for considerable
copper inputs to soil. Copper has a low solubility compared to other metals. It is essential to organisms within a
certain concentration range, but it can also be very toxic
at concentrations above this range.
A literature review was carried out, which produced
103 datasets. These studies cover 8 microbiological parameters, 2 plant species and 19 soil organism species.
Seven additional datasets, from studies with microorganisms (soil respiration and nitrification), nematodes,

Method

Database

DIBAEX

EC 50*

FAME

EC 50*

Conditions
Protection of 95% of
species including
microbial processes
Lowest EC 50*
divided by a safety
factor of 10

Trigger value
calculated
(tentative)
24.7 mg/kg soil

5.0 mg/kg soil

As part of the plausibility check it was found that the
TVFAME / TVDIBAEX ratio is ≤ 10. In subsequent stages of
the derivation process the DIBAEX-based trigger value
was used because it is in reasonable proportion to the
background levels.
Table 2 lists the soil copper values laid down in the
Federal Soil Protection and Contaminated Sites Ordinance.
A trigger value for copper for the soil-human being
pathway has not been established.
Soil quality criteria published in international literature are listed in Table 3 for comparison.
Comparing the two Dutch values in Table 3, the difference between the “negligible concentration” and the
“maximum permissible concentration” is very small, i.e.
these values are of the same magnitude.

TABLE 2
Soil values for copper laid down in BBodSchV (1999).

Assessment categories

Value

Unit

Remarks

Precautionary value

20/40/60

mg/kg

Sand/silt/clay

Trigger value
Soil-human being

---

---

Trigger value
Soil-food plant
Arable land
Action value
Soil-food plant
Grassland
Trigger value Soil-groundwater
(1)

--growth impairments

1

mg/kg

1300

mg/kg

200
50

mg/kg
µg/l

Ammonium nitrate; (2) Aqua regia
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TABLE 3 - Soil copper values published in international literature.
Country/Source

Soil standard

Value (mg/kg)

Soil quality criterion

30

Netherlands [12]

Negligible concentration (NC)

36

Netherlands [12]

Maximum permissible concentration (MPC) (based on HC5)

40
61
(“unacceptable effects”)
63

Denmark [5]

USA [13]
Canada [14]

Ecological soil screening level (ECO-SSL)
Soil quality guideline for agriculture

The following trigger values differentiated according to
soil type were recommended for the soil-soil organisms
pathway. They are based on the ecotoxicological effect data,
the rules defined under the derivation strategy, the plausibility check, and the soil-type specific precautionary values.
Sand:
Loam/silt:
Clay:

20 mg Cu/kg soil
40 mg Cu/kg soil
60 mg Cu/kg soil

[8]

Kooijmann, S.A.L.M (1987): A safety factor for LC50 values allowing for differences in sensitivity among species. - Water Res.
21: 269-276.

[9]

van Straalen, N.M. & Denneman, C.A.J. (1989): Ecotoxicological evaluation of soil quality criteria. – Ecotox. Environ. Safety
18 : 241-251.

[10] Wagner, C. & Løkke, H. (1991): Estimation of ecotoxicological
protection levels from NOEC toxicity data. - Water Res. 25:
1237-1242,

As can be seen from Table 3, these recommended
trigger values are in the range of soil quality criteria published in international literature.

[11] Lepper, P. (1994): Vorstellung und Bewertung des niederländischen Bewertungskonzeptes nach van Straalen und Denneman. –
In: Herrchen, M., Debus, R. (eds.): Bodenbiologie und Schadstoffe. Ableitung von Bodenwerten. – Workshop at the Federal Environmental Agency, 27 September 1994.
[12] Crommentuijn, T., Sijm, D., de Bruijn, J., van den Hoop, M., van
Leeuwen, K. & van der Plassche, E. (2000): Maximum permissible and negligible concentrations for metals and metalloids in the
Netherlands, taking into account background concentrations.
J. Environ. Management 60: 121-143.
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EXPOSURE ASSESSMENT FOR CADMIUM
Reinhard Kostka-Rick1 and Odile Mekel2, 3
1

3

Biological Monitoring and Assessment, Langwiesenstr. 41, 70771 Echterdingen, Germany
2
Institute of Public Health (lögd) NRW, PO Box 201012, 33548 Bielefeld, Germany
University of Bielefeld, School of Public Health, PO Box 100131, 33501 Bielefeld, Germany

SUMMARY
In probabilistic exposure assessment bioconcentration
factors (BCF) are crucial input variables for pollutants,
such as cadmium (Cd), whose major exposure pathway is
through crops, when taken up via roots from the soil.
When deriving BCF values, it is important to carefully select the underlying studies in terms of environmental relevance. Nearly 50 publications on Cd uptake
from soil into vegetable crops and fruits have been critically evaluated and categorized according to the relevance
of experimental set-up as well as the doses and chemical
forms of cadmium applied.
BCF values based on studies with high environmental
relevance are less variable and closely follow log-normal
distributions. Thus, uncertainty in probabilistic exposure
assessment can be considerably reduced when BCF values are calculated by obtaining data from relevant studies.

KEYWORDS: Bioconcentration factor, cadmium, probabilistic
exposure assessment, uncertainty.

INTRODUCTION
In non-smoking human populations without occupational exposure, intake of cadmium (Cd) mainly occurs
via food (>95 %).
Vegetables and fruits (29-50 %) as well as cereals
incl. baked goods (18-48 %) contribute most to the Cd
intake via food. Under present conditions in Central Europe, root uptake from soil is more important for the Cd
status of crop plants than the direct uptake from aerial Cd
deposition.

Thus, bioconcentration factors (BCF), describing the
relationship between Cd contents in (edible) plant organs
and Cd in soil, are important input variables in exposure models representing Cd exposure of the general
population [1].
Bioconcentration factors (BCF) can be derived from
experimental data based on potted plants. Cadmium soil
contamination is often mimicked by the addition of
various Cd salts to the soil. These experimental conditions, however, differ from the real-field situations,
where Cd frequently occurs in forms bound to organic or
inorganic soil constituents. Rooting behavior and metal
uptake may also deviate greatly between potted plants
and field-grown crops.
Therefore, BCF values that are not based on field
studies and not using Cd forms of environmental relevance, may be strongly biased. In addition, when Cd is
applied at concentrations higher than would be expected
under environmental conditions, BCF values may be
frequently underestimated due to the saturation characteristics of Cd accumulation in plants (Fig. 1A).
All these factors may contribute to unrealistic and
highly variable values for BCF, which are ill-suited as
variables for exposure modeling. Therefore, a careful
evaluation of the available literature was carried out to
derive BCFs more relevant and realistic for probabilistic
exposure assessment.

METHODS
Nearly 50 references on Cd uptake from soil into
vegetable crops (pulses, fruit vegetables) as well as pomaceous fruits and berries have been evaluated to calculate BCF values.
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The data were classified into 3 categories according
to the environmental relevance of the experimental conditions:

1

greenhouse or growth
chamber; potted plants

Cd as soluble salts

2

field, greenhouse or
growth chamber; potted
plants

Cd from sludge, dust,
tailings etc.

3

field-grown plants

Cd from sludge, dust, tailings;
soils with high intrinsic Cd

At low to moderate soil Cd contents
(<10 µg Cd/g DW) the relationship between plant Cd
and soil Cd is close to linear and BCF values can be
derived by linear regression (Fig. 1B+C).

If Cd content in relevant plant parts was nonlinearly
related to soil Cd content, only the lowest dosage was
used for calculation of BCFs.

FIGURE 2 - Cd-Bioconcentration factors for pomaceous
fruits and berries (A), and fruit vegetables (B), classified
into 2 and 3 categories of environmental relevance, respectively.

When the 3 categories of environmental relevance
were compared, the highest variation in BCF values was
seen under experimental conditions of greenhouse pot
studies, using high doses of Cd salts or other forms of Cd.
BCF values were far less variable when derived from
studies using normal crop production conditions (field
studies) and by application of Cd in environmentally
relevant forms and doses. This holds true for tomatoes,
bell peppers, pomaceous fruits and berries (Fig. 2A+B).

FIGURE 1 - Relationship between soil Cd and Cd in different crop organs (A: data from [2]). Deriving BCF values for
fruits from linear relationships between soil Cd and plant Cd
at low to moderate Cd levels; data from [3]-[5] (B+C).

RESULTS
Generally, soil conditions (e.g. pH, CEC, redox potential, contents of organic substance, clay, Fe- and Aloxides) govern the Cd availability in soil and thus the Cd
accumulation in plants.
In the same type of soil, however, significant and valid relationships between soil Cd and plant Cd contents
frequently occur. Cadmium accumulates more easily in
roots and shoots than in fruits, and Cd content generally
follows a saturation characteristic as soil Cd increases
(Fig. 1A).

These BCF values normally do not span more than one
order of magnitude, whereas those derived from pot studies
using soluble Cd salts (partially at high levels) may extend
over 2 to 3 orders of magnitude (Fig. 3, top).
The BCF values from relevant studies are reasonably
well characterized by log-normal distributions. This is
indicated by near-linear curves when BCF values are
plotted on a log-scale versus frequency (Fig. 3, bottom).
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2 composts. Commun. Soil Science and Plant Analysis 18,
1403-1419

FIGURE 3 - Cd-Bioconcentration factors for pulses, fruit
vegetables, pomaceous fruits and berries: ranges of values
(top) and cumulative frequency (bottom).

CONCLUSION
Careful selection of data and their underlying experimental conditions is crucial to derive realistic BCF
values. By doing this, uncertainty in probabilistic risk
assessment of pollutants for which uptake from soil is an
important path of exposure may be considerably reduced.
Received for publication: October 28, 2002
Accepted for publication: January 09, 2003
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SUMMARY
INTRODUCTION
The objective of the ten years’ study was to track the
transfer of selenium in the food chain of animals and
humans [1]. The selenium content of the flora varies significantly with the geological origin of the soil, its pH,
plant species, plant age and the protein content of the
plant parts eaten. In Central Europe, the flora on the usually neutral loess soils is selenium-rich, whereas the acidic soils formed by the weathering of gneiss, slate, granite,
phyllite and bunter sandstone as well as diluvial sands,
bear a selenium-poor vegetation. The bioavailability of sol selenium increases significantly with pH.
From 1988 until the end of the millennium [2], the selenium content of vegetable foods was studied systematically in 75 food types and 1035 samples. It was found
that, with few exceptions, vegetable foods are generally
poor in selenium. This applies in particular to all foods
rich in starch and sugar.
Protein-rich leguminosae, cruciferes rich in glucosinolate (mustard, caraway, cabbages) and especially such
vegetable species that are eaten in a very young state
(asparagus mushrooms) supply plenty of selenium to the
food chain.
Since selenium was added to mineral feed mixtures for
farm animals, animal foods (47 types with 597 samples)
proved generally rich in selenium. This applies in particular
to offal (kidneys, liver), hens' eggs and various species of
sea fish which on average contain 500 to 9000 µg Se/kg of
dry matter. Beverages (with the exception of egg-liqueur)
hardly contribute to the selenium supply.
Animal foods supply 69 and 75% of the selenium
demand of women and men, respectively. The figures for
vegetable foods are 30 and 23%, respectively. People
living by a mixed diet get most of their selenium from
animal foods [3].

There has been an increasing interest in the role of Se
in nutrition during the last years. Decreased dietary intake
of Se might influence the risk of cardiovascular diseases,
the development of cancer and may lower the immune
response. The Federal Republic of Germany belongs to
the Se deficiency countries. Low Se levels in soils lead to
low Se contents in forage crops and locally produced
foodstuffs. Although the amount of Se is still sufficient to
prevent acute Se deficiency symptoms in domestic animals, latent Se deficiency syndromes, especially in freely
grazing animals, occur. In order to discover the risk of
possible Se deficiency in the human population, the Se
supply of adults in Germany was investigated by means
of the duplicate method.
MATERIALS AND METHODS
The duplicate studies were carried out in 12 test population each consisting of seven women and seven men in
1988 (4 test population), 1991 (6 test population) and one
test population of 10 women and 10 men in 1995. Furthermore, in 1995 the Se intake of 10 female and 10 male
vegetarians was investigated, too. The test persons collected duplicates of their freely choosen mixed diet over
seven subsequent days. All samples were dried at 60 °C,
homogenized and digested with cc. nitric acid. After supplementation of Mg(NO3)2.6 H2O(1.6 mol/l) and heating
to dryness, the samples were dry-ashed at 500 °C.
The ashes were dissolved in HCl (6 mol/l) and heated
at 80 °C. The Se content was determined with hydride
generation AAS Total diet reference material and
“ARC/CL wheat flour” reference material were used.
RESULTS

KEYWORDS: Selenium, geological origin of the soil, supplementation, foodstuffs, beverages.

Se-intake of adults depending on time of testing
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The dry matter intake of adults is shown in Table 1.
The sex influenced the dry matter intake highly significantly. Men eat nearly 26% more dry matter than women.
Related to body weight, women as well as men consumed
5 g dry matter/kg body weight. Between the years of
investigation an influence of the time of testing on the dry
matter intake could not be observed.
The Se-content of the consumed duplicates increased
from 1988 to 1995 by 56%. Sex-dependent differences
between the Se-concentrations of the consumed food
could not be statistically saved (Table 2). Higher Selevels of individual duplicates resulted from the consumption of innards, poultry, fish, pulses and eggs.
In order to compare the Se supply of adults in Germany with the recommended intake data, the daily Seintakes of the test persons were calculated by the Se-

content of the duplicates and the dry matter intake. In
1995 German women consumed 30 µg Se/day and German men 42 µg Se/day (Table 3). Men consumed significantly more Se than women. This significant difference
resulted from the higher dry matter intake of men. As well
as the Se concentration of the duplicates the Se-intake
was highly significantly influenced by the time of testing.
This means an increase of the Se intake of 60% during the
last 7 years. The following diagram represents the weekly
average of the Se-intake of men since the reunification of
Germany.
The lowest intake rates (on the weekly average) of
women amounted to 11.8 µg Se/day and that of men to
14.9 µg Se/day, the highest reached 48.3 µg Se/day and
75.5 µg Se/day resp. Related to the body weight the female test persons consumed 0.46 µg Se/kg body weight
and the male ones 0.55 µg Se/kg body weight in 1995.

TABLE 1
Dry matter intake of adults depending on time of testing and sex (g/day).

year
1988
1991
1995
Fp, year
%1)
1)

(n,n)
(196,196)
(294,294)
(168,168)

women
s
78
99
79

men
x
300
313
310

x
381
383
396

s
85
108
137

127
122
128

< 0.001

> 0.05
103

%2)

Fp
sex

-

104

1988 = 100%, 1995 = x%;2) women = 100%,.men =x%

TABLE 2 - Selenium content of diet consumed by adults
depending on time of testing and sex (ng/g, dry matter).

year
1988
1991
1995
Fp, year
%1)

(n,n)
(196,196)
(294,294)
(168,168)

women
s
41.8
55.3
43.9

men
x
65.9
77.8
98.4

x
67.0
82.8
109.1

102
106
111

> 0.05

< 0.001
149

%2)

Fp
sex

s
57.7
67.2
76.7

-

163

TABLE 3
Selenium intake of adults depending on time of testing and sex (µg/day).

year
1988
1991
1995
Fp, year
%1)

(n,n)
(196,196)
(294,294)
(168,168)

women
s
12.3
18.0
15.8

men
x
19.3
24.8
30.3

x
25.0
31.0
42.0

s
20.4
24.7
25.5

< 0.001
157

168
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%2)

Fp
sex

130
125
139

< 0.001
-
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1988 = 100%, 1995 = x%;2) women = 100%,.men =x%
TABLE 4
Selenium intake of adults in 1988 depending on living area (µg/day).

Living area

(n,n)

Brandenburg/MecklenburgWestern Pomerania
Thuringia
p, living area
%1)
1)
2)

(98,98)
(98,98)

women

men

s

x

x

s

p
sex

%2)

9.1
14.8

17.6
21.2

20.2
30.1

15.4
23.8

> 0.05
< 0.01

115
142

< 0.05
120

-

149

Brandenburg/Mecklenburg-Western Pomerania = 100%, Thuringia = x%,
women = 100%,.men =x%

TABLE 5
Selenium intake of adults in 1991 depending on living area (µg/day).

Living area
Brandenburg/MecklenburgWestern Pomerania
Saxony
Thuringia
Fp, living area
%1)
1)
2)

(n,n)
(98,98)
(98,98)
(98,98)

women

men

s

x

x

s

14.9
20.9
17.7

26.5
24.4
23.4

29.7
35.9
27.2

33.8
21.6
13.7

< 0.05
88

92

Fp
sex

%2)
112
147
116

< 0.01
-

Brandenburg/Mecklenburg-Western Pomerania = 100%, Thuringia = x%,
women = 100%,.men =x%

Selenium intake in adults depending on living area

In order to exclude the influence of time on the Sesupply of adults, the Se intake in 1988 and 1991 will be
discussed separately. In 1988 a significant influence of
the living area on the Se intake as well as on the Secontent of the duplicates could be proved (Table 4).

a consequence vegetarians who avoid all animal products
may show a very low Se-supply. For this reason the Se

The populations in the north of the former GDR,
where the soils are more acid, showed lower Se intake
rates than populations living in the south. The gradient of
Se intakes is caused by the supply of the population of the
former GDR with more regionally produced foodstuffs.
However, an only slight influence of the living area on the
Se concentration in the consumed dry matter was found in
1991. The influence on the Se intake could not be statistically saved (Table 5). This result is due to the worldwide
trade relations in foodstuffs supply since the reunification
of Germany.
Influence of mixed and vegetarian diets on the Se-intake

In countries where the soils are poor in Se, cereals
and cereal products show low Se levels. Therefore, meat
and fish are often the primary source of the Se intake. As
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intake of a vegetarian test population was investigated in
1995. Table 6 represents the dry matter intake of the
vegetarian test population compared to that of the nonvegetarians in the year 1995. The vegetarian food contained significantly lower Se-levels with 76 µg Se/g dry
matter than that ration consumed by the omnivorous test
persons with 104 µg Se/g dry matter (Table 7).
Due to the higher dry matter intake of the vegetarians
the difference of the Se intake remained only slightly
significantly for men and insignificantly for women (Table 8). Similar low Se intakes were investigated in duplicate studies in other countries (Table 9). Higher Se supplies occur in countries like USA and Canada, where the
soils are richer in Se.
The German Society for Nutrition recommends a daily Se-intake of 20-100 µg for juveniles and adults. The
recommended Dietary Allowances of 55 µg Se/day for
women and 70 µg/day for men were only met by two
male test persons. Clinical manifest diseases as a consequence of Se-deficiency could not be observed. However,
marginal deficiencies might have long-term effects that
would be hard to detect. This fact is especially important
for some vulnerable groups like children, elderly people,
patients with cardiovascular diseases etc..
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TABLE 6 - Dry matter intake of adults in
1995 depending on type of diet and sex (g/day).

1)

Type of diet

(n,n)

mixed diets
vegetarian diets
p, type of diet
%1)

(168,168)
(70,70)

women
s
79
90

x
310
390
< 0.001
126

men
x
s
396
137
480
171
< 0.001
121

p
sex
< 0.001
< 0.001

%2)
128
123
-

mixed diets = 100%, vegetarian diets = x%;2) women = 100%,.men =x%

TABLE 7 - Selenium content of diet consumed by adults
in 1995 depending on type of diet and sex (ng/g dry matter).

1)

Type of diet

(n,n)

mixed diets
vegetarian diets
p, type of diet
%1)

(168,168)
(70,70)

women
s
43.9
51.8

x
98.4
77.2
< 0.01
78

men
x
s
109.1
76.7
75.2
92.7
< 0.01
69

p
sex
> 0.05
> 0.05

%2)
111
97
-

mixed diets = 100%, vegetarian diets = x%;2) women = 100%,.men =x%

TABLE 8
Selenium intake of adults in 1995 depending on type of diet and sex (µg/day).

1)

Type of diet

(n,n)

mixed diets
vegetarian diets
p, type of diet
%1)

(168,168)
(70,70)

women
s
15.8
20.5

men
x
30.3
29.6

x
42.0
33.8

> 0.05
98

s
25.5
28.0
< 0.05
80

p
sex
< 0.001
> 0.05

%2)
139
114
-

mixed diets = 100%, vegetarian diets = x%;2) women = 100%,.men =x%

TABLE 9 - Selenium intake of adults in duplicate studies.

country
USA
Canada
France
Turkey
- rural population
- urban population
Sweden
- Lactovegetarian
- Vegan
Portugal
Germany
Austria
Belgium
- macrobioties
- vegetarians
Italy

year
1984
1984
1992
1991

Intake µg/day
74*/90**
76.8*
48**

references
[4]
[5]
[6]
[7]

23
57
1984
1981
1990
1995
1991
1992
1984

64
9.6
37
30.3*/42.0**
24.8*/31.0**
35.5

[8]
[8]
[9]
This study
[10]

34
12.7
22

1978

*women; *men
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CONCLUSIONS
The Se intake of adults in Germany was investigated in 13 omnivorous and 1 vegetarian test population
by means of the duplicate portion technique. The Se
consumption increased from 1988 to 1995 by 60%.
Nearly 86% of the daily Se-intakes (on the weekly average) of women and 94% of men are in the recommended Se supply of the German Society for nutrition
of 2-100 µg Se/day.
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ECOTOXICOLOGICAL ASSESSMENT OF p-CHLOROANILINE FATE AND EFFECTS IN AQUATIC SYSTEMS
G. Könnecker, A. Boehncke, S. Schmidt
Fraunhofer Institut für Toxikologie und Experimentelle Medizin , Nikolai-Fuchs-Straße 1, 30625 Hannover, Germany

SUMMARY
The high production volume (HPV)-compound, pchloroaniline, was evaluated with respect to its ecotoxicological impact upon aquatic systems. This was accomplished by employing the applicable EU-guidelines for the
risk assessment of new and existing substances and by using
available data. Accordingly, a risk quotient was obtained by
employing a PEC and a PNEC derived from available data.
We do presume that, in general, this compound does
not pose a serious risk for the aquatic environment. However, by accidental spill or under conditions unfavourable
for biotic or abiotic decomposition, p-chloroaniline might
pose a potential risk for sensitive aquatic species.

KEYWORDS: aquatic systems, biodegradation, p-chloroaniline,
distribution, ecotoxicology, PEC, PNEC.

INTRODUCTION
An ecotoxicological assessment of p-chloroaniline
was performed in the framework of the International
Programme on Chemical Safety (IPCS), a cooperative
programme of the World Health Organization (WHO), the
International Labour Organization (ILO) and the United
Nations Environmental Programme (UNEP). This compound, which is included in the 1997 OECD-HPVC list [1],
is employed as an intermediate in the industrial synthesis
of a range of pesticides, pigments and azo-dyes, as well as
for the production of pharmaceuticals and cosmetic products [2]. Accordingly, releases of p-chloroaniline into the
environment might occur from a number of industrial
sources (production, processing, dyeing/printing industry).
For 1987 the annual load of German waters with all three
isomeric monochloroanilines (i.e. o-, m-, and p-chloroaniline) was estimated at about 7 metric tons; measured concentrations of them in the river Rhein and its tributaries
were in 1990 in a range of about 0.1 to 1 µg L-1 [3]. Due to
its use pattern and its low volatility from aqueous solution,

the main environmental target compartment for p-chloroaniline is the hydrosphere. Here we evaluate the environmental fate and ecotoxicological impact of p-chloroaniline
according to EU-guidelines for the risk assessment of new
and existing substances [4] by using available data.

ENVIRONMENTAL FATE
p-Chloroaniline (CAS Nr. 106-47-8; Figure 1) is soluble in water (about 3.9 g L-1 at 25°C, [5]) and was shown
to be hydrolytically stable in aqueous solution [6]. However, the results from studies concerning its photochemical transformation in water suggest that p-chloroaniline is rapidly transformed by direct or indirect photolytic processes in the absence of significant amounts of
organic materials. Measured half-lifes (t 1/2 ) were in a
range of about 2 to 7 hours [7 - 9]. Biodegradation is expected to be of minor importance, as its elimination from
surface water observed in experiments using non-adapted
microbial inocula could be largely attributed to abiotic
processes such as photodegradation [9]. However, by
using an activated sludge test for p-chloroaniline, t1/2
values of ≥ 100 h for the biodegradation under anaerobic
conditions and that of about 73 h in tests performed aerobically were determined [6]. According to valid standard
test methods, this compound was shown to be inherently
biodegradable in water under aerobic conditions (Table 1),
whereas no significant mineralization was detected in
tests on ready biodegradability and under anaerobic conditions [3].
A rather low bioaccumulation potential for p-chloroaniline in aquatic species is indicated both by the small noctanol/water partition coefficient (log KOW=1.83, [10, 11])
as well as by the low BCF (bioconcentration factor) values experimentally determined (Table 2). Considering the
sorption of p-chloroaniline observed in certain biodegradation tests, the accumulation factors reported for sludge
and algae might be rather due to adsorption to surfaces
than to bioaccumulation.
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NH2

Bioaccumulation

Transport and
Distribution
Cl

Ecotoxicity

Abiotic transformation
and elimination

Biodegradation/Biotransformation
FIGURE 1
Possible fate and effects of p-chloroaniline in the aquatic environment .

TABLE 1
Aerobic biodegradability of p-chloroaniline using valid standard tests.

Test
Closed-Bottle-Test

Modified OECDScreening-Test
Zahn-Wellens-Test

Modified SCAS-Test

Confirmatory Test

Concentration

Addition.
C-source

Test duration

Removal

[mg L-1]

[d]

[%]

2

No

28

0

28

0-7

Remarks

30

0

17.5 DOC

No

28

10

20 DOC

No

28

9-80

50-400 DOC

No

14

97

21

68

adsorption 46% after 3 h

28

87

adsorption 46% after 3 h

28

78

20 TOC

20

Yes

Yes

All data are taken and summarized from studies cited in reference [2].
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28

29

17

>90

34/31

>96

17

100

12

100

38

96.5

54

97

Lag phase: 10-16 d
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TABLE 2
Bioaccumulation of p-chloroaniline in aquatic organisms.

p-Chloroaniline

Bioaccumulation factor
based on fresh (fw) or
dry weight (dw)

Determination under
equilibrium conditions

280 (fw)
1300 (dw)

n.s.
n.s.

50

260 (fw)

n.s.

static

n.s.

240 (fw)

n.s.

static

50

1200 (dw)

n.s.

static

52

< 10 (fw)

n.s.

static

52

< 20 (fw)

n.s.

semistatic

1000
5000

7 (fw)
4 (fw)

yes

static

25.5

8.1 (fw)

yes

flow-through

198

13.4 (fw)

yes

Organisms

Exposure system

Activated sludge
Activated sludge
Green algae
(Chlorella fusca)
Green algae
(Chlorella fusca)
Green algae
(Chlorella fusca)
Golden orfe
(Leuciscus idus)
Golden orfe
(Leuciscus idus)
Zebra fish
(Brachydanio rerio)
Zebra fish
(Brachydanio rerio)
Guppy
(Poecilia reticulata)

static
n.s.

concentration
[µg L-1]
50
50

static

All data are taken and summarized from studies cited in reference [2]. n.s. not specified

TABLE 3
Aquatic toxicity of p-chloroaniline.

Species employed
(Test method)
Photobacterium phosphoreum
(Inhibition of bioluminescence)
Pichia sp.
(Cell multiplication inhibition)
Tetrahymena pyriformis
(Cell multiplication inhibition)
Scenedesmus subspicatus
(Cell multiplication inhibition)
Scenedesmus subspicatus
(Fluorescence inhibition)a
Daphnia magna
(Immobilization)
Daphnia magna
(Reproduction; semistatic)
Chironomus plumosus larvae
(static; immobilization)
Lepomis macrochirus
(static)
Oryzias latipes
(Larval growth; flow-through)
Brachydanio rerio
(Mortality; other effects; flow-through)

Endpoint
(effect)

Concentration
(mg L-1)

30 min-EC10

5.1

24 h-EC50

78.7

24 h-EC50

10

168 h-EC10
168 h-EC50
EC10
EC50
48 h-EC0
48 h-EC50

0.02
2.1
0.003
1.14
0.013
0.31

21 d-NOEC

0.01

48 h-EC50

43

96 h-LC50

2.4

28 d-MATCb

< 2.25

3 week-NOEC

1.8

All data are taken and summarized from studies cited in reference [2].
a
determination of fluorescence after a light pulse (0.5 seconds)
b
maximum acceptable toxicant concentration
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AQUATIC TOXICITY

CONCLUSION

Among the aquatic species tested, invertebrates
were identified as the most sensitive freshwater species
when exposed to p-chloroaniline (Table 3). For Daphnia
magna, a long term no observable effect concentration
(NOEC, 21 days) of 0.01 mg L-1 was reported for reproduction.

From the ecotoxicological data available (including
data from a variety of aquatic species from different
trophic levels) we presume that p-chloroaniline does not
pose a serious risk for aquatic organisms.
However, p-chloroaniline might pose a potential risk
for sensitive aquatic species

Long term laboratory studies employing fish show that
the maximum acceptable toxicant concentration (MATC,
28 days) of p-chloroaniline in Oryzia latipes is lower than
2.25 mg L-1, while in Brachydanio rerio a 3 week NOEC
of 1.8 mg L-1 was determined.

•

under conditions of an accidental spill leading to
toxic concentrations

•

under conditions unfavourable for biotic or abiotic decomposition which do increase the half-life
of p-chloroaniline in the hydrosphere

RISK CHARACTERIZATION
We performed a sample risk characterization with respect to the aquatic environment by calculating the ratio
between a (local or regional) predicted environmental
concentration (PEC; based on measured or model concentrations) and a predicted no effect concentration (PNEC).
A reliable quantification of p-chloroaniline released from
all potential sources is not possible with the data available. Therefore, we employed the concentrations (range
about 0.1 to 1 µg L-1) measured in the river Rhein and its
tributaries during 1990, as this area is one of the most
heavily industrialized areas in the European Union. Taking the higher concentration as the PEC, a PNEC value
required for the subsequent risk characterization for surface waters can be estimated by dividing the lowest valid
NOEC by an appropriate uncertainty factor:
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PNEC → 10 µg L-1 / 10 = 1 µg L-1
10 µg L-1 is the lowest valid NOEC from a long term
study with Daphnia magna. 10 is chosen as the uncertainty factor, as valid long term NOEC values are available from at least three species across three trophic levels
(e.g. vertebrates, invertebrates, algae).
Accordingly, the calculated preliminary PEC/PNEC
ratio is 1. For substances exhibiting PEC/PNEC ratios of
≤ 1 European Union jurisdiction states that further information and/or testing as well as risk reduction measures beyond those which are already being applied are
not required.

REFERENCES
[1]

OECD. 1997. The 1997 OECD list of high production volume chemicals. Organisation for Economic Co-operation and
Development, Paris.

[2]

Boehncke, A., Kielhorn, J., Könnecker, G., Pohlenz-Michel,
C., and Mangelsdorf, I. 2002. Concise international chemical
assessment document. para-Chloroaniline. WHO, Genf., in
press.

[3]

BUA (1993) p-Chloraniline (BUA Bericht 153). Beratergremium für Umweltrelevante Altstoffe (BUA) der Gesellschaft
Deutscher Chemiker, Verlag Chemie, Weinheim.

[4]

EC. 1996. Technical guidance documents in support of
Commission Directive 93/67/EEC on risk assessment for
new notified substances and Commission Regulation (EC)
No 1488/94 on risk assessment for existing substances. Office for Official Publications of the European Communities,
Luxembourg.

[5]

Kilzer, L., Scheunert, I., Geyer, H., Klein, W., and Korte, F.
(1979) Laboratory screening of the volatilization rates of organic
chemicals from water and soil. Chemosphere 10:751-761.

[6]

Ekici, P., Leupold, G., and Parlar, H. (2001) Degradability of
selected azo dye metabolites in activated sludge systems.
Chemosphere 44:721-728.

UNCERTAINTIES
In waters with the presence of a significant amount of
particulate matter, an increased half-life of p-chloroaniline cannot be excluded, as the particulate matter might
inhibit rapid photochemical transformation and could
hamper the biodegradation of p-chloroaniline by reducing
the bioavailability.

595

© by PSP Volume 12 – No 6. 2003

Fresenius Environmental Bulletin

[7]

Miller, G.C., and Crosby, D.G. (1983) Photooxidation of 4chloroaniline and n-(4-chlorophenyl)-benzenesulfonamide to
nitroso- and nitro-products. Chemosphere 12:1217-1228.

[8]

Kondo, M., Nishihara, T., Shimamoto, T., Ichikawa, T. and
Fuji, M. (1988) Screening test for degradation of chemicals
in water-degradation test by photoirradiation. Eisei-Kagaku
34:41-47.

[9]

Hwang, H.M., Hodson, R.E., and Lee, R.F. (1987) Degradation of aniline and chloroanilines by sunlight and microbes in
estuarine water. Water Res. 21:309-316.

[10] Kishida, K. and Otori, T. (1980) A quantitative study on the
relationship between transcorneal permeability of drugs and
their hydrophobicity. Jpn. J. Ophthalmol. 24:251-259.
[11] Garst, J.E., and Wilson, W.C. (1984) Accurate, wide-range,
automated, high-performance liquid chromatographic method
for the estimation of octanol/water partition coefficients I:
Effect of chromatographic conditions and procedure variables on accuracy and reproducibility of the method. J.
Pharm. Sci. 73:1616-1623.

Received for publication: October 31, 2002
Accepted for publication: January 13, 2003

CORRESPONDING AUTHOR
G. Könnecker
Fraunhofer Institut für Toxikologie
und Experimentelle Medizin
Nikolai-Fuchs-Straße 1
30625 Hannover - GERMANY
e-mail: koennecker@item.fraunhofer.de
FEB/ Vol 12/ No 6/ 2003 – pages 589 - 593

596

© by PSP Volume 12 – No 6. 2003

Fresenius Environmental Bulletin

METHOD DEVELOPMENT ON AUFWUCHS AND
MAYFLY LARVAE TO DETERMINE THE EFFECTS
OF CHEMICALS IN ARTIFICIAL INDOOR STREAMS
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SUMMARY

INTRODUCTION

Lentic microcosms as a tool in the assessment of
chemicals became more popular in recent years, while
lotic microcosms are more commonly used for years.
In contrast to other approaches for artificial stream
systems in our approach relevant organisms for the function of a lotic biocoenosis are introduced in defined
populations in artificial indoor streams. With this approach the causal analysis of observed effects and
changes to the chemical used in the experiment can be
performed better.
The results of the method developed to determine
the effects on aufwuchs (mainly periphyton) and grazer
(mayfly larvae) in the artificial indoor streams are presented. The methods were used to determine the effects
of two different plant protective agents (terbutryn, herbicide and fenoxycarb, insecticide).

KEYWORDS: artificial indoor streams, aufwuchs, ecotoxicology,
fenoxycarb, mayfly, microcosms, pesticides, terbutryn.

Lentic microcosms as a tool in the assessment of
chemicals became more popular in recent years [1-5], while
lotic microcosms are more commonly used for years. The
use of microcosms has some advantages in comparison to
single species tests [6]. In microcosms a realistic ecosystem
structure can be investigated including the effects of chemicals on species interactions, indirect effects and population
dynamics within the system [7]. Indoor microcosms are more reproducible and controllable then their
outdoor counterparts. The introduction of defined populations of species will lead to a defined community structure
with a reduced complexity. This approach can close the gap
between laboratory and field data [8].
Various methods are described to investigate aufwuchs
in field and stream micro- and meso-cosms [9-11]. Artificial substrates are commonly used because they have the
advantage of a defined and comparable surface. It was
necessary to develop a practicable one for the investigation
of aufwuchs in our stream. The method should also give
the possibility to determine the pigment composition within
the aufwuchs. The pigment analysis is a very new method
for the investigation of aufwuchs [12]; it was first developed for marine and freshwater plankton [13-15]. In a first
experiment glass beads were used as artificial substrate.
The method was then used to determine the dynamics of
aufwuchs in an experiment with an herbicide (terbutryn, striazine). But it had to be enhanced because pigments of
filamentous green algae could not be quantified.
The food web in the artificial indoor streams first consists of aufwuchs (mainly periphyton), two crustaceans
(Gammarus fossarum and Asellus aquaticus) and one oligochaeta (Lumbriculus variegatus). In a second step the
lotic community in the artificial indoor streams should be
expanded by grazers. As grazer three different types of
mayfly larvae were investigated. The mayflies were added
to the community to investigate the impact of an insecticide
(fenoxycarb, juvenile hormone analoga) in the artificial
indoor streams.
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FIGURE 1 - Technical drawing of an artificial indoor stream.
OR: outflow reservoir, IR: inflow reservoir. All measurements in mm.

MATERIALS AND METHODS
The design of the artificial indoor streams (Fig. 1)
and physical characteristics are described in detail elsewhere [16, 17]. Briefly, five equal streams made of stainless steel are placed in a greenhouse. The streams have a
length of 4.2 m. The stream-bed (length 3.7 x 0.5 m) is
upstream restricted by an outflow reservoir, and downstream by an inflow reservoir. These two reservoirs are
connected with a pump that enables water circulation
from the outflow reservoir over the stream-bed to the
inflow reservoir. The stream-bed is divided by a steel
plate into two channels. To prevent the drift of organisms
into the outflow and inflow reservoir, the channels are
separated by mesh sieves (mesh size 250 µm).
The stream-bed was covered up to about 3 cm in
height with washed gravel from a gravel pit of the following size [mm]: 2-8, 8-16 and 16-32. The stream was then
filled with activated carbon filtered tap water up to a level
of 10 cm in the stream-bed (resulting in a total water
volume of approximately 450 to 500 L per stream). The
water velocity was adjusted to 0.2 m sec-1 and temperature was maintained at 15 ± 1 °C. More technical details
and species compositions used in the experiments can be
found in [16 - 21].
Within these artificial indoor streams the following
experiments were conducted:
•

Development of the test approach [17]

•

Impact of the herbicide terbutryn [18, 20]

•

Pre-experiment to test three different grazer types

•

Impact of the insecticide fenoxycarb [19, 21]

Within this publication only the method development
on aufwuchs and mayfly larvae will be presented. The
method development for the other organisms will not be
presented here.
The first experiment was conducted to test the suitability of glass beads as artificial substrate and to establish a method for the determination of dry weight and
pigment analysis of the aufwuchs on glass beads [16, 17].
The developed method with glass beads as artificial substrates was then used in the second experiment with the
herbicide terbutryn [16, 20]. Before the start of the experiment with fenoxycarb, in a pre-experiment three different grazer types were tested and the glass beads were
replaced by object slides because of the problems with the
filamentous green algae.
As the method to determine the dynamic of aufwuchs
was improved throughout the experiments, only the final
method will be presented here. Other preliminary methods
can be found in [16, 17] and [18, 20]. To establish aufwuchs in the artificial indoor streams, stones were taken
from the river Lockwitzbach (southeast of Dresden, Germany), one day before the pre-application period started.
The aufwuchs on the stones was washed off with a water
jet and collected in a plastic aquarium. The suspension
was filtered through a mesh (mesh size 100 µm) to retain
other organisms. Sedimentation of the filtered aufwuchs
took place for 8 h and the supernatant was decanted. The
precipitation was homogenised by mixing up with a spatula, divided into five equal subsamples and gently transferred to the according stream. This procedure allows a
uniform development of aufwuchs during the preapplication period.
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The mayfly larvae for the experiments were collected
in the river Lockwitzbach and the selected species were
sorted out in the laboratory. The larvae were kept in glass
aquaria filled with dechlorinated tap water at 15 ± 2 °C
until they were transferred to the streams.
The method to determine the effects on mayfly larvae in the fenoxycarb-experiment is described in detail
in [21]. The larvae of R. semicolorata were randomly transferred on day -1 to each channel of the stream (66 larvae
per channel) and also to the enclosures (18 per enclosure). The enclosures were made of steel mesh (mesh
size 500 µm), which was put on a petri dish (Ø 18 cm)
and fixed to the streambed with a steel plate. The petri
dish was filled with sediment of the same composition as
in the streams. For more details see [16, 17]. The enclosure was covered with a nylon mesh (mesh size 1 mm).
To catch the imagoes, which emerged from the channels,
an emergence trap (40 x 25 cm) was put in front of the
outflow reservoir. It has a triangular form with a height of
25 cm at the side of the outflow reservoir. It was made of
wooden slats (1 x 1 cm) and covered with nylon mesh
(mesh size 1 mm). E. ignita was the second mayfly investigated in the experiment. The larvae of E. ignita were
treated as described above for R. semicolorata. On day 72
the larvae (22 per enclosure) were placed randomly in
enclosures filled with sediment from the streams. At this
time no fenoxycarb could be detected in the water of all
streams (LOD 0.5 ng L-1).

The dynamic of aufwuchs was determined quantitatively (by dry weight) and qualitatively (by pigment composition). In preliminary experiments glass beads (Ø 3 mm)
seemed to be suitable as artificial substrate. Over a period
of 78 days aufwuchs dynamic on glass beads was comparable to dynamic on stones (2-8 mm) [16, 17]. The method
used in the first experiment [17] (determination of dry
weight and pigment composition within the same sample)
was unsuitable when a mass development of filamentous
green algae (Cladophora sp) occurred (Fig. 2).

5
Dry weight [mg cm-2]

Three different types of mayflies were investigated:
1. Heptageniidae, grazing on aufwuchs, adapted to higher
water velocity; 2. Baetis sp, grazing on aufwuchs, adapted
to lower water velocity in comparison to Heptageniidae;
and 3. Paraleptophlebia submarginata, grazing on detritus, adapted to lower water velocity.

RESULTS AND DISCUSSION
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Artificial substrates were used for sampling of aufwuchs during the experiment. Unglazed ceramic tiles (3 x
5 cm) were placed on top of the gravel before the experiment started. One tile was sampled from each channel of the 5 streams at 12 day intervals to determine dry
weight and two were taken for pigment analysis. The
aufwuchs from the tiles was scraped off with a razor
blade and transferred to glass beakers by water jet. Then
the aufwuchs suspension was filtered on pre-ashed, preweighted glass fibre filter (Ø 55 mm, Schleicher &
Schüll No. 62). The filters with the aufwuchs were dried
at 75 °C for 12 h and weighted (RC 210S, Sartorius).
The difference between the two weights is the dry weight
of the aufwuchs. The filters for pigment analysis were
placed in 4 mL brown glass vials and stored at -21 °C in a
refrigerator until extraction. The pigments were extracted
4 h at -21 °C with 3 mL acetone/methanol (1/1, v/v).
Prior to analysis the extract was filtered trough 0.1 µm
glass fibre filter (Spartan Ø 13 mm, Schleicher &
Schüll). The HPLC-system and the analytic protocol are
presented in [16, 17].
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FIGURE 2 - Dynamics of dry weight, chlorophyll a- and
lutein-concentration of aufwuchs in the terbutryn experiment.
Mean of channel a and b from one stream. Terbutryn (0.6; 6; 60
and 600 µg L-1, C = control) was applied on day 0. The experiment ended on day 78.

In the experiment with the herbicide terbutryn the pigment extraction was incomplete and the effect of terbutryn
on dry weight could not be found for chlorophyll a and
lutein (marker pigment for green algae). Effects of terbutryn
on aufwuchs can be found in the lowest tested concentration
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of 0.6 µg L-1 (DT50 = 28 d, dissipation from water phase,
limit of detection (LOD): 0.06 µg L-1). More details of the
terbutryn-experiment can be found in [18, 20].
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ment by treatment with Heptageniidae. Besides the object
slides also the space between the slides on the tile were
analysed (n = 2). The results from the pigment analysis are
shown in Fig. 3. Object slides were unsuitable because the
mayfly larvae did not graze on the slides but on the tiles.
Mayfly larvae from the type Heptageniidae and Baetis sp
showed a noticeable grazing activity on tiles. An influence
of Paraleptophlebia submarginata on aufwuchs could not
be determined.
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To enlarge the lotic community in the artificial indoor
streams different types of grazers (snails and mayflies)
have been investigated (data not shown). Mayfly larvae
seemed to be suitable and so three different types of mayfly
larvae were chosen for further investigation in the preexperiment: 1. Heptageniidae (Rhithrogena semicolorata
and Heptagenia flava), 2. Baetis sp and 3. Paraleptophlebia submarginata. 200 larvae of these three types were
placed in one channel, respectively. One channel served as
a control, so only two streams were used in this experiment. This experiment was conducted without testsubstance. As artificial substrates object slides were used after
the experience with the terbutryn experiment. The object
slides were pasted with silicone onto ceramic tiles (n = 3
per tile). The aufwuchs was scraped off and treated as described in Materials and Methods. The experiment ended
after 14 days, when no aufwuchs was visible on the sedi-
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FIGURE 4
Dynamics of dry weight and chlorophyll a-concentration of
aufwuchs in the fenoxycarb-experiment. Mean of channel a and b
from one stream. Fenoxycarb (0.05; 0.5; 5 and 50 µg L-1, C = control) was applied on day 0. The experiment ended on day 98.

Paraleptophlebia

FIGURE 3
Impact of three different mayfly types on chlorophyll a-,
lutein- and fucoxanthin-concentration of aufwuchs on object slides (n = 3, mean ± SD) and tiles (n = 2, mean).

0

For the investigation of fenoxycarb (insecticide) in the
artificial indoor streams mayfly larvae from the type Heptageniidae were chosen. Fig. 4 shows the results from aufwuchs. The dynamic of dry weight and chlorophyll a-concentration during the experiment showed no concentration-effect relationship and was unaffected by fenoxycarb.
The impact of fenoxycarb on emergence of R. semicolorata
in the streams and the enclosures is shown in Fig. 5. In the
treatments with a nominal concentration of 5 and 50 µg L-1
fenoxycarb at the beginning of the experiment emergence
was affected. The substance disappeared quickly from
the water phase (DT50 in general = 1-2 d, in initial period of
50 µg/l treatment = 5 d, LOD: 0.5 ng L-1). The specie E.
ignita showed abnormalities at the abdomen in the highest
treatment (50 µg L-1). These abnormalities can be described
as larval relicts, when looking at the abdomen of the larvae.
At this time no fenoxycarb could be detected in the water
(LOD 0.5 ng L-1). Further results from this experiment will
be shown in [19, 21].
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FIGURE 5
Impact of fenoxycarb on emergence of R. semicolorata (0.05; 0.5; 5 and 50 µg L-1, C = control). Percentage of emerged
imagoes in relation to the number of introduced larvae (Sum: 2 x 66 per stream, 2 x 18 per enclosure, respectively).
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FIGURE 6
a) Impact of fenoxycarb on E. ignita. Percentage of incomplete emergence and abnormalities at the abdomen
in relation to the number of introduced larvae, respectively (Sum: 2 x 22 per enclosure).
b) Photo showing the abdomen of two imagoes (upper part: control, lower part: treatment with 50 µg L-1).
Arrows indicate the abnormalities at the abdomen.

CONCLUSIONS
Ceramic tiles are suitable for the investigation of the
dynamic of aufwuchs in the artificial indoor streams.
With these substrates the aufwuchs can be determined
quantitatively and qualitatively. This substrate is also
suitable to determine the grazing activity of mayfly
larvae. The emergence und survival of the introduced
mayfly larvae can be investigated in enclosures. Furthermore, other endpoints (size and morphological abnormalities) can also be investigated. The two mayfly

species investigated (R. semicolorata and E. ignita) give
the chance to have mayfly present in the stream over a
longer period of time. Due to their late occurrence and
emergence in the summer, E. ignita can be used to test a
“recovery”, when being introduced to the stream in the
later part of the experiment.
In the terbutryn-experiment an effect on aufwuchs can
be found in the lowest tested concentration of 0.6 µg L-1
(nominal concentration at the beginning of the test).
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The fenoxycarb-experiment showed no effect on aufwuchs at all dose levels. Effects on the mayfly R. semicolorata were observed at concentrations of 5 µg L-1
(nominal) and higher. At the highest dose level of 50 µg/L
effects on the emerged imagoes of the mayfly E. ignita
were observed 72 days after application. At this time
fenoxycarb was not detectable in the water of the streams.
Concentrations of 5 µg/L or lower caused no effects on
this parameter.
More investigations are needed to determine the grazing activity of mayfly species, which would represent a
direct interaction between two trophic levels. The results
indicate that 200 individuals per channel have a great
impact on good established aufwuchs. With 66 individuals per channel no grazing activity could be determined
on aufwuchs growing for 22 days. The investigation
should lead to an optimal start grazer density.
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MIXTURE TOXICITY OF s-TRIAZINES TO Lemna minor UNDER
CONDITIONS OF SIMULTANEOUS AND SEQUENTIAL EXPOSURE
Wiebke Drost, Thomas Backhaus, Maria Vassilakaki, L. Horst Grimme
Institute for Cellbiology, Biochemistry and Biotechnology, University of Bremen, Germany

SUMMARY
s-Triazines are common pollutants of freshwater ecosystems, where they affect mostly primary producers.
Typically, an exposure to mixtures of chemicals is observed in such systems. Therefore, we analysed the effects
of 4 individual s-triazines (atrazine, prometon, prometryn
and ametryn) and a mixture of these on the growth of the
limnic vascular plant Lemna minor. In concordance with
their molecular mechanism of action, individual s-triazines
as well s-triazine mixtures show a high acute toxicity, that
remains unchanged if the exposure time is prolonged. The
overall mixture toxicity of the 4-compound s-triazine
mixture could be precisely predicted by Concentration
Addition. If the plants are transferred to uncontaminated
medium after an exposure to s-triazines an almost complete recovery of the initial growth rate could be observed
after three days. Consequently, even sequential exposure
to pulses of different s-triazines did not result in a cumulative toxicity.

Due to this mechanism of action it can be expected
that primary producer are the most susceptible trophic
level. We, therefore, chose the duckweed Lemna minor
as test organism for analysing the toxicities of s-triazines.
These limnic vascular plants are widely spread in temperate climate areas and serve as an important food source
for various water birds and fish. Additionally, lemnaceae
provide habitats for invertebrates.
TABLE 1 - Chemical structures of s-triazines.

R1
N
R2

KEYWORDS: Concentration Addition, Lemna minor, sequential
exposure, simultaneous exposure, s-triazines.

INTRODUCTION
s-Triazines are used as active ingredients of herbicides and have become ubiquitous pollutants that are
frequently found together or in close timely proximity in
freshwater systems. Atrazine is the most frequently detected and most intensively studied representative of this
group [1 - 8]. All herbicidal s-triazines target photosystem
II where they compete with plastoquinone, the electron
transporter at the reducing site. The N-3 of the triazine
ring-system (see Table 1) and the amino nitrogen at position 2 form hydrogen bonds to a peptide nitrogen and a
serin residue. In this reversible procedure s-triazines can
displace the natural electron acceptor plastoquinone, which
leads to an interruption of the electron transport [9 - 11].

ametryn
atrazine
prometon
prometryn

N
H
R1
CH3S
Cl
CH3O
CH3S

N
N

N
H
R2
CH(CH3)2
CH(CH3)2
CH(CH3)2
CH(CH3)2

R3

R3
CH2CH3
CH2CH3
CH(CH3)2
CH(CH3)2

Their advantages as test organisms for ecotoxicological research are the ease of culture, high sensitivity to a
whole array of different pollutants, a high growth rate and
their easy handling during the toxicity tests. They can be
easily transferred into different media during testing,
which is particular important for the presented study. The
plant size is small but sufficiently large to be observed
visually, which allows non-destructive, repeated observations [12,13].
Organisms in aquatic ecosystems are typically exposed to a multitude of pollutants, either simultaneously
or sequentially. Due to the high spatial and temporal variability of the concentrations of individual toxicants, an
experimental effect assessment of all conceivable mix-
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tures is not feasible. But, predictive approaches using
information on the toxicities of individual compounds
may allow an estimation of the overall toxicity of a given
chemical mixture. Two concepts, Concentration Addition
and Independent Action, can be used for such purpose.
Concentration Addition proceeds from the assumption that all components of a mixture act similarly. This
concept can be traced back to the work of Frei [14] and
Loewe and Muischnek [15]. Berenbaum [16] defined this
concept for a mixture with n compounds as follows:
n

ci

∑ ECx
i =1

=1

(1)

i

In this equation, ci is the concentration of the i-th substance present in the mixture. ECxi is the individual concentration of the i-th substance causing the same effect x
as the total mixture. The quotient ci/ECxi has been termed
the toxic unit by Sprague [17]. The total effect of the
mixture is unchanged as long as the sum of all toxic units
remains constant. This implies, that a mixture component
can be replaced totally or in part by any other component
with the same toxic unit.
In contrast, Independent Action is based on the idea
of dissimilarly acting components in a mixture with different target sites but triggering a common toxicological
endpoint. This concept was first formulated by Bliss [18]
and is as the following for a multi-component mixture:
n

E (cMix ) = 1 − ∏ [1 − E (ci )]

(2)

i =1

E(cMix) is the predicted effect of a n-compound mixture, cMix is the total concentration of the mixture, ci is the
individual concentration of the i-th compound in the mixture and E(ci) the effect of this concentration if the compound is applied alone.
Knowing the similar molecular mechanism of action
of the s-triazines, it might be anticipated that Concentration Addition is an appropriate concept for predicting the
toxicities of mixtures of these substances. The competing
concept of Independent Action might be expected to have
a clearly lower predictive power. Aim of the presented
study was the experimental analysis of these hypotheses.
For that purpose the predictability of a mixture of 4 striazines (ametryn, prometon, atrazine and prometryn)
was analysed.
Both concepts describe a situation of an exposure to a
mixture of constant qualitative and quantitative composition, which does not correspond to the actual situation in
the environment. Instead, input of agrochemicals to surface waters typically occurs in pulses. We therefore also
studied the recovery of Lemna after pulses of s-triazines
and the toxicities of s-triazines under conditions of se-

quential exposure. For the latter purpose, plants were
exposed to ametryn over three days and were transferred
to medium containing prometron for another three days,
and vice versa.

MATERIALS AND METHODS
The cultivation of duckweed (Lemna minor) was as follows (according to DIN AK, 2000 [19]). Initial plant material was kindly provided by Dr. Rolf Altenburger (UFZ
Leipzig-Halle). The plants were grown in open Erlenmeyer
flasks in sterilised Steinberg medium (pH 5,5+/ -0,2) in a
temperatured chamber (25 +/-2°C) within a water bath.
The chamber was continuously illuminated (max.
125µE/m² x sec).
Endpoint for all toxicity tests was the growth rate.
This is calculated on the basis of the counted fronds:

µ=

ln( Fn ) − ln( F0 )
tn

(3)

µ represents the growth rate, F0 and Fn are the frond
numbers at day 0 and day n of the experiment, respectively.
According to this equation, µ gives an average of the
growth during the time period from the start of the experiment to day n. Using the natural logarithm of the frond
number implicitly assumes an exponential growth pattern.
Four different s-triazines were used in the studies:
ametryn, atrazine, prometryn and prometon (for chemical
structures see Table 1). They were used in the highest
available purity and purchased from Riedel de Haen
(Seelze, Germany) and Merck (Darmstadt, Germany).
From each compound a stock solution in methanol (p.a.)
was prepared and stored at -20°C. Prior to testing an
aqueous solution was prepared from these stocks by
evaporating the methanol under a gentle stream of N2 and
adding the necessary volume of growth medium. This
solution was kept strongly stirred in the dark for at least
24 hours prior to testing to allow the test compound to
dissolve completely. The stability of the tested s-triazines
over an incubation period of 7 days was checked via hplc.
All test substances proved to be stable within +/- 10% of
the starting concentration (data not shown).
Single substance as well as mixture tests were started
with 12 fronds per treatment (according to DIN, 2000
[19]). They were counted every 24 hours. Initial experiments showed, that during the first 3 days the absolute
changes in frond number were too small to allow the
valid estimation of a concentration-response relationship. After 6 to 7 days, the population in the untreated
controls became so dense, that growth limitations of the
untreated control populations could be observed in some
experiments. Hence, we restricted the quantitative analyses
to days 3 to 6.
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The experiments, in which the recovery phase after
triazine exposure or sequential exposure situations were
analysed, were started with 24 fronds per treatment. The
plants were washed with distilled water after three days
exposure. The fronds from each treatment were counted
for the determination of the growth rate over the first
three days and 24 fronds were subsequently transferred
into new medium, containing either no toxicant (for the
study of the recovery) or a second s-triazine (sequential
exposure). The determination of the average growth rate
during the first half of the experiment thus relied on an
accurate toxicity determination after three days. This
clarifies the twofold standard amount of fronds at day 0:
a higher number of individuals per treatment reduces the
average error in the frond number determination. The
sequential tests were performed with the most toxic
(ametryn) and the least toxic compound (prometon).
Biometrical concentration response modelling was
carried out with SAS (Vers. 8.2, SAS-Institute, Cary,
USA) using the following 3-parametric generalized logit
model [20].

Inhibition =

1
1 + exp(− β1 + β 2 × log10 (conc)) β3

β1 , β 2 and β 3 are

the three parameter to be esti-

mated, In order to calculate effect concentrations the
inverse model was used:

⎛ − ln( K ) − β1 ⎞
⎟⎟
conc = POW ⎜⎜
β2
⎝
⎠
1
⎛
⎞
K = ⎜
⎟
⎝ inhibition ⎠

− 1.

POW (x) means raise the value of 10 to the power x.
Concentration effect curves for the predictions according to Concentration Addition and Independent Action were calculated as described in [21, 22].

untreated
control

120

100
fronds/sample

(5)

1 / β3

with

140

0.027 µmol/L

80

60
0.07 µmol/L

40

20

1 µmol/L

0
0

(4)

2

4

6

incubation time (days)
FIGURE 1 - Exponential growth pattern of Lemna minor.
Concentrations refer to an incubation with ametryn.

606

8

© by PSP Volume 12 – No 6. 2003

Fresenius Environmental Bulletin

RESULTS AND DISCUSSION
In Figure 1 the growth pattern of untreated Lemna
minor and during the exposure with ametryn is shown. It
can be seen, that the untreated plant population grows
exponentially. Therefore, the calculation of an average
growth rate according to eq. 3 seems to be justified. An
exposure to ametryn leads to a concentration dependent
reduction in the growth rate, while the growth pattern
itself is unchanged. This implies that the toxicity is independent of the exposure time, which can be seen in the
corresponding concentration-response curves after three
and six days exposure (Figure 2). Both curves are nearly
identical in location and shape. After three days, an EC50
of 0.121 µmol/L has been determined. Even after doubling the exposure time, the EC50 is only slightly lower
(0.08 µmol/L). A slightly higher variability between the
independent replicates can be observed after an exposure
of three days (Figure 2a), compared to the results after six
days exposure (Figure 2b). This is related to the comparatively low number of fronds per treatment after three
days, In a small population, each wrongly counted frond
(e.g. newly emerging fronds are quite small and can be
easily overlooked) leads to a higher error in the effect
estimation, than in a bigger population.

% inhibition of growth rate

120

Table 2 summarises the results for all four tested triazines after three and six days exposure. Effect concentrations determined after three and six days vary only slightly, and no significant changes in toxicity have been observed. The maximum factor between 3 and 6 days was
1.5 (EC80, ametryn).
TABLE 2 - Toxicity of individual s-triazines after
three and six days of exposure, all values in µmol/L.

80

prometryn

atrazine

prometon

0.054
0.037

0.148
0.118

0.286
0.352

1.51
1.09

0.121
0.080

0.290
0.223

0.723
0.820

2.97
2.77

0.278
0.187

0.410
0.493

1.36
1.57

4.21
4.47

Other studies which analysed toxicities of s-triazines to
L. minor gave nearly identical toxicity values for atrazine
(Table 3), although in one study a slightly lower EC50 was
determined (0.26 µmol/L, compared to 0.8 µmol/L in the
presented work). Studies with other Lemna species (L. paucicistata, L. perpusilla) resulted in EC50-values in the same
order of magnitude as observed for L. minor.

A
3 days

100

ametryn
EC20
day 3
day 6
EC50
day 3
day 6
EC80
day 3
day 6

TABLE 3
s-Triazine toxicity to different Lemna species, all values in µmol/L.

0

substance
atrazine
atrazine
atrazine
atrazine
prometryn

-20

prometryn

60
40
20

-40
0.0001

0.001

0.01

0.1

1

10

ametryn

100

Lemna minor
Lemna minor
Lemna minor
Lemna paucicistata
Lemna major
Lemna perpusilla
Lemna major
Lemna perpusilla

EC50
0.709
0.426
0.259
0.32
0.17
0.35
0.054
0.23
0.046

reference
[26]
[27]
[28]
[29]
[30]

concentration (µmol/L)
120

% inhibition of growth rate

100

B
6 days

80
60
40
20
0
-20
0.0001

0.001

0.01

0.1

1

10

concentration (µmol/L)

FIGURE 2
Toxicity of ametryn to Lemna minor after 3 and 6 days.

100

Independent of the exposure time, Concentration Addition shows a very precise prediction of the mixture toxicity
of the s-triazines. In Figure 3 examples for an incubation
time of 3 and 6 days are given, the corresponding EC50values are listed in Table 4. With predicted EC50’s of 1.58
and 1.53 µmol/L (3, respectively 6 days exposure to the
mixture), Independent Action slightly underestimates the
actual mixture toxicity (EC50’s observed are 0.84 and
0.92 µmol/L respectively). In contrast, the predictions
according to Concentration Addition differ only by a factor
of 1.2, respectively 1.1 from the experimental EC50. As
already seen in the single substance experiments, also the
mixture toxicity seems to be acute and constant over time.
Hence, it can be summarised, that the results of the mixture
studies are in good agreement with the pharmacologically
based expectations (see above). These findings are also
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confirmed by previous studies with PSII-inhibiting toxicants to algae. In a recent study with 18 s-triazines, a
picture similar to Figure 3 has been observed in a onegeneration assay with the limnic algae Scenedesmus vacuolatus [21]. Also the mixture toxicity of phenylureas,
that also inhibit the photosynthetic electron transport at
PSII, could be very precisely predicted by Concentration
Addition [23]. Consequently, for the prospective hazard
assessment of s-triazine mixtures, Concentration Addition
is a suitable approach. This seems to hold true not only
for algae, but also for higher plants.

120

A
3 days

80

CA

0.5

60

IA

0.4

0.005µmol/L

40

untreated
controle

growth rate

% inhibition of growth rate

100

The effects of s-triazines on the growth of L. minor
are easily reversible as shown in Figure 4. For this experiment, the organisms were incubated for three days
with the indicated concentrations of ametryn. The concentration dependent growth inhibition is clearly visible.
Afterwards the organisms were transferred back to uncontaminated medium and their growth rate was determined
for another three days. After this recovery phase, the
growth rate is nearly back to control level. This holds
true, even if the plants were incubated with extraordinary
high concentrations of ametryn (up to more than 15 times
the EC50). Similar results have been observed for the
recovery after prometon exposure (data not shown). In
another work Lemna gibba also showed a comparable
recovery after a five day exposure to atrazine [24].

20
0

0.01

0.1

1

0.3
0.015µmol/L
0.04µmol/L

0.2

10

1.6µmol/L

0.1

total concentration (µmol/L)
120

% inhibition of growth rate

100

B
6 days

0.0
3

4

5

6

7

total incubation time (days)

80

CA

FIGURE 4
Recovery of the growth rate of Lemna minor after an exposure
to ametryn over 3 days at the indicated concentrations.

60

IA

40

20

0

0.01

0.1

1

10

total concentration (µmol/L)

FIGURE 3 - Predictability of s-triazine mixture toxicity by
Concentration Addition (CA) and Independent Action (IA).

TABLE 4
Observed and predicted EC50 values of the 4-compound mixture
of s-triazines (ametryn, prometon, atrazine and prometryn).
Mixture ratio: EC50 of individual components. Values in µmol/L.

EC50
observed

3 days
6 days

0.84
0.92

EC50 predicted
Concentration
Addition
1.03
0.97

Independent
Action
1.58
1.53

Again, these results can be traced back to the underlying biochemical mechanism of s-triazine action. The
inhibition of the photosynthetic electron transport is per
se non-lethal to the organism. Only the growth rate is
reduced – even down to zero if sufficiently high concentrations of a s-triazine are present – because the photosynthetic energy production is inhibited. Furthermore, the
binding of the s-triazines to PSII via non-covalent hydrogen bonds is reversible and thus the concentration that is
actually bound to the receptor is dependent on the actual
concentration of the chemical in the thylakoide membrane
and consequently in the growth medium. As soon as the
concentration in the growth medium decreases, so does
the internal concentration. Consequently, the inhibition of
the photosynthetic electron transport ceases and the organisms start growing again. s-Triazine exposure is also
known to induce severe photooxidative stress, as the readily available oxidative potential from excited pigments
results in the production of reactive oxygen species,
which then ultimatively damage the proteins of the elec-
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tron transport chain irreversibly [25]. This mechanism of
triazine toxicity does not seem to play an important role
under the conditions of the assay. Reasons for this may be
the absolute light intensity (photooxidative stress is primarily observed in rather high light intensities) and the
light adaptation of the plants. They were kept in constant
light before the experiment, which typically results in a
well developed defence system against light-induced
oxidative stress.
If the toxicity of s-triazines is non-permanent under the
conditions of the assay and the plants recover within 3 days
from an exposure to s-triazines, it can be expected that
under conditions of sequential exposure to different striazines, no severe cumulating toxicity is observed. This
hypothesis was tested with binary combinations of ametryn
and prometon. The results are summarised in Table 5 for
the corresponding EC20, EC50 and EC80. Indeed, the toxicity
of ametryn remains largely unchanged, even if the plants
have been preexposed to prometon, and vice versa: the
corresponding effect concentrations (with and without preexposure) do not even differ by a factor of two.
TABLE 5 - Toxicity of ametryn and prometon
with and without pre-exposure, all values in µmol/L.

ametryn
3 days preincubation
with
prometon
0.054
0.036
0.121
0.15
0.278
0.56

no
preincubation
EC20
EC50
EC80

prometon
3 days preincubation
with
ametryn
1.51
1.14
2.97
1.65
4.21
3.54

no
preincubation

Data on single substance toxicities are typically based
on laboratory experiments. That is, the test organisms
have never before been exposed to toxicants. The results
of the presented study indicate, that in the case of striazines, data obtained with this setting might also be
useful for assessments with respect the more ecologically
realistic situation, in which the actually exposed organisms have a history of previous exposure to other striazines. Nevertheless, it has to be emphasised that a preexposure to chemicals that show lethal effects, e.g. by
building covalent bonds with biomolecules of the exposed
organisms or have a high bioaccumulation potential will
most likely have a completely different impact. In this
case, a cumulating toxicity from a sequential exposure
might be expected.
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MARINE BIOTEST:
COMPARATIVE INVESTIGATIONS ON ACUTE TOXICITY
OF AMMONIUM CHLORIDE TO Corophium volutator
Udo Noack, Susanne Becker, Gwendolin Kraetzig
Dr.U.Noack-Laboratorium für Angewandte Biologie, Käthe-Paulus-Str. 1, 31157 Sarstedt, Germany

SUMMARY
A modified marine bioassay is suitable for acute seawater tests using ammonium chloride as a toxic standard.
The marine amphipod Corophium volutator lives in high
densities in fine muddy sediments at coastal and estuarine
areas. It tolerates strong variations of temperature and salinity, plays an important role in the biocoenosis and is
more and more used in marine toxicology tests. The toxic
effects of ammonium chloride to C. volutator were examined at different test durations, temperatures, salinities, lifestages of the test organisms (expressed as mean body
length) and their origin (held and bred in the laboratory or
taken from natural populations). Studies were performed in
the aqueous phase of artificial seawater (SIGMA Sea Salts)
to set up the EC50 of ammonium for C. volutator in dependence on the exposure time. Endpoint of the determination was the mortality (immobility) after 72 h to 240 h. The
toxicity of ammonium concerning the EC50 showed no
statistically significant differences at different salinities,
temperatures, keeping durations and life-stages of C. volutator constant. Ammonium chloride has been proven as
reference substance for a positive control in a water-only
test design.

KEYWORDS: Ammonium Chloride, Aqueous Phase, Corophium
volutator, Toxicity evaluation.

INTRODUCTION
Corophium volutator is a cosmopolitan sediment reworker. This amphipod species lives in high densities in
fine muddy sediments at coastal and estuarine areas,
where it constructs U-shaped burrows in the upper 5 cm
of the sediment. Its distribution shows a high tolerance to
different salinities and temperature levels. C. volutator
plays an important role in the biocoenosis and is increasingly used in marine ecotoxicology testing [1-8].

The toxicity of ammonia to aquatic organisms has been
the subject of a large number of investigations [8,9]. Studies are carried out to establish NH4+ as reference substance
[7] in sediment toxicity tests. We are introducing a modified marine biotest with C. volutator, which is suitable for
testing chemicals in seawater and which recommends ammonium chloride as toxic standard. In general, ammonia is
more toxic to organisms than ammonium. Current analytical methods do not permit the exact measurement of NH3
and NH4+ [10]. For toxicity studies with ammonium chloride it is important to know the concentration of the unionised ammonia in the aqueous solution. In aqueous solutions, un-ionized ammonia exists in equilibrium with the
ammonium ion and the hydroxide ion. The equation expressing the equilibrium is to be written as:
NH3(g) + n H2O(l)

NH4+ + OH- + (n - 1) H2O(l)

The concentration of NH3 depends on a number of
factors. Most important of these are the pH value and
temperature. At higher pH values and temperatures the
equilibrium shifts from ammonium to ammonia [8,10].
For Lumbriculus variegatus and Chironomus tentans the
relative ammonia toxicity (as expressed on a total ammonia basis) increases with increasing pH values [11]. This
is explained by the differences in the relative toxicity of
un-ionised ammonia (NH3) versus the ammonium ion
(NH4+). Un-ionized ammonia concentrations were calculated from total ammonia concentrations using the formula of EMERSON et al. (1975) and THURSTON et al.
(1981) [10,12]. For the conducted tests the pH was determined to be constant at 7.9 ± 0.2. In aqueous solutions
(freshwater) at 15 °C and a pH of 7.9 the content of NH3
has to be 2.13 %, at 16 °C 2.23 % and at 17 °C 2.47 %.
The ionic strength is the other important influence on the
NH3 concentration; there is a decrease of NH3 as the ionic
strength decreases in hard water or saltwater. Due to this
information the concentration of ammonia in marine test
media has to be seen as negligible.
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The toxicity of ammonium chloride to Corophium volutator of different life-stages (expressed as body length
with animals < 5 mm and > 5 mm) was examined in acute,
static water-only exposure tests at different temperatures
(15, 16 and 17 °C) and different salinities (10, 20 and 30 S).
Mortality (incl. immobility) was recorded as endpoint. The
effective concentrations (EC50) and their 95 % confidence
intervals (CI) were calculated after 72 h for each test and
for selected tests daily between 24 h and 168 h or 240 h
basing on the nominal ammonium concentrations.
The objective of the experiments was to demonstrate
the use of the sediment reworker organism, C. volutator,
in a water-only exposure study.

MATERIALS AND METHODS
Collection and maintenance of amphipods: Individuals
of Corophium volutator were collected from a relatively
unpolluted intertidal mudflat in the German Bay of the
North Sea (Norderneyer Surfbucht). Sediment surface was
dug out (depth 10 cm) and wet-sieved through a 500 µm
sieve. The amphipods were transported to the laboratory in
clean polyethylene containers covered with macrophytes
of Fucus spec. within max. 4 h. At the laboratory the
amphipods were transferred to 30 - 60 L glass vessels
with natural filtered seawater (28 S) and a 3 cm layer of
sediment taken from the same location. They were taken
within 1.5 months for the test or kept under suitable bredding conditions [6] for several months until used in the
toxicity test. Under controlled climatic conditions a constant breeding could be established (16/8 h light/dark cycle,
approx. 500 lux, 15 ± 0.5 °C, salinities of 10, 20 or 30 S,
commercial food for filter feeders in marine aquaria, Liquifry Marin from INTERPET). Organisms were acclimatized
to the same salinity as used in the experiments one week
to 3 days before starting the test. The test organisms were
not fed 3 days prior and during the test.

For the determination of the EC50
of
for Corophium volutator in the aqueous phase the
concentrations 10, 32, 100 and 320 mg/L at salinities of 10,
20 and 30 S and temperatures of 15, 16 and 17 °C were
examined. 10 g/L of Ammonium as NH4Cl were dissolved
in artificial seawater (SIGMA Sea Salts). From this stock
solution dilutions were made to achieve the test concentrations. During the test the organisms were kept under constant light (24 h illumination, approx. 500 lux). In all experiments 1 L glass beakers were filled with 500 mL test
media. The test media was aerated for 24 h prior to the
introduction of the amphipods and during the test. Each
concentration was conducted with 2 or 3 replicates and
10 individuals each. Only fully pigmented animals were
chosen. The test organisms were sieved out from the holding sediment and transferred to the test vessels with a soft
paintbrush or a wide pipette (for test organisms < 5 mm).
During the test the immobility of the amphipods was
Experimental design:

NH4+

checked and recorded daily. Dead and immobile individuals were counted, removed from the test vessels and their
body length was measured. At test end the surviving individuals were transferred into boiled water for the measurement of the body length.
For the experiments with different life-stages the amphipods were classified in two age groups: adults with a
mean body length of 6.9 ± 1.1 mm and juveniles with a
mean body length of 3.8 ± 0.6 mm. Additionally, we
compared the toxicity of ammonium to C. volutator with
individuals from natural populations (animals were not
kept longer than 1.5 months in the laboratory) and from
our own breeding (animals were kept in the laboratory for
1.5 – 12 months). Water parameters, like temperature,
salinity, dissolved oxygen concentration and pH, were
measured at least at test start and test end. Test duration
was 72 h and at selected tests from 24 to 168 or 240 h.
Analytical procedure: For the determination of the recovery rates of ammonium a colorimetric concentrationcontrol-analytis via photometry was carried out (using
DR. LANGE LCK 303). Mixed samples of all replicates of
each concentration were measured at test start (0 h) and at
test end (72 h and/or 168 h and 240 h). Oxygen concentration, salinity, and temperature and pH were measured
using a WTW Oxi 197-S, Conductometer LF 191 and
Multi 340i, respectively.
Evaluation: The EC50 with confidence intervals (CI =
95 %) were calculated after a test duration of 72 h for each
test according to [6] and at selected tests between 24 h and
168 or 240 h basing on the nominal ammonium concentrations. EC50 was calculated via probit analysis according
to [13]. Calculation of the confidence intervals was carried out using standard procedures. The results were compared using standard statistical procedures as homogenity
tests. Calculations were carried out using SigmaPlot rel.
2000 (2000), and Sigma Stat for Windows, Version 2.03,
SPSS CORPORATION.

In addition to this, we examined the chronic course of
the toxicity of ammonium to C. volutator by comparing
the EC50 for individuals with a mean body length of 7.1 ±
1.0 mm and 3.9 ± 0.7 mm at 16 °C and 20 S (Figure 1a)
as well as for those with a mean body length of 6.6 ± 0.7
and 3.7 ± 0.6 at 16 °C and, respectively, 10 S and 30 S
(Figure 1b).
RESULTS AND DISCUSSION
Water parameters

The water-only toxicity tests with C. volutator exhibited relatively constant pH and oxygen concentrations within the tested treatment groups. At varying temperatures no
significant differences could be observed. Upon closer
examination of each treatment, the pH tended to decrease
slightly at higher test concentrations of ammonium.

612

© by PSP Volume 12 – No 6. 2003

Fresenius Environmental Bulletin

The mean pH was determined to be between 7.6 to
8.2 at 15 ± 0.5 °C, 7.5 to 8.0 at 16 °C ± 0.5 °C and 17°C
± 0.5 °C (Table 1). The mean oxygen concentrations
determined for each treatment group were between 9.0
to 10.9 mg/L (Table 1).
Recovery rates of ammonium

To ensure the validity of the tests, the added concentrations of ammonium were analysed and the recovery

rates (RR) determined (Table 2). A close concentrationeffect relationship to ammonium is characteristic for water-only toxicity tests with C. volutator. Within a treatment the ammonium concentrations remained constant at
varying test temperatures between 15.0 and 17.0 + 0.5 ºC
and test durations between 72 h and 240 h. The variation of
the RR was found to be between 85 and 129 % after 72 h
over all experiments (Table 2). In the control treatment
groups no ammonium was determined.

TABLE 1 - Summary of chemistry data for the water-only toxicity tests with C. volutator.

Salinity
[S]

10

20

30

Nominal
conc.
[mg/L]

Mean values of pH and oxygen concentration ± SD at varying temperatures [°C]
pH value

Oxygen concentration [mg/L]

15 ± 0.5

16 ± 0.5

17 ± 0.5

15 ± 0.5

16 ± 0.5

17 ± 0.5

Control
10
32
100
320

7.8 ± 0.1
7.8 ± 0.1
7.8 ± 0.1
7.8 ± 0.1
7.6 ± 0.1

7.7 ± 0.1
-7.6 ± 0.1
7.5 ± 0.1
7.6 ± 0.0

7.7 ± 0.2
7.7 ± 0.2
7.7 ± 0.2
7.7 ± 0.1
7.5 ± 0.3

10.1 ± 1.1
10.1 ± 1.1
10.1 ± 1.1
10.1 ± 0.7
10.1 ± 0.7

10.2 ± 0.3
-10.4 ± 0.3
10.2 ± 0.2
10.9 ± 0.0

9.4 ± 0.0
9.2 ± 0.4
9.2 ± 0.4
9.2 ± 0.3
9.0 ± 0.5

Control
10
32
100
320

8.0 ± 0.1
8.1 ± 0.1
8.1 ± 0.1
8.1 ± 0.1
8.0 ± 0.1

8.0 ± 0.1
8.0 ± 0.1
8.0 ± 0.1
8.0 ± 0.1
7.9 ± 0.1

7.9 ± 0.1
8.0 ± 0.1
8.0 ± 0.1
7.9 ± 0.1
7.8 ± 0.1

10.0 ± 0.6
10.0 ± 0.5
9.9 ± 0.5
9.9 ± 0.4
9.9 ± 0.3

9.5 ± 0.5
9.9 ± 0.2
9.9 ± 0.2
9.9 ± 0.3
10.0 ± 0.3

9.2 ± 0.2
9.2 ± 0.1
9.2 ± 0.1
9.2 ± 0.2
9.1 ± 0.3

Control
10
32
100
320

8.2 ± 0.1
8.2 ± 0.1
8.2 ± 0.1
8.2 ± 0.1
8.0 ± 0.1

7.9 ± 0.1
-8.0 ± 0.1
7.9 ± 0.1
7.9 ± 0.0

7.8 ± 0.1
8.0 ± 0.1
7.8 ± 0.1
7.8 ± 0.1
7.7 ± 0.1

9.8 ± 0.2
9.9 ± 0.2
9.8 ± 0.3
9.8 ± 0.3
9.9 ± 0.4

9.4 ± 1.2
-10.0 ± 0.5
10.2 ± 0.6
10.9 ± 0.0

9.3 ± 0.4
9.1 ± 0.3
9.3 ± 0.3
9.2 ± 0.6
9.2 ± 0.4

SD = Standard deviation; -- = not measured

TABLE 2 - Nominal concentrations and recovery rates of ammonium.

Salinity
[S]

10

20

30

Nominal
conc.
[mg/L]
10
32
100
320
10
32
100
320
10
32
100
320

15 ± 0.5
0h
72 h
91
91
94
92
96
90
91
91
90
85
94
89
94
89
95
93
90
86
93
89
94
89
92
97

Recovery rates [%] of ammonium
at varying test temperatures [°C]
15 ± 0.5
at 16 ± 0.5
0h
240 h
0h
72 h
168 h
94
86
96
91
97
97
93
92
93
101
100
98
100
102
107
106
*
91
87
97
98
129
93
88
92
94
90
93
89
94
96
92
121
107
97
102
*
88
83
91
89
95
95
88
90
88
101
99
89
96
92
106
103
*

conc. = concentration; - = not measured
# = test duration 168 h; *= not determined, due to 100 % mortality of the tested organisms
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240 h
94
97
*
#
#
#
*
90
92
*

at 17 ± 0.5
0h
72 h
91
91
91
94
94
94
94
97
89
89
90
90
97
94
112
103
88
89
90
89
94
92
104
96
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The validity criteria for toxicity experiments concerning the recovery rate (80 - 120 %) of the test substance in
the test media were fulfilled [14].
No statistically significant differences were obtained between the recovery rates after 0 h, 72 h, 168 h
and 240 h using the One Way Analysis of Variances
(ANOVA, p < 0.05, Table 2).

72 h, whereas the EC50 at salinities of 10 S and 30 S was
observed to fall until 120 - 144 h. After extending the test
duration to 168 and 240 h no statistically significant differences could be observed using t-test and One Way
Analysis of Variances (ANOVA, p < 0.05).

500

a)

Toxicity of ammonium

300

200

100

TABLE 3
EC50-values and confidence intervals (CI = 95 %) in dependence on salinity, temperature, source of test organisms and life-stages (e.g. body length).

Source

Body
length
[mm]

L

> 5.0

104 (91 - 118)

L

3.9 ± 0.6

95 (81 - 110)

16 ± 0.5

L

3.7 ± 0.6

95 (85 - 107)

17 ± 0.5

L

7.0 ± 1.1

72 (57 - 91)

N

> 5.0

103 (93 - 116)

L

> 5.0

100 (89 - 111)

L

3.8 ± 0.6

90 (63 - 129)

N

3.9 ± 0.7

72 (63 - 84)

N

7.1 ± 1.0

84 (75 - 95)

L

6.1 ± 0.9

110 (89 - 123)

L

> 5.0

76 (65 - 90)

L

3.8 ± 0.7

87 (75 - 101)

N

6.6 ± 0.7

109 (89 - 122)

L

7.7 ± 0.9

119 (107 -133)

N

7.7 ± 0.9

102 (91 - 114)

Temp.
[°C]
15 ± 0.5

10

15 ± 0.5
20
16 ± 0.5
17 ± 0.5
15 ± 0.5
30

16 ± 0.5
17 ± 0.5

0

24

48

72

96

120

144

168

test duration [h]

EC50 and
CI (95 %)
after 72 h

500

b)
400

EC50 of NH4+ [mg/L]

Salinity
[S]

Body length 3.9 +/- 0.7 mm
Body length 7.1 +/- 1.0 mm
Salinity: 20 S

400

EC50 of NH4+ [mg/L]

The EC50 after 72 h determined under different test
conditions showed no statistically significant differences
when ANOVA is used (p < 0.05, Table 3). This could be
also observed after comparing the EC50 from experiments
with organisms taken from our own breeding and from
natural populations. Furthermore, the investigations proved,
that amphipods of different life-stages (see mean body
length) as well as test organisms from the own breeding
and from natural populations showed no statistically significant sensitivity to ammonium (Table 3).

10 S, body length 3.7 +/- 0.6 mm
30 S, body length 6.6 +/- 0.7 mm

300

200

100

0

24 48 72 96 120 144 168 192 216 240

test duration [h]

FIGURE 1
EC50 of ammonium in dependence of test duration and different lifestages of C. volutator at 16 °C and a salinity of 20 S (a) and 10, 30 S (b).

On account of the stability of ammonium under different test conditions (e.g. varying salinities and temperatures) and different life-stages of the test organisms it
could be noticed, that ammonium is a suitable reference
substance for water-only exposure tests.

L = own laboratory population
N = natural population
> 5.0 mm = no exactly measurement of body length (5-8 mm)

Partially, with an increasing test duration (96 h) a rising toxicity of ammonium to C. volutator was observed
(Fig. 1). At a salinity of 20 S the EC50 was constant after

Furthermore, no statistically significant differences were
noticed for the toxicity of ammonium when comparing test
organisms taken from natural populations and from our own
breeding. This indicates a comparable sensitivity and supports the use of Corophium volutator taken from natural
populations as well as from our own breeding.
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CONCLUSIONS
The toxicity of ammonium concerning the EC50
showed no statistically significant differences at varying
salinities, temperatures, keeping durations and life-stages
of Corophium volutator. In their sensitivity to ammonium
the amphipods taken from natural populations do not
differ from those maintained and bred at the laboratory
for a longer time.
Ammonium chloride has proven as reference substance for a positive control in a water-only test design. In
deviation to [7] we suggest a test duration of 96 h.
The use of ammonium chloride as toxic standard for
acute seawater tests in the aqueous phase is recommendable due to the fact that the NH4+ concentration is constant at different salinities and temperatures and a test
duration of 24 – 240 h.
Corophium volutator should be a suitable test organism in acute seawater tests in the aqueous phase for testing of chemicals.
Our researchers have maintained and bred C. volutator successfully in the laboratory under stable climatic
conditions over a period of more than 18 months.
Recommendation

For a reference toxicity test with ammonium we propose the concentration range of the EC50 values (MV ± 2s =
97 ± 31 mg/L) of

[6]

RODDIE B.D. AND THAIN, J.E. (1991): Biological Effects
of Sediment-Bound Contaminants: Corophium spp. Sediment
Bioassay and Toxicity Test. Draft procedure submitted to international commission for Exploration of the seas (ICES)

[7]

SCHIPPER C.A., BURGESS R.M., VAN DEN DIKKENBERG B., KATER B.J. AND STRONHORST, J. (1999):
Standard Operating Procedure Specie-01 Marine Amphipod
Corophium volutator Mortality Sediment Toxicity Test. National Institute for Coastal and Marine Management/RIKZ/AB-99.114p.

[8]

HO, K.T., KUHN, A., PELLETIER, M.C., BURGESS, R.M.
AND HELMSTETTER, A. (1999): Use of Ulva lactuca to
Distiguish pH-Dependent Toxicants in Marine Waters and Sediments. Environ. Tox. and Chem., Vol. 18, No. 2, 207-212

[9]

MILNE, I., SEAGER, J., MALLETT, M. AND SIMS, I.
(2000): Effects of Short-Term Pulsed Ammonia Exposure on
Fish. Environ. Tox. and Chem., Vol. 19, No. 12, 2929-2936

[10] EMERSON, K., RUSSO, R.C., LUND, R.E. AND
THURSTON, R.V. (1975): Aqueous Ammonia Equilibrium
Calculations: Effect of pH and Temperature. J. Fish. Res.
Board Can. 32, 2379-2383
[11] WHITEMAN, F.W., ANKLEY, G.T., KAHL, M. D.,
RAU, D.M. AND BALCER, M.D. (1996): Evaluation of Interstitial Waters as a Route of Exposure for Ammonia in Sediment Tests with Benthic Macroinvertebrates. Environ. Tox.
and Chem., Vol. 15, No. 5, 794-801
[12] THURSTON, R.V., PHILLIPS, G. R. AND RUSSO, R.C.
(1981): Increased Toxicity of Ammonia to Rainbow Trout
(Salmo gairdneri) Resulting from Reduced Concentrations of
Dissolved Oxygen. Can. J. Fish Aquat. Sci., Vol. 38, 983-988
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66 – 128 mg/L
after 72 h as validity criterion due to the good reproducibility under controlled laboratory conditions.
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SUMMARY
Bis(dichloropropyl) ether isomers, known as byproducts of technical chlorohydrin synthesis, are distributed
through the waste water of these processes in relevant concentrations to aquatic systems. In the Elbe river, these
ethers have been the predominant chloroorganic contamination for many years. The influence of bis(dichloropropyl)
ether isomers on the environment and their relevance to
human health is rather unknown, but structurally related
compounds are potent mutagens and carcinogens.
In the current study the cytotoxicity of the
bis(dichloropropyl) ether isomers and the metabolism
pathways were investigated in vitro. Bis(dichloropropyl)
ether isomers have been incubated for 4.5 and 24 hours
with primary hepatocytes from male WISTAR-rats in the
concentrations 25 ng/µL, 50 ng/µL and 100 ng/µL. Cytotoxicity determined as the lactate dehydrogenase activity
was observed for bis(2,3-dichloro-1-propyl) ether (2) and
1,3-dichloro-2-propyl-2´,3´-dichloro-1´-propyl ether (3) and
less LDH activity for the bis(1,3-dichloro-2-propyl) ether
(1) at the same concentration. The remainders of the cell
culture media were extracted with dichloromethane and
extracts were analyzed by gas chromatography/ mass spectrometry. 1,3-Dichloropopan-2-ol and 2,3-dichloropopan1-ol were identified as major metabolites. These dichloropropanols are both hepatotoxic, nephrotoxic and testicular
toxicants. We propose that the 2,3-dichloropopyl moiety
may be the structural feature responsible for cytotoxic and
mutagenic effects.

Cl

Bis(dichloropropyl) ether isomers (Fig. 1) are byproducts of industrial chlorohydrin production. Because
of waste water transference they are distributed in high
concentrations to aquatic systems. First they have been
detected in 1985 in epichlorohydrin and petrochemical
plant effluents in the Netherlands and the United States
[1, 2]. Since 1990 they are monitored in european surface
water samples [3-6]. Maximum concentrations up to almost 50 µg/L were found in the Elbe river, one of the
largest rivers in Europe [5]. Residues of bis(dichloropropyl) ether isomers (1-3) were determined in fish from
the Elbe river [7]. The influence of the bis(dichloropropyl) ether isomers on the environment and their relevance to human health is largely unknown, but some
known structurally related compounds are mutagens and
carcinogens. For that reason there may be human health
impact associated with bis(dichloropropyl) ether isomers
(1-3) in surface water and food. The acute toxicity in
marine organisms of a mixture containing chloroethers
was determined by Dorn et al. [8].

Cl

Cl

Cl
Cl

Cl

O

Cl

O

Cl

Cl
Cl

bis(1,3-dichloro-2-propyl) ether
(1)

INTRODUCTION

Cl

O

Cl

KEYWORDS:
bis(dichloropropyl) ether isomers, cytotoxicity, dichloropropanols,
lactate dehydrogenase (LDH), metabolism, primary hepatocytes.

bis(2,3-dichloro-1-propyl) ether

1,3-dichloro-2-propyl-2´,3´-dichloro-1´-propyl ether

(2)

(3)

FIGURE 1 - Structures of the bis(dichloropropyl) ether isomers (1-3).
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Toxicologic investigations exhibit genotoxic and transforming activity in vitro [9]. In the current investigation the
cytotoxicity of bis(dichloropropyl) ether isomers (1-3) and
the metabolism pathway were determined in vitro. Primary
hepatocytes from male WISTAR-rats have been incubated
24 hours with bis(dichloropropyl) ether isomers (1-3).
Lactate dehydrogenase activity was determined from cell
culture media and cytotoxicity was morphologically confirmed as cell damage. Additionally, the major metabolites
were characterized by means of GC/MS

MATERIAL AND METHODS
Chemicals

The bis(dichloropropyl) ether
(GC>99%) were synthesized [10-13].

isomers

(1-3)

1,3-Dichloro-2-propanol was purchased from Serva
(Heidelberg, Germany). Dichloromethane and Triton-X
100 from Merck (Darmstadt, Germany). LDH-Cytotoxicity
Detection Kit from Roche (Mannheim, Germany), and
Williams Medium from Gibco (Invitrogen GmbH, Karlsruhe, Germany).

medium was removed/separated and the cells were fixed
for 20 min with methanol. Cell damage was determinded
under microscope (Axiovert 135 combined with a digital
camera Axio cam, Zeiss, Germany). Digital photographs
were taken with 50x magnification produced by microscope.
LDH activity as parameter for cytotoxicity was determined in the cell culture medium according to the
manufacture´s instruction of a LDH cytotoxicity detection
kit [14].
In the presence of LDH the dye tetrazolium (yellow)
is reduced to formazan (red) in a two-step redox reaction.
An increase in the amount of dead or plasma membrane
damaged cells results in an increase of the LDH enzyme
activity. This increase directly correlates with the amount
of formazan formed during a limited time period. Therefore, the cytotoxicity is proportional to the absorption at
500 nm. The maximum amount of releasable LDH enzyme activity is determined by lysing the cells with TritonX-100 (final concentration 0.5%).

RESULTS AND DISCUSSION
GC/MS

Gas chromatographic/mass spectrometric (GC/MS)
analysis was performed on a MD800 mass spectrometer
combined with GC-800 Series gas chromatograph,
equipped with a 50 m x 0.25 mm i.d.x 0.25 µm film
FFAP capillary column.
Chromatographic conditions were: 1 µL splitless injection at 40 °C, 10 min hold, then programmed at
3°C/min to 220 °C, carrier gas: helium, flow: 1 ml/min.
Cell culture

Primary hepatocytes from male WISTAR-rats were
treated with the bis(dichloropropyl) ether isomers (1-3) in
the solvent DMSO or the solvent alone. Primary cell
cultures of rat hepatocytes were incubated for 4.5 hrs or
24 hrs with the substances dissolved in DMSO. Williams
Medium was used for the cell culture without FCS, but
containing dexamethasone (10-8 M) and insuline (10-8 M).
Three different concentrations of the bis(dichloropropyl)
ether isomers (1-3) were used (25 ng/µL, 50 ng/µL and
100 ng/µL). An aliquot of the cell culture medium was
used to determine LDH activity, the remainder was extracted with dichloromethane. The extracts were dried
with sodium sulfate, concentrated with a stream of argon
to a final volume of 25 µL and analyzed by gas chromatography/mass spectrometry.
To investigate cell damage morphologically, in addition to LDH activity, primary hepatocytes were plated out
to coverslips and incubated under the same conditions as
described above. After the end of the incubation time,

In the current investigation the cytotoxicity of the
bis(dichloropropyl) ether isomers and the metabolism
were investigated in vitro. The bis(dichloropropyl) ether
isomers (1-3) have been incubated 4.5 or 24 hrs with
primary hepatocytes from male WISTAR-rats at the concentrations of 25 ng/µL, 50 ng/µL and 100 ng/µL. The
LDH activity was determined and metabolites were identified using GC/MS. Additionally, cytotoxicity was morphologically confirmed as cell damage at the end of incubation time on fixed cells under a microscope.
GC/MS analysis of dichloromethane extracts of incubations revealed 1,3-dichloropropan-2-ol (retention time
(rt) = 47.5 min, not shown) (isomer 1) and 2,3-dichloropropan-1-ol (rt = 50.6 min, Fig. 2a. 2b) (isomer 2) as
major metabolites.
After 4.5 hrs incubation of rat hepatocytes with the
isomer (2) epichlorohydrin was detected as minor metabolite (rt = 21.5 min). Epichlorohydrin is hydrolysed
under the conditions (pH>7) applied and may interact
with the DNA and glutathione, to form adducts or conjugates. After 24hrs incubation time epichlorohydrin was no
longer detectable.
Dichloropropanols are used extensively in many industrial processes. Haratake et al. reported in 1993 two cases
of severe liver injury to workers after accidental exposure
to 1,3-dichloropropan-2-ol and 2,3-dichloropropan-1-ol
[15]. Therefore, these in vitro metabolism studies indicate a
possible effect for human health when exposed to
bis(dichloropropyl) ether isomers (1-3).
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FIGURE 2 - Representative gaschromatogram (TIC) of extracts from
incubations of isomer (2) at 50ng/µL for 4.5hrs (a) and 24hrs (b), respectively.

618

70:00

Retention time
[min]

© by PSP Volume 12 – No 6. 2003

Fresenius Environmental Bulletin

In isolated hepatocytes, LDH activity (Fig. 3) and observable morphological cell damage were determind as
parameters for cytotoxicity. To confirm the results obtained with LDH activity, hepatocytes have been plated
out to coverslips. At the end of the incubation time, cells
were fixed with methanol and cell morphology investigated under a microscope. A dose dependent cytotoxicity
was observed for isomer (2) and isomer (3) in the concentration range tested after 4.5hrs (not shown) and 24hrs
(Fig. 3) incubation time. At concentrations of 100 ng/µL
strong cytotoxic effects occurred for isomer (2) and isomer (3) while isomer (1) was only marginally toxic after
24 hrs incubation. At this concentration significant cell
damage and dead cells were observed. At the highest dose
used (100 ng/µL) the amount of protein of hepatocytes
treated with isomer (2) and (3) was too low to be determined.
Microscopic comparison of the morphology of untreated hepatocytes and hepatocytes incubated with different concentrations of bis(dichloropropyl) ethers (1-3)
corroborated the results obtained with the biochemical
assay (Fig. 4a-f). There was a higher level of cell damage
observed for the isomers (2) and (3) containing the 2,3dichloropropyl moiety than for the isomer (1) with only
the 1,3-dichloropropyl moiety. These findings correlate
with the mutagenic and genotoxic potency of these com-
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pounds [9]. In previous investigations the mutagenic activity and the genotoxic potential of bis(dichloropropyl)
ether isomers (1-3) were examined by the Ames test and
other in vitro mutagenicity assays. Isomers (2) and (3)
require metabolic activation to exhibit strong basesubstitution activity, as evidenced by the Salmonella
typhimurium indicator strains TA1535 and TA100, while
by isomer (1) metabolic activation did not enhance mutagenicity in these tested strains [9]. According to Neurath et al.
bis(2,3-dichloro-1-propyl) ether (2) was a potent inducer of
DNA strand breaks in the dose range 4.5-45.5 ng/µL, as
determined by the comet assay with the metabolically
competent cell line MCL-5. Furthermore, by bis(2,3dichloro-1-propyl) ether (2) a carcinogenic potential may
be considered, because it induces malignant transformation
in C3H/M2 mouse fibroblasts after metabolic activation
[9]. At the same concentration (50 ng/µL) we observed an
increase of cell damage in primary hepatocytes. The cytotoxic effect and the mutagenic potential of the isomer (2)
cannot be explained exclusively by the occurrence of the
major metabolite 2,3-dichloropropan-1-ol, nor by the secondary metabolite epichlorohydrin. We propose that further
unidentified metabolites -presumed to be highly reactive
and unstable- are responsible for the genotoxic potenial of
this ether.
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FIGURE 3 - Cytotoxicity of the bis(dichloropropyl) ether isomers (1-3) at the concentrations shown after
incubation of primary rat hepatocytes for 24 hrs determined as LDH activity in the medium. For comparison
values for solvent treated, untreated hepatocytes and maximum activity (TritonX treated) are presented.

a

b

c

d

e

f
FIGURE 4 - Cytotoxicity (morphologically).
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Digital photographs of primary hepatocytes from male WISTAR-rats after 24hrs incubation a: untreated and b: solvent (DMSO) treated primary
hepatocytes in comparison to c: bis(1,3-dichloro-2-propyl) ether (1), c = 100ng/µL; d: 1,3-dichloro-2-propyl-2´,3´-dichloro-1´-propyl ether (3), c =
100ng/µL; e: bis(2,3-dichloro-1-propyl) ether (2), c = 50ng/µL and f: bis(2,3-dichloro-1-propyl) ether (2), c = 100ng/µL treated primary hepatocytes.
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CONCLUSIONS

fraction from the effluent of a petrochemical plant. Environ.
Toxicol. Chem. 10, 691-703

2,3-Dichloropropan-1-ol has been identified as the
major metabolite of bis(dichloropropyl) ether isomers (2)
and (3). The major metabolite of isomer (1) formed in
primary rat hepatocytes was shown to be 1,3-dichloropropan-2-ol. These dichloropropanols are hepatotoxic,
nephrotoxic and testicular toxicants in rodents [16]. Additionally, 1,3-dichloropopan-2-ol is known as a direct
acting genotoxic carcinogen [15].
The strong cytotoxicity in hepatocytes of the isomer (2)
cannot be explained exclusively by the toxicity of 2,3-dichloropropan-1-ol. Further studies on the metabolism of the
bis(dichloropropyl) ether isomers (1-3) are in progress.
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SUMMARY
The sulfonylurea herbicides are intensively used for
broad-spectrum weed control at very low rates in agriculture. They show a high toxicity on macrophytes. Myriophyllum aquaticum is more sensitive than algae and other
macrophytes. The toxicity of chlorsulfuron, metsulfuronmethyl, tribenuron, and thifensulfuron-methyl based on
the EC50 values for pigment content ranged from 10-9 to
10-5 M. Chlorsulfuron and metsulfuron-methyl showed
the highest and tribenuron the lowest effect on plants.

KEYWORDS: sulfonylurea herbicides, dicotyledonous, macrophyte, risk assessment, toxicity.

These herbicides can reach aquatic systems [3, 4] and
cause an environmental problem for non-target aquatic
organisms, especially aquatic plants. Pesticide registration
procedures include some plant bioassays, such as those
employ algae or duckweed as a representative of whole
aquatic plant species. Some experiments have indicated
that rooted dicotyledonous macrophytes were more sensitive to pesticides, such as 2,4-D, than the algae and duckweed [5 - 8]. Bioassays with Myriophyllum species were
developed [9, 10]. M. aquaticum was able to take up the
pesticides via roots and transport them to the shoots of the
plants [11]. Before the Myriophyllum bioassay can be
recommended for pesticide regulation, more information
about the sensitivity of this organism to chemicals is required.
The aim of this study was the assessment of the toxicity of metsulfuron-methyl, thifensulfuron-methyl, chlorsulfuron and tribenuron for M. aquaticum.

INTRODUCTION
The sulfonylurea herbicides constitute an important
group of substances in modern agricultural chemistry. They
were discovered in the mid 1970s, and the most suitable
feature is their extremely high herbicidal potency [1]. Sulfonylurea herbicides enable broad-spectrum weed control
at doses of 2-75 g/ha. Such low application rates facilitate
handling, use and container disposal issues, while reducing the amount of chemical applied to the field by a factor
of 100-1000 over conventional herbicides [2].
The sulfonylurea herbicides are potent inhibitors of
plant root and shoot growth, causing visual symptoms
including vein redding, leaf chlorosis, terminal bud death,
and necrosis slowly developing several days after treatment [2].

MATERIALS AND METHODS
Myriophyllum aquaticum (Vell.) Verdcourt is a dicotyledonous species cultivated under axenic conditions
in the laboratory. Detailed information about bioassays
was described in [10]. Plants were exposed to 7 or 8 pesticide concentrations. Each concentration was replicated
five times. Each experiment included blank control without adding any herbicides. All pesticides tested were
purchased from Germany. The plants length was taken
as zero at the beginning of the experiment and was
measured on alternate days in the course of it. The experiment was run for 14 days and after that the plants
were removed from the test tubes and the shoots, total
root length, root number, side shoot number and length
were measured. The EC50 values (pesticide concentra-
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tion required to cause 50 % reduction in different endpoints) were calculated using non-linear regression
analysis of transformed concentration of active components of pesticides (Sigma Plot version 4.0) following an
approach similar to that of [12].
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TABLE 1
The EC50 values of sulfonylurea herbicides (M).

Metsulfuron-methyl

Thifensulfuron-methyl

Chlorsulfuron

Tribenuron

Chlorophyll a

1.6 x 10-9

2.2 x 10-8

1.6 x 10-9

3.1 x 10-6

Chlorophyll b

2.3 x 10-9

2.8 x 10-8

2.8 x 10-9

1.6 x 10-5

Carotenoid

2.3 x 10-9

3.1 x 10-8

2.8 x 10-9

1.3 x 10-5

-8

-8

-8

4.8 x 10-7

Increase in plant height

1.8 x 10

Total root length

1 x 10-8

1.5 x 10

2.8 x 10-8

1.2 x 10
nd

2.9 x 10-6

Root number

7.9 x 10-9

1.5 x 10-8

nd

5.0 x 10-7

nd: not determinable
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FIGURE 1
The dose-response curve of a) metsulfuron-methyl b) thifensulfuron-methyl, c) chlorsulfuron and d) tribenuron.
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RESULTS AND DISCUSSION
Plants of M. aquaticum showed visual symptoms,
such as weeds [2] including vein redding, leaf chlorosis,
terminal bud death, and necrosis slowly developing approximately 4 days after treatment with herbicides. The
plants showed different sensitivity to the four tested herbicides, although they have a similar mode of action on plants.
All experiments with the herbicides presented in this
paper were carried out at least three times during one year
to ensure the sensitivity of the plants and the results with
EC50 values in different seasons. As can be seen in Table 1,
the highest EC50 level was observed with metsulfuronmethyl, followed by chlorsulfuron and, finally, thifensulfuron-methyl and tribenuron. The EC50 values of metsulfuron-methyl, based on different endpoints, ranged from
1.6x10-9 M to 1.8x10-8 M. The pigment contents of tested
herbicides showed about 14 % maximum deviations within replicates in applied concentrations. The most sensitive
endpoint was chlorophyll a by 1.6x10-9 M. These results
were about 104 to 105 times more sensitive compared with
the data recorded for Scenedesmus obliquus and Chlorella
pyrenidosa [13].

test batteries must include rooted, non-rooted, mono- and
dicotyledonous species, and the laboratory methods
should be developed for that.
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Against the trend, tribenuron showed a lower toxicity
in chlorophyll b and carotenoid, which is comparable
with the results of Ma [13]. Ma calculated the EC50 values for C. pyrenidosa as 6.71 x 10-5 M and S. obliquus as
9.54 x 10-5 M.
It can be seen that the dose response curves show
downward trend as a result of increased concentration
(Fig. 1). However, the curves are not identical. The response curves confirmed the results of EC50 values which,
for instance, as in chlorsulfuron (Fig. 1c) and metsulfuron-methyl (Fig. 1a), responded almost identically to the
given concentrations.
The different sensitivity of plants could cause alkalinity through the different herbicides (pKa). The order of
pKa is actually metsulfuron-methyl < chlorsulfuron <
thifensulfuron-methyl < tribenuron. This means the higher
the pKa of herbicide, the lower its toxicity to M. aquaticum. These results can be related to the effect of the pKa
on the physiochemical properties, or the degradation rate,
uptake, and permeability of sulfonylurea herbicides [14].

CONCLUSION
M. aquaticum was generally sensitive to sulfonylurea
herbicides. However, the difference within substances
was about 104 times. Thus, all substances within one
group of pesticides should be tested according to a registration procedure, as the above-mentioned substances
showed a big toxicity range. For the risk assessment of
macrophytes more than one species is also needed. These
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PERMEABLE REACTIVE BARRIER TECHNOLOGIES
FOR GROUNDWATER REMEDIATION IN GERMANY:
RECENT PROGRESS AND NEW DEVELOPMENTS
Volker Birke, Harald Burmeier, and Diana Rosenau
University of Applied Sciences-NE Lower Saxony,
Co-ordination Group of RUBIN (German PRB Network), Office Hanover, Steinweg 4, 30989 Gehrden, Germany.

SUMMARY

INTRODUCTION

In Germany, nine pioneering permeable reactive barriers (PRB) for passive in situ remediation of contaminated
groundwater have been erected over the last 3-4 years, e.g.,
in Bernau (built 2001), Bitterfeld (1999), Denkendorf
(2000), Edenkoben (1998, 2001), Karlsruhe (2000),
Oberursel (2002), Reichenbach (2000), Rheine (1998) and
Tübingen (1998), all revealing interesting design and
engineering features. At the Edenkoben site, one can find
one of today´s probably the largest funnel-and-gate (F&G)
systems (appr. 450 m long, equipped with six gates). This
contribution provides an introduction to German PRB
projects focusing on design and engineering features as
well as some first major outcomes regarding the dedradation efficiency and long-term performance, where available. It is shown that F&G and related systems prevail,
predominantly equipped with specially positioned or
designed funnels and/or gates, e.g., relatively flat gates
installed closely below ground level, or reactors receiving
passively or even actively diverted/lifted groundwater.
Different zerovalent iron (ZVI) types or activated carbon
are the exclusively applied reactive materials in German
PRBs to treat chlorinated volatile organic carbons (cVOC)
and polycyclic aromatic hydrocarbons (PAH), though a
biological treatment zone to degrade PAHs is planned to
be set up at Offenbach, and different alternative innovative materials are currently tested in a semi-technical
scope at Bitterfeld and elsewhere.

As representing passive in situ groundwater remediation techniques and, therefore, avoiding several imminent
technical drawbacks of active systems a priori, PRBs are
currently regarded as promising upcoming alternatives to
common active groundwater remediation technologies
like pump-and-treat [1, 2].
However, PRBs are not appropriate for all applications [3]. Moreover, these technologies have not already
gained general acceptance as established remediation
technologies so far, especially in Europe, due to several
reasons:
1. There is a certain lack of reliable information on
long-term performance, longevity and long-term
effect, because of still missing long-lasting projects in the range of decades [3, 4].
2. There is a demand for identifying all degradation
pathways as well as determining precise mass balances. The considerable toxicity of intermediary or
final dehalogenation products like cis-dichloroethene (DCE), vinylchloride (VC) or ethene is also
critically discussed [5].
3. Only insufficient information is currently available
on the rentability of PRBs, especially, if the performance decreases over time.
4. The knowledge about the applicability and longevity regarding combined contamination scenarios,
especially when being very heterogeneous and
complex, is in a very early stage at the moment [4].

KEYWORDS:
permeable reactive barrier, PRB, groundwater, remediation,
cleanup, passive, in situ.

Addressing these issues, the German EPA (Umweltbundesamt, UBA) already stated in late 1997 that R&D as
well as technical implementations of PRB projects had to
be boosted in order to investigate their potentials and
limits [6]. “SAFIRA” (i.e., “Sanierungsforschung in regional kontaminierten Aquiferen”), a R&D network using
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TABLE 1
Overview of Permeable Reactive Barrier Installations in Germany (Oct. 2002).
Startup
May 98
Feb. 01

Site

Contaminants

Edenkoben, industrial plant,
cVOCs (cis-DCE,
supplier for car manufacturers 1,1,1-TCA, TCE, PCE)

Status
Pilot-scale
Full-scale

June 98

Rheine,
former dry cleaner´s

cVOCs (PCE, TCE, cisDCE)

Oct. 98

Tübingen,
former industrial site

cVOCs (TCE, cis-DCE,
MCE)

Full-scale

Oct. 99

Bitterfeld, chemical industry

Chlorobenzenes, CHC,
phenols

Pilot-scale,
R&D only

Jan. 00

Reichenbach an der Fils,
metal-processing industry

cVOCs (PCE, TCE, cisDCE)

Full-scale

Jan. 01

Karlsruhe, former gas works
plant

PAHs, VC

Full-scale

Aug. 01 Denkendorf, trading estate

cVOCs (PCE, TCE,
TCA, cis-DCE, VC)

Sep. 01

Bernau, former dry cleaner´s
(abandoned military site)

cVOCs (TCE), very
high concentrations in
2 aquifers

Sep. 02

Denkendorf, trading estate

mainly VC is targeted

Jan. 02

Oberursel, industry

cVOCs

Pilot-scale

Full-scale

Construction

Reactor

F&G, length 30 m, depth
appr. 15 m, 1 gate
F&G, length 440 m, depth
15 m, 6 gates

Granular ZVI, 2
chambers, vertical flow (up and
down)
2 iron types:
CRB, overlapping boreGranular ZVI
holes (diameter 0.9 m) in and “iron
1 row, length 22.5 m,
sponge” in
depth 6 m
separated sections
F&G, length 200 m, depth ZVI, boreholes,
10 m, 3 gates
horizontal flow
GAC, ZVI,
5 shafts equipped with
ORC, nutrients
steel reactors, depth 24 m
etc
CRB, non-overlapping
Activated carboreholes in 2 rows,
bon, specially
length 20 m, depth 7 m
conditioned
F&G, length 240 m, depth
GAC
appr. 17 m, 8 gates
Drain-and-gate, 1 gate
(shaft, depth 6m), draiActivated carbon
nage: length appr. 90 m
Special F&G design
Granular ZVI,
capturing 2 contaminated microbiology
aquifers, closed funnel,
and/ or pallapartly operated actively
dium planned

Pilot-Scale,
mainly R&D
for potential
scale-up
Small pilotColumns installed inside
Pd on zeolites,
scale, treatabilthe shaft using a bypass
hydrogen
ity/ feasibility
F&G, length 175 m, depth
Full-scale
Granular ZVI
4-17 m, 1 gate

specifically designed in situ reactors in a semi-technical
scale for testing different reactive materials, was first
initiated to study the potentials of PRBs in a broader
scope. The pilot plant treats groundwater contaminated by
a complex mixture of chlorinated hydrocarbons (CHC),
i.e., mainly chlorobenzenes, and other pollutants at Bitterfeld, Federal State of Saxony-Anhalt. In order to promote
the technical development of full-scale PRBs, the German
Federal Ministry of Education and Research (BMBF) set
up another PRB network “RUBIN” (i.e., “Reinigungswände und -barrieren im Netzwerkverbund”), consisting
of more than 10 PRB projects [7, 8]. Extensive information on PRB technologies in general (fundamentals
and theory, i.e., especially chemical, geological and
technical requirements) and both networks plus a lot of
images and illustrations for single PRBs (that are not
included here due to limited space) can be retrieved on
the
Internet [9, 10].
Below is the summary of profiles (key design and
some operational parameters) of current pilot- and fullscale installations, organized by PRBs designed as F&G

Total Costs
350,000 €
1,750,000 €

170,000 €

350,000 €
6,000,000 €
200,000 €
4,000,000 €
500,000 €

1,500,000 €

120,000 €
Not available

or continuous reactive barrier (CRB). In addition, a short
inventory is provided by Table 1.
PRBs WITH DIRECTED GROUNDWATER
FLOW (FUNNEL-AND-GATE etc)
Bernau, Federal State of Brandenburg.

A pilot PRB was set up on the abandoned premises of
a former dry cleaning facility operated by the former
Soviet Union’s armed forces in the town of Bernau
(northeastward of Berlin) in 2001. This RUBIN project
reveals several unique and unconventional construction
features, e.g., the gate, containing 18 oversized columns
(reactor elements/modules) made of reinforced concrete
and packed with ZVI or other reactive materials, is installed closely below ground level and passed quasi horizontally by lifted groundwater that actually flows through
each element [10, 11].
The whole system was designed to simultaneously
meet two crucial, site-specific requirements that are typical for a greater number of sites in Eastern Germany, i.e.,
a very high groundwater contamination by cVOCs is
encountered, which, in addition, affects even two aquifers
lying on top of each other at the same location. The reactor
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elements (each with a diameter of 2.80 m, height 2.50 m
and having a total weight of 14 tons) are vertically arranged side by side in a large-scale, open outer cell near
below ground level. This cell resembles a cofferdam (similar to a reinforced foundation trench, rectangular shape,
19 x 11 m, around 5 m deep, bottom cast with 1 m thick
concrete), where sheet piles are intentionally left in place
in order to brace the structure. It is to be noted, that the
system does not operate passively overall, because the
groundwater is actively captured and furthermore lifted
by pumping before entering the gate. However, after
having entered the gate, the groundwater passes the
closed, slightly over-pressurized reactor elements passively according to the artificially set up gradient.
Upgradient, the reactor cell is directly connected to a
vertical slurry wall that entirely encompasses the center of
the TCE plume associated with the first aquifer (along a
length of 90 m), i.e., the hot spot, which represents and
marks the place of one former heavy TCE spill/leakage, is
entirely cut off.
The closed funnel construction is not only designed
for serving as a containment for the source. Moreover, it
works as a capturing/collecting zone for lifted groundwater using the pore volume of the soil inside in order to
accumulate and mix the contaminated groundwater of
both aquifers before entering the reactor. Since the funnel
covers an area of 425 m², a pore volume of about 750 m³
is available for holding lifted groundwater, provided that
the water table is raised to its potential peak value at 1 m
below ground level. By defining the gradient of the water
flow towards the reactor system through the artificially
increased water level in the collecting zone, the mass flux
of the contaminants through the reactive system can be
controlled in a wide range.
During the first months of operation in winter
2001/2002, initial results indicated a considerable abiotic
decay of TCE, in accordance with column experiments
conducted earlier. After exchange of one pore volume,
the initial TCE concentration of 75 mg/L decreased to
below detection limits behind the eighth module (i.e.,
after 27 hours and a total flow path length of 13 m).
Alternative in-situ treatment, which may synergistically benefit under controlled conditions from already
occurring side-reactions inside the reactive system, is
scheduled to be implemented in addition, e.g., enhanced
natural attenuation downstream by feeding nutrients,
hydrogen and/or methane into the system.
Denkendorf, Baden-Württemberg (“Drain-and-Gate”).

At the trading estate of the small town of Denkendorf,
located nearby Stuttgart, six different sources of cVOC
contamination were detected. The main contaminants are
TCE, perchloroethene (PCE), cis-DCE and 1,1,1-TCA. In
addition, groundwater is also polluted by VC, stemming
most probably from naturally occurring microbiological
degradation of PCE/TCE. Within the hot spots, the over-

all pollutant concentration was determined at 200 mg/L,
i.e., pure-phase cVOCs are present, although the average total concentration of cVOCs in the groundwater is
below 30 mg/L. A very high carbonate hardness amounting
to about 25 °dH is found in the groundwater due to the
presence of red and shelly limestone in abundance. Sulfate
is determined at 200 mg/L [10].
The low permeability of 2 % caused planners to design a special full-scale system that traps and collects the
con-taminated groundwater passively (so-called “drainand-gate”) [10]; this requirement was met by means of a
20 m long gravel drainage additionally equipped with
filter pipes. The drainage directs the flow right towards
the reactor that is packed with granular activated carbon
(GAC). The depth of the wall is about 6 m. The Denkendorf reactor was constructed as a shaft structure by means
of deploying a common civil engineering technique. Using a bypass of the passively drained/directed groundwater flow, innovative reactive materials like palladium on
zeolite (palladium loading: 0,5 % (w/w)), are tested directly
at the site inside the reactor shaft. This work is conducted
as part of the PRB network RUBIN [10]. It is hoped that
this approach can be upscaled in order to prove the effectiveness of this novel catalyst for technical applications as
well. Employing palladium supported on zeolite, especially
VC is destroyed too, that is poorly adsorbed on activated
carbon only, thus representing a particular problem at this
site. The novel catalyst has a “molecular design” (due to its
“zeolite backbone” wherein palladium may be dispersed in
three-dimensional molecular canals) that prevents sulfide
from getting into contact and, therefore, swiftly poisoning
the palladium , which is commonly observed during deploying the metal in contaminated groundwater.
Edenkoben, Rhineland-Palatinate.

In 1994, a more than 400 m broad heterogeneous
cVOC plume, formed by at least three other individual
partly overlapping plumes, was identified on the premises
of a supplier for car manufacturers in Edenkoben, Southwest Germany. Several hot spots were found on the property, partly situated below some buildings (production
facilities). The average concentrations of cVOCs reach up
to 20,000 µg/L at some places, and their average composition consisted of 20 % trichloroethene (TCE), 50 % cisDCE and 30 % 1,1,1-trichloroethane (TCA) [4, 10, 12].
The local geology is characterized by a highly heterogeneous underground (silty overlying strata, 1-6 m thick).
The upper of two relevant aquifers only was polluted.
In 1998, a pilot-scale F&G, scheduled for field testing
during a six months operational period, was set up directly in the middle of the plume, where especially high
contamination was encountered. Promising cVOC destruction rates of 99 % were observed during that term.
The full-scale F&G was eventually put into service in
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February 2001, incorporating the former pilot gate that is
located in its middle.
The Edenkoben gates are designed for a diverted vertical flow inside, i.e., the groundwater is passively lifted
by a vertical drainage (gravel columns, diverting the
groundwater flow by 90 ° regarding its natural horizontal
move) and thus directed through the ZVI bed that is closely installed below the ground level (thus, a complete connection of the deeper polluted groundwater areas to the
gates is provided by these vertical drainages). Six gates
(each 10 m long and 1.25 m wide), constructed as a sheet
pile caisson (open at the bottom) and charged with granular ZVI (825 tons in total), reach down to approximately 8 m below ground level. A continuous sheet pile
wall, 400 m long and more than 14 m deep (i.e., at around
14 m depth it was keyed into the aquifer base) forms the
funnel that is also running through the gates, thus separating every gate into two chambers. However, inside the
gates, the sheet pile wall was buried down to 1 m below
the lowest groundwater level anticipated (at 5 m below
ground level), hence serving as an overflow weir between
the chambers. In other words, the flow path through the
ZVI is intentionally doubled, thanks to the particular gate
design/construction.
The PRB reduces the overall cVOC concentration
significantly, virtually meeting remediation targets. Only
1,1,1-TCA is resistant to a complete dehalogenation on
ZVI, because only 1,1-dichloroethane (DCA) is the major
product detected. However, this finding is in accordance
with results received from column experiments earlier.
In 2001, a reduced permeability of the former pilot
gate was detected during the standard monitoring program
regularly performed at the site. To cope with this hydraulic problem, that is well-known from some other PRBs in
the U.S., specific in situ regeneration, e.g., applying ultrasound, is under way.
Karlsruhe, Baden-Württemberg.

A full-scale F&G equipped with GAC to treat PAHs
and benzene, toluene, ethylbenzene and xylenes (BTEX)
was erected in Karlsruhe in 2000. Detailed descriptions
are provided elsewhere [10, 13, 14].
Oberursel, Hessen.

In early 2002, a L-shaped F&G system applying ZVI
to treat cVOCs was installed in Oberursel, northward of
Frankfurt, Main [14]. The funnel constructed as a 0.6 m
thick slurry wall is about 175 m long and 4-19 m deep
covering a total area of 2,400 m2. The gate is located at the
sharp angle of the L-shaped funnel and constructed as a
wide circular ring formed by overlapping boreholes consisting of concrete (the ring has a diameter of 3.3 m). At its
inflow and outflow, 6 overlapping boreholes each are cast
with water-permeable concrete to enable groundwater to
pass. The reactor ring is separated into three sections: at the
inflow, i.e., at the perimeter, groundwater passes firstly a

bed of pea gravel before entering the iron zone. At the
effluent, another bed of gravel has to be passed. Therefore,
the ring-shaped reactor is packed with iron in its middle
only. The pea gravel zones serve as a filter medium and for
homogenizing the flux through the reactor. The reactor is
positioned vertically, hence being horizontally passed by
inflowing groundwater. It is 13 m deep, 1.8 m broad, and
its volume amounts to 69 m3. 310 tons of iron granules
(1.0-1.6 mm diameter) were inserted. No information on
the performance has been available yet, however, some
general facts are supplied on the Internet [14]. It is to be
noted that the cVOC dehalogenation was already verified
using column experiments applying water from the site
prior to the full-scale project.
Tübingen, Baden-Württemberg.

A full-scale F&G system was installed in October 1998
at the BEKA site in Tübingen deploying ZVI to treat a
plume of cVOCs, i.e., in particular TCE, cis-DCE and VC.
A detailed report can be found elsewhere [15]. The performance of this PRB will be scrutinized in a member project of the network RUBIN between 2002 and 2004 [10].
CONTINUOUS REACTIVE BARRIERS
IN GERMANY
Reichenbach, Baden-Württemberg.

The first full-scale adsorptive PRB in Germany was
erected at the former PCE distillation facility of a metalprocessing plant (motorized lathes) in Reichenbach in
2000, where a homogeneously distributed cVOC contamination of the groundwater had been detected in the
middle of the nineties [10],[16],[17]. The small town of
Reichenbach is 10 km southeastward of Stuttgart (Southwest Germany), located in the valley of the small stream
Fils. The pollution was attributed to spills related to the
use of solvents that had occurred in the sewerage more
than 20 years ago, but, interestingly, not at places where
solvents had been stored or directly used. The cVOC
concentration was determined at 0.5 mg/L.
The CRB had to be erected directly inside a manufacturing hall and was designed in the form of nonoverlapping boreholes (diameter 0.25 m each) charged
with activated carbon and aligned in two rows. The boreholes were set up using caisson installation, which involves driving a large circular steel caisson into the
ground and augering out the native material. The caisson
was then backfilled with activated carbon and removed.
The Reichenbach barrier is 20 m long and 7 m deep
intercepting the entire plume, that is around 12 m broad
there. The actually effective thickness of the wall ranges
from 0.22 m up to 0.32 m due to variously possible flow
paths: the staggered alignment of the boreholes enables
some flow lines to pass one single borehole with activated
carbon over its full diameter, i.e., meeting its center, too.
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An especially acidified activated carbon was applied
because of the high groundwater hardness at the site.
Therefore, a common quality of activated carbon had
been pretreated with acid in a specific manner before
packing the CRB.
Below the bottom of the manufacturing hall consisting of cast concrete meadow loam from 0.5-1.0 m down
to about 3 m is found, located beneath a small layer of
blocking-up. Around a depth of 3-7 m, a gravel layer is
encountered. It meets the aquiclude at 7 m, which is
formed by a Stubensandstein layer. The upper aquifer,
which is located in the gravel layer, is only contaminated.
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CO-INCINERATION OF WASTES IN CEMENT KILNS –
DETERMINATION OF INPUT PATHWAYS OF TRACE
ELEMENTS IN CEMENT BY MATERIAL FLOW ANALYSIS
Nicola Hartlieb, Matthias Achternbosch, Klaus-Rainer Bräutigam
Institut für Technikfolgenabschätzung und Systemanalyse, Forschungszentrum Karlsruhe, P.O. Box 36 40, 76021 Karlsruhe, Germany

SUMMARY
In this study the impact of the use of alternative fuels
and secondary raw materials on the trace element concentration in cement was investigated in detail. The investigations were performed by means of a method used in the
material flow analysis (MFA) called the “Top-DownApproach”. Here, average concentration values of different trace elements for various types of cement produced
in Germany were calculated. These calculated values
were then compared with measured values. The results
show that the mass flow analysis is capable of making
complex technical processes, such as the cement process,
more transparent and deliver an insight in substantial
coherences. The agreement between calculated and measured concentrations in cement was very good. Furthermore, main input pathways for different trace elements in
cement could be identified. Depending on the trace elements observed, secondary raw materials, fuels and
blending agents represented significant input pathways for
trace elements in cement. As a consequence, these materials cannot be neglected as a trace element source for cement. This should be considered when regarding the
German recycling and waste act, in which the recovery of
wastes is only permitted if it corresponds with the regulations and if the avoidance of harmful environmental effects is guaranteed.

KEYWORDS:
cement, co-incineration, mass flow analysis, waste.

INTRODUCTION
The aim of material flow analyses (MFA) is to identify and quantify the material and energy flow through a
given system defined in space and time. The MFA is a
capable instrument for gaining insight in the substantial
coherences and pathways of complex technical processes

making them more transparent. Furthermore, MFA allow
to determine efficiency potentials and to compare different processes or products. Using the cement industry as an
example the study shows how the MFA brings transparency in complex pathways of a technical process.
The following problem occurs for cement production:
certain levels of trace elements are measured in the cement, however, the source of trace element input can not
be traced back. It is assumed that primary input-materials,
such as limestone and clay, are responsible for the trace
element input. However, this assumption cannot be
proved analytically since a classification of trace elements
in cement regarding their different input pathways is not
possible. By means of MFA it is, on the one hand, possible to estimate whether measured trace element concentrations in cement are plausible and on the other hand the
main input pathways can be determined.
The problem of trace elements in cement has its root
in the following circumstances: Cement production is an
energy-intensive process. The use of waste as a low-cost
alternative fuel in the manufacturing process of cement
clinker is of increasing importance for the cement industry. Furthermore, in addition to primary raw material,
waste is used as a secondary raw material as well as a
mineral additive for cement grinding. Up to now it is not
clear how the use of waste and secondary input-materials
affects product properties and the environment. Especially
the role of trace elements in this connection has not yet
been elucidated. According to plant operating characteristics in Germany and in Europe, almost the total amount of
trace elements (with the exception of Mercury) introduced
into the kiln system is incorporated into the product cement. In Germany, the co-incineration of waste in the cement industry is the subject of some controversy in expert
circles, politics and parts of society, particularly. Up to
now, main topics of discussion and permission regulations
are emission values from the clinker manufacturing process. Recently, the debate has moved away from emission
values and is shifting towards the potential environmental
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Secondary raw materials
e.g. substitutes from ironand steel industry

Primary fuels

Secondary fuels

e.g. brown coal

e.g. waste oil, used tyres

Clinker-sintering

Blending agents
e.g. fly ash

Filter ash

Clinker

Off gas

Cement

FIGURE 1
Overview over different kinds of input-materials, used to produce clinker and cement.

impacts of the product cement and cement-based construction materials. This is due to the German Recycling and
Waste Act, in which the recovery of wastes is only permitted if it corresponds to regulations and if the avoidance of
harmful environmental effects is guaranteed.

AIM OF THE STUDY
Aim of the study was to identify and quantify the input pathways of trace elements into the cement. In this
context, the following questions were of importance:
•

Which range of concentration values of individual
trace elements can be found in various inputmaterials?

•

Consequential, which range of concentration values of individual trace elements can be derived for
the cement?

•

Which input-materials contribute to these concentration values in cement?

•

Is it possible to explain measured concentration
values in cement by means of the input-materials
and their trace element concentrations?

These questions were investigated by means of the
“Top-Down-Approach”.

CEMENT PRODUCTION
Prepared raw materials such as limestone/chalk, marl
and clay/shale together with corrective materials such as
bauxite or waste from the steel industry are fed to the kiln
system, where they are subject to a thermal treatment
process consisting of the consecutive steps of drying/preheating, calcination (e.g. release of CO2 from limestone) and sintering (e.g. formation of clinker minerals at
temperatures up to 1450°C). Hot exhaust gases flow
through the rotary kiln and the preheater in counterflow to
the raw material. The burnt product clinker is cooled
down with air to 100-200°C and transported to intermediate storage.
Portland cement is produced by intergrinding cement
clinker with a few percent of natural or industrial gypsum
(or anhydrite) in a cement mill. Blended cements (or
“composite” cements) contain other constituents in addition such as granulated blast-furnace slag, natural or industrial puzzolana (e. g. volcanic tuffs or fly ash from
thermal power plants), or inert fillers such as limestone.
Since removed filter and bypass dusts are either
blended into the raw meal for reintroduction into the process or are directly ground with cement clinker in the
cement mill, nearly the total amount of most trace elements can be found in the final cement, with the exception of that part which has been emitted into the air.
Therefore no residues have to be deposited.
Figure 1 gives a schematic overview of different
kinds of input-materials, which are used to produce clinker and cement.
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PROCEDURE
In order to calculate the concentrations of trace elements in cement and the contribution of different inputmaterials (primary and secondary raw material, primary
and secondary fuels, blending agents, etc.) to this total
concentration, the following data has been used:
•

Amount of primary and secondary raw materials
and fuels used in Germany for total cement production in 1999 [1].

•

Amount of cement produced in 1999, broken down
to different types of cement [1].

•

Trace element concentrations in primary and secondary raw materials and fuels, data collected
within this study.

•

Trace element concentrations in different cement
types, data collected within this study and data
from VDZ [1]

A calculation using this type of data is called TopDown-Approach, because one starts calculating from a
macro-level and gets an average concentration value of
trace elements in cement over the total cement production
in Germany in a specific year. With the Top-DownApproach it is not possible to consider a special cement
plant with an especially high amount of secondary inputmaterials enabling the calculation of a worst case scenario.
Type and amount of input-materials used for cement
production in Germany in 1999 is shown in Table 1.

As a result we can calculate trace element concentration values for different types of cement and compare
these results with corresponding measured data. Measured
concentration values published by the VDZ represent one
average value for each trace element from all types of
cement produced in Germany [1]. To be able to compare
the calculated concentration values with the average of
measured data, the calculated values for the different
types of cement had to be aggregated on the basis of the
relative portion of each type to total production. This
resulted in calculated concentration values for a so called
"model cement", which then could be compared with
measurements.

RESULTS AND DISCUSSION
Trace element concentrations in model cement

In Table 2 measured concentration values of trace elements in cement are compared with calculated values.
When a measurement lay below the detection limit value
this measurement had been included in the calculation of
the mean value with half the value of the detection limit.
As can be seen, the agreement between calculated values
for the "model cement" and measured values by VDZ is
very good for most elements with respect to both the
mean value and the range. This confirms that the MFA is
capable of verifying the plausibility of measured trace
element concentration values in cement.

TABLE 1
Calculated distribution of input-material between raw meal, clinker and cement in 1999.

Used for the production of
Raw meal

Clinker
(Raw meal plus specified
input-material)

Cement
(Clinker plus specified inputmaterial)

Input-material
Lime stone
Marl
Clay
Sand
Iron ore
Ore surrogates from iron- and steel industry
Foundry sand
Bottom ash
Hard coal
Brown coal
Petroleum coke
Used tyres
Waste oil
Scrap wood
Waste fractions from industry and trade
Oil slate
Bottom ash
Pozzolana
Gypsum/Anhydrite/FGD gypsum
Fly and bottom ash
Lime stone
Pozzolana
Oil slate
Blast furnace slag
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Amount [t/a]
36,000,000
10,000,000
1,985,000
1,240,000
117,000
170,000
140,000
263,000
980,000
2,140,000
313,000
236,000
181,000
77,000
290,000
213,000
48,500
46,000
1,760,000
430,000
603,000
51,000
142,000
4,865,000
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TABLE 2
Comparison of measured [1] and calculated trace element concentrations in cement.

Trace
element

number of
measurements

number of
measurements
below
detection
limit

measured
mean value
(ppm)

measured
range (10 - 90
percentile)

calculated
calculated
mean value range (10 - 90
(ppm)
percentile)

Arsenic

417

20

6,8

1.6 - 13.6

7.9

5.1 - 11.2

Cadmium

417

26

0,4

0.1 - 0.8

0.7

0.5 - 1.0

Cobalt

418

0

10

4 - 17

9

7 - 12

Chromium

418

0

40

23 - 59

44

35 - 52

Copper

417

0

25

9 - 43

35

25 - 46

Manganese

418

0

680

255 - 1268

1174

621 - 1804

Nickel

418

0

24

13 - 39

37

28 - 47

Lead

418

0

27

10 - 48

35

23 - 50

Antimony

414

61

6

1 - 15

4

2-7

Tin

411

29

4,6

1.6 - 10.6

7.6

4.4 - 11.3

Vanadium

418

0

56

30 - 96

60

47 - 76

Zinc

418

0

140

48 - 291

136

91 - 190

Trace element input pathways in cement

Characterization

Elements

Since the estimated concentrations of trace elements
in input-materials as well as calculated trace element
concentrations in cement corresponded to the values from
the literature, we assumed that the Top-Down-Approach
might be enabling the identification of the main input
pathways for different trace elements in cement.

I.

Amount of trace elements in primary Cd, Cu, Zn
raw material less than 50 %

II.

Amount of trace elements in primary
raw material around 55 %; input
predominantly by fuel; input by secondary raw materials less important

Input pathways were differentiated in the following
input-classes:

a)

input predominantly by primary fuels

Ni, V

b)

input predominantly by secondary
fuels

Pb, Sb

Primary raw material

Limestone, marl, clay, sand

Primary fuel

Hard coal, brown coal, petroleum
coke, oil slate

Secondary fuel

Used tyres, waste oil, scrap wood,
waste fractions from industry and
trade

Secondary raw material

Iron ore*, ore surrogates from
iron- and steel industry (e.g. steel
dusts), foundry sand

Blending agents

Gypsum, FGD gypsum, anhydrite,
fly ash, blast furnace slag

*the attribution of iron ore is not clear. It is either treated
as a primary or as a secondary raw material. In this calculation it is classified as a secondary raw material.
The pattern of distribution of trace element input between different input pathways in our model cement could
be defined in three categories.

III. Amount of trace elements in primary
raw material around 55 %; input
predominantly by secondary raw
materials, input by fuel negligible

As, Co, Cr

From each category I, IIa, IIb and III one trace element
was chosen as a representative and their distribution between various input pathways is shown in Figures 2 to 5.
The following conclusions can be drawn from the
Figures shown below:
Zinc is being introduced to cement by primary raw
material to less than 40%. While primary fuel is negligible, all other input-classes play an important role as input
pathways. Especially secondary fuels, e.g. used tyres and
waste oil, affect the total Zinc concentration in model
cement.
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Blending agents

Mean value:
140 ppm (measured)
136 ppm (calculated)

Secondary raw
materials

10 - 90 percentile:
48 - 291 ppm (measured)
91 - 190 ppm (calculated)
Primary raw
materials

Secondary fuels
Primary fuels

Zinc

FIGURE 2 - Category I; relative amount of various input-classes
making up the total Zinc concentration in model cement.

Blending agents
Mean value:
56 ppm (measured)
61 ppm (calculated)

Secondary raw
materials
Secondary fuels

10 - 90 percentile:
30 - 96 ppm (measured)
47 - 76 ppm (calculated)

Primary fuels

Primary raw
materials

FIGURE 3 - Category IIa; relative amount of various input-classes
making up the total Vanadium concentration in model cement.
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Blending agents
Secondary raw
materials

Mean value:
6 ppm (measured)
4 ppm (calculated)
10 - 90 percentile:
1 - 15 ppm (measured)
2 - 7 ppm (calculated)

Secondary fuels

Primary raw
materials

Primary fuels

Antimony

FIGURE 4 - Category IIb; relative amount of various input-classes
making up the total Antimony concentration in model cement.

Mean value:
40 ppm (measured)
44 ppm (calculated)

Blending agents

10 - 90 percentile:
23 - 59 ppm (measured)
35 - 52 ppm (calculated)

Secondary raw
materials

Secondary fuels

Primary raw
materials

Primary fuels

FIGURE 5 - Category III; relative amount of various input-classes
making up the total Chromium concentration in model cement.
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Antimony and Vanadium are being introduced to cement by primary raw material to around 60%. The residual 40% are predominantly made up of the input class
fuel. While secondary fuel types are responsible for Antimony input in cement (especially used tyres and plastics), Vanadium is introduced to cement mainly by primary fuel types (petroleum coke).
Chromium belongs to category III. Apart from primary raw material various secondary raw materials play
a major role as input pathways, especially iron ore and
ore surrogates from iron- and steel industry have to be
mentioned
CONCLUSIONS
Altogether, the presented results show, that the mass
flow analysis is capable of making complex technical
processes, such as the cement process, more transparent
and deliver an insight in substantial coherences. Calculated concentration values for trace elements in cement
correspond to measured concentration values, indicating
that the measured values are plausible. Contrary to the
assumption that primary input-materials are responsible
for trace element values in cement, it was shown that
secondary raw materials, fuels and blending agents have a
significant effect on the total trace element concentration
in cement.
In addition it has to be investigated whether the
measured trace element concentrations in cement represent a hazard potential to the environment. This topic was
not covered in the presentation and will be the focus of
future work.
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THE EFFECT OF A WATER VAPOR ATMOSPHERE ON THE
THERMAL TREATMENT OF ROCKS CONTAINING PYRITE
Torsten Seiffarth, Christian Kaps
Bauhaus-University Weimar, Chair of Building Chemistry, 99421 Weimar, Germany

SUMMARY
The water vapor treatment of the black pelite containing pyrite and heavy metal ions almost leads to the complete elimination of its acidic potential resulting from the
sulfur content (sulfate and sulfide). By treatments above
600 °C the heavy metal mobilization is drastically decreased if the material is in contact with water or weak
acidic solutions. The carbon content of the black pelite
was not changed at these conditions. The main reaction is
the conversion of the sulfide phase to the oxide phase
with a low oxidation state of the polyvalent metals. Sulfur, hydrogen and some traces of hydrogen sulfide were
evolved as gaseous reaction products.
In contrast to the water vapor treatment, a treatment in
oxidizing atmosphere does not result in such a decrease of
the heavy metal mobilization, or in that one of the acidic
potential. The whole carbon is burned out by treatment
from 600 °C upwards. Gaseous reaction products are sulfur
dioxide, carbon dioxide and some sulfur trioxide.
The water vapor treatment is an effective technique
for the deacidification and immobilization of heavy metal
ions of the investigated rock characterized by economical
energy consumption, by good revegetation chances and
without using aggressive chemicals.

A thermal treatment or technical use of the materials
containing sulfide (e.g. row building materials) can result
in an increased emission of SO2 [1]. The water vapor
treatment was described as a precombustion technique for
the coal desulfurization and for the removal of trace elements [2, 3].
Agricultural engineering techniques (lime) were successfully used for the stabilization of acidic soils [4].
Extensively exploited soils contaminated by heavy metals
can effectively decontaminate by conventional thermal
treatment (combustion) however with high energy consumption.
In contrast to the usually used oxidizing treatment of
contaminated matter, a black pelite containing pyrite and
heavy metal ions was treated in a water vapor atmosphere.
This rock with a noticeable redox sensitivity comes from
the further uranium mine area Ronneburg in Germany.
The heavy metal mobilization was characterized by extraction methods.
This technique is well suited for the rehabilitation of
mining landscapes and contaminated soils and for the quality
improvement of fuels and raw materials containing sulfur.

MATERIALS AND METHODS

KEYWORDS: black pelite, deacidification, heavy metal extraction, pyrite, thermal treatment, water vapor.

INTRODUCTION
The weathering of pyrite/marcasite containing rocks
results in the acidification of neighboring ground water.
The resulting low pH values of the aqueous phase favor
the extraction of heavy metal ions and lead to the contamination of the environment. Therefore, the aerobic
acidification of mine dumps containing pyrite represents
considerable environmental pollution. The problem becomes more intensive if mine dumps catch fire.

The investigations were carried out on a crushed and
ground black pelite (graptolitic shale) from the northern
tailing dump of the further uranium mine area Ronneburg
(Germany). The used grain size was in the range between
250 and 500 µm. The chemical composition of the untreated material is given in Table 1. There is no carbonate
carbon within the black pelite and the noncarbonate carbon content is 18 wt.-%. The ratio of the sulfide sulfur to
the sulfate sulfur is approximately 30:1. The source of the
trace element content is geogenic.
The mineralogical composition was identified by Xray diffraction (XRD 3003 TT; Seiffert) and quantified by
rietveld refinement (Auto Quan 2.6.2.0.). The black pelite
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TABLE 1 - Chemical composition of the black pelite [weight proportion].

SiO2

59.8

%

sulfide sulfur

3.2

%

Cu

660

ppm

Al2O3

8.3

%

sulfate sulfur

0.1

%

Ni

280

ppm

Fe2O3

4.2

%

noncarbonate carbon

18.0

%

Zn

60

ppm

K2O

2.0

%

carbonate carbon

0.0

%

1.0

%

23.7

%

each less than 1 % the oxides of Ca, dry loss, 105 °C
Mg, Ti, Mn, Na, P
heat loss, 1000 °C

is composed of 53 wt.-% quartz, 24 wt.-% muskovite/
illite and 5 wt.-% pyrite. The amorphous carbon/cerogen
was determined to be 18 wt.-% using a total carbon analyzer (CS 500, Eltra). The characterization was completed
by FT-IR-Spectroscopy (FTS 175C; Biorad), the thermal
analysis by (TGA, DTA, Seteram) and the microscopy by
(Axiotech; Zeiss / ImageC, Imtronic).

sponding to a decomposition of more than 90 %. The sulfate sulfur content is reduced from 0.1 wt.-% to 0.04 wt.-%
by the same treatment, that means, a decrease of 60 %. In
contrast to that, the decrease of the carbon content is only
20 %. The same effect was described for precombustion
techniques of coal containing sulfur [2, 3].

content / starting content * 100 [%]

The water vapor treatment was carried out in a tube
oven with a silica glass pipe in an atmosphere of water
vapor and argon (0.95 bar water vapor, 0.05 bar argon) at
400, 600 and 800 °C, each time for 3 hours.
The treatment in oxidizing atmosphere was carried out
in a lab furnace in air at the same temperatures and times.
Corundum crucibles or boats were used for all
treatments.
Extraction investigations were carried out before and
after the heat treatment. 1 g solid material was treated
every time with 10 ml aqueous phase in 50 ml plastic
centrifuge tubes for 1 hour in an end-over-end shaker. The
pH value of the liquid phase was varied using water (pH 7)
and diluted H2SO4 (pH 4, 2). Subsequently, the suspension was centrifuged for 15 min with 5000 rpm. The eluate was decanted, filtrated and the concentrations of the
heavy metal ions (Cu, Ni, Zn) analyzed by ICP-OES
(ICP-Optima 3000).

RESULTS AND DISCUSSION
The main reaction of the black pelite during the water
vapor treatment is characterized by the conversion of the
sulfide phases (pyrite) to oxide phases (magnetite) and
can be described by the following equations:
36 FeS2 + 22 H2O à 3 Fe12S13 + 11 SO2 + 22 H2S,
SO2 + 2 H2S à 3 S + 2 H2O,
Fe12S13 + 16 H2O à 4 Fe3O4 + 13 H2S + 3 H2 [5, 6].
The variation of the sulfide, sulfate and carbon content dependent on the treatment temperature is plotted in
Figure 1. The sulfide content decreases from 3.2 wt-% before treatment to 0.2 wt.-% after treatment at 800 °C, corre-

sulfate

300

sulfide
carbon

200

100

0
untreated

400 °C

600 °C

800 °C

FIGURE 1 - Variation of the sulfur and carbon
content in the black pelite by water vapor treatment.

The pH value of the eluate determines the heavy metal mobilization of the black pelite. The eluate of the raw
material shows a pH value of 4 in contrast to the pH of 7
of the deionized water used. Water vapor treatments below 800 °C gives similar results, indicating the acidic
potential of the starting material. Only the material which
was treated with water vapor at 800 °C, keeps the pH
value of the eluate at 7. It is obvious that the acidic potential of the black pelite is eliminated at these conditions.
Figure 2 shows the extraction of nickel of the raw material and of that one treated with water vapor dependent on
the pH value, which represents the heavy metal ion extraction behavior. The nickel mobilization corresponds to the
acidic content (sulfate) of the eluent and is determined by
the own acidic potential of the black pelite. Therefore, the
nickel mobilization by the extraction at pH 7 and at pH 4 is
at the same level. The nickel mobilization of the material
treated with water vapor at 800 °C is drastically decreased
because of the elimination of the acidic potential.
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Figure 4 shows the nickel extraction behavior of the
untreated and air treated black pelite in contact with
water and acidic solutions. The increased sulfate content
of the material oxidized at 400 °C corresponds to a remarkable increase of the extractable nickel up to 35 %
of its total content. A noticeable decrease of the nickel
mobilization was found only for a treatment temperature
of 800 °C.

30
20
10
2
4
7 pH of
eluent

0
untreat.

400 °C

600 °C

800 °C

40

extractable content
of total content [%]

extractable content
of total content [%]

40

pH-Wert
Extraktionsmittel

FIGURE 2 - Nickel extraction behavior
of the water vapor treated black pelite.

In contrast to the water vapor treatment, the reaction
of the black pelite during the oxidizing treatment in air
is characterized by the conversion of pyrite to hematite
(2 FeS2 + 5.5 O2 à Fe2O3 + 4 SO2) and by the combustion of carbon. In Figure 3 the variation of the sulfide,
sulfate and carbon content dependent on the oxidizing
temperature is plotted. The sulfide sulfur is eliminated at
temperatures above 600 °C. The decrease of the sulfate
content is 60 % just as good as for the water vapor treated
material. However, in contrast to the water vapor treatment, the carbon is completely removed above 600 °C in
air. It should be noticed, that the air treatment at 400 °C
generates the threefold sulfate sulfur content compared to
the raw material. This high value is possibly caused by
the generation of FeSO4 at the beginning of the pyrite
decomposition in an oxidizing atmosphere:
FeS2 + 3 O2 à FeSO4 + SO2,
FeSO4 à FeO + SO3,
2 FeO + 0.5 O2 à Fe2O3 [7].

content / starting content * 100 [%]

20
10
2
4

0
untreat.

400 °C

7
600 °C

800 °C

pH of
eluent

FIGURE 4
Nickel extraction behavior of the air treated black pelite.

The extraction behavior discussed for the nickel extraction is comparable with the behavior of copper and
zinc not shown here. It seems that this behavior is valid
for many more trace elements.

CONCLUSIONS

Therefore, the pH value of the corresponding eluate
using deionized water decreases from pH 7 down to pH 3.
Besides, the acidic potential of the black pelite can not
completely be eliminated by an air treatment at higher
temperatures up to 800 °C.

sulfate

300

30

sulfide
carbon
200

The present work shows that the water vapor treatment is an effective technique for the deacidification and
immobilization of heavy metals of the investigated rock
containing pyrite. Another advantage is the preservation
of the carbon content in contrast to the air treatment.
Therefore, material treated as described above should be
suited for the revegetation. The water vapor treatment
technique is characterized by a low energy consumption
and by the avoidance of aggressive chemicals. It makes a
contribution for the sustainable chemistry. The water
vapor treatment can be used for the reclamation of mining
landscapes and contaminated soils and for precombustion
procedures of coal containing sulfur.

100

ACKNOWLEDGEMENTS

0

untreated
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FIGURE 3 - Variation of the sulfur and carbon
content in the black pelite by air treatment.
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BIODIESEL AND SWEDISH LOW SULFUR DIESEL FUEL
AS ECOLOGICALLY COMPATIBLE FUELS
IN MODERN DIESEL ENGINES
J. Krahl1, J. Bünger2, A. Munack3, M. Bahadir4, O. Schröder3, H. Stein3, M. Dutz3
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SUMMARY
Biodiesel from rapeseed oil methyl ester is a well
known substitute for fossil diesel fuel and sold at more
than 1,500 filling stations in Germany. In Germany
550,000 tons biodiesel were sold in 2002. Therefore, it is
necessary to observe the exhaust emissions of this alternative fuel. The objective of the research reported here was to
detect and to compare regulated and non- regulated emissions together with their mutagenic effects from three different fuels. Besides biodiesel, a common diesel fuel (DIN
EN 590) and Swedish low sulfur diesel fuel (SS 155435)
were tested. The experiments were carried out on a stateof-the-art light duty diesel engine.

KEYWORDS: Biodiesel, low sulfur diesel fuel, diesel engine emissions, ozone precursors, particle size distribution, mutagenicity.

Göttingen examines the mutagenic and cytotoxic effects
of the extractable particulate matter fraction of both, biodiesel and fossil diesel fuels.
In early 2001 an extended discussion about health relevant emissions from biodiesel engaged researchers from
Europe and the U.S. A publication from the Swedish
Chalmers University of Gothenborg on fuel pyrolysis indicated benzene emissions and ozone precursors from biodiesel as 10-fold higher than from Swedish lower sulfur
diesel fuel MK I [1]. It was not really possible to argue,
because a comparison of biodiesel versus Swedish MK I
had not been carried out elsewhere. Thereupon, the FAL
investigated the exhaust emissions from biodiesel (RME),
MK I and conventional diesel fuel (DF) for four different
load modes of the European 13-mode test (ECE-R 49).
EXPERIMENTAL
Engine and Engine Test Procedures

INTRODUCTION
Since the fuel prices have increased during the last five
years many car owners look for cheaper alternatives. For
diesel engines biodiesel from rape seed oil is a common,
well known and cheap option at more than 1,500 filling
stations in Germany. In 2002 more than 550,000 tons
biodiesel were sold and for the next years an increase to
approximately 800,000 tons is expected.

The test engine chosen was a state of the art four cylinder Daimler-Chrysler engine OM 904 LA. Technical
data are given in Table 1.

However, even the combustion of biodiesel leads to
emissions of hazardous gaseous compounds and particulate matter that may effect human health. Therefore, the
Federal Agricultural Research Centre (FAL) investigates
regulated and non-regulated emissions from diesel engines
running on different fuels. Additionally the University of
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TABLE 1
Technical data of the Daimler-Chrysler engine OM 904 LA.

Stroke of cylinder
Bore of cylinder
Number of cylinder
Stroke volume
Normal rate of revolutions
Rated power
Maximum torque
Compression ratio

130 mm
102 mm
4
4250 cm³
2300 min-1
125 kW
635 Nm at 1380 min-1
17,4
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Thirteen-Mode Test
6

100

Chosen Test Modes
8

Maximum torque

8%

Rated power

%
80

Load

25%

60

2%

5 8%

9

4 8%

10

3 8%

11 2%

2 8%

12

2%

40
20
1,7,13

25%

Partial load

2%
Idle

0
0

20

40

60

80 % 100

0

20

Engine speed

40

60

80 % 100

Engine speed

FIGURE 1 - 13-mode test (ECE-R 49) and chosen test modes.

TABLE 2 - Fuel properties.
Biodiesel according
to E DIN 51606
density (15°C) [g/ml]

Connediesel
CD 99


0.875 - 0.900

0.883

kin. viscosity (40°C)
[mm²/s]
flashpoint [°C]
C.F.P.P. [°C]

3.5 - 5.0

4.5

min. 110
max. -20

> 150
-13

total sulfur [mg/kg]

max. 100

< 10

max. 0.05

< 0.05

min. 49

> 55

ash [wt-%]

max. 0.03

< 0.01

water content [mg/kg]

max. 300

252

max. 20

< 20

max. 1

1

carbon residue
[wt-%]
cetane number

particulate content
[mg/kg]
copper corrosion
oxidation stability [h]

8.05

acid number
[mg KOH/g]

max. 0.5

0.089

methanol [wt-%]

max. 0.3

< 0.3

max. 0.8

< 0.8

max. 0.4

< 0.4

mono-glyceride
[wt-%]
di-glyceride
[wt-%]
tri-glyceride
[wt-%]
free glycerine
[wt-%]
total glycerine
[wt-%]
iodine number
phosphorus content
[mg/kg]
alkali content [mg/kg]

max. 0.4

< 0.4

Diesel fuel according to DIN EN 590
density (15 °C)
[kg/m³]
kin. viscosity
(40 °C) [mm²/s]
flashpoint [°C]
C.F.P.P. [°C]
total sulphur
[wt-%]
carbon residue
[wt-%]
cetane number
ash
[wt-%]
water content
[mg/kg]
particulate content
[mg/kg]
copper corrosion
oxidation stability
[mg/100 mL]
acid number [mg
KOH/g]
polycyclic aromatic
content [vol-%]
distillation at
250 °C [Vol.-%]
distillation at
350 °C [Vol.-%]
distillation at
360 °C
[Vol.-%]

Used
diesel fuel

Diesel fuel MK I according to
SS 15 54 35

820 - 845

836.6

2.00 – 4.50

2.807

> 55
max. 0

72.0
-8

density (15 °C)
[kg/m³]
kin. viscosity
(40°C) [mm²/s]
flashpoint [°C]
C.F.P.P. [°C]

max. 0.035

0.032

total sulfur [mg/kg]

max. 0.30

< 0.05

min. 51

52.4

max. 0.01

< 0.001

max. 200

66

max. 24

< 20

1

1

max. 2.5

< 2.0

max. 0.5

0.05

max. 11

6.2

< 65

38.0

min. 85

93.0

min. 95

95.0

aromatic content
[vol-%]
polycyclic aromatic
content [vol-%]
initial boiling point
[°C]
distillation (10%)
[°C]

max. 0.02

< 0.02

cloudpoint [°C]

max. 5

-6

max. 0.25

0.15

cetan index

min. 46.0

52.0

max. 115

112

lubricity (60 °C)
[µm]

max. 460

450

cloudpoint [°C]

max. 10

5

colour

L 1.0

cetan
index

max. 5

<5

odour

normal

646



805 - 820

813.6

min. 1.7

1.892

min. 60
max. –32

60
< -35

10

2

max. 5

4.2

max. 0.02

< 0.02

min. 180

180.6
197.7

distillation (50%)
[°C]
distillation (90%)
[°C]
distillation (95%)
[°C]

Statoil
MK 1

229.9
272.8
max. 285

283.9
< -35

min. 50

51.6
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Four modes from the ECE-R 49 were chosen and
they are shown in Figure 1. The four load modes do not
allow the extrapolation to the whole test, but they are
suited to assess tendencies.
Fuels

The used RME was delivered from Connemann
Company, Leer, Germany, according to E DIN 51606.
Diesel fuel according to the specification DIN EN 590
was purchased from Dreyfuss Mineralöl Company, Hanover, Germany, and MK I according to SS 155435 was
bought from Agrol Company, Stockholm, Sweden. The
results of the fuel analyses are shown in Table 2.
Analytical Equipment

Figure 2 shows a scheme of the emission test stand
and the analytical equipment that is available at the FAL.
All regulated gaseous compounds were taken directly
from the undiluted exhaust gas stream and were measured
with customary analyzers. PM was sampled from a dilution
tunnel and collected on Teflon™-coated glass-fibre filters
(TA60A20, Pallflex). For particulate number analyses, a
Scanning Mobility Particle Sizer system (SMPS) obtained

from TSI company (Aachen, Germany) was used. The
SMPS separates particles in the range from 10 to 300 nm
and in this range particles were divided into more than
100 different size classes by their electrical mobility.
Alkanes, alkenes, ethine and aromatics were determined with a GC/MS system (Shimadzu Type GC 17A and
QP 5000) which was equipped with a thermal desorption
cold trap (TCT) type Chrompack CP 2040 [2]. Aldehydes
were detected via HPLC (type Hewlett-Packard 1090 with
DAD-detector) using the 2,4-dinitrophenylhydrazine
(DNPH) method [3].
Mutagenicity Analyses

The Salmonella typhimurium/mammalian microsome
test, published by Ames et al. in 1975 [4], detects mutagenic properties of a wide spectrum of chemicals by reverse mutations of a series of Salmonella typhimurium
tester strains. The Ames test is the most frequently used
test system worldwide to investigate mutagenicity of
complex mixtures like combustion products. This study
employed the revised standard test protocol [5] with the
tester strains TA98 and TA100. A detailed description of
some modifications has been published previously [6].

Engine

FID: HC
CLD: NOx
NIR: CO

Regulated compounds
Polycyclic aromatic
hydrocarbons (PAH)

Dynamometer/Brake

Filter
HPLC

Dilution tunnel

Clean-up

Cooler

FLD
Condensate

Particulate matter

Nitrous oxide / methane
Particle size distribution/
particle number

FTIR

Benzene

BernerImpactor
GC

SMPS

FID
TCT
Gas bag

Alkenes and aromatics
MS

GC

Aldehydes
HPLC
UV/DAD

Clean-up

FIGURE 2 - Scheme of the emission test stand.
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It is abundantly clear that there are no significant differences between diesel fuel and Swedish low sulfur fuel.
In contrast, RME shows for all four load modes lower CO
and significantly lower HC emissions than the fossil fuels,
whereas the NOx emissions of RME are slightly higher
than for DF and MK I except for idle.

80

rated
power

60
idle

partial
load

40

20

Tests were performed with and without metabolic activation by microsomal mixed-function oxidase systems
(S9 fraction). For test series with exogenous metabolic
activation, 500 µl of 4% S9 was additionally pipetted to
the mixture. Preparation of the liver S9 fraction from
young male Sprague-Dawley rats was carried out as described by Maron and Ames [5]. For induction of liver
enzymes, phenobarbital and β-naphthoflavone (5,6-benzoflavone) were used instead of Arochlor-1254 [7].

MK I
RME
DF

MK I
RME
DF

0

FIGURE 3
Emissions of carbon monoxide from diesel fuel,
Swedish low sulfur diesel fuel (MK I) and RME
in four modes of the 13-mode test (ECE R49).
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Mass Flow [g/h]

The number of revertant colonies on the plates was
recorded after 48 h of incubation in the dark at 37 °C. The
background bacterial lawn was checked regularly by
microscopy, as high doses of the extracts proved to be
toxic to the tester strains, resulting in a thinning out of the
background. Counting was performed using an electronically supported colony counting system (Cardinal, Perceptive Instruments, Haverhill, UK), and 10% of the
plates were checked routinely by hand counting. According to the criteria given by Maron and Ames [5], results
were considered positive if the number of revertants on
the plates containing the test concentrations was more
than double of the number of spontaneous revertants and
a reproducible dose-response relationship was observed.
The number of revertants was calculated from the slope of
the initial linear portion of the dose-response curve [8].

maximum
torque

MK I
RME
DF

Each dried extract was redissolved in 4 ml dimethyl
sulfoxide (DMSO) immediately before use and the following dilutions (with DMSO) were tested: 1.0, 0.5, 0.25,
0.1. To 2 ml of molten top agar 100 µl of the test concentrations and another 100 µl of a fresh overnight culture
containing 1-2 x 108 microorganisms were added, mixed
gently, and poured onto minimal agar plates. The mutagens
methyl methanesulfonate (1 µl per plate) and 2-aminofluorene (10 µg per plate) were used as positive controls.
Each extract was tested in duplicate. The assays were
repeated within two weeks.

100

MK I
RME
DF

The filters were conditioned (22 °C, rel. humidity
45%) and weighed before and after sampling to determine
the total particulate matter. Filters were stored at 5 °C and
the five filters using the same fuel were pooled and extracted with 150 ml dichloromethane (Merck, Darmstadt,
Germany) in a Soxhlet apparatus (Brand, Wertheim,
Germany) for 12 hours in the dark to extract the soluble
organic fractions. The extracts were reduced by rotary
evaporation (Heidolph, Kehlheim, Germany) and dried
under a stream of nitrogen.

Mass Flow [g/h]
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RESULTS
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Regulated Gaseous Compounds

Figures 3 to 5 show the regulated gaseous compounds
for the four chosen load modes.
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FIGURE 4
Emissions of hydrocarbons from diesel fuel, Swedish low sulfur diesel
fuel (MK I) and RME in four modes of the 13-mode test (ECE R49).
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1200

the particle number. Over the whole range RME has the
lowest particle number emissions.

rated
power

At rated power the particle number distribution is
comparable to partial load with exception that for DF and
RME the first peak is shifted to lower diameter classes or
disappeared for MK I.
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200
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FIGURE 5
Emissions of nitrogen oxides from diesel fuel, Swedish low sulfur diesel
fuel (MK I) and RME in four modes of the 13-mode test (ECE R49).
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Particulate Matter (PM) and Particle Number Distributions

maximum
torque

MK I
RME
DF

0

Figures 6 to 10 show the emissions of particulate
matter and the particle number distributions in the four
investigated test modes.

At idle all fuels have almost the same particle size
distribution with a maximum at approximately 50 nm, but
DF emits slightly more particles below 50 nm and less
particles above 50 nm.
At partial load appears a bimodal distribution with a
first peak between 20 and 30 nm and a much smaller
second one around 80 nm for all three fuels. While MK I
leads to a lower number and electrical mobility diameter
between 10 and 50 nm it matches very well with the trend
for DF above 50 nm. The particle number emissions for
RME are significantly lower in the range between 50 and
300 nm than for DF or MK I.
Around 70 nm the distributions for all fuels lead to
the same maximum for load mode maximum torque. But
between 10 and 20 nm DF shows a significant increase in
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FIGURE 6
Emissions of particulate matter – plotted as total mass
and after Soxhlet extraction with dichloromethane – from
diesel fuel, Swedish low sulfur diesel fuel (MK I) and
RME in four modes of the 13-mode test (ECE R49).
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With respect to the PM emissions (Fig. 6), the differences between DF and MK I are comparatively low especially with regard to the insoluble PM fractions. RME
emits always the lowest value for the insoluble fraction
but the soluble fraction at idle, partial load and rated power is very high relative to the fossil fuels. Presumably a lot
of unburned fuel is responsible for this effect. However, the gravimetric PM emissions from RME combustion do not indicate advantages or disadvantages versus
DF or MK I.
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FIGURE 7
Particle number distributions from diesel fuel,
Swedish low sulfur diesel fuel (MK 1) and RME at idle.
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FIGURE 9 - Particle number distributions from diesel fuel,
Swedish low sulfur diesel fuel (MK I) and RME at maximum torque.
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FIGURE 8 - Particle number distributions from diesel fuel,
Swedish low sulfur diesel fuel (MK I) and RME at partial load.
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FIGURE 11 - Emissions of alkanes, alkenes, and ethine
from diesel fuel, Swedish low diesel sulfur fuel (MK I)
and RME in four modes of the 13-mode test (ECE R49).

FIGURE 10 - Particle number distributions from diesel fuel,
Swedish low sulfur diesel fuel (MK I) and RME at rated power.

−
Non-Regulated Gaseous Compounds

The emission results for alkanes, alkenes and ethine
are presented in Figure 11.
Except for rated power, RME emits always significantly lower amounts of aliphatics. The two fossil fuels
do not differ very much. Nearly the same trend is shown
in Figure 12 for the emissions of aromatic hydrocarbons,
especially benzene.

In the modes idle, partial load and maximum torque
MK I and DF emit even more benzene than RME. Only at
rated power the benzene emissions are higher for RME
than for the fossil fuels.
Figure 13 presents the results for the measured aldehyde and ketone emissions.
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No significant trend for the aldehyde and ketone
emissions is detectable. RME shows the lowest amounts
for partial load and maximum torque, DF for idle and
MK I for rated power. Noticeable are the high emissions
for DF at partial load and rated power. Formaldehyde,
acetaldehyde, acetone and acrolein represent in all cases
more than 70 % of the detected pollutants.
Mutagenicity

idle

The results of the mutagenicity analysis from PM extracts are presented exemplarily for idle and maximum
torque in Figures 14 and 15.
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FIGURE 12 - Emissions of aromatic hydrocarbons
from diesel fuel, Swedish low sulfur diesel fuel (MK I)
and RME in four modes of the 13-mode test (ECE R49).
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FIGURE 14
Dose-response-curve of PM extracts from diesel fuel, Swedish
low sulfur diesel fuel (MK I) and RME in tester strain TA98 at idle.
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FIGURE 13 - Emissions of aldehydes and ketones
from diesel fuel, Swedish low sulfur diesel fuel (MK I)
and RME in four modes of the 13-mode test (ECE R49).

FIGURE 15 - Dose-response-curve of PM extracts
from diesel fuel, Swedish low sulfur diesel fuel (MK I)
and RME in tester strain TA98 at maximum torque.
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The mutagenicity of the extracts in the Ames test
shows a reproducible dose-response relationship. The
numbers of mutations at maximum torque are less pronounced compared to prior investigations using older
diesel engines [6, 9] but are significant for each of the
tested fuels. At idle the diesel fuels cause much higher
mutagenicity compared to RME. The Swedish MK I has
lower mutagenic effects than DF but distinctly higher
effects than RME.
CONCLUSION
Three different diesel fuels were compared regarding
regulated and non-regulated emissions as well as their
mutagenic potential. Besides common European diesel
fuel according to DIN EN 590, Swedish low sulfur diesel
MK I (SS 155435) and rapeseed oil methylester according
to E DIN 51606 were used. For the first time Swedish
diesel fuel MK I and RME have been compared with
respect to combustion in a diesel engine. The result that
RME leads to 10-fold higher emissions of benzene or
ozone precursors than MK I, as found in experiments of
the Chalmers University Gothenborg, is not suited for
assessment of the situation in diesel combustion engines.
Moreover, MK I showed a higher mutagenic potential in
the Ames tests than RME.
The results of four modes of the 13-mode test (ECE
R49) indicate a tendency to slightly more advantages for
RME versus MK I and DF than to disadvantages.
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OUTLOOK
Currently the three fuels are under investigation regarding the still missing other modes of the 13-mode test.
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EFFECTS OF CHITOSAN IN
MUNICIPAL WASTEWATER TREATMENT
H.J. Meyer, D. Emden
Fachhochschule Oldenburg/Ostfriesland/Wilhelmshaven, Fachbereich Technik, Constantiaplatz 4, 26723 Emden

SUMMARY
This article deals with the use of chitosan in municipal
wastewater treatment. Long-term studies done in a laboratory sewage plant, where small amounts of a chitosan solution were supplied continuously to the aeration tank, resulted in a reduction of chemical oxygen demand (COD) in
the effluent as compared to operation of the plant without
chitosan. For the degradation of nitrogen compounds, the
model experiments showed different results: a reduction
of total nitrogen (TN) in the effluent of the model plant
operating with cascade denitrification, and an improved
nitrification reaction with intermittent denitrification.

and a degree of deacetylation from >60 % to 100 %. Chitosans show a pKa of about 6.3, so at neutral and acidic
pH the primary amino function is protonated: chitosan is a
polycation.
Chitosan is found in small amounts in fungi especially of genus mucor (e.g. mucor rouxii). Its production
occurs by chemical or enzymatic deacetylation of chitin
which is composed of the same monomeric amino sugars
as chitosan but shows a higher degree of acetylation.
Apart from cellulose, chitin is the polysaccharide that is
most frequently found on earth. Its ressources in marine
organisms, for example in the shields of crustaceans like
cancer magister, are estimated at 106 - 107 tons [1]. Chitin
occurs in the exoskeleton of insects (e.g. drosophila melanogaster) and in the cell wall of numerous fungi (e.g. aspergillus flavus, penicillium notatum, agaricus campestris) [2]. An important regional source are the chitincontaining shells of the north sea shrimps.

KEYWORDS: adsorption, activated sludge, chemical oxygen
demand (COD), chitosan, nitrification, total nitrogen (TN).

INTRODUCTION

Chitosan is well known as a flocculant for suspended
solids, this property rendering it especially interesting for
the treatment of wastewater [3, 4, 5]. The early studies of
Bough et al. focussed on effluents of food processing
plants and showed the efficiency of chitosan in coagulating proteins and fats [6, 7, 8, 9]. Mainly in the USA and
Japan removal of proteins from food industry wastewaters
is an important use of chitosan. Due to the low toxicity of
chitosan - LD50 = 16 g/kg (oral, mouse) - these proteins
may be applied in animal nutrition [10, 11].

The term “chitosan“ denotes a line of nitrogencontaining polysaccharides originating from the monomers D-glucosamine and N-acetyl-D-glucosamine by ß(1-4)-glycosidic bonding (Figure 1).
The different types of chitosans are mainly characterized by their molecular weights and their degrees of
deacetylation, with molecular weights of conventional
chitosans of medium quality ranging between 104 - 105 D
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FIGURE 1 - Chemical structure of chitosan.
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TABLE 1
Analytical parameters for wastewater.

Parameter

Explanation

Max. amount in the effluent *

COD
BOD

Chemical oxygen demand
Biochemical oxygen demand

90 mg O2 /l
20 mg O2 /l

Total nitrogen

N-containing substances like proteins, urea, ammonium, 18 mg/l
nitrite, nitrate

NH4+
Total phosphorus

Ammonium
10 mg NH4-N /l
P-containing substances like organic ortho- and poly- 2 mg/l
phosphates, salts

* Requirements according to the "Rahmen-Abwasser-VwV" for municipal sewage plants of size 4 (20000 - 100000 inhabitants) [16, 17]

The role of chitosan in municipal wastewater treatment is at this time of subordinate importance. It is used mostly combined with aluminium or iron salts - to a low
extent in sludge treatment to improve sedimentation of the
activated sludge in the final settling tank [12 - 14]. Up to
now there has been a lack of a systematic investigation of
the effects of chitosan in the aeration tank of a municipal
sewage plant, and of an explanation of the experimentally
found effects.

Materials for Sewage Plant Operation

As influent raw wastewater for plant operation synthetic wastewater according to DIN 38412-L24 was used
in model plant 2 with intermittent denitrification and, in
the first test series, in model plant 1 with cascade denitrification [18]. Additionally, model plant 1 was operated
with municipal wastewater.

Municipal sewage plants reduce the sewage load of
raw wastewater so that the effluent can be returned into a
natural waterway. The purification of municipal sewage is
usually accomplished by a combination of mechanical,
physical and chemical procedures like filtration of coarse
material, sedimentation of sand or heavy metal salts, flocculation, flotation of fats, and by biological degradation of
organic material. The most important step is the aerobic
biological degradation of the organic matter of the wastewater by the microorganisms and protozoa of the activated
sludge. Subsequently or even simultaneously nitrogen
compounds are reduced by anoxic denitrification [15].
The efficacy of the degradation reactions, namely the
performance of the sewage plant, is usually characterized
by measuring the following parameters in the influent and
the effluent of the plant (Table 1).
MATERIALS AND METHODS

•

Activated sludge of the aeration tank of the municipal sewage plant in Emden.

•

Synthetic wastewater: Nutrient broth with 160 mg
peptone from casein, 110 mg meat extract, 30 mg
urea, 28 mg K2HPO4, 7 mg NaCl, 4 mg CaCl2 x 2
H2O, and 2 mg MgSO4 x 7 H2O dissolved in 500 ml
drinking water.

•

Municipal wastewater: Surface wastewater from
the primary settling tank of the municipal sewage
plant of Emden.

•

Chitosan solution: 1 % chitosan from North Sea
shrimps, degree of deacetylation 83 %, in 0.3 %
acetic acid.

Analyses

Samples for analyzing the influent were taken from
the influent wastewater reservoir after intensive mixing,
samples of the effluent were taken from the surface water
of the final settling tank.

To show the effects of chitosan in municipal wastewater treatment, two different models of laboratory sewage plants were operated under controlled conditions for
several months. First they were operated without addition
of chitosan, and typical data characterizing their performance were recorded. Then small amounts of a chitosan
solution were supplied continuously to the laboratory
plants, this being the only change in operating conditions.
Again the concentration of COD, biochemical oxygen
demand (BOD), TN, nitrate, nitrite and ammonium of the
influent raw wastewater and its effluent were determined.

654

• COD, TN and ammonium were measured daily in
the influent, nitrate and nitrite were controlled
from time to time. COD, TN, nitrate, nitrite and
ammonium were measured daily in the effluent.
Measurements of BOD in the influent and the effluent were performed occasionally.
• Analyses of COD, TN, nitrate, nitrite and ammonium were performed with the appropriate “Nanocolor”-tests of Macherey-Nagel GmbH, Düren.
• For the measurement of BOD a respirometer (type
"Sapromat") was used.
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Operation of the Sewage Plant Model 1
with Cascade Denitrification

Sewage plant model 1 with cascade denitrification resembled the sewage plant in Emden. The activated-sludge
tank was divided into five compartments: three small nonaerated denitrification zones and two large aerated nitrification zones (Figure 2).
The volumes of the three denitrification zones (vd = 6.1 l
each) and the two nitrification zones (vn = 17.1 l each) had

1

been transferred from the sewage plant in Emden on the
scale of 1 : 84000. Flow rates of the influent raw wastewater, the effluent and the reflux of sludge had been
scaled down appropriately (Table 2).
The raw wastewater was supplied continuously at a
flow rate of 2.1 l/h to the aeration tank filled with about
50 l of activated sludge. It entered the non-aerated zone 1
and then passed through zones 2 to 5. Analytical parameters of the influent wastewater are shown in Table 3.

2

3

4

5

Influent

Effluent

Primary Settling
Tank

Aeration Tank
"Cascade"

Final Settling
Tank

Recirculation Sludge
FIGURE 2 - Scheme of the sewage plant model 1 with cascade denitrification
(non-aerated denitrification zones 1, 3 and 5, aerated nitrification zones 2 and 4).

TABLE 2
Flow of materials in the sewage plant model 1.

Influent
Overflow into final settling tank
Recirculation sludge
Effluent
Excess sludge production

2.1 l/h
4.2 l/h
2.1 l/h
2.1 l/h

50 l/d
100 l/d
50 l/d
50 l/d
about 2 l/d

TABLE 3
Analytical data of the influent raw wastewater.*

Synthetic wastewater - Synthetic wastewater - Municipal wastewater
concentration
daily load
- concentration
mg/l
g/d
mg/l
COD
BOD
TN
Ammonium
Nitrate

582
355
90
12
<5

29
18
4.5
0.6

282
162
46
43
<5
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Municipal
wastewater - daily
load
g/d
14.1
8.1
2.3
2.15
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* Average of all values measured during test period.

FIGURE 3
Sewage plant model 2 with a fully mixed aeration tank with intermittent denitrification.
(Aeration tank on the left, influent wastewater reservoir on the right).

In the aerated zones 2 and 4, the biochemical degradation of the organic matter of the wastewater took place
under oxidic conditions; nitrification of N-containing
substances occurred. Zones 1, 3 and 5 were anoxic; these
were the places of denitrification. To ensure denitrification, substrate concentration in zone 3 and 5 was enhanced by splitting the flow of the influent wastewater
(the major part was dosed to zone 1, smaller parts to
zones 3 and 5).

occurred. A one hour lasting non-aerated, non-stirred
period without feeding of wastewater and a one hour nonaerated period with stirring and addition of wastewater
followed. During these anoxic periods denitrification
should take place.
Flow of materials in the sewage plant 2 and analytical
data of the influent are summarized in Tables 4 and 5:
TABLE 4
Flow of materials in the sewage plant model 2.

Dosage of the Chitosan Solution

The chitosan solution was supplied continuously to
zone 5 of the aeration tank of the sewage plant. The amount
of chitosan used depended on the pollution load of the raw
wastewater. With COD indicating the amount of degradable matter, i.e. the amount of "dirt" of the wastewater
sample, chitosan dosage per day was made dependent on
COD and took about 3 % of the daily COD load.

Influent
Overflow into final settling tank
Recirculation sludge
Effluent
Excess sludge production

2 l/d
4 l/d
2 l/d
2 l/d
about 100 ml/d

TABLE 5
Analytical data of the influent raw wastewater.*

Operation of the Sewage Plant Model 2
with Intermittent Denitrification

Sewage plant model 2 consisted of a fully mixed 2 l
aeration tank filled with activated sludge and a final settling tank (Figure 3).
It worked with intermittent denitrification; aerated periods of time alternated with non-aerated periods. During
the four hours lasting aerated periods, the influent wastewater (synthetic wastewater as described in 2.1) was
pumped at a constant rate into the aeration tank and was
almost immediately spread all over the tank by the action
of a stirrer. Oxidic degradation of waste and nitrification

COD
TN
Ammonium
Nitrate

Synthetic wasteSynthetic wastewater - concentration
water - daily
(mg/l)
load (g/d)
600
1.2
94
0.2
9.8
0.02
<5

* Average of all values measured during test period.
Dosage of the Chitosan Solution
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2 ml/d of the chitosan solution (see 2.1) were added
to the influent wastewater; that is about 1.7 % of the daily
COD load.
RESULTS AND DISCUSSION

COD of the effluent was diminished by 14 - 34 %.
The average COD values at operation with chitosan were
significantly lower than those at operation without chitosan (t-test; 95 % significance).

As a result, the use of chitosan could be shown to
have a significant influence on the performance of the
model sewage plants. First of all, there was a distinct
reduction of COD in the effluent, and secondly, changes
in the degradation of nitrogen compounds arose.

A look at the changes of COD with time indicated
that COD values decreased continuously when chitosan
was added for a longer period of time (Figure 4). This was
in accordance with statistical tests: The trend test of Cox
and Stuart showed a sinking trend (95 % significance) and
the determination of the range correlation coefficient
according to Spearman gave a negative correlation (95 %
significance) of COD with time or with length of chitosan
addition, respectively [19].

Reduction of COD

Accordingly, all tests showed a reduction of COD in
the effluent wastewater when operating the plants with
chitosan in comparison to operation without chitosan
(Table 6).

TABLE 6
Reduction of COD in the effluent wastewater.

Sewage plant working without chitosan:
Medium COD
n*
s² (mg²/l²)**
(mg/l)
Model 1 with cascade denitrification
(synthetic wastewater,
COD of the influent 582 mg/l)
Model 1 with cascade denitrification
(municipal wastewater,
COD of the influent 282 mg/l)
Model 2 with intermittent denitrification
(synthetic wastewater,
COD of the influent 600 mg/l)

Sewage plant working with chitosan:
Medium COD
s²
n*
(mg/l)
(mg²/l²)**

56

10

57

37

14

19

49

13

32

42

14

13

62

14

152

43

15

65

*n: number of measurements
**s²: variance
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FIGURE 4 - Change of effluent COD with time.
(Days 1 - 14: operation of the sewage plant without chitosan; days 15 – 30: operation with chitosan).
TABLE 7
Reduction of TN in the effluent wastewater.

Sewage plant working without chitosan:
Medium TN
s²
n*
(mg/l)
(mg²/l²)**
Model 1 with cascade denitrification
(synthetic wastewater,
TN of the influent 90 mg/l)
Model 1 with cascade denitrification
(municipal wastewater,
TN of the influent 46 mg/l)
Model 2 with intermittent denitrification
(synthetic wastewater,
TN of the influent 94 mg/l)

Sewage plant working with chitosan:
Medium TN
s²
n*
(mg/l)
(mg²/l²)**

72

07

88

56

14

115

23

12

11

18

13

06

50

15

154

50

15

62

*n: number of measurements
**s²: variance

INFLUENCE OF CHITOSAN ON
DEGRADATION OF NITROGEN COMPOUNDS
An influence of chitosan on degradation of the nitrogen compounds in wastewater was obvious, but our tests
with different laboratory plants gave different results.
Reduction of Total Nitrogen TN

Tests with the cascade model showed a reduction of
total nitrogen by about 22 % in the effluent when operated
with chitosan (Table 7). The average TN values at operation with chitosan were significantly lower than those at
operation without chitosan (t-test; 95 % significance). A
statistical trend could not be proved.

Tests with sewage plant model 2 (intermittent denitrification) showed distinct differences in the nitrification
reaction (Figure 5). Without chitosan, oxidation of the
reduced nitrogen-containing compounds of the influent
wastewater led to nitrate and to significant amounts of
nitrite; i.e. oxidation was incomplete and partly stopped at
the nitrite stage. With chitosan a very strong nitrification
reaction could be observed.
Adsorption

As for the reduction of COD in the effluent, adsorption plays an important role. It can be proved that adsorption to the activated sludge of those ingredients of the
wastewater that contribute to the COD is augmented in the
presence of chitosan. There is even a dependence upon

Improved Nitrification
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concentration: the higher the chitosan concentration of the
sludge, the more wastewater ingredients are adsorbed.
Reduction of TN in the cascade plant cannot be deduced from adsorption effects: N-containing substances
are adsorbed by the activated sludge, but adsorption is not

enhanced by chitosan. The wastewater probes used - municipal wastewater of the sewage plant in Emden or synthetic wastewater according to DIN 38412-L24 - contain
mainly ammonium salts or nitrogen compounds with a
low molecular weight (e.g. urea) [18]. These are not adsorbed or flocculated by chitosan like high molecular
weight-proteins are.
Metabolic Activity of the Activated Sludge

Besides adsorption, COD-reduction is partly due to a
better biological degradation of the organic waste in the
presence of chitosan, probably resulting from an activating effect of chitosan on growth and metabolism of the
sludge microorganisms. Under aerobic conditions, a higher metabolic activity of the sludge evokes a higher oxygen
demand. Thus, respirometric measurements with activated
sludge adapted to chitosan confirmed the increased activity of the sludge microorganisms.
Shape of Sludge Flocs

Metabolic activity of an activated sludge is known to
be dependent upon size and structure of the sludge flocs:
In the case of compact spherical flocs, the active part of
the sludge, that part that actively contributes to substrate
degradation, is about 50 % at a floc diameter of 150 µm,
and only 20 % at a floc diameter of 350 µm [15].
Chitosan has an influence on the size and structure of
the sludge flocs. A continuous long-term dosage of chitosan to the activated sludge of a sewage plant leads to a
change in floc shape with an increase in highly ramified
(branched) flocs with a large surface (Figure 6).
So, a change of floc shape with chitosan seems to increase the active, working part of the activated sludge
and, as a consequence, leads to a faster and better substrate degradation.

659

© by PSP Volume 12 – No 6. 2003

nitrate; nitrite
mg/l

Fresenius Environmental Bulletin

with chitosan

without chitosan

200

150

reduction of
airflow

100

50

0
0

5

10

15

nitrate in the effluent

20

25

30

nitrite in the effluent

FIGURE 5 - Change of nitrate concentration of the effluent with time.
(Days 1 – 15: operation of the sewage plant without chitosan; days 16 – 31: operation with chitosan).

FIGURE 6
Characteristic floc of activated sludge with chitosan.
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CONCLUSIONS

[9]

Continuous long-term dosage of small amounts of
chitosan to the aeration tank of a municipal sewage plant
results in an increased efficiency of the plant. On the one
hand the chemical oxygen demand of the effluent wastewater is reduced significantly in the presence of chitosan,
on the other hand an influence of chitosan on the degradation of the nitrogen compounds in wastewater is obvious.
Reduction of COD is mainly due to an increased adsorption of wastewater ingredients to the chitosan-treated
activated sludge. Besides that, chitosan use leads to a
better biological degradation of the organic waste. Chitosan evokes a change in floc shape and, thus, the active
working part of the activated sludge is increased.
The degradation of the nitrogen compounds in municipal wastewater is influenced by chitosan, but our tests
with different laboratory plants gave different results. One
series of tests showed a reduction of total nitrogen in the
effluent, a second series showed an improved nitrification
reaction in the presence of chitosan. Parameters to influence or to control the effects of chitosan on the nitrification reaction and/or the denitrification reaction in a sewage plant are not yet known, and this would be worthwhile to look at in the future.
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MATERIAL FLOW ANALYSIS - A COMPARISON OF
MANUFACTURING OF CFRP-FUSELAGE-COMPONENTS
VERSUS ALUMINIUM-FUSELAGE-COMPONENTS
FOR COMMERCIAL AIRLINERS
B. Reßler, M. Achternbosch, K.-R. Bräutigam, Chr. Kupsch, G. Sardemann
Institut für Technikfolgenabschätzung und Systemanalyse, Forschungszentrum
Karlsruhe GmbH in der Helmholtz-Gemeinschaft, P.O.Box 3640, 76021 Karlsruhe, Germany

SUMMARY

INTRODUCTION

Within the work of the project "Schwarzer Rumpf" a
comparative material and energy flow analysis for the
production of a conventional fuselage made of aluminium
versus a fuselage made of carbon fibre reinforced plastics
(CFRP) was performed. The analysis was based on the
dimensions of a typical modern middle range airliner with
a fuselage diameter of some 4 meter. For comparison with
the conventional aluminium fuselage, model calculations
for the structure of a CFRP fuselage were taken into account. The balance was restricted to the main structural
parts of the fuselage. The production process of both
materials was analysed from the raw material winning and
the production of semi finished products to the mounted
and coated fuselage structure. For both material lines the
complete process chain was analysed in detail resulting in
up to date data for the aluminium line and a completely
new data set for the CFRP line. It could be shown that the
amount of energy required for the production of both
material lines is on the same level of roughly 2 TJ. The
analysis of the production process itself revealed no important disadvantages with respect to the environmental
aspects (e.g. input materials or emissions generated in the
process lines) that would give reason to favour aluminium
or CFRP. But it could be shown that the situation for the
recycling of CFRP production residues is currently unsatisfying compared to aluminium residues, which can be
recycled efficiently.

KEYWORDS:
CFRP, airliner, mass-balance, process-analysis, recycling.

The world wide air traffic constantly increased during
the past decades, a trend that is estimated to continue
within the next 20 years. To cover the growing demand in
air transportation, new airplanes with a sales volume of
more than 1000 Billion Euro have to be produced in this
period [1]. To reach the target market share of 40-50 %,
the European aircraft industry is challenged to advance its
technological competence towards aircrafts that can be
produced cost effective and that are light weight and fuel
saving. Besides the application of modern engines, the use
of fibre reinforced materials as an alternative to conventional aluminium alloys seems to be path-breaking to
achieve these goals. Fibre reinforced materials are lighter
and - if fitted in adequacy to their anisotropic qualities stronger than aluminium.
Particularly carbon fibre reinforced plastics (CFRP)
seem to be suitable as construction materials for aircraft
structures due to their excellent mechanical properties and
low specific weight of 1.55 g/cm3 (aluminium: 2.8 g/cm3).
Because of the expensive and elaborate production process the use of CFRP in larger passenger airplanes is still
restricted to relatively small structural parts (e.g. vertical
stabilizer, wing flaps, fairings). The development of innovative production technologies is currently pushed forward to allow cost effective serial production of large and
complex modules like wing and fuselage. A fuselage
structure made out of CFRP could save more than 25 %
of weight compared to the conventional aluminium fuselage. The project "Schwarzer Rumpf" serves to investigate different aspects in the application of CFRP for large
aircraft structures. The works include the investigations of
e.g. new production processes for CFRP parts, the structural behaviour under different stress conditions and also
the investigation of environmental impact connected with
the production and use of CFRP.
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So far there is only poor quantitative and qualitative
information available about mass and energy flows related to the production of CFRP. Nevertheless it is of
importance to detect potential environmental impacts
connected with the implementation of a new material for
a certain production line and to point out advantages and
disadvantages compared to conventional materials. Therefore a comparative analysis of the production process for
a CFRP- and aluminium-fuselage was one of the tasks
performed within the project “Schwarzer Rumpf” by the
Institut für Technikfolgenabschätzung und Systemanalyse
(ITAS). The phase of use (including flight operation,
maintenance and repair) and recyclability of wastes incurred by the production and use of either material were
also investigated in detail by ITAS in the course of the
study. Except the recycling of production residues these
aspects are not considered here.

depth, the essential process steps had to be identified and
described with respect to the technology applied.
skin panel, frames and
stringer are assemblied to
form the shell
stringer
skin panel

frame

the shells are mounted to
fuselage sections

shell
section

the fuselage is
composed of several sections

System boundaries and data collection

The investigations were focused on the main structural parts of the fuselage of the reference airliner, which
are skin panels, stringers (longitudinal stabilizers) and
frames (cross section stabilizers), furthermore on the
required fasteners (aluminium or titanium rivets and connecting plates "clips") and surface coatings.
The conventional fuselage of the reference airliner is
composed of several tubular sections, each section consists of three panels riveted to circular frames. The stiffened panel elements are constructed by riveting stringers
to the skin in longitudinal direction (Figure 1).
For the comparison between the aluminium- and
CFRP fuselage, a hypothetical 1:1 transformation was
chosen based on model calculations of the DLR for the
CFRP-fuselage structure which were closely related to the
geometrical dimensions of the conventional aluminium
fuselage structure. New fuselage construction concepts
that have been developed within the "Schwarzer Rumpf"
project presently offer too little data to be taken into account for the mass balance. For the analysis of the production process of the CFRP parts new liquid resin injection technologies were considered, which are subject to
intensive investigation of DLR-institutes. These developing technologies seem to be promising for the future as
they offer the potential for cost effective serial production
of CFRP components.
For the analysis of the aluminium and CFRP production lines the main process steps from the winning of the
raw materials to the final product were identified and
connected to a process chain.
The process analysis and data collection was the most
elaborate part of the work, since the production processes
even at the airplane producer itself had not yet been analysed in detail. In order to detect the most important process steps with respect to energy and material consumption
and to decide which processes had to be analysed in

FIGURE 1
Simplified schematic depiction of the structural
composition of the conventional reference fuselage (typical
single aisle airliner with a fuselage diameter of ~ 4 meter).

Data were collected from industry (e.g. raw material
producers, airplane producer), industrial associations and
scientific institutes. While for the production of primary
aluminium and the semi-finished aluminium products
actual studies could be used – in particular from the European Aluminium Association (EAA) [2], only inadequate
data related to material and energy flows as well as production processes were available for the CFRP line.
Therefore an improved database was built up for the production of fibres and fabrics using data from relevant
CFRP producers like Tenax Fibers and Saertex. For data
inventory and balancing the software tool GaBi 3.2 [3]
was used.
Accounting for production residues

The total weight of the fuselage structure of ~4500 kg
is the sum of skin panels, stringers, frames, clips and
rivets. The production of these structure components
requires an initial input of nearly 13000 kg aluminium
alloys, from which ~3400 kg are recycled directly in the
aluminium plant or rolling mill as pure alloys ("primary
residue"). Therefore this amount of aluminium is only
balanced with respect to the energy necessary for remelting and is not subject of further steps within the mass
balance.
The aluminium residues generated at the airplane
production facility in the course of further processing the
semi-finished parts sum up to ~4700 kg. As these residues
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consist of different alloys from different mechanical and
chemical material removing processes, they can not be
reused for the original products and thus can not be recycled within the system boundaries as it is the case for the
"primary residues". They are therefore taken into account
for the energy and mass balance.
The CFRP system consists of 60 % fibres (multilayer
fabric made of several unidirectional layers) and 40 %
resin. Production residues like cuttings and resins were
estimated quantitatively for the different process steps and
considered within the balance as wastes for recycling
outside the system boundaries.
Analysis of the production processes

As mentioned above, data for the processing of half
finished aluminium products and the production process
for CFRP had to be actualised. Input data for each proc-

ess accounted for primary energy and all important raw
material resources, output data accounted for products,
by-products and recyclable and non recyclable residues
including emissions to air, water and land. The input and
output data for each process step were built into process
modules which represent the basic process elements for
process chains created with the balancing software tool
GaBi 3.2. Figure 2 exemplarily shows a process chain
generated for the operation sequence of the production
of a CFPR fuselage with emphasis on the steps of processing the cured CFRP components (fuselage shells).
The CFRP shells are mounted with titanium-CFRP laminate laps, titanium bolts and steel nuts, respectively.
The final process step is the painting of the components.
The total sequence of the production of semi-finished
products (titanium and steel) as well as essential tooling
steps like hole drilling, placing the bolts are included.

FIGURE 2
GaBi 3.2 process chain of the production, mounting and connection of CFRP components to a CFRP fuselage.
The different process modules (depicted as rectangular boxes) contain the in- and output data (exemplified in lower
lens). For better clearness, some modules can also comprise several process steps, e.g. the module "production of
CFRP" (upper lens) includes all process steps of the composite part production described above.
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RESULTS
Production process

The material flow analysis performed resulted in a
detailed data set from which single parameter or groups of
parameters could be extracted and allocated to different
sections of the process chain for each material line. In
Figure 3 some results are shown exemplarily for the aluminium versus the CFRP line.
The sections of the columns have the following
meaning:
• production of raw materials and semi-finished products: aluminium alloys and rolling plates, carbon fibre fabrics; titanium alloys (aluminium fuselage)
and resins (CFRP fuselage) are shown separately
• the production process for the further treatment of
the semi-finished products: e.g. milling of frames
and solution annealing for the aluminium parts, autoclave based resin injection (so called "Single
Line Injection"-technology) for CFRP-parts
• mounting and connecting techniques: rivets and
clip mounting incl. phases of operation for the aluminium fuselage (e.g. drilling of rivet holes),
connecting of different parts in the CFRP-fuselage
using titanium plates.
• painting: surface-treatment and -coating including
special pre-treatments like anodic oxidation for the
aluminium fuselage, excluding the finish coating
since this can be considered to be similar for the
aluminium- and CFRP-fuselage.

The primary energy consumption was calculated to
2300 GJ for the production of the aluminium fuselage and
to 2100 GJ for the CFRP fuselage (Figure 3). Taken into
account various uncertainties related to the data quality
for several process steps, it can be stated, that for the
current situation the energy demand for both process
chains is roughly on the same level.
In both production lines the major share of energy
consumption results from the production of the raw materials (aluminium alloys and carbon fibre fabrics). Regard
should be paid to the fact that the metal fuselage mainly
consists of non-energetic resources whereas for the production of carbon fibres and resins mainly energetic resources (mainly natural gas and partly mineral oil based
educts). In the energy balance the energy value of this
educts is partly fixed in the fuselage material.
Major energy consumptions for the further treatment of
the semi-finished products can be assigned to the mechanical and chemical treatment of aluminium parts and the
autoclave process used in the SLI-technology. This technology uses an innovative resin injection management to
embed the preformed carbon fibre fabrics with resin. Due
to the fact that the autoclave has to withstand high pressures and temperatures required for resin curing, it is built
out of massive steel walls which absorb much more heating
energy than the CFRP part itself. Another large share of the
energy is consumed by the production of nitrogen which is
used as a protective gas in the autoclave.
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FIGURE 3
Primary energy consumed for the production of the aluminium and CFRP fuselage.
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FIGURE 5 - NMVOC emissions generated in the course
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While the production of the CFRP fuselage requires
10 % less energy compared to the aluminium fuselage, the
difference in CO2 emissions amounts to some 25 % less
as shown in Figure 4. This is because - as mentioned
above - the part of the energy fixed in the CFRP fuselage
is not relevant with respect to emissions. Another reason
is, that for the CFRP production the energy mix applied in
this study involves a relatively high amount of nuclear
energy as it is based on the situation in Germany, while
for the production of the primary aluminium the energy
mix of the European aluminium association has been
taken into account which contains a smaller amount of
nuclear energy and more CO2 relevant fossil energy carriers. The EAA energy mix accounts for the fact that aluminium is a "global" product and the winning of bauxite
and production of primary aluminium usually takes place
in different countries using different mixtures of energy
resources.

Mostly CFRP residues are deposited. Recycling technologies for residues of CFRP are still in the beginnings.
At present the material is normally crushed to particles of
defined size and used as admixture in secondary polymeric products like e.g. sheet moulding compounds. This
is also practised for CFRP residues from production of
CFRP parts (wing laps, stabilizers) for the reference airliner, which are delivered to a specialized recycling firm.
As another promising recycling option currently thermal
processes are investigated to recover the carbon fibres by
simultaneously using the heating value of the resins in a
pyrolytic process. In this process the material is crushed
too prior to pyrolysis.

The following examples for emissions to air and land
denote that in some cases significant amounts of emissions are related to energetically secondary processes:
painting processes account for a large amount of nonmethane volatile organic compounds (NMVOC) (Figure 5),
the production of titanium alloys used for mounting generates large amounts of residues from the extraction and
preparation of the titanium containing ores (Figure 6). It
should be emphasised in this context that the further processing of the semi-finished products contributes significantly to the mass and energy balances and has to be
regarded carefully.

The analysis of the aluminium production chain revealed some major energy and material intensive steps
that offer potential for more economic operations some of
which are about to be applied in the near future. Some
material- and also cost-saving improvements are:

CONCLUSIONS AND RECOMMENDATIONS
Production process

Recycling of Aluminium- and CFRP-production residues

In the context of this study only the production residues are considered, the recycling of new parts rejected
due to defect, exchange spare parts or the fate of the complete fuselage are neglected up to now, a subject for further research activities. The production of the aluminium
fuselage generates metal losses like cuttings and chips. A
large part of this scrap arises from the production of the
semi-finished products in the aluminium plant and rolling
mill and can be fully recycled without quality losses with
just a trickle of the energy required for the production of
primary aluminium.
Scrap from processing the semi-finished parts usually
consists of different aluminium alloys. Although it must
not be reused for the original parts, it is a valuable material for high quality secondary aluminium products. An
improved scrap collection could provide this amount to be
reused for the production of the original products.
On the other hand, no residues from the production of
CFRP can be recycled into the process chain to be reused
for the original products. Due to the chemical composition
of the carbon fibres and the resins they cannot be recycled
as it is possible for aluminium, they can only be "downcycled" to products of minor quality, consequently loosing
their value for production of the original (aircraft) parts.
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• for the aluminium fuselage:
-

Laser welding to substitute the highly work and
weight intensive riveting technology

-

New aluminium casting technologies which offer new possibilities for the construction of integrated aluminium parts

-

By a further improved scrap collection the major part of the aluminium scrap could be recycled for high quality products

• for the CFRP fuselage:
-

New installations for the production of carbon
fibres will save more than 10 % of energy in
comparison to conventional plants. Additional
saving potential will come with an increasing
demand for CFRP-products and, consequently,
larger production sites [5]

-

Optimising blank forming will further reduce
cuttings and, thus, material waste

-

Substitution of the highly energy consuming
autoclave process used for resin curing in the
SLI technology by alternative technologies. For
the resin curing process a new microwavetechnology is currently investigated at the Forschungszentrum Karlsruhe [6]

-

Substitution of titanium which has to be produced with an extremely high energy consumption. Improvement of the integrative construction could help to substitute titanium plates that
are currently used to connect the shells of the
CFRP fuselage model developed by the DLR.
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Recycling of CFRP production residues

It can be stated that currently particle recycling and
pyrolysis seem to be the most interesting ways for the
recycling of CFRP residues. Nevertheless there is still no
market for processed CFRP residues. This is because of
too small amounts of residues existing for effective recycling, limited fields of applications, insecurities on the
side of producers concerning long performance behaviour
of CFRP-parts containing recycled material and an in
many cases negative image of recycled materials, particularly if admixed to high performance compounds. These
reasons by now are the roadblocks for the engagement of
producers like the automobile industry. But only these
industries could produce CFRP amounts that could make
recycling economically interesting.
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SENSITIVITY OF THE ZEBRA FISH EMBRYO TEST
TO INDUSTRIAL EFFLUENTS COMPARED TO THE
GOLDEN ORFE TOXICITY TEST
Dirk Scheerbaum and Udo Noack
Dr. U. Noack-Laboratorium für angewandte Biologie, Käthe-Paulus-Str. 1, 31157 Sarstedt, Germany

SUMMARY

MATERIALS AND METHODS

Studies with fish embryos represent an alternative to
the classic fish acute toxicity test designs. The zebra fish
(Danio rerio) is a suitable species for a 48 h-lasting embryo
test, used for both testing of chemicals and monitoring of
waste water effluents. The test design is able to give a
number of non-lethal and lethal observation parameters,
whereas these data cannot be gathered with the classic
acute fish toxicity test. We determined the aquatic toxicity
of industrial sewage plant effluents, tested with golden
orfes (Leuciscus idus) and zebra fish embryos. First results
have shown comparable results for both test designs.

KEYWORDS
Danio rerio, embryo development, fish toxicity, waste water.

Zebra fish (Danio rerio) embryo development was
investigated according to DIN guideline E 38415-6 [2].
48 h exposure under static conditions was carried out on
polystyrene multiwell plates (NUNC, 24 plates) at 26 °C.
Immediately after the collection of the eggs they were
placed in glass Petri dishes containing the appropriate
waste water dilutions. After 1 h the eggs were checked for
fertility under an inverse microscope. Only eggs which
had an at least 4-cell blastomer were fertilised and gently
transferred to chambers with 2 mL sample per egg. Dissolved oxygen concentration (at least 4 mg/L) and pHvalue were determined at the beginning of the test. Before introduction of the eggs the pH-value was adjusted
to 7.0 ± 0.2 with hydrochloric acid or soda lye, if necessary. Toxicological endpoints were the assessment of
coagulated eggs, formation of somites, separation of the
tail from the yolk sac and heartbeat. Validity criteria are
survival of at least 90 % of the control group embryos and
valid reference substance results. 3,4-Dichloroanilline is
used as reference substance.
The acute toxicity of waste water effluents to golden
orfes (Leuciscus idus) was determined according to DIN
guideline 38412-31 [1]. Determination of water parameters and adjustment of the pH-value was carried out as
described above. Mortality as single endpoint was determined after 48 h of static exposure.

INTRODUCTION
Fish acute toxicity tests have been used for several
years. The golden orfe toxicity test [1] has been used for
the monitoring of effluent toxicity and is implemented in
the German legislation. As an alternative the 48-h zebra
fish embryo test, established as a draft DIN guideline [2]
for assessing the ecotoxicity of waste water streams, is
able to give more information than the “classic“ acute
aquatic tests and meets the requirements of animal protection. Xenobiotics may effect proliferation, cell migration
and differentiation and cause acute toxic and sublethal
effects which will be determined [3, 4]. Results of both
methods are compared here.

In accordance with the evaluation system for the determination of waste water toxicity the results are given
based on dilution limits (G-values), GEI-values (zebra fish)
and GF-values (golden orfe), respectively. The dilution
limit describes the dilution relation of the water sample and
the dilution water. For example for a sample which was
diluted with three times its volume the G-value is 4.
For the zebra fish embryo test, the GEI-value is the
lowest tested dilution limit at which at least 90 % of the
embryos developed normally after 48 h. For the golden
orfe toxicity test, the GF-value is the lowest tested dilution
limit at which no mortality was observed after 48 h.
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Toxic endpoints:

•
•
•
•

fish embryo test. However, the data set needs to get more
results of these effluents types as well as from other ones
to receive safe information on the different sensitivities of
the tests.

Coagulated eggs
Heartbeat
Development of somites
Separation of tail

REFERENCES

FIGURE 1
Embryo of D. rerio, Normal Development (left),
Coagulated Egg (right) and Toxic Endpoints.

We compared the aquatic toxicity of effluents of 2 industrial waste water treatment plants. Plant A effluents
can be characterized as samples with low organic contents
(chemical oxygen demand 130 - 140 mg/L) but with high
salt concentrations (chloride up to 40 g/L). Some of the
plant B effluents partly contained potassium concentrations
of 500 mg/L and sodium concentrations up to 11 g/L. These effluents also contained sewage water.
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RESULTS
The sensitivities found for the effluents of plant A were
comparable but not identical. Plant B effluent dilution
limits showed no differences between the golden orfe acute
toxicity test and the zebra fish embryo test (see Table 1).
TABLE 1
Comparison of G-Values of Selected Effluents.
Plant
Effluents

Plant A

Plant B

Sample
No.
A1
A2
A3
A4
B1
B2
B3
B4

COD
[mg/L]

130 – 140

500 - 1000

Inorganic
Salts
[g/L]
CL-: 40

Na+: 11
K+: 0.5

Golden
Orfe
Acute
Toxicity

Zebra
Fish
Embryo
Toxicity

12
12
12
12
4
4
5
6

16
16
12
12
n.d.
n.d.
5
6
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−
CONCLUSIONS
The effluents investigated were of similar composition and did not cause decisively different sensitivities
regarding the golden orfe acute toxicity test and the zebra
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NON-TARGET PLANT TESTING: EFFECTS OF SOIL TYPE
ON RATE OF EMERGENCE AND BIOMASS GROWTH
Silke Fiebig, Petra Makus, Kirsten McVean and Udo Noack
Dr. U. Noack-Laboratorium für angewandte Biologie, Käthe-Paulus-Str. 1, 31157 Sarstedt, Germany

SUMMARY
The European guideline 91/414/EWG and the revision
of the German Pflanzenschutzgesetz in July 1998 stipulate
an extension of the required tests for plant protection products to non-target plant tests. In the OECD 208 Draft
Guideline (July 2000) non-target plant testing is regulated.
To meet the required validity criterion of a rate of emergence > 65 % and to achieve a high biomass growth, soil
used for non-target plant testing must be chosen carefully.
The effects of 2 different certified soil types on rate of
emergence and biomass growth were investigated. An
adequate biomass growth was reached for the most test
plant species in both soils, whereas a sufficient rate of
emergence was only reached in one of the tested soils.

KEYWORDS: Biomass growth, Non-target plant testing, Rate of
emergence, Soil type, Validity criteria.

The seedlings and plants, respectively are compared
to the untreated control plants for effects on rate of emergence, vigour and growth in various time intervals
through 21 days from treatment. Endpoints measured are
biomass (fresh or dry shoot weight and shoot height) and
visual phytotoxic effects (e.g. chlorosis, necrosis, mortality, plant development abnormalities, etc.).
For the seedling emergence test the following validity
criteria must be met in the control replicates:
•

a minimum of 65 % emergence

•

the mean seedling growth should not exhibit visible phytotoxic effects

•

the survival of the plants is at least 90 % at the
end of the test

In general a rate of emergence > 65 % could be reached
in most soils. However the soil quality affects the rate of
emergence. Since the soil characteristics are strictly regulated in the guideline, soil used for non-target plant tests
must be chosen carefully, to meet all the validity criteria.

INTRODUCTION
In the past the registration of plant protection products required tests on biological activity, the range of
effects of the test substance and the effects on the production functions of crops. Now the European guideline
91/414/EWG and the revision of the German Pflanzenschutzgesetz of July 1998 stipulate an extension of the
required tests to non-target plant testing [1]. In the new
OECD Draft-Guideline 208 the testing of plant protection
products in non-target plant tests is regulated [2].
Due to the intended use of pesticides (pre- or post
emergence) 2 different tests could be carried out. The
seedling emergence test assesses the effects of preemergence used pesticides, which are applied on the soil
surface after the seeds have been sown. Whereas the vegetative vigour test assesses the effects of post-emergence
usedpesticides following their deposition on the leaves and
above-ground parts of the plant. The pesticide is sprayed
on the plant and leaf surfaces at the 2- to 4-leaf stage.

MATERIALS AND METHODS
The most important soil requirements given by the
guideline are:
•

carbon content 0.5 - 1.5 %

•

grain size ≤ 2 mm

•

soil type: sandy loam, loamy sand, loamy clay or
clay loam

Synthetic mixtures, which are in compliance with the
guideline requirements, could also be used.
The effects of two different soils on the rate of emergence and biomass growth of different plant species were
investigated. Both tested soils were certified standard
soils (Type 2.2 and 2.3) from the Landwirtschaftliche
Untersuchungs- und Forschungsanstalt Speyer (LUFA),
which fulfill most requirements of the guideline. Soil
parameters are given in Table 1.

671

© by PSP Volume 12 – No 6. 2003

Fresenius Environmental Bulletin

TABLE 1 - Soil Parameter.

Solanaceae
• Lycopersicon esculentum (Tomato)

Soil type

Parameter
Soil type
Grain size [mm]
pH-value
Carbon content [%]

2.2

2.3

loamy sand
≤2
5.6 ± 0.4
2.3 ± 0.2

sandy loam
≤2
6.3 ± 0.2
1.2 ± 0.2

Leguminosae
• Glycine max (Soybean)
For application the test containers (standard flower
pots, ∅ 12 cm) were filled with soil, the seeds placed on
the soil surface and covered with a thin soil layer.

Since the carbon content of LUFA soil 2.2 was higher
than the required range of 0.5 - 1.5 %, the soil was mixed
with quartz sand (Dörentruper Kristallquarzsand 12A) to
reduce the carbon content. A mixture of two parts LUFA
soil 2.2 and one part quartz sand was used for the tests.
The soil mixture consisting of LUFA soil 2.2 with quartz
sand had a carbon content of 1.20 %.

All replicates were treated with tap water, sprayed on
the soil surface. The test was conducted under controlled
conditions and light regime in a temperature controlled
hall (Table 2).
TABLE 2 - Test Conditions.

Temperature [°C]
Relative humidity [%]
Photoperiod [h]
Illumination [lx]

The following ten different plant species, each with
10 replicates and 5 plants per replicate were tested.
Gramineae
• Lolium perenne (Perennial ryegrass)
• Avena sativa (Oats)
• Triticum aestivum (Wheat)

20 ± 5
> 60
16
3500 - 5000

Test duration was 21 days; during the test the plants
were watered from the bottom with nutrient solution (0.5 ‰
Flory 9 hydro, Planta Düngemittel GmbH) as needed.

Liliaceae
• Allium cepa (Onion)

At the test end the number of seedlings emerged and
the shoot fresh weight were determined. The mean rate of
emergence and the mean biomass growth for each plant
species were calculated.

Umbelliferae
• Daucus carota (Carrot)
Brassicaceae
• Brassica napus (Rape)

RESULTS AND DISCUSSION

Chenopodiaceae
• Beta vulgaris (Sugar beet)

A rate of emergence > 65 % was reached for most tested plant species in both soils. Only for lettuce the rate of
emergence (44 %) was distinct < 65 % in LUFA soil 2.3
(Fig. 1).

Compositae
• Lactuca sativa (Lettuce)

−

Rate of Emergence [%]
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FIGURE 1 - Rate of emergence (mean values ± Standard deviations) dependent on soil type.
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FIGURE 2 - Biomass growth (mean fresh weight ± Standard deviation) dependent on soil type .

For all tested plant species the rate of emergence
was higher in LUFA soil 2.2 / quartz sand. Whereas for
oats, tomato and carrot the rate of emergence was only
slightly higher (< 10 %) in LUFA soil 2.2 / quartz sand
than in LUFA soil 2.3, the rate of emergence was clearly
higher (≥ 10 %) in LUFA soil 2.2 / quartz sand for onion, perennial ryegrass, wheat, rape, sugar beet, lettuce
and soybean (Fig. 1).
For perennial ryegrass, onion, rape, sugar beet and
tomato the biomass growth was higher in LUFA soil 2.2 /
quartz sand than in LUFA soil 2.3, whereas for wheat and
soybean the biomass growth was nearly equal in both
soils. For oats, carrot and lettuce the biomass growth in
LUFA soil 2.3 was slightly higher than in LUFA soil 2.2 /
quartz sand.

growth for many different plant species the mixture of LUFA soil 2.2 with 1/3 quartz sand is
more suitable for the non-target plant testing than
LUFA soil 2.3.
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CONCLUSIONS
•

Except for lettuce the validity criterion of a rate
of emergence > 65 % could be reached for all
tested plant species in both soils.

•

A higher rate of emergence could be reached in
LUFA soil 2.2 / quartz sand.

•

An adequate biomass growth could be reached
for the most tested plant species in both soils,
nevertheless in LUFA soil 2.2 / quartz sand the
biomass growth is higher.

•

To meet the validity criterion of a rate of emergence > 65 % and to achieve a high biomass
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Online journal
200 EURO

...................................................................
...................................................................

Minimum subscription period: 1 year
Cancellation must be generally effected
3 months before end of subscription period.

e-mail: ...................................................................

o

Will be paid in full

o

50% will be paid (postage/ handling full) because…

o
o
o

Methods of Payment

Member of MESAEP/ SECOTOX
contributor from developing country
students

o

Please send me a pre-payment invoice

o

I enclose a cheque made payable to PSP

25 reprints are only free of charge for subscribers without discount.

Special-Offer to Subscribers- back issues at reduced rates!

Value Added Tax

Subscribers in 2003 are entitled to receive back issues
at reduced rates (while stocks last).

In certain circumstances we may be obliged to charge
Value Added Tax (VAT) on sales to other EU member
countries. To avoid this, it is therefore essential to provide
us your VAT number if you have one.

(6 double issues/ less 50%:Euro 125,00 + postage and handling).

To take advantage of this offer please tick the boxes
below when ordering a subscription to FEB for 2003.

o
o

1996
1999

o
o

1997

o

o I am not registered for VAT
o My VAT number is

1998

2000
Signature:…………………………………………
Date: ……………………...………………………

Invoice address

Name:....................................................................

Please complete this form and return to:

Position:....................................................................
FEB – Fresenius Environmental Bulletin
c/o PSP – Parlar Scientific Publications
Angerstr. 12 - 85354 Freising – GERMANY

Organization:....................................................................
Address:....................................................................
....................................................................

Phone: ++ 49 (0) 8161 48420
Fax: ++ 49 (0) 8161 484248
e-mail: parlar@psp-parlar.de

....................................................................
e-mail:....................................................................
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